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Summary 

 

The overarching theme of this thesis is how biodiversity and ecosystem services respond to 

land-use change by smallholder farming in north-eastern Madagascar. The region is a global 

biodiversity hotspot and a major vanilla production area, where shifting cultivation and cash 

cropping are driving forest-agriculture frontiers. However, little is known about the value of 

shifting cultivation and vanilla agroforestry for biodiversity and ecosystem services. In 

addition, knowledge on sustainable land management to aid biodiversity conservation and 

livelihoods is urgently needed. My dissertation closes this research gap by investigating 

ecosystem services and the (endemic) diversity of herbaceous plants, ants, and butterflies in 

prevalent land-use types (forest fragment, vanilla agroforest, woody fallow, herbaceous fallow, 

and rice paddy), with old-growth forest as a baseline. To do so, we applied the framework of 

land-use history and differentiated land-use types depending on the method of land clearance 

into forest- and fallow-derived or burned and unburned. Furthermore, we categorized species 

depending on their origin into endemic, native, and exotic. 

Overall, we found biodiversity to show mixed responses to land-use change depending on taxa, 

land-use history, and species origin (Chapter 2-4). Endemic herbaceous plants and ants 

decreased while exotics increased with increasing land-use intensification. In addition, endemic 

herbaceous plant and ant richness were higher on unburned than on burned land-use types and 

their composition was similar among unburned land-use types. We recommend increasing 

canopy closure and maintaining landscape forest cover to increase endemic ants while 

containing both exotic ants and herbaceous plants. For butterflies, we found that, in particular, 

land-use types with woody vegetation harbor diverse forest and endemic species, whereas 

herbaceous fallow and rice paddy are rich in open-land species. We show that the establishment 

of vanilla agroforests on fallow land increases endemic species of both butterflies and ants. For 

all three taxa (ants, butterflies, and herbaceous plants), we highlight that old-growth forest 

remains a key habitat for conservation, as it harbors a unique species community of ants, 

butterflies, and herbaceous plants. 

The alteration of predation can indicate changes in biological pest control, an important 

ecosystem service in the context of agricultural production. Using caterpillar dummies, we 

found predation rates to be higher on unburned than on formerly burned land-use types (Chapter 

5). In addition, old-growth forest and forest fragment harbored one unique predator community 

and showed the highest predation rates. To increase predation rates in vanilla agroforests, we 

recommend preserving or promote trees and dense understory vegetation. 
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Based on household interviews, we show ecosystem service provision was highest for woody 

fallow, as it provided the highest number of plant species, including endemic, native, and exotic 

species, with multiple benefits for food security, health, housing, cultural needs, and plant 

conservation (Chapter 6). However, old-growth forest and forest fragment were indispensable 

for regulating ecosystem services, which were not offered by any other land-use type. In 

addition, each studied land-use type offered a unique set of benefits for different purposes of 

use. Thus, diversified land uses (including fallow land) are needed to satisfy the different 

ecosystem service needs of rural communities in north-eastern Madagascar. 

Vanilla cultivation relies on pollination, an important ecosystem service in crop cultivation. The 

lack of pollinators is necessitating hand pollination of vanilla globally and constitutes, 

according to the present thesis, the most important reason for hand pollination across crops 

(Chapter 1). In general, we found hand pollination can offer multiple advantages over natural 

pollination, like the control of pollen origin and quantity, pollination timing and frequency as 

well as the independence from environmental fluctuations. However, the main constraints of 

hand pollination are high labor inputs, high material costs, and the required skills and training. 

Major risks of hand pollination include management ignoring pollinator conservation, high 

food prices, over-pollination, labor accidents, and unfair labor practices. We conclude that for 

crop systems where pollinators are not available or are not reliable for sustaining high-quality 

crop production, such as for the vanilla production in Madagascar, hand pollination can be a 

valuable alternative with high economic potential if profit gains outweigh the higher monetary 

costs and safe and just labor is given. 

By interlinking biodiversity data of trees, herbaceous plants, birds, amphibians, reptiles, 

butterflies, and ants with yield data of forest- and fallow-derived vanilla agroforests, we found 

that increasing yields, within the current range of vanilla agroforestry management practices, 

were not associated with biodiversity losses (Chapter 7). While yields increased with more and 

longer vanilla vines, non-yield-related management variables such as canopy closure and 

landscape forest cover largely determined biodiversity. Moreover, we highlight the great 

restoration potential via vanilla agroforestry of degraded and fallow land, as (endemic) 

biodiversity increased on fallow-derived vanilla agroforest compared to fallow land.  

In conclusion, land-use change by smallholder agriculture results in different biodiversity and 

ecosystem services depending on the land-use type, taxa, species origin, and land-use history. 

Although land use degrades biodiversity and associated functions of forest habitats, we 

identified multiple conservation opportunities in the agricultural landscape. Overall, my thesis 
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advances our knowledge on the responses of biodiversity and ecosystem services by small-scale 

farming. Finally, my thesis offers management solutions to increase biodiversity and ecosystem 

services in the agricultural smallholder landscape of north-eastern Madagascar. 

Zusammenfassung 

Das Ziel meiner Dissertation ist es, die Auswirkungen von Landnutzungsänderungen aufgrund 

von kleinbäuerlicher Landwirtschaft auf die Biodiversität und Ökosystemleistungen im 

Nordosten von Madagaskar zu untersuchen. Madagaskar ist ein globaler Biodiversitäts-Hotspot 

und zudem das Hauptanbaugebiet für Vanille. Ein zunehmendes Problem jedoch ist die 

fortschreitende Entwaldung aufgrund des Anbaus von Nutzpflanzen sowie des 

Wanderfeldbaus. Über die Auswirkungen des Wanderfeldbaus und des Anbaus von Vanille auf 

die Biodiversität und Ökosystemleistungen ist allerdings wenig bekannt. Darüber hinaus wird 

dringend Wissen über nachhaltige Anbaustrategien benötigt, um den Erhalt der Biodiversität 

und den Lebensunterhalt von ländlichen Gemeinden zu sichern. Meine Arbeit schließt diese 

Forschungslücke, indem sie Ökosystemleistungen und (endemische) Diversität von krautigen 

Pflanzen, Ameisen und Schmetterlingen in den dominanten Landnutzungstypen 

(Waldfragment, Vanille-Agroforst, holzige Brache, krautige Brache und Reisfeld) im 

Nordosten Madagaskars untersucht. Der Primärwald fungierte als Referenz. Dazu wurden alle 

Landnutzungstypen basierend auf ihrer Landnutzungsgeschichte (Anbau auf ehemals 

gebranntem Land vs. Anbau auf ungebranntem Land) unterschieden. Des Weiteren 

differenzierten wir die Effekte von Landnutzung auf Arten in Abhängigkeit von ihrer Herkunft 

(endemisch, einheimisch oder exotisch). 

Insgesamt konnten wir zeigen, dass die Biodiversität unterschiedlich stark von den 

Landnutzungsänderungen beeinflusst wird, abhängig von Artengruppe, 

Landnutzungsgeschichte und Herkunft der Arten (Kapitel 2-4). Die Anzahl an endemischen 

krautigen Pflanzen und Ameisen nahm ab, während exotische krautigen Pflanzen und Ameisen 

mit zunehmender Landnutzungsintensivierung zunahmen. Darüber hinaus waren die 

Artenzahlen von endemischen krautigen Pflanzen und Ameisen auf ungebranntem Land höher 

als auf ehemals gebrannten Landnutzungstypen. Die Artenzusammensetzung verhielt sich auf 

ungebrannten Landnutzungstypen ähnlich. Eine Erhöhung der Baumbedeckung und die 

Erhaltung von Waldbedeckung in der Landschaft schützt endemische Ameisen und dämmt 

gleichzeitig die Ausbreitung von exotischen Ameisen und krautigen Pflanzen ein. In Bezug auf 

Schmetterlinge konnte gezeigt werden, dass insbesondere Landnutzungstypen mit holziger 

Vegetation diverse Wald- und endemische Schmetterlingsarten beherbergen, während krautige 
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Brachen und Reisfelder reich an Offenlandarten sind. Es wurde deutlich, dass die Etablierung 

von Vanille-Agroforsten auf (ehemals gebranntem) Brachland die Artenzahlen von sowohl 

endemischen Schmetterlingen als auch endemischen Ameisen erhöht. Für alle drei untersuchten 

Artengruppen konnte belegt werden, dass Primärwälder unabdingbar für den Artenschutz sind, 

da sie eine einzigartige Artengemeinschaft von Ameisen, Schmetterlingen und krautigen 

Pflanzen beherbergen. 

Ein weiterer Fokus der Untersuchung lag auf der Analyse von Beutetieren und ihren Räubern, 

die eine zentrale Rolle in der natürlichen Schädlingskontrolle im landwirtschaftlichen Anbau 

spielen. Mit Hilfe von Beuteattrappen wurde die Aktivität von natürlichen Gegenspielern 

ermittelt und das Ergebnis war, dass der Räuberdruck auf ehemals ungebrannten 

Landnutzungstypen höher war als auf ehemals gebrannten Landnutzungstypen (Kapitel 5). 

Darüber hinaus wurde deutlich, dass Primärwälder und Waldfragmente eine einzigartige 

Räubergemeinschaft beherbergen, in dem der Räuberdruck im Vergleich zu allen anderen 

Landnutzungstypen am höchsten ist. Um den Räuberdruck in Vanille-Agroforstsystemen zu 

erhöhen, wird entsprechend dieser Forschungsergebnisse empfohlen, Bäume und dichte 

Unterholzvegetation zu fördern oder zu erhalten. 

Basierend auf Haushaltsbefragungen zeigte sich, dass der Wert von holzigen Brachflächen, im 

Vergleich zu anderen Landnutzungstypen, für die Bereitstellung von 

Ökosystemdienstleistungen am höchsten war (Kapitel 6). Haushalte nutzten die meisten 

Pflanzenarten (einschließlich endemischer, einheimischer und exotischer Arten) von holzigen 

Brachen. Arten von holzigen Brachen waren nützlich für die Ernährungssicherheit, die 

Gesundheit, das Wohnen, die kulturellen Bedürfnisse und die Pflanzenerhaltung. Primärwälder 

und Waldfragmente waren jedoch unverzichtbar für regulative Ökosystemdienstleistungen, die 

von keinem anderen Landnutzungstyp angeboten wurden. Darüber hinaus bot jeder untersuchte 

Landnutzungstyp eine einzigartige Kombination an Ökosystemdienstleistungen. Daher sind 

diversifizierte Landnutzungsformen (einschließlich Brachland) notwendig, um 

unterschiedlichen Ökosystemdienstleistungen für ländliche Gemeinden im Nordosten 

Madagaskars zu erhalten. 

Bestäubung ist eine grundlegende Ökosystemdienstleistung für den Nutzpflanzenanbau. Auch 

der Vanilleanbau ist auf Bestäubung angewiesen. Der Mangel an natürlichen Bestäubern 

bedingt die Handbestäubung von Vanille weltweit und ist, entsprechend der vorliegenden 

Studie, der wichtigste Grund für die Handbestäubung bei Nutzpflanzen (Kapitel 1). Im 

Allgemeinen haben wir festgestellt, dass die Handbestäubung mehrere Vorteile gegenüber der 
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natürlichen Bestäubung bieten kann, wie zum Beispiel die Kontrolle über Pollenherkunft und -

menge, Bestäubungszeitpunkt und -häufigkeit sowie die Unabhängigkeit von 

Umweltschwankungen. Die Hauptnachteile der Handbestäubung sind jedoch der hohe 

Arbeitsaufwand, die hohen Materialkosten sowie die erforderlichen Fähigkeiten und 

Schulungen. Zu den Hauptrisiken der Handbestäubung gehören ein Management, das den 

Schutz von natürlichen Bestäubern ignoriert, hohe Lebensmittelpreise, Überbestäubung, 

Arbeitsunfälle und unfaire Arbeitsbedingungen. Eine zentrale Schlussfolgerung des Projekts 

ist, dass für Anbausysteme, in denen Bestäuber nicht verfügbar oder nicht zuverlässig sind (zum 

Beispiel in der Vanilleproduktion in Madagaskar), Handbestäubung eine wertvolle Alternative 

mit hohem wirtschaftlichem Potenzial darstellt. Allerdings trifft das nur zu, wenn die 

Gewinnsteigerungen durch Handbestäubung die höheren Betriebskosten aufwiegt und sichere 

und gerechte Arbeit gewährleistet ist. 

Durch die Verknüpfung von Biodiversitätsdaten von Bäumen, krautigen Pflanzen, Vögeln, 

Amphibien, Reptilien, Schmetterlingen und Ameisen mit Ertragsdaten von Vanille-Agroforsten 

fanden wir heraus, dass steigende Erträge nicht mit dem Verlust von Biodiversität einhergeht 

(Kapitel 7). Während die Vanilleerträge mit mehr und längeren Vanilletrieben zunahmen, 

wurde die Biodiversität von nicht ertragsbezogenen Managementvariablen wie die 

Baumbedeckung und die Waldbedeckung der Landschaft bestimmt. Darüber hinaus entdeckten 

wir ein großes Wiederherstellungspotential von degradiertem und brachliegendem Land durch 

Vanille-Agroforste, da die (endemische) Biodiversität auf ehemals gebrannten Vanille-

Agroforsten im Vergleich zu brachliegendem Land zunahm. 

Zusammenfassend zeigen wir, dass Änderungen von Biodiversität und Ökosystemleistungen 

durch kleinbäuerliche Landwirtschaft vom Landnutzungstyp, der Artengruppe, der 

Artenherkunft und der Landnutzungsgeschichte abhängig sind. Obwohl Landnutzung im 

allgemeinen Arten und Funktionen dezimiert, konnten wir in der Agrarlandschaft mehrere 

Möglichkeiten zur Erhaltung von Biodiversität und Ökosystemdienstleistungen identifizieren. 

Meine Arbeit erweitert das Wissen über die Veränderungen von Biodiversität und 

Ökosystemleistungen durch den kleinbäuerlichen Anbau im Nordosten von Madagaskar. 

Schließlich zeigt meine Arbeit basierend auf umfangreichen Datenanalyse konkrete 

Managementlösungen auf, um Biodiversität und Ökosystemleistungen in der 

landwirtschaftlichen Kleinbauernlandschaft im Nordosten Madagaskars zu erhöhen. 
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Introduction 

Agricultural production relies on biodiversity to provide ecosystem services (Fischer et al., 

2006). Ecosystem services are defined as the benefits, that people receive from the environment 

(Millennium Ecosystem Assessment 2005) and derive from ecosystem functions, which are 

based on the biotic and abiotic processes maintaining life (Oliver et al. 2015). However, land-

use change can result in loss of biodiversity (Schulze et al. 2004) and ecosystem services, such 

as pollination (Ricketts et al. 2008), biological control (Railsback & Johnson 2014) or water 

regulation (Martínez et al. 2009). Global declines of ecosystem services are jeopardizing 

agricultural productivity (Yamamoto et al. 2019, Hasan et al. 2020). Thus, solutions to socio-

ecological tradeoffs to preserve ecosystem services as well as biodiversity are urgently needed 

(Teschner et al. 2017). 

Currently, about 37% of world’s surface is used for agriculture (The World Bank 2021). 

Increasing global demands for resources drive land-use change, in particular in the tropics 

(Defries et al. 2010, Grogan et al. 2019). In the tropics, new agricultural land is mainly acquired 

at the expense of forest (Gibbs et al. 2010). Here, main drivers of deforestation is commodity 

production including the production of beef, soy, palm oil, and wood (Curtis et al. 2018). 

Shifting cultivation is responsible for 24% of forest loss and thus the third most important driver 

of deforestation. Shifting cultivation involves different alternating practices (slashing and 

burning, fallowing, and commodity production), which aim to maintain the fertility of the land 

(Styger et al. 2007). Globally, shifting cultivation is widespread, covering around 280 million 

hectares, and most dominant in America and Africa (Heinimann et al. 2017). 

In contrast to global trends, shifting cultivation continues to play a major role in driving forest-

agriculture frontiers in Madagascar (van Vliet et al. 2012, Scales 2014). Here, agricultural 

conversion results in high losses of ecosystem services and biodiversity with few monetary 

gains from agriculture (Kehoe et al. 2017, Carrasco et al. 2017). Nevertheless, Madagascar’s 

biodiversity offers great opportunities for the countries’ sustainable development such as eco-

tourism, natural pest control, and flood protection (Jones et al. 2019). Madagascar is classified 

as one of the hottest hotspots of biodiversity with high levels of endemic biodiversity threatened 

by rapid land-use change (Myers et al. 2000). Knowledge on sustainable land management to 

aid biodiversity conservation and livelihoods is urgently needed. However, the effects of 

smallholder farming on (endemic) biodiversity, ecosystem functions and services remain poorly 

understood. In the frame of my thesis, I address this research gap by researching the biodiversity 
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and ecosystem services of a tropical smallholder landscape in north-eastern Madagascar (Figure 

A). 

Using herbaceous plants, butterflies, and ants as focus taxa, we performed a biodiversity 

comparison of the prevalent land-use types in north-eastern Madagascar (Chapter 2-4). We 

identified the effect of environmental variables on herbaceous plants and ants, and identified 

conservation opportunities for butterflies by analyzing their habitat dependency. To assess the 

importance of land-use history for local biodiversity, we contrasted the biodiversity of 

differently established vanilla agroforests (fallow-derived vs. forest-derived). In particular, we 

discuss the restoration potential of fallow-derived vanilla agroforests to rehabilitate (endemic) 

species richness. To address changes in ecosystem services in response to land use, we discuss 

pollination limitation and the resulting practice of hand pollination, which is indispensable for 

the global cultivation of vanilla (Chapter 1). Additionally, we assessed predation patterns as a 

proxy for ecosystem functioning of different land-use types and related these to biological 

control in the agricultural context (Chapter 5). Looking at plant use by rural communities, we 

recorded the importance of forests and different land-use types for ecosystem service provision, 

from a household’s perspective (Chapter 6). To conclude the thesis, we present solutions to 

ecological-economic trade-offs by identifying complementary management strategies 

increasing both yield and biodiversity in vanilla agroforestry (Chapter 7). 

Overall, this thesis advances our knowledge on the responses of biodiversity and ecosystem 

services to land-use change by contrasting different taxa, land-use types, land-use history, and 

species origin, as well as including a socio-economic perspective into land-use research. 

Finally, this thesis offers management solutions to increase biodiversity and ecosystem services 

in the agricultural smallholder landscape of north-eastern Madagascar. 
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Figure A: Chapter overview covering responses of biodiversity and ecosystem services to land-use 

change 

Study context 

 

We conducted our research in north-eastern Madagascar (SAVA region), which is a national 

biodiversity hotspot with high levels of endemism (Myers et al. 2000, Brown et al. 2016). 

However, the region is changing as the primary forest is increasingly lost, mainly due to slash-

and-burn agriculture for hill rice cultivation (Zaehringer et al., 2015). Vanilla is the main cash 

crop in the region, making Madagascar the main vanilla producer with a global share of around 

40% on the world market (FAO 2018, Hänke et al. 2018). Vanilla prices have shown strong 

dynamics in the past years, with price booms triggering an expansion of vanilla agroforestry in 

the region (Hänke et al. 2018, Llopis et al. 2019). The hemi-epiphytic vanilla orchid is typically 

grown in small-scale agroforestry on support trees in combination with shade trees (Havkin-

Frenkel & Belanger 2010). The pollination of vanilla flowers is performed manually since 

natural pollination is insufficient to produce economically viable yields. Mature green vanilla 
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pods are cured by hand into aromatic black and high-priced vanilla pods (Havkin-Frenkel & 

Belanger 2010). Besides vanilla agroforestry, the landscape is characterized by diverse land-

use types including rice paddy, hill rice, forest fragments, fallow land, pastures, and other 

agroforestry systems (e.g. coffee and clove) (Hänke et al. 2018). 

Research project 

Our research was performed as part of the transdisciplinary Diversity Turn in Land Use project 

(2016-2021). The project investigated the ecological, social, and economic impacts of vanilla 

cultivation in north-eastern Madagascar. The project aimed to provide recommendations for 

sustainable land-use practices for smallholders. As an integral component of the project and in 

addition to economic and ecological transformations, changes in power relations were 

investigated. Here, the project considered different dimensions of social inequality (e.g. gender, 

regional origin, social position). Overall, Diversity Turn in Land Use Science aimed to develop 

a theory of inclusive land-use research that takes into account the importance of biological and 

social diversity, facilitating a “turn” in land-use science. 

The interdisciplinary research group consisted of scientists from agricultural, conservation, 

economic, educational, silvicultural, and social sciences. Furthermore, research was done in 

close collaboration with scientists from the University of Antananarivo, the University of 

Mahajanga, and the Regional University Centre of the SAVA Region (CURSA). Furthermore, 

our project involved local stakeholders at various stages. Our project started with an exploratory 

research phase in which we developed our research questions based on interviews and 

participatory workshops with stakeholders. Each year, our project invited local stakeholders 

(NGOs, scientists, public officials, farmers, and students) for yearly stakeholder meetings to 

present and discuss research progress. In addition, we visited the study region in 2019 to 

communicate our final research results to participating farmers and students of the University 

of Antananarivo and the Regional University Centre of the SAVA Region using presentations, 

flyers, and posters (see Figure K, L on page 364-365). Through the exchange with farmers, 

students and other stakeholders, the project promoted local participation, capacity building, and 

mutual learning (Figure B). 
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Figure B: a) Plot selection with ecologist team in 2017 and b) stakeholder meeting in Sambava in 2019 

Within the project scope, the ecological sub-projects focused on the impacts of vanilla 

cultivation and other land-uses on biological diversity. No studies on the biological value of 

vanilla agroforests existed before the onset of our study, but one non-project-related paper was 

published in 2018 (Hending et al. 2018). However, the study focused only on one taxon and did 

not consider the land-use history of vanilla agroforests. Furthermore, the impact of shifting 

cultivation on biodiversity and ecosystem services is still poorly studied.  

Chapter outlook 

In my thesis, I work towards understanding the effect of land use on biodiversity and ecosystem 

services. Based on the project’s research approach, I stress that an interdisciplinary perspective 

is needed to disentangle the effects of land use in the mosaic landscape of north-eastern 

Madagascar. Our research combines ecological, economical, and societal aspects of land-use 

change to generate a holistic understanding of biodiversity and ecosystem services. I argue that 

this approach is needed to discuss trade-offs between biodiversity conservation and societal 

well-being and suggest meaningful solutions for sustainable landscape management. All studies 

(except Chapter 1) involved collaborative research between the University of Goettingen, the 

University of Antananarivo, the University of Mahajanga, and the Regional University Centre 

of the SAVA Region (CURSA). 

Pollination limitation in changing agricultural landscapes 

Animal pollinators are important for the functioning of wild plant communities but also for 

agricultural production (Ashman et al. 2004, Klein et al. 2007). Crops greatly benefit from 

animal pollination through increased yields and crop quality (Garratt et al. 2014, Rader et al. 

2016, Wietzke et al. 2018). In recent years, the global area cultivated with pollinator-dependent 

crops has been steadily increasing (Aizen et al. 2009). However, pollinators are declining 

globally, with agricultural intensification as a major driver (Potts et al. 2010, Sánchez-Bayo & 
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Wyckhuys 2019). The lack of pollinators can result in the pollination limitation of crops 

(Wilcock & Neiland 2002). Pollination limitation in crops has high implications for agricultural 

productivity (Bhattacharya & Basu 2018) and is particularly present in animal-pollinated plants 

(Wilcock & Neiland 2002). To combat pollination limitation, hand pollination is used in 

agricultural production as a technique to manually pollinate crops but little is known about its 

global distribution and importance for the production of major and minor food crops. 

In my first Chapter, I systematically reviewed the literature to present the state of knowledge 

of hand pollination of global food crops. We quantified the number of major and minor crops 

for which hand pollination is used in agricultural production. Furthermore, we identified the 

drivers of hand pollination and the underlying economic motivations. By identifying the reasons 

for hand pollination we aim to increase awareness of the drivers of pollination limitation and 

guide counter actions. Also, we summarize the socio-economic advantages as well as risks and 

constraints of hand pollination, which are so far little known and discussed. We highlight the 

cultural history of crops with a long-standing history of hand pollination. In addition, we 

provide details on the process of hand pollination including used methods that help to inform 

an economic-feasible and correct use of hand pollination. 

Opportunities for biodiversity conservation in smallholder farming 

 

Tropical landscapes are increasingly dominated by agriculture (Curtis et al. 2018). In north-

eastern Madagascar, small-scale farming has resulted in a fragmentation of forests, 

concentrating biodiversity in remaining natural habitats (Vieilledent et al. 2018, Schüßler et al. 

2020). Forests are either converted for shifting cultivation or into agroforestry (Llopis et al. 

2019). Here, agroforestry may offer biodiversity-friendly habitat as a forest-like vegetation 

structure is often maintained (Schroth et al. 2004, Clough et al. 2011). In addition, structurally 

rich agroforests may have a greater capacity to preserve endemic species than more intensified 

land uses (Harvey & González Villalobos 2007). Madagascar, in particular the north-eastern 

part, is rich in endemic species (Myers et al. 2000, Barthlott et al. 2005, Brown et al. 2016). 

Being one of Madagascar’s most important natural assets, the conservation of endemic species 

is of high conservation priority, with both ecological and economic implications (Ganzhorn et 

al. 2001, Rakotomanana et al. 2013). Vanilla agroforests in Madagascar, in contrast to other 

globally farmed agroforestry systems, are generally extensively managed (Hänke et al. 2018). 

However, the value of vanilla agroforests for (endemic) biodiversity is largely unknown (Martin 

et al. 2021). Here, the importance of land-use history for (endemic) biodiversity, meaning 

whether an agroforest is established at the expense of forest (forest-derived) or on fallow land 
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(fallow-derived), remains under-researched (Martin et al. 2020). Furthermore, knowledge on 

management improving biodiversity in the context of shifting cultivation and vanilla 

agroforestry is needed to inform conservation measures for farmers and certification bodies 

(Tscharntke et al. 2015, Maas et al. 2020). 

In Chapter 2-4, we investigated the biodiversity value of six prevalent land-uses in north-

eastern Madagascar, using three taxa (herbaceous plants, butterflies, and ants) and an old-

growth forest as a baseline. For all three taxa, we assessed how richness and composition were 

influenced by the land-use type and land-use history. To do so, we categorized all species 

according to their geographical origin and contrasted the response of endemic, native, and 

exotic species to land use. For herbaceous plants and ants, we additionally identified 

management measures that promote endemic, while containing exotic species in the agricultural 

matrix. For butterflies, we assessed the proportional abundance in land-uses and identified land-

use types of higher importance for endemic, forest and open-land species. 

Predation as a measure for ecosystem functioning 

50-90% of biological pest control is done by the natural enemies of insects (Pimentel 2009). 

Ecosystem services, like biological pest control, depending on landscape composition, distance 

to natural habitat, and plot parameters such as shade tree management (Tscharntke et al. 2011, 

Maas et al. 2015, Nurdiansyah et al. 2016). Generally, agricultural homogenization leads to a 

loss of biological pest control (Morante-Filho et al. 2016, Schrader et al. 2018).  However, 

biological pest control is indispensable for agricultural productivity (Karp et al. 2013, Maas et 

al. 2013). Especially in tropical production systems, yield losses by pests are more pronounced 

and alternative (chemical) measures are not available (Oerke 2006, Mertz et al. 2007). Predator 

communities, the providers of biological pest control, are quickly altered by environmental 

change (Duffy 2002). Predation rates are thus a suitable measure to track changes in ecosystem 

functioning through land-use change. The alteration of predation can indicate changes in 

biological pest control in the context of agricultural production (De Groot et al. 2002, Howe et 

al. 2009). 

In Chapter 5, we used dummy caterpillars to assess predation rates and predator composition 

in six prevalent land-use types and old-growth forests in north-eastern Madagascar. We 

contrasted predation rates of burned vs. unburned land-use types. Furthermore, we analyzed 

how predation patterns were influenced by plot-level (stem density, vegetation density) and 

landscape-scale (landscape forest cover) variables to provide management measures increasing 

predation and thus ecosystem functioning. 
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Ecosystem services in a tropical mosaic landscape 

 

Small-scale farming has led to a complex mosaic landscape in north-eastern Madagascar. In 

contrast to homogenous agricultural landscapes, the interplay of individual land-uses in 

heterogeneous landscapes can contribute to increased multifunctionality (Fischer et al., 2017; 

Grass et al., 2020). For example, agroforestry provides income for households, while their 

vegetation structure can maintain diverse ecological functions (e.g. pollination, carbon storage) 

(Jha & Vandermeer 2010, De Beenhouwer et al. 2016). Furthermore, the remaining forest 

fragments offer important biodiversity reservoirs (Riemann et al. 2015) and landscape 

connectivity (Schüßler et al. 2020) while providing forest-related ecosystem services to people 

(Zaehringer et al. 2017a). In contrast, land under shifting cultivation offers seemingly few 

measurable ecosystem services (Andriamananjara et al. 2016). However, this may differ in the 

light of people’s perceptions (Daw et al. 2011, Fagerholm et al. 2020). The agricultural 

landscapes of eastern Madagascar are rapidly changing, as cash cropping expands while natural 

habitats are shrinking and the landscape is slowly homogenizing (Zaehringer et al. 2015, Llopis 

et al. 2019). Knowledge on the contribution of current land-uses to farmer’s well-being can 

guide landscape transformations that maintain ecosystem functionality valuable for both people 

and nature (Kremen & Merenlender 2018). 

In Chapter 6 we investigated the ecosystem service provision by prevalent land-use types and 

old-growth forest based on household interviews. Firstly, we assessed the benefits (products for 

use/selling or indirect services) households receive from each accessible land-use type and 

categorized them into regulating, supporting, provisioning, or cultural services (Millennium 

Ecosystem Assessment 2005). Secondly, we recorded which plants households collected from 

which of the accessible land-use types and classified them as medicine, food, construction, 

firewood, charcoal, forage, and weaving. Furthermore, we assessed the origin of plant species 

used (i.e., endemic, native, and exotic) and their growth forms (i.e., trees, shrubs, lianas, or 

herbs). With this chapter, we can conclude the importance of land-use types from a 

smallholder’s perception. Based on our results, we discuss trade-offs between different land-

use trajectories and also highlight opportunities for plant conservation. 

Win-win relationship between agricultural production and biological conservation 

Madagascar is facing the great challenge to reconcile actions on poverty with environmental 

conservation. With the majority of Madagascar´s population living on subsistence farming in 

rural areas (World Bank 2016), natural resources are under great pressure to sustain human 

livelihoods. Forests provide a range of natural products important for rural communities in 
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Madagascar (Zaehringer et al., 2017b). However, the increasing depletion and degradation of 

the natural environment are threatening biodiversity and associated ecosystem services 

resulting among others in decreased agricultural productivity (Rakotomanana et al. 2013). So 

far, land-use transformations have rarely offered win-win solutions, but triggered trade-offs 

among the three social, ecological, and economic dimensions of sustainable development 

(Steffan-Dewenter et al. 2007, Grass et al. 2020). With only 9.9% of its primary vegetation 

remaining (Myers et al. 2000), Madagascar urgently needs land-use strategies to guide the 

sustainable transformation of land systems. Vanilla agroforestry is a prevalent land-use system 

in north-eastern Madagascar (Hänke et al. 2018). Commonly, tree cover of agroforests is often 

reduced to boost productivity (e.g. cacao and coffee; Tscharntke et al., 2011). However, 

canopy-yield relationships are so far unknown for vanilla agroforestry. Furthermore, the land-

use history of agroforests has been largely neglected in research but is likely to have great 

implications for their biodiversity value (Martin et al. 2020) and possible yields. Furthermore, 

empirical yield-biodiversity relationships have yet to be explored for vanilla agroforests. 

In Chapter 7, we quantified the effect of vanilla agroforestry on the diversity of trees, 

herbaceous plants, birds, amphibians, reptiles, butterflies, and ants and used vanilla yield data 

to identify yield-biodiversity trade-offs. We assessed the biodiversity value of forest- and 

fallow-derived vanilla agroforests and compared the species richness with old-growth forest 

and fallow land. Furthermore, we present complementary management strategies which can 

increase yields, profitability, and biodiversity. 

Materials and Methods 

We conducted the studies described in Chapters 2-7 during two field seasons in 2017 and 2018 

(Table A). We performed biodiversity and household surveys during the dry season 

(September- December 2017/2018). We measured vanilla yield in March/May 2018, before the 

vanilla harvest by farmers, which typically happens in June/July. Field research and analysis of 

studies on herbaceous plants (Chapter 2) and ants (Chapter 4) were led by the two Ph.D. 

students Jeannie Marie Estelle Raveloaritiana and Anjaharinony Andry Ny Aina Rakotomalala 

from the University of Antananarivo. In addition, Dominik Schwab, a master's student from the 

University of Goettingen, conducted field studies and analyses on predation (Chapter 5). We 

collaborated closely with 65 farmers and their families, who offered their time during each 

research visit and provided us with information on their land, guidance to plots, and 

accommodation. We conducted our research in agreement with village leaders, who provided 

logistical support and were our intermediaries to the community. Furthermore, the research of 
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this thesis was conducted with the essential support of 18 Malagasy research assistants who 

assisted biodiversity studies, yield assessment, species identification, and household interviews. 

The studies of this thesis were supervised by Prof. Teja Tscharntke, Prof. Ingo Grass, Prof. 

Holger Kreft, Prof. Dirk Hölscher, Prof. Bakolimalala Rakouth, and Prof. Lala Harivelo 

Raveloson. 

Table A: Overview of time of data collection and study lead depending on study/Chapter 

Chapter Focus data Time of data collection Leader of data collection 

1 Review 2019-2021 Annemarie Wurz 

2 Herbaceous plants Sept-Dec 2018 Jeannie Marie Estelle 

Raveloaritiana 

3 Butterflies Sept-Dec 2018 Annemarie Wurz 

4 Ants Oct-Dec 2017 

Aug- Dec 2018 

Anjaharinony A. N. A. 

Rakotomalala 

5 Predation Oct-Dec 2018 Dominik Schwab 

6 Ecosystem 

services 

Oct-Dec 2018 Jeannie Marie Estelle 

Raveloaritiana 

7 Vanilla yield March-April 2018 Annemarie Wurz, Dominic Martin, 

Kristina Osen 

 

Study design 

We conducted our research in 10 villages, which were selected out of a stratified-random 

selection of 60 villages within 10 km of roads within the study area (see more details in Hänke 

et al., 2018). The 10 villages for our ecological studies were selected with the help of Google 

Earth to identify desired land-use types. We selected villages out of the 60 project villages 

which did not include coconut plantations, had less than 40% water cover (ocean, lake, or river), 

and included a forest fragment and land used for shifting cultivation within a radius of 2 km 

around the village. This resulted in a selection of 17 villages, out of which we randomly 

excluded three villages as they overlapped with three other villages in a 2 km radius buffer. 

Overall, we visited 12 out of the 14 villages in random order until we had 10 villages with all 

the required land-use types (one village did not include all land-use types and one village did 

not want to participate in the study). Thus, we did not visit two out of the 14 villages, as we had 

already found 10 suitable villages including four villages North of Sambava, three villages 

South of Sambava, and three villages west of Sambava (Figure C).  
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Figure C: Study design overview. a) The island of Madagascar with the SAVA region highlighted. b) 

the SAVA region with the three main cities Sambava, Antalaha, Vohemar, and Andapa. c) Study area 

with forest cover in 2017 (Vieilledent et al. 2018), roads, rivers, and the 10 study villages and two 

sampling sites within Marojejy National Park. The photo below represents a typical landscape in north-

eastern Madagascar with diverse land-use types and a village 

In each of these 10 villages, we selected one forest fragment, one woody fallow, one herbaceous 

fallow, one rice paddy, and three vanilla agroforests, summing up to 70 plots in total. We 

selected vanilla agroforests based on their canopy closure, selecting a plot with low, 

intermediate, and high canopy closure in each village. Before data collection, we adapted our 

vanilla agroforest classification by categorizing all vanilla agroforests into forest- or fallow-

derived vanilla agroforests, following the land-use history framework which I co-developed 

(Martin et al. 2020). We did not find both fallow-and forest-derived vanilla agroforests in all 

villages, thus we ended up with an unbalanced distribution of vanilla agroforests between 

villages. In total, 20 out of our 30 vanilla agroforests were fallow-derived and 10 out of 30 

vanilla agroforests were forest-derived, roughly matching the proportion of forest- (27%) vs. 
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fallow-derived (70%) vanilla agroforests in the region (Hänke et al. 2018). In addition to our 

10 villages, we sampled 10 old-growth forest plots in Marojejy NP, of which five plots were 

located in Marojejy Manantenina Valley and five plots in Marojejy Bangoabe. Old-growth 

forest plots had a minimum distance of 260 m between plots and 250 m distance to the forest 

edge. Overall, we sampled in 80 plots of 25 m radius across 10 villages and two old-growth 

forest sites. All plots were min. 719 m (SD ± 438 m) distant from each other and located at an 

average plot elevation of 192 m (SD ± 207 m) above sea level. 

Each of the selected land-use types had unique characteristics. Old-growth forest sites were 

situated at low-altitude (≤ 700 m) in the continuous rainforest of Marojejy NP. Traces of 

disturbance (e.g. selective logging, burning) were evident at some parts of the park, but we 

avoided these sites during our data collection. Marojejy NP is a nature reserve since 1952 and 

a national park since 1998 (Atkinson & Mathieu 2008). The national park is located at the 

Marojejy Massif and is part of the UNESCO World Heritage Site “Rainforests of the 

Atsinanana” (UNESCO 2007, CPGU 2012). Marojejy’s biodiversity is described as one of the 

richest in the country with multiple species endemic to this forest (Goodman & Benstead, 2003). 

Forest fragments are remaining forest patches in the agricultural landscape. They are 

frequently used by the village communities for wood extraction and other natural products. 

Vanilla agroforests, with Vanilla planifolia as a cash crop, are planted either inside the forest 

(forest-derived) or on fallow land (fallow-derived). Big trees and forest understory are partially 

maintained in forest-derived vanilla agroforests and younger trees are used as climbing support 

for vanilla plants. In contrast, land of fallow-derived vanilla agroforests has previously used 

for shifting cultivation and vanilla support trees have been planted or have naturally regrown. 

As part of the shifting cultivation cycle, we selected woody fallows, which are characterized by 

re-growing woody vegetation existing for 4-16 years since the last crop cycle. Herbaceous 

fallows represent an earlier stage of the shifting cultivation cycle. This type of fallow land is 

dominated by herbaceous plants which have regrown over 1-2 years since last crop cultivation. 

Rice paddy represents the most intensified land use in the region. Rice is grown in paddies 

which are irrigated via water channels, occasionally treated with chemicals, and traversed by 

soil banks for walking.  

All sampled land-use types (except rice paddy) and old-growth forest represent stages of two 

different land-use trajectories (with or without shifting cultivation) in north-eastern Madagascar 

(Figure D). Rice paddies are established in wetlands or close to water access and not part of our 

presented land-use trajectories. Typically, rice paddies are not transformed into other land-use 
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types, as suitable land for paddy rice is limited and highly valuable. However, in recent years, 

the number of dry paddies has been increasing (Llopis et al. 2019) and our presented land-use 

trajectories are likely to include this land-use type in the future. 

 

Figure D: Overview of land-use trajectories in north-eastern Madagascar. Arrows indicate 

transformation directions from one land use to another. Land-use trajectories involve either shifting 

cultivation or not. The transformation of herbaceous into woody fallows is reversible when a new crop 

cultivation cycle of shifting cultivation starts. Rice paddy is not part of the two land-use trajectories but 

is the most intensive land-use type in the study region.  Photos by Dominic A. Martin, Dominik Schwab 

and Anjaharinony A.N.A. Rakotomalala 
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Chapter Background 

The Agroecology research group is known for its studies on the pollination ecology of diverse crops 

across the world (Grass et al., 2018; Li et al., 2019). Alike other important cash crops (Toledo-

Hernández et al., 2017), little is known about the pollination ecology and services of vanilla (Vanilla 

planifolia). Originally vanilla is native to the tropical forests of Mexico and Central America  (Fouché 

& Jouve, 1999; Lubinsky et al., 2006). Orchid bees of the genus Eulaema sp. are suspected to be vanilla´s 

natural pollinators, but the contribution of hummingbirds, ants, and two other bee genera is still uncertain 

(Lubinsky et al., 2006). However, we did not set out to study the natural pollinators of vanilla, as our 

study was located in Madagascar, a country in which the natural pollinators of vanilla are absent. 

Malagasy vanilla farmers have adopted the technique of hand pollination to be able to produce vanilla. 

The technique was discovered in 1841 on La Reunion and has since that time been adopted across the 

world (Havkin-Frenkel & Belanger, 2010). Even in vanilla´s natural range, vanilla is hand-pollinated, 

because densities of natural pollinators are low and the orchid´s flowering time is short (Shadakshari et 

al., 2002). At the start of our research on hand pollination, it was unclear to us, if the hand pollination 

of vanilla is a global exception, or if this practice is more commonly used. Thus, I set out to review the 

literature systematically to assess the prevalence of hand pollination across the globe. As part of my 

research on hand pollination, I also collected fruit set data of hand-pollinated vs. open-pollinated crops 

to provide quantitative proof of pollination limitation. However, this data is not included in the following 

chapter but an important future research avenue. In Chapter 1, I mainly focused on the distribution and 

global importance of hand pollination as well as the drivers and underlying economic motivations of 

hand pollination. In the context of vanilla agroforestry in Madagascar, I hope this research increases our 

awareness of the opportunities, challenges and risks which Malagasy farmers experience through hand 

pollination.  

Glossary 

Hand pollination: Hand pollination is a form of pollination where pollen is applied manually or 

automated onto the pistils of the flower if pollination deficits occur (Pinillos & Cuevas, 2008). 

Synonyms: artificial, controlled, assisted, manual or supplementary pollination. 

Pollination limitation: A condition which happens if insufficient pollen quality or quantity is deposited 

on the crop or pollination is completely absent (Wilcock & Neiland, 2002). Pollen limitation can be 

assumed if fruit set is lower under natural conditions compared to fruit set after hand pollination 

(Holzschuh et al., 2012; Minarro & Twizell, 2015). 

Pollinizer: A plant which provides pollen to the main cultivar (Free, 1993; Ramírez & Davenport, 

2013). Many fruit tree cultivars such as apples or pears are self-incompatible (Klein et al., 2007) and 

require cross-pollination from other compatible varieties, called pollinizer trees. 
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Chapter 1: Hand pollination of global crops – a systematic review 

Annemarie Wurz, Ingo Grass and Teja Tscharntke 

 

Abstract 

Global pollinator declines and land-use change can lead to pollination limitation with 

implications for agricultural productivity. Hand pollination is used in agricultural production as 

a technique to manually pollinate crops. But the prevalence of hand pollination, as well as 

benefits and costs, remain unknown. We systematically reviewed the literature for examples, 

methods, drivers, and economic motivations of hand pollination. Furthermore, we discuss the 

risks, constraints, and opportunities of hand pollination. We found evidence for 20 hand-

pollinated crops, including minor but also economically important crops (e.g. apple, oil palm, 

cacao). The lack of pollinators was the most important reason for the application of hand 

pollination (50% of crops), while insufficient proportion or proximity of pollinizers (8% of 

crops) and skewed sex ratio or dichogamy (8% of crops) were second most important. The main 

economic motivations for practicing or recommending hand pollination were to increase fruit 

set, and/or fruit quality (78% of crops). Hand pollination is practiced in large- and small-scale 

farming, home gardens, and greenhouses. Opportunities of hand pollination are the control of 

pollen origin and quantity, pollination timing and frequency as well as independence from 

environmental fluctuations. Farmers can increase yields, improve fruit quality, avoid fruit 

abortion, increase employment, and secure subsistence food.  The main constraints of hand 

pollination are high labor inputs, high material costs, and required skills. Major risks of hand 

pollination include management ignoring pollinator conservation, high food prices, over-

pollination, labor accidents, and unfair labor. We conclude that in the face of global change, 

hand pollination allows improved control of pollination and is likely to increase in importance. 

The benefits of hand pollination need to outweigh the costs and fair labor is essential. 

Altogether, hand pollination can be a valuable tool for crop systems where pollinators are absent 

or are not reliable for sustaining high-quality crop production. 

 

Introduction 

Pollinators are key providers of essential ecosystem services to both agricultural production 

(Klein et al., 2007) and wild plant communities (Ashman et al., 2004). Around 75% of the 

world's crops benefit from animal pollination (Klein et al., 2007) and 87.5% of wild plants are 

estimated to benefit from insect pollination (Ollerton et al., 2011). However, pollination can 

fail or be insufficient (known as pollination failure, deficit, or limitation) which has implications 
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for agricultural productivity as well as conservation (Lippert et al., 2021; Wilcock & Neiland, 

2002). Specifically, pollination limitation is characterized by a lower fruit set compared to 

optimal pollen application (Knight et al., 2005; Minarro & Twizell, 2015). Pollination limitation 

is most common in animal-pollinated plants when pollinators are few or missing (Wilcock & 

Neiland, 2002). 

In recent years, the cultivation of pollinator-dependent crops has been increasing globally 

(Aizen & Harder, 2009). Additionally, major and large-scale declines across all insect taxa are 

driven by land-use change with agricultural intensification being the most important driver 

(Dicks et al., 2020; Hallmann et al., 2017; Potts et al., 2010). High agricultural heterogeneity 

(semi-natural habitats, high crop diversity, smaller fields) is important for maintaining 

pollination services (Cole et al., 2017; Hass et al., 2018). However, increasing cultivation of 

pollinator-dependent crops combined with a decrease in agricultural diversity reduced 

agricultural productivity across the globe (Aizen et al., 2019). If current trends continue, 

pollination services can be at stake (Potts et al., 2010; Steffan-Dewenter et al., 2005) leading to 

severe ecosystem consequences such as disruption of plant‐pollinator networks (Ramos‐

Jiliberto et al., 2020). To maintain pollination services and overall ecosystem functioning, 

conservation of wild pollinators is indispensable as they are highly diverse (Bystriakova et al., 

2018), show high pollination efficiency (Blitzer et al., 2016; Holzschuh et al., 2012), and are 

important to pollinator-plant networks (Mathiasson & Rehan, 2020). However, in cases when 

pollinators are not available or not reliable, alternative management solutions are needed to 

ensure sufficient pollination of pollination-dependent crops. 

Hand pollination, depending on purpose and context, is also referred to as artificial, controlled, 

assisted, manual or supplementary pollination. Hand pollination is a form of pollination where 

pollen is applied manually or mechanically onto the pistils of the flower if pollination deficits 

occur (Pinillos & Cuevas, 2008; Fig. 1.1). Hand pollination can be exclusive, when natural 

pollination is absent (e.g. vanilla in Madagascar; Westerkamp & Gottsberger (2000)), or 

supplementary, meaning pollen is applied in addition to natural pollination (e.g. passionfruit in 

Brazil; Silveira et al., 2012). We define hand pollination as when pollen is transferred manually 

or mechanically (automated) on a female flower. The terms hand, manual, artificial, assisted, 

or supplementary pollination are used in the literature interchangeably, thus we decided to refer 

to them as hand pollination throughout in the following text. Hand pollination is also commonly 

used in plant breeding, in particular, to achieve absolute control of parentage (Frankel & Galun, 

2012). However, this review focuses on hand pollination used for commercial crop production, 

not breeding purposes.  
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Fig. 1.1. Human pollinators of three crops applying different methods: (A) Hand pollination of cacao 

with picked flowers (Indonesia), photo: Manuel Toledo-Hernandez; (B) Hand pollination of apple 

with a brush (England), photo: Louise Truslove (Garratt et al., 2014); (C) Hand pollination of vanilla 

with orange thorn and thumb (Madagascar), photo: Annemarie Wurz 

 

Hand pollination is typically performed as an agronomical intervention when pollination 

limitation occurs. Pollination limitation happens if insufficient pollen quality or quantity is 

deposited on the crop or pollination is completely absent (Wilcock & Neiland, 2002). Pollen 

limitation can be assumed if fruit set is lower under natural conditions compared to fruit set 

after hand pollination (Holzschuh et al., 2012; Minarro & Twizell, 2015). Drivers of pollination 

limitation include, amongst others, pollinator declines, land-use change, biological invasion or 

simply random fluctuations in pollen receipt (Ashman et al., 2004). Nowadays, pollination 

limitation has been documented in many crops (Holland et al., 2020; Reilly et al., 2020). 

Examples include the production of macadamia in South Africa (Grass et al., 2018), shea in 

West Africa (Delaney et al., 2020), cacao in Indonesia (Toledo-Hernández et al., 2020), apple 

in Europe (Osterman et al., 2021), custard apple in Australia and eggplant in India 

(Bhattacharya & Basu, 2018). Here, pollination limitation was related to the limited pollination 

efficiency of honey bees (Apis mellifera, Apis cerana) and the decline of wild bees or non-bee 

pollinators due to habitat simplification or loss. Pollination limitation can threaten subsistence 

as well as causing severe socio-economic consequences (Basu et al., 2011; Christmann, 2019). 

Here, hand pollination can offer an insurance measure by supplementing or replacing 

pollination in times or places when or where natural pollinators are missing or not reliable 

(Pritchard & Edwards, 2006). In particular, when conservation opportunities for pollinators are 

limited or challenging (e.g. in urban areas, Baldock, 2020), or require time (e.g. ecosystem 

restoration; Kremen & M’gonigle, 2015), or knowledge is unavailable (e.g. in rural areas; 

Marques et al., 2017) and funds are limited (e.g. in the Global South, Eardley et al., 2009), hand 

pollination can be a valuable management tool. However, cost-benefit trade-offs are decisive 

for the implementation of hand pollination in commercial crop production (Allsopp, de Lange, 
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& Veldtman, 2008). These can depend on the time and location (Bennett et al., 2020; Silveira 

et al., 2012), the crop species, current market prices (Allsopp, de Lange, & Veldtman, 2008), 

and the degree of pollinator-dependency (Bennett et al., 2020).  Thus, only under conditions 

when advantages of hand pollination outweigh its costs, farmers can fully benefit from hand 

pollination increasing fruit set and improving crop quality by controlling for pollen origin, 

pollen quality and quantity as well as frequency and timing of pollination (González et al., 

2006; Pinto et al., 2005; Pritchard & Edwards, 2006). 

Despite the socio-economic potential of hand pollination in agricultural production, little is 

known about its prevalence, current importance, and future perspective (Klein et al., 2007). 

Here, identifying the reasons for the application of hand pollination in agricultural production 

can increase awareness of the drivers of pollination limitation and guide counter actions. The 

IPBES report on pollinators, pollination, and food production discusses the strengths and 

weaknesses of such replacement measures in commercial crop production and urges the need 

for data on costs and efficiency compared to natural services (IPBES, 2016). Therefore, 

reviewing methods and the application process of hand pollination are needed to inform an 

economic-feasible and correct use of hand pollination. 

In this paper, we present, to our knowledge, the first systematic review of hand pollination of 

global food crops. Firstly, we quantify the number of major and minor crops for which hand 

pollination is used in agricultural production. Secondly, we identify the drivers of hand 

pollination and the underlying economic motivations. Thirdly, we describe the application 

process of hand pollination, and its cultural importance. Finally, we discuss the risks, 

constraints, and opportunities of hand pollination with their ecological and socio-economic 

implications.  

 

Materials and methods 

Our review is based on a systematic as well as a non-systematic literature review. Following a 

systematic review methodology, we searched the Web of Science database as well as Google 

Scholar. We searched Web of Science in May 2019, using search string “((crop) AND (manual* 

pollinat* OR hand pollinat* OR poll* limit*” OR supplement* poll* OR poll* supplement*))“, 

covering all publications between 1945-2019. We searched Google Scholar in May 2021, using 

the key phrases “hand pollination crops”, “manual pollination crops”, “artificial pollination 

crops”, “assisted pollination crops” and “supplementary pollination crops” and scanned the first 

70 papers (sorted by Google algorithm relevance) of each of the key phrases. Overall, we 

selected publications that documented (own documentation or citation) hand pollination under 
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current or past practice or that tested the use of hand pollination (recommending or not 

recommending its use). The recommendations for or against hand pollination in the reviewed 

literature were based on scientific experiments comparing open pollination with hand 

pollination or costs calculations of hand pollination or collected literature evidence on the 

advantages of hand pollination. If hand pollination was currently practiced for a crop, we 

categorized the use as either “common” (practiced in most production countries, many parts of 

the world, largely used, main practice, often used etc.), “occasionally” (practiced in some 

production countries) or “rare” (practiced only under certain conditions). In addition, we noted 

the ecological reasons and economic motivations for currently practiced, past practiced, and 

recommended hand pollination for all publications retrieved by our systematic search. If hand 

pollination was (not) recommended, we noted the reasons for this conclusion. Furthermore, we 

extracted if hand pollination was performed automatically (mechanically) or by hand. We 

collected crop examples of major as well as minor crops across the globe but excluded examples 

of hand pollination used for breeding purposes. We referred to the different crop identities in 

the following as crop types, as some literature only referred to the vernacular name. In addition, 

we called each literature evidence documenting hand pollination of a crop as “crop incidence”, 

as one publication can document hand pollination of more than one crop type. We defined crops 

as major crops according to the categorization of “leading crops” in Klein et al. (2007) with a 

global production quantity of at least 4 000 000 tons annually. If crops were not listed in Klein 

et al. (2007) we consulted FAO (2019) and considered them as major if the crop had a 

production quantity above 4 000 000 tons. We considered crops not listed in Klein et al. (2007) 

and FAO (2019) as minor crops. We extracted the country where hand pollination was 

documented and the growth form (tree crop or herbaceous crop) from the respective publication 

of the crop example. Furthermore, we report each crop’s pollinator by assigning the following 

four pollinator categories (Table A.1.6): (1) honey bees and/or bumblebees, (2) all other bee 

species (excluding honey bees and bumblebees), (3) non-bee insect pollinators (e.g. wasps, 

butterflies, beetles), (4) vertebrate pollinators (mammals and birds). We also noted if wind 

pollination (5) was a major pollination medium for a crop. Finally, we complemented our 

knowledge on definitions of hand pollination, the process of hand pollination as well as 

challenges, risks, and opportunities of hand pollination with a non-systematic literature review.  

 

Results 

Occurrence and distribution of hand pollination 
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Our systematic literature search in Web of Science and Google Scholar yielded a total of 609 

publications of which 78 publications mentioned hand pollination as current, past or 

recommended practice (Table A.1.1, A.1.2). Overall, 32 publications (51 crop incidences) 

provided evidence of hand pollination in practice (supplementary or exclusively) in commercial 

production for 20 different crop types (Table A.1.2, A.1.3). These include eight major crops 

(apple, cacao, date palm, melon, oil palm, pumpkin, tomato, watermelon) and 12 minor crops 

(atemoya, cherimoya, custard apple, Dendrobium, Gastrodia root, kiwifruit, panax 

notoginseng, Paris, passionfruit, pistachio, pitaya, vanilla). Passionfruit (8 crop incidences), 

kiwifruit (7 crop incidences), vanilla (6 crop incidences), and date palm (4 crop incidences) 

were the most frequently mentioned for hand pollination under current practice (Figs 1.A4, 

1.A6). All in all, hand pollination under current practice was documented in 12 different 

countries (Fig. 1.2), 2 regions and 11 publications mentioned global use of hand pollination 

(atemoya, cherimoya, date palm, oil palm, passionfruit, and vanilla; Table A.1.5; profiles of 

four crops with global use of hand pollination are highlighted in Fig. 1.3). In terms of 

prevalence, 36 out of the 51 crop incidences (71%) referred to hand pollination as a common 

practice, 10 crop incidences (20%) referred to an occasional practice of hand pollination and 

for 5 crop incidences (10%) the prevalence of use was not specified (Table A.1.4). Half (51%) 

of hand pollination cases in practice were tree crops (e.g. apple, kiwifruit, pistachio, cacao, oil 

palm) and the other half were herbaceous (33%, e.g. tomatoes, pitahaya, pumpkin, watermelon) 

or herbaceous/woody crops (16%, passionfruit) (Fig. A.1.5). Herbaceous plants with hand 

pollination in practice included three orchid species (vanilla, Dendrobium, and Gastrodia root).  

Overall, 29 publications (34 crop incidences) recommended the use of hand pollination in 

agriculture for 21 different crop types. A majority (71%) of these crops were minor crops 

(atemoya, cherimoya, custard apple, pistachio, jojoba, olive, kiwifruit, pear, almond, 

bittergourd, ash gourd, passionfruit, red pitaya, Costa Rican pitaya, jackfruit) and few (24%) 

major crops (cacao, mango, almond, avocado, tomato, oil palm). Although olive, pistachio, and 

jojoba are largely wind-pollinated, they can still benefit from hand pollination, as mechanized 

applications exist to increase yields. Furthermore, hand pollination is, in particular, useful for 

self-incompatible genotypes or in arid conditions (when wind is lacking) (Ayerza & Coates, 

2004; Pinillos & Cuevas, 2008). Hand pollination was most frequently recommended for 

pistachio (4 crop incidences), red pitaya (3 crop incidences) and kiwifruit (3 crop incidences) 

(Fig. A.1.4). Also, here the majority (85%) of crops for which hand pollination was 

recommended were tree crops (Fig. A.1.5). 
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In general, three publications documented the past use of hand pollination for three different 

crop types (apple, tomato, oil palm). For oil palm, literature named the lack of pollinator and 

for tomato, the low efficiency of honey bees in combination with indoor cultivation as 

ecological reasons for hand pollination. In oil palm, hand pollination was replaced by the 

introduction of the African weevil to global production areas (Appiah & Agyei-Dwarko, 2013). 

Instead of hand pollination, apple pollination in Japan was performed with Osmia cornifrons 

(Westerkamp & Gottsberger, 2001). For tomatoes, cultivators managed to skip bumblebee 

hibernation, and thus could abolish the need for hand pollination year-round (Westerkamp & 

Gottsberger, 2000).  

We found 21 publications (22 crop incidences) that did not recommend hand pollination for 16 

different crops, including eight major crops (apple, buttercup squash, cucumber, melon, oil 

palm, pear, tomato, watermelon) and eight minor crops (bittergourd, cherimoya, codonopsis 

herb, kiwifruit, macadamia, passionfruit, sunn hemp, yellow pitaya; Fig. A.1.4). The main 

reasons for not recommending hand pollination were that fruit set and/or fruit quality by natural 

pollination was higher or (nearly) equal compared to hand pollination (45% of crop incidences), 

prioritizing pollinator conservation (despite hand pollination giving better pollination results) 

was recommended (18% of crop incidences) (Fig. A.1.3). Other reasons included that natural 

pollination was efficient (14% of crop incidences), hand pollination was too costly (14% of 

crop incidences), resulted in poor pollen handling and poor pollen germinability (5% of crop 

incidences), or was not practicable (5% of crop incidences). 

Hand pollination techniques were diverse, with the majority (46%) performed manually, 23% 

were performed mechanically (with automated devices) and 31% were with unspecified 

methods (Table A.1.3). Examples of manual hand pollination are the application of pollen with 

a brush (in 10 documented cases; e.g. Gonzalez et al., 1998), a puffer (in three documented 

cases; e.g. Gonzalez & Cuevas, 2008), a hand sprayer (in three documented cases; e.g. Lina & 

Protacio, 2013) or simply a male flower which is brought in contact with the pistils or placed 

within the female flower cluster (in two documented cases; e.g. Minarro & Twizell, 2015). 

Automated machine applications include blower, sprayer, or dispenser (in 11 documented 

cases; e.g. Gianni & Vania, 2018), electrostatic pollen applicators (in six documented cases; 

e.g. Gan–Mor et al., 2003), or vibrators (in eight documented cases; e.g Bell, Spooner-Hart, et 

al., 2006).  
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Fig. 1.2. Global examples of hand-pollinated crops. Icons indicate crop identity and location. Location 

is according to the country reported in the reviewed publication (see Table A.1.3). See references of 

crop icons and world map in Appendix.   

 

Cultural importance of hand pollination 

Six crops from our systematic review stood out, as hand pollination of these crops is historically 

and culturally deeply rooted. The date palm (Phoenix dactylifera), one of the oldest crop plants, 

has been praised by the prophet Mohammed for its fragrant, visual and medicinal properties, 

making it an important part of Islamic culture constituting an important income source of people 

in many production countries (Ashraf & Hamidi-Esfahani, 2011; Popenoe, 1924). Since 

unproductive male plants are reduced by cultivators and only pollination by wind and insects 

gives fair results, sufficient pollination of date palm is ensured manually by installing male 

inflorescences on the female palms, using dust guns, or placing dusted cotton balls among the 

pistils (Abul-Soad, 2010; McGregor, 1976). The pollination of date palm is often ritualized and 

also used for demonstrations of strength, pride, and skills of male laborers making it a culturally 

important practice (Roué et al., 2015). However, the climbing of date palm is physically 

challenging, often performed in simple climbing gear (made of old date leaves) and under a hot 

climate, which can result in severe medical problems and even death (Hayati et al., 2021; 

Mokdad et al., 2019). Despite new mechanical inventions (e.g. cranes and automated 



34 
 

pollination machines), traditional climbing largely persists in date cultivation, making hand 

pollination a safety and health issue (Al Suhaibani et al., 1992; Hayati et al., 2021).  

Another example is vanilla (Vanilla planifolia), which was introduced by Spanish explorers 

from Mexico to Europe during the 18th century (Fouché & Jouve, 1999). However, the 

subsequent cultivation of vanilla failed due to lack of pollinators and appropriate artificial 

pollination techniques. In 1841, Edmond Albius, a young slave on Reunion island, discovered 

an efficient pollination method, whereby he used a thin wooden stick to lift the rostellum and 

his thumb to press anthers and stigma together (Kull et al., 2009). This hand pollination method 

has been adopted all over the world and is still used today, making Albius’ discovery an 

essential cultural heritage for the world’s vanilla production. In northeastern Madagascar, 

where the livelihood of smallholders depends largely on vanilla production (Hänke et al., 2018), 

it is still applied nowadays.  

The cultivation of apples (Malus domestica) has a longstanding history in China (Luo, 2014). 

In 1980, apples became a major cash crop in Sichuan Province in the northwestern part of China 

(Partap, Partap and Yonghua, 2001). Following the expansion of apple cultivation, pesticides 

were increasingly used. The subsequent major pollinator declines in combination with the 

genetic impoverishment of cultivated apple trees resulted in the introduction of hand pollination 

in the 1990s (Partap & Ya, 2012; Ren et al., 2018). Also, beekeepers were reluctant to rent out 

bee colonies, as pesticides polluted plantations (Partap & Ya, 2012). Consequently, apple 

cultivation has decreased in the province, as hand pollination was costly and additional factors 

such as the increase of unfavorable weather events further decreased yields. Instead, farmers 

shifted to self-fertile crops such as plum, walnut, and loquat and also intercrop vegetables 

resulting in mixed systems.  

On top of these historical examples, the cultivated medicinal orchids Dendrobium catenatum 

(Dendrobium), Gastrodia elata (Gastrodia root), and the perennial medicinal herb Paris 

polyphylla var. yunnanensis (Paris) serve as examples of recent applications of manual 

pollination (Ren et al., 2014). The manual propagation aims to preserve these highly demanded 

and culturally important medicinal crops (Ren et al., 2014). Wild populations of these three 

medicinal plants have been overexploited and natural pollinators are either unknown or scarce 

(Hong et al., 2013; Ren et al., 2014). The use of herbal medicine is up until today of high cultural 

importance in China (Lixin et al., 2011).  
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Fig. 1.3. Overview of four crops which are produced using solely hand pollination: (A) Vanilla 

(Vanilla planifolia), (B) Atemoya (Annona squamosa), (C) Passionfruit (Passiflora edulis) and (D) Oil 

palm (Elaeis guineensis). Photos show the flower and fruit of each crop. See literature and photo 

references in Appendix.  

 

Reasons for hand pollination 

Applying hand pollination can be related to ecological, anthropogenic, climatic, morphological, 

or behavioral reasons (Table 1.1, Fig. A.1.1). We identified the lack of pollinators as the most 

frequently named reason why hand pollination was practiced or recommended with 50% of the 

crop incidences mentioning it (note 19% of crop incidences did not mention any reason). Lack 

of pollinators can occur due to different reasons. In particular, crops pollinated by a single 

pollinator are vulnerable to pollination limitation (Bennett et al., 2020), for example, atemoya, 

cherimoya, and custard apple, which are solely pollinated by nitidulid beetles (Klein et al., 

2007). Here, the production is challenged with low population densities of nitidulid beetles 

globally, making hand pollination a common measure (Blanche & Cunningham, 2005; 

Gonzalez & Cuevas, 2008; Westerkamp & Gottsberger, 2000). Native nitidulid beetles live in 

Annonaceae plants in tropical rain forest vegetation and are attracted by fallen fruit and litter to 

fruit plantations. Less rain and a monotonous agricultural landscape with a greater distance to 
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forests reduce the amount of nitidulid beetle visiting atemoya orchards (Blanche & 

Cunningham, 2005). 

In addition, our literature search presented hand-pollinated crops that are grown outside their 

natural ranges (e.g. vanilla in Madagascar and oil palm in Indonesia). Generally, crops that 

depend on specific native pollinators but are cultivated outside their biogeographic origin are 

visited by fewer pollinators (Brown & Cunningham, 2019) and thus may have limited capacities 

to reach sufficient natural pollination in their new agricultural environments. Cultivators of 

vanilla and oil palm have to adapt to missing or fluctuating pollinator populations (Li et al., 

2019; Westerkamp & Gottsberger, 2000).  

Crop species that have a strong dependency on successful pollination due to self-incompatibility 

or required cross-pollination can be affected by pollination limitation if pollinators are missing 

(Westerkamp & Gottsberger, 2000). Klein et al. (2007) identified nine crops (atemoya, cocoa, 

fig, passionfruit, oil palm, sapodilla, vanilla, brazil nut, cola nut) with a strong dependency on 

wild pollinator species and with no record of honey bee pollination. Our literature research 

confirmed this (Fig. A.1.4, Table A.1.4), as we found a large proportion of publications 

documenting hand pollination as common practice for passionfruit (16% of crop incidences), 

vanilla (12% of crop incidences), atemoya (6% of crop incidences), oil palm (6% of crop 

incidences), cacao (4% of crop incidences). Also, kiwifruit, a crop that greatly benefits from 

animal pollinators (Klein et al., 2007), was highlighted by our literature research, as 14% of 

crop incidences documented hand pollination of this crop.  

Insects, as well as mammal and bird pollinators, have been declining globally, with agricultural 

intensification being a major driver (Kremen et al., 2002; Regan et al., 2015). Two publications 

of our literature research highlighted the introduction of hand pollination following excessive 

use of pesticides and loss of natural habitat, which eradicated most wild pollinators as well as 

several domesticated honey bee colonies (Partap, Partap and Yonghua, 2001; Partap & Ya, 

2012). Also, passionfruit production in Brazil (Barrera et al., 2020), as well as atemoya 

cultivation in Australia (Pritchard & Edwards, 2006), suffer from low numbers of carpenter 

bees and nitidulid beetles, respectively.  
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Table 1.1: Reasons and economic motivations for hand pollination. Examples include crops with recent or past documentation of hand pollination 1 

use in commercial crop production.  2 

Reasons for hand pollination 

Causes Drivers Examples References 

(1) Lack of pollinators 

(50% of crop incidences) 

Intensification of agriculture (incl. increasing 

pesticide, fertilizer use, loss of natural habitats); 

Climate change; Cultivation outside crops’ 

natural distribution 

Passionfruit production in 

Brazil; Atemoya cultivation in 

Australia; Global vanilla 

production; Oil palm in 

Southeast Asia; Paris, 

gastrodia root, dendrobium in 

China; Apples in China 

 

Barrera, Trinidad and Presas (2020); Pritchard and Edwards 

(2006); Westerkamp and Gottsberger (2000); Li et al. (2019); 

Ren et al. (2014); Partap and Ya (2012) 

(2) Insufficient proportion or 

proximity of pollinizer 

plants (8% of crop 

incidences) 

Low market prices for fruits of pollinizer plants; 

Insufficient knowledge of adequate pollinizer and 

plant proportion 

Apples China; Kiwifruit in 

Italy; Pistachio in Iran; Jojoba 

in Argentina; Date palm in 

Sudan 

Partap, Partap and Yonghua (2001); Partap and Partap (2002); 

Gianni and Vania (2018); Westerkamp and Gottsberger, 

(2000); Karimi et al. (2017); Ayerza and Coates (2004); 

Dahab, Osman and Abdalla (2020) 

(3) Skewed sex ratio or 

dichogamy (8% of crop 

incidences) 

Dichogamous or monoecious flower strategies 

can drive mismatching receptivity of flower parts 

& skewed sex ratio of inflorescences 

Dioecious crops: Kiwifruit 

and Cherimoya; Monoecious 

crops: Bitter gourd and ash 

gourd 

Gonzalez, Coque and Herrero (1998); Richards (2001); 

González et al. (2006); Gonzalez and Cuevas (2008); Anusree 

et al. (2015) 

(4) Temporal, spatial or 

functional mismatches of 

crop-pollinator interactions 

(6% of crop incidences) 

Increasing global temperatures; 

Extreme weather events (e.g., heavy rain, wind or 

temperature extremes); 

Poor weather (rainy, cold, cloudy, or windy) 

Apple in China; Cherimoya in 

Spain; Kiwifruit in New 

Zealand; Tomato production 

Partap, Partap and Yonghua (2001); Soler and Cuevas (2008); 

Costa, Testolin and Vizzotto (1993); Bouquet (1919) 

(5) Low inefficiency of 

honeybees (6% of crop 

incidences) 

Managed honeybees are no efficient pollinators 

for a crop, as special behavior or morphology is 

required for successful pollination. 

Kiwifruit in New Zealand; 

Passionfruit in Bangladesh; 

Costa Rican and Red pitaya in 

Israel 

Howpage, Spooner-Hart and Vithanage (2010); Broussard et 

al. (2017); Westerkamp and Gottsberger (2000); Das et al. 

(2013); Weiss, Nerd and Mizrahi (1994) 

(6) Temporal mismatches of 

crop-pollinizer interactions 

(5% of crop incidences) 

Asynchronous flowering of main cultivar and 

pollinizer plant due to poor choice of pollinizer 

plant species 

Jackfruit in the Philippines; 

Olives in Italy and Mexico; 

Pistachio in Sudan 

Lina and Protacio (2013); Karimi et al. (2017); Gianni and 

Vania (2018); Sánchez-Estrada and Cuevas (2020) 
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(7) Orchard design (5% of 

crop incidences) 

Orchard design hampering efficient pollination 

(plastic tunnels, too narrow rows) 

Kiwifruits in Italy; Avocado in 

Australia 

Westerkamp and Gottsberger (2000); Gianni and Vania 

(2018); Goodwin (2012) 

(8) Indoor cultivation (4% of 

crop incidences) 

 

Crops cultivated in greenhouses lack natural 

pollinators and managed pollinators escape 

greenhouses when houses are ventilated 

Global tomato production 
Westerkamp and Gottsberger (2000); Goodwin (2012); Kevan 

et al. (1991) 

(9) Pollinator dilution (3% 

of crop incidences) 

 

Parallel flowering of little or non-rewarding crops 

and rewarding crops leading to a dilution of 

pollinators 

Kiwifruit in Chile, Spain & 

New Zealand 

 

Westerkamp and Gottsberger (200)0; Minarro and Twizell 

(2015)  

(10) Less or non-attractive 

flower traits (3% of crop 

incidences) 

 

Crops that provide little reward struggle to meet 

sufficient pollination when co-evolved pollinators 

are lacking 

Kiwifruit and mango 

production 
Huda et al. (2015); Westerkamp and Gottsberger (2001) 

(11) Lack of genetic 

diversity (3% of crop 

incidences) 

Lack of genetically different plants (cross-pollen 

not available) 
Jojoba in Argentina; Pitaya  Coates and Ayerza (2008); Bellec, Vaillant and Imbert (2006) 

(12) Short flowering 

(3% of crop incidences) 

Short flowering or short effective pollination 

periods 

Kiwifruit in Italy; Jackfruit in 

the Philippines 
Lina & Protacio (2013); Costa et al. (1993) 

Economic motivations for hand pollination 

Causes Drivers Examples References 

(1) Increase fruit set/yield 

and/or fruit quality  

(78% of crop incidences) 

Low or missing fruit set/yields 

Low fruit quality 

Kiwifruit in Israel; 

Passionfruit in Brazil 
Gan-Mor et al. (2003); Popak, Markwith and Strange (2019) 

(2) Supplementing natural 

pollination  

(6% of crop incidences) 

Low or missing fruit set/yields 

Low fruit quality 

 

Cacao Richards (2001); Lautenbach et al. (2012) 

(3) Maintaining high 

production (4% of crop 

incidences) 

Low or missing fruit set/yields 

Low fruit quality 

 

Atemoya in Brazil Blanche and Cunningham (2005) 

3 
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Insufficient proportion or proximity of pollinizer (8% of crop incidences) and skewed sex 

ratio or dichogamy (8% of crop incidences) were the second most mentioned reasons why 

hand pollination was practiced or recommended. Many fruit tree cultivars such as apples or 

pears are self-incompatible (Klein et al., 2007) and require cross-pollination from other 

compatible varieties, called pollinizer trees (Free, 1993; Ramírez & Davenport, 2013).  

Insufficient proportion or proximity of pollinizers applied for apples (Partap, Partap and 

Yonghua, 2001; Partap & Partap, 2002), kiwifruit (Gianni & Vania, 2018; Westerkamp & 

Gottsberger, 2000), pistachio (Karimi et al., 2017), jojoba (Ayerza & Coates, 2004) and date 

palm (Dahab et al., 2020). Also in dioecious species (e.g. kiwifruit or date palm), female plants 

depend on sufficient proportions of males i.e. pollinizers for successful fruit production. The 

appropriate proportion of pollinizer trees varies between crops and averages for apples between 

25-33% (Jindal & Sharma, 2004). Furthermore, the proximity of pollinizer trees is crucial for 

fruit setting since bees tend to move to the closest tree (Free, 1960). Generally, fruit set decrease 

with increasing distance of pollinizer trees to the other trees (Free, 1962). Pollinizer trees can 

either be planted in the surrounding or grafted onto the main crop species (Ya et al., 2003). 

However, low market prices of the fruits from pollinizer trees can drive their reduction as shown 

for apple production in China, where less than 10% of trees are pollinizers and the remaining 

are inadequately positioned (Partap & Ya, 2012). Also in kiwifruits, where a fruit set of 90% is 

required for a profitable harvest (Sale, 1990), the proportion of original recommendation for 

interplanted males was too low to maximize harvest from female plants (Testolin, 1991). The 

application of manual pollination in pistachio in Turkey is common due to fluctuating flowering 

times of female trees as well as low proportions of male trees (Acar et al., 2001; Kuru, 1995). 

 

Skewed sex ratio or dichogamy (8% of crop incidences) applied largely for the dioecious 

crops kiwifruit (Gonzalez et al., 1998; A. J. Richards, 2001), cherimoya (González et al., 2006; 

Gonzalez & Cuevas, 2008), and the monoecious crops bitter gourd and ash gourd (Anusree et 

al., 2015). Monoecious crops can suffer from pollination limitation due to sex skewness leading 

to a dominance of pistillate or staminate flowers necessitating hand pollination (Anusree et al., 

2015; Pinillos & Cuevas, 2008). Furthermore, dichogamous crops such as cherimoya shed their 

pollen at a time different from their receptive stigma (Richardson & Anderson, 1996). This 

facilitates outcrossing with other individuals, but can also drive pollination limitation if 

pollinating vectors are scarce (Pinillos & Cuevas, 2008).  
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Temporal, spatial, or functional mismatches of crop-pollinator interactions occurred in 6% 

of crop incidences practicing or recommending hand pollination. Apple (Partap, Partap and 

Yonghua, 2001), cherimoya (Soler & Cuevas, 2008), kiwifruit (Costa et al., 1993), tomato 

(Bouquet, 1919). In apple pollination in China, hand pollination effort strongly depends on 

weather conditions (Partap & Ya, 2012). During unfavorable weather conditions, apple hand 

pollination needs to be increased and more workers are hired to enable sufficient and repeated 

pollination for the long flowering time. Also, Spanish cherimoya production struggles in colder 

winter months with low fruit quality, which is counteracted by new techniques of hand 

pollination (Soler & Cuevas, 2008), similar to tomato, for which hand pollination was 

recommended in winter times (Bouquet, 1919). Bad weather conditions challenge the 

pollination of kiwifruit by reducing the activity of pollinators coupled with a short flowering 

time (Costa et al., 1993). Generally, pollinator species may respond differently to weather 

changes (Fründ, Zieger, et al., 2013). For example, pollinator activity of honey bees decreases 

during strong winds and at low temperatures, whereas bumblebees can continue foraging under 

colder temperatures (Fründ, Dormann, et al., 2013; Hennessy et al., 2020; Tuell & Isaacs, 2010). 

Furthermore, flowering can be reduced as well as dehiscence accelerated, and pollen 

germination, ovule fertilization, or pollen transfer impaired (Dorsey, 1920). Therefore, the 

effective pollination period can be altered by unfavorable weather, as demonstrated in kiwifruit 

(Gonzalez et al., 1998). Crops with naturally short effective pollination periods, e.g. kiwifruit 

or vanilla, which flower only a day or are only a few days receptive (Fouché & Jouve, 1999; 

Gonzalez et al., 1995), are more likely to be affected by weather effects on pollinators. 

Increasing global temperatures induced by climate change are predicted to cause mismatches 

of plant-pollinator interactions in time, space, and function (Schweiger et al., 2008; Settele et 

al., 2016). Extreme weather events (e.g. heavy rain, wind, or temperature extremes) have 

increased in frequency (Bouwer, 2019) and are expected to drive pollination decisions of 

farmers. As, for example, for passionfruit production, for which climate change is predicted to 

alter the occurrence range of its pollinating carpenter bee, leading to a plant-pollinator mismatch 

of >54% (Bezerra et al., 2019). 

 

Low efficiency of honey bees was mentioned for 6% of crop incidences (passionfruit, kiwifruit, 

Costa Rican pitaya, and red pitaya). In general, domesticated honey bees (Apis mellifera) are 

increasingly used to compensate for the lack of wild pollinators (Aizen & Harder, 2009). 

Nevertheless, even if honey bees are available, their pollination efficiency may be unreliable 

and low compared to the more efficiently pollinating wild insects. Based on our literature 
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search, we confirm this for kiwifruit (Broussard et al., 2017; Howpage et al., 2010), as 

bumblebees transfer more pollen per visit compared to honey bees (Minarro & Twizell, 2015). 

Also for passionfruit (Das et al., 2013; Westerkamp & Gottsberger, 2000) and Costa Rican and 

red pitaya (Weiss et al., 1994), honey bees were less suitable pollinators compared to carpenter 

bees as their bodies are not adapted to the flower morphology and their flower-visiting times 

are short. Thus, honey bees may supplement crop pollination for many crop systems but cannot 

replace pollination services by wild pollinators (Garibaldi et al., 2013). 

 

Temporal mismatches of crop-pollinizer interactions were named for 5% of crop incidences 

(jackfruit, olives, and pistachio) as a reason for hand pollination. In jackfruit, stigma receptivity 

of female flowers mismatches with the pollen shedding of male plants (Lina & Protacio, 2013). 

Here, hand pollination can ensure direct pollination of opened female inflorescences. Also in 

olives and pistachio, the flowering of male and female trees does not match (Gianni & Vania, 

2018; Karimi et al., 2017; Sánchez-Estrada & Cuevas, 2020), driving the need for hand 

pollination. To avoid pollination limitation due to temporal mismatches, the following 

recommendations are given for watermelon: pollinizer species should firstly flower with a high 

percentage of plants, secondly with a high number of staminate flowers with a high pollen load 

per plant, and thirdly with maximum flowering overlap to the pistillate (female) flowers of the 

main cultivar (McGregor & Waters, 2014). In China, the flowering dates of pear in the region 

limit the pollinizer choice to only 2-3 varieties, which are rare and costly. If the flowering does 

not match naturally, the synchronous flowering of the different cultivars can be artificially 

delayed or advanced with chemicals (Porlingis & Voyiatzis, 1986).  

 

Orchard design hampering efficient pollination was mentioned for 5% of crop incidences 

(kiwifruit, avocado). Kiwifruits are grown in rows and plastic tunnels are typically installed to 

protect the fruits from adverse weather events and bacterial infections (Gianni & Vania, 2018; 

Westerkamp & Gottsberger, 2000). However, these plastic walls prevent airflow which 

facilitates pollination by wind (Richards, 2001). In addition, kiwi trees grow closer and closer 

to each other over time, resulting in narrow distances between plants, which hamper a 

homogenous flower visitation by pollinators (Goodwin, 2012). 

 

Furthermore, the low pollen quality of pollinizers (5% of crop incidences) refers to poor pollen 

viability in pistachio, olives, and cherimoya (Gianni & Vania, 2018; Sánchez-Estrada & 

Cuevas, 2020; Vaknin et al., 2002). To improve pollen vigor, hand pollination was 
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recommended to increase pollen flow (Vaknin, 2006). In addition, the supplementation of 

pollen with zinc or boric acid improved the germination success of hand pollination in olives 

and pistachios (Karimi et al., 2017; Zeraatkar et al., 2013).  

 

Indoor cultivation was named for 4% of the crop incidences (e.g., tomato) for which hand 

pollination was practiced or recommended. Tomatoes are mainly grown indoors, as their 

cultivation in a protected environment has multiple advantages (Sabir & Singh, 2013). 

However, wind and natural pollinators, which are needed for pollination, are absent in indoor 

cultivation or introduced bees escape when glasshouses are ventilated (Hanna, 2004; Van 

Heemert et al., 1990). In the past, hand pollination has been a common method to ensure 

sufficient pollination for greenhouse tomatoes (Westerkamp & Gottsberger, 2000). However, 

hand pollination for large-scale greenhouse cultivation is very costly and has been largely 

replaced by the introduction of buzz-pollinating bumblebee colonies (Goodwin, 2012; Kevan 

& Phillips, 2001). In cases when bumblebee pollination is not available (e.g. in Australia; Bell, 

Spooner-Hart, et al., 2006) or greenhouse units are too small to support even small bumblebee 

colonies (Hanna, 2004), hand pollination with electric vibrators proved to give good results 

(Goodwin, 2012; Kevan et al., 1991). 

 

Pollinator dilution applied for 3% of crop incidences (e.g. kiwifruit). Parallel flowering of 

reward-rich and reward-poor crops can cause a dilution of pollinators (Broussard et al., 2020), 

but is tried to be avoided in kiwifruit production by adding sugar food to honey bee colonies 

(Westerkamp & Gottsberger, 2000). Research indicates that pollinator visitation of reward-poor 

plants depends on the spatial distribution of nectar as well as the number and distribution of 

reward-poor plants among other plants (Nakamura & Kudo, 2016). Crop species with naturally 

less pollinator reward (e.g. no or less pollen and/or nectar) may suffer from low pollination 

effectiveness and fail to meet high yields in commercial production if pollination is not aided 

(Doreen & Jay, 1984). Kiwifruit flowers, for example, produce little nectar overall, and pollen 

from female flowers is unviable (Minarro & Twizell, 2015).  

 

Less or non-attractive flower traits accounted for hand pollination reasons in 3% of crop 

incidences, including mango and kiwifruit, as both crops produce little nectar (Huda et al., 2015; 

Westerkamp & Gottsberger, 2000). In general, crop species with specialized flower traits may 

fail to achieve sufficient levels of pollination when co-evolved pollinators are lacking due to 

the low attractiveness of flower traits to a wider range of pollinators. For example, orchids are 
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known for generally low pollination rewards, due to the common food deceptive floral mimicry, 

which evolved to attract pollinators and to facilitate cross-pollination (Grillo & Venora, 2011; 

Jersáková et al., 2020). Vanilla produces solely perfume to lure the pollinating perfume-

collecting euglossine bees which naturally occur at low population densities and only in the 

Neotropics (Nemésio & Silveira, 2007; Westerkamp & Gottsberger, 2001). However, in larger 

production systems with low densities of the orchid’s natural pollinators (e.g. vanilla production 

in Mexico), this evolutionary trait may fail to work and manual pollination becomes essential 

for high production.  

 

The lack of genetic diversity (3% of crop incidences) in commercial plantations of jojoba 

(Coates & Ayerza, 2008) and pitaya (Bellec et al., 2006) was named for reasons of hand 

pollination. To maintain high yields, manual cross-pollination was needed, as both genetic 

diversity and the presence of natural pollinators was low.  

 

A short flowering (3% of crop incidences) challenges the cultivation of jackfruit in the 

Philippines (Lina & Protacio, 2013) and kiwifruit in Italy (Costa et al., 1993). Kiwifruit and 

jackfruit flowers are only receptive for a few days (Gonzalez et al., 1995; Lina & Protacio, 

2013), which narrows the window for successful pollination substantially. In particular, if bad 

weather conditions impair the flight activity of pollinators, pollination success becomes critical 

(as described in the section “Temporal, spatial or functional mismatches of crop-pollinator 

interactions”). Naturally, short flowering aims to increase out-crossing in plants (Lina & 

Protacio, 2013). 

 

Wrong pollen cultivar in olive production (Gianni & Vania, 2018), sexual incompatibility of 

hybrids in oil palms (Romero et al., 2021), competition of honey bees with natural pollinators 

in passionfruit (Westerkamp & Gottsberger, 2000), and negative effects of uncontrolled 

pollination (resulting in lower fruit set or quality) in cacao (Toledo-Hernández et al., 2020) 

were the minor reason for hand pollination named each only for one crop incidence.  

 

Economic motivations for hand pollination 

Worldwide, production deficits due to missing pollination have been increasing since 1980 

(Aizen et al., 2019). Economic losses due to pollination limitation or failure constitute an 

important motive for hand pollination (Table 1.1, Fig. A.1.2). The main economic motivation 

for practicing or recommending hand pollination was to increase fruit set/yield and/or fruit 
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quality, as 78% of crop incidences named this reason. Furthermore, supplementing natural 

pollination (6% of crop incidences) and maintaining high production (4% of crop incidences) 

were named as economic motivations for practicing or recommending hand pollination (13% 

of crop incidences did not provide a motivation).  

 

Implementation of hand pollination 

Driven by economic losses, the implementation of hand pollination is motivated by diverse 

socio-economic opportunities as well as limited by a range of constraints and risks. We 

summarize these opportunities, constraints, and risks of hand pollination based on additional 

non-systematic literature research to discuss factors influencing the implementation of hand 

pollination. 

 

Opportunities of hand pollination 

Hand pollination in commercial production can reduce or prevent monetary losses, making it 

an attractive and profitable method. By hand pollination, farmers can ensure constant levels of 

yields (Pinto et al., 2005; Silveira et al., 2012), control for over- or under-pollination (Davis, 

1983; Oronje et al., 2012), modify the frequency of pollination events (Gonzalez et al., 2006), 

decide on the origin of pollen (especially important in plant breeding) (Pinto et al., 2005), and 

choose the optimal timing for pollination and hence harvesting (Partap & Ya, 2012; Pinillos & 

Cuevas, 2008), all of which can lead to a more constant and higher income. Quality standards, 

such as form, size, or juice content, are essential for a high market value and can be optimized 

in certain crops through manual pollination, as shown for kiwifruit, cherimoya, and cucumber 

(Blanchet, 1990; Caleca et al., 2002; Hossain et al., 2018). Furthermore, fruit abortion can be 

reduced by hand pollination as demonstrated with watermelons in Tanzania (Sawe et al., 2020). 

Fruit set and quality improvements through hand pollination can be attributed to diverse factors. 

Natural pollinators usually carry a mixture of self and cross-pollen to flowers in contrast to 

manual pollination, where pure cross-pollen is applied (Thomson, 2008). Hence, pollination 

and pollen competition with inferior pollen can be controlled for in hand pollination (Thomson, 

2008). Furthermore, animal pollination depends on environmental conditions such as suitable 

surrounding habitat (Steffan-Dewenter & Tscharntke, 1999), light intensity (Klein et al., 2003; 

Ricketts et al., 2008), and weather conditions (Kouonon et al., 2009). In contrast, hand-

pollinated crops show less variation in fruit set (Klein et al., 2003). Hand pollination can thus 

serve as a pollination emergency kit if pollination temporarily fails, for example, due to bad 

weather conditions or diseases (Das et al., 2013; Partap & Ya, 2012).  
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Hand pollination is often observed in small-scale farming or home gardens (Garibaldi et al., 

2009; Roubik, 1995). For few crops, hand pollination can presumably be better manageable 

with regards to time, labor, and material needed, although workability depends always on the 

benefits, extra costs, and resources available in the specific crop system (Allsopp, de Lange, & 

Veldtman, 2008). Hand pollination can be a common method to ensure yields and income, as 

observed for Curcubitaceae vegetables (Garibaldi et al., 2009; Rashid & Singh, 2000). 

Particularly gardens in areas with higher levels of urbanization and densification may lack 

sufficient natural pollinators (Ahrné et al., 2009; Wenzel et al., 2020) and thus benefit from 

hand pollination. Passionfruit, popular in Bangladeshi home gardens, shows the highest fruit 

set, juice content, and seed set after hand pollination (Das et al., 2013). The smallholder 

production of bittermelon in Kenya also ensures marketable fruits with hand pollination (Oronje 

et al., 2012). Recently, a governmental hand pollination program was started in Ghana by the 

Cocoa Health and Extension Division of Ghana Cocoa Board aiming to boost the countries 

cacao production and farmers’ earnings (COCOBOD, 2019). Simultaneously, cacao research 

has provided evidence that full-tree hand pollination can increase yields by 162%, increasing 

farmers’ income by 60-70% (Toledo-Hernández et al., 2020). In Kenya, hand pollination of 

passionfruit has been propagated by the organization “Feed the Future” to improve yields and 

boost the production of new varieties of yellow passion fruit (Feed the Future, 2015). With 

increasing agricultural production also employment increased, which particularly promoted 

work opportunities for women in rural areas.  

 

Constraints and risks of hand pollination 

For both small- and large-scale agricultural systems, risks and constraints exist in the 

implementation of hand pollination (Fig. 1.4). Overall, hand pollination is time- and labor-

consuming as it involves multiple steps including harvesting, drying, storing, checking, and 

applying pollen (check Appendix for details on the process of hand pollination, Text A1, Fig. 

A.1.7).  In small-scale farming, labor and time have to be allocated from other household tasks, 

i.e. opportunity costs need to be considered which can be challenging for farmers with already 

few resources available (Oronje et al., 2012). However, if labor is available, higher and more 

stable production quantities may lead to higher food security for smallholders, such as for the 

cucurbit production in Bangladesh, where levels of malnutrition are high (Rashid & Singh, 

2000). 

Especially in large-scale systems, the investment in more labor and material is likely too costly 

if higher returns are not given. Thus, the calculation of added costs through hand pollination 
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(labor, material, time) vs. the received benefits is crucial to assess before large-scale 

implementation of hand pollination. Here, costs and profits of hand pollination depend on the 

crop system and hand pollination techniques (Table 1.2). In vanilla, the laborious hand 

pollination can make up to 40% of the production costs (Gregory et al., 1967) and trained people 

require one day to pollinate 1000-2000 flowers (Purseglove et al., 1981). For pear, one person 

can max. pollinate 30-40 fruit trees a day (Ya et al., 2003). In the deciduous fruit industry, the 

costs of hand pollination were estimated with a conservative method to four times the cost of 

harvesting the fruit (Allsopp, de Lange, & Veldtman, 2008). Furthermore, a proxy of 180 man-

days is given as time to pollinate one hectare of deciduous fruit varieties (approximately 60 

minutes are required to pollinate one apple tree). For tomatoes in Australia, 60 hours are needed 

to hand pollinate one hectare of crops with an electric vibrating wand or electric bee (Bell, 

Spooner-Hart, et al., 2006). For cacao, one worker needs around seven minutes to pollinate one 

complete tree (Toledo-Hernández et al., 2020). Thus 77 cacao trees can be fully pollinated in 

an 8-9h working day, resulting in hand pollination costs of 1170 USD/ha (Toledo-Hernández 

et al., 2020). For the Dutch tomato production, costs of US$ 18million were estimated for the 

hand pollination of 1600 ha (Van Heemert et al., 1990). In Brazil, hand pollination of 

passionfruit increased production costs by up to 12% (Agrianual, 2015). However, costs of hand 

pollination can also be covered by the added profit through increased yields, e.g. kiwifruit 

production in Spain (Gonzalez et al., 1998). 

Generally, crop production using hand pollination is limited to countries where cheap labor is 

available (e.g. US$ 12–19/human pollinator/d in Maoxian County, China; ~ US$ 12.1 /human 

pollinator/d in Western Cape, Africa; ~ US$ 0,40/day in Sudan; Allsopp, de Lange, & 

Veldtman, 2008; Dahab et al., 2020; Partap & Ya, 2012) and often few health and safety 

standards for workers exist (Hayati et al., 2021). In India, children are often illegally hired for 

the hand pollination of hybrid cotton, because their wages are cheaper and their smaller hands 

are perceived as advantageous for pollinating the minuscule cotton flowers (Venkateswarlu, 

2007). This child labor in the corporate cotton industry brings up several human rights issues 

like misuse, unpaid wages, and bad treatment but is often little addressed (McKinney, 2015). 

Labor costs are influenced by weather conditions and can increase during bad weather when 

repeated pollination is required (Ya et al., 2003). Costs of hand pollination can be reduced by 

the development of new technologies that lower labor input and optimize pollination. In date 

palm production, the usage of automated pollination machines reduced labor inputs by 50% and 

nearly tripled the yields of one season compared to manual pollination (Dahab et al., 2020). 

Other examples for new hand pollination technologies are the electrostatic pollen applicator for 
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kiwifruit, the trunk vibrator for olive trees, or the pollination by drones in a greenhouse or 

smaller crop systems (Abutalipov et al., 2016; Gan–Mor et al., 2003; Pinillos & Cuevas, 2008).  

 

Table 1.2: Overview of time needed, costs, and profits of hand pollination of six crops. Foreign 

currencies were converted to USD. 

Crop Time Costs of hand 

pollination 

Profit References 

Passionfruit 20 person-days/ 

month/ ha (first 

year); 40 person-

days/ month/ ha 

(second year) 

44–48% of production 

costs  

-58% of profits if natural 

pollination is not available  

(Popak et al., 

2019) 

Kiwifruit  +10% increase of 

production (of which 

50% needs to be used to 

cover  

hand pollination costs) 

 

+10% production (of which 

50% are profit for 

cultivators) 
 

(Gonzalez et al., 

1998) 

Cacao 7 minutes/tree  1170 USD/ha  +59.3% or +68.8% higher 

returns (with realistic or 

optimistic calculation);  

-87.3% lower returns 

(conservative calculation)  

(Toledo-

Hernández et al., 

2020) 

Pear One person can 

max. pollinate 

30-40 fruit trees 

each day  

2.3-4.7 

USD/person/day 

NA (Ya et al., 2003) 

Tomato 60 hours/ ha 

(electric 

vibrating wand 

or electric bee) 

NA NA (Bell, Spooner-

Hart, et al., 2006) 

Date palm 200 trees 

pollinated/season 

(manual 

pollination); 720 

trees/ 

seasons 

(pollination 

machine) 

0.02 USD/tree (with 

pollination machine); 

0.14 USD/tree 

(manual pollination) 

Profit higher with 

automated techniques (605 

kg/season with pollination 

machine vs. 233 kg/seasons 

with manual pollination) 

 

 

 

 

(Dahab et al., 

2020) 

 

Constraints on the implementation of hand pollination include knowledge gaps of the 

pollination system and limited availability of technology or training, especially in economically 

developing countries (Godfray et al., 2010; Partap & Ya, 2012; Rashid & Singh, 2000). Hand 

pollination requires, depending on the plant species, specific skills of the human pollinator (Fig. 

1.4). Fine motor skills are required for the pollination of the fragile orchid flowers of vanilla, 

which is predominately done by women and children (FAO, 2006; Havkin-Frenkel & Belanger, 

2010). In cocoa, good eyesight is required for hand pollination as flowers are minuscule 
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(Groeneveld et al., 2010). If hand pollination is done poorly, the application of pollen may 

mechanically damage flower stigmas (Kearns & Inouye, 1993; Young & Young, 1992). In 

contrast, a strong physical ability for working in the canopy is needed for crops such as apple 

or pear trees (Partap & Ya, 2012). Unfortunately, injuries in tree pollination are common 

(Hayati et al., 2021; Ya et al., 2003). Here, automated systems may offer opportunities to reduce 

accidents, reduce human labor and optimize pollination success (Dahab et al., 2020; Shapiro et 

al., 2017).   

Overall, high production costs or unpredictable production losses are likely to increase food 

prices (Novais et al., 2016; Westerkamp & Gottsberger, 2002). Furthermore, if hand pollination 

were to be implemented at large scales and across cropping systems, our reliance on artificial 

services would increase. In addition, pollinator conservation benefits most systems (Gutiérrez-

Chacón et al., 2018; Wu et al., 2021), as natural pollinators are adapted to certain plant systems 

(Brown & Cunningham, 2019) and thus the most efficient, least costly, and most biodiversity-

friendly pollination option (Garibaldi et al., 2013; Gleadow et al., 2019). In systems where 

natural pollination services are available or restorable, we may risk losing pollinators if 

agricultural management starts to ignore pollinator conservation. Nevertheless, for crop 

systems, where pollinators are not available, fluctuating in activity or densities, less efficient or 

non-manageable for the type of cultivation (e.g. in large-scale or enclosed systems), hand 

pollination can be a valuable alternative (Das et al., 2013; Pritchard & Edwards, 2006) or even 

the only alternative (e.g. vanilla in Madagascar) (Havkin-Frenkel & Belanger, 2010).  
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Fig. 1.4. Opportunities, constraints, and risks for the implementation of hand pollination in 

commercial crop production. Plus symbols on arrows indicate motivating reasons and minus symbols 

on arrows indicate limiting reasons. 

 

Research Directions 

The usage of hand pollination shown by our review urges more research on the occurrence of 

pollination limitation among crops. Up to today, our knowledge of many crop-pollinator 

systems (e.g. for cacao, oil palm) is not exhaustive, including knowledge gaps on the identity 

of pollinator agents, pollination ecology, and how land-use affects pollinator species and 

communities (Li et al., 2019; Senapathi et al., 2017; Toledo-Hernández et al., 2017). 

Furthermore, experimental hand pollination research needs to relate their results to real-life 

applications and discuss trade-offs to guide a sustainable application of hand pollination. In 

addition, facilitating knowledge transfer from science to farmers about the correct pollinizer 

identity, pollen quantity, pollen quality, pollination timing, and application method can help to 

optimize or minimize the use of hand pollination.  

In addition, research on hand pollination needs to address the socio-political aspects of hand 

pollination to ensure its fair application. Hand pollination can have a strong social impact, as 

households need to spare or pay labor for hand pollination from other agricultural tasks. In 

vanilla production, hand pollination is mainly family-sourced and children may accompany 

their parents or replace adult labor for hand pollination (Havkin-Frenkel & Belanger, 2010; 

Komarek, 2010). Sustainability standards such as Fairtrade try to tackle child labor in vanilla 

production by offering premium prices and training (Fairtrade International, 2017). The 

application of hand pollination thus needs to follow social and ethical work standards; 

otherwise, its use is not justifiable.  

Labor costs in hand pollination can be reduced by technical solutions, but their development 

does not reach all farmers or solutions don’t yet exist for the respective crop. Production areas 

in economically developing countries often lack access to science and new technologies for 

sufficient pollination, as e.g. a “robotic docking crane system”, which pollinates vanilla based 

on a visual feedback system, are impracticable in the field (Shaneyfelt et al., 2013). Resources 

invested in the development or implementation of labor, material, and energy-consuming hand 

pollination technology need to be well-targeted and justified, otherwise environmental and 

economic costs are likely to be too high, especially for large-scale systems (e.g. robo-bees, 

engineered artificial pollinators; Chechetka et al., 2017; Gleadow et al., 2019).  

Economic cost calculations of hand pollination can guide the effective and sustainable 

implementation (Toledo-Hernández et al., 2020), but are lacking for many crop systems. In 
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addition, costs should not be generalized but depend on the cropping location, crop, hand 

pollination technique, and environmental conditions (Dahab et al., 2020; Ya et al., 2003). Thus 

future cost scenarios of pollination limitation, need to include the costs of mitigation measures 

such as hand pollination (Lippert et al., 2021).  

The results of hand pollination can vary depending on interactions with abiotic parameters such 

as chemical input (Campbell & Halama, 1993). For example for date palm, the combination of 

mulch, fertilizer, and hand pollination achieved the highest yields (El Mardi et al., 2007). In 

general, yields are influenced by both pollination success as well as plant nutrient availability 

(Groeneveld et al., 2010). Thus, knowledge and provision of the required crop nutrients can 

help to ensure the success of hand pollination.  

Global change is becoming an increasing threat to natural pollinators, while agricultural 

intensification continues to impact pollinators negatively (Nicholson & Egan, 2020; Vanbergen 

et al., 2013). However, a diverse set of measures exists to conserve pollinators, such as restoring 

or preserving natural habitats, providing food resources, bio-friendly pest management, 

enhancing landscape heterogeneity, and installing nesting places (Senapathi et al., 2015). In 

addition, conservation of pollinator diversity and not only of crop pollinators is important to 

ensure the resilience of crop systems and ecosystem functioning in the landscape (Senapathi et 

al., 2015). Here, measures need to acknowledge the socio-economic and ecological impacts of 

pollination limitation to develop holistic conservation measures. Thus, alternatives of managing 

natural and free pollinators as well as providing or restoring pollinator-friendly habitat should 

firstly be explored and implemented to keep self-sustaining agroecosystems and landscapes, 

before resorting to hand pollination (van der Sluijs & Vaage, 2016). Nevertheless, if resources, 

prospects, and options of pollinator conservation are limited, hand pollination is an important 

management tool that deserves more attention in scientific research as well as commercial crop 

production. 

 

Conclusion 

Our review demonstrates that hand pollination is, in contrast to common belief, applied in 

global commercial crop production. Diverse ecological, anthropogenic, climatic, 

morphological, and behavioral reasons or economic motivations can motivate hand pollination. 

In terms of yields, hand pollination provides multiple advantages over natural pollination, in 

particular control of pollen origin and quantity, pollination timing and frequency as well as 

independence from environmental fluctuations. We highlight that by using hand pollination, 

farmers can ensure and/or increase yields, improve fruit quality, avoid fruit abortion, increase 
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employment, secure subsistence food as well as generate higher crop prices. At the same time, 

understanding the reasons for hand pollination will help to increase awareness of the drivers of 

pollination limitation and guide counter actions such as conserving natural pollinators. We 

show hand pollination can find application in large- and small-scale farming, home gardens, 

and enclosed systems. However, for all kinds of systems, the workability of hand pollination 

depends on the benefits gained, the extra costs needed to invest, and the resources available in 

the specific crop system. Based on the presented cost calculations (e.g. for cacao, kiwifruit, date 

palm), we conclude that the benefits of hand pollination can outweigh the additional costs, in 

particular, if automated techniques are available. If automated techniques are not available, 

hand pollination is often performed by low-paid workers and even children under precarious 

conditions. Thus, the use of hand pollination needs to go along with socio-ecological standards 

including pollinator conservation and safe and just labor. Firstly, we stress that farm 

management needs to target pollinator conservation, as natural pollinators outcompete human 

pollinators with their efficiency, speed, and affordability (exceptions exist if natural pollinators 

are not available or restorable, e.g. vanilla production in Madagascar). Secondly, alternative 

options such as hand pollination can be exploited. Overall, hand pollination does not need to be 

considered as an exclusive but rather an integrated option, which can strengthen the resilience 

of farm systems responding to increasingly occurring pollination limitations. Thus, protecting 

natural plant-pollinator systems while using the benefits of hand pollination in systems where 

pollinators are (temporarily) not available, occur at low densities only, fluctuate in activity, are 

less efficient or non-manageable for the type of cultivation, can aid both crop production as 

well as ecosystem functioning of agroecosystems.  

 

Author’s contributions 

AW, IG and TT conceived the ideas and designed methodology; AW reviewed the literature, 

extracted the data, and led the writing of the manuscript. All authors contributed to the 

manuscript and gave final approval for publication. 

 

Competing interest statement 

No potential conflict of interest was reported by the authors. 

Data availability statement 

Data and code are available via OSF: 

https://osf.io/mw237/?view_only=bf78482f239846f99395848a718b8d44  

https://osf.io/mw237/?view_only=bf78482f239846f99395848a718b8d44


52 
 

Acknowledgments 

This study has been conducted as part of the transdisciplinary research project ‘Diversity Turn 

in Land Use Science’ funded by the Niedersächsisches Vorab of Volkswagen Foundation (11-

76251-99-35/13 (ZN3119)). Thanks to Manuel Toledo-Hernandez and Louise Truslove for 

providing photos of hand pollination. Our thanks go to all our colleagues in the Diversity Turn 

in Land Use project, in particular Kristina Osen, Andry Rakotomalala, and Dominic Martin, 

who contributed to this project with discussions and comments. Thanks to Kevin Li and 

Maximilian Vollstädt from the Agroecology group at the University of Goettingen for their 

support and to Saskia Dröge for helping with the systematic literature search. We are grateful 

for the constructive comments by Ignasi Bartomeus and one anonymous reviewer.  

 

References 

Abul-Soad, A. A. (2010). Date palm in Pakistan, current status and prospective. In USAID 

Firms project (Vols. 9–11). 

http://www.academia.edu/download/36298865/USAID_Date_Palm_in_Pakistan_Adel_

2011.pdf 

Abutalipov, R. N., Bolgov, Y. V, & Senov, H. M. (2016). Flowering Plants Pollination 

Robotic System for Greenhouses by Means of Nano Copter ( Drone Aircraft ). 2016 

IEEE Conference on Quality Management, Transport and Information Security, 

Information Technologies, 7–9. https://doi.org/10.1109/ITMQIS.2016.7751907 

Acar, I., Ak, B., & Kuzdere, H. (2001). An investigation on artificial pollination facilities in 

pistachios by using an atomizer. In Proceedings of the XI GREMPA Seminar on 

Pistachios and Almonds. Cahiers Options Mediterraneennes, 56, 145–148. 

http://om.ciheam.org/om/pdf/c56/01600168.pdf 

Agrianual, A. (2015). Agrianual Anuário Estatístico da Agricultura Brasileira. In FNP 

Consultoria e Comércio. 

Ahrné, K., Bengtsson, J., & Elmqvist, T. (2009). Bumble Bees (Bombus spp) along a 

Gradient of Increasing Urbanization. PLoS ONE, 4(5). 

https://doi.org/10.1371/journal.pone.0005574 

Aizen, M.A., & Harder, L. D. (2009). The global stock of domesticated honey bees is growing 

slower than agricultural demand for pollination. Current Biology, 19(11), 915–918. 

https://doi.org/10.1016/J.CUB.2009.03.071 

Aizen, Marcelo A., Aguiar, S., Biesmeijer, J. C., Garibaldi, L. A., Inouye, D. W., Jung, C., 

Martins, D. J., Medel, R., Morales, C. L., Ngo, H., Pauw, A., Paxton, R. J., Sáez, A., & 



53 
 

Seymour, C. L. (2019). Global agricultural productivity is threatened by increasing 

pollinator dependence without a parallel increase in crop diversification. Global Change 

Biology, 25(10), 3516–3527. https://doi.org/10.1111/gcb.14736 

Al Suhaibani, S. A., Babier, A. S., Kilgour, J., & Blackmore, B. S. (1992). Field tests of the 

KSU date palm machine. Journal of Agricultural Engineering Research, 51(C), 179–

190. https://doi.org/10.1016/0021-8634(92)80036-R 

Allsopp, M. H., de Lange, W. J., & Veldtman, R. (2008). Valuing insect pollination services 

with cost of replacement. PLoS ONE, 3(9). 

https://doi.org/10.1371/journal.pone.0003128 

Anusree, T., Abhina, C., Lishiba, P. P., Rasna, T. V, Varma, S., & Sinu, P. A. (2015). Flower 

sex expression in cucurbit crops of Kerala: implications for pollination and fruitset. 

Current Science, 109(12), 2299–2302. 

Appiah, S., & Agyei-Dwarko, D. (2013). Studies on Entomophil pollination towards 

sustainable production and increased profitability in the oil Palm: a review. Elixir 

Agriculture 55 (2013) 12878-12883 

Ashman, T.-L., Knight, T. M., Steets, J. A., Amarasekare, P., Burd, M., Campbell, D. R., 

Dudash, M. R., Johnston, M. O., Mazer, S. J., Mitchell, R. J., Morgan, M. T., Wilson, 

W. G., & Ashman, T. L., Knight, T. M., Steets, J. A., Amarasekare, P., Burd, M., 

Campbell, D. R., Morgan, M. T. (2004). Pollen limitation of plant reproduction: 

ecological and evolutionary causes and consequences. Ecology, 85(9), 2408–2421. 

https://doi.org/10.1890/03-8024 

Ashraf, Z., & Hamidi-Esfahani, Z. (2011). Date and date processing: A review. Food Reviews 

International, 27(2), 101–133. https://doi.org/10.1080/87559129.2010.535231 

Ayerza, R., & Coates, W. (2004). Supplemental pollination-Increasing olive (Olea europaea 

L.) yields in hot, arid environments. Experimental Agriculture, 40(4), 481–491. 

https://doi.org/10.1017/S0014479704002133 

Baldock, K. C. (2020). Opportunities and threats for pollinator conservation in global towns 

and cities. In Current Opinion in Insect Science (Vol. 38, pp. 63–71). Elsevier Inc. 

https://doi.org/10.1016/j.cois.2020.01.006 

Barrera, W. B., Trinidad, K. A. D., & Presas, J. A. (2020). Hand pollination and natural 

pollination by carpenter bees (Xylocopa spp.) in Passiflora edulis Sims. f. flavicarpa 

Deg. (yellow passion fruit). Journal of Apicultural Research. 

https://doi.org/10.1080/00218839.2020.1842580 



54 
 

Basu, P., Bhattacharya, R., & Ianetta, P. (2011). A decline in pollinator dependent vegetable 

crop productivity in India indicates pollination limitation and consequent agro-

economic crises. Nature Precedings, 1–1. https://doi.org/10.1038/npre.2011.6044.1 

Bell, M. C., Spooner-Hart, R., & Haigh, A. M. (2006). Pollination of Greenhouse Tomatoes 

by the Australian Bluebanded Bee Amegilla (Zonamegilla) holmesi (Hymenoptera: 

Apidae). Journal of Economic Entomology, 99(2), 437–442. 

https://doi.org/10.1603/0022-0493-99.2.437 

Bell, M. C., Spooner-hart, R. N., & Haigh, A. M. (2006). Pollination of Greenhouse Tomatoes 

by the Australian Bluebanded Bee Amegilla (Zonamegilla) holmesi (Hymenoptera: 

Apidae). Journal of Economic Entomology, 99(2), 437–442. 

https://doi.org/10.1093/jee/99.2.437 

Bellec, F., Vaillant, F., & Imbert, E. (2006). Pitahaya (Hylocereus spp.): a new fruit crop, a 

market with a future. Fruits, 61(4), 237–250. https://doi.org/10.1051/fruits:2006021 

Bennett, J. M., Steets, J. A., Burns, J. H., Burkle, L. A., Vamosi, J. C., Wolowski, M., Arceo-

Gómez, G., Burd, M., Durka, W., Ellis, A. G., Freitas, L., Li, J., Rodger, J. G., Ştefan, 

V., Xia, J., Knight, T. M., & Ashman, T. L. (2020). Land use and pollinator dependency 

drives global patterns of pollen limitation in the Anthropocene. Nature 

Communications, 11(1), 20. https://doi.org/10.1038/s41467-020-17751-y 

Bezerra, A. D. M., Pacheco Filho, A. J. S., Bomfim, I. G. A., Smagghe, G., & Freitas, B. M. 

(2019). Agricultural area losses and pollinator mismatch due to climate changes 

endanger passion fruit production in the Neotropics. Agricultural Systems, 169, 49–57. 

https://doi.org/10.1016/j.agsy.2018.12.002 

Bhattacharya, R., & Basu, P. (2018). Pollinator Limitation and Crop Production: 

Experimental Observations on Few Economically Important Vegetable Crops in West 

Bengal, India. Proceedings of the Zoological Society, 71(1), 88–91. 

https://doi.org/10.1007/s12595-016-0189-4 

Blanche, R., & Cunningham, S. A. (2005). Rain forest provides pollinating beetles for 

atemoya crops. Journal of Economic Entomology, 98(4), 1193–1201. 

https://doi.org/10.1603/0022-0493-98.4.1193 

Blanchet, P. (1990). Kiwifruit (Actinidia deliciosa Chev.) pollination: honeybee behavior and 

its influence on the fruit. Acta Horticulturae, 282, 105–110. 

https://doi.org/10.17660/ActaHortic.1990.282.10 



55 
 

Blitzer, E. J., Gibbs, J., Park, M. G., & Danforth, B. N. (2016). Pollination services for apple 

are dependent on diverse wild bee communities. Agriculture, Ecosystems & 

Environment, 221, 1–7. 

Bouquet, A. (1919). Pollination of tomatoes. Station Bulletin, 158. 

Bouwer, L. M. (2019). Observed and Projected Impacts from Extreme Weather Events: 

Implications for Loss and Damage. In Loss and damage from climate change (pp. 63–

82). https://doi.org/10.1007/978-3-319-72026-5_3 

Broussard, M. A., Mas, F., Howlett, B., Pattemore, D., & Tylianakis, J. M. (2017). Possible 

mechanisms of pollination failure in hybrid carrot seed and implications for industry in 

a changing climate. Plos One, 12(6). https://doi.org/10.1371/journal.pone.0180215 

Broussard, M., Goodwin, M., Mcbrydie, H., Evans, L., & Pattemore, D. (2020). Pollination 

requirements of kiwifruit (Actinidia chinensis Planch.) differ between cultivars 

“Hayward” and “Zesy002.” Taylor & Francis, 49(1), 30–40. 

https://doi.org/10.1080/01140671.2020.1861032 

Brown, J., & Cunningham, S. A. (2019). Global-scale drivers of crop visitor diversity and the 

historical development of agriculture. Proceedings of the Royal Society B: Biological 

Sciences, 286(1915). https://doi.org/10.1098/rspb.2019.2096 

Bystriakova, N., Griswold, T., Ascher, J. S., & Kuhlmann, M. (2018). Key environmental 

determinants of global and regional richness and endemism patterns for a wild bee 

subfamily. Biodiversity and Conservation, 27(2), 287–309. 

https://doi.org/10.1007/s10531-017-1432-7 

Caleca, V., Verde, G. La, Ragusa, S., & Tsolakis, H. (2002). Insect and hand pollination of 

Annona spp. in Sicily. Phytophaga, 12, 117–127. 

Campbell, D. R., & Halama, K. J. (1993). Resource and pollen limitations to lifetime seed 

production in a natural plant population. Ecology, 74(4), 1043–1051. 

https://doi.org/10.2307/1940474 

Chechetka, S. A., Yu, Y., Tange, M., & Miyako, E. (2017). Materially Engineered Artificial 

Pollinators. Chem, 2(2), 224–239. https://doi.org/10.1016/j.chempr.2017.01.008 

Christmann, S. (2019). Do we realize the full impact of pollinator loss on other ecosystem 

services and the challenges for any restoration in terrestrial areas? Restoration Ecology, 

27(4), 720–725. https://doi.org/10.1111/rec.12950 

Coates, W., & Ayerza, R. (2008). Supplemental pollination-increasing jojoba (Simmondsia 

chinensis L. [schneider]) seed yields in the Arid Chaco environment. Industrial Crops 

and Products, 27(3), 364–370. https://doi.org/10.1016/j.indcrop.2007.12.002 



56 
 

COCOBOD. (2019). Farmers Training. Cocoa Health Extension Division. 

https://www.ched.com.gh/services/Farmers Training/Farmers/index.html 

Cole, L. J., Brocklehurst, S., Robertson, D., Harrison, W., & McCracken, D. I. (2017). 

Exploring the interactions between resource availability and the utilisation of semi-

natural habitats by insect pollinators in an intensive agricultural landscape. Agriculture, 

Ecosystems and Environment, 246, 157–167. 

https://doi.org/10.1016/j.agee.2017.05.007 

Costa, G., Testolin, R., & Vizzotto, G. (1993). Kiwifruit pollination: An unbiased estimate of 

wind and bee contribution. New Zealand Journal of Crop and Horticultural Science, 

21(2), 189–195. https://doi.org/10.1080/01140671.1993.9513767 

Dahab, M., Osman, M., & Abdalla, O. (2020). Comparison of Locally Developed Date Palm 

Pollination Machine with Manual Pollination under Shambat Condition–Sudan. Asian 

Journal of Agricultural and Horticultural Research, 7(2), 16–25. 

https://doi.org/10.9734/AJAHR/2020/v7i230091 

Das, M. R., Hossain, T., Mia, M. A. B., Ahmed, J. U., Kariman, A. J. M. S., & Hossain, M. 

M. (2013). Fruit Setting Behaviour of Passion Fruit. American Journal of Plant 

Sciences, 04(05), 1066–1073. https://doi.org/10.4236/ajps.2013.45132 

Davis, E. W. (1983). Experiences with growing vanilla (Vanilla planifolia). Acta 

Horticulturae, 132, 23–30. https://doi.org/10.17660/ActaHortic.1983.132.2 

Delaney, A., Dembele, A., Nombré, I., Gnane Lirasse, F., Marshall, E., Nana, A., Vickery, J., 

Tayleur, C., & Stout, J. C. (2020). Local‐scale tree and shrub diversity improves 

pollination services to shea trees in tropical West African parklands. Journal of Applied 

Ecology, 57(8), 1504–1513. https://doi.org/10.1111/1365-2664.13640 

Dicks, L., Breeze, T., & Ngo, H. (2020). A global assessment of drivers and risks associated 

with pollinator decline. https://doi.org/10.21203/rs.3.rs-90439/v1 

Doreen, D., & Jay, C. (1984). Observations of honeybees on Chinese gooseberries 

(‘kiwifruit’) in New Zealand. Bee World, 65(4), 155–166. 

https://doi.org/10.1080/0005772X.1984.11098804 

Dorsey, M. J. (1920). Relation of weather to fruitfulness in the plum. Monthly Weather 

Review, 48(11), 644–644. https://doi.org/10.1175/1520-

0493(1920)48<644:ROWTFI>2.0.CO;2 

Eardley, C. D., Gikungu, M., & Schwarz, M. P. (2009). Bee conservation in Sub-Saharan 

Africa and Madagascar: Diversity, status and threats. In Apidologie (Vol. 40, Issue 3, 

pp. 355–366). EDP Sciences. https://doi.org/10.1051/apido/2009016 



57 
 

El Mardi, M. O., Al Said, F. A. J., Sakit, C. B., Al Kharusi, L. M., Al Rahbi, I. N., & Al 

Mahrazi, K. (2007). Effect of pollination method, fertilizer and mulch treatments on the 

physical and chemical characteristics of date palm (Phoenix dactylifera) Fruit I: 

Physical characteristics. Acta Horticulturae, 736, 317–328. 

https://doi.org/10.17660/ActaHortic.2007.736.30 

Fairtrade International. (2017). Vanilla Farmers in Madagascar Leading Against Child Labour 

-. https://www.fairtrade.net/news/vanilla-farmers-in-madagascar-leading-against-child-

labour 

FAO. (2006). Tools for Conservation and Use of Pollination Services Initial - Survey of good 

pollination practice. Economic Valuation of Pollination Services: Review of Methods. 

Nations, Food and Agriculture Organization of the United Agriculture Department, 

Seed and Plant Genetic Resources Division (AGPS). 

https://www.google.com/search?q=Tools+for+Conservation+and+Use+of+Pollination+

Services+Initial+SURVEY+OF+GOOD+POLLINATION+PRACTICES&client=firefo

x-b-

d&sxsrf=ACYBGNTJHi_6EZLDKRCuvk3eg8LWr1vFJA:1570470595710&source=ln

ms&sa=X&ved=0ahUKEwjW5vLv2orlAhUOyKQKHdH 

FAO. (2019). FAOSTAT Vanilla Production quantity. 

http://www.fao.org/faostat/en/#data/QC 

Feed the Future. (2015). Hand-Pollination for Passion Fruit Increases Productivity and Rural 

Employment for Kenyan Women. U.S. Government’s Global Hunger & Food Security 

Initiative. https://www.feedthefuture.gov/article/hand-pollination-for-passion-fruit-

increases-productivity-and-rural-employment-for-kenyan-women/ 

Fouché, J. G., & Jouve, L. (1999). Vanilla planifolia: history, botany and culture in Reunion 

island. Agronomie, 19, 689–703. https://hal.archives-ouvertes.fr/hal-

00885962/document 

Frankel, R., & Galun, E. (2012). Pollination mechanisms, reproduction and plant breeding. 

Springer Berlin Heidelberg. 

https://books.google.com/books?hl=de&lr=&id=nWv8CAAAQBAJ&oi=fnd&pg=PA1

&dq=plant+breeding+artificial+pollination&ots=a0CBeHi2X7&sig=Tfd-

wdnZCyjpsRR8avXLuC6MZhA 

Free, J. B. (1960). The behaviour of honeybees visiting flowers of fruit trees. Journal of 

Animal Ecology, 385–395. 

https://www.jstor.org/stable/2211?casa_token=_k5Mtpcgva8AAAAA:R8HzKXsoLDS5



58 
 

xfyh7_IJv2bYQnSd5ZNkfdcqGdEJ0MBJathSZYj8-

Ftg8qq0A8MougCq91ySJ9IPGYWDngcKtamAGddlGBPRqKK9_x8FGVQ5drZ8eSN

m 

Free, J. B. (1962). The Effect of Distance from Pollinizer Varieties on the Fruit Set on Trees 

in Plum and Apple Orchards. Journal of Horticultural Science, 37(4), 262–271. 

https://doi.org/10.1080/00221589.1962.11514045 

Free, J. B. (1993). Insect pollination of crops (2nd ed.). Academic Press. 

Fründ, J., Dormann, C. F., Holzschuh, A., & Tscharntke, T. (2013). Bee diversity effects on 

pollination depend on functional complementarity and niche shifts. Ecology, 94(9), 

2042–2054. https://doi.org/10.1890/12-1620.1 

Fründ, J., Zieger, S. L., & Tscharntke, T. (2013). Response diversity of wild bees to 

overwintering temperatures. Oecologia, 173(4), 1639–1648. 

https://doi.org/10.1007/s00442-013-2729-1 

Gan-Mor, S., Bechar, A., Ronen, B., Eisikowitch, D., & Vaknin, Y. (2003). Electrostatic 

pollen applicator development and tests for almond, kiwi, date, and pistachio - An 

overview. Applied Engineering in Agriculture, 19(2), 119–124. 

Gan–Mor, S., Bechar, A., Ronen, B., Eisikowitch, D., Vaknin, Y., Gan-Mor, S., Bechar, A., 

Ronen, B., Eisikowitch, D., & Vaknin, Y. (2003). Electrostatic pollen applicator 

development and tests for almond, kiwi, date, and pistachio-an overview. Applied 

Engineering in Agriculture, 19(2), 119–124. https://doi.org/0.13031/2013.13099 

Garibaldi, L. A., Aizen, M. A., Cunningham, S., & Klein, A. M. (2009). Pollinator shortage 

and global crop yield. Communicative & Integrative Biology, 2(1), 37–39. 

https://doi.org/10.4161/cib.2.1.7425 

Garibaldi, L. A., Steffan-Dewenter, I., Winfree, R., Aizen, M. A., Bommarco, R., 

Cunningham, S. A., Kremen, C., Carvalheiro, L. G., Harder, L. D., Afik, O., Bartomeus, 

I., Benjamin, F., Boreux, V., Cariveau, D., Chacoff, N. P., Dudenhoffer, J. H., Freitas, 

B. M., Ghazoul, J., Greenleaf, S., … Klein, A. M. (2013). Wild Pollinators Enhance 

Fruit Set of Crops Regardless of Honey Bee Abundance. Science, 339(6127), 1608–

1611. https://doi.org/10.1126/science.1230200 

Garratt, M. P. D., Truslove, C. L., Coston, D. J., Evans, R. L., Moss, E. D., Dodson, C., & ... 

& Potts, S. G. (2014). Pollination deficits in UK apple orchards. Journal of Pollination 

Ecology, 12(2)(9–14).  

Gianni, T., & Vania, M. (2018). Artificial Pollination in Kiwifruit and Olive Trees. In 

Pollination in Plants. https://doi.org/10.5772/intechopen.74831 



59 
 

Gleadow, R., Hanan, J., & Dorin, A. (2019). Averting robo-bees: why free-flying robotic bees 

are a bad idea. Emerging Topics in Life Sciences, 3(6), 723–729. 

https://doi.org/10.1042/etls20190063 

Godfray, H. C. J., Beddington, J. R., Crute, I. R., Haddad, L., Lawrence, D., Muir, J. F., 

Pretty, J., Robinson, S., Thomas, S. M., Toulmin, C., Tilman, D., Schmidhuber, J., 

Tubiello, F. N., Piesse, J., Thirtle, C., Pretty, J., Balmford, A., Green, R. E., 

Scharlemann, J. P. W., … Smaling, E. M. A. (2010). Food security: the challenge of 

feeding 9 billion people. Science, 327(5967), 812–818. 

https://doi.org/10.1126/science.1185383 

González, M., Baeza, E., Lao, J., & Cuevas, J. (2006). Pollen load affects fruit set, size, and 

shape in cherimoya. Scientia Horticulturae, 110(1), 51–56. 

https://doi.org/10.1016/j.scienta.2006.06.015 

Gonzalez, M., Baeza, E., Lao, J. L., & Cuevas, J. (2006). Pollen load affects fruit set, size, 

and shape in cherimoya. Scientia Horticulturae, 110(1), 51–56. 

https://doi.org/10.1016/j.scienta.2006.06.015 

Gonzalez, M., & Cuevas, J. (2008). Optimal crop load and positioning of fruit in cherimoya 

(Annona cherimola Mill.) trees. Scientia Horticulturae, 115(2), 129–134. 

https://doi.org/10.1016/j.scienta.2007.08.002 

Gonzalez, M. V., Coque, M., & Herrero, M. (1995). Stigmatic receptivity limits the effective 

pollination period in kiwifruit. Journal of the American Society for Horticultural 

Science, 120(2), 199–202. https://doi.org/10.21273/jashs.120.2.199 

Gonzalez, M. V, Coque, M., & Herrero, M. (1998). Influence of pollination systems on fruit 

set and fruit quality in kiwifruit (Actinidia deliciosa). Annals of Applied Biology, 

132(2), 349–355. https://doi.org/10.1111/j.1744-7348.1998.tb05210.x 

Goodwin, M. (2012). Pollination of crops in Australia and New Zealand. 

https://www.academia.edu/download/58636745/12-059.pdf 

Grass, I., Meyer, S., Taylor, P. J., Foord, S. H., Hajek, P., & Tscharntke, T. (2018). 

Pollination limitation despite managed honeybees in South African macadamia 

orchards. Agriculture, Ecosystems & Environment, 260, 11–18. 

https://doi.org/10.1016/j.agee.2018.03.010 

Gregory, L. E., Gaskins, M. H., & Colberg, C. (1967). Parthenocarpic Pod Development by 

Vanilla planifolia Andrews Induced with Growth-Regulating Chemicals. Economic 

Botany, 21(4), 351–357. 



60 
 

Grillo, O., & Venora, G. (2011). The dynamical processes of biodiversity: evolution and 

spatial distribution. Few study cases. Università di Cagliari. 

https://iris.unica.it/handle/11584/74539 

Groeneveld, J. H., Tscharntke, T., Moser, G., & Clough, Y. (2010). Experimental evidence 

for stronger cacao yield limitation by pollination than by plant resources. Perspectives 

in Plant Ecology, Evolution and Systematics, 12(3), 183–191. 

https://doi.org/10.1016/j.appees.2010.02.005 

Gutiérrez-Chacón, C., Fornoff, F., Ospina-Torres, R., & Klein, A. M. (2018). Pollination of 

granadilla (passiflora ligularis) benefits from large wild insects. Journal of Economic 

Entomology, 111(4), 1526–1534. https://doi.org/10.1093/jee/toy133 

Hallmann, C. A., Sorg, M., Jongejans, E., Siepel, H., Hofland, N., Schwan, H., Stenmans, W., 

Müller, A., Sumser, H., Hörren, T., Goulson, D., & de Kroon, H. (2017). More than 75 

percent decline over 27 years in total flying insect biomass in protected areas. PLOS 

ONE, 12(10). https://doi.org/10.1371/journal.pone.0185809 

Hänke, H., Barkmann, J., Blum, L., Franke, Y., Martin, D. A., Niens, J., Osen, K., Uruena, V., 

Witherspoon, S. A., & Wurz, A. (2018). Socio-economic, land use and value chain 

perspectives on vanilla farming in the SAVA Region (north-eastern Madagascar): The 

Diversity Turn Baseline Study (DTBS). Diskussionsbeitrag No. 1806, July 2019. 

Hanna, H. Y. (2004). Air Blowers Are Less Effective Pollinators of Greenhouse Tomatoes 

than Electric Vibrators but Cost Less to Operate. In HortTechnology (Vol. 14, Issue 1). 

https://doi.org/10.21273/horttech.14.1.0104 

Hass, A. L., Kormann, U. G., Tscharntke, T., Clough, Y., Baillod, A. B., Sirami, C., Fahrig, 

L., Martin, J. L., Baudry, J., Bertrand, C., Bosch, J., Brotons, L., Bure, F., Georges, R., 

Giralt, D., Marcos-García, M., Ricarte, A., Siriwardena, G., & Batáry, P. (2018). 

Landscape configurational heterogeneity by small-scale agriculture, not crop diversity, 

maintains pollinators and plant reproduction in western Europe. Proceedings of the 

Royal Society B: Biological Sciences, 285(1872). 

https://doi.org/10.1098/rspb.2017.2242 

Havkin-Frenkel, D., & Belanger, F. C. (2010). Handbook of Vanilla Science and Technology 

(D. Havkin-Frenkel & F. C. Belanger (eds.)). Wiley-Blackwell. 

http://doi.wiley.com/10.1002/9781444329353 

Hayati, A., Marzban, A., & Rahnama, M. (2021). Occupational safety and health in traditional 

date palm works. International Archives of Occupational and Environmental Health. 

https://doi.org/10.1007/s00420-021-01664-4 



61 
 

Hennessy, G., Harris, C., Eaton, C., Wright, P., Jackson, E., Goulson, D., & Ratnieks, F. F. L. 

W. (2020). Gone with the wind: effects of wind on honey bee visit rate and foraging 

behaviour. Animal Behaviour, 161, 23–31. 

https://doi.org/10.1016/j.anbehav.2019.12.018 

Holland, J. M., Sutter, L., Albrecht, M., Jeanneret, P., Pfister, S. C., Schirmel, J., Entling, M. 

H., Kaasik, R., Kovacs, G., Veromann, E., Bartual, A. M., Marini, S., Moonen, A. C., 

Szalai, M., Helsen, H., Winkler, K., Lof, M. E., van der Werf, W., McHugh, N. M., … 

Cresswell, J. E. (2020). Moderate pollination limitation in some entomophilous crops of 

Europe. Agriculture, Ecosystems and Environment, 302, 107002. 

https://doi.org/10.1016/j.agee.2020.107002 

Holzschuh, A., Dudenhöffer, J.-H., & Tscharntke, T. (2012). Landscapes with wild bee 

habitats enhance pollination, fruit set and yield of sweet cherry. Biological 

Conservation, 153, 101–107. https://doi.org/10.1016/j.biocon.2012.04.032 

Hong, L., Yibo, L., Zhongjian, L., Liu, H., Luo, Y., & Liu, Z. (2013). Using guided 

commercialized cultivation models to promote species conservation and sustainable 

utilization: an example from the Chinese medicinal orchids. Biodiversity Science, 21(1), 

132–135. https://doi.org/10.3724/SP.J.1003.2013.04139 

Hossain, M., Yeasmin, F., Rahman, M., Akhtar, S., & Hasnat, M. (2018). Role of insect visits 

on cucumber (Cucumis sativus L.) yield. Journal of Biodiversity Conservation and 

Bioresource Management, 4(2), 81–88. https://doi.org/10.3329/jbcbm.v4i2.39854 

Howpage, D., Spooner-Hart, R., & Vithanage, V. (2010). Influence of honey bee (Apis 

mellifera) on kiwifruit pollination and fruit quality under Australian conditions. New 

Zealand Journal of Crop and Horticultural Science, 29(1), 51–59. 

https://doi.org/10.1080/01140671.2001.9514160 

Huda,  a. N., Salmah, M. R. C., Hassan,  a. A., Hamdan,  a., Razak, M. N. A., Abu Hassan, 

A., Hamdan,  a., & Razak, M. N. A. (2015). Pollination Services of Mango Flower 

Pollinators. Journal of Insect Science, 15, 113. https://doi.org/10.1093/jisesa/iev090 

IPBES. (2016). The assessment report of the Intergovernmental Science-Policy Platform on 

Biodiversity and Ecosystem Services on pollinators, pollination and food production. 

S.G. Potts, V. L. Imperatriz-Fonseca, and H. T. Ngo (eds). Secretariat of the 

Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services, 

Bonn, Germany. www.ipbes.net 



62 
 

Jersáková, J., Johnson, S. D., & Kindlmann, P. (2020). Mechanisms and evolution of 

deceptive pollination in orchids. Biological Reviews, 81(2), 219–235. 

https://doi.org/10.1017/S1464793105006986 

Jindal, K. K., & Sharma, R. C. (2004). Recent Trends in Horticulture in the Himalayas: 

Integrated Development Under the Mission Mode. Indus Publishing. 

Karimi, H. R., Mohammadi, N., Estaji, A., & Esmaeilizadeh, M. (2017). Effect of 

supplementary pollination using enriched pollen suspension with Zn on fruit set and 

fruit quality of pistachio. Scientia Horticulturae, 216, 272–277. 

https://doi.org/10.1016/j.scienta.2017.01.027 

Kearns, C. A., & Inouye, D. W. (1993). Techniques for pollination biologists. University 

Press of Colorado, USA. 

https://books.google.de/books?hl=de&id=tqrwAAAAMAAJ&dq=Techniques+for+polli

nation+biologists.&focus=searchwithinvolume&q=damage+stigma 

Kevan, P G, Straver, W. A., Offer, M., & Laverty, T. M. (1991). Pollination of greenhouse 

tomatoes by bumble bees in Ontario. Proceedings of the Entomological Society of 

Ontario, 122, 15–19. 

Kevan, Peter G., & Phillips, T. P. (2001). The Economic Impacts of Pollinator Declines: An 

Approach to Assessing the Consequences. Conservation Ecology, 5(1), 1–15. 

https://doi.org/10.5751/ES-00272-050108 

Klein, A. M., Steffan-Dewenter, I., & Tscharntke, T. (2003). Fruit set of highland coffee 

increases with the diversity of pollinating bees. Proceedings of the Royal Society B: 

Biological Sciences, 270(1518), 955–961. https://doi.org/10.1098/rspb.2002.2306 

Klein, A. M., Vaissière, B. E., Cane, J. H., Steffan-Dewenter, I., Cunningham, S. A., Kremen, 

C., & Tscharntke, T. (2007). Importance of pollinators in changing landscapes for world 

crops. Proceedings of the Royal Society B: Biological Sciences, 274(1608), 303–313. 

https://doi.org/10.1098/rspb.2006.3721 

Klein, Vaissiere, B. E., Cane, J. H., Steffan-Dewenter, I., Cunningham, S. A., Kremen, C., & 

Tscharntke, T. (2007). Importance of pollinators in changing landscapes for world 

crops. Proceedings of the Royal Society B: Biological Sciences, 274(1608), 303-313. 

https://doi.org/10.1098/rspb.2006.3721 

Knight, T. M., Steets, J. A., Vamosi, J. C., Mazer, S. J., Burd, M., Campbell, D. R., Dudash, 

M. R., Johnston, M. O., Mitchell, R. J., & Ashman, T.-L. (2005). Pollen Limitation of 

Plant Reproduction: Pattern and Process. Annual Review of Ecology, Evolution, and 



63 
 

Systematics, 36(1), 467–497. 

https://doi.org/10.1146/annurev.ecolsys.36.102403.115320 

Komarek, A. M. (2010). Crop diversification decisions: The case of vanilla in Uganda. 

Quarterly Journal of International Agriculture, 49(3), 227–242. 

https://doi.org/10.22004/ag.econ.155551 

Kouonon, L. C., Jacquemart, A.-L., Bi, A. I. Z., Bertin, P., Baudoin, J.-P., & Dje, Y. (2009). 

Reproductive biology of the andromonoecious Cucumis melo subsp agrestis 

(Cucurbitaceae). Annals of Botany, 104(6), 1129–1139. 

https://doi.org/10.1093/aob/mcp196 

Kremen, C., & M’Gonigle, L. K. (2015). Small-scale restoration in intensive agricultural 

landscapes supports more specialized and less mobile pollinator species. Journal of 

Applied Ecology, 52(3), 602–610. https://doi.org/10.1111/1365-2664.12418 

Kremen, C., Williams, N. M., & Thorp, R. W. (2002). Crop pollination from native bees at 

risk from agricultural intensification. Proceedings of the National Academy of Sciences, 

99(26), 16812–16816. https://doi.org/10.1073/pnas.262413599 

Kull, T., Arditti, J., & Wong, S. M. (2009). Orchid Biology: Reviews and Perspectives X. 

Springer, Germany. https://doi.org/978-1-4020-8802-5 

Kuru, C. (1995). Artificial pollination of pistachio trees under unsufficient pollination 

conditions. Acta Horticulturae, 419, 121–124. 

https://doi.org/10.17660/ActaHortic.1995.419.18 

Lautenbach, S., Seppelt, R., Liebscher, J., & Dormann, C. F. (2012). Spatial and temporal 

trends of global pollination benefit. PLoS ONE, 7(4). 

https://doi.org/10.1371/journal.pone.0035954 

Li, K., Tscharntke, T., Saintes, B., Buchori, D., & Grass, I. (2019). Critical factors limiting 

pollination success in oil palm: A systematic review. Agriculture, Ecosystems & 

Environment, 280, 152–160. https://doi.org/10.1016/J.AGEE.2019.05.001 

Lina, D., & Protacio, C. (2013). Assisted Pollination Techniques for Improved Fruit Quality 

Development in Jackfruit (Artocarpus heterophyllus Lam.). In II Southeast Asia 

Symposium on Quality Management in Postharvest Systems 1088. 

https://www.actahort.org/books/1088/1088_91.htm 

Lippert, C., Feuerbacher, A., & Narjes, M. (2021). Revisiting the economic valuation of 

agricultural losses due to large-scale changes in pollinator populations. Ecological 

Economics, 180, 106860. https://doi.org/10.1016/j.ecolecon.2020.106860 



64 
 

Lixin, Y., Huyin, H., & Shengji, P. (2011). Medicinal Plants and Their Conservation in China 

with Reference to the Chinese Himalayan Region. Asian Medicine, 5(2), 273–290. 

https://doi.org/10.1163/157342109x568810 

Luo, G. (2014). The Cultivation History of Apple in China. Journal of Beijing Forestry 

University, 13(2). 

Marques, M. F., Hautequestt, A. P., Oliveira, U. B., de Freitas Manhães-Tavares, V., Perkles, 

O. R., Zappes, C. A., & Gaglianone, M. C. (2017). Local knowledge on native bees and 

their role as pollinators in agricultural communities. Journal of Insect Conservation, 

21(2), 345–356. https://doi.org/10.1007/s10841-017-9981-3 

Mathiasson, M. E., & Rehan, S. M. (2020). Wild bee declines linked to plant‐pollinator 

network changes and plant species introductions. Insect Conservation and Diversity, 

13(6), 595–605. https://doi.org/10.1111/icad.12429 

McGregor, C. E., & Waters, V. (2014). Flowering Patterns of Pollenizer and Triploid 

Watermelon Cultivars. HortScience, 49(6), 714–721. 

https://doi.org/10.21273/HORTSCI.49.6.714 

McGregor, S. E. (1976). Insect pollination of cultivated crop plants (Vol. 496). Agricultural 

Research Service, US Department of Agriculture, 411. 

http://xa.yimg.com/kq/groups/13211600/2067097133/name/Insect+Pollination+Of+Cult

ivated+Crop+Plants.pdf 

McKinney, K. (2015). Situating corporate framings of child labor: Toward grounded 

geographies of working children in globalized agriculture. Geoforum, 59, 219–227. 

https://doi.org/10.1016/j.geoforum.2014.10.018 

Minarro, M., & Twizell, K. W. (2015). Pollination services provided by wild insects to 

kiwifruit (Actinidia deliciosa). Apidologie, 46(3), 276–285. 

https://doi.org/10.1007/s13592-014-0321-2 

Mokdad, M., Bouhafs, M., & Lahcene, B. (2019). Ergonomic practices in Africa: Date palm 

work in Algeria as an example. Work, 62(4), 657–665. 

https://content.iospress.com/articles/work/wor192898 

Nakamura, S., & Kudo, G. (2016). Foraging responses of bumble bees to rewardless floral 

patches: importance of within-plant variance in nectar presentation. AoB Plants, 8. 

https://academic.oup.com/aobpla/article-abstract/doi/10.1093/aobpla/plw037/2609588 

Nemésio, A., & Silveira, F. A. (2007). Diversity and distribution of orchid bees 

(Hymenoptera: Apidae) with a revised checklist of species. Neotropical Entomology, 

36(6), 874–888. https://doi.org/10.1590/S1519-566X2007000600008 



65 
 

Nicholson, C. C., & Egan, P. A. (2020). Natural hazard threats to pollinators and pollination. 

In Global Change Biology (Vol. 26, Issue 2, pp. 380–391). Blackwell Publishing Ltd. 

https://doi.org/10.1111/gcb.14840 

Novais, S. M. A., Nunes, C. A., Santos, N. B., D’Amico, A. R., Fernandes, G. W., Quesada, 

M., Braga, R. F., & Neves, A. C. O. (2016). Effects of a possible pollinator crisis on 

food crop production in Brazil. PLoS ONE, 11(11). 

https://doi.org/10.1371/journal.pone.0167292 

Ollerton, J., Winfree, R., & Tarrant, S. (2011). How many flowering plants are pollinated by 

animals? Oikos, 120(3), 321–326. https://doi.org/10.1111/j.1600-0706.2010.18644.x 

Oronje, M. L., Hagen, M., Gikungu, M., Kasina, M., & Kraemer, M. (2012). Pollinator 

diversity, behaviour and limitation on yield of karela (Momordica charantia L. 

Cucurbitaceae) in Western Kenya. African Journal of Agricultural Research, 7(11), 

1629–1638. https://doi.org/10.5897/AJAR11.725 

Osterman, J., Theodorou, P., Radzevičiūtė, R., Schnitker, P., & Paxton, R. J. (2021). Apple 

pollination is ensured by wild bees when honey bees are drawn away from orchards by 

a mass co-flowering crop, oilseed rape. Agriculture, Ecosystems & Environment, 315, 

107383. https://doi.org/10.1016/j.agee.2021.107383 

Partap, U., & Partap, T. (2002). Warning signals from the apple valleys of the Hindu Kush-

Himalayas: productivity concerns and pollination problems. Warning Signals from the 

Apple Valleys of the Hindu Kush-Himalayas: Productivity Concerns and Pollination 

Problems.  

Partap, U., Partap, T., & Yonghua, H. (2001). Pollination failure in apple crop and farmers’ 

management strategies in hengduan mountains, China. Acta Horticulturae, 561, 225–

230. https://doi.org/10.17660/ActaHortic.2001.561.32 

Partap, U., & Ya, T. (2012). The Human Pollinators of Fruit Crops in Maoxian County, 

Sichuan, China. Mountain Research and Development, 32(2), 176–186. 

https://doi.org/10.1659/MRD-JOURNAL-D-11-00108.1 

Pinillos, V., & Cuevas, J. (2008). Artificial Pollination in Tree Crop Production. Horticultural 

Reviews, 34, 239–276. https://doi.org/10.1002/9780470380147.ch4 

Pinto, A. D. Q., Cordeiro, M. C. R., De Andrade, S. R. M., Ferreira, F. R., Filgueiras, H. D. 

C., Alves, R. E., & Kinpara, D. I. (2005). Annona species. Embrapa Cerrados-Livro 

Científico (ALICE). 

Popak, A. E., Markwith, S. H., & Strange, J. (2019). Economic Valuation of Bee Pollination 

Services for Passion Fruit (Malpighiales: Passifloraceae) Cultivation on Smallholding 



66 
 

Farms in São Paulo, Brazil, Using the Avoided Cost Method. Journal of Economic 

Entomology, 112(5), 2049–2054. https://doi.org/10.1093/jee/toz169 

Popenoe, P. (1924). The Date-Palm in Antiquity. In The Scientific Monthly (Vol. 19, pp. 

313–325). American Association for the Advancement of Science. 

https://doi.org/10.2307/7328 

Porlingis, I. C., & Voyiatzis, D. G. (1986). Flower synchronization of staminate and pistillate 

pistachio trees (Pistacia vera L.) with paclobutrazol. Acta Horticulturae, 179, 521–528. 

https://doi.org/10.17660/actahortic.1986.179.79 

Potts, S. G., Biesmeijer, J. C., Kremen, C., Neumann, P., Schweiger, O., & Kunin, W. E. 

(2010). Global pollinator declines:Trends, impacts and drivers. Trends in Ecology & 

Evolution, 25(6), 345–353. https://doi.org/10.1016/j.tree.2010.01.007 

Pritchard, K. D., & Edwards, W. (2006). Supplementary pollination in the production of 

custard apple (Annona sp.) - The effect of pollen source. Journal of Horticultural 

Science and Biotechnology, 81(1), 78–83. 

https://doi.org/10.1080/14620316.2006.11512032 

Purseglove, J. W., Brown, E. G., Green, C. I., & Robbins, S. R. J. (1981). Spices (Spices, Va). 

Longman, London. 

Ramírez, F., & Davenport, T. L. (2013). Apple pollination: A review. In Scientia 

Horticulturae (Vol. 162, pp. 188–203). Elsevier. 

https://doi.org/10.1016/j.scienta.2013.08.007 

Ramos‐Jiliberto, R., Moisset de Espanés, P., & Vázquez, D. P. (2020). Pollinator declines and 

the stability of plant–pollinator networks. Ecosphere, 11(4), e03069. 

https://doi.org/10.1002/ecs2.3069 

Rashid, M. A., & Singh, D. P. (2000). A manual on vegetable seed production in Bangladesh. 

AVRDC-USAID-Bangladesh Project. 

https://kissly.net/book/EE3896E6B05340A38E20?utm_source=ps3&utm_medium=stun

inunem.gq&utm_campaign=fnom&x=582145 

Regan, E. C., Santini, L., Ingwall-King, L., Hoffmann, M., Rondinini, C., Symes, A., Taylor, 

J., & Butchart, S. H. M. (2015). Global Trends in the Status of Bird and Mammal 

Pollinators. Conservation Letters, 8(6), 397–403. https://doi.org/10.1111/conl.12162 

Reilly, J. R., Artz, D. R., Biddinger, D., Bobiwash, K., Boyle, N. K., Brittain, C., Brokaw, J., 

Campbell, J. W., Daniels, J., Elle, E., Ellis, J. D., Fleischer, S. J., Gibbs, J., Gillespie, R. 

L., Gundersen, K. B., Gut, L., Hoffman, G., Joshi, N., Lundin, O., … Winfree, R. 

(2020). Crop production in the USA is frequently limited by a lack of pollinators. 



67 
 

Proceedings of the Royal Society B: Biological Sciences, 287(1931), 20200922. 

https://doi.org/10.1098/rspb.2020.0922 

Ren, Z., Wang, H., Bernhardt, P., & Li, D. (2014). Insect pollination and self-incompatibility 

in edible and/or medicinal crops in southwestern China, a global hotspot of biodiversity. 

American Journal of Botany, 101(10), 1700–1710. https://doi.org/10.3732/ajb.1400075 

Ren, Z., Zhao, Y., Liang, H., Tao, Z., Tang, H., Zhang, H., & Wang, H. (2018). Pollination 

ecology in China from 1977 to 2017. Plant Diversity, 40(4), 172–180. 

https://doi.org/10.1016/j.pld.2018.07.007 

Richards, A. (2001). Does Low Biodiversity Resulting from Modern Agricultural Practice 

Affect Crop Pollination and Yield? Annals of Botany, 88(2), 165–172. 

https://doi.org/10.1006/anbo.2001.1463 

Richards, A. J. (2001). Does low biodiversity resulting from modern agricultural practice 

affect crop pollination and yield? Annals of Botany, 88(2), 165–172. 

https://doi.org/10.1006/anbo.2001.1463 

Richardson, A. C., & Anderson, P. A. (1996). Hand pollination effects on the set and 

development of cherimoya (Annona cherimola) fruit in a humid climate. Scientia 

Horticulturae, 65(4), 273–281. https://doi.org/10.1016/0304-4238(96)00878-3 

Ricketts, T. H., Regetz, J., Steffan-Dewenter, I., Cunningham, S. A., Kremen, C., Bogdanski, 

A., Gemmill-Herren, B., Greenleaf, S. S., Klein, A. M., Mayfield, M. M., Morandin, L. 

A., Ochieng’, A., Viana, B. F., Ochieng’, A., & Viana, B. F. (2008). Landscape effects 

on crop pollination services: are there general patterns? Ecology Letters, 11(5), 499–

515. https://doi.org/10.1111/j.1461-0248.2008.01157.x 

Romero, H. M., Daza, E., Ayala-Díaz, I., Ruiz-Romero, R., De Mastro, G., & Abhilash, P. C. 

(2021). High-Oleic Palm Oil (HOPO) Production from Parthenocarpic Fruits in Oil 

Palm Interspecific Hybrids Using Naphthalene Acetic Acid High-Oleic Palm Oil 

(HOPO) Production from Parthenocarpic Fruits in Oil Palm Interspecific Hybrids Using 

Naphthalene Acetic. Agronomy, 11(2). https://doi.org/10.3390/agronomy11020290 

Roubik, D. W. (1995). Pollination of Cultivated Plants in the Tropics. Food and Agriculture 

Organization of the United Nations. 

Roué, M., Battesti, V., Césard, N., & Simenel, R. (2015). Ethnoecology of pollination and 

pollinators. Revue d’ethnoécologie, 7. https://doi.org/10.4000/ethnoecologie.2229 

Sabir, N., & Singh, B. (2013). Protected cultivation of vegetables in global arena: A review. 

Indian Journal of Agricultural Sciences, 83(2), 123–135. 



68 
 

Sale, P. R. (1990). Kiwifruit Growing. Oregon State University. Agricultural Experiment 

Station, US. 

https://books.google.de/books?id=wXg_AAAAYAAJ&q=sale+Kiwifruit+Culture&dq=

sale+Kiwifruit+Culture&hl=de&sa=X&ved=0ahUKEwio25OUsdXQAhWDDCwKHfY

iDtgQ6AEIIzAA 

Sánchez-Estrada, A., & Cuevas, J. (2020). Profitability of Artificial Pollination in 

“Manzanillo” Olive Orchards. Agronomy, 10(5), 652. 

https://doi.org/10.3390/agronomy10050652 

Sawe, T., Nielsen, A., Totland, Ø., Macrice, S., & Eldegard, K. (2020). Inadequate pollination 

services limit watermelon yields in northern Tanzania. Basic and Applied Ecology, 44, 

35–45. https://doi.org/10.1016/j.baae.2020.02.004 

Schweiger, O., Settele, J., Kudrna, O., Klotz, S., & Kühn, I. (2008). Climate change can cause 

spatial mismatch of trophically interacting species. Ecology, 89(12), 3472–3479. 

https://doi.org/10.1890/07-1748.1 

Senapathi, D., Biesmeijer, J. C., Breeze, T. D., Kleijn, D., Potts, S. G., & Carvalheiro, L. G. 

(2015). Pollinator conservation - The difference between managing for pollination 

services and preserving pollinator diversity. In Current Opinion in Insect Science (Vol. 

12, pp. 93–101). Elsevier Inc. https://doi.org/10.1016/j.cois.2015.11.002 

Senapathi, D., Goddard, M. A., Kunin, W. E., & Baldock, K. C. R. (2017). Landscape impacts 

on pollinator communities in temperate systems: evidence and knowledge gaps. In G. 

Wright (Ed.), Functional Ecology (Vol. 31, Issue 1, pp. 26–37). 

https://doi.org/10.1111/1365-2435.12809 

Settele, J., Bishop, J., & Potts, S. G. (2016). Climate change impacts on pollination. Nature 

Plants, 2(7), 16092. https://doi.org/10.1038/nplants.2016.92 

Shaneyfelt, T., Jamshidi, M. M., & Agaian, S. (2013). A vision feedback robotic docking 

crane system with application to vanilla pollination A vision feedback robotic docking 

crane system with application to vanilla pollination Ted Shaneyfelt * Mo M . Jamshidi 

and Sos Agaian. International Journal of Automation and Control, 7(1–2), 62–82. 

https://doi.org/10.1504/IJAAC.2013.055096 

Shapiro, A., Korkidi, E., Rotenberg, A., Furst, G., Namdar, H., Sapir, B., & Edan, Y. (2017). 

A robotic prototype for spraying and pollinating date palm trees. Proceedings of the 9th 

Biennial ASME Conference on Engineering Systems Design and Analysis, 1–6. 

https://doi.org/10.1115 



69 
 

Silveira, M. V., Abot, A. R., Nascimento, J. N. J. N., Rodrigues, E. T., Rodrigues, S. R. S. R., 

& Puker, A. (2012). Is manual pollination of yellow passion fruit completely 

dispensable? Scientia Horticulturae, 146, 99–103. 

https://doi.org/10.1016/j.scienta.2012.08.023 

Soler, L., & Cuevas, J. (2008). Development of a new technique to produce winter 

cherimoyas. HortTechnology, 18(1), 24–28. 

Steffan-Dewenter, I., Potts, S. G., & Packer, L. (2005). Pollinator diversity and crop 

pollination services are at risk. Trends in Ecology & Evolution, 20(12), 651–652. 

https://doi.org/10.1016/j.tree.2005.09.004 

Steffan-Dewenter, I., & Tscharntke, T. (1999). Effects of habitat isolation on pollinator 

communities and seed set. Oecologia, 121(3), 432–440. 

https://doi.org/10.1007/s004420050949 

Testolin, R. (1991). Male density and arrangement in kiwifruit orchards. Scientia 

Horticulturae, 48(1–2), 41–50. https://doi.org/10.1016/0304-4238(91)90151-N 

Thomson, J. D. (2008). Using Pollination Deficits to Infer Pollinator Declines: Can Theory 

Guide Us? Conservation Ecology, 5(1). http://www.consecol.org/vol5/iss1/art6/ 

Toledo-Hernández, M., Tscharntke, T., Tjoa, A., Anshary, A., Cyio, B., & Wanger, T. C. 

(2020). Hand pollination, not pesticides or fertilizers, increases cocoa yields and farmer 

income. Agriculture, Ecosystems and Environment, 304, 107160. 

https://doi.org/10.1016/j.agee.2020.107160 

Toledo-Hernández, M., Wanger, T. C., & Tscharntke, T. (2017). Neglected pollinators: Can 

enhanced pollination services improve cocoa yields? A review. In Agriculture, 

Ecosystems and Environment (Vol. 247, pp. 137–148). . 

https://doi.org/10.1016/j.agee.2017.05.021 

Tuell, J. K., & Isaacs, R. (2010). Weather During Bloom Affects Pollination and Yield of 

Highbush Blueberry. Journal of Economic Entomology, 103(3), 557–562. 

https://doi.org/10.1603/ec09387 

Vaknin, Y. (2006). Effects of immaturity on productivity and nut quality in pistachio (Pistacia 

vera L.). The Journal of Horticultural Science and Biotechnology, 81(4), 593–598. 

https://doi.org/10.1080/14620316.2006.11512110 

Vaknin, Y., Gan‐Mor, S., Bechar, A., Ronen, B., Eisikowitch, D., & Grunewaldt, J. (2002). 

Effects of supplementary pollination on cropping success and fruit quality in pistachio. 

Plant breeding, 121(5), 451–455. https://doi.org/10.1046/j.1439-0523.2002.724293.x 



70 
 

van der Sluijs, J. P., & Vaage, N. S. (2016). Pollinators and Global Food Security: the Need 

for Holistic Global Stewardship. Food Ethics, 1(1), 75–91. 

https://doi.org/10.1007/s41055-016-0003-z 

Van Heemert, C., De Ruijter, A., Van Den Eijnde, J., & Van Der Steen, J. (1990). Year-round 

production of bumble bee colonies for crop pollination. Bee World, 71(2), 54–56. 

https://doi.org/10.1080/0005772X.1990.11099036 

Vanbergen, A. J., Garratt, M. P., Vanbergen, A. J., Baude, M., Biesmeijer, J. C., Britton, N. 

F., Brown, M. J. F., Brown, M., Bryden, J., Budge, G. E., Bull, J. C., Carvell, C., 

Challinor, A. J., Connolly, C. N., Evans, D. J., Feil, E. J., Garratt, M. P., Greco, M. K., 

Heard, M. S., … Wright, G. A. (2013). Threats to an ecosystem service: Pressures on 

pollinators. In Frontiers in Ecology and the Environment (Vol. 11, Issue 5, pp. 251–

259). Wiley Blackwell. https://doi.org/10.1890/120126 

Venkateswarlu, D. (2007). Child Bondage Continues in Indian Cotton Supply Chain More 

than 400,000 children in India involved in hybrid cottonseed cultivation . 

https://ecommons.cornell.edu/bitstream/handle/1813/100312/ILRF_ChildBondage_Indi

a_2007.pdf?sequence=1 

Weiss, J., Nerd, A., & Mizrahi, Y. (1994). Flowering Behavior and Pollination Requirements 

in Climbing Cacti with Fruit Crop Potential. HortScience, 29(12), 1487–1492. 

https://doi.org/10.21273/HORTSCI.29.12.1487 

Wenzel, A., Grass, I., Belavadi, V. V., & Tscharntke, T. (2020). How urbanization is driving 

pollinator diversity and pollination – A systematic review. In Biological Conservation 

(Vol. 241, p. 108321). Elsevier Ltd. https://doi.org/10.1016/j.biocon.2019.108321 

Westerkamp, C., & Gottsberger, G. (2000). Diversity Pays in Crop Pollination. Crop Science, 

40(5), 1209. https://doi.org/10.2135/cropsci2000.4051209x 

Westerkamp, C., & Gottsberger, G. (2001). Pollinator diversity is mandatory for crop 

diversity. Acta Horticulturae. https://www.actahort.org/books/561/561_47.htm 

Westerkamp, C., & Gottsberger, G. (2002). The costly crop pollination crisis. In Pollinating 

Bees-The Conservation Link between Agriculture and Nature, P. Kevan and V. 

Imperatriz Fonseca (pp. 51–56). Brasilia: Ministry of Environment. 

Wilcock, C., & Neiland, R. (2002). Pollination failure in plants: Why it happens and when it 

matters. Trends in Plant Science, 7(6), 270–277. https://doi.org/10.1016/S1360-

1385(02)02258-6 

Wu, P., Dai, P., Wang, M., Feng, S., Olhnuud, A., Xu, H., Li, X., & Liu, Y. (2021). 

Improving Habitat Quality at the Local and Landscape Scales Increases Wild Bee 



71 
 

Assemblages and Associated Pollination Services in Apple Orchards in China. Frontiers 

in Ecology and Evolution, 9. https://doi.org/10.3389/fevo.2021.621469 

Ya, T., Jia-sui, X., & Keming, C. (2003). Hand pollination of pears and its implications for 

biodiversity conservation and environmental protection: A case study from Hanyuan 

County, Sichuan. In Chengdu: College of the Environment, Sichuan University. 

Young, H. J., & Young, T. P. (1992). Alternative Outcomes of Natural and Experimental 

High Pollen Loads. Ecology, 73(2), 639–647. https://doi.org/10.2307/1940770 

Zeraatkar, H., Karimi, H. R., Shamshiri, M. H., & Tajabadipur, A. (2013). Preliminary 

evaluation of artificial pollination in pistachio using pollen suspension spray. In 

search.informit.com.au (Vol. 2, Issue 3). 

https://search.informit.com.au/documentSummary;dn=765743142376202;res=IELENG 



72 
 

Supplementary Information  

Title: Hand pollination of global crops – a systematic review 

Authors: Annemarie Wurz, Ingo Grass and Teja Tscharntke 

Table A.1.1: Overview of number of publications retrieved by Web of Science database in May 2019, using search string “((crop) AND (manual* pollinat* OR 

hand pollinat* OR poll* limit*” OR supplement* poll* OR poll* supplement*))“ and Google Scholar using the key phrases “hand pollination crops”, “manual 

pollination crops”, “artificial pollination crops”, “assisted pollination crops” and “supplementary pollination crops”. 

Total number of publications retrieved from Web of Science 259 

➔ Number of publications excluded (not relevant or not accessible)  230 

➔ Numbers of publication providing information on hand pollination 29 

- Number of (unique) publications: hand pollination in practice 13 

- Number of (unique) publications: hand pollination recommended 9 

- Number of (unique) publications: hand pollination not recommended 

(include. one publication documenting hand pollination in practice as 

well as not recommended) 

8  

- Number of (unique) publications: past practice of hand pollination 0 

Total number of publications retrieved from Google Scholar 350 

➔ Number of publications excluded (not relevant or not accessible)  235 

➔ Number of publications already covered by Web of Science 66 

➔ Numbers of publication providing information on hand pollination 49 

- Number of (unique) publications: hand pollination in practice 19 
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- Number of (unique) publications: hand pollination recommended 16 

- Number of (unique) publications: hand pollination not recommended  13 

- Number of (unique) publications: past practice of hand pollination 1 

 

Table A.1.2: Overview of all crop incidences (from Web of Science and Google Scholar) and crop types per category 

IN PRACTICE RECOMMENDED NOT RECOMMENDED PAST PRACTICE EXCLUDED PUBLICATIONS 

Number of crop incidences 

 

Number of crop incidences Number of crop incidences 

Number of crop incidences 

publications Number of publications 

51 34 22 3 465 

Number of unique 

publications Number of unique publications 

Number of unique 

publications 

Number of unique 

publications 

 

32 29 21 2 

Number of unique crops Number of unique crops Number of unique crops Number of unique crops 

20 21 16 3 

 

Table A.1.3: List of reviewed publications documenting hand pollination in agriculture in practice, recommended, not recommended, and past practice. RM = 

Publications found with a supplementary search using Google Scholar. STM = Publication found with standardized search string methodology. NA= information 

not provided in the publication. Major crop categorization according to Klein et al., 2007 (production quantity of at least 4 000 000 tons). Crops not listed in 

Klein et al., 2007 (indicated with an asterisk) are categorized into major crops according to FAO (2019). 

ID CROP 

MAJOR 

CROP COUNTRY REFERENCES 

ARTICLE 

TYPE PRACTICE HAND POLLINATION METHOD 

STM Apple YES China (Partap & Ya, 2012) 

primary 

research common in practice Brush 

RM Apple YES China (Partap et al., 2001) 

primary 

research common in practice, recommended 

Handmade brush, filter part, 

pencil eraser 

STM Atemoya NO Australia 

(Blanche & 

Cunningham, 2005) 

primary 

research common in practice Na 
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STM Atemoya NO global (Klein et al., 2007) review common in practice Na 

RM Atemoya NO Australia 

(Pritchard & 

Edwards, 2006b) 

primary 

research common in practice, recommended Camel-hair brush 

RM Cacao YES NA 

(Lautenbach et al., 

2012) 

primary 

research NA in practice Na 

STM Cacao YES NA (Richards, 2001) review NA in practice Na 

STM Cherimoya NO global 

(Gonzalez & 

Cuevas, 2008) 

primary 

research common in practice Pollen puffer 

STM Cherimoya NO Spain 

(González et al., 

2006) 

primary 

research common in practice, recommended Pollen puffer 

STM Cherimoya NO global 

(Westerkamp & 

Gottsberger, 2000) review common in practice By hand 

STM Custard apple NO NA (Richards, 2001) review common in practice Na 

RM Date palm YES* Sudan (Dahab et al., 2020) 

primary 

research common in practice 

Tying male and female 

strands together, pollen 

machine 

STM Date palm YES* Israel 

(Gan–Mor et al., 

2003) 

primary 

research common in practice, recommended Manually 

RM Date palm YES* Global (Gupta et al., 2017) 

primary 

research occasionally in practice, supplemented Na 

RM Date palm YES* Arab countries 

(Suresh & Dhalin, 

2021) 

primary 

research common in practice Air blaster 

STM Dendrobium NO China (Ren et al., 2014) 

primary 

research common in practice, recommended By hand 

STM 

Gastrodia 

root NO* China (Ren et al., 2014) 

primary 

research common in practice, recommended By hand 

STM Kiwifruit NO Israel 

(Gan–Mor et al., 

2003) 

primary 

research common in practice, recommended Blowers 

RM Kiwifruit NO Spain 

(Gonzalez et al., 

1998) 

primary 

research NA in practice, recommended By hand with camel brush 

RM Kiwifruit NO Australia (Goodwin, 2012) report common in practice Sprayer 

RM Kiwifruit NO New Zealand 

(Howpage et al., 

2010) 

primary 

research NA in practice 

Pollen suspension applied, 

by hand 

STM Kiwifruit NO NA (Richards, 2001) review NA in practice Na 
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STM Kiwifruit NO Argentina (Saez et al., 2019) 

primary 

research common 

in practice, not 

recommended Pollen sprayer 

STM Kiwifruit NO NA 

(Westerkamp & 

Gottsberger, 2000) review common in practice Sprayer 

RM Melon YES NA 

(Garibaldi et al., 

2009) 

primary 

research occasionally 

in practice, only in small-

scale cultivation Na 

RM Oil palm YES Southeast Asia (Li et al., 2019) review common in practice By hand 

RM Oil palm YES Ecuador 

(Meléndez & Ponce, 

2006) 

primary 

research common in practice Manual duster 

STM Oil palm YES global 

(Westerkamp & 

Gottsberger, 2000) review common in practice By hand 

STM 

Panax 

notoginseng NO* China (Ren et al., 2014) 

primary 

research common in practice, recommended By hand 

STM Paris NO* China (Ren et al., 2014) 

primary 

research common in practice, recommended By hand 

STM Passionfruit NO global 

(da Silva et al., 

2012) 

primary 

research NA 

in practice, not 

recommended Na 

RM Passionfruit NO Bangladesh (Das et al., 2013) 

primary 

research common in practice, recommended By hand 

RM Passionfruit NO Brazil 

(Junqueira & 

Augusto, 2017) 

primary 

research NA 

in practice, not 

recommended Na 

STM Passionfruit NO global (Klein et al., 2007) review common in practice Na 

RM Passionfruit NO Brazil (Popak et al., 2019) 

primary 

research common 

in practice, not 

recommended Na 

STM Passionfruit NO NA (Richards, 2001) review common in practice Na 

STM Passionfruit NO Brazil 

(Silveira et al., 

2012) 

primary 

research NA in practice, use flexibly By hand 

STM Passionfruit NO global 

(Westerkamp & 

Gottsberger, 2000) review common in practice By hand 

RM Pistachio NO* NA 

(Suresh & Dhalin, 

2021) 

primary 

research common in practice Electrostatic pollination 

RM Pitahaya NO* NA (Bellec et al., 2006) 

primary 

research NA in practice 

Brush, by hand-holding 

anthers 
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RM Pumpkin YES NA 

(Garibaldi et al., 

2009) 

primary 

research occasionally 

in practice, only in small-

scale cultivation Na 

RM Tomato YES Australia (Bell et al., 2006) 

primary 

research occasionally in practice Electric vibrating wand 

RM Tomato YES Australia (Kevan et al., 1991) report common in practice Vibrator 

STM Tomato YES Canada  

primary 

research common 

in practice, not 

recommended Hand-held electric vibrator 

RM Vanilla NO Mexico (Davis, 1983) 

primary 

research common in practice 

By hand with a flat bamboo 

silver 

RM Vanilla NO NA 

(Garibaldi et al., 

2009) 

primary 

research common in practice Na 

STM Vanilla NO global (Klein et al., 2007) review common in practice Na 

RM Vanilla NO NA 

(Lautenbach et al., 

2012) 

primary 

research NA in practice Na 

STM Vanilla NO global 

(Westerkamp & 

Gottsberger, 2000) review common in practice By hand 

RM Vanilla NO Global 

(Westerkamp & 

Gottsberger, 2001) reivew common in practice Na 

RM Watermelon YES NA 

(Garibaldi et al., 

2009) 

primary 

research occasionally 

in practice, only in small-

scale cultivation Na 

RM Apple YES Italy 

(Vizzotto et al., 

2018) 

primary 

research  not recommended By hand 

RM Bitter gourd NO* India (Dorjay et al., 2017) 

primary 

research  not recommended By hand 

STM 

Buttercup 

squash YES USA 

(Cavanagh et al., 

2010) 

primary 

research  not recommended Camel-hair brush 

STM Cherimoya NO Spain (Rosell et al., 2006) 

primary 

research  not recommended Camel-hair brush 

STM 

Codonopsis 

Herb NO* China (Ren et al., 2014) 

primary 

research  not recommended Paint brush 

RM Cucumber YES India  (Dorjay et al., 2017) 

primary 

research  not recommended By hand 

STM Kiwifruit NO Spain 

(Minarro & Twizell, 

2015) 

primary 

research  not recommended By hand with male flower 
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RM Macadamia NO Australia 

(Wallace et al., 

1996)   not recommended By hand 

RM Melon YES India 

(Shah’ & Patel, 

1966) 

primary 

research  not recommended Na 

RM NA  NA (Amano, 2004) 

primary 

research  not recommended Na 

RM NA  NA (Nimmo, 2021) 

primary 

research  not recommended Robo bees 

RM Oil palm YES India 

(Dhileepan & 

Nampoothiri, 1989)   not recommended By hand 

STM Passionfruit NO Brazil 

(Yamamoto et al., 

2012) 

primary 

research  not recommended By hand 

STM Pear NO global 

(Allsopp et al., 

2008) 

primary 

research  not recommended Na 

RM Pear NO Korea (Lee et al., 2016) 

primary 

research  not recommended Na 

RM Sunn hemp YES USA 

(Krueger & Wang, 

2008) 

primary 

research  not recommended Hand 

STM Tomato YES Pakistan (Ahmad et al., 2015) 

primary 

research  not recommended Hand vibrator 

RM Tomato YES NA 

(Cooley & Vallejo-

Marín, 2021) review  not recommended Vibrating wand 

RM Tomato YES Netherlands 

(Van Heemert et al., 

1990) 

primary 

research  not recommended Electric bees (vibrator) 

RM Tomato YES Mexico 

(Vergara & 

Fonseca-Buendía, 

2012) 

primary 

research  not recommended Wooden rod 

RM Watermelon YES Tanzania (Sawe et al., 2020) 

primary 

research  not recommended By hand 

STM 

Yellow 

pitaya, 

dragonfruit NO* Israel (Weiss et al., 1994) 

primary 

research  not recommended By hand 

RM Apple YES Japan 

(Westerkamp & 

Gottsberger, 2001) reivew  past practice Na 
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RM Oil palm YES Malaysia 

(Appiah & Agyei-

Dwarko, 2013) review  past practice Na 

STM Tomato YES global 

(Westerkamp & 

Gottsberger, 2000) review  

past practice, not 

recommended Hand-held vibrators 

STM Almond NO Israel 

(Gan-Mor et al., 

2003) 

primary 

research  recommended 

Electrostatic pollen 

applicator 

RM Almond YES Israel (Vaknin et al., 2001) 

primary 

research  recommended Electrostatic pollination 

STM Ash gourd NO* India 

(Anusree et al., 

2015) 

primary 

research  recommended Na 

RM Atemoya NO Brasil (Melo et al., 2004) 

primary 

research  recommended Paint brush 

RM Avocado NO Australia (Goodwin, 2012) report  recommended Na 

STM Bitter gourd NO* India 

(Anusree et al., 

2015) 

primary 

research  recommended Na 

RM Cacao YES Indonesia (Forbes et al., 2019) 

primary 

research  recommended By hand 

RM Cacao YES Indonesia 

(Toledo-Hernández 

et al., 2020) 

primary 

research  recommended By hand 

STM Cherimoya NO Spain 

(Soler & Cuevas, 

2008) 

primary 

research  recommended Pollination puffer 

STM 

Costa Rican 

pitahaya NO* Israel (Weiss et al., 1994) 

primary 

research  recommended By hand 

RM Curcubits NO Bangladesh 

(Rashid & Singh, 

2000) manual  recommended Na 

STM Custard apple NO global 

(Allsopp et al., 

2008) 

primary 

research  recommended Na 

RM Jackfruit NO Philippines 

(Lina & Protacio, 

2013) 

primary 

research  recommended Hand sprayer 

STM Jojoba  NO Argentina 

(Coates & Ayerza, 

2008) 

primary 

research  recommended Pollen applicator 

RM Kiwifruit NO New Zealand 

(Broussard et al., 

2020) 

primary 

research  recommended Wet-spray method 
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RM Kiwifruit NO Italy (Costa et al., 1993) 

primary 

research  recommended By hand 

RM Kiwifruit NO Italy 

(Gianni & Vania, 

2018) 

primary 

research  recommended 

Dry pollen distributer, 

liquid pollination, engine 

blower 

STM Mango YES global 

(Allsopp et al., 

2008) 

primary 

research  recommended Na 

STM Mango YES Malaysia (Huda et al., 2015) 

primary 

research  recommended By hand 

RM Oil palm YES Colombia 

(Romero et al., 

2021) 

primary 

research  recommended Na 

RM Oil palm YES Colombia 

(Ruiz-Alvarez et al., 

2021) 

primary 

research  recommended Na 

RM Olive NO Italy 

(Gianni & Vania, 

2018) 

primary 

research  recommended Air blower 

RM Olive NO Mexico 

(Sánchez-Estrada & 

Cuevas, 2020) 

primary 

research  recommended Powder duster 

RM Passionfruit NO Mexico (Barrera et al., 2020) 

primary 

research  recommended By hand 

RM Pear NO Belgium 

(Quinet & 

Jacquemart, 2020) 

primary 

research  recommended Pollen dispensers 

STM Pistachio NO* Israel 

(Gan-Mor et al., 

2003) 

primary 

research  recommended 

Electrostatic pollen 

applicator 

RM Pistachio NO* Iran (Karimi et al., 2017) 

primary 

research  recommended Handle sprayer 

STM Pistachio NO* USA (Vaknin, 2006) 

primary 

research  recommended 

Electrostatic pollen 

applicator 

STM Pistachio NO* USA (Vaknin et al., 2002) 

primary 

research  recommended 

Electrostatic pollen 

applicator 

STM 

Red pitaya, 

dragon fruit NO* Brasil 

(Martins & 

Cavallari, 2011) 

primary 

research  recommended Na 

STM 

Red pitaya, 

dragon fruit NO* Israel 

(Dag & Mizrahi, 

2005) 

primary 

research  recommended Paint brush 

STM 

Red pitaya, 

dragon fruit NO* Taiwan (Tran et al., 2015) 

primary 

research  recommended By hand 
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STM 

Red pitaya, 

dragon fruit NO* Israel (Weiss et al., 1994) 

primary 

research  recommended By hand 

RM Tomato YES NA (Bouquet, 1919) review  recommended By hand 
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Figure A.1.1: Crop incidences of reasons for hand pollination (recommended or in practice) 
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Figure A.1.2: Crop incidences of economic motivations for hand pollination (recommended or in 

practice) 

 

Figure A.1.3: Crop incidences of reasons not recommending hand pollination to be practiced 
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Figure A.1.4: Overview of incidences per documented crop type 
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Table A.1.4: Overview of the prevalence of hand pollination under practice 

 

In practice 

common 36 

Apple 2 

Atemoya 3 

Cherimoya 3 

Custard apple 1 

Date palm 3 

Dendrobium 1 

Gastrodia root 1 

Kiwifruit 4 

Oil palm 3 

Panax notoginseng 1 

Paris 1 

Passionfruit 5 

Pistachio 1 

Tomato 2 

Vanilla 5 

not specified 10 

Cacao 2 

Kiwifruit 3 

Passionfruit 3 

Pitahaya 1 

Vanilla 1 

occasionally 5 

Date palm 1 

Melon 1 

Pumpkin 1 

Tomato 1 

Watermelon 1 

rare 0 

 

Table A.1.5: Overview of crop incidences per documented country or region (in italic). 

in practice Number of crop incidences 

Arab countries 1 

Argentinia 1 

Australia 5 

Bangladesh 1 

Brazil 3 

Canada 1 
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China 6 

Ecuador 1 

global 11 

Israel 2 

Mexico 1 

New Zealand 1 

Southeast Asia 1 

Spain 2 

Sudan 1 

recommended  

Argentinia 1 

Australia 1 

Bangladesh 1 

Belgium 1 

Brazil 2 

USA 2 

Colombia 2 

global 2 

India 1 

Indonesia 2 

Iran 1 

Israel 6 

Italy 3 

India 1 

Malaysia 1 

Mexico 2 

New Zealand 1 

Phillipines 1 

Spain 1 

Taiwan 1 

not recommended  

Australia 1 

Brazil 1 

China 1 

global 1 

India 4 

Israel 1 

Italy 1 

Korea 1 

Mexico 1 

Netherlands 1 

Pakistan 1 

Spain 2 
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Tanzania 1 

USA 2 

past practice  

Japan 1 

Malaysia 1 

past practice, not recommended  

global 1 

 

 

Figure A.1.5: Number of herbaceous, herbaceous/woody and tree crops of hand pollination in practice, 

recommended, not recommended, and past practice. Note: Passionfruit was categorized as 

herbaceous/woody as it can grow as both growth forms.  
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Figure A.1.6: Number of minor vs. major crops of hand pollination in practice, recommended, not 

recommended, and past practice. 

Table A.1.6: Pollinator categories of all crops assessed according to literature 

 References 

All other bee species  

Gastrodia root (Ren et al., 2014) 

Sunn hemp (R. Krueger & Wang, 2008) 

Non-bee insect pollinators  

Atemoya (Gazit & Galon, 1982) 

Cherimoya (Gazit & Galon, 1982) 

Codonopsis herb (Ren et al., 2014) 

Dendrobium (Ren et al., 2014) 

Oil palm (Klein et al., 2007) 

Paris (Ren et al., 2014) 

Custard apple (Klein et al., 2007) 

Wind  

Jojoba  (Buchmann, 1987) 

Pistachio (Abu-Zahra & Al-Abbadi, 2007) 

Honey bees and/or bumblebees; all other bee species  

Buttercup squash (Klein et al., 2007) 

Cucumber (Klein et al., 2007) 

Curcubits (Klein et al., 2007) 

Kiwifruit (Klein et al., 2007) 

Melon (Klein et al., 2007) 

Pear (Klein et al., 2007) 

Pumpkin (Klein et al., 2007) 

Tomato (Klein et al., 2007) 

8

5

8

3

12

15

8

1

in practice

recommended

not recommended

past practice

Major crop Minor crop NA
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Watermelon (Klein et al., 2007) 

Honey bees and/or bumblebees; all other bee species; non-

bee insect pollinators 

 

Almond (Klein et al., 2007) 

Apple (Klein et al., 2007) 

Ash gourd (Leena et al., n.d.) 

Avocado (Klein et al., 2007) 

Bitter gourd (Saeed et al., 2012) 

Macadamia (Klein et al., 2007) 

Mango (Klein et al., 2007) 

Honey bees and/or bumblebees; all other bee species; 

vertebrate pollinators 

 

Passionfruit (Klein et al., 2007) 

Honey bees and/or bumblebees; non-bee insect 

pollinators; vertebrate pollinators 

 

Costa Rican pitahaya, dragon fruit (Weiss et al., 1994) 

Pitahaya (Weiss et al., 1994) 

Red pitaya, dragon fruit (Zimmerman et al., 2013) 

Yellow pitaya, dragonfruit (Weiss et al., 1994) 

Honey bees and/or bumblebees; non-bee insect 

pollinators; wind 

 

Date palm (Meekijjaroenroj & Anstett, 2003) 

All other bee species; non-bee insect pollinators  

Cacao (Klein et al., 2007) 

Jackfruit (Klein et al., 2007) 

all other bee species; vertebrate pollinators  

Vanilla (Klein et al., 2007) 

NA  

Panax notoginseng (Ren et al., 2014) 

Honey bees and/or bumblebees; wind  

Olive (Klein et al., 2007) 
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Text A1: The process of hand pollination  

Hand pollination generally includes harvesting, storing and applying of pollen (Fig.1.3). Subsequently to 

pollen storage, assessing pollen viability is performed optionally and can ensure that laborious hand 

pollination is not in vain (Pinillos & Cuevas, 2008). Throughout the process, pollen viability, pollen 

amount and stigma receptivity have been highlighted as the core elements influencing efficiency and 

viability of hand pollination (Ramsey & Vaughton, 2000; Stone et al., 1995).  Eventually, harvesting 

conditions as well as storage conditions decide pollen quality (Gianni & Vania, 2018). If the pollen 

quality is bad, fewer pollen grains may germinate due to low compatibility or viability and hand 

pollination may fail (Pritchard & Edwards, 2006). 
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Figure A.1.7: Flow chart of the process of hand pollination including 1) harvesting pollen, 2) drying 

pollen, 3) storing pollen, 4) assessing pollen viability, and 5) applying pollen. Assessing pollen viability is 

optional depending on available resources. See references of presented literature and icons in appendix.  

 

Successful pollination is depending on a range of factors during pollen application. The amount of 

manually applied pollen can affect the fruit set (Acar & Eti, 2008). The optimal pollen amount needed for 

fertilization can depend on environmental conditions (Peet & Bartholemew, 1996) and species (Acar & 

Eti, 2008; Janse & Verhaegh, 1993). In natural pollination, pollen is applied gradually in contrast to hand 

pollination, where great pollen amounts are applied at once (Fazzino et al., 2011). A sudden application of 

excessive amounts of pollen can cause stigma clogging, leading to decomposition of pollen in the stigma, 

which directly ends in flower abortion (Polito et al., 1998), as described for pistachio (Acar & Eti, 2008) 

and walnut (W. H. Krueger, 2000; McGranahan & Voyiatzis, 1994). To achieve the desired proportion of 

pollen, it can be mixed with a diluent such as water, wheat flour or talc, which also facilitates its 

distribution and reduces adherence during hand pollination (Acar & Eti, 2008; King & Ferguson, 1991; 
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Vaknin et al., 1999; Ya et al., 2003). Identifying the species-specific pollen quantity can prevent deficient 

or excessive applied pollen quantities. Accounting for dynamic plant phenology, especially female and 

male flower overlap, is indispensable to optimize manually applied pollen loads (Gan–Mor et al., 2003). 

If conditions are favorable for natural pollination, additional manual application of pollen can exceed the 

pollen dosage and even diminish yields as seen in pistachio (Gan–Mor et al., 2003). 

Hand pollination can be performed using self-pollen, i.e. pollen from the same flower (autogamy) or a 

different flower of the same plant individual (geitonogamy) (Rashid & Singh, 2000). Hand pollination 

can be also done using cross-pollen i.e. pollen from a different plant individual of the same species 

(allogamy). Cross or self-pollination is used depending on the crops’ or varieties’ breeding requirements 

as well as available resources and knowledge. 

The timing of pollination is crucial for pollination success. The so-called “effective pollination period” is 

used as the term for the time in which pollination can lead to fruit development (Sanzol & Herrero, 2001). 

The effective pollination period is dependent on stigmatic receptivity, pollen tube growth, and ovule 

maturation and is affected by environmental conditions such as temperature, chemical applications, and 

the quality of the flowers. Species-specific effective pollination periods have to be acknowledged, as e.g. 

shown for almonds, where older flower stages have higher stigma receptivity than younger flowers (Yi et 

al., 2005). Apricots, in contrast, are best pollinated with starting anthesis (Egea & Burgos, 1992). 

Enzymatic tests can help to identify species-specific stigma receptivity (Dafni & Maués, 1998).  

The number of hand-pollinated flowers can limit fruit quality and size. As reported for vanilla, over-

pollination results in a higher quantity of smaller fruit of reduced quality, reducing profitability (Havkin-

Frenkel & Belanger, 2010). Hence, the recommendation of optimal vanilla pollination is to pollinate 6-8 

flowers per raceme, to guarantee 4-5 fruits of adequate quality. An excess of pollination will furthermore 

weaken the plant due to increased resource demand and, consequently, make the plant more receptive to 

diseases such as the Fusarium fungus in vanilla (Havkin-Frenkel & Belanger, 2010). In Hanyuan County, 

China, farmers act risk-averse and purposely over-pollinate their pear trees to ensure sufficient yields (Ya 
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et al., 2003). To avoid small fruits of substandard quality in years with hand pollination failure, they are 

subsequently forced to invest additional labor for thinning out developing fruits.  
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Chapter background 

It was important to us to include plants in our ecological studies, as they are an integral part of the 

ecosystem providing food, habitat, and other essential ecosystem functions (Quijas et al. 2010, 

Haddad et al. 2011). We focused on herbaceous plants (plants without woody structure at 

maturity). We categorized all plants according to growth form (fern, vines, graminoids, and other 

herbs). Furthermore, we assigned to all species their species origin (endemic, native, and exotic). 

Ph.D. student Jeannie Marie Estelle Raveloaritiana conducted the research of this chapter, 

including data collection (Figure E) and manuscript writing. Dr. Bakolimalala Rakouth of the 

Department of Plant Biology and Ecology at the University Antananarivo co-supervised this 

chapter with Prof. Teja Tscharntke and Prof. Ingo Grass from the University of Goettingen. All 

collected herbarium samples are deposited at the Tsimbazaza Herbarium. 

Glossary 

Growth forms: Ecological conditions result in different plant growth forms with unique 

morphological and phenotypic characteristics (Rowe & Speck 2005). Our growth form 

classification consists of four categories: fern, vine (climbing plants excluding fern), graminoids 

(Poaceae and Cyperaceae), and other herbs (non-climbing flowering herbs). 

Species origin: For each species assessed and identified, we searched whether it is endemic (i.e. 

it exists only in Madagascar), native non-endemic (hereafter called native, exists naturally in 

Madagascar but also elsewhere), or introduced (hereafter called exotic, does not exist in 

Madagascar naturally). 

 

Figure E: Herbaceous plant assessment in herbaceous fallow (a) and on rice banks of rice paddy (b) within 

a 4 m2 area. Ph.D. student J. M. Estelle Raveloaritiana explaining the methodology to farmers (c) 
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Chapter 2: Land-use intensification increases richness of native and exotic 

herbaceous plants, but not endemics, in Malagasy vanilla landscapes 

Estelle Raveloaritiana, Annemarie Wurz, Ingo Grass, Kristina Osen, Marie Rolande Soazafy, 

Dominic A. Martin, Lucien Faliniaina, Nantenaina H. Rakotomalala, Maria S. Vorontsova, Teja 

Tscharntke, Bakolimalala Rakouth 

Abstract 

North-eastern Madagascar is a hotspot of plant diversity, but vanilla and rice farming are driving 

land-use change, including slash-and-burn management. It still remains unknown how land-use 

change and land-use history affect richness and composition of endemic, native and exotic 

herbaceous plant species. We assessed herbaceous plants along a land-use intensification gradient 

ranging from unburned land-use types (i.e. old-growth forest, forest fragment and forest-derived 

vanilla agroforest) to burned land-use types (i.e. fallow-derived vanilla agroforest, woody fallow 

and herbaceous fallow) and rice paddy. We compared land-use types and analysed the effects of 

land-use history, canopy closure and landscape forest cover on species richness. Additionally, we 

analysed species compositional changes across land-use types. Across 80 plots, we found 355 plant 

species (180 native non-endemics, 57 exotics, 60 endemics and 58 species of unknown origin). 

Native and exotic species richness increased with increasing land-use intensity, whereas endemics 

decreased. Unburned land-use types had higher endemic species richness (4.28 ±0.37 [mean ± 

SE]) than burned ones (2.4±0.21). Exotic and native species richness, but not endemics, decreased 

with increasing canopy closure. Increasing landscape forest cover reduced exotic, but not native 

or endemic richness. Species composition of old-growth forests was unique compared to all other 

land uses and forest-derived, not fallow-derived vanilla agroforests, had a similar endemic species 

composition to forest fragments. Our results indicate that old-growth forests and forest fragments 

are indispensable for maintaining endemic herbaceous plants. We further show that the land-use 

history of agroforests should be considered in conservation policy. In forest-derived vanilla 

agroforests, management incentives are needed to halt loss of canopy closure, thereby maintaining 

or even enhancing endemics. In conclusion, considering species origin (endemic, native and 

exotic) and composition is essential for the identification of suitable management practices to 

avoid irreversible species loss. 
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Introduction 

Madagascar is one of the principal centres of vascular plant diversity in the world (Kreft & Jetz, 

2007; Mutke, Sommer, Kreft, Kier, & Barthlott, 2011) with more than 80% endemic species 

(Callmander et al., 2011). Most of the Malagasy endemic flora has only been found in old-growth 

forests (Ganzhorn, Wilmé, & Mercier, 2014; Irwin et al., 2010), making their conservation a 

priority (Gibson et al., 2011; Mittermeier, Myers, Tliomsen, & Olivieri, 1998). However, during 

the last six decades, nearly half of the Malagasy forest cover has been lost due to land-use change 

and now only about 15% of the country is forested (Harper, Steininger, Tucker, Juhn, & Hawkins, 

2007; Vieilledent et al., 2018a). The remaining protected natural forests are still subjected to 

pressures (e.g. selective logging, hunting) that reduce the effectiveness of the protected areas to 

preserve their biodiversity (Geldmann, Manica, Burgess, Coad, & Balmford, 2019; Laurance et 

al., 2012). Hence, concerns arose on the ability of protected natural forests in Madagascar, like in 

many other tropical countries, to preserve their biodiversity in the future. 

Conservationists and researchers have suggested agroforestry systems as another way to sustain 

biodiversity while producing food (Bhagwat, Willis, Birks, & Whittaker, 2008). Agroforestry 

systems can harbour high biodiversity (Finegan & Nasi, 2004; Phalan, Onial, Balmford, & Green, 

2011; Steffan-Dewenter et al., 2007) and have values for ecosystem services (Tscharntke et al., 

2011). Structurally complex agroforestry systems maintain more biodiversity compared to 

intensified plantations (De Beenhouwer, Aerts, & Honnay, 2013). In addition, complex 

agricultural landscapes that include agroforestry systems can help to prevent local extinction of 

species and maintain ecosystem services for crops with natural forest cover in the matrix (Grass et 

al., 2019). To increase the effectiveness of protected areas in maintaining biodiversity, agricultural 

matrices should thus be considered since agriculture has become dominant in tropical regions 

(Perfecto & Vandermeer, 2008). 

Tropical agricultural landscapes can take many different forms. For instance, in north-eastern 

Madagascar, the agricultural landscape is mainly dominated by small-scale agriculture converted 

from rainforest (Llopis et al., 2019). In the region, vanilla, a vine and hemi-epiphytic orchid that 

requires a support tree and shade, is farmed in small-scale agroforestry systems (Havkin-Frenkel 

& Belanger, 2010). This crop can be planted directly inside a forest, without using fire, or on open-

land, that has been derived from slash-and-burn agriculture (i.e. tavy, a slash-and-burn agricultural 
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technique used in Madagascar) (Martin, Osen, et al., 2020). However, little is known about how 

forest conversion into cropland affects plant biodiversity taking into account land-use history of 

agroforests in the tropics (exception see Martin, Osen, et al., 2020; Shumi et al., 2019). 

North-eastern Madagascar is the largest producer of vanilla in the world (FAO, 2020; The World 

Bank, 2019). The region retains a higher forest cover compared to other regions of Madagascar 

(Vieilledent et al., 2018a), and is thus considered as a conservation priority area (Rogers, Glew, 

Honzák, & Hudson, 2010). However, slash-and-burn agriculture associated with staple crops such 

as rice remains the main driver of deforestation in the region (Zaehringer, Hett, Ramamonjisoa, & 

Messerli, 2016). Moreover, in the last decade, there has been a considerable increase in the price 

of vanilla, resulting in the conversion of remaining forests to vanilla agroforests (Llopis et al., 

2019). Analysing the value of vanilla production landscapes for sustaining plant biodiversity is, 

therefore, necessary to develop conservation strategies for human-modified land-use types. 

Although preserving endemic species is a key objective of biological conservation globally 

(Tucker, Cadotte, Davies, & Rebelo, 2012), there has been only one study assessing how endemic, 

native and exotic plant species richness respond to on-plot vegetation structure in vanilla agroforest 

(see Hending, Andrianiaina, Maxfield, Rakotomalala, & Cotton, 2019). To date, few studies 

assessed how herbaceous plant communities are affected by land-use history in agricultural 

landscapes in Madagascar. 

In this paper, we assessed the effect of land-use change on herbaceous plants in the Malagasy 

vanilla production landscapes using species richness and community composition as measures. 

Our four research objectives were to: (1) investigate species richness and endemism of herbaceous 

plants along a land-use intensification gradient; (2) identify land-use practices that sustain the 

greatest amount of endemic and native, but least exotic plants; (3) assess the effects of land-use 

history, shade and surrounding landscape forest cover on species diversity; and (4) evaluate 

dissimilarities between land-use types in terms of species compositions and growth forms. We 

hypothesized that the response of herbaceous plant species richness to land-use intensification and 

environmental parameters would differ based on the species’ origin. Additionally, we expected a 

response of species composition to land-use intensification. 

Materials and methods 

Study area and study design 
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We carried out fieldwork in 2018 in the SAVA (Sambava, Antalaha, Vohemar, Andapa) region in 

north-eastern Madagascar. The climate in the region is tropical humid (annual rainfall of 2223 

mm) with a mean annual temperature of 24°C (mean across 80 plots, data extracted from Karger 

et al. ( 2017)). The original vegetation is tropical rainforest classified as lowland humid evergreen 

forest (Moat & Smith, 2007). 

Across the study region, we selected 12 sites: two sites inside Marojejy National Park and 10 

villages (Figure 2.1a; for more details on villages selection see Text S.2.1). In each site of Marojejy 

NP, we selected five plots of old-growth forest and in each village, we selected seven plots: one 

forest fragment, one woody fallow, one herbaceous fallow, one rice paddy and three vanilla 

agroforests. Overall, we selected 80 plots (70 plots in villages and 10 plots in old-growth forest 

sites). The size of each plot was 25 m radius. The average distance from one plot to the closest 

neighbouring plot was 719 m (± 438 m) with a minimum of 260 m. The average elevation was 192 

m.a.s.l. (± 207 m.a.s.l.) with minimum of 7 m.a.s.l. and maximum of 819 m.a.s.l. For our study, 

we categorized vanilla agroforests based on their land-use history: forest-derived vanilla agroforest 

and fallow-derived vanilla agroforest. Thus, we had seven land-use types: Old-growth forest, 

Forest fragment, Forest-derived vanilla agroforest, Fallow-derived vanilla agroforest, Woody 

fallow, Herbaceous fallow and Rice paddy (Figure 2.1b). 
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Figure 2.1 Study design overview. Map of study sites with the forest cover of the study region in 2017 

from Vieilledent et al. (2018b) (a), representation of land-use types in each site (b), and photos of land-use 

types along the land-use intensity gradient (c) in north-eastern Madagascar. 

Old-growth forest (N=10) was exclusively located in Marojejy NP. In our study region, only 

Marojejy NP had largely intact forest at an elevation below 800 m.a.s.l (see Text S.2.1 for more 

details). Forest fragment (N=10, one plot per village) represented remaining natural forest outside 

of protected areas which was small and heavily used for timber extraction. Forest-derived vanilla 

agroforest (N=10 up to three plots per village) referred to vanilla agroforests planted directly inside 

a forest by removing small trees and clearing the shrubby understory vegetation without fire. 

Fallow-derived vanilla agroforest (N=20, up to three plots per village) represented a vanilla 

agroforest that was established on fallow land. Fallow land is a stage within the slash-and-burn 

cultivation cycle (Malagasy: tavy), where fallow land is abandoned for periods of varying duration 

before it is used for another cultivation cycle. To establish a vanilla plantation on fallow land, 

farmers used existing tree structures and/or plant additional trees to provide both shade and 

climbing structures for the vanilla orchids  (Martin, Osen, et al., 2020). Forest- and fallow-derived 

vanilla were not always present in all villages which has created an uneven distribution of our 

land-use types (Figure 2.1b) (see Text S.2.1 for further details). Woody fallow (N=10, one plot per 

village) represented land that was used for slash-and-burn agriculture 5-17 years prior to the study 

and where shrubs and small trees have regrown and formed secondary vegetation. Woody fallow 

is occasionally used by villagers for zebu grazing and for extracting wood for construction, fire-

wood and charcoal production. Herbaceous fallow (N=10, one plot per village) referred to land 

that was used for hill rice production as part of slash-and-burn agriculture two years before the 

data collection. The land was dominated by herbaceous plants, but few shrubs had regenerated 

naturally. Rice paddy (N=10, one plot per village) was an irrigated rice field and represented the 

most intensive land use in the region (Figure 2.1c). In our study region, rice paddies are small units 

of flooded fields and divided or structured by banks. 

Based on these descriptions, land-use types differed largely based on their land-use history and we 

therefore categorized them into lands that had never been burned before, hereafter called unburned 

land-use types (old-growth forest, forest fragment and forest-derived vanilla agroforest) and land 

formerly used for or part of slash-and-burn agriculture cycle hereafter called burned land-use types 

(fallow-derived vanilla agroforest, woody fallow and herbaceous fallow). We did not assign rice 
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paddy to neither burned or unburned land-use history, but kept it as an individual category called 

rice paddy, as it represents agricultural land in the floodplain which is not commonly converted 

from or to other land‐use types described in this study. 

We defined the order of land use types along the land-use intensity gradient based on their land-

use history, tree stem density and usage (e.g. grazing and extraction of wood). We considered that 

lands with low tree stem density had higher land-use intensity compared to lands with higher tree 

stem density. Therefore, our land-use intensity gradient was, from low to high land-use intensity, 

as follows: old-growth forest, forest fragment, forest-derived vanilla agroforest, fallow-derived 

vanilla agroforest, woody fallow, herbaceous fallow and rice paddy (Figure 2.1c). 

Herbaceous plants assessment and species origin categorisation  

In each plot, we evenly distributed 8 subplots of 2 m x 2 m at fixed positions (see Figure S.1). For 

rice paddy, we used the rice field banks to assess the herbaceous plants to avoid bias from temporal 

change within rice fields (before and after harvest) as the rice field banks are less affected by rice 

cultivation or harvest. In each rice paddy plot, we established our subplots on the banks covering 

the standardized 4m² area but with varying length and width depending on the size of the bank and 

we kept an even distance between each subplot. In each subplot, we assessed herbaceous vascular 

plants by selecting only plants that did not possess a woody stem above ground at maturity and 

counted their abundance (individual plant number). When a species was very dominant in one 

subplot , we estimated their abundance by extrapolating the number of individual plant from a 

small area (10 cm x10 cm) in which we could count the individual plant (Carpenter, Elzinga, 

Salzer, & Willoughby, 1999). We also attributed each species to one of the following categories 

based on its growth form: fern, vine (climbing plants excluding fern), graminoids (Poaceae and 

Cyperaceae) and other herb (non-climbing flowering herbs). We collected herbarium samples 

when the identification of a species was impossible in the field. We deposited all herbarium 

specimens (1879 specimens in total) at the herbarium of the Plant Biology and Ecology 

Department at the University of Antananarivo in Madagascar. 

For each species assessed and identified, we searched whether it is endemic (i.e. it exists only in 

Madagascar), native non-endemic (hereafter called native, exists naturally in Madagascar but also 

elsewhere) or introduced (hereafter called exotic, does not exist in Madagascar naturally) using the 
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following online plant databases: Catalogue of the Plants of Madagascar (Madagascar Catalogue, 

2019), African Plant database (CJB-SANBI, 2019), GBIF (GBIF.org, 2019) and Plants of the 

World online (The Royal Botanic Gardens Kew, 2019; see detailed description in Text S.2.1).  

Canopy closure and landscape forest cover assessment 

We derived mean canopy closure values from five hemispherical images per plot using a Nikon 

D5100 camera equipped with a Sigma Circular Fisheye 4.5 mm 1∶2.8 lens (see detailed description 

in Text S.2.1). On rice paddy and herbaceous fallow plots, we did not measure canopy closure but 

assumed 0% canopy closure as these two land-use types did not contain any trees. 

To determine the landscape forest cover surrounding each of our plots, we used forest cover data 

from Vieilledent et al. (2018b) based on 2017 binary (Forest / non-forest) forest cover data with 

30m resolution. We performed the calculation in R version 3.6.1 (R Core Team, 2019) using the 

R package ‘raster’ (Hijmans, 2019) within a 500m radius buffer around plot centres. The 500m 

radius buffer was chosen to minimize overlap between buffers as well as allow a meaningful 

characterisation of the surrounding landscape (Roschewitz, Gabriel, Tscharntke, & Thies, 2005). 

Data analysis 

We performed all data analysis and visualization using R version 3.6.1 (R Core Team, 2019). For 

our analysis, we aggregated the data from all subplots to the plot level by summing up the species 

abundance and combining all species assessed. To measure the completeness of our samples and 

estimate species accumulation per land-use type, we computed coverage-based rarefaction and 

extrapolation curves and individual-based species accumulation curves with abundance data using 

the R-package iNEXT (Hsieh, Ma, & Chao, 2016). 

To depict the variation of species richness across the land-use intensification gradient, we fitted 

overall, native, exotic and endemic species richness separately in generalized linear mixed models 

(GLMMs) with the R-package ‘glmmTMB’ (Brooks, Mollie et al., 2017) using land-use types as 

a fixed effect and villages (including the two old-growth forest sites) as a random effect. We 

applied generalized Poisson family (Consul & Famoye, 1992) for overall and native species 

richness due to significant over/under-dispersion indicated by the R-package ‘DHARMa’ (Hartig, 

2020), and Poisson family for endemic and exotic species richness. Then, we evaluated the 
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differences between land-use types using one-way ANOVA and Tukey post-hoc test with function 

glht in the R-package ‘multcomp’ (Hothorn, Bretz, & Westfall, 2008) at the p < 0.05 level. 

To analyse the effects of environmental parameters on overall, endemic, native, and exotic species 

and to understand the drivers of species richness across land-use intensification, we refitted their 

species richness separately using generalised linear mixed models (GLMMs) with the R-package 

‘glmmTMB’. We used village and land-use type as random effects and we applied generalized 

Poisson family for overall, native and endemic richness and Poisson family for exotic species 

richness. For overall and each species origin, we used land-use history, canopy closure and 

landscape forest cover as fixed explanatory variable in the full model. Then, we performed model 

ranking based on Akaike’s Information Criterion (AICc; Burnham & Anderson, 2004), using the 

dredge function of the R-package ‘MuMIn’ (Barton, 2019) and we selected the models with the 

lowest AICc as final models. When land-use history was included in a final model, we performed 

a Tukey post-hoc test to compare unburned land-use types, burned land-use types and rice paddy 

to one another using the function glht of the R-package ‘multcomp’. For all variables and the multi-

comparisons, we considered p < 0.05 as a significant effect or difference. To visualize both, the 

variation of species richness across land-use types and the effect of environmental variables on 

species richness, we used the R-package ggplot2 (Wickham, 2016). 

To study species compositional changes across land-use types, we calculated Jaccard dissimilarity 

index of overall species as well as native, exotic and endemic species separately using the function 

vegdist of the R-package ‘Vegan’ (Oksanen et al., 2019). We used nonmetric-multidimensional-

scaling (NMDS) to visualise the overall species compositional differences with the function 

metaMDS of the R package ‘Vegan’. To show which land-use types are associated to which growth 

forms, we correlated each growth form’s proportion (=species number of each growth form out of 

overall number of species) across plots on top of the NMDS using the function envfit of the R-

package ‘Vegan’. We tested for significant differences in species composition between land-use 

types for all species and the three origin categories by performing permutational multivariate 

analysis of variance (PERMANOVA) with 999 permutations using the function adonis in the R-

Package ‘Vegan’. Then, we did pairwise comparisons of land-use types in terms of species 

composition using the function pairwise.adonis in the R-package ‘pairwiseAdonis’ (Arbizu, 2017) 

with 999 permutations. Additionally, we visualised the co-occurrence of native, exotic and 
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endemic species across the seven land-use types using the R-package ‘UpsetR’ (Conway, Lex, & 

Gehlenborg, 2017). 

Results 

In total, we recorded 44 248 herbaceous plants across 80 plots. Overall, we found 355 plant species 

of which we identified 294 at species level and 61 as morphospecies (Table S.2.1). We considered 

three morphospecies as endemic because they belonged to endemic genera of Madagascar and 

considered the remaining 58 morphospecies as of unknown origin. Among all 297 species 

attributed to an origin category, 60 were endemic to Madagascar, 180 were native, and 57 were 

exotic. 

Based on the coverage-based rarefaction and extrapolation curve, all land-use types presented an 

adequate sampling effort with sample coverage of more than 98% (Figure S.2a). The individual-

based species accumulation curves showed that burned land-use types (except woody fallow) had 

higher species richness compared to unburned ones (Figure S.2b). Rice paddy and fallow-derived 

vanilla agroforest had the highest accumulated species richness compared to other land-use types 

(Figure S.2c). None of the land-use types showed clear asymptotic curves (Figure S.2b- 2c).  

Species richness across land-use intensification gradient 

Overall species richness, including 59 morphospecies, increased with increasing land-use intensity 

(Figure 2.2a). Forest fragments ([mean ± SD]: 14.1 ±6.6) had the lowest species richness, whereas 

rice paddies (49.4 ±7.6) had the highest species richness compared to other land-use types (Figure 

2.2a, Table S.2.2-S3). We found no significant difference in overall species richness between 

forest-derived vanilla agroforests and fallow-derived vanilla agroforests, nor between forest 

fragments and old-growth forests (Figure 2.2a, Table S.2.2).  

Native and exotic species richness increased with increasing land-use intensity (Figure 2.2b-c). 

For both origins, old-growth forests (5.1 ±3.3 for native, 0.9 ±0.9 for exotic) and forest fragments 

(6.3 ±4.5 for native, 1.5 ±1 for exotic) had the lowest herbaceous plant species richness and rice 

paddies the highest (31.9 ±4.2 for native, 14.6 ±3.6 for exotic; Table S.2.3). Fallow-derived vanilla 

agroforests had a higher exotic plant species richness compared to forest-derived vanilla 

agroforests, but we found no difference in native herbaceous plant species richness between the 
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two types of agroforests (Figure 2.2b-c, Table S.2.2-S2.3). 

 

Figure 2.2 Richness of overall (a), native (b), exotic (c) and endemic (d), herbaceous plants species across 

a land-use intensity gradient in north-eastern Madagascar. Letters indicate significant differences between 

land-use types after ANOVA/Tukey post-hoc test with p <0.05 for significant differences. Lower and upper 

boundaries of the box display 25th and 75th percentiles of the observational values respectively, line inside 

of the box is the median, the lower vertical line is the 10th percentile, the upper vertical line is 90th 

percentiles. Dots are the species richness per plot 

 

In contrast to native and exotic species, endemic species richness decreased with increasing land-

use intensity (Figure 2.2b). Old-growth forests (5.5 ± 2.5), forest fragments (4.4 ±2.7) and forest-

derived vanilla agroforests (3.9 ±1.4) did not differ significantly from one another and had a higher 

endemic species richness compared to all other land-use types (Table S.2.2-S2.3). We found a 

significantly higher endemic species richness in forest-derived vanilla agroforests compared to 

fallow-derived vanilla agroforests (Figure 2.2b, Table S.2.2-S2.3). Forest-derived vanilla 

agroforests, woody fallows and herbaceous fallows did not differ in endemic species richness from 

each other (Figure 2.2b). Overall, rice paddies had the lowest number of endemic species (1.7 
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±0.7; Figure 2.2b, Table S.2.3).  

Effect of environmental parameters on species richness 

Based on our model selection, the best model for overall species richness and for native species 

richness included canopy closure and land-use history as explanatory variables (R²overall = 0.54, 

R²native = 0.59, Table 2.1, Table S.2.4). For exotic species richness, the best model included canopy 

closure and landscape forest cover (R²exotic = 0.68, Table 2.1, Table S.2.4) while the best model for 

endemic species richness included land-use history and landscape forest cover (R²endemic = 0.45, 

Table 2.1, Table S.2.4). 

When examining the effect of environmental parameters, we found that increasing canopy closure 

was negatively associated to overall, native and exotic species richness (p <0.001, Table 2.1, 

Figure 2.3b, e and h). For land-use history, we did not find a significant difference in overall and 

native species richness between unburned and burned land-use types (Table 2.1, Figure 2.3a and 

d). However, land-use history was decisive for the number of endemic species (Table 2.1) with 

lower richness in burned land-use types compared to unburned land-use types and rice paddy (p 

<0.001, Figure 2.3j). Landscape forest cover did not significantly influence species richness, 

except for the number of exotic species, which were negatively related to an increase in landscape 

forest cover (p = 0.01, Table 2.1, Figure 2.3i). We detected a marginally significant increase of 

endemic species richness with increasing landscape forest cover (p = 0.07, Figure 2.3l). 
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Table 2.1. Generalized linear mixed-effect models (GLMs) explaining the overall, native, exotic and 

endemic species richness of herbaceous plants in north-eastern Madagascar. Bold values indicate significant 

effects. 

Responses Predictors Estimate 
Standard 

Error 

Z-

value 
p-value AICc 

Marginal 

R2 

Overall 

species 

richness 

(Intercept) 3.514 0.187 18.790 < 0.001 

573.6 0.54 

Canopy closure -0.008 0.002 -4.029 < 0.001 

Land-use history (Burned 

land-use types) 
-0.098 0.142 -0.689 0.491 

Land-use history (Rice 

paddy) 
0.402 0.200 2.007 0.045 

        

Native 

species 

richness 

(Intercept) 2.728 0.230 11.853 < 0.001 

495.0 0.59 

Canopy closure -0.009 0.003 -3.635 < 0.001 

Land-use history - Burned 

land-use types 
0.104 0.179 0.582 0.561 

Land-use history - Rice 

paddy 
0.745 0.243 3.071 0.002 

        

Exotic 

species 

richness 

(Intercept) 2.526 0.168 15.016 < 0.001 

396.6 0.68 Canopy closure -0.017 0.003 -5.788 < 0.001 

Landscape forest cover -0.007 0.003 -2.449 0.0143 

        

Endemic 

species 

richness 

(Intercept) 1.454 0.089 16.422 < 0.001 

291.2 0.45 

Land-use history (Burned 

land-use types) 
-0.576 0.136 -4.247 < 0.001 

Land-use history (Rice 

paddy) 
-0.914 0.239 -3.818 < 0.001 

Landscape forest cover 0.106 0.058 1.828 0.068 
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Figure 2.3 Effects of land-use history, canopy closure and landscape forest cover on overall (a, b and c), 

native (d, e and f), exotic (g, h, and i) and endemic species richness (j, k and l) of herbaceous plant in north-

eastern Madagascar based on multivariate GLMMs. Black lines indicate model predictions and ribbons 

indicate 95% confidence intervals. The absence of black lines and ribbons indicate that the parameter was 

not included in the final model of the corresponding species richness. Dots represent species richness per 

plot. Letters show differences between unburned land-use types, burned land-use types and rice paddy 

based on ANOVA/Tukey post-hoc test with p <0.05 for significant differences 

Species compositional changes  
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The analysis of species compositional changes revealed that overall species changed significantly 

across the land-use types, as shown in the NMDS ordination (Figure 2.4) and PERMANOVA 

results (R² = 0.26, p <0.001, Table S.2.5). Pairwise comparison of land-use types in terms of 

overall species composition indicated that all land-use types were significantly different from one 

another (p <0.05). In terms of species growth form, we found that fallow-derived vanilla agroforest 

and woody fallow were associated with high proportion of graminoid species and low proportion 

of ferns while old-growth forests and forest fragments were related to a high proportion of fern 

species (Figure 2.4). Rice paddy and herbaceous fallow were mostly associated to other herbs and 

a very low proportion of vines.  

 

Figure 2.4 Nonmetric-multidimensional-scaling (stress = 0.1657, non-metric fit, R2= 0.973 and linear fit 

R2 = 0.885) of plots showing dissimilarities between land-use types in terms of overall species composition 

of herbaceous plants in north-eastern Madagascar based on Jaccard dissimilarity index. Dots represent plots, 

ellipsoids indicate standard error of the weighted average of scores for each land-use type, and arrows 

represent the association with the proportion of growth forms 

For native species composition across land-use types, we found significant differences based on 

PERMANOVA tests indicating changes of species composition across land-use types (R² = 0.27, 
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p = 0.001, Table S.2.5). Based on pairwise comparisons, we did not find a significant difference 

between old-growth forests and forest fragments (R² = 0.07, p = 0.134) and between forest-derived 

vanilla agroforests and fallow-derived vanilla agroforests in terms of native species composition 

(R² = 0.05, p = 0.055). Old-growth forest and forest fragments had 11 native species in common 

(Figure 2.5a) which include several fern species such as Bolbitis auriculata and Asplenium cf. 

normale (Table S.2.6). Forest- and fallow-derived vanilla agroforests had more than 20 native 

species (Figure 2.5a) from different families in common (e.g. Cyperaceae, Poaceae, Fabaceae, 

Asteraceae; Table S.2.6). 

 

Figure 2.5. Distribution of native (a), exotic (b) and endemic (c) herbaceous plant species across seven 

land-use types in north-eastern Madagascar. Vertical bars show the number of species occurring in each of 

the unique combinations of land-use types represented by the single point for a set of species unique to a 

land-use type and the connected points for a set of species co-occurring in multiple land-use types (e.g. (c) 

three endemic species occurred in old-growth forest, forest fragment and forest-derived vanilla agroforest 

but in no other land-use type) 
 

In terms of exotic species composition, we detected a significant change of species composition 

across land-use types (R² = 0.35, p = 0.001). We found similarities only between old-growth forests 
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and forest fragments (R² = 0.12, p = 0.153) as the only two exotic species (Olyra latifolia and 

Clidemia hirta) recorded from old-growth forest were also found in forest fragments (Figure 2.5b, 

Table S.2.6).  

Endemic species compositional change was significant across all land-use types (R² = 0.23, p = 

0.001). However, forest fragments and forest derived vanilla agroforests were not significantly 

different in terms of endemic species composition (R² = 0.07, p = 0.222). In total, nine endemic 

species were recorded in both forest-derived vanilla agroforests and forest fragments (Figure 2.5c). 

Additionally, we found that old-growth forests and forest fragments had the highest number of 

species recorded exclusively in each of them (14 for old-growth forest and 13 for forest fragment; 

Figure 2.5). Also, we found that fallow-derived vanilla agroforests, woody fallows and herbaceous 

fallows had a similar endemic species composition (Table S.2.5). Fallow-derived vanilla 

agroforests, woody fallows and herbaceous fallows had more endemic species in common 

(minimum four species) than endemic species unique to each land-use type (maximum two 

species; Figure 2.5c). Emilia citrina, Emilia humifusa and Scleria madagascariensis are the 

species that we most commonly found in fallow-derived vanilla agroforests, woody fallows and 

herbaceous fallows (Table S.2.6). 

For all categories of species (overall, native exotic and endemic species), unburned land-use types 

were significantly different compared to burned land-use types in terms of species composition 

(R² native = 0.07, R²exotic = 0.16, R²endemic = 0.09, p= 0.001). We found 68 native species recorded 

only on burned land-use types (Figure 2.5a) with many species of Poaceae, Cyperaceae and 

Asteraceae (Table S.2.6). In terms of exotics, we recorded 28 species (more than half of all exotic 

species assessed (57)) exclusively in burned land-use types (Figure 2.5b). Regarding endemic 

species, unburned land-use types had more than 40 species that did not occur in burned land-use 

types (Figure 2.5). These species are mainly ferns (e.g. Dryopteris subcrenulata), 

Melastomataceae (e.g. Gravesia guttata) Acathanceae (Hypoestes longituba) and Orchidaceae 

(Bulbophyllum baronii). Burned land-use types had only seven endemic species that were not 

found in unburned land-use types (e.g. Selaginella pervillei and Exomiocarpon madagascariense; 

Table S.2.6).  
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Discussion  

Our study shows that endemic species richness of herbaceous plants is decreasing under land-use 

intensification, while natives and exotics are increasing. In terms of land-use history, endemic 

species richness was lower in burned land-use types than in unburned ones. Canopy closure 

decreased native and exotic species richness and higher landscape forest cover was related to lower 

exotic species richness. These different patterns confirm our hypothesis of differential responses 

of species to land-use intensification and environmental parameters based on their origin. Land-

use types showed significant differences in terms of endemic species composition as well as for 

native and exotic species. These findings further validate our hypothesis which predicted the 

change of species composition through land use. With these results, this study sheds new light on 

the effects of land-use intensification, land-use history, canopy closure and landscape forest cover 

on herbaceous plant diversity in Madagascar. 

Effect of land-use intensification and land-use history on herbaceous plant species richness 

and composition 

Land-use history influenced endemic species richness, with lower species richness on burned land-

use types compared to unburned ones. Moreover, endemic species composition differed 

significantly between unburned and burned land-use types with more species only found in 

unburned land-use types compared to burned ones. This indicates a negative effect of slash-and-

burn agriculture on endemic species as already reported by Irwin et al. (2010). Moreover, endemic 

species richness decreased along the land-use intensity gradient with significant compositional 

change. This suggests that land-use intensification or transformation of old-growth forests into 

agricultural lands causes loss of endemic species (Brooks et al., 2002; De Beenhouwer et al., 2013). 

Additionally, endemic species of herbaceous plants were decreasing although the overall species 

richness was increasing with land-use intensity. However, for birds in the same landscape as this 

study, both, endemic and total species richness declined along the land-use intensity gradient 

(Martin, Andriafanomezantsoa, et al., 2020). This highlights the importance of studying multiple 

species groups for conservation evaluation (e.g. Barlow et al., 2007) and suggests a specific 

response of herbaceous plant diversity (Gilliam, 2007).  

Despite the similar species richness, old-growth forest differed from forest fragments and forest-



 

121 
 

derived vanilla in terms of endemic species composition and had the highest number of unique 

endemic species. This indicates that endemic species from old-growth forests are being replaced 

with species that are tolerant to disturbance (Hart & Chen, 2006) since forest fragments in north-

eastern Madagascar are disturbed due to wood extraction. Thus, these results are in line with the 

well-known importance of old-growth forest for maintaining species that are intolerant to 

disturbance (Barlow et al., 2007; Gibson et al., 2011). Forest fragments and forest-derived vanilla 

agroforests did not differ in terms of endemic species composition and richness. These results 

highlight the importance of forest fragments, combined with wildlife-friendly farming systems 

such as forest-derived vanilla agroforestry, for providing habitat to endemic species in human-

dominated landscapes (Bhagwat et al., 2008). This shows the need for considering different land-

use types for endemic species conservation (Tscharntke, Klein, Kruess, Steffan-Dewenter, & 

Thies, 2005) and for combining agricultural systems and forest habitats in the landscape matrix to 

preserve biodiversity (Grass et al., 2019; Perfecto & Vandermeer, 2008). 

Non-endemic species richness increased with increasing land-use intensification. Looking at 

overall species composition, burned land-use types were associated with a high proportion of 

graminoids. Furthermore, native and exotic species composition was significantly different 

between burned and unburned land-use types. These results indicate that burned rather than 

unburned land-use types were colonized by non-endemic species, for example fire-loving grasses 

that are not growing on unburned land-use types (Styger, Rakotondramasy, Pfeffer, Fernandes, & 

Bates, 2007). Moreover, rice paddies had the highest richness of native species and different 

species composition compared to any other land-use types. This suggests that, despite the 

commonly intensive management of rice paddies, rice paddy banks can constitute an important 

reservoir of different native herbaceous plants, possibly due to its water regime (Kosaka, Takeda, 

Sithirajvongsa, & Xaydala, 2006). 

Effect of canopy closure and landscape forest cover on species richness 

Species richness of native and exotic herbaceous plants decreased with increasing canopy closure. 

These results indicate that non-endemic herbaceous plants species show negative response towards 

dense canopies and thrive in open habitats. The increasing richness in open habitat suggests a 

colonisation of shade-intolerant species, especially graminoids (Hart & Chen, 2006; Plue et al., 

2013). Tree removal is hence facilitating the regeneration of native herbaceous plants as well as 
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exotic species. Furthermore, exotic plant species richness decreased with an increasing forest cover 

in the landscape. These results confirm that exotic herbaceous plant species thrive in open habitats 

with low forest cover (e.g. Sánchez-Jardón et al., 2014) and in intensive agricultural systems, 

which can lead to taxonomic homogenization as graminoid species are becoming dominant on 

more intensively used land-use types (Marconi & Armengot, 2020). Additionally, many parts of 

our study region have only recently been deforested (Vieilledent et al., 2018a), suggesting that the 

exotic species richness might increase in the future due to a delayed ecological response termed 

colonisation credit (Lira, de Souza Leite, & Metzger, 2019). Therefore, this may explain why we 

found fewer exotic species on plots surrounded by more landscape forest cover which may have 

lost surrounding forest more recently. 

Study limitations 

We identified 1716 plants as 58 morphospecies with unknown origin (see Table S.2.1) due to the 

absence of reproductive parts (flowers or spores). We found most of these morphospecies with 

unknown origin in old-growth forest and forest fragment (Table S.2.6). There is a high probability 

that these species are endemic given that most of the families have high species endemicity rate 

(more than 70%) except for Cyperaceae, ferns, and Poaceae (39-45% species endemicity rate) 

(Callmander et al., 2011; Vorontsova et al., 2016). Besides this, we found some discrepancies in 

literature and databases on the origin of certain non-endemic species (Kull et al., 2012), thus, 

choices had to be made by prioritizing one information over another. Therefore, further research 

is needed on non-endemic plants in Madagascar to elucidate the controversy on their origins and 

reduce the uncertainty of future research. 

We found that forest fragments and forest-derived vanilla agroforests had similar endemic 

herbaceous plant species richness and composition. However, conversion of forest fragments into 

forest-derived vanilla agroforests involves understory vegetation clearance and tree thinning 

(Martin, Osen, et al., 2020). This disturbance, combined with landscape degradation, could result 

in a loss of endemic herbaceous plant species in forest-derived vanilla agroforests if extinction 

debts are paid out in the future (Kuussaari et al., 2009). Such extinction debts can be caused by 

local and landscape habitat deterioration, depending on the plant reproduction strategy and other 

functional traits (Hylander & Ehrlén, 2013). This may potentially confound our results, but 

unfortunately our study is too short term to document extinction debts. 
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Conservation implications 

Preserving unique biological features and ecosystem functions is the central aim of biodiversity 

conservation. Herbaceous plants have value not only for their aesthetics but also for ecosystem 

functioning (Gilliam, 2007; Ouin & Burel, 2002). Hence, plant conservation value evaluation 

should not only focus on trees but also encompass herbaceous plants since they are also very 

sensitive to habitat change (Gilliam, 2007). Understanding drivers of various aspects of herbaceous 

plant diversity is therefore crucial.  

Our analysis of the herbaceous plant community has shown that species richness is increasing with 

land-use intensification, along with a decrease of canopy closure. This is in line with results from 

cacao plantations in Indonesia (Clough et al., 2011). However, the endemic species diversity 

analysis has shown that land-use history affects their richness and composition. Therefore, species 

richness alone is not a meaningful unit of analysis for herbaceous plant conservation, but the 

differentiation of the species according to origin (endemics, natives or exotics; e.g. Steffan-

Dewenter et al., 2007) and their compositions (e.g. Rembold et al., 2017) are crucial to value 

different land-use types. 

In north-eastern Madagascar, where vanilla farming and rice cultivation constitute the main drivers 

of land-use change (Zaehringer et al., 2016), forest fragments remain the most effective land-use 

type to preserve herbaceous plant diversity within human-dominated landscapes and should thus 

be preserved to conserve endemic species. As species groups respond differently to land-use 

change, maintaining forest fragments within agricultural landscapes increases the effectiveness of 

landscapes to maintain biodiversity (Grass et al., 2019), hence corroborating the importance to 

consider all land-use systems in the landscape (Lindenmayer, Franklin, & Fischer, 2006). In case 

of converting forest into agricultural land, land conversion methods using land clearing without 

fire, e.g. the establishment of forest-derived agroforests, minimize the loss of endemic species 

since unburned land-use types have a higher species richness and different species composition 

compared to burned land-use types.  

In a landscape where most of the forest has been cleared for slash-and-burn agriculture and which 

is now consequently dominated by fallows and fallow-derived land uses, species that tolerate 

habitat disturbance are commonly found. Within the slash-and-burn system, a successive 
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intensification with shorter fallow times is not recommended as it may lead to land degradation 

(Styger et al., 2007). Within the burned land-use types, fallow-derived vanilla agroforests can 

rehabilitate tree cover in the landscape and support ecosystem functioning (Martin, Osen, et al., 

2020) while also being economically attractive for farmers (Hänke et al., 2018). 

Conclusions 

The present study demonstrates that herbaceous plant richness, except endemics, increases with 

land-use intensification in north-eastern Madagascar. Land-use history influences endemic species 

richness of herbaceous plants, whilst dense canopies decrease native and exotic species richness 

but not endemic species richness. The conversion of forest fragments into forest-derived vanilla 

agroforests does not alter species richness nor composition of endemic herbs. The differentiation 

into categories of origin (endemic, native and exotic) allowed us to generate meaningful 

management advice that would benefit the preservation of endemic species. Hence, species 

richness alone is not sufficient to evaluate the conservation value of ecosystems. 

We conclude that vanilla agroforestry systems, particularly if forest-derived, can harbour many 

endemic herbaceous plants, which contrasts with other important tropical agroforestry systems 

(e.g. cacao) that typically have low conservation value for endemic herbaceous forests species. 

Forest-derived agroforests with dense canopies may be maintained with management incentives 

but the establishment of new forest-derived agroforests should be avoided to conserve endemic 

herbaceous plants in forest fragments as well as old-growth forests. Fallow-derived agroforests, 

on the other hand, may offer an opportunity to avoid degradation of fallow land that forms part of 

the slash-and-burn cultivation cycle. 

We also identify land-use history as a key determinant of herbaceous plant species composition 

and richness. To maintain the current diversity of endemic plant species, the conservation of a 

diverse landscape with unburned old-growth forests, forest fragments and forest-derived vanilla 

agroforests is necessary. 
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Supporting Information 

Land-use intensification increases richness of native and exotic herbaceous plants, but not 

endemics, in Malagasy vanilla landscapes 

Estelle Raveloaritiana, Annemarie Wurz, Ingo Grass, Kristina Osen, Marie Rolande Soazafy, 

Dominic A. Martin, Lucien Faliniaina, Nantenaina H. Rakotomalala, Maria S. Vorontsova, Teja 

Tscharntke, Bakolimalala Rakouth 

Text S.2.1 Specification on study design and sampled land-use types  

• Village selection criteria: 

We selected 10 villages from 60 villages based on the baseline study of the project “Diversity Turn 

in Land-Use Science” (see Hänke et al., 2018 for details on the selection of the 60 villages). We 

performed an analysis of surrounding land cover for all 60 villages (within 2 km) using google 

earth imagery. Based on this, we eliminated all villages which had a large proportion of water 

(ocean, lake or river, more than 40%), very little forest cover, no forest fragment or that were 

dominated by coconut plantations. With these criteria, we had 17 villages left. For those 17, we 

then assessed whether a second village was less than 4 km away; if this was the case, we randomly 

chose one of the two villages resulting in 14 candidate villages. Subsequently, we randomly 

selected villages to visit and select plots. In one village we could not find all the land-use types 

and in another one, the landowners did not agree to a collaboration. Finally, we selected 10 villages 

for our study from the 12 remaining candidate villages. We did not visit two villages of the 12 

remaining candidates, as the plot selection in 10 villages was already completed. 
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• Old-growth forest:  

We selected old-growth forest plots only inside Marojejy National park for the following three 

reasons: (1) We did not find any undisturbed forest that we could consider as an old-growth forest 

outside of protected areas in our study region. (2) In other protected as areas, such as Makirovana 

protected area, the forest at lower altitude was too degraded based on interviews with the 

researchers who have worked extensively in the area. (3) Sampling in higher altitude or another 

protected forest such as Masoala or Anjanaharibe-Sud would have created a bias in our data as 

these reserves are outside of our study region and have different bioclimatic conditions (see Moat 

& Smith, 2007).  

Based on personal communication with local guides of Marojejy National park, some selected 

plots for our study have been subject to selective logging in the past but have regenerated. 

• Uneven distribution between the fallow- and forest-derived vanilla agroforests 

Originally, we selected seven plots per village: one forest fragment, one woody fallow, one 

herbaceous fallow, one rice paddy and three plots of vanilla agroforests. Initially, we used one 

criterion to select three vanilla agroforests per village: covering a range of canopy closure across 

the three vanilla agroforests of one village. Therefore, we selected one plot with high canopy cover, 

one with medium canopy cover and one with minimum or low canopy cover. After plot selection, 

the differences in land-use history of vanilla agroforests became apparent through interviews with 

the farmers: some vanilla agroforests were established directly in unburned forests and some were 

established on fallow lands or a land that was used for slash-and-burned agriculture in the past. 

We then decided to use land-use history as categorization for vanilla agroforests in our study. We 

considered this distinction based on land-use history as meaningful since structural as well as 

faunistic and floristic differences seemed apparent. Furthermore, land-use history seemed an 

interesting study avenue since slash-and-burned agriculture is one of the major threats to 

biodiversity in Madagascar. Therefore, we had in total 10 forest-derived vanilla agroforests and 

20 fallow-derived vanilla agroforests. In two villages all the vanilla agroforests selected were 

forest-derived, and in three villages all the vanilla agroforests selected were fallow-derived. In five 

villages, we had two fallow-derived vanilla and one forest-derived vanilla plots. Based on the 

results our baseline study, fallow-derived vanilla (70 % of all vanilla agroforests from 60 villages) 
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is more common than forest-derived vanilla (30%) in the study region (Hänke et al., 2018). 

However, in some villages, especially near the coast, forest-derived vanilla is more common as 

vanilla cannot grow well on land that has been burned before (based on personal communication 

with vanilla plot owner). 

Specification on assignment of categories of origin 

To assign each identified species into an origin category (endemic, native or exotic), we set 

Catalogue of the Plants of Madagascar as primary database to check the origin of each species as 

it is the largest database for the Malagasy flora. However, when species origin was not available 

on the primary database, we searched the name in the other databases and chose the most recent 

information based in the reference date of the species or the information based on matching data 

from two databases (when the reference dates were similar or not available).  

Specification on data collection of canopy closure measurements  

To take the hemispherical images, we mounted the sensor on a tripod at 2.4 m height to 

characterize the canopy above the layer of support trees and vanilla vines. We used the same set-

up in non-vanilla plots. From each image taken, we determined exposure following the histogram-

exposure protocol of Beckschäfer et al. (2013) and extracted canopy closure values by applying 

the ‘minimum thresholding algorithm’ following the manual of Beckschäfer (2015), using ImageJ 

software. 
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Figures: 

 

 

Figure S.2.1 Arrangement of subplots within each plot (for assessment on rice paddies, length 

and width of each subplot varied depending on the size of the bank with even distance between 

each subplot). 
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Figure S.2.2 Coverage-based rarefaction/extrapolation curves (a) and Individual-based species 

accumulation curves (b, c) and of herbaceous plant species depending on land use. Solid lines are 

rarefaction or interpolated curves, dashed lines represent extrapolated curves and shaded areas 

are the 95% confidence intervals of species richness at land-use types level.  
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Tables:  

 

Table S.2.1 Summary of herbaceous plants observed across all study sites in north-eastern 

Madagascar. 

 Number of 

individuals 

Number of species or 

morphospecies 

Number of 

families 

All herbaceous plants  44248 355 70 

Native species 22243 180 53 

Exotic species  16193 57 25 

Endemic species 4096 60 31 

Unknown origin species 1716 58 20 
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Table S.2.2 Results of pairwise comparison on land-use types in terms of overall, endemic, native and exotic species richness of 

herbaceous plant in north-eastern Madagascar. Bold font indicates significant difference between the pair of land-use types on 

corresponding species richness. 

 Overall species richness  Native species richness 

Land-use types comparisons Estimate 
Standard 

Error 
z value p-value  Estimate 

Standard 

Error 
z value p-value 

Old-growth forest - Forest fragment -0.116 0.194 -0.596 0.55  0.189 0.270 0.701 0.48 

Old-growth forest - Forest-derived vanilla 0.287 0.182 1.576 0.12  0.759 0.246 3.081 < 0.001 

Old-growth forest - Fallow-derived vanilla 0.255 0.164 1.552 0.12  0.783 0.227 3.451 < 0.001 

Old-growth forest - Woody fallow 0.163 0.184 0.890 0.37  0.730 0.246 2.966 < 0.001 

Old-growth forest - Herbaceous fallow 0.755 0.167 4.518 < 0.001  1.280 0.230 5.558 < 0.001 

Old-growth forest - Rice paddy 1.155 0.160 7.220 < 0.001  1.851 0.221 8.385 < 0.001 

Forest fragment - Forest-derived vanilla 0.402 0.171 2.356 0.02  0.569 0.218 2.614 0.01 

Forest fragment - Fallow-derived vanilla 0.371 0.152 2.433 0.01  0.594 0.196 3.029 < 0.001 

Forest fragment - Woody fallow 0.279 0.173 1.612 0.11  0.541 0.219 2.474 0.01 

Forest fragment - Herbaceous fallow 0.870 0.155 5.599 < 0.001  1.091 0.200 5.448 < 0.001 

Forest fragment - Rice paddy 1.270 0.148 8.601 < 0.001  1.662 0.189 8.785 < 0.001 

Forest-derived vanilla - Fallow-derived 

vanilla 
-0.032 0.138 -0.230 0.82  0.025 0.164 0.151 0.88 

Forest-derived vanilla - Woody fallow -0.123 0.160 -0.770 0.44  -0.029 0.188 -0.152 0.88 

Forest-derived vanilla - Herbaceous fallow 0.468 0.140 3.344 < 0.001  0.521 0.167 3.131 < 0.001 

Forest-derived vanilla - Rice paddy 0.868 0.131 6.624 < 0.001  1.093 0.153 7.142 < 0.001 

Fallow-derived vanilla - Woody fallow -0.092 0.139 -0.660 0.51  -0.053 0.162 -0.330 0.74 

Fallow-derived vanilla - Herbaceous fallow 0.500 0.116 4.328 < 0.001  0.497 0.136 3.654 < 0.001 

Fallow-derived vanilla - Rice paddy 0.900 0.105 8.573 < 0.001  1.068 0.119 8.961 < 0.001 

Woody fallow - Herbaceous fallow 0.591 0.142 4.169 < 0.001  0.550 0.166 3.316 < 0.001 

Woody fallow - Rice paddy 0.992 0.133 7.429 < 0.001  1.121 0.152 7.368 < 0.001 
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Herbaceous fallow - Rice paddy 0.400 0.110 3.650 < 0.001  0.571 0.125 4.557 < 0.001 

 Exotic species richness  Endemic species richness 

 Estimate 
Standard 

Error 
z value p-value  Estimate 

Standard 

Error 
z value p-value 

Old-growth forest - Forest fragment 0.511 0.422 1.212 0.23  -0.223 0.202 -1.103 0.27 

Old-growth forest - Forest-derived vanilla 1.492 0.369 4.043 < 0.001  -0.344 0.209 -1.642 0.10 

Old-growth forest - Fallow-derived vanilla 1.946 0.345 5.640 < 0.001  -0.809 0.196 -4.117 < 0.001 

Old-growth forest - Woody fallow 1.846 0.359 5.146 < 0.001  -1.063 0.266 -3.994 < 0.001 

Old-growth forest - Herbaceous fallow 2.607 0.345 7.547 < 0.001  -0.749 0.238 -3.148 < 0.001 

Old-growth forest - Rice paddy 2.786 0.344 8.113 < 0.001  -1.174 0.278 -4.231 < 0.001 

Forest fragment - Forest-derived vanilla 0.981 0.303 3.240 < 0.001  -0.121 0.220 -0.548 0.58 

Forest fragment - Fallow-derived vanilla 1.435 0.273 5.254 < 0.001  -0.586 0.208 -2.819 < 0.001 

Forest fragment - Woody fallow 1.335 0.290 4.600 < 0.001  -0.840 0.275 -3.059 < 0.001 

Forest fragment - Herbaceous fallow 2.096 0.274 7.660 < 0.001  -0.526 0.247 -2.127 0.03 

Forest fragment - Rice paddy 2.276 0.271 8.393 < 0.001  -0.951 0.286 -3.330 < 0.001 

Forest-derived vanilla - Fallow-derived 

vanilla 
0.454 0.182 2.503 0.01  -0.465 0.215 -2.166 0.03 

Forest-derived vanilla - Woody fallow 0.354 0.206 1.717 0.09  -0.719 0.280 -2.570 0.01 

Forest-derived vanilla - Herbaceous fallow 1.115 0.182 6.120 < 0.001  -0.405 0.253 -1.601 0.11 

Forest-derived vanilla - Rice paddy 1.295 0.179 7.255 < 0.001  -0.830 0.291 -2.857 < 0.001 

Fallow-derived vanilla - Woody fallow -0.100 0.160 -0.627 0.53  -0.254 0.270 -0.941 0.35 

Fallow-derived vanilla - Herbaceous fallow 0.661 0.127 5.203 < 0.001  0.059 0.243 0.245 0.81 

Fallow-derived vanilla - Rice paddy 0.841 0.122 6.912 < 0.001  -0.365 0.281 -1.298 0.19 

Woody fallow - Herbaceous fallow 0.761 0.160 4.743 < 0.001  0.314 0.302 1.039 0.30 

Woody fallow - Rice paddy 0.941 0.156 6.022 < 0.001  -0.111 0.334 -0.333 0.74 

Herbaceous fallow - Rice paddy 0.180 0.123 1.464 0.14  -0.425 0.312 -1.362 0.17 
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Table S.2.3 Mean species richness (±SD) on each land-use type in terms of overall, endemic, 

native and exotic species in north-eastern Madagascar. 

 

 
Overall 

species 
 

Native 

species 
 

Exotic 

species 
 

Endemic 

species 

Land-use types 

Old-growth forest 15.5 ±5.7  5.1 ±3.3  0.9 ±0.9  5.5 ±2.5 

Forest fragment 14.1 ±6.6  6.3 ±4.5  1.5 ±1.0  4.4 ±2.7 

Forest-derived vanilla 20.6 ±8.5  10.6 ±4.7  4.0 ±2.9  3.9 ±1.4 

Fallow-derived vanilla 21.1 ±9.9  11.3 ±5.7  6.3 ±3.5  2.5 ±1.2 

Woody fallow 18.5 ±6.0  10.6 ±4.8  5.7 ±2.4  1.9 ±0.7 

Herbaceous fallow 33.1 ±7.2  18.0 ±4.8  12.2 ±5.2  2.6 ±0.8 

Rice paddy 49.4 ±7.6  31.9 ±4.2  14.6 ±3.6  1.7 ±0.7 
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Table S.2.4 Best models from the model selection of the environmental effects on species 

richness in north-eastern Madagascar based on AICc, with deltaAICc<2. 

 

Dependent 

variables 
Component of models AICc 

Overall species 

richness 
Canopy closure + Land-use history 573.6 

Native species 

richness 

Land-use history + Canopy closure 495.0 

Land-use history + Canopy closure + Forest cover 495.6 

Exotic species 

richness 

Canopy closure + Forest cover 396.6 

Land-use history + Canopy closure + Forest cover 396.8 

Land-use history + Canopy closure  397.5 

Endemic species 

richness 

Land-use history+ Forest cover 291.2 

Land-use history 292.0 
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Table S.2.5 PERMANOVA test results showing dissimilarities among land-use types in north-eastern Madagascar in terms of overall, native, 

exotic and endemic herbaceous plant species composition and pairwise comparisons of land-use types with p-values. Highlighted in bold are the 

significant results.  

 

 Overall species  Native species 

 Sums of squares F.Model R2 p.value  Sums of squares F.Model R2 p.value 

PERMANOVA of land-use types 8.299 4.329 0.262 0.001  8.610 4.405 0.266 0.001 

Old-growth forest vs. Forest fragment 0.788 2.159 0.107 0.001  0.494 1.307 0.068 0.134 

Old-growth forest vs. Herbaceous fallow 1.795 5.527 0.235 0.001  1.790 5.339 0.229 0.001 

Old-growth forest vs. Rice paddy 2.389 8.382 0.318 0.001  2.510 9.072 0.335 0.001 

Old-growth forest vs. Forest-derived vanilla 1.248 3.579 0.166 0.001  1.419 4.074 0.185 0.001 

Old-growth forest vs. Fallow-derived vanilla 1.918 5.515 0.165 0.001  2.155 6.166 0.180 0.001 

Old-growth forest vs. Woody fallow 1.420 4.131 0.187 0.001  1.482 4.323 0.194 0.001 

Forest fragment vs. Herbaceous fallow 1.589 4.895 0.214 0.001  1.439 4.092 0.185 0.001 

Forest fragment vs. Rice paddy 2.335 8.199 0.313 0.001  2.331 7.955 0.307 0.001 

Forest fragment vs. Forest-derived vanilla 0.877 2.516 0.123 0.001  0.991 2.716 0.131 0.001 

Forest fragment vs. Fallow-derived vanilla 1.571 4.516 0.139 0.001  1.568 4.356 0.135 0.001 

Forest fragment vs. Woody fallow 1.027 2.987 0.142 0.001  0.911 2.537 0.124 0.001 

Herbaceous fallow vs. Rice paddy 1.224 5.003 0.217 0.002  1.424 5.686 0.240 0.001 

Herbaceous fallow vs. Forest-derived vanilla 0.972 3.152 0.149 0.001  0.979 3.038 0.144 0.001 

Herbaceous fallow vs. Fallow-derived vanilla 1.243 3.861 0.121 0.001  1.170 3.516 0.112 0.001 
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Herbaceous fallow vs. Woody fallow 0.650 2.143 0.106 0.002  0.641 2.024 0.101 0.003 

Rice paddy vs. Forest-derived vanilla 1.948 7.249 0.287 0.001  2.187 8.297 0.316 0.001 

Rice paddy vs. Fallow-derived vanilla 2.339 7.891 0.220 0.001  2.646 8.969 0.243 0.001 

Rice paddy vs. Woody fallow 1.880 7.125 0.284 0.001  2.155 8.351 0.317 0.001 

Forest-derived vanilla vs. Fallow-derived vanilla 0.568 1.683 0.057 0.012  0.508 1.489 0.050 0.055 

Forest-derived vanilla vs. Woody fallow 0.587 1.791 0.090 0.004  0.566 1.715 0.087 0.01 

Fallow-derived vanilla vs. Woody fallow 0.673 2.012 0.067 0.001  0.699 2.071 0.069 0.002 

Unburned vs. Burned 1.985 6.360 0.073 0.001  2.017 5.334 0.072 0.001 

 Exotic species  Endemic species 

 Sums of squares F.Model R2 p.value  Sums of squares F.Model R2 p.value 

PERMANOVA of land-use types 9.339 6.246 0.352 0.001  6.682 3.670 0.234 0.001 

Old-growth forest vs. Forest fragment 0.178 1.985 0.124 0.153  0.956 2.527 0.123 0.001 

Old-growth forest vs. Herbaceous fallow 2.134 11.363 0.448 0.001  1.771 5.907 0.247 0.001 

Old-growth forest vs. Rice paddy 2.666 16.613 0.543 0.001  2.252 7.825 0.303 0.001 

Old-growth forest vs. Forest-derived vanilla 0.948 4.348 0.237 0.005  1.295 4.010 0.182 0.001 

Old-growth forest vs. Fallow-derived vanilla 2.175 7.840 0.246 0.001  2.110 7.207 0.211 0.001 

Old-growth forest vs. Woody fallow 1.435 6.226 0.308 0.001  1.463 4.592 0.203 0.001 

Forest fragment vs. Herbaceous fallow 2.685 15.435 0.462 0.001  1.187 3.439 0.160 0.001 

Forest fragment vs. Rice paddy 3.428 22.447 0.555 0.001  1.683 5.053 0.219 0.001 

Forest fragment vs. Forest-derived vanilla 1.225 6.202 0.256 0.001  0.461 1.252 0.065 0.222 

Forest fragment vs. Fallow-derived vanilla 2.930 11.456 0.290 0.001  1.171 3.627 0.118 0.001 
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Forest fragment vs. Woody fallow 1.714 8.272 0.315 0.001  0.796 2.188 0.108 0.01 

Herbaceous fallow vs. Rice paddy 0.892 3.893 0.178 0.002  0.681 2.674 0.129 0.045 

Herbaceous fallow vs. Forest-derived vanilla 1.336 4.876 0.213 0.001  0.894 3.087 0.146 0.001 

Herbaceous fallow vs. Fallow-derived vanilla 1.299 4.261 0.132 0.001  0.503 1.858 0.064 0.07 

Herbaceous fallow vs. Woody fallow 0.721 2.543 0.124 0.016  0.473 1.658 0.084 0.134 

Rice paddy vs. Forest-derived vanilla 1.776 7.024 0.281 0.001  1.665 5.997 0.250 0.002 

Rice paddy vs. Fallow-derived vanilla 1.844 6.330 0.184 0.001  1.222 4.652 0.147 0.004 

Rice paddy vs. Woody fallow 1.409 5.369 0.230 0.001  1.531 5.603 0.237 0.002 

Forest-derived vanilla vs. Fallow-derived vanilla 0.627 1.960 0.065 0.04  0.593 2.072 0.071 0.025 

Forest-derived vanilla vs. Woody fallow 0.563 1.831 0.092 0.047  0.589 1.909 0.096 0.033 

Fallow-derived vanilla vs. Woody fallow 0.647 1.982 0.066 0.021  0.400 1.412 0.050 0.179 

Unburned vs. Burned 3.540 12.065 0.159 0.001  2.151 6.437 0.088 0.001 
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Table S.2.6 List of herbaceous plant species assessed across land-use types in north-eastern Madagascar. Colour of the cells indicate the 

occurrence of corresponding species in the land-use type with the matching colour. Number in the cell shows the number of plots where the 

species was found (OGF: Old-growth forest, FF: Forest fragment, VFST: Forest-derived vanilla agroforest, VFLW: Fallow-derived vanilla 

agroforest, WF: Woody fallow, HF: Herbaceous fallow, RP: Rice paddy). 

 

Species names Class Family 
Species 

origin 
OGF FF VFST VFLW WF HF RP 

Asplenium cf. cuneatum Fern Aspleniaceae Native 3 0 0 0 0 0 0 

Asplenium affine Fern Aspleniaceae Native 1 0 0 0 0 0 0 

Asplenium cf. obscurum Fern Aspleniaceae Native 1 0 0 0 0 0 0 

Asplenium cf. unilaterale Fern Aspleniaceae Native 1 0 0 0 0 0 0 

Asplenium dregeanum Fern Aspleniaceae Native 1 0 0 0 0 0 0 

Asplenium sulcatum Fern Aspleniaceae Native 1 0 0 0 0 0 0 

Blotiella pubescens Fern Dennstaedtiaceae Native 1 0 0 0 0 0 0 

Brachystephanus africanus Angiosperm Acanthaceae Native 1 0 0 0 0 0 0 

Cyathea boiviniiformis Fern Cyatheaceae Native 1 0 0 0 0 0 0 

Deparia boryana Fern Woodsiaceae Native 1 0 0 0 0 0 0 

Leptaspis zeylanica Angiosperm Poaceae Native 1 0 0 0 0 0 0 

Oleandra cf. distenta Angiosperm Oleandraceae Native 1 0 0 0 0 0 0 

Asplenium pellucidum Fern Aspleniaceae Native 0 1 0 0 0 0 0 

Dryopteris inaequalis Fern Dryopteridaceae Native 0 1 0 0 0 0 0 

Elaphoglossum cf. aubertii Fern Dryopteridaceae Native 0 1 0 0 0 0 0 
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Elaphoglossum cf. lancifolium Fern Dryopteridaceae Native 0 1 0 0 0 0 0 

Elaphoglossum sieberi Fern Dryopteridaceae Native 0 1 0 0 0 0 0 

Isachne cf. mauritiana Angiosperm Poaceae Native 0 1 0 0 0 0 0 

Megastachya cf. mucronata Angiosperm Poaceae Native 0 1 0 0 0 0 0 

Merremia peltata Angiosperm Convolvulaceae Native 0 1 0 0 0 0 0 

Oeonia volucris Angiosperm Orchidaceae Native 0 1 0 0 0 0 0 

Pectinariella humblotiana Angiosperm Orchidaceae Native 0 1 0 0 0 0 0 

Boehmeria cf. virgata Angiosperm Urticaceae Native 0 0 1 0 0 0 0 

Cyclosorus interruptus Fern Thelypteridaceae Native 0 0 1 0 0 0 0 

Elaphoglossum cf. angulatum Fern Dryopteridaceae Native 0 0 1 0 0 0 0 

Hypolepis sparsisora Fern Dennstaedtiaceae Native 0 0 1 0 0 0 0 

Microstegium nudum Angiosperm Poaceae Native 0 0 1 0 0 0 0 

Piper capense Angiosperm Piperaceae Native 0 0 1 0 0 0 0 

Sirochloa parvifolia Angiosperm Poaceae Native 0 0 1 0 0 0 0 

Bolbitis auriculata Fern Dryopteridaceae Native 3 1 0 0 0 0 0 

Asplenium cf. normale Fern Aspleniaceae Native 2 2 0 0 0 0 0 

Selaginella fissidentoides Fern Selaginellaceae Native 3 0 1 0 0 0 0 

Lomariopsis pollicina Fern Lomariopsidaceae Native 2 1 1 0 0 0 0 

Marantochloa comorensis Angiosperm Marantaceae Native 4 1 2 0 0 0 0 

Pothos scandens Angiosperm Araceae Native 8 4 2 0 0 0 0 

Asplenium nidus Fern Aspleniaceae Native 4 4 2 0 0 0 0 
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Isachne cf. muscicola Angiosperm Poaceae Native 0 1 1 0 0 0 0 

Peperomia bangroana Angiosperm Piperaceae Native 0 1 1 0 0 0 0 

Angraecum calceolus Angiosperm Orchidaceae Native 0 0 0 1 0 0 0 

Cajanus scarabaeoides Angiosperm Fabaceae Native 0 0 0 1 0 0 0 

Cyperus cylindrostachys Angiosperm Cyperaceae Native 0 0 0 1 0 0 0 

Cyperus dubius Angiosperm Cyperaceae Native 0 0 0 1 0 0 0 

Desmodium cf. salicifolium Angiosperm Fabaceae Native 0 0 0 1 0 0 0 

Kyllinga erecta Angiosperm Cyperaceae Native 0 0 0 1 0 0 0 

Pellaea cf. boivinii Fern Pteridaceae Native 0 0 0 1 0 0 0 

Peperomia molleri Angiosperm Piperaceae Native 0 0 0 1 0 0 0 

Phyllanthus tenellus Angiosperm Phyllanthaceae Native 0 0 0 1 0 0 0 

Polystachya cf. rosea Angiosperm Orchidaceae Native 0 0 0 1 0 0 0 

Cynoglossum lanceolatum Angiosperm Boraginaceae Native 0 0 0 2 0 0 0 

Cyperus balfouri Angiosperm Cyperaceae Native 0 0 0 2 0 0 0 

Melhania cf. forbesii Angiosperm Malvaceae Native 0 0 0 0 1 0 0 

Nephrolepis biserrata Fern Davalliaceae Native 0 0 0 0 1 0 0 

Waltheria indica Angiosperm Malvaceae Native 0 0 0 0 1 0 0 

Crotalaria retusa Angiosperm Fabaceae Native 0 0 0 0 0 1 0 

Dicranopteris linearis Fern Gleicheniaceae Native 0 0 0 0 0 1 0 

Dumasia cf. villosa Angiosperm Fabaceae Native 0 0 0 0 0 1 0 

Oplismenus burmannii Angiosperm Poaceae Native 0 0 0 0 0 1 0 
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Ptisana fraxinea Fern Marattiaceae Native 0 0 0 0 0 1 0 

Acmella caulirhiza Angiosperm Asteraceae Native 0 0 0 0 0 0 1 

Aeschynomene indica Angiosperm Fabaceae Native 0 0 0 0 0 0 1 

Aeschynomene uniflora Angiosperm Fabaceae Native 0 0 0 0 0 0 1 

Aniseia martinicensis Angiosperm Convolvulaceae Native 0 0 0 0 0 0 1 

Commelina cf. africana Angiosperm Commelinaceae Native 0 0 0 0 0 0 1 

Cyperus amabilis Angiosperm Cyperaceae Native 0 0 0 0 0 0 1 

Cyperus niveus Angiosperm Cyperaceae Native 0 0 0 0 0 0 1 

Cyperus prolifer Angiosperm Cyperaceae Native 0 0 0 0 0 0 1 

Digitaria violascens Angiosperm Poaceae Native 0 0 0 0 0 0 1 

Eleusine indica Angiosperm Poaceae Native 0 0 0 0 0 0 1 

Euphorbia thymifolia Angiosperm Euphorbiaceae Native 0 0 0 0 0 0 1 

Fuirena stricta Angiosperm Cyperaceae Native 0 0 0 0 0 0 1 

Hydrolea palustris Angiosperm Hydroleaceae Native 0 0 0 0 0 0 1 

Malvastrum cf. 

coromandelianum 

Angiosperm 
Malvaceae Native 0 0 0 0 0 0 1 

Mariscus dunensis Angiosperm Cyperaceae Native 0 0 0 0 0 0 1 

Ascolepis brasiliensis Angiosperm Cyperaceae Native 0 0 0 0 0 0 2 

Cyperus distans Angiosperm Cyperaceae Native 0 0 0 0 0 0 2 

Ludwigia abyssinica Angiosperm Onagraceae Native 0 0 0 0 0 0 2 

Rhamphicarpa fistulosa Angiosperm Orobanchaceae Native 0 0 0 0 0 0 2 
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Sacciolepis africana Angiosperm Poaceae Native 0 0 0 0 0 0 2 

Sphaeranthus africanus Angiosperm Asteraceae Native 0 0 0 0 0 0 2 

Alectra sessiliflora Angiosperm Scrophulariaceae Native 0 0 0 0 0 2 0 

Asclepias curassavica Angiosperm Apocynaceae Native 0 0 0 0 0 1 1 

Drymaria cordata Angiosperm Caryophyllaceae Native 0 0 0 1 0 0 2 

Cyperus cyperoides Angiosperm Cyperaceae Native 0 0 0 2 0 1 0 

Cucumis melo Angiosperm Cucurbitaceae Native 0 0 0 1 0 1 1 

Fimbristylis kraussiana Angiosperm Cyperaceae Native 0 0 0 1 0 1 1 

Arthropteris orientalis Fern Tectariaceae Native 0 0 0 2 1 0 0 

Sida cordifolia Angiosperm Malvaceae Native 0 0 0 1 1 1 0 

Pycreus polystachyos Angiosperm Cyperaceae Native 0 0 0 0 0 0 3 

Sphaeranthus cf. angustifolius Angiosperm Asteraceae Native 0 0 0 0 0 0 3 

Scoparia dulcis Angiosperm Plantaginaceae Native 0 0 0 0 0 1 2 

Neyraudia arundinacea Angiosperm Poaceae Native 0 0 0 0 1 2 0 

Ipomoea cairica Angiosperm Convolvulaceae Native 0 0 0 3 0 0 1 

Tragia furialis Angiosperm Euphorbiaceae Native 0 0 0 3 1 0 0 

Cardiospermum halicacabum Angiosperm Sapindaceae Native 0 0 0 1 1 0 2 

Desmodium triflorum Angiosperm Fabaceae Native 0 0 0 1 2 1 0 

Aeschynomene heurckeana Angiosperm Fabaceae Native 0 0 0 0 0 0 4 

Ceratopteris thalictroides Fern Pteridaceae Native 0 0 0 0 0 0 4 

Fuirena umbellata Angiosperm Cyperaceae Native 0 0 0 0 0 0 4 
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Ipomoea aquatica Angiosperm Convolvulaceae Native 0 0 0 0 0 0 4 

Sphenoclea zeylanica Angiosperm Sphenocleaceae Native 0 0 0 0 0 0 4 

Acmella radicans Angiosperm Asteraceae Native 0 0 0 0 0 1 3 

Ludwigia perennis Angiosperm Onagraceae Native 0 0 0 0 0 1 3 

Oldenlandia affinis Angiosperm Rubiaceae Native 0 0 0 0 1 3 0 

Crassocephalum crepidioides Angiosperm Asteraceae Native 0 0 0 5 0 0 0 

Panicum subalbidum Angiosperm Poaceae Native 0 0 0 0 0 0 5 

Pityrogramma calomelanos Fern Pteridaceae Native 0 0 0 0 0 3 2 

Cyperus iria Angiosperm Cyperaceae Native 0 0 0 0 0 1 4 

Echinochloa colona Angiosperm Poaceae Native 0 0 0 0 0 1 4 

Hyparrhenia rufa Angiosperm Poaceae Native 0 0 0 0 1 4 0 

Sorghum cf. arundinaceum Angiosperm Poaceae Native 0 0 0 3 0 2 1 

Emilia sonchifolia Angiosperm Asteraceae Native 0 0 0 2 0 2 2 

Macrotyloma axillare Angiosperm Fabaceae Native 0 0 0 4 2 0 0 

Merremia tridentata Angiosperm Convolvulaceae Native 0 0 0 3 2 1 0 

Fuirena pubescens Angiosperm Cyperaceae Native 0 0 0 0 0 0 6 

Lindernia rotundifolia Angiosperm Linderniaceae Native 0 0 0 0 0 0 6 

Melochia corchorifolia Angiosperm Malvaceae Native 0 0 0 0 0 0 6 

Pycreus macrostachyos Angiosperm Cyperaceae Native 0 0 0 0 0 0 6 

Digitaria ciliaris Angiosperm Poaceae Native 0 0 0 2 0 3 2 

Pteridium aquilinum Fern Dennstaedtiaceae Native 0 0 0 1 2 4 0 
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Teramnus labialis Angiosperm Fabaceae Native 0 0 0 1 3 3 0 

Alloteropsis paniculata Angiosperm Poaceae Native 0 0 0 0 0 0 7 

Marsilea minuta Fern Marsileaceae Native 0 0 0 0 0 0 7 

Cenchrus polystachios Angiosperm Poaceae Native 0 0 0 0 3 4 0 

Sacciolepis curvata Angiosperm Poaceae Native 0 0 0 3 0 1 4 

Digitaria debilis Angiosperm Poaceae Native 0 0 0 1 1 0 6 

Urochloa maxima Angiosperm Poaceae Native 0 0 0 1 2 3 2 

Cyperus difformis Angiosperm Cyperaceae Native 0 0 0 0 0 0 8 

Alternanthera sessilis Angiosperm Amaranthaceae Native 0 0 0 0 0 1 7 

Senna occidentalis Angiosperm Fabaceae Native 0 0 0 0 1 4 3 

Fimbristylis dichotoma Angiosperm Cyperaceae Native 0 0 0 1 0 5 3 

Ludwigia adscendens Angiosperm Onagraceae Native 0 0 0 0 0 0 9 

Pentodon pentandrus Angiosperm Rubiaceae Native 0 0 0 0 0 0 9 

Desmodium ramosissimum Angiosperm Fabaceae Native 0 0 0 3 1 3 3 

Leersia hexandra Angiosperm Poaceae Native 0 0 0 0 0 0 10 

Oldenlandia lancifolia Angiosperm Rubiaceae Native 0 0 0 0 0 2 8 

Sacciolepis cf. indica Angiosperm Poaceae Native 0 0 0 4 0 1 6 

Fimbristylis littoralis Angiosperm Cyperaceae Native 0 0 0 1 1 0 9 

Oldenlandia goreensis Angiosperm Rubiaceae Native 0 0 0 0 0 2 9 

Ludwigia octovalvis Angiosperm Onagraceae Native 0 0 0 0 0 2 10 

Torenia thouarsii Angiosperm Linderniaceae Native 0 0 0 0 0 2 10 
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Lobelia fervens Angiosperm Campanulaceae Native 0 0 0 1 0 5 9 

Paspalum scrobiculatum Angiosperm Poaceae Native 0 0 0 1 2 4 8 

Kyllinga polyphylla Angiosperm Cyperaceae Native 0 0 0 3 1 5 7 

Sida acuta Angiosperm Malvaceae Native 0 0 0 1 2 7 6 

Bidens pilosa Angiosperm Asteraceae Native 0 0 0 5 1 7 9 

Phoenix reclinata Angiosperm Arecaceae Native 0 1 0 0 1 0 0 

Macrothelypteris torresiana Fern Thelypteridaceae Native 0 0 1 1 0 0 0 

Commelina madagascarica Angiosperm Commelinaceae Native 0 0 1 1 0 1 0 

Setaria megaphylla Angiosperm Poaceae Native 0 0 1 1 0 1 0 

Sphaerostephanos unitus Fern Thelypteridaceae Native 0 0 1 2 0 2 1 

Crassocephalum rubens Angiosperm Asteraceae Native 0 0 1 4 1 3 4 

Brachiaria umbellata Angiosperm Poaceae Native 0 0 1 3 6 5 3 

Davallia chaerophylloides Fern Davalliaceae Native 0 2 0 1 0 0 0 

Dioscorea bulbifera Angiosperm Dioscoreaceae Native 0 2 0 1 0 0 0 

Tacca artocarpifolia Angiosperm Dioscoreaceae Native 0 2 0 0 1 0 0 

Abrus precatorius Angiosperm Fabaceae Native 0 0 2 2 0 0 0 

Actinoschoenus thouarsii Angiosperm Cyperaceae Native 0 0 2 1 2 1 0 

Arthropteris monocarpa Fern Tectariaceae Native 0 0 2 3 0 2 0 

Amauropelta cf. bergiana Fern Thelypteridaceae Native 0 0 2 3 1 1 0 

Hibiscus surattensis Angiosperm Malvaceae Native 0 0 2 3 0 2 1 

Tristemma mauritianum Angiosperm Melastomataceae Native 0 0 2 1 0 4 2 
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Elephantopus scaber Angiosperm Asteraceae Native 0 0 2 10 3 5 0 

Urena lobata Angiosperm Malvaceae Native 0 0 2 9 7 8 5 

Cyanthillium cinereum Angiosperm Asteraceae Native 0 0 2 9 2 9 10 

Scleria lagoensis Angiosperm Cyperaceae Native 0 2 1 0 1 1 0 

Cyanthillium cf. vernonioides Angiosperm Asteraceae Native 0 0 3 5 0 0 0 

Desmodium adscendens Angiosperm Fabaceae Native 0 0 4 5 0 0 0 

Cyrtococcum multinode Angiosperm Poaceae Native 0 0 4 8 0 0 0 

Christella dentata Fern Thelypteridaceae Native 0 0 4 8 2 1 1 

Panicum pleianthum Angiosperm Poaceae Native 0 1 4 1 2 0 0 

Microsorum scolopendria Fern Polypodiaceae Native 0 3 2 3 0 0 0 

Desmodium cf. hirtum Angiosperm Fabaceae Native 0 2 4 11 3 1 1 

Asystasia gangetica Angiosperm Acanthaceae Native 0 0 6 14 6 5 3 

Dianella ensifolia Angiosperm Asphodelaceae Native 2 3 2 0 2 1 0 

Oplismenus compositus Angiosperm Poaceae Native 0 1 6 10 2 0 0 

Flagellaria indica Angiosperm Flagellariaceae Native 1 3 4 0 3 2 0 

Aframomum angustifolium Angiosperm Zingiberaceae Native 3 5 0 3 4 5 0 

Mikania capensis Angiosperm Asteraceae Native 1 2 6 4 4 3 0 

Panicum brevifolium Angiosperm Poaceae Native 0 2 10 17 9 9 6 

Lygodium lanceolatum Fern Lygodiaceae Native 4 7 5 5 8 5 0 

 

Exotic species  
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Zingiber officinale Angiosperm Zingiberaceae Exotic 0 1 0 0 0 0 0 

Zehneria thwaitesii Angiosperm Cucurbitaceae Exotic 0 0 0 3 0 0 0 

Stylosanthes guianensis Angiosperm Fabaceae Exotic 0 0 0 1 0 0 0 

Pueraria thunbergiana Angiosperm Fabaceae Exotic 0 0 0 0 1 0 0 

Amaranthus dubius Angiosperm Amaranthaceae Exotic 0 0 0 0 0 0 1 

Commelina benghalensis Angiosperm Commelinaceae Exotic 0 0 0 0 0 0 1 

Sigesbeckia orientalis Angiosperm Asteraceae Exotic 0 0 0 0 0 0 1 

Sporobolus pyramidalis Angiosperm Poaceae Exotic 0 0 0 0 0 0 1 

Echinochloa stagnina Angiosperm Poaceae Exotic 0 0 0 0 0 0 2 

Ischaemum rugosum Angiosperm Poaceae Exotic 0 0 0 0 0 0 4 

Ludwigia erecta Angiosperm Onagraceae Exotic 0 0 0 0 0 0 5 

Eclipta prostrata Angiosperm Asteraceae Exotic 0 0 0 0 0 0 8 

Ipomoea purpurea Angiosperm Convolvulaceae Exotic 0 0 0 0 0 1 0 

Tridax procumbens Angiosperm Asteraceae Exotic 0 0 0 0 0 1 0 

Desmodium tortuosum Angiosperm Fabaceae Exotic 0 0 0 0 0 1 1 

Ludwigia leptocarpa Angiosperm Onagraceae Exotic 0 0 0 0 0 1 1 

Euphorbia hirta Angiosperm Euphorbiaceae Exotic 0 0 0 0 0 1 3 

Gomphocarpus fruticosus Angiosperm Apocynaceae Exotic 0 0 0 0 0 2 0 

Sonchus oleraceus Angiosperm Asteraceae Exotic 0 0 0 0 0 2 0 

Achyranthes aspera Angiosperm Amaranthaceae Exotic 0 0 0 0 0 2 0 
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Stachytarpheta indica Angiosperm Verbenaceae Exotic 0 0 0 0 0 2 6 

Senna obtusifolia Angiosperm Fabaceae Exotic 0 0 0 0 0 3 5 

Ocimum americanum Angiosperm Lamiaceae Exotic 0 0 0 0 0 3 6 

Salvia coccinea Angiosperm Lamiaceae Exotic 0 0 0 0 1 0 1 

Aeschynomene americana Angiosperm Fabaceae Exotic 0 0 0 0 2 5 5 

Passiflora foetida Angiosperm Passifloraceae Exotic 0 0 0 0 1 6 0 

Phyllanthus amarus Angiosperm Phyllanthaceae Exotic 0 0 0 1 0 0 4 

Centella asiatica Angiosperm Apiaceae Exotic 0 0 0 1 0 1 3 

Canna indica Angiosperm Cannaceae Exotic 0 0 0 1 0 2 3 

Murdannia nudiflora Angiosperm Commelinaceae Exotic 0 0 0 1 0 3 3 

Mitracarpus hirtus Angiosperm Rubiaceae Exotic 0 0 0 1 0 4 0 

Persicaria mitis Angiosperm Polygonaceae Exotic 0 0 0 1 0 0 5 

Calopogonium cf. mucunoides Angiosperm Fabaceae Exotic 0 0 0 1 2 2 2 

Mimosa pudica Angiosperm Fabaceae Exotic 0 0 0 1 2 5 8 

Stachytarpheta jamaicensis Angiosperm Verbenaceae Exotic 0 0 0 1 6 7 7 

Imperata cylindrica Angiosperm Poaceae Exotic 0 0 0 3 2 1 0 

Solanum americanum Angiosperm Solanaceae Exotic 0 0 0 4 0 1 1 

Oxalis corniculata Angiosperm Oxalidaceae Exotic 0 0 0 4 0 1 2 

Phyllanthus urinaria Angiosperm Phyllanthaceae Exotic 0 0 0 6 2 6 9 

Ananas comosus Angiosperm Bromeliaceae Exotic 0 0 1 0 1 0 0 

Colocasia esculenta Angiosperm Araceae Exotic 0 0 1 0 0 0 2 
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Paullinia pinnata Angiosperm Sapindaceae Exotic 0 1 0 1 1 0 0 

Conyza bonariensis Angiosperm Asteraceae Exotic 0 0 1 1 1 7 2 

Capsicum annum Angiosperm Solanaceae Exotic 0 0 1 2 0 1 0 

Youngia japonica Angiosperm Asteraceae Exotic 0 0 1 4 0 3 1 

Ageratum conyzoides Angiosperm Asteraceae Exotic 0 0 1 5 2 8 10 

Cyathula prostrata Angiosperm Amaranthaceae Exotic 0 0 1 6 0 0 1 

Diodella sarmentosa Angiosperm Rubiaceae Exotic 0 0 1 6 1 2 1 

Lactuca indica Angiosperm Asteraceae Exotic 0 0 1 6 1 4 0 

Desmodium incanum Angiosperm Fabaceae Exotic 0 0 2 6 2 3 3 

Paspalum paniculatum Angiosperm Poaceae Exotic 0 0 2 13 6 8 2 

Commelina diffusa Angiosperm Commelinaceae Exotic 0 0 3 7 0 5 6 

Passiflora suberosa Angiosperm Passifloraceae Exotic 0 2 2 6 5 1 0 

Olyra latifolia Angiosperm Poaceae Exotic 3 1 2 2 1 0 0 

Paspalum conjugatum Angiosperm Poaceae Exotic 0 0 6 7 5 9 10 

Stenotaphrum dimidiatum Angiosperm Poaceae Exotic 0 0 6 14 5 1 7 

Clidemia hirta Angiosperm Melastomataceae Exotic 6 10 8 10 7 7 3 

 

Endemic species 

  

Blechnum simillimum Fern Blechnaceae Endemic 2 0 0 0 0 0 0 

Dryopteris subcrenulata Fern Dryopteridaceae Endemic 2 0 0 0 0 0 0 
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Dypsis cf. cookei Angiosperm Arecaceae Endemic 2 0 0 0 0 0 0 

Asplenium afzelii Fern Aspleniaceae Endemic 1 0 0 0 0 0 0 

Asplenium correardii Fern Aspleniaceae Endemic 1 0 0 0 0 0 0 

Asplenium herpetopteris Fern Aspleniaceae Endemic 1 0 0 0 0 0 0 

Bulbophyllum henrici Angiosperm Orchidaceae Endemic 1 0 0 0 0 0 0 

Bulbophyllum subcrenulatum Angiosperm Orchidaceae Endemic 1 0 0 0 0 0 0 

Cyathea similis Fern Cyatheaceae Endemic 1 0 0 0 0 0 0 

Cyperus sciaphilus Angiosperm Cyperaceae Endemic 1 0 0 0 0 0 0 

Diplazium cf. zakamenense Fern Woodsiaceae Endemic 1 0 0 0 0 0 0 

Dypsis hildebrandtii Angiosperm Arecaceae Endemic 1 0 0 0 0 0 0 

Selaginella lyallii Fern Selaginellaceae Endemic 1 0 0 0 0 0 0 

Sokinochloa sp1 Angiosperm Poaceae Endemic 1 0 0 0 0 0 0 

Adiantum phanerophlebium Fern Pteridaceae Endemic 0 1 0 0 0 0 0 

Bulbophyllum baronii Angiosperm Orchidaceae Endemic 0 1 0 0 0 0 0 

Ctenitis truncicola Fern Dryopteridaceae Endemic 0 1 0 0 0 0 0 

Dypsis forficifolia Angiosperm Arecaceae Endemic 0 1 0 0 0 0 0 

Elaphoglossum aspidiolepis Fern Dryopteridaceae Endemic 0 1 0 0 0 0 0 

Lindsaea odontolobia Fern Lindsaeaceae Endemic 0 1 0 0 0 0 0 

Medinilla occidentalis Angiosperm Melastomataceae Endemic 0 1 0 0 0 0 0 

Megastachya cf. 

madagascariensis 

Angiosperm 
Poaceae Endemic 0 1 0 0 0 0 0 
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Plectranthus secundiflorus Angiosperm Lamiaceae Endemic 0 1 0 0 0 0 0 

Pseudolasiacis sp1 Angiosperm Poaceae Endemic 0 1 0 0 0 0 0 

Rumohra lokohensis Fern Dryopteridaceae Endemic 0 1 0 0 0 0 0 

Dioscorea seriflora Angiosperm Dioscoreaceae Endemic 0 2 0 0 0 0 0 

Asparagus simulans Angiosperm Asparagaceae Endemic 0 3 0 0 0 0 0 

Dypsis nodifera Angiosperm Arecaceae Endemic 0 0 1 0 0 0 0 

Microlepia madagascariensis Fern Dennstaedtiaceae Endemic 0 0 1 0 0 0 0 

Pneumatopteris humbertii Fern Thelypteridaceae Endemic 0 0 1 0 0 0 0 

Raphidiocystis brachypoda Angiosperm Cucurbitaceae Endemic 0 0 1 0 0 0 0 

Scleria baronii Angiosperm Cyperaceae Endemic 0 0 1 0 0 0 0 

Gravesia hirtopetala Angiosperm Melastomataceae Endemic 7 1 0 0 0 0 0 

Gravesia guttata Angiosperm Melastomataceae Endemic 4 0 1 0 0 0 0 

Hypoestes cf. transversa Angiosperm Acanthaceae Endemic 2 0 1 0 0 0 0 

Selaginella polymorpha  Selaginellaceae Endemic 3 1 3 0 0 0 0 

Dypsis cf. pachyramea Angiosperm Arecaceae Endemic 3 1 0 0 0 0 0 

Hypoestes phyllostachya Angiosperm Acanthaceae Endemic 1 1 0 0 0 0 0 

Hypoestes longituba Angiosperm Acanthaceae Endemic 1 1 1 0 0 0 0 

Mapania nudicaulis Angiosperm Cyperaceae Endemic 6 2 1 0 0 0 0 

Iodes madagascariensis Angiosperm Icacinaceae Endemic 0 3 2 0 0 0 0 

Impatiens firmula Angiosperm Balsaminaceae Endemic 0 0 0 1 0 0 0 

Stictocardia mojangensis Angiosperm Convolvulaceae Endemic 0 0 0 0 1 0 0 
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Cynanchum analamazaotrense Angiosperm Apocynaceae Endemic 0 0 0 0 0 1 0 

Rhynchosia cf. chapelieri Angiosperm Fabaceae Endemic 0 0 0 0 0 1 0 

Anthospermum emirnense Angiosperm Rubiaceae Endemic 0 0 0 0 0 0 1 

Exacum exiguum Angiosperm Gentianaceae Endemic 0 0 0 0 0 1 1 

Selaginella pervillei Fern Selaginellaceae Endemic 0 0 0 4 2 0 0 

Exomiocarpon madagascariense Angiosperm Asteraceae Endemic 0 0 0 4 1 5 7 

Dioscorea arcuatinervis Angiosperm Dioscoreaceae Endemic 0 0 1 1 0 0 0 

Kalanchoe campanulata Angiosperm Crassulaceae Endemic 0 0 1 1 0 0 0 

Emilia humifusa Angiosperm Asteraceae Endemic 0 0 1 4 3 5 0 

Iodes globulifera Angiosperm Icacinaceae Endemic 0 1 1 0 0 1 0 

Iodes perrieri Angiosperm Icacinaceae Endemic 0 2 0 1 1 0 0 

Adenia peltata Angiosperm Passifloraceae Endemic 0 1 0 1 0 0 0 

Ravenea robustior Angiosperm Arecaceae Endemic 5 0 0 1 0 0 0 

Danais rhamnifolia Angiosperm Rubiaceae Endemic 0 4 3 1 1 0 0 

Emilia citrina Angiosperm Asteraceae Endemic 0 2 5 13 2 5 6 

Dalechampia clematidifolia Angiosperm Euphorbiaceae Endemic 0 3 5 3 0 0 0 

Scleria madagascariensis Angiosperm Cyperaceae Endemic 6 5 8 14 8 7 2 

 

Species unknown origin (NA) 

Adenia sp1 Angiosperm Passifloraceae NA 3 0 0 0 0 0 0 

Poecilostachys sp2 Angiosperm Poaceae NA 3 0 0 0 0 0 0 
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Cyathea sp2 Fern Cyatheaceae NA 2 0 0 0 0 0 0 

Liparis sp1 Angiosperm Orchidaceae NA 2 0 0 0 0 0 0 

Liparis sp2 Angiosperm Orchidaceae NA 2 0 0 0 0 0 0 

Poecilostachys sp1 Angiosperm Poaceae NA 2 0 0 0 0 0 0 

Poecilostachys sp5 Angiosperm Poaceae NA 2 0 0 0 0 0 0 

Asplenium sp1 Fern Aspleniaceae NA 1 0 0 0 0 0 0 

Carex sp1 Angiosperm Cyperaceae NA 1 0 0 0 0 0 0 

Cyathea sp1 Angiosperm Cyatheaceae NA 1 0 0 0 0 0 0 

Dypsis sp1 Angiosperm Arecaceae NA 1 0 0 0 0 0 0 

Elaphoglossum sp11 Fern Dryopteridaceae NA 1 0 0 0 0 0 0 

Entada sp1 Angiosperm Fabaceae NA 1 0 0 0 0 0 0 

Ipomoea sp1 Angiosperm Convolvulaceae NA 1 0 0 0 0 0 0 

Ipomoea sp2 Angiosperm Convolvulaceae NA 1 0 0 0 0 0 0 

Justicia sp1 Angiosperm Acanthaceae NA 1 0 0 0 0 0 0 

Justicia sp2 Angiosperm Acanthaceae NA 1 0 0 0 0 0 0 

Poecilostachys sp4 Angiosperm Poaceae NA 1 0 0 0 0 0 0 

Thelypteris sp1 Fern Thelypteridaceae NA 1 0 0 0 0 0 0 

Unknown10 Angiosperm Cyperaceae NA 1 0 0 0 0 0 0 

Unknown8 Angiosperm Asteraceae NA 1 0 0 0 0 0 0 

Angraecum sp1 Angiosperm Orchidaceae NA 0 1 0 0 0 0 0 

Dioscorea sp1 Angiosperm Dioscoreaceae NA 0 1 0 0 0 0 0 
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Hypoestes sp1 Angiosperm Acanthaceae NA 0 1 0 0 0 0 0 

Nastus sp1 Angiosperm Poaceae NA 0 1 0 0 0 0 0 

Danais sp2 Angiosperm Rubiaceae NA 0 0 1 0 0 0 0 

Euphorbia sp1 Angiosperm Euphorbiaceae NA 0 0 1 0 0 0 0 

Nephrolepis sp2 Fern Davalliaceae NA 0 0 1 0 0 0 0 

Unknown6 Angiosperm Poaceae NA 0 0 1 0 0 0 0 

Anisopappus sp Angiosperm Asteraceae NA 0 0 1 0 0 0 0 

Dypsis sp2 Angiosperm Arecaceae NA 1 2 0 0 0 0 0 

Dypsis sp3 Angiosperm Arecaceae NA 4 1 3 0 0 0 0 

Elaphoglossum sp1 Fern Dryopteridaceae NA 1 1 0 0 0 0 0 

Poecilostachys sp3 Angiosperm Poaceae NA 1 0 2 0 0 0 0 

Dioscorea sp2 Angiosperm Dioscoreaceae NA 0 0 0 1 0 0 0 

Mariscus sp1 Angiosperm Cyperaceae NA 0 0 0 1 0 0 0 

Oplismenus sp1 Angiosperm Poaceae NA 0 0 0 1 0 0 0 

Unknown12 Angiosperm Cyperaceae NA 0 0 0 1 0 0 0 

Unknown5 Angiosperm Cyperaceae NA 0 0 0 1 0 0 0 

Unknown7 Angiosperm Cyperaceae NA 0 0 0 1 0 0 0 

Hyparrhenia sp1 Angiosperm Poaceae NA 0 0 0 0 1 0 0 

Unknown15 Angiosperm Poaceae NA 0 0 0 0 1 0 0 

Ammannia sp1 Angiosperm Lythraceae NA 0 0 0 0 0 1 0 

Unknown14 Angiosperm Cyperaceae NA 0 0 0 0 0 1 0 



 

161 
 

Paederia sp1 Angiosperm Rubiaceae NA 0 0 0 0 0 0 1 

Plectranthus sp1 Angiosperm Lamiaceae NA 0 0 0 0 0 0 1 

Psiadia sp2 Angiosperm Asteraceae NA 0 0 0 0 0 0 1 

Torenia sp1 Angiosperm Linderniaceae NA 0 0 0 0 0 0 1 

Unknown11 Angiosperm Poaceae NA 0 0 0 0 0 0 1 

Unknown9 Angiosperm Poaceae NA 0 0 0 0 0 0 1 

Sacciolepis sp1 Angiosperm Poaceae NA 0 0 0 0 0 0 2 

Echinochloa sp3 Angiosperm Poaceae NA 0 0 0 0 0 0 3 

Ipomoea sp3 Angiosperm Convolvulaceae NA 0 0 0 2 1 1 0 

Acroceras sp2 Angiosperm Poaceae NA 0 1 1 1 0 0 0 

Nephrolepis sp1 Fern Davalliaceae NA 2 7 2 1 0 0 0 

Nephrolepis sp3 Fern Davalliaceae NA 0 3 4 1 0 0 0 

Sorghum sp1 Angiosperm Poaceae NA 0 0 1 2 0 0 1 

Acroceras sp1 Angiosperm Poaceae NA 1 0 3 8 0 0 0 
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Chapter background 

We decided to study butterflies as they have a diverse set of traits (e.g. life history, morphology) 

and are, compared to other insect groups, relatively easy to see and identify (Collins & Morris 

1985, Hanspach et al. 2015). Nevertheless, we encountered multiple challenges for the collection 

and identification of Malagasy butterflies. Before the data collection in 2018, we performed a 

butterfly assessment on the same plots in 2017 (not used for this thesis). Unfortunately, the butterfly 

assessment in 2017 had to be repeated as we encountered multiple biases which I would like to 

elaborate shortly on. To identify the butterflies collected in 2017, we took photos of the upper and 

underside of alive butterflies and collected only one specimen sample for each species. After 

completion of our fieldwork in 2017, we contacted researchers experienced with the identification 

of Malagasy butterflies. Based on their advice, I decided to repeat the data collection for butterflies 

in 2018, as many of the sampled butterfly species had cryptic features which are hard to identify 

based on the wing in the field or a photo. For the data collection used for this thesis, we took a 

specimen sample for each caught butterfly to ensure reliable identification in the laboratory. To 

support the success of the field season in 2018, I was accompanied, for the first two weeks of my 

fieldwork, by field ecologist Sáfián Szabolcs. Sáfián has a long-standing experience with African 

butterflies and trapping methods. Sáfián approved my netting technique and sampling effort during 

a trial 30 min time-standardized netting in Madagascar (Figure F). In addition, Sáfián advised me 

and the field team on the appropriate installation of fruit traps to avoid the intrusion of predators 

such as ants. Also, he showed us the time-efficient retrieval and preservation of butterflies. 

Furthermore, he highlighted distinctive features of species to me to facilitate their identification. 

We also sampled moths with our fruit traps, but they have not been used for the present thesis as 

their identification is more challenging and time-consuming. Our Malagasy moth samples open up 

future research possibilities, as their diversity is little studied. 

Glossary 

Habitat dependency rank: If a species occurred with >50% of its relative abundance in a land-

use type (Mendenhall et al. 2016), we identified the species as associated with a land-use type. By 

applying a 50% threshold when evaluating the relative abundance, we considered only frequently 

visiting or residential species. 



 

164 
 

 
Figure F: Overview of butterfly data collection: Evrard Benasoavina retrieving butterflies from 

lowered bait trap (a), installed bait trap on plot (b), field team waiting for a boat to transport support 

sticks for bait traps over a river (c), balancing with support stick on narrow banks of rice paddy (d), 

sorting and storing sampled butterflies with silica gel in envelopes (see example butterfly in left 

upper corner) (e), deploying bait trap under windy conditions (f), time-standardized netting on rice 

paddy (g), butterflies attracted to (unfermented) banana (h), praying mantis preying on butterflies 

captured in bait trap (i). 
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Chapter 3: Land-use change differentially affects endemic, forest and open-land butterflies 

in Madagascar 

Annemarie Wurz, Ingo Grass, David C. Lees, Anjaharinony A. N. A. Rakotomalala, Sáfián 

Szabolcs, Dominic Andreas Martin, Kristina Osen, Jacqueline Loos, Evrard Benasoavina, Theudy 

Alexis, Teja Tscharntke 

 

Abstract 

1. The conversion of tropical forests into agriculture reduces biodiversity dramatically. 

However, species might differ in their responses, depending on their habitat specialization 

and geographic origin. In this study, we assess how butterfly assemblages differ between 

old-growth forests, forest fragments, forest-derived vanilla agroforests, fallow-derived 

vanilla agroforests, woody fallows, herbaceous fallows, and rice paddies in Madagascar. 

2. We recorded 88 butterfly species, of which 65 species are endemic to Madagascar. Land-

use types with woody vegetation sustained many endemic (mean: 6.8 species) and forest 

butterfly species (mean: 4.8 species). Rice paddies and herbaceous fallows were richer in 

open-land species (mean: 7.6 species) and poorer in forest species (mean: 1.7 species) 

compared to other land-use types. Compared to herbaceous fallows, fallow-derived vanilla 

agroforests hosted more endemic (+164%) and forest (+239%) species. Richness of open-

land species in forest-derived vanilla agroforests was six times higher than in forest 

fragments. 

3. Overall, 27% of species occurred exclusively in one land-use type and 19% of all species 

when old growth forests were excluded. We found the highest number of exclusive species 

in forest-derived vanilla agroforests.  

4. We conclude that all studied land-use types contribute to butterfly conservation in our study 

region. Especially the woody vegetation in forest fragments, vanilla agroforests, and woody 

fallows supports a high butterfly diversity and is pivotal for maintaining a broad diversity 

of forest butterflies in the agricultural matrix. Our study highlights the importance of 

preserving the diversity of small-scale land-use types, including agroforestry, forests and 

fallow land in this tropical biodiversity hotspot. 
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Introduction 

Tropical forests host a large proportion of global biodiversity and are vital for ecosystem 

functioning (FAO & UNEP, 2020; Mitchard, 2018). However, tropical forests face the highest 

deforestation and degradation pressures globally, with land-use change towards agriculture being 

a major threat (Curtis et al., 2018). Land-use change affects species differently (Barlow et al., 

2007). Particularly endemic species as well as forest-dependent species are vulnerable to land-use 

change (Brooks et al., 2002; Steffan-Dewenter et al., 2007). In addition to forest conversion, 

decreasing habitat quality of remaining forests is threatening the survival of species (Watson et al., 

2004). While the effects of deforestation on vertebrate taxa are well documented (Tracewski et al., 

2016), the response of many insects remains widely unknown (Dunn, 2005), despite their diversity, 

high degrees of endemism, and importance in providing ecosystem services (Noriega et al., 2018; 

Stewart et al., 2007).  

Butterflies are sensitive to habitat changes due to their complex holometabolic life cycle, feeding 

and host plant specialization, thermoregulation, and symbiotic associations (Bonebrake et al., 

2010). Due to their diversity in habitat specificity, mobility, and feeding traits, butterfly species 

may respond differently to habitat changes (Koh & Sodhi, 2004). For example, butterfly species 

with high habitat specialization are more prone to extinction through land-use change than butterfly 

species with low habitat specialization (Koh et al., 2004). This high diversity of traits and responses 

makes butterflies an interesting model taxon to investigate the effects of land-use change on 

biodiversity.  

Among insects, butterflies are a relatively well-studied group, but data remain scarce for tropical 

butterflies even though they account for around 90% of all butterfly species (Bonebrake et al., 

2010). Tropical forest conversion typically reduces butterfly diversity (Ghazoul, 2002; Norfolk et 

al., 2017; Sharma et al., 2020). However, not all tropical butterfly species are confined to the forest 

(categorized as 'forest butterflies' ; Koh et al., 2004), but many occur in human-modified open or 

semi-open areas such as grasslands, cropland, or secondary formations such as fallows (categorized 

as 'open-land butterflies'). Forest butterflies are more sensitive to land-use change, as they occupy 

narrow ecological niches and show high host-plant specificity (Koh & Sodhi, 2004; Schulze et al., 

2010). Many endemic species in forest biomes are habitat specialists and prefer old-growth forests 

(Cleary & Mooers, 2006; Lewis et al., 1998). In contrast, open-land butterflies in the human-

modified landscape are more likely to be oligo- or polyphagous and thus adapted to a wider range 
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of ecological niches (Koh & Sodhi, 2004). However, the habitat dependency of endemic, forest 

and open-land species in human-modified landscapes remains largely undetermined in tropical 

ecosystems. 

High numbers of endemic species, accompanied by high rates of habitat loss, qualify Madagascar 

as biodiversity hotspot (Goodman & Benstead, 2005; Myers et al., 2000). Here, the expansion of 

cash crops and shifting cultivation increasingly replaces the large continuous forest areas resulting 

in a heterogenous mosaic landscape (Curtis et al., 2018; Llopis et al., 2019; Zaehringer et al., 2015). 

In such heterogeneous and highly fragmented landscapes, agroforestry is promoted as a profitable 

and yet biodiversity-friendly land use option (Schroth et al., 2004). Structurally-diverse agroforests 

can harbor forest butterfly species (Francesconi et al., 2013; Norfolk et al., 2017; Schmitt et al., 

2020) as well as widespread (non-endemic) butterfly species (Waltert et al., 2011). However, land-

use history affects the biodiversity value of agroforests depending on their establishment on fallow 

or forested land (Martin et al., 2020). Thus, establishing agroforests at the expense of natural forests 

drives biodiversity declines (Vasconcelos et al., 2015). Another prominent land use in many 

tropical countries (Heinimann et al., 2017) as well as in north-eastern Madagascar is shifting 

cultivation, an agricultural practice for which vegetation is first cleared manually and consecutively 

burned before the land is used for crop cultivation and thereafter left fallow (Styger et al., 2007).  

Insect diversity in Madagascar is high, but poorly described, and knowledge gaps remain across 

the country (Hanski et al., 2007; Paulian & Viette, 2003). Assessments and classifications of the 

Malagasy butterfly diversity are incomplete (Lees et al., 2003). Butterfly species data largely 

depend on historical museum specimens and field inventories conducted in Ranomafana and 

Masoala National Parks (Kremen, 1992; Kremen et al., 1999) or have been compiled from a 

combination of museum records and field recording (Allnutt et al., 2008; Kremen et al., 2008). In 

addition, detailed butterfly data is not widely available for different land-uses and largely stems 

from forest inventories (Kremen, 1992; Kremen et al., 2008). At present, Madagascar counts 321 

described butterfly species (de Jong & Coutsis, 2017; Lees, 2016; Lees et al., 2003; Libert, 2014) 

with species-level endemism of at least 72% (Lees et al., 2003). 

Using butterflies as a model group, our study assesses how different land-use types are related to 

butterfly diversity within a small-scale agricultural landscape in north-eastern Madagascar, an area 

that has historically been covered by almost continuous forest cover. Our research objectives were 

to assess how (1) overall, endemic, forest-, and open-land butterfly species richness and (2) species 
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composition differs between land-use types in the agricultural matrix compared to old-growth 

forest. In addition, we investigated (3) which land-use types were most important for butterflies in 

terms of supporting high numbers of individuals per species. 

Material and Methods 

Study region 

We carried out the study in the SAVA region in north-eastern Madagascar (Fig. 3.1). A warm and 

humid climate with an annual rainfall of 2223 mm and a mean annual temperature of 24 °C 

characterizes the region (Karger et al., 2017), which encompass various protected areas with 

lowland and mountainous rainforest, including Marojejy National Park (CPGU, 2012). The region 

is part of a global and also national biodiversity hotspot with high rates of endemism (Barthlott et 

al., 2005; Brown et al., 2016). North-eastern Madagascar today represents a heterogeneous 

landscape mosaic comprising forests, rice paddies, shifting cultivation (fallows, hill rice), pastures, 

and vanilla agroforestry (Llopis et al., 2019). Currently, vanilla is the prevalent and expanding cash 

crop in the SAVA region, making Madagascar the main vanilla producer globally (FAO, 2020; 

Hänke et al., 2018; Llopis et al., 2019). In our study region, the majority of vanilla agroforests are 

fallow-derived (~70%) and the minority (~30%) are forest-derived (Hänke et al., 2018). Other cash 

crops such as cloves, coffee and beans are cultivated, however vanilla and paddy rice remain most 

important (Hänke et al., 2018). Deforestation rates are high, mainly due to shifting cultivation for 

hill rice production (Vieilledent et al., 2018; Zaehringer et al., 2015).  

 

Study design 

We collected data in 10 study villages covering seven different land-use types, representing the 

common land-uses in north-eastern Madagascar, and two old-growth forest sites as reference (Fig. 

3.1). The characteristics of each land-use type are described in Table 3.1. For each village, we 

selected one plot each in forest fragment, woody fallow, herbaceous fallow, and rice paddy, as well 

as three in vanilla agroforests. We categorized the vanilla agroforests based on land-use history 

into fallow-derived or forest-derived vanilla agroforests (Martin et al., 2020). Forest-derived 

vanilla agroforests were established without the use of fire inside forests and fallow-derived vanilla 

agroforests were established on land that was formerly cleared by fire. We did not find both fallow-

and forest-derived vanilla agroforests in all villages, thus resulting in an imbalanced distribution of 

vanilla agroforests between villages. Overall, we sampled 70 plots across 10 villages as well as 10 
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plots across two old-growth forest sites, totaling 80 plots. The average minimum distance between 

plots was 719 m (SD ± 438 m) with an average elevation of 192 m.a.s.l (SD ± 207 m.a.s.l).  

 

Table 3.1: Characteristics of the seven prevalent land-use types in north-eastern Madagascar 

Land-use type Description 

Old-growth forest (10 plots)  Continuous and evergreen lowland forest located inside 

Marojejy National Park. Five old-growth forest plots located 

in Manantenina Valley and five in the eastern part of 

Marojejy National Park called Bangoabe. Sites with obvious 

traces of selective logging were avoided. 

Forest fragment (10 plots)  Fragmented evergreen forest outside of protected areas. 

Forest fragments were regularly used for the extraction of 

timber and other natural products. Forest fragments have not 

been burned and typically have a dense understorey 

vegetation and a few tall trees. 

Forest-derived vanilla 

agroforest (10 plots) 

Agroforests with vanilla directly planted inside a forest (no 

clearance by fire). Forest understorey vegetation was 

partially cleared manually, whereas smaller trees served as 

climbing support for vanilla vines, and larger trees provided 

shade. 

Fallow-derived vanilla 

agroforest (20 plots) 

Agroforests with vanilla plants established on an herbaceous 

or woody fallow used for shifting cultivation (clearance by 

slashing and burning the vegetation). Naturally re-growing or 

planted trees were used for vanilla vines as climbing support 

and larger trees to provide shade. 

Herbaceous fallow (10 plots) Fallow land, part of the shifting cultivation system, 

dominated by herbaceous vegetation, which had regrown 

within the last two years since crop cultivation. Herbaceous 

fallows have been burned in the past. 
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Woody fallow (10 plots) Fallow land, part of the shifting cultivation system, 

dominated by woody vegetation (shrubs, small trees) which 

had regrown within the last 4 - 16 years since crop 

cultivation. Woody fallows have been burned in the past. 

Rice paddy (10 plots) Irrigated rice field traversed by soil banks with herbaceous 

vegetation for passage and water retention. 

 

Based on inventories of trees (Osen et al., 2021) and herbaceous plants (Raveloaritiana et al., 2021) 

on the same plots, we characterized our land-use types into either woody land-use types or open-

land-use types. We defined all tree-containing land-use types (forest fragments, forest- and fallow-

derived vanilla agroforests, and woody fallows) as woody land-use types and all land-use types 

with no trees and predominantly herbaceous vegetation (herbaceous fallows and rice paddies) as 

open land-use types. Furthermore, we hereafter refer to old-growth forest as a land-use type to 

allow a joint terminology. 
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Fig. 3.1: Study design overview. a) The island of Madagascar with the SAVA region highlighted. 

b) the SAVA region. c) Study area with forest cover in 2017 (Vieilledent et al., 2018), roads, rivers, 

and the 10 study villages and two sampling sites within Marojejy National Park. d) Land-use type 

distribution across 10 villages and Marojejy NP. e) Prevalent land-use types in north-eastern 

Madagascar with a typical landscape in the center. Example locations are indicated with arrows. 
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Sampling methods 

We sampled butterflies with bait trapping and time-standardized netting between August (start of 

the drier season) and December 2018 (see schedule Table S.3.1). We performed our sampling in a 

standardized plot circle with 25 m radius. We avoided the few rainy days. Re-sampling in the rainy 

season was not possible, because remote villages and the countryside were hard to reach. We 

caught butterflies with a bait trap hanging 1.5 m above the ground (Fig. S.3.1). We baited the traps 

with bananas, which we fermented for 48 hours in an air-tight container before deployment. We 

deployed a total of eight butterfly bait traps for 24 hours on each plot. We installed four bait traps 

each at 16.6 m and 20 m distance from the plot center with one in each cardinal and inter-cardinal 

direction. Our bait traps included a white cylinder with a 20 cm diameter opening, a removable bait 

tray (20 cm diameter) attached to hooks below the cylinder, and a zippered side-opening for 

removing captured butterflies. Bait trapping has the advantage of assessing butterflies in dense 

vegetation and habitats with difficult access as well as catching butterflies throughout the day 

without researcher bias (Checa et al., 2019; Freitas et al., 2014). It is mainly butterfly species of 

the Nymphalidae family that are attracted by the fruit bait (particularly the most diverse genus of 

Satyrinae in Madagascar, Heteropsis). Most other butterfly families (Papilionidae, Pieridae, 

Lycaenidae and Hesperiidae) feed on nectar-providing plants and remain largely undetected by bait 

traps (Checa et al., 2019) (Table S.3.2-3). We additionally performed time-standardized netting 

once on each plot, catching butterflies within close reach of the ground for 30 minutes in an 

imaginary 2 m wide box on either side of the sweep-net while walking at a slow and steady speed 

in a zigzag line (from plot edge to plot center) to cover the plot equally. We performed time-

standardized netting with a circular frame net with a nylon mesh on a 1.5 m telescopic handle (Fig. 

S.3.1). We did time-standardized netting during dry and low-wind conditions only, either in the 

morning (between 8-12 pm) or afternoon (between 1-5 pm). We paused the stopwatch when 

processing butterflies. We euthanized all captured butterflies with drops of ammonia (25% 

solution) in a glass jar. We preserved butterfly specimens in glassine envelopes, thereafter stored 

in hermetic plastic containers with silica gel to avoid mold before identification. Identifications 

were carried out by a taxonomic specialist (David C. Lees) at the Natural History Museum in 

London and cross-checked via photo identification by Szabolcs Sáfián. We stored all identified 

specimens at the Department of Crop Science at the University of Göttingen (export permit: No: 

382N-EA12/MG18 and No: 308N-EA10/MG18).  
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Data analysis 

For all analyses, we combined data collected from both sampling methods to obtain a 

complementary coverage of butterfly species. By this, we aim to cover as many species possible 

across the major families of butterflies occurring in our study region. We provide results of both 

sampling methods analyzed separately in the supplementary information. Given the high 

conservation importance of endemic subspecies on islands like Madagascar (Fernández-Palacios 

et al., 2021), we used the minimum species endemism level. Thus, we categorized endemic 

butterflies as species or subspecies only occurring in the country of Madagascar following the latest 

publications (Aduse-Poku et al., 2016; Huang et al., 2019; Lawrence, 2016; Lees, 2016; Lees et 

al., 2003; Libert, 2010; Pierre & Bernaud, 1999; Pyrcz et al., 2020; Vingerhoedt et al., 2009) (Table 

S.3.4-5).  We categorized one unidentified morphospecies (Heteropsis sp.) as endemic since the 

genus is endemic to Madagascar. In addition, we categorized butterfly species according to habitat 

specialization into two types: forest and open-land species. Forest species sensu Lees et al. (2003) 

occur exclusively in forest (“all natural types of forest, primary or somewhat degraded”). Open-

land species are all other species occurring outside of forest (grasslands, anthropogenic areas, 

croplands, secondary formations i.e. fallows, forest clearings and hill rice, forest margins, beaches, 

marshlands) sensu Lees et al. (2003). 

We performed statistical analysis in R version 3.6.3 (R Core Team, 2020). To test for significant 

differences in forest and open-land species richness between the seven studied land-use types, we 

fitted a glmmTMB model with a Poisson distribution (Brooks et al., 2017). In this model, we treated 

land-use type as an explanatory variable and village/old-growth forest site as a random effect. We 

performed multiple comparisons among all land-use type pairs using the glht function from the 

multcomp package applying a Tukey's all-pair comparisons with Bonferroni correction (Hothorn 

et al., 2008).  

To assess the habitat dependency rank of butterflies, we identified the land-use types in which a 

species occurred with >50% of their relative abundance (Mendenhall et al., 2016) and referred to 

them in the following as “associated to a land-use type”. By applying a 50% threshold when 

evaluating the relative abundance, we considered only frequently visiting or residential species. 

We defined a species as exclusive to a land-use type if it occurred only in one of the seven land-

use types. We excluded 10 plots out of the 20 fallow-derived vanilla agroforests randomly to give 

each land-use type equal weight in the analysis (10 plots each). We used the package ggplot2 to 

visualize habitat dependency rank across land-use types (Wickham, 2016).  
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To investigate differences in species composition among land-use types, we computed a 

permutational multivariate analysis of variance (PERMANOVA) using the adonis function of the 

vegan package (Oksanen et al., 2020). Also, we used the pairwise.adonis function of the 

pairwiseAdonis package with false discovery rate correction to assess differences between land-

use types (Arbizu, 2017). Prior to PERMANOVA, we tested if homogenous dispersion existed 

among land-use types by using the betadisp function and permutest function of the vegan package 

(PERMDISP test; Oksanen et al., 2020). Our results show that heterogeneous dispersion 

significantly affected the differences in species composition (Df=6, F=2.76, p=0.02; Table S.3.6), 

thus differences are not only explained by the location of centroids but also by variation within 

each land-use type. We computed species composition by using non-metric multidimensional 

scaling (NMDS) with Jaccard dissimilarity distance. We calculated gamma species diversity for 

each land-use type by summing up all species found across 10 plots and therefore excluded 10 out 

of 20 fallow-derived vanilla agroforests. 

Results 

We recorded a total of 2643 individuals of 88 butterfly species belonging to six families (50 

Nymphalidae, 14 Lycaenidae, 14 Hesperiidae, 2 Papilionidae, 6 Pieridae, and 2 Riodinidae species) 

and 49 genera (Table S.3.6-7, Fig. S.3.2, S.3.3). The majority of individuals belonged to the 

Nymphalidae family and were caught in forest- and fallow-derived vanilla agroforests (>400 

individuals in each; Table S.3.8). Overall, we identified 65 endemic, 42 open-land, and 46 forest 

butterfly species. Out of the 65 endemic butterflies, the majority of species were forest butterflies 

(43 species; Table S.3.9). Differentiated by sampling method, we caught 18 species exclusively 

with bait traps, 46 exclusively with time-standardized catch and 21 species with both sampling 

methods (Fig. S.3.4). We detected most species in woody land-use types (64 species; 25 exclusive 

species; Figure S.3.5). Sampling coverage was >81% across land-use types for overall and endemic 

species richness. For forest species richness we reached a sampling coverage of >75% and for 

open-land species richness >85% (Table S.3.10, Figure S.3.6).  
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Fig. 3.2: Species richness of overall (a), endemic (b), forest (c), and open-land (d) species sensu 

Lees et al. (2003) across land-use types in north-eastern Madagascar. Non-shared letters indicate 

significant differences between pairs of land-use types based on pairwise Tukey's honest 

significance tests (P<0.05). The line inside the boxplot represents the median. The lower and upper 

boundaries of the boxplot show the 25th-75th percentiles of the observational data, respectively. 

The lower and upper whisker represents the scores outside 50% of data scores. Icons created by 

Made, Linseed Studio and Shashank Singh from the Noun Project. 

Across land-use types, overall species richness did not differ among land-use types, except for old-

growth forests and forest fragments, which had the lowest species richness (Fig. 3.2a, Table S.3.11, 

S12). When looking at endemics only, herbaceous fallows (mean: 4.5 species ± SD: 2.2) and rice 

paddies (4.1 species ± 2.8) had significantly fewer endemic species than fallow-derived vanilla 

agroforests, and rice paddies had significantly fewer endemic species than forest-derived vanilla 

agroforests (Fig. 3.2b).  

At plot-level, average forest species richness did not differ between land-use types, except for rice 

paddies (1.5 species ± 1.4) and herbaceous fallows (1.8 species ± 1.0), which had significantly 

fewer forest species than all other land-use types (Fig. 3.2c). Average open-land species richness 

was significantly lower in old-growth forests (0.1 species ± 0.3) and forest fragments (0.8 species 

± 0.6) than all other land-use types (Fig. 3.2d).  

Generally, differences in species richness between land-use types became less apparent when 

analyzing bait and time-standardized catch data separately (Figure S.3.7-8, Table S.3.13-14). In 
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particular, bait data did not show differences between rice paddies and woody habitats for forest 

species richness as well as between rice paddies and old-growth forests for open-land species 

richness. In addition, time-standardized catch data did not detect any differences in endemic species 

richness between land-use types. 

Species composition across all land use types fell into four clusters (Fig. 3.3, PERMANOVA: 

R2=0.34, p<0.001, Df=6): Species composition firstly differed between old-growth forests and 

forest fragments, secondly between forest fragments and woody land-use types, and thirdly 

between woody and open-land use types (Table S.3.15). Species composition did not differ 

significantly between forest- and fallow-derived vanilla agroforests and woody fallows (p>0.05; 

Table S.3.15). Also, species composition in rice paddies and herbaceous fallows did not differ 

significantly (p>0.05; Table S.3.15).  

When analyzing species composition separately for bait and time-standardized catch data, we 

confirm a unique species composition for old-growth forests and a similar species composition 

among woody land-use types as well as open land-use types (Figure S.3.9, Table 3.16-17). 

However, we did not detect clear differences between woody and open land-use types. 

 

 

Fig. 3.3: Butterfly species composition across land-use types with four compositional clusters (old 

growth forest, forest fragment, woody land-use types, open land-use types from left to right). Non-

metric multidimensional scaling (NMDS) illustrates butterfly species composition (bait trap and 
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time-standardized netting data combined; R2=0.839, Stress=0.191). Each point represents one plot 

(jittering width = 0.1 and height = 0.1). Ellipses represent 95% confidence intervals for the 

estimated center of each land-use type fitted into the ordination (See pairwise test results in Table 

S.3.15). 

 

Overall, we found 88% of all 85 butterfly species (excluding 10 out of 20 fallow-derived vanilla 

agroforests) in the agricultural matrix. In addition, we found the highest share (16%) associated 

with old-growth forests (>50% of abundance in old-growth forest; Fig. 3.4a). In the agricultural 

landscape, the largest shares of species were associated with forest-derived vanilla agroforests 

(14%) and herbaceous fallows (13%). Nine out of the 20 species found in old-growth forests also 

occurred in the agricultural matrix and showed a higher habitat dependency rank for woody land-

use types than for open land-use types (except for one species, Melanitis leda). 

In terms of endemic species, 23% of species were associated with old-growth forests (Fig. 3.4b). 

In the agricultural matrix, most endemic species were associated with fallow-derived vanilla 

agroforest (11%) and forest-derived vanilla agroforests (15%). Of the 44 forest species (Fig. 3.4c), 

32% were associated with old-growth forests and in the agricultural matrix most with forest-

derived vanilla agroforests (16%) and woody fallows (14%). No forest species were associated 

with herbaceous fallows and only 2% with rice paddies. In contrast to endemic and forest species, 

open-land species showed opposite patterns of habitat dependency rank (Fig. 3.4d). Most of the 41 

open-land species were associated with herbaceous fallows (27%), followed by either forest-

derived vanilla agroforests, woody fallows or rice paddies (12%) and fallow-derived vanilla 

agroforests (10%). No open-land species were associated with old-growth forests or forest 

fragments.  

We found that old-growth forests presented the highest number of overall forest and endemic 

species unique to this land-use type (10 species each, Fig. 3.4a-c). Forest-derived vanilla 

agroforests harboured seven exclusive species, including six endemics. Fallow-derived vanilla 

agroforests had two exclusive species (both endemic). Woody fallows had four exclusive species 

of which three were endemic. We found four exclusive species in herbaceous fallow, including 

three endemics. Rice paddies harboured four exclusive species, including two endemic species. We 

recorded only one exclusive species (Neptis kikideli), which is endemic, unique to forest fragments.   

We found same similar patterns of habitat dependency rank across the seven land-use types when 

analyzing bait and time-standardized catch data separately, with the exception of bait data showing 
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a decreased importance of fallow-derived vanilla agroforests for endemic and forest species than 

shown by both methods combined (Fig. S.3.10). 

 

Fig. 3.4: Habitat dependency rank (based on data set with 10 out of 20 fallow-derived vanilla 

agroforests) for a) 85 butterfly species and 2311 individuals, b) 45 endemic butterfly species and 

1598 individuals, c) 44 forest butterfly species and 784 individuals, and d) 41 open-land butterfly 

species and 1527 individuals. Divisions on the x-axis indicate one species. Y-axis represents 

relative species abundance (%) across 7 land-use types. Icons created by Made, Linseed Studio and 

Shashank Singh from the Noun Project. 

In terms of gamma diversity, forest-derived vanilla agroforests hosted 44 species (73% endemic, 

57% forest species), more than any other land-use type (Fig. 3.5, Table S.3.18). However, old-

growth forests had the largest share of endemic (95%) and forest (95%) species and the lowest 

share of open-land species (5%). In the agricultural matrix, we found that forest fragments had the 

highest share of endemic (84%) and forest (89%) species, followed by forest-derived vanilla 

agroforests, fallow-derived vanilla agroforests (66% endemic and 43% forest species) and woody 
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fallows (69% endemic and 49% forest species). In herbaceous fallows and rice paddies, >70% of 

species were open-land species and 57% and 56% endemic (lowest share across all land-use types).  

We found similar patterns of endemic vs. non-endemic and forest vs- open-land species proportions 

when looking at time-standardized catch data only (Fig S.3.11). The analysis of gamma diversity 

with bait data did not depict great differences in the species proportions across land-use types. 

Fig. 3.5: Total butterfly species richness (gamma diversity) across 70 plots and in each land-use 

type (n= 10 plots per land-use type; 10 out of 20 fallow-derived vanilla agroforests were randomly 
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selected, 85 species overall) with (a) the number of endemic (dark grey) and non-endemic species 

(yellow) and (b) number of forest (light grey) and open-land species (brown). 

Discussion 

Our study indicates that the majority of endemic, forest and open-land butterfly species occur in 

multiple land-use types in the smallholder landscape of north-eastern Madagascar. We highlight 

the importance of woody land-use types, as many forest and endemic butterflies were associated 

with them. Herbaceous fallows and rice paddies were rich in open-land species. Moreover, we 

show that fallow-derived vanilla agroforests have a higher conservation value for endemic and 

forest species compared to herbaceous fallow, whereas forest-derived vanilla agroforests also 

promote open-land species while maintaining endemic and forest fauna when compared to forest 

fragments. Furthermore, our study shows that species composition differed between old-growth 

forests and forest fragments, as well as between woody land-use types and open land-use types. 

Extending the current species’ habitat categorization system 

Our results show that multiple species classified a priori as forest-dependent occurred outside old-

growth forests and forest fragments. Forest species, which are typically highly sensitive to forest 

conversion and land-use change (Schulze et al., 2010), persisted particularly in woody land-use 

types. Here, the regenerating woody and herbaceous vegetation is likely to attract butterflies (Bobo 

et al., 2006; Pardonnet et al., 2013). This indicates a knowledge gap on how Malagasy butterflies 

use different land-use types. Thus, the forest dependency for Malagasy butterflies has been 

overestimated due to a lower sampling effort outside the forest with current knowledge building 

on a few forest inventories (Kremen, 1992; Kremen et al., 1999). Our study provides urgently 

needed knowledge on the occurrence of Malagasy butterflies in different land-use types and 

highlights the need to further investigate how butterflies use the agricultural matrix. An update and 

extension of the habitat categorization system of Malagasy butterflies is needed to optimize 

strategies for butterfly conservation.  

Species richness in a heterogeneous landscape context  

We show that all land-use types contribute to sustaining a wide range of butterfly diversity 

encompassing forest- and open-land species. Both overall species richness and endemic species 

richness are comparable across land-use types. In addition, species accumulation curves confirmed 

the reliability of the comparison of species richness, as old-growth forests and all land-use types 

showed comparable sampling coverage (Fig. S.3.6, Table S.3.10). Furthermore, our results show 
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that many endemic butterflies also occur in open land-use types (e.g. Strabena tamatavae and 

Fulda bernieri, Table S.3.19), thus a butterfly-optimized landscape should ideally conserve the 

current mosaic of both forest and open land. Past studies have shown diverging responses of 

butterflies to forest conversion, with species richness either increasing (Horner-Devine et al., 

2003), decreasing (Panjaitan et al., 2020; Schulze et al., 2004), or not changing (Vu, 2009). These 

contrasting results can be explained by the different landscape settings of these studies. Landscape 

variables such as distance to forest or proportion of semi-natural habitats are important to define 

the diversity of land-use systems in the agricultural matrix (Barlow et al., 2007; Munyuli, 2013; 

Norfolk et al., 2017; Vasconcelos et al., 2015). In addition, butterflies vary in their ability to move 

across the matrix (Scriven et al., 2017). The mobility of individual butterfly species may confound 

the species richness of individual land-use types because species can use multiple landscape 

elements (Ghazoul, 2002). In particular, strong fliers such as the forest species of genus Charaxes 

(Henning, 1989), have the ability to explore disturbed habitat (Sáfián et al., 2011), and we also 

found them in rice paddies and herbaceous fallows. This behavior has also been observed for strong 

fliers in other human-modified landscapes (Sambhu et al., 2017).  However, it remains to be 

understood, if the observed Charaxes individuals were present outside of forest habitats because 

they are good fliers or whether they manage to reproduce outside forest. Many species need a range 

of resources depending on their lifecycles and landscape heterogeneity can increase resource 

availability (Bonebrake et al., 2010; Tiple et al., 2011). Our study sites are located in a 

heterogeneous and largely extensively managed small-scale agricultural landscape with recent 

forest fragmentation (Vieilledent et al., 2018), which can result in high biodiversity (Marín et al., 

2009; Sáfián et al., 2011). However, we need to acknowledge that the methodology used in this 

paper is not designed to capture the full species richness particularly of old-growth forests across 

all vegetation strata present, which is particularly important to capture the full range of endemic 

species (Fermon et al., 2003). This becomes evident, comparing our species list with the greater 

community and higher number of endemic species found in other lowland old-growth forests of 

Madagascar (Kremen et al., 1999).   

Land-use results in clusters of species composition  

Our study highlights that species composition differs between land-use systems. Especially old-

growth forests sustain a unique species composition that does not overlap with the composition in 

the agricultural matrix. In concordance, 10 species (all endemic) occurred exclusively in old-

growth forests and the largest share of endemic and forest species was associated to old-growth 
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forest, a finding in line with studies that highlighted the importance of mature forest for endemic 

butterflies (Lewis et al., 1998; Schulze et al., 2004). Thus, deforestation and landscape 

homogenization would significantly reduce the species pool. According to our results, open-land 

species may increase when old-growth forests or forest fragments are transformed to agroforestry 

or shifting cultivation, accompanied with species turnover replacing forest species by species 

adapted to open land, supporting results by Bobo et al. (2006). Here, generalist species adapted to 

multiple habitats and feeding regimes are likely to benefit from forest conversion, whereas 

specialist species adapted to a narrow niche and with a specific food preference are likely to lose 

(Nilsson et al., 2008). In contrast to other studies on our study plots (Fulgence et al., 2021; Martin, 

Andriafanomezantsoa, et al., 2021; Osen et al., 2021), agroforest land-use history showed no 

relation to butterfly species composition. Instead, we find forest-, fallow-derived vanilla 

agroforests, and woody fallows to be similar in species composition, distinct to both herbaceous 

fallows and rice paddies. The similarity in species composition of woody land-use types may be 

related to similar light availability. This can be confirmed by leaf area index (canopy leaf area per 

unit ground area) measurements on our plots, which showed that canopy structure in forest- and 

fallow-derived vanilla agroforests and woody fallows did not differ significantly (Osen et al., 

2021). In contrast, leaf area index in forest fragments was significantly higher compared to fallow-

derived vanilla agroforests and woody fallows (Osen et al., 2021). The conversion of woody to 

open-land use types might cause compositional changes, favouring open-land species, but 

disadvantaging forest and endemic species. Accordingly, we found most open-land species in 

herbaceous fallow. Here, plant surveys on the same plots show that herbaceous plant richness is 

higher on herbaceous fallows than on all surveyed woody land-use types (Raveloaritiana et al., 

2021), which most likely attracted many open-land species (Kitahara et al., 2008; Kremen, 1994). 

For example, the presence of exotic plants like Lantana camara, a species highly attractive for 

butterflies with flowers throughout the year, can result in high butterfly numbers locally, as found 

on fallows and smallholder farms in East Africa (Schmitt et al., 2021)  

Conservation opportunity in vanilla agroforestry 

We found no significant differences in endemic or forest species richness between forest fragment, 

forest- and fallow-derived vanilla agroforests, and woody fallows, although previous research 

indicates that land-use conversions which include the use of fire negatively affect endemic species 

richness (Cleary & Mooers, 2006). Herbaceous fallows and rice paddies host fewer endemic 

species than fallow-derived vanilla agroforests and fewer forest species than all woody land-use 
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types, comparable to the findings by Schulze et al. (2004), who find lower endemic butterfly 

richness in annual cultures compared to the old-growth or secondary forest in Indonesia. However, 

in our system in Madagascar, fallow-derived agroforests have more endemic (+164%) and forest 

species (+239%) and a shifted species composition compared to herbaceous fallow. This 

observation may indicate a reversibility of species loss on open land use types, which corresponds 

with the findings of Sáfián et al. (2011), who experienced rapid recovery of West African rainforest 

interior butterfly assemblages in various stages of secondary forest regeneration. Higher numbers 

of endemic and forest species in fallow-derived vanilla agroforests compared to herbaceous fallows 

could be explained by the higher number of graminoids and vines associated with fallow-derived 

vanilla agroforest (Raveloaritiana et al., 2021). This could be because Heteropsis, a genus largely 

attracted to the fruit baits on our plots, depends on grasses and bamboos, i.e., Poaceae (Lees, 2016), 

as hostplants. Furthermore, increasing tree density has been related to increasing butterfly richness 

(Bobo et al., 2006). Trees in agroforests or woody fallows can provide fruits and foliage important 

for butterflies (Castro & Espinosa, 2015) or other non-food resources such as a vegetation structure 

for resting, sunbathing, mating, and roosting (Mahata et al., 2019). Notably, comparing fallow-

derived vanilla agroforests to woody fallows, we did not see a difference in species richness of 

endemic, forest, or open-land species, nor did we find a difference in species composition. This 

similarity in species richness and composition might indicate a butterfly-neutral restoration 

opportunity. Forest-derived vanilla agroforests showed a high conservation value for butterfly 

species richness with a high number of species associated to that land-use type. Also, the gamma 

diversity in forest-derived vanilla agroforests for endemic and forest species was higher than the 

gamma diversity found in forest fragments and old-growth forests. Furthermore, the majority of 

butterfly species found in forest fragments (except Heteropsis uniformis, Neptis kikideli, Borbo 

ratek) were also found in forest-derived vanilla agroforest. However, species composition of forest-

derived vanilla agroforests significantly changed compared to forest fragments, likely driven by 

the six-times increase of open-land species. Noteworthy, extinction debt for endemic and forest 

butterflies can occur in forest-derived vanilla agroforests, as observed in Japan in forest fragments 

with decreasing patch size (Soga & Koike, 2013), an aspect we did not consider in our study. 

Larval-host-plant specificity is a major trait to predict the extinction of butterflies (Koh et al., 

2004). Consequently, a high habitat quality (e.g. presence of host and food plants, suitable light 

conditions, and patch size) is decisive for successful larval development and butterfly survival 

(Shahabuddin et al., 2000). Thus, we recommend maintaining existing forest-derived vanilla 
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agroforests and their tree structure but refraining from the conversion of further forest fragments 

driving compositional changes of the butterfly community.  

Conclusion 

In the agricultural matrix, land-use types with woody vegetation host surprisingly high diversities 

of endemic and forest butterflies, and herbaceous fallows and rice paddies are rich in open-land 

species. We found forest species utilizing multiple land-use types outside the forest and thus we 

suggest updating and extending the habitat classification of Malagasy forest butterflies using the 

data from this study. Forest fragments deserve high conservation attention as they are home to a 

high share of endemic butterfly species, whereas their conversion would result in a significant shift 

in species composition. The establishment of vanilla agroforests on fallow land offers a 

conservation and habitat rehabilitation opportunity by increasing stem density and basal area (Osen 

et al., 2021) and also canopy cover over time (Martin, Wurz, et al., 2021), providing woody 

structures important for endemic and forest butterfly species. Furthermore, we suggest preserving 

already established forest-derived vanilla agroforests and maintaining their vegetation structure as 

they are home to a large share of species including endemic, open-land, and forest species. Woody 

fallows, forming part of the shifting cultivation system, offer habitat for endemic and forest 

butterflies. Old-growth forests remains irreplaceable due to its high share of endemics, its unique 

species composition, and its high species dependency. Our study thus highlights the importance of 

preserving the diversity of small-scale land-use types, including agroforestry, forests and fallow 

land.  
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Land-use change differentially affects endemic, forest and open-land butterflies in Madagascar  
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Fig. S.3.1: Overview methodology: Bait trap with fermented bananas hanging on shade tree in 

vanilla agroforest (a) - 90 cm long; https://www.wildcare.co.uk/pop-up-butterfly-trap-with-20cm-

cone-opening.html. Bait trap on support stick in a rice paddy (b). Time-standardized catch along 

banks traversed in a rice paddy (c).  

 

 

 

 

https://www.wildcare.co.uk/pop-up-butterfly-trap-with-20cm-cone-opening.html
https://www.wildcare.co.uk/pop-up-butterfly-trap-with-20cm-cone-opening.html
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Table S.3.1: Date of time-standardized netting and retrieval of bait traps for each plot and land-

use type. 

Village 

Village 

code Plot code Land-use type Date 

Ambinanifaho V7 V7-WF WF 21.08.2018 

Ambinanifaho V7 V7-HF HF 22.08.2018 

Ambinanifaho V7 V7-VH VH 23.08.2018 

Ambinanifaho V7 V7-VM VM 23.08.2018 

Ambinanifaho V7 V7-FF FF 24.08.2018 

Ambinanifaho V7 V7-VL VL 24.08.2018 

Ambinanifaho V7 V7-RP RP 24.08.2018 

Marojejy 

Tourist MT 

MT-

OGF5 OGF 29.08.2018 

Marojejy 

Tourist MT 

MT-

OGF4 OGF 29.08.2018 

Marojejy 

Tourist MT 

MT-

OGF2 OGF 30.08.2018 

Marojejy East ME 

ME-

OGF2 OGF 04.09.2018 

Marojejy East ME 

ME-

OGF3 OGF 04.09.2018 

Marojejy East ME 

ME-

OGF5 OGF 05.09.2018 

Marojejy East ME 

ME-

OGF1 OGF 06.09.2018 

Marojejy East ME 

ME-

OGF4 OGF 07.09.2018 

Bemanevika  V47 V47-VL VL 11.09.2018 

Bemanevika  V47 V47-FF FF 12.09.2018 

Bemanevika  V47 V47-VM VM 12.09.2018 

Bemanevika  V47 V47-RP RP 12.09.2018 

Bemanevika  V47 V47-WF WF 13.09.2018 

Bemanevika  V47 V47-VH VH 13.09.2018 

Bemanevika  V47 V47-HF HF 14.09.2018 

Ambavala V2 V2-RP RP 18.09.2018 

Ambavala V2 V2-FF FF 19.09.2018 

Ambavala V2 V2-VH VH 19.09.2018 

Ambavala V2 V2-VL VL 20.09.2018 

Ambavala V2 V2-HF HF 20.09.2018 

Ambavala V2 V2-VM VM 21.09.2018 

Ambavala V2 V2-WF WF 21.09.2018 
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Belambo V45 V45-RP RP 02.10.2018 

Belambo V45 V45-FF FF 02.10.2018 

Belambo V45 V45-VH VH 03.10.2018 

Belambo V45 V45-VM VM 03.10.2018 

Belambo V45 V45-WF WF 04.10.2018 

Belambo V45 V45-VL VL 05.10.2018 

Belambo V45 V45-HF HF 05.10.2018 

Antsikory V40 V40-VH VH 09.10.2018 

Antsikory V40 V40-VM VM 09.10.2018 

Antsikory V40 V40-VL VL 10.10.2018 

Antsikory V40 V40-HF HF 10.10.2018 

Antsikory V40 V40-WF WF 11.10.2018 

Antsikory V40 V40-RP RP 12.10.2018 

Antsikory V40 V40-FF FF 12.10.2018 

Marojejy 

Tourist MT 

MT-

OGF1 OGF 16.10.2018 

Marojejy 

Tourist MT 

MT-

OGF3 OGF 17.10.2018 

Ambodiala V8 V8-VM VM 22.10.2018 

Ambodiala V8 V8-HF HF 22.10.2018 

Ambodiala V8 V8-VL VL 23.10.2018 

Ambodiala V8 V8-FF FF 23.10.2018 

Ambodiala V8 V8-VH VH 24.10.2018 

Ambodiala V8 V8-WF WF 24.10.2018 

Ambodiala V8 V8-RP RP 25.10.2018 

Andrakata V24 V24-VM VM 30.10.2018 

Andrakata V24 V24-RP RP 30.10.2018 

Andrakata V24 V24-VH VH 31.10.2018 

Andrakata V24 V24-VL VL 31.10.2018 

Andrakata V24 V24-WF WF 01.11.2018 

Andrakata V24 V24-FF FF 01.11.2018 

Andrakata V24 V24-HF HF 02.11.2018 

Antsahanoro V39 V39-WF WF 06.11.2018 

Antsahanoro V39 V39-HF HF 06.11.2018 

Antsahanoro V39 V39-VH VH 07.11.2018 

Antsahanoro V39 V39-FF FF 07.11.2018 

Antsahanoro V39 V39-VM VM 08.11.2018 

Antsahanoro V39 V39-VL VL 08.11.2018 

Antsahanoro V39 V39-RP RP 09.11.2018 

Andramanolotra V25 V25-VL VL 13.11.2018 

Andramanolotra V25 V25-VM VM 13.11.2018 

Andramanolotra V25 V25-WF WF 14.11.2018 

Andramanolotra V25 V25-RP RP 14.11.2018 

Andramanolotra V25 V25-FF FF 15.11.2018 
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Andramanolotra V25 V25-VH VH 15.11.2018 

Andramanolotra V25 V25-HF HF 16.11.2018 

Ambodivohitra V13 V13-WF WF 19.11.2018 

Ambodivohitra V13 V13-RP RP 19.11.2018 

Ambodivohitra V13 V13-VH VH 20.11.2018 

Ambodivohitra V13 V13-VL VL 20.11.2018 

Ambodivohitra V13 V13-FF FF 21.11.2018 

Ambodivohitra V13 V13-HF HF 21.11.2018 

Ambodivohitra V13 V13-VM VM 22.11.2018 

 

Table S.3.2: Species numbers per family and per trapping technique (complete data set, without 

excluding 10 fallow-derived vanilla agroforests). 

 Bait trap 

Time-standardized 

catch 

Hesperiidae 1 13  

Lycaenidae 1 14  

Nymphalidae 38 34  

Papilionidae 0 1  

Pieridae 1 6  

Riodinidae 0 2 

 

Table S.3.3: Individual numbers per family and per trapping technique (complete data set, without 

excluding 10 fallow-derived vanilla agroforests). 

 Bait trap 

Time-standardized 

catch 

Hesperiidae 1 276  

Lycaenidae 1 384  

Nymphalidae 1059 828  

Papilionidae 0 10  

Pieridae 4 68  

Riodinidae 0 12 

 

Table S.3.4: List of butterfly species and their endemism status at subspecies or species level 

(Status January 2022). Note that the genus of Acraea is currently under revision, and some of the 

Acraea species are now treated as Telchinia. Endemic =1; Non-endemic = 0. 

No 

Status Name 

Endemic 

(1) Distribution Source 

1.  Species Acraea dammii 0 Comores, Madagascar Lees et al. 2003 

2.  

Species Acraea encedon 0 

Africa, south western 

Arabia Lees et al. 2003 



 

197 
 

3.  

Species 

Acraea 

ranavalona 0 

Madagascar, Comores 

and Seychelles Lees et al. 2003 

4.  

Species Acraea serena 0 Africa, Yemen, Cape 

Pierre & Bernaud 

(1999) 

5.  Species Acraea zitja 1 [Madagascar only] Lees et al. 2003 

6.  Subspecies Anthene smithii 1 [Madagascar only] Libert (2010) 

7.  

Subspecies 

Appias epaphia 

orbona 1 [Madagascar only] Lees et al. 2003 

8.  Species Aterica rabena 1 [Madagascar only] Lees et al. 2003 

9.  

Species 

Azanus cf. 

soalalicus 1 [Madagascar only] Lees et al. 2003 

10.  Species Belenois helcida 1 [Madagascar only] Lees et al. 2003 

11.  
Species Borbo gemella 0 

Africa, south western 

Arabia Lees et al. 2003 

12.  Species Borbo havei 1 [Madagascar only] Lees et al. 2003 

13.  Species Borbo ratek 1 [Madagascar only] Lees et al. 2003 

14.  
Subspecies 

Byblia anvatara 

anvatara 0 

Madagascar and 

Comores Lees et al. 2003 

15.  

Species Cacyreus darius 0 

Madagascar, 

Mascarenes and 

Comores Lees et al. 2003 

16.  
Species 

Catopsilia 

thauruma 0 

Madagascar, 

Mascarenes Lawrence (2016) 

17.  Species Charaxes analava 1 [Madagascar only] Lees et al. 2003 

18.  Species Charaxes andara 1 [Madagascar only] Lees et al. 2003 

19.  
Species 

Charaxes 

antamboulou 1 [Madagascar only] Lees et al. 2003 

20.  
Species 

Charaxes 

cacuthis 1 [Madagascar only] Lees et al. 2003 

21.  
Species 

Charaxes 

phraortes 1 [Madagascar only] Lees et al. 2003 

22.  
Species 

Charaxes 

betsimisaraka 1 [Madagascar only] 

Vingerhoedt et al. 

(2009) 

23.  

Subspecies 

Coeliades 

forestan 

arbogastes 1 [Madagascar only] Lees et al. 2003 

24.  Species Coeliades rama 1 [Madagascar only] Lees et al. 2003 

25.  Species Colotis evanthe 1 Comores Lees et al. 2003 

26.  
Subspecies 

Cyrestis camillus 

elegans 1 [Madagascar only] Lees et al. 2003 

27.  

Subspecies 

Danaus 

chrysippus 

orientis 0 

Madagascar,  and Saint 

Helena, southern 

tropical Africa to 

South Africa, 

Comoros, Seychelles 

and Mascarenes.  Lees et al. 2003 
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28.  
Species Deudorix antalus 0 

Africa, south western 

Arabia Lees et al. 2003 

29.  
Subspecies 

Eagris sabadius 

andracne 1 [Madagascar only] Lees et al. 2003 

30.  

Species 

Eicochrysops 

hippocrates 0 

Africa south of Sahara, 

Comores, Mascarenes, 

Seychelles Lees et al. 2003 

31.  
Species 

Euchrysops 

malathana 0 

Southwest Arabia and 

Africa Lees et al. 2003 

32.  
Subspecies 

Eurema floricola 

floricola 0 

Madagascar and 

eastern Tanzania Lees et al. 2003 

33.  
Subspecies 

Eurytela dryope 

lineata 0 

Madagascar and 

Comores Lees et al. 2003 

34.  Species Eurytela narinda 1 [Madagascar only] Lees et al. 2003 

35.  Species Fulda bernieri 1 [Madagascar only] Lees et al. 2003 

36.  Species Fulda coroller 1 [Madagascar only] Lees et al. 2003 

37.  Species Fulda rhadama 1 [Madagascar only] Lees et al. 2003 

38.  
Species 

Galerga 

hyposticta 1 [Madagascar only] Lees et al. 2003 

39.  
Subspecies 

Gnophodes 

betsimena 1 [Madagascar only] Pyrcz et al. (2020) 

40.  
Species 

Heteropsis 

alaokola/hazovola 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

41.  
Species 

Heteropsis 

andravahana 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

42.  
Species 

Heteropsis 

ankaratra 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

43.  
Species 

Heteropsis 

antahala 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

44.  
Species 

Heteropsis 

barbarae 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

45.  
Species 

Heteropsis 

bicristata 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

46.  
Species 

Heteropsis 

erebina 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

47.  

Species 

Heteropsis 

fraterna 1 [Madagascar only] 

Lees et al. 2003; 

Aduse-Poku et al. 

2008 

48.  
Species Heteropsis iboina 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

49.  
Species 

Heteropsis 

kremenae 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

50.  
Species Heteropsis laeta 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

51.  
Species Heteropsis maeva 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 
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52.  
Species 

Heteropsis 

narova 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

53.  
Species 

Heteropsis 

passandava 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

54.  
Species 

Heteropsis 

pauper 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

55.  
Species 

Heteropsis 

strigula 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

56.  
Species 

Heteropsis 

undulans 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

57.  
Species 

Heteropsis 

uniformis 1 [Madagascar only] 

Lees et al. 2003; 

Lees et al. 2016 

58.  
Subspecies 

Hypolimnas 

anthedon drucei 1 [Madagascar only] Lees et al. 2003 

59.  
Species Junonia goudotii 0 

Comoros, Mauritius, 

Mayotte Lees et al. 2003 

60.  
Subspecies 

Junonia oenone 

epiclelia 1 [Madagascar only] Lees et al. 2003 

61.  
Species 

Lampides 

boeticus 0 

North Africa, Asia, 

Australia Lees et al. 2003 

62.  

Species 

Leptomyrina 

phidias 0 

Madagascar, 

Mascarenes and 

Comores Lees et al. 2003 

63.  
Subspecies 

Leptosia alcesta 

sylvicola 1 [Madagascar only] Lees et al. 2003 

64.  Species Leptotes pirithous 0 Europe, Afrotropics Lees et al. 2003 

65.  
Species 

Leptotes 

rabefaner 1 [Madagascar only] Lees et al. 2003 

66.  Species Melanitis leda 0 Africa, Asia, Australia Lees et al. 2003 

67.  

Subspecies 

Neptidopsis 

fulgurata 

fulgurata 1 [Madagascar only] Lees et al. 2003 

68.  Species Neptis kikideli 1 [Madagascar only] Lees et al. 2003 

69.  
Subspecies 

Neptis saclava 

saclava 1 [Madagascar only] Lees et al. 2003 

70.  
Subspecies 

Papilio dardanus 

meriones 1 [Madagascar only] Lees et al. 2003 

71.  

Subspecies 

Papilio 

demodocus 

demodocus 0 

Madagascar and Sub-

saharan Africa 

excluding Socotra Lees et al. 2003 

72.  Species Parnara poutieri 1 [Madagascar only] Huang et al. 2019 

73.  
Species 

Perrotia 

silvestralis 1 [Madagascar only] Lees et al. 2003 

74.  
Species 

Precis 

andremiaja 1 [Madagascar only] Lees et al. 2003 

75.  
Subspecies 

Pseudacraea 

imerina imerina 1 [Madagascar only] Lees et al. 2003 
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76.  

Subspecies 

Pseudacraea 

lucretia 

apaturoides 1 [Madagascar only] Lees et al. 2003 

77.  Species Salamis anteva 1 [Madagascar only] Lees et al. 2003 

78.  Species Saribia ochracea 1 [Madagascar only] Lees et al. 2003 

79.  Species Saribia tepahi 1 [Madagascar only] Lees et al. 2003 

80.  Species Sevenia amazoula 1 [Madagascar only] Lees et al. 2003 

81.  
Species 

Sevenia 

madagascariensis 1 [Madagascar only] Lees et al. 2003 

82.  Species Spalgis tintinga 1 [Madagascar only] Lees et al. 2003 

83.  
Species 

Strabena 

tamatavae 1 [Madagascar only] Lees et al. 2003 

84.  
Subspecies 

Tagiades 

insularis insularis 1 [Madagascar only] Lees et al. 2003 

85.  

Subspecies 

Tekliades 

ramanatek 

ramanatek 1 [Madagascar only] Lees et al. 2003 

86.  
Species Zizeeria knysna 0 

Africa, Cyprus, Iberian 

Peninsula Lees et al. 2003 

87.  
Subspecies 

Zizina otis 

antanossa 0 

Africa, Mascarenes 

and Comores Lees et al. 2003 

88.  Species Zizula hylax 0 Asia, Africa, Oceania Lees et al. 2003 

 

Table S.3.5: Reference list for endemism status from Table S.3.4. 

Aduse-Poku, Lees, D. C., Brattström, O., Kodandaramaiah, U., Collins, S. C., Wahlberg, 

N., & Brakefield, P. M. (2016). Molecular phylogeny and generic‐level taxonomy of the 

widespread palaeotropical ‘Heteropsis clade’(Nymphalidae: Satyrinae: 

Mycalesina). Systematic Entomology, 41(4), 717-731. 

Huang, Z., Chiba, H., Guo, D., Yago, M., Braby, M. F., Wang, M., & Fan, X. (2019). 

Molecular phylogeny and historical biogeography of Parnara butterflies (Lepidoptera: 

Hesperiidae). Molecular phylogenetics and evolution, 139, 106545. 

Lawrence, J. M. (2016). Recent butterfly observations from 

Mauritius. Metamorphosis, 27, 6-14. 

Lees, D. C., Kremen, C., Raharitsimba, T., Goodman, S. M., & Benstead, J. P. (2003). 

Classification, diversity, and endemism of the butterflies (Papilionoidea and 

Hesperioidea): a revised species checklist. 

Lees, D. C. (2016). Heteropsis (Nymphalidae: Satyrinae: Satyrini: Mycalesina): 19 new 

species from Madagascar and interim revision. Zootaxa, 4118(1), 1-97. 

Libert, M. (2010). Révision des Anthene africains (Lepidoptera, Lycaenidae). 

Lambillionea. 

Pierre, J., & Bernaud, D. (1999). Acraea serena (Fabricius, 1775)(= Acraea eponina 

Cramer, 1780), problème de nomenclature et premiers états (Lepidoptera, 

Nymphalidae). Bulletin de la Société entomologique de France, 104(4), 357-364. 

Pyrcz, T. W., Collins, S., Zubek, A., Wacławik, B., SÁFIÁN, S., Bąkowski, M., & 

Florczyk, K. (2020). Previously unrecognized diversity of Afrotropical Melanitini 
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butterflies (Nymphalidae, Satyrinae): doubling the number of species and 

genera. Arthropod Systematics and Phylogeny, 78(2), 171-215. 

Vingerhoedt, E., Basquin, P., Zakharov, E., & Rougerie, R. (2009). Revision du statut 

taxonomique des membres du groupe de Charaxes zoolina (Westwood, 1850): approche 

morphologique et genetique (Lepidoptera, Nymphalidae). Entomologia Africana, 14(2), 

14-21. 

 

Table S.3.6: Overview of the number of species and number of individuals per butterfly family 

(without excluding 10 fallow-derived vanilla agroforests (VFLW)). 

 

Species numbers    
Hesperiidae Lycaenidae Nymphalidae Papilionidae Pieridae Riodinidae 

14 14 50 2 6 2 

Abundance    
Hesperiidae Lycaenidae Nymphalidae Papilionidae Pieridae Riodinidae 

277 385 1886 11 72 12 

 

 

 

Fig. S.3.2: Total butterfly species richness (gamma diversity) across 70 plots and in each land-use 

type (n= 10 plots per land-use type; 10 out of 20 fallow-derived vanilla agroforests were randomly 

selected) with number of species indicated per family (Nymphalidae, Lycaenidae, Hesperiidae, 

Papilionidae, Pieridae, Riodinidae). 
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Table S.3.7: Number of species indicated per family (Nymphalidae, Lycaenidae, Hesperiidae, 

Papilionidae, Pieridae, Riodinidae) in each land-use type (n= 10 plots per land-use type; 10 out of 

20 fallow-derived vanilla agroforests were randomly selected). 

 

 Nymphalidae Lycaenidae Hesperiidae Papilionidae Pieridae Riodinidae 

Old-growth 

forest 17 0 1 0 0 2  

Forest 

fragment 17 0 1 0 1 0  

Forest-

derived 

vanilla 

agroforest 29 6 4 1 4 0  

Fallow-

derived 

vanilla 

agroforest 19 5 4 2 4 0  

Woody 

fallow 24 5 6 1 3 0  

Herbaceous 

fallow 20 9 5 1 2 0  

Rice paddy 18 10 4 1 1 0 

 

Table S.3.8: Number of individuals indicated per family (Nymphalidae, Lycaenidae, Hesperiidae, 

Papilionidae, Pieridae, Riodinidae) in each land-use type (n= 10 plots per land-use type; 10 out of 

20 fallow-derived vanilla agroforests were randomly selected). 

 Nymphalidae Lycaenidae Hesperiidae Papilionidae Pieridae Riodinidae 

Old-growth 

forest 205 0 1 0 0 12  

Forest 

fragment 140 0 1 0 1 0  

Forest-derived 

vanilla 

agroforest 412 19 29 1 21 0  

Fallow-

derived 

vanilla 

agroforest 437 24 118 3 13 0  

Woody fallow 181 59 28 2 4 0  

Herbaceous 

fallow 133 172 22 2 17 0  

Rice paddy 135 75 35 2 7 0 
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Fig. S.3.3: Total number of individuals of butterfly families across 70 plots and in each land-use 

type (n= 10 plots per land-use type; 10 out of 20 fallow-derived vanilla agroforests were randomly 

selected) with number of individuals indicated per family (Nymphalidae, Lycaenidae, Hesperiidae, 

Papilionidae, Pieridae, Riodinidae). 

 

 

Fig. S.3.4: Shared and exclusive butterfly species (88 species; complete data set, without excluding 

10 Fallow-derived vanilla agroforests) trapped with either or both bait trap or time-standardized 

catch.  
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Fig. S.3.5: Shared and exclusive butterfly species (85 species) occurring across old-growth forest, 

woody land-use types (forest fragment, forest-, fallow-derived vanilla agroforest and woody 

fallow), and open land-use types (herbaceous fallow and rice paddy). N= 10 plots per land-use 

type; 10 out of 20 fallow-derived vanilla agroforests were randomly selected. 

Table S.3.9: Butterfly species and their habitat specialization (forest and open-land species) sensu 

Lees et al. (2003) with endemism status at species and subspecies level. Endemic =1; Non-endemic 

= 0. 

Number Species/Subspecies 

Endemic 

(1) 

Categorization sensu 

Lees et al. (2003) 

1 Acraea dammii 0 Forest species 

2 Acraea encedon 0 Open-land species 

3 Acraea ranavalona 0 Forest species 

4 Acraea serena 0 Open-land species 

5 Acraea zitja 1 Open-land species 

6 Anthene smithii 1 Open-land species 

7 Appias epaphia orbona 1 Open-land species 

8 Aterica rabena 1 Forest species 

9 Azanus cf. soalalicus 1 Open-land species 

10 Belenois helcida 1 Forest species 

11 Borbo gemella 0 Open-land species 

12 Borbo havei 1 Open-land species 

13 Borbo ratek 1 Forest species 

14 Byblia anvatara anvatara 0 Open-land species 

15 Cacyreus darius 0 Open-land species 

16 Catopsilia thauruma 0 Open-land species 

17 Charaxes analava 1 Forest species 
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18 Charaxes andara 1 Forest species 

19 Charaxes antamboulou 1 Forest species 

20 Charaxes cacuthis 1 Forest species 

21 Charaxes phraortes 1 Forest species 

22 Charaxes betsimisaraka 1 Forest species 

23 Coeliades forestan arbogastes 1 Open-land species 

24 Coeliades rama 1 Forest species 

25 Colotis evanthe 1 Open-land species 

26 Cyrestis camillus elegans 1 Forest species 

27 Danaus chrysippus orientis 0 Open-land species 

28 Deudorix antalus 0 Open-land species 

29 Eagris sabadius andracne 1 Forest species 

30 Eicochrysops hippocrates 0 Open-land species 

31 Euchrysops malathana 0 Open-land species 

32 Eurema floricola floricola 0 Forest species 

33 Eurytela dryope lineata 0 Open-land species 

34 Eurytela narinda 1 Forest species 

35 Fulda bernieri 1 Open-land species 

36 Fulda coroller 1 Forest species 

37 Fulda rhadama 1 Open-land species 

38 Galerga hyposticta 1 Forest species 

39 Gnophodes betsimena 1 Forest species 

40 Heteropsis alaokola/hazovola 1 Forest species 

41 Heteropsis andravahana 1 Forest species 

42 Heteropsis ankaratra 1 Open-land species 

43 Heteropsis antahala 1 Forest species 

44 Heteropsis barbarae 1 Forest species 

45 Heteropsis bicristata 1 Forest species 

46 Heteropsis erebina 1 Forest species 

47 Heteropsis fraterna 1 Open-land species 

48 Heteropsis iboina 1 Forest species 

49 Heteropsis kremenae 1 Forest species 

50 Heteropsis laeta 1 Forest species 

51 Heteropsis maeva 1 Forest species 

52 Heteropsis narova 1 Forest species 

53 Heteropsis passandava 1 Forest species 

54 Heteropsis pauper 1 Forest species 

55 Heteropsis strigula 1 Forest species 

56 Heteropsis undulans 1 Forest species 

57 Heteropsis uniformis 1 Forest species 

58 Hypolimnas anthedon drucei 1 Open-land species 

59 Junonia goudotii 0 Open-land species 

60 Junonia oenone epiclelia 1 Open-land species 

61 Lampides boeticus 0 Open-land species 
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62 Leptomyrina phidias 0 Open-land species 

63 Leptosia alcesta sylvicola 1 Forest species 

64 Leptotes pirithous 0 Open-land species 

65 Leptotes rabefaner 1 Open-land species 

66 Melanitis leda 0 Open-land species 

67 Neptidopsis fulgurata fulgurata 1 Open-land species 

68 Neptis kikideli 1 Forest species 

69 Neptis saclava saclava 1 Open-land species 

70 Papilio dardanus meriones 1 Forest species 

71 Papilio demodocus demodocus 0 Open-land species 

72 Parnara poutieri 1 Open-land species 

73 Perrotia silvestralis 1 Forest species 

74 Precis andremiaja 1 Open-land species 

75 Pseudacraea imerina imerina 1 Forest species 

76 

Pseudacraea lucretia 

apaturoides 1 Forest species 

77 Salamis anteva 1 Forest species 

78 Saribia ochracea 1 Forest species 

79 Saribia tepahi 1 Forest species 

80 Sevenia amazoula 1 Forest species 

81 Sevenia madagascariensis 1 Forest species 

82 Spalgis tintinga 1 Open-land species 

83 Strabena tamatavae 1 Open-land species 

84 Tagiades insularis insularis 1 Open-land species 

85 Tekliades ramanatek ramanatek 1 Open-land species 

86 Zizeeria knysna 0 Open-land species 

87 Zizina otis antanossa 0 Open-land species 

88 Zizula hylax 0 Open-land species 
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Fig. S.3.6: Gamma diversity (=species richness at regional level) across land-use types, shown by 

the sample coverage-based rarefaction and extrapolation curves based on a) overall, b) endemic, c) 

forest and d) open-land species richness (Hill number q = 0). The solid line represents the 

interpolation, whereas the dashed line represents the extrapolation. The shaded region represents 

the 95% confidence intervals. Non-overlapping of the confidence intervals represents a significant 

difference between two or more land-use types.  

 

 

Table S.3.10: Sampling coverage (SC) depending on taxon for each land-use type. Sampling 

computed with iNext function, Hill-number q=0, datatype=incidence raw, endpoint=20. 

 

Land-use type Overall species Endemic species Forest species Open-land 

species 

Old-growth forest 0.858 0.881 0.871 1 

Forest fragment 0.812 0.873 0.777 1 

Forest-derived 

vanilla agrof. 

0.857 0.895 0.834 0.882 

Fallow-derived 

vanilla agrof. 

0.909 0.925 0.913 0.906 

Woody fallow 0.825 0.813 0.753 0.857 

Herbaceous fallow 0.862 0.827 0.791 0.877 

Rice paddy 0.850 0.845 0.497 0.885 

 

Table S.3.11: Mean species richness ± SD (of overall, endemic, forest, and open-land species in 7 

different land-use types.  
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Mean  

overall 

species 

Mean  

endemic 

species + 

subspecies 

Mean  

forest species 

Mean  

open land 

species 

Old-growth forest 6.2 ± 2.4 6.1 ± 2.2 6.1 ± 2.2 0.1  ± 0.3  

Forest fragment 5.1 ± 1.4 4.6 ± 1.6 4.3 ± 1.2 0.8 ± 0.6 

Forest-derived 

vanilla agroforest 11.3 ± 4.6 8.4 ± 3 5.9 ± 1.9 5.4 ± 4.0 

Fallow-derived 

vanilla agroforest 10.5 ± 3.9 7.4 ± 2.6 4.3 ± 2.6 6.2 ± 2.7 

Woody fallow 9.8 ± 4.8 6.8 ± 3.1 4.5 ± 1.8 5.3 ± 4.0 

Herbaceous fallow 10.1 ± 4.2 4.5 ± 2.2 1.8 ± 1.0 8.3 ± 3.8 

Rice paddy 8.3 ± 4.5 4.1 ± 2.8 1.5 ± 1.4 6.8 ± 3.8 

 

Table S.3.12: Tukey multiple comparisons of means for all land-use/habitat-pairs showing 

dissimilarities among land-use types and old-growth forest of overall, endemic, forest and open-

land species richness. Pairwise comparisons were calculated with the glht-function of the package 

‘multcomp’ (including Bonferroni correction) with all terms significant at <0.05 (highlighted in 

bold). 

 

Overall species richness Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.200 0.220 -0.910 0.970 

Forest-derived vanilla 

agrof. Old-growth forest 0.551 0.197 2.803 0.071 

Fallow-derived vanilla 

agrof. Old-growth forest 0.545 0.183 2.977 0.044 

Woody fallow Old-growth forest 0.453 0.197 2.302 0.234 

Herbaceous fallow Old-growth forest 0.484 0.196 2.465 0.165 

Rice paddy Old-growth forest 0.287 0.202 1.425 0.780 

Forest-derived vanilla 

agrof. Forest fragment 0.751 0.172 4.371 <0.001 

Fallow-derived vanilla 

agrof. Forest fragment 0.745 0.157 4.743 <0.001 

Woody fallow Forest fragment 0.653 0.173 3.783 0.003 

Herbaceous fallow Forest fragment 0.683 0.172 3.978 0.001 

Rice paddy Forest fragment 0.487 0.178 2.737 0.084 

Fallow-derived vanilla 

agrof. 

Forest-derived vanilla 

agrof. -0.006 0.127 -0.047 1.000 

Woody fallow 

Forest-derived vanilla 

agrof. -0.098 0.142 -0.690 0.993 

Herbaceous fallow 

Forest-derived vanilla 

agrof. -0.068 0.141 -0.481 0.999 

Rice paddy 

Forest-derived vanilla 

agrof. -0.264 0.148 -1.781 0.549 
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Woody fallow 

Fallow-derived vanilla 

agrof. -0.092 0.124 -0.744 0.989 

Herbaceous fallow 

Fallow-derived vanilla 

agrof. -0.062 0.122 -0.505 0.999 

Rice paddy 

Fallow-derived vanilla 

agrof. -0.258 0.131 -1.973 0.421 

Herbaceous fallow Woody fallow 0.030 0.142 0.213 1.000 

Rice paddy Woody fallow -0.166 0.149 -1.114 0.920 

Rice paddy Herbaceous fallow -0.196 0.148 -1.325 0.834 

Endemic 

subspecies/species 

richness  Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.282 0.196 -1.442 0.773 

Forest-derived vanilla 

agrof. Old-growth forest 0.320 0.169 1.889 0.479 

Fallow-derived vanilla 

agrof. Old-growth forest 0.193 0.153 1.265 0.864 

Woody fallow Old-growth forest 0.109 0.177 0.614 0.996 

Herbaceous fallow Old-growth forest -0.304 0.197 -1.544 0.711 

Rice paddy Old-growth forest -0.397 0.202 -1.963 0.431 

Forest-derived vanilla 

agrof. Forest fragment 0.602 0.184 3.275 0.018 

Fallow-derived vanilla 

agrof. Forest fragment 0.476 0.169 2.816 0.070 

Woody fallow Forest fragment 0.391 0.191 2.047 0.377 

Herbaceous fallow Forest fragment -0.022 0.210 -0.105 1.000 

Rice paddy Forest fragment -0.115 0.215 -0.536 0.998 

Fallow-derived vanilla 

agrof. 

Forest-derived vanilla 

agrof. -0.126 0.138 -0.918 0.969 

Woody fallow 

Forest-derived vanilla 

agrof. -0.211 0.163 -1.290 0.852 

Herbaceous fallow 

Forest-derived vanilla 

agrof. -0.624 0.185 -3.371 0.013 

Rice paddy 

Forest-derived vanilla 

agrof. -0.717 0.191 -3.757 0.003 

Woody fallow 

Fallow-derived vanilla 

agrof. -0.085 0.147 -0.578 0.997 

Herbaceous fallow 

Fallow-derived vanilla 

agrof. -0.498 0.170 -2.921 0.052 

Rice paddy 

Fallow-derived vanilla 

agrof. -0.591 0.177 -3.345 0.014 

Herbaceous fallow Woody fallow -0.413 0.192 -2.148 0.317 

Rice paddy Woody fallow -0.506 0.198 -2.559 0.134 

Rice paddy Herbaceous fallow -0.093 0.216 -0.431 0.999 

Forest species 

richness  Estimate Std. Error z-value p-value 
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Forest fragment Old-growth forest 3.50e-01 1.99e-01 -1.756 0.562 

Forest-derived vanilla 

agrof. Old-growth forest 

-3.33e-

02 1.83e-01 -0.183 1.000 

Fallow-derived vanilla 

agrof. Old-growth forest 

-3.50e-

01 1.67e-01 -2.089 0.344 

Woody fallow Old-growth forest 

-3.04e-

01 1.97e-01 -1.548 0.702 

Herbaceous fallow Old-growth forest 

-

1.22e+00 2.68e-01 -4.55 <0.001 

Rice paddy Old-growth forest 

-

1.40e+00 2.88e-01 -4.868 <0.001 

Forest-derived vanilla 

agrof. Forest fragment 3.16e-01 2.01e-01 1.578 0.683 

Fallow-derived vanilla 

agrof. Forest fragment 1.45e-09 1.87e-01 0 1 

Woody fallow Forest fragment 4.55e-02 2.13e-01 0.213 1.000 

Herbaceous fallow Forest fragment 

-8.71e-

01 2.81e-01 -3.102 0.029 

Rice paddy Forest fragment 

-

1.05e+00 3.00e-01 -3.512 0.007 

Fallow-derived vanilla 

agrof. 

Forest-derived vanilla 

agrof. 

-3.16e-

01 1.69e-01 -1.871 0.484 

Woody fallow 

Forest-derived vanilla 

agrof. 

-2.71e-

01 1.98e-01 -1.369 0.809 

Herbaceous fallow 

Forest-derived vanilla 

agrof. 

-

1.19e+00 2.69e-01 -4.409 <0.001 

Rice paddy 

Forest-derived vanilla 

agrof. 

-

1.37e+00 2.89e-01 -4.736 <0.001 

Woody fallow 

Fallow-derived vanilla 

agrof. 4.55e-02 1.84e-01 0.247 1.000 

Herbaceous fallow 

Fallow-derived vanilla 

agrof. 

-8.71e-

01 2.59e-01 -3.36 0.013 

Rice paddy 

Fallow-derived vanilla 

agrof. 

-

1.05e+00 2.80e-01 -3.764 0.003 

Herbaceous fallow Woody fallow 

-9.16e-

01 2.79e-01 -3.286 0.016 

Rice paddy Woody fallow 

-

1.10e+00 2.98e-01 -3.685 0.004 

Rice paddy Herbaceous fallow 

-1.82e-

01 3.50e-01 -0.522 0.998 

Open-land species 

richness  Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest 2.078 1.082 1.921 0.416 

Forest-derived vanilla 

agrof. Old-growth forest 3.889 1.033 3.766 0.002 

Fallow-derived vanilla 

agrof. Old-growth forest 4.179 1.027 4.070 <0.001 
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Woody fallow Old-growth forest 3.969 1.032 3.847 0.002 

Herbaceous fallow Old-growth forest 4.418 1.028 4.296 <0.001 

Rice paddy Old-growth forest 4.218 1.030 4.097 <0.001 

Forest-derived vanilla 

agrof. Forest fragment 1.811 0.382 4.744 <0.001 

Fallow-derived vanilla 

agrof. Forest fragment 2.101 0.366 5.743 <0.001 

Woody fallow Forest fragment 1.891 0.379 4.985 <0.001 

Herbaceous fallow Forest fragment 2.339 0.370 6.319 <0.001 

Rice paddy Forest fragment 2.140 0.374 5.726 <0.001 

Fallow-derived vanilla 

agrof. 

Forest-derived vanilla 

agrof. 0.290 0.179 1.616 0.626 

Woody fallow 

Forest-derived vanilla 

agrof. 0.080 0.199 0.401 1.000 

Herbaceous fallow 

Forest-derived vanilla 

agrof. 0.528 0.181 2.917 0.043 

Rice paddy 

Forest-derived vanilla 

agrof. 0.329 0.188 1.747 0.534 

Woody fallow 

Fallow-derived vanilla 

agrof. -0.210 0.166 -1.262 0.843 

Herbaceous fallow 

Fallow-derived vanilla 

agrof. 0.239 0.144 1.651 0.601 

Rice paddy 

Fallow-derived vanilla 

agrof. 0.039 0.153 0.256 1.000 

Herbaceous fallow Woody fallow 0.449 0.176 2.551 0.115 

Rice paddy Woody fallow 0.249 0.183 1.360 0.791 

Rice paddy Herbaceous fallow -0.199 0.164 -1.219 0.864 

 



 

212 
 

 

Fig. S.3.7: Species richness (using bait data only) of overall (a), endemic (b), forest (c), and open-

land (d) species sensu Lees et al. (2003) across land-use types in north-eastern Madagascar. Non-

shared letters indicate significant differences between pairs of land-use types based on pairwise 

Tukey's honest significance tests (P<0.05). The line inside the boxplot represents the median. The 

lower and upper boundaries of the boxplot show the 25th-75th percentiles of the observational data, 

respectively. The lower and upper whisker represents the scores outside 50% of data scores. 

Table S.3.13: Tukey multiple comparisons (using bait data only)  of means for all land-

use/habitat-pairs showing dissimilarities among land-use types and old-growth forest of overall, 

endemic, forest and open-land species richness. Pairwise comparisons were calculated with the 

glht-function of the package ‘multcomp’ (including Bonferroni correction) with all terms 

significant at <0.05 (highlighted in bold). 

 

Overall species richness Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.150 0.224 -0.670 0.994 

Forest-derived vanilla agrof. Old-growth forest 0.246 0.204 1.209 0.888 

Fallow-derived vanilla agrof. Old-growth forest -0.012 0.187 -0.062 1.000 

Woody fallow Old-growth forest 0.194 0.211 0.921 0.969 

Herbaceous fallow Old-growth forest -0.255 0.238 -1.070 0.935 

Rice paddy Old-growth forest -0.222 0.236 -0.942 0.965 

Forest-derived vanilla agrof. Forest fragment 0.396 0.213 1.864 0.499 

Fallow-derived vanilla agrof. Forest fragment 0.139 0.197 0.704 0.992 

Woody fallow Forest fragment 0.345 0.220 1.568 0.698 

Herbaceous fallow Forest fragment -0.104 0.246 -0.425 1.000 

Rice paddy Forest fragment -0.072 0.243 -0.294 1.000 
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Fallow-derived vanilla agrof. 

Forest-derived 

vanilla agrof. -0.258 0.173 -1.490 0.747 

Woody fallow 

Forest-derived 

vanilla agrof. -0.052 0.199 -0.261 1.000 

Herbaceous fallow 

Forest-derived 

vanilla agrof. -0.501 0.227 -2.206 0.287 

Rice paddy 

Forest-derived 

vanilla agrof. -0.468 0.225 -2.084 0.357 

Woody fallow 

Fallow-derived 

vanilla agrof. 0.206 0.182 1.133 0.916 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. -0.243 0.212 -1.144 0.912 

Rice paddy 

Fallow-derived 

vanilla agrof. -0.210 0.210 -1.002 0.953 

Herbaceous fallow Woody fallow -0.449 0.234 -1.921 0.460 

Rice paddy Woody fallow -0.416 0.231 -1.799 0.543 

Rice paddy Herbaceous fallow 0.033 0.256 0.128 1.000 

Endemic subspecies/species richness Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.211 0.231 -0.916 0.968 

Forest-derived vanilla agrof. Old-growth forest 0.024 0.217 0.108 1.000 

Fallow-derived vanilla agrof. Old-growth forest -0.241 0.197 -1.222 0.880 

Woody fallow Old-growth forest 0.031 0.222 0.141 1.000 

Herbaceous fallow Old-growth forest -1.147 0.327 -3.505 0.008 

Rice paddy Old-growth forest -0.860 0.294 -2.926 0.050 

Forest-derived vanilla agrof. Forest fragment 0.235 0.229 1.023 0.946 

Fallow-derived vanilla agrof. Forest fragment -0.030 0.211 -0.141 1.000 

Woody fallow Forest fragment 0.243 0.235 1.034 0.943 

Herbaceous fallow Forest fragment -0.936 0.336 -2.788 0.073 

Rice paddy Forest fragment -0.648 0.303 -2.139 0.317 

Fallow-derived vanilla agrof. 

Forest-derived 

vanilla agrof. -0.265 0.196 -1.351 0.819 

Woody fallow 

Forest-derived 

vanilla agrof. 0.008 0.221 0.035 1.000 

Herbaceous fallow 

Forest-derived 

vanilla agrof. -1.171 0.326 -3.587 0.006 

Rice paddy 

Forest-derived 

vanilla agrof. -0.883 0.293 -3.016 0.039 

Woody fallow 

Fallow-derived 

vanilla agrof. 0.272 0.202 1.349 0.821 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. -0.906 0.314 -2.888 0.056 

Rice paddy 

Fallow-derived 

vanilla agrof. -0.619 0.279 -2.220 0.273 

Herbaceous fallow Woody fallow -1.179 0.330 -3.570 0.006 

Rice paddy Woody fallow -0.891 0.297 -3.001 0.040 

Rice paddy Herbaceous fallow 0.288 0.382 0.753 0.988 
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Forest species richness Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.337 0.239 -1.408 0.788 

Forest-derived vanilla agrof. Old-growth forest -0.182 0.229 -0.797 0.984 

Fallow-derived vanilla agrof. Old-growth forest -0.602 0.213 -2.822 0.067 

Woody fallow Old-growth forest -0.198 0.237 -0.838 0.980 

Herbaceous fallow Old-growth forest -1.435 0.367 -3.907 0.002 

Rice paddy Old-growth forest -1.067 0.317 -3.363 0.013 

Forest-derived vanilla agrof. Forest fragment 0.154 0.249 0.620 0.996 

Fallow-derived vanilla agrof. Forest fragment -0.266 0.235 -1.132 0.913 

Woody fallow Forest fragment 0.138 0.256 0.539 0.998 

Herbaceous fallow Forest fragment -1.099 0.380 -2.891 0.055 

Rice paddy Forest fragment -0.731 0.332 -2.201 0.282 

Fallow-derived vanilla agrof. 

Forest-derived 

vanilla agrof. -0.420 0.224 -1.872 0.485 

Woody fallow 

Forest-derived 

vanilla agrof. -0.016 0.247 -0.065 1.000 

Herbaceous fallow 

Forest-derived 

vanilla agrof. -1.253 0.374 -3.352 0.013 

Rice paddy 

Forest-derived 

vanilla agrof. -0.885 0.325 -2.725 0.087 

Woody fallow 

Fallow-derived 

vanilla agrof. 0.404 0.232 1.738 0.576 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. -0.833 0.365 -2.285 0.239 

Rice paddy 

Fallow-derived 

vanilla agrof. -0.465 0.314 -1.481 0.745 

Herbaceous fallow Woody fallow -1.237 0.379 -3.266 0.017 

Rice paddy Woody fallow -0.869 0.330 -2.630 0.110 

Rice paddy Herbaceous fallow 0.368 0.434 0.848 0.978 

Open-land species richness Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest 1.946 1.077 1.807 0.510 

Forest-derived vanilla agrof. Old-growth forest 2.963 1.035 2.864 0.054 

Fallow-derived vanilla agrof. Old-growth forest 2.987 1.021 2.925 0.046 

Woody fallow Old-growth forest 2.873 1.039 2.766 0.072 

Herbaceous fallow Old-growth forest 3.142 1.032 3.045 0.032 

Rice paddy Old-growth forest 2.991 1.035 2.888 0.051 

Forest-derived vanilla agrof. Forest fragment 1.017 0.444 2.292 0.222 

Fallow-derived vanilla agrof. Forest fragment 1.041 0.412 2.528 0.131 

Woody fallow Forest fragment 0.927 0.453 2.045 0.355 

Herbaceous fallow Forest fragment 1.196 0.437 2.738 0.077 

Rice paddy Forest fragment 1.045 0.446 2.345 0.199 

Fallow-derived vanilla agrof. 

Forest-derived 

vanilla agrof. 0.024 0.292 0.082 1.000 

Woody fallow 

Forest-derived 

vanilla agrof. -0.090 0.341 -0.264 1.000 
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Herbaceous fallow 

Forest-derived 

vanilla agrof. 0.179 0.317 0.564 0.997 

Rice paddy 

Forest-derived 

vanilla agrof. 0.028 0.331 0.084 1.000 

Woody fallow 

Fallow-derived 

vanilla agrof. -0.114 0.300 -0.380 1.000 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. 0.155 0.275 0.563 0.997 

Rice paddy 

Fallow-derived 

vanilla agrof. 0.004 0.288 0.013 1.000 

Herbaceous fallow Woody fallow 0.269 0.333 0.808 0.982 

Rice paddy Woody fallow 0.118 0.344 0.343 1.000 

Rice paddy Herbaceous fallow -0.151 0.322 -0.469 0.999 

 

 

Fig. S.3.8: Species richness (using time-standardized catch data only) of overall (a), endemic 

(b), forest (c), and open-land (d) species sensu Lees et al. (2003) across land-use types in north-

eastern Madagascar. Non-shared letters indicate significant differences between pairs of land-use 

types based on pairwise Tukey's honest significance tests (P<0.05). The line inside the boxplot 

represents the median. The lower and upper boundaries of the boxplot show the 25th-75th 

percentiles of the observational data, respectively. The lower and upper whisker represents the 

scores outside 50% of data scores. 

Table S.3.14: Tukey multiple comparisons (using time-standardized catch data only)  of means 

for all land-use/habitat-pairs showing dissimilarities among land-use types and old-growth forest 

of overall, endemic, forest and open-land species richness. Pairwise comparisons were calculated 

with the glht-function of the package ‘multcomp’ (including Bonferroni correction) with all terms 

significant at <0.05 (highlighted in bold). 
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Overall species richness Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.221 0.287 -0.769 0.987 

Forest-derived vanilla 

agrof. Old-growth forest 0.689 0.247 2.792 0.072 

Fallow-derived vanilla 

agrof. Old-growth forest 0.750 0.231 3.245 0.019 

Woody fallow Old-growth forest 0.483 0.251 1.925 0.449 

Herbaceous fallow Old-growth forest 0.699 0.244 2.861 0.060 

Rice paddy Old-growth forest 0.549 0.252 2.181 0.292 

Forest-derived vanilla 

agrof. Forest fragment 0.911 0.223 4.087 <0.001 

Fallow-derived vanilla 

agrof. Forest fragment 0.971 0.207 4.695 <0.001 

Woody fallow Forest fragment 0.704 0.228 3.086 0.031 

Herbaceous fallow Forest fragment 0.920 0.221 4.164 <0.001 

Rice paddy Forest fragment 0.770 0.229 3.366 0.013 

Fallow-derived vanilla 

agrof. 

Forest-derived 

vanilla agrof. 0.061 0.150 0.403 1.000 

Woody fallow 

Forest-derived 

vanilla agrof. -0.207 0.173 -1.193 0.891 

Herbaceous fallow 

Forest-derived 

vanilla agrof. 0.010 0.164 0.059 1.000 

Rice paddy 

Forest-derived 

vanilla agrof. -0.140 0.174 -0.807 0.983 

Woody fallow 

Fallow-derived 

vanilla agrof. -0.268 0.152 -1.765 0.557 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. -0.051 0.141 -0.361 1.000 

Rice paddy 

Fallow-derived 

vanilla agrof. -0.201 0.153 -1.309 0.839 

Herbaceous fallow Woody fallow 0.217 0.171 1.270 0.858 

Rice paddy Woody fallow 0.067 0.181 0.369 1.000 

Rice paddy 

Herbaceous 

fallow -0.150 0.172 -0.873 0.975 

Endemic 

subspecies/species 

richness  Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.402 0.273 -1.471 0.756 

Forest-derived vanilla 

agrof. Old-growth forest 0.124 0.234 0.531 0.998 

Fallow-derived vanilla 

agrof. Old-growth forest 0.179 0.205 0.874 0.975 

Woody fallow Old-growth forest -0.142 0.247 -0.572 0.997 

Herbaceous fallow Old-growth forest -0.306 0.258 -1.185 0.896 
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Rice paddy Old-growth forest -0.317 0.267 -1.189 0.895 

Forest-derived vanilla 

agrof. Forest fragment 0.526 0.260 2.024 0.391 

Fallow-derived vanilla 

agrof. Forest fragment 0.581 0.234 2.483 0.161 

Woody fallow Forest fragment 0.260 0.272 0.957 0.961 

Herbaceous fallow Forest fragment 0.096 0.282 0.340 1.000 

Rice paddy Forest fragment 0.085 0.289 0.294 1.000 

Fallow-derived vanilla 

agrof. 

Forest-derived 

vanilla agrof. 0.055 0.188 0.293 1.000 

Woody fallow 

Forest-derived 

vanilla agrof. -0.266 0.233 -1.142 0.912 

Herbaceous fallow 

Forest-derived 

vanilla agrof. -0.430 0.244 -1.762 0.565 

Rice paddy 

Forest-derived 

vanilla agrof. -0.441 0.253 -1.743 0.578 

Woody fallow 

Fallow-derived 

vanilla agrof. -0.321 0.204 -1.576 0.690 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. -0.485 0.216 -2.241 0.266 

Rice paddy 

Fallow-derived 

vanilla agrof. -0.496 0.226 -2.191 0.293 

Herbaceous fallow Woody fallow -0.164 0.257 -0.639 0.995 

Rice paddy Woody fallow -0.175 0.265 -0.660 0.994 

Rice paddy 

Herbaceous 

fallow -0.011 0.275 -0.040 1.000 

Forest species richness  Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest -0.397 0.264 -1.502 0.721 

Forest-derived vanilla 

agrof. Old-growth forest -0.082 0.234 -0.351 1.000 

Fallow-derived vanilla 

agrof. Old-growth forest -0.419 0.215 -1.946 0.421 

Woody fallow Old-growth forest -0.747 0.286 -2.611 0.109 

Herbaceous fallow Old-growth forest -1.440 0.371 -3.885 0.002 

Rice paddy Old-growth forest -2.434 0.600 -4.058 0.001 

Forest-derived vanilla 

agrof. Forest fragment 0.314 0.268 1.172 0.894 

Fallow-derived vanilla 

agrof. Forest fragment -0.022 0.252 -0.087 1.000 

Woody fallow Forest fragment -0.350 0.315 -1.114 0.915 

Herbaceous fallow Forest fragment -1.044 0.393 -2.654 0.098 

Rice paddy Forest fragment -2.037 0.614 -3.318 0.013 

Fallow-derived vanilla 

agrof. 

Forest-derived 

vanilla agrof. -0.336 0.220 -1.527 0.705 

Woody fallow 

Forest-derived 

vanilla agrof. -0.665 0.290 -2.293 0.225 
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Herbaceous fallow 

Forest-derived 

vanilla agrof. -1.358 0.374 -3.634 0.004 

Rice paddy 

Forest-derived 

vanilla agrof. -2.351 0.602 -3.909 0.001 

Woody fallow 

Fallow-derived 

vanilla agrof. -0.329 0.275 -1.195 0.884 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. -1.022 0.362 -2.822 0.062 

Rice paddy 

Fallow-derived 

vanilla agrof. -2.015 0.594 -3.390 0.011 

Herbaceous fallow Woody fallow -0.693 0.408 -1.698 0.590 

Rice paddy Woody fallow -1.686 0.624 -2.704 0.086 

Rice paddy 

Herbaceous 

fallow -0.993 0.667 -1.490 0.729 

Open-land species 

richness  Estimate Std. Error z-value p-value 

Forest fragment Old-growth forest NA NA NA 0.185 

Forest-derived vanilla 

agrof. Old-growth forest 

NA NA NA 

0.001 

Fallow-derived vanilla 

agrof. Old-growth forest 

NA NA NA 

<0.001 

Woody fallow Old-growth forest NA NA NA 0.016 

Herbaceous fallow Old-growth forest NA NA NA 0.001 

Rice paddy Old-growth forest NA NA NA 0.002 

Forest-derived vanilla 

agrof. Forest fragment 2.044 0.473 4.316 0.034 

Fallow-derived vanilla 

agrof. Forest fragment 2.333 0.459 5.085 <0.001 

Woody fallow Forest fragment 2.089 0.472 4.425 0.223 

Herbaceous fallow Forest fragment 2.525 0.464 5.446 0.010 

Rice paddy Forest fragment 2.446 0.467 5.243 0.007 

Fallow-derived vanilla 

agrof. 

Forest-derived 

vanilla agrof. 0.289 0.193 1.497 1.000 

Woody fallow 

Forest-derived 

vanilla agrof. 0.046 0.217 0.210 1.000 

Herbaceous fallow 

Forest-derived 

vanilla agrof. 0.481 0.197 2.436 1.000 

Rice paddy 

Forest-derived 

vanilla agrof. 0.402 0.203 1.978 1.000 

Woody fallow 

Fallow-derived 

vanilla agrof. -0.244 0.181 -1.344 1.000 

Herbaceous fallow 

Fallow-derived 

vanilla agrof. 0.192 0.158 1.214 1.000 

Rice paddy 

Fallow-derived 

vanilla agrof. 0.113 0.167 0.677 1.000 

Herbaceous fallow Woody fallow 0.435 0.193 2.250 1.000 
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Rice paddy Woody fallow 0.357 0.200 1.779 1.000 

Rice paddy 

Herbaceous 

fallow -0.079 0.179 -0.438 1.000 

 

Table S.3.15. Species composition pairwise comparisons of butterfly species composition across 

land-use types (with False discovery rate correction) and results of multivariate dispersion test 

based on Jaccard dissimilarity matrix using the betadisp and the permutest function of the vegan 

package. 

 

Pairs F Model R2 p-value p-adjusted 

Old-growth forest vs Forest fragment 5.881 0.246 0.001 0.001 

Old-growth forest vs Herbaceous 

fallow 

8.710 0.326 0.001 0.001 

Old-growth forest vs Rice paddy 7.471 0.293 0.001 0.001 

Old-growth forest vs Forest-derived 

vanilla 

6.064 0.252 0.001 0.001 

Old-growth forest vs Fallow-derived 

vanilla 

10.334 0.270 0.001 0.001 

Old-growth forest vs Woody fallow 7.194 0.286 0.001 0.001 

Forest fragment vs Herbaceous 

fallow 

5.603 0.237 0.001 0.001 

Forest fragment vs Rice paddy 4.696 0.207 0.001 0.001 

Forest fragment vs Forest-derived 

vanilla 

2.696 0.130 0.002 0.003 

Forest fragment vs Fallow-derived 

vanilla 

4.750 0.145 0.001 0.001 

Forest fragment vs Woody fallow 2.766 0.133 0.001 0.001 

Herbaceous 

fallow 

vs Rice paddy 1.108 0.058 0.331 0.348 

Herbaceous 

fallow 

vs Forest-derived 

vanilla 

2.798 0.135 0.001 0.001 

Herbaceous 

fallow 

vs Fallow-derived 

vanilla 

2.789 0.091 0.001 0.001 

Herbaceous 

fallow 

vs Woody fallow 1.955 0.098 0.006 0.007 

Rice paddy vs Forest-derived 

vanilla 

2.968 0.142 0.001 0.001 

Rice paddy vs Fallow-derived 

vanilla 

3.010 0.097 0.001 0.001 

Rice paddy vs Woody fallow 2.510 0.122 0.001 0.001 

Forest-derived 

vanilla 

vs Fallow-derived 

vanilla 

1.444 0.049 0.073 0.085 

Forest-derived 

vanilla 

vs Woody fallow 0.841 0.045 0.686 0.686 

Fallow-derived 

vanilla 

vs Woody fallow 1.184 0.041 0.228 0.252 
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Df 

Sums of 

Squares 

Mean of 

squares 

F-

Model R2 Pr(>F) 

Groups 6 8.349 1.391 6.297 0.341 0.001 

Residuals 73 16.13 0.221 0.659   

Total 79 24.478 1    

 

 

 

 

Fig. S.3.9: Butterfly species composition across land-use types with four compositional clusters 

(old growth forest, forest fragment, woody land-use types, open land-use types) comparing bait 

trapping data and time-standardized catch data. Non-metric multidimensional scaling 
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(NMDS) illustrates butterfly species composition (R2=0.951, Stress= 0.123 for time-standardized 

catch data; R2=0.873, Stress= 0. 168 for bait trapping data). Each point represents one plot 

(jittering width = 0.1 and height = 0.1). Ellipses represent 95% confidence intervals for the 

estimated center of each land-use type fitted into the ordination (See pairwise test results in Table 

S.3.16-17). 

 

Table S.3.16. Species composition pairwise comparisons of butterfly species composition (using 

bait trapping data only) across land-use types (with False discovery rate correction) and results 

of multivariate dispersion test based on Jaccard dissimilarity matrix using the betadisp and the 

permutest function of the vegan package. 

 

Pairs F Model R2 p-value p-adjusted 

Old-growth forest vs Forest fragment 4.178 0.188 0.001 0.004 

Old-growth forest vs Herbaceous 

fallow 7.129 0.295 0.001 0.004 

Old-growth forest vs Rice paddy 4.873 0.213 0.001 0.004 

Old-growth forest vs Forest-derived 

vanilla 10.224 0.267 0.001 0.004 

Old-growth forest vs Fallow-derived 

vanilla 5.479 0.244 0.001 0.004 

Old-growth forest vs Woody fallow 6.479 0.276 0.002 0.007 

Forest fragment vs Herbaceous 

fallow 3.621 0.176 0.003 0.008 

Forest fragment vs Rice paddy 1.568 0.080 0.072 0.095 

Forest fragment vs Forest-derived 

vanilla 2.630 0.086 0.004 0.008 

Forest fragment vs Fallow-derived 

vanilla 2.063 0.108 0.026 0.042 

Forest fragment vs Woody fallow 1.290 0.071 0.246 0.287 

Herbaceous 

fallow 

vs Rice paddy 

2.899 0.146 0.004 0.008 

Herbaceous 

fallow 

vs Forest-derived 

vanilla 3.376 0.111 0.003 0.008 

Herbaceous 

fallow 

vs Fallow-derived 

vanilla 0.538 0.033 0.847 0.889 

Herbaceous 

fallow 

vs Woody fallow 

2.971 0.157 0.005 0.010 

Rice paddy vs Forest-derived 

vanilla 1.516 0.051 0.118 0.146 

Rice paddy vs Fallow-derived 

vanilla 2.034 0.107 0.016 0.028 

Rice paddy vs Woody fallow 0.325 0.019 0.989 0.989 

Forest-derived 

vanilla 

vs Fallow-derived 

vanilla 1.933 0.067 0.048 0.067 

Forest-derived 

vanilla 

vs Woody fallow 

1.133 0.040 0.326 0.360 
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Fallow-derived 

vanilla 

vs Woody fallow 

1.981 0.110 0.030 0.045 

 
Df Sums of Squares 

Mean of 

squares 

F-

Model R2 Pr(>F) 

Groups 6 6.582 1.097 5.019 0.301 0.001 

Residuals 70 15.301 0.219 0.699   

Total 76 21.883 1.000    

 

Table S.3.17. Species composition pairwise comparisons of butterfly species composition (using 

time-standardized catch data) across land-use types (with False discovery rate correction) and 

results of multivariate dispersion test based on Jaccard dissimilarity matrix using the betadisp and 

the permutest function of the vegan package. 

Pairs F Model R2 p-value p-adjusted 

Old-growth forest vs Forest fragment 4.019 0.191 0.001 0.001 

Old-growth forest vs Herbaceous fallow 8.595 0.323 0.001 0.001 

Old-growth forest vs Rice paddy 9.017 0.347 0.001 0.001 

Old-growth forest vs Forest-derived 

vanilla 6.353 0.261 0.001 0.001 

Old-growth forest vs Fallow-derived 

vanilla 11.540 0.292 0.001 0.001 

Old-growth forest vs Woody fallow 7.209 0.286 0.001 0.001 

Forest fragment vs Herbaceous fallow 4.628 0.214 0.001 0.001 

Forest fragment vs Rice paddy 4.967 0.237 0.001 0.001 

Forest fragment vs Forest-derived 

vanilla 2.276 0.118 0.005 0.007 

Forest fragment vs Fallow-derived 

vanilla 4.882 0.153 0.001 0.001 

Forest fragment vs Woody fallow 3.009 0.150 0.001 0.001 

Herbaceous 

fallow 

vs Rice paddy 

1.407 0.076 0.080 0.088 

Herbaceous 

fallow 

vs Forest-derived 

vanilla 2.593 0.126 0.001 0.001 

Herbaceous 

fallow 

vs Fallow-derived 

vanilla 3.302 0.105 0.001 0.001 

Herbaceous 

fallow 

vs Woody fallow 

1.335 0.069 0.121 0.127 

Rice paddy vs Forest-derived 

vanilla 3.505 0.171 0.001 0.001 

Rice paddy vs Fallow-derived 

vanilla 4.095 0.132 0.001 0.001 

Rice paddy vs Woody fallow 2.582 0.132 0.001 0.001 

Forest-derived 

vanilla 

vs Fallow-derived 

vanilla 1.496 0.051 0.064 0.079 

Forest-derived 

vanilla 

vs Woody fallow 

1.179 0.061 0.210 0.210 
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Fallow-derived 

vanilla 

vs Woody fallow 

1.397 0.048 0.075 0.088 

 
Df Sums of Squares 

Mean of 

squares 

F-

Model R2 Pr(>F) 

Groups 6 9.324 1.554 6.158 0.342 0.001 

Residuals 71 17.916 0.252  0.658  

Total 77 27.241   1  
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Fig. S.3.10: Habitat dependency rank (based on data set with 10 out of 20 fallow-derived vanilla 

agroforests) for time-standardized catch data (a-d) and bait trapping data (e-h) analysed 
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separately. Y- Axis represents relative species abundance across 7 land-use types and each bar on 

the x-axis an individual species. 

 

Table S.3.18: Gamma diversity (Total) including the number of endemic, non-endemic, forest, and 

open-land species across seven land-use types 

 Endemic 

Non-

endemic 

Forest species Open-land 

species Total 

Old-growth 

forest 19 1 19 1 20 

Forest fragment 16 3 17 2 19 

Forest-derived 

vanilla 

agroforest 32 12 25 19 44 

Fallow-derived 

vanilla 

agroforest 23 12 15 20 35 

Woody fallow 27 12 19 20 39 

Herbaceous 

fallow 21 16 8 29 37 

Rice paddy 19 15 9 25 34 
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Fig. S.3.11: Total butterfly species richness (gamma diversity) across 70 plots and in each land-

use type (n= 10 plots per land-use type for time-standardized catch (a-b) and bait data (c-d); 10 out 

of 20 fallow-derived vanilla agroforests were randomly selected, with a) and c) the number of 

endemic (grey) and non-endemic species (yellow) and b) and d) the number of forest (green) and 

open-land species (purple). OGF= old-growth forest; FF= forest fragment; VFST= forest-derived 

vanilla agroforest, VFLW= fallow-derived vanilla agroforest, WF= woody fallow; HF= herbaceous 

fallow; RP= rice paddy. 

Table S.3.19: List of butterfly species occurring in each land-use type (presence/absence data). 

Note that the genus of Acraea is currently under revision, and some of the Acraea species are now 

treated as Telchinia. 

Species 

Old-

growth 

forest 

Forest 

fragment 

Forest-

derived 

vanilla 

Fallow

-

derived 

vanilla 

Wood

y 

fallow 

Herbaceous 

fallow 

Rice 

paddy 

Acraea dammii 0 1 1 0 0 0 0 

Acraea encedon 0 0 0 0 0 1 1 

Acraea ranavalona 0 1 1 1 1 1 0 

Acraea serena 0 0 0 1 0 1 0 

Acraea zitja 0 0 0 1 1 1 1 

Anthene smithii 0 0 1 1 0 1 1 

Appias epaphia 

orbona 0 0 1 1 0 0 0 

Aterica rabena 1 1 1 0 0 0 0 

Azanus cf. soalalicus 0 0 0 1 0 1 1 

Belenois helcida 0 0 0 1 1 0 0 

Borbo gemella 0 0 0 0 1 0 1 

Borbo havei 0 0 0 0 0 0 1 

Borbo ratek 0 1 0 1 0 0 0 

Byblia anvatara 

anvatara 0 0 1 1 1 1 1 

Cacyreus darius 0 0 0 0 0 1 1 

Catopsilia thauruma 0 0 0 1 0 1 0 

Charaxes analava 1 0 1 1 0 0 0 

Charaxes andara 0 0 0 0 1 0 0 

Charaxes 

antamboulou 0 1 1 1 1 1 1 

Charaxes cacuthis 0 1 1 1 1 1 1 

Charaxes phraortes 0 0 1 0 1 0 0 

Charaxes 

betsimisaraka 0 1 1 1 1 0 0 

Coeliades forestan 

arbogastes 0 0 0 1 0 0 0 

Coeliades rama 0 0 0 1 1 0 0 

Colotis evanthe 0 0 1 1 1 0 0 
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Cyrestis camillus 

elegans 0 1 1 1 0 0 0 

Danaus chrysippus 

orientis 0 0 1 1 1 1 1 

Deudorix antalus 0 0 0 0 0 0 1 

Eagris sabadius 

andracne 0 0 0 1 0 0 0 

Eicochrysops 

hippocrates 0 0 0 0 0 0 1 

Euchrysops 

malathana 0 0 0 1 1 1 1 

Eurema floricola 

floricola 0 0 1 1 1 1 1 

Eurytela dryope 

lineata 0 0 1 1 1 1 1 

Eurytela narinda 0 0 0 0 0 0 1 

Fulda bernieri 0 0 0 1 1 1 0 

Fulda coroller 0 0 1 1 1 1 0 

Fulda rhadama 0 0 1 1 1 1 1 

Galerga hyposticta 0 0 1 0 0 0 0 

Gnophodes betsimena 1 0 1 0 1 0 1 

Heteropsis 

alaokola/hazovola 1 0 0 0 0 0 0 

Heteropsis 

andravahana 1 0 0 0 0 0 0 

Heteropsis ankaratra 0 0 0 1 1 1 1 

Heteropsis antahala 0 1 1 1 1 1 1 

Heteropsis barbarae 1 0 0 0 0 0 0 

Heteropsis bicristata 0 1 1 0 1 0 0 

Heteropsis erebina 1 0 1 1 1 1 1 

Heteropsis fraterna 0 1 1 1 1 1 1 

Heteropsis iboina 1 1 1 1 1 0 0 

Heteropsis kremenae 1 0 0 0 0 0 0 

Heteropsis laeta 0 1 1 1 1 1 1 

Heteropsis maeva 1 1 1 1 1 0 1 

Heteropsis narova 1 0 0 0 0 0 0 

Heteropsis 

passandava 1 0 0 0 0 0 0 

Heteropsis pauper 1 1 1 1 0 0 0 

Heteropsis strigula 0 0 1 1 0 0 0 

Heteropsis undulans 1 0 1 0 1 0 0 

Heteropsis uniformis 1 1 0 0 0 0 0 

Hypolimnas anthedon 

drucei 0 0 0 0 0 1 0 

Junonia goudotii 0 0 1 1 0 0 0 
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Junonia oenone 

epiclelia 0 0 1 1 1 1 1 

Lampides boeticus 0 0 0 0 1 0 0 

Leptomyrina phidias 0 0 1 0 0 0 0 

Leptosia alcesta 

sylvicola 0 1 1 0 0 0 0 

Leptotes pirithous 0 0 1 1 0 1 1 

Leptotes rabefaner 0 0 1 1 1 1 1 

Melanitis leda 1 1 1 1 1 1 1 

Neptidopsis fulgurata 

fulgurata 0 0 1 1 1 1 1 

Neptis kikideli 0 1 0 1 0 0 0 

Neptis saclava 

saclava 0 0 0 1 0 0 0 

Papilio dardanus 

meriones 0 0 0 1 0 0 0 

Papilio demodocus 

demodocus 0 0 1 1 1 1 1 

Parnara poutieri 0 0 0 0 1 1 1 

Perrotia silvestralis 1 0 0 0 0 0 0 

Precis andremiaja 0 0 0 1 0 1 0 

Pseudacraea imerina 

imerina 0 0 1 0 0 0 0 

Pseudacraea lucretia 

apaturoides 0 0 1 0 0 0 0 

Salamis anteva 0 0 0 1 0 0 0 

Saribia ochracea 1 0 0 0 0 0 0 

Saribia tepahi 1 0 0 0 0 0 0 

Sevenia amazoula 0 0 0 0 1 0 0 

Sevenia 

madagascariensis 1 0 0 0 0 0 0 

Spalgis tintinga 0 0 1 0 0 0 0 

Strabena tamatavae 0 0 0 1 0 1 0 

Tagiades insularis 

insularis 0 0 1 0 0 0 0 

Tekliades ramanatek 

ramanatek 0 0 0 1 0 1 0 

Zizeeria knysna 0 0 0 1 1 1 1 

Zizina otis antanossa 0 0 0 1 0 1 1 

Zizula hylax 0 0 1 1 1 1 0 
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Chapter background 

We decided to study ants as a second insect taxon, as they provide multiple ecosystem functions 

and show unique behavioral traits due to their social organization (Toro et al. 2012, Jaisson et al. 

2019). Anjaharinony A.N.A. Rakotomalala, who assessed the ants in our project, had experience 

in ant identification based on his past collaborations with the Madagascar Biodiversity Center.  The 

Madagascar Biodiversity Center, led by Dr. Brian Fisher, documents and researches the arthropod 

diversity of Madagascar. The center has a unique collection of ants and many staff members are 

experienced in ant identification. Based on this expertise, our project Diversity Turn in Land Use 

Science decided to collaborate with the Madagascar Biodiversity Center. PhD student 

Anjaharinony Andry Ny Aina used the facility to identify and store his ant specimens.  

We sampled ants using bait (sugar and sardine) and pitfall traps (Figure G). Pitfall traps allowed 

us to sample a range of arthropods in a standardized way (Sabu et al. 2011). Additionally, bait traps 

allowed us to categorize ants according to their diet preferences and observe inter-and intraspecific 

interactions (e.g. aggressions) (Nyamukondiwa & Addison 2014, Sola & Josens 2016). Prof Lala 

H. Raveloson Ravaomanarivo from the Entomology Department at the University of Antananarivo 

co-supervised this chapter with Prof. Teja Tscharntke and Prof. Ingo Grass from the University of 

Goettingen. 

Glossary 

Origin categories: Endemic ants are native and only occur in Madagascar and not anywhere else. 

Exotic ants are introduced and non-native in Madagascar. 

Vanilla landscapes: Agricultural landscape in north-eastern Madagascar dominated by vanilla 

agroforestry. Other land-use types like fallows, forest fragments, rice paddies, and pastures exist. 

Figure G: Bait traps with sugar and sardine (a), pitfall trap with roof as protection from rain, PhD student 

Anjaharinony A.N.A. Rakotomalala explaining to farmers the use of bait and pitfall traps (c) 
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Chapter 4: Tropical land use drives endemic vs. exotic ant communities in a 

global biodiversity hotspot 

Anjaharinony A. N. A. Rakotomalala, Annemarie Wurz, Ingo Grass, Dominic A. Martin, Kristina 

Osen, Dominik Schwab, Marie Rolande Soazafy, Teja Tscharntke and Lala H. Raveloson 

Ravaomanarivo 

Abstract 

Understanding how land-use change affects biodiversity is a fundamental step to develop effective 

conservation strategies in human-modified tropical landscapes. Here, we analyze how land-use 

change through tropical small-scale agriculture affects endemic, exotic, and non-endemic native 

ant communities, focusing on vanilla landscapes in north-eastern Madagascar, a global biodiversity 

hotspot. First, we compared ant species richness and species composition across seven land-use 

types: old-growth forest, forest fragment, forest-derived vanilla agroforest, fallow-derived vanilla 

agroforest, woody fallow, herbaceous fallow, and rice paddy. Second, we assessed how 

environmental factors drive ant species richness in the agricultural matrix to identify management 

options that promote endemic and non-endemic native while controlling exotic ant species. We 

found that old-growth forest, forest fragment, and forest-derived vanilla agroforest supported the 

highest endemic ant species richness. Exotic ant species richness, by contrast, was lowest in old-

growth forest but highest in herbaceous fallows, woody fallows, and rice paddy. Rice paddy had 

the lowest non-endemic native ant species richness.  Ant species composition differed among land-

use types, highlighting the uniqueness of old-growth forest in harboring endemic ant species which 

are more sensitive to disturbance. In the agricultural matrix, higher canopy closure and landscape 

forest cover were associated with an increase of endemic ant species richness but a decrease of 

exotic ant species richness. We conclude that preserving remnant forest fragments and promoting 

vanilla agroforests with a greater canopy closure in the agricultural matrix are important 

management strategies to complement the role of old-growth forests for endemic ant conservation 

in north-eastern Madagascar. 

Introduction 

Tropical forests harbor the highest proportion of biodiversity worldwide (Myers et al. 2000). 

However, they are decimated and fragmented due to human land use, often resulting in a mosaic 

landscape consisting of forest patches and various agricultural land-use systems (Grass et al. 2020). 
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Although forest conversion and degradation constitute the major drivers of tropical biodiversity 

decline (Gibson et al. 2011), many species remain in the agricultural landscape (Belshaw and 

Bolton 1993). Assessing the implications of land-use change for biodiversity is, therefore, a 

fundamental step to develop effective conservation strategies for tropical agricultural landscapes 

and to identify sustainable land-use options that prevent further biodiversity loss. 

Ants are among the most abundant insect groups in terrestrial ecosystems (Passera and Aron 2005). 

Their diversity and endemism rate peak in tropical regions (Lach et al. 2010). Ants are involved in 

diverse ecosystem functions such as soil turnover (Folgarait 1998), seed dispersal (Retana et al. 

2004), predation (Cerdá and Dejean 2011), and food provision for other animal groups like birds 

(Dean and Milton 2018). However, ants, in particular native ants, are sensitive to human land use, 

such as logging and forest conversion, which often reduces species richness and changes the 

species composition of ant communities (Dunn 2004; Delabie et al. 2007; Ottonetti et al. 2010). 

On the contrary, habitat disturbance generally promotes invasion of exotic ant species, which can 

be problematic for the native ant community, because of their competitive behavior on resources 

(Holway et al. 2002). In addition, the structure of ant community may also be driven by 

environmental factors such as canopy openness, vegetation structure, deadwood volume, and 

landscape forest cover (Luke et al. 2014; Solar et al. 2016). Analyzing how these factors influence 

species richness can thus help identify land-use management options that result in few exotic 

species to efficiently preserve the native (endemic) ant community. 

Madagascar, a global biodiversity hotspot, hosts more than 1200 ant species, with 93% of described 

species are endemic to the island, and 41 species are exotic (Myers et al. 2000; Fisher and Christian 

2019). Forests are indispensable for the majority of Madagascar’s endemic biodiversity (Irwin et 

al. 2010). However, deforestation through agricultural practices has led to a loss of 44% of 

Madagascar’s forest cover between 1953-2014 (Clark 2012; Vieilledent et al. 2018). Today, 

protected areas constitute the main conservation strategy to protect Madagascar’s remaining 

biodiversity (Gardner et al. 2018). However, little is known about conservation opportunities in the 

agricultural landscape outside protected areas. Exotic ants could be problematic for Madagascar’s 

native ant community, as demonstrated in a previous study that found aggressive competition of 

exotic ant species towards native ant species (Dejean et al. 2010). Thus, conservation strategies 

need to include the management of exotic species to protect native ant species.  
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North-eastern Madagascar holds proportionally more forest than other regions of the island. 

Nonetheless, these are also subject to transformation, mainly through slash-and-burn agriculture 

for hill rice cultivation by smallholders (Zaehringer et al. 2015). Slash-and-burn agriculture 

consists of cutting down the forest or woody fallow land, burning the plant biomass, and cultivating 

rice. This is followed by a fallow period, after which an additional cycle of slash-and-burn 

cultivation can commence. North-eastern Madagascar also supplies the biggest share of vanilla to 

the global market  (FAO 2020). The increase of global demand and the rise of vanilla prices 

between 2012 and 2019 has triggered an expansion of vanilla cultivation in the region, where forest 

or fallow land is transformed into vanilla agroforests (Llopis et al. 2019). Here, the biodiversity 

value of vanilla agroforests may depend on land-use history, meaning whether the vanilla 

agroforest was established at the expense of forest (forest-derived), driving forest transformation, 

or whether it was planted on formerly fallow land (fallow-derived), rehabilitating formerly burned 

land (Martin et al. 2020a). However, this important distinction is hardly made in land-use research 

(Martin et al. 2020a), but research on plants (Osen et al. 2021; Raveloaritiana et al. 2021) and birds 

(Martin et al. 2021) indicates differences in species richness and composition depending on land-

use history, particularly for endemics. 

Overall, the landscape of north-eastern Madagascar is characterized by a mosaic of forest 

fragments, rice cultivation (irrigated and rainfed), vanilla agroforests, and fallow lands (Zaehringer 

et al. 2015). Vanilla agroforests are characterized by a combination of shade trees and Vanilla 

planifolia plants, leading to a structurally diverse habitat with medium to high canopy closure 

(Osen et al. 2021). Woody and herbaceous fallows and rice paddy have significantly lower or no 

canopy closure and structurally and taxonomically simplified vegetation (Osen et al. 2021). Recent 

studies assessed the impact of land-use change on biodiversity in north-eastern Madagascar, 

highlighting the value of vanilla agroforests to complement forests for the conservation of 

vertebrates including birds and lemurs, plants, and ecosystem functions (Hending et al. 2018, 2020; 

Osen et al. 2021; Schwab et al. 2021; Raveloaritiana et al. 2021). Invertebrates, in particular ants, 

have only been studied in forest habitats rather than in the agricultural landscape.  

In this paper, we report how land-use change through smallholder agriculture affects endemic, 

exotic, and non-endemic native ant communities in north-eastern Madagascar. First, we compared 

ant species richness and species composition across seven land-use types: old-growth forest, forest 

fragment, forest-derived vanilla agroforest, fallow-derived vanilla agroforest, woody fallow, 
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herbaceous fallow, and rice paddy. Second, we assessed how environmental factors drive ant 

species richness in the agricultural matrix to identify management options that promote endemic 

and non-endemic native ant species while controlling exotic ant species. 

Materials and methods 

Study region and sampling design 

We carried out our study in the central part of the SAVA region, in north-eastern Madagascar. The 

climate is warm and humid (UPDR 2003), with 2223 mm annual precipitation and 24.0 °C average 

temperature (average across 80 plots, data retrieved from CHELSA climatologies; Karger et al., 

2017)). The climax vegetation type is tropical rainforest (Baena et al. 2007). 

We studied seven land-use types: old-growth forest (10 replicates), forest fragment (10), forest-

derived vanilla agroforest (10), fallow-derived vanilla agroforest (20), woody fallow (10), 

herbaceous fallow (10), and rice paddy (10). The description of each land-use type is found in 

Table 4.1. Overall, we had 80 plots distributed in ten villages and two old-growth forest sites in 

Marojejy National Park (Figure 4.1). The minimum distance to neighboring plots was 719 m ± 438 

m. The average plot elevation above sea level was 192 m ± 207 m. We standardized our plot size 

to a 25 m radius circle. 

Table 4.1 Description of land-use types studied in north-eastern Madagascar 

 

Land-use type Description 

Old-growth forest 
Never been burned. Largely untouched by human activity. 

Located in Marojejy National Park. 

Forest fragment 

Never been burned. Fragmented forest embedded in the 

agricultural matrix. Owned by farmers or local community. Used 

to extract firewood and wood for construction. 

Forest-derived vanilla 

agroforest 

Never been burned. Retained some trees from the original forest 

which serve as shade and support for the vanilla plants. 

Fallow-derived vanilla 

agroforest 

Derived from previously slashed-and-burned land used for hill 

rice cultivation. Burned at least once before being transformed 

into a vanilla agroforest. Shade trees are either naturally 

regenerating or planted. 

Woody fallow 
Previously burned. Vegetation of shrubs and trees regrown 

subsequently for 4 to 16 years before data collection. 
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Herbaceous fallow 
Previously burned. Vegetation of herbaceous plants and shrubs 

re-grown for at least 1 year before data collection. 

Rice paddy 

Sometimes inundated. Vegetation of herbaceous plants on 

traversed banks. Chemical pesticides are occasionally used 

against pests. 
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Fig. 4.1 a) Location of the SAVA region within Madagascar, b) SAVA region with the four districts 

Andapa, Antalaha, Sambava, Vohemar and the study area therein, c) map of the study area with 

forest cover and triangles depicting the 10 study villages and 2 old-growth forest sites, and (d) our 

seven land-use types studied summarizing the typical land-use change dynamic through slash-and-

burn agriculture for hill rice cultivation in north-eastern Madagascar. Dashed arrows indicate 

possible, but prohibited transformation of old-growth forest. Full arrows represent common 

transformation trajectories from one land use to another. Rice paddy is not part of the slash-and-

burn cycle and represents the most intensive land use in the region. 
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Ant sampling and identification 

We sampled ants using bait and pitfall traps on all plots except the old-growth forest between 

October and December 2017, and in the old-growth forest between August and December 2018. In 

each plot, we established five sampling stations: one at the plot center, and four 16 m away from 

the plot center in each cardinal direction. At each sampling station, we set bait and pitfall traps 10 

m apart. For bait traps, we put sardine and sugar as bait on two different white flat plastic supports 

(diameter of 13 cm) about 5 cm apart (illustration in Supplementary Material S.3.1). We set the 

baits for 30 minutes and thereafter collected the specimens present on the white plastic support for 

30 seconds. For pitfall traps, we buried a plastic cup (9 cm top diameter, 11 cm deep, 6 cm bottom 

diameter) in the soil with the opening at the same level as the ground surface. We then filled one-

third of the plastic cup with 70 % ethanol and few drops of soapy water. We left the pitfall traps 

active for 48 hours. We preserved ant specimens in 70 % ethanol for further identification. 

To identify ants to the genera level, we used the identification key from Fisher et al. (2016). We 

then identified ants to species level using identification keys (e.g. Fisher and Smith 2008; Bolton 

and Fisher 2014; Rakotonirina and Fisher 2014; Salata and Fisher 2020). If identification was 

unclear, we identified species as morphospecies. We stored voucher specimens at the Biodiversity 

Centre in Antananarivo, Madagascar, for reference and further taxonomical study. We assigned 

our ant species into different origin categories (AntWeb 2020): endemic, exotic, non-endemic 

native, and unknown ants. In total, we recorded 128 ant species/morphospecies (57 endemic 

species, 19 exotic species, 18 non-endemic native, and 34 species of unknown origin) distributed 

in 38 genera and seven subfamilies. In the present study, we excluded the unknown ants but 

included the results on this category in the supplementary materials (Supplementary Material S.4.2-

S4). 

Environmental parameters 

In each plot, we recorded canopy closure, tree species richness, stem density, understory vegetation 

cover, and lying deadwood volume as local environmental parameters. We counted and identified 

all trees (woody perennial plants)  and tree-like plants (arborescent palms and ferns) with a diameter 

at breast height ≥ 8cm, from which we extracted data on tree species richness and stem density 

(number of living stems per ha). To assess canopy closure, we set a Nikon D5100 camera with a 

fisheye lens and 180° field of view on a tripod at 2.4 m height. Then, we took series of 

hemispherical photographs. We processed the photographs with the “ImageJ” program (Rasband, 



 

238 
 

2014)  to create a binary image representing sky and vegetation 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 (Osen et al. 2021). To estimate the understory vegetation cover of each plot, 

we adapted the protocol of Van Der Maarel (1966), taking into account the understory such as 

shrubs, saplings, and non-woody plants. We took photographs with a view from zero to three 

meters above the ground in each cardinal direction from the plot center. We divided each 

photograph into six 0.5 m layers and estimated the understory vegetation cover in % for each layer. 

Then, we averaged the understory vegetation cover value from all layers on all photographs to 

represent a single understory vegetation cover value (in %) for each plot (Schwab et al. 2021). We 

measured the diameter and length of all lying deadwood with a midpoint diameter ≥ 10 cm and 

length ≥ 100 cm. We excluded deadwood that was already decomposed into powder. We used the 

equation “deadwood volume = [(π * diameter 2)/4] * length” to calculate the volume of each lying 

deadwood piece (Rondeux et al. 2012). We summed up the volume of all lying deadwood pieces 

per sample area, then upscaled the volume of lying deadwood per hectare. As landscape 

parameters, we calculated the landscape forest cover percentage within a 250 m radius buffer 

surrounding our plots using 2017 landscape forest cover data (Vieilledent et al. 2018). 

Data analysis 

We combined data from bait and pitfall traps into a plot/species presence/absence matrix and used 

the R version 3.6.3 program for all analysis (R Core Team 2020). 

Comparison of ant species richness and composition 

To compare ant species richness between land-use types, we ran generalized linear mixed models 

(GLMMs) with ant species richness as the response variable, land-use types as the explanatory 

variable, and Poisson distribution as family, using the glmmTMB function of the glmmTMB 

package (Brooks et al. 2017). We set village and old-growth forest sites as a random factor to 

account for potential spatial autocorrelation. We used Tukey's honestly significant difference 

(Tukey HSD) with Bonferroni correction for pairwise comparison between land-use types. 

We performed a permutational multivariate analysis of variance (PERMANOVA, 999 

permutations) using the adonis function of the package Vegan (Oksanen et al. 2018) and the 

pairwise.adonis function with False discovery rate correction of the package pairwiseAdonis 

(Arbizu 2017) to assess differences in species composition among and between land-use types. 
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Then, we performed a permutational multivariate analysis of dispersion (PERMDISP, 999 

permutations) using the betadisp function of the package Vegan to test the homogeneity of 

dispersion among land-use types (Oksanen et al. 2018). A homogenous dispersion implies that the 

difference in species composition among land-use types from PERMANOVA is explained by the 

difference in location of the centroids. We found that heterogeneous dispersion significantly 

contributes to the differences in endemic (PERMDISP, Df = 6, F = 5.07, p = 0.002) and exotic 

(PERMDISP, Df = 6, F = 21.65, p = 0.001) but not non-endemic (PERMDISP, Df = 6, F = 1.45, p 

= 0.204) ant species composition between our land-use types. We visualized the community 

structure of each land-use type using non-metric multidimensional scaling (NMDS).  We used the 

dimcheckMDS function of the package goeveg to select any number of dimensions with a good 

stress value (stress < 0.2) for the NMDS (Goral and Schellenberg 2021). We used Jaccard 

dissimilarity distance for PERMANOVA, PERMDISP, and NMDS. Additionally, we used the 

upset function of the package UpSetR to visualize the number of unique and shared species between 

land-use types (Gehlenborg 2019).  

Environmental parameters as drivers of ant species richness  

Since we aimed to provide applied land management options for ant species conservation in the 

agricultural matrix, we excluded old-growth forest sites in our models when assessing the 

environmental parameters driving ant species richness. Additionally, we excluded rice paddy and 

herbaceous fallow in our model since they do not contain trees, therefore no canopy closure and 

deadwood, which substantially can affect our model results by driving too much the effect on 

species richness. 

Prior to building our models, we performed a correlation test between all explanatory variables to 

assess the possible effects of multicollinearity. In case the explanatory variables were strongly 

correlated (Spearman | r | > 0.7 (Dormann et al. 2013)), we kept only one of them. We found that 

canopy closure, stem density, and tree species richness were highly correlated (Supplementary 

Material S.4.5). We retained canopy closure in our models because stem density and tree richness 

data were missing in two plots. With GLMMs, we set a full model with ant species richness as the 

response variable, canopy closure, deadwood, understory vegetation, and forest cover as 

explanatory variables, and village as a random factor. Since our response variable was count data, 

we first used the Poisson family for our models. We performed a stepwise logistic regression using 

the step function to identify the best-fit models. We considered models with the lowest AIC score 

to explain and discuss the response of ant species richness to environmental parameters. We tested 
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for any misspecification problems in the models such as over-or underdispersion, zero inflation, 

and quantile deviations using the DHARMa package (Hartig 2020). We found underdispersion in 

our models with exotic ant species richness and corrected it by using the Conway–Maxwell–

Poisson (COMPOIS) distribution (Huang 2017). 

Results 

Ant species richness across land-use types 

Old-growth forest, forest fragment, and forest-derived vanilla agroforest had significantly higher 

endemic ant species richness than the other land-use types (p < 0.01, Fig. 4.2a, Supplementary 

Material S.4.6). Rice paddy had the lowest endemic ant species richness (Fig. 4.2a, Supplementary 

Material S.4.6). Old-growth forest and forest fragment had significantly lower exotic ant species 

richness than the previously burned land-use types and rice paddy (p < 0.01, Fig. 4.2b, 

Supplementary Material S.4.7). Rice paddy had significantly lower non-endemic native ant species 

richness compared to forest fragment (p < 0.01), forest-derived vanilla agroforest (p = 0.024), 

fallow-derived vanilla agroforest (p < 0.01), and woody fallow (p < 0.01) (Fig. 4.2c, Supplementary 

Material S.4.8). 

 

 
Fig. 4.2 Ant species richness across land-use types: (a) endemic, (b) exotic ant species (c) non-

endemic native. Non-shared letters between land-use types indicate a significant difference 

(Tukey’s HSD multicomparison with Bonferroni correction, p-value <0.05). 

 

Species composition of endemic, exotic, and non-endemic native ant across land-use types 
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We found a significant gradient in the endemic (PERMANOVA, df= 6, F= 2.96,  R2= 0.23, p = 

0.001), exotic (PERMANOVA, df=6, F= 8.88, R2= 0.42, p = 0.001), and non-endemic native 

(PERMANOVA, df= 6, F= 5.93,  R2=0.35 , p = 0.001) ant species composition across land-use 

types (Fig. 4.3). Old-growth forest significantly differed from all land-use types in both endemic 

and exotic ant species composition (Fig. 4.3a and 4.3b, Supplementary Material S.4.9 and S.4.10). 

Forest-derived vanilla agroforest was similar to forest fragment in endemic, exotic, and non-

endemic native ant species composition, whereas forest-derived vanilla agroforest differed 

significantly from fallow-derived vanilla agroforest (Fig. 4.3a, 4.3b, 4.3c, Supplementary Material 

S.4.9-S11). Endemic and non-endemic native ant species composition was similar among all 

formerly burned land-use types, whereas differences in exotic species composition among formerly 

burned land-uses (e.g. rice paddy vs. woody fallow; herbaceous fallow vs. fallow-derived vanilla 

agroforest) occurred (Fig. 4.3a, 4.3b, 4.3c, Supplementary Material S.4.9-S11). Old-growth forest 

had the highest number of unique endemic ant species (9 species), followed by forest-derived 

vanilla agroforest (6 species). Forest fragment shared all its endemic species to all land-use types 

in the agricultural matrix (Fig. 4.4a). All exotic and non-endemic native ant species were shared 

between land-use types (Fig. 4.4b and 4.4c). 
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Fig. 4.3 Ant species composition across land-use types. Non-metric multidimensional scaling plot 

showing the species composition pattern of (a) endemic (k = 5, linear fit R2 = 0.959, non-metric fit 

R2 = 0.996, stress = 0.065), (b) exotic (k = 5, linear fit R2 = 0.964, non-metric fit R2 = 0.997, stress: 

0.058) and (c) non-endemic native ants (k = 5, linear fit R2 = 0.987, non-metric fit R2 = 0.999, 

stress = 0.038). Each point represents one plot. We used jittering with width = 0.2 and height = 0.2 

to avoid overplotting. Ellipses show the 95 % confidence intervals for the estimated center of each 

land-use type fitted into the spatial ordination. Non-overlapping ellipses indicate significant 

difference in species composition between land-use types (in line with the pairwise comparison in 

Supplementary Material S.4.9-S11). 
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Fig. 4.4 Upset plots showing the number of unique and shared (a) endemic, (b) exotic, and (c) non-

endemic native ant species across land-use types. The upper part of each graph shows the number 

of species found in the land-use type indicated by the dots in the lower part. The simple dots without 

connecting lines represent the unique species found in the land-use type. As an example, the old-

growth forest has 9 unique endemic species. Two or more dots connected by a line indicate a shared 

species between two or more land-use types, which correspond to the number on the bar of the 

upper part of the graph. For example, old-growth forest and forest fragment share: 1st connecting 

line = 4, 2nd = 2, 3rd = 5, 4th= 1, 5th=2, 6th = 1, 7th = 1, 8th= 1, making up in total 17 shared 

species. 
 

Environmental factors driving ant species richness in the agricultural matrix 

We found that higher canopy closure (estimate = 0.36837, standard error = 0.07852, z-value =  

4.692, p < 0.001) and landscape forest cover (estimate = 0.12842,   standard error = 0.06535,  z-

value = 1.965, p = 0.0494) were positively related to endemic ant species richness (Fig. 4.5a and 

5d). In contrast, higher canopy closure (estimate = -0.18884, standard error = 0.06160, z-value =  

-3.066, p = 0.00217) and landscape forest cover (estimate = -0.21259, standard error = 0.07685, z-

value = -2.766, p = 0.00567) were negatively related to exotic species richness (Fig. 4.5b and 4.5e). 
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We found no significant association between endemic and exotic ant species richness with 

deadwood volume and understory vegetation cover (Fig. 4.5g, 4.5h, 4.5j, and 4.5k). None of the 

environmental parameters significantly affected non-endemic native ant species richness (Fig. 4.5c, 

4.5f, 4.5i, and 4.5l). 

 
Fig. 4.5 Endemic and exotic ant species richness in relation to canopy closure, landscape forest 

cover, understory vegetation cover, and deadwood volume in north-eastern Madagascar (across 
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forest fragment, forest- and fallow-derived vanilla agroforests, and woody fallow plots). Solid 

regression lines show significant model predictions (p-value <0.05), whereas dashed lines show a 

non-significant relationship. Ribbons indicate 95% confidence intervals. 

Discussion 

Our study showed that smallholder land use differentially affected endemic and exotic ant 

communities in north-eastern Madagascar, a global biodiversity hotspot. Endemic and non-

endemic native ant species richness was not significantly affected by forest conversion to forest-

derived vanilla agroforests, but endemic ant richness markedly decreased when forests were 

transformed via slash-and-burn practices to hill rice cultivation. On the contrary, forest 

transformation promoted exotic ants, with higher exotic species richness in land-uses in the 

agricultural matrix compared to old-growth forest sites. In addition, we found that endemic ant 

species composition was different in the old-growth forest compared to all other land-use types, 

highlighting the uniqueness of old-growth forests for endemic ant species that are less resilient to 

disturbance. The exotic ant community in the old-growth forest was only a small subset of the 

exotic community in the agricultural matrix. In regards to vanilla, endemic, exotic, and non-

endemic native ant species composition differed between forest- and fallow-derived vanilla 

agroforests. Finally, higher canopy closure and landscape forest cover were associated with higher 

endemic ant species richness but lower exotic ant species richness, suggesting an opportunity for 

management measures conserving endemic ants as well as mitigating the invasion of exotic ants. 

Ant species richness response to land-use change 

Although the transformation of forests to agroforests usually leads to habitat degradation and 

species loss (Martin et al. 2020a), our study showed that the endemic ant species richness was not 

significantly affected by forest conversion to forest-derived vanilla agroforests. This could be 

explained by the complex structure of forest-derived vanilla agroforests, which still retain a 

considerable proportion of the original forest structure (Osen et al. 2021), possibly providing 

diverse food resources and microhabitats for many endemic ant species. Our finding corroborates 

research showing that complex agroforests can harbor the same or even higher ant species richness 

compared to forests (Schroth et al. 2004; Philpott et al. 2008). 

In contrast, endemic ant species richness dropped by up to 90% when forests were transformed via 

slash-and-burn agriculture practices (from 9.6 mean species richness in the old-growth forest to 0.9 

in herbaceous fallow). Even after years of fallow succession from herbaceous to woody fallows, 

the endemic ant species richness still did not recover to reach the species levels found in the forests. 
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Slash-and-burn constitutes an extreme form of land conversion because it consists of a complete 

removal of the vegetation through burning (Styger et al. 2007). This potentially leads to a direct 

loss of microhabitats and resources for many endemic ant species, thus forcing them to find another 

suitable habitat to survive. 

Rice paddy is not part of the slash-and-burn cultivation cycle, but we included this land-use type 

in our study as it is very common in the study area and refers to permanent and intensive land use. 

Rice paddy is characterized by mostly inundated areas for rice cultivation and banks covered with 

herbaceous plants which are frequently walked, thereby limiting the availability of microhabitats 

such as leaf litter and deadwood, which are important nesting sites for many ant species (Queiroz 

et al. 2013). This could explain our finding that rice paddy exhibited the lowest endemic and non-

endemic native ant species richness compared to the other land-use types. 

We provide evidence that exotic ant species are positively affected by human disturbance (Folgarait 

1998; Rizali et al. 2010). We found that the old-growth forest had five times lower exotic ant 

species richness than herbaceous fallow. This could be because exotic ant species generally have a 

high capacity for adaptation and competition allowing them to co-occur with or dominate native 

ant species in disturbed habitats (Wetterer 2007). It is important to note that the invasion of exotic 

ant species could harm native (endemic) ant species (Holway et al. 2002). For example, in 

Indonesia, the presence of invasive yellow crazy ants, Anoplolepis gracilipes, reduced native ant 

species in cacao agroforests (Bos et al. 2008). Also, in Australia's monsoonal tropics, Pheidole 

megacephala, the so-called African big-headed ant, constitutes a big threat to the native ant 

community because of their aggressive behavior (Hoffmann et al. 1999). However, evidence of the 

impact of exotic ant species on Madagascar’s native ant fauna is scarce. Only Dejean et al. (2010) 

found that the white-footed ant,  Technomyrmex albipes, exhibited aggressive competition on food 

resources towards the native ant community. This suggests the need for further research on 

competition between exotic ants and native ant species in Madagascar. 

Ant species composition response to land-use change 

We found a clear difference in endemic ant species composition in the old-growth forest compared 

to all other land-use types, highlighting the uniqueness of the old-growth forest. Old-growth forests, 

compared to all other land-use types, had nine unique endemic ant species, which according to the 

AntWeb (2020) database, have never been found in a disturbed habitat. This finding stresses the 

need to safeguard the old-growth forest to ensure the conservation of endemic ant species that are 
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more sensitive to disturbance. The uniqueness of our old-growth forest sites is also consistent with 

plant species composition (Osen et al. 2021; Raveloaritiana et al. 2021) and bird species richness 

(Martin et al. 2021). 

We also found a pronounced compositional difference in endemic and non-endemic native ant 

species between unburned (forest fragment and forest-derived vanilla agroforest) and land-use 

types derived from previous slash-and-burn cultivation (fallows and fallow-derived vanilla 

agroforest) in the agricultural matrix. This highlights the negative effect of past burning in endemic 

and non-endemic native ant species composition. Our findings are also in line with another study 

in the same system, highlighting the change in endemic and native herbaceous plant species 

composition due to slash-and-burn cultivation (Raveloaritiana et al. 2021). 

Besides, our study showed a clear distinction of the exotic ant species composition between 

unburned and previously burned land-use types and rice paddy. Here, we highlight that old-growth 

forest and forest fragment harbor only a small subset of the exotic ant community occurring in the 

agricultural matrix. Only two exotic species occurred in the old-growth forest, whereas six species 

from the exotic ant community in the agricultural matrix occurred in forest fragments. This finding 

provides evidence that old-growth forest is more resistant to the arrival of certain exotic species 

than the forest fragment. The susceptibility of the small remnant forest fragment could be due to 

their proximity to surrounding agricultural lands which serve as a gateway for exotic ant species 

(Assis et al. 2018). 

Management opportunities for endemic ant conservation in the agricultural matrix 

Identifying management practices that maintain endemic biodiversity in agricultural landscapes 

presents a great opportunity for biodiversity conservation (Kremen and Merenlender 2018). In our 

study, we found a contrasting effect of canopy closure and landscape forest cover on endemic and 

exotic ant species richness. This provides clear evidence that keeping higher canopy closure and 

maintaining a high landscape forest cover can conserve endemic ant species while reducing exotic 

ant species in the agricultural matrix. For vanilla agroforests specifically, a greater endemic ant 

species richness could be achieved by promoting trees in fallow-derived and maintaining trees in 

forest-derived vanilla agroforests. This offers a win-win opportunity for vanilla farmers and the 

conservation of endemic ant species as a high canopy in vanilla agroforests does not conflict with 

high vanilla yields (Martin et al. 2020b). Although we did not include tree species richness in our 

models, it is important to highlight that increasing tree species richness could positively affect ant 
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species richness as shown by other studies (Ribas et al. 2003; Vasconcelos et al. 2019). This 

suggests that high tree diversity should be maintained in the agricultural matrix to benefit endemic 

ant species. Here, in particular, the maintenance of already existing forest-derived vanilla 

agroforests is recommended, as their tree species richness is more similar to forest fragments and 

old-growth forest than to the other studied land-use types (Osen et al. 2021). 

On the other hand, the positive influence of landscape forest cover on endemic species richness 

suggests that forest fragments could be a source of endemic ant species for the different land-use 

types in the agricultural matrix (Solar et al. 2016). A previous study also supports that a greater ant 

species richness within agricultural land can be boosted by large patches of adjacent forests (Lucey 

et al. 2014). Similarly, in our study, the forest fragment shared all of its endemic ant species with 

the land-use types in the agricultural matrix. This suggests that remnant forests embedded in the 

agricultural landscape in north-eastern Madagascar are key to preserve the endemic ant diversity 

in the agricultural matrix. 

Conclusion 

Our study showed not only the uniqueness of old-growth forest in preserving unique endemic ant 

species, but also its resistance to the arrival of most exotic ant species. Despite rapidly occurring 

land-use change in north-eastern Madagascar, the agricultural matrix, in particularly unburned 

land-uses, still harbors considerable amounts of endemic and non-endemic native ant species. We 

conclude that preserving remnant forest fragments and promoting vanilla agroforests with a greater 

canopy closure in the agricultural matrix are important management strategies to complement the 

role of old-growth forests for endemic ant conservation in north-eastern Madagascar. 
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Supplementary Material S.4.2. Multiple Comparisons of unknown ant species richness between 

land-use types (Tukey contrasts with Bonferroni correction). 

 Estimate 
Std. 

Error 
z value Pr(>|z|) 

Forest fragment - Old-growth forest   -0.22057 0.25829 -0.854 0.97788 

Forest-derived vanilla - Old-growth forest   0.14849 0.24168 0.614 0.99616 

Fallow-derived vanilla - Old-growth forest   -0.08991 0.22355 -0.402 0.99965 

Woody fallow - Old-growth forest   -0.28309 0.26205 -1.08 0.93082 

Herbaceous fallow - Old-growth forest   -0.53903 0.27942 -1.929 0.44971 

Rice paddy - Old-growth forest   -1.15213 0.33665 -3.422 0.01062 

Forest-derived vanilla - Forest fragment   0.36906 0.22851 1.615 0.66253 

Fallow-derived vanilla - Forest fragment   0.13066 0.20955 0.624 0.99584 

Woody fallow - Forest fragment   -0.06252 0.25012 -0.25 0.99998 

Herbaceous fallow - Forest fragment   -0.31846 0.26827 -1.187 0.89472 

Rice paddy - Forest fragment   -0.93156 0.32745 -2.845 0.06382 

Fallow-derived vanilla - Forest-derived 

vanilla    
-0.2384 0.19135 -1.246 0.87064 

Woody fallow - Forest-derived vanilla    -0.43158 0.23275 -1.854 0.49994 

Herbaceous fallow - Forest-derived vanilla    -0.68752 0.25216 -2.727 0.08767 

Rice paddy - Forest-derived vanilla    -1.30062 0.31439 -4.137 < 0.001 

Woody fallow - Fallow-derived vanilla    -0.19318 0.21416 -0.902 0.97086 

Herbaceous fallow - Fallow-derived vanilla    -0.44911 0.23511 -1.91 0.46215 

Rice paddy - Fallow-derived vanilla    -1.06221 0.30088 -3.53 0.00727 

Herbaceous fallow - Woody fallow   -0.25593 0.27189 -0.941 0.96402 

Rice paddy- Woody fallow   -0.86903 0.33042 -2.63 0.11198 

Rice paddy- Herbaceous fallow   -0.6131 0.34437 -1.78 0.55011 
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Supplementary Material S.4.3. Species composition pairwise comparisons of unknown ant 

species composition across land-use types (with False discovery rate correction). 

 
 

F.Model R2 p.value p.adjusted 

Old-growth forest vs. Forest fragment 1.590658 0.081195 0.08 0.101294 

Old-growth forest vs. Herbaceous fallow 4.155123 0.187547 0.001 0.001909 

Old-growth forest vs. Rice paddy 5.619587 0.25993 0.001 0.001909 

Old-growth forest vs. Forest-derived vanilla 3.509577 0.163163 0.001 0.001909 

Old-growth forest vs. Fallow-derived vanilla 5.473889 0.163527 0.001 0.001909 

Old-growth forest vs. Woody fallow 5.900744 0.246885 0.001 0.001909 

Forest fragment vs. Herbaceous fallow 3.900347 0.178095 0.001 0.001909 

Forest fragment vs. Rice paddy 4.723237 0.22792 0.001 0.001909 

Forest fragment vs. Forest-derived vanilla 3.000091 0.142861 0.001 0.001909 

Forest fragment vs. Fallow-derived vanilla 5.39473 0.161544 0.002 0.0035 

Forest fragment vs. Woody fallow 5.42058 0.231445 0.001 0.001909 

Herbaceous fallow vs. Rice paddy 1.923294 0.107307 0.087 0.1015 

Herbaceous fallow vs. Forest-derived vanilla 2.407316 0.117963 0.015 0.0225 

Herbaceous fallow vs. Fallow-derived vanilla 1.114678 0.038286 0.336 0.3528 

Herbaceous fallow vs. Woody fallow 0.921603 0.048706 0.489 0.489 

Rice paddy vs. Forest-derived vanilla 5.347051 0.250482 0.001 0.001909 

Rice paddy vs. Fallow-derived vanilla 5.445862 0.173182 0.001 0.001909 

Rice paddy vs. Woody fallow 3.881581 0.195235 0.007 0.011308 

Forest-derived vanilla vs. Fallow-derived vanilla 1.706681 0.057451 0.082 0.101294 

Forest-derived vanilla vs. Woody fallow 2.574991 0.125152 0.021 0.0294 

Fallow-derived vanilla vs. Woody fallow 1.222239 0.041826 0.279 0.308368 

 

Supplementary Material S.4.4. Effect of environmental parameters on unknown ant species 

richness in the agricultural matrix. 

 

Predictors Estimates Confidence interval p-value 
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(Intercept) 3.60 3.03 – 4.27 <0.001 

Canopy closure 1.19 1.08 – 1.30 <0.001 

Lying deadwood volume 1.07 0.98 – 1.17 0.119 

Understory vegetation cover 0.86 0.79 – 0.95 0.002 

Forest cover 0.94 0.84 – 1.04 0.204 

Observations 50 
  

R2 conditional / R2 marginal 0.306 / 0.118 
  

 

 

Supplementary Material S.4.5. Strong correlation is represented by Spearman | r | > 0.7. 
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Supplementary Material S.4.6. Multiple Comparisons of endemic ant species richness between 

land-use types (Tukey contrasts with Bonferroni correction). 

 Estimate 
Std. 

Error 
z value Pr(>|z|) 

Forest fragment - Old-growth forest -0.33021 0.16274 -2.029 0.35632 

Forest-derived vanilla - Old-growth forest   -0.23647 0.15992 -1.479 0.72557 

Fallow-derived vanilla - Old-growth forest   -0.92528 0.15894 -5.822 < 0.001 

Woody fallow - Old-growth forest   -1.38626 0.23164 -5.984 < 0.001 

Herbaceous fallow - Old-growth forest   -2.36709 0.35086 -6.747 < 0.001 

Rice paddy - Old-growth forest   -3.4657 0.58764 -5.898 < 0.001 

Forest-derived vanilla - Forest fragment   0.09374 0.16758 0.559 0.99734 

Fallow-derived vanilla - Forest fragment   -0.59507 0.16661 -3.572 0.00515 

Woody fallow - Forest fragment   -1.05605 0.23698 -4.456 < 0.001 

Herbaceous fallow - Forest fragment   -2.03688 0.35441 -5.747 < 0.001 

Rice paddy - Forest fragment   -3.13549 0.58977 -5.316 < 0.001 

Fallow-derived vanilla - Forest-derived 

vanilla    
-0.68881 0.16519 -4.17 < 0.001 

Woody fallow - Forest-derived vanilla    -1.14979 0.23506 -4.891 < 0.001 

Herbaceous fallow - Forest-derived vanilla    -2.13062 0.35313 -6.034 < 0.001 

Rice paddy - Forest-derived vanilla    -3.22923 0.589 -5.483 < 0.001 

Woody fallow - Fallow-derived vanilla    -0.46098 0.23438 -1.967 0.3951 

Herbaceous fallow - Fallow-derived vanilla    -1.44181 0.35267 -4.088 < 0.001 

Rice paddy - Fallow-derived vanilla    -2.54042 0.58873 -4.315 < 0.001 

Herbaceous fallow - Woody fallow   -0.98083 0.39087 -2.509 0.13234 

Rice paddy - Woody fallow   -2.07944 0.61237 -3.396 0.00979 

Rice paddy - Herbaceous fallow   -1.09861 0.66667 -1.648 0.61242 
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Supplementary Material S.4.7. Multiple Comparisons of exotic ant species richness between 

land-use types (Tukey contrasts with Bonferroni correction). 

 Estimate 
Std. 

Error 
z value Pr(>|z|) 

Forest fragment - Old-growth forest   0.49247 0.3841 1.282 0.85027 

Forest-derived vanilla - Old-growth forest   1.04007 0.35422 2.936 0.04694 

Fallow-derived vanilla - Old-growth forest   1.41782 0.32137 4.412 < 0.001 

Woody fallow - Old-growth forest   1.67963 0.33004 5.089 < 0.001 

Herbaceous fallow - Old-growth forest   1.62745 0.33141 4.911 < 0.001 

Rice paddy - Old-growth forest   1.45224 0.33653 4.315 < 0.001 

Forest-derived vanilla - Forest fragment   0.54761 0.29844 1.835 0.50492 

Fallow-derived vanilla - Forest fragment   0.92535 0.25856 3.579 0.00589 

Woody fallow - Forest fragment   1.18717 0.26927 4.409 < 0.001 

Herbaceous fallow - Forest fragment   1.13498 0.27095 4.189 < 0.001 

Rice paddy - Forest fragment   0.95978 0.27719 3.463 0.0088 

Fallow-derived vanilla - Forest-derived 

vanilla    
0.37774 0.21459 1.76 0.55616 

Woody fallow - Forest-derived vanilla    0.63956 0.22463 2.847 0.0611 

Herbaceous fallow - Forest-derived vanilla    0.58737 0.22664 2.592 0.11879 

Rice paddy - Forest-derived vanilla    0.41217 0.23406 1.761 0.55578 

Woody fallow - Fallow-derived vanilla    0.26182 0.16807 1.558 0.69314 

Herbaceous fallow - Fallow-derived vanilla    0.20963 0.17075 1.228 0.8748 

Rice paddy - Fallow-derived vanilla    0.03443 0.18048 0.191 1 

Herbaceous fallow - Woody fallow   -0.05219 0.18656 -0.28 0.99996 

Rice paddy - Woody fallow   -0.22739 0.19551 -1.163 0.90067 

Rice paddy - Herbaceous fallow   -0.1752 0.19782 -0.886 0.97242 
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Supplementary Material S.4.8. Multiple Comparisons of non-endemic ant species richness 

between land-use types (Tukey contrasts with Bonferroni correction). 

 Estimate 
Std. 

Error 
z value Pr(>|z|) 

Forest fragment - Old-growth forest   0.78276 0.30178 2.594 0.11993 

Forest-derived vanilla - Old-growth forest   0.62861 0.30957 2.031 0.37985 

Fallow-derived vanilla - Old-growth forest   0.76837 0.27748 2.769 0.07688 

Woody fallow - Old-growth forest   0.865 0.29802 2.902 0.053 

Herbaceous fallow - Old-growth forest   0.44629 0.32016 1.394 0.79487 

Rice paddy - Old-growth forest   -0.57536 0.41667 -1.381 0.802 

Forest-derived vanilla - Forest fragment   -0.15415 0.24881 -0.62 0.99589 

Fallow-derived vanilla - Forest fragment   -0.01439 0.20752 -0.069 1 

Woody fallow - Forest fragment   0.08224 0.23428 0.351 0.99984 

Herbaceous fallow - Forest fragment   -0.33647 0.26186 -1.285 0.85072 

Rice paddy - Forest fragment   -1.35812 0.37374 -3.634 0.00466 

Fallow-derived vanilla - Forest-derived 

vanilla    
0.13976 0.21869 0.639 0.99512 

Woody fallow - Forest-derived vanilla    0.23639 0.24423 0.968 0.95796 

Herbaceous fallow - Forest-derived vanilla    -0.18232 0.2708 -0.673 0.99352 

Rice paddy - Forest-derived vanilla    -1.20397 0.38006 -3.168 0.02411 

Woody fallow - Fallow-derived vanilla    0.09663 0.20201 0.478 0.99904 

Herbaceous fallow - Fallow-derived vanilla    -0.32208 0.23344 -1.38 0.80254 

Rice paddy - Fallow-derived vanilla    -1.34373 0.35441 -3.792 0.00265 

Herbaceous fallow - Woody fallow   -0.41871 0.25752 -1.626 0.65114 

Rice paddy - Woody fallow   -1.44036 0.37071 -3.885 0.00185 

Rice paddy - Herbaceous fallow   -1.02165 0.38873 -2.628 0.11037 

 

 



 

263 
 

 

 

 

 

Supplementary Material S.4.9. Species composition pairwise comparisons of endemic ant 

species composition across land-use types (with False discovery rate correction). 

 F.Model R2 p.value p.adjusted 

Old-growth forest vs. Forest fragment 2.754054 0.1327 0.001 0.0035 

Old-growth forest vs. Forest-derived vanilla 3.806548 0.17456 0.001 0.0035 

Old-growth forest vs. Fallow-derived vanilla 5.073762 0.153407 0.001 0.0035 

Old-growth forest vs. Woody fallow 4.971072 0.226255 0.001 0.0035 

Old-growth forest vs. Herbaceous fallow 3.532778 0.22744 0.002 0.006 

Old-growth forest vs. Rice paddy 2.990621 0.213759 0.005 0.0105 

Forest fragment vs. Forest-derived vanilla 1.139866 0.059555 0.287 0.4018 

Forest fragment vs. Fallow-derived vanilla 3.304528 0.105561 0.001 0.0035 

Forest fragment vs. Woody fallow 3.103713 0.154385 0.001 0.0035 

Forest fragment vs. Herbaceous fallow 2.062154 0.146646 0.007 0.013364 

Forest fragment vs. Rice paddy 1.851298 0.144055 0.013 0.02275 

Forest-derived vanilla vs. Fallow-derived 

vanilla 
2.318885 0.076483 0.004 0.009333 

Forest-derived vanilla vs. Woody fallow 2.457812 0.126315 0.003 0.007875 

Forest-derived vanilla vs. Herbaceous fallow 1.540086 0.113743 0.081 0.1215 

Forest-derived vanilla vs. Rice paddy 1.585716 0.125993 0.064 0.103385 

Fallow-derived vanilla vs. Woody fallow 0.705883 0.025478 0.806 0.863 

Fallow-derived vanilla vs. Herbaceous 

fallow 
0.787962 0.034578 0.728 0.863 

Fallow-derived vanilla vs. Rice paddy 1.035262 0.046982 0.396 0.51975 

Woody fallow vs. Herbaceous fallow 0.677697 0.058033 0.774 0.863 

Woody fallow vs. Rice paddy 0.552072 0.052319 0.863 0.863 

Herbaceous fallow vs. Rice paddy 0.56323 0.101241 0.836 0.863 
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Supplementary Material S.4.10. Species composition pairwise comparisons of exotic ant species 

composition across land-use types (with False discovery rate correction). 

 F.Model R2 p.value p.adjusted 

Old-growth forest vs. Forest fragment 4.061706 0.192848 0.016 0.019765 

Old-growth forest vs. Herbaceous fallow 20.81046 0.536207 0.001 0.00175 

Old-growth forest vs. Rice paddy 27.27251 0.602408 0.001 0.00175 

Old-growth forest vs. Forest-derived vanilla 6.956858 0.278755 0.001 0.00175 

Old-growth forest vs. Fallow-derived vanilla 13.4063 0.323774 0.001 0.00175 

Old-growth forest vs. Woody fallow 21.88614 0.548715 0.001 0.00175 

Forest fragment vs. Herbaceous fallow 8.000153 0.320004 0.001 0.00175 

Forest fragment vs. Rice paddy 11.47432 0.402971 0.001 0.00175 

Forest fragment vs. Forest-derived vanilla 1.516474 0.081899 0.174 0.1827 

Forest fragment vs. Fallow-derived vanilla 4.53284 0.14375 0.001 0.00175 

Forest fragment vs. Woody fallow 7.333415 0.301372 0.001 0.00175 

Herbaceous fallow vs. Rice paddy 1.398854 0.07211 0.238 0.238 

Herbaceous fallow vs. Forest-derived vanilla 4.77102 0.209522 0.001 0.00175 

Herbaceous fallow vs. Fallow-derived vanilla 3.589599 0.113632 0.002 0.0028 

Herbaceous fallow vs. Woody fallow 1.705925 0.086569 0.149 0.164684 

Rice paddy vs. Forest-derived vanilla 7.77659 0.301692 0.001 0.00175 

Rice paddy vs. Fallow-derived vanilla 7.797531 0.217823 0.001 0.00175 

Rice paddy vs. Woody fallow 4.297373 0.19273 0.003 0.003938 

Forest-derived vanilla vs. Fallow-derived vanilla 2.514325 0.082398 0.002 0.0028 

Forest-derived vanilla vs. Woody fallow 3.856738 0.176455 0.002 0.0028 

Fallow-derived vanilla vs. Woody fallow 2.156311 0.071504 0.043 0.050167 

 

Supplementary Material S.4.11. Species composition pairwise comparisons of non-endemic ant 

species composition across land-use types (with False discovery rate correction). 
 

F.Model R2 p.valu

e 

p.adjuste

d 

Old-growth forest vs. Forest fragment 2.67173

5 

0.13581

6 

0.021 0.0315 

Old-growth forest vs. Herbaceous fallow 8.21992

5 

0.32593 0.001 0.00175 
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Old-growth forest vs. Rice paddy 3.85222

3 

0.24300

8 

0.003 0.004846 

Old-growth forest vs. Forest-derived vanilla 1.27832

4 

0.06993

7 

0.287 0.354529 

Old-growth forest vs. Fallow-derived vanilla 5.61093

8 

0.17205

7 

0.001 0.00175 

Old-growth forest vs. Woody fallow 5.03215

1 

0.2284 0.001 0.00175 

Forest fragment vs. Herbaceous fallow 10.7351

6 

0.37359 0.001 0.00175 

Forest fragment vs. Rice paddy 5.63774

6 

0.30249

1 

0.001 0.00175 

Forest fragment vs. Forest-derived vanilla 0.24314

3 

0.01332

8 

0.958 0.958 

Forest fragment vs. Fallow-derived vanilla 5.14809 0.15530

6 

0.001 0.00175 

Forest fragment vs. Woody fallow 5.16329

2 

0.22290

8 

0.001 0.00175 

Herbaceous fallow vs. Rice paddy 0.75293

7 

0.05474

7 

0.589 0.61845 

Herbaceous fallow vs. Forest-derived vanilla 8.37420

5 

0.31751

5 

0.001 0.00175 

Herbaceous fallow vs. Fallow-derived vanilla 5.45806

4 

0.16313

1 

0.001 0.00175 

Herbaceous fallow vs. Woody fallow 1.03546

3 

0.05439

7 

0.43 0.475263 

Rice paddy vs. Forest-derived vanilla 4.06054

2 

0.23800

8 

0.001 0.00175 

Rice paddy vs. Fallow-derived vanilla 2.29611

7 

0.09077 0.037 0.0518 

Rice paddy vs. Woody fallow 1.03047

8 

0.07344

6 

0.409 0.475263 

Forest-derived vanilla vs. Fallow-derived vanilla 4.09265

2 

0.12752

6 

0.001 0.00175 

Forest-derived vanilla vs. Woody fallow 4.08475

6 

0.18495

8 

0.001 0.00175 

Fallow-derived vanilla vs. Woody fallow 1.84991

8 

0.06197

4 

0.081 0.106313 

 

Supplementary Material S.4.12. List of ant species (sorted by origin category) occurring in each 

land-use type. 

species 
origin 

category 

old-

growth 

forest 

forest 

fragment 

forest-

derived 

vanilla 

fallow-

derived 

vanilla 

woody 

fallow 

herbaceous 

fallow 

rice 

paddy 

Anochetus 

grandidieri 
endemic 0 1 1 1 1 0 0 
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Aphaenogaster 

gonacantha 
endemic 1 1 0 0 0 0 0 

Bothroponera 

cambouei 
endemic 1 0 1 1 0 0 0 

Bothroponera 

comorensis 
endemic 0 0 1 0 0 0 0 

Bothroponera 

masoala 
endemic 0 1 1 1 1 0 0 

Bothroponera 

perroti 
endemic 1 1 1 1 0 0 0 

Camponotus 

lamosy 
endemic 1 0 0 0 0 0 0 

Camponotus 

quadrimaculatus 

opacatus 

endemic 0 1 1 1 1 1 1 

Camponotus 

quadrimaculatus 

sellaris 

endemic 0 1 1 1 1 0 0 

Camponotus tafo endemic 0 1 1 0 0 0 0 

Crematogaster 

madecassa 
endemic 1 1 1 1 0 0 0 

Crematogaster 

ranavalonae 
endemic 1 1 1 0 0 0 0 

Crematogaster 

tavaratra 
endemic 0 1 0 1 0 0 0 

Crematogaster 

tsisitsilo 
endemic 0 1 1 1 0 0 0 

Eutetramorium 

mocquerysi 
endemic 0 0 1 0 0 0 0 

Leptogenys 

angusta 
endemic 1 1 1 1 1 1 0 

Leptogenys johary endemic 1 1 1 0 1 0 0 

Leptogenys 

voeltzkowi 
endemic 0 1 1 1 0 0 0 

Lividopone livida endemic 1 0 0 0 0 0 0 

Malagidris sofina endemic 0 0 1 0 0 0 0 

Mystrium labyrinth endemic 0 0 0 1 0 0 0 

Nylanderia gracilis endemic 0 0 1 0 0 0 0 

Paraparatrechina 

myops 
endemic 0 0 0 1 0 0 0 

Pheidole aelloea endemic 1 1 1 1 0 0 0 

Pheidole 

ferruginea 
endemic 0 1 1 0 0 0 0 

Pheidole goavana endemic 1 0 0 0 0 0 0 

Pheidole grallatrix endemic 1 0 1 1 0 0 0 

Pheidole madinika endemic 1 0 1 1 0 0 0 

Pheidole 

makirovana 
endemic 1 0 0 0 0 0 0 
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Pheidole 

manantenensis 
endemic 0 0 1 0 0 0 0 

Pheidole 

marieannae 
endemic 1 1 1 1 0 1 0 

Pheidole oculata endemic 1 0 0 0 0 0 0 

Pheidole oswaldi endemic 1 1 0 1 1 1 1 

Platythyrea 

bicuspis 
endemic 0 0 0 0 0 1 0 

Prionopelta laurae endemic 0 1 1 1 0 0 0 

Ravavy mg01 endemic 1 1 1 0 0 0 0 

Ravavy miafina endemic 1 1 1 1 1 0 0 

Royidris sp1 endemic 0 0 0 1 0 0 0 

Strumigenys 

bibiolona 
endemic 1 0 0 1 0 0 0 

Strumigenys dexis endemic 1 0 0 0 0 0 0 

Strumigenys hilaris endemic 0 0 0 1 1 0 1 

Strumigenys lura endemic 1 1 0 0 0 0 0 

Strumigenys seti endemic 0 1 1 0 0 0 0 

Syllophopsis 

aureorugosa 
endemic 1 1 0 0 0 0 0 

Terataner alluaudi endemic 0 0 0 0 1 0 0 

Tetramorium 

aherni 
endemic 1 1 1 1 0 0 0 

Tetramorium 

anodontion 
endemic 0 0 0 1 0 0 0 

Tetramorium 

dysalum 
endemic 1 0 0 0 0 0 0 

Tetramorium 

electrum 
endemic 1 0 0 0 0 0 0 

Tetramorium 

isoelectrum 
endemic 1 0 1 0 0 0 0 

Tetramorium 

naganum 
endemic 1 0 0 0 0 0 0 

Tetramorium 

nassonowii 
endemic 0 1 0 1 0 0 0 

Tetramorium 

pleganon 
endemic 0 0 1 1 1 1 0 

Tetramorium 

proximum 
endemic 1 1 0 0 0 0 0 

Tetramorium 

ranarum 
endemic 1 1 1 1 1 0 0 

Tetramorium 

severini 
endemic 0 0 1 0 0 0 0 

Tetramorium 

shamshir 
endemic 1 1 1 1 0 0 0 

Brachymyrmex 

cordemoyi 
exotic 0 0 1 1 1 1 1 

Camponotus 

maculatus 
exotic 0 0 0 1 1 1 1 
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Cardiocondyla 

emeryi 
exotic 0 0 1 1 0 1 1 

Lepisiota sp1 exotic 0 0 0 1 1 1 1 

Monomorium 

floricola 
exotic 0 0 0 1 1 1 0 

Monomorium 

pharaonis 
exotic 0 0 0 1 0 0 1 

Ooceraea biroi exotic 0 0 0 1 1 0 0 

Paratrechina 

longicornis 
exotic 0 1 1 1 1 1 1 

Pheidole 

megacephala 
exotic 1 1 1 1 1 1 1 

Plagiolepis mu01 exotic 0 0 1 0 0 1 0 

Strumigenys 

emmae 
exotic 0 0 1 0 0 0 0 

Strumigenys 

ludovici 
exotic 0 0 1 1 1 0 0 

Strumigenys 

maxillaris 
exotic 0 1 1 1 1 1 0 

Syllophopsis 

sechellensis 
exotic 0 0 0 0 0 0 1 

Tapinoma 

melanocephalum 
exotic 0 1 1 1 1 1 1 

Technomyrmex 

albipes 
exotic 0 0 0 0 1 1 0 

Tetramorium 

bicarinatum 
exotic 0 0 0 1 1 1 0 

Tetramorium 

lanuginosum 
exotic 0 1 0 1 1 1 1 

Tetramorium 

simillimum 
exotic 1 1 1 1 1 1 1 

Bothroponera 

wasmannii 

non-

endemic 
1 1 1 1 1 1 1 

Camponotus 

grandidieri 

non-

endemic 
0 0 0 1 1 1 1 

Camponotus 

quadrimaculatus 

non-

endemic 
0 1 0 1 0 1 0 

Crematogaster 

kelleri 

non-

endemic 
0 1 0 1 0 0 0 

Crematogaster 

rasoherinae 

non-

endemic 
0 0 1 1 1 0 0 

Crematogaster 

tricolor 

non-

endemic 
0 0 0 1 1 0 0 

Monomorium 

hanneli 

non-

endemic 
0 1 1 1 1 1 1 

Monomorium 

termitobium 

non-

endemic 
1 1 1 1 1 1 1 

Mystrium mysticum 
non-

endemic 
0 0 1 0 0 0 0 
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Paraparatrechina 

glabra 

non-

endemic 
1 1 1 0 1 0 0 

Plagiolepis 

alluaudi 

non-

endemic 
1 1 1 1 1 1 0 

Strumigenys 

dicomas 

non-

endemic 
1 1 1 1 1 0 0 

Syllophopsis 

modesta 

non-

endemic 
0 1 0 0 1 0 0 

Technomyrmex 

difficilis 

non-

endemic 
0 0 0 0 0 0 1 

Tetramorium 

humbloti 

non-

endemic 
0 0 0 1 1 1 1 

Tetramorium 

kelleri 

non-

endemic 
1 1 1 1 1 0 0 

Tetramorium 

scytalum 

non-

endemic 
0 0 0 1 1 1 0 

Tetramorium tosii 
non-

endemic 
0 0 1 0 0 0 0 

Carebara sp1 unknown 1 1 0 1 1 1 1 

Crematogaster sp4 unknown 0 0 1 0 0 0 0 

Crematogaster sp5 unknown 0 0 1 0 0 0 0 

Crematogaster sp6 unknown 0 0 0 0 1 0 0 

Crematogaster sp7 unknown 0 0 1 1 0 0 0 

Eburopone sp1 unknown 0 0 1 1 0 0 0 

Hypoponera mg07 unknown 0 0 1 1 0 0 0 

Hypoponera sp2 unknown 0 0 0 1 0 0 0 

Lioponera sp1 unknown 1 0 0 0 1 0 0 

Meranoplus mg01 unknown 0 1 0 0 0 0 0 

Mesoponera sp1 unknown 0 0 1 1 0 1 1 

Mesoponera sp2 unknown 1 1 1 1 0 1 0 

Mesoponera sp3 unknown 0 0 0 0 0 1 0 

Mesoponera sp4 unknown 0 0 0 1 0 0 0 

Mesoponera sp5 unknown 1 0 0 0 0 0 0 

Nylanderia sp1 unknown 1 1 1 1 1 1 1 

Nylanderia sp2 unknown 0 0 0 0 0 0 1 

Pheidole mg012 unknown 1 0 0 0 0 0 0 

Pheidole mg046 unknown 1 1 1 1 0 0 0 

Pheidole mg047 unknown 0 1 0 0 0 0 0 

Pheidole mg050 unknown 1 0 1 0 0 0 0 

Pheidole mg131 unknown 1 0 0 0 0 0 0 

Pheidole sp13 unknown 1 1 1 0 0 0 0 

Pheidole sp16 unknown 1 1 1 1 1 0 0 

Pheidole sp17 unknown 1 1 0 1 0 0 0 

Pheidole sp19 unknown 1 0 1 0 0 0 0 

Pheidole sp20 unknown 0 0 0 0 1 0 0 

Pheidole sp6 unknown 0 1 1 0 0 0 0 
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Pheidole sp7 unknown 0 1 1 1 1 1 0 

Plagiolepis mg07 unknown 0 0 1 0 1 0 0 

Platythyrea sp1 unknown 0 1 0 0 0 0 0 

Proceratium sp1 unknown 1 0 0 0 0 0 0 

Syllophopsis sp1 unknown 1 1 1 0 0 1 0 

Tapinolepis mg01 unknown 0 1 0 1 0 0 0 

 

Supplementary Material S.4.13. Plot selection explanation 

We did not set up the plots randomly in each village. Instead, we based our plot selection on the 

following criteria: First, the owner of each plantation needed to approve our work on their land; 

second, the plantations needed to be sufficiently large to fit our study plots of 25m radius ; third, 

the distance between neighboring plots within each village needed to be large enough to control 

for potential spatial effect but also needed to be accessible by walking for no longer than one hour. 

Supplementary Material S.4.14. Uneven replicates of forest- and fallow-derived vanilla 

agroforest 

During plot selection, we aimed to cover a within-village gradient in canopy closure by visually 

differentiating the canopy of the three vanilla agroforest per village into low, medium, and high 

canopy closure. However, we constated strong variation of vanilla agroforest canopy closure 

between villages. After the plot selection but before starting the data collection, we recognized that 

the differentiation based on land-use history (fallow- vs. forest-derived) offered a more suitable 

unit of analysis: Forest-derived vanilla agroforest are planted directly in the forest and fallow-

derived vanilla agroforest are planted on fallow land, which is a formal succession stage of slash-

and-burn agriculture. Thus, we attributed our 30 chosen vanilla agroforest plots to the respective 

land-use history category, following confirmation with plot owners. This resulted in 10 replicates 

of forest-derived vanilla agroforest and 20 replicates of fallow-derived vanilla agroforest.  
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Chapter background 

As part of a master thesis, we assessed predation rates using dummy caterpillars (Figure H). 

Generally, predation events happen quickly and are thus hard to observe (Howe et al. 2009). As 

using natural prey does not allow to identify predator identity, we used dummy caterpillars made 

of plasticine. These dummy baits are not eatable and usually not removed from the predator, thus 

allowing to quantify predation rates and identify the predator based on the bite marks. We used 

caterpillar dummies of the same form, size, color, and material to collect standardized and 

comparable predation rates across all our plots (Howe et al. 2009). We used a clay extruder to form 

uniform cylinder-shaped dummies. When retrieving the dummy caterpillars, we took photos of 

each unique bite marked for documentation. To verify the identity of a bite mark, we captured 

predators (e.g. attracted to the butterfly bait traps) and presented them overnight with a caterpillar 

dummy.  

Glossary 

Ecosystem functions: biotic and abiotic processes maintaining life (Oliver et al. 2015) 

Caterpillar dummies: Fake caterpillars made from plasticine which are an established method for 

predation assessments. It allows studying both predation rates and predator composition. 

Caterpillar dummies are inedible bait and are usually not removed by the attacking predators. Bite 

marks on the dummies enable the quantification of predation rates and a qualitative assessment 

based on distinctive bite marks. 

Predation rates: Refer to the relation of the number of attacked caterpillars to the total number of 

deployed caterpillars per plot. Predation rates are comparable across sites when caterpillars of the 

same color, size, dorm, and material are used (Howe et al. 2009). 

 

 

Figure H: A species of the Gryllacrididae family, a common predator on our caterpillar dummies  (a), 

deployed caterpillar dummy being attacked by ants (b), Master student Dominik Schwab deploying 

caterpillar dummies on vegetation (with self-made pin pad on hand watch) (c)  
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Chapiter 5: Decreasing predation rates and shifting predator compositions 

along a land-use gradient in Madagascar’s vanilla landscapes 

Dominik Schwab, Annemarie Wurz, Ingo Grass, Anjaharinony A. N. A. Rakotomalala, Kristina 

Osen, Marie Rolande Soazafy, Dominic A. Martin, Teja Tscharntke 

Abstract 

Land-use change is the main driver of deforestation and land degradation resulting in the loss of 

biodiversity and ecosystem functioning in north-eastern Madagascar. Vanilla, the region’s main 

cash crop, is grown in agroforestry systems and may provide an opportunity for the conservation 

of biodiversity and ecosystem functioning. We used dummy caterpillars to assess predation rates 

and predator communities along a land-use gradient including unburned old-growth and forest 

fragments, herbaceous and woody fallows after shifting cultivation with fire usage, as well as rice 

paddies. The studied vanilla agroforests were either forest-derived or fallow-derived. Besides land-

use type, we considered the effects of land-use history (unburned/burned), plot-level parameters 

and the landscape composition to conclude on management recommendations. Old-growth forest 

and forest fragments exhibited highest predation rates, which decreased with land-use intensity. 

Overall, predation was higher in unburned land-use types than in more open, previously burned 

habitats and rice paddies. High stem and vegetation densities were positively related to predation 

rates, but decreased with land-use intensity. High forest cover in the surrounding landscape led to 

higher predation rates, while local structural parameters remained more important. The predator 

community was arthropod-dominated across all land-use types with ants responsible for between 

33 % and 69 % of all predation events. Overall predator composition in old-growth and forest 

fragments differed from all other land-use types. Predation by Gryllacrididae (Orthoptera) was 

lower in all land-use types, including forest-derived vanilla, than in old-growth forest and forest 

fragments, where they were important contributors to total predation. Vertebrate predation was low 

throughout. Forested habitats feature higher predation rates and different predator compositions 

than other land-use systems. Maintaining or restoring tree- and understory-rich vanilla agroforestry 

represents a viable tool in landscape conservation programmes as it has the potential to contribute 

to the conservation of predation as an important ecosystem function in both forest- and fallow-

derived agroforests. However, vanilla agroforestry has limited value in conserving forest-



 

274 
 

specialised predator communities. While the establishment of tree-rich agroforests on former 

fallow land is favourable for conservation ecosystem functioning, further forest transformation 

should be avoided. 

Introduction 

Resulting from long-term isolation and a diverse landscape composition, a plethora of different 

ecosystems and species has evolved in Madagascar (Ganzhorn, Wilmé & Mercier 2014). Most of 

Madagascar’s species depend on forests and the island’s most biodiverse areas are found in the 

humid rainforest zones along its eastern coast and mountain range (Allnutt, Asner, Golden & 

Powell 2013). Like many other tropical rainforests, these forests are threatened by selective logging 

and, in contrast to the global trend of agro-industrial development, by the expansion of increasingly 

unsustainable shifting cultivation through smallholder farmers (Styger et al. 2007; Zaehringer, 

Hett, Ramamonjisoa & Messerli 2016). As a result, Madagascar has lost 44 % of its forest cover 

since 1953 with the largest remaining continuous tracts located in the island’s north-east 

(Vieilledent et al. 2018). 

Vanilla (Vanilla planifolia) is the main cash crop in north-eastern Madagascar and contributes to 

the livelihoods of more than 80 % of local smallholders (Haenke et al. 2018). A recent price boom 

in processed vanilla has led to economic growth and the expansion of vanilla cultivation in the 

region (Llopis et al. 2019). The vanilla orchids are grown in agroforestry systems that are either 

established in forests or on fallow lands (Martin et al. 2020) underlining the crop’s ambiguous role 

in the region’s landscape: the vanilla boom may incentivise further encroachment of plantations 

into forests, but vanilla agroforests that are established on formerly fallow land may rehabilitate 

tree cover in the landscape matrix and put a halt to shifting cultivation. 

Overall, agroforests are considered a ‘biodiversity-friendly’ farming option since typical forests 

structures persist in these systems, and with them some forest specialist species (Bhagwat, Willis, 

Birks & Whittaker 2008) as well as associated ecosystem functions and services, such as natural 

biocontrol (Jose 2009; Pumariño et al. 2015). Further, natural biocontrol is often directly linked to 

crop yields in tropical agricultural systems (Karp et al. 2013; Maas, Clough, Tscharntke & 

Courchamp 2013), where yield losses to pests are generally more severe than in temperate systems 

(Oerke 2006). These considerations also make agroforestry a popular tool in landscape restoration 

projects across the tropics (FAO 2017). However, the potential to conserve this ecosystem function 
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in agroforests depends on many contributing factors such as landscape composition (Maas et al. 

2015; Tscharntke et al. 2011) and on-site farming activities, like shade tree removal or the weeding 

of undergrowth vegetation (Tscharntke et al. 2011; Nurdiansyah, Clough, Wiegand & Tscharntke 

2016). 

Generally, deforestation affects biotic interactions like biological control, as a result of landscape-

wide structural simplification (Morante-Filho et al. 2016). Many predators respond quickly to 

environmental change as they are often larger bodied and less abundant than their prey. 

Accordingly, skewed trophic structures and shifting predator compositions are early manifestations 

of the loss of biodiversity and ecosystem functioning (Duffy 2002). Several studies have suggested 

that analysing process rates, including predation, in altered systems enables to track changes of 

ecosystem functioning compared to primary habitat (Duffy 2002; Hooper et al. 2005; Barnes et al. 

2014).  

Caterpillar dummies are a cheap, simple, and fast method to assess predation patterns and therefore 

especially suitable for field conditions (Lövei & Ferrante 2017) but to date, few studies using this 

method have compared predation pressure and predator composition across different land cover 

types (Posa, Sodhi & Koh 2007; Tvardikova & Novotny 2012; Seifert, Lehner, Adams & Fiedler 

2015; Roels, Porter & Lindell 2018). Predation pressure exerted by arthropods may suffer from 

habitat degradation and lowered landscape complexity, whereas bird predation may increase with 

simplification (Nurdiansyah et al. 2016; Yang et al. 2018; Muiruri, Rainio & Koricheva 2016). 

However, predation pressure by both birds and arthropods can increase with higher structural 

complexity on local and landscape levels (Langellotto & Denno 2004; Maas et al. 2015) or decrease 

following forest fragmentation (Terborgh 2001). Additionally, a global experiment revealed higher 

predation at lower elevations (Roslin et al. 2017). 

In this study, we used dummy caterpillars in north-eastern Madagascar’s seven prevalent land-use 

types to obtain a landscape wide overview on how land-use drives predation rates and predator 

composition. We took continuous old-growth forests as a baseline and hypothesized that land 

conversion causes significant changes in predation rates and predator composition. Specifically, 

we put vanilla agroforestry systems in relation to other land-use types to assess their value for the 

conservation of biodiversity and predation as a major part of ecosystem functioning. Further, we 

assessed how predation patterns are affected by plot-level vegetation parameters and landscape-
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scale forest cover altered by land-use change, as well as by different elevations, to draw respective 

management conclusion. We assess if predation patterns on vanilla agroforests could potentially 

be influenced through respective management in order to improve their contribution to 

conservation and ecosystem integrity.  

Material and Methods 

Study region, land-use types and environmental indicators 

Our study area was located in the central part of north-eastern Madagascar’s SAVA region. We 

sampled in the region’s seven most prevalent land-use types during the year’s driest period between 

September and November 2018 when climate and weather are rather constant. In total, we visited 

10 villages and 2 distinct sites in Marojejy National Park (Figure 5.1). The different land-use types 

in the SAVA region are created through stepwise conversions from old-growth forest (Figure 5.1). 

In most areas of the region only forest fragments remain of the once continuous forest. These 

fragments are usually used for the extraction of timber and fuel wood or other non-timber forest 

products. If the area is needed for agricultural production, old-growth or fragmented forests are cut 

and burned and hill rice is planted. After harvest, the hill rice plots are left fallow and recolonised 

by few pioneer plant species. In the first years, herbaceous plants dominate (“herbaceous fallow”) 

until woody vegetation and trees establish (“woody fallow”) and the plot is ready for another cycle 

of hill rice cultivation. Vanilla agroforests are either established directly in old-growth or 

fragmented forests or on fallow land (Martin et al. 2020). In forest-derived vanilla, the farmer thins 

out the understory and mainly uses existing small trees as support trees for the vanilla vines. In 

fallow-derived vanilla, the support trees are secondary regrowth or planted trees, depending on the 

successional state of the fallow. Overall, based on their land-use history, the land-use types can 

therefore be classified as either burned (forests and forest-derived vanilla) or unburned land-use 

types (fallows and fallow-derived vanilla). The seventh land-use type, irrigated rice paddy, stands 

outside the described system as there is usually no conversion of rice paddies from or to other land-

use types. Since rice paddies are also common in the region, we included them to fully cover the 

region’s prevalent land-use types (Table S.5.1). Per village we sampled one plot per land-use type 

and 3 vanilla agroforests (in total 10 forest-derived and 20 fallow-derived). Some villages were 

only surrounded by fallow-derived vanilla agroforest while others had access to more forest-

derived agroforests. Therefore, we measured only one type or another in four villages (Figure 5.1). 
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Old-growth forest was sampled inside Marojejy National Park. The mean minimum distance 

between the plot centres was 719 m (SD = 438 m) with a minimum of 260 m between two plots. 

 

Figure 5.1: Study location and design; a) location of SAVA in Madagascar, b) the box marks the study area 

within SAVA, the region’s main cities are indicated, c) detailed map of study region with forest cover, all 

visited sites are marked with blue or orange triangles, d) each square represents one plot of the respective 

land-use type sampled in the respective village, e) prevalent land-use types in north-eastern Madagascar 

indicating land-use practices and their land-use history: old growth forests are converted to vanilla 

agroforests by manual clearing or wood extraction (forest-derived) or through the use of fire for hill rice 

production (fallow-derived). The arrows indicate human induced land-use change. Conversion from or to 

rice paddies is extremely rare and thus stands outside the described land-use trajectory. 

To account for variable environmental conditions within land-use types we assessed a set of 

landscape and plot-level covariates. As landscape variables, we included elevation (m.a.s.l.) and 
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the surrounding forest cover in % (radius: 250 m, avoiding overlaps with other plots) in 2017 

(Vieilledent et al. 2018). To obtain plot-level covariates, we conducted a tree-inventory of all trees 

with a diameter at breast height > 8 cm, yielding tree stem density [n/ha], basal area [m²/ha], and 

mean canopy closure [%] across all land-use types. Herbaceous fallows and rice paddies do not 

contain any trees, so we set all tree-inventory based covariates to zero on these plots. As those 

parameters only provide estimates on the plots’ structural potential provided by trees, we also 

estimated the overall vegetation density to account for non-woody and shrubby vegetation, and tree 

re-growth in the understory. For this estimation, we established vegetation density profiles (adapted 

from Van der Maarel 1970), using six 0.5 m-layers between 0 and 3 m above ground, based on 

three to four photographs taken in cardinal directions from the plot centre. Then we estimated a 

vegetation density value in % for each layer and calculated the average density of all layers on all 

photos as the vegetation density value [%] for each plot. 

Assessment of predation patterns 

Predation events are inherently short-termed and hard to investigate through direct observation 

(Howe, Lövei & Nachman 2009). While predation rates can be effectively measured using sentinel 

prey, this method usually does not allow insights on predator compositions (Lövei & Ferrante 

2017). An established method for predation assessments that enables both predation rates and 

predator composition analyses is using dummy caterpillars made from plasticine (Howe, Lövei & 

Nachman 2009). This inedible bait is usually not removed by attacking predators that leave 

characteristic bite marks on the dummy’s surface, thus enabling quantification of predation rates 

and the identification of predators. Using caterpillars of the same colour, size, form and material 

triggers standardized visual and olfactory cues in potential predators across all sites and hence 

allows comparisons of relative predation rates (Howe, Lövei & Nachman 2009). However, it is 

impossible to holistically assess total predation of the whole range of predators with this method, 

since only the activity of potential predators that are attracted to the given dummy caterpillars is 

measured; thus, for example missing out every predator that could consume the caterpillar at an 

earlier larval stage (Lövei & Ferrante 2017). We used Pelikan Nakiplast® (Colour: 681/”green”) 

and clay extruders to produce evenly shaped cylinders (35×5 mm) that mimic green caterpillars, 

indicating palatability (Howe, Lövei & Nachman 2009). We chose this size as a rough average 

from previous dummy caterpillar studies in the tropics (Maas et al. 2015; Nurdiansyah, Clough, 

Wiegand & Tscharntke 2016; Seifert et al. 2016; Leles et al. 2017). 
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We deployed 36 dummies for 48 hours per plot and arranged them in 4 subplots at 12 m from the 

plot centre in all four cardinal directions. Each subplot consisted of 9 dummies in a 3×3 m grid. 

We used the mid veins of intact leaves on approximately 1 m height, depending on the vegetation, 

and applied the caterpillar dummies with insect pins on both ends. Although predation in the 

canopy can be higher (Loiselle & Farji-Brener 2002), we measured predation in the understory 

strata only, as crops that may benefit form biocontrol are grown there. Further, this stratum was 

available on all land-use types allowing for standardized comparisons. In the rice paddy-plots we 

assessed predation by deploying dummies on vegetation along the banks closest to the respective 

subplot centre and noted if rice was harvested and the paddy inundated or not to account for the 

variable habitat conditions within this land-use type. We did not deploy on standing rice itself to 

account for the quick turnover in this crop and accordingly varying structural conditions. Similarly, 

we chose not to deploy on vanilla leaves as the pins would have damaged the farmers’ plants. 

To identify bite marks, which is an iterative process, we initially used images available in the 

literature (Low et al. 2014; Nurdiansyah et al. 2016) and Tvardikova’s bite mark identification 

guide (available at https://tvardikova.weebly.com/downloads.html). We could complement our 

arthropod bite mark assessment though direct observations and by catching potential predators, 

exposing them to dummy caterpillars and using the resulting bite marks as references (Table S.5.2). 

All bite marks that remained unidentified were noted as ‘Morphobites’ and grouped based on their 

characteristically shaped bite marks. For consistency, the identification and classification of bite 

marks was performed by the lead author and the same field assistant throughout the experiment. 

We settled on initial identifications during the retrieval and took photographs of the bite marks; 

however, with growing knowledge of the bite marks as well as results of direct observation and 

feeding experiments some bite mark identifications where reviewed and adapted post-hoc.  

Statistical analysis 

We calculated the predation rates [%] as the ratio of the number of predated dummies to the total 

number of retrieved dummies per plot. If the dummy displayed bite marks during retrieval, we 

counted it as predated. If we identified two distinct bite marks on a dummy, we recorded two 

separate predation events while we omitted missing dummies from the analysis. 

To assess variation in predation rates along parameters, we fitted linear mixed-effect models and 

included village as a random effect in all models using the function ‘lmer’ of the package ‘lme4’ 

https://tvardikova.weebly.com/downloads.html
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(Bates, Mächler, Bolker & Walker 2014). For all models, we confirmed normality and 

homoscedasticity of our data and used the conditional R² to compare model performance 

(Nakagawa & Schielzeth 2013). We tested for variation of predation rates against land-use type; 

differences were detected by using post-hoc Tukey tests. Then, we fitted a linear multiple 

regression model with scaled environmental covariates on local and landscape levels and land-use 

history (burned/unburned). For two plots with missing tree-inventory data we used the average for 

the respective land-use types. To avoid multicollinearity we assessed variance inflation factors 

(VIFs) using the function ‘vif’ in the package ‘car’ (Fox et al. 2020) and stem density, basal area 

and mean canopy closure were strongly correlated (GVIF(1/(2*Df)<√5). As of those parameters only 

stem density is actively changed through the farmers’ management operations (pruning on canopy 

levels does not occur) we chose to only include stem density in our model (Table S.5.3). We 

simplified the model stepwise using the ‘dredge’-function in the R package ‘MuMIn’ (Barton 

2018). For the discussion, we considered the best models (within ΔAICc < 2) that used the least 

amount of covariates while still containing high information content (Symonds & Moussalli 2011). 

Additionally, for exploring their relation to land-use, we plotted the respective covariates against 

the land-use types. 

We compiled predator compositions as the amount of predation events counted for each predator 

per plot. Then we analysed the compositions by fitting multinomial logit models that describe the 

probability of predation [%] of a dummy caterpillar by a certain predator group when deployed in 

the respective land-use type (function ‘multinom’ in the R package ‘nnet’ (Ripley & Venables 

2016)). In a further step, we visualized predator community compositions per land-use type and 

their relation to environmental parameters using non-metric multidimensional scaling of Bray-

Curtis dissimilarities with the functions ‘metaMDS’ and ‘envfit’ with standard settings in the R 

package ‘vegan’ (Oksanen 2019). We tested for differences of predator compositions via pairwise 

PERMANOVA using the ‘adonis’ function. Since the results of tests on beta-diversity like 

PERMANOVA can be influenced by heterogeneity of variances within group samples (Anderson 

& Walsh 2013), we also tested for between group homogeneity of multivariate dispersions using 

the functions ‘betadisper’ and conducted pairwise comparisons using ‘permutest’. 

When assessing predator compositions in the multinomial models, we pooled vertebrate bite marks 

when assessing the composition of arthropod bite marks and vice-versa. In the NMDS ordination 
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we included all identified distinctive predator bite marks from our bite mark catalogue (Figure 

S.5.7). We performed all analyses in R Studio with R v.3.6.3 (R Core Team 2020). 

Results 

Overall, we distributed 2880 caterpillar dummies in seven different land-use types across 10 

villages and at two sites inside Marojejy NP. We retrieved 2658 from the same spot after two days 

and found 162 dummies that fell on the ground. 60 dummy caterpillars were untraceable and 

omitted from further analysis. Hence, the retrieval rate in this experiment was 97.9 % overall. 

Between land-use types the retrieval rates ranged between 100 % in old-growth forest and 95.3 % 

in rice paddies (Table S.5.4). 

Results of predation rates 

Overall, we counted 916 individual predation events resulting in a predation rate of 32.4 % that 

declined along the land-use intensity gradient (Figure 5.2). Predation rates were highest in forest 

fragments (47.6 % ± 6.0 %; mean ± SE throughout) and old-growth forests (39.4 % ± 4.2 %), 

where they were significantly higher than in fallow-derived vanilla (23.0 % ± 5.2 %), herbaceous 

fallows (22.4 % ± 6.0 %), and rice paddies (21.2 % ± 6.0 %). Forest fragments also exhibited 

higher predation rates than forest-derived vanilla agroforests (34.4 % ± 6.0 %) and woody fallows 

(31.9 % ± 6.0 %) while predation rates on forest-derived vanilla were higher than on fallow-

derived agroforests, herbaceous fallows and rice paddies (Table S.5.5). We did not measure 

significantly different predation rates between harvested and not harvested respectively between 

wet and dry rice paddies (Table S.5.5).  
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Figure 5.2: Predation rates across seven land-use types. Predation rates are based on attacked/total exposed 

caterpillar dummies per plot exposed for two days; linear mixed-effect model, RLMM²(c) = 0.32. Indicated 

are median predation rates and 50 % areas, whiskers show minimum/maximum within 1.5 IQR and dots 

represent sampled predation rates on plots of respective land-use types. Letters indicate significant 

differences in Tukey comparison (CI 95 %). 
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Figure 5.3: Relation of predation rates [%] with environmental covariates. Predation rates are based on 

attacked/total exposed caterpillar dummies per plot exposed for two days. The effects of a) stem and 

vegetation density [0 – 3 m above ground] were tested in a multi-regression mixed effect model and are 

shown while the other variable is kept constant. These variables were the strongest predictors for changing 

predation rates. The effects of b) forest cover and land-use history were tested in linear mixed effect models. 

Displayed is raw data, coloured by land-use type, and model prediction (solid line) with 95 % confidence 

interval (shaded area) or median predation rates and 50 % area with whiskers showing minimum/maximum 

within 1.5 IQ and letters indicating significant differences in Tukey comparison (CI 95 %). 
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The two equally best (ΔAICc < 2) models identified in our model selection included either only 

the plot-level parameter stem density [n/ha] (Estimate = 0.27, SE = 0.05; SDvillage = 0.01, 

RLMM(c)² = 0.26) or both, stem and vegetation density [%] (EStem density = 0.19, SEStem density = 0.06, 

EVegetation density = 0.15, SEVegetation density = 0.06; SDvillage = 0.01, RLMM(c)² = 0.31). Both covariates 

are positively correlated to predation rates (Figure 5.3). The following models that included a 

maximum of two covariates considered effects of stem and vegetation density together with the 

effects of surrounding forest cover or land-use history. Looking at these covariates’ effects 

individually revealed a positive correlation between surrounding forest cover and predation rates 

(EForest covery = 0.20, SEForest cover = 0.06; SDvillage = 0.00, RLMM(c)² = 0.18) and higher predation rates 

in unburned land-use types (0.40 ± 0.03; mean ± SE throughout) than in burned (0.25 ± 0.03, 

p < 0.001) or rice paddy plots (0.21 ± 0.05, p < 0.001). Elevation did not contain sufficient 

information to be considered (Table S.5.6). 

In the different land-use types, stem density decreased continuously from old-growth forest to 

herbaceous fallows and rice paddies while vegetation density was highest in forests and woody 

fallows, intermediate in both types of vanilla agroforest and herbaceous fallows and the lowest in 

rice paddies (Figure S.5.7). 

Results of predator composition 

We identified and consistently recognised a total of 12 different predator groups and bite mark 

types. Vertebrate predators consisted of birds, reptiles, and mammals. Amongst the identified 

arthropod bite marks, we identified bite marks left by ants (Formicidae, Hymenoptera) through 

direct observation, as well as marks from Gryllacrididae (Orthoptera) and Tettigoniidae 

(Orthoptera), by using the reference dummies generated in feeding experiments (Table S.5.2). Four 

distinct but unknown arthropod bite marks were catalogued as ‘Morphobite 1-4’ (see Table S.5.8) 

and in one occasion we collected a dummy that was pierced, presumably by a hemipteran. In the 

analyses we grouped these marks as ‘Unknown Arthropods’. In three occasions we encountered 

radula bite marks typical for slugs or snails. These were not considered true predation events and 

excluded from further analysis. 
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Table 5.1: Photo references of all identified bite marks including the number of incidences (n) (see Table 

S.5.8 for complete list of reference marks). 

 

Arthropods were the dominant predators in all assessed systems. In particular, ants accounted for 

33.1 % in old-growth forest, 54.9 % in forest fragments, 53.2 % in forests-derived and 69.6 % in 

fallow-derived vanilla, 47.8 % in woody and 49.9 % in herbaceous fallows, and 39.7 % in rice 

paddies of all predation events (Figure 5.4). Gryllacrididae markedly contributed to the total 
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predation only in old-growth (31.2 %) and forest fragments (24.2 %). In absolute terms, ant 

predation was strongest in forest fragments (27.8 %) and steadily decreased along the land-use 

gradient towards rice paddies (8.6 %). Ant predation in old-growth forest (14.4 %) was lower than 

in fragmented forest. Gryllacrididae exerted greatest predation pressure in forested habitats (old-

growth: 13.6 %, forest fragment: 12.2 %), and displayed a drop in presence in forest-derived vanilla 

agroforests (4.2 %) and all other land-use types (≤ 3 %). Tettigoniidae showed inconsistent patterns 

while vertebrate predation was rather low in all land-use types (< 5.6 %, Figure S.5.9). 

 

Figure 5.4: Changes in predator communities in the different land-use types; a) Mean probabilities for 

predation by arthropod predators and (grouped) vertebrate predators (Multinomial model, AIC=5826), b) 

Non-metric multidimensional scaling (Dimensions: 2, Stress: 0.1997) showing predator compositions per 
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land-use type (SE confidence regions: 95 %) and environmental covariates as driving factors, the dots 

represent the predator community per plot and land-use type 

Predator compositions differed significantly across land-use types (PERMANOVA: R² = 0.38, 

p < 0.01, DF = 6) while we found non-significant differences of sample dispersion (PERMDISP; 

F = 1.42, p = 0.21) between our group samples, indicating homogeneity of multivariate 

dispersions. Hence, old-growth forest and forest fragment harboured similar compositions, 

different to all other land-use types while rice paddies exhibited predator compositions that were 

different from all other land-use types apart from herbaceous fallows (Figure 5.4, Table S.5.10). 

However, two direct comparisons of dispersion effects between forest-fragments with herbaceous-

fallows and fallow-derived vanilla agroforests displayed significant different dispersions of 

variances, indicating that in these instances dispersion effects also play a role to explain differences 

of predator compositions (Table S.5.10). Increasing vegetation density, stem density, forest cover 

and elevation led to predator compositions more similar to those in old-growth and fragmented 

forests. 

Discussion 

Our results support the hypothesis that predation is negatively affected by land-use. We observed 

an overall decrease of predation pressure from forested to open habitat. In terms of predator 

composition, arthropods, especially ants, represented the main predators across all land-use types, 

confirming a global and well reported trend (Roslin et al. 2017; Tiede et al. 2017; Leles et al. 

2017). Changing contributions to total predation by ants shape the overall predation rates in the 

different land-use systems, while the high predation in old-growth forest and forest fragments can 

be co-attributed to forest specialists like Gryllacrididae that are lost with increased land-use 

intensity. We identified stem density and vegetation density as the most important local 

characteristics that are driving predation pressure in our study region, while the plots’ land-use 

history and the surrounding forest cover can be seen as underlying factors. Fire conversion led to 

reduced densities of stems, while land conversion by manual clearance in vanilla agroforests 

decreased the vegetation density. Accordingly, the observed change in predator composition, as 

well as the decreasing predation rates can be explained with the increased local habitat 

simplification through land-use intensification. 

In our experiment we found the highest predation rates in land-use types where typical forest 

structures at least partially persisted. The similar predator communities in old-growth and forest 
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fragments indicate the potential of the region’s main natural predator populations to endure 

disturbance and fragmentation of forests. In particular, ant activity was the dominant contributor 

(> 50 %) to total predation in forest fragments and forest-derived vanilla agroforests. While several 

studies have not found negative effects of gradual forest fragmentation and degradation on 

predation rates by ants (Leles et al. 2017; Tiede et al. 2017), experiments conducted in tree fall 

gaps within continuous rainforests yielded higher predation rates in the gaps, possibly due to 

increased understory vegetation and habitat heterogeneity (Richards & Coley 2007; Seifert et al. 

2016). Similarly, Luke et al. (2014) found ants well represented in logged tropical forests and 

intensively used adjacent oil palm plantations. Our data suggest that the disturbance in the forest 

fragments did not prevent predation but actually stimulated this process. However, all above 

mentioned studies identified ants as the main predators and, in our experiment, only their 

contribution increased after the transformation of continuous old-growth forest into forest 

fragments. Hence, the disturbance may only have a stimulating effect on this group but not on the 

others. Predation by Gryllacrididae, the second most common predators in old-growth and forest 

fragments, remained similar in both forest types but was much lower in forest-derived vanilla 

agroforests. 

High densities of stems and understory vegetation leads to increased structural connectivity that 

facilitates easier foraging and predation success of arboreal arthropod predators while 

simultaneously preventing intra-guild predation (Langellotto & Denno 2004; Yang et al. 2018; 

Jimenez-Soto, Morris, Letourneau & Philpott 2019). This structural connectivity is lost in most 

forest-derived vanilla plots due to the repeated clearing of understory vegetation, providing a 

possible explanation for the reduced predation by the arboreal Gryllacrididae. Many ant species, 

however, utilise both ground and understory strata for foraging while nesting in the ground (Leles 

et al. 2017) and are therefore less strongly affected by the loss of connectivity. Accordingly, our 

NMDS ordination suggests a gradual transformation of the predator community indicated by 

dissimilarity of forest-derived vanilla agroforests to old growth and fragmented forests, mostly 

driven by changing stem and vegetation density. It shows that conversion to agroforestry, even 

without fire, already significantly altered the specialised forest predator community. Overall, our 

findings support claims that both trees and understory vegetation are keystone elements in forests 

that strongly relate to changes in arthropod predator communities (Langellotto & Denno 2004; 

Schuldt et al. 2019).  
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While overall predation rates persisted in forest-derived vanilla agroforests compared to old-

growth forest, we found lower predation rates in burned land-use types. This indicates the negative 

impact of fire conversion on arthropod predation rates due to the total loss of structural complexity 

and possibly due to the recolonization of these areas by only few pioneer plants species. Posa, 

Sodhi & Koh (2007) reported similar findings from degraded forests in the Philippines while, Leles 

et al. (2017) found that decreasing plant diversity in southern Chinese forests especially affected 

ant predation negatively. The temporarily flooded rice paddies seem hostile to forest predators, and 

even ants, whose ground nesting and foraging habits are disturbed, are being replaced by different, 

better adapted predators. The few studies that compared non-forested with forested habitat all 

reported increasing predation rates outside the forests (Posa, Sodhi & Koh 2007; Seifert, Lehner, 

Adams & Fiedler 2015; Roels, Porter & Lindell 2018); mostly due to an increase in bird predation 

resulting from better prey detectability in less vegetated habitats (Muiruri, Rainio & Koricheva 

2016). In our experiment, however, arthropods remained the main predators in all non-forest 

habitats. They did not support higher predation pressure nor did we measure increased bird 

predation in these areas. Yet, we identified woody fallows as non-forest habitat that is potentially 

valuable for conserving predation as an ecosystem function in deforested areas. Predation rates in 

woody fallows reached levels similar to old-growth rainforest, likely reflecting the reestablishment 

of trees and a dense secondary understory on fallow land. Nonetheless, predation by specialist 

species, e.g. Gryllacrididae, appears to be restricted to natural forests that showed distinct 

compositions to all land-use types, including woody fallows despite their high vegetation density. 

Hence, fire conversion likely has long-lasting effects on predator composition. 

When comparing the different types of vanilla agroforests specifically, the predation rates in both 

types ranged from low, similar to herbaceous fallows, to high levels like in woody fallows or old-

growth forests. As we identified local stem and vegetation density as the most influential covariates 

on predation, these findings show that on both types of vanilla agroforests high predation rates can 

be achieved, if increased stem and vegetation density is promoted by management. Forest-derived 

agroforests featured predator communities that appeared overall more similar to those in natural 

forests (Figure 5.4b). Yet, the predator compositions in both types of agroforest were significantly 

different from forest communities and shared most similarities with the compositions found in 

burned land-use types. Our results underline the potential of vanilla agroforestry to conserve 

predation as an ecosystem function, especially since this land-use type is less likely to be further 
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converted. Nonetheless, transforming remaining natural forests into forest-derived vanilla 

agroforests, even without the use of fire, can already be considered unfavourable in terms of 

biodiversity conservation.  

Many predators are highly mobile species and therefore not only exposed to local environmental 

conditions (Tscharntke et al. 2008). Because of this mobility, spillover effects from habitat suitable 

for high predation rates can enforce predation in adjacent areas that otherwise would not host high 

abundances and diversity of predators (Tscharntke et al. 2012). Our results suggest that spillover 

effects created by a higher cover of forest areas also occur in north-eastern Madagascar (Figure 

5.3b). However, unburned systems naturally occurred more often in areas with higher forest cover 

while forest cover was not included among the best identified multiple linear regression models. 

Here, the less mobile, ant dominated, arthropod predator community was more influenced by local 

habitat characteristics than by landscape properties, as it is the case in communities dominated by 

insectivorous birds (Karp et al. 2013; Maas et al. 2015). For this less mobile community it is 

nonetheless likely, that only a complex landscape with high forest cover and areas with increased 

stem and vegetation densities enables its effective dispersal (Tscharntke et al. 2008). In this 

context, it should also be considered that our experiment, like all dummy caterpillar experiments, 

only helps revealing a fraction of predator activity. The impact of landscape characteristics on local 

predation rates has generally been variable and depends on the studied region, land-use system and 

assessment method (Karp et al. 2018). While (McHugh et al. 2020) also found that differing 

contributions of landscape factors on predation rates depend on the applied sentinel prey type. In 

our experiment, the captured fraction of predator activity is further limited to a certain time during 

the year, while seasonal variation in predation activity, including by ants, was observed for example 

in Ugandan forests (Molleman, Remmel & Sam 2016); similar variation, could also exist in 

Madagascar.  

It is important to note that the measured predation rates cannot be directly translated into pest 

control services on crop fields (Chaplin-Kramer, O’Rourke, Blitzer & Kremen 2011). Especially 

densely vegetated habitat does not necessarily only provide habitat for predators but also for their 

prey (Tscharntke et al. 2016). So far, no data from north-eastern Madagascar is available analysing 

how the functional composition of arthropods is changing with land-use. A study conducted in 

Indonesia reported a shift towards more prey and fewer predators in more intensively used areas 

(Klein, Steffan‐Dewenter & Tscharntke 2002), while the literature generally indicates a potentially 
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positive relationship of pest control services with reduced land-use intensity in tropical agroforestry 

landscapes (Tscharntke et al. 2011). Similarly, the effect of increased predation rates on yields in 

vanilla agroforests has not been assessed yet and such research should be a priority in the future. 

Synthesis and application 

Our experiment confirms that land-use intensity negatively affects predation patterns and shows 

that on-site structural features like stem and vegetation density are promoting predation rates, while 

the local land-use history defines the predator community composition. Unlike hill rice, the 

perennial vanilla agroforests can be managed less intensively and the plots do not need to be burned 

to remain productive. Vanilla agroforestry can hence positively contribute to the conservation of 

predation as an important ecosystem function under appropriate management. To reach high 

predation rates, similar to those in natural forests even in fallow-derived agroforests, farmers 

should focus on keeping or restoring many shade trees and a dense understory. However, this could 

also implicate potential trade-offs for farmers. Denser agroforests are more difficult to work in and 

high stem and vegetation densities might affect vanilla yields. Additionally, a denser understory 

might also benefit pest species. To properly assess the relative biodiversity conservation value of 

vanilla agroforests they need to be put in relation to other prevalent land-use types: We did not 

detect significant changes of predator communities after fallow land had been converted into 

fallow-derived vanilla agroforestry, while predation rates may be increased if stem and vegetation 

density are kept high. While not causing a decrease of predation rates, establishing a vanilla 

agroforest in forests, however, does come at the cost of significantly altering the predator 

composition. Overall, establishing fallow-derived vanilla agroforests with a dense understory and 

many trees can be a viable tool in landscape restoration programmes and should be the preferred 

option to increase the vanilla production areas, while further transformation of natural forests 

should be avoided. 
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Supporting Information 

Table S.5.1: Plot selection criteria for each land-use type 

Land-use Type Description/Selection criteria 

Old-growth Forest  Old-growth forest habitat, all are located within Marojejy NP, no/little 

human interference, has not burned in historic past 

Forest Fragment  Forest habitat, one per village, human use for fuel, timber, and NTFPs, 

no crop cultivation, has not burned in historic past 

Forest-derived Vanilla Agroforest  Vanilla plantation, min. 3 years after establishment, up to three per 

village, directly converted from forest, some/most trees of original 

forest are still present, tutor trees partly from natural rejuvenation, 

partly planted. Has not burned in historic past. Forest-derived 

agroforest following Martin et al. (2020) 

Fallow-derived Vanilla Agroforest Vanilla plantation, min. 3 years after establishment, up to three per 

village, converted from fallow or agricultural land for other crops, 

trees present but represent secondary growth or human plantings, tutor 

trees mostly planted. Has burned in historic past. Open-land-derived 

agroforest following Martin et al. (2020) 

Woody Fallow  Fallow after hill rice cultivation, last burning was 5-17 years prior to 

the data collection, one per village, trees present from secondary 

growth 

Herbaceous Fallow Has burned in late 2016 (2 years prior to data collection) followed by 

hill rice cultivation in rainy season 2016/2017 after which land was left 

fallow, one per village, no trees, secondary growth, has burned ~1-2 

years ago 

Rice Paddy Irrigated paddy system for rice cultivation, one per village, no trees, 

under intense agricultural use. 
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Table S.5.2: Verification of arthropod bite marks 

We directly observed small ants in several cases ‘attacking’ dummy caterpillars and removing 

plasticine from them, resulting in the characteristic dent-shaped smooth marks (see Plate 1 and 

Table S.5.8). In all cases these observations were made during the retrieval. 

 
Plate 1: Ants around a dummy caterpillar with characteristic, superficial ants marks 

For our feeding experiments we exposed potential predatory arthropods that we collected 

opportunistically during the field work. One co-author of this study, Annemarie Wurz, ran a study 

on butterfly diversity parallel to the dummy caterpillar experiments using fruit traps baited with 

banana to attract the butterflies. Often other predatory insects, mostly praying mantises, 

Gryllacrididae, as well as predatory Tettigonidae, were found in the fruit traps during retrieval. 

Sometimes we also observed these insects feeding on the caught butterflies. This enabled feeding 

experiments with those predators to get verified bite marks on our dummy caterpillars. For this we 

caught the predatory insects and put them in plastic containers with a dummy caterpillar and some 

leaves, stones or toilet rolls for shelter and left them undisturbed overnight. While the big 

Tettigonidae usually readily attacked the dummies (Plate 2; top left pictures, Tettigonidae is 
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photographed after release in vanilla plantation) we found Gryllacrididae’s bite mark (Plate 2; 

picture bottom left, Gryllacrididae is photographed right before release in Marojejy NP) on the 

dummy caterpillars the following morning. We then used these verified bite marks to identify the 

marks found during the field experiments. None of the praying mantises left bite marks on the 

dummy caterpillars. 

Bite marks Predator 

 

 

 

 

 

 

 
 

 

 

Plate 2: Characteristig bite marks of Tettigonidae and Gryllacridae derived from feeding experiments 

 

Table S.5.3: Variance inflation factors included in the multiple regression mixed effect model; the 

second row indicates the factors after respecification of the model 

Covariate 
Elevation 

[m asl] 

Forest 

Cover 

[%] 

Vegetation 

density  

[%] 

Stem 

density 

[%] 

Basal 

area 

[m²/ha] 

Mean 

canopy 

closure 

[%] 

Land-use 

history 

GVIF^(1/2*Df)) 1.13 1.56 1.57 2.54 2.07 2.41 1.52 

GVIF^(1/2*Df)) 1.13 1.52 1.56 1.75 - - 1.44 

 

Table S.5.4: Number of deployed, retrieved, and missing dummies; and calculated retrieval rates 

 

Land-use type 

Deployed 

Dummies 

(n) 

Retrieved 

dummies 

(n) 

Missing 

dummies 

(n) 

Retrieval 

rate (%) 

All land-use types 2880 2820 60 97.9 
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Old-growth forest 360 360 0 100 
Forest fragment 360 357 3 99.2 
Forest-derived Vanilla Agroforest 360 350 10 97.2 
Fallow-derived Vanilla Agroforest 720 714 6 99.2 
Woody Fallow 360 349 11 96.5 
Herbaceous Fallow 360 343 17 95.3 
Rice Paddy 360 347 13 96.4 

 

Table S.5.5: Results of the Tukey comparisons of predation rates on the different land-use types 

(R²(c) = 0.32; OGF = old-growth forest, FF = forest fragment, V-FST = forest-derived vanilla, V-

FLW = fallow-derived vanilla, WF = woody fallow, HF = herbaceous fallow, RP = rice paddy) and 

different stages of rice paddies (R²(c) = 0.10), significant differences are set in bold; p < 0.05 = *, 

p < 0.01 = **, p < 0.001 = *** 

Land-Use Type 1 Land-Use Type 2 T-Value p-value 

FF OGF 1.366 0.176 

V-FST OGF -0.850 0.398 

V-FLW OGF -3.190 0.002** 

WF OGF -1.270 0.208 

HF OGF -2.858 0.004** 

RP OGF -3.061 0.002** 

V-FST FF -2.217 0.027* 

V-FLW FF -4.767 <0.001*** 

WF FF -2.636 0.008* 

HF FF -4.224 <0.001*** 

RP FF -4.427 <0.001*** 

V-FLW V-FST -2.208 0.027* 

WF V-FST -0.419 0.675 

HF V-FST -2.007 0.045* 

RP V-FST -2.211 0.027* 

WF V-FLW 1.724 0.085 

HF V-FLW -0.110 0.913 

RP V-FLW -0.345 0.730 

HF WF -1.588 0.112 

RP WF -1.792 0.073 

RP HF -0.204 0.839 

RPharvested, wet RPharvested, dry -0.569 0.590 

RPnot harvested, dry RPharvested, dry 0.339 0.746 

RPnot harvested, wet RPharvested, dry -0.210 0.841 

RPnot harvested, dry RPharvested, wet 0.960 0.374 

RPnot harvested, wet RPharvested, wet 0.327 0.755 

RPnot harvested, wet RPnot harvested, dry -0.548 0.603 

RPdry RPwet -0.997 0.348 
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Table S.5.6: Multi model inference showing the two best models (ΔAICc<2) and the following 

four models (until ΔAICc<5) 

Intercept 
Elevation 

[m asl] 

Forest 

cover 

[%] 

Vegetation 

density 

[%] 

Stem 

density 

[n/ha] 

Land-use 

history 
df AICc Δ 

0.217    0.270  4 -74.1 0.00 

0.154   0.149 0.186  5 -74.0 0.16 

0.152   0.251   4 -71.2 2.92 

0.154  0.128 0.189   5 -70.8 3.33 

0.218  0.064  0.217  5 -69.2 4.95 

0.234   0.214  + 6 -69.0 5.12 
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Figure S.5.7: Relation of stem density [n/ha] (Adjusted R² = 0.85) and vegetation density [%] 

(Adjusted R² = 0.73) in relation to land-use types, the letters indicate significant differences. 

Indicated are median densities and 50 % areas, whiskers show minimum/maximum within 1.5 

IQR. Letters indicate significant differences (CI 95 %).  
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Table S.5.8: Photo references and detailed descriptions for sampled bite marks 

Bite Mark 
Verbal 

description 

of mark 
Predator 

No. of 

incidents 

 

Straight marks 

from beak 

imprint; always 

on both sides 

of the dummy. 

Bird 53 

 

Continuously 

shaped teeth 

marks, often 

the jaw’s shape 

is still visible, 

marks from 

scales around 

mouth. 

Reptile 4 

 

Deep bites; 

marks upper 

and lower 

incisors usually 

both visible.  

Rodent 38 
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Differentiated 

teeth with deep 

imprints by 

canine teeth. 

Tenrec 2 

 

Fuzzy marks, 

usually at 

several areas 

distributed 

over the 

dummy; 

removal of 

some parts of 

the plasticine. 

Last picture 

shows ants. 

Ants 465 

Wide, deep 

cuts; both 

mandibles 

leave two cuts 

in one line; 

usually several 

bite marks on 

one dummy; 

occasionally 

removes some 

plasticine. 

Last picture 

shows bite 

marks derived 

from feeding 

experiment. 

Gryllacrididae 140 
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Large marks, 

wider than 

cuts, big parts 

of the 

plasticine 

removed; 

typical big 

mandibular 

born edges of 

the bite marks.  

Bottom 

pictures show 

bite marks 

derived from 

feeding 

experiment. 

Tettigoniidae 95 

 

Dummy is 

pierced deeply 

on both ends; 

only one 

occasion. 

Hemiptera 1 
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Repeated 

rasping 

superficial 

marks; 

removing 

surface layer of 

plasticine; over 

large areas of 

the dummy. 

Unknown Arthropod 

(Morphobite 1,  

“Rasping bite marks”) 

53 

Irregular 

cutting marks 

Unknown Arthropod 

(Morphobite 2, 

 “Cutting bite marks”) 

33 
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Small V-

shaped marks, 

produce 

characteristic 

plasticine 

residues on 

surface 

Unknown Arthropod 

(Morphobite 3,  

“V-shaped bite marks”) 

5 

 

 

Small, wide 

and superficial 

marks, 

characteristical 

“ridges” on 

each 

mandibular 

mark 

Unknown Arthropod 

(Morphobite 4, 

 “Ridged bite marks”) 

24 

 

Typical radula 

marks, 

removing lots 

of plasticine 

Slug 

(not considered as 

predation) 

3 
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Figure S.5.9: Mean probabilities for predation by arthropod (grouped) and vertebrate predators 

(Bird, Reptile, Mammal) in the different land-use types; Multinomial model, AIC=4225.5 

 

Table S.5.10: Results for pairwise tests on homogeneity of sample dispersion (PERMDISP, 

F=1.42, P=0.21) and for comparing predator composition (PERMANOVA, R² = 0.38, p < 0.01, 

DF = 6) across land-use types (1000 permutations each); Significant differences are set in bold; p 

< 0.05 = *, p < 0.01 = **, p < 0.001 = *** 

Pairwise comparison of land-use types 

PERMDISP  PERMANOVA 

P-Value 
F-

Value 
R2 

P-Value 
(non-

adjusted) 

Signif 
(non-

adjusted) 

Old-growth forest - Forest Fragment 0.12 2.91 0.14 0.054 . 

Old-growth forest - Herbaceous fallow 0.52 7.95 0.31 0.001 ** 

Old-growth forest - Rice Paddy 0.89 10.44 0.37 0.001 ** 

Old-growth forest - Forest-derived vanilla 0.82 2.69 0.13 0.038 * 

Old-growth forest - Fallow-derived vanilla 0.58 11.45 0.29 0.001 ** 

Old-growth forest - Woody Fallow 0.52 4.41 0.20 0.001 ** 

Forest Fragment - Herbaceous Fallow 0.03 10.41 0.37 0.006 ** 

Forest Fragment - Rice Paddy 0.13 12.23 0.40 0.001 ** 

Forest Fragment - Forest-derived vanilla 0.17 4.25 0.19 0.032 * 

Forest Fragment - Fallow-derived vanilla 0.01 13.07 0.32 0.001 ** 

Forest Fragment - Woody Fallow 0.25 6.02 0.25 0.013 * 

Herbaceous Fallow - Rice Paddy 0.64 1.95 0.10 0.084  

Herbaceous Fallow - Forest-derived vanilla 0.39 2.60 0.13 0.077  

Herbaceous Fallow - Fallow-derived 
Vanilla 

0.77 
0.97 0.03 0.376  

Herbaceous Fallow - Woody Fallow 0.18 1.09 0.06 0.353  

Rice Paddy - Forest-derived vanilla 0.73 4.93 0.21 0.011 * 

Rice Paddy - Fallow-derived vanilla 0.70 2.30 0.10 0.033 * 

Rice Paddy - Woody Fallow 0.44 2.74 0.13 0.038 * 

Forest-derived vanilla - Fallow-derived 
vanilla 

0.38 
2.81 0.09 0.075  

Forest-derived vanilla - Woody fallow 0.70 0.54 0.03 0.656  
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Fallow-derived vanilla - Woody Fallow 0.13 1.84 0.06 0.137  
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Chapter Background 

In addition to assessing the value of land-use types based on quantitative biological data, we wanted to 

include the social dimensions of land use and ecosystem services in our research. To do so, we studied the 

importance of land-use types providing ecosystem services based on the perception of rural households. Our 

goal was to develop land use recommendations that offer compromises between conservation and human 

well-being (Smith & Sullivan, 2014). We used household interviews with a standardized questionnaire to 

collect our data. During the interviews, we used photos of the land-use types and a short description to 

ensure a coherent understanding (Figure I). A challenge was to ensure correct plant identification, as 

households mentioned >400 different vernacular plant names which can refer to the same or a different plant 

species. With the help of local guides and community members, we collected plant samples of the mentioned 

vernacular names and identified the scientific species based on the plant samples. 

Glossary 

Regulating services: Benefits that people receive from regulating processes of the environment. For 

example air quality, environmental quality, soil humidity, soil quality, erosion protection, water regulation 

(Millennium Ecosystem Assessment, 2005). 

Supporting services: Services that are needed for the provision of other ecosystem services. For example 

wild animals’ habitat (Millennium Ecosystem Assessment, 2005). 

Provisioning services: Products that people receive from the environment. For example clean water, 

unmanaged cultivated food, wild food, fruit trees, honey, medicinal plants, firewood, charcoal wood, liana 

for string, plants for construction, weaving materials, cattle fodder (Millennium Ecosystem Assessment, 

2005). 

Cultural services: Non-material benefits that people receive from the environment for spiritual or aesthetic 

experiences. For example land for descendants and recreation (Millennium Ecosystem Assessment, 2005). 

 

 

Figure I: Interview with a farmer (a), rural communities in north-eastern Madagascar (b), photos used in 

interviews visualizing different land-use types (c) 
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Chapter 6: Complementary ecosystem services from multiple land uses 

highlight the value of mosaic landscapes in Madagascar 

Estelle Raveloaritiana, Annemarie Wurz, Kristina Osen, Marie Rolande Soazafy, Ingo Grass, 

Dominic Andreas Martin, Claudine Bemamy, Hery Lisy Tiana Ranarijaona, Cortni Borgerson, 

Holger Kreft, Dirk Hölscher, Bakolimalala Rakouth, Teja Tscharntke 

Abstract   

Tropical agricultural landscapes are often made up of mosaics of different land uses, yet little is 

known about their perceived benefits to rural households. We interviewed 320 households on the 

importance of prevalent land-use types in north-eastern Madagascar (old-growth forests, forest 

fragments, vanilla agroforests, woody fallows, herbaceous fallows, and rice paddies) for ecosystem 

services and plant uses. Old-growth forests and forest fragments were important for regulating 

services (e.g. water regulation), while fallow lands and vanilla agroforests were important for 

provisioning services (food, medicine, fodder). Overall, households used 285 plant species (56% 

non-endemics) and collected plants from woody fallows for varying purposes, while plants from 

forest fragments, predominantly endemics, were used for construction and weaving. Our results 

show that multiple land-use types are complementary for providing ecosystem services, with fallow 

lands being of particular importance. Hence, balancing societal needs to conservation goals should 

be based on diversified land management strategies.  

Introduction 

Ecosystem services, such as products from the natural environment, remain important for rural 

livelihoods in many tropical countries (Angelsen et al., 2014; Barrett et al., 2001; Sunderlin et al., 

2005). These ecosystem services are often derived from specific ecosystems, for example, forests, 

and are particularly important for poor rural households (Angelsen et al., 2014; Wunder et al., 

2014). However, tropical forests in sub-Saharan Africa have been largely transformed into 

agricultural lands (Curtis et al., 2018; Hansen et al., 2013). For instance, more than half of new 

agricultural lands in sub-Saharan Africa have been derived from natural forests during the late 20th 

century (Gibbs et al., 2010), primarily through shifting cultivation (Ickowitz, 2006). In the case of 

shifting cultivation, forests or woodlands are cleared and burned to plant crops for one to three 

years, after which the land is left as fallow (i.e. unplanted) for a period of 5 to 30 or more years 

(Thrupp et al., 1997).  
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In tropical regions, shifting cultivation, combined with other agricultural techniques has led to 

mosaic landscapes comprising forests, small-scale agriculture, and fallow lands (Finegan & Nasi, 

2004). These land-use changes have led to complex sets of ecosystem services provision within 

tropical agricultural landscapes (Clough et al., 2016; Fontana et al., 2013). For instance, tropical 

agroforestry systems may provide valuable ecosystem services beyond crop production, including 

carbon storage and pollination (De Beenhouwer et al., 2013; Soazafy et al., 2021; Tscharntke et 

al., 2011). Agroforests are also a source of income for households and contribute to the 

multifunctionality of mosaic landscapes (Plieninger et al., 2020). For fallow lands, forming part of 

shifting cultivation systems, several studies have reported their values in terms of the provision of 

diverse products to rural households in many regions such as in sub-Saharan Africa (e.g. Ambrose-

Oji, 2003; Pouliot & Treue, 2013; Zaehringer et al., 2017). Yet, fallow lands are often undervalued 

compared to forests and agroforests in terms of ecosystem services beyond soil regeneration (De 

Beenhouwer et al., 2013; Peña Valderrama, 2020) as shifting cultivation is associated with 

numerous socio-ecological impacts (van Vliet et al., 2012). While all land-use systems may provide 

ecosystem services, their realised value depends on people perceiving and using these lands for 

such services (Daw et al., 2011; Sayer et al., 2013). Importantly, the value may differ along various 

socioeconomic and demographic axes (Quintas-Soriano et al., 2018), highlighting the need to 

account for this diversity in research to provide a meaningful recommendation for sustainable land 

management strategies.  

On top of ecosystem services, research for sustainable land-use solutions should also take into 

account biodiversity to develop large-scale land management strategies that benefit both people 

and nature (Kremen & Merenlender, 2018). Socio-ecological research must, therefore, consider the 

needs of rural households (e.g. medicine, food, building material, energy) to develop effective land 

management strategies (Smith & Sullivan, 2014; Wanger et al., 2020). Here, we focus on rural 

households’ perceptions of ecosystem services provided by prevalent land-use types in 

Madagascar, a global biodiversity hotspot (Myers et al., 2000). Malagasy rural households highly 

depend on the availability of natural resources, especially forest-derived resources, for their 

livelihoods (Scales, 2014a), yet the country has lost 44% of its forest cover in the last six decades 

(Vieilledent et al., 2018).  

In the north-eastern part of Madagascar, most old-growth forest has been transformed to shifting 

cultivation for hillside rice production and agroforests for cash and subsistence crops (Curtis et al., 
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2018; Llopis et al., 2019). In those agroforests, vanilla is the main crop (Hänke et al., 2018), as the 

region is the world’s largest producer of vanilla with roughly 40% market share (The World Bank, 

2019). Consequently, the landscape comprises currently forest fragments, small-scale vanilla 

agroforests, rice paddies, and various stages of the shifting cultivation cycle (Martin et al., 2022; 

Zaehringer et al., 2016). In terms of biodiversity conservation, forests and agroforests have a much 

higher value in maintaining endemic plant diversity than fallow lands (Osen et al., 2021; 

Raveloaritiana et al., 2021). Despite this land-use diversity, little is known about how land-use 

types vary in their importance for ecosystem service provision to rural households (de Groot et al., 

2010; Foley et al., 2005).  

Here, we investigate the importance of forests and different agricultural land-use types, including 

agroforests, fallow lands, and rice paddies, for rural livelihoods in Madagascar. Overall, we aim to 

understand the importance of land-use types for different types of ecosystem services and uses of 

plant species for households’ livelihoods, considering their conservation values. The three main 

objectives of this research are to:  

(1) evaluate how rural households, subdivided into sociodemographic groups, perceive the 

importance of prevalent land-use types (i.e. old-growth forests, forest fragments, vanilla 

agroforests, woody fallows, herbaceous fallows, and rice paddies) in ensuring provisioning, 

supporting, providing, and cultural ecosystem services;  

(2) investigate which land-use types are used to collect plants for medicine, food, construction, 

firewood, charcoal, fodder and weaving, and  

(3) identify and evaluate the diversity, origin and growth form of plant species collected from 

different land-use types.  

Methods  

Study area and village selection  

We conducted this study in the SAVA region (Sambava - Antalaha - Andapa - Vohemar), in north-

eastern Madagascar (Figure S.6.1). The region’s climate is humid without a clear dry season and 

the climax vegetation is characterised by tropical rainforests (Moat & Smith, 2007). The SAVA 

region still has a large forest cover compared to most regions in Madagascar (Vieilledent et al., 

2018). Hence, this region is not only important for biodiversity conservation, but also for 

maintaining ecosystem services (Rogers et al., 2010). Moreover, the agricultural mosaics in the 
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region are dominated by rice and vanilla, combined with forest fragments and fallow lands forming 

part of a shifting cultivation system (Hänke et al., 2018; Martin et al., 2022; Zaehringer et al., 

2016). This land-use diversity makes it an interesting area for a study of ecosystem services and 

conservation. 

We selected 10 villages (Figure S.6.1) from the 60 villages of a baseline study conducted by Hänke 

et al., (2018). To select these 10 out of the 60 villages, we first did a cartographic stratification by 

eliminating villages where the landscapes within a 2 km radius were dominated by wetlands or 

lakes, rice fields, and coconut plantations, which were too close to the ocean or harboured no forest 

fragments. From the resulting 17 villages, we considered the distance between them and removed 

one of the villages for village pairs with <4 km distance. After this second step, we had 14 villages 

that we visited; one of them did not have all the prevalent land-use types and the community of 

another village did not want to participate in our study. With the 12 remaining villages, we then 

randomly selected the 10 villages as a compromise between the number of villages and logistical 

constraints. 

Land-use types classification and conceptual framework 

We considered the six most prevalent land-use types in the region: old-growth forests, forest 

fragments, vanilla agroforests, woody fallows, herbaceous fallows, and rice paddies (Hänke et al., 

2018; Martin et al., 2022; Zaehringer et al., 2016). We defined old-growth forests (Malagasy: ala 

mikitroka) as the least disturbed forests, which nowadays only occur within protected areas 

(Schüßler et al., 2020). We characterised forest fragments (Malagasy: ala mitsitokotoko) as the 

remaining forests outside of protected areas, which are usually heavily used by people. We defined 

vanilla agroforests (Malagasy: lavanio) as croplands in which vanilla orchids are farmed on support 

trees under shade trees; woody fallows (Malagasy: savoka) as lands forming part of shifting 

cultivation cycles dominated by trees and/or woody plants; herbaceous fallows (Malagasy: 

matrangy) as lands forming part of shifting cultivation cycles dominated by herbaceous vegetation, 

and rice paddies (Malagasy: oraka) as irrigated paddy rice fields. 

In our study, we explore the complex relationship between people and nature with a focus on the 

land-use types described above and rural livelihoods. For this, we adopted the framework by 

Haines-Young & Potschin (2010), which links biodiversity, ecosystem services and human well-

being. First, we looked into the broad types of ecosystem services (i.e. regulating, supporting, 

provisioning and cultural services) which rural households perceive to obtain from various land-
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use types. Second, we specifically focus on provisioning services that contribute highly to 

livelihoods via basic materials for a good life (e.g. shelter or construction and weaving, food, 

fodder, medicine and energy or fire-wood and charcoal; Millennium Ecosystem Assessment, 

2005). Third, to have a direct link with biodiversity conservation, we focused on plant species used 

for food, medicine, construction, firewood, charcoal, fodder and weaving, as north-eastern 

Madagascar is a global centre of vascular plant diversity (Mutke et al., 2011).  

Selection of households, survey structure and research ethics 

We selected 32 households randomly from a list of people provided by the head of each village. 

Selected households who were not available or did not want to participate in the interview were 

replaced by other households, which were also randomly chosen from the list. In total, we 

interviewed 320 households comprising 1567 individuals in 10 villages (Figure S.6.1) within the 

SAVA region. 

While the questionnaire of this survey was developed at the University of Antananarivo, which 

does not have a research ethics committee for social science work, we followed human subjects’ 

protocol and all participants provided free and informed consent before the start of the study. Each 

interviewee was also given an option to halt the interview at any time and to change their mind 

about the consent.  

We interviewed the head of each household individually for one to two hours depending on the 

land-use types that the household owns or has access to, as well as the plant species used. We used 

the Malagasy dialects Betsimisaraka and Tsimihety to conduct the interview and we then translated 

the answers into English afterwards. Prior to the main interview, we asked for basic information 

about the socio-demographic characteristics of the interviewee such as age, gender, and educational 

level. Then, we asked households about (I) their access to, the use of, and their perceived benefit 

from land-use types, and (II) the plants they use for different categories of use and the land-use 

types they collect them from (Table S.6.1). We asked the questions in the same order and manner 

for all interviewees throughout all villages.  

To understand the overall importance of land-use types for ecosystem services, we first asked 

whether households had access (by ownership or permission) to each defined land-use type (Table 

S.6.1) by describing the land-use types. Then, for each land-use type, participants described the 

benefits (products for use/selling or indirect services) that their households get from that land-use 

type (excluding the main crop they grow such as vanilla or rice). Questions about benefits were 
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open-response to minimize researcher biases (Neuman, 2014), and responses were secondarily 

categorised into regulating, supporting, provisioning, or cultural services (Millennium Ecosystem 

Assessment, 2005; SI Section 1). 

To evaluate the importance of land-use types for collecting plants, we chose seven categories of 

use for plants: medicine, food, construction, firewood, charcoal, fodder, and weaving (Table S.6.1). 

These categories of use reflect the predominant use of plants in people’s daily lives. We asked each 

respondent about the plants they use and the land-use types where plants were collected from, how 

often (frequency of use) and whether each plant was for household use, selling, or both (Table 

S.6.1). For the frequency of use, we categorised the answers into three types of frequency: daily to 

weekly (every day to several times a week), monthly to semi-annually (several times a month to a 

few times a year) and annually to more rarely (once a year to once a decade or more rarely).  

When we did not know the scientific species name of a plant mentioned by the interviewee, we 

collected herbarium samples for identification at the Tsimbazaza herbarium (TAN) in 

Antananarivo, Madagascar. We determined the growth form of each recorded species (tree, liana, 

shrub, or herb) and the origin (endemic, native non-endemic hereafter called native, or exotic to 

Madagascar) using two plant databases: Catalogue of the Vascular Plants of Madagascar 

(Madagascar Catalogue, 2019) and the Plants of the World Online (The Royal Botanic Gardens 

Kew, 2019). We excluded 21 local names out of 364 from our dataset for the analysis of the 

diversity of species used, as we were not able to identify their scientific names due to the absence 

of specimens and lack of literature linking vernacular to scientific names.  

Data analysis  

We conducted all data analysis in R version 4.0.4 (R Core Team, 2021). To determine the 

importance of the mosaic landscapes (i.e. all land-use types combined) in terms of ecosystem 

services, we calculated the percentage of the households across all villages that reported benefits 

referring to each type of ecosystem services. To quantify the households that are using plants for 

each of the seven categories across all villages, we calculated the percentage of households that 

use at least one plant for each category.  

To understand the households' access to land-use types, we counted all households that declared 

owning or having access to each land-use type across all villages and we visualised the number of 

households that have specific combinations of land-use types or only one land-use type, using the 

R-package ggforce (Pedersen, 2020). To identify the importance of each land-use type for rural 
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households, we used three different measures at village level: (1) percentage of households 

benefiting from each ecosystem service type from each land-use type; (2) percentage of households 

collecting plants for each category of use from each land-use type and (3) the number of plant 

species used by households from each land-use type and percentages of each species origin and 

growth form within each land-use type. Here, the percentage of households was based on the 

number of households having access to the land-use types instead of the total number of 

interviewed households per village. The exception to this was regulating services since households 

can still benefit from this type of ecosystem services without having access to the land-use type. 

Evaluation of the importance of land-use types for ecosystem services 

To determine the value of land-use types for ecosystem services, we calculated the mean of 

household percentages that reported each ecosystem service type within each land-use type with 

the standard errors. Then, we visualised the mean percentage of the households benefiting from 

each type of ecosystem services per land-use type, using polar area charts with R-package ggplot2 

(Wickham, 2016). Additionally, we also characterised the households relying on different land uses 

for each type of ecosystem services by categorising households’ heads by gender (male and 

female), age group (young adults <36 years old; middle-aged adults: 36-55 years old and older 

adults > 55 years old) and highest attained educational level (no school education, primary school, 

secondary school, and high school or university). For this, we analysed the variation of the groups 

for each type of ecosystem services within each land-use type, using generalised linear models with 

a binomial distribution.  

To depict the differences between land-use types for each ecosystem service type, we analysed the 

variation of the percentages of households reporting enjoying each type of ecosystem service across 

land-use types using generalised linear models with binomial distribution followed by post-hoc 

tests using the R-package multcomp (Hothorn et al., 2008). 

Assessment of the importance of land-use types for each use category 

To evaluate the importance of each land-use type for each use category, we calculated the 

percentage of households that reported collecting plants from the respective land-use type along 

with their frequency of use as well as their purposes (use, selling, or both). Subsequently, we used 

the Sankey diagram from the ggforce R-package for visualisation. We also analysed the variation 

in the percentage of households that collected plants across land-use types by applying generalised 

linear models with binomial distribution followed by post-hoc tests.  
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Identification of species used from each land-use type 

To assess the number of species used, we first calculated the total number of species reported by 

all interviewed households, and the total number of species from each land-use type. To detect the 

importance of each land-use type in terms of the number of species used at the village level, we 

calculated: (1) the number of species used; (2) the percentage of endemic, native, or exotic species 

used; and (3) the percentage of growth forms (tree, shrub, liana and herb) used. To evaluate the 

variation in the species used across land-use types, we also applied a generalised linear model with 

generalised Poisson distribution for the number of species used and binomial distribution for 

species origin and growth form groups. We also did post-hoc tests to determine the differences 

between land-use types and between species origin and growth form groups within each land-use 

type.  

To determine where most cited species were collected across the land-use types, we calculated the 

number of households naming each species (hereafter called citation number) per land-use type. 

For this, we used the fractional citation number, i.e. if a species was cited once for one use category 

by one household but collected from three different land-use types, the citation for each land-use 

type is one-third. However, when the species is mentioned once and collected from a single land-

use type then the citation is one. Then, we visualised the species by summing up their fractional 

citation number per land-use type for all households using ranked bar plots separated by the growth 

forms (tree, shrub, liana and herb).  

Results  

On average, 88.4% (SE=±2.6) of interviewed households per village reported benefitting 

provisioning services from mosaic landscapes, while 51.9 ±6.1% mentioned regulating services. 

The percentages of households mentioning supporting (7.2 ±1.5%) and cultural services (6.9 ±1.9% 

) were relatively low.  

Of provisioning services, high percentages of households in each village collected plants from 

mosaic landscapes for firewood (95.3 ±1.4%), medicine (89.7 ±2.2%) and food (85.3 ±3.5%, 

Figure S.6.2). Additionally, 74.1% (±7.2) of households collected plants for construction while 

60.6% (±6.7) used landscapes to collect plants for use as fodder for their livestock. Relatively few 

households reported using plants for charcoal or weaving (11.6 ±2.7% and 27.5 ±3.7%, 

respectively). 
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Access to land-use types and their importance for ecosystem service types 

The land-use types owned most frequently by households were woody fallows ([mean households 

percentage ±SE]= 95 ±3.4%), rice paddies (92.2 ±3.4%) and vanilla agroforest (87.8 ±4.9%; Table 

S.6.2). Most households (>90%) owned or had access to multiple land-use types (Figure 6.1A). For 

the individual importance of land-use types to households, old-growth forests were mostly 

perceived to deliver regulating services (77 ±3.6%; primarily for water regulation and air quality; 

Table S.6.3), provisioning services (53.4 ±7.5%, principally plants as materials for construction), 

and supporting services (9.4 ±1.8%, e.g. animal habitats). Forest fragments were of similar 

importance as old-growth forests but with the addition of cultural services (9.2 ±2.8%; e.g. land 

reserved for descendants; Figure 6.1B; Table S.6.3). Vanilla agroforests, woody fallows, and 

herbaceous fallows were reported only for provisioning services (approximately 60% for each land-

use type, Figure 6.1B; e.g. firewood and food-related benefits, such as wild food or fruit trees; 

Table S.6.3).  

 

Figure 6.1. Distribution of access or ownership of land-use types across rural households in north-

eastern Madagascar (A) and overall perceived importance in terms of each type of ecosystem 

service excluding crop yields (B). Vertical bars (A) represent the number of households having 

access to each of the unique combinations of land-use types represented by the connected points. 
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The bars display the number of households with access to a specific combination of land-use types 

(e.g. the combination forest fragments, vanilla agroforests, woody fallows, herbaceous fallows and 

rice paddies is accessible to around 40 households). Bars are ordered by the combination of land-

use types with highest to lowest accessibility. The size of the pie (B) represents the mean percentage 

of households with access to the land-use type reporting the corresponding overall benefits, i.e. 

supporting, regulating, provisioning or cultural ecosystem services for each land-use type (see 

Table S.6.3 for numeric values with standard errors).  

Concerning gender, age group, and educational level of households’ heads, there was no 

consistent pattern in perceived ecosystem service across land-use types, except for a few land-use 

types and ecosystem services (Figure 6.2). In terms of gender, female-headed households perceived 

regulating services from old-growth forests (80.3 ±5.9%) to be slightly more important than male-

headed households (73.6 ±3.9%, Figure 6.2A, Figure S.6.3A). Concerning age groups, young adult 

household heads perceived more the regulating services from old-growth forests (92.7 ±4%) than 

the older (77.7 ±5.4%) or middle-aged adults household heads (71.5 ±4.5%, Figure 6.2B, Figure 

S.6.3B). For educational levels, households heads that went to secondary or high schools, perceived 

more the regulating services from old-growth forests (secondary school: 88.6 ±4% and high school: 

84.8 ±8.6%) than the less educated household heads (67 ±6.3% for primary school, 51.4 ±15.9% for 

no school education, Figure 6.2C, Figure S.6.3C). 
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Figure 6.2. Characteristics of the households relying on different land-use types for ecosystem 

services (excluding crop yields) based on gender (a), age group (b), and education level (c) of 

household heads. The line in the middle of a crossbar represents the mean percentage of 

households belonging to the group (gender, age group, or education) with access to the land use 

type reporting the corresponding benefits, i.e. supporting, regulating, provisioning or cultural 

ecosystem services for each land use type. The limits of the crossbar are the 95% confidence 

interval of the percentage of the household. For numerical values of mean percentages with SE 

see Figure S.6.3. 

When comparing land-use types for each type of ecosystem services, old-growth forests were the 

most reported to ensure regulating services ([percentage of households ±SE] =77 ±3.6%) and 

supporting services (9.5 ±1.8%; Figure 6.3; Table S.6.4). Forest fragments were the second most 

reported land-use type for ensuring regulating (22.1 ±5.2%) and supporting services (3.5 ±1.5%), 

far ahead of other land-use types. For provisioning services, old-growth forests, vanilla agroforests, 
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woody fallows, and herbaceous fallows were the most mentioned and had a similar percentage of 

households (53-63%, Table S.6.4), followed by forest fragments. Rice paddies had the lowest 

percentage of households perceiving benefits from its provisioning services beyond rice production 

(5 ±1.4%). For cultural services, households mentioned primarily forest fragments (9.2 ±2.8%), but 

the overall value is very low (<10%, Figure 6.3).  

 

Figure 6.3. Percentage of households reporting benefits from each type of ecosystem services 

across land-use types in north-eastern Madagascar. Letters represent the results of post-hoc tests 

with p<0.05 for a significant difference. Lower and upper limits of the box display 25th and 75th 

percentiles of the observational values, respectively, bold lines are the medians, the lower vertical 

lines are the 10th percentiles and the upper vertical lines are 90th percentiles. Note the different 

scaling of the y-axes. 

Importance of land-use types as sources of plants for different use categories  

Across all villages, a high percentage of households reported using forest fragments as a place to 

collect plants for construction (64.6 ±5.6%; Table S.6.5, Figure 6.4) and medicine (34.2 ±5.5%). 

Vanilla agroforests were mainly used for medicinal plants (20.2 ±5.2%) and firewood (19.2 ±6.7%) 

but were rarely used for other categories (Figure 6.4; Table S.6.5). Woody fallows were used by a 

relatively high households percentage across all use categories, especially for firewood (74.1 

±5.5%), medicine (50.7 ±4.8%), fodder (35.5 ±8.8%), construction (34.7 ±6.4%), and food (31.7 

±6.8%). Herbaceous fallows were used by households as a place to collect plants for food (23.4 

±4.6%), while rice paddies were important for food other than rice, such as leaves from wild plants 
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(46.2 ±10.5%) and for fodder (31 ±6.3%). While old-growth forests were only named as a location 

to collect plants for construction, the percentage of households was very low (0.8 ±0.8%). In terms 

of frequency of use, the majority of households reported that they collect plants from all land-use 

types on a daily to a weekly basis for all use categories except for construction and weaving (Table 

S.6.6, Figure 6.4). Concerning purpose of use, households collected plants from all land-use types 

almost exclusively for subsistence (i.e., use only); people rarely sell collected plants (Table S.6.7).  

 

Figure 6.4. Importance of land-use types to households in north-eastern Madagascar for each 

category of use of plants and the purpose of use of plants. The width of each link represents the 

mean of households’ percentage using a corresponding land-use type for each category of use and 

each type of frequency of use (see Table S.6.5-6 for numeric results). See reference of the icons 

in SI section 2. 

When comparing land-use types for each use category, we found that, for collecting plants for 

medicine, woody fallows (50.7 ±4.8%) and forest fragments (34.2 ±5.5%) were the most cited by 

households (Table S.6.8; Figure 6.5). Rice paddies had the highest percentage of households which 

reported collecting plants for food (excluding rice; 46.2 ±10.5%) followed by woody fallows (31.7 

±6.8%). Forest fragments were the most reported location to collect plants for construction (64.6 

±5.6%; Figure 6.4). Woody fallows were the main location to collect plants for firewood (74.1 

±5.5%) and charcoal (7.4 ±2.1%). For fodder, woody fallows and rice paddies were the main 

location of collection (35.5 ±8.8% for woody fallows and 31 ±6.3% for rice paddies; Table S.6.8). 
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Forest fragments (8.6 ±3.3%) and rice paddies (7.4 ±1.9%) were the main land-use type to collect 

plants for weaving materials. In general, woody fallows were more frequently reported by 

households as a place to collect plant species for each category of use than vanilla agroforests 

(except for weaving, Figure 6.5). 

 

Figure 6.5. Variation of household percentage collecting plants for seven categories of use in 

north-eastern Madagascar. For the explanation of a boxplot and letters see the caption of Figure 

6.3. Note the different scaling of the y-axes. 

Species used by households across land-use types  

In total, households used 364 local names of plants, of which 21 could not be identified. Among 

the remaining 343 local names, we determined 285 species, comprising 85 endemics (30%) and 

159 non-endemics (56%). Among non-endemic plants, 79 (28% of total species) were native and 

80 (28%) exotics. We could not identify the origin of 41 morpho-species (14%). Almost 70% (193) 

of the overall species used were collected from woody fallows, while 46% (132) from forest 

fragments (Figure S.6.4).  

Woody fallows were the land-use type that had the highest number of plant species used per village 

([mean number of species used per village ± SE] = 49.2 ±6.2), followed by forest fragments (25.6 

±2.8), vanilla agroforests (19.3 ±4.3), and rice paddies (15.5 ±1.4). The lowest number of species 

used was in old-growth forests (0.2 ±0.2, Table S.6.9-10) and herbaceous fallows (5.7 ±2.1; Figure 

6.6A). In terms of species origin, most of the species collected from forest fragments were endemic 
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or native (Figure 6.6B; Table S.6.11). Species from vanilla agroforests were a mix of endemic, 

native and exotic species whereas woody fallows were mainly natives and exotic with some 

endemics (Figure 6.6B; Table S.6.11). For herbaceous fallows, the species were predominantly 

exotic while for rice paddies, species were also mainly non-endemics, i.e. native and exotic (Figure 

6.6B; Table S.6.11). For growth forms, more than 80% of species collected from forest fragments 

were trees (Table S.6.11; Figure 6.6C). For woody fallows, the species collected were a mix of 

different growth forms similarly to vanilla agroforests (Figure 6.6C). Herbaceous fallows and rice 

paddies provided mainly herbs (Table S.6.11; Figure 6.6C).  

The most commonly used tree species were collected from woody fallows, forest fragments as well 

as vanilla agroforests (Figure S.6.5). These species were mostly used by the households on a daily 

to weekly basis for firewood, charcoal (e.g. Clausena excavata and Croton argyrodaphne) and 

medicine (e.g. Burasaia madagascariensis and Tabernaemontana mocquerysii; Figure S.6.6-7) 

and on an annually to more rarely basis for construction (e.g. Faucherea sp and Cleistanthus sp, 

Figure S.6.6-7). The most reported shrub and liana species were collected by households on a daily 

to weekly basis from woody fallows which were endemic and mainly used for medicine (e.g. 

Acalipha filiformis and Triclisia calopicrosia) and firewood (e.g. Psorospermum fanera). For 

herbs, most cited species were collected primarily from woody fallows, rice paddies and 

herbaceous fallows (Figure S.6.6-7). The majority of the most reported herb species were mostly 

non-endemics (exotic or native) and were mainly used on a daily to weekly basis for fodder (e.g. 

Stenotaphrum dimidiatum and Sorghum arundinaceum), food (e.g. Ipomoea acquatica and 

Solanum americanum) and medicine (e.g. Mimosa pudica and Lygodium lanceolatum), and on an 

annually to more rarely basis for weaving (e.g. Lepironia articulata and Eleocharis dulcis, Figure 

S.6.6-7).  
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Figure 6.6. Number of species used by households per village (A), the percentage of species used 

classified for their origin (B), and their growth forms (C) across the prevalent land-use types in 

north-eastern Madagascar. Letters represent the results of a post-hoc test with p<0.05 for a 

significant difference between land-use types for A and between groups within a land-use type 

for B and C. For the explanation of a boxplot see the caption of Figure 6.3.  

Discussion  

Our study showed that 88% of all rural households benefit from provisioning ecosystem services 

in the landscape mosaics of north-eastern Madagascar, while we also found a great variation in the 

services and products provided by each land-use type. Old-growth forests and forest fragments 

were perceived as particularly important for ensuring regulating services mostly by female-headed, 

better educated, and younger households, while fallow lands, vanilla agroforests and rice paddies 

were perceived most important for provisioning services by households of different socio-
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demographic groups. Forest fragments were primarily used to collect plants on an annually to more 

rarely basis for construction and weaving materials while woody fallows were used for medicine, 

firewood, charcoal as well as food collection on a daily to weekly basis. Herbaceous fallows and 

rice paddies were mainly used for collecting plants on a daily to a weekly basis for food. Woody 

fallows had the highest number of regularly used species followed by forest fragments. Species 

collected from forest fragments were mainly endemic, while those collected from woody fallows 

were a mix of different origins. As for growth forms, species from forest fragments were mostly 

trees, whereas woody fallows provided diverse products ranging from herbs and shrubs to trees. 

Our results shed new light on the high importance of lands under shifting cultivation to rural 

households, specifically woody fallows, which were previously regarded as wasteland or of little 

value for ecosystem services (Peña Valderrama, 2020). Moreover, these results provide evidence 

that each land-use type has certain complementary specific benefits (e.g. water and climate 

regulation, providing medicine, food, firewood, or fodder) making the diversity of land uses within 

a mosaic landscape important to rural livelihoods. 

Fallow lands benefits: multiple services  

Fallow lands (i.e. woody fallows and herbaceous fallows) represented the most commonly owned 

land-use types (more than 90% of households own woody fallow) and were commonly used as a 

place to collect plants on a daily to a weekly basis for different purposes. Woody fallows were 

reported to contribute more to provisioning services to households compared to other land-use 

types, especially in terms of firewood, medicine, as well as fodder, and charcoal. This indicates 

that in addition to rice production and food security (Andriamparany et al., 2021), shifting 

cultivation lands contribute at a high level to the livelihoods of rural households through energy, 

medicine, food diversification, and animal husbandry, which is in line with the findings of 

Zaehringer et al., (2017) in Madagascar, Ambrose-Oji (2003) in Cameroon, and Pouliot & Treue 

(2013) in Ghana and Burkina Faso. Therefore, fallow lands are valuable for the daily life of rural 

households, despite their lower perceived value compared to forests for other ecosystem services 

such as carbon storage (De Beenhouwer et al., 2013; Peña Valderrama, 2020; Soazafy et al., 2021) 

or water regulation (Sannigrahi et al., 2018). This highlights the importance of looking into a 

specific context and scale to understand the value of ecosystems for ecosystem services (Quintas-

Soriano et al., 2018; Sayer et al., 2013). Moreover, fallow lands provided the highest number of 

species to households (an average of 50 species per village and 193 species in total), most likely 

because natural forests have decreased significantly in the study region during the last six decades 
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due to shifting cultivation (Curtis et al., 2018; Vieilledent et al., 2018). Fallow lands now dominate 

the landscape (Zaehringer et al., 2016), thus people rely on fallow lands for many provisioning 

services due to their accessibility (Pouliot & Treue, 2013).  

Ecosystem services benefits and trade-offs across forests and land conversions  

Forests were perceived by rural households to be essential for ensuring regulating services, but 

shifting cultivation lands or agroforests were also perceived as important, as they ensure 

provisioning services. This indicates that converting forests into shifting cultivation lands or vanilla 

agroforests is perceived to be reducing the ecosystem’s ability to ensure regulating services, for 

example, water regulation (Díaz et al., 2006; Steffan-Dewenter et al., 2007). However, households 

benefit from natural products and agricultural yields from these land uses. This trade-off between 

regulating and provisioning services happens when natural forests are converted into agricultural 

lands as it affects ecosystem processes (Clough et al., 2016; Dade et al., 2019; Millennium 

Ecosystem Assessment, 2005), which needs to be balanced.  

In terms of species growth forms, species used from forest fragments were mostly trees, while 

vanilla agroforests and woody fallows provide a mix of trees and herbs with some shrubs and 

lianas. Herbaceous fallows and rice paddies were, on the contrary, used mainly to collect herb 

species. Hence, converting forests into shifting cultivation lands or agroforestry systems is related 

to changes in the growth forms of the plants collected by households, from predominantly trees in 

forests, over a mix of trees and herbs for woody fallows and vanilla agroforests, to strictly herbs 

for herbaceous fallows. These changes in used plant growth forms follow the shift of plant 

community compositions and structure across these land-use types (Osen et al., 2021; 

Raveloaritiana et al., 2021).  

Woody fallows outperformed vanilla agroforests in ecosystem service provision, as they provided 

more species (50 species vs. 20 in vanilla agroforests) and covered all use categories (except 

weaving). Thus, transforming fallow lands into vanilla agroforests provides a high-income 

opportunity through vanilla cash cropping (Martin et al., 2022), but at the cost of fundamental 

services provided by plants for medicine, energy, food, building materials, and livestock. These 

trade-offs indicate that the ownership of multiple land-use types serves as a safety net that ensures 

access to regulating, provisioning, and cultural ecosystem services as well as agricultural output 

for rural households (Swinton et al., 2007; Vialatte et al., 2019). 
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Plant uses and conservation 

In total, we found 285 different species used by households across all villages with 30% endemic, 

56% non-endemic (28% native and 28% exotic), and 14% unknown origin. The species used from 

fallows lands, vanilla agroforest and rice paddies were mainly non-endemics, i.e. natives and 

exotics. Additionally, non-endemic species were often reported and used for all categories 

(medicine, food, construction, firewood, charcoal, fodder, and weaving). These results indicate that 

non-endemic species contribute more to rural livelihoods than endemics, most likely because most 

of the plant species found outside of protected areas are non-endemics (Raveloaritiana et al., 2021). 

Endemic species conservation is of high priority in Madagascar, but here, the use of native and 

exotic species for diverse use categories highlights the importance of non-endemic plants, 

especially exotics, to support rural livelihoods (Kull et al., 2014). This viewpoint needs to be better 

integrated into land-use planning, thereby acknowledging the needs of people (Courchamp et al., 

2017; Simberloff et al., 2013).  

Most of the species used from forest fragments are endemic. Households used some endemic 

species from woody fallows as well. Thus, conservation of endemic plants in the agricultural matrix 

is not only important for conservation but benefits people; hence, traditional species-based 

conservation can be integrated into the ecosystem services framework. This integration can provide 

additional arguments for the conservation of plant species (Mace et al., 2012), as the loss of species 

has direct consequences for ecosystem functions (Fox & Harpole, 2008) and human well-being 

(Díaz et al., 2006).  

Study limitations  

We used households’ percentages and perceptions as a measure to evaluate the importance of each 

land-use type for ecosystem services. We acknowledge that our measure does not quantify the 

actual services provided by these land-use types to households. For instance, households often 

mentioned woody fallows as a place to collect plants for different purposes, but the quantity of the 

products per area might be lower compared to forests. Furthermore, the abundance of species may 

be more important for ecosystem services than species richness (Winfree et al., 2015). 

Quantification of the plants used by households in their respective lands would have provided more 

specific information, important for identifying species overexploitation. 

Provisioning and regulating services were more often reported by the households than the 

supporting and cultural services. This is probably because we used open-ended questions about the 
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perception of ecosystems services and the interviewee may have focused more on direct or more 

obvious benefits (provisioning and regulating services such as materials for food, water regulation) 

than the indirect ones (cultural services like spaces for ceremonies or recreation; Lhoest et al., 

2019). More targeted questions such as asking about the types of ecosystem services one by one 

would have helped the interviewee to provide more indirect benefits (Lhoest et al., 2019) but at the 

cost of potential biases in their perception caused by targeted questions (Neuman, 2014). 

Despite a relatively high percentage of households that mentioned old-growth forests as a location 

to collect plants for construction, only two species names were reported as collected from this land-

use type. This could be because respondents might have been hesitant to admit the use of species 

from old-growth forests which are not permitted due to their status as protected areas (IUCN, 1994). 

Therefore, the respondent might have mentioned other land-use types as locations to collect these 

types of species or did not mention the species at all to avoid self-incrimination; a pattern observed 

in a study on lemurs hunting elsewhere in Madagascar (Borgerson et al., 2018). This may limit the 

validity of our results concerning the use of plants from old-growth forests. Here, a specialised 

method for investigating sensitive behaviours (e.g. randomized response technique) could be used 

to generate more accurate, but potentially less specific results (Razafimanahaka et al., 2012). 

Another possible reason why households report deriving few provisioning ecosystem services from 

old-growth forests is that most study villages were far away from the remaining old-growth forests 

(see Figure S.6.1), hence households rely more on the land-use types in their surroundings to collect 

plants for their daily lives.  

Rural livelihoods and landscape management implications 

Ensuring sustainable agriculture and use of natural resources to alleviate poverty, achieve zero 

hunger, and improve quality of life are the most prominent and challenging goals for rural 

communities in countries like Madagascar (Zaehringer et al., 2018). Our results revealed that, 

beyond crop production, rural households depend on diverse sets of services from their 

surroundings for their livelihoods. This confirms that the natural environment is the centre of rural 

livelihoods in Madagascar which makes biodiversity conservation challenging (Angelsen et al., 

2014; Scales, 2014a). Thus, understanding the importance of mosaic landscapes and their 

ecosystem services for rural households is a basis for effective land-use planning for both improved 

livelihoods and conservation.  
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Our findings show that forests are needed to complement the role of shifting cultivation lands in 

ecosystem services provision within the agricultural matrix. Maintaining remaining forest 

fragments and old-growth forests is still most important to mitigate trade-offs between the 

conservation of biodiversity and regulating services on the one hand and provisioning services from 

different land-use types on the other hand (Llopis et al., 2021; Martin et al., 2022). Furthermore, 

female-headed, better educated, and younger households perceived regulating services of old-

growth forests to be more important than households headed by males or younger or less educated 

persons. Hence, promotion of females or young people in land-use planning, as well as improved 

education, appears to be essential to promote sustainable trade-offs between conservation and land 

use in landscape management. This indicates that households' perception of the importance of the 

old-growth forests and forest fragments in terms of ecosystem services, namely regulating and 

supporting services, depends on their socio-demographic groups (Quintas-Soriano et al., 2018). 

Thus, more environmental education with consideration of socio-demographic groups could 

benefit forest conservation by increasing the value of these land-use types and mitigating the 

existing trade-offs.  

During the last six decades, the forest cover in north-eastern Madagascar has decreased 

significantly (Vieilledent et al., 2018) and landscapes are now dominated by shifting cultivation 

(Curtis et al., 2018; Zaehringer et al., 2016). Consequently, the importance of fallow lands for the 

local communities might have increased, as these ecosystems provide plants for different purposes, 

namely medicine, food, energy, and construction for the rural communities. However, shifting 

cultivation is also the main driver of deforestation in Madagascar (Scales, 2014b) and may cause 

land degradation if under unsustainable management (Styger et al., 2007). Thus, an option would 

be to promote farming diversification that can maintain essential ecosystem services, yields, and 

biodiversity (Tamburini et al., 2020). As an alternative, a longer fallow period combined with 

active tree plantings for use or restoration (depending on households’ needs) can provide further 

services to households, while the soil recovers from nutrient depletion. Indeed, recent research has 

shown that a longer fallow period increases the fallow’s ability to ensure regulating services such 

as water-related ecosystem services (van Meerveld et al., 2021). In addition, here we recommend 

restoring degraded lands formerly under shifting cultivation, by promoting a diversity of plant 

species to reduce pressures on forest fragments, the overexploitation of protected plant species and 

ensuring continuous access to provisioning ecosystem services. Including private lands, here 

shifting cultivation lands, into restoration programs may enable a bottom-up restoration approach, 
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which scales from local goals (improving livelihoods) to a global agenda (planting trees in the 

scope of the Bonn Challenge and increasing carbon sequestration) and improves outcomes for 

people and biodiversity (Holl, 2017; van Meerveld et al., 2021). 

Our results confirm that mosaic landscapes consisting of multiple land-use types are required to 

provide ecosystem services for rural livelihoods and maintain plant biodiversity. Here, the diverse 

land-use types that form the mosaic landscapes in north-eastern Madagascar are complementing 

each other in ensuring services for rural livelihoods. Therefore, land-use policy should consider the 

complementarity of these land-use types for ecosystem services to ensure the sustainability of 

mosaic landscapes which provide benefits for both people and biodiversity (Kremen & 

Merenlender, 2018; Wanger et al., 2020).  

Conclusions  

The results of our study show that each of the prevalent land-use types provides a unique set of 

ecosystem services for rural households. Old-growth forests were perceived as being important for 

regulating and supporting services, while rural households valued the provisioning of ecosystem 

services from other land-use types. Forest fragments stood out as a land-use type that provides 

timber for construction and with a high percentage of trees as well as endemic species within 

mosaic landscapes. Woody fallows, the most widely accessible land-use type, were perceived as 

highly important to collect plant species mostly daily, offering the highest species richness of all 

land-use types for manifold purposes, especially for medicine, energy and food. Fallow lands, 

forest fragments and old-growth forests were therefore complementary in providing ecosystem 

services to local communities. This highlights how agricultural landscapes with multiple land-use 

types in combination with protected areas are important to preserve biodiversity and sustain 

livelihoods. In addition, fallow lands, a land-use type so far seen as unimportant for ecosystem 

services, provide multiple and important ecosystem services, contribute significantly to rural 

livelihoods, and are intensively used by rural households, despite supporting much less biodiversity 

than forests. Thus, our findings advocate for considering fallow lands in land management and 

conservation strategies. Including fallow lands in land-use planning in tropical mosaic landscapes 

will then ensure the wealth of ecosystem services from diverse land uses, not only for conservation 

purposes but also for rural livelihoods.  
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Supplementary Information 

Categorisation of benefits into ecosystem services categories (Millennium Ecosystem 

Assessment, 2005) 

Regulating services: air quality; environmental quality; soil humidity; soil quality; erosion 

protection; water regulation 

Supporting services: wild animals’ habitat 

Provisioning services: clean water; food; fruit trees; honey; medicinal plants; firewood; charcoal 

wood; liana for string; plants for construction; weaving materials; cattle 

fodder; … 

Cultural services: land for descendants; recreation 

- Millennium Ecosystem Assessment. 2005. Ecosystems and human well-being: 

biodiversity synthesis. World Resources Institute, Washington, DC. 

Reference for icons in Figure 6.2 

Adrien Coquet (2020) Medicine icon retrieved from 

https://thenounproject.com/search/?q=Medicine&i=1658521 

Vectorstall (2020) Food icon retrieved from 

https://thenounproject.com/search/?q=Vegetable&i=2764240 

Prau Sindoro (2020) Construction icon retrieved from 

https://thenounproject.com/search/?q=construction+wood&i=3547117 

arif fajar yulianto (2020) Firewood icon retrieved from 

https://thenounproject.com/search/?q=Fire+wood&i=1400010 

Eucalyp (2020) Charcoal icon retrieved from 

https://thenounproject.com/search/?q=Charcoal&i=3051225 

H V P (2020) Fodder icon retrieved from https://thenounproject.com/search/?q=Fodder&i=831760 

Amrita Mayuri (2020) Weaving icon retrieved from 

https://thenounproject.com/search/?q=Weaving&i=858481 

Table S.6.1. Overview of the questionnaire used to evaluate the importance of land-use 

types in terms of ecosystem services types (I) and the collection of plants for the 7 categories 

of use (II)  

I) Importance of land-use types for farmers 

(for each land-use type): old-growth forests, 

forest fragments, vanilla agroforests, woody 

fallow, herbaceous fallows, and rice paddies.  

II) Importance of land-use type to collect 

plants for medicine/ food/ construction/ 

firewood/ charcoal/ fodder/ weaving 

https://thenounproject.com/coquet_adrien
https://thenounproject.com/vectorstall
https://thenounproject.com/prausindoro
https://thenounproject.com/ariffajar2222
https://thenounproject.com/eucalyp/
https://thenounproject.com/heitorvp
https://thenounproject.com/mayuri.amrita
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1. Do you own or have access to old-growth 

forests, forest fragments, vanilla agroforests, 

woody fallows, herbaceous fallows and rice 

paddies?  

● No access 

● I have access but not on my own (it 

can belong to their relatives or 

neighbour who granted access) 

● I possess this land-use type 

 

2. What do you use for what or what benefits 

do you get from the land-use type (other than 

the main crop for rice paddies and vanilla 

agroforests)? 

1. Please name plant species you use for each 

of the following categories: medicine, food, 

construction, firewood, charcoal, fodder and 

weaving 

For each named species:  

2. Is it for use only, selling only or for both use 

and selling? 

3. Where do you collect this plant and how 

often? 

● Old-growth forests 

● Forest fragments 

● Vanilla agroforests 

● Woody fallows 

● Herbaceous fallows 

● Paddy rice 

● Other (e.g. border of the river, lake, 

around the village, market) 

 

Table S.6.2. Total number of households that have access and/or own land-use types across all 

villages  

Land-use types Overall Access 

%HH 

Access only 

%HH 

Own 

%HH 

Old-growth forests 29.2 ±3.2 29.2 ±3.2 - 

Forest fragments 56 ±6.6 31.6 ±4.7 24.4 ±3.8 

Vanilla agroforests 88.4 ±4.8 3.1 ±0 87.8 ±4.9 

Woody fallows 95 ±3.4 19.8 ±5.4 77.2 ±6.3 

Herbaceous fallows 51.8 ±9.3 3.8 ±0.5 48.4 ±9.3 

Rice paddies 92.2 ±3.4 6.6 ±1.7 86.9 ±3.8 
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Table S.6.3. Predicted percentage of households mentioning benefits from land-use types in each 

category of ecosystem services and the overall percentage of the category with standard errors 

from model prediction results. 

ES type 
Services/ 

benefits 

Old-

growth 

forests 

Forest 

fragments 

Vanilla 

agroforests 

Woody 

fallows 

Herbaceous 

fallows 

Rice 

paddies 

Individual 

regulating 

services 

Air quality 
13.2 

±3.1 
2.3 ±1 - - - - 

Environm

ental 

quality 

5.8 

±3.4 
0.4 ±0.4 - - - - 

Soil 

humidity 

19.4 

±10.6 
6.8 ±4 - - - - 

Soil 

quality 

2.6 

±1.8 
2.2 ±1.3 - 

0.3 

±0.3 
- - 

Erosion 

protection 

0.4 

±0.4 
- - - - - 

Water 

regulation 

53.1 

±9.7 
13.6 ±5.6 - - - - 

Overall regulating 

services 
77 ±3.6 22.1 ±5.2 - 

0.3 

±0.3 
- - 

Individual 

supporting 

services 

Animals’ 

habitat 

9.4 

±1.8 
3.5 ±1.5 - - - - 

Overall supporting 

services 

9.4 

±1.8 
3.5 ±1.5 - - - - 

Individual 

provisioni

ng 

services 

Clean 

water 

23.2 

±9.9 
6.2 ±3.3 - - - - 

Unmanage

d 

cultivated 

food 

- - 35.8 ±4.5 
51.8 

±7.7 
58.6 ±5.2 

4.3 

±1.3 

Wild Food 
0.9 

±0.6 
0.4 ±0.4 2.5 ±1.1 

0.6 

±0.6 
1 ±1 

0.3 

±0.3 

Fruit trees 
0.8 

±0.8 
0.4 ±0.4 43.7 ±4.3 

4.8 

±1.8 
0.7 ±0.7 - 

Honey 
0.4 

±0.4 
- - - - - 

Medicinal 

plants 

2.2 

±1.2 
0.7 ±0.7 1.8 ±0.8 

0.3 

±0.3 
- - 

Firewood 
3.2 

±1.6 
3.8 ±2.3 2.8 ±0.8 6 ±2.7 - - 

Charcoal 

wood 
- 0.4 ±0.4 0.3 ±0.3 - - - 

Liana for 

string 
- 1.8 ±0.7 - - - - 
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Plants for 

constructi

on 

28.8 

±4.4 
24.4 ±2.9 1.6 ±0.7 

1.8 

±0.8 
- - 

Weaving 

materials 
- 1.1 ±1.1 - - - - 

Zebu 

fodder 
- - - - 6.8 ±3 

0.3 

±0.3 

Overall provisioning 

services 

53.4 

±7.5 
32.2 ±5.2 62.6 ±4.6 

60.6 

±6.1 
62.8 ±5.6 5 ±1.4 

Individual 

cultural 

services 

Land for 

descendan

ts 

- 9.2 ±2.8 - 
1.3 

±0.7 
- - 

Recreation 
0.4 

±0.4 
- - - - - 

Overall cultural 

services 

0.4 

±0.4 
9.2 ±2.8 - 

1.3 

±0.7 
- - 

- Animals’ habitat: shelter for any type of animal from an ecological point of view   

- Unmanaged cultivated food: plants cultivated but do not require any management as they grow 

with wild plants   

- Wild food: wild and edible plants  

- Plants for construction: plants used for construction via their woods or leaves, bark etc… 

- Land for descendants: land that is reserved to be used by their children or grandchildren in the 

future  
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Table S.6.4. Multiple comparisons of land-use types based on their household percentage that benefits for each ecosystem services type at village     

level in north-eastern Madagascar 

 Regulating services   Supporting services  

contrast estimate SE df t.ratio p.value  estimate SE df t.ratio p.value 

Old-growth forests - Forest fragments 3.0575 0.503 53 6.082 <.0001  1.431 0.456 53 3.141 0.0311 

Old-growth forests - Vanilla 

agroforests 6.2286 0.626 53 9.958 <.0001 
 

2.096 0.459 53 4.565 0.0004 

Old-growth forests - Woody fallows 6.1325 0.625 53 9.817 <.0001  2.096 0.459 53 4.565 0.0004 

Old-growth forests - Herbaceous 

fallows 6.2286 0.626 53 9.958 <.0001 
 

2.096 0.459 53 4.565 0.0004 

Old-growth forests - Rice paddies 6.2286 0.626 53 9.958 <.0001  2.096 0.459 53 4.565 0.0004 

Forest fragments - Vanilla agroforests 3.171 0.473 53 6.698 <.0001  0.665 0.451 53 1.475 0.6813 

Forest fragments - Woody fallows 3.0749 0.473 53 6.5 <.0001  0.665 0.451 53 1.475 0.6813 

Forest fragments - Herbaceous fallows 3.171 0.473 53 6.698 <.0001  0.665 0.451 53 1.475 0.6813 

Forest fragments - Rice paddies 3.171 0.473 53 6.698 <.0001  0.665 0.451 53 1.475 0.6813 

Vanilla agroforests - Woody fallows -0.0961 0.452 53 -0.212 0.9999  0 0.45 53 0 1 

Vanilla agroforests - Herbaceous 

fallows 0 0.452 53 0 1 
 

0 0.45 53 0 1 

Vanilla agroforests - Rice paddies 0 0.452 53 0 1  0 0.45 53 0 1 

Woody fallows - Herbaceous fallows 0.0961 0.452 53 0.212 0.9999  0 0.45 53 0 1 

Woody fallows - Rice paddies 0.0961 0.452 53 0.212 0.9999  0 0.45 53 0 1 

Herbaceous fallows - Rice paddies 0 0.452 53 0 1  0 0.45 53 0 1 

 

 Provisioning services  Cultural services  

 estimate SE df t.ratio p.value  estimate SE df t.ratio p.value 

Old-growth forests - Forest fragments 1.9351 0.454 53 4.265 0.0011  -1.0781 0.456 53 -2.366 0.01797 

Old-growth forests - Vanilla 

agroforests 0.9074 0.442 53 2.054 0.3267 
 

0.0987 0.452 53 0.218 0.82705 

Old-growth forests - Woody fallows 0.9487 0.442 53 2.148 0.2794  -0.23 0.452 53 -0.508 0.61113 

Old-growth forests - Herbaceous 

fallows 0.8783 0.442 53 1.988 0.3625 
 

0.0987 0.452 53 0.218 0.82705 

Old-growth forests - Rice paddies 4.3565 0.508 53 8.569 <.0001  0.0987 0.452 53 0.218 0.82705 

Forest fragments - Vanilla agroforests -1.0277 0.434 53 -2.37 0.1857  1.1768 0.456 53 2.582 0.00981 

Forest fragments - Woody fallows -0.9863 0.433 53 -2.277 0.2216  0.8481 0.455 53 1.862 0.06261 

Forest fragments - Herbaceous fallows -1.0568 0.434 53 -2.434 0.1633  1.1768 0.456 53 2.582 0.00981 

Forest fragments - Rice paddies 2.4214 0.461 53 5.247 <.0001  1.1768 0.456 53 2.582 0.00981 
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Vanilla agroforests - Woody fallows 0.0413 0.428 53 0.097 1  -0.3287 0.452 53 -0.727 0.46731 

Vanilla agroforests - Herbaceous 

fallows -0.0291 0.428 53 -0.068 1 
 

0 0.452 53 0 1 

Vanilla agroforests - Rice paddies 3.4491 0.478 53 7.222 <.0001  0 0.452 53 0 1 

Woody fallows - Herbaceous fallows -0.0704 0.428 53 -0.164 1  0.3287 0.452 53 0.727 0.46731 

Woody fallows - Rice paddies 3.4078 0.476 53 7.152 <.0001  0.3287 0.452 53 0.727 0.46731 

Herbaceous fallows - Rice paddies 3.4782 0.478 53 7.271 <.0001  0 0.452 53 0 1 
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Table S.6.5. Mean percentage with standard error of households that are collecting plants of 

different categories from each land-use type in north-eastern Madagascar 

Land use types 
Old-growth 

forests 

Forest 

fragments 

Vanilla 

agroforests 

Woody 

fallows 

Herbaceous 

fallows 

Rice 

paddies 

Medicine 0 ±0 34.2 ±5.5 20.2 ±5.2 50.7 ±4.8 7.4 ±3.5 9.5 ±1.6 

Food 0 ±0 4.3 ±1.5 7.4 ±2.8 31.7 ±6.8 23.4 ±4.6 46.2 ±10.5 

Construction 0.8 ±0.8 64.6 ±5.6 8.7 ±5 34.7 ±6.4 0.3 ±0.3 0 ±0 

Fire-wood 0 ±0 20 ±5.3 19.2 ±6.7 74.1 ±5.5 0.9 ±0.9 0 ±0 

Charcoal 0 ±0 3.5 ±1.4 2 ±1 7.4 ±2.1 0 ±0 0.6 ±0.6 

Fodder 0 ±0 0 ±0 1.7 ±1.4 35.5 ±8.8 3.2 ±1.5 31 ±6.3 

Weaving 0 ±0 8.6 ±3.3 2.3 ±1.1 2.5 ±1.1 0 ±0 7.4 ±1.9 
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Table S.6.6. Mean percentage with standard error of households that are collecting plants 

for different categories of use with their frequency of use for households across land use 

types in north-eastern Madagascar  

Land-use 

types 

Frequency of 

use 

Old-

growth 

forests 

Forests 

fragments 

Vanilla 

agroforests 

Woody 

fallows 

Herbaceous 

fallows 

Rice 

paddies 

Medicine 

Annually to 

more rarely 
- 0.9 ±0.6 - 

0.7 

±0.4 
- - 

Monthly to 

semi-

annually 

- 0.5 ±0.5 0.6 ±0.4 - - - 

Daily to 

weekly 
- 32.8 ±5.3 19.6 ±5.1 50 ±4.6 7.4 ±3.5 

9.5 

±1.6 

        

Food 

Annually to 

more rarely 
- 0.4 ±0.4 - 

4.2 

±1.7 
1.1 ±1.1 

6.6 

±2.2 

Monthly to 

semi-

annually 

- 0.9 ±0.6 1.6 ±0.7 12 ±3.9 3.2 ±1.3 
16.4 

±4.4 

Daily to 

weekly 
- 3.1 ±1.6 5.7 ±2.3 

15.4 

±3.8 
19.1 ±4.1 23.2 ±6 

        

Constructi

on 

Annually to 

more rarely 

0.8 

±0.8 
63.7 ±5.5 8.7 ±5 

33.1 

±6.6 
0.3 ±0.3 - 

Monthly to 

semi-

annually 

- - - 
1.3 

±0.5 
- - 

Daily to 

weekly 
- 0.8 ±0.6 - 

0.3 

±0.3 
- - 

        

Fire-wood 

Annually to 

more rarely 
- - - - - - 

Monthly to 

semi-

annually 

- - - - - - 

Daily to 

weekly 
- 20 ±5.3 19.2 ±6.7 

74.1 

±5.5 
0.9 ±0.9 - 

        

Charcoal 

Annually to 

more rarely 
- 0.9 ±0.9 1 ±0.7 

1.9 

±0.8 
- - 

Monthly to 

semi-

annually 

- - - - - - 

Daily to 

weekly 
- 2.6 ±0.9 1 ±0.5 

5.6 

±1.9 
- 

0.6 

±0.6 

        

Forage 
Annually to 

more rarely 
- - - 

0.3 

±0.3 
- 

0.3 

±0.3 
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Monthly to 

semi-

annually 

- - - - - - 

Daily to 

weekly 
- - 1.7 ±1.4 

35.2 

±8.6 
3.2 ±1.5 

30.7 

±6.4 

        

Weaving 

Annually to 

more rarely 
- 8.6 ±3.3 2.3 ±1.1 

2.2 

±1.1 
- 

6.4 

±1.9 

Monthly to 

semi-

annually 

- - - - - 
0.6 

±0.4 

Daily to 

weekly 
- - - 

0.3 

±0.3 
- 

0.3 

±0.3 
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Table S.6.7.  Mean percentage with standard error households that are collecting plants for different 

categories of use with their purposes for households across land-use types in north-eastern 

Madagascar  

Land-use 

types 

Frequency 

of use 

Old-growth 

forests 

Forests 

fragments 

Vanilla 

agroforests 

Woody 

fallows 

Herbaceous 

fallows 

Rice 

paddies 

Medicine 

Use 

0 ±0 31.9 ±5.5 19.9 ±5.1 50 ±4.6 7.4 ±3.5 

9.5 

±1.6 

Use & 

selling 0 ±0 1.9 ±1 0.4 ±0.4 0.3 ±0.3 0 ±0 0 ±0 

Selling 0 ±0 1 ±1 0 ±0 0.6 ±0.6 0 ±0 0 ±0 

        

Food 

Use 

0 ±0 3.5 ±1 4.9 ±2.5 

28.2 

±5.1 21.6 ±4.2 

44.9 

±10.7 

Use & 

selling 0 ±0 0.9 ±0.9 2.7 ±1.5 3.9 ±2.1 2 ±1.1 

1.4 

±1.1 

Selling 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

        

Construction 

Use 

0.8 ±0.8 54.9 ±5.3 8.7 ±5 

33.5 

±6.6 0.3 ±0.3 0 ±0 

Use & 

selling 0 ±0 10.8 ±2.4 0 ±0 1.4 ±0.6 0 ±0 0 ±0 

Selling 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

        

Fire-wood 

Use 

0 ±0 17.9 ±4.9 19.2 ±6.7 

73.2 

±5.3 0.9 ±0.9 0 ±0 

Use & 

selling 0 ±0 2.3 ±1.7 0 ±0 1 ±0.7 0 ±0 0 ±0 

Selling 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

        

Charcoal 

Use 

0 ±0 0.5 ±0.5 0.7 ±0.4 1.8 ±0.6 0 ±0 

0.3 

±0.3 

Use & 

selling 0 ±0 0.9 ±0.9 0.4 ±0.4 2.1 ±1 0 ±0 0 ±0 

Selling 

0 ±0 3.8 ±2.2 1.7 ±1.2 6.3 ±2.6 0 ±0 

0.5 

±0.5 

        

Forage 

Use 

0 ±0 0 ±0 1.7 ±1.4 

35.5 

±8.8 3.2 ±1.5 31 ±6.3 

Use & 

selling 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

Selling 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 

        

Weaving 

Use 

0 ±0 7.6 ±2.9 2.3 ±1 1.9 ±1 0 ±0 

6.3 

±1.7 

Use & 

selling 0 ±0 1.1 ±0.8 0 ±0 0.7 ±0.5 0 ±0 

1.2 

±0.6 

Selling 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 0 ±0 



 

354 
 

Table S.6.8. Multicomparisons of land-use types based on the household percentage that collects plants for each category of use in North-eastern 

Madagascar  

 Medicine  Food 

contrast estimate SE df t.ratio p.value  estimate SE df t.ratio p.value 

Old-growth forests - 

Forest fragments -3.3300 0.4620 52 

-

7.2110 <.0001 
 

-0.731 0.483 52 

-

1.514 0.657 

Old-growth forests - 

Vanilla agroforests -2.1800 0.4630 52 

-

4.7080 0.0003 
 

-0.953 0.486 52 

-

1.962 0.3777 

Old-growth forests - 

Woody fallows -4.0300 0.4700 52 

-

8.5700 < 2e-16 
 

-2.629 0.517 52 

-

5.085 0.0001 

Old-growth forests - 

Herbaceous fallows -0.5220 0.4660 52 

-

1.1200 0.1810 
 

-1.524 0.494 52 

-

3.087 0.0362 

Old-growth forests - 

Rice paddies -1.8300 0.4650 52 

-

3.9400 0.0871 
 

-3.708 0.556 52 

-

6.673 <.0001 

Forest fragments - 

Vanilla agroforests 1.1490 0.4120 52 2.7870 0.0098 
 

-0.221 0.479 52 

-

0.462 0.9972 

Forest fragments - 

Woody fallows -1.7010 0.3790 52 

-

1.8500 0.0023 
 

-1.898 0.507 52 

-

3.742 0.0058 

Forest fragments - 

Herbaceous fallows 2.8080 0.4460 52 6.2950 <.0001 
 

-0.792 0.486 52 -1.63 0.5832 

Forest fragments - 

Rice paddies 1.4990 0.4230 52 3.5460 <.0001 
 

-2.976 0.543 52 

-

5.477 <.0001 

Vanilla agroforests - 

Woody fallows -1.8500 0.4150 52 

-

4.4630 <.0001 
 

-1.676 0.508 52 

-

3.303 0.0204 

Vanilla agroforests - 

Herbaceous fallows 1.6580 0.4490 52 3.6920 0.0180 
 

-0.571 0.488 52 -1.17 0.8489 

Vanilla agroforests - 

Rice paddies 0.3500 0.4360 52 0.8040 0.0476 
 

-2.755 0.542 52 -5.08 0.0001 

Woody fallows - 

Herbaceous fallows 3.5090 0.4540 52 7.7270 <.0001 
 

1.105 0.508 52 2.178 0.2656 

Woody fallows - 

Rice paddies 2.2000 0.4270 52 5.1560 <.0001 
 

-1.079 0.517 52 

-

2.086 0.3103 

Herbaceous fallows - 

Rice paddies -1.3080 0.4510 52 

-

2.9000 0.7013 
 

-2.184 0.537 52 

-

4.068 0.0021 

 

 Construction  Firewood 
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 estimate SE df t.ratio p.value  estimate SE df t.ratio p.value 

Old-growth forests - 

Forest fragments -4.6294 0.493 52 -9.381 <.0001 
 

-1.53985 0.478 52 

-

3.219 0.0255 

Old-growth forests - 

Vanilla agroforests -0.582 0.465 52 -1.253 0.8086 
 

-1.48631 0.478 52 -3.11 0.0341 

Old-growth forests - 

Woody fallows -3.4442 0.466 52 -7.393 <.0001 
 

-4.40218 0.557 52 -7.9 <.0001 

Old-growth forests - 

Herbaceous fallows 0.0214 0.464 52 0.046 1 
 

-0.09792 0.47 52 

-

0.208 0.9999 

Old-growth forests - 

Rice paddies 0.1141 0.464 52 0.246 0.9999 
 

-1E-06 0.47 52 0 1 

Forest fragments - 

Vanilla agroforests 4.0474 0.473 52 8.553 <.0001 
 

0.05354 0.467 52 0.115 1 

Forest fragments - 

Woody fallows 1.1852 0.364 52 3.257 0.023 
 

-2.86233 0.52 52 

-

5.506 <.0001 

Forest fragments - 

Herbaceous fallows 4.6508 0.482 52 9.647 <.0001 
 

1.441929 0.466 52 3.093 0.0356 

Forest fragments - 

Rice paddies 4.7435 0.483 52 9.821 <.0001 
 

1.539849 0.466 52 3.304 0.0203 

Vanilla agroforests - 

Woody fallows -2.8621 0.446 52 -6.41 <.0001 
 

-2.91587 0.522 52 

-

5.591 <.0001 

Vanilla agroforests - 

Herbaceous fallows 0.6034 0.452 52 1.334 0.7647 
 

1.388389 0.466 52 2.981 0.0473 

Vanilla agroforests - 

Rice paddies 0.6961 0.452 52 1.539 0.6409 
 

1.486309 0.466 52 3.192 0.0274 

Woody fallows - 

Herbaceous fallows 3.4656 0.454 52 7.638 <.0001 
 

4.304254 0.546 52 7.883 <.0001 

Woody fallows - 

Rice paddies 3.5583 0.454 52 7.83 <.0001 
 

4.402174 0.547 52 8.052 <.0001 

Herbaceous fallows - 

Rice paddies 0.0927 0.452 52 0.205 0.9999 
 

0.09792 0.458 52 0.214 0.9999 

 Charcoal  Fodder 

contrast estimate SE df t.ratio p.value  estimate SE df t.ratio p.value 

Old-growth forests - 

Forest fragments -0.644 0.464 52 -1.389 0.733 
 

0.000 0.471 52 0 1 
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Old-growth forests - 

Vanilla agroforests -0.459 0.463 52 -0.99 0.9192 
 

-0.199 0.472 52 

-

0.423 0.9982 

Old-growth forests - 

Woody fallows -1.140 0.464 52 -2.464 0.154 
 

-2.360 0.49 52 

-

4.805 0.0002 

Old-growth forests - 

Herbaceous fallows 0.000 0.463 52 0 1 
 

-0.449 0.473 52 

-

0.949 0.9317 

Old-growth forests - 

Rice paddies -0.100 0.463 52 -0.217 0.9999 
 

-2.830 0.5 52 

-

5.658 <.0001 

Forest fragments - 

Vanilla agroforests 0.186 0.451 52 0.412 0.9984 
 

-0.199 0.459 52 

-

0.435 0.9979 

Forest fragments - 

Woody fallows -0.500 0.449 52 -1.112 0.8741 
 

-2.360 0.478 52 

-

4.927 0.0001 

Forest fragments - 

Herbaceous fallows 0.644 0.451 52 1.427 0.7104 
 

-0.449 0.46 52 

-

0.974 0.924 

Forest fragments - 

Rice paddies 0.544 0.451 52 1.205 0.8323 
 

-2.830 0.488 52 

-

5.795 <.0001 

Vanilla agroforests - 

Woody fallows -0.685 0.45 52 -1.522 0.6519 
 

-2.160 0.478 52 

-

4.511 0.0005 

Vanilla agroforests - 

Herbaceous fallows 0.459 0.451 52 1.017 0.9103 
 

-0.249 0.461 52 -0.54 0.9942 

Vanilla agroforests - 

Rice paddies 0.358 0.451 52 0.794 0.9673 
 

-2.630 0.487 52 

-

5.391 <.0001 

Woody fallows - 

Herbaceous fallows 1.140 0.452 52 2.531 0.1339 
 

1.910 0.478 52 3.993 0.0027 

Woody fallows - 

Rice paddies 1.040 0.452 52 2.311 0.2084 
 

-0.471 0.464 52 

-

1.017 0.9102 

Herbaceous fallows - 

Rice paddies -0.100 0.451 52 -0.223 0.9999 
 

-2.380 0.486 52 

-

4.889 0.0001 

  

 Weaving  

contrast estimate SE df t.ratio p.value  

Old-growth forests - 

Forest fragments -0.882 0.467 52 -1.889 0.4203 
 

Old-growth forests - 

Vanilla agroforests -0.456 0.466 52 -0.979 0.9227 
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Old-growth forests - 

Woody fallows -0.463 0.466 52 -0.994 0.9178 
 

Old-growth forests - 

Herbaceous fallows 0.000 0.465 52 0 1 
 

Old-growth forests - 

Rice paddies -1.370 0.468 52 -2.928 0.0539 
 

Forest fragments - 

Vanilla agroforests 0.426 0.454 52 0.938 0.9348 
 

Forest fragments - 

Woody fallows 0.419 0.454 52 0.922 0.9391 
 

Forest fragments - 

Herbaceous fallows 0.882 0.454 52 1.94 0.3901 
 

Forest fragments - 

Rice paddies -0.490 0.453 52 -1.082 0.8864 
 

Vanilla agroforests - 

Woody fallows -0.007 0.454 52 -0.016 1 
 

Vanilla agroforests - 

Herbaceous fallows 0.456 0.453 52 1.005 0.9141 
 

Vanilla agroforests - 

Rice paddies -0.916 0.455 52 -2.014 0.3488 
 

Woody fallows - 

Herbaceous fallows 0.463 0.453 52 1.021 0.9087 
 

Woody fallows - 

Rice paddies -0.908 0.455 52 -1.998 0.3575 
 

Herbaceous fallows - 

Rice paddies -1.370 0.456 52 -3.008 0.0442 
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Table S.6.9. Mean number of species used per village with standard errors across land-use types 

in north-eastern Madagascar 

Land-use types Mean SE 

Old-growth forests 0.2 0.2 

Forest fragments 25.6 2.8 

Vanilla agroforests 19.3 4.3 

Woody fallows 49.2 6.2 

Herbaceous fallows 5.7 2.1 

Rice paddies 15.5 1.4 

 

Table S.6.10. Multiple comparisons of land-use types in terms of the number of 

species used by households per village. 

Contrast estimate SE df t.ratio p.value 

Old-growth forests - 

Forest fragments 
-4.6315 1.01 53 -4.587 0.0004 

Old-growth forests - 

Vanilla agroforests 
-4.1837 1.016 53 -4.12 0.0018 

Old-growth forests - 

Woody fallows 
-5.2498 1.006 53 -5.217 <.0001 

Old-growth forests - 

Herbaceous fallows 
-2.9839 1.034 53 -2.885 0.0596 

Old-growth forests - 

Rice paddies 
-4.2255 1.012 53 -4.177 0.0015 

Forest fragments - 

Vanilla agroforests 
0.4478 0.221 53 2.022 0.3439 

Forest fragments - 

Woody fallows 
-0.6184 0.172 53 -3.594 0.0088 

Forest fragments - 

Herbaceous fallows 
1.6476 0.309 53 5.326 <.0001 

Forest fragments - 

Rice paddies 
0.406 0.212 53 1.919 0.4022 

Vanilla agroforests - 

Woody fallows 
-1.0662 0.202 53 -5.276 <.0001 

Vanilla agroforests - 

Herbaceous fallows 
1.1998 0.328 53 3.662 0.0072 
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Vanilla agroforests - 

Rice paddies 
-0.0418 0.237 53 -0.176 1 

Woody fallows - 

Herbaceous fallows 
2.2659 0.297 53 7.625 <.0001 

Woody fallows - 

Rice paddies 
1.0244 0.192 53 5.332 <.0001 

Herbaceous fallows - 

Rice paddies 
-1.2416 0.318 53 -3.902 0.0035 
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Table S.6.11. Mean of the percentage of species used from each land-use type in north-eastern 

Madagascar based on their origin (the endemic, native and exotic) and growth forms (trees, 

shrubs and lianas, herbs) 

Land-use 

types 

Species 

origin 

Mean 

percentage  

± SE 

 

Land-use 

types Growth forms 

Mean 

percentage  

± SE 

Old-growth 

forests 

Endemics 5 ±5 
Old-growth 

forests 

Herb 0 ±0 

Natives 0 ±0 Shrub & Liana 0 ±0 

Exotics 0 ±0 Tree 10 ±10 

Forest 

fragments 

Endemics 42.9 ±3.1 
Forest 

fragments 

Herb 10.5 ±2.2 

Natives 19.4 ±2.6 Shrub & Liana 6.4 ±1.6 

Exotics 11 ±2.8 Tree 83.2 ±3 

Vanilla 

agroforests 

Endemics 27 ±6.2 
Vanilla 

agroforests 

Herb 34.8 ±3.1 

Natives 31.1 ±4.3 Shrub & Liana 8.8 ±2 

Exotics 30.1 ±4.3 Tree 56.4 ±2 

Woody 

fallows 

Endemics 19.4 ±1.7 
Woody 

fallows 

Herb 41.6 ±2 

Natives 37.1 ±2 Shrub & Liana 9.1 ±1.3 

Exotics 32.7 ±1.8 Tree 49.3 ±2.5 

Herbaceous 

fallows 

Endemics 63.7 ±9.9 
Herbaceous 

fallows 

Herb 78.7 ±10.5 

Natives 2 ±2 Shrub & Liana 3.2 ±2.1 

Exotics 24.3 ±7.1 Tree 8.1 ±5.3 

Rice 

paddies 

Endemics 5.5 ±2 
Rice 

paddies 

Herb 91.2 ±3.3 

Natives 46.9 ±3.6 Shrub & Liana 2.2 ±1.2 

Exotics 42.6 ±2.4 Tree 6.6 ±2.4 
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Figure S.6.1. Map of study villages with the forest cover of the study region in 2017 from 

(Vieilledent et al. 2018) 
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Figure S.6.2. Mean percentage and standard error of households using species for each category 

of use in north-eastern Madagascar 
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Figure S.6.3. Characteristics of the households relying on different land uses for ecosystem 

services (excluding crop yields) based on gender (a), age group (b) and education level (c) of 

household’s heads. Number on a bar represents the mean percentage (±SE) of households 

belonging to the group (gender, age group pr education) with access to the land use type reporting 

the corresponding benefits, i.e. supporting, regulating, provisioning or cultural ecosystem 

services for each land use type.  
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Figure S.6.4. Total number of species used across land-use types in north-eastern Madagascar  
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Figure S.6.5. Location to collect plant species cited by at least 6 households and the number of their citation across the study region. One bar 

represents one species and the length of the bar represents the number of citations by households across the 10 villages. Species names with 

“*En” are endemic species, “Na” for native, “Ex” for exotic and “Un” for unknown origin 
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Figure S.6.6. Collect frequency of plant species cited by at least 6 households and the number of their citations across the study region. One bar 

represents one species and the length of the bar represents the number of citations by households across the 10 villages. Species names with 

“*En” are endemic species, “Na” for native, “Ex” for exotic and “Un” for unknown origin  
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Figure S.6.7. Different use of plant species cited by at least 6 households and the number of their citations across the study region. One bar 

represents one species and the length of the bar represents the number of citations by households across the 10 villages. Species names with 

“*En” are endemic species, “Na” for native, “Ex” for exotic and “Un” for unknown origin.
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Chapter Background 

To assess vanilla yield, I co-developed a new methodology for on-plant measurements together 

with my research colleagues (Figure J). Yield assessments based on farmer interviews can show 

biases, such as over-or underestimation, low accuracy, or usage of non-standard units (Fermont 

& Benson 2011). In vanilla farming, early theft or early harvest (to prevent theft) (Hänke et al. 

2018, Osterhoudt 2020) are additional challenges to assess yield accurately. Furthermore, 

vanilla pods are harvested successively due to their differing pollination date and ripening status 

and for weighing often mixed with vanilla pods from other plots of the farmer. To minimize 

biases, we thus developed a new method for assessing the pre-harvest vanilla yield on the plant. 

The approach consisted of two data collections. During the first data collection in 2017, we 

assessed the weight, length, and width of harvested vanilla pods and calculated the slope and 

intercept of their weight-volume correlation. We calculated the volume based on the cylinder 

formula using the measured width and length. The second data collection in 2018 consisted of 

on-plant-hanging vanilla pod measurements and farmer interviews on the number of stolen and 

early harvested pods. We measured the on-plant-hanging vanilla pod length and width and 

counted the pod bundles per plant. Based on the measurements we could then calculate the 

weight of each pod by calculating each pod’s volume and their weight by using the assessed 

slope and intercept of the post-harvest pod measurement in 2017. To link vanilla yield data with 

other plant variables (damage data, repetition of yield assessment), we marked all vanilla plants 

with a unique barcode. For each vanilla plant assessment, we scanned the barcode with tablets 

and entered all data using KoBoToolbox (https://www.kobotoolbox.org/). 

https://www.kobotoolbox.org/
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Figure J: Post-harvest vanilla pod measurement in 2017 (a-c): assessing length with a ruler (a), width 

with a caliper (b), and weight with electric scale (c). Vanilla yield assessment in 2018 (d-k): development 

of yield methodology together with field assistants (d), discussion with vanilla farmers (e), measurement 

of the length of on-plant-hanging vanilla pods (f), unique barcode to identify vanilla plant and facilitate 

repeated data collections (g), farmer interview with tablet (h), measurement of vanilla vine length and 

vanilla pod length (i), vanilla pod bundle thinned out by farmer to achieve desired vanilla pod length (j), 

usage of KoBoToolbox app on a tablet to enter yield data (k)  
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Abstract 

Resolving ecological-economic trade-offs between biodiversity and yields is a key challenge 

when addressing the biodiversity crisis in tropical agricultural landscapes. Here, we focused on 

the relation between seven different taxa (trees, herbaceous plants, birds, amphibians, reptiles, 

butterflies, and ants) and yields in vanilla agroforests in Madagascar. Agroforests established 

in forests supported overall 23% fewer species and 47% fewer endemic species than old-growth 

forests, and 14% fewer endemic species than forest fragments. In contrast, agroforests 

established on fallows had overall 12% more species and 38% more endemic species than 

fallows. While yields increased with vanilla vine density and length, non-yield related variables 

largely determined biodiversity. Nonetheless, trade-offs existed between yields and butterflies 

as well as reptiles. Vanilla yields were generally unrelated to richness of trees, herbaceous 

plants, birds, amphibians, reptiles, and ants, opening up possibilities for conservation outside 

of protected areas and restoring degraded land to benefit farmers and biodiversity alike. 

 

Introduction 

Agricultural expansion and intensification are the main drivers of today’s biodiversity crisis 

(Maxwell et al. 2016). Increases in agricultural productivity are typically achieved at the cost 

of biodiversity (Clough et al. 2016; Grass et al. 2020). Solutions to the resulting ecological-

economic trade-offs are urgently needed, especially in tropical landscapes that undergo rapid 

transformation (Macchi et al. 2020). In order to prevent, halt and reverse the degradation of 

ecosystems, the United Nations has declared the years 2021-2030 as the Decade on Ecosystem 

Restoration(United Nations 2020). Restoration is an approach, that can at least partially restore 

levels of biodiversity and ecosystem services (Chazdon 2008). In this context, degradation 

represents the decline in biodiversity and ecosystem services, and restoration aims to prevent, 
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halt and reverse the degradation of ecosystems(Chazdon 2008; Gann et al. 2019).  Agroforestry 

opens up promising opportunities for ecosystem restoration(Schroth et al. 2004; Tschora and 

Cherubini 2020), but more system-specific knowledge is needed for an even wider 

implementation of win-win solutions. This is of particular importance for degraded land that 

has much reduced biodiversity and services provisioning(Santos, Crouzeilles, and Sansevero 

2019), and which makes up large shares of tropical landscapes characterized by subsistence 

agriculture and shifting cultivation(Styger et al. 2007). However, agroforestry may also result 

in biodiversity losses if established at the expense of forests (Ocampo-Ariza et al. 2019; Osen 

et al. 2021). Whether tropical agroforests contribute to halting deforestation or accelerate 

biodiversity declines thus depends on their land-use history, meaning whether they are 

established on open land (i.e. cropland, pastures, fallow, or degraded land) or by thinning of 

forest (Martin et al. 2020; Warren‐Thomas et al. 2020). Surprisingly, despite decades of 

research in agroforestry, land-use history is not considered in most studies on tropical 

agroforestry (Martin et al. 2020).  Furthermore, the productivity of agroforestry systems is 

decisive for their overall biodiversity value, because low-yielding agroforestry systems need 

more land to meet the same demands as provided by high-yielding monocultures, possibly 

leading to more forest conversion and biodiversity loss on a landscape-level(Kremen 2015).  

Here, we focus on vanilla agroforestry in Madagascar (Supplementary Figure 7.1), a tropical 

biodiversity hotspot (Myers et al. 2000). Madagascar has exceptionally high rates of endemism 

(Goodman and Benstead 2005) but faces great challenges in biodiversity conservation and 

human development in the face of extreme poverty (Jones et al. 2019; Scales 2014). Madagascar 

is the biggest producer of vanilla worldwide (FAO 2020), with a majority produced by 

smallholders (Hänke et al. 2018). The high world market price of vanilla over the last years 

brought great socioeconomic benefits for Malagasy smallholders, incentivizing the expansion 

of vanilla cultivation (Hänke et al. 2018; Llopis et al. 2019). The hemi-epiphytic vanilla orchid 

is typically grown in agroforests on support trees in combination with shade trees (Havkin-

Frenkel and Belanger 2010; Osewold et al. 2022). Vanilla agroforests are either established 

through conversion of forest or on fallow land (Martin et al. 2020). In contrast to the degradation 

of forests caused by forest-derived vanilla agroforestry, conversion of fallow land to vanilla 

agroforests can partially restore biodiversity and important ecosystem functions such as pest 

predation (Chowdhury et al. 2020; Schwab et al. 2020). Fallow land, forming part of the shifting 

cultivation cycle for hill rice production, has increased in Madagascar (van Vliet et al. 2012) 

and is widespread in northeastern Madagascar(Llopis et al. 2019; Zaehringer et al. 2016). As a 

consequence, Madagascar has lost 44% of its old-growth forest within the past six decades 
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(Vieilledent et al. 2018), generating a need for land-use solutions aligning conservation with 

agricultural production (Kremen and Merenlender 2018).  

We quantified the effect of vanilla cultivation on multiple taxa including trees, herbaceous 

plants, birds, amphibians, reptiles, butterflies, and ants, and used yield data from 30 vanilla 

agroforests, to identify yield-biodiversity trade-offs. We assessed the biodiversity value of 

forest- and fallow-derived vanilla agroforest and compared it with old-growth forest, forest 

fragments, and fallow land (Supplementary Figure 7.2). Here, we focus on the restoration of 

species richness while addressing also differences in species composition. We differentiate 

between overall species richness and endemic species richness to account for Madagascar’s 

high share of endemic species and their vulnerability to land use(Broennimann et al. 2006; 

Chaudhary et al. 2015). To identify biodiversity-friendly as well as profitable strategies of 

vanilla cultivation, we assessed environmental and management-related variables as drivers of 

yields and species richness. 

 

Results  

Biodiversity and vanilla yield 

Comparing species richness and vanilla yield (kg/ha) in forest- and fallow-derived vanilla 

agroforests, we found that higher vanilla yields were not associated with a decrease in the 

overall species richness, nor the richness of endemic species, for trees, herbaceous plants, birds, 

amphibians, and ants. Notably, the analyzed relationship of yield with biodiversity is likely 

mediated by underlying variables such as management and land-use history. Moreover, the 

overall and endemic diversity of all taxa combined (i.e., their mean normalized richness) was 

also not related to vanilla yields at the plot level (Figure 7.1; Supplementary Table 7.1-2). We 

found a negative relationship between vanilla yield and butterfly species richness (Figure 7.1G, 

estimate= -0.179, p-value<0.001) and endemic butterfly species richness (Figure 7.2G, 

estimate= -0.104, p-value=0.043), a positive relationship with amphibians (Figure 7.1E, 

estimate=0.110, p-value=0.045), and, depending on land-use history, an either positive (Figure 

7.2F, forest-derived, estimate=0.289, p-value=0.028) or negative (Figure 7.2F, fallow-derived, 

estimate= -0.145, p-value=0.016) relationship with endemic reptiles. Species richness of trees 

(Figure 7.1B), reptiles (Figure 7.1F) and mean normalized richness of all combined taxa (Figure 

7.1A) were higher in forest-derived than in fallow-derived vanilla agroforests (Supplementary 

Table 7.1-2). Similarly, when looking at endemics, land-use history mattered for species 

richness of trees, herbaceous plants, birds, and ants and mean normalized endemic richness, 
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with higher values in forest-derived compared to fallow-derived vanilla agroforests (Figure 

7.2). 

 

Effects of land-use history on biodiversity of agroforests 

The direction and magnitude of biodiversity responses at the local scale, i.e., the plot level, 

differed by land-use history and taxa. When compared with old-growth forest, we observed 

significant losses in species richness in forest-derived vanilla for birds (-38%), trees (-51%), 

and amphibians (-51%) as well as mean normalized richness of all taxa combined (-23%); 

whereas butterflies significantly gained species (+82%) (Supplementary Table 7.3). 

Herbaceous plants, reptiles, butterflies, and ants showed no significant difference between land 

uses (Figure 7.1; Supplementary Table 7.3-6). We also found significant losses in endemic 

species richness of amphibians (-57%), trees (-58%), birds (-69%), and mean normalized 

endemic richness (-47%) in forest-derived vanilla compared to old-growth forest. Gamma 

diversity was highest for old-growth forest across all taxa, except for the overall richness of 

herbaceous plants, butterflies, and ants as well as the endemic richness of butterflies 

(Supplementary Table 7.7). Compared with forest fragments, only butterflies significantly 

gained species (+122%) in forest-derived vanilla agroforests; losses or gains in species richness 

of all other taxa and of mean normalized richness were not statistically significant, also when 

focusing on endemic species (Supplementary Table 7.8).  

When compared with fallows, we observed significant gains in overall species richness in 

fallow-derived vanilla agroforest only for trees (+149%) (Figure 7.1; Supplementary Table 7.4-

6, S9). When looking at endemic species richness, we found significant gains for reptiles 

(+38%), and ants (+164%) as well as mean normalized endemic richness (+38%) when 

comparing fallow-derived vanilla agroforest to fallow (Figure 7.2; Supplementary Table 7.4-6, 

S9). Gamma diversity was higher for fallow-derived vanilla agroforest compared to fallow for 

all taxa, except for the overall richness of herbaceous plants, birds and butterflies as well as the 

endemic richness of trees (Supplementary Table 7.7). Notably, the proportion of the recorded 

species that are endemic to Madagascar varied strongly among the studied taxa, with 51% for 

trees, 20% for herbaceous plants, 61% for birds, 98% for amphibians, 74% for reptiles, 58% 

for butterflies, and 45% for ants, respectively. Taxa with high levels of endemicity are 

particularly prone to irrevocable biodiversity loss if land use negatively affects them. Sampling 

coverage across land-use types was on average 84% for all taxa, indicating a satisfactory 

sampling effort (Supplementary Table 7.10). In addition, the rarefaction curve for fallows based 

on species richness per sampling unit tended to reach an asymptote for amphibians, birds, 
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reptiles, and trees (Supplementary Figure 7.3). The rarefaction curves of ants, butterflies, and 

herbaceous plants did not reach an asymptote across all land-use types; thus, differences 

between land-use types may further increase if sampling effort is increased. 
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Fig. 7.1: Overall species richness (mean normalized richness across all taxa) and individual 

species richness of seven taxonomic groups across land-use types and with increasing vanilla 

yield. Shown are boxplots of plot-level mean normalized richness across taxa (A) and species 

richness of seven taxa individually (B-H) in old-growth forest (FOR= dark green), forest 

fragment (FF= light green), forest-derived vanilla agroforest (VFOR= blue), fallow (FAL= 

yellow) and fallow-derived vanilla agroforest (VFAL= brown). N=10 for each FOR, FF and 

VFOR & n=20 for each FAL and VFAL. The line inside the boxplot represents the median of 

each land-use type. The lower and upper boundaries of the boxplot show the 25th-75th 

percentiles of the observational data, respectively and the whiskers show the 1.5 interquartile 

range. Outliers are shown as dots. Letters indicate significant differences between land-use 

types based on pairwise Tukey's honest or Wilcoxon significance tests (Statistical test results 

in Supplementary Table 7.4-6). Scatterplots (VFOR= blue and VFAL= brown) show the 

relationship between plot-level mean normalized richness (A) and plot-level species richness 

of the seven taxa (B-H) with vanilla yield. Lines indicate model predictions (Statistical test 

results in Supplementary Table 7.1-2). Horizontal dashed lines are intercept-only linear 

models (lines are based on the mean of the distribution). Solid lines indicate statistically 

significant relationships (p<0.05). Two colored lines (VFOR= blue and VFAL= brown) are 

shown as dashed lines if land-use history was significant as an additive term but there was no 

significant relationship between species richness with vanilla yield.  Solid colored lines 

indicate that the effect of vanilla yield was moderated by land-use history. Sample size: n=70 

plots for herbaceous plants, birds, amphibians, reptiles, butterflies, and ants; n=68 plots for 

trees; n=30 plots for vanilla yield. Note the sqrt-scale for vanilla yield/kg. Icons from 

phylopic.org (see Supplementary Table 7.19 for attributions).  
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Fig. 7.2: Overall endemic species richness (mean normalized endemic richness across all 

taxa) and individual endemic species richness of seven taxonomic groups across land-use 
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types and with increasing vanilla yield. Shown are boxplots of plot-level mean normalized 

endemic richness (A) and endemic species richness of seven taxa individually (B-H) in old-

growth forest (FOR= dark green), forest fragment (FF= light green), forest-derived vanilla 

agroforest (VFOR= blue), fallow (FAL= yellow) and fallow-derived vanilla agroforest 

(VFAL= brown). N=10 for FOR, FF and VFOR & n=20 for FAL and VFAL. The line inside 

the boxplot represents the median of each land-use type. The lower and upper boundaries of 

the boxplot show the 25th-75th percentiles of the observational data, respectively and the 

whiskers show the 1.5 interquartile range. Outliers are shown as dots. Letters indicate 

significant differences between land-use types based on pairwise Tukey's honest or Wilcoxon 

significance tests (Statistical test results in Supplementary Table 7.4-6). Scatterplots (VFOR = 

blue and VFAL = brown) show the relationship between plot-level mean normalized endemic 

richness (A) and plot-level endemic richness of the seven taxa (B-H) with vanilla yield. Lines 

indicate model predictions (Statistical test results in Supplementary Table 7.1-2). Horizontal 

dashed lines are intercept-only linear models (lines are based on the mean of the distribution). 

Solid lines indicate statistically significant relationships (p<0.05). Two colored lines (VFOR 

= blue and VFAL = brown) are shown as dashed lines if land-use history was significant as an 

additive term but there was no significant relationship between endemic species richness with 

vanilla yield. Solid colored lines indicate that the effect of vanilla yield was moderated by 

land-use history. Sample size: n=70 plots for endemic herbaceous plants, birds, amphibians, 

reptiles, butterflies, and ants; n=68 plots for trees; n=30 plots for vanilla yield. Note the sqrt-

scale for vanilla yield/kg. Icons from phylopic.org (see Supplementary Table 7.19 for 

attributions).  

 

Effects of land-use history on species composition inside agroforests 

Across all taxa, species composition changed significantly from old-growth forest to forest-

derived vanilla agroforest (Supplementary Figure 7.4, Supplementary Table 7.11). Forest 

fragments and forest-derived vanilla agroforests differed significantly in species composition 

for herbaceous plants, butterflies, reptiles, amphibians, and marginally for ants. Comparing 

fallow to fallow-derived vanilla agroforest, we found significant changes in the composition of 

trees, herbaceous plants, birds, reptiles, butterflies, and ants (Supplementary Figure 7.4). 

Amphibians did not differ in species composition between fallow and fallow-derived vanilla 

agroforest.  

Effects of environmental and management variables on yield 

Vanilla yields varied widely and averaged at 105 ± SD 100 kg/ha (Supplementary Table 7.12). 

Vanilla yields increased with planting density (estimate=2.901, SE=0.415, p-value<0.001) and 

vanilla vine length (estimate=2.650, SE=0.393, p-value<0.001; Figure 7.3; Table 7.1; 

Supplementary Figure 7.5 & Supplementary Table 7.13-14). Moreover, vanilla yield tended to 

increase with labour input for hand pollination of vanilla flowers (estimate= 0.897, SE=0.469, 

p-value=0.069; Figure 7.3; Table 7.1). Importantly, vanilla yield was not related to canopy 

closure, slope, landscape forest cover, understory vegetation cover, soil characteristics or 

elevation, suggesting a high intensification potential without the need for shade or vegetation 
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removal (Supplementary Figure 7.5). Furthermore, the age of vanilla plants did not influence 

vanilla yield. Lastly, vanilla yields also did not differ between fallow- and forest-derived vanilla 

agroforests (Tukey post-hoc test: estimate=0.77, SE=1.94, p=0.691; Supplementary Figure 

7.6).  

 

 

Fig. 7.3: Management and environmental variables influencing vanilla yield in 30 vanilla 

agroforests in north-eastern Madagascar based on a linear mixed-effect model with yield sqrt-

transformed. Dots are raw data and solid and dashed lines indicate statistically significant (p < 

0.050) and marginally significant effects (0.050 <= p < 0.100), respectively. Trend lines show 

average values of the back-transformed model predictions of the final model after using 

likelihood ratio tests using maximum likelihood estimation, shaded areas indicate 95% 

confidence intervals. The full model included: vanilla planting density, pollination labour 

input, vanilla vine length, vanilla plant age, soil characteristics, canopy closure, slope, 

landscape forest cover, understory vegetation cover, and elevation. The final model included: 

vanilla planting density, pollination labour input, vanilla vine length. Statistical test results in 

Supplementary Tables 7.6-7.  

 

Effects of environmental and management variables on biodiversity 

To understand the effect of underlying yield-related management variables on biodiversity, we 

analyzed the relationship of species richness with four management and six environmental 

variables. We found trade-offs between yield-increasing variables (vanilla planting density and 

vanilla vine length) and overall and endemic species richness of trees and reptiles (Table 7.1, 

Supplementary Table 7.15-18, Supplementary Figure 7.7) but win-wins with endemic species 

richness of herbaceous plants. Firstly, agroforests with higher vanilla planting density had lower 

tree richness (estimate= -0.155 SE=0.066, p-value=0.019), and lower endemic tree richness 

(estimate= -0.337 SE=0.096, p-value<0.001) but higher endemic herbaceous plant species 

richness (estimate= 0.176, SE=0.063, p-value=0.005. Secondly, vanilla vine length was related 

to overall fewer tree species (estimate= -0.221, SE=0.056, p-value=0.001), endemic tree species 

(estimate= -0.553, SE=0.104, p-value=0.001) and reptile species (estimate= -0.0166, 
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SE=0.071, p-value=0.019) as well as marginally fewer endemic reptile richness (estimate =-

0.096, SE=0.052, p-value=0.068) at plot level. Notably, species richness of birds, amphibians, 

butterflies, and ants was driven by environmental and management variables unrelated to 

vanilla yields (Table 7.1, Supplementary Table 7.15-18, Supplementary Figure 7.7). Apart from 

differences in species richness due to elevation, slope and soil characteristics, we found that 

canopy closure, a structural parameter strongly affected by farmers’ management decisions, 

was positively associated with species richness of trees (estimate= 0.284, SE=0.082, p-

value<0.001), reptiles (estimate= 0.178, SE=0.074, p-value=0.016), endemic reptiles 

(estimate= 0.136, SE=0.057, p-value=0.017), endemic ants (estimate= 0.387, SE=0.111, p-

value<0.010), and marginally with the species richness of endemic herbaceous plants 

(estimate= 0.145, SE=0.078, p-value=0.063). Additionally, a denser understory vegetation of 

shrubs and herbaceous plants was associated with a higher richness of endemic birds (estimate= 

0.460, SE=0.179, p-value=0.010), but tended to reduce the richness of butterflies 

(estimate = −0.127, SE = 0.072, p-value = 0.077) and the richness of endemic butterflies 

(estimate= -0.109, SE=0.049, p-value=0.062). Landscape forest cover, mainly mediated by 

remaining forest fragments in the agricultural matrix, was positively associated with more 

species of trees (estimate= 0.270, SE=0.074, p-value<0.001), endemic trees (estimate= 0.827, 

SE=0.107, p-value<0.001), endemic herbaceous plants (estimate=0.236, SE=0.064, p-

value<0.001), endemic ants (estimate = 0.214, SE = 0.084, p-value = 0.011) and marginally 

reduced amphibian richness (estimate = -0.097, SE = 0.052, p-value  = 0.062) in vanilla 

agroforests. Amphibian richness was lower on farms situated on steep slopes (estimate=-0.125, 

SE=0.054, p-value=0.021), whereas herbaceous plant richness was higher at higher elevations 

(estimate= 0.283, SE=0.055, p-value<0.001). 

Table 7.1: Overview of the direction of effects of environmental and management variables 

on yield and species richness across seven taxa (trees, herbaceous plants, birds, amphibians, 

reptiles, butterflies, and ants). Positive (+) or negative (-) effects are shown if statistically 

significant (p < 0.050). Symbols in parentheses indicate marginally significant relationships 

(0.050 <= p < 0.100). See Figures S.7.7-8 for visualizations of relationships and 

Supplementary Tables 7.13-14 and 15-18 for statistical test results. 

 

Predictor Yield Species richness 

Vanilla planting density 

(no/ha) 

+ - Trees  

- Endemic trees  

+ Endemic herbaceous plants 

Vanilla vine length (cm) + - Trees  

- Endemic trees  

- Reptiles 

(- Endemic reptiles) 

Vanilla plant age (yrs)   
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Pollination labour input 

(hrs/ha) 

(+)  

Soil characteristics (PC1)  - Endemic trees  

+ Endemic reptiles  

+ Butterflies                

+ Endemic butterflies 

 - Endemic birds 

(+ Herbaceous plants) 

Canopy closure (%)  + Trees  

+ Reptiles 

+ Endemic reptiles  

+ Endemic ants  

(+ Endemic herbaceous plants) 

Slope (°)  - Amphibians 

(- Endemic amphibians) 

Landscape forest cover (%)  + Trees  

+ Endemic trees 

+ Endemic herbaceous plants  

+ Endemic ants 

(-Amphibians) 

Understory vegetation cover 

(%) 

 + Endemic birds  

(- Endemic butterflies) 

(- Butterflies) 

Elevation (m)  + Herbaceous plants 

 

Discussion 

Here, we studied biodiversity-yield relationships in smallholder vanilla agroforests in 

Madagascar, a global biodiversity hotspot, with high pressure on the remaining old-growth 

forest and major sustainability challenges (Scales 2014). Vanilla is an important cash crop and 

a major export commodity of Madagascar that has the potential to lift tens of thousands of 

smallholder farmers out of poverty (ILO 2011). In contrast to common expectations of 

ecological-economic trade-offs (Grass et al. 2020; Perfecto and Vandermeer 2008), we show 

that increasing yields within the current range of vanilla agroforestry management practices 

(productivity benchmark [reference point for an average maximum of yield] in Madagascar: 

350 kg/ha(Hänke 2019)) are not generally associated with biodiversity losses. Moreover, our 

study highlights the great potential of vanilla agroforestry to restore the biodiversity value of 

degraded and fallow lands, which are prevalent in the main vanilla production region of 

northeastern Madagascar (Styger et al. 2007; Zaehringer et al. 2016). This potential is 

underlined by the fact that 70% of vanilla agroforests in the study region are already fallow-

derived (Hänke et al. 2018). With targeted incentives for establishing vanilla agroforests on 

fallow land, vanilla agroforestry could further contribute to land restoration. By providing an 

alternative income it may also prevent the degradation of the last remnants of old-growth 
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rainforest through shifting cultivation (Miller et al. 2021). This is particularly important as our 

study shows that old-growth forests harbor high levels of species richness and unique species 

composition, which underlines their conservation value. 

 

While vanilla yield increased with greater vanilla planting density and longer vanilla vines, we 

found trade-offs of biodiversity with yield-related variables for trees, endemic herbaceous 

plants, and reptiles. However, the species richness of the majority of taxa in vanilla agroforests 

was determined by non-yield-related management variables such as canopy closure and 

landscape forest cover, providing opportunities for smallholders to increase agricultural 

productivity. Importantly, these productivity increases do not come at the expense of 

biodiversity. Likewise, land-use history mattered for biodiversity but not for vanilla yields, 

indicating equal opportunities for profitable agroforestry on fallow land without further forest 

loss (Martin, Wurz, et al. 2021). Higher landscape forest cover and higher canopy closure 

promoted endemic herbaceous plants and endemic species of trees, as well as endemic reptiles 

and ants in agroforests. Also, other studies from Madagascar have highlighted the importance 

of trees for biodiversity and identified the loss of canopy closure associated with species loss 

and community composition change across taxa (Raveloaritiana et al. 2021; Scott et al. 2006). 

Here, conservation of remaining forest fragments as well as farmer incentives for maintaining 

dense canopy structures is needed. Vanilla yield also tended to increase with labour input for 

hand pollination. While hand pollination is critical for achieving high vanilla yields (Wurz, 

Grass, and Tscharntke 2021), this finding needs to be interpreted carefully, since it may also 

reflect an overall increase of pollination input with a high number of vanilla flowers present. 

Surprisingly, vanilla age was unrelated to vanilla yields, as the two are commonly positively 

related(Martin, Wurz, et al. 2021).  

 

Contrasting with the stable species richness of the majority of taxonomic groups, we found that 

agroforests with a high planting density of vanilla and long vanilla vines had reduced species 

richness of trees (overall and endemic) and reptiles as well as tended to support fewer endemic 

reptiles. This indicates trade-offs between conservation and production goals, particularly for 

trees, which represent a keystone structure on which other species depend (Tews et al. 2004): 

Doubling planting density from 3000 to 6000 vanilla plants/ha or vine length from 300 to 600 

cm, corresponded to a decrease in tree richness by 27% or 23%, respectively. By contrast, 

almost tripling planting densities to 8500 plants/ha or quadrupling to 1200 cm vine length 

lowered tree species richness by 55% and 52%, respectively. Thus, intermediate increases in 
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planting density and vanilla vine length can represent a compromise for tree conservation and 

vanilla production. High variations in planting density, as well as additional effects affecting 

yields (e.g., labour input), may be the drivers of tree species decreasing with more and longer 

vanilla plants, but not with increasing yields. Furthermore, our study highlights that tree 

richness strongly depends on landscape forest cover as well as canopy closure which can be 

achieved by conservation of remaining forest fragments as well as farmer incentives for 

maintaining old trees and dense tree canopies. While the mechanisms underlying the negative 

relationship of vanilla planting density with tree richness seem obvious, more research is needed 

on the mechanisms behind the negative relationships between vine length and tree as well as 

reptile diversity. 

 

Our study supports findings from other major agroforestry systems such as cacao, 

demonstrating no relationship between cacao yield and multiple plants and animal taxa in 

Indonesia (Clough et al. 2011) and Peru (Jezeer et al. 2019). In contrast, a study on 

Cameroonian cacao agroforests found a negative relationship between ant richness and cocoa 

yields, suggesting trade-offs with biodiversity at high yield levels if shade trees are removed 

(Bisseleua, Missoup, and Vidal 2009). Vanilla smallholder agroforestry is not subject to similar 

trade-offs because the amount of shade vegetation is not related to vanilla yields (Martin, Wurz, 

et al. 2021). However, vanilla has potential for intensification by increasing planting density 

and increasing vanilla vine length, which can be achieved by smallholder farmers without the 

need to reduce canopy closure. For example, doubling planting density from 3,000 to 6,000 

vanilla plants/ha increases yields by 193%, that is, from 71 kg (2200 Euro/ha gross revenue) to 

208 kg or 6400 Euro/ha at high vanilla prices of 2016 (Hänke et al. 2018). Similarly, doubling 

vine length from 600 to 1200 cm increases yields by 191% (66 kg ≙ 2000 Euro/ha to 192 kg ≙ 

5900 Euro/ha). Notably, planting density was generally low (mean=3284 plants/ha; SD=1444; 

Supplementary Table 7.12) in our study region, compared to intensively managed vanilla 

systems elsewhere. In Mexico, vanilla planting densities reach up to 5000 plants/ha in 

monocultures and up to 15000-20000 plants/ha in shade houses(Hernández Hernández, Juan 

Lubinsky 2010). Generally, vanilla yields in Madagascar still have a high intensification 

potential (Martin, Wurz, et al. 2021). 

 

Systematic reviews suggest that in about 80% of all studies, species richness in small-scale 

tropical agroforests is lower than in forests (Scales and Marsden 2008). In line with our findings 

for trees, studies have highlighted that plants are more negatively affected by forest conversion 
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than more mobile taxa like insects (Bhagwat et al. 2008; Steffan-Dewenter et al. 2007). 

Nevertheless, agroforests can also support biodiversity levels similar to forests, if their 

transformation occurred recently and management remained extensive (Beukema et al. 2007; 

Harvey and González Villalobos 2007). Vanilla agroforests, in contrast to coffee and cacao 

agroforestry systems, are generally extensively managed with highly variable yields, averaging 

at less than 500 kg green vanilla per hectare globally (Odoux and Grisoni 2010). Malagasy 

vanilla is managed extensively and manually without inputs of fertilizers or pesticides (Hänke 

et al. 2018). The extensive management of vanilla as well as its setting in a diverse mosaic 

landscape with forest remnants contribute to their high biodiversity and species richness that 

for some taxa (e.g. butterflies, ants) can equal that of old-growth forest at the plot 

level(Rakotomalala et al. 2021; Wurz et al. 2022). 

 

Our findings confirm recent calls that land-use history needs more consideration in agroforestry 

research and management (Martin et al. 2020). The increase of biodiversity in fallow-derived 

vanilla agroforestry compared to fallows, particularly of endemics, presents considerable 

conservation opportunities in line with the goals of the UN Decade on Ecosystem Restoration 

(2021-2030) and the recent IPBES report (IPBES 2019; Strassburg et al. 2020; United Nations 

2020). In addition, we found compositional differences between fallow and fallow-derived 

vanilla agroforests for trees, herbaceous plants, birds, reptiles, butterflies, and ants, which may 

be explained by the tree regrowth and species colonizing fallow-derived vanilla agroforests. 

Once they are established, vanilla agroforests are unlikely to be transformed into other land-use 

types due to their high profitability (Martin et al. 2022) and thus present a leverage point for 

breaking out of the shifting cultivation cycle that degrades much of the agricultural land in 

Madagascar (Martin et al. 2022). Vanilla agroforests offer long-lasting opportunities for 

biodiversity and tree stand structures to recover (Martin, Wurz, et al. 2021; Osen et al. 2021), 

allowing associated biodiversity and ecosystem services to increase (Martin et al. 2022) and 

species composition to be partially restored compared to fallow land (Rakotomalala et al. 2021). 

Tree regrowth in fallow-derived agroforests is particularly valuable to supplement and connect 

the few remaining forest fragments across the agricultural matrix (Zaehringer et al. 2015). In 

contrast, fallow land under shifting cultivation experiences repetitive burning (Laney 2002), 

which limits the establishment and growth of trees (Styger et al. 2007). However, ecological 

restoration also has to consider the value of fallow land to reconcile livelihood and conservation 

needs (Fischer et al. 2021). Fallow land can take different forms providing a wide array of 

benefits to people (Zaehringer et al. 2017). For example, right after subsistence rice production, 
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fallows are often used for livestock grazing (Styger et al. 2007). Indeed, the transformation of 

fallow land into agroforests can result in losses of provisioning ecosystem services (e.g., 

firewood, wild foods, timber)(Zaehringer et al. 2017). However, there is not yet a shortage of 

fallow land in northeastern Madagascar, and the loss of provisioning services through 

conversion to agroforests is readily offset by the associated benefits (e.g., cash crops, carbon 

storage) (Soazafy et al. 2021; Zaehringer et al. 2017). A heterogeneous landscape with multiple 

land uses is important to satisfy the needs of rural communities. 

 

Madagascar has high levels of poverty, with around 65% of people depending on agriculture 

(The World Bank 2019, 2021). Inefficient land management and weak law enforcement are 

major challenges to biodiversity conservation and solutions to Madagascar’s biodiversity crisis 

are urgently needed (Jones et al. 2019; Rakotomanana, Jenkins, and Ratsimbazafy 2013). To 

guide restoration measures and sustainable intensification, efforts need to be supported through 

well-designed policies and economic incentives. Farmer training should emphasize that 

agroforests on fallow land are as productive as forest-derived ones and that high canopy closure 

does not conflict with high yields. Contract farming with sustainability standards (e.g., Fair 

Trade, Rainforest Alliance) or compensations schemes (e.g., Payments for Ecosystem Services) 

may promote agroforestry on fallow land and the use of endemic trees. Such contractual 

arrangements may not only favor conservation but also farmers through greater income stability 

as well as guaranteed minimum and premium prices (Hänke 2019; Minten, Randrianarison, and 

Swinnen 2009).  

 

Our study on Malagasy vanilla agroforestry is a prime example of how win-win solutions that 

combine high yields with high biodiversity can be achieved in tropical agriculture. While the 

last remnants of Madagascar’s old-growth rainforest need strict protection to conserve their 

unique biodiversity and species incompatible with agriculture, fallow-derived vanilla 

agroforestry can support the restoration of biodiversity and important ecosystem services within 

agricultural lands and provide a profitable alternative to further expansion into old-growth 

forest. Management strategies in vanilla agroforests allow both yields and biodiversity to be 

increased. Thereby, vanilla agroforestry opens up great opportunities for economically and 

ecologically sustainable land management in Madagascar, aligning with the UN ecosystem 

restoration goals in this outstanding tropical biodiversity hotspot. 
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Methods 

Study area. All plots were situated in northeastern Madagascar in the SAVA region 

(Supplementary Figure 7.1). The natural vegetation is tropical lowland rainforest, but 

deforestation rates are high (Moat and Smith 2007; Vieilledent et al. 2018). The region is 

globally and nationally one of the most biodiverse places with high levels of endemism (Brown 

et al. 2016; Myers et al. 2000). Forest loss is mainly driven by slash-and-burn shifting hill rice 

cultivation (Zaehringer et al. 2015). The region is characterized by a warm and humid climate 

with an annual rainfall of 2255 mm and a mean annual temperature of 23,9 °C (mean value of 

60 plots extracted from CHELSA climatology; Karger et al., 2017). Vanilla is the main cash 

crop in the SAVA region, making Madagascar the main vanilla producer globally (FAO 2020; 

Hänke et al. 2018). Vanilla prices have shown strong fluctuations over the past years, with a 

price boom between 2014 and 2019 triggering an expansion of vanilla agroforestry in the region 

(Hänke et al. 2018; Llopis et al. 2019).  

 

Study design. We selected 10 villages based on the 60 villages selected within the Diversity 

Turn in Land Use Science project(Hänke et al. 2018) (Supplementary Figure 7.1). We selected 

the villages based on the list of villages for our study region from official election lists which 

listed all villages within a fokontany individually (Hänke et al. 2018). Village boundaries, 

demographics, infrastructure were defined based on a rapid survey with the village chief.  

Among the 60 villages, we considered all villages without coconut plantations, with less than 

40% water (river, sea, and lakes) to avoid a strong influence of water elements and with forest 

fragments and shifting cultivation present within a 2 km radius around the village. Two of these 

17 villages overlapped within a 2 km radius of the villages, thus we randomly selected one of 

them, resulting in 14 villages. We visited these 14 villages in a randomized order and stopped 
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after we found 10 villages which fulfilled the necessary criteria (all land-use types present, 

willing to participate). In each of the 10 villages we selected three vanilla agroforests, one forest 

fragment, and two fallows. Overall, we studied 60 plots across 10 villages and 10 plots in one 

protected old-growth forest (Marojejy National Park). All plots had a minimum distance of 260 

m and a mean minimum distance of 794 m (SD=468m) to each other. Plot elevation ranged 

between 10 and 819 m.a.s.l. (mean =205 m, SD=213 m; Supplementary Table 7.20). 

 

Plot selection. In each of the 10 villages, we selected three vanilla agroforests with low, 

medium, and high canopy closure, respectively, covering a within village canopy cover 

gradient. To refine our vanilla agroforest classification, we used interviews with the plot owners 

to categorize all vanilla agroforests based on land-use history into fallow- and forest-derived 

agroforests (Martin et al. 2020). Forest-derived vanilla agroforests are established within forest 

fragments, which have been manually thinned of dense understory vegetation. Fallow-derived 

vanilla agroforests are established on formerly slashed and burned plots, where vegetation has 

been cleared for hill rice production (shifting cultivation system locally called tavy). Out of our 

30 vanilla agroforests, 20 vanilla agroforests were fallow-derived and 10 vanilla agroforests 

were forest-derived, roughly matching the proportion of fallow- and forest-derived vanilla 

agroforests across the study region (70% are fallow-derived vanilla agroforests, 27% are forest-

derived vanilla agroforests and 3% of unknown origin (Hänke et al. 2018).  

In addition to vanilla agroforests, we selected one forest fragment in each village. Forest 

fragments were located inside the agricultural landscape and were remnants of the once 

continuous forest; these fragments are frequently used for natural product extraction. Forest 

fragments have not been burned or clear cut in living memory, yet the ongoing resource 

extraction results in a much simplified stand structure and fewer large trees compared to old-

growth forest(Osen et al. 2021). Furthermore, we chose one herbaceous and one woody fallow 

in each of the 10 study villages. Both fallow types form part of the shifting hill rice production 

cycle and represent the fallow period at different stages after the crop production. Herbaceous 

fallows have been slashed and burned multiple times with the last cultivation cycle at the end 

of 2016, one year prior to the first species data collection in 2017, and thereafter left fallow 

(Styger et al. 2007). The continuous succession of herbaceous fallows turns them into woody 

fallows with the domination of woody plants including shrubs, trees, and sometimes bamboo. 

Our 10 woody fallows have last burned 4-16 years before data collection. In this study, we 

combine both herbaceous and woody fallows into the category "fallow".  Generally, fallows 

occur in different forms in the study region. The characteristics of fallows depend on the 
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frequency of past fires and the length of fallow periods in between crop cultivation(Styger et 

al. 2007). Frequent burning results in a loss of native and woody species and a dominance of 

exotic species and grasses(Styger et al. 2007). In later fallow cycles, fern species increasingly 

appear(Styger et al. 2007).  

Due to the commonly repeated slashing and burning, secondary forests are very rare in the study 

region. Shifting cultivation prevails in Madagascar (Curtis et al. 2018), because it is an 

important option for people to grow food because means for agricultural intensification are 

scarce. According to our baseline survey (performed in 60 villages in our study region), 90% 

of the interviewed farmers grow rice for subsistence in addition to growing vanilla(Hänke et al. 

2018). Out of this sample, 64% of farmers grow rice in irrigated paddies and 26% of farmers 

use shifting cultivation. 

We also studied 10 plots at two sites in Marojejy National Park, the only remaining, continuous 

old-growth forest at low altitude in our study area(Goodman 2000). We chose accessible old-

growth forest plots with a minimum distance of 250 m from the forest edge. Five of the 10 old-

growth forest plots were located in Manantenina Valley, the other five old-growth forest plots 

were situated in the eastern part of Marojejy National Park, called Bangoabe area. Illegal 

selective logging has occurred in some parts of the park. During our plot selection, we avoided 

sites with traces of selective logging.  

 

Land-use history classification. To collect information on the land-use history or farm history, 

interviews with farmers are common (Egeskog et al. 2016; Inoue et al. 2007). We did interviews 

with the plot owner. Questions on land-use history were binary (forest-derived or fallow-

derived) and did not include information on the detailed land-use history (e.g. frequency of 

burning, past crop systems). Thus, we consider this self-reported data very reliable. The land-

use categorization derived by farmers was confirmed by our visual plot inspections (forest-

derived vanilla agroforests do have a quite distinctive vegetation structure compared to fallow-

derived vanilla agroforests). Additionally, data on tree species composition and soil 

characteristics show evident differences between the categories and back up the binary land-

use history categorization. Analysis of tree species composition showed that fallow- and forest-

derived vanilla agroforests differ significantly in tree species composition(Osen et al. 2021). 

Soil analysis (see Fig. S.7.9) showed that our fallow-derived vanilla agroforests are associated 

with fertility-related variables such as an increase in calcium, pH, nitrogen, and phosphorus, 

which is common after slash-and-burn agriculture (Béliveau et al. 2015; Hölscher et al. 1997). 
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Plot design. We collected species data on plots with a radius of 25 m (1964 m2, 0.1964 ha). We 

established our circular plots in a homogeneous area of the land-use type or forest. Adjacent 

land uses were usually different because farmers generally own small-scale land with a mean 

size of 0.66 ha (mean size of agroforests). We assessed vanilla plant data (yield, vine length, 

vine age, planting density) on 36 vanilla pieds on each of 30 circular vanilla plots 

(Supplementary Figure 7.8). We defined one vanilla pied (foot in French) as the combination 

of a vanilla vine and a minimum of one support tree. The 36 vanilla pieds were evenly selected 

in each of the circular plots based on a sampling protocol to ensure comprehensive and unbiased 

sampling.  We chose vanilla pieds independent of age, length or health condition. We marked 

the 36 selected vanilla pieds per plot with a unique barcode to assess vanilla yield (April 2018) 

and other plant health variables on the same plant (not used in this study). However, for 37 

vanilla pieds (out of a total of 1080 marked vanilla pieds), the barcodes were lost or unreadable 

and we selected a new plant closest to the original position (independent of age, length, or 

condition) and marked it with a new unique barcode. We measured the size of the vanilla 

agroforest by walking with the agroforest owner and a hand-held GPS device at the perimeter 

of the plot.  

Vanilla planting density. Joel Arnaud Harisaina counted each vanilla pied on each 25 m circular 

plot by dividing the plot in four-quarter segments. We calculated the area of each 25 m radius 

plot including slope correction and calculated vanilla planting density (vanilla pieds per hectare) 

by dividing the number of vanilla pieds by the slope-corrected plot area.  

 

Vanilla yield. We measured yield on 30 vanilla plantations (10 forest-derived vanilla 

plantations and 20 fallow-derived vanilla plantations); three in each of our 10 study villages. 

We measured vanilla yield on a total of 36 vanilla pieds between March and April 2018. We 

assessed the vanilla yield before harvest to ensure an accurate yield assessment due to two 

reasons. Firstly, vanilla pods are commonly harvested successively due to their differing 

pollination date and maturity requiring multiple visits over several weeks. Secondly, theft of 

vanilla pods is commonplace around harvest time. We, therefore, estimated the weight of the 

on-plant-hanging vanilla pods by measuring pod volume and relating this to a prior established 

volume-weight correlation. This is possible because vanilla pods only grow in length and width 

in the first eight weeks of their development(Van Dyk et al. 2014). Our yield assessment 

consisted of one interview part with the plot owner and one measurement part. The interview 

part included questions about the occurrence of theft and early harvest on the plantation. During 

the measurement part, we assessed the number, diameter, and length of all vanilla pods. We 
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measured vanilla pod length with a ruler starting at the junction of stem and pod until the tip of 

the pod without considering the bending of the pod. We measured the diameter at the widest 

part of the pod using a caliper. We firstly calculated pod volume based on the standard volume 

cylinder formula using the measured diameter (cm) and length (cm): 

V=πr2h 

Secondly, we calculate the weight (g) of each pod by using the linear regression equation 

(y=bx+a) of a weight-volume correlation of 114 vanilla pods from 114 different agroforests 

(weight, length, and diameter of these 114 green vanilla was assessed post-harvest in 2017). 

We calculated the weight of all measured pods of the harvest in 2018 based on the formulas: 

volume=π(diameter(mm))/20^2*length(cm)) 

Here, we divided the pod diameter (mm) by 20 to obtain the radius and to transform milimeters 

to centimeters. Weight was defined as volume*0.5662 + 0.9699. No vanilla pods were stolen 

or already harvested on our 36 vanilla pieds and hence we did not need to account for it in our 

vanilla yield calculation.  

 

Vanilla vine length. We assessed vanilla vine length for all 36 vanilla pieds (same vanilla pieds 

as used for the yield assessment) on each plot by measuring the total length of the vine from 

the lowest to the highest part with a measuring stick. If the vanilla vine was looped on the 

support tree (= vanilla vine is hanging in multiple loops on the support tree), we measured from 

the top height of the looping of the vanilla vine until the lowest height of the vine. At the 

medium height of the vanilla vine, we counted the number of times the vanilla vine passed 

through. We calculated the total length of the liana by multiplying the maximum height of the 

vanilla vine by the number of times the vine passed through the middle. In some cases, the 

vanilla vine looped at two different heights, we thus considered the middle between the two 

looping heights as the top height. If vanilla vines grew on two different support trees, we 

considered them as one vanilla pieds if support trees were <30 cm apart. If the distance between 

both support trees exceeded 30 cm, we considered only the support tree with the most vines for 

the measurement.  

 

Pollination labour input. We performed a longitudinal survey with the plot owners of our 30 

vanilla agroforests from October 2017 to October 2018. The questionnaire was pre-tested with 

30 farmers in September 2017. All participants were trained by the four research assistants on 

how to use pictogram-supported questionnaires. Subsequently, a feedback workshop was held 

to adapt the pictograms and optimize the entire questionnaire. The pictograms had to be filled 
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every day as a diary. Besides pollination labour input, we assessed the time spent on plantation 

establishment, planting, weeding, pruning, plantation safeguarding, harvesting, preparing 

(fermenting, drying, sorting), and selling of vanilla (not considered in this analysis). Every 

fortnight, trained assistants visited farmers to collect the diary questionnaires. Data entries that 

appeared unusual were verified with the farmers by the assistants. The diary questionnaires 

included questions on family labour input for pollination as well as other agricultural activities, 

such as weeding, harvesting, curing of vanilla, and others.  

We decided to use pollination labour input as the only variable of labour input in our analysis 

for the following two reasons. Firstly, pollination is the most important and labour intensive 

part of the production (Davis 1983). Secondly, pollination has a defined time frame because 

vanilla only flowers between October and December (Hänke et al. 2018).  Thus, the hours of 

pollination labour input are easy to disentangle and define for the farmers. In contrast, other 

tasks such as weeding, pruning, and planting often happen continuously and in parallel and are 

thus harder for the farmer to depict in working hours.  

Pollination is a labour-intensive activity as every vanilla flower is pollinated manually and 

requires agricultural know-how. Thus, the working hours can be related to the number of 

flowers or/and the worker’s know-how. We calculated pollination labour input per hectare by 

summing all working hours (Oct 2017-Oct 2018) and dividing it by the slope-corrected 

agroforest size. For three out of 30 vanilla agroforests pollination labour input was missing; we 

thus used the mean value of all 30 agroforests for the three missing values.  

The household head who filled the pictograms received 10,000 Ariary (roughly 2,50 €) per 

month. Pictograms are drawings made by a local artist which visually describe each of the 

working steps of vanilla cultivation (e.g. planting vanilla vine, weeding plantation, pollination). 

The amount of compensation was recommended as a reasonable compensation by locally 

experienced Malagasy project members. The sum was handed out by the local research 

assistants at the end of each month. All participants of the surveys were informed that 

participation is voluntary, that they can leave the survey anytime, and that all data is 

anonymized, i.e., no personal data will be published or shared with third parties. Guidelines of 

“Good Scientific Practice” by the University of Göttingen were adopted (adapted based on the 

recommendations of the codex for good scientific practice from the DFG, German Research 

Foundation; https://www.uni-goettingen.de/en/good+scientific+practice/567647.html ). 

The interview methodology  (i.a. informed consent by the test persons as well as the 

questionnaires) was evaluated by the ethics committee of the University of Goettingen 

(https://www.uni-goettingen.de/en/534983.html) and complied with their principles of the 



 

394 
 

Higher Education Act of Lower Saxony (NHG) and the constitutionally protected right of 

academic freedom (Reference number: 17./04.22-Wurz) . Co-author H.H. designed the survey 

and trained the local assistants with BF until the assistants were able to enter data in a consistent 

and standardized manner. F.A., F.S.B., and the trained assistants conducted the interviews. The 

research assistants collected the data bi-weekly but visited the households weekly. F.A.  and 

F.S.B. checked entry data bi-weekly and clarified false entries. Our research assistants were 

recruited mainly from the student population of the regional CURSA university center in 

Antalaha, which is located in the research area. The students speak the local Malagasy dialects. 

Questionnaire in the original language, used pictograms, and the reporting sheet for farmers are 

available on Open Science Framework: 

https://osf.io/z5uxs/?view_only=1bd699c5cda64023963e058254a33eec 

 

Vanilla plant age. We assessed vanilla plant age by asking the farmer for each of the 36 vanilla 

pieds per plot. The Malagasy field researchers Evrard Benasoavina, Thorien Rabemanantsoa, 

and Gatien Rasolofonirina walked with the farmer to each vanilla plant (see the question “Ask 

farmer: How many years ago was the liana at this pied planted?” in uploaded original interview 

(yield assessment) on Open Science Framework: 

https://osf.io/wa2xn/?view_only=1bd699c5cda64023963e058254a33eec ). Here the age 

referred to the vanilla vine but not the support tree. In preparation for the farmer interviews, we 

prepared handouts in Malagasy language to inform the farmers about the scientific goals and 

the content of our data collection (see handout on Open Science Framework: 

https://osf.io/ndrxg/?view_only=1bd699c5cda64023963e058254a33eec).  

 

Canopy closure. We measured mean canopy closure at five subplots of our circular plots by 

taking hemispherical images with a Nikon D5100 camera, equipped with a Sigma Circular 

Fisheye (180°) 4.5 mm 1:2.8 lens. The camera was fixed on a tripod at 2.4 m height above 

vanilla support trees and understory vegetation. We selected the images with the best contrast 

of sky and vegetation using the histogram-exposure protocol and calculated canopy closure 

using a minimum thresholding algorithm(Beckschäfer 2015; Beckschäfer et al. 2013). 

 

Slope and elevation. We used the 30 m-resolution digital surface model "ALOS World 3D" by 

Japan Aerospace Exploration Agency (JAXA) to assess the mean slope and the mean elevation 

of each plot. For all values, we applied slope correction(Aerospace Exploration Agency n.d.).  
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Landscape forest cover. We calculated forest cover in a 250 m radius around each plot center 

based on binary forest cover data from 2017 with a 30 m resolution (Vieilledent et al. 2018) 

and the R-package raster (Hijmans et al. 2019). To reliably identify forest, tree cover maps and 

satellite imagery with a tree cover threshold of 75% were combined (Vieilledent et al. 2018). 

Here, agricultural lands such as tree plantations are excluded by combining historical forest 

maps with up-to-date forest cover change maps(Harper et al. 2007). We chose a 250 m radius 

as a compromise between mobile and immobile taxa.  

 

Understory vegetation cover. We estimated the vegetation cover (percentage woody and 

herbaceous cover) visually for the 0-2 m layers in % of five subplots on each plot (located in 

the plot center and at 16.6 m from the center in each cardinal direction) and calculated the mean 

understory vegetation cover per plot. We did not consider vanilla pieds in the estimation of the 

understory vegetation cover.  

 

Soil characteristics (PC1). We took soil samples with a MacFadyen soil corer (5 cm diameter, 

295 ml, 0-15 cm depth). We divided the plots into eight subplots, four subplots at 8.3 m distance 

to the plot center (inner area) and four subplots at 16.6 m distance to the plot center (outer area). 

In total, we collected four cores in the inner and outer area each, resulting in two mixed soil 

samples per plot. We stored each soil sample in a zip-lock bag until laboratory analysis. In the 

laboratory, we measured pH (H20) with the fresh soil samples using 1:10 humus/water 

suspension after 24 h of equilibration. We measured pH (KCl) by adding 1.86 g KCl. Mean pH 

values by plot were calculated in logarithmic and back-transformed by using exponential. The 

remaining soil was dried at 70 °C and ground. We measured organic carbon (Corg) (mmol/g 

dry soil), total carbon (C) (mmol/g dry soil) and nitrogen (N) (mg/g dry soil) concentrations, 

and organic C-to-N ratio (mol/mol) by using the C/N elemental analyser (Vario EL III, 

elementar, Hanau, Germany). Additionally, we determined effective cation exchange capacity 

in µmol/g dry soil of potassium (K), magnesium (Mg), calcium (Ca), iron (Fe), manganese 

(Mn), hydrogen (H), and aluminium (Al) by digesting oven-drier soil material in 65% HNO3 

at 195 °C for 8 h. Samples were analyzed with inductively coupled plasma optical emission 

spectrometry (ICP-OES) (Optima 3000 XL, Perkin Elmer, USA). We calculated the total 

effective cation exchange capacity (µmol/gTB) by the sum of H, P, Mg, Ca, Fe, Mn, and Al 

and total base saturation (%) as the sum of K, Mg, and Ca. Extractable phosphorus (P) Resin 

(µmol/gTB) was measured using resin bags, which were placed in a soil-water suspension. 
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Then, P was re-exchanged with NaCl and NaOH solutions and quantified colorimetrically after 

blue-dyeing. 

Due to the high number of soil characteristics measured and possible multicollinearity, we 

calculated Spearman correlations using the cor and corrplot function from the corrplot R-

package (Wei and Simko 2017). Based on collinearity, we excluded total effective cation 

exchange capacity, total base saturation, total C, organic C, effective cation exchange capacity 

of Mg, effective cation exchange capacity of pH percolate, and the effective cation exchange 

capacity of H percolate (Correlation matrix, Supplementary Figure 7.9).  We used the remaining 

variables, i.e. effective cation exchange capacity of Ca, K, Al and Mn, pH(KCl), total N, resin 

P, and organic C-to-N ratio to perform a principal component analysis (PCA) using the R-

packages ggbiplot (Vu 2011) and factoextra (Kassambara and Mundt 2020). The soil PC axis 

1 (explained 45%) was mostly related to effective cation exchange capacity (µmol/gTB) of Ca, 

and K as well as pH(KCl), nitrogen (mmol/gTB), P(resin) (µmol/gTB) and the organic carbon-

nitrogen ratio (mol/mol) while the soil PC axis 2 (explained 21%) was related to exchange 

capacity of Mg and Al and the Corg-to-N ratio (Supplementary Figure 7.10). The coordinates 

of PC axis 1 were used as a proxy of soil characteristics for further analysis. 

 

Trees. We sampled trees on all land-use types except herbaceous fallows between September 

2018 and January 2019(Osen et al. 2021). Access was denied to two fallow-derived vanilla 

plantations, resulting in 58 plots assessed overall (including 28 vanilla agroforests). We did a 

full inventory of all trees with free-standing stems of ≥ 8 cm diameter at breast height in each 

plot. This included trees, arborescent palms, herbs, and tree ferns but excluded lianas. We 

identified tree species with the help of a local tree expert (Chrysostome Bevao) and a taxonomic 

expert (Patrice Antilahimena) from Missouri Botanical Garden (Antananarivo, Madagascar). 

We derived information on origin and endemism for each species from the Tropicos 

Madagascar Catalogue(Madagascar Catalogue 2019). Voucher specimens are kept at the 

National 

Herbarium Tsimbazaza, Antananarivo (TAN) and the herbarium of the University of 

Mahajanga. Out of the 454 assessed species in this inventory, 276 (51%) were endemic to 

Madagascar. 

 

Herbaceous plants. We sampled herbaceous plants in eight subplots of 4 m2 each (32 m2 

overall) between September 2018 and December 2019. In each subplot, we assessed vascular 

plant species without apparent wood at maturity(Raveloaritiana et al. 2021). We accounted for 
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the possible seasonality variation of the plant phenology by sampling one village after another. 

In each village, we collected data on each land-use type except for the old-growth forests. 

Hence, the observations for each land-use type cover the study period along with the possible 

phenology variations. We determined each species’ endemism status from the Tropicos 

Madagascar Catalogue(Madagascar Catalogue 2019). We stored all herbarium specimens at the 

Plant Biology and Ecology Department at the University of Antananarivo in Madagascar. From 

the 299 species assessed in this study, 59 species (20%) were endemic to Madagascar.  

 

Birds. We sampled birds during two 40 min point counts per plot with two observers per point 

count(Martin, Andriafanomezantsoa, et al. 2021) following a commonly used standardized 

method(Bibby et al. 2000). In all villages, we conducted one point count between September-

December 2017 with co-author D.M. as the main observer and co-author R.A. as a second 

observer(Martin, Andriafanomezantsoa, et al. 2021). The second point count was done between 

August and December 2018 with Erik Rakotomalala as the main observer and the co-authors 

D.M. or S.D. as the second observer. We exchanged the order of plot visits in the second year 

to minimize seasonal bias. For old-growth forest, we did all point counts in 2018; one in August 

2018 with E.R. as the main observer and D.M. as the second observer, and a second count in 

December 2018 with E.R. as the main observer and SD as a second observer. E.R. and D.M. 

are both experienced birders and familiar with the encountered bird species due to previous 

fieldwork in Madagascar. S.D. and R.A. were trained prior to fieldwork to recognize calls and 

morphology of Malagasy bird species. The second observer was responsible for entering of data 

and supporting the identification. Main observers were responsible for spotting, hearing, and 

identifying the birds. On 63 plots we started one-point count around sunrise and one at least 

one hour after sunrise; on 7 plots this alteration was not possible due to logistical constraints. 

After arriving at the plot center, we waited for a minimum of three minutes to allow the birds 

to settle. We noted the conditions including rain (no rain, drizzle, light rain, heavy rain) and 

wind (Beaufort 1-12(Beer 2013)) before each point count. We only started point counts under 

good weather conditions, meaning no rain and wind equal to or less than Beaufort 4. If weather 

conditions deteriorated for more than 10 min from the start of the point count, we aborted the 

point count and started again later or the next day under better conditions. For calculating bird 

species richness per plot, we disregarded observations only in flight and outside the 25-m-radius 

of plots. We defined species as endemic if only occurring in Madagascar according to BirdLife 

species fact sheets(BirdLife International 2018). Overall, we assessed 51 bird species of which 

31 species (61%) were endemic to Madagascar. 
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Amphibians and reptiles. We sampled amphibians and reptiles using repeated time-

standardized search walks for 45 min by two observers(Fulgence et al. 2021). We visited each 

plot both during the day and at night both during the driest (one nocturnal and one diurnal search 

between October and December 2017; one nocturnal and one diurnal search between August 

and December 2018) and the wettest period (one nocturnal and one diurnal search between 

January and April 2018 or in February 2019). We did so during the driest period and the wettest 

period. We systematically walked the circular plot in a zig-zag pattern always starting from the 

West part toward North, East, South, and end in West to avoid counting twice the same 

individual during observation in one of the plots. We actively checked microhabitats to detect 

individuals hiding therein (e.g., individuals hiding under rocks, in leaf axils, tree barks, tree 

holes, leaf litter, or deadwood). When encountering an individual, we stopped the standardized 

search time and identified the individual(Glaw and Vences 2007b). We identified individuals 

based on morphological characteristics with the help of field guides (Glaw and Vences 2007a; 

Rakotoarison et al. 2017; Ratsoavina et al. 2019). We took DNA samples to determine the 

species for those individuals that proved difficult to identify using morphological characteristics 

only. To retrieve a DNA sample, we collected muscle or toe clips as tissue samples, conserved 

in 90% of alcohol. We stored DNA samples at the Evolutionary Biology laboratory at TU 

Braunschweig. We also took photos of specimens that we did not identify to species level 

(ventral, back, and flank view). Until release, we kept them in a ventilated bag to retain 

moisture. We released all specimens after completing the full-time-standardized search. We 

categorized endemic reptiles and endemic amphibians as species/ morphospecies only 

occurring in the country of Madagascar(AmphibiaWeb 2019; The Reptile Database 2019). We 

found in total 58 amphibian species of which 57 species (98%) were endemic. In terms of 

reptiles, we found 61 species of which 74% (45 species) were endemic to Madagascar (and 7 

species without defined endemism level).  

 

Butterflies. We sampled butterflies with fruit traps and time-standardized netting between 

August and December 2018(Wurz et al. 2022). We baited fruit traps with fermented bananas 

and deployed the cylindrical nets for 24 hours. Before deployment, we fermented bananas for 

48 hours in an air-tight container. On each plot, we installed a total of 8 fruit traps. We deployed 

four fruit traps at 16.6 m distance from the plot center in the four main cardinal directions and 

the other four fruit traps at 20 m distance from the center in the four intercardinal directions. 

We used fish lines covered with vaseline creme to hang the fruit traps. The Vaseline prevented 
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ants to intrude on the fruit traps. In addition, we avoided any contact with branches on the fruit 

traps. We caught butterflies with a fruit trap with a 20 cm Cone Opening (90 cm long hanging 

1.5 m above the ground. On plots without trees, we installed fruit traps on a support stick (in 

rice paddy and herbaceous fallow). During the 30 minutes time-standardized netting, we caught 

butterflies within an imaginary 2 m wide box to each side of the net while walking at a slow 

and steady speed in a zig-zag to equally cover the plot area. The net had a circular frame with 

a nylon mesh on a 1.5 m telescopic handle. We performed the time-standardized netting in dry 

and low-wind conditions only, either in the morning (8 am to 12 pm) or in the afternoon (1 pm 

to 5 pm). We then collected and dried all captured butterflies and identified them to species 

level in the laboratory (moths excluded). Identification was done by Annemarie Wurz, David 

Lees and Sáfián Szabolcs. We categorized endemic butterflies as species/morphospecies only 

occurring in the country of Madagascar and updated with expert consultation by David 

Lees(Lees et al. 2003). All identified specimens remain at the insect collection in the Dept. of 

Crop Sciences, section Agroecology, University of Göttingen, Germany. Overall, we found 84 

butterfly species of which 49 species (58%) were endemic to Madagascar. 

 

Ants. We sampled ground-foraging ants using bait and pitfall traps(Rakotomalala et al. 2021). 

We conducted the sampling in all villages between October and December 2017, and in the old-

growth forest in August and December 2018. We established five sampling stations per plot: 

one at the plot center, and four at 16 m distance from the plot center; one in each cardinal 

direction. We then set bait and pitfall traps 10 m apart at each sampling station. We baited the 

bait traps using sardine and sugar on two white flat plastic plates with a diameter of 13 cm and 

placed the two plates about 5 cm apart. We left the baited traps for 30 minutes before collecting 

ants for 30 seconds. We buried the pitfall traps (plastic cups of 9 cm top diameter, 11 cm depth, 

and 6 cm bottom diameter) in the soil and filled them one-third with 70-%-alcohol and a few 

drops of soapy water. We emptied the pitfall traps after 48 hours and identified ants to 

species/morphospecies level in the laboratory. Identification was done by Anjaharinony 

Rakotomalala, using available identification keys (Bolton and Fisher 2014; Fisher and Smith 

2008; Rakotonirina and Fisher 2014). Cross-checking of the identification of the species was 

done with expert consultation by Jean Claude Rakotonirina (species of Leptogenys), Nicole 

Rasoamanana (species of Camponotus), and Manoa Ramamonjisoa (species of Tetramorium). 

We defined endemic ant species as those species only present in the country of 

Madagascar(AntWeb 2021). We stored voucher specimens at Madagascar Biodiversity Center, 
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Antananarivo, Madagascar (MBC). We recorded in total 123 ant species of which 55 species 

(45%) were endemic to Madagascar.  

 

Statistical Analysis. We performed all statistical analyses in R version 3.6.3(R Core Team 

2020). To assess the overall species richness across all taxa, we calculated their mean 

normalized (endemic) richness. To ensure the equal weight of all taxa despite differences in the 

range of species richness per taxa, we normalized species richness measures with Min-Max 

Scaling, which is a common method in multi-taxa studies to compare species richness across 

different taxa and to calculate their overall richness (Collen et al. 2014; Van Elsas et al. 2012; 

Tittensor et al. 2010). Using this method, the data are linearly transformed to y = (x-

min(x))/(max(x)-min(x)), where x is the set of observed values of species richness. As a result, 

the normalized species richness (y) then ranges between 0 and 1, with 0 referring to the lowest 

observed value and 1 to the highest observed value, respectively. We then calculated the 

average of the normalized values to obtain the mean normalized species richness, i.e., the 

overall richness of all taxa at the plot level. Our results were robust (no relationship between 

biodiversity and yield) independently of the metric used, i.e., normalized richness or 

multidiversity. 

We investigated the relationship of species richness or normalized (endemic) richness with 

vanilla yield in 30 vanilla agroforests using glmmTMB models(Brooks et al. 2017) or a linear 

mixed-effects model(Bates et al. 2015), respectively. We used glmmTMB due to its bigger 

flexibility (especially in the case of zero inflation) and its higher speed when using multiple 

fixed effects as well as random effects(Brooks et al. 2017). We treated vanilla yield (sqrt-

transformed) in interaction with land-use history (fallow vs. forest-derived) as an explanatory 

variable and site (village or old-growth forest site) as a random effect. We scaled and sqrt-

transformed vanilla yield due to a few high-yielding plots inflating the data distribution.  

We assessed the environmental and management-related covariates of species richness with a 

glmmTMB model(Brooks et al. 2017) and vanilla yield using a linear mixed effect model(Bates 

et al. 2015) with yield sqrt-transformed. We tested for correlation among the covariates using 

the Spearman coefficient (Supplementary Figure 7.11). For both models (species richness and 

vanilla yield) we used canopy closure, soil characteristics, slope, landscape forest cover, 

understory vegetation cover, elevation, planting density, pollination labour input, vanilla vine 

length, vanilla plant age as explanatory variables. We added site as a random effect and scaled 

all explanatory variables with the scale function. The function divides the centered 

columns (value per land-use type − mean value across land-use types) by their standard 
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deviation across all land-use types. For the variable pollination labour input, data from three 

plots was missing. To avoid omitting these plots from the analysis, we performed a linear 

regression of available household labour with pollination labour/ha and found a good 

correlation between the two (p-value: 0.005, estimate=52.82, SE=17.38, Supplementary Figure 

7.12). Based on the number of household members (for which we have available data for the 

three missing plots), we then predicted expected pollination labour input for the three missing 

plots, using the estimated relationship of the two from the mentioned regression. 

For all models assessing the environmental and management-related covariates of species 

richness, we used likelihood ratio tests using maximum likelihood estimation(Zuur et al. 2009) 

to assess the statistical significance of individual variables. Specifically, we compared the full 

model versus a reduced model without the individual variable (single term deletion). The final 

model included all explanatory variables with residual deviance χ2 <0.05 ("chi-squared value") 

in the model comparison with the full model.  

We assessed differences in species richness or normalized (endemic) richness between forest, 

forest fragment, forest-derived vanilla agroforests, fallow-derived vanilla agroforest, and 

fallows by fitting a glmmTMB model(Brooks et al. 2017) or a linear mixed-effects model(Bates 

et al. 2015), respectively. We used a glmmTMB model for all analyses with count/discrete data 

as a response. For mean normalized richness, we used a linear mixed-effects model due to the 

continuous data. Here, we treated land-use type as an explanatory variable and site as a random 

effect. We tested if assumptions for normality and homogeneity of variances were met. If the 

residuals were homoscedastic, we used the glht function from the multcomp package(Hothorn, 

Bretz, and Westfall 2008) applying Tukey's all-pair comparisons with Bonferroni correction to 

assess differences in species richness between land-use types. If the residuals were 

heteroscedastic (within-group deviation from uniformity significant with DHARMa quantile 

test (Hartig 2020)), we used the non-parametric Kruskal–Wallis test, followed by pairwise 

Wilcoxon test. For all our models we used simulation plots implemented in the DHARMa 

package to validate our model fit(Hartig 2020). If our glmmTMB models were under- or over-

dispersed, we changed the model family to compois (Conway-Maxwell Poisson distribution) 

and negative binominal (nbinom2), respectively. We assumed normal distribution for the 

models with mean normalized (endemic) richness as a response. To assess marginal and 

conditional R2, we used the delta method using the rsquaredGLMM function of the package 

MuMIn(Barton 2020). 

We plotted all model results using RBase (Fig. 7.1 & 7.2)(R Core Team 2020). The line inside 

the boxplot represents the median of each land-use type. We plotted scatterplots by using 



 

402 
 

estimated regression lines from our fitted models and removed the vanilla agroforest type 

(forest- or fallow-derived vanilla agroforests) from the model if solely vanilla yield had a 

significant effect on species richness (Fig. 7.1 panel 5 & 7). We extracted the model fits with 

the allEffects function from the effect package(Fox and Weisberg 2018, 2019). In all other cases 

(if no predictors were significant (e.g., Fig 7.1 panel 3) or solely land-use history was significant 

as an additive or interactive effect (e.g., Fig 7.1 panel 2) we retained the original model for 

plotting. In our graphs (Fig. 7.1 & 7.2), dashed horizontal lines are intercept-only linear models 

(lines are based on the mean of the distribution) and solid lines show statistically significant 

generalized linear regressions (P<0.05). We show two colored lines as dashed lines if land-use 

history was significant as an additive term but no relationship of species richness with vanilla 

yield existed, or show them as solid lines if the effect of vanilla yield was moderated 

significantly by land-use history.  

To investigate differences in species composition among land-use types, we computed a 

permutational multivariate analysis of variance (PERMANOVA) using the adonis function of 

the vegan package (Oksanen et al. 2020). Also, we used the pairwise.adonis function of the 

pairwiseAdonis package with false discovery rate correction to test for differences between 

land-use types (Arbizu 2017). Prior to PERMANOVA, we tested if homogenous dispersion 

existed among land-use types by using the betadisp function and permutest function of the 

vegan package (PERMDISP test; Oksanen et al., 2020). Our results show that heterogeneous 

dispersion significantly affected the differences in species composition for trees, birds, 

amphibians, butterflies, and ants (Table S.7.14), thus differences are not only explained by the 

location of centroids but also by differences in dispersion between land-use types. We computed 

species composition by using non-metric multidimensional scaling (NMDS) with Jaccard 

dissimilarity distance. To compute the NMDS for amphibians, we excluded all plots where no 

amphibians occurred. 

We generated sample-size-based rarefaction and extrapolation curves of species diversity of 

each taxon across land-use types to assess whether the curves reached an asymptote, indicating 

sampling completeness. To do so, we used ggiNEXT function of the iNext package(Hsieh, Ma, 

and Chao 2020) with the following settings: type=1, datatype=incidence_raw, q=0 (species 

richness), endpoint=20. Furthermore, we computed the sampling coverage in the percentage of 

each taxon across land-use types by using the function iNext with the same settings. We 

calculated gamma species diversity for each land-use type by summing up all species found 

across 10 plots and therefore excluded 10 out of 20 fallow-derived vanilla agroforests randomly 

(Table S.7.18).  
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Data availability 

The data generated in this study have been deposited in the Open Science Framework database 

under accession code https://osf.io/j54fx/?view_only=1bd699c5cda64023963e058254a33eec. 

 

Code availability 

The code used for this study has been deposited in the Open Science Framework database under 

accession code: https://osf.io/j54fx/?view_only=1bd699c5cda64023963e058254a33eec 
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Supplementary Table 7.1: Linear mixed effect model (LMM) analyzing the effect of vanilla 

yield kg/ha (scaled & sqrt transformed) in interaction with land-use history on 1) mean 

normalized richness (trees (n=28), herbaceous plants (n=30), birds (n=30), amphibians 

(n=30), reptiles (n=30), butterflies (n=30) and ants (n=30)) and 2) mean normalized endemic 

richness (endemic richness of trees (n=28), herbaceous plants (n=30), birds (n=30), 

amphibians (n=30), reptiles (n=30), butterflies (n=30) and ants (n=30)). The p-values are 

based on a two-sided t-test testing whether the mean is different from 0. Significant effects are 

highlighted in bold. Digits were rounded to the third decimal place. Data used from 30 vanilla 

agroforests (20 fallow-derived vanilla agroforests, 10 forest-derived vanilla agroforests). 

 

1) Mean normalized richness 

Estimat

e 

Std. 

Error df 

t-

value p-value 

Intercept 0.131 0.005 11.020 

24.60

3 <0.001 

Vanilla yield kg/ha -0.007 0.005 25.783 -1.425 0.166 

Land-use history (VFOR) 0.047 0.009 25.945 5.077 <0.001 

Vanilla yield kg/ha: Land-use 

history -0.013 0.012 25.784 -1.043 0.307 

2) Mean normalized endemic 

richness 

Estimat

e 

Std. 

Error df 

t-

value p-value 

Intercept 0.059 0.006 12.214 9.098 <0.001 

Vanilla yield kg/ha -0.001 0.005 25.609 -0.201 0.842 

Land-use history (VFOR) 0.061 0.010 25.783 6.183 <0.001 

Vanilla yield kg/ha : Land-use 

history -0.012 0.013 24.318 -0.931 0.361 
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Supplementary Table 7.2: General linear mixed effect models (glmmTMB) analyzing the 

effect of vanilla yield kg/ha (scaled & sqrt transformed) in interaction with land-use history 

on species richness across taxa: (endemic) trees (n=28), (endemic) herbaceous plants (n=30), 

(endemic) birds (n=30), (endemic) amphibians (n=30), (endemic) reptiles (n=30), (endemic) 

butterflies (n=30) and (endemic) ants (n=30). The p-values are based on two-sided t-tests 

testing whether the mean is different from 0. Significant effects are highlighted in bold. Digits 

were rounded to the third decimal place. Data used from 30 vanilla agroforests (20 fallow-

derived vanilla agroforests, 10 forest-derived vanilla agroforests).  

 

 Estimate 

Std. 

Error z-value p-value 

Tree richness     

Intercept 2.482 0.126 19.752 <0.001 

Vanilla yield kg/ha -0.051 0.075 -0.677 0.498 

Land-use history (VFOR) 0.921 0.112 8.199 <0.001 

Vanilla yield kg/ha : Land-use 

history -0.144 0.118 -1.219 0.223 

Herbs richness     

Intercept 2.988 0.124 24.022 <0.001 

Vanilla yield kg/ha -0.077 0.076 -1.003 0.316 

Land-use history (VFOR) 0.008 0.151 0.052 0.959 

Vanilla yield kg/ha : Land-use 

history 0.083 0.201 0.410 0.682 

Bird richness     

Intercept 1.843 0.064 28.875 <0.001 

Vanilla yield kg/ha -0.032 0.057 -0.560 0.575 

Land-use history (VFOR) 0.188 0.098 1.911 0.056 

Vanilla yield kg/ha : Land-use 

history -0.037 0.129 -0.287 0.774 

Amphibians richness     

Intercept 1.514 0.062 24.448 < 0.001 

Vanilla yield kg/ha 0.110 0.055 2.001 0.045 

Land-use history (VFOR) 0.013 0.108 0.122 0.903 

Vanilla yield kg/ha : Land-use 

history -0.120 0.142 -0.840 0.401 
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Reptile richness     

Intercept 1.908 0.090 21.280 <0.001 

Vanilla yield kg/ha -0.125 0.082 -1.512 0.131 

Land-use history (VFOR) 0.303 0.142 2.140 0.032 

Vanilla yield kg/ha : Land-use 

history 0.282 0.175 1.615 0.106 

Butterflies richness     

Intercept 2.329 0.085 27.258 < 0.001 

Vanilla yield kg/ha -0.179 0.071 -2.525 0.012 

Land-use history (VFOR) 0.073 0.196 0.372 0.710 

Vanilla yield kg/ha : Land-use 

history 0.220 0.202 1.088 0.277 

Ants richness     

Intercept 2.737 0.063 43.390 < 0.001 

Vanilla yield kg/ha 0.010 0.057 0.180 0.858 

Land-use history (VFOR) 0.177 0.099 1.790 0.073 

Vanilla yield kg/ha : Land-use 

history -0.093 0.131 -0.710 0.478 

Endemic Tree richness     

Intercept 0.607 0.359 1.692 0.091 

Vanilla yield kg/ha 0.224 0.188 1.191 0.234 

Land-use history (VFOR) 2.141 0.236 9.074 < 0.001 

Vanilla yield kg/ha : Land-use 

history -0.366 0.214 -1.712 0.087 

Endemic Herbaceous plant 

richness     

Intercept 0.895 0.106 8.414 <0.001 

Vanilla yield kg/ha 0.107 0.095 1.123 0.261 

Land-use history (VFOR) 0.456 0.160 2.858 0.004 

Vanilla yield kg/ha : Land-use 

history -0.033 0.198 -0.168 0.867 

Endemic Birds richness     
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Intercept -0.232 0.261 -0.892 0.373 

Vanilla yield kg/ha -0.300 0.240 -1.254 0.210 

Land-use history (VFOR) 1.078 0.334 3.227 0.001 

Vanilla yield kg/ha : Land-use 

history 0.145 0.402 0.361 0.718 

Endemic Amphibian richness     

Intercept 1.328 0.116 11.476 <0.001 

Vanilla yield kg/ha 0.164 0.101 1.623 0.105 

Land-use history (VFOR) 0.063 0.197 0.318 0.750 

Vanilla yield kg/ha : Land-use 

history -0.204 0.260 -0.783 0.434 

Endemic Reptile richness     

Intercept 1.628 0.094 17.254 < 0.001 

Vanilla yield kg/ha -0.145 0.060 -2.401 0.016 

Land-use history (VFOR) 0.074 0.118 0.626 0.531 

Vanilla yield kg/ha : Land-use 

history 0.289 0.132 2.197 0.028 

Endemic Butterflies richness     

Intercept 1.852 0.056 33.060 < 0.001 

Vanilla yield kg/ha -0.104 0.051 -2.020 0.043 

Land-use history (VFOR) 0.072 0.095 0.760 0.447 

Vanilla yield kg/ha : Land-use 

history 0.038 0.126 0.300 0.763 

Endemic Ants richness     

Intercept 1.161 0.154 7.560 <0.001 

Vanilla yield kg/ha 0.116 0.128 0.910 0.363 

Land-use history (VFOR) 0.717 0.195 3.680 <0.001 

Vanilla yield kg/ha : Land-use 

history -0.063 0.238 -0.265 0.791 
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Supplementary Table 7.3: Mean values of (endemic) mean normalized richness and 

(endemic) species richness of seven taxa in forest-derived vanilla agroforest (VFOR) and old-

growth forest (FOR) with absolute difference (mean richness VFOR- mean richness FOR) 

and relative percentage difference (=mean richness VFOR*100/mean richness FOR) and 

relative percentage gain or loss from old-growth forest to forest-derived vanilla agroforest 

(=absolute difference*100/mean richness FOR). Relative percentage loss is highlighted in 

yellow. 

 

Land-use type FOR VFOR 

Absolute 

difference  

FOR-

VFOR 

Relative 

difference 

% VFOR-

FOR 

Relative 

Gain/Loss 

in % 

Mean normalized richness 0.23 0.18 -0.052 77 -23 

Mean normalized endemic 

richness 0.22 0.12 -0.105 53 -47 

Birds 12.30 7.60 -4.700 62 -38 

Endemic Birds 7.40 2.30 -5.100 31 -69 

Herbs 15.50 20.60 5.100 133 33 

Endemic herbs 5.50 3.90 -1.600 71 -29 

Amphibians 9.30 4.60 -4.700 49 -51 

Endemic amphibians 9.30 4.00 -5.300 43 -57 

Reptiles 9.80 9.40 -0.400 96 -4 

Endemic reptiles 8.50 5.90 -2.600 69 -31 

Butterflies 6.20 11.30 5.100 182 82 

Endemic butterflies 6.10 6.80 0.700 111 11 

Ants 16.40 18.40 2.000 112 12 

Endemic ants 9.60 6.90 -2.700 72 -28 

Tree 64.40 31.30 -33.100 49 -51 

Endemic trees 47.30 19.90 -27.400 42 -58 
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Supplementary Table 7.4: Tukey multiple comparison test of means for all land-use-pairs of 

mean normalized richness (including 7 taxa: tree, herbaceous plant, birds, reptiles, 

amphibians, butterflies and ants). Pairwise comparisons calculated with the glht-function of 

the package ‘multcomp’ with all terms significant at <0.05 (highlighted in bold). The test 

compares the difference between each pair of means with bonferroni adjustment. Linear-

mixed effect models (LMM) were used. FOR=Old-growth forest; FFOR= Forest fragment; 

VFOR=Forest-derived vanilla agroforest; VFAL=Fallow-derived vanilla agroforest; 

FAL=Fallow.  

 

Mean normalized 

richness 

Estimate Std. Error z-value p-value 

FFOR-FOR -0.062 0.012 -5.202 <0.001 

VFOR-FOR -0.052 0.012 -4.360 <0.001 

FAL-FOR -0.111 0.010 -10.579 <0.001 

VFAL-FOR -0.096 0.010 -9.207 <0.001 

VFOR-FFOR 0.010 0.012 0.846 0.915 

FAL-FFOR -0.048 0.010 -4.733 <0.001 

VFAL-FFOR -0.034 0.010 -3.329 0.008 

FAL-VFOR -0.058 0.010 -5.693 <0.001 

VFAL-VFOR -0.044 0.010 -4.278 <0.001 

VFAL-FAL 0.014 0.008 1.714 0.421 
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Supplementary Table 7.5: Test results of Kruskal-Wallis test and pairwise Wilcoxon-test for 

all land-use-pairs of mean normalized endemic richness (including 7 taxa: tree, herbaceous 

plant, birds, reptiles, amphibians, butterflies and ants) and (endemic) tree richness. Non-

parametric Kruskal–Wallis test, followed by pairwise Wilcoxon test was used to account for 

heteroscedastic residuals for these taxa. FOR=Old-growth forest; FFOR= Forest fragment; 

VFOR=Forest-derived vanilla agroforest; VFAL=Fallow-derived vanilla agroforest; 

FAL=Fallow. Significant terms at <0.05 are highlighted in bold. 

 

 

Mean normalized endemic richness 

Kruskal-Wallis χ2=54.363; Df=4; p-value= <0.001 

 FOR FFOR VFOR FAL 

FFOR 0.005 - - - 

VFOR 0.002 1.000 - - 

FAL <0.001 <0.001 0.001 - 

VFAL <0.001 0.001 0.002 0.002 

     

Tree richness 

Kruskal-Wallis χ2=52.42; Df=4; p-value= <0.001 

 FOR FFOR VFOR FAL 

FFOR 0.100 - - - 

VFOR 0.015 1.000 - - 

FAL <0.001 <0.001 <0.001 - 

VFAL <0.001 <0.001 0.014 0.003 

     

Endemic tree richness 

Kruskal-Wallis χ2=48.612; Df=4; p-value= <0.001 

 FOR FFOR VFOR FAL 

FFOR 0.090 - - - 

VFOR 0.015 1.000 - - 

FAL <0.001 <0.001 0.002 - 

VFAL <0.001 <0.001 0.006 0.690 
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Supplementary Table 7.6: Tukey multiple comparison test of means for all land-use-pairs 

showing dissimilarities among land-use systems of (endemic) tree, (endemic) herbaceous 

plant, (endemic) bird, (endemic) amphibian, (endemic) reptile, (endemic) butterfly and 

(endemic) ant richness. The test compares the difference between each pair of means with 

bonferroni adjustment. Pairwise comparisons calculated with the glht-function of the package 

‘multcomp’ including Bonferroni correction with all terms significant at <0.05 (highlighted in 

bold). FOR=Old-growth forest; FFOR= Forest fragment; VFOR=Forest-derived vanilla 

agroforest; VFAL=Fallow-derived vanilla agroforest; FAL=Fallow. 

 

Herbaceous plant richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.099 0.208 -0.477 0.989 

VFOR-FOR 0.285 0.204 1.397 0.623 

FAL-FOR 0.517 0.180 2.867 0.032 

VFAL-FOR 0.292 0.182 1.604 0.488 

VFOR-FFOR 0.385 0.189 2.030 0.246 

FAL-FFOR 0.616 0.163 3.770 0.001 

VFAL-FFOR 0.392 0.165 2.381 0.117 

FAL-VFOR 0.232 0.157 1.472 0.574 

VFAL-VFOR 0.007 0.162 0.045 1.000 

VFAL-FAL -0.224 0.129 -1.737 0.404 

Endemic herbaceous plant 

richness 

Estimate Std. Error z-value p-value 

FFOR-FOR -0.223 0.202 -1.103 0.805 

VFOR-FOR -0.344 0.209 -1.642 0.470 

FAL-FOR -0.894 0.201 -4.447 <0.001 

VFAL-FOR -0.809 0.196 -4.117 <0.001 

VFOR-FFOR -0.121 0.220 -0.548 0.982 

FAL-FFOR -0.671 0.212 -3.163 0.013 

VFAL-FFOR -0.586 0.208 -2.819 0.039 

FAL-VFOR -0.550 0.219 -2.514 0.087 

VFAL-VFOR -0.465 0.215 -2.166 0.192 

VFAL-FAL 0.085 0.206 0.412 0.994 

Bird richness Estimate Std. Error z-value p-value 
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FFOR-FOR -0.578 0.150 -3.843 0.001 

VFOR-FOR -0.481 0.146 -3.300 0.009 

FAL-FOR -0.669 0.127 -5.278 <0.001 

VFAL-FOR -0.661 0.127 -5.226 <0.001 

VFOR-FFOR 0.097 0.166 0.581 0.978 

FAL-FFOR -0.091 0.150 -0.607 0.974 

VFAL-FFOR -0.083 0.150 -0.555 0.981 

FAL-VFOR -0.188 0.145 -1.292 0.694 

VFAL-VFOR -0.180 0.145 -1.239 0.726 

VFAL-FAL 0.008 0.126 0.063 1.000 

Endemic bird richness Estimate Std. Error z-value p-value 

FFOR-FOR -1.307 0.269 -4.858 <0.001 

VFOR-FOR -1.168 0.259 -4.514 <0.001 

FAL-FOR -2.106 0.279 -7.542 <0.001 

VFAL-FOR -2.162 0.285 -7.576 <0.001 

VFOR-FFOR 0.139 0.307 0.453 0.991 

FAL-FFOR -0.799 0.325 -2.458 0.099 

VFAL-FFOR -0.855 0.330 -2.590 0.071 

FAL-VFOR -0.938 0.316 -2.965 0.025 

VFAL-VFOR -0.995 0.324 -3.075 0.018 

VFAL-FAL -0.057 0.339 -0.168 1.000 

Amphibian richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.601 0.134 -4.494 <0.001 

VFOR-FOR -0.704 0.139 -5.080 <0.001 

FAL-FOR -0.977 0.122 -8.005 <0.001 

VFAL-FOR -0.715 0.113 -6.319 <0.001 

VFOR-FFOR -0.103 0.157 -0.658 0.965 

FAL-FFOR -0.376 0.142 -2.644 0.062 

VFAL-FFOR -0.114 0.135 -0.846 0.915 

FAL-VFOR -0.273 0.147 -1.859 0.337 
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VFAL-VFOR -0.011 0.140 -0.078 1.000 

VFAL-FAL 0.262 0.123 2.128 0.206 

Endemic amphibian richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.601 0.133 -4.531 <0.001 

VFOR-FOR -0.844 0.145 -5.834 <0.001 

FAL-FOR -1.200 0.130 -9.209 <0.001 

VFAL-FOR -0.895 0.118 -7.580 <0.001 

VFOR-FFOR -0.243 0.162 -1.501 0.558 

FAL-FFOR -0.600 0.149 -4.017 <0.001 

VFAL-FFOR -0.294 0.139 -2.121 0.208 

FAL-VFOR -0.357 0.160 -2.228 0.167 

VFAL-VFOR -0.051 0.150 -0.341 0.997 

VFAL-FAL 0.305 0.137 2.236 0.164 

Reptile richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.022 0.162 -0.138 1.000 

VFOR-FOR -0.052 0.165 -0.317 0.998 

FAL-FOR -0.685 0.161 -4.242 <0.001 

VFAL-FOR -0.355 0.153 -2.324 0.136 

VFOR-FFOR -0.030 0.147 -0.203 1.000 

FAL-FFOR -0.662 0.143 -4.624 <0.001 

VFAL-FFOR -0.333 0.134 -2.490 0.092 

FAL-VFOR -0.632 0.146 -4.321 <0.001 

VFAL-VFOR -0.303 0.140 -2.171 0.189 

VFAL-FAL 0.329 0.133 2.484 0.093 

Endemic reptile richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.149 0.168 -0.883 0.901 

VFOR-FOR -0.370 0.176 -2.096 0.215 

FAL-FOR -0.815 0.169 -4.837 <0.001 

VFAL-FOR -0.494 0.163 -3.029 0.020 

VFOR-FFOR -0.221 0.129 -1.717 0.415 
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FAL-FFOR -0.667 0.118 -5.669 <0.001 

VFAL-FFOR -0.346 0.110 -3.150 0.014 

FAL-VFOR -0.446 0.129 -3.457 0.0048 

VFAL-VFOR -0.125 0.126 -0.993 0.855 

VFAL-FAL 0.321 0.110 2.916 0.028 

Butterfly richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.198 0.212 -0.933 0.878 

VFOR-FOR 0.551 0.190 2.905 0.028 

FAL-FOR 0.470 0.175 2.691 0.052 

VFAL-FOR 0.548 0.175 3.135 0.014 

VFOR-FFOR 0.749 0.173 4.335 <0.001 

FAL-FFOR 0.668 0.157 4.258 <0.001 

VFAL-FFOR 0.746 0.157 4.741 <0.001 

FAL-VFOR -0.081 0.124 -0.654 0.964 

VFAL-VFOR -0.003 0.130 -0.022 1.000 

VFAL-FAL 0.078 0.101 0.771 0.935 

Endemic butterfly richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.327 0.170 -1.922 0.300 

VFOR-FOR 0.109 0.151 0.720 0.951 

FAL-FOR -0.179 0.139 -1.290 0.693 

VFAL-FOR 0.056 0.133 0.419 0.993 

VFOR-FFOR 0.435 0.166 2.620 0.065 

FAL-FFOR 0.148 0.155 0.951 0.874 

VFAL-FFOR 0.382 0.150 2.548 0.078 

FAL-VFOR -0.288 0.134 -2.145 0.198 

VFAL-VFOR -0.053 0.128 -0.412 0.994 

VFAL-FAL 0.235 0.114 2.067 0.230 

Ant richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.070 0.121 -0.576 0.978 

VFOR-FOR 0.117 0.117 0.999 0.854 
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FAL-FOR -0.214 0.109 -1.960 0.282 

VFAL-FOR -0.061 0.107 -0.572 0.979 

VFOR-FFOR 0.187 0.110 1.691 0.435 

FAL-FFOR -0.144 0.102 -1.417 0.613 

VFAL-FFOR 0.009 0.099 0.087 1.000 

FAL-VFOR -0.331 0.097 -3.405 0.006 

VFAL-VFOR -0.178 0.096 -1.861 0.335 

VFAL-FAL 0.152 0.084 1.814 0.361 

Endemic ant richness Estimate Std. Error z-value p-value 

FFOR-FOR -0.375 0.179 -2.095 0.218 

VFOR-FOR -0.339 0.180 -1.885 0.320 

FAL-FOR -2.039 0.239 -8.548 <0.001 

VFAL-FOR -1.064 0.180 -5.924 <0.001 

VFOR-FFOR 0.036 0.175 0.206 1.000 

FAL-FFOR -1.664 0.235 -7.085 <0.001 

VFAL-FFOR -0.689 0.175 -3.942 0.001 

FAL-VFOR -1.700 0.235 -7.223 <0.001 

VFAL-VFOR -0.725 0.178 -4.073 <0.001 

VFAL-FAL 0.975 0.235 4.143 <0.001 

 

Supplementary Table 7.7: Table of alpha diversity (mean species richness across all plot of 

each land-use type) and gamma diversity (sum of species richness of all plots of each land-use 

type). For gamma diversity: 10 plots of each land-use type were randomly selected (Note: 5 

plots of herbaceous fallow and 5 plots of woody fallow = 10 fallow plots). 

 FOR FFOR VFOR FLW VFAL 

Mean normalized alpha richness 0.23 0.17 0.18 0.12 0.13 

Mean normalized alpha endemic 

richness 0.22 0.14 0.12 0.05 0.06 

Alpha Tree richness 64.40 41.10 31.30 10.20 12.72 

Gamma Tree richness 257.00 230.00 198.00 51.00 69.00 

Alpha Endemic Tree richness 47.30 27.70 19.90 3.60 2.50 

Gamma Endemic Tree richness 180.00 152.00 125.00 21.00 21.00 

Alpha Herb richness 15.50 14.10 20.60 25.80 21.05 

Gamma Herb richness 77.00 75.00 92.00 108.00 92.00 

Alpha Endemic Herb richness 5.50 4.40 3.90 2.25 2.45 

Gamma Endemic Herb richness 24.00 27.00 19.00 10.00 12.00 
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Alpha Bird richness 12.30 6.90 7.60 6.30 6.35 

Gamma Bird richness 34.00 23.00 25.00 18.00 18.00 

Alpha Endemic Bird richness 7.40 2.00 2.30 1.00 0.85 

Gamma Endemic Bird richness 24.00 10.00 13.00 6.00 7.00 

Alpha Amphibian richness 9.30 5.10 4.60 3.50 4.55 

Gamma Amphibian richness 32.00 26.00 14.00 6.00 12.00 

Alpha Endemic Amphibian 

richness 9.30 5.10 4.00 2.80 3.80 

Gamma Endemic Amphibian 

richness 32.00 26.00 13.00 5.00 11.00 

Alpha Reptile richness 19.10 14.70 14.00 8.45 11.40 

Gamma Reptile richness 66.00 56.00 44.00 23.00 34.00 

Alpha Endemic Reptile richness 9.30 5.10 4.00 2.80 3.80 

Gamma Endemic Reptile 

richness 32.00 26.00 13.00 5.00 11.00 

Alpha Butterfly richness 6.20 5.10 11.30 9.95 10.50 

Gamma Butterfly richness 20.00 19.00 44.00 39.00 35.00 

Alpha Endemic Butterfly 

richness 6.10 4.40 6.80 5.10 6.45 

Gamma Endemic Butterfly 

richness 19.00 14.00 24.00 19.00 21.00 

Alpha Ant richness 16.40 15.30 18.40 13.25 15.45 

Gamma Ant richness 55.00 58.00 71.00 47.00 54.00 

Alpha Endemic Ant richness 9.60 6.60 6.90 2.27 3.67 

Gamma Endemic Ant richness 32.00 28.00 32.00 10.00 20.00 

 

Supplementary Table 7.8: Mean values of (endemic) mean normalized richness and 

(endemic) species richness of seven taxa in forest-derived vanilla agroforest (VFOR) and 

forest fragment (FFOR) with absolute difference (mean richness VFOR- mean richness 

FFOR) and relative percentage difference (=mean richness VFOR*100/mean richness FFOR) 

and relative percentage gain or loss from forest fragment to forest-derived vanilla agroforest 

(=absolute difference*100/mean richness FFOR). Relative percentage loss is highlighted in 

yellow 

 

Land-use type FFOR VFOR 

Absolute 

difference 

FFOR-

VFOR 

Relative 

difference 

% VFOR-

FFOR 

Relative 

Gain/Loss in 

% 

Mean normalized richness 0.17 0.18 0.010 106 6 

Mean normalized endemic 

richness 0.14 0.12 -0.019 86 -14 

Birds 6.90 7.60 0.700 110 10 

Endemic Birds 2.00 2.30 0.300 115 15 

Herbs 14.10 20.60 6.500 146 46 

Endemic herbs 4.40 3.90 -0.500 89 -11 

Amphibians 5.10 4.60 -0.500 90 -10 

Endemic amphibians 5.10 4.00 -1.100 78 -22 

Reptiles 9.60 9.40 -0.200 98 -2 
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Endemic reptiles 7.40 5.90 -1.500 80 -20 

Butterflies 5.10 11.30 6.200 222 122 

Endemic butterflies 4.40 6.80 2.400 155 55 

Ants 15.30 18.40 3.100 120 20 

Endemic ants 6.60 6.90 0.300 105 5 

Tree 41.10 31.30 -9.800 76 -24 

Endemic trees 27.70 19.90 -7.800 72 -28 

 

Supplementary Table 7.9: Mean values of (endemic) mean normalized richness and 

(endemic) species richness of seven taxa in fallow-derived vanilla agroforest (VFAL) and 

fallows (FAL) with the absolute difference (mean richness VFAL- mean richness FAL) and 

relative percentage difference (=mean richness VFAL*100/mean richness FAL) and relative 

percentage gain or loss from fallow to fallow-derived vanilla agroforest (=absolute 

difference*100/mean richness fallow). Relative percentage gain is highlighted in blue 

 

 

Land-use type FAL VFAL 

Absolute 

difference 

FAL-

VFAL 

Relative 

difference 

% VFAL-

FAL 

Relative 

Gain/Loss in 

% 

Mean normalized richness 0.12 0.13 0.014 112 12 

Mean normalized endemic 

richness 0.04 0.06 0.016 138 38 

Birds 6.30 6.35 0.050 101 1 

Endemic Birds 0.90 0.85 -0.050 94 -6 

Herbs 25.80 21.05 -4.750 82 -18 

Endemic herbs 2.25 2.45 0.200 109 9 

Amphibians 3.50 4.55 1.050 130 30 

Endemic amphibians 2.80 3.80 1.000 136 36 

Reptiles 4.95 6.85 1.900 138 38 

Endemic reptiles 3.80 5.25 1.450 138 38 

Butterflies 9.95 10.50 0.550 106 6 

Endemic butterflies 5.10 6.45 1.350 126 26 

Ants 13.25 15.45 2.200 117 17 

Endemic ants 1.25 3.30 2.050 264 164 

Tree 5.10 12.72 7.622 249 149 

Endemic trees 1.80 2.50 0.700 139 39 
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Supplementary Table 7.10: Sampling coverage (SC) depending on taxon for each land-use 

type (FOR=Old-growth forest, FFOR= Forest fragment, VFOR=Forest-derived vanilla 

agroforest, FAL=Fallow, VFAL=Fallow-derived vanilla agroforest. Sampling computed with 

iNext function, Hill-number q=0, datatype=incidence raw, endpoint=20. Last row displays 

average values of sampling coverage for each taxon. 

  
SC Birds 

SC 

Butterflies 
SC Trees SC Ants SC Herbs 

SC 

Reptiles 

SC 

Amphibians 

FOR 0.91 0.86 0.80 0.86 0.73 0.89 0.85 

FFOR 0.86 0.81 0.70 0.80 0.69 0.87 0.67 

VFOR 0.85 0.86 0.62 0.80 0.79 0.89 0.88 

FAL 0.95 0.90 0.58 0.93 0.88 0.92 0.97 

VFAL 0.95 0.91 0.87 0.92 0.86 0.91 0.89 

Mean 0.90 0.87 0.71 0.86 0.79 0.90 0.85 

 

 

Supplementary Table 7.11: Species composition multilevel pairwise comparisons of species 

richness of 7 taxa across land-use types (with False discovery rate correction) and results of 

multivariate dispersion test based on Jaccard dissimilarity matrix using the betadisp and the 

permutest function of the vegan package with false discovery rate. Significant p-values 

(<0.05) are highlighted with a star (*). 

 

Trees F Model R2 p-value p-adjusted sig  
VFOR vs. 

FFOR 0.778 0.041 0.970 0.970   
VFOR vs. 

VFAL 2.265 0.080 0.001 0.001 *  
VFOR vs. 

FAL 1.376 0.071 0.036 0.040 *  
VFOR vs. 

FOR 2.275 0.112 0.001 0.001 *  
FFOR vs. 

VFAL 3.449 0.117 0.001 0.001 *  
FFOR vs. 

FAL 2.077 0.103 0.001 0.001 *  
FFOR vs. 

FOR 1.946 0.098 0.001 0.001 *  
VFAL vs. 

FAL 1.601 0.058 0.010 0.013 *  
VFAL vs. 

FOR 5.840 0.183 0.001 0.001 *  
FAL vs. 

FOR 4.235 0.190 0.001 0.001 *  

 Df 

Sums of 

Squares 

Mean of 

squares F-Model R2 Pr(>F) 

Groups 4.000 0.064 0.016 10.956 999.000 0.001 *** 

Residuals 53.000 0.078 0.001    

       

Herbs F Model R2 p-value p-adjusted sig  
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VFOR vs. 

FFOR 2.445 0.120 0.001 0.001 *  

VFOR vs. 

VFAL 1.783 0.060 0.006 0.006 *  

VFOR vs. 

FAL 3.159 0.101 0.001 0.001 *  

VFOR vs. 

FOR 3.617 0.167 0.001 0.001 *  

FFOR vs. 

VFAL 4.595 0.141 0.001 0.001 *  

FFOR vs. 

FAL 4.549 0.140 0.001 0.001 *  

FFOR vs. 

FOR 2.159 0.107 0.001 0.001 *  

VFAL vs. 

FAL 2.953 0.072 0.001 0.001 *  

VFAL vs. 

FOR 5.525 0.165 0.001 0.001 *  

FAL vs. 

FOR 5.739 0.170 0.001 0.001 *  

 Df 

Sums of 

Squares 

Mean of 

squares F-Model R2 Pr(>F) 

Groups 4.000 0.011 0.003 0.894 999.000 0.471 

Residuals 65.000 0.191 0.003    

       

Birds F Model R2 p-value p-adjusted sig  

VFOR vs. 

FFOR 0.403 0.022 0.974 0.974   

VFOR vs. 

VFAL 2.335 0.077 0.014 0.016 *  

VFOR vs. 

FAL 2.695 0.088 0.003 0.004 *  

VFOR vs. 

FOR 3.000 0.143 0.003 0.004 *  

FFOR vs. 

VFAL 2.782 0.090 0.001 0.003 *  

FFOR vs. 

FAL 2.918 0.094 0.004 0.005 *  

FFOR vs. 

FOR 3.424 0.160 0.001 0.003 *  

VFAL vs. 

FAL 2.798 0.069 0.002 0.004 *  

VFAL vs. 

FOR 12.460 0.308 0.001 0.003 *  

FAL vs. 

FOR 9.028 0.244 0.001 0.003 *  

 Df 

Sums of 

Squares 

Mean of 

squares F-Model R2 Pr(>F) 

Groups 4.000 0.164 0.041 5.873 999.000 0.001 
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Residuals 65.000 0.455 0.007    

       

Reptiles F Model R2 p-value p-adjusted sig  
VFOR vs. 

FFOR 1.836 0.093 0.017 0.017 *  
VFOR vs. 

VFAL 2.685 0.088 0.004 0.004 *  
VFOR vs. 

FAL 3.898 0.122 0.001 0.001 *  
VFOR vs. 

FOR 5.880 0.246 0.001 0.001 *  
FFOR vs. 

VFAL 4.665 0.143 0.001 0.001 *  
FFOR vs. 

FAL 5.764 0.171 0.001 0.001 *  
FFOR vs. 

FOR 3.842 0.176 0.001 0.001 *  
VFAL vs. 

FAL 2.601 0.064 0.004 0.004 *  
VFAL vs. 

FOR 12.627 0.311 0.001 0.001 *  
FAL vs. 

FOR 12.127 0.302 0.001 0.001 *  

 Df 

Sums of 

Squares 

Mean of 

squares F-Model R2 Pr(>F) 

Groups 4.000 0.034 0.008 0.928 999.000 0.481 

Residuals 65.000 0.589 0.009    

       

Amphibians F Model R2 p-value p-adjusted sig  
VFOR vs. 

FFOR 2.286 0.113 0.011 0.016 *  
VFOR vs. 

VFAL 1.371 0.047 0.195 0.217   
VFOR vs. 

FAL 1.532 0.054 0.162 0.203   
VFOR vs. 

FOR 9.031 0.334 0.001 0.002 *  
FFOR vs. 

VFAL 8.079 0.224 0.001 0.002 *  
FFOR vs. 

FAL 7.339 0.214 0.001 0.002 *  
FFOR vs. 

FOR 6.626 0.269 0.001 0.002 *  
VFAL vs. 

FAL 0.800 0.021 0.555 0.555   
VFAL vs. 

FOR 20.104 0.418 0.001 0.002 *  
FAL vs. 

FOR 17.831 0.398 0.001 0.002 *  
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 Df 

Sums of 

Squares 

Mean of 

squares F-Model R2 Pr(>F) 

Groups 4.000 0.233 0.058 2.808 999.000 0.043 

Residuals 64.000 1.327 0.021    
       

Butterflies F Model R2 p-value p-adjusted sig  

FOR vs. 

FFOR 5.881 0.246 0.001 0.002 *  

FOR vs. 

FAL 8.916 0.242 0.001 0.002 *  

FOR vs. 

VFOR 6.064 0.252 0.001 0.002 *  

FOR vs. 

VFAL 10.334 0.270 0.001 0.002 *  

FFOR vs. 

FAL 4.537 0.139 0.001 0.002 *  

FFOR vs. 

VFOR 2.696 0.130 0.002 0.003 *  

FFOR vs. 

VFAL 4.750 0.145 0.001 0.002 *  

FAL vs. 

VFOR 1.702 0.057 0.012 0.013 *  

FAL vs. 

VFAL 1.833 0.046 0.006 0.008 *  

VFOR vs. 

VFAL 1.444 0.049 0.076 0.076   

 Df 

Sums of 

Squares 

Mean of 

squares F-Model R2 Pr(>F) 

Groups 4.000 0.112 0.028 4.937 999.000 0.002 

Residuals 65.000 0.369 0.006    

       

Ants F Model R2 p-value p-adjusted sig  

FOR vs. 

FFOR 2.753 0.133 0.001 0.001 *  

FOR vs. 

FAL 9.892 0.261 0.001 0.001 *  

FOR vs. 

VFOR 3.976 0.181 0.001 0.001 *  

FOR vs. 

VFAL 7.005 0.200 0.001 0.001 *  

FFOR vs. 

FAL 7.525 0.212 0.001 0.001 *  

FFOR vs. 

VFOR 1.601 0.082 0.023 0.023 *  

FFOR vs. 

VFAL 4.760 0.145 0.001 0.001 *  

FAL vs. 

VFOR 5.429 0.162 0.001 0.001 *  



 

434 
 

FAL vs. 

VFAL 2.909 0.071 0.001 0.001 *  

VFOR vs. 

VFAL 2.931 0.095 0.001 0.001 *  

 Df 

Sums of 

Squares 

Mean of 

squares F-Model R2 Pr(>F) 

Groups 4.000 0.008 0.002 0.687 999.000 0.574 

Residuals 65.000 0.198 0.003    

 

Supplementary Table 7.12: Overview of vanilla statistics for our 30 studied vanilla 

agroforests depending on vanilla plant or vanilla agroforest 

 

Variable Mean  SD Min Max 

Vanilla age (yrs)/vanilla plant 4.42 3.14 1.28 13.4 

Vanilla yield (g)/vanilla plant 30.36 23.93 0 82.23 

Vanilla vine length (cm)/vanilla 

plant 

694.06 707.80 0 5198 

Planting density (plants/ha) 3284.04 1443.72 1638.79 8519.751 

     

Agroforest age (yrs) 10.8 14.05 3 50 

Green vanilla yield kg/ha (2018) 104.61 99.92 0 371.55 

Vine length (cm) (mean length 

/agroforest) 

695.30 274.63 219.89 1263.82 

Vanilla agroforest size (ha) 0.66 0.56 0.25 3.01 

 

Supplementary Table 7.13: Determinants of vanilla yield in 30 vanilla agroforests. Model 

fits of linear mixed effect model (LMM) of vanilla yield (sqrt-transformed) depending on 

environmental and management variables with all terms significant at <0.05. Significant p-

values highlighted in bold. Chisq-values based on based on one-sided Chi-square tests of 

model comparison with anova functon = χ2 of full model vs. full model excluding each 

predictor.  

 

 Vanilla yield 

(kg/ha) 

Variables χ2 p-value 

Canopy closure (%) 0.659 0.417 

Soil characteristics (PC1) 3.069 0.080 

Slope (°) 0.527 0.468 
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Landscape forest cover (%) 0.587 0.444 

Understory vegetation cover 

(%) 0.030 0.863 

Elevation (m) 2.004 0.157 

Planting density (no/ha) 17.993 <0.001 

Pollination (hrs/ha) 6.645 0.010 

Vanilla vine length (cm) 18.511 <0.001 

Vanilla plant age (yrs) 0.027 0.869 

 

Supplementary Table 7.14: Determinants of vanilla yield (kg/ha) in 30 vanilla agroforests 

(final model). All predictor variables were scaled. Supplementary Table hows analysis of 

variance results (two-sided t-tests use Satterthwaite's method) for final linear mixed model. 

Significant p-values (<0.05) are highlighted in bold. Marginal R2 is the variance explained by 

fixed effects while conditional R2 is the variance explained by fixed and marginal effects 

together. 

 

Response variable Parameter Estimate Df Std. 

Error 

p-value 

Vanilla yield 

(kg/ha) 
Intercept 

9.005 8.681 0.804 <0.001 

 Vanilla planting density 

(no/ha) 2.901 20.794 0.415 <0.001 

 Pollination labour input 

(hrs/ha) 0.897 22.621 0.469 0.069 

 Vanilla vine length 

(cm) 2.650 19.528 0.393 <0.001 

 Delta Marginal R2 0.688  

 Delta Conditional R2 0.883  
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Supplementary Table 7.15: Model fits of glmmTMB model of tree, herbaceous plant, bird, amphibian, reptile, butterfly and ant richness depending 

on environmental and management variables using single term deletion with the anova function from the R stats package with all terms significant 

at <0.05. Significant p-values highlighted in bold. Chi-square values based on one-sided Chi-square tests displayed as χ2.  

 

 Trees Herbaceous plants Birds Amphibians Reptiles Butterflies Ants 

Variables χ2 p-value χ2 p-value χ2 p-value χ2 p-value χ2 p-value χ2 p-value χ2 p-

value 

Canopy 

closure (%) 
5.374 0.020 0.888 0.346 0.009 0.923 1.373 0.241 6.477 0.011 0.052 0.819 3.497 0.062 

Soil 

characteristi

cs (PC1) 

3.456 0.063 4.741 0.029 2.311 0.129 1.171 0.279 0.097 0.755 5.090 0.024 0.344 0.558 

Slope (°) 0.541 0.462 0.090 0.764 0.003 0.953 4.404 0.036 0.285 0.593 0.456 0.499 0.941 0.332 

Landscape 

forest cover 

(%) 

4.900 0.027 1.433 0.231 0.542 0.462 5.696 0.017 0.437 0.509 2.899 0.089 0.770 0.380 

Understory 

vegetation 

cover (%) 

1.540 0.215 0.395 0.530 0.822 0.365 0.002 0.964 3.851 0.050 4.388 0.036 0.121 0.728 

Elevation 

(m) 
0.824 0.364 6.670 0.010 0.612 0.434 0.170 0.681 2.763 0.096 1.797 0.180 1.780 0.182 

Planting 

density 

(no/ha) 
9.325 0.002 4.006 0.045 2.080 

0.149 

 

 

0.817 0.366 0.003 0.958 0.606 0.436 0.118 0.731 
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Pollination 

(hrs/ha) 
0.156 0.693 0.056 0.812 0.309 0.578 1.671 0.196 2.578 0.108 0.127 0.722 1.041 0.308 

Vanilla vine 

length (cm) 
10.034 0.002 3.461 0.063 1.164 0.281 2.367 0.124 

11.15

6 
0.001 1.108 0.293 2.065 0.151 

Vanilla 

plant age 

(yrs) 

0.104 0.747 2.171 0.141 0.467 0.494 1.773 0.183 0.242 0.623 0.034 0.855 0.736 0.391 

 

Supplementary Table 7.16: Model fits of glmmTMB model of endemic tree, endemic herbaceous plant, endemic bird, endemic amphibian, 

endemic reptile, endemic butterfly and endemic ant richness depending on environmental and management variables using single term deletion with 

the anova function from the R stats package with all terms significant at <0.05. Significant p-values highlighted in bold. Chi-square values based on 

one-sided Chi-square tests displayed as χ2.  

 

 Endemic trees Endemic 

herbaceous 

plants 

Endemic birds Endemic 

amphibians 

Endemic 

reptiles 

Endemic 

butterflies 

Endemic ants 

Variables χ2 p-value χ2 p-value χ2 p-value χ2 p-value χ2 p-value χ2 p-

value 

χ2 p-value 

Canopy 

closure (%) 
0.002 0.968 6.240 0.012 0.050 0.823 1.169 0.280 5.781 0.016 0.553 0.457 9.348 0.002 

Soil 

characteristics 

(PC1) 

14.106 0.000 2.367 0.124 3.870 0.049 3.442 0.064 4.188 0.041 5.345 0.021 1.927 0.165 

Slope (°) 3.478 0.062 2.123 0.145 0.004 0.949 4.723 0.030 0.333 0.564 0.000 0.993 3.608 0.058 
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Landscape 

forest cover 

(%) 

13.278 0.000 6.328 0.012 0.167 0.683 4.307 0.038 0.013 0.909 0.867 0.352 6.330 0.012 

Understory 

vegetation 

cover (%) 

3.697 0.055 0.043 0.835 5.007 0.025 0.000 0.988 2.632 0.105 4.354 0.037 0.418 0.518 

Elevation (m) 2.155 0.142 3.593 0.058 2.412 0.120 0.045 0.832 0.166 0.684 0.377 0.539 2.064 0.151 

Planting 

density (no/ha) 
14.304 0.000 

12.09

2 
0.001 0.007 0.931 1.191 0.275 0.741 0.389 0.047 0.828 0.345 0.557 

Pollination 

(hrs/ha) 
0.033 0.857 2.862 0.091 0.713 0.398 3.349 0.067 0.603 0.438 1.577 0.209 3.996 0.046 

Vanilla vine 

length (cm) 
24.324 0.000 0.001 0.973 1.156 0.282 1.342 0.247 4.919 0.027 0.809 0.368 3.420 0.064 

Vanilla plant 

age (yrs) 
1.215 0.270 0.017 0.898 2.215 0.137 1.599 0.206 0.008 0.008 0.148 0.701 0.006 0.937 
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Supplementary Table 7.17: Determinants of species richness in 30 vanilla agroforests (27 

vanilla agroforests for tree richness). Estimates of predictor coefficients from the best 

generalized linear mixed model. Model selection was performed by single term deletion 

using the anova function from the R stats package with all terms significant at <0.05. Chi-

square and Df results are based on analysis of deviance results (one-sided Type II Wald chi-

square tests). The p-values are based on a two-sided t-test testing whether the mean is 

different from 0. Significant p-values (<0.05) are highlighted in bold. Marginally significant 

values are written in italic (0.050 <= p < 0.100). Marginal R2 is the variance explained by 

fixed effects while conditional R2 is the variance explained by fixed and marginal effects 

together.  

 

Taxa Parameter χ2 Df,Dfresi

d 

Estimate Std. 

Error 

p-value 

Trees Intercept     2.768 0.110 <0.001 

 Landscape forest cover 

(%) 
13.249 1.000 

0.270 0.074 <0.001 

 Planting density (no/ha) 5.498 1.000 -0.155 0.066 0.019 

 Vanilla vine length (cm) 15.363 1.000 -0.221 0.056 <0.001 

 Canopy closure (%) 12.043 1.000 0.284 0.082 <0.001 

 Delta Marginal R2 0.670 

 Delta Conditional R2 0.884 

Herbaceous 

plants 

Intercept 
    2.991 0.058 <0.001 

 Elevation (m) 26.610 1.000 0.283 0.055 <0.001 

 Soil characteristics (PC1) 3.800 1.000 0.111 0.057 0.051 

 Planting density (no/ha) 1.374 1.000 0.067 0.058 0.241 

 Delta Marginal R2 0.099 

 Delta Conditional R2 0.224 

Amphibians Intercept     1.498 0.069 <0.001 

 Slope (°) 5.319 1.000 -0.125 0.054 0.021 

 Landscape forest cover 

(%) 
3.477 1.000 -0.097 0.052 0.062 

 Delta Marginal R2 0.099 

 Delta Conditional R2 0.224 

Reptiles Intercept     2.011 0.071 <0.001 
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 Vanilla vine length (cm) 5.470 1.000 -0.166 0.071 0.019 

 Canopy closure (%) 5.853 1.000 0.178 0.074 0.016 

 Understory vegetation 

cover (%) 
0.888 1.000 0.072 0.077 0.346 

 Delta Marginal R2 0.310 

 Delta Conditional R2 0.328 

Butterflies Intercept 2.355 0.075 2.355 0.075 <0.001 

 Soil characteristics (PC1) 0.011 1.000 0.175 0.069 0.011 

 Understory vegetation 

cover (%) 
0.077 1.000 -0.127 0.072 0.077 

 Delta Marginal R2 0.200 

 Delta Conditional R2 0.365 

 

Supplementary Table 7.18: Determinants of endemic species richness in 30 vanilla 

agroforests (27 vanilla agroforests for endemic tree richness). Estimates of predictor 

coefficients from the best generalized linear mixed model. Model selection was performed by 

single term deletion using the anova function from the R stats package with all terms 

significant at <0.05. Chi-square and Df results are based on analysis of deviance results (one-

sided Type II Wald chi-square tests). The p-values are based on a two-sided t-test testing 

whether the mean is different from 0. Significant p-values (<0.05) are highlighted in bold. 

Marginal R2 is the variance explained by fixed effects while conditional R2 is the variance 

explained by fixed and marginal effects together.  

Taxa Parameter χ2 Df,Dfresi

d 

Estimate Std. 

Erro

r 

p-value 

Endemic 

Trees 

Intercept   

1.371 0.194 

<0.001 

 Soil characteristics (PC1) 13.073 1 -0.486 0.134 <0.001 

 Landscape forest cover (%) 59.906 1 0.827 0.107 <0.001 

 Vanilla vine length (cm) 28.468 1 -0.553 0.104 <0.001 

 Planting density (no/ha) 12.259 1 -0.337 0.096 <0.001 

 Delta Marginal R2 0.853 

 Delta Conditional R2 1 
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Endemic 

herbaceous 

plants 

Intercept   

1.022 0.069 

<0.001 

 Landscape forest cover (%) 13.724 1 0.236 0.064 <0.001 

 Canopy closure (%) 3.444 1 0.145 0.078 0.063 

 Planting density (no/ha) 7.861 1 0.176 0.063 0.005 

 Delta Marginal R2 0.241 

 Delta Conditional R2 NA 

Endemic 

Birds 

Intercept   

0.150 0.179 0.402 

 Soil characteristics (PC1) 6.58 1 -0.504 0.196 0.010 

 Understory vegetation 

cover (%) 6.60 

1 

0.460 0.179 0.010 

 Delta Marginal R2 0.273 

 Delta Conditional R2 0.273 

Endemic 

Amphibians 

Intercept   

1.335 0.075 <0.001 

 Slope (°) 2.812 1 -0.111 0.066 0.094 

 Landscape forest cover (%) 0.869 1 -0.059 0.064 0.351 

 Delta Marginal R2 0.047 

 Delta Conditional R2 0.129 

Endemic 

Reptiles 

Intercept   

1.661 0.073 <0.001 

 Canopy closure (%) 5.679 1 0.136 0.057 0.017 

 Soil characteristics (PC1) 5.157 1 0.133 0.059 0.023 

 Vanilla vine length (cm) 3.331 1 -0.096 0.052 0.068 

 Delta Marginal R2 0.001 

 Delta Conditional R2 0.638 

Endemic 

Butterflies 

Intercept 

 

 

1.876 0.044 <0.001 

 Understory vegetation 

cover (%) 3.472 

1 

-0.092 0.049 0.062 
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 Soil characteristics (PC1) 5.294 1 0.109 0.047 0.021 

 Delta Marginal R2 0.033 

 Delta Conditional R2 NA 

Endemic 

Ants 

Intercept   

1.381 0.096 <0.001 

 Canopy closure (%) 12.075 1 0.387 0.111 0.001 

 Landscape forest cover (%) 6.459 1 0.214 0.084 0.011 

 Pollination (hrs/ha) 1.991 1 0.129 0.091 0.158 

 Delta Marginal R2 0.532 

 Delta Conditional R2 0.532 

 

Supplementary Table 7.19: Icon attribution for Figure 7.1 &7.2 

 

 

Supplementary Table 7.20: Mean, standard deviation, min and max value of all 

environmental and management variables used for analysis depending on land-use history 

(VFAL=Fallow-derived vanilla, VFOR=Forest-derived vanilla) 

Parameter Land-use 

history 

mean SD min max 

Elevation (m) VFAL 155.500 185.627 25.000 644.000 

Name Author Link 

Neobatrachia  

(Amphibian icon in Fig. 7.1 

& 7.2) 

Public Domain http://phylopic.org/image/c07ce7b7-5fb5-

484f-83a0-567bb0795e18/ 

Dicrurus leucophaeus  

(Bird icon in Fig. 7.1 & 7.2) 

Ferran Sayol http://phylopic.org/image/69c936f5-7ed7-

4c72-9081-ac860f1e89d1/ 

Leptanillini  

(Ant icon in Fig. 1 & 7.2) 

Public Domain http://phylopic.org/image/45ccedd3-d5cb-

42e8-b158-7e027ab1ff22/ 

Platanus occidentalis L.  

(Tree icon in Fig. 7.1 & 7.2) 

Michele M 

Tobias 

http://phylopic.org/image/806a6ae9-28a0-

4dc6-beeb-f6129a44f10e/ 

Mediodactylus kotschyi  

(Reptile icon in Fig. 7.1 & 

7.2) 

Public Domain http://phylopic.org/image/6487de8d-0382-

4ba7-b587-5fa2c1119f08/ 

Compositae 

(Herbaceous plant icon in 

Fig. 7.1 & 7.2) 

Public Domain http://phylopic.org/image/39335c0c-f879-

4df6-90d5-e4f65d90d04e/ 

Papilionini 

(Butterfly icon in Fig. 7.1 & 

7.2) 

Public Domain http://phylopic.org/image/f21829d7-6dfc-

4b2f-991c-e16181c24d29/ 
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Elevation (m) VFOR 187.700 246.795 20.000 819.000 

Slope (°) VFAL 8.596 4.758 1.050 19.010 

Slope (°) VFOR 7.758 5.944 2.620 17.990 

Canopy closure (%) VFAL 49.161 20.654 9.352 78.811 

Canopy closure (%) VFOR 72.176 12.653 51.362 88.215 

Planting density 

(plants/ha) 

VFAL 
3535.897 1524.107 2132.987 8519.751 

Planting density 

(plants/ha) 

VFOR 
2780.331 1178.714 1638.788 5775.310 

Vanilla plant age VFAL 3.798 1.837 1.278 7.886 

Vanilla plant age VFOR 5.667 4.694 1.568 13.395 

Soil characteristics 

(PC1) 

VFAL 
0.498 2.078 -3.616 4.433 

Soil characteristics 

(PC1) 

VFOR 
-0.996 0.938 -2.334 0.961 

Pollination labour input 

(hrs/ha) 

VFAL 
340.620 226.731 52.414 824.690 

Pollination labour input 

(hrs/ha) 

VFOR 
232.179 196.052 62.163 667.951 

Understory vegetation 

cover (%) 

VFAL 
74.621 26.360 11.775 100.000 

Understory vegetation 

cover (%) 

VFOR 
78.241 17.919 49.263 99.875 

Forest cover (%) VFAL 11.296 13.328 0.000 42.056 

Forest cover (%) VFOR 43.209 28.276 0.000 85.845 

Vanilla vine length 

(cm) 

VFAL 
676.227 266.541 308.853 1263.824 

Vanilla vine length 

(cm) 

VFOR 
733.450 301.026 219.889 1263.583 

Vanilla yield (kg/ha) VFAL 105.721 113.060 0.000 371.552 

Vanilla yield (kg/ha) VFOR 102.398 71.935 22.970 247.113 
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Supplementary Figure 7.1: Study design overview. a) The island of Madagascar in the 

Indian Ocean off the coast of East Africa with the SAVA region indicated. b) SAVA region. 

c) Study area with forest cover in 2017 26 roads, rivers, and the three main cities Sambava, 

Antalaha, and Andapa as well as the 10 study villages and Marojejy National Park with its 

two sampling sites therein. d) Schematic overview of distribution of land-use types across 10 

villages and two sampling sides in Marojejy National Park. e) Overview of transformation 

pathways of unburned and burned land-use types in the study region. 
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Supplementary Figure 7.2: Exemplary photos of sampled land-use types: Old-growth 

forest, Forest fragment, Forest-derived vanilla agroforest, Herbaceous fallow, Woody fallow, 

Fallow-derived vanilla agroforest (from top left to bottom right). 
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Supplementary Figure 7.3: Species accumulation curves for all 5 land-use types, shown by 

the extrapolation curves based on species richness per sampling unit (Hill number q = 0). The 

solid line represents the interpolated total species number per sampling unit, whereas the 

dashed line represents the extrapolated total species number per sampling unit. The shaded 

region represents the 95% confidence intervals and were obtained using a bootstrap method 

based on 20 replications. The solid dots/quadrats/triangles/crosses represent the reference 
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samples. Non-overlapping of the confidence intervals represents a significant difference 

between two or more land-use types. See icon attribution in Supplementary Table 7.19. 
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Supplementary Figure 7.4: Species composition of the five land-use types as revealed by 

non-metric multidimensional scaling (NMDS) based on Jaccard dissimilarity. See icon 

attribution in Supplementary Table 7.19. 
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Supplementary Figure 7.5: Vanilla yield kg/ha depending on planting density, vanilla vine 

length, pollination labour input, elevation, vanilla plant age, canopy closure, soil 

characteristics, understory vegetation cover, slope and landscape forest cover. We used a 

linear mixed effect model with yield sqrt-transformed. Dots are raw data and solid and 

dashed lines indicate statistically significant (p < 0.050) and marginally significant effects 

(0.050 <= p < 0.100), respectively. Trend lines show average values of the back-transformed 

model predictions of the final model after using likelihood ratio tests using maximum 

likelihood estimation, shaded areas indicate 95% confidence intervals. 

 
Supplementary Figure 7.6: Vanilla yield (kg/ha) of 30 vanilla agroforests (n=20 fallow-

derived and 10 forest-derived agroforests) depending on land-use history. Linear mixed 

model with square-root transformed yield depending on land-use history with village as 

random effect. Multiple comparisons of means: VFOR-VFAL: E=0.7719; SE=1.9407; 

P=0.691. Shown are boxplots of plot-level endemic mean normalized richness (A) and 

endemic species richness of seven taxa individually (B-H) in old-growth forest (FOR), forest 

fragment (FF), forest-derived vanilla agroforest (VFOR), fallow (FAL) and fallow-derived 

vanilla agroforest (VFAL) (n=10 for FOR, FF and VFOR & n=20 for FAL and VFAL). The 

line inside the boxplot represents the median of each land-use type. The lower and upper 

boundaries of the boxplot show the 25th-75th percentiles of the observational data, 

respectively and the whiskers show the 1.5 interquartile range. Outliers are shown as dots. 
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Supplementary Figure 7.7: (Endemic) species richness of seven different taxa depending on 

planting density, vanilla vine length, pollination labour input, elevation, vanilla plant age, 

canopy closure, soil characteristics, understory vegetation cover, slope and landscape forest 

cover. We used glmmTMB models. Dots are raw data and solid (statistically significant, 

P<0.05) or dashed (marginally significant, 0.05<p<0.1) trend lines show average values of 

back-transformed model predictions of the final model after using likelihood ratio tests using 

maximum likelihood estimation, shaded areas indicate 95% confidence intervals. See icon 

attribution in Supplementary Table 7.19. 

 

 

Supplementary Figure 7.8: Design on the left shows the distribution of 36 vanilla pieds on a 

25-meter radius plot in a vanilla agroforest (pied = combination of a vanilla vine and 

minimum one support tree). Photo on the right shows unique barcode label on vanilla pied. 
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Supplementary Figure 7.9: Correlation matrix for all pairs of soil variables. Positive 

correlations are displayed in blue and negative correlations in red color. Color intensity is 

proportional to the correlation coefficients. 
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Supplementary Figure 7.10: PCA based on eight soil characteristics including calcium, 

aluminum, pH(KCl), potassium, magnesium, nitrogen, phosphorus and carbon-to-nitrogen 

ratio. PC1 explained 45.2% and PC2 20.9% of the variation. The red ellipse groups variation 

of soil characteristics in fallow-derived vanilla agroforests and the blue ellipse groups the 

variation of soil characteristics in forest-derived vanilla agroforests. 
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Supplementary Figure 7.11: Correlation matrix for all pairs of environmental and 

management variables. Positive correlations are displayed in blue and negative correlations in 

red color. Color intensity is proportional to the correlation coefficients. 
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Supplementary Figure 7.12: Pollination labour input (hrs/ha) depending on the number of 

household members of 30 households owning the 30 vanilla agroforests of this study using 

linear regression (p-value=0.005, estimate=52.82, SE=17.38).  The p-value is based on a t-

test testing whether the mean is different from 0. Dots are raw data and solid (statistically 

significant, p-value<0.05) trend lines show average values of the back-transformed model 

prediction including a 95% confidence interval. 
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Synthesis 

Sustainable land-use research aims to understand the sociological, economic, and ecological 

dimensions of land-use change (Turner et al. 2007). The major challenge in land-use science 

is to provide solutions to the socio-environmental trade-offs of land use (Seppelt et al. 2013). 

My dissertation contributes to a better understanding of this challenge by investigating the 

effect of land use on biodiversity and ecosystem services in Madagascar, a biodiversity hotspot 

with high risk of conflict between food security and conservation (Myers et al. 2000, Molotoks 

et al. 2017). In the following section I link the seven chapters of my dissertation to identify 

win-win opportunities and trade-offs of prevalent land-use types in north-eastern Madagascar. 

Win-win opportunities for farmers and biodiversity in vanilla agroforestry 

Before this project, little was known about the drivers of vanilla yields and biodiversity in 

vanilla agroforestry. In contrast to other cash crops (Perfecto et al. 2005, Blaser et al. 2018), I 

show that higher vanilla yields can be easily achieved by smallholder farmers without the need 

to reduce canopy cover of agroforests and thus biodiversity (Chapter 7). Furthermore, farmers 

can establish their vanilla agroforests on fallow land, with equal yield opportunities compared 

to forest-derived vanilla agroforests. Fallow-derived vanilla agroforestry can rehabilitate 

biodiversity and halt land-degradation induced by soil erosion and shortened fallow cycles of 

shifting cultivation (Styger et al. 2007). Based on the results of my dissertation, the 

establishment of new forest-derived vanilla agroforests cannot be recommended, as it degrades 

the biodiversity and ecosystem functions of forests (Chapter 5,7). For already established 

forest-derived vanilla agroforests, I recommend maintaining a high canopy closure to preserve 

(endemic) biodiversity and high predation rates of agroforests (Chapter 4, 5). I further indicate 

that the combination of landscape management and on-plot management by farmers is needed 

to increase the biodiversity of vanilla agroforests (Chapter 7). Landscape forest cover, as well 

as on-plot variables, such as canopy closure and understory vegetation, were important to 

several taxa and for the maintenance of high predation rates. 

Vanilla agroforests offer high income for Malagasy farmers (Havkin-Frenkel & Belanger 2010, 

Hänke et al. 2018). In Madagascar, hand pollination is the only method to ensure high-quality 

crop production, as no natural pollinators are present. Although time-consuming, hand 

pollination offers multiple advantages according to my findings (Chapter 1): Vanilla farmers 

can catch the narrow time frame of vanilla flowering and ensure a high pod quality by 

controlling for over-or under-pollination. Unlike for other crops, laborious pollen collection is 
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not needed for vanilla pollination, as vanilla produces satisfying fruit set under self-fertilization 

(Havkin-Frenkel & Belanger 2010). In addition, vanilla farmers often combine hand pollination 

with other important tasks, which maintain the health of vanilla plants, such as weeding, 

looping of vines, pruning of support trees, guarding vanilla against thieves, removing pest or 

disease-infected leaves or vines, and killing visible herbivores manually (personal observation; 

Grisoni, Pearson, & Farreyrol, 2011). Still, the results of my dissertation indicate that hand 

pollination comes at high labor costs for farmers because time, skills, and manpower are needed 

to pollinate the delicate flowers at the appropriate time (Chapter 1). Here, the high value of 

vanilla pods can compensate for high labor costs. However, like other commodity crops around 

the world (Tilghman 2019), the full utilization of profit by Malagasy vanilla farmers is 

constraint by the volatility of global vanilla prices and weak governance associated with 

violence, theft, corruption, and money laundry (Waeber & Wilmé 2013, Zhu 2018, Osterhoudt 

2020). 

To guide the biodiversity-friendly intensification of vanilla agroforests, economic incentives 

are needed. Here, contract farming with sustainability standards (e.g. Fair Trade, Rainforest 

Alliance) or compensation schemes need to promote tree cover and the establishment of vanilla 

agroforests on fallow land instead of forests. Furthermore, contractual arrangements and 

initiatives such as farmer cooperatives, price standards, and governmental incentives can 

provide income stability and de-incentivize on-plot tree felling or further encroachment into 

remaining forests for subsistence needs (Minten et al. 2009). My research highlights that vanilla 

farmers have the opportunity to intensify their vanilla cultivation by an on-plot increment of 

pied density and/or vanilla vine length, without the need for land expansion and further forest 

conversion (Chapter 7). Growing longer vanilla vines by maintaining viable vanilla agroforests 

in low-price phases of vanilla can result in higher yields, which is especially beneficial during 

high-price phases of vanilla. 

Trade-offs between people’s well-being and biodiversity conservation 

Based on my research, the conversion of old-growth forests and forest fragments results in a 

substantial loss of biodiversity, ecosystem functions, and regulating ecosystem services 

(Chapter 2-7). Forest conservation conflicts with the high benefits of provisioning services by 

fallow land and vanilla agroforests for Malagasy farmers. This is in line with other research 

findings from Madagascar, which show that forests provide important regulating services, 

whereas provisioning and cultural services derive from shifting cultivation and cash cropping 
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(Llopis et al. 2021). In addition, the results of this thesis indicate that the establishment of 

vanilla agroforests on fallow land results in losses of provisioning ecosystem services. Woody 

fallows provide plants for all use categories (except for weaving), which are fundamental for 

medicine, energy, food, and livestock. When landscapes cannot satisfy communities’ needs for 

provisioning ecosystem services, people are forced to migrate (Dong et al. 2021). This 

migration results in consequences for social stability and forest conservation, because new land 

is acquired by forest conversion (Jones et al. 2018). To balance trade-offs between regulating 

and provisioning ecosystem services, forest conservation needs to acknowledge the necessities 

of rural communities, support long-term settlement as well as access or ownership to multiple 

land-use types (Jones et al. 2018, Llopis et al. 2021). However, these recommendations are 

constrained by Madagascar’s unclear tenure law, which needs clarification to support fair and 

stable land access (Jones et al. 2019). 

Win-win opportunities of heterogeneous landscape management 

My thesis strengthens that access to different land-use types, including forests, vanilla 

agroforests, and land under shifting cultivation, provides complimentary ecosystem services, 

which are crucial for fulfilling the needs of nutrition, medicine, energy, and building material 

for rural households (Chapter 6). Thus, a heterogeneous landscape is important to provide the 

full breadth of ecosystem services to rural communities. Old-growth forests and forest 

fragments strike out in importance, as they provide regulating services such as water regulation 

to rural households, which are not provided by any other land-use type. 

A heterogeneous landscape also benefits biodiversity. I highlight that the majority of butterflies 

are using multiple land-use types (Chapter 3). Herbaceous fallow and rice paddy are rich in 

open-land butterflies, whereas land-use types with woody vegetation sequester diverse forest 

and endemic butterflies. Woody fallows also benefited the rural communities by providing 

multiple ecosystem services (Chapter 6) and maintaining medium to high levels of predation 

rates important for biological control (Chapter 5).  

Conclusion 

Overall, this thesis advances our knowledge on the responses of biodiversity and ecosystem 

services to land-use change and highlights multiple opportunities for biodiversity conservation 

and people’s livelihoods. The presented results can help to negotiate trade-offs between 

biodiversity conservation and people’s well-being and to guide policies for sustainable land-

use management. Based on the trade-offs and win-win opportunities discussed above, I 
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conclude that landscape planning needs to protect the remaining old-growth forest as well as 

preserve a heterogeneous agricultural landscape with structural complexity (including fallow 

land) to maintain diverse ecosystem services and the unique biodiversity of north-eastern 

Madagascar. 
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Figure K: Result communication poster in Malagasy. Posters were distributed to farmers, 

ministries and Universities. 
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Figure L: Overview of butterfly fauna in Marojejy NP. Posters as distributed to Marojejy NP 

visitor center, Madagascar National Park, and Universities. 
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