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Summary 

In Madagascar, a large percentage of the rural human population faces multifaceted poverty and depends 

on agriculture and natural resources as main livelihood sources. Consequently, the country’s biodiverse 

natural ecosystems experience high land-use pressure. Especially the north-eastern rainforests comprise 

a remarkable diversity of trees species with high endemism rates but face rapid transformation into a 

human-modified mosaic landscape. This human-modified mosaic landscape in north-eastern Madagascar 

still contains a small share of protected old-growth forest and is otherwise composed of smallholder 

agricultural land, forest fragments, and smallholder agroforests to cultivate Madagascar’s major export 

product vanilla. In these agroforests, trees are permanently integrated into the crop cultivation system 

either as shade trees or as support trees for the climbing vanilla orchid (Vanilla planifolia). Vanilla 

agroforests cover a wide range of structural and compositional characteristics and might offer promising 

land use options to reconcile biodiversity conservation with production goals in north-eastern 

Madagascar. Since evidence on the social and environmental benefits and tradeoffs of vanilla agroforestry 

has been scarce so far, the research project ”Diversity Turn in Land Use Science” addresses this research 

gap. Within the frame of the Diversity Turn project, this thesis addresses the conservation value of 

agroforests by examining the diversity, stand structure, and composition of tree communities in vanilla 

agroforests and contrasting them to other tree-based land-use types in the mosaic landscape of north-

eastern Madagascar. To do so, this thesis first establishes a conceptual framework on agroforestry 

systems and then works through the individual aspects of this framework, using case studies on species 

diversity and stand structure, species composition, support tree diversity, and aboveground carbon 

stocks. The case studies build on tree inventory data from vanilla agroforests of contrasting land-use 

history, old-growth forests, forest fragments, and woody fallows after slash-and-burn shifting cultivation, 

which all contribute to the smallholder mosaic landscape of north-eastern Madagascar. 

The conceptual study (chapter 1) elaborates that tropical agroforests differ in land-use history and may 

be either established inside a forest or on open land but this difference is often neglected in agroforestry 

research and policy. Based on literature data and an example from own tree inventories, the study shows 

that agroforests of contrasting land-use history differ in biodiversity, ecosystem functions, and services. 

The study suggests that the differentiation based on land-use history might be applicable in various 

regions and agroforestry systems, to better align landscape management with conservation goals. 
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Chapter 2 analyses the stand structure and species diversity of trees in the different land-use types of the 

smallholder mosaic landscape. Therein, the study puts a special focus on how land-use history affects 

stand structure and species diversity in vanilla agroforests and demonstrates that forest-derived 

agroforests are important for maintaining habitat structure and tree diversity, whereas fallow-derived 

agroforests offer tree cover rehabilitation opportunities on open but formerly forested land. 

Chapter 3 quantifies the variation of tree species communities within and among different land-use types 

in the mosaic landscape. The study uses beta-diversity metrics that reflect changes in both species 

composition and abundance in these different land-use types and demonstrates that (thus far) many tree 

species can persist in this mosaic landscape. However, turnover rates are high within and between tree 

communities in the land-use types, indicating that tree communities are transforming both in identity and 

abundance. The study endorses the implementation of conservation and restoration activities to maintain 

the unique tree species assemblages in the human-modified mosaic landscape and suggests the 

establishment of agroforests on formerly forested degraded land as an entry point. However, the study 

emphasizes considering the high turnover rates of tree species communities in the planning of such 

activities. 

Chapter 4 focuses on the diversity and composition of agroforest-support trees, which have received little 

scientific attention so far. The study builds on support tree inventory data and farmer interviews from 

vanilla agroforests of contrasting land-use history. The study analyses the species diversity, composition, 

and geographic origin of support trees in these vanilla agroforests and shows that support trees 

substantially contribute to the tree diversity in these agroforests, but show clear differences based on 

land-use history: support trees in forest-derived agroforests encompass many native and endemic species 

richness and have four times higher species richness compared to fallow-derived agroforests, which 

harbor a high share of introduced species. Since fallow-derived vanilla agroforests can play an important 

role in restoration and rehabilitation, the study suggests a stronger consideration of native or endemic 

tree species in new to establish vanilla agroforests. 

Chapter 5 estimates aboveground carbon stocks across stem diameters and geographic origin of tree 

species in the different land-use types of the smallholder mosaic landscape. Therein, the study particularly 

analyses how land-use history influences aboveground carbon stocks in agroforestry systems. The study 

demonstrates that agroforests can act as carbon reservoirs in a multifunctional landscape, but considering 

their land-use history and management is important to maximize their benefits: forest-derived 

agroforests support higher aboveground carbon stocks than fallow-derived agroforests and have the 
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potential to maintain a forest-like structure with native and endemic trees in the landscape, whereas 

fallow-derived agroforests take land out of the slash-and-burn cycle by converting it into permanent tree-

dominated land-use systems.  

In conclusion, the studies within this thesis contribute to refining the conservation evaluation of tropical 

agroforests and provide data-based evidence to assess the conservation value of vanilla agroforests in the 

mosaic landscape of north-eastern Madagascar. The thesis sheds light on the diversity, composition, and 

stand structure of tree communities in the mosaic landscape of north-eastern Madagascar and thereby 

provides vital information to quantify and understand the consequences of land-use change in this 

tropical landscape. Such understanding is essential to develop land-use management schemes and 

conservation measures that aim to maintain species diversity, ecosystem functions, and services and is 

thus important for research and applied conservation alike. 
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Zusammenfassung 

In Madagaskar ist ein Großteil der ländlichen Bevölkerung von Armut betroffen und ist damit auf 

kleinbäuerliche Landwirtschaft und die Nutzung natürlicher Ressourcen zur Grundversorgung 

angewiesen. Folglich sind die natürlichen und artenreichen Ökosysteme des Landes einem hohen 

Landnutzungsdruck ausgesetzt. Vor allem die Regenwälder im Nordosten des Landes weisen eine 

bemerkenswerte Vielfalt an Baumarten und eine hohe Endemismusrate auf, sind jedoch von einer raschen 

Umwandlung in eine von Menschen veränderte Mosaiklandschaft bedroht. In dieser Mosaiklandschaft im 

Nordosten Madagaskars findet sich noch ein kleiner Anteil geschützter alter Wälder, ansonsten setzt sich 

die Landschaft aus einem Mosaik landwirtschaftlicher Flächen, Waldfragmente und Agroforste 

zusammen. Diese Agroforste dienen dem kleinbäuerlichen Anbau von Gewürzvanille, die Madagaskars 

wichtigstes Exportprodukt darstellt. In diesen Agroforsten spielen Bäume eine entscheidende Rolle. Sie 

werden entweder als Schattenbäume oder als Stützbäume für die kletternde Vanille-Orchidee (Vanilla 

planifolia) dauerhaft in das Anbausystem integriert. Vanille-Agroforste decken bezüglich ihrer Struktur 

und ihrer Artenzusammensetzung ein breites Spektrum ab. Somit weisen sie vielversprechende 

Landnutzungsoptionen auf, um die Erhaltung der biologischen Vielfalt mit den Produktionszielen im 

Nordosten Madagaskars in Einklang zu bringen. Da es bisher nur wenige Belege gibt, die eine soziale und 

ökologische Bewertung der Vanille-Agroforstwirtschaft erlauben, befasst sich das Forschungsprojekt 

"Diversity Turn in Land Use Science" mit dieser Forschungslücke. Im Rahmen des Diversity Turn-Projekts 

befasst sich die vorliegende Doktorarbeit mit dem Naturschutzwert von Agroforsten, indem sie die 

Vielfalt, Bestandsstruktur und Zusammensetzung von Baumgemeinschaften in Vanille-Agroforsten 

untersucht und sie mit anderen baumbasierten Landnutzungstypen in der Mosaiklandschaft im Nordosten 

Madagaskars vergleicht. Um dies zu erreichen, entwickelt die vorliegende Doktorarbeit zunächst einen 

konzeptionellen Rahmen, der eine Naturschutzbewertung von Agroforstsystemen erleichtert. 

Anschließend werden einzelne Aspekte dieses konzeptionellen Rahmens anhand von Fallstudien 

untersucht. Die Fallstudien setzen unterschiedliche Schwerpunkte und decken damit ein umfassendes 

Spektrum ab, das von der Baumartenvielfalt und Bestandsstruktur, über die 

Baumartenzusammensetzung, die Vielfalt der Agroforst-Stützbäume bis zur Erfassung des oberirdischen 

Kohlenstoffbestands reicht. Die Fallstudien stützen sich auf Bauminventurdaten, die in Vanille-

Agroforsten mit unterschiedlicher Landnutzungsgeschichte erhoben wurden, sowie in weitgehend 

ungestörten Wäldern, Waldfragmenten und holzigen Brachflächen, die alle Teil der kleinbäuerlichen 

Mosaiklandschaft im Nordosten Madagaskars sind. 
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In der konzeptionellen Studie (Kapitel 1) wird zunächst dargelegt, dass sich tropische Agroforste in ihrer 

Landnutzungsgeschichte unterscheiden: sie können entweder im Wald oder auf Brachland angelegt 

werden. Jedoch wird dieser Unterschied in der Agroforstforschung und -politik bisher kaum beachtet. Auf 

der Grundlage von Literaturdaten und einem Beispiel aus eigenen Bauminventurdaten zeigt die Studie, 

dass sich Agroforste mit unterschiedlicher Landnutzungsgeschichte in Bezug auf biologische Vielfalt, 

Ökosystemfunktionen und Ökosystemdienstleistungen unterscheiden. Die Studie legt nahe, dass die 

Unterscheidung basierend auf der Landnutzungsgeschichte in verschiedenen Regionen und 

Agroforstsystemen anwendbar sein könnte, um lokale Naturschutzziele und Landschaftsmanagement 

besser aufeinander abzustimmen. 

Kapitel 2 analysiert die Bestandsstruktur und die Artenvielfalt von Bäumen in den verschiedenen 

Landnutzungstypen der kleinbäuerlichen Mosaiklandschaft. Dabei steht insbesondere im Fokus, wie sich 

die Landnutzungsgeschichte in Vanille-Agroforsten auf deren Bestandsstruktur und die Baumartenvielfalt 

auswirkt: die Studie zeigt, dass Agroforste, die im Wald etabliert wurden, wichtig für die Erhaltung der 

Lebensraumstruktur und der Baumvielfalt sind, während Agroforste, die auf Brachland etabliert wurden, 

eine Möglichkeit zur Wiederherstellung der Baumbestände auf diesen ehemals bewaldeten Brachflächen 

bieten. 

Kapitel 3 quantifiziert die Vielfältigkeit und Zusammensetzung der Baumartengemeinschaften innerhalb 

und zwischen verschiedenen Landnutzungstypen in der Mosaiklandschaft. Die Studie verwendet Beta-

Diversitätsmaße, die Veränderungen in der Baumartenzusammensetzung und -häufigkeit in diesen 

verschiedenen Landnutzungstypen widerspiegeln, und zeigt, dass (bis jetzt) viele Baumarten in dieser 

Mosaiklandschaft überleben können. Allerdings sind die Fluktuationsraten innerhalb und zwischen den 

Baumgemeinschaften in den verschiedenen Landnutzungstypen hoch, was darauf hindeutet, dass sich die 

Baumgemeinschaften sowohl in ihrer Identität als auch in ihrem Abundanz verändern. Die Studie 

befürwortet die Durchführung von Maßnahmen zur Aufforstung und Renaturierung ehemals bewaldeten 

Brachlands, um die einzigartigen Baumartengemeinschaften in der vom Menschen veränderten 

Mosaiklandschaft zu erhalten, und schlägt als Einstieg die Etablierung von Agroforsten auf ehemals 

bewaldeten Brachflächen vor. Die Studie betont jedoch, dass die hohe Fluktuationsrate von 

Baumartengemeinschaften bei der Planung solcher Aktivitäten zu berücksichtigen ist. 

Kapitel 4 befasst sich mit der Vielfalt und Zusammensetzung von Agroforst-Stützbäumen, denen bisher 

wenig wissenschaftliche Aufmerksam zukam. Die Studie stützt sich auf Daten aus der Bestandsaufnahme 

von Agroforst-Stützbäumen in Vanille-Agroforsten mit unterschiedlicher Landnutzungsgeschichte, sowie 
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auf Befragungen der Besitzer:innen der jeweiligen Vanille-Agroforste. Die Studie analysiert die 

Artenvielfalt, die Zusammensetzung und die geographische Herkunft der Stützbäume in diesen Vanille-

Agroforsten und zeigt, dass Stützbäume wesentlich zur Baumvielfalt dieser Agroforste beitragen, aber 

abhängig von der Landnutzungsgeschichte werden deutliche Unterschiede zwischen Stützbaum-

Beständen sichtbar: Stützbäume in Agroforsten, die im Wald etabliert wurden, umfassen viele 

einheimische und endemische Stützbaumarten und weisen einen viermal höheren Artenreichtum auf als 

Agroforste, die auf Brachland etabliert wurden und einen hohen Anteil an eingeführten Stützbaumarten 

beherbergen. Da auf Brachland etablierte Vanille-Agroforste eine wichtige Rolle bei der Aufforstung und 

Renaturierung ehemals bewaldeten Brachlands spielen können, empfiehlt die Studie bei deren 

Etablierung verstärkt auf einheimische oder endemische Baumarten als Stützbäume zurück zu greifen. 

Kapitel 5 quantifiziert die oberirdischen Kohlenstoffvorräte in den verschiedenen Landnutzungstypen der 

kleinbäuerlichen Mosaiklandschaft. Dabei wird insbesondere analysiert, wie die Landnutzungsgeschichte 

die oberirdischen Kohlenstoffvorräte in Agroforstsystemen beeinflusst. Die Studie zeigt, dass Agroforste 

als Kohlenstoffspeicher in einer multifunktionalen Landschaft fungieren können, dass es aber wichtig ist, 

ihre Landnutzungsgeschichte und ihre Bewirtschaftung zu berücksichtigen, um ihren Naturschutzwert zu 

maximieren: Agroforste, die im Wald etabliert wurden, weisen größere oberirdischen Kohlenstoffvorräten 

auf und haben das Potenzial, eine waldähnliche Struktur mit einheimischen und endemischen Bäumen in 

der Landschaft zu erhalten, während Agroforste, die auf Brachland etabliert wurden, dieses ehemalig 

bewaldete Brachland in dauerhaft baumdominierte Landnutzungssysteme zurückführen.  

Zusammenfassend tragen die Studien im Rahmen dieser Doktorarbeit dazu bei, die ökologische 

Bewertung tropischer Agroforste zu verbessern. Die Studien liefern datengestützte Erkenntnisse aus 

Fallstudien in der Mosaiklandschaft im Nordosten Madagaskars, welche die ökologische Bewertung der 

Vanille-Agroforstwirtschaft in dieser Region ermöglichen. Die vorliegende Doktorarbeit beleuchtet die 

Vielfalt, die Zusammensetzung und die Bestandsstruktur von Baumgemeinschaften in der 

Mosaiklandschaft im Nordosten Madagaskars und liefert damit wichtige Informationen, um die Folgen 

von Landnutzungsänderungen in dieser tropischen Landschaft zu quantifizieren und zu verstehen. Ein 

solches Verständnis ist unerlässlich für die Entwicklung von regional angepassten Landnutzungsplänen 

und Schutzmaßnahmen, die darauf abzielen, die Artenvielfalt, Ökosystemfunktionen und 

Ökosystemdienstleistungen zu erhalten, und ist somit sowohl für die Forschung als auch für den 

angewandten Naturschutz von hohem Wert.
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Chapter overview 

The core of this thesis is composed of five manuscripts (chapter 1-5). The author of this thesis, Kristina 

Osen (KO), was either leading the preparation of these manuscripts or substantially supported their 
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Manuscript status: Published in Applied Vegetation Science; https://doi.org/10.1111/avsc.12563 

Permission to reuse this published article: This is an open access article distributed under the terms of the 

Creative Commons CC BY license, which permits unrestricted use, distribution, and reproduction in any 
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Contribution: KO conceptualized the study, collected, cleaned, analyzed and visualized the data 
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Contribution: KO essentially contributed to the conceptualization, data collection and writing of 
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General introduction 

Tropical forests hold a large share of the global terrestrial biodiversity and provide essential services to 

society (Corlett & Primack, 2008; Gibson et al., 2011; Watson et al., 2018); yet, these forests are subject 

to interacting stressors such as deforestation and climate change (Barlow et al., 2018). Growing demand 

for land, food, fiber, timber, and other ecosystem goods is driving deforestation and agricultural 

expansion and transforming natural landscapes into human-modified landscapes (Foley et al., 2005; 

Green et al., 2005; Ramankutty et al., 2018; Winkler et al., 2021). This transformation involves habitat 

replacements and habitat losses that strongly affect biodiversity (Arroyo-Rodríguez et al., 2017; Barnes et 

al., 2014; IPBES, 2019; Newbold et al., 2020). This calls for land-use management schemes and 

conservation measures that slow down, halt or reverse such dynamics, to maintain species diversity, 

ecosystem functions, and services without risking food security (Foley et al., 2005; Grass et al., 2019; 

IPBES, 2019; Melo et al., 2013; Tscharntke et al., 2012). In this context, smallholder agroforests are 

promising candidates for such sustainable land-use options, as they permanently integrate trees into 

agricultural land while generating revenues for smallholder farmers (Bhagwat et al., 2008; Schroth, 2004; 

Waldron et al., 2017). However, the ecological integrity of agroforests is strongly influenced by the 

diversity and abundance of trees, as trees represent key structural and functional elements of tree-based 

ecosystems and directly or indirectly connect many ecosystem functions and species groups (Manning et 

al., 2006; Schuldt et al., 2018). Therefore, the ecological integrity of agroforests is highest if their stand 

structure resembles the stand structure and species composition of neighbouring natural forests (Barrios 

et al., 2018; Moguel & Toledo, 1999). Thus, trees are key structural and functional elements of tree-based 

ecosystems and therefore play a central ecological and socio-economic role (Gibbons et al., 2008; 

Manning et al., 2006; Reed et al., 2017; Tscharntke et al., 2011). Additionally, trees provide many 

ecosystem services such as carbon storage and sequestration (Albrecht & Kandji, 2003; De Beenhouwer 

et al., 2016), the improvement of soil health erosion control, or water infiltration (Castle et al., 2021). 

However, trade-offs may exist, such as a reduction in the area of crop production, yield losses or 

competition for water and nutrients (Blaser et al., 2018; Castle et al., 2021). Thus, it is important to adapt 

the choice of trees and management schemes to the local context, in order to minimize trade-offs, and 

maximize synergies (Barrios et al., 2018). 

Madagascar is home to more than 2900 endemic tree species which are defined by having a narrow 

distribution limited to a single country. As such, the tree endemicity rate of 93% is very high, but at the 

same time, an alarming share of 63% of these endemic species is currently listed as threatened, following 
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the IUCN criteria (Beech, Rivers, et al., 2021; BGCI, 2021). Within Madagascar, the tree species are not 

equally distributed, and almost half of the country’s tree diversity occurs in the forests and human-

modified landscapes of the Northeast (Beech, Rivers, et al., 2021). Therein, protected areas play an 

important role to conserve the Malagasy tree species diversity, but many threatened endemic species 

occur entirely outside the protected area network (Beech, Rivers, et al., 2021). The north-eastern 

landscape is therefore an area of high conservation value and requires a particular need to apply and 

expand tree conservation efforts to avoid species loss, which will also benefit livelihoods (Beech, Rivers, 

et al., 2021).  

To date, north-eastern Madagascar still holds the highest percentage of forest cover compared to the rest 

of the island, but deforestation rates are constantly high (Vieilledent et al., 2018) and the remaining 

forests face rapid transformation into a human-modified mosaic landscape, driven by a combination of 

agricultural practices and a diverse range of political, economic, cultural, demographic, and environmental 

factors (Scales, 2014). This intensifies the call for land-use options that maintain as much natural forest 

cover as possible without jeopardizing food safety and human wellbeing (Jones et al., 2019). In this 

context, smallholder agroforests to cultivate the spice vanilla are promising candidates for such 

sustainable land-use options in north-eastern Madagascar: vanilla agroforests are composed of a variety 

of tall trees that form the canopy above the vanilla orchid (Vanilla planifolia) and small-statured trees that 

support the vanilla vines as a climbing structure (Havkin-Frenkel & Belanger, 2018; Osterhoudt, 2017). At 

the same time, vanilla is Madagascar’s major export product (OEC, 2021), so these agroforests can 

generate significant revenues for smallholder farmers and more than 80% of rural households in the study 

region engage in vanilla farming (Hänke et al., 2018). 

Consequently, vanilla agroforests might offer promising land use options to reconcile biodiversity 

conservation with production goals in north-eastern Madagascar, but evidence on the social and 

environmental benefits and tradeoffs of vanilla agroforestry has been scarce so far. For this reason, the 

research project ”Diversity Turn in Land Use Science” started off in 2016 to address this research gap from 

different angles. The “Diversity Turn” project initially followed an inter- and transdisciplinary research 

approach, closely associated with a circle of local stakeholders composed of NGOs, researchers, vanilla 

farmers, intermediaries, and exporters in north-eastern Madagascar. This knowledge exchange provided 

valuable context and served as a basis to develop the respective disciplinary research questions. The 

mixed team of German and Malagasy researchers from different disciplines then used economic, 

agronomic, sociologic, and ecologic approaches to study the cultivation, preparation, trade, and the 
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environmental performance of vanilla as a cash crop, in comparison to alternative subsistence agricultural 

land-use options such as paddy rice or hill rice. Within this project scope, the team of ecologists conducted 

a standardized large-scale multi-taxa survey to evaluate the potential of vanilla agroforests for 

maintaining native and endemic biodiversity. Therefore, the ecologist team established research plots in 

vanilla agroforests, old-growth forests, forest fragments, woody fallows and herbaceous fallows after 

slash-and-burn shifting cultivation, and rain-fed rice paddies that all form part of the human-modified 

mosaic landscape. On these plots, the team jointly assessed the diversity of trees, herbaceous plants, 

reptiles, amphibians, birds, butterflies, and ants, to detect and quantify diversity patterns.  

Within this ecological framework, this thesis focuses specifically on trees and the individual studies in this 

thesis build exclusively on data from the tree-dominated land-use types: vanilla agroforests, old-growth 

forests, forest fragments and woody fallows after slash-and-burn shifting cultivation. Thereby, this thesis 

addresses the conservation value of agroforests by examining the diversity, stand structure, and 

composition of tree communities in vanilla agroforests and contrasting them to other tree-based land-

use types in the mosaic landscape. To do so, this thesis first establishes a conceptual framework on 

agroforestry systems and then works through the individual aspects of this framework, using case studies 

on tree alpha-diversity, tree beta-diversity, support-tree diversity, and aboveground carbon stocks.  

Lastly, the synthesis chapter of this thesis connects all study results and integrates them into the larger 

conservation context. This knowledge can ultimately feed into the development of biodiversity-friendly 

land-use practices and management plans, that benefit biodiversity conservation, rural livelihoods and 

climate change mitigation and adaptation and hence contribute to the long-term sustainability of the 

mosaic landscape. 
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Abstract 

Agroforestry is widely promoted as a potential solution to address multiple UN Sustainable Development 

Goals, including zero hunger, responsible consumption and production, climate action and life on land. 

Nonetheless, agroforests in the tropics often result from direct forest conversions, displacing rapidly 

vanishing and highly biodiverse forests with large carbon stocks, causing undesirable trade-offs. Scientists 

thus debate whether the promotion of agroforestry in tropical landscapes is a sensible policy. So far, this 

debate typically fails to consider land-use history, that is, whether an agroforest is derived from forest or 

from open land. Indeed, 57% of papers that we systematically reviewed did not describe the land-use 

history of focal agroforestry systems. We further find that forest-derived agroforestry supports higher 

biodiversity than open-land-derived agroforestry but essentially represents a degradation of forest, 

whereas open-land-derived agroforestry rehabilitates formerly forested open land. Based on a conceptual 

framework, we recommend to 1) promote agroforestry on suitable open land, 2) maintain tree cover in 

existing forest-derived agroforests and 3) conserve remaining forests. Land-use history should be 

incorporated into land-use policy to avoid incentivizing forest degradation and to harness the potential of 

agroforestry for ecosystem services and biodiversity. 

 

Keywords: biodiversity, cacao, carbon stocks, coffee, ecosystem services, forest-derived agroforestry, 

land-use history, open-land-derived agroforestry, rehabilitation, restoration 

 

Introduction 

Agroforestry is often promoted in global initiatives as a way to simultaneously address multiple UN 

Sustainable Development Goals (van Noordwijk et al., 2018). Among them Zero Hunger (Goal 2), 

Responsible Consumption and Production (Goal 12), Climate Action (Goal 13), and Life on Land (Goal 15). 

Embedded in this context, the UN Decade on Ecosystem Restoration (2021-2030) emphasizes the 

opportunity to plant trees in agroforestry systems as a way to reverse land degradation and restore 

ecosystems, thereby contributing to climate change mitigation. However, the concept of agroforestry as 

an association of trees with crops or livestock on the same land (FAO, 2017) embraces a broad range of 

systems under different management schemes: Many important perennial agroforestry crops, such as 

cacao or coffee, can be farmed underneath shade trees. Such agroforests may be established on open 

land or inside forest (Moguel & Toledo, 1999), but in the latter case, they may contribute to the loss of 
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highly diverse forests (Lewis et al., 2015; Schroth, 2004). This drawback stimulates debate over the 

conservation value of tropical agroforests and whether their promotion is indeed a sensible policy 

(Philpott & Dietsch, 2003; Tejeda-Cruz et al., 2010).  

Surprisingly, tropical agroforestry research has made few attempts to investigate how ecosystem 

functions and services, as well as biodiversity, differ among agroforests of contrasting land-use history, 

i.e. between forest- and open-land-derived agroforests. Instead, researchers have commonly compared 

structurally simple with structurally diverse agroforests (Moguel & Toledo, 1999) and have found 

biodiversity and non-yield ecosystem services to generally increase with structural complexity (De 

Beenhouwer et al., 2013).  

Here, we collate published information on socio-economic implications as well as ecosystem services and 

biodiversity in forest- and open-land-derived agroforestry and identify knowledge gaps. We find that 

forest-derived agroforests can be best described as a form of forest degradation while open-land-derived 

agroforests rehabilitate formerly forested open land (sensu Chazdon et al., 2016). We then argue that 

emphasizing land-use history in tropical agroforestry research and policy may foster biodiversity 

conservation and contribute to the safeguarding of ecosystem functions and services in tropical 

landscapes.  
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Fig. 1.1: Concept of land-use history in agroforestry. a) Forest-derived agroforests are established by thinning the 

forest and replacing the understory with shade-tolerant agroforestry crops such as coffee, cacao, rubber, or vanilla, 

thereby representing a degradation of forest with overall losses of biodiversity and ecosystem services (except for 

yields). b) Open-land-derived agroforests are established by planting agroforestry crops alongside planted or 

naturally regenerating shade trees on suitable open land. Open-land-derived agroforestry consequently has the 

potential to rehabilitate cropland, perennial monocultures, pastures, fallow or degraded land, leading to gains in 

biodiversity and ecosystem services. 

Systematic review method 

We relied upon a recently published evidence and gap map (Miller et al., 2020), which systematically 

assessed the available literature on the impacts of agroforestry on agricultural productivity, ecosystem 

services, and human well‐being. We used their data extraction record (sup-0001 from Miller et al., 2020) 

and filtered the results for the practice type ‘Trees integrated with plantation crops’ and ‘Tropical’ OR 

‘Multiple’ ecoregions to match the scope of our paper. We subsequently excluded 23 studies that were 

either not in English (1 study), unavailable (2 studies), situated outside the tropics (5 studies), or that 

investigated combinations of trees with annual crops (15 studies). We then systematically reviewed the 
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remaining 98 papers and assessed whether authors had 1) described land-use history of all agroforestry 

types studied, 2) directly compared between forest- and open-land-derived agroforests, 3) directly 

compared agroforests and their former land-use (forest/open land), and 4) discussed the topic. We 

provide a table with extracted data as Supporting Information (Appendix S1.1). 

The importance of land-use history in tropical agroforestry 

Relatively few crops are shade-tolerant and may be planted directly inside forests (Fig. 1.1). These crops 

include coffee, cacao, pepper, rubber or vanilla – all crops that can also be planted on open land, but that 

may partly require specific varieties or temporary artificial or natural shade. In our systematic review, 57% 

of studies did not describe the land-use history of focal agroforests and only 5% directly compared 

agroforests of contrasting land-use history. Of those studies which described land-use history, 50% 

investigated forest-derived agroforests, while 38% investigated open-land-derived agroforests and 12% 

compared the two, emphasizing the importance of both kinds. Forest- and open-land-derived agroforests 

are commonly found alongside each other in mosaic landscapes across the tropics. In Sulawesi, Indonesia, 

50% of cacao plantations are forest-derived while the other half was established on open land (Rice & 

Greenberg, 2000). In north-eastern Madagascar, 70% of vanilla agroforests are open-land-derived, while 

30% are forest-derived (Hänke et al., 2018; more on vanilla agroforests in Box). The possibility to plant the 

same crops inside forest and on open land highlights the relevance of land-use history when studying such 

agroforestry systems. Furthermore, these crops are frequently farmed within forest landscapes in tropical 

biodiversity hotspots, accentuating the importance of biodiversity-friendly farming practices. 

Suitability of open vs. forest land for agroforest establishment 

Land accessibility and availability influence whether agroforests are established inside forests or on open 

land (Meyfroidt et al., 2014, Table 1.1). Establishing forest-derived agroforests is only possible where 

forests are available, typically at deforestation frontiers or where forest fragments are scattered in a 

landscape. As forests are vanishing across the tropics (Lewis et al., 2015), many farmers live far away from 

available forests, making open-land-derived agroforestry the only option. 

Other factors are also shaping agroforestry expansion (Table 1.1). For example, planting crops inside 

forest may represent a form of land claim (Meyfroidt et al., 2014), incentivizing forest-derived 

agroforestry. On open-land, land tenure must already be secured, given the significant investments 

needed to establish an agroforest (Ruf, 2001). Opportunity costs may apply in either case: For forests, 

those are likely limited to the loss of forest-specific ecosystem functions and services, while on open land, 
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the costs for losing perennial monocultures, arable crop land or pastures will be considerable. Fallows 

may offer an opportunity for open-land-derived agroforestry, given their abundance in many tropical 

regions (Chazdon et al., 2009). Degraded land, typically of low value to people and nature (Lamb et al., 

2005), could also be suitable for open-land-derived agroforestry, but only if costs, for example associated 

with management of invasive species or erosion control, are manageable. The price tag might also be a 

more general disadvantage of open-land-derived agroforestry; cacao production costs are for instance 30 

- 50% higher in open-land-derived agroforests compared to forest-derived agroforests due to costs for 

fertilizers and maintenance (Ruf, 2001). Additionally, planting trees on open-land may be expensive (Ruf, 

2001), while making space for forest-derived agroforestry may be attractive in itself if felled forest trees 

can be used or sold (Tscharntke et al., 2011). 
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Table 1.1: Characteristics of forest-derived and open-land-derived agroforests with a comparison between the two. Characteristics are separated into suitability 

of land for agroforest establishment, ecosystem functions and services, and vegetation structure and biodiversity. References are reviews where available. If no 

studies were available, we formulated hypothesis that are formatted in italics. 

Characteristic Characteristics of forest-derived 

agroforests  

Characteristics of open-land-derived 

agroforests 

Comparison between forest-derived 

and open-land-derived agroforests  

References 

Suitability of land for agroforest establishment 

Land availability Forest land may be the only land available 

to farmers, particularly if their means to 

purchase land are limited. 

Open land may be the only land 

available at places without forest or 

where remaining forests are protected 

or otherwise inaccessible. 

Advantages and disadvantages of 

either type depend on local and 

individual context. 

Meyfroidt et al., 

2014; Ruf, 2001 

Land tenure & rights Agroforest establishment inside forest 

may represent a land claim. Land rights 

determine land availability. Forests may be 

protected, preventing forest-derived 

agroforestry. 

Land must already be claimed before 

agroforest establishment. Land tenure 

insecurity discourages agroforestry 

establishment. 

No direct comparison available, strong 

land rights will facilitate open-land-

derived agroforestry whereas strict 

forest protection may hamper forest-

derived agroforestry. 

Meyfroidt et al., 

2014; Ruf, 2001 

Competition with 

previous land use 

Direct land-use competition limited, but 

loss of forest-generated ecosystem 

functions and services. 

Competition with services and yields 

derived from cropland, perennial 

monoculture, pasture or fallow. Less 

problematic on degraded land. 

No direct comparison available, trade-

offs exist for both types. Advantages 

and disadvantages depend on local 

context. 

Meyfroidt et al., 

2014 

Production costs NA NA Production costs are higher in open-

land-derived agroforestry compared to 

forest-derived agroforestry. 

Ruf, 2001 

Ecosystem functions and services 

Su
p

p
o

rt
in

g 

Soil fertility Nutrient acquisition incl. N fixation 

through forest remnant or planted 

(legume) trees; litter fall maintains soil 

fertility. 

Nutrient acquisition incl. N fixation 

through planted (legume) trees; 

particularly useful if resource needs of 

chosen trees and agroforestry crop are 

complementary. May also depend on 

former use of open land. 

No direct comparison available, 

possibly higher soil fertility in forest-

derived agroforestry but potential for 

carry-over effects from previous land-

use in open-land-derived agroforestry. 

May change over time. 

Cannell et al., 

1996; Tscharntke 

et al., 2011 

Water 

regulation & 

supply 

Integrity of water cycle with high 

evapotranspiration and low surface run-off 

may be retained. 

Improved integrity of the water cycle 

with enhanced evapotranspiration and 

reduced surface run-off. 

No direct comparison available, 

possibly higher integrity of water cycle 

in forest-derived agroforestry. 

Abdulai et al., 

2018; Blaser et 

al., 2018; 

Wanger et al., 

2018 
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Characteristic Characteristics of forest-derived 

agroforests  

Characteristics of open-land-derived 

agroforests 

Comparison between forest-derived 

and open-land-derived agroforests  

References 
R

e
gu

la
ti

n
g 

Climate 

regulation 

Above-ground carbon stocks are lower 

than in forests. Within forest-derived 

agroforests, biomass is often times 

reduced over time as trees are cut. Soil 

organic carbon can be maintained if trees 

are kept. 

Above-ground carbon stocks are 

initially low, but can be elevated to 

medium levels with time. Soil organic 

carbon is initially low but may rebound 

over time. 

No direct comparison available, open-

land-derived agroforestry typically 

have lower carbon stocks compared to 

forest-derived agroforestry. 

De Beenhouwer 

et al., 2016; 

Hombegowda et 

al., 2016; Nair et 

al., 2009 

Climate change  

adaptation 

Possibly dependent on tree cover; studies 

report mixed results about the direction of 

the effect for cacao. 

Possibly dependent on tree cover; 

given that trees are often actively 

planted, tree species adapted to 

climate change could be chosen. 

No direct comparison available, more 

active choice of tree species in open-

land-derived agroforests could be an 

opportunity for climate change 

adaptation. 

Abdulai et al., 

2018; Blaser et 

al., 2018; 

Wanger et al., 

2018 

Erosion 

prevention 

Little change compared to forest if trees 

are maintained. 

Improvement over open land. No direct comparison available, 

possibly better in forest-derived 

agroforests which have not 

experienced clear cuts or fire. 

Labrière et al., 

2015 

Biological 

control 

Pest control services and disease 

prevalence (in coffee and cacao) both 

increase with tree cover, leading to 

potential trade-offs between the two. 

Pest control services and disease 

prevalence may increase with tree 

cover recovery. 

No direct comparison available, pests 

and disease may differentially affect 

forest- and open-land-derived 

agroforests. 

Blaser et al., 

2018; Clough et 

al., 2009 

P
ro

vi
si

o
n

in
g 

Primary crop 

yield 

Yield gains in coffee and cacao are 

common when shade tree cover is 

reduced from high to medium shade, but 

long-term yields may suffer under low 

shade conditions. 

Possible yield reduction in coffee and 

cacao agroforests where shade tree 

regeneration leads to higher canopy 

cover. 

No difference in cacao yield between 

forest- and open-land-derived 

agroforestry (but only one study 

available). 

Clough et al., 

2009; Nijmeijer 

et al., 2019 

Secondary crop 

yield & raw 

materials 

Products may be harvested if useful plants 

and trees are kept, promoted or planted. 

Trees can be cut and used. 

Useful plants/trees can be planted 

during agroforest establishment but 

might take time until first harvest; 

dependent on product. 

No direct comparison available, the 

more active choice of tree species in 

open-land-derived agroforestry 

predicts higher secondary crop yields in 

such systems. 

Tscharntke et al., 

2011 

Vegetation structure and biodiversity 

Tree cover & 

structure 

Initially high tree cover and structure may 

be reduced with time if trees are 

extracted. 

Initially low tree cover and structure, 

may be elevated to medium levels with 

time through tree growth. 

Typically lower tree cover and 

simplified structure in open-land-

derived agroforestry than in forest-

derived agroforestry (See also Box). 

Nijmeijer et al., 

2019; Ruf, 2001; 

Tscharntke et al., 

2011 



CONCEPTUAL STUDY:  LAND-USE HISTORY IN TROPICAL AGROFORESTRY 
 

13 
 

Characteristic Characteristics of forest-derived 

agroforests  

Characteristics of open-land-derived 

agroforests 

Comparison between forest-derived 

and open-land-derived agroforests  

References 

Tree diversity Selective cutting of trees reduces diversity 

compared to forest. More useful trees (see 

above) are more likely to be kept. 

Diversity is highly managed as trees are 

planted or selected by farmers. Species 

are typically chosen based on their 

usefulness, suitability and availability. 

Normally lower in open-land-derived 

agroforestry than in forest-derived 

agroforestry. 

Nijmeijer et al., 

2019; Tscharntke 

et al., 2011; 

Valencia et al., 

2016 

Biodiversity Generally lower than in forest. May be 

taxon-specific and/or on the level of 

species composition rather than species 

richness. Effects will be strongest for 

forest-dependent species. 

Generally higher than in open land. 

Effects may be taxon specific and/or on 

the level of species composition rather 

than species richness. Open-land 

species may decrease following 

agroforest establishment. 

Overall lower in open-land-derived 

agroforestry than in forest-derived 

agroforests, but open-land and 

generalist species may be more 

common in open-land-derived 

agroforests. 

De Beenhouwer 

et al., 2013; 

Hoehn et al., 

2010; Perfecto et 

al., 1996; 

Philpott et al., 

2008 

Legacy effects Extinction debts are likely to exist, 

suggesting a loss in species over time even 

under stable tree cover. 

Immigration credit is likely to exist, 

suggesting a gain in species over time 

under stable management regime. 

No direct comparison available, 

realizing legacy effects would lead to 

reduced differences between forest- 

and open-land-derived agroforests in 

terms of biodiversity. 

Hylander & 

Nemomissa, 

2017; Jackson & 

Sax, 2010; Shumi 

et al., 2018 
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Land-use history affects ecosystem functions and services 

Establishing an agroforest on open land that was formerly forested can be regarded as a form of 

rehabilitation (Chazdon et al., 2016), leading to an overall increase of tree cover and associated ecosystem 

functions and services (Table 1.1). Tropical open-land-derived agroforests thus have a large carbon 

sequestration potential (Hombegowda et al., 2016; Nair et al., 2009; Nijmeijer et al., 2019). Forest-derived 

agroforests, on the other hand, typically store less carbon than forests (De Beenhouwer et al., 2016; Nair 

et al., 2009). For example, forest-derived coffee agroforests in Ethiopia lose 47% of their carbon stocks 

along an intensification gradient compared to forests (De Beenhouwer et al., 2016). For tree basal area, 

we find the same pattern in vanilla agroforests, where open-land-derived agroforests have three times 

more basal area than open fallow land. Forest-derived vanilla agroforests, on the other hand, have 59% 

less basal area than forest (Box). 

Whether forest- and open-land-derived agroforestry differ in yields remains poorly understood. A single 

study in cacao shows no differences (Nijmeijer et al., 2019), but research has mainly focused on how tree 

cover is correlated with yields. In coffee, yields are typically higher under low- or medium-shade 

conditions (Perfecto et al., 1996). In cacao, yields generally increase when shade is reduced (Blaser et al., 

2018), but low-shade systems may fail to maintain yields in the long run (Clough et al., 2009). Yields may 

also be influenced by pest control services in agroforestry systems, but whether land-use history per se 

influences pest control is unknown. Similarly, it remains unclear whether land-use history affects how 

agroforests cope with elevated temperatures and droughts. Elucidating the interplay between land-use 

history, tree cover, pest control and yields under climate change will thus help to improve agroforest 

management to the benefit of farmers as well as ecosystem services and biodiversity. 

BOX: The case of vanilla agroforestry in Madagascar 

Vanilla agroforests along with hill- and paddy rice, fallows and forest fragments form a mosaic landscape 

in north-eastern Madagascar which arose through rainforest conversion. High vanilla prices have led to 

an expansion of vanilla agroforestry at the cost of both forest and open land. Forest-derived vanilla 

agroforests, which make up around 30% of all vanilla agroforests (Hänke et al., 2018), are established by 

understory clearance and tree thinning. This conversion maintains some tree cover but basal area in 

forest-derived vanilla agroforests is less than half compared to forest (Fig. 1.2). In contrast, 70% of vanilla 

agroforests originate from abundant open land that lays fallow as part of the slash-and-burn hill rice 

cultivation cycle (Hänke et al., 2018). The cessation of fire, that comes with the establishment of 
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permanent open-land-derived vanilla agroforests, enables tree recovery, resulting in a threefold higher 

basal area compared to open land (Fig. 1.2). When compared directly, forest-derived vanilla agroforests 

have almost twice the basal area of open-land-derived vanilla agroforests. This highlights the role of 

agroforests of contrasting land-use history for maintaining trees and their associated functions and 

services. 

 

Fig. 1.2: Basal area [m²/ha] in 40 circular study plots of 1963.5 m². Measurements include all living trees, palms and 

herbs with a diameter at breast height ≥ 8 cm. a) Basal area in forest-derived vanilla agroforests is 59% lower than 

in forests (p < 0.001). b) Basal area in open-land-derived vanilla agroforests is three times higher than in open lands 

(238% increase; p = 0.011). Open-land-derived vanilla agroforests have 45% less (p = 0.009) basal area than forest-

derived vanilla agroforests. Test results are based on Wilcoxon signed-rank tests. 

Land-use history shapes vegetation structure and biodiversity  

Planting crops inside forest and the accompanying simplification of vegetation structure leads to a loss of 

biodiversity (De Beenhouwer et al., 2013; Tscharntke et al., 2011). While immigrating generalist or open-

land specialist species may compensate for some of the losses in species richness, forest specialists (De 

Beenhouwer et al., 2013; Perfecto et al., 1996) and threatened species (Schroth, 2004) are particularly 

affected. This species turnover exacerbates conservation concerns of forest-derived agroforestry. 

Nevertheless, forest-derived agroforests surpass alternative forms of forest conversion, such as slash-and-

burn practices (Perfecto et al., 1996; Schroth, 2004). Planting agroforests on open land should, in contrast, 
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enhance structural complexity and increase resource diversity, thereby bolstering biodiversity of forest-

associated taxa (Fig. 1.1). However, few studies compare open-land-derived agroforests with their 

respective baselines (Rice & Greenberg, 2000). This is also reflected in our systematic review, where only 

two studies compared biodiversity of open-land-derived agroforestry with open land while 14 studies 

compared forest-derived agroforestry with forest (see also Table 1.1 and Appendix S1.1). Direct 

comparisons between forest-derived and open-land-derived agroforests are scarce, but published studies 

show a more forest-like species composition (Hoehn et al., 2010; Valencia et al., 2016) fewer invasive 

species (Bos et al., 2008), and higher species diversity (Nijmeijer et al., 2019; Siebert, 2002) in forest-

derived agroforests. 

However, the differences between agroforests of contrasting land-use history might diminish over time. 

Oftentimes, forest-derived agroforests lose tree cover due to logging of existing trees, natural mortality, 

and limited recruitment (De Beenhouwer et al., 2016; Shumi et al., 2018; Valencia et al., 2016), typically 

resulting in a reduction of biodiversity (Philpott et al., 2008; Tscharntke et al., 2011). Contrastingly, open-

land-derived agroforests gain tree cover over time and could thereby enter into a positive biodiversity 

trajectory (Perfecto et al., 1996). In this context, contrasting trajectories in forest- and open-land-derived 

cacao agroforests in Cameroon have equalized tree diversity after ~25 years (Nijmeijer et al., 2019). 

Furthermore, legacy effects could reduce the gap in biodiversity between forest- and open-land-derived 

agroforests over time. Extinction debts suggest a continuing loss of biodiversity as populations that are 

not viable under new conditions go extinct (Jackson & Sax, 2010).  

Evidence for extinction debts comes from forest-derived agroforests in Ethiopia, where epiphytes are less 

likely to occur in long-converted agroforests further away from the historic forest edge (Hylander & 

Nemomissa, 2017). Conversely, open-land-derived agroforests may enjoy an immigration credit (Jackson 

& Sax, 2010; Shumi et al., 2018), implying that species have not yet immigrated into newly established 

agroforests, despite suitable habitat. “Paying out” extinction debts and immigration credits would thus 

reduce differences in species richness between forest- and open-land-derived agroforests. 

Discussion 

Agroforestry is often seen as an economically viable land-use option that benefits people and nature alike 

(Schroth, 2004), thereby contributing to reaching the UN Sustainable Development Goals. To what extent 

will depend on whether an agroforest is established on open land or at the cost of biodiverse tropical 

forest. Nonetheless, forest-derived agroforestry represents a limited loss of ecosystem functions and 
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biodiversity compared to more destructive conversion methods such as slash-and-burn or a combination 

of intensive logging and grazing (Fig. 1.3). Conversely, agroforestry on formerly forested open land will 

typically have a positive effect on ecosystem services and biodiversity: The land gains vertical habitat 

complexity through the restoration of shade trees and crops on open land, which in turn increases 

biodiversity and ecosystem functions and services. In short, open-land-derived agroforestry will often 

perform worse than forest-derived agroforestry in absolute terms but forest-derived agroforestry 

degrades forest whereas open-land-derived agroforestry rehabilitates open land that was once forested 

(Box; Fig. 1.3). 

Fig. 

Fig. 1.3: Conceptual framework of land-use history for tropical agroforests including possible transformation 

pathways. Forest-derived agroforestry represents a decline of biodiversity, ecosystem functions and services 

compared to forest (except crop yields). Conversely, open-land-derived agroforestry represents an improvement 

over previous land use. In direct comparison, forest-derived agroforestry outperforms open-land-derived 

agroforestry if tree cover is maintained. Importantly, the framework only applies to formerly forested land in the 

tropics and is not applicable to naturally open land, such as savannahs. Note that both axes are not absolute, i.e. 

processes may happen faster or slower (x-axis) and losses and gains could be stronger or weaker (y-axis), depending 

on environmental and socio-economic context. 
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Incentivising positive land-use trajectories 

Maintaining tree cover in forest-derived agroforestry (Fig. 1.3) might be associated with lower yields 

(Blaser et al., 2018; Perfecto et al., 1996) and establishing open-land-derived agroforests instead of forest-

derived ones might come at extra direct costs (Ruf, 2001; Tscharntke et al., 2011). Incentives such as 

sustainability certification schemes could, however, make both economically viable (Philpott & Dietsch, 

2003; Tscharntke et al., 2015). Analogously, farmers could profit from payments for ecosystem services 

aimed at carbon sequestration in their open-land-derived agroforests (Salzman et al., 2018). Interestingly, 

many sustainability standards prohibit “forest conversion into production land” (e.g. Rainforest Alliance, 

Organic, Fair Trade (International Trade Centre, 2019)), effectively excluding forest-derived agroforests. 

But in practice, many certified agroforests are forest-derived (e.g. vanilla: (Hänke et al., 2018); coffee: 

Philpott & Dietsch, 2003). This is not per se problematic if sustainability certification ensures that 

ecosystem functions and services, as well as biodiversity, are maintained in long-established agroforests 

(Tscharntke et al., 2015). To avoid incentivizing forest degradation, the certification of recently converted 

forest-derived agroforests should nonetheless be avoided. On the other hand, open-land-derived 

agroforests might struggle to meet certification criteria, despite the improvement over previous land use. 

For instance, Rainforest Alliance requires “diverse native shade canopies for shade-tolerant crops” 

(International Trade Centre, 2019)– a criterion that will typically be harder to meet in open-land-derived 

agroforestry (Rice & Greenberg, 2000). In this case, rules could be adapted so that open-land-derived 

agroforests with a lower proportion of native trees still qualify for sustainability standards. In sum, 

sustainability standards and payments for ecosystem services should be sensitive to land-use history in 

order to avoid adverse outcomes. 

Key research questions on land-use history of tropical agroforests 

First, we encourage studies that investigate the time scale of described processes. In forest-derived 

agroforestry, we hypothesize a rapid loss of biodiversity and ecosystem functions and services during the 

initial transformation from forest and a somewhat slower decline thereafter. In open-land-derived 

agroforestry, recovery time will again depend on the focal variable but may be only a few years for certain 

ecosystem functions (Nijmeijer et al., 2019). In this context, time series will be particularly interesting. 

Second, research quantifying the extent of biodiversity and ecosystem functioning gain and loss during 

transformation is equally important. Third, elucidating how forest- and open-land-derived agroforestry 

could be utilized to restore land-sharing/sparing connectivity landscapes would be highly interesting 

(Grass et al., 2019). For example, one could imagine landscapes with forest-derived agroforests as buffers 
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around protected areas and corridors of open-land-derived agroforestry connecting forest fragments – 

thereby reaping the advantages of both types. 

Policy implications 

Agroforestry is widely promoted to address multiple UN Sustainable Development Goals, but policy often 

does not distinguish between forest- and open-land-derived agroforests. Here, we find that ecosystem 

functions and services, as well as biodiversity, are strongly influenced by land-use history in agroforests; 

suggesting a high relevance of land-use history for policy. Policies aiming to conserve biodiversity and 

ecosystem services should 1) prioritize forest protection over forest-derived agroforestry, 2) promote 

forest-derived agroforestry as an alternative to deforestation, 3) incentivise tree cover maintenance in 

existing forest-derived agroforests, 4) encourage open-land-derived agroforestry on suitable open land, 

particularly on fallow and degraded land, and 5) stimulate applied research on land-use history. 

Our framework is relevant to numerous policy tools. Those include payments for ecosystem services and 

sustainability certification but can be extended to agricultural subsidy schemes, zero-deforestation 

commitments and governmental land-use policy, among others. Notably, all approaches will need to be 

highly adapted to local context as environmental and socio-economic factors influence whether and 

where the promotion of forest- respectively open-land-derived agroforestry is a sensible policy. 
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Abstract 

Question 

In human-modified tropical landscapes, agroforestry is considered a promising land use to reconcile 

biodiversity conservation with production goals. The role of agroforests with regard to conservation may 

strongly be influenced by land-use history, however, few studies have explicitly investigated this. We thus 

tested the importance of land-use history for habitat structure and tree diversity in vanilla agroforests 

situated in a human-modified tropical landscape. 

Location 

Smallholder mosaic landscape of north-eastern Madagascar. 

Methods 

We studied tree stand structure, diversity and composition in vanilla agroforests of contrasting land-use 

history, old-growth forests, forest fragments and woody fallows after slash-and-burn agriculture, which 

all contribute to the smallholder mosaic landscape of north-eastern Madagascar. The vanilla agroforests 

were either derived directly from forest, or otherwise from woody fallows after slash-and-burn 

agriculture. 

Results 

Land-use history strongly influenced tree species diversity and composition in vanilla agroforests and also 

affected stand structure. Forest-derived agroforests maintained high levels of tree species diversity and 

differed in community composition compared to fallow-derived agroforests, which had relatively low 

levels of tree diversity. Additionally, forest-derived vanilla agroforests harboured a significantly higher 

percentage of endemic species than fallow-derived agroforests, and forest-derived agroforests also 

shared many species with old-growth forests and forest fragments. Fallow-derived vanilla agroforests 

harboured a lower percentage of endemic species than woody fallows.  

Conclusion 

Considering the land-use history of agroforests is important to unfold their full potential as elements in a 

multifunctional human-modified landscape. Forest-derived agroforests are an alternative to forest 

conversion through slash-and-burn agriculture and have the potential to sustain high levels of species 

diversity and important habitat structures. In contrast, fallow-derived agroforests regain stand structure 
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on degraded historically forested land, and thereby have the potential to increase canopy cover and 

connectivity at the landscape scale. 

 

Keywords: Land-use history; conservation; old-growth forest; human-modified landscape; endemism; 

forest fragments; Madagascar; vanilla agroforestry; stand structure; tree diversity 

 

Introduction 

Tropical biodiversity is threatened by past and ongoing forest loss, driven by a growing demand for land 

and resources (DeFries et al., 2004). Sustainable land-use options are therefore needed to maintain high 

levels of species diversity and habitat structure while ensuring food security (Foley et al., 2005; Godfray 

et al., 2010; Tscharntke et al., 2012). Particularly in tropical human-modified landscapes, agroforestry is 

considered a promising land-use option to meet production goals while maintaining forest stand 

structures, tree species diversity and associated life-forms across biological kingdoms (Bhagwat et al., 

2008; Schroth, 2004). However, agroforestry is multi-facetted: on one hand, it may drive further forest 

conversion, thereby accelerating species loss and stand structure simplification (Rappole et al., 2003). On 

the other hand, agroforestry may restore tree cover and associated biodiversity, and ecosystem functions 

and services on historically forested and degraded lands (Martin et al., 2020) and might therefore provide 

an attractive restoration practice (Brancalion et al., 2018; Giudice Badari et al., 2020). 

Evaluating the conservation potential of tropical cash crop agroforestry systems such as coffee or cacao 

is often based on the comparison of structurally simple and structurally diverse agroforests (Moguel & 

Toledo, 1999; Rappole et al., 2003). However, agroforests have contrasting land-use histories and can be 

either forest- or open-land-derived (Martin et al., 2020). In a conceptual study, Martin et al. (2020) suggest 

that forest-derived agroforestry supports higher biodiversity than open-land derived agroforestry but 

essentially represents a degradation of forest, whereas open-land derived agroforestry rehabilitates 

historically forested open land. Yet, 57% of the systematically reviewed studies did not describe the land-

use history of focal agroforestry systems at all, and only very few made land-use history a central point of 

analysis (Martin et al., 2020).  

The important role of agroforestry in balancing conservation goals and economic development is very 

apparent in Madagascar (Jones et al., 2019). Madagascar is classified as a biodiversity hotspot (Buerki et 

al., 2013; Ganzhorn et al., 2001; Myers et al., 2000), and especially the eastern rainforests represent 
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centres of endemism for plants and other taxa (Goodman & Benstead, 2005; Schatz, 2005; Willis, 2017). 

Yet, the eastern rainforests have been suffering from forest cover losses in recent years and evidence of 

natural forest regeneration is limited (Harper et al., 2007; Irwin et al., 2010). To date, north-eastern 

Madagascar still holds the highest percentage of forest cover compared to the rest of the island, yet 

deforestation rates are constantly high (Vieilledent et al., 2018). This intensifies the call for land-use 

options that contribute to rural development while maintaining as much natural forest cover as possible 

(Jones et al., 2019). In this context, the cultivation of the orchid Vanilla planifolia in agroforests constitutes 

an important feature within the human-modified landscape of north-eastern Madagascar (Osterhoudt, 

2017). Vanilla is an important cash crop, considering both its share in the country’s export earnings and 

its importance for livelihoods (Hänke et al., 2018). Rising global demand for vanilla in recent years, 

therefore, lead to a rapid expansion of vanilla agroforests in north-eastern Madagascar (Llopis et al., 

2019). Within vanilla agroforests, smallholders use small-statured trees as a support for the climbing 

orchid, while a variety of taller trees form the canopy above (Havkin-Frenkel & Belanger, 2018). Hence, 

vanilla agroforests comprise a wide range of tree densities and tree canopy cover (Hending et al., 2020). 

Furthermore, household surveys in north-eastern Madagascar found that vanilla agroforests particularly 

differ in their land-use history: around 30% of agroforests are forest-derived, established by cleaning the 

understorey, thinning the forest, and planting vanilla under the canopy of the already established trees 

(Hänke et al., 2018). Roughly 70% of agroforests originate from fallow land that had formerly burned 

within the slash-and-burn cycle for hill rice cultivation (locally known as tavy (Styger et al., 2007)) before 

tree structures re-established and vanilla was planted (Hänke et al., 2018). Independent of their land-use 

history, all vanilla farming systems can be characterized as agroforests, since they permanently integrate 

trees and other large woody perennials into the crop cultivation system. This definition embraces a broad 

range of different management schemes with trees and large woody perennials that already existed prior 

to the agroforest establishment, but also encompasses spontaneous regrowth or actively planted trees or 

other tall woody plants (Bhagwat et al., 2008; Schroth, 2004). Recent studies show that vanilla agroforests 

can provide habitat for native wildlife (Hending et al., 2018, 2020; Martin, Andriafanomezantsoa, et al., 

2021), but it remains unclear to which extent the habitat structure and tree diversity are determined by 

land-use history. Furthermore, it is unclear how agroforest tree species communities are composed in 

these different agroforest types, and whether vanilla agroforests can provide suitable habitat for forest-

dependent species, as many tropical species strongly depend on forest and do not occur in human-

modified landscapes (Rembold et al., 2017).  
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In our study, we conducted inventories in forest-derived and fallow-derived vanilla agroforests, old-

growth forests, forest fragments and woody fallow sites resulting from slash-and-burn agriculture, which 

represent the common tree-dominated land-use types of north-eastern Madagascar. We used trees as a 

study group, given their importance as structure-providing elements (McElhinny et al., 2005) and their 

high diversity in north-eastern Madagascar (Callmander et al., 2011; Schatz, 2005). We examined how 

land-use history affects tree diversity and community composition within vanilla agroforests in this 

biodiversity hotspot in north-eastern Madagascar. Specifically, we asked: (a) how do stand structure, tree 

diversity and community composition vary among vanilla agroforests of contrasting land-use history? (b) 

how does land-use history influence total and endemic tree species diversity and species composition 

among vanilla agroforests? (c) how do stand structure, tree diversity and community composition vary 

between vanilla agroforests of contrasting land-use history compared to other tree-dominated land-use 

types? (d) can vanilla agroforests of contrasting land-use history provide suitable habitat for forest-

dependent tree species? 

Methods 

Study area 

We conducted fieldwork in the SAVA region of north-eastern Madagascar (Fig. 2.1a-c). The climate is 

tropical-humid with a mean annual temperature of 23.9 °C and 2258 mm of rainfall per year (means across 

58 plots, based on CHELSA (Karger et al., 2017)). Topographically, the region is characterized by coastal 

lowlands, merging into hills and mountains. The landscape was formerly covered with humid evergreen 

forest harbouring a high floristic diversity and high levels of endemism (Callmander et al., 2011). However, 

remnant areas of relatively undisturbed continuous old-growth forest only remain in protected areas 

(Schüßler et al., 2020). Outside of these, the landscape comprises a mosaic of land uses consisting of 

vanilla and paddy rice cultivation and different stages of slash-and-burn agriculture for hill rice and 

vegetable production interspersed with forest fragments. Slash-and-burn agriculture for hill rice 

production (Malagasy: tavy) is a major subsistence practice but also a driver of deforestation (Styger et 

al., 2007). Vanilla agroforests differ in land-use history and can either be derived from formerly burned 

fallow land with natural or planted woody regrowth, or from unburned thinned forest fragments 

(Fig. 2.1d). Technically, vanilla agroforests could also be established directly in old-growth forest, but the 

legal establishment of forest-derived agroforests in the study region can nowadays exclusively take place 

in forest fragments, since old-growth forest in our study region is legally protected (Schüßler et al., 2020). 
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Fig. 2.1: Study area map and study design overview: (a) the island of Madagascar with the SAVA region; (b) SAVA 

region with four main cities; (c) study area with 2017 forest cover (Vieilledent et al., 2018), 10 study villages, and the 

two sampling sites in Marojejy National Park; (d) a schematic concept of typical transformation pathways from old-

growth forest into different land-use types highlighting the different land-use history pathways of vanilla agroforests. 

The fire icon symbolizes the use of fire during land-use transformation. 
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Study design and sampled land-use types 

The five selected land-use types (forest- and fallow-derived vanilla agroforest, woody fallow, forest 

fragment and old-growth forest) represent the most common woody land cover types in the study region. 

Around each of the ten study villages (Fig. 2.1c), we selected three vanilla agroforests, one forest 

fragment, and one naturally regenerating woody fallow part of the slash-and-burn cycle (Fig. 2.1d). Vanilla 

agroforests were characterized by a variety of taller trees and small-statured support trees carrying the 

vanilla vines. Within the 30 chosen vanilla agroforests, 20 agroforests were derived from fallow land, and 

10 agroforests were derived from forest fragments, as indicated by the landowners. On two fallow-

derived agroforests, the landowners withdrew from the study, leaving us with 28 vanilla agroforests. The 

10 naturally regenerating woody fallows (Malagasy: savoka) in our study had last burned 5 - 17 years prior 

to data collection and were characterized by a mix of herbaceous plants, shrubs, small trees and 

occasionally bamboos. The 10 chosen forest fragments were not impacted by fire, but showed signs of 

regular human disturbance for the extraction of timber, firewood and other products. In comparison to 

that, the old-growth forest plots were situated in the Marojejy National Park, where extraction of timber, 

firewood and other products is not allowed. The park has been protected since 1952 (Goodman, 2000; 

Goodman et al., 2018) and nowadays represents the largest remnant of relatively undisturbed low-

altitude rainforest in the study region (see Fig. 2.1 b&c for map of study region). Within the Marojejy 

National Park, we chose 10 plots at two locations that showed least indication of recent human 

disturbance (5 plots at each location) at elevations < 700 m.a.s.l. (Appendix S2.1).  

Overall, we worked on 58 plots (Appendix S2.2) and collected data between September 2018 and January 

2019. The minimum distance to the nearest neighbouring plot spanned from 260 to 2555 m (mean 827 m, 

SD 539 m). Plot elevation spanned from 20 to 819 m.a.s.l. (mean 208 m, SD 213 m); plot slopes spanned 

from 1.6° to 27.4° (mean 9.8°, SD 5.8°). We estimated slope and elevation values using the plugin “Raster 

Terrain Analysis” in QGIS (QGIS Development Team, 2016), based on the 30 m-resolution digital surface 

model "ALOS World 3D" by the Japan Aerospace Exploration Agency (JAXA) and applied slope correction. 

Stand structure 

We collected all data within circular plots (Paul et al., 2019) of 25 m-radius. On each study plot we 

inventoried all plant species with free-standing stems with ≥ 8 cm of diameter at breast height (DBH), 

hereafter ‘trees’, also including arborescent palms, herbs and tree ferns but excluding lianas. Schatz 

(2005) suggested to use a DBH cut-off of 5 cm but this might include sterile saplings, without clear 

identification features. Additionally, a DBH cut-off of 5 cm would have increased our sample size and time 
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investment per plot considerably. Thus, we chose a DBH cut-off of 8 cm to increase identification accuracy 

and economize time. For each plant, we measured the DBH at 1.3 m or immediately above the tallest 

buttress or stilt root, whenever this exceeded 1.3 m, following a standardized protocol (Condit, 2008). 

Based on the DBH measurements we calculated the basal area per tree, summed up basal area of all trees 

per plot and extrapolated it to m²/ha.  

Furthermore, we estimated the percentage of canopy closure per plot, derived from digital hemispherical 

photographs (Jonckheere et al., 2004). We used a Nikon D5100 camera equipped with a Sigma Circular 

Fisheye 4.5 mm 1∶2.8 lens (Sigma, Kanagawa, Japan) with a field of view of 180°. To characterize the 

canopy above the vanilla support trees and understory vegetation, we mounted the camera on a tripod 

at 2.4 m height. On each plot, we shot a series of photographs with different exposure values and 

manually selected the photographs showing the best contrast between sky and vegetation, following the 

protocol of Beckschäfer et al. (2013). We further processed the photographs to create a binary image 

representing sky and vegetation by using the software “ImageJ” (Rasband, 2014) and applied an 

automated thresholding technique following the protocol of Beckschäfer (2015). We derived gap fraction 

values and converted them to canopy closure values, to finally calculate the mean canopy closure 

percentage per plot (Appendix S2.3). 

Additionally, we estimated the leaf area index (LAI) defined as the amount of leaf area in a canopy per 

unit ground area (Asner et al., 2003). We retrieved LAI values with a LI-COR LAI-2200C Plant Canopy 

Analyzer (LI-COR, Lincoln, USA). Using two sensors with 90° view caps, we collected below-canopy records 

on the plot and above-canopy records in nearby gaps, following the LI-COR Instruction Manual (LI-COR 

Biosciences, 2019). We mounted the sensors on a tripod at 2.4 m height to characterize the canopy above 

the vanilla support trees and understory vegetation, and recorded a total of 100 readings per plot. Finally, 

we processed the readings using the “FV 2200” software (LI-COR Biosciences, 2019) and derived one mean 

LAI value with m²leaf area/m²ground per plot (Appendix S2.3). 

Tree species diversity 

We identified all living tree individuals with local and scientific names according to the Tropicos 

Madagascar Catalogue (http://www.tropicos.org/Project/Madagascar) with the help of one local expert 

and one taxonomic expert from Missouri Botanical Garden in Antananarivo. We collected samples for 

further comparison with herbarium specimens; voucher specimens are kept at the National Herbarium 

Tsimbazaza, Antananarivo and the herbarium of the University of Mahajanga. Information on origin and 
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endemism for each species was derived from the Catalogue of the Plants of Madagascar (Tropicos (2020); 

accessed January 2020; Appendix S2.4).  

The taxonomy of the highly diverse Malagasy tree flora is a dynamic field of research and species 

identification is a challenging task (Callmander et al., 2011). Tree identification is often based on 

reproductive features, so sterile tree individuals represent an additional challenge. However, we could 

minimize these cases by sampling during the main flowering season. Nonetheless, we used a conservative 

identification approach and acknowledge that our tree species diversity assessment might underestimate 

the actual tree species diversity, especially for rare species, due to taxonomic uncertainties.  

To assess and compare species diversities between land-use types, we used the Hill number framework, 

which transforms common diversity measures such as Shannon entropy or Gini-Simpson index into 

effective numbers of species (Jost, 2006). This conversion unifies the different measures to the same unit 

(number of species), which allows for easier interpretation and comparison of the different diversity 

indices (Chao et al., 2014). We focussed on the three most common Hill number orders of species richness 

(q = 0), Shannon diversity (q = 1) and Simpson diversity (q = 2). Species richness (q = 0) is not sensitive to 

species frequency within the sample, so rare species are as important as common species. Shannon (q = 1) 

and Simpson diversity (q = 2) are frequency-based indices: Shannon diversity weights each species exactly 

by its frequency in the sample, without favouring neither rare nor common species disproportionately 

(Jost, 2007). Simpson diversity emphasizes the more common species whereas uncommon species hardly 

contribute to the value (Jost, 2007). Jointly, these three diversity measures provide insight into community 

diversity and evenness (Jost, 2007). 

To compare the magnitude of species diversity differences across all plots and land-use types, we further 

integrated the Hill number framework into the sample-sized- and coverage-based rarefaction and 

extrapolation (R/E) approach (Chao et al., 2014). In this approach, all samples are standardized to an equal 

size, thus providing a fair comparison among incomplete samples (Chao et al., 2014).  

Data analysis 

We compared the stand structure of all land-use types in terms of stem density (individuals/ha), basal 

area (m²/ha), canopy closure (%) and LAI (m²leaf area/m²ground). Therefore, we tested if assumptions for 

normality and homogeneity of variances were met. If the residuals were homoscedastic, we tested for 

differences between the groups using analyses of variance (ANOVA) and Tukey's post-hoc test. If the 

residuals were heteroscedastic, we used the non-parametric Kruskal-Wallis test, followed by Dunn's post-

hoc test (Ruxton & Beauchamp, 2008). For the diversity analysis, we calculated Hill number diversities for 
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q = 0, 1 and 2 and computed sample‐size and coverage‐based R/E sampling curves based on abundance 

data using the R-package iNEXT (Hsieh et al., 2016). 

To display the numbers of shared and specialized tree species per land-use type, we used the R-package 

VennDiagram (Chen, 2018). To assess differences in tree species composition between land-use types, we 

generated an abundance-based Bray–Curtis dissimilarity matrix with two dimensions, as Bray-Curtis 

dissimilarity focuses on compositional changes in species’ identities (Anderson & Walsh, 2013). Based on 

this matrix, we applied a dispersion test using the betadisper function of the R-package vegan (Oksanen 

et al., 2019), followed by a permutation test (999 permutations) to identify differences in dispersion 

among groups, using the permutest function. To test for differences in tree species composition between 

land-use types, we used a pairwise permutational multivariate analysis of variance (PERMANOVA, 999 

permutations; (Anderson & Walsh, 2013)) with a Bonferroni correction, using the pairwise.adonis function 

in the R-package pairwiseAdonis (Martinez Arbizu, 2019). Finally, we performed non-metric 

multidimensional scaling (NMDS), using the metaMDS function of vegan. We performed all analyses in R 

3.6.3 (R Core Team, 2019) and used the R-package ggplot2 (Wickham, 2011) for data visualization. 

Results 

Stand structure  

We recorded a total of 5980 living stems belonging to 5484 single or multi-stemmed trees. Stem density 

per hectare varied between the land-use types and reached from a median of 1182 stems per hectare in 

old-growth forests to 177 stems per hectare in woody fallows (Fig. 2.2a). Forest fragments had a median 

stem density of 607 stems, forest-derived agroforests of 494 stems and fallow-derived agroforests of 331 

stems per hectare (Fig. 2.2a, Appendix S2.5). Basal area per hectare also varied between the land-use 

types and spanned form a median of 41 m²/ha in old-growth forests to a median of 3 m²/ha in woody 

fallows (Fig. 2.2b). Forest-derived agroforests had a median basal area of 18 m²/ha comparable to forest 

fragments (20 m²/ha) and fallow-derived agroforests had a median basal area of 8 m²/ha (Fig. 2.2b; 

Appendix S2.6). 
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Fig. 2.2: Stand structure and tree diversity on the five studied land-use types (a) stem density [stems/ha]; (b) basal 

area [m²/ha]; (c) canopy closure [%]; (d) LAI [m²leaf area/m²ground]; (e) tree species richness per plot; (f) percentage of 

endemic species per plot. The black horizontal lines represent the median for each land-use type. The lower and 

upper hinges of each box correspond to the first and third quartiles. The upper whiskers extend to the largest value 

whereas the lower whiskers extend to the smallest value, no further than 1.5 times the inter-quartile range from the 

hinges of the box, respectively. Letters indicate significant differences between land-use types. For panels (a), (b), 

(c) & (e), results are based on Kruskal-Wallis rank sum test (p< 0.05) and Dunn's post-hoc test. For panels (d) & (f), 

results are based on ANOVA and a Tukey’s HSD post-hoc test (Appendix S2.5 - S2.10). 

Canopy closure and LAI were significantly higher in old-growth forests than in both types of vanilla 

agroforests and woody fallows (Fig. 2.2c & d; Appendix S2.7 & S2.8). Old-growth forests had a canopy 

closure median of 98% and an LAI median of 5.1, which was significantly higher than the LAI median in 

forest fragments (2.5). Within vanilla agroforests, forest-derived agroforests had a canopy closure median 
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of 75% and an LAI median of 1.4, whereas fallow-derived agroforests had a canopy closure median of 54% 

and an LAI median of 1.5.  

Tree species diversity  

Of the recorded 5484 individuals, 90% were classified as trees (sensu stricto with woody stems, see Schatz 

(2005), 2% as palms, 1% as tree ferns and 7% as arborescent herbs. Overall, we identified 455 species and 

morphospecies belonging to 195 genera and 71 families. The most species-rich families were Rubiaceae 

(34 species), Lauraceae (28 species), Fabaceae and Moraceae (both 25 species; Appendix S2.11). 

Species richness per plot varied between land-use types and spanned from a median of 69 species in old-

growth forests to a median of 10 species in woody fallows (Fig. 2.2e). Forest-derived agroforests had a 

median of 27 species and fallow-derived agroforests of 12 species. Forest fragments had a median of 36 

species (Fig. 2.2e; Appendix S2.9). 

Furthermore, forest-derived and fallow-derived agroforests differed significantly in both species richness 

(q = 0) and community evenness (Shannon diversity q = 1 and Simpson diversity q = 2), as indicated by the 

rarefaction and extrapolation curves with non-overlapping 95% confidence intervals (Fig. 2.3). Comparing 

species richness (q = 0) and community evenness (q = 1 and q = 2) for all land-use types, rarefaction and 

extrapolation curves revealed a significant difference between the group of forest-derived agroforests, 

forest fragments and old-growth forests and the group of fallow-derived agroforests and woody fallows 

(Fig. 2.3).  
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Fig. 2.3: Sampling curves of sample-size-based rarefaction (solid lines) and extrapolation (dashed curves), up to the 

base sample size of 2078 individuals (= the maximum reference sample size) of tree species diversity for Hill number 

orders q = 0, q = 1, and q = 2 across land-use types. The 95% confidence intervals (shaded regions) were obtained by 

a bootstrap method based on 200 replications (Appendix S2.12). Colours represent land-use types and reference 

samples are denoted by solid dots. 

The group of forest-derived agroforests, forest fragments and old-growth forests showed overlapping 95% 

confidence intervals for species richness, indicating species pools of similar sizes (Fig. 2.3; 

Appendix S2.12). Confidence intervals of Shannon diversity curves for these three land-use types also 

overlapped. Confidence intervals of Simpson diversity curves only overlapped for forest-derived 

agroforests and forest fragments, whereas old-growth forests were higher and confidence intervals did 

not overlap with any other land-use type. 

For the group of fallow-derived agroforests and woody fallows, rarefaction and extrapolation curves for 

species richness indicated similar-sized species pools, even though woody fallows showed a larger 

confidence interval than fallow-derived agroforests (Fig. 2.3). Additionally, both Shannon and Simpson 

diversity curves for these two land-use types overlapped, indicating similar community evenness (Fig. 2.3; 

Appendix S2.12). 

Tree species composition 

Of all 455 inventoried tree species, 229 species (50%) occurred in the two vanilla agroforest types, among 

which 48 species occurred in both agroforest types and 150 only in forest-derived agroforests (Fig. 2.4). 
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Old-growth forests, forest fragments and forest-derived agroforests shared 53 species (14%) that did not 

occur in the fallow-derived agroforests or the woody fallows. The latter two shared 29 species (6%), that 

did not occur in any of the old-growth forest, forest fragment or forest-derived agroforest plots (Fig. 2.4). 

Additionally, 221 species (47%) occurred only in old-growth forests or forest fragments, among these 118 

species (26%) occurred exclusively in old-growth forest (Fig. 2.4).  

Fig. 2.4: Shared and exclusive tree species occurrence of 455 species in the five studied land-use types. 

From the 455 species in this inventory, 279 (61%) were endemic, 114 (25%) native but not endemic, 34 

(8%) introduced and 28 (6%) of unknown origin. Endemic species proportions per plot varied between the 

land-use types and spanned form a median of 75% in old-growth forests to 16% in fallow-derived 

agroforests (Fig. 2.2f). In forest-derived agroforests, endemic species proportions had a median of 59%, 

which was significantly higher compared to fallow-derived agroforests (16%) and woody fallows (35%) 

(Fig. 2.2f; Appendix S2.10). 

Based on their proportional occurrence in each land-use type, the majority of the 279 endemic species 

were found in forest habitat: old-growth forests and forest fragments accounted for the largest share of 

endemic species and exclusively harboured 142 (51%) of the inventoried endemic species whereas we 

recorded only 4 (2%) endemic species exclusively in woody fallows or fallow-derived agroforests 

(Fig. 2.5a). Forest-derived agroforests harboured 125 (45%), fallow-derived agroforests harboured 24 

(9%), and woody fallows harboured 25 (9%) of the inventoried endemic species (Fig.2.5a). 
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Fig. 2.5: Forest dependency of 455 tree species and 5484 tree individuals measured as proportion of individuals of 

each species in each of the five land-use types: (a) proportion of 279 endemic species; (b) proportion of 114 native 

but not endemic species; (c) proportion of 34 introduced species; (d) proportion of 28 species of unknown origin in 

each of the five land-use types. 

The pattern was similar for the 114 native but not endemic species in our inventory. Old-growth forests 

and forest fragments accounted for the largest share of native species and exclusively harboured 57 (50%) 

of the inventoried native species, whereas we recorded only 5 (4%) native species exclusively on woody 

fallows or fallow-derived agroforests (Fig. 2.5b). Forest-derived agroforests harboured 48 (42%), fallow-

derived agroforests harboured 22 (19%), and woody fallows harboured 21 (18%) of the inventoried native 

species (Fig. 2.5b).  

Among the 34 introduced species, 29 (85%) species occurred in fallow-derived agroforests (Fig. 2.5c) and 

14 (41%) species were also found in forest-derived agroforests. Additionally, 10 (29%) species were 

recorded in woody fallows, 8 (24%) species in forest fragments and no species in old-growth forests 

(Fig. 2.5c). From the 28 species of unknown origin in our inventory, 75% were recorded only in forest-

derived agroforests, old-growth forests and forest fragments (Fig. 2.5d).  

The land-use types differed in species composition, particularly between the group of forest-derived 

agroforests, forest fragments and old-growth forests and the group of fallow-derived agroforests and 
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woody fallows, indicated by clear and tight clusters from the NMDS ordination (Fig. 2.6). Significant 

differences in dispersion occurred between old-growth forests and all other land-use types but were not 

significant between vanilla agroforests (Appendix S2.13). Furthermore, species composition in forest-and 

fallow-derived agroforests was significantly different, as revealed by PERMANOVA results 

(Appendix S2.14). Species composition in forest-derived agroforests was more similar to forest fragments 

than to fallow-derived agroforests. Additionally, species composition in fallow-derived agroforests was 

more similar to woody fallows than to forest-derived agroforests, forest fragments or old-growth forests. 

Species composition in old-growth forests was significantly different compared to all other land-use types, 

as revealed by PERMANOVA results (Appendix S2.14). 

 

Fig. 2.6: Species composition of the five land-use types as revealed by non-metric multidimensional scaling (NMDS) 

based on Bray-Curtis dissimilarity (k=2; stress level 0.19855). We tested for dispersion effects among groups 

(followed by a pairwise permutation test with 999 permutations) and identified dispersion differences between old-

growth forest and all other land-use types (Appendix S2.13). Pairwise permutational multivariate analysis of variance 

(PERMANOVA, 999 permutations; with Bonferroni-correction) between land-use types revealed significant 

differences between old-growth forest and all other land-use types. Forest-derived and fallow-derived vanilla 

agroforests also showed significant differences in species composition; all other pairs were not significantly different 

from each other (Appendix S2.14). 
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Discussion 

The mosaic landscape of north-eastern Madagascar comprised a wide range of stand structure attributes 

and a high tree species diversity. We show that land-use history determined stand structure, tree diversity 

and community composition in vanilla agroforests. Forest-derived agroforest harboured a significantly 

higher tree diversity and a different community composition than fallow-derived agroforest with more 

endemic tree species in forest-derived agroforests compared to fallow-derived agroforests. Total and 

endemic tree species diversity in forest-derived agroforests was more similar to forest fragments and old-

growth forests than to fallow-derived agroforests; the latter was more similar to woody fallows than to 

forest-derived agroforests. We thus demonstrate that forest-derived agroforests can play an important 

role in providing habitat for forest-dependent tree species, but it results from forest degradation. In 

contrast, fallow-derived agroforests play a marginal role for tree species diversity but contribute to the 

recovery of stand structure on historically forested degraded land.  

Stand structure 

Stem density, basal area, canopy closure and LAI were highest in old-growth forests. The median basal 

area in old-growth forests of 41 m²/ha was similar to the median value of 39 m²/ha for Malagasy lowland 

rainforests (Ibanez et al., 2019). Also, the LAI median of 5.1 in old-growth forests in our study was similar 

to the mean LAI of 4.8 in tropical evergreen humid forests (Asner et al., 2003), indicating a continuous and 

little disturbed canopy. The significant decline of LAI from old-growth forests to forest fragments, vanilla 

agroforests and woody fallows indicates a structural simplification along with changing light regimes, that 

may affect the growth and mortality of tree seedlings and saplings and influence tree species diversity 

and composition (Montgomery & Chazdon, 2001; Rocha-Santos et al., 2016). The observed structural 

simplification is likely caused by different levels of human interference (Allnutt et al., 2013) or natural 

forces, e.g. cyclones (de Gouvenain & Silander, 2003). 

Within vanilla forests, we observed variability in stand structure characteristics, where forest-derived 

vanilla agroforests were more similar to forest fragments, and fallow-derived agroforests were more 

similar to woody fallows. This further suggests that past land-use is the main driver for stand structure 

dynamics and recovery opportunities in tropical tree-dominated habitats (Chazdon, 2003). Observations 

in other agroforestry systems also reported significant variations in stand structure characteristics within 

agroforests (e.g Hending et al., 2020; Moguel & Toledo, 1999; Rappole et al., 2003) and even though these 

studies did not specifically address or report land-use history, the observed stand structure variation 

within these agroforests might also be influenced by land-use history differences. However, a case study 
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from Cameroon reported that forest- and savannah-derived cacao agroforests exhibit an increasingly 

comparable stand structure within maturing agroforest (Nijmeijer et al., 2019). Also, a chronosequence 

from vanilla agroforests in Madagascar showed that canopy structures initially differ but fallow-derived 

agroforests increase canopy structures and become more similar to forest-derived agroforest canopy 

structures over time (Martin, Wurz, et al., 2021). This indicates that forest-derived agroforests initially 

exhibit higher canopy closure and basal area than fallow-derived agroforests but stand structure 

characteristics have the potential to become more similar over time. 

Other species groups such as birds also respond to agroforest land-use history across the same plots: 

fallow-derived agroforests provide less valuable bird habitat but indirectly favor birds by contributing to 

recover stand structure on open historically forested land (Martin et al., 2020). In contrast, forest-derived 

agroforests provide more valuable bird habitat and avoid total loss of natural tree cover even though they 

result from forest degradation which affects birds negatively (Martin, Andriafanomezantsoa, et al., 2021). 

Yet, our results indicate that fallow-derived agroforests have the potential to recover stand structure 

characteristics and become structurally similar to forest-derived agroforests and this structural alignment 

becomes stronger over time (Martin, Wurz, et al., 2021). 

Tree species diversity 

Land-use history strongly determined tree species diversity in vanilla agroforests: vanilla agroforests 

harboured 229 species (50%) of all inventoried tree species and tree species diversity in forest-derived 

agroforests was more than twice as high compared to fallow-derived agroforests. Overall, tree diversity 

in forest-derived agroforests was more similar to old-growth forests and forest fragments whereas tree 

diversity in fallow-derived agroforests was more similar to woody fallows. Therefore, we confirm that 

vanilla agroforests can play a substantial role to maintain high levels of tree diversity within the human-

modified landscape (Hending et al., 2020). In addition, we highlight that considering land-use history is 

pivotal to assess the conservation value of vanilla agroforests.  

Additionally, tree species diversity in Madagascar is closely linked to the survival of other species groups 

such as lemurs (Ganzhorn et al., 1997). Given that many lemur species face extinction risk driven by 

habitat loss and human disturbance (Schwitzer et al., 2013, 2014), they critically depend on the structural 

and phenological variability of trees, that offer a broad range of microhabitats and food resources for 

lemurs (Ganzhorn et al., 1997). Besides its ecological importance, tree diversity is also of benefit to 

human-wellbeing by providing shade, fruits and a range of products, thereby reducing vulnerability to 

environmental, economic or social shocks (Reed et al., 2017). Especially in Madagascar, a high share of 
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the country’s population lives in rural areas with low infrastructure, therefore their livelihoods highly 

depend on natural resources and tree products for domestic use and off-farm income (Zaehringer et al., 

2017). Additionally, maintaining tree diversity may also increase resilience in light of climate change (Isbell 

et al., 2011). 

Tree species composition 

Our results further show that land-use history strongly determined tree species composition in vanilla 

agroforests. In forest-derived agroforests, tree community composition partly overlapped with forest 

fragments, indicating that forest-derived agroforests provide the option to incorporate many forest trees 

into agricultural production systems, with only moderate compositional changes and species turnover 

compared to forest fragments. Especially if management practices allow for natural regeneration of native 

and endemic trees, these agroforests have the potential to contribute to long term tree conservation in 

the agricultural landscape, as shown for other tropical agroforestry systems (Valencia et al., 2016). 

Fallow-derived agroforests harboured proportionally fewer endemic tree species than woody fallows, but 

the community composition in both land-use types still overlapped, indicating that the transition from 

woody fallows to fallow-derived agroforests might not result in strong tree species turnover. Additionally, 

natural forest regrowth on woody fallows in Madagascar after slash-and-burn agriculture seems to be 

slow and often dominated by a few fast-growing pioneer species, eventually leading to a complete loss of 

woody species after several cropping cycles (Manjaribe et al., 2013; Styger et al., 2007; Zwartendijk et al., 

2017).  

Tree species communities in both agroforest types also included introduced species. These non-native 

species can act as invaders and alter habitat dynamics (Bos et al., 2008). However, non-native tree species 

also contribute to increase canopy cover and basal area and can also ameliorate degraded soils and 

promote understorey growth (Bollen & Donati, 2006). Furthermore, non-native trees can serve as 

important components in resilient smallholder farming landscapes and form fundamental pillars of the 

local economy and daily needs, such as for cash crop cultivation (e.g. clove) or fruit cultivation (Kull et al., 

2014; Zaehringer et al., 2017). 

Additionally, tree species community composition in old-growth forests was unique compared to all 

human-modified land-use types. Even though these differences might partly be driven by variances in 

group dispersion, as old-growth forests plots were spatially closer together than all other land-use type 

plots, the differences strongly indicate species turnover between old-growth forests and all other land-

use types. Especially among endemics, 28% occurred exclusively in old-growth forests. Even though many 
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endemics are rare and poorly studied, and there is limited understanding of individual species habitat 

requirements and dispersal syndromes (Buerki et al., 2013), more than 60% of the Malagasy endemic tree 

genera are known to be confined to humid forests for their survival (Schatz, 2005). Palms also exhibit a 

high diversity in Madagascar (Dransfield & Beentje, 1995) and were most abundant and diverse in old-

growth forests. Given that more than 83% of Malagasy palm species are ranked as threatened due to 

habitat loss (Rakotoarinivo et al., 2014), this further underlines the irreplaceable value of old-growth 

forests for biodiversity in Madagascar (K. A. Brown et al., 2015; Schatz, 2005) and elsewhere (Gibson et 

al., 2011).  

A loss of tree species in general and endemic and forest-dependent species in particular might also have 

cascading effects on functionally linked species groups, which depend on trees as habitat-providing 

elements and food resources (Ganzhorn et al., 1997; Herrera, 2016; Irwin et al., 2010). Furthermore, tree 

species composition might be influenced by seed dispersers such as frugivorous lemurs (Martinez & 

Razafindratsima, 2014). However, identifying and understanding the specific drivers of tree community 

change in agroforests, natural forest and fallow sites would strongly improve the development of 

management schemes to maintain tree species diversity in mosaic smallholder landscapes; however, this 

goes beyond the scope of this paper. 

Conservation implications 

Vanilla agroforests rarely undergo drastic clearing after their initial establishment (Martin, Wurz, et al., 

2021) and if agroforest management interventions allow natural tree regeneration, the stand structure 

might recover at the plot level over time (Jagoret et al., 2018) and might even result in a canopy cover 

increase at the landscape scale (Martin, Wurz, et al., 2021). Additionally, the establishment of agroforests 

on historically forested open land prevents further degradation on lands under slash-and-burn cultivation 

(Styger et al., 2007). Depending on management activities such as tree planting, cutting and pruning, both 

agroforest types might contribute to maintain or restore stand structure and functional processes and 

also contribute to increase canopy cover on the plot- and landscape scale over time (Martin, Wurz, et al., 

2021). This becomes specifically important, as forest fragments in agricultural landscapes are likely to 

disappear over time (Schüßler et al., 2020). Indeed, predictions show that Malagasy lowland-rainforest 

trees are vulnerable to both individual and combined effects of land-use and climate change (K. A. Brown 

et al., 2015). Similar scenarios are unfolding in other tropical countries resulting in a worrying decline of 

the pantropical forest cover, despite protected areas (Hansen et al., 2020). Consequently, agroforests can 
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enhance connectivity, dispersal and movement within a landscape matrix, as the matrix becomes 

structurally more similar to the remnant patches (Driscoll et al., 2013).  

We conclude that forest-derived agroforests represent an alternative to forest conversion by slash-and-

burn agriculture and have the potential to serve as habitat refugia and biodiversity reservoirs for forest-

dependent species. If diverse and dense canopies are maintained, forest-derived agroforests can sustain 

high levels of tree species diversity and important habitat structures, corroborating Martin et al. (2020). 

However, agroforests represent a degradation and a structural simplification in comparison to old-growth 

forests. If old-growth forests continue to decline, agroforests cannot replace these habitats. At the 

landscape scale, old-growth forest transformation may lead to habitat and species homogenization with 

negative and strong far-reaching impacts upon ecosystem stability and multifunctionality (De 

Beenhouwer et al., 2013; van der Plas et al., 2016). Therefore, we strongly argue against agroforest 

establishment in old-growth forests as it would decrease habitat complexity and impair native and 

endemic tree species and other forest-dependent species and is therefore not justifiable. Furthermore, if 

old-growth forest habitats are protected, the legal establishment of forest-derived agroforests can 

exclusively take place in forest fragments. However, forest fragments are important to maintain tree 

species diversity and habitat structures and should also be integrated into conservation schemes within 

multifunctional human-modified landscapes (Duriaux Chavarría et al., 2018). 

Fallow-derived agroforests only have a limited contribution to maintaining tree diversity. However, fallow-

derived agroforests permanently integrate trees into agricultural production. They also regain stand 

structure on degraded historically forested land and this structural alignment becomes stronger over time, 

thereby contributing to an increase in canopy cover and connectivity at the landscape scale (Martin, Wurz, 

et al., 2021). This re-establishment of stand structure and vegetation on historically forested fallow land 

might also result in a quicker rehabilitation and built-up of soil nutrient stocks (Klanderud et al., 2010). 

Furthermore, fallow-derived agroforests can be integrated as a restoration approach into certification 

schemes to provide incentives to farmers to maintain or plant trees on historically forested open land 

(Giudice Badari et al., 2020). Especially since Madagascar is among the countries with highest mean 

restoration opportunity scores (Brancalion et al., 2019), fallow-derived vanilla agroforests could be 

integrated into the national restoration agenda. 

Our findings show that agroforests should not be considered as a substitute but as an addition to forest 

conservation at the landscape level. Thus, agroforests can represent a means to retain or increase tree 

cover and connectivity in a multifunctional landscape, but it is key to consider their land-use history and 
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management, to unfold their full conservation potential and to mitigate further degradation and species 

loss. 
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Abstract 

Aim: 

Tropical forests undergo transformations into human-modified landscapes with potentially severe 

consequences for species communities. We aimed to quantify and better understand the variation of tree 

species communities within and among different land-use types in a smallholder mosaic landscape. 

Location: 

Smallholder mosaic landscape in north-eastern Madagascar. 

Methods: 

We analysed the tree community composition using beta-diversity metrics that reflect changes in both 

species’ composition and abundance. Tree inventories were conducted in old-growth forests, forest 

fragments, forest-derived vanilla agroforests, fallow-derived vanilla agroforests, and naturally 

regenerating woody fallow as part of the slash-and-burn agriculture cycle.  

Results: 

We found a high beta-diversity of tree species in all land-use types, even if their regional species pool was 

already impoverished. Changes in the tree community composition predominantly consisted of species 

turnover, whereas species nestedness accounted only for a small proportion of observed composition 

changes both within and among land-use types. Every land-use type was dominated by a set of tree 

species but the composition of these subsets of dominant species varied across land-use types. 

Main conclusions: 

Many tree species can (thus far) persist in this mosaic landscape but we identified high turnover rates 

within and between tree communities in different tree-based land-use types, indicating that tree 

communities are transforming both in identity and abundance. Thus, we suggest considering the high 

turnover rates of tree species communities in the planning of conservation and restoration projects, to 

maintain the unique tree species assemblages and the associated landscape gamma-diversity within the 

human-modified mosaic landscape. 

 

Keywords: beta-diversity; endemism; community assembly; conservation; dominance; rarity; 

rehabilitation; restoration; species composition 
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Introduction 

Natural landscapes are being transformed into human-modified landscapes, with agricultural expansion 

playing a central role and contributing to biodiversity decline (Green et al., 2005; IPBES, 2019; Olden, 

2006; Ramankutty et al., 2018). This calls for land-use management schemes and conservation measures 

that prevent, halt or reverse such dynamics, to maintain species diversity, ecosystem functions and 

services (Gann et al., 2019; Grass et al., 2019; IPBES, 2019; UN Decade on Ecosystem Restoration 2021-

2030). As a first approximation, conservation measures commonly build on biodiversity assessments, 

using species richness as a standard evaluation tool (Hillebrand et al., 2018). Even though species richness 

measures provides valuable information, they highlight only one aspect of the multifaceted construct of 

biological diversity and neglect other aspects such as species turnover and dominance patterns 

(Hillebrand et al., 2018). Local species richness in human-dominated landscapes can be fairly high, yet 

their community composition might be altered compared to natural landscapes (Socolar et al., 2016; Solar 

et al., 2015). Thus, it is necessary to extend emphasis beyond species richness to capture and quantify 

non-random changes in species composition caused by humans and detect potential biotic 

homogenization which might even be decoupled from species richness (Hillebrand et al., 2018; Mori et 

al., 2018; Socolar et al., 2016).  

Biotic homogenization in the broader sense refers to an ecological process that encompasses the loss of 

genetic and taxonomic distinctiveness and/or the replacement of many complex functional and ecological 

systems by fewer and simpler systems (McKinney & Lockwood, 1999; Mori et al., 2018; Olden, 2006; Solar 

et al., 2015; Tabarelli et al., 2012). Yet, studying species composition change does not necessarily measure 

extinction but rather losses and gains of species identities and abundances (Hillebrand et al., 2018). 

However, in the case of endemic species, a local loss and replacement increases the risk of global 

extinction (Fordham & Brook, 2010; Pimm et al., 2014). 

Madagascar harbours a wealth of endemic species among which a high proportion has narrow range sizes, 

further classifying them as microendemics (Vences et al., 2009). This high concentration of biotic 

endemism arises not only at the species level but also at higher clades of genera and families (Vences et 

al., 2009). However, the country faces many challenges at the nexus of sustainable development, health, 

agricultural expansion and conservation (Herrera et al., 2021; Jones et al., 2019). Madagascar counts 

among the countries with highest levels of threatened trees (BGCI, 2021) and especially the eastern 

rainforests obtain a high biological distinctiveness and comprise a remarkable species diversity and high 

endemism rates for trees and other taxa (Goodman & Benstead, 2005; Schatz, 2005; Vences et al., 2009; 
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Willis, 2017). Yet, these forests experience high land-use pressure and undergo conversion into human-

modified landscapes (Vieilledent et al., 2018; Zaehringer et al., 2016). Currently, north-eastern 

Madagascar still holds the highest percentage of forest cover compared to the rest of the island, but 

deforestation rates are high (Vieilledent et al., 2018) and advance the potential homogenization of the 

landscape (Zaehringer et al., 2015). This urgently calls for land-use options that better align social and 

economic needs and interests with conservation goals to avoid land degradation and species loss (Jones 

et al., 2019). Previous research already highlighted that several land-use types in this landscape sustain 

high levels of tree species richness (Osen et al., 2021). However, questions of homogenization and 

heterogeneity among trees species assemblages within and among land-use types have not yet been 

assessed. 

Biotic homogenization and heterogeneity among species assemblages can be quantified as beta-diversity, 

using a wide range of established metrics (Mori et al., 2018; Olden, 2006; Socolar et al., 2016). In this 

study, we build on the benchmark that biotic heterogeneity is linked to the classical multiplicative beta-

diversity sensu Whittaker (1960), in which beta-diversity is the ratio between gamma- and alpha-diversity 

and thus reflects the degree of compositional variability among sampling units (Baselga, 2013; Tuomisto, 

2010; Whittaker, 1960). As such, beta-diversity is either calculated through pairwise dissimilarities or 

multiple-site dissimilarity measures to account for overall assemblage heterogeneity (Baselga, 2013, 

2017). Depending on data availability and initial ecological questions, beta-diversity can be derived from 

incidence data or from abundance data. Generally, incidence-based measures account for all species 

identities equally, no matter how rare or common the species are. Abundance-based measures give less 

weight to rare species but capture abundance changes and dominance patterns. Thus, the combination 

of incidence-based metrics and abundance-based metrics allows to understand dissimilarity changes 

driven by compositional differences as well as by abundance differences (Baselga, 2017; Socolar et al., 

2016).  

Furthermore, beta-diversity can be partitioned into its components of turnover and nestedness. Turnover 

means that some species replace others, whereas nestedness occurs when the species composition in a 

site represents a subset of the more diverse species composition in another site (Anderson et al., 2011; 

Baselga, 2010). Thereby, this partition allows to differentiate between the complementarity and the loss 

of species and has strongly contributed to a more rigorous understanding of community organization 

(Baselga, 2017; Karp et al., 2012; Mori et al., 2018; Socolar et al., 2016). Additionally, turnover and 

nestedness have a high relevance to inform conservation practitioners: turnover among natural sites 
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implies that conservation measures should target a variety of sites and species, while nestedness suggests 

that conservation measures should better concentrate on the richest sites and species assemblages to 

maximize regional species diversity (Socolar et al., 2016). 

Most unmanaged forest tree communities are often composed of a few common species with high 

abundances and many rare species with low abundances (Drever et al., 2012; Enquist et al., 2019). 

Patterns of commonness and rarity based on abundance and range size commonly build up on local 

abundance, extent of the geographic range, and habitat specificity (Enquist et al., 2019). However, 

changes in species composition (loss/gain) are not random and might affect community composition and 

ecosystem functions in different ways: Endemic species classify to have a restricted geographical 

distribution (Fordham & Brook, 2010) and rare species classify to occur in low abundances (Drever et al., 

2012). Thus, endemic and rare species are disproportionately vulnerable to climate- and land-use change 

and habitat loss and are orders of magnitude more likely to go extinct (Enquist et al., 2019; Fordham & 

Brook, 2010; Pimm, 2021; Pimm et al., 2014). In contrast, dominant species have a high local abundance 

and often broad spatial distribution. Both rare and dominant can serve as early indicators of future 

ecosystem changes or even indicate extinction risks and can therefore help to understand community 

composition and adapt conservation measures (Avolio et al., 2019). 

We studied tree community compositions in the human-modified mosaic landscape of north-eastern 

Madagascar across different tree-based land-use types. The study comprises the land-use types forest 

fragments, woody fallows resulting from slash-and-burn shifting cultivation, forest- and fallow-derived 

vanilla agroforests, as well as one last remaining block of near-natural old-growth forest. Our main 

objectives were to quantify the variability of tree communities in terms of species identities and 

abundances and to differentiate between turnover and nestedness within and among land-use types. 

Relatedly, we further looked into patterns of species dominance and rarity. These results may inform 

conservation interventions to maintain tree diversity and enhance ecological integrity of tree-based 

ecosystems within the human-modified mosaic landscape. 

Methods 

Study area 

We conducted our study in north-eastern Madagascar in the SAVA region (Fig. 3.1). This part of the 

country used to be covered with humid evergreen forest of exceptional floristic diversity and endemism 

levels (Callmander et al., 2011; Du Puy & Moat, 1996; Goodman & Benstead, 2005; Schatz, 2005) but 
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agricultural expansion fuelled high deforestation rates (Vieilledent et al., 2018). Nowadays, remnants of 

continuous old-growth forest with little or no human disturbance only remain in protected areas (Schüßler 

et al., 2020). Outside of protected areas, the mosaic landscape consists of vanilla agroforests, paddy rice 

fields, and different stages of slash-and-burn shifting cultivation for hill rice production (Malagasy: tavy), 

interspersed with forest fragments. The climate of the study area is tropical-humid climate with a mean 

annual temperature of 23.9°C and 2258 mm of mean rainfall per year across 58 study plots (based on 

CHELSA (Karger et al., 2017)). The predominant land-use trajectory in north-eastern Madagascar involves 

the conversion of old-growth forest into human-modified land-use types (Fig. 3.1D).  
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Fig. 3.1: Study area map and common land-use trajectories. Panel A: the island of Madagascar with the SAVA region 

located at the north-eastern coast; panel B: the SAVA region with four main cities Sambava, Andapa, Vohemar, and 

Antalaha.; panel C: the study area with 2017 forest cover (Vieilledent et al., 2018), 10 study villages, and the two 

sampling sites in the old-growth forest of Marojejy National Park; panel D: a schematic concept of the predominant 

land-use trajectory in the study area, depicting the conversion of old-growth forest into human-modified land-use 

types. 
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Study design  

We conducted tree inventories in the most common tree-based land-use types in the study region, which 

are vanilla agroforests, forest fragments, naturally regenerating woody fallow as part of the slash-and-

burn cycle and old-growth forests.  

Overall, we worked on 58 plots between September 2018 and January 2019 in ten villages within the study 

region and in the Marojejy National Park (Fig. 3.1C). Around each village, we selected three vanilla 

agroforests, one forest fragment, and one naturally regenerating woody fallow (Fig. 3.1D). Out of 30 

chosen vanilla agroforests in our study, 20 agroforests were fallow-derived, and 10 agroforests were 

forest-derived. Since two landowners withdrew from the study, we finally collected data on 28 vanilla 

agroforests: 10 forest-derived and 18 fallow-derived agroforests. The 10 forest fragments were either 

private or communal land that showed signs of regular extraction of timber, firewood, and other products 

but had not been burned in living memory. The 10 naturally regenerating woody fallows (Malagasy: 

savoka) had last burned 5 - 17 years before data collection and were characterized by a mix of herbaceous 

plants, shrubs and small trees. The 10 old-growth forest plots in Marojejy National Park were located at 

two sites (5 plots at each site), which showed the least indication of recent human disturbance at 

elevations <700 meter above sea level. Marojejy is the largest old-growth forest persisting in the study 

region and the collection of timber, firewood, and other products is prohibited (Goodman, 2000).  

All study plots had a large spatial distribution across 10 villages in the study area (Fig. 3.1C), except of the 

old-growth forest plots, which were spatially relatively clustered within the Marojejy National Park. Given 

that patterns of community heterogeneity are sensitive to geographical distance and typically increase 

with distance (Antão et al., 2019; Nekola & White, 1999; Soininen et al., 2007), the unequal spatial 

distribution of the plots in our study might influence the observed beta-diversity differences within land-

use types. This difference in spatial distribution between old-growth forest and human-modified land-use 

types is unfortunate but unavoidable in our study landscape because Marojejy National Park is the only 

continuous low-elevation old-growth forest with comparatively lowest levels of human disturbance, that 

persist in our study area.  

Data collection and species identification 

We collected all data within circular plots of 25 m radius (1962.5 m2). On each of the 58 study plots, we 

recorded all woody plants with free-standing stems with ≥8 cm of diameter at breast height (DBH), 

including trees, arborescent herbs, palms, and tree ferns (but excluding lianas) and assigned local and 

scientific names with the help of one local expert. Since tree identification is often based on reproductive 
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features, sterile tree individuals entail a taxonomic ambiguity, but we could reduce these cases by 

sampling during the main flowering season. We collected samples for further comparison with herbarium 

specimens; voucher specimens are deposited at the National Herbarium Tsimbazaza, Antananarivo and 

the herbarium of the University of Mahajanga. On this basis, we classified all morphospecies to the most 

accurate taxonomic level possible. Furthermore, we assigned all species to their geographic origin, based 

on information from the Catalogue of the Plants of Madagascar (Tropicos, 2020; accessed January 2020). 

We classified all species as “endemic”, which occur exclusively in the country of Madagascar. We classified 

all species as “native”, which occur naturally in the country of Madagascar but also outside the country. 

We further classified all species as “introduced”, which are not native to Madagascar. We classified all 

species as “origin unknown”, if their origin was not available in the Catalogue of the Plants of Madagascar 

(2020). For all species which could only be identified to genus or family level, we checked whether their 

specific genus or family was classified as exclusively endemic or native to Madagascar in the Catalogue of 

the Plants of Madagascar (2020) and listed them accordingly. Otherwise, we classified them as introduced 

or origin unknown, when applicable (see Appendix S3.1 & S3.12).  

Data analysis 

To quantify beta-diversity, we used the Jaccard index for incidence-based data and the Bray-Curtis index 

for abundance-based data, which are both robust to errors of taxonomy or numerical undersampling 

(Schroeder & Jenkins, 2018). First, we assessed variation in species composition within each land-use type 

separately by calculating multiple-site dissimilarity and the respective turnover and nestedness 

components (Baselga, 2017). To standardize sampling efforts, we used a resampling procedure: we 

randomly chose 5 out of 10 plots per land-use type (except for fallow-derived agroforest with 5 out of 18 

plots) and repeated this procedure 500 times to obtain the mean and the standard deviation of beta-

diversity and its components for each land-use type (Baselga, 2017). To do so, we used the R-package 

`betapart´ (Baselga et al., 2021) and applied the function beta.sample for incidence data and 

beta.sample.abund for abundance data. 

Additionally, we calculated the proportion of nestedness components to overall multiple-site dissimilarity 

to obtain the 𝑏𝑒𝑡𝑎 𝑟𝑎𝑡𝑖𝑜 =  
𝑏𝑒𝑡𝑎 𝑛𝑒𝑠𝑡𝑒𝑑𝑛𝑒𝑠𝑠 𝑐𝑜𝑚𝑝𝑜𝑛𝑒𝑛𝑡

𝑜𝑣𝑒𝑟𝑎𝑙𝑙 𝑚𝑢𝑙𝑡𝑖𝑝𝑙𝑒 𝑠𝑖𝑡𝑒 𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦
. Values of beta-ratio < 0.5 indicate that beta-

diversity is mainly determined by species turnover, and beta-ratio values > 0.5 indicate that beta-diversity 

is mainly determined by nestedness (Si et al., 2015). 
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Next, we calculated null models that indicate how beta-diversity would look like with a completely random 

assembly process, while maintaining the alpha- and gamma-diversity as given in the data set (Catano et 

al., 2017; Chase et al., 2011; Ponisio et al., 2016). As such, null model analyses allow to compare patterns 

of beta-diversity among sites to differentiate between actual variation and variation based on 

stochasticity (Hillebrand et al., 2018; Tucker et al., 2016). Thus, we calculated null models for both 

incidence- and abundance data by sequentially reshuffling 1000 randomly sampled submatrices at 

constant row and column sums within each land-use type (Catano et al., 2017; Ponisio et al., 2016). To do 

so, we used the quasi-swap algorithm of the permatswap function in the R-package `vegan´ (Oksanen et 

al., 2019) and then calculated either the Jaccard-distance for each randomized matrix based on incidence 

data or respectively the Bray-Curtis-distance for each randomized matrix based on abundance data. 

Furthermore, we calculated z-scores to analyse whether observed beta-diversity was higher or lower than 

expected by chance. Z-scores are defined as: 𝑜𝑏𝑠𝑒𝑟𝑣𝑒𝑑 𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦 – 
𝑚𝑒𝑎𝑛(𝑟𝑎𝑛𝑑𝑜𝑚𝑖𝑧𝑒𝑑 𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦)

𝑠𝑑(𝑟𝑎𝑛𝑑𝑜𝑚𝑖𝑧𝑒𝑑 𝑑𝑖𝑠𝑠𝑖𝑚𝑖𝑙𝑎𝑟𝑖𝑡𝑦)
 

(Karp et al., 2018; Ponisio et al., 2016).  

To assess variation in species composition among land-use types, we tested whether overall Jaccard- and 

Bray-Curtis dissimilarities, as well as their turnover and nestedness components differed among land-use 

types. Thus, we calculated the multivariate dispersion of each beta-diversity component by calculating 

the distance from each plot to the centroid of all plots in the same land-use type using the betadisper 

function (Anderson et al., 2006) from the R-package `vegan´ (Oksanen et al., 2019). Then, we extracted 

the distances to the centroids and fitted linear mixed models, with land-use type as a fixed effect and 

study site as a random effect, using the lmer function in the R-package `lme4´ (Bates et al., 2015) with 

maximum likelihood estimates. For each beta-diversity component, we compared the mixed model to a 

reduced model in which we dropped the effect of the land-use types and applied a likelihood ratio test to 

obtain a p-value. If the effect of land-use types was significant, we conducted a pairwise comparison of 

land-use types, using the function lsmeans in the R-package `lsmeans´ (Lenth, 2016). 

To assess species dominance structures among land-use types, we calculated species-dominance-curves 

with the function rankabundance in the R-package ‘BiodiversityR’ (Kindt & Coe, 2005). Furthermore, we 

identified potentially dominant species based on their abundance and frequency of occurrence by 

calculating the Dominance Candidate Index (DCi; sensu Arvolio et al. (2019)). We calculated the DCi as 

average relative abundance + relative frequency

2
 for each land-use type separately, to identify and quantify the 

upper quartile of dominant species within each land-use type. Lastly, we quantified rare species as the 
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total number of singletons per land-use type and assessed their global conservation status using the IUCN 

Red List (IUCN, 2021) and The Red List of Trees of Madagascar (Beech, Rivers, et al., 2021). 

Results 

Beta-diversity within land-use types 

Incidence-based overall multiple-site beta-diversity ranged from a mean of 0.85 (SD 0.01) within old-

growth forest to a mean of 0.94 (SD 0.01) within forest-derived agroforests (Fig. 3.2; Appendix S3.2); the 

values for incidence-based turnover almost mirrored overall beta-diversity values within all land-use 

types. Nestedness was generally low within all land-use types and ranged from a mean of 0.02 (SD 0.01) 

within old-growth forests to a mean of 0.05 (SD 0.02) within woody fallows. The proportion of nestedness 

components to overall multiple-site beta-diversity was far below < 0.5 in all land-use types 

(Appendix S3.2), indicating that multiple-site beta-diversity within each land-use type was almost 

exclusively caused by turnover (Fig. 3.2A; C; E, see Appendix S3.3 for numeric results).  
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Fig. 3.2: Beta-diversity comparison within land-use types. Multiple-site dissimilarity based on the Jaccard index for 

incidence data (panel A, C; E) or the Bray-Curtis index for abundance data (panel B, D, F). The panels display overall 

beta-diversity (panel A & B) as well as its components of turnover (panel C & D) and nestedness (panel E & F). To 

standardize sampling efforts, the distributions of multiple-site dissimilarity indices for each land-use type are based 

on a random subset of 5 out of 10 plots per land-use type (except for fallow-derived agroforest with 5 out of 18 

plots) and repeated 500 times. Values range between 0 (species identities and abundances are equal) and 1 (no 

species is present in more than one site). The black horizontal lines represent the median for each land-use type. 

The lower and upper hinges of each box correspond to the first and third quartiles. The upper whiskers extend to 

the largest value whereas the lower whiskers extend to the smallest value, no further than 1.5 times the inter-

quartile range from the hinges of the box, respectively. Letters indicate significant differences between land-use 

types based on Kruskal-Wallis rank sum test (p< 0.05) and Dunn's Post-hoc test with Holm-Bonferroni correction. 

Note the different scaling of the y-axis in panel C. 
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For abundance-based data, multiple-site beta-diversity showed similar patterns and ranges as for 

incidence-based data (Fig. 3.2B; D; F). Overall beta-diversity and turnover were lowest within old-growth 

forests and highest within forest-derived agroforests. Abundance-based nestedness was generally low 

within all land-use types and ranged from a mean of 0.01 (SD 0.01) within forest-derived agroforests to a 

mean of 0.06 (SD 0.02) within fallow-derived agroforests.  

Likewise, the abundance-based ratio of nestedness components to overall multiple-site beta-diversity was 

far below < 0.5 in all land-use types (Appendix S3.2), indicating that turnover almost exclusively accounted 

for multiple-site beta-diversity within each land-use type (Fig. 3.2B; D; F see Appendix S3.3 for numeric 

results). When comparing the beta-ratio between incidence-based and abundance-based data for each 

land-use type, old-growth forests, forests fragments and forest-derived vanilla agroforests showed higher 

ratio values for incidence-based data, whereas fallow-derived agroforests and woody fallows showed 

higher ratio values for abundance-based data (Appendix S3.2). 

Beta-diversity null model analysis within land-use types 

Null model z-scores for incidence data indicated that the observed beta-diversity within forest fragments 

was lower than expected by chance (Fig. 3.3A; Appendix S3.4). Within all other land-use types, the 

incidence-based z-scores were close to zero, indicating that the observed dissimilarity was neutral and did 

not differ from random assembly processes, given the respective alpha- and gamma-diversity within each 

land-use type. In comparison, null model results for abundance data showed different patterns (Fig. 3.3B; 

Appendix S3.4): within all land-use types except of woody fallows, the z-scores were positive and indicated 

higher observed beta-diversity levels than expected by chance. Within woody fallows, the z-scores were 

close to zero, indicating that the observed dissimilarity did not differ from random assembly processes.  
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Fig. 3.3: Beta-diversity null model analysis within land-use types. Density distribution of z-scores from null model 

simulations based on incidence data (panel A) and abundance data (panel B). The z-scores represent the 

standardised difference between observed dissimilarity and null model simulated dissimilarity, divided by the 

standard deviation of null model simulated dissimilarity. Z-scores above 0 indicate that the observed beta-diversity 

was higher than expected by chance and z-scores below 0 indicate that the observed beta-diversity was lower than 

expected by chance. The marginal rug indicates the underlying data points, the solid vertical lines indicate the 

median per land-use type and the dotted vertical line indicates zero. 

Beta-diversity among land-use types 

The mixed-effect model for incidence-based beta-diversity revealed that all land-use types had a 

significant effect and a substantial power to explain the variance in overall Jaccard dissimilarity (marginal 

R2 of 0.47) and its turnover component (marginal R2 of 0.26) but had no significant effect to explain the 

nestedness-component (marginal R2 of 0.13) (Fig. 3.4). The pairwise comparison between land-use type 
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effects on overall Jaccard dissimilarity revealed a significant difference for old-growth forests which was 

lower compared to all other land-use types. For the Jaccard-turnover component, only the pairwise 

comparison between old-growth forests and forest-derived agroforests was significant (Appendix S3.5 – 

S3.7 for numeric results).  

Fig. 3.4: Beta diversity comparison among land-use types measured as dispersion (distance to group centroid). The 

distance to the group centroid of each land-use type is based on the Jaccard index for incidence data (panel A, C; E) 

and the Bray-Curtis index for abundance data (panel B, D, F). Panels A & B display overall beta-diversity, panel C & D 

display the turnover and panel E & F the nestedness components. The dots represent the fitted values of the mixed 

model and the lines indicate the upper and lower confidence intervals. The p-values are derived from the ANOVA 

between the mixed models and the respective reduced model in which the effect of the land-use types was dropped 

(Appendix S3.5 – S3.7 for numeric results). 

The mixed-effect model for abundance-based beta-diversity metrics showed similar patterns: all land-use 

types had a significant effect and a substantial power to explain the variance in overall Bray-Curtis 
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dissimilarity (marginal R2 of 0.49) and its turnover component (marginal R2 of 0.31). The explanatory 

power for the nestedness-component (marginal R2 of 0.25) was lower and only fallow-derived agroforests 

and woody fallows had a statistically significant effect and showed significant differences in the pairwise 

comparison (Fig. 3.4). Furthermore, the pairwise comparison between land-use types revealed that 

overall Bray-Curtis dissimilarity was significantly lower in old-growth forests compared to all other land-

use types. For the Bray-Curtis-turnover component, only the pairwise comparison between old-growth 

forests and forest-derived agroforests yielded significant differences (Appendix S3.5 – S3.7 for numeric 

results).  

Dominance analysis  

Dominance patterns were similar for all land-use type communities, with a few highly abundant species 

and many more uncommon or rare species (Fig. 3.5). Within each land-use type, a share of ~10% species 

represented 50% of tree individuals. Yet, the species numbers corresponding to these proportions varied 

largely, due to significant differences in the number of species and individuals.  
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Fig. 3.5: Species dominance structure among trees for each land-use type. In each panel, the light grey dashed line 

indicates the share of species representing 50% of all individuals; the black dashed line indicates the share of species 

representing 90% of all individuals in each land-use type. Each dot represents a tree species ranked by relative 

abundance and the colour of the dots indicates the geographic origin. 

Additionally, we identified a subset of 15 common species (Appendix S3.9) which occurred on all land-use 

types. The upper quartile of dominant candidate tree species (sensu Arvelio et al 2019) was composed of 

51 species, among which 57% were endemic (Table 3.1; Appendix S3.11) and occurred almost exclusively 

in old-growth forests, forest fragments and forest-derived vanilla agroforests. Further 29% dominant 

candidate species were native and occurred mainly in old-growth forests, forest fragments and forest-

derived vanilla agroforests and only marginally in woody fallows or fallow-derived agroforests. Introduced 

dominant candidate species (12%) occurred mainly in woody fallows or fallow-derived agroforests.  
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Table 3.1: Tree species with high Dominance Candidate Index values (DCi; sensu Arvelio et al 2019), separated by 

geographic origin. We calculated the DCi as (average relative abundance + relative frequency)/2 for each land-use 

type separately, to identify and quantify the upper quartile of dominant species within each land-use type. The 

abbreviations in brackets represent the land-use types in which the respective species qualified as dominant 

candidate species: OGF = Old-growth forest; FF = Forest fragment; VFST = Forest-derived agroforest; VFLW = Fallow-

derived agroforest; WF = Woody fallow (see Appendix S3.11 for species list). 

 

We also identified 167 singletons among all land-use types, representing 36.7% of the 455 species in our 

dataset (Appendix S3.8 & Appendix S3.12). Within land-use types, old-growth forests harboured the 

highest share of singletons (26.7%) in comparison to forest fragments (22.6%), forest-derived agroforests 

(15.2%), fallow-derived agroforests (10.1%) and woody fallows (13.1%). Among the singletons in old-

growth forest, one species (Dombeya marojejyensis) was Critically Endangered, and 12 species were either 

Endangered, Vulnerable or Near Threatened. The singletons in forest fragments, forest-derived 

agroforests and woody fallows each comprised four to five species categorized as either Endangered, 

Vulnerable or Near Threatened. Fallow-derived agroforests harboured no red-listed singletons. 

Discussion 

Our results show that tree-based land-use types in a mosaic landscape displayed relatively high beta-

diversity of tree species. We identified high turnover rates within and among tree communities in 

different tree-based land-use types, indicating that tree communities are transforming both in identity 

and abundance.  
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Beta-diversity patterns 

Overall multiple-site dissimilarity measures reached median values above 0.8 within all land-use types, 

which is relatively high, considering that the maximum achievable value is 1 (Baselga, 2017). Furthermore, 

both incidence-based metrics and abundance-based metrics lead to similar results, indicating that 

dissimilarity within land-use types was shaped as strongly by the influence of rare species (captured by 

the incidence-based metrics), as by the influence of species dominance patterns (captured by the 

abundance-based metrics) (Barwell et al., 2015; Baselga, 2017). These observations are in line with tree 

community analyses from western Amazonia, which also reported that beta-diversity patterns for 

incidence-based and abundance-based metrics yielded similar results (Draper et al., 2019). We can thus 

infer that tree communities in our study area were highly heterogenic within land-use types and the 

estimated dissimilarities were neither exclusively based on dominant species, nor on rare species.  

By partitioning beta-diversity into its components, we found low beta-ratios (defined as the proportion of 

nestedness components to overall multiple-site dissimilarity), indicating that turnover was the dominant 

contributor to multiple-site dissimilarity whereas nestedness played a minor role and this pattern was 

constant within all land-use types. These observations compare with meta-analyses on larger scale across 

organisms and ecosystems (Antão et al., 2019; Soininen et al., 2018).  

The high turnover values and the comparatively minor role of the nestedness within all land-use types in 

our study indicates that none of the land-use types suffered from substantial tree species losses because 

absent species were replaced by new species; this process is called additive heterogenization, in which 

new species establish (Socolar et al., 2016). High beta-diversity values can also originate from the process 

of subtractive heterogenization, in which many common species become rare, but few disappear (Socolar 

et al., 2016).  

Since our land-use types differed significantly in species richness, the application of null models allowed 

us to examine if dissimilarity was lower or higher than expected by chance (Chase et al., 2011). Even 

though null models are criticized to suffer from internal constraints that induce Type II errors (Ulrich et 

al., 2017), they still represent the best available option to account for effects of the regional species pool 

size on beta-diversity patterns (Catano et al., 2017; Chase et al., 2011; Tucker et al., 2016).  

For incidence-null model calculations, we found that the observed beta-diversity within forest fragments 

was lower than expected by chance. This indicates that tree communities in forest fragments might be 

niche-structured, meaning that demographic rates (such as reproduction, death, dispersal) differed 

between species due to external factors (Tucker et al., 2016). These external factors might be 
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consequences of human activities, given that forest fragments in our study area were partly heavily 

disturbed due to timber extraction and charcoal production. Since incidence data is strongly influenced 

by rare species, our null model results indicate that forest fragment communities became more similar 

than expected to the detriment of rare species. This suggests that forest fragments underwent biotic 

homogenization in which rare and/or specialized tree species struggled to survive and reproduce, while 

generalist species coped well or even proliferated under altered environmental conditions (Filgueiras et 

al., 2021; McKinney & Lockwood, 1999; Tabarelli et al., 2012). Within all other land-use types, observed 

beta-diversity did not deviate from the null model expectation, indicating that these communities were 

mainly structured by neutral assembly mechanisms (Tucker et al., 2016) meaning that biotic 

homogenization might play a less prominent role. However, Tucker et al. (2016) showed in a 

methodological approach that incidence-based null models were less robust than abundance-based null 

models, so our incidence-null models might underestimate the effect of human activities on tree species 

composition. Indeed, for abundance-null model calculations, we found higher observed beta-diversity 

levels than expected by chance within all land-use types, except woody fallows. This indicates that 

abundance-based beta-diversity within woody fallows could not clearly be distinguished from stochastic 

sampling effects (Tucker et al., 2016). Within all other land-use types, external factors lead to higher beta-

diversity than expected. Most likely, theses external factors are linked to land-use practices, given that 

species communities in tropical biomes (such as north-eastern Madagascar) show a particularly high 

sensitivity to land-use change (Newbold et al., 2020). The deviation between observed and expected 

values was highest in forest fragments and forest-derived agroforests, indicating that external factors 

were linked to habitat alterations that heterogenized the communities either by additive or subtractive 

heterogenization (sensu Socolar et al., 2016).  

Land-use types had a significant effect and a substantial power to explain the variance in beta-diversity 

and its turnover component among land-use types for both incidence-based metrics and abundance-

based metrics. This indicates that land-use types were linked to external factors such as human activities, 

which strongly influenced the compositional turnover between land-use types. These findings align with 

the global trend that synergistic effects between land-use and climate change drive plant species turnover 

and lead to profound changes in the structure of ecological assemblages and likely accelerate diversity 

declines over time (Di Marco et al., 2019; Newbold et al., 2016).  

Nestedness values were generally low, indicating low species net loss. However, woody fallows and 

fallow-derived agroforests showed a comparatively higher abundance-derived nestedness variation than 
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all other land-use types. Considering that these two land-use types harboured more introduced species 

but counted with significantly lower alpha diversity compared to all other land-use types (Fig. 3.5), these 

abundance-derived nestedness patterns could originate from the establishment of new and potentially 

introduced generalist species which gradually displaced less competitive species (Socolar et al., 2016). 

Dominance and rarity patterns 

Our findings revealed similar dominance patterns for all land-use type communities, with a few highly 

abundant species and many more uncommon or rare species, which is similar to dominance structure 

patterns found in other tropical tree communities (eg. Hazell et al., 2021). Targeting the many rare species, 

we quantified a share of ~37% singletons across land-use types. This value is similar to global rarity 

estimations of land plants, which categorize ~36% of vascular plant species as highly rare with very little 

distributional and/or botanical information available for each species (Enquist et al., 2019). In a global 

comparison, eastern Madagascar even classifies as a “hotspot of rarity” for plant species, showcasing high 

numbers of rare species (Enquist et al., 2019) with high levels of threatened species (Beech, Rivers, et al., 

2021; BGCI, 2021). Generally, rarity builds on abundance but is defined in a wide variety of ways (Drever 

et al., 2012). In our study, we applied a very strict definition and only considered singletons as rare species, 

which might underestimate the number of rare species. Yet, it is important to recognize that potential 

sampling biases can influence the rarity attribution (Enquist et al., 2019; Oliveira et al., 2019). In our case, 

some small-statured species might hardly reach the sampling DBH threshold and therefore classify as rare 

in our dataset, even though they might be naturally small-structured common trees. Lastly, species’ 

morphological plasticity, lack of clear identification features of sterile individuals and ongoing taxonomic 

reclassification can introduce certain taxonomic biases (Callmander et al., 2011; Enquist et al., 2019). 

Despite these ambiguities, our assessment represents an estimation of rarity among tree species across 

land-use types and can serve as a proxy and baseline for future studies or conservation interventions. 

Among these rare species, we identified one Critically Endangered species (Dombeya marojejyensis) and 

further 26 species categorized as either Endangered, Vulnerable or Near Threatened (Beech, Rivers, et al., 

2021; IUCN, 2021). Almost 75% of these species occurred either in old-growth forest, forest fragment or 

forest-derived agroforest. Moreover, tree species are long-lived organisms, and even if they temporally 

survive in altered habitats, disturbance-sensitive species might not be able to reproduce over time, 

leading to time-lagged extinction events (Flinn & Vellend, 2005). This process is commonly known as 

extinction debt (Kuussaari et al., 2009) and might be specifically critical for the high share of rare and 
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endemic tree species in old-growth forests, forest fragments and forest-derived agroforests in our study 

area, highlighting that these species face considerable extinction risk. 

Additionally, we identified 15 common species that can potentially cope well with the given biotic and 

abiotic habitat conditions, because they occurred on all land-use types. We further identified 51 

dominance candidate tree species (sensu Arvelio et al 2019; Appendix S3.11). Most dominant candidate 

species occurred in old-growth forests which aligns with findings from other tropical lowland forests in 

which a small number of dominant species accounts for a large share of individuals (Bastin et al., 2015; 

Draper et al., 2019; ter Steege et al., 2013). Due to their high proportional abundance, dominant tree 

species represent main structural elements and have a strong impact on biomass provision, and 

ecosystem functions and processes (Avolio et al., 2019; Bastin et al., 2015). Furthermore, research from 

Amazonian forests has shown that dominant tree species were representative of overall beta-diversity 

patterns and might serve as proxies for community composition patterns at the regional scale (Draper et 

al., 2019). Also, dominance is not static in the light of changing land-use dynamics, meaning that dominant 

species turnover and dominance identity may change, but the concept of dominance persists (Avolio et 

al., 2019). Thus, knowledge of dominant species and their successional dynamics should be integrated 

into restoration approaches to recover ecosystem functions and integrity. 

Conservation outlook 

Our results provide a deeper understanding of tree community structures in tree-based land-use types 

within the mosaic landscape of north-eastern Madagascar. This is of high ecological and conservation 

relevance since altered tree community changes also affect other species groups and multi-trophic 

networks, which are strongly associated with trees (Fornoff et al., 2019). If tree species decline or 

disappear, the resilience of associated trophic networks and ecosystem processes might erode 

cascadingly, eventually leading to network instability and permanent shifts in ecosystem functions 

(Fordham & Brook, 2010; Pimm et al., 2014; White et al., 2020) with negative consequences for ecosystem 

services and the people who rely on them (Díaz et al., 2006). Thus, maintaining the unique and high tree 

diversity of north-eastern Madagascar is a key conservation goal. We show that old-growth forests 

harboured a high share of endemic and threatened tree species, which emphasizes that protected areas 

such as Marojejy National Park are irreplaceable to prevent further species loss and forest clearance. In 

addition, we also show that human-modified land-use types retained a share of endemic and endangered 

species and had high turnover rates, indicating that the floristic composition and species dominance 

patterns within each land-use type differed strongly from plot to plot. These high turnover rates outside 
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of protected areas indicate that complementary conservation interventions are necessary to maintain the 

unique tree species assemblages and the associated landscape gamma-diversity within the human-

modified mosaic landscape. Therefore, ecological restoration and tree-based rehabilitation interventions 

could serve as complementary tools to secure overall net gains of biodiversity and a net-positive effect on 

environmental conditions and ecosystem services (Gann et al., 2019; UN Decade on Ecosystem 

Restoration 2021-2030). Additionally, the area adjacent to Marojejy National Park has been highlighted 

as a priority area for the conservation and restoration of endemic trees species in Madagascar (Carrasco 

et al., 2020). We fully endorse the call for restoration interventions based on stakeholder-defined 

objectives (Di Sacco et al., 2021). A suggested point of entry would be the establishment of agroforests 

on formerly forested degraded land, which could increase tree cover at the landscape scale (Martin, Wurz, 

et al., 2021), while generating revenues for smallholder farmers (Hänke et al., 2018). But even on woody 

fallows and fallow-derived agroforests, the tree communities had a high turnover between plots and 

woody fallows harbored a share of endemic and endangered species. Since tree-based ecosystem 

restoration should not be a driver of homogenization, we emphasize the importance to consider the high 

turnover rates of tree species communities and take this knowledge into account in the planning and 

implementation of restoration projects, to effectively protect the rich diversity of Malagasy trees in the 

mosaic landscape.  
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Abstract 

Trees in agroforestry systems provide multiple ecological and economic functions. Smallholder vanilla 

agroforests include shade trees, common across agroforestry systems, and small-statured support trees 

carrying the vanilla vine. Support trees have received little scientific attention so far. The objectives of our 

study were to assess the diversity, composition and geographic origin of support trees in vanilla 

agroforestry systems of north-eastern Madagascar. The region is a global biodiversity hotspot, undergoes 

a rapid land-use change and produces a large share of the globally traded spice vanilla. The studied vanilla 

agroforests differed in land-use history being either forest-derived (established directly in a forest) or 

fallow-derived (established on land previously used for slash-and-burn agriculture). Among the support 

trees, we found 122 species of which 25% were endemic to Madagascar. The species richness per plot 

was four times higher in forest-derived than in fallow-derived vanilla agroforests. The species distribution 

was particularly uneven in fallow-derived vanilla agroforests with one species (Jatropha curcas) 

comprising 52% of all individuals. In forest-derived vanilla agroforests, 44% of all trees were native or 

endemic to Madagascar, whereas in fallow-derived vanilla agroforests only 11% were native or endemic. 

We conclude that there is a considerable diversity among support trees in Malagasy vanilla agroforestry. 

The support tree diversity is strongly affected by land-use history. Fallow-derived vanilla agroforests 

currently have a comparatively low species richness, yet they can play an important role in land 

rehabilitation, and more emphasis on growing native and endemic tree species would contribute to 

aligning land use with conservation goals. 

 

Keywords: Biodiversity, endemism, land-use history, native trees, smallholder agroforestry, tutor trees 

 

Introduction 

Agroforestry systems host – by definition – trees and crops or livestock (FAO, 2015). Studies often 

investigate multiple ecological and economic functions of shade trees (Nesper et al., 2017; Tscharntke et 

al., 2011) or crop-bearing woody plants like apple, cherry, coffee etc. (Kay et al., 2020; Liu et al., 2020; Wu 

et al., 2016). However, vanilla agroforestry systems have a further category of trees: small-statured 

support trees (also called tutor trees) carrying the climbing vanilla plant (Vanilla planifolia, Orchidacea). 

Support trees (Fig. 4.1) are pruned to an accessible height to facilitate vanilla hand-pollination and vanilla 
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harvesting. Support trees are also common in other agroforestry systems, e.g., black pepper (Piper 

nigrum), yams (Dioscorea spp.) or chayote (Sechium edule) (World Agroforestry Centre, 2009). 

 

Fig. 4.1 Smallholder vanilla agroforests in Madagascar with support trees for carrying the vanilla plants. A forest-

derived vanilla agroforest (a); a fallow-derived vanilla agroforest (b); establishment of a new vanilla agroforest with 

freshly planted support trees (c); attaching a vanilla vine to a support tree (d). 

Madagascar contributes about 40% of natural vanilla to the world market (FAO, 2020). The island is also 

a biodiversity hotspot with particularly high rates of endemism (Ganzhorn et al., 2014; Myers et al., 2000). 

Forests of Madagascar harbour the majority of endemic plants and animal species (Dufils, 2003), but large 

parts of natural forests have already been lost and deforestation rates are still high (Vieilledent et al., 

2018). Even though some species can persist in human-modified landscapes (e.g., Raveloaritiana et al., 

2021; Torppa et al., 2020)) and information of responses to habitat degradation is lacking for many taxa 

(Irwin et al., 2010), deforestation certainly threatens Madagascar’s biodiversity (Ganzhorn et al., 2001; 

Rakotoarinivo et al., 2014). Slash-and-burn shifting cultivation is the main driver of deforestation in 

Madagascar (Yesuf et al., 2019; Zaehringer et al., 2015). 
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Agroforests can contribute to biodiversity maintenance in deforested and degraded landscapes 

(Montagnini, 2020; Schroth et al., 2004). Vanilla agroforests in north-eastern Madagascar support native 

bird species (Martin, Andriafanomezantsoa, et al., 2021), several lemur species (Hending et al., 2018) and 

many plant species (Osen et al., 2021; Raveloaritiana et al., 2021). The shade trees in vanilla agroforests 

are highly diverse and include many endemic species (Osen et al., 2021). Additionally, vanilla agroforests 

with many shade trees and a dense understory can contribute to the conservation of predation as an 

important ecosystem function (Schwab et al., 2021). 

The diversity of crops and associated trees as well as the structural complexity of an agroforestry system 

can evolve under climatic, social and economic pressure as shown, e.g., for Malagasy clove cultivation 

(Michel et al., 2021). For vanilla agroforests in north-eastern Madagascar, also the previous land-use 

history is important: if established by thinning and converting forests (forest-derived vanilla agroforests), 

they contribute to species preservation but are a degradation of a natural forest ecosystem; if established 

on open or fallow land previously used for slash-and-burn agriculture (fallow-derived vanilla agroforests), 

they may harbour less biodiversity but significantly contribute to ecosystem rehabilitation (Martin et al., 

2020; Osen et al., 2021; Raveloaritiana et al., 2021). Nevertheless, both types of vanilla agroforests 

provide considerable income opportunities to farmers and are similar in vanilla yield which is not affected 

by the shade tree canopy cover (Martin, Wurz, et al., 2021). 

According to our observations, living support trees are normally used as climbing structures in the vanilla 

agroforestry of north-eastern Madagascar. Both in Madagascar and worldwide, support trees have 

received little scientific attention so far. However, these trees are intensively managed by farmers and 

thus offer the opportunity to influence the diversity and structure of agroforests. Our objectives were to 

identify the species diversity, composition and geographic origin of the support trees in forest-derived 

and fallow-derived vanilla agroforests in north-eastern Madagascar. The results may inform approaches 

to creating a multifunctional landscape and contribute to maintaining or restoring tree diversity in 

agroforestry systems. 

Methods 

Study region 

The study was conducted in north-eastern Madagascar (Fig. 4.2). The regional climate is tropical-humid 

with an annual mean temperature of 24.1 °C and precipitation of 2157 mm y-1 (means across study plots, 

based on CHELSA (Karger et al., 2017)). The topography consists of coastal lowlands, hills and mountains. 
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The natural vegetation is tropical rainforest (Moat & Smith, 2007), today mainly restricted to protected 

areas like Marojejy National Park. The landscape is characterized by a mosaic of land-use types where 

slash-and-burn agriculture, locally called tavy, and vanilla agroforestry prevail (Hänke et al., 2018; Llopis 

et al., 2019). 

 

Fig. 4.2 Location of the SAVA region in Madagascar (a); location of our study region within the SAVA region (b); a 

close-up of the study region with the study villages (yellow triangles; c). 

Sampling design 

We worked in 10 villages across north-eastern Madagascar’s SAVA region (Fig. 4.2). In each village, we 

studied three vanilla agroforests. Interviews with the farmers revealed that 10 out of 30 studied vanilla 

agroforests were forest-derived and 20 were fallow-derived. In every vanilla agroforest, we placed a 

circular study plot of 50 m in diameter (1963 m2). We put 36 markings in a fixed scheme (Fig. 4.3) inside 

the plots. At each marking, we sampled the support tree carrying a living vanilla plant that grew closest 

to the respective marking. On every study plot, our selection of 36 support trees represented a share of 
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3-11% of all support trees within the study plot, depending on the vanilla planting density. Overall, we 

sampled 1080 support trees consisting of 68 dead and 1012 living support trees. For our analysis, we only 

considered the 1012 living support trees.  

 

Fig. 4.3 Support tree sampling scheme within a circular study plot (50 m diameter) in each of the 30 vanilla 

agroforests. The dashed lines represent the grid of ropes used to set the scheme. The green dots (n = 36) represent 

the markings along the ropes to select the closest growing support tree. 

Species identification 

In the field, we identified 960 of 1012 sampled living support trees to their vernacular names. We took 

samples and photos (mostly leaves, bark and branches, rarely flowers or fruits) and consulted a local tree 

expert to identify the remaining 52 support trees to their vernacular names. Thereafter, we used Schatz 

(2005) and assigned the vernacular names to the corresponding scientific names for 86 species making up 

305 trees in our sample. Although Schatz (2005) only differentiates species to genus level, some genera 

are monotypic and thus a species name could be assigned. If a vernacular name corresponded to several 

genera, we requested support by the local tree expert to decide for one of them. In addition, we used a 

report on the floral inventory of the Antanetiambo Nature Reserve by Randrianavaio (2014) and an 

unpublished inventory list from 2001 provided by Marojejy National Park staff to get suggestions of 

scientific names matching the vernacular names. The suggestions were then validated by the descriptions 

of tree characteristics in Schatz (2005). In doubtful cases and the cases not covered by Schatz (2005), we 

used a species list by Osen et al. (2021) for verification (63 species, 223 trees in our sample). Finally, we 
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could identify 41% of species in our sample (86% of all sampled tree individuals) to scientific species 

names; 51% species (11% of all individuals) to genus level and 8% of species (3% of all individuals) to their 

vernacular names. However, some uncertainties remain. These are partly due to the frequent taxonomic 

rearrangements of the diverse Malagasy tree flora (Callmander et al., 2011) which can be challenging to 

align with local vernacular naming systems. Additionally, tree identification is often based on reproductive 

features, so sterile and/or young tree individuals can hamper identification precision (Gomes et al., 2013). 

Therefore, we acknowledge that taxonomic uncertainties might underestimate the diversity of rare 

species in our support tree assessment. 

Species origin and diversity 

Using the Catalogue of the Plants of Madagascar (Tropicos, 2020) and GlobalTreeSearch (Beech, Hills, et 

al., 2021), we categorized the support tree species based on their origin into endemic (existing only in 

Madagascar), native (existing naturally in Madagascar but also in other places) or introduced (do not exist 

in Madagascar naturally). We could not categorize the trees identified only to genus level or vernacular 

names (130 from 1012 trees in the total sample). We further assessed the global conservation status of 

the species using the IUCN Red List (IUCN, 2021) and The Red List of Trees of Madagascar (Beech, Rivers, 

et al., 2021). Diversity was calculated as species richness (species per plot) and Shannon index (Shannon, 

1949). We included all species and morphospecies (identification to genus level or vernacular names) in 

the diversity analysis. 

Interviews 

We conducted interviews to assess the share of planted support trees and to clarify what kind of 

secondary products support trees currently provide. For each vanilla agroforest, we interviewed the 

person directly involved in its management. We conducted the interview not for each support tree 

individual but asked each question once per agroforest and morphospecies. Answer categories were 

provided for each question as well as a possibility to give a free answer (answer category “other”). We 

conducted every interview only after explicit informed consent was given by each interviewee verbally. 

All interview participants were free to skip questions and had the right to stop the interview any time.  

Statistics 

To analyse the differences between forest-derived and fallow-derived vanilla agroforests in both the 

species richness per plot and Shannon index, we applied unpaired t-tests (Welch, 1947) after checking the 

normality of distribution with the Shapiro-Wilk test (Shapiro & Wilk, 1965). We calculated the share of 
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endemic, native and introduced species per plot and used the Mann-Whitney-U-Test (Mann & Whitney, 

1947) to test for significant differences between forest-derived and fallow-derived vanilla agroforests. We 

also used the Mann-Whitney-U-Test to test for the difference of the share of planted support trees 

between the forest- and follow-derived vanilla agroforests. Statistically significant difference was 

assumed at p < 0.05. We performed the statistical analysis in R version 4.0.2 (R Core Team, 2019) and 

calculated the Shannon index with the R packages “vegan” (Oksanen et al., 2019). We also used packages 

“plotrix” (Lemon et al., 2021) and “VennDiagram” (Chen, 2018) for visualization purposes. 

Results 

Species diversity and abundance 

In total, we found 122 support trees species belonging to 84 genera and 38 families. The number of species 

supported by forest-derived vanilla agroforests (115 species) was higher than in fallow-derived vanilla 

agroforests (31 species; Fig. 4.4). The species richness per plot was significantly higher in the forest-

derived vanilla agroforests (mean = 19.7, sd = 7.3) than in the fallow-derived vanilla agroforests (mean = 

4.4, sd = 2.1), (unpaired t-test, t = 6.541, df = 9.7466, p < 0.001 (Table 4.1)). The diversity of support trees 

indicated by the Shannon index was, again, significantly higher for forest-derived vanilla agroforests 

(mean = 2.6, sd = 0.65) than for fallow-derived vanilla agroforests (mean = 0.83, sd = 0.56), (unpaired t-

test, t = 7.318, df = 15.957, p < 0.001 (Table 4.1)). 
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Fig. 4.4 Number of support tree species being different (circle margins) or common (circle intersections) for 

10 forest-derived and 20 fallow-derived vanilla agroforests in the study region. The bottom part of the diagram 

displays the total numbers according to the origin (native, endemic and introduced) of the species. Origin of the 

species identified to genus or vernacular names only could not be specified (Origin unknown). 

 

Table 4.1 Species diversity of support trees in forest-derived (n = 10) and fallow-derived (n = 20) vanilla agroforests 

in north-eastern Madagascar. 

 
 
 

All vanilla 
agroforests 

Forest-derived vanilla 
agroforests 

Fallow-derived vanilla 
agroforests 

Species richness (n, total) 122 115 31 
Species richness (n per plot)    

mean (SD) 9.5 (8.6) 19.7 (7.3) 4.4 (2.1) 
min – max 1 – 29 6 – 29 1 – 8 

Shannon index    
mean (SD) 1.42 (1.03) 2.6 (0.65) 0.83 (0.56) 

min – max (per plot) 0.00 – 3.34 1.19 – 3.34 0.00 – 1.84 
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The three most abundant species comprising 53% of all sampled trees were Jatropha curcas, Clausena 

excavata, and Pachira glabra. In forest-derived vanilla agroforests, the most abundant 15% of species, i.e. 

16 species, contributed 50% of all trees. Other 38% of species in our sample for forest-derived vanilla 

agroforests (355 trees) were represented by 2 – 4 individuals and 47% by only 1 individual each. The 

tendency of some species being highly abundant and many being rare was even more pronounced in the 

fallow-derived vanilla agroforests where just one species (Jatropha curcas) accounted for 52% of all trees 

(Fig. 4.5). 

 

Fig. 4.5 Species dominance structure among support trees in forest-derived and fallow-derived vanilla agroforests. 

In forest-derived vanilla agroforests (n = 10 plots), we found 115 species among 335 individuals. In fallow-derived 

vanilla agroforests (n = 20 plots), there were 31 species among 677 individuals. The brown dashed line indicates the 

share of species contributing 50% of all individuals; the blue dashed line indicates the share of species contributing 

90% of all individuals. 

Species origin and IUCN status 

We found 45 of 122 species to be native or endemic (12% of all species and 25% of all species respectively; 

see also Fig. 4.4) of which 11 were endemic at genus level. We observed 12 introduced species, which 

accounted for two-thirds of all sampled trees (Fig. 4.6). The summed share of native and endemic species 

among all found species was similar for the forest-derived and fallow-derived vanilla agroforests (37% and 

35% of species, see also Fig. 4.4). Nevertheless, the situation differed when accounting for support trees 

abundances: 44% of all individuals in the forest-derived vanilla agroforests belonged to the native or 
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endemic flora, whereas only 11% of the individuals were native or endemic in fallow-derived vanilla 

agroforests (Fig. 4.6).  

 

Fig. 4.6 Share of tree individuals belonging to native, endemic or introduced species across all vanilla agroforests (n 

= 30), in forest-derived (n = 10 plots) and in fallow-derived (n = 20 plots) vanilla agroforests. We could not specify 

the origin of the species defined to genus or vernacular names only (Origin unknown). The share of trees belonging 

to introduced species differed significantly between forest-derived (median = 6%, IQR = 37%) and fallow-derived 

(median = 93%, IQR = 11%) vanilla agroforests (Mann-Whitney-U-Test, U = 183.5; p < 0.001). 

Among all 50 species that we could identify to species level, 82% have been assessed in the IUCN Red List 

(2021). Most of the species had the status “LC – Least Concern”. Intsia bijuga was listed as vulnerable, 

Dichaetanthera altissima as endangered. Both species formed 0.5% of the whole sample and were only 

encountered in the forest-derived vanilla agroforests. 

Planted support trees 

According to our farmer interviews, 21% of all support trees in forest-derived vanilla agroforests were 

planted (median = 0%, IQR = 33%, nplots = 10). In contrast, 71% of all support trees in fallow-derived vanilla 

agroforests were planted (median = 83%, IQR = 27%, nplots = 20). A Mann-Whitney-U-Test indicated a 

significant difference between both groups (U = 30, p = 0.002). The support trees species whose 

individuals were mostly planted were Jatropha curcas (97%, of all individuals planted), Pachira glabra, 

Gliricidia sepium, and Morus alba (each with 100% individuals planted). Thus, planted trees were mostly 

introduced species.  
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Secondary use of support trees 

Secondary use could be confirmed for 32% of all support trees in our sample. Most common secondary 

uses of support trees included personal use as medicine (12% of all individuals) and edible fruits for 

personal consumption or selling (6% of all individuals). Among the introduced species, the most used ones 

were Coffea canephora (81% of individuals for personal consumption as food; 54% for selling food; and 

12% each for medicine and firewood), Jatropha curcas (20% of individuals used for medicine) and Morus 

alba (92% of all individuals used for medicine). Among native species, the mostly used one was Parinari 

curatellifolia (18% of individuals used for food and 18% for medicine). Another relatively frequently used 

native species was Sorindeia madagascariensis (28% of individuals used for personal food consumption). 

Discussion 

In vanilla agroforests of north-eastern Madagascar, we found 122 species of support trees used for 

carrying vanilla plants. Land-use history strongly influenced the species richness with higher diversity in 

forest-derived than in fallow-derived vanilla agroforests. Species abundance was highly uneven with few 

dominant and many rare species, especially in fallow-derived vanilla agroforests. Endemic species 

dominated the group of native species (30 of 45 native species). Together, native and endemic species 

comprised 44% of the support trees in forest-derived and 11% in fallow-derived vanilla agroforests. The 

most abundant support tree species was the introduced Jatropha curcas. 

Species richness of support trees compared with shade trees 

The total of 122 support tree species is lower than 229 species of shade trees encountered on the same 

plots (all sampled shade trees > 8 cm DBH; Osen et al., 2021). While most support tree species identified 

to the species level were also found among shade trees, 18% (i.e. 9 of 50) were not. Four of these (Hibiscus 

tiliaceus, Manihot esculenta, Psiadia altissima and Tambourissa thouvenotii) are shrubs or small trees and 

thus less likely to be accounted for in shade tree surveys. However, except M. esculenta, these species 

are native to Madagascar and two of them (P. altissima and T. thouvenotii) belong to the endemic 

Malagasy flora. Overall, six of the support tree species without shade trees analogous have the status of 

endemics. We found seven of the support species without shade trees analogous exceptionally in the 

forest-derived vanilla agroforests and two other species (H. tiliaceus and P. altissima) only in the fallow-

derived vanilla agroforests. The difference between support and shade tree species indicates that support 

trees enrich the overall native and endemic plant diversity in vanilla agroforests of the region. 
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Land-use history determines support tree diversity 

As for vanilla agroforests in north-eastern Madagascar, our data suggest that land-use history strongly 

influences species richness of support trees there. Forest-derived vanilla agroforests show a higher 

species richness (with a mean of 19.7 species per plot) than fallow-derived vanilla agroforests (with a 

mean of 4.4 species per plot). This corresponds to a similar trend in tree species diversity among shade 

trees (Osen et al., 2021). This is also in line with the analyses by Martin et al. (2020) emphasizing the 

importance of land-use history for biodiversity and ecosystem services in agroforestry systems. Overall, 

with 122 species of support trees and 229 species among shade trees (Osen et al., 2021), the vanilla 

agroforests in north-eastern Madagascar contribute to maintaining the unique tree diversity of the island.  

Support tree management results in strong unevenness in species abundances 

Our findings revealed a strong unevenness in the abundance of support tree species (Fig. 4.5): few species 

were highly abundant, and many species were rare. In fallow-derived vanilla agroforests, just one species 

(Jatropha curcas) accounted for 52% of all trees. J. curcas and other introduced species abundant in the 

fallow-derived vanilla agroforests like Gliricidia sepium, Pachira glabra and Morus alba were mostly 

planted. Planting G. sepium and J. curcas, farmers in north-eastern Madagascar possibly follow guidelines 

of a former extension and training project that recommended to use these species (J.-J. Tsialefitra, 

personal communication, 12.12.2016). Planting these introduced species may be motivated by their easy 

propagation by cuttings as well as soil-improving abilities (World Agroforestry Centre, 2009). J. curcas and 

G. sepium, both being native for Mesoamerica and Mexico, are known for these characteristics and used 

as support structures for vanilla in Africa, Asia and Oceania (Hernandez & Lubinsky, 2011; Komarek, 2010; 

Minh et al., 2015; Van der Grijp, 1997). G. sepium is also used as support structure for other crops as black 

pepper and yam in West Africa and India (World Agroforestry Centre, 2009). Introduced trees can 

contribute to people’s livelihood (Gérard et al., 2015; Kull et al., 2013), and the introduced J. curcas and 

M. alba were used for medicinal purposes in our study region. However, G. sepium and P. glabra, the two 

other frequently planted introduced species, had no such use. On the other hand, some native species 

like Parinari curatellifolia and Sorindeia madagascariensis were used for food and medicine at rates 

comparable with that of J. curcas.  

Promoting native and endemic support trees to foster ecosystem service provisioning 

In total, in our sampled vanilla agroforests, introduced species hold a low share of species (11%) but a 

relatively high share of all individuals (65%). One of them, J. curcas, was classified as invasive by Kull et al. 

(2012), but our impression is that this consideration would need further assessment in the mosaic 
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landscape of north-eastern Madagascar. Furthermore, our data suggest that also many native or endemic 

species can be used as support tree species as particularly found in forest-derived vanilla agroforests. At 

least 45 encountered support tree species were native to Madagascar of which 30 were endemic including 

11 being endemic at genus level. Here might be a potential for vanilla farming that favours native and 

endemic tree diversity. Promoting native and endemic support tree species can contribute to maintaining 

other native and endemic taxa as far as small-statured trees can also provide habitat and food for 

associated fauna in human-modified landscapes, especially if such trees are present in large quantities (Le 

Roux et al., 2015). Being a part of the understory, they could also help to support high predation rates as 

described by Schwab et al. (2021). 

Conclusion 

Overall, we conclude that vanilla agroforests in north-eastern Madagascar are rich in tree species, also 

among the support trees. Native and endemic tree species are being used for carrying the vanilla plants 

with particularly many native and endemic species observed in forest-derived vanilla agroforests. The 

relatively high number of native and endemic species in forest-derived vanilla agroforests as well as a high 

share of support tree individuals belonging to these species groups, imply a considerable conservation 

value of forest-derived vanilla agroforests. On the other hand, since fallow-derived vanilla agroforests can 

play an important role in restoration and rehabilitation but are today largely dominated by introduced 

species among support trees, we suggest a stronger consideration of native or even endemic tree species 

also in new to establish vanilla agroforests. 
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Abstract 

Forests and tree-dominated land uses store large amounts of carbon stocks in plant biomass. However, 

anthropogenic changes in land use and land cover decrease tree cover and associated carbon stocks. 

Agroforestry has the potential to maintain or restore carbon in plant biomass but the amount will be 

influenced by various factors that may include land-use history and management practices. However, few 

studies explicitly address how these factors determine aboveground carbon stocks. Therefore, our study 

estimates aboveground carbon stocks in different land-use types, across stem diameters and geographic 

origin of tree species, and its structural controls. We particularly focus on the importance of land-use 

history in agroforestry systems. We conducted the study in the mosaic landscape of north-eastern 

Madagascar in old-growth forests, forest fragments, woody fallows, and vanilla agroforests. The 

agroforests differed in land-use history and were either directly derived from a forest or a woody fallow 

after slash-and-burn shifting cultivation. Aboveground carbon stocks were highest in old-growth forests 

and lowest in woody fallows. Within vanilla agroforests, aboveground carbon stocks were highly variable: 

forest-derived agroforests stored significantly higher carbon stocks that were mainly stored in native and 

endemic species, whereas fallow-derived agroforests stored lower carbon stocks that were mainly 

provided by introduced species. Furthermore, aboveground carbon stocks were mainly controlled by stem 

density and stem diameter. In conclusion, forest-derived agroforests have the potential to maintain 

relatively high carbon stocks and a forest-like structure in the landscape, whereas fallow-derived 

agroforests contribute to converting historically forested open land into permanent tree-dominated land-

use systems, thereby restoring carbon stocks. Thus, considering the land-use history of agroforests is 

important for conservation and restoration agendas. 

 

Keywords: Vanilla agroforestry; endemism; restoration; stand structure; human-modified landscape; 

tree-dominated land-use systems 

 

Introduction 

Tropical forests play a globally important role for biodiversity and provide essential services to society 

(Corlett & Primack, 2008; Gibson et al., 2011; Watson et al., 2018). Furthermore, tropical forests have a 

strong influence on the global carbon cycle by storing up to 55% of global forest carbon stocks in plant 

biomass and soil (Pan et al., 2011). Consequently, the anthropogenic conversion of tropical forests has 
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profound effects on many levels: forest conversion alters biodiversity and also impacts ecosystem 

functioning and ecosystem service provision of these forests (Brancalion et al., 2019; Isbell et al., 2011). 

Therefore, preventing tropical forest conversion is an important aspect of climate change mitigation and 

biodiversity conservation and represents a key goal in global international environmental agreements 

(Watson et al., 2018). Specifically, the strategies to reduce carbon emissions associated with deforestation 

and forest degradation are increasingly gaining attention by international policymakers (Brancalion & 

Chazdon, 2017; Chazdon et al., 2017; Verdone & Seidl, 2017). Additionally, international initiatives aim to 

mitigate climate change through carbon storage by restoring land and increasing tree cover in historically 

forested landscapes (Brancalion et al., 2019; Brancalion & Holl, 2020; Lewis et al., 2019). 

The largest share of aboveground carbon stocks (ACS) in tropical forests is contained in trees (Clark et al., 

2001; Houghton, 2007). Therefore, the most common proxy to evaluate these ACS within landscapes is to 

estimate the aboveground biomass of living plants, especially trees (S. Brown & Lugo, 1982; Chave et al., 

2014), which can then be converted to estimate ACS. Specifically, in tropical human-modified landscapes, 

carbon storage is strongly influenced by land cover and land use (Houghton, 2007). Hence, carbon-based 

funding schemes often translate into action on the ground via land management practices, such as 

agroforestry (Bhagwat et al., 2008; Lewis et al., 2019; Zomer et al., 2016). 

Agroforestry shapes human-modified landscape in many tropical countries by integrating trees into 

agricultural cropping systems for subsistence agriculture but also for cash-crop cultivation (Bhagwat et al., 

2008; Zomer et al., 2016). Agroforestry has the potential to restore tree cover and associated carbon 

stocks (Albrecht & Kandji, 2003; Schroth et al., 2015). However, agroforests have contrasting land-use 

histories and can be either forest- or open-land-derived (Martin et al., 2020), which might influence their 

role for carbon storage. Presumably, forest-derived agroforestry supports higher carbon stocks than open-

land derived agroforestry, but essentially represents a degradation of forest, whereas open-land derived 

agroforestry contributes to rehabilitating historically forested open land (Martin et al., 2020; Martin, 

Wurz, et al., 2021). Even though several studies assess the carbon storage potential of agroforests (De 

Beenhouwer et al., 2016), we are not aware of any study that directly compares carbon stocks of open-

land- and forest-derived agroforests, thereby accounting for land-use history.  

In north-eastern Madagascar, smallholder agroforests are a common element of the tropical mosaic 

landscape (Osterhoudt, 2017). These agroforests are used to cultivate vanilla (Vanilla planifolia), which is 

Madagascar’s major export product (OEC, 2021). Additionally, vanilla sales are important footholds of 

family livelihoods, as more than 80% of rural households in the study region engage in vanilla farming 
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(Hänke et al., 2018). In these agroforests, small-statured trees provide support for the climbing vanilla 

orchid, and a variety of taller trees form the canopy and provide shade to the crop (Havkin-Frenkel & 

Belanger, 2018). Household surveys from north-eastern Madagascar report that vanilla agroforests differ 

in land-use history: around 30% of vanilla agroforests are derived directly from the forest, whereas 70% 

of vanilla agroforests originate from fallow land that had formerly burned within the slash-and-burn cycle 

(Hänke et al., 2018). Global demand and high world market prices have led to an expansion of vanilla 

agroforests in recent years (Llopis et al., 2019). Throughout Madagascar, forest cover decreased in the 

last decades, driven by agricultural practices and a diverse range of political, economic, cultural, 

demographic, and environmental factors (Scales, 2014). However, evidence of natural forest regeneration 

is limited (Harper et al., 2007; Irwin et al., 2010; Schüßler et al., 2020). Thus, much of today’s remaining 

forest cover in north-eastern Madagascar is highly degraded and only a small share of old-growth forest 

remains intact and natural forest cover has declined by around 20% since 1990 (Schüßler et al., 2020). At 

the same time, Malagasy forests shelter a vast range of biodiversity with high endemism levels (Buerki et 

al., 2013; Callmander et al., 2011; Goodman & Benstead, 2005; Schatz, 2005; Willis, 2017). More than 95% 

of Malagasy trees and shrubs are endemic among which >60% are confined to evergreen forest habitats 

(Schatz, 2005), making these forest landscapes a national and global priority for conservation and 

restoration efforts (Ganzhorn et al., 2001; Myers et al., 2000; Willis, 2017). 

Vanilla agroforests cannot replace old-growth forests, but they can provide habitat for native wildlife 

(Fulgence et al., 2021; Hending et al., 2018, 2020; Martin, Andriafanomezantsoa, et al., 2021; 

Raveloaritiana et al., 2021) and represent a means to retain or increase tree diversity and tree cover (Osen 

et al., 2021), and probably connectivity in a multifunctional landscape. Yet, considering their land-use 

history and management is key to unfold their full potential in a conservation context (Osen et al., 2021). 

Therefore, we hypothesize that land-use history also plays a role in determining the aboveground carbon 

stocks (ACS) in vanilla agroforests. Understanding to which extent vanilla agroforests of contrasting land-

use history act as ACS reservoirs and understanding the driving factors at the plot level is important to 

better integrate such agroforests into conservation and restoration agendas. 

In this study, we examined the variation of ACS across tree-dominated land-use types in north-eastern 

Madagascar. Specifically, we asked: (a) how do ACS vary among vanilla agroforests of contrasting land-

use history as well as in comparison to other tree-dominated land-use types? (b) how do stem diameter 

and geographical origin of tree species vary proportionally across land-use types and how do they 

contribute to ACS patterns? Furthermore, we focussed specifically on vanilla agroforests and asked: (c) 
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how does land-use history influence the respective effects of allometric variables underlying the ACS 

estimations within vanilla agroforests?  

Methods 

Study area 

We implemented our study in north-eastern Madagascar in the SAVA region (Fig. 5.1). The tropical-humid 

climate has a mean annual temperature of 23.9°C and 2258 mm of mean rainfall per year across 58 study 

plots (based on CHELSA; Karger et al., 2017). The landscape is characterized by coastal lowlands, merging 

into hills and mountains, and was historically covered with humid evergreen forest with a high floristic 

diversity and high levels of endemism (Callmander et al., 2011; Goodman & Benstead, 2005; Schatz, 2005; 

Willis, 2017). Nowadays, the landscape comprises a mosaic of land uses consisting of vanilla agroforests, 

paddy rice fields, and different stages of slash-and-burn shifting cultivation for hill rice production 

(Malagasy: tavy), which is also a major driver of deforestation (Llopis et al., 2019). Additionally, the 

landscape is interspersed with forest fragments which are commonly used to harvest wood and other 

resources. Remnant areas of continuous old-growth forest with little or no human disturbance only 

remain in protected areas (Schüßler et al., 2020). The major cash crop in the study region is vanilla, which 

is cultivated in smallholder agroforests (Osterhoudt, 2017). 
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Fig. 5.1: Study area map. Panel A: the island of Madagascar with the SAVA region at the north-eastern coast; panel 

B: the SAVA region with four main cities Sambava, Andapa, Vohemar, and Antalaha.; panel C: the study area with 

2017 forest cover (Vieilledent et al., 2018), 10 study villages, and the two sampling sites in the old-growth forest of 

Marojejy National Park.  

Study design and sampled land-use types 

We conducted tree inventories and assessed aboveground carbon stocks (ACS) in the most common tree-

dominated land-use types in the study region, namely vanilla agroforests, old-growth forests, forest 

fragments and naturally regenerating woody fallow as part of the slash-and-burn cycle. Vanilla agroforests 

differ in land-use history and can either be forest-derived or fallow-derived. Forest-derived agroforests 

are established by thinning the forest, cleaning the understory, and planting vanilla under the canopy of 

the forest remnant trees. Fallow-derived agroforests originate from fallow land that had formerly burned 

within the slash-and-burn cycle before trees re-established and vanilla was planted (Fig. 5.2). We worked 

in ten villages within the study region (Fig. 5.1C). Around each village, we selected three vanilla 

agroforests, one forest fragment, and one naturally regenerating woody fallow (Fig. 5.2). Out of 30 chosen 

vanilla agroforests in our study, 20 agroforests were fallow-derived, and 10 agroforests were forest-

derived. Since two landowners withdrew from the study, we finally collected data on 28 vanilla 
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agroforests: 10 forest-derived and 18 fallow-derived agroforests. The 10 naturally regenerating woody 

fallows (Malagasy: savoka) in our study were characterized by a mix of herbaceous plants, shrubs and 

small trees, and had last burned 5 - 17 years before data collection. All 10 chosen forest fragments were 

either private or communal land that had not been burned in living memory but showed signs of regular 

extraction of timber, firewood, and other products.  

Additionally, we chose 10 old-growth forest plots within the Marojejy National Park. The park is the largest 

old-growth forest persisting in the study area and the extraction of timber, firewood, and other products 

is not allowed (Goodman, 2000). We chose 10 old-growth forest plots at two sites (5 plots at each), which 

showed the least indication of recent human disturbance at elevations below 700 meters above sea level 

(m.a.s.l.). Overall, we worked on 58 plots and collected data between September 2018 and January 2019. 

 

Fig. 5.2: Schematic concept of typical transformation pathways from the old-growth forest into different land-use 

types highlighting the different land-use history pathways of vanilla agroforests. Artwork: Marie Rolande Soazafy.  

Plot design 

We collected all data within circular plots of 25 m radius (1962.5 m2). We derived the mean slope and 

mean elevation of each study plot from the 30 m-resolution digital surface model "ALOS World 3D" by the 

Japan Aerospace Exploration Agency (JAXA) and applied slope correction. Across all 58 study plots, the 

mean minimum distance from one plot to the closest neighbouring plot was 827 m, standard deviation 
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(SD) 539 m with a minimum of 260 m. Plot slopes spanned from 1.6° to 27.4° (mean 9.8°, SD 5.8°) and plot 

elevation spanned from 20 to 819 m.a.s.l (mean 208 m.a.s.l, SD 213 m.a.s.l.; Appendix S5.8). 

Aboveground plant biomass and carbon stocks assessment 

On each plot, we recorded all plants with free-standing stems with ≥8 cm of diameter at breast height 

(DBH), including trees, arborescent herbs, palms, and tree ferns (but excluding lianas). For each individual, 

we measured the DBH at 1.3 m or immediately above the tallest buttress or stilt root, whenever this 

exceeded 1.3 m (Osen et al., 2021). Additionally, we recorded the total height of each individual from the 

base of the trunk to the highest point of the crown, using a Vertex III height meter (Haglöf, Långsele, 

Sweden). In the case of palms, we defined height as the length from the base of the trunk to the base of 

the lowest living leaf (Condit, 2008).  

We measured wood density for all tree species at breast height (1.3 m) using a Pilodyn 6J wood tester 

(PROCEQ SA, Zurich, Switzerland). The Pilodyn wood tester measures the penetration depth of a metal 

pin into the stem wood of a tree and this value can be recalculated into wood density, using formula (1) 

following Kotowska et al. (2015), where h is the pin penetration [mm] and s is the wood density [g/cm3]: 

ln(s) =0.8711 - 0.5763*ln(h)   (1). 

We pooled pilodyn pin penetration values per species and matched them to the dataset. We obtained 

pilodyn values for 93% of all tree individuals and converted them to wood density values. If pilodyn values 

were not available for a certain species, we retrieved wood density values from a Madagascar-specific 

database (Vieilledent et al., 2012). For the remaining species, we retrieved wood density values from the 

global wood density database (Chave et al., 2009; Zanne et al., 2009) using the function “getWoodDensity” 

from the R-package BIOMASS (Réjou‐Méchain et al., 2017). This function provided wood density data at 

the species, genus, or family level, depending on data availability (for 6% of all tree individuals). For 18 

trees (0.3% of all tree individuals), we had no field measurements and could not retrieve wood density 

data from Chave et al. (2009) and Zanne et al. (2009), so we assigned the respective genus mean wood 

density value derived from our dataset (for 3 individuals). If genus mean wood density values were not 

available (for 15 individuals), we assigned the respective plot mean wood density derived from our dataset 

(Appendix S5.7). 

To estimate the aboveground plant biomass for trees (plants with woody stems, see Schatz (2005)), we 

used the pantropical allometric model by Chave et al. (2014) (Table 5.1). 
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For other non-woody plants such as palms, tree ferns (Cyathea sp.), bananas (Musa sp.), or traveller palms 

(Ravenala madagascariensis), we used different allometric equations from the literature (Table 1). For the 

arborescent monocotyledonous plants Dracaena sp. and Pandanus sp. we are not aware of any published 

allometric equation, so we used the same equation as for palms due to their structural similarity. 

We obtained aboveground carbon stocks (ACS) by multiplying the estimated aboveground plant biomass 

per plant by 0.5, based on the assumption that plant biomass is 50% composed of carbon (S. Brown & 

Lugo, 1982; Chave et al., 2005). Only for the arborescent herbs of Musa sp., we multiplied the estimated 

aboveground biomass per plant by 0.46 to obtain ACS, following the concept of Danarto and Hapsari 

(2015). Overall, we summed up values for every plant per plot to obtain stand-scale ACS. 

Table 5.1: Allometric equations used to determine aboveground biomass (AGB) for different tree-like plant growth 

forms. AGB is the estimated aboveground biomass (in kg), D the trunk DBH (DBH in cm), H the total height (in m), 

and rho the wood density (in g/cm3) 

Aboveground biomass per 
growth form 

Allometric equations Authors 

Trees AGB = 0.0673* (rho*D²*H)0.976 Chave et al., 2014 

Tree ferns (Cythea sp.) AGB = 2.70*10-3*(D²*H)1.19 Beets et al., 2012 

Ravenala madagascariensis ln (AGB)= -5.08 + 5.654*ln(H)–0.772*(ln(H)) ² Randrianasolo et al., 

2019 

Banana (Musa sp.) AGB = 0.0303*D2.1345 Danarto & Hapsari, 

2015 

Palms AGB0.25 = 0.55512*(0.37* D² * Hstem)0.25 Goodman et al., 2013 

Dracaena sp. AGB0.25 = 0.55512*(0.37* D² * Hstem)
0.25 Goodman et al., 2013 

Pandanus sp. AGB0.25 = 0.55512*(0.37* D² * Hstem)0.25 Goodman et al., 2013 

Species geographic origin 

We identified all living stems with DBH ≥ 8 cm on the plots and assigned local and scientific names with 

the help of one local expert and one taxonomic expert from the Missouri Botanical Garden team in 
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Antananarivo. Scientific names and information on the geographic origin of each identified species were 

based on data on the Catalogue of the Plants of Madagascar (Tropicos, 2020): we classified all species 

occurring exclusively in the country of Madagascar as endemic and those species occurring naturally in 

Madagascar and elsewhere as native. We further classified non-native species as introduced and if their 

origin was missing from the Catalogue of the Plants of Madagascar (Tropicos, 2020), we classified these 

species as origin unknown. 

Data analysis 

We performed all analyses in R 3.6.3 (R Core Team, 2019) and used the R-package ggplot2 (Wickham, 

2011) for data visualization. 

To assess differences of ACS between the land-use type, we first tested for normality and homogeneity of 

variances. To meet the ANOVA-specific assumptions of homogeneity of variance, we log-transformed the 

ACS values and therefore address proportional rather than absolute variation (Mascaro et al., 2011). Then, 

we conducted an analysis of variance (ANOVA), followed by a Tukey's posthoc test using the R-package 

multcompView (Graves et al., 2019).  

To quantify the proportional contribution of stem diameter to stem density and ACS per land-use type, 

we assigned all stems to diameter classes: we classified plants with a DBH from 8-20cm as small-sized 

stems; plants with a DBH from >20-40cm as medium-sized stems; and plants with a DBH >40cm as large-

sized stems, in line with McNicol et al. (2018). 

To disentangle how much of the variation in ACS within vanilla agroforests can be explained by which of 

the allometric variables that underlie the ACS estimations, we set up a Linear Mixed Model (LMM) using 

the R-package lme4 (Bates et al., 2015). However, LMMs are impaired by collinearity (Zuur et al., 2010), 

so we first calculated a correlation matrix of all structural variables, to identify potential collinearity 

between variables, using the R-package corrplot (Wei et al., 2017). Since the mean DBH and mean height 

were highly correlated (Appendix S5.1), we only selected mean DBH for our model. For the first LMM, we 

selected mean DBH, mean wood density and stem density as explanatory variables and scaled them to 

zero mean and unit variance, to facilitate effect size comparison. To test whether responses would differ 

between forest- and fallow-derived agroforests, we included interactions between land-use history 

(forest-derived vs. fallow-derived agroforest) and all explanatory variables. Furthermore, we included 

‘village’ (N = 10) as a random effect to control for the nested structure of our sampling plots. Since the 

response variable ACS was not normally distributed, we applied a square root-transformation to the 

response variable (Mascaro et al., 2011). We checked model diagnostics for over- or underdispersion, 
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outliers, and heteroscedasticity using the R-package DHARMa (Hartig, 2021) and found no model 

misspecification problems. We extracted model fit values using the R-package Effects (Fox & Weisberg, 

2018) and produced model outputs with the R-package report (Makowski et al., 2020).  

Results 

Aboveground carbon stocks across land-use types 

Mean aboveground carbon stocks (ACS) ranged from 5 megagram/hectare (Mg/ha) in woody fallows to 

178 Mg/ha in old-growth forests. Forest fragments (51 Mg/ha) stored 71% less ACS than old-growth 

forests. Mean ACS between forest fragments and forest-derived agroforests (52 Mg/ha) was at par. 

Among vanilla agroforests, ACS differed significantly, based on land-use history: fallow-derived 

agroforests (16 Mg/ha) stored 69% less ACS compared to forest-derived agroforests. However, fallow-

derived agroforests stored 220% more ACS than woody fallows (Fig. 5.3; Appendix S5.2). 
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Fig. 5.3: Aboveground carbon stocks [Mg/ha = megagram/hectare] across the studied land-use types. Each point 

represents one study plot. The black horizontal lines within the boxplot represent the median of aboveground 

carbon for each land-use type. The lower and upper hinges of each box relate to the first quartile and the third 

quartile, respectively. The annotations (a-d) within the graph indicate significant differences between land-use types 

after running ANOVA and Tukey’s HSD posthoc test. See Appendix S5.3 for numeric results.  

Contribution of stem diameter and geographic origin to total ACS 

Across all land-use types, large-sized stems (DBH >40 cm) were proportionally rare and represented only 

1 - 5% of all stems (Fig. 5.4A), yet they accounted for 21 - 42% of ACS in human-modified land-use types 

and even 61% of ACS in old-growth forests (Fig. 5.4B). Within vanilla agroforests, small-sized stems (DBH 

8 – 20 cm) represented the largest proportion in fallow-derived agroforests (83% of stems) and forest-

derived agroforests (59% of stems) but accounted only for 24% of ACS in fallow-derived and 16% of ACS 

in forest-derived agroforests. Medium-sized stems (DBH >20°cm - 40 cm) represented 13% of stems in 

fallow-derived and 36% in forest-derived agroforests and accounted for 35% of ACS in fallow-derived and 

55% of ACS in forest-derived agroforests. Large-sized stems (DBH >40 cm) represented only 3% of stems 

in fallow-derived and 5% in forest-derived agroforests, yet they accounted for 42% of ACS in fallow-

derived and 30% of ACS in forest-derived agroforests (Appendix S5.4) 
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Old-growth forests and forest fragments harboured almost exclusively endemic and native stems 

(Fig. 5.4C). In forest-derived agroforests, 84% of stems were endemic or native while introduced stems 

represented 13% of stems and contributed only to 5% of AC (Fig. 5.4D). In contrast, fallow-derived 

agroforests were dominated by introduced stems (63%) which contributed to 56% of ACS. Endemic and 

native stems represented 31% of stems in fallow-derived agroforests and contributed to 34% of ACS. 

Woody fallows had a higher share of endemic and native stems (62%) with a higher contribution to ACS 

(75%) compared to fallow-derived agroforests (Appendix S5.4). 
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Fig. 5.4: Proportional contribution of stem diameter classes and species’ geographic origin to stem density and 

aboveground carbon stocks (ACS) per land-use type. Panel A: contribution of stem diameter classes (small diameter 

ranges from 8-20cm, medium sized-diameter from >20-40cm, and large trees with DBH>40cm) to stem density per 

land-use type; panel B: contribution of stem diameter classes to ACS per land-use type; panel C: contribution of 

species’ geographic origin (endemic; native; introduced; unknown) to stem density per land-use type; panel D: 

contribution of species’ geographic origin to ACS per land-use type. See Appendix S5.4 & S5.5 for numeric summary. 
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Determinants of aboveground carbon stocks within vanilla agroforests 

The allometric variable model (Fig. 5.5; Appendix S5.6) revealed that ACS significantly increased with 

increasing mean stem diameter and stem density. Both stem density and stem diameter had comparable 

effects on ACS. Mean wood density showed a positive trend but no significant effect on ACS. Furthermore, 

land-use history showed no significant interactions either with mean diameter, stem density or mean 

wood density, showing that the effect of all three variables on ACS is the same in forest- and fallow-

derived agroforests. The model's explanatory power related to the fixed effects alone was high (marginal 

R² of 0.91).  

 

Fig. 5.5: Effects of allometric variables on aboveground carbon stocks (ACS) across vanilla agroforests of different 

land-use history, based on a multiple linear mixed-effects model. Panel A: effects of mean DBH (diameter at breast 

height) on ACS across agroforests; panel B: effect of stem density on ACS across agroforests; panel C: effect of mean 

wood density on ACS across agroforests. Solid regression lines show significant model predictions (p-value<0.05). 

Dashed line shows the non-significant correlation. We included all allometric variables in interaction with land-use 

history (forest-derived vs fallow-derived vanilla agroforest) and added ‘village’ (N = 10) as a random effect. See 

Appendix S5.6 for numeric model results. 

Discussion 

Based on plot inventory data, we demonstrate that old-growth forests provided the highest aboveground 

carbon stocks (ACS) in the mosaic landscape of north-eastern Madagascar, but other tree-dominated land-
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use types such as vanilla agroforests or forest fragments also contributed to ACS at moderate levels. 

Within vanilla agroforests, ACS were highly variable and strongly differed based on land-use history: mean 

ACS in fallow-derived agroforests were 68% lower than in forest-derived agroforests. Additionally, ACS in 

forest-derived agroforests were mainly provided by native and endemic trees, whereas ACS in fallow-

derived agroforests were mainly provided by introduced trees. Furthermore, we show that among the 

allometric variables which underlie the ACS estimations, stem diameter and stem density had comparable 

effects on ACS in agroforests, whereas wood density played a minor role, independent of land-use history.  

Overall, our findings emphasize the importance to consider land-use history when assessing the carbon 

storage potential of agroforests: forest-derived agroforests can play an important role to maintain ACS 

through large-statured native and endemic tree species, yet these agroforests result from forest 

degradation. In contrast, fallow-derived agroforests largely comprise introduced tree species but 

contribute to recovering ACS on historically forested fallow land, especially if trees are allowed to mature.  

Aboveground carbon stocks across land-use types 

The mean ACS of old-growth rainforest in our study (177 Mg/ha) was slightly lower compared to mean 

estimates of 209 Mg/ha recorded for tropical lowland rainforests in continental Africa (Slik et al., 2013). 

Other studies from Malagasy lowland rainforests also report mean ACS estimates of 150 Mg/ha 

(Vieilledent et al., 2016) and 99.5 Mg/ha (Asner et al., 2012), that lie below the mean of 209 Mg/ha for 

African lowland rainforests (Slik et al., 2013). This difference could trace back to the structural composition 

of Malagasy lowland forests with relatively low canopies and relatively high stem densities compared to 

other tropical forests in continental Africa (de Gouvenain & Silander, 2003). These structural 

characteristics are likely independent of human influence but rather linked to cyclone dynamics (de 

Gouvenain & Silander, 2003), which regularly lead to locally strong tree damages, especially along the 

eastern coast (Birkinshaw & Randrianjanahary, 2007) where we conducted this study. 

Large-sized trees with a DBH >40 cm were rare in our study, yet they contributed disproportionately to 

ACS across all land-use types, representing a sizeable component of the landscape's carbon reservoir. 

Furthermore, large-sized trees are often old, prolonging the residence time of carbon within the wood 

(Chambers et al., 1998). Apart from their outstanding role for carbon stocks, large-sized trees within 

landscapes represent keystone structures and play unique ecological roles which cannot be fully 

compensated by younger and smaller trees, making the global decline of large-sized trees even more 

worrying (Lindenmayer et al., 2012).  
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Old-growth forests harboured more large-sized trees and stored significantly more ACS than all human-

modified land-use types, corroborating that the density of large trees predominantly explains ACS 

variation in pantropical forests (Slik et al., 2013). Additionally, old-growth forests harboured almost 

exclusively endemic and native stems which further underlines the ecological importance of old-growth 

forests, making their protection the most effective strategy to maximize carbon storage as well as 

associated biodiversity and ecosystem services (Cook-Patton et al., 2020; Lewis et al., 2019). Yet, high 

land-use pressure often causes habitat fragmentation (Haddad et al., 2015), restricting continuous old-

growth forests to protected areas (Morelli et al., 2020). Outside of protected areas, forests often undergo 

degradation to fragments or transformation to other land uses and the remaining Malagasy forest cover 

is highly fragmented (Vieilledent et al., 2018). The forest fragments in our study stored 71% less ACS than 

old-growth forests, likely due to the selective extraction of large-sized trees from forest fragments, as 

residents use these fragments to obtain timber and other forest products (Urech & Zaehringer, 2015). 

Even though forest fragments undergo structural degradation, lose large-sized trees, and store less ACS 

than old-growth forests, they can still provide habitat for forest-dependent tree species (Osen et al., 

2021), thus playing an important ecological role in the mosaic landscape. However, in a pantropical 

comparison, Madagascar counts among the countries with the highest forest fragment loss rates (Hansen 

et al., 2020) and studies predict that forest fragments in the agricultural landscapes are likely to disappear 

over time (Morelli et al., 2020; Schüßler et al., 2020). 

In our study, forest-derived agroforests had a lower stem density than forest fragments but harboured 

proportionally more large-diameter trees (DBH >40 cm), which resulted in similar mean ACS for both land-

use types. Considering the distribution of stems, more than 70% of stems in forest fragments had a small 

diameter (DBH <20 cm) and contributed proportionally little to ACS, whereas forest-derived agroforests 

had a higher share of large and medium-sized stems, with a proportionally high ACS contribution. Most 

likely, this is linked to farmer’s agroforest management strategies to maintain few but large stems in their 

agroforests to provide shade for the vanilla vines. In this context, the felling of large trees would cause 

damage to nearby vanilla vines and ultimately reduce vanilla yields, thus farmers carefully consider the 

costs and benefits of felling large trees in their vanilla agroforests (personal communication with farmers). 

Similar management practices have been reported from coffee agroforests, where farmers retain large 

trees and remove smaller trees (Valencia et al., 2016).  

Additionally, ACS in forest-derived agroforests was mainly stored in endemic or native stems, whereas 

introduced stems contributed only to 5% of ACS. This difference between agroforests of contrasting land-
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use history links to fallow-derived agroforests harbouring only a small share of endemic and native tree 

species diversity (Osen et al., 2021). In contrast, forest-derived agroforests retain high shares of native 

and endemic tree species (Osen et al., 2021) which also store the main share of ACS in these agroforests. 

The different shares of native and endemic species between agroforests of contrasting land-use history 

likely root in a combination of ecological and socioeconomic factors: Styger et al, (2009) studied the 

regeneration potential of trees on degraded land in eastern Madagascar and found that slash-and-burn 

practices strongly impaired natural regeneration dynamics and tree species were subsequently 

outcompeted and replaced by shrubs, ferns and finally grasses. Research from other tropical areas 

confirms that natural tree regeneration can take centuries to recover comparable pre-disturbance tree 

diversity levels, depending on the availability of propagule sources (Latawiec et al., 2016). Additionally, 

fallow-derived agroforests undergo land-management practices linked to planting (species selection, 

spatial organisation of species) which can either promote or impoverish the diversity and composition of 

native trees, based on farmer’s preferences, perceptions, risk management strategies and constraints 

(Mariel et al., 2021). Thus, forest-derived agroforests can contribute to sustain endemic and native tree 

species and promote the longevity and stability of ACS within the mosaic landscape, as they rarely undergo 

drastic clearing after initial establishment (Martin, Wurz, et al., 2021).  

Fallow-derived agroforests stored 68% less ACS than forest-derived agroforests and were mainly 

dominated by small stems (DBH <20 cm) whereas large stems (DBH >40 cm) were rare. Additionally, ACS 

in fallow-derived agroforests was mainly stored in introduced stems. However, in comparison to woody 

fallows, fallow-derived agroforests had 67% more ACS. A rough estimation of carbon sequestration in the 

fallow-derived agroforests since establishment from woody fallows would base on the mean ACS of all 

woody fallows (5 Mg/ha) as a proxy for ACS at the time of the agroforest establishment, the age of the 

agroforests as reported by the landowners, and the observed ACS at the time of the study. This estimation 

results in an average C accumulation in aboveground biomass of 1.3 Mg ha-1 year-1, which falls within 

the range obtained in a meta-analysis of carbon sequestration in agroforests (0.15 to 12.97 Mg ha-1 year-

1; Feliciano et al., 2018). Our estimate strengthens the assumption that fallow-derived agroforests have a 

considerable potential to accumulate and store carbon in aboveground biomass since fallow-derived 

vanilla agroforests can become structurally similar to forest-derived agroforests over time (Martin, Wurz, 

et al., 2021).  

However, when comparing fallow-derived agroforests with woody fallows, ACS in fallow-derived 

agroforests were mainly stored in introduced stems (63% of stems; 56% of ACS), whereas ACS in woody 
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fallows were mainly stored in native and endemic trees (62% of stems; 75% of ACS). This suggests that the 

transformation from woody fallows to fallow-derived agroforests might increase ACS at the expense of 

native tree species because farmers prefer the use of introduced tree species in fallow-derived 

agroforests. This has also been reported from cacao and coffee agroforests, where management practices 

on fallow-derived agroforests favoured introduced tree species (Anglaaere et al., 2011), or pioneer species 

with negative impacts on late-successional trees of conservation concern (Valencia et al., 2016). 

Disentangling effects of ACS variation within vanilla agroforests 

Looking at the allometric variables which underlie the ACS estimations in vanilla agroforests, our results 

show that variation in ACS was mainly influenced by mean stem diameter and stem density per plot, 

whereas mean wood density played only a minor role, and land-use history had no significant effect on 

ACS variation. Thus, agroforests with more and larger stems increase ACS, independent of land-use 

history. Consequently, maintaining large-diameter trees or promoting their growth would lead to ACS 

increases in both types of agroforests. This result is in line with findings from other tropical forest systems, 

which show that increases in the frequency and mean size of stems influence biomass accumulation 

(Bordin et al., 2021; Jucker et al., 2016; Slik et al., 2013) and ACS variation is largely driven by differences 

in stem density, light availability and structural complexity (van der Sande et al., 2017). 

In our study, mean wood density showed a positive trend but had no significant effect on ACS variation 

agroforests, independent of land-use history. Usually, succession theory in wet tropical forests predicts 

that fast-growing tree species are soft-wooded and are initially abundant, but dense-wooded tree species 

replace them in the long term (Poorter et al., 2019). However, the effect of wood density on ACS in 

agroforests seems to be less relevant, as long as stand basal area remains high.  

Integrating vanilla agroforests of contrasting land-use history into conservation and restoration 

agendas 

Our results show that ACS in vanilla agroforests were extremely variable, but consistently much lower 

than in old-growth forests. Consequently, tree-dominated agriculture practices such as agroforestry 

cannot replace but complement old-growth forests to maintain carbon stocks in a human-modified 

landscape. Vanilla agroforests can act as permanent carbon stock reservoirs because once they are 

successfully established, vanilla sales provide considerable income, making it unprofitable to abandon or 

clear-cut the agroforests (Martin, Wurz, et al., 2021). Yet, agroforests show significant differences in 

species composition, diversity, and structure compared to the old-growth forest (Osen et al., 2021) and 

these differences also result in ACS differences. Furthermore, the contrasting land-use histories of 
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agroforests require different approaches to unfold their full potential within national conservation and 

restoration agendas. We show that forest-derived agroforests stored significantly higher carbon stocks 

that were mainly stored in native and endemic species, whereas fallow-derived agroforests stored lower 

carbon stocks that were mainly provided by introduced species. Thus, a narrow focus on carbon may 

incentivize maintaining large-diameter stems while losing sight of many species with low carbon values 

but considerable local and biological importance (Ferreira et al., 2018). Due to the unique species 

assemblages in Malagasy lowland forests with large numbers of endemic species, human modifications 

could lead to local species loss, culminating in extinction. This might have severe consequences because 

even small threats to plant diversity can have direct effects on community diversity, structure, and 

function of mammals and birds (Park & Razafindratsima, 2019). This calls for strategies that align both 

carbon stocks and biodiversity goals.  

Our results further show that land-use history is intricately linked with land management interventions 

and affects the potential of vanilla agroforests to store ACS. Interventions to cut stems, add stems, or 

retain stems affect the stem density and diameter, which had the strongest influence on ACS. Changes in 

the basal area also influence the canopy structure (Midgley et al., 2002) and the selection of which tree 

species to extract, retain or add, directly influences species richness (Braga et al., 2019). Thus, land-use 

history offers different baselines for management interventions to promote both carbon stocks and 

biodiversity goals: forest-derived agroforests can achieve high ACS if landowners retain a diversity of 

large-sized native and endemic trees. Maintaining closed canopies would be most favourable for endemic 

biodiversity (Raveloaritiana et al., 2021) and predation (Schwab et al., 2021). Additionally, increasing 

canopy cover does not seem to impair yields, so vanilla agroforests can contribute to maintaining ACS and 

increase canopy cover within the landscape matrix over time, without yield trade-offs (Martin, Wurz, et 

al., 2021). However, if canopy clearing interventions are necessary, they should target small-statured 

trees, while maintaining large-diameter trees to limit ACS losses. In contrast, fallow-derived agroforests 

largely host introduced tree species but contribute to ACS recovery on historically forested fallow land, 

especially if they allow trees to mature, resulting in large-diameter trees (Ma et al., 2020). To increase 

benefits for biodiversity in fallow-derived agroforests, the provision of incentives, for example embedded 

in sustainability certification schemes, might encourage landowners to maintain or plant native or 

endemic trees species (Tscharntke et al., 2015). Thus, fallow-derived agroforests provide favourable 

conditions to equally promote ACS, biodiversity, and ecosystem services, if management interventions 

maximize structural and floristic diversity. 



CASE STUDY:  ABOVEGROUND CARBON STOCKS IN MADAGASCAR’S PRODUCTION LANDSCAPE 
 

103 
 

Conclusion 

This study confirms the unique value of old-growth forests to combine large carbon reservoirs while 

sheltering associated biodiversity. We also provide empirical support that agroforests can act as carbon 

reservoirs in a multifunctional landscape, but considering their land-use history and management is 

important to maximise their benefits: forest-derived agroforests support higher aboveground carbon 

stocks than fallow-derived agroforests and have the potential to maintain a forest-like structure with 

native and endemic trees in the landscape, whereas fallow-derived agroforests take land out of the slash-

and-burn cycle by converting it into permanent tree-dominated land-use systems. Thus, fallow-derived 

agroforests provide favourable conditions for long-term tree cover rehabilitation with low opportunity 

costs. If landowners aim to increase carbon stocks in their agroforests, they best retain large-diameter 

trees or promote their growth. Additionally, the local and biological importance of taxonomic and 

functional tree diversity calls for strategies that safeguard habitat, biodiversity, and ecosystem services. 
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Synthesis 

The studies within this thesis contribute to refining the conservation evaluation of tropical agroforests 

and provide data-based evidence to assess the conservation value of vanilla agroforests in the mosaic 

landscape of north-eastern Madagascar. Furthermore, the studies reveal contemporary patterns of tree 

diversity and stand structure within and among tree-based land-use types and thereby provide vital 

information to quantify and understand the consequences of land-use change in this tropical landscape. 

The purpose of this synthesis chapter is to interconnect the central findings of all studies and embed this 

new knowledge into the larger conservation context. This knowledge can ultimately feed into the 

development of biodiversity-friendly land-use practices and management plans, that benefit biodiversity 

conservation, rural livelihoods, and climate change mitigation and hence contribute to the long-term 

sustainability of the mosaic landscape.  

The importance of land-use history for agroforestry 

The conceptual study in this thesis (chapter 1) suggests that land-use history determines biodiversity, 

ecosystem functions, and services in tropical agroforests and that the differentiation of agroforests based 

on land-use history might strengthen their conservation potential to mitigate further habitat degradation 

and species loss. 

The case studies in this thesis apply the land-use history concept and thereby demonstrate that land-use 

history determines stand structure, tree diversity and community composition in vanilla agroforests: The 

first case study (chapter 2) shows that forest-derived agroforests have the potential to harbor many 

endemic and native trees species and thereby serve as habitat refugia and biodiversity reservoirs for 

forest-dependent tree species, whereas fallow-derived agroforests have a limited contribution to 

maintaining native and endemic tree diversity. Furthermore, forest-derived agroforests can resemble the 

stand structure of forest fragments, whereas fallow-derived agroforests are structurally simpler. 

Chapter 3 indicates that both agroforest types show high tree community turnover rates by additive or 

subtractive heterogenization. Yet, a significantly lower alpha diversity and more introduced species in 

fallow-derived agroforests suggest that new and potentially introduced generalist species gradually 

displace less competitive species. Chapter 4 shows that land-use history also has a strong influence on 

support tree diversity: Forest-derived agroforests harbor many native and endemic support tree species 

and have four times higher support tree species richness compared to fallow-derived agroforests, which 

harbor mainly introduced support tree species. Chapter 5 shows that agroforests can act as carbon 
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reservoirs in a human-modified landscape, but forest-derived agroforests support higher aboveground 

carbon stocks than fallow-derived agroforests. 

In combination, these case studies allow a more nuanced conservation evaluation of vanilla agroforests: 

forest-derived agroforests can play an important role in providing habitat for native and endemic tree 

species and maintain aboveground carbon stocks. Thus, forest-derived agroforests represent an 

alternative to forest conversion by slash-and-burn shifting cultivation, but they result from forest 

degradation. In contrast, fallow-derived agroforests play a marginal role for tree species diversity but 

contribute to the recovery of stand structure and aboveground carbon stocks on historically forested 

fallow land.  

Furthermore, an additional Diversity Turn study in the same research area is closely linked to this thesis. 

The study is not listed as a chapter in this thesis, but the thesis author KO essentially contributed to the 

conceptualization of the study and writing of the manuscript. The study addresses the impacts of land-

use history and canopy cover on vanilla yields along a chronosequence (Martin, Wurz, et al., 2021). First, 

the study found that canopy cover was linked to the agroforest age and both forest-derived and fallow-

derived agroforests gained canopy cover over time. These results indicate that agroforests can contribute 

to maintain or regain tree cover and canopy cover in the human-modified landscape over time. This 

strengthens the argument that both agroforest types have a long-term conservation value, but they 

express this value on different levels: forest-derived agroforests represent a means to retain habitat 

structure, tree diversity and above-ground carbon stocks, whereas fallow-derived agroforests offer tree 

cover rehabilitation opportunities and regain above-ground carbon stocks on open but formerly forested 

land.  

In summary, the studies in this thesis disclose patterns how land-use history affects different ecological 

components of tree diversity in vanilla agroforests and how this influences their conservation value. Thus, 

these new insights suggest that the differentiation based on land-use history might also be applicable in 

various tropical agroforestry systems and regions, to better align landscape management with 

conservation goals.  

Trees as structural components benefit endemic biodiversity and support predation 

Trees are the main structural components of forests and tree-based land-use types (Reed et al., 2017). 

Chapter 2 shows that the transformation of old-growth forest into human-modified land-use types goes 

along with a decline in stem density, basal area, canopy closure and LAI, thereby causing a simplification 
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of habitat structures in the human-modified landscape. The observed habitat simplification is likely caused 

by different levels of human interference and land-management practices (Allnutt et al., 2013) in 

combination with natural forces such as cyclones, which frequently hit the study area (de Gouvenain & 

Silander, 2003). 

In the frame of the Diversity Turn project, several studies used the stand structural data derived in 

chapter 2, to test how the stand structural components provided by trees affect other taxa and ecosystem 

functions across the same study plots in the mosaic landscape: 

Schwab et al. (2021) conducted a predation experiment to quantify predation rates in the mosaic 

landscape and used data on stem density, canopy closure, and basal area as proxy elements to quantify 

the structural complexity of the study plots. They found that predation rates were highest in those land-

use types that retained forest structures and their results show that trees and understorey vegetation 

were strongly related to changes in arthropod predator communities. Their results indicate that predation 

rates and predator communities differed between vanilla agroforests of contrasting land-use history and 

they conclude that restoring trees in fallow-derived agroforest and keeping trees in forest-derived 

agroforests could increase predation rates. 

Martin, Andriafanomezantsoa, et al. (2021) studied bird richness and Dröge et al. (2021) studied sound 

diversity in the mosaic landscape and both used the tree basal area data as a proxy element to quantify 

the structural complexity of the study plots. They found that tree basal area structured bird community 

composition and was positively associated with a higher soundscape diversity. This indicates that 

increasing basal area on the plots and in the landscape might benefit the bird community in the mosaic 

landscape. Similar results have been reported for bird communities in cacao agroforests in Cameroon: 

cacao agroforests with a forest-like structure and closed canopies harbored a significantly higher share of 

forest-specialist birds, compared to structurally simple agroforests (Jarrett et al., 2021). 

Raveloaritiana et al. (2021) studied herbaceous plant richness in the mosaic landscape and used the 

canopy closure data as a proxy for light availability on the study plots. They found that open habitats 

promoted native and exotic herbaceous plants, which showed a negative response towards dense 

canopies. In contrast, endemic herbaceous plants were not affected by dense canopies and showed the 

highest species richness in old-growth forests, forest fragments, and forest-derived vanilla agroforests. 

This indicates that restoring or maintaining closed canopies in agroforests can contribute to promote 

endemic herbaceous plants while controlling exotic plants. 
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Rakotomalala et al. (2021) studied ant richness in the mosaic landscape and used the canopy closure data 

as a proxy for light availability on the study plots. They found that higher canopy closure and landscape 

forest cover were associated with a higher richness of endemic ant species and a lower richness of exotic 

ant species. Within vanilla agroforests, they conclude that promoting trees in fallow-derived and 

maintaining trees in forest-derived vanilla agroforests would favor endemic ant species richness. 

Wurz et al. (submitted) studied butterfly richness in the mosaic landscape and found that land-use types 

with woody vegetation hosted a high diversity of endemic and forest butterflies. They suggest that the 

establishment of vanilla agroforests on fallow land could increase the stand structure and landscape tree 

cover and thereby favor endemic and forest butterfly species. 

Fulgence et al. (2021) studied the reptile and amphibian diversity in the mosaic landscape and found that 

a high share of amphibian and reptile species exclusively occurred in old-growth forests and forests 

fragments, indicating a high-forest dependency among these taxa, which is likely linked to stand structural 

variables that influence microenvironmental conditions. 

In a synthesis study, Wurz et al. (submitted) assessed the environmental and management-related drivers 

of vanilla yields and species richness across taxa and identified the loss of canopy closure as the major 

driver of species loss and community composition changes across taxa.  

In combination, these findings from north-eastern Madagascar are in line with a broad body of literature 

reporting that many species groups decline along with stand structure simplification in tree-based land-

use types in human-modified landscapes (Barrios et al., 2018). However, north-eastern Madagascar 

harbours a wealth of endemic and microendemic species across most taxa (Vences et al., 2009), with 

narrow ecological niches and limited adaptability to environmental or biological disruptions (Fordham & 

Brook, 2010). Consequently, these endemics are disproportionately vulnerable to land-use change, 

habitat loss and climate change (Fordham & Brook, 2010; Pimm et al., 2014). This strengthens the call for 

land-use options that prevent further human-driven extinction. Our Diversity Turn results, therefore, 

suggest land-use options that restore or maintain tree cover in the landscape.  

Vanilla agroforests offer biodiversity-friendly intensification opportunities 

In the Diversity Turn synthesis study by Wurz et al. (submitted), the authors integrated the stand structural 

data derived from chapter 2 with vanilla yield data and found that vanilla yields were independent of 

canopy closure. This finding is consistent with results from Martin et al. (2021), who found that vanilla 

yields varied independently of canopy cover and land-use history. These findings are in contrast to other 
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tropical agroforestry crops such as cacao and coffee, which typically decline under closed canopies and 

produce higher yields under open canopies (Clough et al., 2009; Harvey et al., 2021; Perfecto et al., 1996). 

The independence of vanilla yields form canopy cover points towards biodiversity-friendly intensification 

opportunities in vanilla agroforestry that allow to maintain or rehabilitate tree cover and canopy cover 

without impairing yields, which would benefit many endemic and native species across taxa. 

Trees diversity patterns within the landscape 

Chapters 2, 3 and 4 report patterns of current tree diversity and community structures in vanilla 

agroforests and tree-based land-use types within the mosaic landscape of north-eastern Madagascar. 

Overall, the three studies report a high taxonomic diversity in the human-modified landscape, indicating 

that many tree species can thus far persist in the landscape. Chapter 2 reports that tree species richness 

differs across land-use types and chapter 3 complements these results and shows that tree communities 

are transforming both in identity and abundance within and among land-use types. This includes changing 

patterns of both rare and dominant tree species which can have far-reaching consequences: the loss of 

rare and endemic species increases their risk of global extinction (Fordham & Brook, 2010; Pimm et al., 

2014). Changes in dominance patterns can directly affect the succession dynamics (Styger et al 2007) or 

might reduce community resilience to changing biotic and environmental conditions and alter ecosystem 

functions (Fornoff et al., 2019; Jakovac et al., 2021). Moreover, tree species are long-lived organisms, and 

even if they temporally survive in altered habitats, they might face time-lagged extinction events (Flinn & 

Vellend, 2005). This process might be specifically critical for rare and endemic tree species. Since rare and 

endemic species mainly occurred in old-growth forests, forest fragments and forest-derived agroforests 

in our study area, management interventions should protect, retain or restore these habitats, to avoid 

species loss. 

Additionally, chapter 4 shows that agroforest-support trees also contribute to tree diversity in vanilla 

agroforests. Especially forest-derived agroforests harbor many native and endemic support tree species 

and have four times higher support tree species richness compared to fallow-derived agroforests. 

However, many endemic species in forest-derived agroforests occur with low frequencies which means 

that changing management regimes could risk their survival. Fallow-derived agroforests harbor mainly 

introduced support tree species, with little conservation value. Therefore, management interventions that 

favour native and endemic agroforest-support tree species, could contribute promoting tree diversity in 

the mosaic landscape.  
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Trees provide ecosystem services 

Trees are indispensable elements of vanilla agroforests, as the tall trees provide shade and the small-

structured trees act as support structures to the climbing vanilla orchid. Additionally, Malagasy trees 

provide timber, fuelwood, charcoal and medicines and are therefore important for local livelihoods. 

Currently, more than half of all endemic tree species (>1500 species) have been reported to have at least 

one or more uses (Beech, Rivers, et al., 2021). 

Chapter 4 reports that a third of agroforest-support tree species is used for medicinal purposes, to provide 

food products (such as fruits or coffee) or to provide firewood. In an additional Diversity Turn study, 

Raveloaritiana et al. (submitted) conducted interviews to analyze and quantify the use of natural products 

by rural households. Within this study, most households reported to habitually consume tree-derived 

products and reported which species they collect, where they collect them and for which purposes they 

collect them. The study thus found that trees provide important resources to rural households in the 

mosaic landscape. The interviewees mentioned construction wood, firewood, charcoal and medicine as 

the most important tree-derived resources. These resources were mainly collected from woody fallows, 

forest fragments, as well as vanilla agroforests and the study thus highlights that trees within the mosaic 

landscape provide important resources to sustain livelihoods.  

Both Diversity Turn studies show that the rural population in north-eastern Madagascar uses a mix of 

endemic, native and introduced tree species to obtain natural products and resources. As long as non-

native species do not displace native and endemic species or alter habitat dynamics, this shows that tree 

species of all origins can serve as important components in resilient smallholder farming landscapes and 

form fundamental pillars of daily needs. Promoting the use of native and endemic trees might have the 

most positive effects on local wildlife but even introduced trees can provide resources for local wildlife 

(Gérard et al., 2015). 

Despite their ecological and economic value, trees are also commonly linked to cultural or spiritual values 

in the Malagasy culture (Rafidison et al., 2020). These values can either associate certain species with a 

distinct set of uses or they affect their protection status within the landscape (Rafidison et al., 2020). In 

this context, trees obtain a certain level of agency beyond being passive elements and therefore act as a 

connection between the local population and the surrounding biodiversity (Rafidison et al., 2020). This 

cultural dimension is context-specific and important to consider in the planning and implementation of 

conservation interventions in north-eastern Madagascar.  
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Trees contribute to mitigate climate change in the mosaic landscape and in this context, chapter 5 

highlights three findings: first, maintaining existing old-growth forest is by far the most efficient strategy 

to maximize carbon stocks in the mosaic landscape and should have the maximum conservation priority, 

as theses habitats also have a high value for biodiversity. Second, vanilla agroforests can contribute to 

mitigate climate change through carbon storage by either restoring historically forested fallow land or 

maintaining or increasing tree cover in the landscape. Third, the study shows that trees of all origins can 

store large amounts of aboveground carbon in their biomass and thereby contribute to mitigate climate 

change. Here, the geographic origin plays a subordinate role and the most important criterion is the stem 

diameter. This suggests that a pure focus on the provision of ecosystem services could be critical, as it 

might maintain and promote high numbers of dominant and potentially introduced species and might 

disadvantage rare and/or endangered species. To increase benefits for biodiversity and carbon stocks 

simultaneously, landowners should maintain or plant native or endemic trees species. 

The role of trees in the human-modified mosaic landscape 

This thesis shows that trees are important elements in the human-modified landscapes of north-eastern 

Madagascar, that contribute to biodiversity, provide habitat structure, ecosystem functions and services. 

At the landscape level, old-growth forests play a special role, as they harbour a substantial share of 

Madagascar’s endemic tree diversity that cannot persist outside these forests, as shown in chapter 2 & 3. 

This does not only apply to endemic trees but also to all other species groups in the Diversity Turn project: 

a large share of endemic herbaceous plants, ants, reptiles, amphibians, birds and butterflies occurred 

exclusively in old-growth forests. Furthermore, old-growth forests showed high predation rates (Schwab 

et al., 2021) and highest aboveground carbon stocks (chapter 5), making their protection the most 

effective conservation strategy for biodiversity and carbon stocks in the mosaic landscape.  

However, the landscape in north-eastern Madagascar inevitably changes and solely and exclusively 

discussing biodiversity conservation matters in protected areas would miss the conservation value of 

small forest fragments and agroforests, which also harbour a substantial share of biodiversity while 

benefitting human livelihoods. Within human-modified landscapes, optimal scenarios that maximize the 

resilience of natural and human systems aim for a high-quality landscape matrix with at least 40% forest 

cover, a large number of smaller forest patches, agroforests, biodiversity-friendly farmland and scattered 

trees (Arroyo‐Rodríguez et al., 2020). Such a biodiversity-friendly agricultural matrix with a high tree cover 

can increase connectivity, facilitate movement between metacommunities and thereby promote spillover 

of species and ecosystem services to more intensively cultivated land (Grass et al., 2019). 
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In the mosaic landscape of north-eastern Madagascar, vanilla agroforests integrate trees on agricultural 

land and thereby contribute to provide shade, and store carbon and to increase tree cover, canopy cover 

and connectivity at the landscape scale. Additionally, the shade and support trees can provide ecosystem 

services that support the livelihood of the rural population. 

Additionally, as shown in this thesis, forest-derived agroforests can maintain a forest-like structure and 

represent an alternative to forest conversion by slash-and-burn shifting cultivation, but they result from 

forest degradation. Fallow-derived agroforests, in contrast, contribute to the recovery of stand structure 

and aboveground carbon stocks on historically forested fallow land. Thus, they play a marginal role for 

tree species diversity but they can contribute to re-building habitat structure or reconnecting fragmented 

habitats. 

Ecological restoration and tree-based rehabilitation as conservation measures for 

trees and biodiversity  

As shown in this thesis, old-growth forests have an outstanding value for biodiversity and provide large 

carbon stocks, therefore their conservation represents the most important and most effective 

conservation intervention. Additionally, ecological restoration and tree-based rehabilitation interventions 

could serve as complementary tools to secure overall net gains of biodiversity and a net-positive effect on 

environmental conditions and ecosystem services (Gann et al., 2019; UN Decade on Ecosystem 

Restoration 2021-2030). However, it is important that these interventions are carefully tailored to the 

local conditions and priorities and build on stakeholder-defined objectives (Di Sacco et al., 2021). It is 

further important that ecological restoration and tree-based rehabilitation interventions consider land 

rights and do not replace existing natural habitats or displace traditional local uses that are important for 

food security (Bond et al., 2019).  

A suggested point of entry in the mosaic landscape of north-eastern Madagascar would be the 

establishment of agroforests on formerly forested degraded land, which could increase tree cover at the 

landscape scale (Martin, Wurz, et al., 2021) while generating revenues for smallholder farmers (Hänke et 

al., 2018). Given the high turnover rates of tree species communities, interventions that aim to promote 

biodiversity should aim to consider a maximum diverse number of endemic trees. Alternative 

interventions might focus on promoting ecosystem services and hence require a different set of strategies 

because rare species often play a minor role for ecosystem service provision (Grass et al., 2019). However, 
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tree-based ecosystem restoration should support and enhance native and endemic biodiversity should 

not be a driver of species homogenization.  

Building on the results of this thesis, how could future research support conservation 

interventions in the mosaic landscape of north-eastern Madagascar? 

Land-use history: 

As highlighted in a recent review by Jakovac et al. (2021), land-use history strongly influences stand 

structure dynamics and recovery opportunities in tropical tree-dominated habitats. However, Jakovac et 

al. (2021) highlight that land-use history is an overarching “umbrella variable” that encompasses a 

combination of socio-economic and biophysical factors such as: time since initial deforestation, distance 

to forest remnants, amount of forest cover in proximity, number and frequency of clear-cuts, number and 

frequency of burning events or cropping cycles, fallow period length, type of previous crop, other 

management practices such as weeding frequency, soil management and modification. All these land-use 

history descriptors can have different effects on different ecological components and their importance 

and their complex interactions are not yet fully understood (Jakovac et al., 2021). Thus, addressing the 

individual descriptors and their interactions withing the “umbrella variable” of land-use history, would be 

a promising research path, to improve agroforestry management and to increase the long-term 

sustainability of this land use option. Building on this, management scenarios could take informed 

decisions whether to allow natural regeneration, apply assisted regeneration or use tree plantings to 

restore tree cover and assist landscape restoration (Gann et al., 2019; Jakovac et al., 2021).  

Functional diversity: 

Integrating taxonomic diversity patterns with functional diversity patterns would strongly enhance the 

understanding of tree community changes in the mosaic landscape. Such research could reveal 

differences in tree functional diversity among land-use types and could identify traits that characterize 

those tree species that successfully occupy the human-modified landscape. Such insight could inform 

restoration and rehabilitation interventions to improve the species selection process. 

Regeneration and succession dynamics of woody regrowth:  

Integrating natural regeneration into restoration goals and practices can achieve multiple social and 

environmental benefits and increase resilience and long-term effectiveness of restoration approaches 

(Chazdon & Guariguata, 2016). However, regeneration and succession dynamics are complex: eg, previous 
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research from Madagascar has shown that natural regeneration can be altered or prevented by persistent 

invasive species (Styger et al., 2007). Understanding these local dynamics and identifying their drivers 

would allow to better integrate the natural regeneration potential of woody regrowth into landscape 

restoration approaches.  

Integrating local and scientific knowledge 

The extensive field work in the frame of the Diversity Turn project gave plenty of room for exchange with 

farmers. This exchange made clear that many farmers obtain an impressive knowledge about local trees 

and act as stewards of this cultural landscape. Building on their knowledge could be specifically interesting 

in the case of endemic tree species with very narrow ranges and of which no further botanical information 

is available. For example, scientists could learn from farmers about species-specific management practices 

and propagation methods, about fruit and flower phenology, and about local uses and cultural values. 

Additionally, based on the high level of cooperation shown by the farmers who worked with the Diversity 

Turn team, future research and conservation projects might consider the approach of Farmer Managed 

Natural Regeneration (FMNR; Lohbeck et al., 2020) to better integrate farmers into the project and 

thereby improve the restoration success in vanilla agroforests and towards a biodiversity-friendly and 

resilient mosaic landscape. 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 1: 

CONCEPTUAL STUDY: LAND‐USE HISTORY IN TROPICAL AGROFORESTRY 

Appendix S1.1: Table with information about studies from Miller et al. (2020) Supp-001; Filtered for 

practice type ‘Trees integrated with plantation crops’ and ‘Tropical’ OR ‘Multiple’ ecoregions 

The supporting information ‘conl12740-sup-0001-tableS1.xlsx’ for Chapter 1 is available at: 

https://conbio.onlinelibrary.wiley.com/action/downloadSupplement?doi=10.1111%2Fconl.12740&file=c

onl12740-sup-0001-tableS1.xlsx 

SUPPLEMENTARY INFORMATION FOR CHAPTER 2: 

CASE STUDY: TREE DIVERSITY AND STAND STRUCTURE IN THE MOSAIC LANDSCAPE 

Appendix S2.1: Specification on the selection of old-growth forest sites 

Our goal was to choose old-growth forest sites that represent the least human-disturbed and presumably 

demographically most balanced low-altitude forest remnants within the study area. However, continuous 

low-altitude old-growth forest is scarce within the study area and the only two areas with large forest 

remnants are located in the two protected areas “Makirovana-Tsihomanaomby Reserve” and “Marojejy 

National Park”. Yet, local expert reported that the low-altitude forest in Makirovana-Tsihomanaomby 

Reserve is substantially disturbed and frequently used for unauthorized wood extraction and vanilla 

cultivation, despite the protection status. Therefore, we disregarded the option of sampling at 

Makirovana-Tsihomanaomby and chose all 10 old-growth forest plots inside Marojejy National Park which 

experiences lower human disturbance levels.  

Marojejy National Park was founded in 1952 as a strict nature reserve and since 1998 it was converted 

into a National Park, allowing access to the public (Goodman, 2000). The park covers an area of ~ 55’500 

ha and spans elevation zones from low-altitude rainforest to shrub land above the tree line at the peak of 

Marojejy at 2132 m.a.s.l. (Goodman, 2000).  

We chose all old-growth forest plots within the low-altitude forest at elevations less than 700 m.a.s.l. Five 

of the plots in Marojejy National Park were located in the Manantenina Valley close to the tourist hiking 

trails (“Marojejy Tourist”), five further east in the Bangoabe area (“Marojejy East”). Forest plots in the 

Manantenina valley might have experienced some logging in the past, particularly for precious woods 

(Patel, 2007), but are now well protected and frequently monitored by National Park staff, as they are 
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embedded in the touristic zone of the park. However, some clearings occurred before the park was 

established in 1952, leading to gaps in the forest cover which are still visible today. We avoided these gaps 

when we selected the study plots. The second study site, Bangoabe, is further away from the National 

park office and less frequently monitored by National Park staff, thus illegal selective logging and hunting 

occasionally occurs (personal communication Jean-Chrysostome Bevao). When selecting the plots, we 

tried to avoid sites with obvious traces of human disturbance. 

The old-growth forest plot centers are a minimum of 250 m from the forest edge and the minimum 

distance between old-growth forest plot centers is 260 m. 
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Appendix S2.2: Data on plot characteristics of 58 study plots with plot coordinates and environmental 

characteristics (available on OSF: https://doi.org/10.17605/OSF.IO/24Z6P ) 

 

Appendix S2.3: Data on tree derived variables such as stem density, basal area, mean canopy closure, 

mean LAI, species richness and percentage of endemic tree species of 58 study plots (available on OSF: 

https://doi.org/10.17605/OSF.IO/24Z6P ) 

 

Appendix S2.4: Specification of origin and endemism determination for each tree species 

The taxonomy of the highly diverse Malagasy tree flora is a dynamic field of research and species 

identification is a challenging task, specifically for sterile individuals (Callmander et al., 2011). We 

identified 455 species to the most accurate taxonomic level possible. Of these 455 species, 52% (237 

species) could be classified to species level. 44% (202 species) belonged to different species but could only 

be classified to genus level. To treat them as individual morphospecies, we named them in the format of 

genus sp1, genus sp2, and so forth. 3% (13 species) belonged to different species but could only be 

classified to family level. To treat them as individual morphospecies, we named them in the format of 
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family_genus no1, family_genus no2, and so forth. 1% (3 species) belonged to different species but could 

only be identified with local names. For all names, see Appendix S2.11. 

Prior to analysis, we checked spelling validity of genus and species names using the R package taxize 

(Chamberlain & Szöcs, 2013). 

Based on information from the Tropicos Madagascar Catalogue 

(http://www.tropicos.org/Project/Madagascar; accessed January 2020), we classified all species occurring 

exclusively in the country of Madagascar as endemic and those species occurring naturally in the country 

of Madagascar but also outside the country as native. We further classified non-native species as 

introduced and if their origin was missing from the Tropicos Madagascar Catalogue, we classified these 

species as origin unknown (Appendix S2.11).  

For those morphospecies that could only be identified to genus level, we checked whether their specific 

genus was classified as endemic or native to Madagascar in the Tropicos Madagascar Catalogue and listed 

them accordingly. Non-native genera-level morphospecies were classified as introduced and if we could 

not specify their origin, we classified these morphospecies as origin unknown (Appendix S2.11).  

We acknowledge that identification ambiguities go along with uncertainties regarding the endemism 

levels and native versus non-native status of some species. To our knowledge, the Tropicos database is 

the most up to date source to retrieve information on tree species origins but reassignments go along 

with new taxonomic research (Callmander et al., 2011). 
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Appendix S2.5: Numeric test results comparing stem density [stems/ha] across land-use types as 

displayed with letters in Fig. 2.2a of the main manuscript, based on a Kruskal–Wallis one-way analysis of 

variance and Dunn’s post hoc test. Bold adjusted p-value indicates statistical significance 

Pairs of land use types Z P.unadj P.adj 

Forest fragment vs. Old-growth forest -2.07894 0.038 0.150 

Forest fragment vs. Fallow-derived vanilla agroforest 2.257199 0.024 0.120 

Old-growth forest vs. Fallow-derived vanilla agroforest 4.614495 0.000 0.000 

Forest fragment vs. Forest-derived vanilla agroforest 0.900433 0.368 0.368 

Old-growth forest vs. Forest-derived vanilla agroforest 2.979373 0.003 0.020 

Fallow-derived vanilla agroforest vs. Forest-derived vanilla agroforest -1.2362 0.216 0.433 

Forest fragment vs. Woody fallow 3.509039 0.000 0.004 

Old-growth forest vs. Woody fallow 5.587979 0.000 0.000 

Fallow-derived vanilla agroforest vs. Woody fallow 1.721677 0.085 0.255 

Forest-derived vanilla agroforest vs. Woody fallow 2.608606 0.009 0.055 

 

Appendix S2.6: Numeric test results comparing basal area [m²/ha] across land-use types as displayed with 

letters in Fig. 2.2b of the main manuscript, based on a Kruskal–Wallis one-way analysis of variance and 

Dunn’s Post hoc test. Bold adjusted p-value indicates statistical significance 

Pairs of land use types Z P.unadj P.adj 

Forest fragment vs. Old-growth forest -2.15836 0.031 0.124 

Forest fragment vs. Fallow-derived vanilla agroforest 2.265505 0.023 0.117 

Old-growth forest vs. Fallow-derived vanilla agroforest 4.712852 0.000 0.000 

Forest fragment vs. Forest-derived vanilla agroforest -0.01324 0.989 0.989 

Old-growth forest vs. Forest-derived vanilla agroforest 2.145115 0.032 0.096 

Fallow-derived vanilla agroforest vs. Forest-derived vanilla agroforest -2.28052 0.023 0.135 

Forest fragment vs. Woody fallow 3.720848 0.000 0.001 

Old-growth forest vs. Woody fallow 5.879205 0.000 0.000 

Fallow-derived vanilla agroforest vs. Woody fallow 1.95354 0.051 0.102 

Forest-derived vanilla agroforest vs. Woody fallow 3.73409 0.000 0.002 
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Appendix S2.7: Numeric test results comparing mean canopy closure [%] across land-use types as 

displayed with letters in Fig. 2.2c of the main manuscript, based on a Kruskal–Wallis one-way analysis of 

variance and Dunn’s Post hoc test. Bold adjusted p-value indicates statistical significance 

Pairs of land use types Z P.unadj P.adj 

Forest fragment vs. Old-growth forest -1.93325 0.053 0.160 

Forest fragment vs. Fallow-derived vanilla agroforest 3.071278 0.002 0.015 

Old-growth forest vs. Fallow-derived vanilla agroforest 5.26338 0.000 0.000 

Forest fragment vs. Forest-derived vanilla agroforest 0.754763 0.450 0.450 

Old-growth forest vs. Forest-derived vanilla agroforest 2.688015 0.007 0.036 

Fallow-derived vanilla agroforest vs. Forest-derived vanilla agroforest -2.21546 0.027 0.107 

Forest fragment vs. Woody fallow 3.522226 0.000 0.003 

Old-growth forest vs. Woody fallow 5.455478 0.000 0.000 

Fallow-derived vanilla agroforest vs. Woody fallow 0.922551 0.356 0.712 

Forest-derived vanilla agroforest vs. Woody fallow 2.767464 0.006 0.034 

 

Appendix S2.8: Numeric test results comparing mean Leaf Area Index [m²/ m²] across land-use types as 

displayed with letters in Fig. 2.2d of the main manuscript, based on one-way ANOVA and Tukey’s HSD post 

hoc test. Bold adjusted p-value indicates statistical significance 

Pairs of land use types diff lwr upr p adj 

Forest fragment vs. Old-growth forest -2.706 -3.625 -1.787 0.000 

Forest-derived vanilla agroforest vs. Old-growth forest -3.624 -4.543 -2.705 0.000 

Fallow-derived vanilla agroforest vs. Old-growth forest -3.739 -4.550 -2.929 0.000 

Woody fallow vs. Old-growth forest -3.762 -4.680 -2.843 0.000 

Forest-derived vanilla agroforest vs. Forest fragment -0.918 -1.837 0.001 0.050 

Fallow-derived vanilla agroforest vs. Forest fragment -1.033 -1.844 -0.223 0.006 

Woody fallow vs. Forest fragment -1.056 -1.974 -0.137 0.017 

Fallow-derived vanilla agroforest vs. Forest-derived vanilla agroforest -0.115 -0.926 0.695 0.994 

Woody fallow vs. Forest-derived vanilla agroforest -0.137 -1.056 0.781 0.993 

Woody fallow vs. Fallow-derived vanilla agroforest -0.022 -0.832 0.788 1.000 

 

Appendix S2.9: Numeric test results comparing species richness per plot across land-use types as 

displayed with letters in Fig. 2.2e of the main manuscript, based on a Kruskal–Wallis one-way analysis of 

variance and Dunn’s post hoc test. Bold adjusted p-value indicates statistical significance 

Pairs of land use types Z P.unadj P.adj 

Forest fragment vs. Old-growth forest -1.28664 0.198 0.595 

Forest fragment vs. Fallow-derived vanilla agroforest 3.597145 0.000 0.002 

Old-growth forest vs. Fallow-derived vanilla agroforest 5.056056 0.000 0.000 
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Forest fragment vs. Forest-derived vanilla agroforest 0.928502 0.353 0.706 

Old-growth forest vs. Forest-derived vanilla agroforest 2.215142 0.027 0.107 

Fallow-derived vanilla agroforest vs. Forest-derived vanilla agroforest -2.54432 0.011 0.055 

Forest fragment vs. Woody fallow 3.879814 0.000 0.001 

Old-growth forest vs. Woody fallow 5.166453 0.000 0.000 

Fallow-derived vanilla agroforest vs. Woody fallow 0.802151 0.422 0.422 

Forest-derived vanilla agroforest vs. Woody fallow 2.951311 0.003 0.019 

 

Appendix S2.10: Numeric test results comparing percentage of endemic species per plot across land-use 

types as displayed with letters in Fig. 2.2f of the main manuscript, based on one-way ANOVA and Tukey’s 

HSD post hoc test. Bold adjusted p-value indicates statistical significance 

Pairs of land use types diff lwr upr p adj 

Forest fragment vs. Old-growth forest -8.660 -29.981 12.661 0.781 

Forest-derived vanilla agroforest vs. Old-growth forest -19.410 -40.731 1.911 0.091 

Fallow-derived vanilla agroforest vs. Old-growth forest -54.962 -73.766 -36.159 0.000 

Woody fallow vs. Old-growth forest -45.010 -66.331 -23.689 0.000 

Forest-derived vanilla agroforest vs. Forest fragment -10.750 -32.071 10.571 0.615 

Fallow-derived vanilla agroforest vs. Forest fragment -46.302 -65.106 -27.499 0.000 

Woody fallow vs. Forest fragment -36.350 -57.671 -15.029 0.000 

Fallow-derived vanilla agroforest vs. Forest-derived vanilla agroforest -35.552 -54.356 -16.749 0.000 

Woody fallow vs. Forest-derived vanilla agroforest -25.600 -46.921 -4.279 0.011 

Woody fallow vs. Fallow-derived vanilla agroforest 9.952 -8.851 28.756 0.570 

 

Appendix S2.11: Data on 455 species and morphospecies, botanic families, geographic origin and 

occurrence per land-use type (available on OSF: https://doi.org/10.17605/OSF.IO/24Z6P ) 

Appendix S2.12: Hill numbers q=0 (species richness); q=1 (Shannon diversity) and q=2 (Simpson diversity) 

and sample coverage per land use type 

 

Land-use type Sample size 
(Number of 
individuals across 10 
plots per land-use 
type (18 for fallow-
derived vanilla) 

Observed Hill 
number for species 
richness 
q=0 

Observed Hill 
number for 
Shannon diversity 
q=1 

Observed Hill 
number for 
Simpson diversity 
q=2 

Sample coverage 

Old-growth forest 2078 258 110.637 64.787 0.9562 

Forest fragment 1213 230 102.531 52.815 0.9250 

Forest-derived vanilla 
agroforest 

881 198 89.269 45.622 0.8911 

Fallow-derived vanilla 
agroforest 

1010 79 33.268 22.180 0.9782 

Woody fallow 302 61 35.271 25.391 0.9107 
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Appendix S2.13: Results of multivariate dispersion test (betadisp) based on a Bray-Curtis dissimilarity 

matrix and a pairwise permutation test (permutest, 999 permutations) using the betadisp and the 

permutest function in the vegan R-package 

 Df Sums of squares Mean Sq F 
Nr. of per-
mutations 

p-value 

Groups 4 0.10516 0.02629 95.686 999 0.001 

Residuals 53 0.14562 0.002748    

---       

       

Pairwise comparisons:     

(Observed p-value below diagonal, permuted p-value above diagonal) 

 Old-growth 
forest 

Forest fragment Forest-derived vanilla 
Fallow-derived 

vanilla 
Woody fallow 

Old-growth forest  0.0010 0.0010 0.0010 0.0010 

Forest fragment 0.0011  0.3600 0.3920 0.3010 

Forest-derived vanilla 0.0004 0.3836  0.8800 0.9890 

Fallow-derived 
vanilla 

0.0000 0.3984 0.8658  0.8120 

Woody fallow 0.0001 0.3173 0.9859 0.8394  

 

Appendix S2.14: Results of the pairwise permutational multivariate analysis of variance (PERMANOVA, 

999 permutations) with a Bonferroni-correction using the pairwise.adonis function in in the 

pairwiseAdonis package to test for differences in tree species composition between land-use types. Bold 

adjusted p-value indicates statistical significance 

Pairs of land use types Df Sums of squares F.Model R² p.value p.adjusted 

Old-growth forest vs. Forest-derived vanilla 1 0.948 27.650.064 0.133157 0.001 0.01 

Old-growth forest vs. Forest fragment 1 0.791 24.060.989 0.117911 0.001 0.01 

Old-growth forest vs. Woody fallow 1 1.629 47.566.794 0.209023 0.001 0.01 

Old-growth forest vs. Fallow-derived vanilla 1 2.184 62.626.023 0.194113 0.001 0.01 

Forest-derived vanilla vs. Forest fragment 1 0.305 0.7635895 0.040695 0.9 1 

Forest-derived vanilla vs. Woody fallow 1 0.616 14.889.155 0.076398 0.028 0.28 

Forest-derived vanilla vs. Fallow-derived vanilla 1 1.009 25.355.344 0.088855 0.001 0.01 

Forest fragment vs. Woody fallow 1 0.875 21.902.013 0.108478 0.001 0.01 

Forest fragment vs. Fallow-derived vanilla 1 1.486 38.277.366 0.128328 0.001 0.01 

Woody fallow vs. Fallow-derived vanilla 1 0.576 14.491.652 0.052795 0.058 0.58 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 3: 

CASE STUDY: TREE COMPOSITION IN THE MOSAIC LANDSCAPE 

Appendix S3.1: Further remarks on tree species identification 

If morphospecies differed from all other species and could be classified to genus level, but not species 

level, we treated them as individual species and named them in the format of known_genus sp1, 

known_genus sp2, and so forth. If morphospecies differed from all other species and could be classified 

to family level, but not genus level, we treated them as individual species, and named them in the format 

of known_family genus.no1, known_family genus.no2, and so forth. Prior to analysis, we checked spelling 

validity of family, genus and species names using the R-package ̀ taxize´ (Chamberlain et al., 2020). In spite 

of all efforts, the taxonomy of the highly diverse Malagasy tree flora is a dynamic field of research and we 

acknowledge that our tree diversity assessment might underestimate the actual tree species diversity, 

especially for rare species, due to taxonomic uncertainties (Callmander et al., 2011).  
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Appendix S3.2: Summary statistics for incidence-based multiple site dissimilarity and abundance-based 

multiple site dissimilarity within land-use types, derived from five randomly chosen plots per land-use 

type and 500 replications 
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Overall 

dissimilarity 

Jaccard 

mean 0.851 0.922 0.942 0.901 0.928 

sd 0.013 0.014 0.010 0.021 0.014 

median 0.852 0.923 0.943 0.904 0.928 

Turnover 

component 

Jaccard 

mean 0.830 0.888 0.911 0.863 0.881 

sd 0.013 0.027 0.015 0.031 0.025 

median 0.831 0.886 0.912 0.865 0.883 

Nestedness 

component 

Jaccard 

mean 0.022 0.034 0.031 0.038 0.046 

sd 0.006 0.015 0.008 0.017 0.020 

median 0.021 0.034 0.031 0.035 0.046 

Beta-ratio 

Jaccard 

mean 0.025 0.037 0.033 0.042 0.050 
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Overall 

dissimilarity 

Bray-Curtis 

mean 0.807 0.903 0.923 0.898 0.924 

sd 0.021 0.018 0.019 0.029 0.022 

median 0.808 0.902 0.924 0.902 0.924 

Turnover 

component 

Bray-Curtis 

mean 0.789 0.872 0.909 0.841 0.876 

sd 0.023 0.026 0.024 0.044 0.038 

median 0.788 0.872 0.912 0.846 0.881 

Nestedness 

component 

Bray-Curtis 

mean 0.019 0.030 0.013 0.057 0.048 

sd 0.006 0.009 0.006 0.022 0.020 

median 0.019 0.031 0.012 0.055 0.044 

Beta-ratio 

Bray-Curtis 

mean 0.023 0.034 0.015 0.064 0.052 
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Appendix S3.3: Differences in beta-diversity metrics within land-use types based on Kruskal Wallis test 

and pairwise comparison with Dunn’s posthoc test. Land-use types are abbreviated: OGF = Old-growth 

forest. FF = Forest fragment. VFST = Forest-derived agroforest. VFLW = Fallow-derived agroforest. WF = 

Woody fallow. Asterisks indicate significant differences 

 
Comparison Z P.unadj P.adj test category sig 

1 FF - OGF 25.13 0 0 K-W_Dunn betaJAC_all *** 

2 FF - VFLW 10.56 0 0 K-W_Dunn betaJAC_all *** 

3 OGF - VFLW -14.58 0 0 K-W_Dunn betaJAC_all *** 

4 FF - VFST -14.37 0 0 K-W_Dunn betaJAC_all *** 

5 OGF - VFST -39.51 0 0 K-W_Dunn betaJAC_all *** 

6 VFLW - VFST -24.93 0 0 K-W_Dunn betaJAC_all *** 

7 FF - WF -3.9 0 0 K-W_Dunn betaJAC_all *** 

8 OGF - WF -29.03 0 0 K-W_Dunn betaJAC_all *** 

9 VFLW - WF -14.46 0 0 K-W_Dunn betaJAC_all *** 

10 VFST - WF 10.47 0 0 K-W_Dunn betaJAC_all *** 

11 FF - OGF 25.02 0 0 K-W_Dunn betaJAC_turn *** 

12 FF - VFLW 10.83 0 0 K-W_Dunn betaJAC_turn *** 

13 OGF - VFLW -14.19 0 0 K-W_Dunn betaJAC_turn *** 

14 FF - VFST -11.14 0 0 K-W_Dunn betaJAC_turn *** 

15 OGF - VFST -36.16 0 0 K-W_Dunn betaJAC_turn *** 

16 VFLW - VFST -21.97 0 0 K-W_Dunn betaJAC_turn *** 

17 FF - WF 2.99 0 0 K-W_Dunn betaJAC_turn ** 

18 OGF - WF -22.04 0 0 K-W_Dunn betaJAC_turn *** 

19 VFLW - WF -7.85 0 0 K-W_Dunn betaJAC_turn *** 

20 VFST - WF 14.13 0 0 K-W_Dunn betaJAC_turn *** 

21 FF - OGF 14.6 0 0 K-W_Dunn betaJAC_nest *** 

22 FF - VFLW -3.04 0 0 K-W_Dunn betaJAC_nest ** 

23 OGF - VFLW -17.64 0 0 K-W_Dunn betaJAC_nest *** 

24 FF - VFST 0.99 0.32 0.32 K-W_Dunn betaJAC_nest   

25 OGF - VFST -13.61 0 0 K-W_Dunn betaJAC_nest *** 
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Comparison Z P.unadj P.adj test category sig 

26 VFLW - VFST 4.03 0 0 K-W_Dunn betaJAC_nest *** 

27 FF - WF -8.97 0 0 K-W_Dunn betaJAC_nest *** 

28 OGF - WF -23.57 0 0 K-W_Dunn betaJAC_nest *** 

29 VFLW - WF -5.93 0 0 K-W_Dunn betaJAC_nest *** 

30 VFST - WF -9.96 0 0 K-W_Dunn betaJAC_nest *** 

31 FF - OGF 21.45 0 0 K-W_Dunn betaBRAY_all *** 

32 FF - VFLW 0.25 0.8 1 K-W_Dunn betaBRAY_all   

33 OGF - VFLW -21.2 0 0 K-W_Dunn betaBRAY_all *** 

34 FF - VFST -11.67 0 0 K-W_Dunn betaBRAY_all *** 

35 OGF - VFST -33.12 0 0 K-W_Dunn betaBRAY_all *** 

36 VFLW - VFST -11.91 0 0 K-W_Dunn betaBRAY_all *** 

37 FF - WF -11.73 0 0 K-W_Dunn betaBRAY_all *** 

38 OGF - WF -33.18 0 0 K-W_Dunn betaBRAY_all *** 

39 VFLW - WF -11.97 0 0 K-W_Dunn betaBRAY_all *** 

40 VFST - WF -0.06 0.95 0.95 K-W_Dunn betaBRAY_all   

41 FF - OGF 23.3 0 0 K-W_Dunn betaBRAY_turn *** 

42 FF - VFLW 8.98 0 0 K-W_Dunn betaBRAY_turn *** 

43 OGF - VFLW -14.31 0 0 K-W_Dunn betaBRAY_turn *** 

44 FF - VFST -13.48 0 0 K-W_Dunn betaBRAY_turn *** 

45 OGF - VFST -36.77 0 0 K-W_Dunn betaBRAY_turn *** 

46 VFLW - VFST -22.46 0 0 K-W_Dunn betaBRAY_turn *** 

47 FF - WF -1.91 0.06 0.06 K-W_Dunn betaBRAY_turn . 

48 OGF - WF -25.2 0 0 K-W_Dunn betaBRAY_turn *** 

49 VFLW - WF -10.89 0 0 K-W_Dunn betaBRAY_turn *** 

50 VFST - WF 11.57 0 0 K-W_Dunn betaBRAY_turn *** 

51 FF - OGF 13.09 0 0 K-W_Dunn betaBRAY_nest *** 

52 FF - VFLW -14.42 0 0 K-W_Dunn betaBRAY_nest *** 

53 OGF - VFLW -27.51 0 0 K-W_Dunn betaBRAY_nest *** 

54 FF - VFST 19.57 0 0 K-W_Dunn betaBRAY_nest *** 

55 OGF - VFST 6.48 0 0 K-W_Dunn betaBRAY_nest *** 
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Comparison Z P.unadj P.adj test category sig 

56 VFLW - VFST 33.99 0 0 K-W_Dunn betaBRAY_nest *** 

57 FF - WF -9.98 0 0 K-W_Dunn betaBRAY_nest *** 

58 OGF - WF -23.07 0 0 K-W_Dunn betaBRAY_nest *** 

59 VFLW - WF 4.44 0 0 K-W_Dunn betaBRAY_nest *** 

60 VFST - WF -29.55 0 0 K-W_Dunn betaBRAY_nest *** 

 

Appendix S3.4: Summary statistics for null model z-scores 

Land-use type Mean_null

.JAC 

Sd_null.

JAC 

Median_nul

l.JAC 

Mean_null.

BRAY 

Sd_null.B

RAY 

Median_null.

BRAY 

Old-growth forest 0 1.8 0 0.7 1.7 0.6 

Forest fragment -1.2 1.7 -1 0.7 1.3 0.8 

Forest-derived 

agroforest 

-0.1 1.6 0 0.7 1.3 0.7 

Fallow-derived 

agroforest 

0 1.1 0 0.3 1.1 0.4 

Woody fallow -0.1 1.1 0 0 1.1 0 

 

Appendix S3.5: Results of ANOVA between the mixed model (_M) and the respective reduced model (_R) 

in which the effect of the land-use types was dropped. Asterisks indicate significant differences 

AIC BIC logLik deviance Chisq Df Pr(>Chisq) category 

-201.8 -195.6 103.9 -207.8 NA NA NA overall_jacc_R 

-212.6 -198.2 113.3 -226.6 18.8 4 0.0009*** overall_jacc_M 

-158.4 -152.2 82.2 -164.4 NA NA NA turnover_jacc_R 

-163.5 -149.1 88.7 -177.5 13.1 4 0.0106* turnover_jacc_M 

-182.8 -176.6 94.4 -188.8 NA NA NA nestedness_jacc_R 

-182.3 -167.9 98.2 -196.3 7.5 4 0.1 nestedness_jacc_M 

-175.1 -168.9 90.5 -181.1 NA NA NA overall_bray_R 

-185.8 -171.4 99.9 -199.8 18.8 4 0.0009*** overall_bray_M 

-147.8 -141.6 76.9 -153.8 NA NA NA turnover_bray_R 
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-154.4 -140 84.2 -168.4 14.7 4 0.0054** turnover_bray_M 

-175.6 -169.4 90.8 -181.6 NA NA NA nestedness_bray_R 

-183.9 -169.5 98.9 -197.9 16.3 4 0.0027** nestedness_bray_M 

 

Appendix S3.6: Mixed-effect model fitted values 

Land-use type Land-use 

type_fit 

Land-use 

type_se 

Land-use 

type_lower 

Land-use 

type_upper 

category 

Old-growth 

forest 

0.521 0.017 0.487 0.555 overall_jacc 

Forest 

fragment 

0.602 0.012 0.578 0.625 overall_jacc 

Forest-derived 

agroforestt 

0.628 0.012 0.604 0.652 overall_jacc 

Fallow-derived 

agroforest 

0.594 0.01 0.574 0.613 overall_jacc 

Woody fallow 0.606 0.012 0.583 0.629 overall_jacc 

Old-growth 

forest 

0.501 0.021 0.458 0.544 turnover_jacc 

Forest 

fragment 

0.572 0.017 0.538 0.605 turnover_jacc 

Forest-derived 

agroforestt 

0.605 0.017 0.57 0.64 turnover_jacc 

Fallow-derived 

agroforest 

0.551 0.014 0.524 0.578 turnover_jacc 

Woody fallow 0.567 0.017 0.533 0.601 turnover_jacc 

Old-growth 

forest 

0.023 0.018 -0.014 0.059 nestedness_jacc 

Forest 

fragment 

0.032 0.014 0.003 0.061 nestedness_jacc 

Forest-derived 

agroforestt 

0.021 0.015 -0.009 0.051 nestedness_jacc 
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Land-use type Land-use 

type_fit 

Land-use 

type_se 

Land-use 

type_lower 

Land-use 

type_upper 

category 

Fallow-derived 

agroforest 

0.058 0.012 0.034 0.081 nestedness_jacc 

Woody fallow 0.061 0.014 0.032 0.09 nestedness_jacc 

Old-growth 

forest 

0.492 0.017 0.458 0.526 overall_bray 

Forest 

fragment 

0.588 0.014 0.56 0.616 overall_bray 

Forest-derived 

agroforestt 

0.613 0.014 0.584 0.641 overall_bray 

Fallow-derived 

agroforest 

0.602 0.011 0.58 0.625 overall_bray 

Woody fallow 0.609 0.014 0.581 0.637 overall_bray 

Old-growth 

forest 

0.476 0.021 0.433 0.519 turnover_bray 

Forest 

fragment 

0.561 0.018 0.524 0.597 turnover_bray 

Forest-derived 

agroforestt 

0.601 0.019 0.563 0.638 turnover_bray 

Fallow-derived 

agroforest 

0.554 0.014 0.526 0.583 turnover_bray 

Woody fallow 0.563 0.018 0.527 0.6 turnover_bray 

Old-growth 

forest 

0.018 0.014 -0.01 0.046 nestedness_bray 

Forest 

fragment 

0.034 0.014 0.006 0.062 nestedness_bray 

Forest-derived 

agroforestt 

0.013 0.014 -0.015 0.041 nestedness_bray 

Fallow-derived 

agroforest 

0.071 0.01 0.051 0.092 nestedness_bray 
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Land-use type Land-use 

type_fit 

Land-use 

type_se 

Land-use 

type_lower 

Land-use 

type_upper 

category 

Woody fallow 0.067 0.014 0.04 0.095 nestedness_bray 

 

Appendix S3.7: Pairwise comparison of land-use types effects on beta-diversity metrics within each mixed 

model. Land-use types are abbreviated: OGF = Old-growth forest. FF = Forest fragment. VFST = Forest-

derived agroforest. VFLW = Fallow-derived agroforest. WF = Woody fallow. Asterisks indicate significant 

differences 

contrast estimate SE df t.ratio p.value sig category 

OGF - FF -0.081 0.023 20.557 -3.578 0.014 * overall_jacc 

OGF - 

VFST 

-0.107 0.023 20.898 -4.687 0.001 ** overall_jacc 

OGF - 

VFLW 

-0.073 0.022 17.055 -3.358 0.027 * overall_jacc 

OGF - WF -0.085 0.023 20.557 -3.788 0.009 ** overall_jacc 

FF - VFST -0.027 0.015 52.417 -1.816 0.376   overall_jacc 

FF - VFLW 0.008 0.013 50.738 0.616 0.972   overall_jacc 

FF - WF -0.005 0.014 48.989 -0.335 0.997   overall_jacc 

VFST - 

VFLW 

0.035 0.014 58.166 2.456 0.115   overall_jacc 

VFST - WF 0.022 0.015 52.417 1.494 0.571   overall_jacc 

VFLW - 

WF 

-0.013 0.013 50.738 -0.989 0.859   overall_jacc 

OGF - FF -0.07 0.03 24.798 -2.377 0.155   turnover_jacc 

OGF - 

VFST 

-0.104 0.03 23.975 -3.449 0.016 * turnover_jacc 

OGF - 

VFLW 

-0.05 0.028 18.418 -1.796 0.405   turnover_jacc 

OGF - WF -0.066 0.03 24.798 -2.214 0.207   turnover_jacc 

FF - VFST -0.034 0.023 53.997 -1.442 0.604   turnover_jacc 

FF - VFLW 0.02 0.02 51.469 1.001 0.854   turnover_jacc 
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contrast estimate SE df t.ratio p.value sig category 

FF - WF 0.005 0.023 48.891 0.213 1   turnover_jacc 

VFST - 

VFLW 

0.054 0.022 61.767 2.443 0.118   turnover_jacc 

VFST - WF 0.039 0.023 53.997 1.648 0.474   turnover_jacc 

VFLW - 

WF 

-0.016 0.02 51.469 -0.764 0.94   turnover_jacc 

OGF - FF -0.009 0.025 24.636 -0.375 0.996   nestedness_jacc 

OGF - 

VFST 

0.002 0.026 23.87 0.067 1   nestedness_jacc 

OGF - 

VFLW 

-0.035 0.024 18.366 -1.477 0.589   nestedness_jacc 

OGF - WF -0.038 0.025 24.636 -1.516 0.562   nestedness_jacc 

FF - VFST 0.011 0.02 53.953 0.562 0.98   nestedness_jacc 

FF - VFLW -0.026 0.017 51.452 -1.485 0.577   nestedness_jacc 

FF - WF -0.029 0.019 48.9 -1.497 0.569   nestedness_jacc 

VFST - 

VFLW 

-0.037 0.019 61.677 -1.954 0.301   nestedness_jacc 

VFST - WF -0.04 0.02 53.953 -2.007 0.276   nestedness_jacc 

VFLW - 

WF 

-0.003 0.017 51.452 -0.184 1   nestedness_jacc 

OGF - FF -0.096 0.024 25.752 -4.005 0.004 ** overall_bray 

OGF - 

VFST 

-0.121 0.024 24.594 -4.933 0 *** overall_bray 

OGF - 

VFLW 

-0.111 0.022 18.753 -4.922 0.001 *** overall_bray 

OGF - WF -0.117 0.024 25.752 -4.876 0 *** overall_bray 

FF - VFST -0.025 0.019 54.198 -1.27 0.71   overall_bray 

FF - VFLW -0.015 0.017 51.527 -0.863 0.909   overall_bray 

FF - WF -0.021 0.019 48.814 -1.107 0.802   overall_bray 
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contrast estimate SE df t.ratio p.value sig category 

VFST - 

VFLW 

0.01 0.018 62.205 0.553 0.981   overall_bray 

VFST - WF 0.004 0.019 54.198 0.2 1   overall_bray 

VFLW - 

WF 

-0.006 0.017 51.527 -0.371 0.996   overall_bray 

OGF - FF -0.085 0.03 27.166 -2.779 0.068 . turnover_bray 

OGF - 

VFST 

-0.125 0.031 25.338 -4.008 0.004 ** turnover_bray 

OGF - 

VFLW 

-0.078 0.028 19.098 -2.765 0.081 . turnover_bray 

OGF - WF -0.087 0.03 27.166 -2.873 0.055 . turnover_bray 

FF - VFST -0.04 0.026 54.69 -1.551 0.534   turnover_bray 

FF - VFLW 0.006 0.022 51.772 0.28 0.999   turnover_bray 

FF - WF -0.003 0.025 48.825 -0.114 1   turnover_bray 

VFST - 

VFLW 

0.046 0.024 62.905 1.91 0.323   turnover_bray 

VFST - WF 0.037 0.026 54.69 1.441 0.604   turnover_bray 

VFLW - 

WF 

-0.009 0.022 51.772 -0.407 0.994   turnover_bray 

OGF - FF -0.016 0.021 27.437 -0.781 0.934   nestedness_bray 

OGF - 

VFST 

0.004 0.021 22.217 0.211 1   nestedness_bray 

OGF - 

VFLW 

-0.054 0.018 16.126 -2.939 0.063 . nestedness_bray 

OGF - WF -0.05 0.021 27.437 -2.415 0.141   nestedness_bray 

FF - VFST 0.02 0.021 59.385 0.979 0.863   nestedness_bray 

FF - VFLW -0.038 0.018 55.617 -2.061 0.252   nestedness_bray 

FF - WF -0.034 0.021 51.627 -1.634 0.483   nestedness_bray 

VFST - 

VFLW 

-0.058 0.019 60.735 -3.05 0.027 * nestedness_bray 
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contrast estimate SE df t.ratio p.value sig category 

VFST - WF -0.054 0.021 59.385 -2.587 0.086 . nestedness_bray 

VFLW - 

WF 

0.004 0.018 55.617 0.222 0.999   nestedness_bray 

 

Appendix S3.8: Summary of singleton species by land-use type and origin 

 

Appendix S3.9: List of 15 common tree species across land-use types  

(available on OSF: https://osf.io/wv7yu/?view_only=4a23c4db56e64108964cabf6498528ae) 

Appendix S3.10: List of 167 singleton tree species across land-use types  

(available on OSF: https://osf.io/wv7yu/?view_only=4a23c4db56e64108964cabf6498528ae) 

Appendix S3.11: List of 51 dominance candidate tree species across land-use types  

(available on OSF: https://osf.io/wv7yu/?view_only=4a23c4db56e64108964cabf6498528ae) 

Appendix S3.12: Full species list of all 455 species and families with geographic origin 

(available on OSF: https://osf.io/wv7yu/?view_only=4a23c4db56e64108964cabf6498528ae) 
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SUPPLEMENTARY INFORMATION FOR CHAPTER 4: 

CASE STUDY: SUPPORT TREE DIVERSITY IN VANILLA AGROFORESTS 

After acceptance for publication, the underlying tree data will be uploaded to the Open Science 

Framework (OSF) database. 

 

SUPPLEMENTARY INFORMATION FOR CHAPTER 5: 

CASE STUDY: ABOVEGROUND CARBON STOCKS IN MADAGASCAR’S VANILLA PRODUCTION LANDSCAPE 

Appendix S5.1: Correlations between structural and diversity parameters in vanilla agroforestry systems 

(Spearman). Threshold r=0.7 
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Appendix S5.2: Summary statistics for aboveground carbon stocks (ACS) per land-use type 

Land-use types Median ACS per 
hectare [Mg/ha] 

Mean ACS per 
hectare [Mg/ha] 

Standard 
deviation  

Standard error 

Old-growth forest 153 178 98 31 

Forest fragment 54 51 28 9 

Forest-derived 
agroforest 

50 52 
24 8 

Fallow-derived 
agroforest 

11 16 
15 4 

Woody fallow 4 5 5 2 

 

Appendix S5.3: Results of one-way ANOVA test and Tukeys’s posthoc test on differences in mean 

aboveground carbon values across land-use types with 95% family-wise confidence level 

Land-use types Mean 

differences 

Lower limit 

(95% of 

confidence 

intervalley) 

Upper limit 

(95% of 

confidence 

interval) 

Adjusted 

p-value 

Forest fragment – Old-growth forest 1.26726183   0.1122703   2.42225339 0.0248017 

Forest-derived vanilla – Old-growth forest -1.18288587 -2.3378774 -0.02789431 0.0422254 

Fallow-derived vanilla – Old-growth 

forest 

-2.71812407 -3.7367309 -1.69951726 0.0000000 

Woody fallow – old-growth forest -3.84632442 -5.0013160 -2.69133286 0.0000000 

Forest-derived vanilla – Forest fragment 0.08437596 -1.0706156   1.23936752 0.9995832 

Fallow-derived vanilla – forest fragment -1.45086225 -2.4694691 -0.43225543 0.0016597 

Woody fallow – Forest fragment -2.57906259 -3.7340542 -1.42407103 0.0000006 

Forest-derived vanilla - Fallow-derived 

vanilla 

1.53523820   0.5166314   2.55384502 0.0007831 

Woody fallow - Forest-derived vanilla -2.66343855 -3.8184301 -1.50844699 0.0000003 

Woody fallow - Fallow-derived vanilla -1.12820035 -2.1468072 -0.10959354 0.0229385 
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Appendix S5.4: Contribution of stem diameter classes of woody species to stem density and aboveground carbon per land-use type. Stem 

diameter classes (small diameter ranges from 8-20cm, medium sized-diameter >20-40cm, and large trees with DBH>40cm) were adapted from 

McNicol et al. (2018). 

 

Proportional contribution 

per land-use type 

Stem diameter 

category 

Old-growth 

forest  

Forest 

fragment  

Forest-derived 

agroforest  

Fallow-derived 

agroforest  

Woody 

fallow  

Stems (%) 

Small 74 74 59 83 91 

Medium 21 24 36 13 8 

Large 5 2 5 3 1 

     

Aboveground carbon (%) 

Small 15 27 16 24 46 

Medium 25 52 55 35 23 

Large 61 21 30 42 31 

 

References 

McNicol, I.M., Ryan, C.M., Dexter, K.G., Ball, S.M.J. & Williams, M. (2018) Aboveground carbon storage and its links to stand structure, tree diversity and floristic 

composition in south-eastern Tanzania. Ecosystems, 21(4), 740-754. https://doi.org/10.1007/s10021-017-0180-6. 
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Appendix S5.5: Contribution of geographic origin of woody species to stem density and aboveground carbon per land-use type. Information on 

origin and endemism for each stem was derived from the Catalogue of the plants of Madagascar 

(https://www.tropicos.org/Project/Madagascar; accessed in January 2020) (see Osen et al (2021) for further details) 

Proportional contribution 

per land-use type 

Geographic origin 

category 

Old-growth 

forest  

Forest 

fragment  

Forest-derived 

agroforest  

Fallow-derived 

agroforest  

Woody 

fallow  

Stems (%) 

Endemic 68 68 50 10 31 

Native 30 29 34 21 31 

Introduced 2 1 13 63 29 

Unknown 0 2 4 6 9 

 

Aboveground carbon (%) 

Endemic 81 70 53 20 22 

Native 18 26 41 14 53 

Introduced 1 2 5 56 19 

Unknown 0 3 2 11 6 

 

References 

Osen, K., Soazafy, M.R., Martin, D.A., Wurz, A., März, A., Ranarijaona, H.L.T. & Hölscher, D. (2021) Land-use history determines stand structure and tree diversity 

in vanilla agroforests of northeastern Madagascar. Applied Vegetation Science, 24. https://doi.org/10.1111/avsc.12563. 
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Appendix S5.6: Effects of mean diameter at breast height, mean stem density, mean wood density and 

vanilla agroforest on aboveground carbon in vanilla agroforestry systems. The interpretation of the 

model output was facilitated by the R-package report (Makowski et al., 2020)  

Predictors Estimates CI p 

(Intercept) 0.04 0.04-0.05 <0.001 

Mean diameter at breast 
height 

0.01 0.01-0.02 <0.001 

Land-use history  
(fallow-derived vs  
forest-derived agroforest) 

0.00 -0.01- 0.01 0.875 

Mean stem density 0.01 -0.01-0.01 <0.001 

Mean wood density 0.00 -0.00-0.01 0.431 

Mean diameter at breast 
height * land-use history 

0.01 -0.00-0.02 0.065 

land-use history * mean stem 
density 

0.01 -0.00-0.02 0.063 

Land-use history * mean wood 
density 

-0.00 -0.01-0.00 0.191 

Random Effects 

σ2 0.00 

τ00 village 0.00 

N village 10 

Observations 28 

Marginal R2  0.906  

 

References 

Makowski, D., Ben-Shachar, M.S., Patil, I. & Lüdecke, D. (2020). Automated reporting as a practical tool to improve 

reproducibility and methodological best practices adoption. CRAN. https://github.com/easystats/report. 
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Appendix S5.7: Wood density calculation of all woody species encountered in this study. It comprises 2 

tables: table G1 reports the wood density of all woody species identified until genus and species level, and 

table G2 which shows the wood density of tree species without pilodyn measures; complemented with 

database-derived values  

(available on OSF: https://osf.io/8vbja/?view_only=60ea04b490f24b8f9d12425595dbd829) 

 

Appendix S5.8: Data on plot characteristics of 58 study plots with plot coordinates and environmental 

characteristics  

(available on OSF: https://osf.io/8vbja/?view_only=60ea04b490f24b8f9d12425595dbd829) 

 

Appendix S5.9: R script for data analysis  

(available on OSF: https://osf.io/8vbja/?view_only=60ea04b490f24b8f9d12425595dbd829) 
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José, Costa Rica (poster presentation) and 2019 in Antananarivo, Madagascar (poster 
presentation) 
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Covid-19 regulations) 
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conference (oral presentation) 
 



SUPPORTING DOCUMENTS:  DECLARATION OF HONOR 

179 
 

Declaration of Honor 

I hereby declare that I am the sole author of this dissertation entitled Diversity and composition of tree 

communities in the mosaic landscape of north-eastern Madagascar to attain the doctoral degree “Dr. 

rer. nat.” of the Faculty of Forest Sciences and Forest Ecology at Georg-August-Universität Göttingen 

within the doctoral program “Diversity Turn in Land Use Science”. I further declare that all contributions, 

references and data sources have been acknowledged as such. Furthermore, this dissertation has not 

been submitted in any form as part of any other dissertation procedure elsewhere. 

 

Göttingen, .............................................. (Kristina Osen) 

 


