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Summary 

Today, ecosystems worldwide are affected by multiple threats, such as loss of biodiversity 
and extreme weather events. They face habitat fragmentation and are under increasing 
pressure through human interventions. One approach to mitigate these pressures might be 
the world network of biosphere reserves, designated by the United Nations Educational, 
Scientific and Cultural Organization (UNESCO). Designed as learning places for sustainable 
development, biosphere reserves aim at integrating the protection of biodiversity and the 
sustainable use of the ecosystems by humans.  
Assessing protected area effectiveness with satellite imagery is a common scientific 
approach. It is time- and cost-effective and facilitates study results at a high temporal and 
spatial resolution. In the last decades, a vast amount of preprocessed satellite imagery 
became freely available and processable using cloud-computing platforms. This 
development allows scientists and practitioners to conduct environmental monitoring 
worldwide.  
Consequently, this thesis investigates pathways to develop a tool to assess the effectiveness 
of biosphere reserves worldwide using remote sensing in four articles. 
        

(1)  Several approaches exist to assess the effectiveness of protected areas using 
remote sensing. A literature review reveals the focus on single indicator-based local 
or regional case studies and, with it, the lack of a common framework. Although most 
studies acknowledge the need for a socio-ecological framework, most studies focus 
on ecological proxies. The reviewed studies with a focus on forests found that 
forested protected areas are considered effective if they protect forest cover and 
prevent forest degradation.  

(2) A regional-scale study on ecosystem functions of different land cover types highlights 
the potential of forests and water bodies to regulate temperatures on a landscape 
level. Higher shares of forest cover cool the landscape, particularly on hot days and 
correlate with a higher vitality. Investigating the temperature effects of forests on hot 
days proves to be a reliable proxy for forest ecosystem function.  

(3) Subsequently, connectivity was added as another proxy of forest ecosystem 
functioning to evaluate temperature regulation and vegetation vitality in a study on 
forest fragmentation in Germany. It was found that, regardless of ecoregions and 
forest types, better connected forest patches had a better temperature regulation and 
higher vitality.        

(4) The presented findings build the base for a comprehensive assessment of forest 
ecosystem functions in 119 biosphere reserves worldwide using multiple proxies 
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designed with satellite imagery. Four different proxies of primary productivity, 
temperature regulation, evapotranspiration and connectivity individually indicated 
signs of effective ecosystem functioning as compared to their surroundings. Yet, 
when considering multiple ecosystem functions, most forests within the world network 
of biosphere reserves do not perform better than those outside. 

This thesis contributes not only to our knowledge of protected area (socio-) ecological 
effectiveness but also to the potential of applied remote sensing in monitoring ecosystem 
functions. To begin with, the effectiveness of ecosystems and protected areas is investigated 
constantly using remote sensing, but no common socio-ecological framework exists. In 
addition, hot-day temperature, primary productivity and forest patch connectivity tracked from 
space are relevant proxies to assess forests worldwide and clearly show the high pressure of 
human-induced climate change on forest ecosystems in recent years. Finally, UNESCO 
biosphere reserves claim to create model regions for sustainable development yet need to 
improve the support for forest ecosystem functions worldwide. 
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Zusammenfassung 

Ökosysteme sind weltweit von zahlreichen Bedrohungen betroffen, wie dem Verlust der 
biologischen Vielfalt und extremen Wetterereignissen. Lebensräume werden fragmentiert 
und der Einfluss menschlicher Eingriffe und Veränderungen nimmt zu. Ein Ansatz zur 
Abschwächung dieser Belastungen könnte das Weltnetz der Biosphärenreservate sein, die 
von der Organisation der Vereinten Nationen für Erziehung, Wissenschaft und Kultur 
(UNESCO) ausgewiesen werden. Biosphärenreservate werden als Lernorte für nachhaltige 
Entwicklung konzipiert und sollen den Schutz der biologischen Vielfalt und die nachhaltige 
Nutzung der Ökosysteme durch den Menschen miteinander verbinden.  
Die Bewertung der Wirksamkeit von Schutzgebieten mit Hilfe von Satellitenbildern ist ein 
gängiger wissenschaftlicher Ansatz. Sie ist zeit- und kosteneffizient und ermöglicht 
Ergebnisse in hoher zeitlicher und räumlicher Auflösung. In den letzten Jahrzehnten wurde 
eine große Menge an vorverarbeiteten Satellitenbildern frei verfügbar, die über Cloud-
Computing-Plattformen verarbeitet werden können. Diese Entwicklungen ermöglichen 
Wissenschaftler*innen und Praktiker*innen, Umweltbeobachtungen durchzuführen.  
In dieser Arbeit wird anhand von vier Artikeln untersucht, wie ein Instrument zur Bewertung 
der Wirksamkeit von Biosphärenreservaten weltweit mithilfe der Fernerkundung entwickelt 
werden kann.  
 
(1) Es gibt verschiedene Ansätze zur Bewertung der Wirksamkeit von Schutzgebieten mit 

Hilfe der Fernerkundung. Die Auswertung der Literatur macht deutlich, dass der 
Schwerpunkt auf einzelnen indikatorbasierten lokalen oder regionalen Fallstudien liegt 
und zeigt damit das Fehlen eines gemeinsamen Rahmenkonzeptes auf. Obwohl die 
meisten Studien die Notwendigkeit eines sozio-ökologischen Rahmenkonzepts 
anerkennen, konzentrieren sie sich zumeist auf ökologische Indikatoren. Die 
untersuchten Artikel mit Waldfokus kamen zu dem Ergebnis, dass bewaldete 
Schutzgebiete als wirksam angesehen werden, wenn sie die Waldfläche schützen und 
die Walddegradierung verhindern.  

(2) Eine regional angelegte Studie über die Ökosystemfunktion verschiedener 
Landnutzungstypen unterstreicht das Potenzial von Wäldern und Wasserflächen zur 
Temperaturregulierung auf Landschaftsebene. Ein höherer Waldanteil kühlt die 
Landschaft, insbesondere an heißen Tagen, und korreliert mit einer höheren Vitalität. 
Die Untersuchung der Temperatureffekte von Wäldern an heißen Tagen erweist sich als 
ein zuverlässiger Proxy für die Ökosystemfunktion von Wäldern.  

(3) Darauf aufbauend wurde in einer Studie zur Waldfragmentierung in Deutschland die 
Konnektivität als weiterer Proxy der Waldökosystemfunktion untersucht, um die 
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Temperaturregulierung und die Vitalität der Vegetation zu bewerten. Stärker verbundene 
Waldflächen weisen eine bessere Temperaturregulierung und eine höhere Vitalität auf, 
unabhängig von Ökoregionen und Waldtypen.        

(4) Die vorgenannten Ergebnisse bilden die Grundlage für eine umfassende Bewertung der 
Funktionen von Waldökosystemen in 119 Biosphärenreservaten weltweit unter 
Verwendung mehrerer, mit Hilfe von Satellitenbildern entwickelter, Proxies. Vier 
verschiedene Proxies für die Primärproduktivität, die Temperaturregulierung, die 
Evapotranspiration und die Konnektivität zeigten im Vergleich zu ihrer Umgebung 
Anzeichen für effektive Ökosystemfunktionen. Betrachtet man jedoch mehrere 
Ökosystemfunktionen, so schneiden die meisten Wälder innerhalb des Weltnetzes der 
Biosphärenreservate nicht besser ab als die Wälder in ihrer Umgebung. 

Diese Arbeit trägt nicht nur zum tieferen Verständnis über die (sozio-)ökologische Effektivität 
von Schutzgebieten bei, sondern zeigt auch das Potenzial der angewandten Fernerkundung 
bei der Untersuchung von Ökosystemfunktionen auf. Zum einen wird die Wirksamkeit von 
Ökosystemen und Schutzgebieten stets mit Hilfe der Fernerkundung untersucht, aber ein 
gemeinsames sozio-ökologisches Rahmenkonzept fehlt. Weiterhin sind die Temperaturen an 
heißen Tagen, die Primärproduktivität und die Vernetzung von Waldflächen, die aus 
Satellitendaten gewonnen werden, wichtige Proxies für die Bewertung von Wäldern weltweit. 
Sie zeigen deutlich den hohen Druck, den der vom Menschen verursachte Klimawandel in 
den letzten Jahren auf Waldökosysteme ausgeübt hat. Schließlich erheben die UNESCO-
Biosphärenreservate den Anspruch, Modellregionen für eine nachhaltige Entwicklung zu 
schaffen, wobei die Unterstützung der Waldökosystemfunktionen weltweit verbessert werden 
muss.  
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1. Introduction 

Protected areas are considered to be one of the most effective means to mitigate the multiple 
consequences of human-induced climate change that we are facing today (Duncanson et al. 
2023; Xu et al. 2022). Still, one-third of the protected areas worldwide are under intense 
pressure through human interventions (Jones et al. 2018).  
While humans profit from functioning ecosystems, they are also driving the loss of 
biodiversity and are substantially altering ecosystem functioning across the globe (Isbell et al. 
2017). The demand for resources and the need to protect nature create a dilemma. 
Biosphere reserves have been designated by the United Nations Educational, Scientific and 
Cultural Organization UNESCO as model regions for sustainability since 1976 (UNESCO 
2015). They are intended to resolve this dilemma by addressing both development and 
conservation within the differentiated zoning of model territories for sustainability. Research 
in these areas increased in the last decades and foci range from sustainable development 
and management to conservation and ecology (Kratzer 2018).  
To investigate aspects of the world network of biosphere reserves, a comprehensive data 
basis covering all areas is a prerequisite. Satellite imagery is the only available data source 
with global coverage. Assessing the ecological effectiveness of biosphere reserves requires 
the selection of suitable indicators. Remotely sensed proxies of ecosystem functioning can 
be applied for this purpose (Pettorelli et al. 2018): To determine whether biosphere reserves 
can mitigate the consequences of human-induced climate change, focusing on extreme heat 
events and their consequences, relevant proxies are temperature regulation capacities, 
changes in ecosystem vitality and habitat connectivity (Turner et al. 2020; Zscheischler et al. 
2018; Grimm et al. 2013).  
 
This dissertation investigates aspects of the ecological effectiveness of ecosystems 

and biosphere reserves worldwide on multiple spatial and temporal scales. Its focus 
lies on forest ecosystems, as most living beings depend on their ecosystem functions 

and are strongly affected by climate change at the same time. For global coverage, 

this work aims to find pathways to assess effectiveness using satellite imagery.  
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The four main research questions resulting from this idea to create a monitoring tool for 
ecological protected area effectiveness are: 

1. Which approaches, methods and gaps of remotely sensed effectiveness 
assessments of protected areas can be found in the literature? 

2. How can the temperature regulation for forests and water ecosystems as a proxy for 
temperature regulation capacity be quantified?  

3. Can we find a higher temperature regulation capacity and vitality in better connected 
forest fragments and how fragmented are temperate forests?  

4. Do biosphere reserves worldwide facilitate healthier ecosystem functions than their 
surroundings using a multiproxy analysis?    

 

1.1. Ecological effectiveness  
 
Ecological effectiveness frameworks have been defined in many ways, fitted to the 
respective hypotheses and methods of different research fields with a focus on the 
effectiveness of conserving ecosystems (Durán, Barbosa, and Gaston 2022; Ghoddousi, 
Loos, and Kuemmerle 2021; Lee and Abdullah 2019; Chape et al. 2005). The ecological 
effectiveness of an ecosystem could be defined by its ability to sustain itself: It is often also 
referred to as ecosystem functions or the health of ecosystems (Rapport, Costanza, and 
McMichael 1998). The ecological effectiveness of protected areas can be assessed using a 
multidimensional conceptual framework, rooted in social–ecological theory (Ghoddousi, 
Loos, and Kuemmerle 2021). Here, the effectiveness of protected areas is derived from 
ecological and social outcomes combined with social-ecological interactions. Similarly, the 
socio-ecological systems framework for biosphere reserves management effectiveness 
suggests assessing the context, progress, input and outcomes of the reserves, including 
setting the ecological attributes into context (Ferreira et al. 2018). Also, an ecological 
effectiveness framework for protected areas has been established recently. It focuses on the 
interconnection between design, location, threat, and management (Durán, Barbosa, and 
Gaston 2022). Generalized, these frameworks suggest approaches to measure terrestrial 
and marine protected areas with their potential and impact in effectively maintaining these 
ecosystem services and functions. Therefore, ecological effectiveness should be assessed 
by investigating ecosystem functions. Convincing definitions are that ecosystem functions 
are the direct and indirect benefits of ecosystem processes for a range of species, including 
humans (Pettorelli et al. 2018), combined with the ability of those ecosystems to adapt to 
internal and external changes (Freudenberger et al. 2012). Building on these frameworks this 
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study defines the ecological effectiveness of biosphere reserves as the ability to maintain 
and or increase ecosystem functions within their boundaries and potentially have positive 
effects on their surroundings.    
 

1.2. Applied remote sensing 
 
Earth observation with satellites started in the 1950s with Russian and US-American 
missions (Tatem, Goetz, and Hay 2008). Today, more than 1000 satellites are orbiting the 
Earth, monitoring the water and land surface as well as the atmosphere (USC 2023). 
Generally, there are two types of sensors aboard satellites. Passive sensors receive 
reflected or emitted energy across the electromagnetic spectrum using the energy of the sun 
and send this data to Earth. Active sensors use microwave bands to send and receive 
information. New developments in sensors allow combined active and passive data collection 
(Rustamov et al. 2018). Regardless of the way the data was generated, all raw data must be 
corrected for reflectance, absorption, transmission, cloud cover and other potential artifacts. 
Subsequently, the preprocessed datasets are then mostly used for applied remote sensing 
purposes. The focus shifts from technical problem solving to the application of the cleaned 
data for environmental monitoring to answer societal questions and inform political decision-
making (Pettorelli et al. 2014).   
The spatial and temporal scales are major aspects of remote sensing. Most freely available 
satellite imagery, such as data from the Moderate Resolution Imaging Spectroradiometer 
(MODIS) and Landsat missions, collect data on a landscape level at a one kilometer or 30 
meter pixel resolution respectively (NASA 2024a; 2024b). The Landsat missions have 
provided global coverage of earth imagery for 50 years. An increasing number of studies 
combine satellite imagery information with unmanned vehicle data and field observations to 
increase the spatial scale (Nagendra et al. 2013).   
In the last decades, cloud computing has emerged to process these ever-growing geospatial 
datasets. Cloud platforms offer scalable, efficient and cost-effective solutions for storing, 
sharing, and processing huge datasets. Most prominently used in recent years is the Google 
Earth Engine (Gorelick et al. 2017). A similar interface, the Multi-Mission Algorithm and 
Analysis Platform (MAAP), a joint project by the US and European Space Agencies NASA 
and ESA, was launched in 2021 but is not yet a fully functional platform with a limited data 
catalog (ESA and NASA 2024). Simple open-access apps, which are world map interfaces 
with a backend supported by the Google Earth Engine editor, help to share generated 
knowledge easily. This was harder before, with higher costs for hardware and software and 
staff training (Pettorelli et al. 2014). Now, less data availability latency, capacity building, and 
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better documentation have led to faster processing of geospatial datasets (Pettorelli et al. 
2014). Besides free cloud computing platforms, the availability of free, ever-evolving software 
to process and visualize geospatial data, such as R (R Core Team 2024) and QGIS (QGIS 
2024), has further accelerated this process.      
These new possibilities have been matched by an ever-increasing interest in high temporal 
and spatial resolution images of the Earth. Especially the advances in radar data processing 
are notable, not only but increasingly for forest ecosystem assessments. Since radar data 
can penetrate through clouds, it mitigates the impact of weather effects on geospatial 
datasets and offers more information on vegetation structure and biomass (e.g. Jetz et al. 
2016; Saatchi et al. 2011).  
For this thesis, preprocessed, freely available passive satellite datasets were used for 
assessments of ecosystem functioning, with a special focus on forest ecosystems. 
 

1.3. Forests 
 
Forests are critical for Earth’s climate entangled in local to global material cycles (Bonan 
2008). Forests are important ecosystems as they inhere and provide key ecosystem 
functions for all living beings.  
These include water and carbon cycle regulation, water and air purification, habitat provision, 
timber supply, and recreational and spiritual values for humans (Brockerhoff et al. 2017; 
Freudenberger et al. 2012). 
Climate change and human activities alter the functionality of forests. A famous example is 
the Brazilian Amazonas, the largest tropical forest on earth, which has long acted as a major 
terrestrial carbon sink. Now it is becoming a carbon source additively (Gatti et al. 2021). The 
reasons are climate change and deforestation. Extreme heat events and droughts induce 
reduced photosynthetic activity, dieback, a higher vulnerability to insect attacks or the 
probability of forest fires (Schlesinger et al. 2016; Mildrexler et al. 2016). Droughts also imply 
water scarcity and the related vapor pressure deficit drives tree mortality (Grossiord et al. 
2020).  
Tree cover and forests have been assessed over decades with a magnitude of methods 
ranging from local to global scales. Field studies assessing carbon and water fluxes, or 
microclimate can be upscaled and linked to satellite imagery (Laura Duncanson et al. 2022; 
Harris et al. 2021; Kašpar et al. 2021; Haesen et al. 2021). Remotely sensed products such 
as gross primary productivity or the Normalized Difference Vegetation Index NDVI are used 
to assess changes in vegetation phenomena (Pettorelli et al. 2018).  
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Forest management recommendations for a sustainable future under climate change 
suggest the ban of monocultures and large-scale clearcuts and reforestation (Morecroft et al. 
2019). Yet, forest management practices contributed to global warming (Blumröder et al. 
2021; Naudts et al. 2016). Extreme heat events lead to increased tree mortality (Allen et al. 
2010), making the protection of forests pivotal for maintaining their ecosystem functions. For 
forests in protected areas in the highest protection category of the catalog of the International 
Union for Conservation of Nature, IUCN (Dudley 2008), less forest cover loss was recorded 
as compared to protected area categories with lower protection standards (Leberger et al. 
2020). Nevertheless, stricter protection is not necessarily the most important driver in 
reducing overall forest loss (Ferraro et al. 2013). Reduced forest cover loss inside protected 
areas can lead to intensified deforestation outside a protected area as well (Fuller et al. 
2019). The diversity of influences shows that new ideas are needed to protect people and 
nature sustainably. 
 

1.4. Biosphere Reserves 
 
Biosphere reserves are designated by the United Nations Educational, Scientific and Cultural 
Organization (UNESCO) Man and the Biosphere Programme (UNESCO 2015). Launched in 
1976 as the world network of biosphere reserves (WNBR), the first biosphere reserves were 
designated that year with the main objective being to conserve natural areas and their 
genetic material (Batisse 1982). With the Seville Strategy in 1996, the scope and purpose of 
these areas were broadened and now included the aim to explore and demonstrate 
sustainable development on a regional scale (UNESCO 1996). Their aims differ from the 
general concept of protected areas, which are established to sustainably protect and 
conserve nature as well as the associated ecosystem services and cultural resources, as 
defined by the International Union for Conservation of Nature, IUCN (Dudley 2008). Still, 
these two conservation approaches do spatially overlap at times when a strictly protected 
area (e.g. IUCN categories Ia - strict nature reserve or Ib – wilderness area) is the core zone 
of a biosphere reserve (e.g., La Mancha Húmeda biosphere reserve in Spain). For the 
implementation of biosphere reserves, the Man and the Biosphere Programme relies on the 
subdivision of each biosphere reserve into three zones that are intended to fulfill different 
functions. Ideally, each designated area consists of one or more core zones for long-term 
nature protection and conservation, with adjacent buffer zones and an outer transition area 
where the sustainable use of resources is promoted. The Man and the Biosphere 
Programme aims at integrating biological and cultural diversity by recognizing and 
empowering the role of local knowledge (UNESCO 2015). Over the last decades, the world 
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network constantly grew and as of March 2024, there are 748 biosphere reserves in 134 
countries, of which 23 are transboundary reserves (UNESCO 2024).  
Research in and on biosphere reserves increased considerably with a propensity towards 
research in natural sciences (Kratzer 2018). The effectiveness of managing biosphere 
reserves was systematically reviewed (Ferreira et al. 2020). The Man and the Biosphere 
Programme monitors the effectiveness of the world network of biosphere reserves through 
periodic reviews that are ideally handed in every decade by each biosphere reserve handling 
authority (UNESCO 1996). These periodic reviews evaluate on a local scale the extent to 
which the biosphere reserves meet the designation criteria and can support the withdrawal 
from the network in case of non-compliance. Still, they cannot substitute a global 
standardized assessment method of biosphere reserve effectiveness in maintaining 
biodiversity and socio-ecological functioning.    
Indeed, such frameworks are needed to understand the complex and diverse structures of 
the world network of biosphere reserves to guide management decisions. However, as a 
precondition for deeper socio-ecological analyses, updated geospatial information on borders 
and zonation of biosphere reserves are needed and, to date, is not accessible for the whole 
network (Palliwoda et al. 2021). This thesis develops a tool for assessing the ecological 
effectiveness of biosphere reserves using existing data, filling a crucial gap in the evaluation 
framework. 
 

1.5. Research design 

This thesis investigates pathways to assess the ecological effectiveness of UNESCO 
biosphere reserves using remote sensing. 
The first publication reviews the current body of literature on assessing the socio-ecological 
effectiveness of protected areas using remote sensing. The larger scope includes not only 
biosphere reserves but all types of protected areas. The review suggests that a multi-proxy 
framework is needed to assess the socio-ecological effectiveness of protected areas. 
The second publication explores temperature regulation as one proxy of ecosystem 
functioning and ecological effectiveness by developing a new method to quantify the 
temperature regulation of forest and water ecosystems. We find that in a temperate forest, 
both the temperature regulation capacity as well as vegetation vitality are connected to the 
share of forest cover.  
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The third publication on forest fragmentation in Germany adds connectivity as another proxy 
of forest ecosystem functioning to assessments on temperature regulation and vegetation 
vitality. Regardless of ecoregions and forest types, more connected forest patches exhibited 
better temperature regulation and higher vitality. 
The fourth submitted manuscript combines the preceding work and uses a multi-proxy 
approach to assess the ecological effectiveness in terms of ecosystem functioning of forest 
ecosystems worldwide in biosphere reserves. This approach confirms the positive impact of 
biosphere reserves when considering single forest ecosystem functions. Yet most forests 
within the world network of biosphere reserves do not perform better than their surroundings 
when considering multiple ecosystem functions. 
The thesis is accompanied in the appendix by a systematic literature review on the 
transdisciplinarity of biosphere reserves research. The review presents patterns within 
biosphere reserves research and highlights its potential in engaging with sustainability 
sciences and acknowledges the transformative potential of biosphere reserves.    
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2. Scientific research articles 

2.1. Article I 
 
 

Remotely sensed effectiveness assessments of  
protected areas lack a common framework: A review 
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Abstract

Effective protected areas reflect socio-ecological values, such as biodiversity

and habitat maintenance, as well as human well-being. These values, which

safeguard ecosystem services in protected areas, are treated as models for the

sustainable preservation and use of resources. While there is much research

on the effectiveness of protected areas in a variety of disciplines, the question

is whether there is a common framework that uses remote sensing methods.

We conducted a qualitative and a quantitative analysis of 44 peer-reviewed

scientific papers utilizing remote sensing data in order to examine the effec-

tiveness of protected areas. Very few studies to date have a wide or even a

global geographical focus; instead, most quantify the effectiveness of protected

areas by focusing on local-scale case studies and single indicators such as for-

est cover change. Methods that help integrate spatial selection approaches, to

compare a protected area’s characteristics with its surroundings, are increas-

ingly being used. Based on this review, we argue for a multi-indicator-based

framework on protected area effectiveness, including the development of a

consistent set of socio-ecological indicators for a global analysis. In turn, this

will allow for globally applicable use, including a concrete evaluation that con-

siders the diversity of regional parameters, biome-specific variables, and politi-

cal frameworks. Ideally, such a framework will enhance the monitoring and

evaluation of global strategies and conventions.

KEYWORD S
effectiveness, protected areas, remote sensing, socio-ecological indicators

INTRODUCTION

Protected areas are global measures applied to protect and
sustain biodiversity, as well as to find ways in which
human–nature interactions coincide for mutually beneficial
outcomes (UNEP-WCMC, IUCN, and NSG, 2020). There is

a growing consensus that—in terms of globally increasing
human pressure—protected areas enable to a certain extent
the short- to midterm conservation of species and natural
ecosystems (Chape et al., 2005; Gaston et al., 2008;
Geldmann et al., 2019; Ibisch et al., 2016; Joppa &
Pfaff, 2011; Mora & Sale, 2011). The development of
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protected areas is a key approach in the implementation of
global agendas for conservation and sustainable develop-
ment, such as the Aichi targets set by the Convention of
Biological Diversity (CBD), the United Nations’ Sustainable
Development Goals, and national and supranational
(e.g., EU-wide) biodiversity strategies. However, most strat-
egies focus on coverage of protected areas as single indica-
tors for the effective protection of biodiversity (Beresford
et al., 2018; Chape et al., 2005; Mora & Sale, 2011). It has
already been stressed that maintaining as well as esta-
blishing new protected areas on a global scale will not be
sufficient to sustain biodiversity in the long term (Mora &
Sale, 2011). Even after decades of addressing the challenge
of establishing and managing protected areas that are fit
for purpose, there is sparse information on their effective-
ness regarding quantitative outcomes related to biodiver-
sity conservation and ensuring the ongoing functioning of
ecosystems (Ghoddousi et al., 2021). The recently publi-
shed multidimensional framework to assess the socio-
ecological effectiveness of protected areas suggests to mea-
sure ecological and social outcomes as well as socio-
ecological interactions and indicates remote sensing as one
promising method to advance these assessments
(Ghoddousi et al., 2021). Quantifying effectiveness is cru-
cial when seeking to provide evidence as to whether the
designation of protected areas enables positive changes
regarding ecosystem services, biodiversity conservation, an
increase in resilience, and other factors (e.g., Chape
et al., 2005; dos Santos Ribas et al., 2020; Nagendra
et al., 2013). Otherwise, there is the risk that the creation
of increasingly more protected areas will encourage dis-
placement behavior and obstruct our view of the key ques-
tion, namely, safeguarding the global ecosystem (Adams
et al., 2019; Watson et al., 2014).

The effectiveness approach, based on remote sensing,
attempts to measure to what extent protected areas really
safeguard biodiversity and measure their ecosystem func-
tions. Studies on the ecological functioning of protected
areas, as well as on measures of management effectiveness,
are widely available, and yet, studies on global manage-
ment effectiveness especially highlight a lack of informa-
tion that integrates conservation and management efficacy
objectives (Leverington et al., 2010). In conservation stud-
ies, socio-ecological features are extensively used to identify
the effective protection of certain areas (Ghoddousi
et al., 2021). Building on a socio-ecological perspective, our
understanding of protected area effectiveness is based on
three factors: (1) mitigating biodiversity and habitat loss,
(2) providing ecosystem services for human well-being, and
(3) having a sustainable impact on the surroundings of the
protected area by being a flagship region. Within our
approach, sustaining biodiversity with the help of protected
areas is our effectiveness measure, and it is delimited by
efficiently managing protected areas.

Protected areas have been investigated from different
viewpoints. The global standard employed to categorize
protected areas according to their use restrictions has
been the basis for different studies and was initially
developed by the International Union for Conservation of
Nature (IUCN) (World Conservation Union) (Dudley
et al., 2013). These IUCN protection categories have been
examined on a global scale in terms of effectiveness in
halting forest cover loss (Leberger et al., 2020), and they
have also been tested for biodiversity variables (Gray
et al., 2016). This study, for example, found higher levels
of biodiversity inside terrestrial protected areas than out-
side (Gray et al., 2016). These categories have been
included in a proposal to assess conservational effective-
ness, in order to “ensure a global approach to assessment,
measure biodiversity conservation effectiveness, and
incorporate new data layers and more effective applica-
tion of IUCN protected area management categories”
(Chape et al., 2005). A global study on habitat cover and
species population revealed limited evidence of how
protected areas benefit flora and fauna (Geldmann
et al., 2013), while human pressure on protected areas is
increasing across the world (Geldmann et al., 2019).
However, encouraging results on multipurpose protected
areas have been presented, illustrating that they can ben-
efit biodiversity by integrating the protection of species’
habitats with sustainable land use while simultaneously
reducing CO2 emissions (Nelson & Chomitz, 2011). In
addition to the establishment of protected areas, the con-
servation of areas with low levels of anthropogenic dis-
turbance, such as roadless areas, is another measure
utilized to preserve biodiversity at all levels and to protect
relevant ecosystem services (Ibisch et al., 2016). The
delivery of ecosystem services has become a major objec-
tive for those seeking to study and enhance the effective-
ness of protected areas (Friedlander et al., 2007),
showcasing the harmonization of values people perceive
from nature. However, (spatial) data on protected areas,
especially regarding habitat coverage and geopolitical fea-
tures, are still in short supply (Chape et al., 2005; Gaston
et al., 2008), thereby resulting in clear conservation gaps
and a lack of priority setting (Chape et al., 2005).

Since the turn of the century, the paradigm of protec-
ted area effectiveness has shifted from studies solely
focusing on the conservation of biodiversity toward an
increasing integration of human well-being (Nagendra
et al., 2010; Naughton-Treves et al., 2005; Nelson &
Chomitz, 2011). Protected areas should be perceived
more as functional, intact ecosystems on a regional scale
rather than areas with strict use constraints and hard bor-
ders (Knorn et al., 2012; Moreno et al., 2019). This would
encourage critics who warn against isolating protected
areas too much from one another and who instead advo-
cate for integrated protected landscapes (DeFries
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et al., 2010; Southworth et al., 2004)—exemplified in the
land-sharing/land-sparing debate (Fischer et al., 2014;
von Wehrden et al., 2014).

Remote sensing is a tool widely used to assess the
condition of protected areas. It is considered an effective,
comparatively inexpensive instrument and is less time-
consuming than evaluation by ground-truthing, and it
can also be used globally (e.g., Tuholske et al., 2017). In
protected area research, remote sensing—among other
approaches—can be used to identify potential protected
areas (Goodell et al., 2018) or to study the connectivity
between protected areas (Crochelet et al., 2016). Herein,
we investigated remote sensing studies to review how
effectiveness is measured on a large scale, and which
indicators are suitable for the remote sensing analysis of
protected area effectiveness. We focused particularly on
how remote sensing is used to assess the socio-ecological
effectiveness of protected areas.

The aim of this review paper is to analyze the existing
body of scientific literature utilizing remote sensing to
investigate the effectiveness of protected areas. The depth
of understanding and the use of effectiveness concepts
are parts of this investigation. In addition, we examine
which indicators are used to assess the socio-ecological
effectiveness of protected areas, and we present a first
classification of spatial selection methods for remotely
sensed effectiveness indicators.

METHODS

In order to identify existing literature on methods used to
assess the effectiveness of protected areas, we brought
three research areas together: research utilizing remote
sensing, the framework of effectiveness, and protected
areas as target areas. To cover a wide range of approaches,
we foresaw from including specific terms on socio- and/or
ecological effectiveness. We rephrased the approach for all
databases on the Web of Science search engine by using
the following search string: (“remote sensing “OR “satel-
lite imagery “OR geodata OR geoinformation OR
geospatial) AND (effectiveness OR impact* OR efficiency)
AND (“biosphere reserve* “OR “protec* area*”).

The dataset created via Web of Science on 12 February
2020 revealed a list of 520 published academic papers. Of
the 520 identified studies, we first selected 285 based on
the abstract. We screened the abstracts for relevance and
determined if the study was an empirical investigation
using any kind of geoinformation to analyze the effective-
ness of and/or impacts on protected areas. After examin-
ing the full text of the 285 remaining articles, we
excluded a further 241 papers, as they did not include
any perception of effectiveness, did not include a compar-
ison approach with adjacent areas, or focused on

management effectiveness solely. A final set of 44 relevant
papers, written in English and Spanish, remained and
was downloaded for our evaluation (Appendix S1). They
were then read by one reviewer in detail, and relevant
variables were extracted (Table 1).

We counted the number of indicators used to assess the
effectiveness of protected areas without co-explaining indi-
cators; that is, we did not include co-indicators (e.g., climate
change and human impacts) explaining the main indicator
(e.g., forest degradation). The types of indicators were
categorized into six groups: land use/land cover change
(LUCC), forest cover change, vegetation cover change
(e.g., vegetation productivity with nonvegetation cover
excluded), fire, habitat ecology (animal observations and
migration effects), and marine indicators (e.g., species
assemblages). The spatial scale was categorized into five cat-
egories, and a local scale was assigned if a particularly small
area was examined (<5000 km2). The regional scale
included larger areas with either bigger protected areas or
various protected areas in one region. Studies were catego-
rized as “continental” when an entire continent was stud-
ied. The zonal scale was applied for studies based on global

TABL E 1 Set of variables to categorize paper content and
corresponding description

No. Variable Description

1 Year Year of publication

2 Number of
indicators

Number of indicators used to
assess the effectiveness of
protected areas

3 Type of indicators Type of indicator, research subject

4 Spatial scale Study scope with 1, local; 2,
regional; 3, continental; 4,
zonal; 5, global

5 Effectiveness Study results indicating e
(effective protection),
i (ineffectiveness timewise or
worse inside than outside), and
d (divergent, no effect or
positive and negative effects)

6 Spatial selection Area selection approach: Methods
used to select areas for
comparison inside and outside
of the protected area

7 Time scale Time series analysis or cross-
sectional approach

8 Study area Continent on which the study was
conducted

9 Authors origin Current residence of the main
author

10 Ground truth Yes or no; additional ground
truthing as in field research or
household surveys
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biome borders, that is, temperate forests or the tropics.
Additionally, we focused on the design of the studies in
terms of the spatial selection of indicators, to assess the
effectiveness of protected areas. There is a simple “inside–
outside” approach, where specific parameters are compared
inside and outside of protected areas (Gray et al., 2016). For
example, it can be verified whether a certain type of forest is
more affected by the loss of cover outside a protected area
than inside—a corresponding outcome would support a cer-
tain level of plausibility in terms of protection effectiveness.
To ensure the comparability of variables inside and outside
of protected areas, a matching methodology (Beresford
et al., 2018), whereby data extraction points are sampled ran-
domly inside and outside protected areas withmatching sim-
ilar socio-ecological characteristics (e.g., distance to human
settlements or elevation), is becomingmore andmore promi-
nent in research. A detailed breakdown of applied spatial
selectionmethods is presented in the “Results” section.

One focus of this study was to establish how existing
approaches assess effectiveness by comparing protected
areas with their surroundings, because the sole assess-
ment of changes over time inside a protected area can
provide insights into variabilities inside the area, but it
cannot relate to possible changes in surroundings.
Against this backdrop, the selected studies, which all use
inside–outside comparisons, were categorized in terms of
time series analysis or a cross-sectional approach.

RESULTS

The approaches, spatial scales, selected indicators, and
declared levels of effectiveness varied widely across the
44 selected studies. Although the Web of Science data-
base covers publications since 1990, the selected studies
were all published between 2004 and 2019, with an
increase in publications after 2010 and further after 2015,
indicating a rather emerging research field. Most of the
studies used only a single indicator to assess the effective-
ness of protected areas, and the choice of the indicator
was independent of the study’s spatial scale (Figure 1a).
Regarding the spatial scope of the studies, three used area
data on global biomes, that is, tropical forests (Lui &
Coomes, 2016; Wright et al., 2007) and the temperate
biome (Sommerfeld et al., 2018), one of them dealt with
the entire African continent (Beresford et al., 2013), and
one conducted a global analysis (Tang et al., 2011)
(Figure 1a). In the context of scoping, mostly protected
area boundaries were used for delineation, some selected
national boundaries for regional analyses, and only a few
used biome boundaries for global analysis. As for the per-
ception of protected areas’ effectiveness, 18 studies stated
an improvement in the situation, while a few studies
(n = 7) detected a certain ineffectiveness. Almost half of
the studies (n = 19) presented divergent results
(Figure 1a).

F I GURE 1 (a) An overview of the main characteristics represented across the studies used in this review. The pie chart size represents
the number of papers (total n = 44). Every pie chart is located according to the study scope (x-axis) and the number of indicators used to
assess the effectiveness of protected areas (y-axis). Every pie chart is divided by the number of studies that indicate effective protection
(timewise or improvement inside), divergent results (no effect or positive and negative effects), or ineffective protection (timewise or worse
inside than outside). (b) The origin of each main author in relation to the examined study area (n = 44). The study region “transcontinental”
includes studies conducted in the temperate biome, the tropics, and one study conducted in Asia and South America
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The majority of studies were conducted on local or
regional scales in Asia (n = 13), Africa (n = 10), North
America (n = 7), South America (n = 5), and Europe
(n = 4). Studies conducted in Asia and North America
were done by indigenous scientists, whereas studies on
the African continent were implemented by scientists
based in Europe, North America, and Asia (Figure 1b).

Perception and definition of the
effectiveness of protected areas

The effectiveness of protected areas was the main focus
of studies on rare occasions, and very few studies set out
a clear description or definition of how they conceptual-
ized effectiveness (Beresford et al., 2013, 2018; Tang
et al., 2011); instead, most of them defined the effective-
ness of protected areas as the ability to sustain biodiver-
sity, mostly in terms of selected species (Bonilla-Mejia &
Higuera-Mendieta, 2019; Friedlander et al., 2007; Joseph
et al., 2009; Kintz et al., 2006; Knorn et al., 2012; Lui &
Coomes, 2016; Moreno et al., 2019; Rioja-Nieto et al., 2015;
Schulte to Buehne et al., 2017; Xie et al., 2012; Zhang
et al., 2017). One of the included papers, Tang et al. (2011),
described the effectiveness of protected areas as the ability
to “[maintain] ecological functioning” and divided ecologi-
cal effectiveness into two subfunctions: one part concen-
trating on existing biodiversity features in protected areas,
the other part asking “how well [do] these areas maintain
the biodiversity features[?]” (Tang et al., 2011). Beresford
et al. (2013), however, defined the effectiveness of protected
areas as the ability to “[reduce] deleterious land cover
change” and “[prevent] conversion of all habitats in sites of
high importance” (Beresford et al., 2013). The follow-up
study by Beresford et al. (2018) declared effectiveness in
terms of protecting natural habitats, specifically referring to
“the degree to which that threat is reduced by designation”
(Beresford et al., 2018).

Studies with a main focus on habitat protection assessed
the effectiveness of these protected areas among other aims,
such as preventing habitat destruction and protecting endan-
gered wildlife (Clerici et al., 2007; Foo & Numata, 2019;
Huang et al., 2019; Merkohasanaj et al., 2019; Onojeghuo &
Onojeghuo, 2015; Simons-Legaard et al., 2018; Sunderland-
Groves et al., 2011; Xie et al., 2012).

Many studies defined protection effectiveness through
protecting forest cover (Bonilla-Mejia & Higuera-Mendieta,
2019; Foo & Numata, 2019; Gaveau et al., 2012; Nagendra
et al., 2004; Phua et al., 2008; Ren et al., 2015; Wright
et al., 2007), or more specifically in terms of protection effi-
cacy by preventing forest fires (Manaswini & Reddy, 2015) or
mitigating tree cover loss (Bragina et al., 2015). Others speci-
fied the effectiveness of forested protected areas regarding

deforestation or even—more specifically—forest degradation
(Htun et al., 2009; Southworth et al., 2004).

Overall, 18 studies declared the good effectiveness of
their investigated protected areas, always with their indi-
vidual definition of effectiveness, while seven highlighted
the need to improve in this regard. A total of 19 studies
presented a mixed picture, highlighting both positive and
negative effects. In studies focusing on forest protection,
the effective protection of forest cover inside protected
areas was identified, but strong pressure on adjacent
areas limited any positive effects (Blackman et al., 2015;
Clerici et al., 2007; Lui & Coomes, 2016; Nagendra
et al., 2009; Xie et al., 2012).

In terms of different approaches on protected area effec-
tiveness, we found that nine of the 44 studies complied with
our proposed definition of effectiveness (Figure 2, Group A).
In 18 studies, we found two of the three factors (Figure 2,
Groups B and C) and 17 studies covered mainly the mitiga-
tion of biodiversity loss as definition of protected area effec-
tiveness (Figure 2, Group D). Explicit social aspects (defined
as ecosystem services for human well-being) were found in
16 studies (Figure 2, Groups A and C).

Spatial selection of remotely sensed
indicators

Different methodological approaches utilized to extract
and compare indicators were identified. Twenty-eight
studies used either an “inside–outside” or an “inside–out-
side–buffer” approach (Figures 3a,b). The other main
spatial selection approaches used either the protected
area as land cover for comparison (n = 9; Figure 3c) or a
matching method to compare features inside and outside
of protected areas (n = 7; Figure 3d).

The inside–outside approach (Figure 3a) was mostly just
applied in a way that areas inside and outside of protected
areas were compared (Bonilla-Mejia & Higuera-Mendieta,
2019; Friedlander et al., 2007; Gaveau et al., 2012; Huang
et al., 2019; Leisher et al., 2011; Rioja-Nieto et al., 2015;
Sommerfeld et al., 2018), while others compared “outside”
areas in the direct periphery of the protected areas (Clerici
et al., 2007; Foo&Numata, 2019;Mtui et al., 2017; Nagendra
et al., 2009; Sunderland-Groves et al., 2011).

The second large group of studies (n = 14; Figure 3b)
used an inside–outside–buffer approach, mostly involving
separating areas inside and outside of protected areas with a
buffer zone in between, to take into account potential edge
effects (Fuda et al., 2016; Htun et al., 2009; Lui &
Coomes, 2016; Onojeghuo & Onojeghuo, 2015; Phua et al.,
2008; Schulte to Buehne et al., 2017; Simons-Legaard
et al., 2018; Southworth et al., 2004; Tang et al., 2011; Zhang
et al., 2017). Others added continuous buffer zones around
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core zones or the outer border of the protected area
(Knorn et al., 2012; Nagendra et al., 2004; Wright
et al., 2007). Random sampling integrated into an inside–
outside–buffer research framework was noted in two arti-
cles (Merkohasanaj et al., 2019;Westwood et al., 2019).

Besides the explicit study of protected areas, several
studies defined protected areas as one aspect of land
cover and considered whole ecosystems or ecological
regimes (Figure 3c). Studies on deforestation (Brun

et al., 2015), fire patterns causing deforestation (Adeney
et al., 2009; Manaswini & Reddy, 2015), land cover
change (Kintz et al., 2006; Mehdipour et al., 2019;
Sahagún-S!anchez & Reyes-Hern!andez, 2018; Tuholske
et al., 2017; Xie et al., 2012), and changes in timberline
elevation (Lutz et al., 2013) examined whether or not
areas under protection suffered less from these threats.

The rather recently proposed matching method
(Figures 3d and 4) is complex, and it varies in line with

F I GURE 2 Integration of the investigated studies into our perception of socio-ecological effectiveness of protected areas. “A” signifies
that the corresponding studies indicated all the factors (mitigating biodiversity loss, ecosystem functions for human well-being, and
sustainable impact on the surroundings) in their perception of protected area effectiveness. “B” includes studies that defined effectiveness as
mitigating biodiversity loss and having a sustainable impact on the surroundings. “C” lists studies that defined effectiveness as mitigating
biodiversity loss and providing ecosystem services for human well-being. “D” includes studies that measured protected area effectiveness
investigating the mitigation of biodiversity loss

6 of 14 GOHR ET AL.

Charlotte Gohr
22

Charlotte Gohr
SCIENTIFIC RESEARCH ARTICLES



the focus of the respective study. The selection of similar
characteristics to match points inside and outside of
protected areas was adapted to the subject of interest: In

studies on land cover change, characteristics that might
have an impact on land cover change were used to select
suitable comparison points (Beresford et al., 2013, 2018).

F I GURE 3 Schematic diagram of methodological approaches used to spatially extract and compare indicators, in order to assess the
effectiveness of protected areas (PA). (a) Inside–outside; (b) inside–outside and buffer zone; (c) protected area as land cover class;
(d) matching indicators inside and outside, based on similar characteristics

F I GURE 4 The use of different spatial selection methods in selected papers over time. Bar colors indicate the different spatial selection
methods for comparing indicators “inside–outside,” “inside–outside–buffer” (including a buffer area between the protected area and its
surroundings), “land cover” (protected area [PA] as land cover class), and “matching” (random sampling inside and outside with similar
characteristics)
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The same idea, using characteristics possibly influencing
the study subject, was used in other studies for habitat
types (Brink et al., 2016) and forest canopy cover
(Blackman et al., 2015; Bragina et al., 2015; Moreno
et al., 2019; Ren et al., 2015).

For the spatial selection of indicators, Landsat deriva-
tives (n= 18) were primarily used for remote sensing analy-
sis. MODIS data were analyzed in five studies only, while
other studies combined MODIS and Landsat, Landsat and
ASTER, or others. Forty-one of the 44 selected studies gen-
erated time series for change detection over time.More than
half of the studies used any type of inside–outside or inside–
outside–buffer approach, followed by amethod that defined
protected areas through land cover class. The use of the
matching approach to select data points randomly occurred
first in 2013 in the set of selected articles (Figure 4).

Indicators used to assess the effectiveness
of protected areas

Landscape indicators were used in 42 studies, whereas
two studies used seascape indicators. The primary focus
of the studies was related to LUCC (n = 23) analysis,
with vegetation or explicit forest cover change (n = 17) as
the main indicators to assess the effectiveness of protec-
ted areas. Additional indicators for the remote sensing on
which this review focuses were, for example, avian point
count surveys (Westwood et al., 2019), chimpanzee obser-
vations (Sunderland-Groves et al., 2011), and household
surveys (Leisher et al., 2011).

The overall procedure implemented in studies using
LUCC as an indicator of effectiveness involved developing a
land use classification via satellite data analysis and the sub-
sequent detection of change over time (Beresford
et al., 2013), some with a detailed description of their
methods (e.g., Schulte to Buehne et al., 2017). LUCC was
used to detect changes to and pressure on wildlife protected
areas (Brink et al., 2016; Clerici et al., 2007; Mtui
et al., 2017), vegetation cover (Huang et al., 2019), forest
cover and forest fragmentation (Nagendra et al., 2009;
Rioja-Nieto et al., 2015; Simons-Legaard et al., 2018;
Sommerfeld et al., 2018; Southworth et al., 2004), forest
leakage (Foo & Numata, 2019; Lui & Coomes, 2016), and
landscape fragmentation (Mehdipour et al., 2019; Xie
et al., 2012) and to identify loss of natural habitats
(Beresford et al., 2018). LUCC was also used to assess the
impact of anthropogenic pressure (such as urbanization,
agriculture, and tourism) and thereby evaluate the vulnera-
bility and ability of the protected area to reduce pressure on
biodiversity (Sahagún-S!anchez & Reyes-Hern!andez, 2018;
Schulte to Buehne et al., 2017; Tuholske et al., 2017; Zhang
et al., 2017).

Apart from LUCC, many studies that focused on the
effectiveness of forest protected areas used the following
indicators: the forest loss/deforestation rate (Bragina et al.,
2015; Gaveau et al., 2012; Onojeghuo & Onojeghuo, 2015;
Phua et al., 2008; Ren et al., 2015), the disturbance rate
(Knorn et al., 2012), both (Htun et al., 2009), fire (Adeney
et al., 2009; Manaswini & Reddy, 2015; Wright et al., 2007),
or the deforestation rate linked with additional
variates (Blackman et al., 2015; Bonilla-Mejia & Higuera-
Mendieta, 2019). Indicators such as the normalized differ-
ence vegetation index (NDVI) or net primary productivity
were used to examine effectiveness (Fuda et al., 2016;
Joseph et al., 2009; Leisher et al., 2011; Moreno et al., 2019;
Simons-Legaard et al., 2018; Tang et al., 2011). Outstand-
ing approaches used changes over time to the mountain-
ous timberline as an indicator (Lutz et al., 2013) or species
distribution models (Sunderland-Groves et al., 2011;
Westwood et al., 2019). Indicators for marine protected
areas were species habitat distribution models using topo-
graphical characteristics and assemblages of animals
(Friedlander et al., 2007; Merkohasanaj et al., 2019).

DISCUSSION

Our review identified an increasing research interest in
the effectiveness of protected areas from a remote sensing
perspective. There is not currently a consistent frame-
work for the effectiveness of protected areas or an explicit
indicator system that can be employed to assess socio-
ecological effectiveness. Therefore, we recommend two
main steps toward establishing such a framework: first,
the development of a consistent indicator system that
explicitly addresses the socio-ecological effectiveness of
protected areas for an evaluation of protection efforts to
date and in the future, and second, the further elabora-
tion of the matching method for the spatial selection of
indicators for a broad application on local and global
scales.

Remotely sensed indicators to assess socio-
ecological effectiveness

With regard to commonly used terms, the handling of
socio-ecological effectiveness is fitted to specific areas of
research without searching for an overarching or a con-
sistent use of terms. There is usually no critical reflection
on the fact that a comparison of socio-ecological charac-
teristics inside and outside protected areas is not a consis-
tent measurement being that measured differences
are indicators of protection (Tang et al., 2011) or effec-
tiveness. However, there seems to be agreement that
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safeguarding biodiversity is the main concern of pro-
tecting landscapes and seascapes (Knorn et al., 2012;
Moreno et al., 2019; Schulte to Buehne et al., 2017; Zhang
et al., 2017) (Figure 2). Unfortunately, though, a common
definition of the concepts of biodiversity is not available
either. Apparently, a couple of studies referred to catego-
ries of protection following the IUCN and reached differ-
ent conclusions regarding the effectiveness of protection
strictness. A higher level of protection could prevent
more anthropogenic pressure (Schulte to Buehne et al.,
2017), and yet, strictly protected areas are not necessarily
more protective than less restricted protected areas
(Ferraro et al., 2013). Roughly 20% of the investigated
studies complied with our proposed definition of socio-
ecological effectiveness. The majority (41%) covered two
of three factors. We thereby acknowledge that the con-
cepts of socio-ecological effectiveness shift toward more
holistic approaches (e.g., Ghoddousi et al., 2021).
Although several studies defined protected area effective-
ness as being a composite of socio- and ecological factors,
only few translated this definition explicitly into a
corresponding set of socio-ecological indicators (e.g.,
Huang et al., 2019; Nagendra et al., 2009). As a result of
the investigated diverse range of existing definitions, we
propose our introduced understanding of protected area
effectiveness as the effectiveness of (1) mitigating biodi-
versity and habitat loss, (2) providing ecosystem services
for human well-being, and (3) having a sustainable
impact on the surroundings of the protected area by
being a flagship region. Equally, this definition calls for
subsequent research to define remotely sensed indicators
depicting the socio-ecological effectiveness of protected
areas (e.g., Ghoddousi et al., 2021; Pettorelli et al., 2018).

Although there is a significant amount of variety in
terms of remotely sensed indicators, there is no systematic
framework or harmonization of relevant indicators; most
studies focused on one indicator to assess the effectiveness
of areas, especially in regard to forested regions. Neverthe-
less, they still included indicators such as fire and distance
to roads, fire, and climate phenomena (Adeney et al.,
2009), or logging, transport costs, and protected area status
(Brun et al., 2015). With a main focus on biodiversity, most
approaches studied features such as species composition,
fragmentation rate, or LUCC, while only a few used indi-
rect proxies of ecosystem functioning, such as the NDVI
(e.g., Htun et al., 2009; Huang et al., 2019; Tang
et al., 2011). Studies using forest cover change as a proxy
for protected area effectiveness did not reflect that this
proxy cannot be applied for nonforested protected areas
and therefore cannot be treated as a general proxy for
protected areas effectiveness (Geldmann et al., 2019).

Since only three studies of the selected papers men-
tioned climate change as an influencing factor and used

climate variables as indicators, it should be discussed
how—and whether—climate variables should not always
and generally be taken into account (Huang et al., 2019;
Westwood et al., 2019). In the context of climate change,
more holistic approaches that include long-term perspec-
tives and vulnerability to climate change would change the
view on the effectiveness of protected areas (Freudenberger
et al., 2013; Huang et al., 2019). Another potential indicator
could be the effectiveness of protected areas in carbon
sequestration (Gaveau et al., 2012) or meso- and microcli-
matic buffering.

Social aspects of socio-ecological
effectiveness

Apart from the general consensus that protected areas
are a necessary instrument to counteract the loss of
biodiversity and to preserve natural habitats, the issue of
environmental justice is neglected in many cases. We
consider environmental justice as a key factor in investi-
gating the socio-ecological effectiveness, appropriateness,
and long-term success of protected areas. One statement
to this effect was made in the literature under consider-
ation: “Often parks are created in areas where poor peo-
ple depend upon the natural resources for their
livelihoods; thus, exclusionary management raises issues
of social justice and equity” (Bates & Rudel, 2000;
Brockington, 2002, cited in Nagendra et al., 2004).

There are (global) studies on protected areas and their
relation to human well-being and social justice (Oldekop
et al., 2016; Zafra-Calvo & Geldmann, 2020) that should
also be considered. Also, 36% of the investigated articles
included aspects of ecosystem services for human well-
being into their assessment of protected area effectiveness
(Figure 2, Groups A and C), which shows a broadened
scope in the field. In this context, UNESCO Biosphere
reserves, established for exploring new pathways toward
sustainability and directly addressing ecosystem-based
strategies to safeguard human well-being, deserve special
attention. Biosphere reserves could also be expected to
pioneer the implementation and promotion of socially
just nature conservation.

While our review design focused on remote sensing
approaches, most of the 44 selected studies advocated the
inclusion of social science approaches that incorporate
the results of studies with the local population, and they
cited local participation as one of the most important
solutions to increase effectiveness, in addition to expan-
ding the network of protected areas. Occasionally,
researchers referred to earlier approaches of effectiveness
research and mostly designed their own method to assess
this vector, which made it difficult to compare different
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individual case studies; correspondingly, the findings also
support the idea of developing a framework for evaluat-
ing effectiveness (Rasheed, 2020; Stephenson et al., 2015).
To explore the socio-ecological effectiveness of protected
areas and their impact on habitat and species loss,
ecosystem services and protection capacity (Beresford
et al., 2018)—a more holistic and multi-indicator-based
approach—should be considered (e.g., Ghoddousi et al.,
2021). The effect of selecting the variables proves relevant,
as it influences the results substantially (Beresford
et al., 2018; Vanclay, 2001). To select relevant variables,
existing studies on essential biodiversity variables (Pereira
et al., 2013), biophysical variables (Richter et al., 2012), cli-
mate variables (Bojinski et al., 2014), and geodiversity vari-
ables (Schrodt et al., 2019) offer a basis on which to build.

Selection methods

The analysis of selection methods within the investigated
studies showed that our focus on remote sensing as an
explicit method to examine protected area effectiveness
helped identify patterns in their different approaches. To
estimate the socio-ecological effectiveness of protected
areas, indicator values of unprotected and protected areas
are generally compared. However, the selection of com-
parable areas for comparison is rather difficult, albeit it is
still highly important. A common selection bias is that
protected areas are often established in biodiversity hot-
spots based on special landscape features, and they are
compared with their less diverse surroundings without
balancing out this disparity (Beresford et al., 2018;
Moreno et al., 2019; Tang et al., 2011). This review repre-
sents parts of the debate on the best selection approach,
that is, between the inside–outside and matching
approaches. Earlier and mostly rather local-scale case
studies, using the inside–outside analysis approach with
either hard edge borders or an inside:buffer zone:remote
area ratio, justified the selection of areas directly adjacent
to protected areas as having possibly similar biophysical
conditions while being aware of a possible bias produced
by heterogeneous landscapes (Mtui et al., 2017). How-
ever, recent studies using a matching method justified
the approach with the bias, because protected areas are
not randomly distributed, and most of the time they are
located in areas that are either less accessible or of a
lower land use value than their surroundings (e.g.,
Bonilla-Mejia & Higuera-Mendieta, 2019) (Figure 4). Fur-
thermore, to date, there is no common ground on
whether designation borders should be considered hard
edges or transition areas. Some studies use adjacent areas
for comparison (Adeney et al., 2009), while others explic-
itly exclude them in order to diminish the possible effects

of the protected area on them (e.g., “deforestation banned
in the reserve spills over to just outside the reserve […] or
isolation spillovers”) (Ren et al., 2015).

This review focused on remote sensing approaches,
which proved to be successful methods of investigation in
all of the selected studies. Nevertheless, the efficacy of
this approach is strongly related to the availability and
quality of ground-truthing data, not only to test land
cover classification, but also for socio-ecological variables
and local characteristics. One half of the studies included
fieldwork, with some making a clear argument for inte-
grating fieldwork, clearly advocating for ground truthing
to clarify anthropogenic activities (Lui & Coomes, 2016;
Nagendra et al., 2009). The need to combine local and
global monitoring by integrating fieldwork and remote
sensing datasets for significant effectiveness statements is
clearly visible (Stephenson et al., 2015). However, it has
to be proven if local effects of protected areas are visible
on a larger scale (Mora & Sale, 2011).

Aside from the spatial scale, temporal dimensions are
equally important. The majority of the examined studies
used some forms of time series analysis to detect changes
effectively over time. Approaches using time series analysis
of randomly sampled matching points inside and outside
of protected areas are becoming more commonplace
(Beresford et al., 2018; Gray et al., 2016). It is a challenging
task, though, as multiple factors such as protected area des-
ignation, political changes, conflicts, historical context, or
population growth have to be considered and are subject to
change. Additionally, protected areas are a quite recent phe-
nomenon, and the analysis of effectiveness will be better
understood in the future (Moreno et al., 2019).

Prospects

Remote sensing offers tremendous opportunities to exam-
ine the land and sea surfaces on various spatial and tem-
poral scales. By taking advantage of new methods and
computation technologies such as machine learning and
big data analysis, remote sensing can be considered a
promising approach to assess the socio-ecological effec-
tiveness of protected areas. A semiautomatic tool for the
global assessment of protected area effectiveness, based
on a set of appropriate socio-ecological indicators, would
help in terms of comparison and support the monitoring
and evaluation of global strategies and conventions such
as the CBD and the Man and the Biosphere Program, as
well as national and supranational biodiversity strategies.
However, several questions remain: What indicators
should be used to assess the effectiveness of protected
areas? Which indicators fit best in terms of region and
protection status? And should specific and hard-to-
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measure indicators such as the genetic diversity of vege-
tation, the diversity of ecological processes, and the func-
tion or the degree of environmental justice be included in
assessments?

This study and its results are limited to a certain
extent. First, data acquisition was limited to databases
listed on the Web of Science. An overview of existing stud-
ies, such as the present research, especially if they use
large datasets, not only collects information on a topic, but
also duplicates uncertainties in the results. The field of
protected area effectiveness, and the corresponding spec-
trum of definitions and theories, is quite a recent research
field (this paper’s dataset ranges from publishing dates
2004–2019), so research design, definitions, findings, and
framework development are in their early stage.

CONCLUSIONS

This paper demonstrates that a globally standardized
framework for using remote sensing to assess the socio-
ecological effectiveness of protected areas does not cur-
rently exist. Several researchers advocate for more holistic
approaches on global effectiveness research, which is pend-
ing. A global analysis of the effectiveness of protected areas
will be a challenging task, mostly due to the demands
involved in finding overall matching indicators and reliable
data on a global basis. To date, there is not a complete
toolset, which incorporates all relevant indicators to assess
the effectiveness of protected areas. It is also a question of
time and scale to be able to produce global maps of the
effectiveness of protected areas while at the same time tak-
ing into account local characteristics such as historical con-
text and local and regional environmental management. A
global socio-environmental monitoring tool in this regard
would not only provide information on the current state of
conservation effectiveness around the world, but it would
also be valuable to policymakers, stakeholders, and com-
munities seeking to promote sustainable development as a
key objective.
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A B S T R A C T   

As a result of ongoing climate change and more frequent heat events, the regulating services of land cover in 
terms of moderating and mitigating local temperatures are increasingly important. While the reduced temper-
atures found in forests and wetlands are recognized, their wider contribution to regional landscape cooling re-
mains largely uncharacterized and unquantified. Herein, we propose and test a new method that estimates the 
temperature response and inertia of landscapes in high temperatures, based on land cover share. In order to 
achieve this goal, we combined the MODIS daytime land surface temperature (henceforth LST) time series and 
CORINE land cover data. We classified the time series in two ways, i.e. by stepwise temperature range (−10/−5 
◦C to +35/+40 ◦C) and by the occurrence of hot days (days with a mean LST ≥ 30 ◦C). As an explanatory 
variable, we developed and used a greenest pixel composite of the MODIS normalized difference vegetation index 
(NDVI) time series. In our study area, covering parts of northeastern Germany and western Poland, the frag-
mented landscape has heterogeneous temperature patterns, including urban heat islands, warm agricultural 
areas, cool forests and cold wetlands. We found that at high temperature ranges only forests and wetlands 
remained comparably cool, with LSTs up to 20.8 ◦C lower than the maximum LST in the study area. The analysis 
of land cover shares and LSTs revealed the substantial cooling effect of forests and wetlands in line with 
increasing land cover share in higher temperature ranges, as well as on hot days. The relation between LST and 
the NDVI indicated vegetation cover as the cause. We propose the corresponding metrics to quantify landscape- 
level temperature regulation. Equally, we advocate for management to identify these ecosystem services and 
their current and potential contributions, along with implications for sustaining and increasing, both tree cover 
and wetlands and thereby adapting landscapes to climate change.   

1. Introduction 

Increases in temperature, which are among the most dangerous im-
pacts of climate change, threaten socioeconomic activities (Chen et al., 
2020), ecosystem functioning (Fisher et al., 2017) and human health 
(Luber and McGeehin, 2008; Mora et al., 2017). Human mortality esti-
mates based on data from climate-related heat exposure and deaths in 
732 locations over 43 countries suggest a mean of 37.0% (range 
20.5–76.3%) between 1991 and 2018, with increased mortality seen on 
all continents (Vicedo-Cabrera et al., 2021). Heat also contributes to 
other climate-related challenges such as increased water-stress and 
drought (Fisher et al., 2017; Teuling et al., 2013). One way to avoid 

these negative effects is to prevent or moderate temperature extremes 
(Hatfield and Prueger, 2015). 

The relationship between remotely sensed land surface temperature 
(LST) and land cover has been investigated in various contexts (Alkama 
and Cescatti, 2016; Bonan, 2008; Bright et al., 2017; Jin and Dickinson, 
2010). Different land covers are associated with different thermal 
properties, especially the heat island effects that occur in urban and 
other built-up areas (Bartesaghi-Koc et al., 2020; Feizizadeh and 
Blaschke, 2013; Liu et al., 2018; Su et al., 2010; Tran et al., 2017). Land 
cover proportion has been used in a study of an urban area to investigate 
to what extent landscape metrics can explain LST (Liu et al., 2018), as 
well as for a vegetation fraction cover analysis (Duveiller et al., 2018; 
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Schwaab et al., 2020). However, the response of hot-day LSTs in relation 
to land cover shares at different temperature ranges with a focus on 
multiuse landscapes with urban, forest and agricultural land rather than 
urban landscapes has not been studied to date. 

Greenness, or vegetation productivity measured via the Normalized 
Difference Vegetation Index (NDVI), is commonly applied to quantify and 
substantiate the impacts of different land cover types on LST. In this 
regard, a correlation between LST and the NDVI has been detected in 
various studies (Weng et al., 2004; Xiao and Weng, 2007; Yuan and 
Bauer, 2007). Vegetated areas with high NDVI show lower LSTs (Deng 
et al., 2018). The NDVI provides insights into the condition of the 
vegetation and serves as an explanatory variable for measured LST (Su 
et al., 2010). 

The use of LST to scrutinize the cooling function of forests is well 
established, as seen in a global study that compared LST and station air 
temperatures (Mildrexler et al., 2011). Equally, the moderate cooling of 
temperate forests in summer was observed in a global study using 
MODIS LST (Li et al., 2015). LST observations have also confirmed 
cooling resulting from afforestation in China (Peng et al., 2014), while a 
study of restored oak woodland in Canada found LST declined as the 
forest matured (Hamberg et al., 2020). Higher LSTs were found 
following a decline in forest cover due to bark beetle attack following 
drought conditions in the Czech Republic, thereby demonstrating the 
utility of remotely-sensed LSTs: rising temperatures in drought-damaged 
forests led to advection effects and extracted water vapor from the 
landscape, further promoting landscape desiccation (Hesslerová et al., 
2018). In various case studies in Germany, it has been shown that sur-
face temperatures are a good indicator for assessing the functioning of 
forests and the influence of land use as well as edge effects (e.g. 
Blumröder et al., 2019a, 2019b; Blumröder et al., 2020; Blumröder 
et al., 2021; Ibisch et al., 2019). 

The threat of high temperature extremes on plants is evident in the 
drying effect as a result of high air temperatures that absorb more water, 
while at the same time plants have an increased vapor pressure deficit 
and atmospheric water vapor demand (Hatfield and Prueger, 2015; 
Hesslerová et al., 2018). In forest ecosystems, increasing vapor pressure 
deficit has been linked to increased tree mortality (Breshears et al., 
2013; Grossiord et al., 2020; Williams et al., 2013). At the same time, 
water evaporation from vegetation is an important source of atmo-
spheric moisture (Sheil, 2018). Total water vapor emissions from forests 
(combined transpiration and evaporation from other sources) are typi-
cally higher than for other vegetation, and they can be even higher than 
for open water (Sheil, 2018). Maintaining cool and healthy forests is also 
important for preserving microclimatic refuges for many organisms 
threatened by climate change (Suggitt et al., 2011), while the cooling 
effects of vegetation contribute to ecosystem-based adaptation and 
nature-based solutions to heat stress (Bright et al., 2017). 

Wetlands, in this study referring equally to water bodies and 
marshes, influence regional temperatures and play a major role as an 
ecosystem service in regulating regional climates (Hesslerová et al., 
2019; Ramsar Convention Secretariat, 2018; Pokorný et al., 2016). The 
general cooling function of wetlands in high temperatures is caused by 
its albedo and evaporation characteristics (Hesslerová et al., 2019). 
These biophysical processes are not only relevant regarding climate 
change but functioning wetlands also have a positive effect on the car-
bon circle and greenhouse gas emissions (Pokorný et al., 2016). 

The loss of wetland cover globally is increasing, primarily as a result 
of human activities (Ramsar Convention Secretariat, 2018). Using 
remote sensing data, regional studies in China have determined that 
marshland loss implies warmer local LST (Shen et al., 2020) whereas 
maintained water bodies and their surroundings have lower LSTs than 
adjacent urban areas and thereby decrease the UHI effect (Wu and 
Zhang, 2019). On a global scale, an LST-based analysis distinguished 
between the regional cooling effect of wetlands in tropical regions 
throughout the year and seasonal effects in boreal regions with warming 
effects in winter and cooling effects in summer (Wu et al., 2021). More 

generally, it is important to understand and foster the daytime cooling 
capacity of different land covers, particularly when the key factors can 
be modified through management. 

In this paper, we examine the landscape-scale influence of forests 
and wetlands on moderating high temperature events by applying a new 
method that relates land cover share to temperature range and to hot 
days. We use spatial time series based on the large-scale remote sensing 
data of land surface temperature, classified into temperature ranges and 
a hot-day composite, to investigate temperature changes in relation to 
increasing forest and wetland cover. We investigate land cover specific 
greenness (NDVI) as a possible cause of spatial temperature patterns, 
and we also discuss the integration of this ecosystem service regulating 
temperature into landscape management planning. 

2. Material and methods 

2.1. Study area 

We chose a landscape in northeastern Germany sitting on the border 
with Poland (10,726.8 km2) and about 100 km south of the Baltic Sea. 
There is a pronounced land use gradient from the metropolitan region of 
Berlin in the south to rural ecosystems in the north, comprising both 
intensively managed agricultural areas and forested regions (Fig. 1). For 
a European lowland area, the region is quite unique, as within a range of 
100 km there is both a large urban area and a forest-dominated land-
scape, including smaller patches of old-growth forests. In the cultural 
landscape of the northeastern part of the state of Brandenburg and 
southeastern Mecklenburg Western Pomerania, large agricultural areas 
and forests dominate. Roughly 70% of the forest area is dominated by 
Scots pine (Pinus sylvestris L.) plantations, and only smaller parts of the 
native deciduous broad-leaved forest comprise old-growth forest, most 
of which is dominated by beech (Fagus sylvatica L.) (Ibisch et al., 2018). 
There are a few scattered lakes of postglacial origin. The soil pattern in 
the study area is relatively homogenous (Panagos, 2006; Van Liedekerke 
et al., 2006), and the topography is characterized by small differences in 
altitude in the range of −10 and 168 m above sea level and a mean slope 
value of less than 1.7% (Jarvis et al., 2008) (Appendix 1). 

2.2. Satellite imagery 

We used three preprocessed datasets to examine LST, the NDVI and 
land cover. Surface temperature information was taken from MODIS 
(Moderate Resolution Imaging Spectroradiometer) satellite data 
(Table 1). MODIS is a radio spectrometer on board NASA's Aqua EOS- 
PM1 satellite, which produces images of the Earth's surface over a wide 
spectral range and thus allows, among other things, a large-scale 
investigation of the radiation budget. From the measured radiation in-
tensity in the infrared range (bands 31 & 32 with 10.8–12.3 μm), daily 
surface temperature is calculated at a resolution of about 1 km, taking 
into account emissivity and the water vapor content of the air column 
with the help of the “Generalized Split Window Algorithm” (Wan et al., 
2015). 

Surface temperature results from various factors such as albedo or 
emissivity, and it can be locally heterogeneous. Land surfaces can heat 
up much more during the day than the air above (station air tempera-
ture), but there is usually a continuous exchange of heat (Jin and 
Dickinson, 2010; Mildrexler et al., 2011). 

NDVI data was also acquired from a MODIS time series (Table 1). The 
NDVI is calculated by using the near-infrared and visible spectra pro-
vided by satellite imagery, with a 1 km resolution ranging from −1 to 1 
(Didan, 2015). 

Land cover information was derived from the CORINE dataset of the 
European Environment Agency's Copernicus program (CORINE: Coor-
dination of Information on the Environment; Table 1). Areas coded in 
the CORINE dataset as “non-irrigated land” and “pastures” are hence-
forth referred to as “agricultural land”, and areas coded as 
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“discontinuous urban fabric” and “industrial or commercial units” are 
henceforth referred to as “urban areas”. If not stated otherwise, “forest” 
is a summary of areas coded as “broad-leaved”, “coniferous” and 
“mixed” forest. The different water body types (“water bodies”, “water 
courses”, “inland marshes”) are summarized under the term “wetlands”. 

2.3. Data-processing and statistical analysis 

For data acquisition, data-processing and statistical analysis, we used 
the Google Earth Engine (Google, 2021; Gorelick et al., 2017) as well as 
the integrated development environment R (R Core Team, 2021). 

We generated the temperature range dataset by filtering the mean 
LST of each image in the whole MODIS LST time series, sorting them 
stepwise by 5 ◦C temperature ranges (−10/−5 ◦C to +35/+40 ◦C) and 
calculating a per-pixel mean image for each temperature range. This 
resulted in ten images with mean values associated with the ten tem-
perature ranges. 

The analysis of extreme weather conditions focuses on “hot days” 
occurring in the period July 2002 – December 2020. The definition of a 

“hot day” follows Germany's national meteorological service (Deutscher 
Wetterdienst, DWD), i.e. a maximum air temperature of at least 30 ◦C 
(DWD, 2021). In our study, a “hot day” is an image with at least one LST 
pixel value ≥30 ◦C. Although the number of days with LST data ≥30 ◦C 
is most likely higher than the number of days with corresponding air 
temperatures, LST data with the chosen threshold represent extreme 
temperatures at the surface and are therefore suitable for our approach. 
We reduced the resulting MODIS LST time series with only hot days to a 
single image with the per-pixel mean of all hot days, which we hence-
forth refer to as the hot day composite. 

To quantify the cooling capacities of different land cover types on hot 
days, we examined the hot-day LST range per land cover type across the 
area. Land cover changes between 2000 and 2018 were negligible 
(Appendix 2), so we combined the hot day composite (2002−2020) with 
the land cover data from 2018. The study area includes 13,300 LST 
pixels at a 1 km resolution, with each pixel comprising approximately 
155 land cover pixels at a 100 m resolution. To identify possible dif-
ferences between land cover types, we grouped and plotted hot-day LSTs 
per land cover type, attributing LSTs to all land cover shares ranging 

Fig. 1. Map showing the location of the study area (10,726.8 km2) and its corresponding land cover types.  

Table 1 
Properties of the used datasets.  

Sensor, provider and product ID Spatial 
resolution 

Temporal coverage Selected time series Sequence and time of recording Number of 
images 

MODIS Aqua, NASA, MYD11A1.006, 
LSTa 

1 km 04.07.2002 to 13.08.2021a 04.07.2002 to 
31.12.2020 

Time series, 1 day, ~1.30 pm 6618 

MODIS Aqua, NASA, MYD13A2.006, 
NDVIb 

1 km 04.07.2002 to 20.07.2021b 04.07.2002 to 
31.12.2020 

Time series, 16-day composite, 
~1.30 pm 

426 

Copernicus, EEA, Corine Land Coverc 100 m 1990, 2000, 2006, 2012, 
2018 

2018 Snapshot 2018 1  

a (Wan et al., 2015). Available time resolution state 17.08.2021. doi:https://doi.org/10.5067/MODIS/MYD11A1.006 
b To generate the 16-day NDVI composite, the product is run through an algorithm that selects the best pixel with low clouds, a low view angle and the highest NDVI 

value (Didan, 2015). Available time resolution state 17.08.2021. doi:https://doi.org/10.5067/MODIS/MYD13A2.006 
c (Copernicus, 2018). https://developers.google.com/earth-engine/datasets/catalog/COPERNICUS_CORINE_V20_100m 
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from 0 to 100%. We also modelled scenarios in which 1, 5 and 10% of 
agricultural land is replaced by forest to determine whether the tem-
perature in the study area is affected (Appendix 3). For this purpose, the 
influence on the mean hot-day LST in the study area was calculated 
when pixels with 100% agricultural land share were replaced by 100% 
forest. To quantify the cooling capacities of forests and wetlands, we 
selected temperature pixels consisting of forests and wetlands with a 
cover share of ≥50%, thereby illustrating the varying ranges of hot-day 
LSTs for increasing land cover share from 50 to 100%, without the 
substantial impacts of mixed pixels with shares between 0 and 50%. For 
simplicity, we focus on single land covers and omit LST responses due to 
mixed land cover shares. 

To search for LST patterns and land cover share across all tempera-
ture ranges, we generated 10 mean images per temperature range (−10/ 
−5 ◦C to +35/+40 ◦C) and combined them with the land cover image. 
For each temperature range, we chose all LST values with a forest or 
wetland cover share of ≥50% and generated linear models for each land 
cover type and its associated temperature range. This allowed us to 
compare the linear model coefficients (the slope representing the rela-
tion between LST and land cover share increase) of each land cover type 
per temperature range. 

We used the NDVI to examine possible explanations for dissimilar-
ities in hot-day LSTs for different land cover types. However, the NDVI 
time series is not processed using the hot-days approach, since a dis-
torted picture of vegetation may arise during heat stress. Therefore, we 
averaged the “greenest” pixels (i.e. the highest NDVI value) of the 16- 
day summer month composites (June, July, August) in the MODIS 
NDVI time series 2002–2020 for our region (henceforth the greenest 
composite). 

We combined the hot day composite (averaged LST image of hot 
days), the greenest composite and the land cover image to find tempera-
ture regulation patterns in the study area. We selected only LST and 
NDVI values with land cover shares ≥50%. For comparison, we centered 
(subtracted the mean per value) and scaled (divided the standard de-
viation per value) LST and the NDVI. To determine if LST varies 
significantly between different land cover types, we performed an 
analysis of variance (ANOVA). To clarify possible covariance between 
land cover and the NDVI in explaining LST, we additionally performed 
an analysis of co-variance (ANCOVA). For a spatial analysis of LST and 
the NDVI in forested areas, we produced a bivariate map for areas with a 

≥ 50% forest share, using the averaged LST image for hot days and the 
greenest NDVI image. 

3. Results 

3.1. Landscape temperatures 

Deviation in the mean LST indicated land cover-related patterns 
across the study area for each temperature range considered herein 
(Fig. 2). Berlin - in the south - was consistently warmer across all tem-
perature ranges. In the higher temperature ranges, from 10 to 15 ◦C 
upwards, forests and wetlands tended to show below-average variations, 
indicating that the heating of these systems lags behind other parts of the 
landscape. This delayed response allows temperature differences be-
tween the faster heating (warmest) and slower heating (coolest) pixels to 
increase in the higher temperature bands. In the hottest temperature 
range (35–40 ◦C), the LST difference between the hottest pixel (44.1 ◦C) 
and the coolest pixel (23.3 ◦C) reached 20.8 ◦C. 

3.2. Land cover shares and temperature effects 

The regional distribution of hot-day LST values in relation to the 
percentage of forest and wetland coverage per pixel indicated a signif-
icant negative relationship (Fig. 3). The strongest signal can be observed 
for wetlands (slope −7.98), followed by coniferous and broad-leaved 
forests. Data for mixed forests is relatively sparse and yielded no clear 
pattern (slope 0.36). 

Similar patterns were observed when relating the land cover share 
gradient (= temperature change with increasing share of one land cover 
from 50 to 100%) to temperatures summarized in 5 ◦C stepwise tem-
perature ranges, from −10/−5 ◦C to +35/+40 ◦C (Fig. 4). The linear 
model coefficient (LST ~ land cover share) was depicted for differenti-
ated and summarized land cover types per temperature range. With 
increasing temperatures, the lm-coefficient became increasingly nega-
tive for wetlands, as well as, albeit to a lesser extent, for broad-leaved 
and coniferous forests (Fig. 4 A). The summarized land cover types 
indicated negative slopes for forests and wetlands when temperatures 
rise, whereas agricultural and urban areas showed a positive slope with 
rising temperature ranges (Fig. 4 B). 

The hot day composite (mean image of the selection of hot-day LSTs 

Fig. 2. Ten temperature ranges between −10 and − 5 ◦C and 35 and 40 ◦C in 2002–2020 for the study area (as per Fig. 1), showing the per-pixel deviation of mean 
LSTs. The respective mean value of each range is depicted in white, negative deviations (LSTs cooler than the mean) are blue and positive deviations (LSTs warmer 
than the mean) are red. For scale and locations, see Fig. 1. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version 
of this article.) 
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with at least one regional value ≥30 ◦C) revealed an anticipated pattern 
with higher LSTs in urban areas and lower LSTs in forests and wetlands, 
using all land cover shares ranging from 0 to 100% (Fig. 5 A). Urban 
areas, i.e. industrial areas, settlements and non-contiguous urban areas, 
as well as agricultural areas showed values well above 26 ◦C, while 
forests (deciduous, coniferous and mixed) and wetlands were between 
22 and 25 ◦C. 

The study area comprises 6.6% continuous forest and 13.9% 
continuous agricultural land. When modelling the replacement of 1%, 
5% and 10% forest with agricultural land, a change in the mean tem-
perature on hot days is evident in the study area (Fig. 5 B, Appendix 3). A 
10% increase in forest cover would lead to an estimated decrease of 0.9 
◦C in the mean temperature on hot days in the study area. 

3.3. LST and the NDVI 

Scaled values for the hot day composite and the greenest NDVI image 
were inversely related (Fig. 6). Only LST and NDVI values with ≥50% of 
one land cover type were included in the analysis. Urban areas indicated 
high LST and low NDVI values, whereas forests and wetlands indicated a 
reverse dispersion with a high NDVI and low LST. Weaker variances in 
LST and NDVI values were captured for agricultural land, while differ-
ences between LSTs for land cover types were significant (ANOVA, n =
13,300, p < 0.000). ANCOVA testing (Type III for unbalanced designs) 
revealed that with and without land cover as a co-variable, the NDVI had 
a significant relationship with LST (n = 13,300, p < 0.000). 

Bivariate mapping of the distribution of LST and the NDVI for pixels 
with a ≥ 50% share of all forest types revealed a distinctive pattern 
(Fig. 7). Forest areas in the northwest of the area were cold and high in 

Fig. 3. Hot-day LST values in ◦C by shares of forest and wetland cover from a 
50% to a 100% share. Each LST pixel comprises ~155 land cover pixels. Each 
LST value is related to the share of each land cover type per LST pixel. ‘p’ is the 
probability, ‘AR’ is the adjusted R-squared and ‘CI’ is the 95% confidence in-
terval. Numbers of observations (‘n’) and the slope of the linear model are 
depicted in the plot. 

Fig. 4. Relation between the linear model coefficient (LST/range ~ 50–100% share) in stepwise ranges of 5 ◦C from −10/−5 ◦C to 35/40 ◦C for different land covers. 
Linear model 95% confidence intervals are depicted for each land cover type coefficient in its associated temperature range. Image count per temperature range is 
indicated on the x-axis. ‘p’ indicates the probability, ‘AR’ the adjusted R-squared and ‘m’ the slope of the linear model. A) Diagram of differentiated forest types and 
wetlands. B) Diagram of summarized land cover groups, namely wetlands, urban areas, forests and agricultural areas. 

Fig. 5. A) Temperatures comprising different land cover types on days with a 
maximum temperature ≥ 30 ◦C (hot day composite) in the study area. Pixel 
count per class is indicated on the x-axis. Median value per class is depicted in 
each boxplot. B) Coverage and temperature changes in the study area for three 
models. Bars show scenarios when forests replace agricultural land by 1, 5 and 
10%. Line plot shows the declining hot day composite temperature in the study 
area up to 0.9 ◦C with respective forest cover gain. 
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greenness (marked in blue), while large conifer plantations at the center 
of the region were cold but less productive in terms of vegetation 
(marked in yellow). Smaller forest patches showed a lower NDVI and 
higher LSTs. 

4. Discussion 

We have quantified the cooling of landscapes associated with forests 
and wetlands - or, more precisely, reduced warming - by applying a new 
method that estimates temperature changes in line with increasing land 
cover fractions for different temperature ranges. The general tempera-
ture mitigation effects of forests and wetlands are consistent with pre-
vious studies (e.g. Alkama and Cescatti, 2016; Bonan, 2008; Bright et al., 
2017; Frenne et al., 2019; Zellweger et al., 2019). Our quantitative 
approach is novel, and it demonstrates that we can estimate and manage 
these contributions and thus moderate temperature extremes across 
complex landscapes. We now examine the implications of these methods 
and results. 

4.1. Landscape thermal effects of forests and wetlands 

We measured daytime thermal effects as the slope of the temperature 
difference versus the relative share of a specific land cover type per LST 
pixel for temperatures ranging from −10/−5 ◦C to +35/+40 ◦C; all 
resulting relationships were statistically significant (p < 0.005, adjusted 
R-squared >0.5). Increasing forest cover (all forest types combined, or 
differentiated by broad-leaved, coniferous and mixed forest) reduces 
temperatures during heat events compared to other land cover types 
(Fig. 3 A). Urban areas and agricultural land heat up more (Fig. 3 B), 
while wetlands reveal the greatest temperature differences at high 
temperatures and warming at the coldest temperature. Previous studies 
have established that such thermal reactions in wetlands can be 
explained not only by albedo and evapotranspiration, but also by soil 

heat flux, i.e. energy absorbed in the summer and then released in the 
winter (Shen et al., 2021, 2020; Wu et al., 2021). 

We observed that the cooling – or warming – of a given pixel depends 
on the relative share of each land cover type. The analysis of land cover 
share influence on hot days (hot day composite) indicated that while 
wetlands have the highest cooling effect when a pixel is 100% covered 
by wetland (lm coefficient −7.98), coniferous forest (lm coefficient 
−1.71) and broad-leaved forest (lm coefficient −1.01) also exhibit 
significantly lower LSTs if the share is closer to 100%. Only the influence 
of mixed forest (lm coefficient 0.36) was not clearly related to its share 
(Fig. 3), most likely a result of the lower number of observations leading 
to inadequate statistical power (Fig. 8). These findings are in congruence 
with the results of a study that showed how land cover proportion 
characterizes LST in a Chinese urban landscape (Liu et al., 2018). The 
stronger influence of coniferous forest in comparison to broad-leaved 
forest could be a result of more data points and planting densities. 
However, the absolute values show cooler LSTs in broad-leaved forests 
than in coniferous forests, which is consistent with a study of forest 
cover proportions across Europe (Schwaab et al., 2020). 

The comparison of hot day composite temperatures (landscape mean 
of a day ≥30 ◦C) for different land cover types (with 0–100% share) at a 
scale of 100 m shows that forested areas and wetlands are up to 5 ◦C 
cooler than urban areas and agricultural lands (Fig. 5 A). Similar results 
in the southeastern United States have found that forests are 4–6 ◦C 
cooler than grasslands, and air temperatures are 2–3 ◦C lower (Novick 
and Katul, 2020). We have not dwelt here on the mechanisms by which 
this land surface temperature buffering is achieved, but these include 
both the thermal inertia that results as heat passes from warmer to 
colder bodies, particularly water, and the energy that is absorbed when 
water evaporates, both of which rely on the presence of water. The 
availability of water is of course also influenced by the presence of trees 
and wetlands and these influences are also potentially complex and 
involve a range of local to regional scales (Ellison et al., 2017; Sheil, 

Fig. 6. Scaled distribution of the mean LST of hot days and the greenest NDVI for land cover types with a share of ≥50%. Colored numbers show the numbers of data 
points per boxplot. Hot-day LSTs are the means of each pixel of the time series 2002–2020 with a daily mean LST ≥ 30 ◦C. Greenest composite NDVI are the maximum 
values of each pixel of a time series 2002–2020 for the summer months (June, July, August). Both datasets are centered (subtracting the mean per value) and scaled 
(dividing the standard deviation per value). Designation and order follow the CORINE land cover classification. 
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2018). The cooling functions of forests and wetlands at high tempera-
tures are closely linked to ecohydrological functions that support the 
extraction, recycling and storage of water in the ecosystem (Ellison 
et al., 2017). Evaporation, transpiration and shade (in forests) offered by 
forests and wetlands ensure local cooling during the daytime (Ellison 
et al., 2017; Maes et al., 2011; Shen et al., 2020). However, decreased 
soil moisture due to heat extremes can interfere with temperature- 
moderating functions (Teuling et al., 2010). In sum, land cover tem-
perature mitigation provided by forests and wetlands comprises 
different local and regional factors, such as evaporation, albedo and 
energy dissipation, as well as supra-regional factors such as landscape 
land cover composition and clouds (Wu et al., 2021; Shen et al., 2020; 
Bright et al., 2017; Zeng et al., 2017; Bonan, 2008; Benayas et al., 2008; 
Zaitchik et al., 2006; Schneider and Kay, 1994). 

4.2. Forest cooling, greenness and landscape modelling 

The pattern of the hot day composite of LSTs and the greenest com-
posite of the NDVI shows contradictory relations for urban areas (high 
LST, low NDVI) and forests (high NDVI, low LST) (Fig. 6). The ANCOVA 
test for an effect of the NDVI on LST accounting for land cover types, 
provides a significant result. As the NDVI and LST are negatively 
correlated, we conclude that more productive vegetation is associated 
with a lower LST, and the greenest pixel in a time series provides an 
indicator for LSTs. The local cooling function of forests is known to be 
maximized in dense biomass-rich stands (De Frenne et al., 2019; Norris 
et al., 2012; Zellweger et al., 2019; Schwaab et al., 2020), which is 
consistent with the results of another study on the island of Madeira, 
where thermal infrared radiation as a function of LST was used to 
identify different land cover types. The research determined that older 

ecosystems with more complex structures have lower average temper-
atures (Avelar et al., 2020). 

Our models suggest that replacing 10% of agricultural land with 
forest would reduce the mean temperature of the hot day composite in the 
study area by 0.9 ◦C (Fig. 5 B). It is noteworthy that the models remain 
conservative estimates, as we neglected edge effects where cooling spills 
from one pixel to its neighbors - an influence that should be evaluated in 
future work. In general, an increase in forest area can be achieved by the 
natural succession of abandoned agricultural land, by planting trees or a 
combination of both. Benayas et al. (2008) proposed “woodland islets”, 
i.e. many small afforested areas providing ecosystem services and 
enhancing biodiversity (Benayas et al., 2008). Investigations into the 
ability of these “woodland islets” to cool the landscape are necessary in a 
landscape management seeking cooling functions. 

4.3. Implications for ecosystem-based adaptation for climate change 

The advancing climate crisis, with the increasing risk of extreme heat 
events, highlights the importance of maintaining landscapes where 
extreme temperatures are avoided as much as possible. To study the 
regulating ecosystem services of forests and wetlands further, we 
recommend the analysis of hot-day LSTs (days with a mean ≥30 ◦C in 
our region) in combination with the greenest pixel NDVI composite. The 
use of preprocessed spatial data (MODIS LST and NDVI, CORINE land 
cover) facilitates analysis. However, inaccuracies in spatiotemporal 
data, such as database errors, topographic characteristics and land cover 
changes, influence the results and need to be addressed. The spatial 
resolution of the MODIS Aqua satellite (1 km) is a limitation; however, it 
is sufficient to detect temperature buffers in our study region. A higher 
spatial resolution, available from Landsat, ASTER and Sentinel, would 

Fig. 7. Bivariate map of LST (means of each pixel of a time series 2002–2020 for hot days) and NDVI (max of each pixel of a time series 2002–2020) of forest areas 
with ≥50% share. Blue: NDVI high/LST low; Green: NDVI/LST high; Red: NDVI low/LST high; Yellow: NDVI low/ LST low. For scale and locations, see Fig. 1. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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permit assessments on finer scales (e.g. Avelar et al., 2020; Hesslerová 
et al., 2018; Liu et al., 2018). It is important to note that the measured 
LSTs are not necessarily the daily maximum values, as the MODIS Aqua 
satellites take these measurements at around 1.30 pm each day, and the 
temperature often increases later in the day. This is particularly rele-
vant, because the temperature mitigation of forests and wetlands is even 
greater in higher temperature bands (Fig. 2). While extreme heat exerts 
huge stress on ecosystems and people, we see that the presence of forests 
and wetlands can reduce such impacts (Fig. 3). 

The thermal effects of forests and wetlands offer ecosystem-based 
adaptation, in order to reduce heat stress related to climate change (e. 
g. Kupika et al., 2019; Nanfuka et al., 2020; Schumacher et al., 2018). 
Furthermore, forest and wetland loss are therefore not only potential 
drivers of increasing heat stress, but they also most likely influence 
relevant biogeochemical functions such as carbon storage and the 
regulation of greenhouse gas emissions (Laurance et al., 1998; Liu et al., 
2019; Pugh et al., 2020; Shen et al., 2020). We need to recognize these 
functions in landscape management and consider a number of goals and 
incentives (Lusiana et al., 2017). In addition, further work is required to 
assess the costs and benefits of different arrangements within a land-
scape (e.g. Parks and Hardie, 2018). More forests and more wetlands 
will provide greater adaptation benefits by mitigating extreme heat than 
any other type of land cover. 

5. Conclusion 

We quantified the thermal influence of forests and wetlands over a 
large area north of Berlin, Germany, by developing a novel pixel-based 
approach. The ability of forests and wetlands to moderate temperatures 
increases in line with spatial coverage and increased heat. Our approach, 
using readily available data, accounts for yearly and seasonal variance 
and shows patterns of expected temperature ranges for all land cover 
types. Our results highlight the value of forests and wetlands in reducing 
peak temperatures and thus mitigating some of the more severe impacts 
of climate change that are increasingly dangerous for human health. Our 
quantification of landscape cooling is valuable for the analysis of 

temperate landscapes, and its application could be implemented in other 
regions, without considerable effort. We recommend that the regulation 
of ecosystem services, including the avoidance of extreme heat, should 
play a greater role in landscape planning and management. 
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Appendix 1

Elevation (range −10 to 168 m) and slope (range 0 to 1.8◦) of the study area. More than 70% of areas with a forest cover of >50% lie within an 
elevation of 50–90 m and with slopes between 0 and 2◦. 

Appendix 2 
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Land cover maps for 2000, 2006, 2012 and 2018. The quantification of land cover change between 2000 and 2018 exhibits no significant changes 
per land cover type. 2% of forest cover in 2000 was replaced by agricultural land in 2018, whereas 5% of agricultural land in 2000 was replaced by 
forest cover in 2018. For scale, locations and land cover types, see Fig. 1. 

Appendix 3 

Coverage and temperature changes for the hot day composite in the study area for three models. Respective LST for shares with agricultural land 
replaced by forest cover by 1, 5 and 10%. 
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Study 
area 

Forests 100% 
share 

Agricultural land 100% 
share 

Forests and agricultural 
land 

All land cover types without forest and 
agricultural land 

Share of study area in % 100 6.6 13.9 20.5 79.5 
Mean of hot-day LST in ◦C 26.4 24.3 27.8 26.7 26.1  

1% model: forest for agricultural 
land 

26.3 ◦C 7.6% 12.9% 26.5 ◦C 26.1 ◦C 

5% model: forest for agricultural 
land 

26.0 ◦C 11.6% 8.9% 25.8 ◦C 26.1 ◦C 

10% model: forest for agricultural 
land 

25.5 ◦C 16.6% 3.9% 25.0 ◦C 26.1 ◦C  
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Ibisch, P.L., Kriewald, S., Blumröder, J.S., 2019. Hambacher Forst in Der Krise Studie Zur 
Beurteilung Der Mikro- Und Mesoklimatischen Situation Sowie Randeffekten. 
Greenpeace e.V, Hamburg. https://www.greenpeace.de/sites/www.greenpeace.de 
/files/hambacher_forst_ii.pdf.  

Ibisch, Pierre L., Kloiber, Judith, Hoffmann, Monika T. (Eds.), 2018. Barnim-Atlas. 
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Pierre L. Ibisch1,2*
1Centre for Econics and Ecosystem Management, Eberswalde University for Sustainable Development,
Eberswalde, Germany, 2Biosphere Reserves Institute, Eberswalde University for Sustainable Development,
Eberswalde, Germany

Intact forests contribute to the ecosystem functionality of landscapes by storing and
sequestering carbon, buffering and cooling the microclimate, and providing a range
of related ecosystem functions. Forest fragmentation not only poses a threat to many
organisms but also reduces the resistance and resilience of the ecosystem, which
is especially relevant to the ongoing climate crisis. The effects of recent extreme
heat years on forests in Germany have not been studied in detail for the influence of
fragmentation. We investigate the relation of forest fragmentation with temperature
and vitality in Germany per ecoregion at the canopy level using satellite imagery at
1-km and 30-m resolution. We compiled and correlated forest maps for connectivity
based on Thiessen polygons, canopy temperatures on the hottest days based on land
surface temperature, and forest vitality based on themaximum normalized difference
vegetation index per growing season. We differentiated between ecoregions and
main forest types. In 2022, larger intact tree-covered areas that are less fragmented
have relatively low temperatures on hot days and higher overall vitality. Nearly 98% of
the almost 1.95 million forest fragments at 30-m resolution in Germany are smaller
than 1 km2, which cover nearly 30% of the total forest area. To counteract the
forest crisis, forest and landscape management should aim to reduce fragmentation
and maintain tree biomass and forest cover in the landscape. Increasing the size
of continuous forest fragments contributes to ecosystem-based adaptation to
climate change.

KEYWORDS

land surface temperature (LST), normalized difference vegetation index (NDVI), Thiessen
connectivity, forest fragmentation, forest cover

1. Introduction

Land use and infrastructure increasingly fragment naturally continuous ecosystems into
several smaller fragmentsmore or less isolated from each other (Riitters, 2007; Ibisch et al., 2016).
While large unfragmented forest landscapes are considered some of the most vital ecosystems
in the world that provide crucial benefits to numerous species (Minnemeyer and Potapov,
2017), fragmentation is a key driver for the loss of ecosystem integrity (Rogers et al., 2022).
Large intact forests are the greatest sinks of atmospheric carbon and store disproportionately
higher amounts of carbon than fragmented forests, making them an important natural solution
in any climate change mitigation and adaptation solution (Potapov et al., 2017; Moomaw
et al., 2019). In addition, risks of diminished biodiversity and local extinctions are higher with
increasing fragmentation of intact forest landscapes (Betts et al., 2017). Forest fragmentation
results in the expansion of forest edges, exposing the forest fragments to higher anthropogenic
disturbances (Vieilledent et al., 2018). Higher fragmented and more isolated forest fragments
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tend to advance changes in local climatic conditions, leading to
drier, hotter, and increasingly volatile microclimate (Laurance et al.,
2002; Briant et al., 2010; Tu� et al., 2016). Nevertheless, small
forest fragments and green canopy cover adjacent to the highly
modified anthropogenic landscape also provide substantial benefits
for regulating the microclimate (Aalto et al., 2022). However, such
e�ects are more pronounced in large intact forests (Gohr et al., 2021).

The long-term history of forest fragmentation in Central Europe
has led to a mosaicked landscape that consists of agricultural lands
with scattered fragments of temperate forests. In Central Europe,
nearly 40% of the current forested area is located closer than 100-m
from the forest edge including the largest continuous mountain
forests (Estreguil et al., 2013). Penetration of drought stress and wind
into a forest can be measured until several hundred meters from the
forest edge, leading to alterations in the forest microclimate and an
increase in tree mortality (Laurance et al., 2011). Forest microclimatic
changes have been reported at tens to hundreds of meters from the
forest edge (Harper et al., 2005; Tu� et al., 2016). This could possibly
be one reason for the increased damage due to forest fires every year
(Armenteras et al., 2013; Driscoll et al., 2021). The carbon loss that
is associated with the edge e�ects caused by forest fragmentation
is another recently recognized factor associated with fragmentation
(Silva Junior et al., 2020).

This study refers to all the forest patches as forest fragments
irrespective of their size. Smaller forest fragments are largely
influenced by the e�ects of their surrounding edges, and only
larger forest fragments with a substantial proportion of interior
area can bu�er from environmental and biotic changes associated
with the edge. The forest edge e�ect is the outcome of many
interacting environmental e�ects. There are both physio-chemical
and biotic impacts from the surroundings on the forest ecosystem.
Microclimatic and mesoclimatic impacts are of special relevance for
forest vitality as heat and drought stresses have increased over the
past decades and are expected to rise substantially in the near future
(Jacob et al., 2018). Extreme heat events are more likely to occur with
ongoing climate change and contribute to water stress and drought,
especially for forest ecosystems (Fisher et al., 2017). In Germany, we
speak of a forest crisis based on the severe forest damage in recent
years due to droughts, heat waves, pests (especially the bark beetle
outbreak in 2018), and mismanagement (Lindner et al., 2014; Schuldt
et al., 2020; Blumröder et al., 2021; Ibisch, 2022; Thonfeld et al., 2022).
Healthy forests can contribute to landscape cooling, especially on hot
days and during heat waves (Gohr et al., 2021).

Although there is a wealth of knowledge on how fragmentation
a�ects temperature and forest vitality in tropical forests (Taubert
et al., 2018; Silva Junior et al., 2020), very little research has linked
the patterns of fragmentation with temperature and forest vitality
altogether in temperate forests, such as forests in Germany. The
characteristic features of temperate and tropical forests are inherently
di�erent; hence, it is important to understand these linkages specific
to temperate forests to develop region or biome-specific forest
management strategies. Therefore, it is imperative to understand
these e�ects in temperate forests also. This study aims to expand the
current knowledge about the relationship between forest fragments,
their sizes, and the associated variations in temperature and forest
vitality in Germany. In particular, we addressed the following
questions:

(1) Is forest fragmentation associated with spatial variations in
landscape temperature and forest vitality?

(2) Are the thermal gradients and variations in forest vitality inside
forest fragments influenced by the size and degree of isolation of
the forest fragments?

The information obtained in this study provides input to both
forest management and landscape planning striving for ecosystem
resilience and an ecosystem-based adaptation to climate change.
Existing monitoring apps such as the European Forest Condition
Monitor (Buras et al., 2021) or the Waldmonitor (Welle et al.,
2022) focus on vegetation vitality. Extending this monitoring with
analyses of forest fragmentation can contribute to the understanding
of forest vulnerability. This study provides evidence-based arguments
for reducing forest fragmentation in intensively managed landscapes.

2. Materials and methods

We quantified the relation of forest fragmentation with land
surface temperature and forest vitality in Germany per ecoregion
at the canopy level using a four-step methodological approach: (i)
compilation of annual national forest cover for the year 2022 as well
as temperature and vegetation vitality data; (ii) preliminary treatment
of all datasets, including standardization of spatial resolution and
calculation of annual averages of the hottest days and the maximum
vitality within the growing season; (iii) conversion of the forest
dataset into a presence–absence forest cover map and calculation of
the degree of fragmentation; and (iv) analysis of the relation between
forest fragmentation, temperature, and forest vitality using zonal
statistics and bivariate choropleth mapping per ecoregion and per
forest type. Dataset preprocessing was performed in the code editor
of the Google Earth Engine. Post-processing and visualizations were
prepared with ArcGIS 10.7 and RStudio version 4.0.3.

2.1. Ecoregions of Germany

To account for the influence of regional characteristics, such
as altitude and plant communities, we based our analysis on nine
defined ecoregions in Germany (Olson et al., 2001; Bundesamt für
Naturschutz [BfN], 2017; Figure 1). The justification of ecoregions as
a conglomerate of similar geographical and biological characteristics
in terms of the assemblage of species is considered proven (Smith J. R.
et al., 2018). The influence of altitudinal e�ects is represented in the
segmentation of the ecoregions in Germany. Hence, we consider the
investigation of fragmentation patterns within the ecoregion borders
appropriate. Since the two northernmost ecoregions in Germany, the
Baltic Sea ecoregion and the North Sea ecoregion, exhibit little forest
cover, they were excluded from the analysis.

2.2. Forest cover and forest types

We created a forest cover map of Germany at a 30-m resolution
for 2022 from the Global Tree Cover 2000 dataset, using a canopy
cover threshold of 50%, by subtracting the tree cover loss from 2001
to 2021 (Hansen et al., 2013). We did not account for forest cover
gain since no reliable data are available to date. The dataset is derived
from the Landsat 7ETM + data, and forest cover is characterized
as any vegetation taller than 5 m in height (Hansen et al., 2013).
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FIGURE 1

Map of Germany categorized by seven ecoregions (left, Bundesamt für Naturschutz [BfN], 2017). The Baltic Sea and North Sea with low forest cover
shares are excluded from the original dataset. Forest cover (green) is based on the Global Forest Change dataset (Hansen et al., 2013) with forest areas of
2021 (defined per pixel as more than 50% forest coverage based on Hansen et al., 2013). An example region of a forest-covered area with corresponding
Thiessen polygons and corresponding connectivity values in the range of 0–1 is shown on the right.

This threshold is based on the ability to distinguish tall woody
vegetation in multispectral imagery, particularly those present in
global-scale earth observation systems such as Landsat and MODIS
(Hansen et al., 2010). Despite being criticized for not di�erentiating
native and planted forests, these high-resolutionmaps are suitable for
capturing biophysical features that depend on forest cover across the
globe (Tropek et al., 2014). The resulting forest coverage of 27.9%
for Germany in 2022 (Supplementary Table 1) di�ers from the
o�cial statistics. The o�cial statistics, with a forest coverage for 2021
of 31.9% (Bundesministerium für Ernährung und Landwirtschaft
[BMBL], 2022), include “legal forest” areas without actual tree cover
and do not include some woodlands or tree coverage in urban
areas. In comparison, in this study, only forest with measurable tree
cover is considered and the relatively small forest patches on small
islands and at the coastline of the Baltic Sea and the North Sea
ecoregions are omitted, which leads to the smaller area of total forest
coverage.

We created a forest type map of Germany at 30-m resolution
from the latest available CORINE Land Cover product of
2018 at 100-m by first reclassifying the dataset into three

forest type classes, namely, broad-leaved, coniferous, and
other forests, and secondly reprojecting, resampling (to 30-m),
and masking the dataset to the compiled forest cover map at
30-m resolution.

2.3. Forest fragmentation

Thiessen polygon connectivity (refer to, e.g., Ibisch et al.,
2016; Mehdipour et al., 2019; Wu et al., 2019) of the forest
fragments was used as a proxy to estimate forest fragmentation. The
measure combines both fragment size and isolatedness from other
forest fragments and is a unitless value ranging between 0 (high
fragmentation) and 1 (low fragmentation). It is defined as the ratio
between the size of a forest fragment and its surrounding Thiessen
polygon. A Thiessen (or Voronoi) polygon describes the area around
a sample point/area where any position taken from inside the polygon
is closer to the sample point/area than to any of the other sample
points/areas. The greater the value of Thiessen connectivity, the
closer the neighboring forest fragments are and hence the lower the
fragmentation.
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The forest cover raster dataset of Germany for 2022 was
converted to forest polygons using the centroid method, and
one point per forest polygon was generated. Thereafter, Thiessen
polygons were created, and Thiessen polygon connectivity values
were computed per forest polygon (refer to Figure 1). Using these
connectivity values based on the forest cover of Germany for 2022,
we generated a forest fragmentation map at 30-m resolution.

2.4. Forest temperature

Extreme heat events are more likely to occur with ongoing
climate change and contribute to water stress and drought, especially
for forest ecosystems (Fisher et al., 2017). In the temperate biome,
healthy forests can contribute to landscape cooling (Gohr et al.,
2021). At the same time, the forests are heavily impacted by natural
and anthropogenic disturbances. The radiative skin temperature
of the land surface is the driving force in the exchange of long-
wave radiation and turbulent heat fluxes at the surface–atmosphere
interface (Li et al., 2013) and has presented valuable results in
several sensible heat flux models (Zhan et al., 1996). Land surface
temperature closely resembles air temperature trends when analyzing
the e�ects of forest cover on local temperature even at di�erent
latitudinal zones (Li et al., 2016) as even with the heat e�ect of land
surface during the day, there is a heat exchange between air and land
surfaces (Jin and Dickinson, 2010; Mildrexler et al., 2011). Therefore,
the land surface temperature dataset of Germany qualifies for the
assessments of forest canopy temperature and is based on theMODIS
Aqua MYD11A1 dataset at 1-km spatial resolution, captured every
day at ⇠1.30 pm Central European Time (CET). The temperature is
measured from the radiation intensity in the infrared range (bands
31 and 32 with 10.8–12.3 µm) (Wan et al., 2015). To create a dataset
with the per pixel mean temperature of the hottest days in 2022
from January until October, each day was signatured with the mean
temperature of Germany and subsequently the resulting 124 days that
exceed 30�C were selected (Supplementary Table 1, refer to Gohr
et al., 2021). This way, we generated a map of the mean temperature
on the hottest days in German forests for 2022, the warmest year since
records began (Deutscher Wetterdienst [DWD], 2022; together with
2019, the summer of 2022 was the third warmest summer since 1881;
Imbery et al., 2022). The same procedure was applied to generate
means of the temperature on the hottest days for the years 2013–2022
in respect to ecoregions (Supplementary Figure 1).

2.5. Forest vitality

The normalized di�erence vegetation index (NDVI) is a measure
of photosynthetic activity and is commonly used as a proxy for
vegetation stress and water balance and therefore indicates vegetation
vitality (Lambert et al., 2013; Chakraborty et al., 2022). Furthermore,
the NDVI can serve as an explanatory variable for the e�ects of
temperature changes on forest cover (Weng et al., 2004; Deng et al.,
2018). The NDVI dataset of Germany is based on the MODIS Aqua
MYD13A2 dataset of 16-day composites at 1-km spatial resolution.
The composite is preprocessed fromMODIS imagery using the near-
infrared and visible spectra, is captured every day at ⇠1.30 pm
CET, and is completed by selecting the best pixel with low clouds,
a low view angle, and the highest NDVI (Didan, 2015). For the

growing season from May to September, this results in 10 images
covering Germany in 2022. We created a map of forest vitality for
Germany in 2022 using the maximum value of the growing season.
The maximum value per pixel was selected to acknowledge di�erent
peaks of “greenness” for di�erent vegetation for the tree-covered
areas in 2022. The minimum value was not considered since the
influence of fragmentation on healthy forests was the main objective.
Minimum values have a diverse range of potential reasons such as
outbreaks of pests and diseases, water stress, or other environmental
factors. If only the maximum values are taken into account, the loss
of vitality may be somewhat underestimated, but this error does
not a�ect the regional assessment of spatial patterns (or temporal
changes) substantially. The same procedure was applied to generate
means of the greenest NDVI for the years 2013–2022 with respect to
forest types and ecoregions (Supplementary Figures 2, 3).

2.6. Analysis

We reclassified the forest fragments into three di�erent categories
based on fragment size, that is, small (below 1 km2), medium
(between 1 and 5 km2), and large (larger than 5 km2). We resampled
the preprocessed temperature and NDVI datasets to 30-m spatial
resolution. We extracted the raster datasets using the forest cover
mask to prepare temperature, NDVI, Thiessen connectivity, and
forest type data for forest cover in Germany. In order to study
the spatial relationship between fragmentation, temperature, and
forest vitality across di�erent ecoregions in Germany, we prepared
bivariate choropleth maps that spatially represent the variation in
one variable with respect to another. In addition, we computed
statistical information per forest fragment size per ecoregion for
Thiessen connectivity, temperature, and vitality, respectively, using
the zonal statistics tool in ArcMap 10.7. For a time series of changes
in maximum vitality per growing season and changes in the mean
temperature on the hottest days, we used a similar approach. For
each year from 2013 to 2022 and each ecoregion, we extracted the
mean and standard deviation of the temperature and vitality dataset
in the corresponding forested areas (by subtracting forest loss of
previous years).

3. Results

Conditions regarding fragmentation, temperature, and vitality in
the tree-covered areas vary widely across Germany. Larger intact tree-
covered areas that are less fragmented (e.g., parts of the Black Forest
in the Southwest, Figure 2A) exhibit relatively low temperatures on
hot days (Figure 2B) and higher vitality (Figure 2C). Populated areas
with low forest coverage and higher fragmentation (e.g., parts of
Northwest Germany) feature higher temperatures on hot days and
lower vitality in the often very small forest fragments.

3.1. Fragmentation, temperature, and
vitality

The current forest distribution in Germany is the result of a long
history of anthropogenic land use (Kaplan et al., 2009). The current
forest cover in Germany accounts for approximately 9.9 million
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FIGURE 2

Characteristics of tree-covered areas in Germany 2022 across the terrestrial ecoregions in terms of (A) forest fragmentation (Thiessen connectivity), (B)
land surface temperature [land surface temperature (LST); MODIS Aqua MYD11A1] indicated as the per pixel mean of hot days (�30�C) in 2022, and (C)
forest vitality (NDVI; MODIS Aqua MYD13A2) indicated as the maximum value of the growing season May–September.

hectares with our study approach [o�cial statistics state 11.4 million
hectares (Bundesministerium für Ernährung und Landwirtschaft
[BMBL], 2022)] and, at a 30-m resolution, is fragmented into nearly
1.95 million small forest fragments out of which 1.92 million are
smaller than 1 km2 and only around 2,000 forest fragments are larger
than 5 km2 with a maximum size of 3,800 km2.

With respect to distribution within di�erent ecoregions, 68%
(Alps) to 16% (Northwest Lowlands) of Germany is covered by
forest (Supplementary Table 1). In terms of total area covered by
forests, theWest Uplands have the highest forest share of 21,960 km2.
A higher value of Thiessen connectivity (closer to 1) indicates higher
connectedness of forest fragments and hence less fragmentation. We
analyzed the median of Thiessen connectivity values over all the
forest fragments in di�erent size classes, and the results indicate that
large forest fragments have higher values of Thiessen connectivity
in all the ecoregions ranging from 0.75 to 0.87 (Supplementary
Table 2), while this range is only 0.58–0.70 in medium-sized forest
fragments and 0.31–0.51 in the small-sized forest fragments. When
comparing Thiessen connectivity across di�erent ecoregions, forest
fragments in all the size classes have the highest values in the Alps.
Thiessen connectivity across di�erent forest sizes in all the ecoregions
is higher in the large-sized forest fragments than small-sized forests
by a magnitude of 0.35–0.49, while this value for large- to medium-
and medium- to small-sized fragment comparison lies in the range
of 0.13–0.27. The median of Thiessen connectivity values across the
ecoregions is high when grouping the values per fragment size.

The 2022 hottest day median temperatures of forests with
large fragments were lower compared to small fragments in all
the ecoregions by 1.29�C in the Alps to as large as 3.28�C in the
Southwest Uplands (Supplementary Table 2). When comparing
medium-sized forest fragments with large fragments within these
two ecoregions, this di�erence is between 0.8 and 2.46�C. When
comparing small- and medium-sized forest fragments, the di�erence
in temperature ranges between 0.46 and 0.82�C. The highest variation

in temperatures between the di�erent-sized forest fragments
was found in the Southwest Uplands. The e�ect of decreasing
temperatures with higher elevation is depicted by the ecoregions
since the elevation is one classification variable of ecoregions. This
pattern was validated on a pixel basis throughout Germany (refer
to Supplementary Figure 4). The total of hot days in 2022 varied
per ecoregion. In the Alps, 24 days above 30�C were registered, in
comparison with the Southwest Highlands 107 days above 30�C in
2022 (full list refer to Supplementary Table 1).

The median vitality values, compiled as medians of the maximum
NDVI of the growing season in 2022 in Germany, are generally lower
in smaller forest fragments and higher in larger forest fragments
(Figure 3 and Supplementary Table 2). Since the areas are not
discriminated by forest type (Supplementary Figures 3, 5, 6), a more
generalized pattern can be observed. The highest vitality is found
in the largest fragments of the Alps, the Western Uplands, and the
Southwest Uplands. Vitality values below 0.8 are only observed in the
smallest fragments of the Southwest Uplands, and the Northeast and
Northwest Lowlands.

Small forest fragments correspond to low connectivity, low
vitality, and higher temperatures throughout all ecoregions and their
respective altitudinal ranges when looking at the scaled medians
across Germany in 2022 (Figure 3 and Supplementary Table 2). The
uncertainty (under- or overestimation due to mixed pixel e�ect) of
values in small fragments below 1 km is high since the temperature
and forest vitality are originally captured at 1-km spatial resolution.
Nevertheless, there are regional specifics for the temperature and
forest vitality. The highest temperatures were observed in the small
fragments of the Southwest Uplands, and the lowest temperatures
could be found in the largest fragments of the Alps. In the small
fragments of the Northeast and Northwest Lowlands, the lowest
vitality was observed. The highest vitality was registered in the largest
fragments of the Alps and the Western Uplands.
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FIGURE 3

Scaled median (median per indicator for tree-covered areas in Germany 2022 divided by the standard deviation) per ecoregion with respect to different
forest fragment sizes (<1 km2, 1–5 km2, and >5 km2). The indicators are Thiessen connectivity for forest-covered areas in Germany in 2022 (blue), land
surface temperature [land surface temperature (LST); MODIS Aqua MYD11A1] based on the mean of the hottest days in 2022 (red), and the NDVI (MODIS
Aqua MYD13A2) based on the maximum value of the growing season 2022 (green). Altitudinal ranges per ecoregion are depicted below the headings.
The coverage of each fragment size group is depicted above the X-axis in km2.

3.2. Spatial variations in fragmentation,
temperature, and forest vitality

The bivariate choropleth maps between Thiessen connectivity
and land surface temperature (Figure 4A) and Thiessen connectivity
and forest vitality (NDVI) (Figure 4B) depict how the studied proxy
indicators vary in geographical space with respect to each other. Cyan
and magenta color tones on the map indicate a positive association
between the two variables, while blue and red color tones indicate
a negative association. For instance, the spatial variation between
the high connectivity of tree-covered areas in Germany in 2022
and respective low temperatures can be observed in larger, better-
connected forest areas (Figure 4A, blue areas). This relationship
is not only true for large forest landscapes (e.g., part of the Black
Forest or the Alps) but can also be found in areas with smaller forest
fragments (e.g., Schorfheide in the Northeast Lowlands). Similar
patterns can be found between the high connectivity of tree-covered
areas and a high vitality (Figure 4B, magenta areas). However,
the spatial pattern is more scattered. Especially the Northeast
Lowlands show higher connectivity with a lower vitality signal. In
the higher altitudes (e.g., the Alps), temperatures are low when
the connectivity is high, but only some areas show a high vitality
with high connectivity, while other areas show reduced connectivity

and vitality (Figure 4B, Alps ecoregion magenta and green areas).
When comparing the bivariate choropleth maps for broad-leaved
and coniferous forest types (Supplementary Figures 5, 6), there is
a clear indication that broad-leaved forests in Northern and Eastern
Germany, representing the natural vegetation, have been severely
degraded and fragmented in the past. Coniferous plantations seem
to benefit from larger forest blocks and higher connectivity, having a
higher NDVI such as the northern Black Forest in the Southwest of
Germany.

The range of variations taking into account all the forest
fragments per ecoregion can be observed in the scaled data ranges
of the connectivity in tree-covered areas in their relation to hot
day temperatures and maximum vitality (Figure 5). Forest in the
Alps is relatively less fragmented than in other ecoregions, is cooler,
and has the highest forest vitality. The Lowlands show the lowest
median connectivity and lowest vitality, while having similar median
temperatures as the Uplands. The highest median temperature is
recorded in the Southwest Uplands. In the Western and Eastern
Uplands and the Prealps, slightly higher connectivity is accompanied
by lower temperatures and higher vitality. When investigating the
distribution of Thiessen connectivity per ecoregion regardless of
fragment groups, the connectivity is much lower (Figure 5), the
reason being that all the ecoregions are dominated by the presence
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FIGURE 4

Bivariate maps of tree-covered areas in Germany in 2022 and the relation between the degree of fragmentation with temperatures and vegetation
vitality. (A) Thiessen connectivity and land surface temperature of hot days in 2022. (B) Thiessen connectivity and the maximum NDVI per growing
season in 2022.

of forest fragments smaller than 1 km2. Hence, lower overall
connectivity values are evident.

4. Discussion

In the studied year 2022, forest fragmentation clearly impacted
local temperatures on hot days and forest vitality. Here, we show
that these e�ects vary by ecoregion and we discuss implications for
landscape and forest management.

4.1. Regional implications of
fragmentation on forest temperature and
vitality

Independent of the ecoregion, larger fragments of tree-covered
areas show the highest connectivity, the lowest temperatures, and
the highest vitality. Lower values of Thiessen connectivity in all
ecoregions result from the dominance of small-sized forest fragments
indicating a great degree of fragmentation. The area with the
least fragmented forest in Germany are the Alps (highest Thiessen
connectivity with a median of 0.38 as compared to the maximum
value of 1). In comparison with the other ecoregions, this area is
less urbanized due to its topography, and therefore, the e�ects of

fragmentation through infrastructure (Ibisch et al., 2016) or cities are
less severe. The overall high forest vitality in the Alps ecoregion is
congruent with other studies that measured a growing biomass stock
and an expanding forest-covered area, despite intensified natural and
human-induced disturbances (Bebi et al., 2017). The Alps are the
smallest of all ecoregions with 7,796 data points of the tree-covered
areas observed. The high elevation and terrain with steep slopes are
most likely a reason for the diverse range of temperature values from
low to high. Even though fewer hot days in the year 2022 for the
Alps ecoregion were detected, the Alps are also threatened by climate
change and more frequent temperature extremes (Seidl et al., 2011;
Gobiet et al., 2014). A larger forest cover in mountainous regions
can help retain permanent snow cover longer than non-tree-covered
areas (Hesslerová et al., 2018).

The Prealps are characterized by the highest altitudinal range of
all ecoregions from 299- to 1,468-m elevation (refer to Figure 3). As a
consequence of more intensive land use, the tree-covered areas in the
Prealps are less connected and less vital as compared to the Alps, and
the land surface temperature median is ca. 5�C higher than in the
Alps. The foothills of the Alps are also impacted by climate change
(e.g., Thrippleton et al., 2020).

The Southwest Uplands are the ecoregion in Germany with the
highest measured temperatures of forest canopies in 2022. Therefore,
the forest is rarely connected (Thiessen connectivity median 0.18)
with a medium vitality (median NDVI 0.79) and high temperatures
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FIGURE 5

Boxplots of connectivity, temperature, and vitality for tree-covered
areas in Germany 2022 per ecoregion including all values regardless
of the size of a fragment. The median of each dataset per boxplot is
depicted as a bold horizontal line, the line above represents the upper
quartile of which 75% of the values fall below and the line below the
median represents the lower quartile with 25% of the values below.
(A) Thiessen connectivity for forest-covered areas in Germany as of
2022. (B) Land surface temperature (LST) based on the mean of the
hottest days in 2022. (C) Vitality (NDVI) based on the maximum value
of the growing season in 2022 (for better readability, outliers below
0.6 are not depicted). The count of data points per ecoregion is
depicted above the X-axis.

(median of 28.7�C is 7�C hotter than in the Alps). It is in fact the
hottest region in Germany in terms of regional climate and is highly
populated. In this ecoregion, there are a few highly connected forests

such as the Black Forest in the south-westernmost part but mostly
areas with low connectivity and smaller forest fragments. A small-
scale study in the area, investigating Scots pine forest edges using
dendroecological investigations and close-range remote sensing,
found that these forest edges aremore vulnerable to drought, showing
increased mortality rates and lower tree vitality (Buras et al., 2018).
A study conducted in Switzerland using thermal imaging found that
the resilience to the drought of broad-leaved forests varies by species
(Scherrer et al., 2011). Lower vitality values with a median of 0.71 for
the year 2022 can be related to the spruce forest dieback, which is the
dominant tree type in the ecoregion. Still, coniferous forests in dense
stands seem to benefit from higher connectivity and show higher
vitality, especially in the Black Forest (Supplementary Figures 3, 5,
6). Larger broad-leaved dominated forest areas in the northern part
of the ecoregion, such as the Spessart, Steigerwald, or Ebrach forests,
show relatively high vitality (Supplementary Figure 5).

The Eastern Uplands share a similar value of low connectivity
(median 0.18) as the Southwest Uplands but a higher vitality (median
0.81) and 2�C lower temperatures. A strong temperature decline,
vitality, and connectivity increase from medium to large forest
fragments and can be associated with less intensively managed
forests. In the Bavarian forest region, the mainly coniferous forest is
relatively vital and connected (Figure 4). However, the vegetation is
under stress due to climate-related bark beetle outbreaks of spruce
before 2012 (Lausch et al., 2013a,b). The same is true for the
Erzgebirge with deforestation due to a recent bark beetle outbreak
(Gdulová et al., 2021). The Thuringian Forest still can be recognized
as a relatively well-connected area with relatively low temperatures
and higher vitality, despite Norway spruce being themain tree species
(Thiel et al., 2006). But for some years, it already su�ers from heavy
storms and bark beetle outbreaks, and it is most likely, that in this
area, the e�ects of climate change will become more frequent, such
as a rise in temperatures, more frequent temperature extremes, and a
decreased water supply during the growing season (Frischbier et al.,
2014).

The Western Uplands are characterized by slightly higher overall
connectivity than the Eastern and Southwest Uplands but show
higher temperatures and not notably higher vitality (Figure 5A).
A high connectivity and high vitality are visible in the Palatinate
Forest (Pfälzerwald), on the southern edge of the ecoregion. In
general, the vitality is higher than in the other Uplands, especially,
because of the relatively high share of broad-leaf forests with a
higher vitality range per se (Supplementary Figure 3). At the same
time, the ecoregion is dominated by large coniferous plantations
and experienced strong Norway spruce dieback in the last years.
The Western Uplands are one of the formerly largest forest regions
in Western Germany, including the Sauerland, Bergisches Land,
Siegerland, and Harz mountains. After years of massive dieback and
salvage logging, the remaining forests are in relatively poor condition,
fragmented, and with reduced vitality (Popkin, 2021).

In the Northeast Lowlands and the Northwest Lowlands, the
small size forest fragments show the lowest connectivity. Even in
larger forest fragments with higher connectivity detected, the vitality
values are low. This is due to a large number of coniferous plantations
in both ecoregions (Supplementary Figure 6). Many Scots pine
plantations do not seem to benefit from the generally somewhat lower
temperatures in the north. They are often well-connected, but this
does not translate into a better vitality signature. In general, there
seems to be a gradient toward higher vitality in the north, possibly
due to the bu�ering impact of the sea with its maritime climate, a
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higher precipitation potential, and a lower drought potential than in
the south of Germany (Zink et al., 2016). This e�ect of continentality
is reflected to some extent by the ecoregions. Themedian connectivity
of 0.09 and median vitality of 0.76 are the lowest of all ecoregions
in the Northwest Lowlands and therefore can be attested to the
less connected forest cover of all ecoregions. The fragmented
landscape leads to low connectivity and higher temperatures, and
the coniferous plantations (according to ground-truthing) have low
vitality. These e�ects are repercussions, especially of the extreme
years from 2018 onward, and consequent bark beetle outbreaks (refer
to Supplementary Figure 2). Interestingly, the largest beech forest in
Northern Germany, the Elm, lies within the Northwest Lowlands and
shows relatively high Thiessen connectivity values with high vitality
and low temperatures (refer to Supplementary Figures 5, 7).

4.2. Effects of fragmentation

Independent of the ecoregion, larger fragments of tree-covered
areas show the highest connectivity, the lowest temperatures, and the
highest vitality (Figure 3). The cooling functions of forest fragments
increase with higher connectivity. This cooling e�ect was also
observed in a study on reforestation (Huang et al., 2022). Our results
regarding the correlation between high connectivity and increasing
forest vitality, based on the NDVI in the temperate forest realm,
correspond to other studies with similar results. Others used the
NDVI, and for connectivity “vegetation continuous fields,” and found
that higher connectivity in protected areas correlates to high NDVI
values (Sun et al., 2021). Other factors influencing the NDVI that are
not covered in this study would be local and regional characteristics
such as climate, soil moisture, dominant tree species, and the degree
of disturbance.

This study focuses on regional assessments and could not
scrutinize the e�ects of fragmentation through skidding trails and
small-scale edge e�ects. These patterns potentially increase the
fragmentation impacts and most likely have additional e�ects on
the local forest temperature and vitality (Buckley et al., 2003; Sufo
Kankeu et al., 2016; Shirvani et al., 2020). The characteristics of
native and planted forests in Germany were not covered in this
study. To date, no comprehensive and explicit spatial information
on the native and planted forests is available, neither for the globe
(Grantham et al., 2020) nor for Germany. It is also important to
note that in some areas, the NDVI and Thiessen connectivity are not
necessarily positively correlated. There are definitely other relevant
e�ects such as the type of forests. For example, in the Scots pine
forests of northeastern Germany, relatively low vitality is observed
despite high connectivity. However, especially these forests represent
mostly planted even-agedmonocultures with low structural diversity,
relatively open canopies, andmany timber extraction roads and trails.
Our analysis could not take into account that there is also internal
forest fragmentation, which contributes to the vulnerability of the
ecosystem in the form of forest roads and skid trails as there are
currently no data available. The situation in Germany is currently
worsening because the infrastructure for the expansion of renewable
energy production is pushing into the forest. Here, wide permanent
access roads and openings for wind turbines increase the forest edges
and the edge e�ects in the midst of the forest.

To promote the protection of remaining old-growth broad-leaved
forests, UNESCO recognized some old temperate forests in Europe as
natural heritage, which are component parts of the serial UNESCO

transnational property “Ancient and Primeval Beech Forests of the
Carpathians and Other Regions of Europe” (Voloscuk et al., 2013;
Ibisch et al., 2017; Jovanović et al., 2019; UNESCO, 2022). In
Germany, the Hainich National Park, Kellerwald-Edersee National
Park, Serrahn Forest, and the Grumsin Forest are part of this property
and show relatively high connectivity, especially in the core zones,
despite being of relatively small size. These areas are highly important
not only in terms of being a heritage site but also as a cooling factor
in the landscape, a remnant habitat, and are of recreational value for
humans.

4.3. Recommendations for landscape and
forest management

Forest vitality and functionality are not only impacted by
climate change and natural disturbances but also by silvicultural
management. The management attempts of the last decades to
protect forests in Europe did not mitigate climate warming (Naudts
et al., 2016) but even led to increased temperatures within forests
(Blumröder et al., 2021). E�ective ecosystemmanagement must allow
ecosystems to mature through the growth of biomass, information,
and network and to maintain or enhance working capacity in the
best possible way. The production and storage of biomass and
biogenic free energy in the ecosystem—including dead wood, humus,
or organic molecules in mineral soil—are the physical basis of all
possible natural ecological processes in the ecosystem. Linking to
the development of biophysical capacity is also an increase in the
ecohydrological capacity of forest ecosystems. The conservation of
“green water” stored and mobilized by ecosystems (Ellison et al.,
2017; Sheil, 2018; TeWierik et al., 2021) andmicroclimatic regulation
(Blumröder et al., 2021, 2022) deserve the highest priority in
management (Ibisch, 2022). To mitigate hot temperature extremes
in European forests, the increase in the broad-leaved tree fraction
is a necessary measure (Schwaab et al., 2020). German forests
are already highly fragmented. In some forest-poor regions, it is
recommended to increase tree and forest cover to bu�er temperatures
and contribute to forest vitality (Gohr et al., 2021). The regulating
function of connected forests within the water, energy, and carbon
cycles is more needed than ever (Ellison et al., 2017) since highly
fragmented forests with more forest edges provoke more carbon loss
(Smith et al., 2018).

Remote sensing and especially new datasets like the dominant
tree species of German forests (Welle et al., 2022) will support
monitoring fragmentation as seen in other countries (Kupfer, 2006).
It is an urgent task for the state rapporteurs of the federal states
and the federal ministries responsible for forests to ensure that
forest fragmentation is included in the forest status reports and the
corresponding analyses of forest health.

Fragmentation is caused by infrastructure expansion and land
use changes but also by (past) forest management: When plantations
collapse by massive tree dieback, they are often salvage-logged. The
regeneration capacity decreases under climate change and potentially
these areas are then converted into open lands. It is inevitable that
forest fragmentation in the near future will further increase due to
large-scale tree dieback in monocultures. The ban on salvage logging
and clearcutting seems to be a necessary step in forest management.
The existing smaller forest fragments have the potential to be
transformed into larger core forest areas for enhanced ecosystem
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development. This can be achieved by the abandonment of timber
extraction, implementing reforestation measures such as assisted
restoration, planting native trees, natural regrowth, agroforestry
solutions, and commercial plantations.

5. Conclusion

The study reflects that the forests in Germany are highly
fragmented, which weakens their ecosystem functionality. This study
provides observational evidence to show that highly fragmented
forests exhibit higher temperatures and less forest vitality. Thereby,
the fragmentation in Germany as of 2022 substantially contributes
to the current and ongoing forest crises. The existing small forest
fragments have immense potential to be transformed into larger
core areas for better ecosystem functioning. With increasing forest
fires and extreme climatic events in Germany and worldwide in
general, there is an urgent need to advance forest management
and restoration e�orts that can safeguard the benefits of functional
forests as much and as long as possible. Reducing the fragmentation
of forests is a crucial contribution to ecosystem-based adaptation
to climate change.
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2.4. Article IV 
 
 

Low effectiveness of the world network of biosphere reserves  
in maintaining forest ecosystem functions 

 
This article was submitted to Science for peer review on March 26, 2024, and follows the 
journal’s corresponding referencing and formatting style.  
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Abstract. UNESCO biosphere reserves serve as learning areas for sustainable 
development, where preserving ecosystem functionality is an imperative. However, this 
critical assumption has yet to be thoroughly examined. To address this knowledge gap, we 
investigated differences in satellite-derived proxies of ecosystem functions between inside 
and surrounding areas of forest biosphere reserves, globally. Our findings show that (i) only 
18 of 119 forest biosphere reserves exhibited higher values for all ecosystem function 
proxies inside the reserves compared to outside, (ii) smaller reserves in fragmented 
forestscapes were more affected by hot day temperatures, and (iii) greater forest cover 
correlated with increased ecosystem functioning across all biomes. This study underscores 
the significance of biosphere reserves to biodiversity conservation efforts and the need for 
the integration of satellite-based, outcome oriented proxies of ecosystem functions in 
assessments of protected area effectiveness.   

One sentence summary. When considering multiple ecosystem functions, most forests 
within the world network of biosphere reserves do not perform better than those outside. 

Main Text. Forests are under pressure globally, largely attributed to human induced climate 
change with rising temperature, shifting precipitation patterns and an increase in extreme 
heat events and droughts (1–6). Human activities threaten forests through fragmentation and 
degradation, thereby endangering crucial and unique habitats (7–10). Yet humans depend 
on forest ecosystems for carbon storage, temperature regulation, soil fertility, resource use 
and recreational space (11, 12). Protected areas represent a key measure for establishing 
the protection and conservation of essential ecosystem services and habitats (13–15). They 
play a major role in preserving various dimensions of biodiversity across different scales (16), 
mitigating climate change (13) and safeguarding ecosystem functions (17). Extending the 
coverage of protected areas is one target of the recently adopted Kunming-Montreal Global 
Biodiversity Framework 2022 (Target 3, 18). However, before establishing additional 
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protected areas, it is imperative to evaluate the effectiveness of existing protected areas and 
their associated outcomes. However, this evaluation cannot be solely based on measuring 
protection coverage (19, 20). The effectiveness of protected areas has been investigated and 
defined in various ways, often referring to the achievement of specific conservation targets 
within these areas (21) or equating it to management effectiveness (22). Here, we define 
protected area effectiveness in terms of their contribution to sustaining ecosystem health and 
functioning.  

The International Union of Conservation of Nature (IUCN) established a set of categories as 
a comprehensive framework to designate protected areas with a primary focus on 
biodiversity preservation (23). UNESCO's biosphere reserves, established under the Man 
and the Biosphere programme, differ from strict nature reserves in that they serve as 
integrated areas for both nature and human activities, acting as model areas for sustainable 
development (24–26). This globally applied framework spans across 748 reserves, typically 
organized into three zones with varying levels of management (25, 27). The core, buffer and 
transition zones range from stricter protection to sustainable use of resources and the 
integration of education and research. 174 of these reserves have known forest cover. While 
these protected, forest-covered areas are widely diverse, they are all united within the world 
network of biosphere reserves. If biosphere reserves are effective in forest biomes, it should 
be possible to objectively measure their contribution to biodiversity conservation and to 
establish that ecosystems inside these model areas for sustainable development are better 
off than outside. To date, the global analysis of the ecological effectiveness of protected 
areas has depended on comparable measures based on globally available data (28). To our 
knowledge, this is the first time that the effectiveness of forested UNESCO Biosphere 
Reserves has been tested using remotely sensed data. This was achieved by analyzing 
multiple proxies of ecosystem functions in all forest biomes found in biospheres and 
comparing them to their surroundings. Our research offers insights relevant to optimizing 
sustainable forest management strategies in Biosphere Reserves and potentially other 
forested protected areas worldwide. 

Remotely sensed forest ecosystem functions 

Satellite remote sensing imagery stands as the sole source of information presently available 
that can be linked to ecosystem functioning, offering global coverage with relatively high 
temporal and spatial resolutions (29). We build upon the definition of ecosystem functions as 
the direct or indirect dynamics of ecosystem processes, such as primary productivity and 
evapotranspiration (29), and the ability of those ecosystems to adapt to internal and external 
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changes (30). Employing multiple proxies for primary productivity helps identify different 
patterns of ecosystem functioning across a wide range of forested biomes (Fig. 1) (31). In 
this study, we used gross and net primary productivity, the normalized difference vegetation 
index (NDVI) and the enhanced vegetation index (EVI). Additionally, we incorporated 
temperature regulation capacity, evapotranspiration and connectivity as pertinent proxies of 
forest ecosystem function (29, 32, 33). To assess the effectiveness of forest biosphere 
reserves worldwide, we compared their ecosystem functioning with their surrounding areas 
based on the seven proxies at a 1 km resolution. Furthermore, we investigated changes over 
time in two-time steps from 2010 to 2016 and 2017 to 2022. We highlight the impact of proxy 
selection on the results, emphasizing the need for multiproxy analyses to obtain a 
comprehensive understanding of forest ecosystem functioning. Remote sensing offers 
comparable, freely available global datasets and the spatial and temporal resolution of these 
datasets will increase even more in the future (29). We appreciate the easy access and large 
computational capacities of cloud-computing platforms such as the Google Earth Engine.  

 
Fig. 1: Graphical interpretation of the forest ecosystem function proxies used in this 
study. Variations in vegetation vitality assessed via gross and net primary productivity as 
well as via the enhanced and normalized difference vegetation index; Variations in 
temperature regulation capacities via hot day land surface temperatures; Variations in 
precipitation and water regulation via evapotranspiration and variations in ecosystem extents 
and state via forest patch connectivity. 

 

Effectiveness of forest biosphere reserves 

At least 242 (32%) of the global biosphere reserves are in forested biomes, according to the 
available data. Of those, 119 had correct border information and contain enough tree cover 
to assess forest ecosystem functions. We defined tree cover as a pixel with >30% at 30m 
resolution and >50% at 1 km resolution. Biosphere reserves were deemed to contain enough 
tree cover for analysis when the land cover share of tree covered areas exceeded 20% 
inside the biosphere reserve (Fig. S1, Tab. S1). We extracted remotely sensed ecosystem 
functioning proxies within biosphere reserves and in their surroundings, leading to more than 
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6 million single observations. We defined the surroundings via a buffer using the natural 
logarithm of the size of each area multiplied by 500. The buffer was then bound to a 
rectangular format for faster processing (Fig. S1). The study used globally standardized data 
and methodology to allow for direct comparisons of forest ecosystem functions of biosphere 
reserves across forested biomes and for two periods of time (Fig. 1). We modeled forest 
ecosystem functions inside biosphere reserves against their surroundings and the effects of 
place (biome) and time on seven proxies (Fig. 2, Tab. S2). Our approach on defining the 
effectiveness of biosphere reserves in maintaining multiple forest ecosystem functions (E) 
can be read as follows:  

!!" =	 (%&'# > %)*+#) ∧ ⋯∧	(%&'$ > %)*+$) 

P1-7 are the seven proxies of forest ecosystem functions modeled with their corresponding 
location per biome for two time steps and concerning their forest cover share. Pin and Pout 
define the inside and surroundings of each biosphere reserve respectively. An effective 
biosphere reserve (Ebr) is given, if all proxies have higher modeled forest ecosystem 
functions inside as compared to their surroundings. The explained variance for these seven 
proxy models was for fixed effects R2 = 0.11-0.38 and for random effects R2 = 0.91-0.99 
(Tab.S3). The proxy models with the inside-outside comparison as a fixed effect rather than 
as an explanatory variable showed for fixed effects R2 = 0.21-0.82 and for random effects R2 
= 0.5-0.91 (Tab.S4, Fig. 3). Of 119 biosphere reserves, only 18 (15%) show higher 
ecosystem functions inside than outside when considering all functions (Tab. S2, Fig. 2). 

Biome-specific characteristics are an underlying pattern for all proxies, especially for 
gross primary productivity and evapotranspiration (Fig. 2A and 2C). Modeled primary 
productivity and connectivity were higher for most biosphere reserves inside than outside 
(Fig. 2A and 2B). Hot day temperatures and evapotranspiration were predicted lower inside 
than outside (Fig. 2C and 2D). Substantial temporal changes (from dots to triangles) in proxy 
medians were rare except for forest patch connectivity, which decreased substantially for 
some biosphere reserves (Fig. 2B). This shows that conditions were maintained over time for 
single proxies and single biosphere reserves: for example, the Fontainebleau Biosphere 
Reserve, close to Paris, has a rather low level of connectivity to other forested patches in the 
landscape, but connectivity was still found to be higher inside the reserve than outside. The 
same applies to two coastal biosphere reserves, Sian Kaan in Mexico and Georgian Bay in 
Canada, which have a higher connectivity inside than outside. The Xiriualtique Jiquitizco in El 
Salvador is a coastal biosphere reserve as well: while for this biosphere reserve gross 
primary productivity is slightly higher inside, all other proxies (evapotranspiration, hot-day 
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temperature and forest patch connectivity) show higher values outside the biosphere reserve 
(Fig. S3).  

We anticipated and confirmed higher connectivity of forest patches within 85 biosphere 
reserves than outside them (Tab. S5). Yet substantial changes occurred over time, with a 
decline observed in and around most biosphere reserves (Fig. S4). 

 
Fig. 2. Model predictions and standard deviation for proxy difference for selected 
forest ecosystem functions inside and outside the 119 biosphere reserves. Data 
depicted for two times 2010-16 (dots) and 2017-22 (triangles) against the respective median 
of the raw data. Predictions above 0 indicate higher proxy values inside than outside. 
Predictions below 0 indicate the opposite. Colors refer to biomes. Modeled inside/outside 
difference of (A) Gross primary productivity in kg*C/m2, (B) Forest patch connectivity, (C) 
Evapotranspiration in kg/m2/year, (D) Hot day land surface temperature in °C. Difference 
model with fixed effects of forest cover share biome and two periods of time 2010-16 and 
2017-22. Note that y-axes for (C) Evapotranspiration and (D) Hot day land surface 
temperature are reversed to visualize the effectiveness in water captivity and cooling on top 
like for (A) Gross primary productivity and (B) Forest patch connectivity. 
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Modeled primary productivity (gross and net primary productivity, the enhanced and 
normalized difference vegetation index) was higher inside than outside for most biosphere 
reserves and increased slightly from 2010-16 to 2017-22 for all but the forests in the tropical 
dry broadleaved and the boreal biome. This general increase might be attributed to the 
general trend of global greening (34). We detected the highest primary productivity and the 
highest difference to the surroundings in the Selva el Ocote Biosphere Reserve in Mexico, a 
tropical moist broadleaved forest area. The modeled effect of lower evapotranspiration within 
biosphere reserves was more pronounced in tropical and subtropical broadleaved forests 
than in temperate broadleaved forests (Fig. 2C). Forest ecosystem function proxies in and 
around biosphere reserves generally decreased over time but showed minor biome-specific 
differences: predicted primary productivity increased slightly in tropical broadleaved and 
temperate coniferous forests and decreased slightly in tropical coniferous forests. In all 
biomes, hot day temperatures increased, and connectivity decreased. Changes were more 
pronounced outside than inside biosphere reserves, which can be interpreted as an 
indication of effectiveness (S4). Apart from the assumed higher functionality of temperature 
and water regulation within biosphere reserves, a general increase in temperatures through 
global warming was confirmed.  

Global distribution of effective forest biosphere reserves varies across biomes 

To date, no complete dataset of the world network of biosphere reserves is available. We 
found 474 datasets, of which 119 inherit enough forest cover to assess ecosystem functions 
(Fig. 3A, Supplementary Material: area selection). We selected three proxies to display the 
modeled effect size of each biosphere reserve (Fig. 3B, Tab. S4 and S6). In temperate 
biosphere reserves, forest patch connectivity is a higher influencing factor than gross primary 
productivity or temperature: high and low connectivity differences with their surroundings are 
more pronounced than in other forest biomes (Fig. 3B Europe, blue dots). The fragmentation 
of temperate forests is caused and intensified by intensive forestry, transport routes and 
secondary causes from rising temperatures, such as pests and continues to weaken the 
forest ecosystem functionality (33). Tropical and subtropical biomes are defined by 
temperatures with higher random effects for hot day temperatures than for primary 
productivity or forest patch connectivity (Fig. 3 Central America and Central Africa, pink and 
orange dots). This effect can be interpreted as a decreasing resilience due to rising 
temperatures and decreasing water availability in tropical forests (6).    
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Fig. 3. Forest ecosystem functions in biosphere reserves.1 (A) World map forest biomes 
and UNESCO biosphere reserves. Forest biomes include boreal forests/taiga, mangroves, 
temperate broadleaf & mixed forests, temperate conifer forests, tropical & subtropical 
coniferous forests, tropical & subtropical dry broadleaf forests, tropical & subtropical moist 
broadleaf forests; biosphere reserves: blue = 297 available border data; of those: yellow = 17 
established after 2010; red = 119 forest covered and included in this study. (B) World map of 
ecosystem function effects in 119 biosphere reserves. The biosphere reserves served as 
random effects for the three modeled proxies: hot-day temperature, connectivity and gross 
primary productivity with fixed effects of forest cover share, inside or outside the biosphere 
reserve, biome and two periods of time 2010-16 and 2017-22. Each proxy's random effects 
were scaled, multiplied by 255, and transformed into RGB values. The colors follow the 
triangle legend and show the corresponding effect sizes of the three proxies. Smaller 
windows show the same effects for Central America and Europe.    
 
 

 
1 The color coding in map B differs from the original submission of the thesis framework. It was adapted to this 
corrected version for this publication.  
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Across biomes, we predicted for only 18 of 119 forest biosphere reserves a higher primary 
productivity and connectivity and lower temperatures on hot days and lower 
evapotranspiration compared to their surroundings in 2017-2022 (Tab. S5). When reducing 
the number of proxies from seven to only three (Gross primary productivity, temperature and 
connectivity), the number of effective biosphere reserves increases to 42 (35 %) (Fig. 3B). 
Smaller reserves displayed more pronounced random effects towards temperature (Fig. 4), 
suggesting that larger reserves generally exhibit greater temperature regulation capacities, 
likely attributable to their higher forest cover shares (32). Similarly, the random effects of 
forest patch connectivity are higher for most of the smaller biosphere reserves. Connectivity 
in larger biosphere reserves might be more balanced.  

 

Fig. 4. Modeled random effects of 119 biosphere reserves for three forest ecosystem 
function proxies. Model with fixed effects of forest cover share, inside or outside the 
biosphere reserve, biome and two periods of time 2010-16 and 2017-22. Each random effect 
was scaled, multiplied by 255 and transformed into RGB-values for three ecosystem function 
proxies namely connectivity, hot-day temperature and gross primary productivity. Each circle 
represents one biosphere reserve, and the circle size relates to the area size of each 
reserve. Ternary plot created with the Ternary-package in R (35).    
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Higher tree cover share constitutes healthy forests in biosphere reserves worldwide 

Increased tree cover shares exert a significant impact on ecosystem functions, as shown by 
all forest ecosystem function proxies in our study (Fig. 5). We defined tree cover shares as 
the percentage of tree cover per pixel based on the GLAD tree cover data (Fig. S1, Tab. S1). 
A linear relationship emerged: as forest cover shares rose, so did the primary productivity, 
while temperatures declined, evapotranspiration decreased and forest patch connectivity 
increased. This trend holds true across all forest biomes (Fig. S7). The tropics exhibited a 
more pronounced increase in primary productivity with higher forest cover shares compared 
to temperate latitudes. Modeled gross primary productivity and the Enhanced Vegetation 
Index (EVI) were higher outside at the highest forest cover shares, which is likely related to 
ecosystem functionality on a landscape level. The EVI's standard deviations were more 
pronounced than those of other proxies, perhaps partly explained by its sensitivity to 
greenness in tropical forests. In tropical and subtropical biomes, biosphere reserves 
exhibited higher primary productivity compared to their surroundings, whereas the reverse 
holds for temperate forests. In boreal forests, temperatures were nearly the same inside and 
outside. Biosphere reserves in the boreal biome indicated the lowest primary productivity 
values and decreased over time. This could be related to the observed boreal forest biome 
shift with less productivity assessed (36). One anomaly was the three biosphere reserves 
with tropical and subtropical dry broadleaf forests for which higher evapotranspiration outside 
than inside was predicted. Modeled forest patch connectivity increased with increasing forest 
cover shares throughout the biomes, except for tropical and subtropical dry broadleaf forests 
and mangroves (Fig. S7). Generally, higher connectivity did not translate into higher 
biodiversity, since large connected forest areas do not necessarily harbor greater biodiversity 
than smaller patches (37).  
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Fig. 5. Modeled ecosystem 
functioning proxies for forest 
cover shares in 119 biosphere 
reserves. (A) Gross primary 
productivity, (B) Net primary 
productivity, (C) Enhanced vegetation 
index, (D) Normalized difference 
vegetation index, (E) Hot day land 
surface temperature, (F) 
Evapotranspiration and (G) Forest 
patch connectivity. Modeled 
observations are displayed in blue for 
forests inside biosphere reserves and 
in red for surrounding forests. 
Ribbons represent 0.95 confidence 
intervals. Model with fixed effects of 
forest cover share, inside or outside 
the biosphere reserve, biome and two 
periods of time 2010-16 and 2017-22. 

 

Measuring the effectiveness of biosphere reserves and other area-based conservation 
instruments 

While there is general agreement that the effectiveness of conservation and sustainable 
development requires an indicator-based assessment, the indicators proposed to date for 
assessing forest conservation are relatively simple. Rather than measure-based data such 
as forest area under formal protection or certified management (e.g. CBD's Global 
Biodiversity Framework) (Target 10, 18), which only indicates the intention to improve forest 
management, we urgently need outcome indicators. These must allow us to assess, with 
high temporal and spatial resolution, whether management promises are being kept. In this 
context, we need to make better use of available remote sensing data, which can be used to 
analyze not only tree cover but also the health status and trends of forest ecosystems. The 
Ad Hoc Technical Expert Group (AHTEG) on Indicators for the Kunming-Montreal Global 
Biodiversity Framework (18) will need to ensure that the indicators to be used do not lag 
behind rapidly evolving technological capabilities, including in the context of cloud computing 
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and artificial intelligence. We show that a global approach is effective in providing insights 
into regional characteristics. However, improved monitoring at finer spatial scales is 
recommended for local management. 

In any case, we suggest that a multi-proxy methodology focusing on ecosystem 
performance, as implemented in this study for UNESCO biosphere reserves, could be 
applied to other protected area frameworks. The approach could also be adapted to other 
ecosystems and land cover types. Clearly, a basic requirement is reliable and up-to-date 
georeferenced data on area-based interventions. In this context, we regret that there is no 
official source for the boundaries of all UNESCO biosphere reserves, which limits their 
evaluability. 

In some reviews, biosphere reserves are excluded from the assessment of effectiveness 
(38–40), with reference to doubts as to whether they actually represent effective 
conservation action or merely bureaucratic labels (41). Here we would like to disagree and 
emphasize the role that biosphere reserves can play as modern instruments for safeguarding 
the functioning of the biosphere - not through fortress conservation, but under a type of 
governance that includes people and their needs. However, UNESCO biosphere reserves 
cannot just be model areas for participatory management without delivering benefits to 
ecosystems. Particularly in the context of the rapidly advancing climate crisis, human well-
being will increasingly depend on the health of ecosystems. Any conservation action that 
does not have a measurable positive impact on ecosystem functioning will lose its credibility 
and justification. 
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3. Synthesis  

 
This thesis is structured along the four introduced research questions and corresponding 
research articles. These are synthesized in the following sections accordingly. 
 

Section Research question 

Effectiveness & remote sensing 

Which approaches, methods and gaps of remotely 
sensed effectiveness assessments of protected areas 
can be found in the literature? 

Effectiveness & forests 
 

How can the temperature regulation for forests and 
water ecosystems as a proxy for temperature 
regulation capacity be quantified?  

Can we find a better temperature regulation capacity 
and higher vitality in more connected forest fragments 
and how fragmented are temperate forests?  

Effectiveness & conservation 

Do biosphere reserves worldwide facilitate healthier 
ecosystem functions than their surroundings using a 
multiproxy analysis? 

 
The synthesis embeds the results into the wider research landscape with a section on 
effectiveness and sustainability sciences and closes with a section on future research 
directions.  

 
3.1. Effectiveness & remote sensing 

 
It is established that earth observation with satellite imagery provides detailed and much-
needed information about structures, patterns and changes in the biosphere. We 
investigated the extent to which these images are used for effectiveness assessments of 
protected areas through a literature review (Gohr et al. 2022). We found remote sensing to 
be an effective means of assessing the socio-ecological effectiveness of natural and human-
made systems, but to date, there is no commonly used framework. We defined the socio-
ecological effectiveness of protected areas as mitigating biodiversity loss while creating 
ecosystem functions for human well-being as well as having a sustainable impact on the 
surroundings. Nine of 44 studies analyzed in depth complied with this definition, the others 
covered one or two of the three aspects.  
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To cover diverse aspects of effectiveness and for a more holistic approach, we argued for a 
multi-proxy analysis. Nevertheless, most studies used single indicators to answer their 
hypotheses, e.g. Normalized Difference Vegetation Index changes (Fuda et al. 2016; Tang et 
al. 2011) or forest fires (Manaswini and Reddy 2015). We classified the articles 
corresponding to their selection method of effectiveness indicators that go from a simple 
inside-outside comparison to a more sophisticated approach using co-variates in a matching 
algorithm to compare similar structures inside and outside of a protected area. This approach 
was found in the latest published studies (e.g. Beresford et al. 2013; 2018). 
Most effectiveness studies highlight the value and use of satellite imagery, while at the same 
time calling for more holistic approaches. These are 1) including ground truthing wherever 
possible, 2) combining multiple indicators and 3) using higher spatial and temporal scales. 
These needs will be met in the future by growing ground-truthing databases (e.g. GBIF 
2024), better cloud computing options (Gorelick et al. 2017; ESA and NASA 2024) and more 
precise data sets (e.g. GEDI 2024). In addition, learning websites and open communication 
should promote more democratized access to geospatial information and processing in 
support of civil society and policymakers (Pettorelli et al. 2014). 
 

3.2. Effectiveness & forests 
 
Healthy forest ecosystems are effective in maintaining their biodiversity and in producing 
biomass (Marín et al. 2021; Ma et al. 2015). Yet human-induced climate change and global 
warming create a growing threat to the functioning of forests (Morecroft et al. 2019; Naudts et 
al. 2016). We quantified these threats by assessing the temperature regulation capacities 
and vegetation vitality on hot days in a temperate forest region in North West Germany (Gohr 
et al. 2021). As vegetation cover is especially affected by high temperatures, we related 
temperature changes with land cover fractions for different temperature ranges. Water 
bodies and forests stay cool at increasing temperatures on a landscape level compared to 
agricultural and urban areas, suggesting a regulating effect. In our study area north of Berlin, 
coniferous forests had a stronger influence on the landscape temperature than broad-leaved 
forests, which we interpreted as a combination of more data points in these areas and the 
density of planting. Regardless, broadleaved forests had lower temperatures on hot days 
than coniferous forests in absolute values. This pattern is observed throughout Europe as 
well (Schwaab et al. 2020). The greenest pixel composite based on the Normalized 
Difference Vegetation Index (NDVI) correlated negatively with hot day temperatures and 
suggests that forests with a high vitality have a high effect on temperature regulation.  
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Fragmentation caused by deforestation or construction presents another big challenge for 
forests in terms of maintaining their ecosystem functionality. Therefore, we investigated the 
state of fragmentation in German forests and assessed the extent to which forests adhere to 
a better temperature regulation capacity and vitality in better connected forest fragments 
(Mann et al. 2023). We used Thyssen polygons of Landsat imagery at 30 meter resolution 
and investigated connectivity for each ecoregion to account for elevation-based 
characteristics. For all ecoregions, we found that larger intact tree covered areas are cooler 
on hot days and more vital than more fragmented tree cover patches. Forest patch 
connectivity, hot day temperatures and the NDVI of temperate forests suggest that higher 
connectivity relates to effective forest ecosystem functioning. This holds true regardless of 
the ecoregion.  
Forests are pertinent for Earth’s climate, and they need to be safeguarded. Both studies 
include old-growth beech forests, which are designated areas of UNESCO’s World Heritage 
“Ancient and Primeval Beech Forests of the Carpathians and Other Regions of Europe”. Old-
growth forests are less fragmented and cooler than, for example, needle-leaved 
monocultures (unpublished analysis, expected Adhikari et al. 2024). It is advised that those 
areas be protected to maintain their ecological effectiveness.    
 

3.3. Effectiveness & conservation 
 
Protected areas have been investigated and their effectiveness in safeguarding biodiversity 
or storing carbon more than their unprotected surroundings was quantified and confirmed 
(Duncanson et al. 2023). We have examined whether this applies to the world network of 
biosphere reserves and developed a remote sensing method using multiple proxies of forest 
ecosystem functions (Article IV, expected Gohr et al. 2024). We defined effectiveness in 
terms of the biosphere reserves’ contribution to sustaining the ecosystem's health and 
functioning based on seven forest ecosystem function proxies. The rather low number of 18 
out of 119 investigated forest biosphere reserves with positive proxy differences inside as 
compared to their surroundings suggests a rather low effectiveness of forest biosphere 
reserves worldwide. Nevertheless, we confirmed higher ecosystem functions with higher 
forest cover share across all forest biomes. In another UNESCO category, the world heritage 
sites, the forest cover integrity was measured to have a positive spillover effect on its 
surroundings: Comparing different IUCN categories, the highest forest integrity values were 
found in areas where conservation and sustainable use of natural resources within the sites 
were combined (Hyland and Quinn 2023). 
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Still, the approach of biosphere reserve management to combine ecosystem function 
maintenance and sustainable development needs to improve. Since UNESCO biosphere 
reserves are designed as learning sites for sustainable development, their aim exceeds 
maintaining (forest) ecosystem functions. Based on 3304 research articles, we found an 
increasing amount of transdisciplinary research in biosphere reserves (expected Dabard et 
al. 2024, Appendix A3). These developments can be a starting point for a more holistic 
research agenda and thus for better-informed policy decisions. It is debatable how these 
investigations can translate into practical management recommendations, while it is 
contested whether or not healthy ecosystems can maintain themselves on their own (Aplet 
and Cole 2010).    
Our assessment of forest ecosystem functions in biosphere reserves worldwide contributed 
to research on conservation effectiveness by developing a global monitoring tool for 
ecological conditions of forest biosphere reserves. Still, assessments of conservation 
effectiveness are based on various frameworks and are either outcome-oriented socio-
ecological effectiveness or progress-oriented, focusing on management. Global holistic 
assessments on various spatial and temporal scales seem complex and unsolvable. It can 
be called a wicked problem, taking into account the various aspects of biomes, political 
management regimes, resources, and pressure, including climate change-induced threats 
(DeFries and Nagendra 2017).  

 

3.4. Effectiveness & Sustainability Science 

 
In Sustainability science, effectiveness can be a useful concept to assess human-nature 
relations and the transformative potential of studied systems (Kates 2011). The potential of 
using socio-ecological effectiveness as a baseline for decision processes in combining 
environmental protection with economic development for a sustainable future is high, yet to 
be further developed (Ghoddousi, Loos, and Kuemmerle 2021). Future studies will show how 
advancing sustainability knowledge and sustainable science research and combining 
transdisciplinary knowledge can be developed (expected Dabard et al. 2024, Appendix A3). 
International agreements and frameworks such as the Sustainable Development Goals, the 
Paris Agreement on Climate Change or the recently adopted Kunming-Montreal Global 
Biodiversity Framework (CBD 2022) guide and control research directions (Obura 2023). 
Sustainability considerations also include questions of (environmental) justice (Griggs et al. 
2013). Studies focusing solely on supply changes or forest loss or comprehensive analyses 
including local knowledge are difficult to implement but possible (Nagendra, Rocchini, and 
Ghate 2010; Ostrom and Nagendra 2006).    
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This thesis covers components of social and ecological effectiveness of ecosystems and 
biosphere reserves on multiple spatial and temporal scales. Still, it cannot be considered a 
holistic framework to assess effectiveness in sustainability science. The world network of 
biosphere reserves aims to establish learning sites for sustainable development, which could 
be translated into relevant study sites of effectiveness in sustainability science. Participatory 
conservation, defined as community-based sustainable use of resources is a concept firmly 
established in the concept of biosphere reserves (Stoll-Kleemann, de la Vega-Leinert, and 
Schultz 2010). With it, the transformative potential of biosphere reserves can be enhanced 
with transdisciplinary research agendas to guide management decisions on multiple scales 
and encourage sustainable actions in those areas.   
 

3.5. Future research directions 

 
This dissertation can serve as a starting point for conducting socio-ecological assessments 
of ecosystem function proxies using remote sensing and policy-informed methodologies. In 
the following, I propose three research directions for further exploration.  
Firstly, forest ecosystems are embedded into landscapes of various land cover types. By 
designing, integrating, and comparing ecosystem functioning proxies of other land cover 
types, we would better understand landscapes in a changing climate. The world network of 
biosphere reserves would be the ideal frame for exploring their potential as model regions for 
sustainable development, and evidence of the effectiveness of area-based approaches to 
conservation would need to be provided. 
Secondly, the ecological proxies of ecosystem function should be augmented with social and 
economic proxies such as the Human footprint and the gross domestic product per capita 
within and beyond biosphere reserves. This would support understanding the drivers of 
inequalities and pressures on nature and people and would potentially present leverage 
points for sustainable change.  
Lastly, integrating findings of ecosystem functionality with social functionality by involving 
community-driven approaches can lead the way to more applied remote sensing 
assessments and, ultimately, to transdisciplinary research agendas.  
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A 1 Output and funding information 
 
Tab. 1: Overview of articles relevant to this thesis 

Article Title Journal Status Cited as of 
March 2024 

Author 
contribution 

Weighting 
factor 

1 

Remotely sensed effectiveness 
assessments of protected areas 
lack a common framework: A review 
  

Ecosphere Published 
2021 4 First author 1 

2 

Quantifying the mitigation of 
temperature extremes by forests 
and wetlands in a temperate 
landscape 

Ecological 
Informatics 

Published 
2022 20 First author 1 

3 Does fragmentation contribute to the 
forest crisis in Germany? 

Frontiers in 
Forests and 
Global Change 

Published 
2023 5 Co-first author 1 

4 

Low effectiveness of the world 
network of biosphere reserves in 
maintaining forest ecosystem 
functions 

Science submitted  First author 1 

Appendix 
Biosphere Reserves as model 
regions for transdisciplinarity? A 
literature review 

Sustainability 
Science 

first 
revision 
2024 

  Co-first author 0 

 
Tab. 2: Overview of relevant articles and corresponding authors contribution 
Article Title reference Authors contribution 
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Remotely sensed effectiveness 
assessments of protected areas 
lack a common framework: A 
review 
  

Charlotte Gohr and Pierre L. Ibisch conceived the study, and Henrik von Wehrden 
contributed to the methodological development. Charlotte Gohr wrote the original 
draft and conducted the analyses. All authors were involved in reviewing and 
revising the draft versions. 
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Quantifying the mitigation of 
temperature extremes by forests 
and wetlands in a temperate 
landscape 

PLI, CG and JB designed the research, CG performed the analysis and 
visualization, CG and PLI wrote the original draft, DS provided comprehensive 
support in the assessment and interpretation of the results, and all authors 
contributed to the interpretation of the results and the subsequent revisions of the 
paper.  

3 Does fragmentation contribute 
to the forest crisis in Germany? 

PI, DM, and CG designed the research. DM and CG performed the analysis, 
visualization, and wrote the original draft. PI and JB provided comprehensive 
support in the assessment and interpretation of the results. All authors contributed 
to the interpretation of the results and the subsequent revisions of the manuscript.  
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Low effectiveness of the world 
network of biosphere reserves in 
maintaining forest ecosystem 
functions 

Conceptualization: CG, PLI, HVW, SS, NP 
Methodology: CG, PLI, HVW, SS, NP 
Formal Analysis: CG 
Investigation: CG 
Visualization: CG 
Funding acquisition: PLI, CG 
Project administration: PLI, CG 
Supervision: PLI, HVW, SS 
Writing – original draft: CG, PLI 
Writing – review & editing: CG, PLI, HVW, SS, NP  

Appendix 
Biosphere Reserves as model 
regions for transdisciplinarity? A 
literature review 

Conceptualization: CHD, CG, FW, HVW, AFF, JH, CM, PLI, VL 
Investigation: CHD, CG, FW, JH, CM, FN, SH, BDFA 
Data curation: CHD, CG, FW, HVW, AFF, JJ 
Formal analysis: CG, FW, HVW 
Methodology: CHD, CG, FW, HVW, AFF 
Visualization: CG, FW, HVW 
Funding acquisition: PLI, VL, JH, CHD, CG, AFF 
Project administration: CHD, CG, AFF 
Supervision: CHD, CG, HVW, AFF 
Writing—original draft: CHD, CG, HVW, JJ, FN, SH, BDFA  
Writing—review & editing: CHD, CG, FW, HVW, AFF, PLI, CM, JJ, JH, VL 
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Tab. 3: Overview of additional output 
Type Output 
 
Reviews for journals. 
(8, counting revisions) 
  

Ecological Informatics (4) 
Biodiversity and Conservation (2) 
Sustainability Science (2) 

Supervised thesis  
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1. Comparison of air- and surface temperature recordings between forest interiors, 
forest edges and clear-cuts during the fall and winter season 2021/2022 in biosphere 
reserve Roztochya, Ukraine. N. Bachstein and L. Grabsch. Bachelor thesis in 
International Forest Ecosystem Management, B.Sc. Eberswalde University. Second 
supervision.  
2. Monitoring forests under a changing management regime – use cases of Loreley 
valley and Oberbergischer Kreis. Valentina García. Master thesis in Global change 
management. Second supervision. 
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(2019), Research in Forests (2020), Literature Reviews (2020), Remote Sensing 
(2020, 2021, 2022) 
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1. Gohr, C. (2023): Analyse der Wirksamkeit von UNESCO-Biosphärenreservaten - 
Entwicklung eines globalen Monitorings auf Grundlage von sozio-ökologischen 
Parametern, ed. 2023. In: Treffpunkt Biologische Vielfalt XX. Hrsg: J. Stadler. DE: 
Bundesamt für Naturschutz. https://doi.org/10.19217/skr664. 
2. Ibisch, P. L.; Blumröder, J. S.; Gohr, C.; Schmidt, L. (2021): Konzept zur Förderung 
der Funktionen und Leistungen von Waldökosystemen in Deutschland. Centre for 
Econics and Ecosystem Management an der Hochschule für nachhaltige Entwicklung 
Eberswalde für die Bundestagsfraktion Bündnis 90/Die Grünen. Eberswalde, Berlin. 
3. Gohr, C.; Blumröder, J. S.; Ibisch, P. L. (2020): Thermische Wirkungen von 
Waldökosystemen und Autobahnen unter den Bedingungen des Klimawandels 
Beurteilung der mikro- und mesoklimatischen Effekte des geplanten Baus des 
Autobahnabschnittes der A49 auf den Dannenröder Forst, Hessen. Greenpeace e.V., 
Hamburg. 
  

Conferences 
(4) 

1. Tracking human impact on land surface temperature (2022). Presentation at the 
Google Geo for Good Summit, Mountain View. USA. 
2. Biosphere Reserves from space: Assessing their ecological effectiveness using 
Earth Engine (2022). Presentation at the International Conference: Science and 
Research in, for and with UNESCO Biosphere Reserves. Eberswalde, Werbellinsee. 
Germany. 
3. Quantifying Landscape Temperature Mitigation of Forests and Wetlands (2021). 
Presentation at the Annual Meeting of AK Fernerkundung: Fernerkundung für die Welt 
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Research stays 
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Supplementary Figure 1. The LST (MODIS Aqua MYD11A1) mean value and standard deviation of 
forest areas (Hansen et al. 2013) in different ecoregions in Germany of the annual hottest days  
2013-2022. The year 2022 shows extreme heat peaks, similar to the year 2018. The Alps show the 
same trends as other ecoregions at lower mean temperatures except for 2018, where the relatively cool 
mean temperature on hot days did not rise. In the Prealps, some of the highest mean temperatures are 
recorded in 2013 to 2015. The temperatures of the Southwest Uplands peak in 2022. 
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Supplementary Figure 2. The NDVI (MODIS Aqua MYD13A2) mean value and standard deviation 
of forest areas (Hansen et al. 2013) in different ecoregions in Germany per growing season (May-
September) 2013-2022. The Uplands and the Alps record a higher mean greenness per growing season 
than the Lowlands and the Prealps. However, the decrease in vitality in 2018 and the following years 
are significant for all ecoregions. 

Supplementary Table 1. Overview of area specifics for number of forest fragments, the size of the 
largest fragment, the area in km2, forest area in km2, the percentage forest cover and the days above 
30 °C in forests in 2022. 

Area No. of 
fragments 

max size 
fragment 
in km2 

Area in km2 
Forest 
area in 
km2*1 

% 
forest 
cover 

Days above 
30°C in 
forests 2022*2 

Germany 1931934 3758 357588 98768.35 27.6*1 124 
Alps 19106 1300 3816.30 2598.55 68.09 24 
Prealps 238162 441 30636.16 8219.63 26.83 80 
E_uplands 168553 1279 30528.82 11048.23 36.19 77 
SW_uplands 259848 3758 63118.01 23382.1 37.05 107 
W_uplands 433428 1372 57020.72 21960.29 38.51 91 
NE_lowlands 335306 2369 76616.65 19911 25.99 96 
NW_lowlands 477531 1134 71213.83 11408.29 16.02 92 

*1 based on Hansen et al. 2013 tree cover data at Landsat 30 m pixel resolution. The values differ from 
official statistics as they count forest areas without trees (and exclude some woodlands, urban forests 
that are no legal forest).  
*2 based on MODIS Aqua MYD11A1 Land surface temperature at 1 km spatial resolution.  
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Supplementary Table 2. Number of fragments (count), median values of Thiessen connectivity (TP), 
Land surface temperature (LST) and Normalized Difference Vegetation Index (NDVI) in different 
grouped forest fragments per ecoregion in Germany in 2022. 

Ecoregion   Alps Prealps 
Indicator   count TP LST NDVI Count TP LST NDVI 

Fragment 
< 1 km 91380 0.52 22.22 0.83 2085292 0.41 26.84 0.80 
1-5 km 20085 0.70 21.75 0.83 1547516 0.76 26.23 0.82 
> 5 km 2627582 0.88 20.93 0.87 4707301 0.63 24.92 0.85 

Ecoregion   E_uplands SW_uplands 
Indicator   count TP LST NDVI Count TP LST NDVI 

Fragment 
< 1 km 1334707 0.37 26.40 0.81 2498433 0.38 28.86 0.79 
1-5 km 1015713 0.60 25.72 0.86 2735707 0.61 28.04 0.82 
> 5 km 9152073 0.81 23.35 0.82 19456159 0.81 25.58 0.87 

Ecoregion   NE_lowlands NW_lowlands 
Indicator   count TP LST NDVI Count TP LST NDVI 

Fragment 
< 1 km 3058691 0.31 26.93 0.78 3805222 0.34 26.65 0.77 
1-5 km 2538140 0.59 25.89 0.81 2082233 0.61 25.68 0.81 
> 5 km 15205831 0.81 24.48 0.82 5636453 0.78 24.26 0.83 

Ecoregion   W_uplands   
Indicator   count TP LST NDVI     

Fragment 
< 1 km 3210310 0.41 26.93 0.81     
1-5 km 2247157 0.61 26.49 0.84     
> 5 km 17271998 0.77 24.84 0.87     
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Supplementary Figure 3. Mean values of the maximum vitality (NDVI) per pixel in the growing 
season May to September of forest areas in Germany from 2013 to 2022 differentiated by broad-leaved 
forest, coniferous forest and unclassified forest areas. The standard deviations of the mean values are 
shown for each year and forest class. 
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Supplementary Figure 4. Land surface temperature (MODIS Aqua MYD11A1) on hot days 2022 (at 
1 km resolution of forested areas 2022 (Hansen et al. 2013, 30 m) and elevation based on the SRTM 
30 m (NASA JPL 2020) with Jenks natural breaks for seven classes. The count of data points at 1 km 
resolution per elevation break is depicted above the x-axis. The higher the forest covered areas, the 
cooler the temperature on hot days. 
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Supplementary Figure 5. Bivariate maps of broadleaved tree covered areas in Germany 2022 and 
their relation between degree of fragmentation with temperatures and vegetation vitality. A) Thiessen 
Connectivity and Land surface temperature of hot days in 2022 (MODIS Aqua MYD11A1). B) 
Thiessen Connectivity and the maximum NDVI (MODIS Aqua MYD13A2) per growing season in 
2022. 
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Supplementary Figure 6. Bivariate maps of coniferous tree covered areas in Germany 2022 and their 
relation between degree of fragmentation with temperatures and vegetation vitality. A) Thiessen 
Connectivity and Land surface temperature of hot days in 2022. B) Thiessen Connectivity and the 
maximum NDVI per growing season in 2022. 
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Supplementary Figure 7. Zoomed in view of some important locations depicted in bivariate maps of 
tree covered areas in Germany 2022. Subsets A, B and C shows the relation between Thiessen 
Connectivity and Land surface temperature of hot days in 2022. Subsets D, E and F shows the relation 
between Thiessen Connectivity and the maximum NDVI per growing season in 2022. 
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Corresponding author: charlotte.gohr@leuphana.de 
 

 
This article was submitted to Science for peer review on March 26, 2024, and follows the 
journal’s corresponding referencing and formatting style. 
 
 
Materials and Methods 
 
Summary  
The main datasets based on satellite imagery used were the GLAD forest cover 2010 product 
(42) and seven different preprocessed products of NASA’s Moderate Resolution Imaging 
Spectroradiometer (MODIS) with derived forest ecosystem functioning proxies, all accessed 
and processed through the cloud-computing infrastructure Google Earth Engine and the 
connected large repository of geospatial datasets (43). The primary vector dataset is a 
collection of border information from the world network of biosphere reserves. All datasets are 
described in Table S1. For a spatio-temporal analysis at 1 km, we collected a 20 percent 
sample for each of the seven forest ecosystem functioning proxies inside and outside for two 
time spans 2010-2016 and 2017-2022. 
 
Forest definition and area selection 
The global GLAD tree cover dataset 2010 at 30 m resolution 
(https://glad.umd.edu/dataset/global-2010-tree-cover-30-m) served as the basis for our 
definition of forest. We filtered tree cover at 30 m with a threshold of ≥ 30 % and transformed 
the data to a binary tree cover/no tree cover format. We used the binary tree cover at 30 m to 
define tree cover at 1 km with a threshold of ≥ 50 % (44). This tree cover dataset 2010 at 1 
km with values from 50 to 100 % coverage was used in the analyses and to define and select 
forested biosphere reserves (example: Fig. S1). The set of UNESCO biosphere reserves 
border data was acquired from the World Database on Protected Areas (45), a European 
Collection of biosphere reserves’ border information (46), and directly from local biosphere 
reserves administrations.  
We excluded biosphere reserves that 1) were available as point information only, 2) were 
established after 2010 since we wanted to detect changes over time under designated areas, 
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3) had not only less than 20 % forest cover inside but also less than 10 % forest cover in their 
surroundings (example: Fig. S1), 4) were outside of forest biomes, namely tropical & 
subtropical moist and dry broadleaf and coniferous forests, temperate broadleaf and mixed 
and conifer forests, boreal forests/taiga, and mangroves. The selection criteria are 
comparable to standard practice (e.g., 14).  
Of 748 biosphere reserves, we acquired 474 biosphere reserves with geospatial border 
datasets, of which 308 were established before 2010, of which 174 had correct border 
information and lie within forest cover biomes, of which 119 had sufficient forest cover. Due to 
the wide range of area sizes of all biosphere reserves, the outside border was set with a 
buffer calculated with the natural logarithm of the size of each area multiplied by 500. The 
buffer was then bound to a rectangular format for faster processing. We did not exclude 
designated areas, such as other protected areas or biosphere reserves, from the outside area 
since we wanted to depict the real-world characteristics of both the inside and outside 
biosphere reserves. Nevertheless, we accounted for this fact as a source of uncertainty and 
extracted the percentage of protected area cover in the surroundings of the biosphere 
reserves as a moderating variable.  
 

Proxies of forest ecosystem functions 
The selected proxies follow the overview of significant, convincing, and potentially available 
remotely sensed ecosystem functioning indicators suitable for forest ecosystems (29). The 
proxies are forest connectivity, evapotranspiration, the Normalized Difference and Enhanced 
Vegetation Index, gross and net primary productivity, and land surface temperature. Forest 
connectivity for each biosphere reserve and its surroundings for both time steps was 
produced by 1) creating tree cover 2016 (excluding tree cover loss before 2016) and tree 
cover 2022 (excluding tree cover loss before 2022) datasets, 2) computing Thiessen polygons 
around forest fragment centroids, 3) computing the ratio of each Thiessen polygon size and 
the corresponding forest cover size, which results in values ranging from 0 to 1, 4) sampling 
10 % inside and 10 % outside and 5) transform to table data. Except for forest connectivity, all 
proxies were processed as raster data for each biosphere reserve and its surroundings by 1) 
if required, being scaled to 1 km, 2) masked to tree cover 2010 at 1 km, 3) temporally filtered 
to means per pixel for the time steps 2010-2016 and 2017-2022, 4) defined/masked as inside 
or outside, 5) sampled 10 % inside and 10 % outside and 6) transformed to table data. The 
per-pixel formula for both time steps 2010-2016 and 2017-2022 for each proxy was defined as 
follows: Forest connectivity 2016 and 2022, mean of annual sums of evapotranspiration in 
kg/m²/year, mean of yearly maxima of the Normalized Difference and Enhanced Vegetation 
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Index, mean of the annual sums of the gross and net primary productivity in kg*C/km2, mean 
of days ≥ 30 °C of land surface temperature in °C (as a proxy for the cooling function of 
forests (32)), mean of the annual sums of precipitation in mm/year. For a detailed product and 
processing overview, see table S1.  

 
Fig. S1: Sampling illustration screenshot from the Google Earth Engine. 
Forest cover from 50 to 100 % in dark gray to light gray. Sample points as 30 % of the forest 
cover area (10% inside and 20% outside). biosphere reserves’ borders in red. Left: Northwest 
corner of the largest biosphere reserve, Alto Orinoco Casiquiare in Venezuela, with 8.5 Mio 
ha and > 150.000 sampling points (inside right of the red line) and total area in the top left 
corner. Right: The smallest biosphere reserve, Taza, in Algeria, with 1.600 ha and 147 
sampling points.  
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Fig. S2: Number of observations and value ranges of the processed satellite imagery 
used in this study. Each of the seven ecosystem functioning proxies is displayed with the 
per pixel means for the two time spans of 2010-16 and 2017-22. The forest coverage is from 
2010. The observations cover the inside and surroundings of the investigated 119 biosphere 
reserves leading up to a total of more than 6 million observations.  
 
Area characteristics 
For each biosphere reserve, elevation and slope from the global multi-resolution terrain 
elevation data GMTED 2010 (47) were masked from water areas and scaled to 1 km. We did 
not use the commonly used SRTM data, since we required data above 60 °N and the overall 
accuracy of GMTED data is good (48). The water bodies distribution was based on the 
MODIS Terra land water mask at 250 m and the water mask 2010 (49) was selected and 
scaled to 1 km. 
The land use land cover change data from the MODIS land cover type yearly data at 500 m 
(50) was processed by selecting land cover 2010, 2016 and 2021, comparing 2010 with 2016 
and 2016 with 2021 pixel-wise and upscaling to 1 km (if >50 % land use land cover change in 
1 km = 1). The burned area data from the MODIS Burned Area Monthly Global 500 m (51) 
indicating the day of a year a fire happened was processed by selecting the time series for 
each time step (2010-2016 and 2017-2022), transforming values to 1 if burned and 0 if not 
burned and scaling to 1 km. The metadata for each biosphere reserve, based on the 
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described datasets above contain the year of establishment, biome and ecoregion information 
(52), tree cover percentage for 2010, 2016 and 2022, water cover percentage for 2010, 
burned area percentage for 2010-2016 and 2017-2022 and protected area cover percentage 
2023 (45). For a detailed product and processing overview see the Supplementary Material 
(Table S2). 
 

Statistics and linear mixed effect models  
The dataset generated in the Google Earth Engine encompasses 7,938,752 values. They 
correspond to 119 biosphere reserves and their forest cover inside and outside for seven 
ecosystem functioning proxies and two time steps. We used the R programming language for 
all statistics with RStudio 2023.06.1+524 (53). To investigate if ecosystem functions in 
biosphere reserves differ from forests in their surroundings over time and worldwide, we used 
a linear mixed effect model framework, specifically the lmer - function which is part of the 
lme4 –package (54), integrating the nested structure of our data into those models. All forest 
ecosystem functioning proxy data is continuous. To find the most fitting model, we run various 
models for each proxy. The biosphere reserves served as random effects. We fitted as fixed 
effects forest cover percentage, biome, time steps and the inside and outside to explore which 
combination best describes the behavior of each proxy. The Aikake Information Criterion 
(AIC) was used to decide for the best model for our dataset. The general structure of all 
models using the maximum likelihood where:  

(1) proxy ~ Inside_Outside, random = ~ 1|Biosphere_Reserve 
(2) proxy ~ Inside_Outside *Forest_Cover_2010, random = ~ 1|Biosphere_Reserve 
(3) proxy ~ Inside_Outside * Forest_Cover_2010*biome, random = ~ 1| 

Biosphere_Reserve 
(4) proxy ~ Inside_Outside * Forest_Cover_2010*biome*time, random = ~ 1| 

Biosphere_Reserve 
(5) proxy ~ Inside_Outside * Forest_Cover_2010*biome+time* Inside_Outside, random = 

~ 1| Biosphere_Reserve 
 
To model the difference between the inside of the biosphere reserves and their surroundings, 
we build on the same model structure and used the median proxy difference of inside and 
outside:  
 

(6) proxyDifference_Inside_Outside ~ Forest_Cover_2010_median*biome*time, random = 
~ 1| Biosphere_Reserve 
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Uncertainty and influencing factors  
In the course of this analysis, we investigated various sources of uncertainty. Since the 
number of biosphere reserves per biome is not balanced, we modeled the data with and 
without biomes with few numbers (n=3). Since no significant differences were observed, the 
biomes with small numbers of biosphere reserves remained in the dataset. We modeled and 
mapped the standard deviation of the biosphere reserves as random factors (Fig. S4). We 
compared the standard deviation of each model with the size of the biosphere reserves (Fig. 
S5). Other data on the number of observations per pixel per proxy per time step, population 
density, overlapping protected areas, water coverage, elevation and slope are available upon 
request. Other sources of uncertainty that were not investigated were globally different 
governance and management regimes and forest types.  
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Fig. S3. Model predictions and standard deviation for the proxy difference inside and 
outside for each of the 119 biosphere reserves.  
Data is depicted for two times 2010-16 (dots) and 2017-22 (triangles) against the respective 
median of the raw data. Predictions above 0 indicate higher proxy values inside than outside. 
Predictions below 0 indicate the opposite. Colors refer to biomes.  
Model: (6) proxyDifference_Inside_Outside ~ Forest_Cover_2010_median*biome*time, 
random = ~ 1| Biosphere_Reserve. 
A) Gross primary productivity, B) Connectivity, C) Evapotranspiration, D) Hot day 
temperature.  
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Fig. S4. Model predictions and confidence intervals.  
Each proxy for each of the 119 biosphere reserves for two times 2010-16 (light blue) and 
2017-22 (dark blue) in forested biomes for the surroundings (0) and the inside of the 
biosphere reserve (1). A) Gross primary productivity, B) Evapotranspiration, C) Hot-day 
temperature, D) Connectivity. 
 

 
Fig. S5. World map of modeled standard deviation (SD) of the random effects of each 
biosphere reserve (n = 119).2 Each standard deviation per biosphere reserve is scaled, 
multiplied by 255 and transformed into RGB-values for three ecosystem function proxies 
namely forest patch connectivity, hot day temperature and gross primary productivity. Smaller 
windows show the same effects for Central America and Europe. 
  

 
2 The color coding in map B differs from the original submission of the thesis framework. It was adapted to this 
corrected version for this publication. 
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Fig. S6. Relations between area size of each biosphere reserve (n=119) and the 
corresponding modeling standard deviation for each forest ecosystem proxy. 
Model: proxy ~ Inside_Outside * Forest_Cover_2010*biome*time, random = ~ 1| 
Biosphere_Reserve  
A) Gross primary productivity, B) Net primary productivity, C) Enhanced Vegetation Index, D) 
Normalized Difference Vegetation Index, E) Evapotranspiration, F) Connectivity, G) Hot day 
temperature.  
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Fig. S7. Predicted forest ecosystem functioning for forest cover shares by biome.  
Biomes: tropical & subtropical moist broadleaf, dry broadleaf and conifer forests, temperate 
broadleaf and mixed and conifer forests, boreal forests and mangroves. Modeled 
observations are displayed for forests inside biosphere reserves in blue and for surrounding 
forests in red. Ribbons represent 0.95 confidence intervals. X-axis is forest cover share. 
Model with fixed effects of forest cover share, inside or outside the biosphere reserve, biome 
and two periods of time 2010-16 and 2017-22. 
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Table S1. Overview of datasets used in this study. Each dataset’s processing is described 
in alphabetical order, and its use is justified.  
Name Data 

basis 
DOI Processing General 

product 
Pixel 
dimensions 

Function Justification 

Biome RESOLVE 
ecoregion
s 2017 

https://acad
emic.oup.co
m/bioscienc
e/article/67/
6/534/31029
35 
https://doi.or
g/10.1093/bi
osci/bix014 

adding biome data 
to the biosphere 
reserves polygons  

biome and 
ecoregions 
characteristics 
for each 
biosphere 
reserve 

polygon area 
characteristics 

based on the commonly 
used biome and 
ecoregions definition of 
Olson et al. 2001 

Biospher
e 
reserves 

UNESCO 
WNBR 
list, most 
recent 
WDPA 
shapes, 
Palliwoda 
et al. 2021 
Europe 

www.protect
edplanet.net
; 
https://doi.or
g/10.3389/fe
vo.2021.736
358 

select if > 20 % 
forest cover inside 
and >10 % 
outside, 
surrounding area 
defined as  
log(area 
inside)*500 

biosphere 
reserves 
borders and 
surrounding as 
polygons and 
binary raster 
(inside = 1, 
outside = 0) 

0 = outside, 1 
= inside 

Area 
identification 

WDPA most 
comprehensive database 
of protected areas 
currently available, 
Palliwoda et al. 2021 
curated shapefiles for 
Europe 

Burned 
Area 

MCD64A1
.061 
MODIS 
Burned 
Area 
Monthly 
Global 
500m 

https://doi.or
g/10.5067/M
ODIS/MCD6
4A1.061 

select burned area 
time series, 
transform values 
to 1 if burned and 
0 if not burned in 
two time spans, 
upscale to 1 km 

Feature and 
Proxy of two 
time spans 
(2010-2016 and 
2017-2022) for 
forest cover 

binary, 0 = no 
burn, 1 = burn 

Feature: 
counts 
transformed to 
coverage per 
time span, 
output = table; 
Proxy: raster 
binary 

burned area more 
reliable per pixel than 
detecting fires (hard to 
estimate the size of each 
fire); therefore the binary 
approach allows to see if 
fire was an influencing 
factor of ecosystem 
functions or not 

Connecti-
vity 

Global 
Forest 
Cover 
Change 
(GFCC) 
Tree 
Cover 
Multi-Year 
Global 
30m 

https://doi.or
g/10.5067/M
EaSUREs/G
FCC/GFCC
30TC.003; 
adapted 
from Justin 
Braaten: 
https://code.
earthengine.
google.com/
94f412c327
2d5c021398
79a8ac4a78
60 

generate forest 
cover for 2016 
and 2022, select 
and upscale as in 
forest cover 2016 
and 2022 (see 
above); compute 
Thiessen 
Polygons around 
centroids of each 
forest fragment; 
compute size of 
Thiessen 
Polygons and size 
of forest 
fragments; 
calculate ratio 
between forest 
cover and 
corresponding 
Thiessen Polygon 
size 

Proxy of two 
time spans 
(2010-2016 and 
2017-2022) for 
forest cover 

Connectivity 
value for each 
forest pixel at 
1 km, range 0 
to 1 (1 = most 
connected) 

Proxy based on Mann et al. 
2023, works for 1 km 
resolution as an estimate 
of fragmentation 

Elevation 
and 
Slope 

GMTED20
10 

Danielson, 
J.J., Gesch, 
D.B., 2011, 
Global multi-
resolution 
terrain 
elevation 
data 2010 
(GMTED201
0): U.S. 
Geological 
Survey 
Open-File 
Report 
2011–1073, 
26 p. 

select 
elevation/slope, 
upscale to 1km, 
mask water areas 

Characteristics 
for year 2010 for 
all land cover 
and for forest 

continuous 
per pixel value 
of elevation 
and slope 
year 2010 

area 
characteristics 

values above 60°N; 
Accuracy assessments: 
https://ntrs.nasa.gov/api/
citations/20110009936/d
ownloads/20110009936.
pdf 

https://academic.oup.com/bioscience/article/67/6/534/3102935
https://academic.oup.com/bioscience/article/67/6/534/3102935
https://academic.oup.com/bioscience/article/67/6/534/3102935
https://academic.oup.com/bioscience/article/67/6/534/3102935
https://academic.oup.com/bioscience/article/67/6/534/3102935
https://academic.oup.com/bioscience/article/67/6/534/3102935
https://doi.org/10.1093/biosci/bix014
https://doi.org/10.1093/biosci/bix014
https://doi.org/10.1093/biosci/bix014
http://www.protectedplanet.net/
http://www.protectedplanet.net/
https://doi.org/10.3389/fevo.2021.736358
https://doi.org/10.3389/fevo.2021.736358
https://doi.org/10.3389/fevo.2021.736358
https://doi.org/10.3389/fevo.2021.736358
https://doi.org/10.5067/MODIS/MCD64A1.061
https://doi.org/10.5067/MODIS/MCD64A1.061
https://doi.org/10.5067/MODIS/MCD64A1.061
https://doi.org/10.5067/MODIS/MCD64A1.061
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://code.earthengine.google.com/94f412c3272d5c02139879a8ac4a7860
https://code.earthengine.google.com/94f412c3272d5c02139879a8ac4a7860
https://code.earthengine.google.com/94f412c3272d5c02139879a8ac4a7860
https://code.earthengine.google.com/94f412c3272d5c02139879a8ac4a7860
https://code.earthengine.google.com/94f412c3272d5c02139879a8ac4a7860
https://code.earthengine.google.com/94f412c3272d5c02139879a8ac4a7860
https://code.earthengine.google.com/94f412c3272d5c02139879a8ac4a7860
https://ntrs.nasa.gov/api/citations/20110009936/downloads/20110009936.pdf
https://ntrs.nasa.gov/api/citations/20110009936/downloads/20110009936.pdf
https://ntrs.nasa.gov/api/citations/20110009936/downloads/20110009936.pdf
https://ntrs.nasa.gov/api/citations/20110009936/downloads/20110009936.pdf


APPENDIX 
 

103 
 

Name Data 
basis 

DOI Processing General 
product 

Pixel 
dimensions 

Function Justification 

Evapo-
transpi-
ration 

MOD16A2
.006: 
Terra Net 
Evapotran
spiration 
8-Day 
Global 
500m 

https://doi.or
g/10.5067/M
ODIS/MOD1
6A2.006 

for each time 
span, compute the 
annual sums from 
8-day dataset and 
generate the per 
pixel mean, 
upscale to 1 km, 
get for all land 
cover (except 
water) and for only 
forest 

Proxy of two 
time spans 
(2010-2016 and 
2017-2022) for 
for forest cover 

unit 
kg/m²/8day, 
mean of 
annual sums 
in two time 
spans with 
unit 
kg/m²/year, 
range 0 to 
approx. 30000 

Proxy means of annual sums 
avoids the problems of 
seasonality for a global 
study 

Forest 
cover 

GLAD tree 
cover 
2010 at 30 
m 

https://glad.
umd.edu/Po
tapov/TCC_
2010/ 

download from 
website, clip to 
selected BRs, 
upload to Google 
Earth Engine, >30 
% tree cover to 
binary, upscale to 
1 km 

Forest cover 
>50 % at 1 km 

0 to 100 % Mask for 
Proxies, base 
for 
fragmentation 
product 

For global datasets 
threshold of >30 % tree 
cover is used to identify 
forest; 50 % threshold 
justified by upscaling, if 
>50 % of the 1 km pixel 
is covered with trees, it is 
considered forest 

Forest 
cover 
2016 and 
2022 

Global 
Forest 
Cover 
Change 
(GFCC) 
Tree 
Cover 
Multi-Year 
Global 
30m 

https://doi.or
g/10.5067/M
EaSUREs/G
FCC/GFCC
30TC.003 

generate forest 
cover for 2016 
and 2022, my 
masking forest 
loss (2001-2015 
for forest cover 
2016 and 2017-
2021 for forest 
cover 2022), 
making tree cover 
% binary, upscale 
to 1km and use 
forest cover at 1 
km for the two 
time spans with > 
50 % and make 
binary again to 
compute % inside 
and outside 

Feature for two 
years 2016 and 
2022, coverage 
in side and 
outside 

1 = feature 
exists, other is 
masked; 1 
counted to 
compute 
coverage 
percentage for 
two years for 
inside and 
outside 

Feature, 
output = table 

best available dataset for 
forest cover change 
globally 

Gross 
primary 
produc-
tivity and 
net 
primary 
produc-
tivity 

Aqua Net 
Primary 
Productio
n Gap-
Filled 
Yearly 
Global 
500m 

https://doi.or
g/10.5067/M
ODIS/MYD1
7A3HGF.06
1 

for each time 
span, generate 
the per pixel mean 
from the annual 
sums, upscale to 
1 km  

Proxy of two 
time spans 
(2010-2016 and 
2017-2022) for 
forest cover 

unit kg*C/m^2, 
mean of 
annual sums 
in two time 
spans, GPP 
range 0 to 
approx. 6000, 
NPP range -
3000 to 3000 
 

Proxy means of annual sums 
avoids the problems of 
seasonality for a global 
study 

Hot day 
tempe-
rature 

MYD11A1
.061 Aqua 
Land 
Surface 
Temperat
ure Daily 
Global 
1km 

https://doi.or
g/10.5067/M
ODIS/MYD1
1A1.061 

Filter days with 
maximum daytime 
temperature 
values in the area 
above 30 °C for 
two time spans; 
generate the per 
pixel mean of hot 
days 

Proxy of two 
time spans 
(2010-2016 and 
2017-2022) for 
forest cover 

hot day 
means, 
continuous, 
pixel at 1 km 
range approx. 
-5 to 40°C 

Proxy based on Gohr et al. 
2021, means of hot days 
avoid the problems of 
seasonality in a global 
study 

Land 
cover 
change 

MCD12Q1
.061 
MODIS 
Land 
Cover 
Type 
Yearly 
Global 
500m 

https://doi.or
g/10.5067/M
ODIS/MCD1
2Q1.061 

select land cover 
2010, 2016 and 
2021, compare 
2010 with 2016 
and 2016 with 
2021, upscale to 
1km (if >50% 
LULCC in 1km = 
1) 

Feature and 
Proxy of two 
time spans 
(2010-2016 and 
2017-2022) for 
forest cover 

binary, 0 = no 
change, 1 = 
change 

Feature: 
counts 
transformed to 
coverage per 
time span, 
output = table; 
Proxy: raster 
binary 

MODIS land cover type 
best available global and 
yearly updated dataset, 
focus on if there was a 
change or not rather than 
which land cover type 
was there at which time 

https://doi.org/10.5067/MODIS/MOD16A2.006
https://doi.org/10.5067/MODIS/MOD16A2.006
https://doi.org/10.5067/MODIS/MOD16A2.006
https://doi.org/10.5067/MODIS/MOD16A2.006
https://glad.umd.edu/Potapov/TCC_2010/
https://glad.umd.edu/Potapov/TCC_2010/
https://glad.umd.edu/Potapov/TCC_2010/
https://glad.umd.edu/Potapov/TCC_2010/
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MEaSUREs/GFCC/GFCC30TC.003
https://doi.org/10.5067/MODIS/MYD17A3HGF.061
https://doi.org/10.5067/MODIS/MYD17A3HGF.061
https://doi.org/10.5067/MODIS/MYD17A3HGF.061
https://doi.org/10.5067/MODIS/MYD17A3HGF.061
https://doi.org/10.5067/MODIS/MYD17A3HGF.061
https://doi.org/10.5067/MODIS/MYD11A1.061
https://doi.org/10.5067/MODIS/MYD11A1.061
https://doi.org/10.5067/MODIS/MYD11A1.061
https://doi.org/10.5067/MODIS/MYD11A1.061
https://doi.org/10.5067/MODIS/MCD12Q1.061
https://doi.org/10.5067/MODIS/MCD12Q1.061
https://doi.org/10.5067/MODIS/MCD12Q1.061
https://doi.org/10.5067/MODIS/MCD12Q1.061
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Name Data 
basis 

DOI Processing General 
product 

Pixel 
dimensions 

Function Justification 

NDVI and 
EVI 

MYD13A2
.061 Aqua 
Vegetatio
n Indices 
16-Day 
Global 
1km 

https://doi.or
g/10.5067/M
ODIS/MYD1
3A2.061 

select NDVI/EVI 
time series, mask 
snow and clouds 
and water, 
generate annual 
max per pixel, get 
per pixel mean for 
each time span  

Proxy of two 
time spans 
(2010-2016 and 
2017-2022) for 
forest cover 

max means, 
continuous, 
pixel at 1 km 
range 0 to 1 

Proxy using the means for six 
years of the annual 
maximum values allows 
for a global comparison 
and seasonality does not 
have to be considered 

Popula-
tion 
density 

GPWv411 https://doi.or
g/10.7927/H
49C6VHW. 

select census 
2010, water 
already masked 

Feature and 
Proxy of 2010 
(contains 
census collected 
between 2005-
2014) for forest 
cover 

Feature: 
counts 
transformed to 
coverage for 
2010, output = 
table; Proxy: 
raster 
continuous 
per pixel value 
of estimated 
number of 
people per 
square 
kilometer 

area 
characteristics 

Selected only census of 
2010 as year for human 
density, since other 
years are estimations. 
https://sedac.ciesin.colu
mbia.edu/binaries/web/s
edac/collections/gpw-
v4/gpw-v4-
documentation-rev11.pdf 

Water 
bodies 

MOD44W.
006 Terra 
Land 
Water 
Mask 
Derived 
From 
MODIS 
and 
SRTM 
Yearly 
Global 
250m 

https://doi.or
g/10.5067/M
ODIS/MOD4
4W.006 

select water mask 
2010, upscale to 1 
km 

Watermask: 
Mask for water 
not to be 
included in the 
Proxies all land 
cover types 
raster; Water 
bodies: include 
water bodies for 
% cover of 
features 

Watermask: 
water = 
masked, no 
water = 1; 
Water bodies: 
water = 1, no 
water= 
masked  

Watermask for 
Proxies for all 
land cover 
types, base 
for water 
bodies cover 
% for features 

best available dataset for 
water bodies globally 

  

https://doi.org/10.5067/MODIS/MYD13A2.061
https://doi.org/10.5067/MODIS/MYD13A2.061
https://doi.org/10.5067/MODIS/MYD13A2.061
https://doi.org/10.5067/MODIS/MYD13A2.061
https://doi.org/10.7927/H49C6VHW.
https://doi.org/10.7927/H49C6VHW.
https://doi.org/10.7927/H49C6VHW.
https://sedac.ciesin.columbia.edu/binaries/web/sedac/collections/gpw-v4/gpw-v4-documentation-rev11.pdf
https://sedac.ciesin.columbia.edu/binaries/web/sedac/collections/gpw-v4/gpw-v4-documentation-rev11.pdf
https://sedac.ciesin.columbia.edu/binaries/web/sedac/collections/gpw-v4/gpw-v4-documentation-rev11.pdf
https://sedac.ciesin.columbia.edu/binaries/web/sedac/collections/gpw-v4/gpw-v4-documentation-rev11.pdf
https://sedac.ciesin.columbia.edu/binaries/web/sedac/collections/gpw-v4/gpw-v4-documentation-rev11.pdf
https://doi.org/10.5067/MODIS/MOD44W.006
https://doi.org/10.5067/MODIS/MOD44W.006
https://doi.org/10.5067/MODIS/MOD44W.006
https://doi.org/10.5067/MODIS/MOD44W.006
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Table S2. Model outputs for model selection.  
mod1: proxy ~ Inside_Outside, random = ~ 1|BR 
mod2: proxy ~ Inside_Outside *Forest_Cover_2010, random = ~ 1|Biosphere_Reserve 
mod3: proxy ~ Inside_Outside * Forest_Cover_2010*biome, random = ~ 1| 
Biosphere_Reserve 
mod4: proxy ~ Inside_Outside * Forest_Cover_2010*biome*time, random = ~ 1| 
Biosphere_Reserve 
mod5: proxy ~ Inside_Outside * Forest_Cover_2010*biome+time* Inside_Outside, random = 
~ 1| Biosphere_Reserve 

Proxy model K AICc Delta_AICc ModelLik AICcWt LL Cum.Wt 
Gpp mod4 58 13864046 0.000 1,00E+06 1,00E+06 -6931965 1 
Gpp mod5 32 13865453 1.407.156 2,75E-300 2,75E-300 -6932695 1 
Gpp mod3 30 13865501 1.455.401 9.195668e-317 9.195668e-317 -6932721 1 
Gpp mod2 6 13923896 59.850.167 0.000000e+00 0.000000e+00 -6961942 1 
Gpp mod1 4 14031885 167.838.729 0.000000e+00 0.000000e+00 -7015938 1 
Npp mod4 58 13203471 0.000 1 1 -6601677 1 
Npp mod5 32 13205040 1.569.013 0 0 -6602488 1 
Npp mod3 30 13205204 1.732.948 0 0 -6602572 1 
Npp mod2 6 13261095 57.624.839 0 0 -6630542 1 
Npp mod1 4 13360342 156.871.853 0 0 -6680167 1 
EVI mod4 58 -2773562 0.0000 1,00E+06 1,00E+06 1386839 1 
EVI mod5 32 -2772969 5.933.531 1,43E-123 1,43E-123 1386516 1 
EVI mod3 30 -2770697 28.650.273 0.000000e+00 0.000000e+00 1385379 1 
EVI mod2 6 -2755193 183.690.818 0.000000e+00 0.000000e+00 1377602 1 
EVI mod1 4 -2743433 301.290.690 0.000000e+00 0.000000e+00 1371720 1 
NDVI mod4 58 -4299942 0.000 1 1 2150029 1 
NDVI mod5 32 -4298344 1.598.215 0 0 2149204 1 
NDVI mod3 30 -4298300 1.642.324 0 0 2149180 1 
NDVI mod2 6 -4287592 12.350.479 0 0 2143802 1 
NDVI mod1 4 -3982400 317.542.496 0 0 1991204 1 
LST mod4 58 4290312 0.000 1,00E+06 1,00E+06 -2145098 1 
LST mod5 32 4291589 1.276.813 5,54E-272 5,54E-272 -2145762 1 
LST mod3 30 4292489 2.177.208 0.000000e+00 0.000000e+00 -2146215 1 
LST mod2 6 4316507 26.194.863 0.000000e+00 0.000000e+00 -2158247 1 
LST mod1 4 4437764 147.452.492 0.000000e+00 0.000000e+00 -2218878 1 
ET mod4 58 12691774 0.000 1 1 -6345829 1 
ET mod5 32 12694163 2.388.878 0 0 -6347049 1 
ET mod3 30 12694172 2.398.196 0 0 -6347056 1 
ET mod2 6 12713311 21.537.396 0 0 -6356650 1 
ET mod1 4 12718489 26.714.972 0 0 -6359240 1 
Conn mod4 58 -966936.7 0.000 1,00E+06 1,00E+06 483526.3 1 
Conn mod5 32 -965924.7 1.011.987 1,78E-214 1,78E-214 482994.3 1 
Conn mod3 30 -961476.3 5.460.352 0.000000e+00 0.000000e+00 480768.2 1 
Conn mod2 6 -950414.7 16.521.933 0.000000e+00 0.000000e+00 475213.4 1 
Conn mod1 4 -883623.6 83.313.020 0.000000e+00 0.000000e+00 441815.8 1 
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Table S3. Model outputs of fixed and random effects for forest ecosystem proxies. The table includes marginal and conditional r2 for all 
modeled forest ecosystem function proxies differences between inside and outside following the model: 
proxyDifference_Inside_Outside ~ Forest_Cover_2010_median*biome*time, random = ~ 1| Biosphere_Reserve 

 Gppdiff Nppdiff EVIdiff NDVIdiff ETdiff LSTdiff Conndiff 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 1642.06 1057.91 – 
2226.21 

<0.001 1047.65 679.76 – 
1415.53 

<0.001 0.03 -0.11 
– 
0.17 

0.644 0.08 0.02 
– 
0.15 

0.011 -385.53 -642.08 
– -
128.99 

0.003 -5.16 -11.45 
– 1.12 

0.107 0.52 0.08 – 
0.97 

0.022 

FOR10 median -
1650.35 

-2280.01 
– -
1020.69 

<0.001 -
1012.58 

-1409.13 
– -
616.04 

<0.001 -0.04 -0.19 
– 
0.11 

0.600 -0.08 -0.14 
– -
0.01 

0.029 341.98 65.45 – 
618.52 

0.016 3.42 -3.36 – 
10.19 

0.321 -0.51 -0.99 
– -
0.03 

0.039 

Biome [2] -989.65 -3748.43 
– 1769.13 

0.480 -733.58 -2470.98 
– 
1003.83 

0.406 -0.18 -0.84 
– 
0.49 

0.597 -0.03 -0.33 
– 
0.27 

0.824 525.34 -686.27 
– 
1736.94 

0.394 -1.80 -31.48 
– 27.87 

0.905 -1.50 -3.61 
– 0.61 

0.163 

Biome [3] -
2122.40 

-3899.92 
– -344.88 

0.020 -
1541.66 

-2661.09 
– -
422.23 

0.007 0.28 -0.15 
– 
0.71 

0.195 0.20 0.01 
– 
0.40 

0.039 1274.80 494.15 – 
2055.46 

0.001 -6.10 -25.22 
– 13.02 

0.530 -0.42 -1.78 
– 0.94 

0.539 

Biome [4] -
1405.76 

-2160.42 
– -651.10 

<0.001 -917.27 -1392.54 
– -
442.01 

<0.001 0.02 -0.16 
– 
0.20 

0.851 -0.05 -0.13 
– 
0.03 

0.207 378.64 47.21 – 
710.08 

0.025 5.57 -2.55 – 
13.69 

0.178 -0.09 -0.67 
– 0.48 

0.751 

Biome [5] -
1202.13 

-2462.36 
– 58.09 

0.061 -871.17 -1664.82 
– -77.51 

0.032 0.16 -0.15 
– 
0.46 

0.307 -0.09 -0.22 
– 
0.05 

0.208 282.07 -271.40 
– 835.54 

0.316 7.28 -6.27 – 
20.84 

0.291 -0.14 -1.10 
– 0.82 

0.776 

Biome [6] -
1033.53 

-3201.16 
– 1134.10 

0.348 -679.81 -2044.93 
– 685.30 

0.327 -0.02 -0.54 
– 
0.50 

0.939 -0.02 -0.25 
– 
0.22 

0.879 418.87 -533.12 
– 
1370.85 

0.387 4.32 -19.00 
– 27.63 

0.716 -0.67 -2.33 
– 0.99 

0.428 

Biome [14] -
6007.28 

-13307.52 
– 1292.97 

0.106 -
4902.88 

-9500.38 
– -
305.38 

0.037 0.46 -1.30 
– 
2.22 

0.605 0.49 -0.30 
– 
1.29 

0.221 -
1114.83 

-4320.97 
– 
2091.31 

0.494 -
72.96 

-151.49 
– 5.57 

0.068 4.97 -0.61 
– 
10.56 

0.081 

time [1722] -71.69 -155.33 – 
11.95 

0.093 -20.06 -70.07 – 
29.95 

0.430 0.01 -0.02 
– 
0.05 

0.389 -0.01 -0.03 
– 
0.01 

0.195 -65.31 -136.98 
– 6.36 

0.074 0.66 -0.19 – 
1.51 

0.127 0.08 -0.13 
– 0.30 

0.444 

FOR10 median 
× Biome [2] 

911.78 -2431.72 
– 4255.28 

0.591 600.57 -1505.08 
– 
2706.22 

0.575 0.23 -0.58 
– 
1.03 

0.579 0.02 -0.34 
– 
0.39 
 
 

0.907 -499.77 -1968.18 
– 968.64 

0.503 4.92 -31.05 
– 40.89 

0.788 1.60 -0.96 
– 4.16 

0.219 
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 Gppdiff Nppdiff EVIdiff NDVIdiff ETdiff LSTdiff Conndiff 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

FOR10 median 
× Biome [3] 

2337.78 261.11 – 
4414.46 

0.028 1613.59 305.76 – 
2921.43 

0.016 -0.35 -0.85 
– 
0.15 

0.175 -0.24 -0.47 
– -
0.02 

0.036 -
1345.54 

-2257.58 
– -
433.50 

0.004 6.64 -15.70 
– 28.98 

0.559 0.46 -1.13 
– 2.05 

0.568 

FOR10 median 
× Biome [4] 

1358.75 519.36 – 
2198.15 

0.002 852.66 324.03 – 
1381.29 

0.002 -0.02 -0.22 
– 
0.18 

0.847 0.05 -0.04 
– 
0.14 

0.280 -341.18 -709.83 
– 27.47 

0.070 -4.90 -13.93 
– 4.13 

0.286 0.06 -0.59 
– 0.70 

0.862 

FOR10 median 
× Biome [5] 

1125.13 -293.67 – 
2543.94 

0.119 796.85 -96.68 – 
1690.37 

0.080 -0.20 -0.54 
– 
0.15 

0.259 0.08 -0.07 
– 
0.23 

0.308 -205.92 -829.03 
– 417.20 

0.515 -6.65 -21.91 
– 8.62 

0.392 0.02 -1.07 
– 1.10 

0.975 

FOR10 median 
× Biome [6] 

971.85 -1401.96 
– 3345.65 

0.421 594.39 -900.57 
– 
2089.35 

0.434 0.01 -0.56 
– 
0.58 

0.979 -0.00 -0.26 
– 
0.26 

0.997 -394.47 -1437.00 
– 648.06 

0.457 -2.76 -28.30 
– 22.78 

0.831 0.67 -1.15 
– 2.48 

0.469 

FOR10 median 
× Biome [14] 

6137.41 -1340.50 
– 
13615.31 

0.107 5005.68 296.30 – 
9715.06 

0.037 -0.51 -2.31 
– 
1.29 

0.575 -0.52 -1.34 
– 
0.29 

0.205 1171.77 -2112.39 
– 
4455.94 

0.483 75.50 -4.94 – 
155.94 

0.066 -5.33 -11.05 
– 0.39 

0.068 

FOR10 median 
× time 
 [1722] 

78.58 -11.58 – 
168.74 

0.087 17.76 -36.15 – 
71.66 

0.517 -0.01 -0.05 
– 
0.02 

0.456 0.01 -0.01 
– 
0.03 

0.203 58.00 -19.26 – 
135.25 

0.140 -0.66 -1.58 – 
0.26 

0.156 -0.08 -0.31 
– 0.15 

0.495 

Biome [2] × 
time [1722] 

338.83 -56.20 – 
733.86 

0.092 106.38 -129.79 
– 342.55 

0.376 -0.02 -0.18 
– 
0.14 

0.824 -0.02 -0.10 
– 
0.07 

0.690 -102.58 -441.05 
– 235.90 

0.551 -3.67 -7.69 – 
0.35 

0.073 0.27 -0.74 
– 1.29 

0.595 

Biome [3] × 
time [1722] 

-179.40 -433.93 – 
75.12 

0.166 -90.19 -242.36 
– 61.98 

0.244 0.02 -0.09 
– 
0.12 

0.747 -0.00 -0.06 
– 
0.05 

0.902 50.36 -167.73 
– 268.44 

0.649 -1.21 -3.80 – 
1.38 

0.357 -0.01 -0.67 
– 0.64 

0.968 

Biome [4] × 
time [1722] 

86.94 -21.12 – 
194.99 

0.114 14.67 -49.93 – 
79.28 

0.655 0.00 -0.04 
– 
0.04 

0.991 0.01 -0.01 
– 
0.03 

0.367 52.21 -40.38 – 
144.80 

0.268 -1.06 -2.16 – 
0.04 

0.058 -0.26 -0.54 
– 0.01 

0.063 

Biome [5] × 
time [1722] 

30.60 -149.85 – 
211.05 

0.738 19.76 -88.13 – 
127.64 

0.718 -0.01 -0.08 
– 
0.06 

0.819 0.04 0.00 
– 
0.08 

0.047 58.14 -96.48 – 
212.75 

0.459 -0.93 -2.76 – 
0.91 

0.322 -0.28 -0.75 
– 0.18 

0.230 

Biome [6] × 
time [1722] 

-1.80 -312.18 – 
308.58 

0.991 -63.65 -249.21 
– 121.92 

0.500 -0.03 -0.15 
– 
0.10 

0.691 -0.02 -0.08 
– 
0.05 

0.605 22.82 -243.13 
– 288.77 

0.866 0.57 -2.59 – 
3.72 

0.724 -0.40 -1.20 
– 0.40 

0.325 

Biome [14] × 
time [1722] 

338.44 -706.87 – 
1383.76 

0.524 5.21 -619.75 
– 630.16 

0.987 -0.10 -0.53 
– 
0.32 

0.627 -0.15 -0.36 
– 
0.07 

0.176 -526.85 -1422.52 
– 368.82 

0.248 1.27 -9.37 – 
11.91 

0.814 1.28 -1.40 
– 3.97 

0.347 



APPENDIX 
 

108 
 

 
  

 Gppdiff Nppdiff EVIdiff NDVIdiff ETdiff LSTdiff Conndiff 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(FOR10 median 
× Biome [2]) × 
time [1722] 

-434.66 -913.41 – 
44.09 

0.075 -123.64 -409.87 
– 162.59 

0.395 0.02 -0.17 
– 
0.21 

0.843 0.02 -0.08 
– 
0.12 

0.660 163.08 -247.13 
– 573.30 

0.434 4.17 -0.70 – 
9.04 

0.093 -0.40 -1.64 
– 0.83 

0.517 

(FOR10 median 
× Biome 
 [3]) × time 
[1722] 

236.03 -61.32 – 
533.39 

0.119 110.18 -67.60 – 
287.96 

0.223 -0.02 -0.14 
– 
0.10 

0.780 0.01 -0.06 
– 
0.07 

0.866 -26.12 -280.91 
– 228.66 

0.840 1.14 -1.89 – 
4.16 

0.460 0.01 -0.76 
– 0.77 

0.989 

(FOR10 median 
× Biome 
 [4]) × time 
[1722] 

-96.35 -216.54 – 
23.84 

0.116 -11.71 -83.56 – 
60.15 

0.748 -0.00 -0.05 
– 
0.04 

0.874 -0.01 -0.04 
– 
0.01 

0.366 -46.16 -149.14 
– 56.83 

0.378 1.17 -0.06 – 
2.39 

0.062 0.31 -0.00 
– 0.62 

0.052 

(FOR10 median 
× Biome 
 [5]) × time 
[1722] 

-35.65 -238.81 – 
167.51 

0.730 -19.38 -140.84 
– 102.08 

0.753 0.01 -0.07 
– 
0.09 

0.834 -0.04 -0.08 
– 
0.00 

0.051 -54.02 -228.10 
– 120.05 

0.541 0.94 -1.13 – 
3.01 

0.372 0.32 -0.20 
– 0.85 

0.222 

(FOR10 median 
× Biome 
 [6]) × time 
[1722] 

1.91 -337.99 – 
341.82 

0.991 73.83 -129.39 
– 277.04 

0.475 0.02 -0.11 
– 
0.16 

0.741 0.02 -0.05 
– 
0.09 

0.653 -14.03 -305.28 
– 277.21 

0.924 -0.60 -4.06 – 
2.86 

0.734 0.41 -0.46 
– 1.29 

0.354 

(FOR10 median 
× Biome 
 [14]) × time 
[1722] 

-337.18 -1407.93 
– 733.58 

0.535 2.02 -638.14 
– 642.19 

0.995 0.11 -0.32 
– 
0.54 

0.620 0.15 -0.07 
– 
0.37 

0.174 529.25 -388.22 
– 
1446.71 

0.257 -1.28 -12.18 
– 9.62 

0.817 -1.29 -4.04 
– 1.46 

0.357 

Random Effects 

σ2 209.12 74.75 0.00 0.00 153.53 0.02 0.00 

τ00 20189.42 BR 8015.60 BR 0.00 BR 0.00 BR 3780.96 BR 2.34 BR 0.01 BR 

ICC 0.99 0.99 0.97 0.96 0.96 0.99 0.88 

N 119 BR 119 BR 119 BR 119 BR 119 BR 119 BR 119 BR 

Observations 238 238 238 238 238 238 238 

Marginal R2 / 
Conditional R2 

0.306 / 0.993 0.384 / 0.994 0.106 / 0.974 0.219 / 0.971 0.317 / 0.973 0.204 / 0.993 0.251 / 0.913 
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Table S4. Model outputs of fixed and random effects for forest ecosystem proxies. Table includes marginal and conditional r2 for all 
modeled forest ecosystem function proxies following the model: 
proxy ~ Inside_Outside *Forest_Cover_2010*biome*time, random = ~ 1| Biosphere_Reserve 

  Gpp Npp EVI NDVI LST ET Conn 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(Intercept) 1183.53 1102.23 
– 

1264.84 

<0.001 277.86 215.62 – 
340.10 

<0.001 0.56 0.54 
– 

0.58 

<0.001 0.74 0.73 
– 

0.75 

<0.001 37.12 36.49 
– 

37.75 

<0.001 1063.32 1005.86 
– 

1120.78 

<0.001 0.49 0.45 
– 

0.53 

<0.001 

InOut 325.37 307.31 – 
343.42 

<0.001 22.92 9.98 – 
35.86 

0.001 0.02 0.01 
– 

0.02 

<0.001 -0.00 -0.01 
– -

0.00 

0.001 -0.84 -0.98 
– -

0.69 

<0.001 -50.85 -60.85 – 
-40.84 

<0.001 0.17 0.16 
– 

0.18 

<0.001 

FOR10 1575.35 1562.98 
– 

1587.72 

<0.001 1009.02 1000.15 
– 

1017.89 

<0.001 0.11 0.11 
– 

0.11 

<0.001 0.16 0.16 
– 

0.16 

<0.001 -9.92 -10.02 
– -

9.83 

<0.001 -200.88 -207.73 
– -

194.03 

<0.001 0.38 0.37 
– 

0.38 

<0.001 

Biome [2] 46.44 -267.20 
– 360.08 

0.772 169.18 -69.71 – 
408.07 

0.165 0.05 -0.02 
– 

0.13 

0.151 0.08 0.05 
– 

0.11 

<0.001 -0.00 -2.44 
– 2.43 

0.998 -259.09 -477.23 
– -40.96 

0.020 0.03 -0.11 
– 

0.18 

0.645 

Biome [3] -243.62 -465.69 
– -21.55 

0.032 496.13 326.31 – 
665.95 

<0.001 -0.10 -0.15 
– -

0.05 

<0.001 -0.02 -0.05 
– -

0.00 

0.022 -1.25 -2.97 
– 0.47 

0.154 -631.74 -788.16 
– -

475.31 

<0.001 -0.20 -0.30 
– -

0.10 

<0.001 

Biome [4] -100.58 -207.44 
– 6.27 

0.065 251.72 169.95 – 
333.49 

<0.001 -0.00 -0.03 
– 

0.02 

0.789 -0.01 -0.02 
– 

0.00 

0.224 -6.34 -7.17 
– -

5.52 

<0.001 -453.59 -529.02 
– -

378.16 

<0.001 -0.23 -0.27 
– -

0.18 

<0.001 

Biome [5] -518.46 -705.26 
– -

331.66 

<0.001 125.93 -16.97 – 
268.84 

0.084 -0.07 -0.11 
– -

0.03 

0.001 -0.04 -0.06 
– -

0.02 

<0.001 -
11.89 

-13.34 
– -

10.45 

<0.001 -565.57 -697.31 
– -

433.83 

<0.001 -0.11 -0.20 
– -

0.03 

0.010 

Biome [6] -774.10 -979.89 
– -

568.31 

<0.001 -24.53 -182.10 
– 133.04 

0.760 -0.02 -0.07 
– 

0.03 

0.447 -0.03 -0.05 
– -

0.01 

0.005 -
11.74 

-13.33 
– -

10.15 

<0.001 -856.37 -1001.90 
– -

710.83 

<0.001 -0.01 -0.10 
– 

0.09 

0.893 

Biome [14] 177.60 -136.52 
– 491.71 

0.268 70.43 -168.78 
– 309.64 

0.564 0.05 -0.02 
– 

0.13 

0.142 0.05 0.02 
– 

0.08 

0.003 4.63 2.19 – 
7.06 

<0.001 266.20 47.85 – 
484.55 

0.017 -0.37 -0.52 
– -

0.23 

<0.001 

time [1722] 10.20 -5.51 – 
25.91 

0.203 -56.60 -67.87 – 
-45.34 

<0.001 -0.01 -0.01 
– -

0.01 

<0.001 -0.00 -0.00 
– 

0.00 

0.595 -0.23 -0.36 
– -

0.10 

<0.001 154.81 146.11 – 
163.51 

<0.001 -0.09 -0.10 
– -

0.08 

<0.001 

InOut ×  
FOR10 
 
 

-348.03 -366.95 
– -

329.11 

<0.001 -4.80 -18.37 – 
8.76 

0.488 -0.02 -0.03 
– -

0.02 

<0.001 0.01 0.00 
– 

0.01 

<0.001 -0.04 -0.19 
– 0.11 

0.629 29.76 19.28 – 
40.24 

<0.001 -0.15 -0.16 
– -

0.14 

<0.001 
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  Gpp Npp EVI NDVI LST ET Conn 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

InOut × Biome 
[2] 

127.01 -17.83 – 
271.84 

0.086 126.20 22.37 – 
230.03 

0.017 0.02 -0.01 
– 

0.05 

0.283 0.04 0.02 
– 

0.05 

<0.001 -3.28 -4.45 
– -

2.12 

<0.001 142.75 62.52 – 
222.98 

<0.001 -0.26 -0.34 
– -

0.18 

<0.001 

InOut × Biome 
[3] 

-437.82 -502.08 
– -

373.56 

<0.001 -30.87 -76.94 – 
15.20 

0.189 -0.00 -0.02 
– 

0.01 

0.839 0.02 0.01 
– 

0.02 

<0.001 0.87 0.36 – 
1.39 

0.001 116.24 80.64 – 
151.84 

<0.001 0.10 0.06 
– 

0.14 

<0.001 

InOut × Biome 
[4] 

-494.47 -520.73 
– -

468.20 

<0.001 -108.33 -127.16 
– -89.50 

<0.001 -0.02 -0.03 
– -

0.02 

<0.001 0.00 0.00 
– 

0.01 

0.019 -0.68 -0.89 
– -

0.47 

<0.001 -44.21 -58.76 – 
-29.66 

<0.001 0.02 0.01 
– 

0.04 

0.001 

InOut × Biome 
[5] 

-367.78 -413.82 
– -

321.74 

<0.001 -38.90 -71.90 – 
-5.90 

0.021 -0.02 -0.03 
– -

0.01 

0.001 -0.01 -0.01 
– -

0.00 

0.033 -0.37 -0.74 
– -

0.00 

0.049 -74.77 -100.27 
– -49.27 

<0.001 -0.20 -0.22 
– -

0.17 

<0.001 

InOut × Biome 
[6] 

-353.75 -392.77 
– -

314.74 

<0.001 -58.44 -86.41 – 
-30.48 

<0.001 -0.05 -0.06 
– -

0.05 

<0.001 -0.01 -0.02 
– -

0.01 

<0.001 1.26 0.95 – 
1.58 

<0.001 32.98 11.37 – 
54.59 

0.003 -0.14 -0.16 
– -

0.12 

<0.001 

InOut × Biome 
[14] 

-384.52 -521.45 
– -

247.60 

<0.001 17.94 -80.22 – 
116.11 

0.720 -0.18 -0.21 
– -

0.15 

<0.001 -0.04 -0.05 
– -

0.02 

<0.001 -5.52 -6.62 
– -

4.42 

<0.001 10.56 -65.29 – 
86.42 

0.785 -0.23 -0.31 
– -

0.15 

<0.001 

FOR10 × Biome 
[2] 

-366.93 -488.33 
– -

245.53 

<0.001 -510.39 -597.41 
– -

423.36 

<0.001 -0.04 -0.07 
– -

0.01 

0.004 -0.08 -0.10 
– -

0.07 

<0.001 3.25 2.28 – 
4.23 

<0.001 490.26 423.01 – 
557.51 

<0.001 -0.17 -0.24 
– -

0.10 

<0.001 

FOR10 × Biome 
[3] 

-275.05 -325.51 
– -

224.60 

<0.001 -680.09 -716.26 
– -

643.92 

<0.001 0.04 0.03 
– 

0.05 

<0.001 -0.00 -0.01 
– 

0.00 

0.516 0.75 0.35 – 
1.16 

<0.001 736.59 708.64 – 
764.54 

<0.001 0.08 0.05 
– 

0.11 

<0.001 

FOR10 × Biome 
[4] 

-
1255.75 

-1275.09 
– -

1236.41 

<0.001 -758.72 -772.58 
– -

744.85 

<0.001 -0.06 -0.07 
– -

0.06 

<0.001 -0.01 -0.01 
– -

0.01 

<0.001 3.73 3.57 – 
3.88 

<0.001 150.74 140.03 – 
161.46 

<0.001 0.07 0.06 
– 

0.08 

<0.001 

FOR10 × Biome 
[5] 

-
1053.49 

-1090.41 
– -

1016.57 

<0.001 -715.67 -742.13 
– -

689.20 

<0.001 -0.10 -0.11 
– -

0.10 

<0.001 -0.01 -0.01 
– -

0.00 

<0.001 6.86 6.57 – 
7.16 

<0.001 150.57 130.12 – 
171.02 

<0.001 -0.01 -0.03 
– 

0.01 

0.208 

FOR10 × Biome 
[6] 

-
1238.38 

-1268.16 
– -

1208.61 

<0.001 -796.25 -817.60 
– -

774.90 

<0.001 -0.18 -0.19 
– -

0.18 

<0.001 -0.03 -0.03 
– -

0.03 

<0.001 6.97 6.73 – 
7.21 

<0.001 332.59 316.10 – 
349.09 

<0.001 -0.10 -0.12 
– -

0.08 

<0.001 

FOR10 × Biome 
[14] 

-101.98 -208.14 
– 4.18 

0.060 -143.59 -219.69 
– -67.49 

<0.001 -0.02 -0.05 
– 

0.00 

0.090 -0.03 -0.04 
– -

0.02 

<0.001 -3.73 -4.58 
– -

2.88 

<0.001 -1.42 -60.23 – 
57.38 

0.962 0.32 0.26 
– 

0.38 

<0.001 
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  Gpp Npp EVI NDVI LST ET Conn 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

InOut × time 
[1722] 

-29.19 -54.57 – 
-3.82 

0.024 -6.33 -24.52 – 
11.86 

0.495 0.00 -0.01 
– 

0.01 

0.808 -0.00 -0.01 
– -

0.00 

0.002 -0.40 -0.61 
– -

0.20 

<0.001 -8.99 -23.05 – 
5.06 

0.210 -0.01 -0.02 
– 

0.01 

0.296 

FOR10 × time 
[1722] 

3.96 -12.75 – 
20.67 

0.642 63.61 51.63 – 
75.59 

<0.001 0.01 0.01 
– 

0.02 

<0.001 -0.00 -0.00 
– 

0.00 

0.137 0.31 0.17 – 
0.44 

<0.001 -163.75 -173.01 
– -

154.50 

<0.001 0.07 0.06 
– 

0.08 

<0.001 

Biome [2] × time 
[1722] 

-77.54 -217.07 
– 62.00 

0.276 17.09 -82.94 – 
117.12 

0.738 0.01 -0.02 
– 

0.04 

0.670 -0.00 -0.02 
– 

0.01 

0.719 0.87 -0.25 
– 1.99 

0.127 -137.21 -214.51 
– -59.92 

0.001 0.08 0.01 
– 

0.16 

0.036 

Biome [3] × time 
[1722] 

3.43 -56.36 – 
63.22 

0.910 90.08 47.22 – 
132.95 

<0.001 -0.00 -0.01 
– 

0.01 

0.878 0.00 -0.00 
– 

0.01 

0.303 0.81 0.33 – 
1.29 

0.001 -176.50 -209.62 
– -

143.38 

<0.001 0.08 0.05 
– 

0.11 

<0.001 

Biome [4] × time 
[1722] 

-4.34 -28.17 – 
19.50 

0.721 48.79 31.71 – 
65.88 

<0.001 0.01 0.01 
– 

0.02 

<0.001 0.01 0.00 
– 

0.01 

<0.001 0.58 0.39 – 
0.77 

<0.001 -111.21 -124.41 
– -98.01 

<0.001 0.06 0.04 
– 

0.07 

<0.001 

Biome [5] × time 
[1722] 

12.20 -32.81 – 
57.21 

0.595 66.52 34.25 – 
98.78 

<0.001 0.03 0.02 
– 

0.04 

<0.001 0.03 0.02 
– 

0.03 

<0.001 0.13 -0.23 
– 0.49 

0.480 -113.77 -138.71 
– -88.84 

<0.001 0.10 0.07 
– 

0.12 

<0.001 

Biome [6] × time 
[1722] 

-3.24 -40.61 – 
34.13 

0.865 54.11 27.32 – 
80.90 

<0.001 0.04 0.03 
– 

0.05 

<0.001 0.02 0.02 
– 

0.03 

<0.001 -0.50 -0.80 
– -

0.20 

0.001 -134.56 -155.26 
– -

113.86 

<0.001 0.07 0.05 
– 

0.09 

<0.001 

Biome [14] × 
time [1722] 

64.07 -75.42 – 
203.57 

0.368 115.00 15.00 – 
215.00 

0.024 0.01 -0.02 
– 

0.04 

0.569 0.02 0.00 
– 

0.03 

0.012 -0.31 -1.43 
– 0.81 

0.586 47.29 -29.98 – 
124.57 

0.230 -0.00 -0.08 
– 

0.08 

0.964 

(InOut × 
FOR10) × 
 Biome [2] 

-106.01 -283.63 
– 71.60 

0.242 -174.15 -301.48 
– -46.82 

0.007 -0.01 -0.05 
– 

0.03 

0.617 -0.04 -0.06 
– -

0.02 

<0.001 5.05 3.62 – 
6.47 

<0.001 -115.88 -214.27 
– -17.49 

0.021 0.17 0.07 
– 

0.27 

0.001 

(InOut × 
FOR10) × 
 Biome [3] 

483.35 409.46 – 
557.25 

<0.001 40.87 -12.11 – 
93.85 

0.131 -0.02 -0.04 
– -

0.00 

0.015 -0.02 -0.03 
– -

0.01 

<0.001 -1.98 -2.57 
– -

1.38 

<0.001 -117.20 -158.13 
– -76.26 

<0.001 -0.09 -0.13 
– -

0.05 

<0.001 

(InOut × 
FOR10) × 
 Biome [4] 

453.68 424.96 – 
482.39 

<0.001 57.75 37.16 – 
78.33 

<0.001 0.02 0.01 
– 

0.03 

<0.001 -0.00 -0.01 
– -

0.00 

0.004 0.65 0.42 – 
0.88 

<0.001 53.85 37.94 – 
69.76 

<0.001 -0.02 -0.04 
– -

0.01 

0.005 

(InOut × 
FOR10) × 
 Biome [5] 

316.88 265.04 – 
368.71 

<0.001 -11.32 -48.48 – 
25.84 

0.550 -0.01 -0.02 
– 

0.00 

0.107 -0.00 -0.01 
– 

0.00 

0.089 0.52 0.11 – 
0.94 

0.014 123.52 94.81 – 
152.23 

<0.001 0.16 0.13 
– 

0.19 

<0.001 
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  Gpp Npp EVI NDVI LST ET Conn 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(InOut × 
FOR10) × 
 Biome [6] 

340.54 297.52 – 
383.56 

<0.001 17.69 -13.16 – 
48.53 

0.261 0.05 0.04 
– 

0.06 

<0.001 -0.00 -0.01 
– 

0.00 

0.848 -0.60 -0.94 
– -

0.25 

0.001 -27.78 -51.61 – 
-3.94 

0.022 0.12 0.10 
– 

0.15 

<0.001 

(InOut × 
FOR10) × 
 Biome [14] 

518.35 374.24 – 
662.47 

<0.001 39.83 -63.48 – 
143.15 

0.450 0.15 0.11 
– 

0.18 

<0.001 0.02 0.01 
– 

0.04 

0.006 5.69 4.54 – 
6.85 

<0.001 -13.95 -93.79 – 
65.88 

0.732 0.01 -0.07 
– 

0.09 

0.801 

(InOut × 
FOR10) × 
 time [1722] 

36.32 9.73 – 
62.91 

0.007 6.43 -12.64 – 
25.49 

0.509 -0.00 -0.01 
– 

0.00 

0.726 0.00 0.00 
– 

0.01 

0.003 0.41 0.19 – 
0.62 

<0.001 11.12 -3.62 – 
25.85 

0.139 0.02 0.01 
– 

0.04 

0.008 

(InOut × Biome 
[2]) × 
 time [1722] 

-116.90 -319.55 
– 85.75 

0.258 3.45 -141.83 
– 148.73 

0.963 -0.03 -0.08 
– 

0.01 

0.139 -0.01 -0.03 
– 

0.01 

0.496 1.63 0.00 – 
3.26 

0.050 -29.72 -141.98 
– 82.54 

0.604 0.11 -0.00 
– 

0.23 

0.058 

(InOut × Biome 
[3]) × 
 time [1722] 

-8.60 -99.25 – 
82.04 

0.852 -5.28 -70.26 – 
59.70 

0.874 -0.02 -0.04 
– 

0.01 

0.144 -0.01 -0.02 
– 

0.00 

0.241 0.86 0.14 – 
1.59 

0.020 5.42 -44.79 – 
55.63 

0.832 0.01 -0.04 
– 

0.06 

0.716 

(InOut × Biome 
[4]) × 
 time [1722] 

57.61 20.67 – 
94.54 

0.002 23.39 -3.08 – 
49.87 

0.083 0.00 -0.01 
– 

0.01 

0.496 0.00 -0.00 
– 

0.01 

0.080 0.34 0.04 – 
0.64 

0.025 23.20 2.74 – 
43.66 

0.026 0.01 -0.01 
– 

0.03 

0.199 

(InOut × Biome 
[5]) × 
time [1722] 

39.29 -25.63 – 
104.21 

0.236 13.93 -32.61 – 
60.47 

0.558 -0.01 -0.02 
– 

0.01 

0.469 0.00 -0.00 
– 

0.01 

0.435 0.77 0.25 – 
1.29 

0.004 5.12 -30.85 – 
41.08 

0.780 0.01 -0.03 
– 

0.05 

0.655 

(InOut × Biome 
[6]) × 
 time [1722] 

69.52 14.68 – 
124.35 

0.013 33.26 -6.05 – 
72.57 

0.097 0.00 -0.01 
– 

0.01 

0.977 0.00 -0.00 
– 

0.01 

0.686 -0.27 -0.71 
– 0.17 

0.237 20.92 -9.46 – 
51.29 

0.177 -0.02 -0.05 
– 

0.02 

0.310 

(InOut × Biome 
[14]) 
 × time [1722] 

1.15 -190.05 
– 192.34 

0.991 -63.96 -201.03 
– 73.10 

0.360 0.01 -0.04 
– 

0.05 

0.708 -0.02 -0.04 
– 

0.00 

0.131 1.01 -0.52 
– 2.55 

0.196 -94.19 -200.10 
– 11.72 

0.081 0.13 0.02 
– 

0.23 

0.023 

(FOR10 × 
Biome [2]) × 
 time [1722] 

74.81 -95.71 – 
245.32 

0.390 -33.31 -155.55 
– 88.93 

0.593 -0.01 -0.05 
– 

0.03 

0.689 0.00 -0.01 
– 

0.02 

0.730 -0.72 -2.09 
– 0.65 

0.305 121.25 26.80 – 
215.71 

0.012 -0.06 -0.16 
– 

0.04 

0.211 

(FOR10 × 
Biome [3]) × 
 time [1722] 

-113.19 -183.85 
– -42.54 

0.002 -196.02 -246.67 
– -

145.37 

<0.001 -0.01 -0.02 
– 

0.01 

0.392 -0.01 -0.01 
– 

0.00 

0.159 -0.12 -0.69 
– 0.45 

0.678 198.06 158.92 – 
237.19 

<0.001 -0.06 -0.10 
– -

0.02 

0.005 

(FOR10 × 
Biome [4])× 
 time [1722] 

-30.12 -56.76 – 
-3.48 

0.027 -72.15 -91.24 – 
-53.05 

<0.001 -0.01 -0.01 
– -

0.00 

0.014 -0.01 -0.01 
– -

0.00 

<0.001 -0.59 -0.80 
– -

0.38 

<0.001 110.44 95.69 – 
125.20 

<0.001 -0.04 -0.06 
– -

0.03 

<0.001 
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  Gpp Npp EVI NDVI LST ET Conn 

Predictors Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p Estimates CI p 

(FOR10 × 
Biome [5])× 
 time [1722] 

-2.18 -52.80 – 
48.44 

0.933 -65.78 -102.07 
– -29.49 

<0.001 -0.02 -0.04 
– -

0.01 

<0.001 -0.02 -0.03 
– -

0.02 

<0.001 0.40 -0.01 
– 0.80 

0.056 132.10 104.06 – 
160.14 

<0.001 -0.09 -0.12 
– -

0.06 

<0.001 

(FOR10 × 
Biome [6])× 
 time [1722] 

-32.10 -73.60 – 
9.40 

0.129 -78.72 -108.46 
– -48.97 

<0.001 -0.03 -0.04 
– -

0.02 

<0.001 -0.02 -0.02 
– -

0.02 

<0.001 0.73 0.39 – 
1.06 

<0.001 135.87 112.88 – 
158.85 

<0.001 -0.06 -0.08 
– -

0.03 

<0.001 

(FOR10 × 
Biome [14]) × 
 time [1722] 

-68.00 -214.33 
– 78.32 

0.362 -133.75 -238.65 
– -28.85 

0.012 -0.01 -0.05 
– 

0.02 

0.468 -0.02 -0.04 
– -

0.00 

0.011 0.31 -0.87 
– 1.48 

0.611 -12.30 -93.36 – 
68.75 

0.766 0.02 -0.07 
– 

0.10 

0.695 

(InOut × FOR10 
× Biome [2]) × 
time [1722] 

112.40 -136.00 
– 360.79 

0.375 -15.13 -193.19 
– 162.94 

0.868 0.04 -0.01 
– 

0.10 

0.134 0.01 -0.02 
– 

0.04 

0.508 -2.00 -3.99 
– -

0.00 

0.050 37.25 -100.35 
– 174.85 

0.596 -0.14 -0.28 
– 

0.00 

0.050 

(InOut × FOR10 
× Biome [3]) × 
time [1722] 

22.01 -82.22 – 
126.24 

0.679 12.23 -62.49 – 
86.95 

0.748 0.02 -0.00 
– 

0.05 

0.069 0.01 -0.00 
– 

0.02 

0.169 -1.02 -1.86 
– -

0.18 

0.017 -5.02 -62.76 – 
52.72 

0.865 -0.02 -0.08 
– 

0.04 

0.439 

(InOut × FOR10 
× Biome [4]) × 
time [1722] 

-65.24 -105.62 
– -24.86 

0.002 -24.93 -53.88 – 
4.02 

0.091 -0.00 -0.01 
– 

0.00 

0.304 -0.00 -0.01 
– 

0.00 

0.254 -0.28 -0.60 
– 0.05 

0.094 -26.46 -48.82 – 
-4.09 

0.020 -0.02 -0.04 
– 

0.00 

0.123 

(InOut × FOR10 
× Biome [5]) × 
time [1722] 

-50.03 -123.13 
– 23.08 

0.180 -16.43 -68.84 – 
35.98 

0.539 0.01 -0.01 
– 

0.03 

0.294 -0.00 -0.01 
– 

0.01 

0.591 -0.86 -1.45 
– -

0.27 

0.004 -8.81 -49.31 – 
31.68 

0.670 -0.02 -0.07 
– 

0.02 

0.263 

(InOut × FOR10 
× Biome [6]) × 
time [1722] 

-79.10 -139.56 
– -18.63 

0.010 -33.23 -76.58 – 
10.12 

0.133 -0.00 -0.02 
– 

0.01 

0.865 -0.00 -0.01 
– 

0.00 

0.355 0.44 -0.04 
– 0.93 

0.074 -26.50 -59.99 – 
7.00 

0.121 -0.01 -0.04 
– 

0.03 

0.672 

(InOut × FOR10 
× Biome [14]) × 
time [1722] 

-1.86 -203.07 
– 199.35 

0.986 62.47 -81.77 – 
206.71 

0.396 -0.00 -0.05 
– 

0.04 

0.931 0.02 -0.00 
– 

0.04 

0.085 -0.99 -2.61 
– 0.63 

0.229 88.00 -23.46 – 
199.46 

0.122 -0.12 -0.24 
– -

0.01 

0.038 

Random Effects 

σ2 68329.38 35115.84 0.00 0.00 4.41 20967.30 0.02 

τ00 64066.78 BR 37638.78 BR 0.00 BR 0.00 BR 3.82 BR 32252.16 BR 0.01 BR 

ICC 0.48 0.52 0.49 0.43 0.46 0.61 0.37 

N 119 BR 119 BR 119 BR 119 BR 119 BR 119 BR 119 BR 

Observations 992344 992344 992344 992344 992344 992344 992344 

Marginal R2 / 
Conditional R2 

0.821 / 0.908 0.578 / 0.796 0.383 / 0.684 0.405 / 0.658 0.339 / 0.646 0.436 / 0.778 0.213 / 0.504 
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Table S5. Modeled difference inside and outside for each biosphere reserve and proxy. 
Sorted by biome and effectiveness. Model: proxyDifference_Inside_Outside ~ 
Forest_Cover_2010_median*biome*time, random = ~ 1| Biosphere_Reserve 
Gpp and Npp are Gross and Net primary productivity in kg*C/m2, EVI and NDVI are 
Enhanced and Normalized Difference Vegetation Index, ET is Evapotranspiration in 
kg/km2/year, LST is Hot day temperature in °C and Conn is forest patch connectivity. ET and 
LST are effective if negative with low emissions and low temperatures.   
biome biosphere reserve modeled difference Inside Outside 2017-2022   

  Gpp Npp EVI NDVI ET LST Conn modeled raw 

Tr
op

ic
al

 a
nd

 s
ub

tro
pi

ca
l  

m
oi

st
 b

ro
ad

le
af

 

SelvaElOcote 668.42 278.98 0.02 0.03 -5.96 -1.56 0.07 Effective Effective 

Bia 539.26 667.73 0.02 0.05 -7.37 -1.83 0.01 Effective Ineffective 

SierraDelRosario 452.53 276.71 0.01 0.01 -53.19 -0.47 0.19 Effective Effective 

ElTriunfo 434.02 185.20 0.01 0.02 -72.87 -5.45 0.12 Effective Effective 

ApanecaLlamatepec 424.51 163.93 0.02 0.01 -57.34 -3.19 0.16 Effective Effective 

Kafa 297.50 162.81 0.02 0.00 -53.59 -1.47 0.04 Effective Ineffective 

Baconao 154.51 180.53 0.03 0.01 -59.50 -1.52 0.21 Effective Effective 

Beni 136.84 3.33 0.05 0.03 -76.98 -0.88 0.01 Effective Ineffective 

Bosawas 136.66 105.06 0.04 0.02 -4.79 -0.55 0.07 Effective Ineffective 

DeltaDelOrinoco 132.19 89.67 0.03 0.01 -51.44 -0.82 0.07 Effective Effective 

RegionDeCalakmul 102.77 83.16 0.00 0.00 -16.62 -0.59 0.03 Effective Effective 

NahaMetzabok 42.98 90.89 0.00 0.02 -98.56 -1.70 0.01 Effective Effective 

Yaboti 15.14 38.24 0.04 0.05 -211.70 -2.07 0.09 Effective Effective 

BasseLobaye 01.02 4.92 0.00 0.00 -7.14 -0.13 0.00 Effective Ineffective 

LasYungas 501.58 394.24 0.02 0.01 27.74 -2.56 -0.03 Ineffective Ineffective 

RioSanJuan 475.42 236.04 0.00 0.00 -81.15 0.03 0.13 Ineffective Ineffective 

BosqueMbaracayu 316.08 59.18 0.02 0.02 5.25 -1.18 0.16 Ineffective Ineffective 

CuchillasDelToa 306.47 239.93 -0.03 0.02 -274.72 -2.26 0.03 Ineffective Ineffective 

AguaYPaz 292.96 240.74 -0.02 0.00 -209.15 -1.78 0.15 Ineffective Ineffective 

VolcanTacana 143.38 125.78 -0.02 -0.01 -234.93 -3.22 0.01 Ineffective Ineffective 

SierraDeLasMinas 108.24 101.37 -0.02 0.03 -163.75 -3.67 0.03 Ineffective Ineffective 

CordilleraVolcanicaCentral 54.09 275.17 -0.05 0.00 -166.99 -4.27 0.07 Ineffective Ineffective 

Odzala 4.81 2.88 0.00 0.00 39.58 0.11 0.00 Ineffective Ineffective 

RioPlatano -1.19 -2.11 0.01 0.02 -49.40 -0.78 0.02 Ineffective Ineffective 

MontesAzules -4.65 -8.88 0.02 0.02 -36.77 -0.22 0.03 Ineffective Ineffective 

AltoOrinocoCasiquiare -4.65 34.03 0.00 0.00 17.90 -0.47 0.00 Ineffective Ineffective 

PilonLajas -9.12 -10.55 0.00 0.00 -44.60 -0.49 0.04 Ineffective Ineffective 

Darien -25.42 39.98 -0.02 0.00 -91.12 -1.94 -0.16 Ineffective Ineffective 
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biome biosphere reserve modeled difference Inside Outside 2017-2022   
Tr

op
ic

al
 a

nd
 s

ub
tro

pi
ca

l 
   

m
oi

st
 b

ro
ad

le
af

 
LagunasDeMontebello -36.91 27.14 -0.04 0.00 17.82 -2.29 0.01 Ineffective Ineffective 

Maya -48.27 -40.27 0.01 0.02 6.16 -0.42 0.09 Ineffective Ineffective 

Omo -76.93 -37.71 -0.01 -0.01 -50.74 0.10 0.13 Ineffective Ineffective 

LaAmistadCRI -86.35 229.11 -0.07 0.01 -158.58 -5.59 0.10 Ineffective Ineffective 

Dimonika -94.51 -20.29 -0.02 0.00 03.09 -0.52 0.02 Ineffective Ineffective 

WesternNgheAn -118.63 -161.22 0.01 0.00 -93.76 1.41 0.02 Ineffective Ineffective 

LaAmistadPAN -187.98 9.71 -0.07 -0.01 -97.89 -5.02 0.07 Ineffective Ineffective 

Wuyishan -195.13 49.82 -0.04 0.02 -255.56 -3.74 0.11 Ineffective Ineffective 

GunungLeuser -196.91 3.23 -0.06 0.01 -100.37 -4.02 0.09 Ineffective Ineffective 

Volcans -221.30 -34.16 0.04 0.04 -305.57 -9.29 0.21 Ineffective Ineffective 

dr
y 

br
oa

dl
ea

f ChamelaCuixmala 76.27 -2.96 0.00 0.01 17.34 -1.42 -0.10 Ineffective Ineffective 

XiriualtiqueJiquitizco 54.09 1.69 0.01 0.00 30.18 0.78 -0.26 Ineffective Ineffective 

Hurulu -63.24 -71.00 0.02 0.01 23.85 -0.17 0.00 Ineffective Ineffective 

co
ni

fe
r 

ElCielo 327.36 82.84 -0.03 0.01 -39.11 -2.58 0.09 Ineffective Ineffective 

LaSepultura 145.27 68.64 0.00 0.01 58.14 -1.70 0.01 Ineffective Ineffective 

CumbresDeMonterrey 102.97 -63.83 0.08 0.07 194.78 -1.62 0.12 Ineffective Ineffective 

MariposaMonarca 86.97 -31.52 -0.02 0.03 15.88 -6.96 0.08 Ineffective Ineffective 

SierraDeManatlan 36.06 5.85 -0.06 -0.01 103.42 -4.13 0.06 Ineffective Ineffective 

SierraGorda 1.29 14.04 -0.01 0.00 -21.50 -0.46 0.04 Ineffective Ineffective 

te
m

pe
ra

te
 

br
oa

dl
ea

f a
nd

 m
ix

ed
 

MammothCaveArea 87.84 146.66 0.01 0.03 -145.31 -1.39 0.11 Effective Effective 

Desnianskyi 9.95 3.19 0.03 0.02 -15.23 -0.89 0.33 Effective Effective 

ChamplainAdirondack 9.36 57.23 0.02 0.02 -58.16 -1.51 0.02 Effective Effective 

Pilis 1.28 3.39 0.01 0.02 -13.72 -1.29 0.33 Effective Effective 

AndinoNorpatagonica 206.68 114.98 0.03 0.03 57.35 -1.38 0.13 Ineffective Ineffective 

Urdaibai 160.93 79.72 0.01 0.01 -29.79 -1.02 -0.08 Ineffective Ineffective 

OsAncaresLucenses 99.82 35.37 0.01 0.00 29.82 -0.23 0.05 Ineffective Ineffective 

CollemeluccioMontedimezzo 68.26 19.79 0.02 0.01 12.74 -1.08 0.16 Ineffective Ineffective 

NorthVidzeme 52.60 26.69 0.04 0.01 31.82 -0.16 0.01 Ineffective Ineffective 

GeorgianBay 50.57 53.96 -0.06 -0.02 12.57 0.33 -0.31 Ineffective Ineffective 

Aggtelek 47.72 39.34 0.00 0.00 7.35 0.39 0.13 Ineffective Ineffective 

Entlebuch 47.33 10.34 0.00 -0.01 -10.54 0.15 0.08 Ineffective Ineffective 

Spreewald 32.99 4.95 0.10 0.03 77.17 -0.48 -0.01 Ineffective Ineffective 

LowerMorava 32.26 -25.84 0.08 0.03 76.97 -0.23 -0.07 Ineffective Ineffective 
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biome biosphere reserve modeled difference Inside Outside 2017-2022   
te

m
pe

ra
te

 

br
oa

dl
ea

f a
nd

 m
ix

ed
 

Baishuijiang 26.86 12.17 0.00 0.00 26.17 1.23 -0.10 Ineffective Ineffective 

Rhoen 19.46 6.30 0.03 0.00 13.03 -0.23 -0.05 Ineffective Ineffective 

TrebonBasin 14.58 -9.27 -0.03 0.00 1.60 -0.27 0.16 Ineffective Ineffective 

KristianstadVattenrike 14.22 5.13 0.01 0.01 1.88 -0.03 0.00 Ineffective Ineffective 

AreaDeAllariz 12.96 -12.12 0.04 0.02 45.51 -0.70 -0.04 Ineffective Ineffective 

Fontainebleau 10.20 19.34 -0.05 -0.01 -19.91 -0.01 0.21 Ineffective Ineffective 

Cevennes 8.42 -19.29 0.02 0.02 31.23 -1.10 0.14 Ineffective Ineffective 

SchwaebischeAlb 5.83 -8.47 0.03 0.00 5.33 -0.01 0.00 Ineffective Ineffective 

NerussoDesnianskoePolesie 3.96 4.89 -0.03 0.00 -10.12 0.04 0.23 Ineffective Ineffective 

RiEoOscosYTerrasDeBurron 3.54 -14.01 0.02 0.01 38.60 0.38 0.06 Ineffective Ineffective 

SchorfheideChorin 03.02 -7.19 0.03 0.01 23.88 -0.55 0.07 Ineffective Ineffective 

OberlausitzerHeideUndTeichl
and 2.54 10.04 0.00 0.00 1.94 -0.57 0.05 Ineffective Ineffective 

PriokskoTerrasnyi 1.12 10.18 -0.03 0.01 -22.57 -0.58 0.22 Ineffective Ineffective 

BileKarpaty 0.90 -14.17 -0.01 0.00 4.44 -0.19 0.01 Ineffective Ineffective 

SmolenskLakeland -1.03 1.19 -0.01 0.00 -1.13 -0.12 0.09 Ineffective Ineffective 

Krivoklatsko -1.84 -11.20 0.06 0.03 51.93 -0.48 0.15 Ineffective Ineffective 

Tianmushan -2.81 -11.04 0.04 0.04 -46.97 -2.98 0.04 Ineffective Ineffective 

Bliesgau -5.60 -0.47 -0.01 0.01 18.10 -0.80 0.06 Ineffective Ineffective 

Ugra -6.05 8.84 -0.05 -0.01 -18.11 0.05 0.05 Ineffective Ineffective 

GwangneungForest -6.31 2.84 -0.02 -0.02 -9.66 0.49 -0.02 Ineffective Ineffective 

Voronezhskiy -6.75 -13.81 -0.01 0.02 -5.36 -0.87 -0.11 Ineffective Ineffective 

Valdaiskiy -11.48 0.93 -0.04 -0.01 -10.24 -0.34 0.04 Ineffective Ineffective 

Wienerwald -12.55 -28.60 0.00 0.01 -8.14 0.20 0.02 Ineffective Ineffective 

Okskiy -14.07 -3.50 0.00 0.00 -10.59 -0.15 0.05 Ineffective Ineffective 

VosgesDuNordPfaelzerwald -18.39 -13.66 -0.04 0.01 -15.40 -1.58 0.28 Ineffective Ineffective 

Shennongjia -19.81 -2.65 -0.01 0.00 -15.09 -1.97 0.02 Ineffective Ineffective 

TucholaForest -20.13 -13.47 -0.04 -0.02 -21.49 0.36 0.12 Ineffective Ineffective 

KrkokonoseKarkonosze -30.68 -11.46 -0.06 0.01 -63.32 -3.12 0.10 Ineffective Ineffective 

Sumava -41.01 -22.10 -0.05 0.01 -60.42 -2.38 0.14 Ineffective Ineffective 

JulianAlps -62.53 -11.31 0.01 0.01 -56.03 -1.60 0.03 Ineffective Ineffective 

Changbaishan -67.20 4.25 -0.05 0.00 -27.32 -2.04 0.03 Ineffective Ineffective 

Camili -71.63 -51.67 0.01 0.00 -13.21 -1.48 0.13 Ineffective Ineffective 

GolijaStudenica -77.07 -41.69 -0.02 0.00 -55.35 -2.34 0.01 Ineffective Ineffective 
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biome biosphere reserve modeled difference Inside Outside 2017-2022   
te

m
pe

ra
te

 

br
oa

dl
ea

f a
nd

 m
ix

ed
 

VelebitMountain -79.05 -71.22 -0.04 -0.01 -10.35 -2.29 -0.19 Ineffective Ineffective 

Redes -137.00 -62.65 -0.01 0.00 -25.95 -1.11 0.05 Ineffective Ineffective 

PicosDeEuropa -141.39 -97.55 0.01 0.02 -34.55 -1.37 -0.12 Ineffective Ineffective 

Araucarias -159.97 -83.49 -0.01 0.01 -68.52 -2.12 0.11 Ineffective Ineffective 

Kavkazskiy -348.50 -174.92 -0.05 0.00 -54.40 -2.52 0.03 Ineffective Ineffective 

BosquesTempladosAndes 
Australes -427.45 -217.73 -0.03 0.01 -97.05 -2.31 0.10 Ineffective Ineffective 

co
ni

fe
r 

Taza 101.21 -2.04 0.02 0.03 80.49 -1.46 0.00 Ineffective Ineffective 

Baikalskyi 46.02 19.29 -0.01 0.01 14.82 -1.13 -0.19 Ineffective Ineffective 

GrossesWalsertal -2.92 2.19 0.03 0.01 3.59 0.38 0.02 Ineffective Ineffective 

BerchtesgadenerLand -4.09 -0.74 -0.02 0.00 -25.77 -0.60 0.12 Ineffective Ineffective 

YellowstoneGrandTeton -7.63 4.65 -0.02 -0.03 -24.66 -0.33 -0.03 Ineffective Ineffective 

SayanoShushenskiy -30.28 0.01 0.00 0.00 0.06 -0.29 -0.06 Ineffective Ineffective 

CrownOfTheContinent -35.11 -3.29 -0.01 0.00 -7.18 -0.01 -0.18 Ineffective Ineffective 

Wolong -118.11 -61.99 -0.03 0.00 25.78 -2.15 -0.06 Ineffective Ineffective 

Olympic -158.24 -84.60 -0.10 -0.02 40.12 -0.97 0.10 Ineffective Ineffective 

bo
re

al
 

bo
re

al
 

Barguzinskyi 97.72 55.85 -0.03 0.01 -13.58 -1.23 -0.06 Ineffective Ineffective 

Kenozersky 9.82 -1.73 -0.03 0.00 6.34 -0.82 0.01 Ineffective Ineffective 

NorthKarelian 09.05 -5.88 0.00 0.00 -5.90 0.25 0.01 Ineffective Ineffective 

Pechorollychskiy -22.87 -7.89 -0.02 0.00 -14.69 -0.74 0.04 Ineffective Ineffective 

Laplandskiy -29.82 -22.35 0.00 0.00 -9.20 0.14 -0.02 Ineffective Ineffective 

Kronotskiy -65.02 -68.90 0.04 0.00 -54.13 -0.39 -0.06 Ineffective Ineffective 

Denali -66.40 -42.68 -0.09 -0.07 -27.31 1.59 0.00 Ineffective Ineffective 

m
an

gr
ov

es
 

m
an

gr
ov

es
 

SianKaan 265.37 217.11 -0.05 -0.02 -27.98 0.16 -0.47 Ineffective Ineffective 

LaEncrucijada -20.15 -28.68 -0.02 0.01 -121.63 -3.61 -0.03 Ineffective Ineffective 

RiaLagartos -155.41 -44.95 -0.06 -0.02 25.87 0.31 0.00 Ineffective Ineffective 
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Table S6. Conditional means and conditional standard deviation of the random effects 
as each biosphere reserve for all forest ecosystem function proxies. 
Biosphere 
reserve Gpp Gpp

SD Npp Npp 
SD EVI EVI 

SD NDVI NDVI 
SD LST LST 

SD ET ET 
SD Conn Conn 

SD 

Aggtelek 62.73 7.94 24.57 5.69 0.08 0 0.03 0 0.58 0.06 52.28 4.4 -0.05 0 

AguaYPaz 16.86 2.12 -149.05 1.52 0.03 0 0.01 0 0.28 0.02 -
187.91 1.17 -0.06 0 

AltoOrinoco 
Casiquiare -70.64 0.66 -105.17 0.47 0 0 0.02 0 0.92 0.01 -83 0.36 0.13 0 

Andino 
Norpatagonica 65.26 1.64 142.26 1.18 -0.06 0 -0.02 0 -4.46 0.01 7.91 0.91 0.01 0 

Apaneca 
Llamatepec 41.4 6.82 31.13 4.89 0.02 0 0 0 1 0.05 304.69 3.78 -0.08 0 

Araucarias 430.68 2.15 375.42 1.54 -0.05 0 -0.02 0 -2.4 0.02 177.55 1.19 0.03 0 

AreaDeAllariz 211.42 9.59 146.22 6.88 -0.01 0 -0.03 0 2.6 0.08 143.26 5.31 -0.09 0.01 

Baconao -
129.53 8.2 -170.25 5.88 0.05 0 0.02 0 1 0.07 343.16 4.54 -0.24 0 

Baikalskyi -
235.98 4.59 -108.74 3.29 -0.02 0 0.01 0 0.2 0.04 -71.12 2.55 -0.04 0 

Baishuijiang 13.51 3.76 84.12 2.69 0.05 0 0.04 0 -4.19 0.03 -21.27 2.08 0.14 0 

Barguzinskyi 30.31 4.2 31.28 3.01 -0.05 0 -0.02 0 -3.11 0.03 38.44 2.33 -0.24 0 

BasseLobaye -
266.99 7.61 -335.96 5.46 -0.01 0 0.01 0 2.1 0.06 90.2 4.22 0.13 0 

Beni -
111.92 4.32 -197.7 3.1 0.05 0 0 0 2.47 0.03 132.99 2.39 -0.05 0 

Berchtesgadener 
Land 93.49 5.68 47.08 4.07 0.06 0 0.03 0 1.18 0.05 52.68 3.15 0.03 0 

Bia -181.7 6.17 -459.12 4.42 0.01 0 -0.01 0 1.75 0.05 -
390.71 3.42 0.15 0 

BileKarpaty -72.84 5.63 -85.97 4.04 0.06 0 0.02 0 -0.65 0.05 24.34 3.12 -0.09 0 

Bliesgau 316.62 9.65 -13 6.92 0.03 0 0.01 0 1.48 0.08 -32.84 5.35 -0.13 0.01 

Bosawas 303.78 1.35 109.71 0.97 0.05 0 0.01 0 0.06 0.01 -59.15 0.75 0.01 0 

Bosque 
Mbaracayu 

-
181.04 4.5 -118.24 3.22 0.02 0 0 0 2.81 0.04 314.69 2.49 -0.28 0 

BosquesTemplad
osAndesAustrales 330.18 1.36 300.91 0.97 -0.02 0 0 0 -3.32 0.01 35.46 0.75 0.01 0 

Camili 157.12 8.06 114.22 5.78 0.08 0 0.03 0 -1.56 0.06 104.48 4.47 0.16 0 

Cevennes 112.65 3.9 111.5 2.8 -0.07 0 -0.04 0 1.75 0.03 67.7 2.16 0.02 0 

ChamelaCuixmala -
171.83 8.25 17.08 5.91 0.05 0 0.02 0 0.79 0.07 -

213.41 4.57 0.04 0 

Champlain 
Adirondack 104.54 1.12 95.15 0.8 0.09 0 0.03 0 -1.36 0.01 14.05 0.62 0.22 0 

Changbaishan -
285.43 3.04 -110.94 2.18 0.03 0 0.02 0 -2.15 0.02 -

103.29 1.69 0.21 0 

Collemeluccio 
Montedimezzo 162.79 9.03 9.8 6.48 0.09 0 0.01 0 1.51 0.07 224.14 5.01 -0.02 0.01 

Cordillera 
VolcanicaCentral 74.09 2.18 30.96 1.56 -0.01 0 0 0 -0.87 0.02 -

121.28 1.21 0.02 0 

CrownOfThe 
Continent 

-
195.58 3.34 -102.72 2.4 -0.05 0 -0.02 0 -0.3 0.03 -79 1.85 -0.02 0 

CuchillasDelToa 229.05 4.34 131.68 3.11 -0.04 0 0 0 -0.69 0.03 234.11 2.41 -0.09 0 

CumbresDe 
Monterrey 

-
512.19 4.62 -285 3.31 -0.11 0 -0.06 0 -1.22 0.04 -

182.99 2.56 -0.09 0 

Darien -
420.48 1.89 -456.36 1.36 0.02 0 0.02 0 0.25 0.02 -

475.54 1.05 -0.08 0 

DeltaDelOrinoco 222.43 2.21 -178.77 1.59 -0.03 0 -0.01 0 0.79 0.02 153.78 1.23 -0.11 0 
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Biosphere 
reserve Gpp Gpp

SD Npp Npp 
SD EVI EVI 

SD NDVI NDVI 
SD LST LST 

SD ET ET 
SD Conn Conn 

SD 

Denali -
144.04 1.67 -67.39 1.2 -0.01 0 -0.03 0 -1.08 0.01 -4.23 0.92 -0.03 0 

Desnianskyi -
230.93 6.3 -141.92 4.52 -0.03 0 0 0 1.17 0.05 -26.52 3.49 -0.08 0 

Dimonika -441.4 4.06 -179.96 2.91 -0.1 0 -0.02 0 1.4 0.03 -
607.38 2.25 0.08 0 

ElCielo 4.12 4.77 -29.35 3.42 0.01 0 0 0 0.99 0.04 72.21 2.65 0.14 0 

ElTriunfo 8.12 3.87 90.64 2.77 -0.01 0 0.01 0 -1.84 0.03 183.89 2.14 0.01 0 

Entlebuch -14.65 7.68 50.21 5.51 -0.01 0 0 0 -1.76 0.06 14.38 4.26 0.03 0 

Fontainebleau 70.66 7.99 52.45 5.73 0.05 0 0 0 1.42 0.06 10.77 4.43 -0.22 0 

GeorgianBay -58.22 3.19 17.95 2.29 -0.02 0 -0.01 0 0.61 0.03 22.74 1.77 0.09 0 

GolijaStudenica 49.49 6.6 57.42 4.73 0.05 0 0.02 0 -0.28 0.05 73.5 3.66 0.14 0 

GrossesWalsertal -6.23 9.96 2.93 7.14 0.06 0 0.03 0 0.59 0.08 37.19 5.52 -0.02 0.01 

GunungLeuser -
293.98 1.83 -135.98 1.31 -0.07 0 0 0 -2.06 0.01 -

235.92 1.01 0.01 0 

Gwangneung 
Forest 12.1 8.84 -63.03 6.34 0.05 0 0.02 0 0.68 0.07 -10.47 4.9 0.03 0.01 

Hurulu 172.33 8.2 66.45 5.88 -0.07 0 -0.02 0 -1.07 0.07 10.03 4.54 0.1 0 

JulianAlps -38.94 3.74 12.92 2.68 0.01 0 0.01 0 -2.39 0.03 13 2.07 0.14 0 

Kafa 189.84 1.86 481.02 1.33 0.01 0 -0.02 0 -1.59 0.01 65.85 1.03 0.08 0 

Kavkazskiy 33.68 3.06 61.34 2.19 0.07 0 0.03 0 -1.88 0.02 26.68 1.7 0.1 0 

Kenozersky 162.77 3.87 75.04 2.77 0.01 0 0.02 0 3.05 0.03 23.48 2.14 0.1 0 

Kristianstad 
Vattenrike -27.7 6.62 44.86 4.74 -0.01 0 0 0 -1.19 0.05 -80.07 3.67 -0.06 0 

Krivoklatsko -
163.69 7.91 -103.13 5.67 -0.04 0 -0.01 0 0.97 0.06 -82.89 4.38 -0.13 0 

Krkokonose 
Karkonosze 

-
202.66 6.21 -100.21 4.46 -0.07 0 0 0 -1.36 0.05 -

111.03 3.44 0 0 

Kronotskiy -63.05 2.52 -71.67 1.81 0.17 0 0.07 0 -2.27 0.02 -16.56 1.4 -0.03 0 

LaAmistadCRI -25.33 1.89 17.93 1.35 -0.02 0 0 0 -2.18 0.02 -
160.98 1.04 -0.01 0 

LaAmistadPAN -88.52 3.08 17.85 2.21 -0.03 0 0 0 -3.11 0.02 -
208.61 1.71 0.09 0 

LaEncrucijada -59.66 4.49 126.94 3.22 -0.01 0 0 0 -2.9 0.04 -29.2 2.49 0.11 0 

LagunasDe 
Montebello 488.9 11.56 592.6 8.29 -0.06 0 -0.02 0 -2.04 0.09 140.92 6.41 -0.01 0.01 

Laplandskiy -
150.75 3.41 -60.56 2.45 -0.05 0 -0.03 0 1.16 0.03 -66.01 1.89 -0.04 0 

LaSepultura 387.45 4.79 152.5 3.43 0.1 0 0.04 0 0.99 0.04 188.29 2.65 0 0 

LasYungas -43.01 1.89 362.46 1.36 0 0 0.01 0 -1.08 0.02 -74.76 1.05 -0.03 0 

LowerMorava -55 11.04 -152.85 7.91 0 0 -0.01 0 1.95 0.09 33.51 6.12 -0.33 0.01 

MammothCave 
Area 250 9.73 -20.61 6.98 0.11 0 0.04 0 2.69 0.08 233.98 5.39 0.07 0.01 

MariposaMonarca 84.74 7.19 154.21 5.16 -0.06 0 -0.01 0 -4.07 0.06 -
111.17 3.98 -0.18 0 

Maya 131.72 1.55 -90.07 1.11 0.03 0 0.01 0 2.2 0.01 309.53 0.86 -0.02 0 

MontesAzules 465.01 2.54 296.48 1.82 0.04 0 0.01 0 1.07 0.02 297.61 1.41 0.04 0 

NahaMetzabok 556.78 7.77 400.36 5.57 0.01 0 -0.01 0 0.61 0.06 485 4.31 0.09 0 

NerussoDesnians
koePolesie 

-
237.56 4.65 -147.98 3.34 -0.02 0 0 0 0.52 0.04 -33.11 2.58 0.01 0 

NorthKarelian 182.33 1.92 119.99 1.37 -0.02 0 -0.01 0 1.81 0.02 45.67 1.06 0.07 0 
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Biosphere 
reserve Gpp Gpp

SD Npp Npp 
SD EVI EVI 

SD NDVI NDVI 
SD LST LST 

SD ET ET 
SD Conn Conn 

SD 

NorthVidzeme -
199.44 3.12 -71.98 2.24 -0.03 0 -0.01 0 -0.07 0.03 -96.52 1.73 -0.1 0 

OberlausitzerHeid
eUndTeichland -157.7 9.72 -120.53 6.97 -0.13 0 -0.05 0 1.1 0.08 -

146.98 5.39 -0.17 0.01 

Odzala -95.58 1.59 -63.88 1.14 -0.03 0 0 0 1.29 0.01 -
184.92 0.88 0.13 0 

Okskiy -
292.67 5.46 -181.27 3.92 -0.05 0 -0.01 0 1.16 0.04 -77.6 3.03 0.01 0 

Olympic 225.2 2.72 121.88 1.95 0.03 0 0.03 0 -0.19 0.02 -68.82 1.51 0.08 0 

Omo -
251.59 4.55 -401.75 3.26 -0.01 0 -0.03 0 2.09 0.04 -

571.55 2.52 0.03 0 

OsAncares 
Lucenses 152.04 5.72 132 4.1 -0.05 0 -0.02 0 1.63 0.05 61.75 3.17 0.08 0 

Pechorollychskiy -17.57 1.57 -26.68 1.13 -0.05 0 0 0 0.44 0.01 -20.8 0.87 0.18 0 

PicosDeEuropa 175.85 6.38 224.9 4.57 0.02 0 -0.01 0 0.08 0.05 69.72 3.53 0 0 

Pilis 10.78 10.23 -93.27 7.33 0.08 0 0.02 0 0.61 0.08 49.99 5.67 -0.09 0.01 

PilonLajas 101.73 2.44 75.61 1.75 0.07 0 0.01 0 1.29 0.02 3.51 1.35 0.08 0 

PriokskoTerrasnyi -
306.85 8.18 -157.32 5.86 -0.03 0 0 0 0.42 0.07 -77.98 4.53 -0.04 0 

Redes 187.51 6.92 225.6 4.96 0.03 0 -0.01 0 0.61 0.06 76.71 3.84 0.13 0 

RegionDe 
Calakmul -30.08 1.83 -248.5 1.31 0.04 0 0.01 0 2.85 0.01 335.08 1.01 0.09 0 

Rhoen -100.1 4.38 -65.27 3.14 0.02 0 0.01 0 -0.51 0.04 -75.57 2.43 -0.1 0 

RiaLagartos -33.77 9 -79.03 6.45 0 0 0 0 1.45 0.07 3.2 4.99 -0.12 0.01 

RiEoOscosY 
TerrasDeBurron 304.46 4.6 228.05 3.3 -0.05 0 -0.02 0 1.3 0.04 81.45 2.55 0.02 0 

RioPlatano 319.2 2.23 148.61 1.6 0.02 0 0.01 0 0.28 0.02 50.37 1.23 -0.05 0 

RioSanJuan -16.71 1.92 -283.75 1.38 0.05 0 0.02 0 0.01 0.02 -
239.02 1.07 -0.15 0 

Sayano 
Shushenskiy 

-
293.54 2.37 -136.23 1.7 -0.06 0 0 0 -3.57 0.02 -88.77 1.31 0.08 0 

Schorfheide 
Chorin 

-
118.73 5.96 -91.73 4.27 -0.07 0 -0.02 0 0.18 0.05 -

106.11 3.3 -0.09 0 

SchwaebischeAlb 103.98 6.24 31.7 4.48 0.05 0 0.02 0 -0.23 0.05 11.37 3.46 -0.16 0 

SelvaElOcote 226.44 4.49 233.31 3.22 0.01 0 0 0 1.36 0.04 177.51 2.49 0.03 0 

Shennongjia -27.77 4.52 -15.75 3.24 0.09 0 0.03 0 -1.35 0.04 4.84 2.5 0.27 0 

SianKaan 93.42 3.37 -47.9 2.41 0.01 0 0 0 1.45 0.03 26 1.86 0.01 0 

SierraDeLas 
Minas 255.48 3.38 340.46 2.42 -0.03 0 -0.02 0 -1.25 0.03 91.32 1.87 0.01 0 

SierraDelRosario 159.06 10.11 -136.07 7.25 0.07 0 0.03 0 -0.27 0.08 303.66 5.6 -0.15 0.01 

SierraDeManatlan -
112.19 4.48 -127.69 3.21 0.06 0 0.02 0 2.2 0.04 32.37 2.48 0.06 0 

SierraGorda 148.07 3.11 135.34 2.23 0 0 0 0 1.1 0.02 1.28 1.72 0.08 0 

Smolensk 
Lakeland 

-
290.24 3.95 -157.5 2.84 0.03 0 0.02 0 0.69 0.03 -

101.27 2.19 0.15 0 

Spreewald -
191.06 7.65 -150.91 5.49 -0.11 0 -0.05 0 1.28 0.06 -

121.32 4.24 -0.05 0 

Sumava -
120.39 3.51 -42.48 2.52 -0.07 0 -0.01 0 -1.46 0.03 -87.81 1.95 0 0 

Taza 830.12 15.22 309.53 10.91 0.07 0 -0.01 0 6.75 0.12 405.06 8.44 -0.16 0.01 

Tianmushan 191.01 7.87 -69.64 5.64 0.05 0 -0.01 0 3.09 0.06 64.87 4.36 0.28 0 

TrebonBasin -
115.99 7.28 -42.29 5.22 -0.11 0 -0.03 0 0.93 0.06 -87.75 4.03 -0.1 0 
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Biosphere 
reserve Gpp Gpp

SD Npp Npp 
SD EVI EVI 

SD NDVI NDVI 
SD LST LST 

SD ET ET 
SD Conn Conn 

SD 

TucholaForest -207.8 4.04 -103.28 2.9 -0.13 0 -0.05 0 0.14 0.03 -
138.36 2.24 -0.11 0 

Ugra -
274.64 3.29 -149.37 2.36 0 0 0.02 0 -0.85 0.03 -63.13 1.82 -0.02 0 

Urdaibai 590.75 10.28 409.02 7.37 -0.04 0 0 0 1.1 0.08 84.31 5.69 -0.11 0.01 

Valdaiskiy -
362.15 3.01 -163.9 2.16 -0.05 0 0 0 0.31 0.02 -

166.18 1.67 0.17 0 

VelebitMountain 150.26 3.68 69.6 2.64 0.08 0 0.02 0 -1.23 0.03 102.9 2.04 -0.04 0 

Volcans -
174.65 6.94 286.11 4.98 -0.03 0 -0.03 0 -4.9 0.06 -

229.98 3.85 -0.05 0 

VolcanTacana -37.61 10.61 212.3 7.61 -0.07 0 -0.02 0 -4.53 0.09 113.02 5.88 0.1 0.01 

Voronezhskiy -
335.85 9.93 -237.9 7.12 -0.05 0 -0.03 0 1.69 0.08 -50.3 5.5 -0.13 0.01 

VosgesDuNord 
Pfaelzerwald 47.74 3.74 -52.87 2.68 0.01 0 0.01 0 -0.05 0.03 -31.13 2.07 -0.05 0 

WesternNgheAn -68.15 1.6 72.68 1.15 0.04 0 0.01 0 -0.45 0.01 -
216.97 0.89 0.02 0 

Wienerwald 191.21 12.36 -115.31 8.86 0.07 0 0.02 0 0.43 0.1 41.84 6.85 0.02 0.01 

Wolong -76.17 3.14 26.85 2.25 0.06 0 0.04 0 -4.63 0.03 -61.56 1.74 0.07 0 

Wuyishan 
-

1064.0
1 

4.13 -500.71 2.96 -0.08 0 -0.01 0 -2.05 0.03 -
337.54 2.29 0.06 0 

Xiriualtique 
Jiquitizco -0.5 8.03 -83.52 5.76 0.02 0 0 0 0.29 0.06 203.38 4.45 -0.15 0 

Yaboti 203.03 3.35 279.38 2.4 0.01 0 0.01 0 1.03 0.03 254.33 1.86 0.08 0 

Yellowstone 
GrandTeton 

-
341.32 3.31 -160.57 2.37 -0.14 0 -0.1 0 -0.04 0.03 -

125.66 1.83 -0.01 0 
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Abstract. The UNESCO Man and the Biosphere program advocates and designates 
Biosphere Reserves as learning sites for sustainable development. Yet the extent to which 
research aligns with their core objectives - biodiversity conservation, economic development 
and capacity building - remains uncertain. In response, transdisciplinary research in 
conservation and development aims at implementing more diverse, participatory methods to 
improve effective management as well as governance. This study provides a systematic 
screening of scientific research in and on Biosphere Reserves published since 1975. 
Research fields in Biosphere Reserves are diverse and range from social to political to 
ecological investigations. We identified an emerging field of transdisciplinary science in 
research related to or conducted in UNESCO Biosphere Reserves, highlighting progress in 
author gender equality as compared to studies that did not build on a transdisciplinary mode. 
Most transdisciplinary studies were conducted in Mexican and Indian Biosphere Reserves. 
Transdisciplinary research in Biosphere Reserves calls for high-impact knowledge, 
addressing deep leverage points and the inclusive participation of underrepresented and 
discriminated groups. Thereby, Biosphere Reserves as specialized areas for sustainable 
development could play a vital role.  
 
Keywords. Systematic literature review, leverage points, knowledge types, transformative 
research, participation 
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Highlights  

 
● Biosphere Reserves related research is mostly conducted in North America, Asia and 

Europe and the annual number of publications increased by a mean of 10.5% per 
annum over the last 20 years. 

● Mexico and India are champions in transdisciplinary research in Biosphere Reserves. 
● Research topics in Biosphere Reserves refer to a diverse range of research fields, 

including aspects of participation or ethnobotany. 
● Gender disparities and restricted participation are identified in research in Biosphere 

Reserves. Whilst more female authors in transdisciplinary research are identified. 
● Transdisciplinary research in Biosphere Reserves calls for the engagement of 

underrepresented groups and for addressing deep leverage points to foster sustainable 
change. 
 

Introduction 

Acknowledging the need for integrated approaches to mainstream sustainable development,  
the UNESCO Man and the Biosphere (MAB) Programme promotes Biosphere Reserves as 
areas dedicated both to nature conservation and sustainable human development (UNESCO 
2017). Biosphere Reserves have three core missions: (1) biodiversity conservation, (2) 
economic development and (3) logistic support and capacity building, in particular through 
research (UNESCO 1996). To meet those goals, the MAB Programme emphasizes the 
contribution of local actors - specifically of Women, Youth, and Indigenous People - to 
Biosphere Reserves’ effective, equitable and participatory planning (UNESCO 2017). To 
support logistics and capacity building, scientific research is expected to contribute to the 
other missions, i.e. conservation and development. However, recent reviews have shown 
that research on Biosphere Reserves has been largely confined to the natural sciences 
(Kratzer 2018, Pool-Stanvliet and Coetzer 2020). Research conducted in Biosphere 
Reserves merely used these study sites for a broad range of issues, but hardly focussed on 
the factors influencing a successful implementation of the MAB Programme (Ferreira et al. 
2020, Pool-Stanvliet and Coetzer 2020). Biosphere Reserves research has seen an 
increasing call for more co-productive, inter- and transdisciplinary approaches to investigate 
pressing issues, such as effective management and participatory governance (van Cuong et 
al. 2017, Ferreira et al. 2020, Barraclough et al. 2023).  

Transdisciplinary sustainability research is increasingly expected to promote solution-finding 
processes for real-world sustainability issues (Kates et al. 2001, Lang et al. 2012, Norström 
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et al. 2020). This field emerged rather recently and encompasses a diverse array of 
approaches, e.g. participatory research, transformative research or knowledge co-production 
(Norström et al. 2020, Chambers et al. 2021). These approaches share the mission to 
produce knowledge in a participatory manner or mode (Pohl and Hirsch Hadorn 2008, Lang 
et al. 2012, Brandt et al. 2013), while inducing positive societal effects in the social-ecological 
systems they investigate (Pereira et al. 2020, Jahn et al. 2021, Lawrence et al. 2022). Three 
key features of transdisciplinary research can be highlighted: (1) a focus on real-world 
problems and developing solutions to wicked problems (Chambers et al. 2021, Lawrence et 
al. 2022), (2) the combination of different types of knowledge, including Indigenous and Local 
Knowledge (Brandt et al. 2013, Knapp et al. 2019, Bartlett et al. 2012, Reed et al. 2023) and 
(3) involvement of practitioners and relevant non-academic actors (Talwar et al. 2011, Lang 
et al. 2012, Jahn et al. 2021). 

The current MAB strategy and its Lima Action Plan highlight the role of Biosphere Reserves 
in the operationalization of transdisciplinarity sustainability science, as it calls for involvement 
of local communities and relevant actors in Biosphere Reserves research and governance 
(UNESCO 2017). Scholars also have increasingly called for co-creative, participative and 
transdisciplinary approaches in Biosphere Reserves research (Ishwaran et al. 2008, Schultz 
et al. 2011, Coetzer et al. 2014, Barraclough et al. 2023). Yet, there is still a lack of evidence 
about the extent of transdisciplinarity in the global context of Biosphere Reserves and only 
few empirical studies have investigated the application and benefits of transdisciplinary 
research in Biosphere Reserves. Nevertheless, a body of literature has been dedicated to 
understanding how to improve the governance of Biosphere Reserves through adaptive co-
management (Olsson et al. 2007, Schultz and Lundholm 2010, Plummer et al. 2017) and 
through bridging and facilitating organizations  (Schultz et al. 2011, Reed and Abernathy 
2018, Walk et al. 2020). Multiple studies were conducted within recent transdisciplinary 
programs in Canadian Biosphere Reserves, e.g. on the practice of collective learning, 
participatory research, knowledge co-production (Reed et al. 2014, Reed and Abernathy 
2018), the challenges of community engagement (George and Reed 2017), or the ethics of 
transdisciplinary research conducted with and by Indigenous People (Reed et al. 2023). 
Another strand of literature anchored in South African Biosphere Reserves has explored e.g. 
the contributions of the MAB programme for conservation and development (Stanvliet et al. 
2004, Coetzer et al. 2014), inter- and transdisciplinary processes to establish Biosphere 
Reserves (Pool-Stanvliet et al. 2018), and collaborative learning processes (Pool-Stanvliet 
and Coetzer 2020). Concerning the actual outcomes of applying transdisciplinary 
approaches in Biosphere Reserves, empirical evidence is limited. One example is a 
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comparative study of four co-productive projects in the area of Kristianstad Vattenrike 
Biosphere Reserve, in Sweden (Malmborg et al. 2022). 

There is also a need to better assess the contributions of Biosphere Reserves research - and 
specifically of transdisciplinary research - in addressing the need for diversity and 
participation. The most recent  MAB strategy calls to enhance the participation of a diversity 
of actors, namely  scientists, policy-makers, local communities (including Indigenous People) 
and the private sector, in facilitating sustainability science in Biosphere Reserves (UNESCO 
2017). This call for participation and diversity has been echoed in sustainability science, 
particularly in transdisciplinary research (Staffa et al. 2022, Vogel and O'Brien 2022, Caniglia 
and Vogel 2023). However, when it comes to the concrete involvement of local actors in 
research processes, a stark contrast has been identified between ideal transdisciplinarity (i.e. 
methodologies committed to strong collaboration and empowerment of non-academic actors) 
and the wide-spread application of transdisciplinary approaches, often limited to 
consultations with non-academic actors (Brandt et al. 2013, Zscheischler and Rogga 2015, 
Jahn et al. 2021). Recent studies have argued that the discrepancy between the geographic 
location of researchers and their study sites - where researchers from Global North study the 
Global South - shows an academic neocolonial pattern (Brandt et al. 2013, Ghosh 2020, 
Sultana 2022, Zonta et al. 2023). In Biosphere Reserves research, the limited involvement of 
non-academic actors has been pointed out as well (Stoll-Kleeman et al. 2010, Reed 2016, 
Barraclough et al. 2021). While such neocolonial mechanisms, as well as the 
underrepresentation of Women and minorities have been identified in scientific research 
(Hofstra et al. 2020, Zonta et al. 2023), there is so far little evidence about such aspects in 
transdisciplinary research in Biosphere Reserves.  

Transdisciplinary approaches ideally address real-world challenges and explore 
transformative solutions (Pereira et al. 2020, Lawrence et al. 2022). While it is expected that 
transdisciplinary research may support the successful implementation of the MAB 
Programme (Reed 2016, UNESCO 2017, Ferreira et al. 2020, Barraclough et al. 2023), there 
is still a lack of evidence about the outcomes of transdisciplinary approaches in terms of 
transformative impacts. It is a widespread challenge for transdisciplinary researchers to 
monitor and report about concrete societal impacts and there is no standard procedure so far 
(Newig et al. 2019, Chambers et al. 2021, Schäfer et al. 2021). Hence, to address the 
transformative potential of transdisciplinary research in Biosphere Reserves, we follow recent 
reviews (Brandt et al. 2013, Riechers et al. 2021b, Zimmermann et al. 2023) and examine (1) 
the different types of knowledge (systems, target, transformation and process knowledge) 
produced in scientific publications, from descriptive to more transformative types (Brandt et 
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al. 2013, Lawrence et al. 2022) and (2) the leverage points addressed, i.e. the potential 
interventions, policies, innovations or practices and their more or less systemic impacts in 
focal situations (Meadows 1999, Meadows 2012, Abson et al. 2017).   

This article aims to provide a comprehensive review of Biosphere Reserves research to date, 
delineating research contributions to sustainability science and to the MAB Programme. In 
this article, we refer to Biosphere Reserves research as the research conducted in, with or 
about Biosphere Reserves. We carried out a systematic literature review, in two steps: (1) we 
analyzed 3,304 scientific studies conducted in Biosphere Reserves through meta-data and 
word occurrence analysis, and (2) we analyzed in depth the contributions of 336 articles from 
the latter, general data set, which applied transdisciplinary approaches. We aim to answer 
the following questions:  

1. How is Biosphere Reserves research -in particular transdisciplinary research- spatially 
distributed and how has it evolved over time? 

2. What topics has Biosphere Reserves research -and specifically transdisciplinary 
research addressed so far? 

3. How diverse is Biosphere Reserves research and specifically transdisciplinary 
research in terms of gender and actor participation? 

4. What transformative potential does transdisciplinary research in Biosphere Reserves 
display?  

 
Methods 
 
Data extraction 
We used Web of Science and Scopus to download all publications containing “biosphere 
reserve*” OR “biosphere region*” OR “biosphere area*” in the title, keywords, abstract and 
text (later referred to as “general data set”). To identify as many transdisciplinary publications 
as possible within the general data set (later referred to as “transdisciplinary data set”), we 
used a broad range of keywords (Table S1), based on recent reviews or conceptualisations 
of transdisciplinary science (e.g. Lang et al. 2012, Brandt et al. 2013, Knapp et al. 2019, 
Chambers et al. 2021, Schäfer et al. 2021). 
Following the preliminary articles identification via keywords, we screened the general data 
set and excluded articles based on the following criteria. We only selected articles written in 
English and original research articles (e.g opinion papers were excluded). Additional 
inclusion criteria were that the research took place in at least one UNESCO Biosphere 
Reserve and that articles full text should be accessible online. Based on these criteria, we 
retained 3,304 articles for the overview of Biosphere Reserves research. Furthermore, we 
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screened the preliminary selection of transdisciplinary articles and excluded articles that did 
not involve any non-academic actors in the research process, resulting in the selection of 
336 transdisciplinary publications for in-depth analysis. 
The data extraction and organization was carried out by C.G. The transdisciplinary keywords 
were selected by C.H.D and approved by all authors. For transparency and accountability 
purposes, we follow the MeRIT guidelines proposed by Nakagawa et al. (2023) and report 
throughout the methods section who has contributed to which steps of the study. 
 
Coding process 
The selected 3,304 articles, including the 336 transdisciplinary articles, were then coded as 
follows. First, we coded all 3,304 articles according to geographic location of study sites and 
author affiliations, and authors gender distribution, based on title and abstract. We then 
coded the 336 transdisciplinary articles based on full-text analysis, according to participation 
of non-academic actors, knowledge types and leverage points (section 2.3). The coding was 
conducted by: F.N., S.H., B.d.F.A., C.H.D., C.G., F.W., C.M. and J.H. and the data cleaning 
by : C.H.D., C.G. and F.W. See Table S.1 for a summary of the review process.  
To ensure validity of results across the 10 coders, the following measures were 
implemented. First, C.H.D., C.H. and F.W. created guidelines for all coding variables. The 
guidelines contained comprehensive descriptions of the coding variables and facilitated a 
shared understanding and consistent application of these variables across coders. In a one-
day workshop, the objectives, variables, guidelines and coding procedure were presented by 
C.H.D., J.H., C.G. and F.W. to all coders and A.F.F. and H.v.W.. Additionally, all coders 
engaged in parallel analysis of several articles over the course of two weeks. They compared 
and discussed results in daily meetings, which ensured a consistent interpretation of the 
coding guidelines. Finally, a set of the variables was independently coded by two different 
coders in 292 randomly selected articles. By comparing these duplicates, we were able to 
calculate the accuracy rate in coding and quantify potential coder bias (calculations by F.W., 
see Fig. S4).   
 
Coding variables 
To gain an overview of the general characteristics and topics of interest in Biosphere 
Reserves research and of their evolution over time, we used meta data such as publication 
date, and word occurrence analysis. We examined all publications in terms of geographic 
location and gender distribution, to identify potential bias in representation and participation 
(Table 1). We categorized all articles according to the geographic location of first and last 
authors’ affiliation. We also categorized the continent and country of study area. Articles 
studying several Biosphere Reserves in different continents were classified as 
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“transcontinental”. We then recorded the gender of the first and last authors, classified as 
female, male or unknown, according to genderize.io. We used this algorithm to categorize 
the gender of first names with a probability of at least 95% of accuracy, as proposed by e.g. 
Fox et al. (2019), although we have to acknowledge the limitations and potential bias of this 
binary gender approach.  

Table 1: Description and operationalisation of review variables 
Variables Description 
Diversity and inclusivity 
Geographic location of 
study area 

Continent and country of the studied Biosphere Reserve(s) 

Geographic location of first 
and last authors’ affiliations 

Continent and country of the first affiliation attributed to the first and last 
authors 

Gender of first and last 
authors 

Categorization of first and last authors’ first names as female/male/unknown 
using genderize.io 

Participation in transdisciplinary research 
Number of non-academic 
co-authors 

Number of publication authors without academic affiliation 

Acknowledgement of non-
academic actors  

Whether or not non-academic actors are acknowledged in the publication 

Type of actors  Types of actors that are involved in the transdisciplinary research process, e.g. 
Biosphere Reserves representatives, Indigenous People, land users 

Level of actor involvement The extent of involvement of non-academic actors in the transdisciplinary 
research process, categorized as consultation, collaboration and/or 
empowerment 

Transformative potential of transdisciplinary research 
Knowledge types Types of knowledge produced in the publication, categorized as system, target, 

transformation and/or process knowledge 
Leverage points Types of leverage points targeted in the publication, categorized as parameters, 

feedbacks, design and/or intent 

To assess in more detail the quality of participation and diversity in transdisciplinary 
research, we categorized publications according to the following variables (Table 1). First, we 
counted the number of authors, whose affiliations were not academic, to appraise whether 
transdisciplinary projects fostered the participation of non-academic actors in scientific 
outputs. Second, we recorded whether or not the publications mentioned non-academic 
actors in the acknowledgements, as a further indicator of the involvement and recognition of 
non-academic actors in the research process. With in-depth analysis of the articles, we then 
categorized the type of actors involved in the research process, adapting the list of Ferreira 
et al. (2020). We also recorded their level of involvement, categorized as consultation, 
collaboration or empowerment (Brandt et al. 2013, Fritz and Binder 2020, Jahn et al. 2021).  
To capture the transformative potential of transdisciplinary research in Biosphere Reserves, 
we categorized transdisciplinary articles according, first, to the type of knowledge they 
produced (Brandt et al. 2013, Lawrence et al. 2022) and, second, to the leverage points they 
addressed (Dorninger et al. 2020, Riechers et al. 2021a, Zimmermann et al. 2023) (Box 1). 
With regard to knowledge types, we categorized the contributions of the transdisciplinary 
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articles as systems, target, transformation or process knowledge (Table 1). Furthermore, to 
better appraise the contributions of transdisciplinary research to the understanding and 
development of solutions, we categorized articles according to the leverage points they 
addressed (Meadows 1999, Meadows 2012, Abson et al. 2017). The leverage points 
framework distinguishes interventions, such as policies or innovations, according to the more 
or less radical impacts they might have on the systems they target.  

The selection of the variables resulted from a test round of coding conducted by C.H.D, C.G., 
F.W., C.M., J.H.. The final selection of variables was decided by C.H.D, C.G., F.W., H.v.W. 
and A.F.F. 

Data analysis 
In order to identify clusters within the body of literature examined by us, we used a 
multivariate statistical approach first developed by Abson et al. (2014). We created a corpus 
containing all words within each individual paper, and reduced this exhaustive list to words 
included in at least 5 % of the papers. This list was then manually refined to contain only 
words that transport a meaning, thereby excluding stopwords. Groups were then derived 
based on a cluster analysis using Wards method, aiming to identify relatively equally sized 
groups. Based on an Indicator species analysis (Dufrene and Legendre 1997) we identified 
significant indicator words for each group, which were subsequently visualized in a 

Box 1. Assessing transformative impacts of transdisciplinary publications through knowledge types 
and leverage points 
1. Knowledge types 
Different knowledge types have been identified based on the different objects of study in transdisciplinary 
research (e.g. Hirsch Hadorn et al. 2006, Brandt et al. 2013, Lawrence et al. 2022).  Systems knowledge 
explores the history, root causes and functioning of specific situations and systems, e.g. exploring the root 
causes of ecosystem degradation. Target knowledge contributes insights into how a situation should or could 
be, for example studying local actors’ preferences towards different land use and management systems. 
Transformation knowledge explores how to change a situation to the desired outcomes and how solutions 
could be implemented, for instance studying how to foster value and behaviour shifts. Finally, process 
knowledge addresses how to carry out transdisciplinary research, e.g. sharing insights on ethical requirements 
for transdisciplinary processes or developing new methodologies for actor involvement. In this review, we 
assumed that transdisciplinary studies have stronger transformative impacts when they produce target or 
transformation knowledge rather than systems knowledge.  
2. Leverage points 
Leverage points refer to interventions’ shallow or deep impacts on a targeted system, i.e. the capacity of 
interventions to radically change a system (Meadows 1999, Meadows 2012, Abson et al. 2017). For instance, 
the level of parameters targets very shallow leverage points, such as adapting the level of resource use quota 
(Fischer and Riechers 2019). These shallow leverage points are rather easy to implement but have limited 
systemic impacts. Feedbacks refer to systemic interactions and feedback loops between elements of a 
system, such as delays and time in how the ozone hole can change after a stop on emissions (Fischer and 
Riechers 2019). Design leverages are more radical in that they affect information flows, the way systems are 
structured and organized and the power to change the systems rules, such as changes in policies or self-
regulation of communities (Abson et al. 2017). Finally, leverages on the intent level, such as value shifts and 
institutional change, are more difficult to implement but are expected to have strong systemic, radical 
outcomes (Abson et al. 2017, Riechers et al. 2022). We categorized transdisciplinary publications according to 
whether they produced knowledge about interventions targeting parameters, feedbacks, design and/or intent 
and assumed that transdisciplinary studies have stronger transformative impacts when they address deep 
(design and intent), rather than shallow (parameters and feedbacks) leverage points.  
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Detrended Correspondence Analysis. This linguistic analysis was conducted both for the 
whole dataset as well as for the subset only containing papers containing a transdisciplinary 
approach.  We used the R programming language v.4.3.1 (R Core Team 2023) with RStudio 
v.2023.06.1+524 (Rstudio Team, 2023) for all descriptive statistics and analyses.  
C.G., F.W., H.v.W. analyzed and visualized the data sets. 
 
Results 
 
Research in Biosphere Reserves 

Spatial distribution 
Our analysis of 3,304 publications on Biosphere Reserves showed a research focus in North 
America with 27 %, Asia with 25 % and Europe with 22% of all publications (Fig. 1). Mexican 
and Indian Biosphere Reserves were studied the most with 825 and 390 publications, 
respectively (see Box 2). As of 2023, 35.3% of the 748 Biosphere Reserves are located in 
Europe, followed by Asia and North America. The share of studies per continent for all 
studies and transdisciplinary studies were relatively indifferent. Europe had the highest 
number of general studies and, together with Mexico, the highest number of  transdisciplinary 
studies. Studies with a transdisciplinary approach are predominantly conducted in Europe, in 
North America and particularly in Mexico and India (see Box 2). Having a high number of 
designated Biosphere Reserves does not translate, however, in a high number of studies in 
the same country, with Mexico being a notable exception (Fig. S5). 

 
Fig. 1: World map of the general dataset with 3,304 publications of research in 
UNESCO Biosphere reserves. The color-coding illustrates the number of publications on 
Biosphere Reserves per country. The countries with the highest numbers of transdisciplinary 
studies are highlighted: Mexico 73, India 23 and Ethiopia 13. The share of publications per 
continent for 336 transdisciplinary publications and the general 3,304 publications is depicted 
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in the pie charts. Right bar plot: Share of Biosphere Reserves per continent considering all 
748 designated Biosphere Reserves as of 2023. 
 
Research in Biosphere Reserves is primarily conducted on the continent of the first author’s 
institution (Fig. 2 A). Also, the institutions of the first and last author tend to be on the same 
continent. Even though the regional research focus applies to the transdisciplinary 
publications on Biosphere Reserves as well, a similar pattern can be observed (Fig. 2 B). If 
researchers from Europe and North America study Biosphere Reserves outside of the Global 
North, they focus on the Asian and African continent; hardly any researchers from there work 
in the Global North. 

 
Fig. 2: Proportion of research institution of the first author at time of publication in 
relation to the study area. For A) the general dataset and B) the transdisciplinary research 
in Biosphere Reserves.  
 
Temporal distribution 
The annual number of published studies conducted in Biosphere Reserves increased from a 
few articles during the late 1970s to more than 300 in 2020 (Fig. 3 A). Generally, we 
observed an increasing trend of annually published studies compared to the number of 
designated Biosphere Reserves, which is highlighted by numbers on the logarithmic scale 
(Fig. 3 B, supplementary material Fig. S3). UNESCO designated substantially more 
Biosphere Reserves per year starting in the mid-1990s. 
  
We also explored global trends at the level of the individual continents (Supplementary 
Material, Fig. S1). There have been designated Biosphere Reserves on all continents 
(excluding Antarctica) since the late 1970s. The number of studies from North America 
(including Mexico) increased from the mid-1990s and faster than on other continents, while 
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the number of studies from Europe, Asia (including India), and South America started to 
notably increase only after 2000. Annual publications from African Biosphere Reserves saw 
only little increase until the mid-2010s after which they experienced a steep increase. First 
publications from Central America and Oceania also appeared during the late 1990s and 
early 2000s, but numbers remain relatively low until today. Overall, there is an over-
proportional (compared to the share of designated Biosphere Reserves) amount of published 
studies originating from Asian, North American, South American, and lately African 
Biosphere Reserve, while European, Oceanian, and Central American Biosphere Reserves 
tend to be under-represented in published research. 
  
Publications of transdisciplinary studies in Biosphere Reserves increased most notably after 
2000 (Fig. 3 A in red). The share of transdisciplinary publications to all publications increased 
over time but fluctuates over the years (Fig. 3 B).    
    

 
Fig. 3: Left: Cumulative number of designated Biosphere Reserves (BRs) in yellow and 
annual numbers of general publications in blue (n = 3,304) and transdisciplinary publications 
(TD) in red (n = 336) from 1975 to 2023, note the different y-axis-scales. Middle: The same 
on the log-scale. Right: Share of transdisciplinary publications from 1995 on.  
 
Research clusters 
We identified seven clusters best suitable for describing the thematic foci of the publications 
on Biosphere Reserves (Fig. 4 A). Studies with a social focus, including words such as 
participation, interviews or governance, cover similar research areas as studies on 
perspectives on people and cultural studies. Most of the publications of the transdisciplinary 
dataset belong to the participation group. Spatial studies, using words such as maps and 
pixel, were found close to the participation and culture clusters. Studies focusing on the 
biological environment, including words such as water and sediment, grouped close to 
microbiological studies, with words such as acid, bacteria or microbial. Botanical studies, 
represented by words such as vegetation and abundance, are grouped close to studies on 
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genes. The share of studies with a focus on people, using words like rural, sustainable and 
cultural (Fig. 4 B and C , culture), decreased over time, while the share of studies with words 
such as participation, governance and actors increased (Fig. 4 B and C, participation).  

 
Fig. 4: Research clusters of 3,304 publications of research in Biosphere Reserves: A) 
Detrended component analysis results of the clusters. B) Annual total numbers, C) annual 
share and a D) pie-chart showing the representation of these groups in the transdisciplinary 
publication (n=336) only (top right). 
 
We identified more groups with a focus on natural sciences for publications in the general 
data set than for transdisciplinary articles. The transdisciplinary studies were clustered in 
groups of social and political sciences in the groups of general publications. Generally, 
groups were more delineated and separated in the general studies than in the 
transdisciplinary studies. 
We identified five natural groups best suitable to describe the topics of transdisciplinary 
publications on Biosphere Reserves (Fig. 5 A). Research clusters focusing on politics were 
grouped and studies on ethnobotany were most distant. Publications tackling deforestation 
and degradation increased over time (Fig. 5 B and C, degradation), as well as those 
focussing on collaborations and stakeholder engagement (Fig. 5 B and C, collaboration).   
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Fig. 5: Research clusters in transdisciplinary publications of research in Biosphere Reserves 
(n=336). A) Word cloud of research fields with five clusters, B) Annual total numbers and C) 
annual share.  
 
Diversity and participation 
Gender 
We identified a higher percentage of male first authors (48%) and last authors (55%), 
compared to female first authors (31%) and last authors (24%) for publications studying 
Biosphere Reserves (Fig. 6). The pattern is also the same across continents, with South 
America and Asia having a higher number of female first authors. In South America there are 
even more female first authors than male first authors. With 43% male and 47% female first 
authors, the ratio for publications with a transdisciplinary approach is closer to parity, 
although 55% of the last authors are male and only 32% female. There is likely a geographic 
bias in these results due to a very high share of unknown gender for Asia, Africa and 
Oceania. This originates from genderize.io generally showing lower accuracies for  non-
western names. Female first authors work with male (51%) and female (41%) last authors, 
whereas male first authors mostly work with male last authors (70%) (see Supplementary 
Material, Fig. S2, A). The publications with a transdisciplinary approach show a more 
balanced ratio (see Supplementary Material, Fig. S2, B). Regardless of the continent, more 
female first and last authors were identified in the transdisciplinary studies than in the general 
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studies. It shifted not exclusively from male to female author shares, but showed a lower 
share of unknown gender in the transdisciplinary studies. Still, for both types of studies the 
majority of last authors were male. For additional percentages see the interactive 
supplementary material of the online version of this article.  

 
Fig. 6: Share of the gender (binary) of the first and last author for all publications of research 
in Biosphere Reserves (top) and for the publications with a transdisciplinary approach 
(bottom). Each dataset is visualized with its overall shares (large circles) and differentiated 
per continent of the study area (smaller circles). Absolute numbers 
(general/transdisciplinary): Overall (3,304/336), North America (924/82), Asia (834/67), 
Europe (720/89), South America (335/23), Africa (306/44), Oceania (12/3) and Central 
America (111/14). Transcontinental studies were excluded for this figure. 
 
Actor participation in transdisciplinary research 
In terms of actor types involved in transdisciplinary research in Biosphere Reserves, 
landusers, Indigenous People, government organizations and Biosphere Reserves 
management bodies have been most involved in publications on Biosphere reserves with a 
transdisciplinary approach. In comparison, Youth and Women groups were least involved 
(Fig. 7). Despite this general pattern, some differences can be identified among clusters of 
publications. Ethnobotany-related research seems to engage mainly only with indigenous 
and land use actors, but shows a higher percentage of involvement of Women groups. 
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Publications included in the politics cluster show, in general, a higher diversity of actors 
involved.    
Regarding the extent of participation, actors were predominantly involved in a consultative 
role in transdisciplinary studies (98 %). Most studies (41%) built on collaboration with non-
academic actors in the study design and only few publications (7%) reported about 
empowering actors. 53 of the 336 articles with a transdisciplinary approach (16%), were (co-
)authored by the participating actors. Of all publications with a transdisciplinary approach, 
51% acknowledged the actors, regardless of the type of participation.  

 
Fig. 7: Shares of actor groups, their way of involvement, generated knowledge types and 
leverage points in transdisciplinary studies, overall (far left) and for the five assigned 
research clusters. Shares for the categories of the individual variables do not add up to 100% 
as more than one or none of the categories could be valid for a single study. * 5 studies were 
not assigned to any group.  
 
Transformative potential 
We identified the creation of systems knowledge for most of the 336 publications with a 
transdisciplinary approach (Fig. 7). Few studies produced transformative (28 %) or process 
knowledge (28 %). This is reflected in the research clusters as well. Highest shares of target 
knowledge were identified in the (environmental) degradation, collaboration and politics 
research cluster. Process knowledge was mainly discussed in the collaboration and politics 
research cluster.  
We found leverage points at a design level in 44 % and at a feedback level in 37 % of the 
publications with a transdisciplinary approach. Parameters and intent were least studied. A 
rather large number of studies did not specifically explore any interventions (39%). Patterns 
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are again similar in all research clusters. The highest shares of design and intent leverage 
points were found in the collaboration and politics research cluster. 

Discussion 

Temporal and spatial trends in Biosphere Reserves research 
Our results showed that scientific publications about Biosphere Reserves have increased 
steadily in the last decades, in line with recent reviews (Kratzer 2018, Ferreira et al. 2020). 
However, the number of articles on Biosphere Reserves can be expected to increase 
substantially in the near future, as the number of scientific articles published annually is 
generally increasing (Fire and Guestrin 2019). The share of transdisciplinary studies in 
Biosphere Reserves has increased slightly in comparison to all Biosphere Reserves 
research. This trend could be due to a general uptake of transdisciplinary research in 
sustainability science (Brandt et al. 2013, Ghodsvali et al. 2019). The Seville Strategy, in 
1995, recognized the need for more social sciences and humanities in exploring good 
practice for the implementation of the MAB programme, and the most recent MAB strategy 
calls for biosphere reserves to operationalize sustainability science using transdisciplinary 
approaches (UNESCO 2017). While these strategies have set agendas and proposed 
relevant issues for governance and research, Biosphere Reserves are still widely dedicated 
to nature conservation (Reed 2016, Pool-Stanvliet and Coetzer 2020) - and Biosphere 
Reserves research to natural sciences rather than transdisciplinarity, as the total number of 
transdisciplinary studies represent a small fraction of existing biosphere reserves’ research. 
 
Spatial trends in Biosphere Reserves research revealed that Europe, North America (mostly 
Mexico) and Asia (mostly India) contributed most publications, both in the general and 
transdisciplinary data sets. The particularly high number of publications from Mexico and 
India has been pointed out in recent reviews (Kratzer 2018, Ferreira et al. 2020). These 
numerous publications are likely due to funding opportunities from dedicated governmental 
agencies and specific research institutions with long-standing research history in those areas 
(Box 2). Although most researchers studied areas on the same continent as their 
professional affiliation, researchers located in the Global North worked in Biosphere 
Reserves in the Global South more often than the other way around, as was identified in 
recent reviews in Biosphere Reserves research (Ferreira et al. 2020), and in transdisciplinary 
research in general (Brandt et al. 2013). In Africa, this pattern was even more pronounced for 
transdisciplinary research, with an even higher proportion of publications than in the general 
data set being produced by researchers affiliated to Europe. These results may concur with 
what has been identified as a neocolonial pattern in scientific publications across many 
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disciplines (Dahdouh-Guebas et al. 2003), in particular in climate and sustainability science 
(Sultana 2022, 2023), as well as transdisciplinary sustainability research (Zonta et al. 2023). 
To address power imbalances and neocolonialism in sustainability science, scholars have, 
for example, proposed strategies to centre knowledge, philosophies and people from the 
Global South (Chilisa 2017, Sultana 2023) - or methodologies and practices to foster e.g 
reflexivity, safe spaces, respect and meaningful benefits for communities (Pereira et al. 2020, 
Thambinathan and Kinsella 2021, Reed et al. 2023). In this regard, we acknowledge that the 
authors team, albeit international and interdisciplinary, is mostly affiliated in Europe, and thus 
proposed a perspective from the Global North.  
 
Research clusters 
The research clusters in the general data set revealed a disciplinary gradient, from social 
sciences dedicated to participation and culture, to natural sciences dedicated to species-
related  studies. However, most clusters included publications investigating topics related to 
microorganisms, water, species, vegetation and spatial analysis. It is likely that this part of 
the research mostly contributes knowledge to the conservation mission of the MAB 
programme. Note however a slight increase in the number of publications dedicated to 
participation - which in turn might contribute to a better understanding of how to implement 
the human development mission of the MAB programme. While these results confirm recent 
findings showing that most research in Biosphere Reserves is still restricted to natural 
sciences (Kratzer 2018, Pool-Stanvliet and Coetzer 2020), the clusters also pinpointed a 
potential developing trend focussed on issues of participation and governance - a trend that 
would need confirmation by future reviews. 
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Transdisciplinary research in Biosphere Reserves also revealed a gradient from publications 
with a governance focus (politics, discourse, agenda) to social-ecological and ecological 
studies (ethnobotany, domestication, medicinal). Topic-wise, current transdisciplinary 
research in Biosphere Reserves could be classified in five clusters: ethnobotany, 
degradation, ecotourism, politics and collaboration. These transdisciplinary clusters were 
less differentiated than those in the general data set, suggesting that there are yet no clear 
schools within transdisciplinary research in Biosphere Reserves. The politics and 
collaboration clusters accounted for a majority of publications with a shared focus on 
governance. 
Therefore, this review suggests that Biosphere Reserves seem to be used merely as 
interesting and logistically attractive sites to carry out research, rather than an object of 
research per se. Notwithstanding, the analyses also highlighted a coherent, albeit 

Box 2. Focus on Biosphere Reserves research in Mexico and India 
With 25.1% (= 825 articles) and 22% (= 73 articles) respectively, scientists from Mexico publish the most in 
general and transdisciplinary studies on Biosphere Reserves as compared to all other countries. Of the 41 
designated Mexican Biosphere Reserves, Calakmul, La Sepultura, El Viscaino, Sian Kaan and Mariposa 
Monarca are mostly studied with a transdisciplinary research design with six to ten studies each. There seem 
to be several catalysts for transdisciplinary research in Mexico: The National Council for Science and 
Technology in Mexico (CONACYT) subsidized 22 of the 73 transdisciplinary studies with grants and 
scholarships. 12 transdisciplinary papers were written by scientists of the National Autonomous University of 
Mexico. Additionally, “El Colegio de la Frontera Sur, Unidad Campeche (ECOSUR)” subsidized 10 of the 
transdisciplinary papers with knowledge, financial and logistical support.  
India has 12 designated Biosphere Reserves and 11.8% of the general publications related to Biosphere 
Reserves come from there. Remarkably, the MAB programme in India was only launched in 1986 and the first 
Biosphere Reserve was established in 2000. All 23 transdisciplinary papers on Indian Biosphere Reserves 
were conducted in five Reserves, namely Nanda Devi (11), Khangchendzonga (5), Nilgiri (3), Sunderban (3) 
and Nokrek (1). The GB pant Institute of Himalayan Environment and Development alone supported one third 
of the transdisciplinary research papers and may therefore act as a catalyst for transdisciplinary research. 
Publications on Biosphere Reserves in Mexico and India increased considerably in the last 10 years (Fig. Box 
2). In Mexico, UNESCO designated 18 new Biosphere Reserves only in 2006.  Both countries are 
characterized by distinct and highly vulnerable biodiversity, comprising priority regions for global conservation 
(Olson and Dinerstein 2002). Conservational efforts in both countries are high and research is supported. In 

Mexico, the National Commission of Natural 
Protected Areas (CONANP) manages and 
supports the Network of Biosphere Reserves, 
protecting in total more than 11,5% of Mexican 
land. In India government agencies, such as the 
Ministry of Environment, Forest and Climate 
Change, and the National Biodiversity Authority, 
provide support for scientific studies and 
conservation initiatives. The high research output 
in Mexico and India could be related to external 
funding as well. Mexico and India are amongst the 
highest recipients of biodiversity aid. From 1980-
2008, India was first and Mexico 4th place with 
9% and 3%  respectively of worldwide biodiversity 
funding (Miller et al. 2013). 
Fig. Box 2: Number of annual publications in blue 
and cumulative number of designated Biosphere 
Reserves in yellow from 1975 to 2023 for Mexico 
(top-left) and India (bottom-left).  Share of annual 
publications and designated Biosphere Reserves 
after 2000 for Mexico (top-right) and India 
(bottom-right).  
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developing, literature bundle aiming to address issues related to Biosphere Reserves 
governance and management, and to the successful implementation of the MAB Programme 
and Agenda 2030 for Sustainable Development. Hence, there is still much room to explore 
conditions for successful Biosphere Reserves governance - and to highlight the contributions 
of the World Network of Biosphere Reserves to support place-based knowledge co-
production in sustainability science (Barraclough et al. 2023).  
 
Diversity and participation 
In order to analyze diversity in Biosphere Reserves researchers, we recorded the gender of 
first and last authors. We found that research on biosphere reserves involved vastly fewer 
female than male authors across all continents. In particular, there were significantly fewer 
female last authors, often considered as Principal Investigators (PIs) - this discrepancy 
between the numbers of female first and last authors was particularly strong in Europe and 
South America. These results correspond to recent reviews showing that men still largely 
dominate the scientific system, especially when it comes to senior positions and e.g. co-
authoring as PIs (Huang et al. 2020, Hofstra et al. 2020, Ross et al. 2022). In 
transdisciplinary research in Biosphere Reserves, the share of female authors increased 
remarkably in comparison to the general data set, while the share of authors categorized 
under unknown gender was reduced. In North and South America, Europe and Oceania, we 
observed even more female than male first authors. Although the share of female last 
authors was higher than in the general data set, it remained well below parity. Why Women 
proportionally authored more transdisciplinary publications than publications in the general 
data set remains unclear. Global reviews have shown that Women are better represented in 
specific disciplines, e.g. political science and psychology (Huang et al. 2020), or brain 
science and jurisprudence (Holman et al. 2018). However, there is no clear evidence so far, 
and to our knowledge, about the representation of Women in sustainability science, nor in 
transdisciplinary research. Our results call for a much stronger commitment to gender 
equality in (transdisciplinary) Biosphere Reserves research. Many guidelines have been 
provided to address gender inequalities in science. Examples include, but are not limited to, 
feminist and slow scholarship (Mountz et al. 2015), mother-friendly measures within research 
labs (Leventon et al. 2019), policies against early-career drop out (Cardel et al. 2020) and a 
feminist ethos of care in transdisciplinary sustainability science (Staffa et al. 2022).  
 
To better understand diversity and participation in Biosphere Reserve research, we also 
analyzed which actor groups were involved in transdisciplinary publications and to what 
extent. Our analysis revealed that land users, governmental and Biosphere Reserve 
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representatives, but also Indigenous People were involved in several studies, regardless of 
research clusters. It has been shown that transdisciplinary research too often relied on elite 
participants, e.g. government or large NGOs, while underrepresented groups are often least 
involved (Turnhout et al. 2020). While this holds true in our study for Women and the Youth, 
it is remarkable that Indigenous People were involved in more than half of the 
transdisciplinary studies. Note that Indigenous People, Women, the Youth and local 
communities are mentioned as target groups for effective and equitable participatory 
planning in the most recent MAB strategy (UNESCO 2017). Nonetheless, participation was 
very limited in most studies and usually restrained to extracting information through e.g. 
interviews, questionnaires or surveys. This transdisciplinary theory-practice gap has been 
identified in former reviews (Brandt et al. 2013, Jahn et al. 2021). Barriers to collaborative 
and empowering practices include funding contexts that e.g. require short-term results (Jahn 
et al. 2021), difficulties in ensuring participation of various actors (Lang et al. 2012, Lawrence 
et al. 2022) or underlying power relations and conflicts that fail to be addressed (Turnhout et 
al. 2020, Pereira et al. 2020). The aspirational character of transdisciplinarity has been 
criticized as an extractive, power-ladden and often neocolonial pattern that should be 
addressed more stringently in research (Zonta et al. 2023). To address this theory-practice 
gap, guidelines and recommendations have been provided - notably calling for a radical 
engagement with power relations, conflicts and discomfort within transdisciplinary research 
(Ghosh 2020, Turnhout et al. 2020, Pereira et al. 2020, Fritz and Binder 2020, Barraclough et 
al. 2023). An example study reporting about empowering processes was found in Rivera-
Arriaga et al. (2021), who reported about participatory governance processes in collaboration 
with governmental, scientific and Mayan community representatives, in order to prevent 
ecological degradation and address local socio-political issues in Los Petenes Biosphere 
Reserve (Mexico). The results included building local capacities and co-creating a place-
based, innovative management scheme aiming to ensure community wellbeing and 
environmental health.  
 
Transformative potential 
Our analysis showed that most transdisciplinary studies were limited in their transformative 
potential. Most studies were restricted to producing systems knowledge, i.e. helping to 
understand the current state and root causes of a specific system or issue. This held true for 
all research clusters. The Ethnobotany cluster produced even less target, transformation or 
process knowledge than all other clusters. This cluster seemed to build on citizen science to 
collect e.g. botanical data, which can explain the strong focus on systems knowledge. On the 
contrary, the collaboration and politics clusters featured a stronger transformative potential, 
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with more studies producing target and transformation knowledge. Yet, these results confirm 
the aspirational character of transdisciplinary research (Brandt et al. 2013, Zscheischler and 
Rogga 2015, Turnhout et al. 2020) and call for a stronger engagement to produce 
transformative and solution-oriented knowledge, notably to support Biosphere Reserves 
management and the successful implementation of the MAB programme (Barraclough et al. 
2023). An example of a study producing target knowledge, or knowledge about potential 
solutions and visions for a Biosphere Reserve, can be found in Choudhary et al. (2021), in 
which strategies and recommendations are developed for Community-based Tourism, with 
the goal to ensure conservation and rural development in the Majang Forest Biosphere 
Reserve (Ethiopia). 
This review showed that transdisciplinary studies had mixed results in addressing concrete 
interventions for transformative change at different leverage points. For instance, a large part 
of the publications (regardless of research clusters) did not address any particular 
intervention, and only a quarter of all studies addressed interventions at intent level, or the 
deepest leverage (Abson et al. 2017). These mixed results mirror literature reviews on 
leverage points in research about food and energy systems (Dorninger et al. 2020), marine 
and coastal pollution (Riechers et al. 2021a) or in Arctic Indigenous food systems 
(Zimmermann et al. 2023). The collaboration and politics clusters seemed more impactful 
than all others, with many studies addressing deep leverage points at design and intent level. 
While the Lima Action Plan (UNESCO 2017) calls for inter- and transdisciplinary research to 
better understand how to improve the management and governance of Biosphere Reserves, 
there is much room to address potential interventions on deep leverages for this purpose. In 
this regard, strengthening research that addresses issues of collaboration, politics, and 
governance could support in leveraging this transformative potential and help bridge the gap 
between the concept of Biosphere Reserves and its implementation. An example of a study 
addressing deep leverage points can be found in Sharip et al. (2018). The study builds on 
focus group discussions with local actors to identify management challenges and to 
formulate recommendations for improved local communication and coordination of the 
several organizations responsible for environmental protection and governance in the Tasik 
Chini Biosphere Reserve (Malaysia). 
 
Methodological challenges  
Systematic literature reviews face common methodological challenges. Following recent 
reviews about Biosphere Reserves research (Kratzer 2018, Ferreira et al. 2020) and 
transdisciplinary research (Brandt et al. 2013, Zscheischler and Rogga 2015, Ghodsvali et al. 
2019), we concentrated on articles available to a broad international readership, i.e. written in 
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English in peer-reviewed scientific journals. Although the proportion of other languages in the 
databases we used was small, we acknowledge that reviewing literature published in other 
languages might be relevant to give a complete overview of global literature to date, notably 
for transdisciplinary research.  
To study diversity in authorship, we followed recent reviews (Fox et al. 2019, Hofstra et al. 
2020, Ross et al. 2022) in categorizing authors as female, male or unknown gender based 
on their first names, using the genderize.io algorithm. Further empirical data would be 
necessary for a better understanding of authorship diversity and intersectionality. 
Furthermore, we acknowledge the need for more gender-sensitive and less biased tools to 
assess diversity in authorship globally. The algorithm we used was based on a binary 
understanding of gender and did not account for e.g. non-binary and fluid gender identities. 
This algorithm revealed a geographic bias, as first names of authors affiliated in Asia and 
Africa were significantly more often categorized as unknown than in Europe or North 
America. Finally, a more fine-tuned information on all co-authors (rather than only first and 
last authors) would give a more accurate overview, for example for fields where the second 
author is usually the PI.  
Finally, we encountered common challenges in capturing contributions of transdisciplinary 
studies. Transdisciplinary research still rarely monitors and outlines societal impacts in 
scientific publications (Newig et al. 2019, Jahn et al. 2021, Schäfer et al. 2021). Societal 
impacts may become visible only in the long-term, after scientific publications (Pereira et al. 
2020, Chambers et al. 2021). Following, it appeared difficult to appraise the transformative 
potential of transdisciplinary research through literature review of scientific publications only. 
Although we acknowledge that grey literature could address this gap, such in-depth studies 
have been conducted on a limited number of cases only (Jahn et al. 2021, Schäfer et al. 
2021, Chambers et al. 2021). Hence, it remains a common procedure for global reviews of 
transdisciplinary research to focus on peer-reviewed articles only (Brandt et al. 2013, 
Ghodsvali et al. 2019). Our results analyze this research landscape and consequently are 
restricted to this branch of science.  

Conclusion 

The World Network of Biosphere Reserves provides ample opportunities for knowledge co-
production about a wide array of sustainability issues - and for contributing place-based 
insights to global scientific debates. Yet, this review showed that a large portion of Biosphere 
Reserves research is located in a few specific continents with a focus on natural sciences. 
Definitely, transdisciplinary research has contributed to exploring conditions for successful 
Biosphere Reserves governance. However, there is scope for enhancing the transformative 
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potential of Biosphere Reserves research. In that regard, a stronger commitment to gender 
equality, empowering forms of participation and knowledge integration about a broader range 
of topics are necessary. This would be essential to transform research in Biosphere 
Reserves into research about Biosphere Reserves and to highlight these areas as model 
regions for sustainability transformations. 
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A 5 Positionality Statement 
 
The research output and my approach can be put into reference. All maps and figures 
produced are not objective truth. The basis of all work is spatially explicit data yet processed 
and filtered by my understanding of Earth observation. I am a white, abled-bodied woman, 
both of my parents have a university degree. I was educated in Central Europe under the 
substantial influence and imprint of the Western science community and had access to 
funding money and institutional support in Europe and the USA. I am aware of these 
privileges that shaped to a certain extent my perspectives. Yet, the open-access directive of 
Earth observation institutions changes the field of remote sensing analysis substantially as 
ever more people have access to raw satellite data and the necessary learning platforms and 
materials to analyze them. I wish to further contribute and learn to broaden perspectives and 
share knowledge. I am hopeful that diverse perspectives will transform remote sensing 
analyses in sustainability science. 
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