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SUMMARY 

One of the main threats for biodiversity on earth is the destruction of tropical forests. Tree 

plantings as countermeasures often merely increase the area covered by trees, but do not 

include ecological aspects and biodiversity conservation. Therefore, restoration efforts that 

consider these aspects are needed, but when targeted at conservation only they may neglect 

resource needs of the local human population. Also, these efforts are time-consuming and 

costly.  

In Madagascar, where patterns of forest and biodiversity loss are reflected, we aim to develop 

a restoration concept that integrates biodiversity conservation with human needs. Further, 

we aim to explore the role that facilitated regeneration through seed dispersal by lemurs 

might play in such restoration.  

In the first step, I compiled a database of lemur food plants, to facilitate their inclusion in 

restoration plantings. The plant species that were most heavily exploited by lemurs are all 

used by the local people in a variety of ways, offering a great potential for their use in the 

restoration of diverse forests, both in terms of biology and ecosystem services. In a second 

step, we studied the seed dispersal ecology and habitat utilization of crowned lemurs (Eulemur 

coronatus) in a degraded habitat in the Oronjia New Protected Area, northern Madagascar. 

The lemurs’ habitat use was associated with vegetation structures such as tree density, yet 

the animals used heavily degraded areas and forest edges. Moreover, they dispersed about 

one-third of all plant species known to occur in Oronjia - 20 of which appear to rely on crowned 

lemurs as sole dispersers - and had an overall positive impact on germination. We suggest 

reestablishing small habitat patches with crucial vegetation structures as a conservation 

measure. Using these patches as corridors or extensions of habitat, lemurs and other animals 

could disperse seeds into restoration areas, thereby diversifying these and accelerating 

natural regeneration. In a last step, we investigated the utilization of plant species by the local 

human population in three different regions in Madagascar, and by different vertebrate 

groups. There is considerable overlap between humans and vertebrates’ use of plant species, 

revealing first, the potential of these plant species to be used in the Forest Landscape 

Restoration Approach that aims to reconcile conservation and human well-being, and second, 

the largely unexplored but great treasure of knowledge of the local people.  
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This dissertation may contribute to advance restoration that benefits animals and humans. 

For this, more applications are urgently needed, which may also be included in conventional 

tree plantings, such as plantations, in small steps. Risks of disease transmission between 

humans and animals and possible competitive situations should be considered. The results of 

this dissertation seem particularly relevant considering that now is the UN Decade on 

Ecosystem Restoration. 
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ZUSAMMENFASSUNG 

Eine der Hauptursachen für den globalen Verlust von Biodiversität ist die Zerstörung von 

tropischen Wäldern. Konventionelle Baumpflanzungen erhöhen zwar die mit Bäumen 

bedeckte Fläche, tragen aber wenig zum Erhalt von Biodiversität bei. Deshalb sind 

Maßnahmen zur Wiederherstellung von Wäldern notwendig, die ökologische Aspekte und 

damit den Naturschutz einbeziehen. Solche Maßnahmen sind allerdings zeit- und 

kostenaufwändig, und nicht notwendigerweise vereinbar mit Ressourcenbedürfnissen der 

lokalen Bevölkerung.  

Diese Dissertation hat zum Ziel, ein Konzept zur Wiederherstellung von Wäldern in 

Madagaskar zu entwickeln, das sowohl den Aspekt des Naturschutzes als auch die Bedürfnisse 

der lokalen Bevölkerung einbezieht. Des Weiteren soll die Samenausbreitung durch Lemuren 

untersucht werden, die die natürliche Regeneration beschleunigt, und damit eine Rolle in der 

Wiederherstellung vielfältiger Waldökosysteme spielen könnte.  

Im ersten Schritt habe ich eine Datenbank mit Nahrungspflanzen von Lemuren 

zusammengestellt, um die Einbindung dieser Pflanzen in Baumpflanzungen zu ermöglichen. 

Die Analyse legte offen, dass die wichtigsten Nahrungspflanzen von Lemuren auch von der 

madagassischen Bevölkerung auf vielfältige Art und Weise genutzt werden. Damit haben diese 

Pflanzenarten ein großes Potential für die Wiederherstellung vielfältiger Wälder, sowohl in 

biologischer Hinsicht als auch bezogen auf Ökosystemdienstleistungen. Im zweiten Schritt 

haben wir die Samenausbreitung und Habitatnutzung von Kronenmakis (Eulemur coronatus) 

in einem degradierten Wald im Schutzgebiet Oronjia, im Norden Madagaskars, untersucht. 

Die Kronenmakis breiteten fast ein Drittel aller vorkommenden Pflanzenarten aus und die 

Ausbreitung hatte insgesamt einen positiven Effekt auf die Keimung dieser Pflanzen. Die 

Habitatnutzung war mit Vegetationsstrukturen wie zum Beispiel der Baumdichte assoziiert, 

dennoch nutzten die Tiere stark degradierte Bereiche und auch Waldränder. Als 

Schutzmaßnahme schlagen wir deshalb die Wiederherstellung von kleinen Waldbereichen 

vor, die die notwendigen Vegetationsstrukturen enthalten. Diese Bereiche könnten die Tiere 

als Korridore oder Erweiterung ihres Habitats nutzen, und durch ihre Samenausbreitung zu 

deren Diversifizierung und beschleunigter Regeneration beitragen. In einem letzten Schritt 

haben wir mithilfe von Umfragen in Dörfern drei verschiedener Regionen Madagaskars eine 

Liste von Nutzpflanzen zusammengestellt. Diese haben wir auf ihre Funktion als Habitat oder 
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Nahrung für verschiedene Vertebratengruppen untersucht. Ein Großteil der Nutzpflanzen 

wies dabei auch eine Funktion für endemische Vertebraten auf, was wiederum deren 

Potential zur Wiederherstellung vielfältiger Wälder aufzeigt. Weiterhin wurde deutlich, wie 

viel bisher unterforschtes Wissen die lokale Bevölkerung über die Nutzung von Pflanzen 

innehat.   

Das in dieser Dissertation entwickelte Konzept kann dazu beitragen, Wälder 

wiederherzustellen, die Menschen und Tieren nutzen. Dazu muss es unbedingt weitere 

Anwendung finden, die auch in kleinen Schritten in konventionelle Pflanzungen von Bäumen, 

wie Baumplantagen, integriert werden kann. Dabei sollten Risiken der Krankheitsübertragung 

zwischen Menschen und Tieren, und der möglichen Konkurrenz um Ressourcen beachtet 

werden. Die Ergebnisse dieser Arbeit scheinen besonders relevant, da sie in der „UN Decade 

on Ecosystem Restoration“ erscheint.
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The destruction of tropical forests is one of the main factors for the ongoing global biodiversity 

loss (Butchart et al., 2010; Hoffmann et al., 2010; Sala et al., 2000). The proportion of tropical 

forest that is already destroyed, however, is outweighed by the proportion that is degraded 

to different degrees, even though many different definitions of forest degradation exist and it 

is harder to measure than total destruction (International Tropical Timber Organization, 2002; 

Lund, 2009). Further, the strongholds of extant biodiversity, the so-called primary forests, 

have not generally been spared from human disturbance or even deforestation, these 

occurred just long enough in the past, so their traces are no longer evident (Chazdon, 2003, 

2014; Gibson et al., 2011).  

Today, more than 90% of the forest area worldwide is covered by forest that has regenerated 

naturally (FAO, 2020). Therefore, there is not only a far-reaching impact of humans on forests, 

but also a great potential for their natural regeneration. This potential however can be 

impaired by anthropogenically induced barriers such as fires or the introduction of invasive 

species (Elliott et al., 2013). But even without these barriers, it can take about 80 to 150 years 

for a forest to reach a status that supports maximum biodiversity and biomass. From the 

human perspective this is a long time, especially given the persistent and accelerating human 

population growth and their resource needs, which are the ultimate reasons for the 

destruction of tropical forests (Elliott et al., 2013). To accelerate natural regeneration, or at 

least increase the area covered by trees, it is thus necessary to apply restoration or 

reforestation.   

While reforestation refers to “actions that return any kind of tree cover to deforested land”, 

restoration activities are defined as “actions to re-instate ecological processes, which 

accelerate recovery of forest structure, ecological functioning and biodiversity levels towards 

those typical of climax forest” (Elliott et al., 2013, p. 12). Both of these actions usually include 

some kind of tree planting.  

 

Plantations as an option for reforestation  

In many tropical countries, tree planting is often based on a small number of introduced, fast-

growing tree species from genera like Eucalyptus and Pinus, whose properties and cultivation 

techniques are well-known, resulting in large monocultural plantations (Brancalion et al., 

2020; Shono et al., 2007; Stanturf et al., 2013). Such plantations make up about 70% of all 
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planted forests in Africa, and Pinus is already ranking among the top five genera with the 

highest volume of growing stock (FAO, 2020). While plantations can be highly productive and 

profitable, they have several disadvantages compared to natural forests (Clough et al., 2016; 

Meijaard et al., 2018; Stanturf et al., 2013). These “artificial ecosystems” are in general more 

susceptible to disturbances compared with natural ecosystems, for example, they are prone 

to storm damages, pest infestations and diseases (Aguín et al., 2013; Elmqvist et al., 2003; 

Meyer et al., 2016; Morimoto et al., 2019, p. 436). Also, they may facilitate the establishment 

and spread of alien and invasive plant species, due to the phylogenetic homogenization of 

local plant communities, and the introduced plant species from tree plantings themselves hold 

the potential to invade and harm native plant communities (Carrière & Randriambanona, 

2007; Krumm & Vítková, 2016; Kusuma et al., 2018). Finally, plantations usually have little 

value for biodiversity conservation, they offer less ecosystems services to people than natural 

forests, and they store less carbon, which is important in terms of climate change (Chazdon, 

2008; Clough et al., 2016; Elliott et al., 2013; Lamb et al., 2005).  

 

Forest loss and plantations in Madagascar 

Madagascar is a prime example of a country harboring a unique and diverse fauna and flora 

with a large proportion of endemics, and the threatening of these by the destruction of 

tropical forest (Ganzhorn et al., 2001; Myers et al., 2000). Between 1950 and 2000, about 40% 

of the forest cover of Madagascar has been lost (Harper et al., 2007). Also, the patterns of tree 

planting as introduced above are reflected in Madagascar, where native tree species are often 

neglected due to missing knowledge on their properties and cultivation techniques, or due to 

slower growth compared to exotic species, both leading to more time and higher financial 

investment needed for their implementation (Birkinshaw et al., 2009, 2013; Ganzhorn, 1987; 

Vincelette et al., 2007). While natural forests are used in a much wider range of activities and 

provide more ecosystem services, plantations offer economic benefits to local people, who 

use their wood to produce charcoal, as firewood or for construction, which can reduce 

pressure on resources from natural forests (Carrière & Randriambanona, 2007; Gérard et al., 

2015; Lavialle et al., 2015). Beyond that, monocultural and intensively used plantations are of 

no or little use to endemic plant and animal species of Madagascar (Ganzhorn, 1987; Hending 

et al., 2020; Ramanamanjato & Ganzhorn, 2001). Some old plantations on the other hand, 
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which have not been cut for several decades, offer rich undergrowth as well as an 

intermediate canopy layer that is used by some lemur species - primates endemic to 

Madagascar - for feeding, traveling and resting (Ganzhorn, 1987). The same is true for cacao 

and vanilla agroecosystems, where less intensively used plantations and those closer to 

natural forests support more diversity (Hending et al., 2018, 2020; Webber et al., 2020).  

 

Forest Landscape Restoration (FLR) 

Obviously, the more natural a forest system is, the more diversity it can support. From this 

point of view, those tree plantings that implemented only native species and resembled 

natural forests would be best for conservation. However, experiences in Madagascar have 

shown that measures targeted only at nature conservation while disregarding the needs of 

the local human population cannot be successful, as forest resources are of high socio-

economic importance for the people (Gardner et al., 2013, 2016; Mansourian et al., 2017). 

An approach that combines ecological restoration with supporting livelihoods of local people 

is Forest Landscape Restoration, which is defined as “a planned process that aims to regain 

ecological integrity and enhance human well-being in deforested or degraded forest 

landscapes” (WWF/IUCN, 2000, p. 2). One option to implement FLR in Madagascar could be 

to plant tree species of use for animals and humans alike. In this way, people might be 

motivated to participate in planting and maintenance, making reforestation and restoration 

more sustainable. In addition, the ever-shrinking habitat of animals would be expanded again, 

and their seed dispersal could accelerate natural regeneration in tree plantings, thereby 

diversifying these and lowering financial and temporal investment (Holloway, 2004; Styger et 

al., 1999; Wunderle Jr., 1997). 

 

Role of seed dispersal and its evolution 

Seed dispersal plays a key role in plant and animal ecology and evolution: it is the base for the 

regeneration of many plants, and impacts plant colonization, invasion and distribution, 

demography, community structure and ultimately biodiversity (Bascompte & Jordano, 2007; 

Jordano et al., 2011; Levin et al., 2003; Martinez & Razafindratsima, 2014; Schupp et al., 2010; 

Terborgh et al., 2002; Wang & Smith, 2002). There are three hypotheses that aim to explain 

the advantage of seed dispersal, and thus its evolutionary origin (Howe & Smallwood, 1982). 
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Following the Escape Hypothesis, mortality of seeds and seedlings due to predators, 

pathogens or competition is density dependent; the dispersal of seeds away from the mother 

plant should reduce the density and thus increase the probability of seed and seedling survival. 

Following the Colonization Hypothesis, habitats are always subject to disturbances and 

changes, which result in the development of new, untouched habitats. Dispersal should allow 

plants to colonize these habitats, increasing their distribution and survival. Following the 

Directed Dispersal Hypothesis, dispersers may deposit seeds non-randomly at microhabitats 

that are especially suited for the germination and survival of the seed and seedling (Howe & 

Smallwood, 1982).  

Even though empirical evidence suggests that the ecology of many plants can be best 

described by the Escape Hypothesis, the three hypotheses are not mutually exclusive, and 

plant species could benefit in more than one or even in all three forms described by the 

hypotheses (Levin et al., 2003; Wenny, 2001). The recruitment patterns of plants ultimately 

depend on several different factors, including fecundity of the mother plant, seed disperser 

characteristics, intra- and interspecific competition, type and density of pathogens and 

predators, and deposition site conditions (Nathan & Casagrandi, 2004).  

 

Seed dispersal agents 

The main agents involved in seed dispersal are animals (zoochory), wind (anemochory), water 

(hydrochory) and the plant itself (autochory; Howe & Smallwood, 1982; van der Pijl, 1982). 

Zoochory is mediated by many different vertebrate taxa, including mainly mammals (e.g, the 

sambar deer (Rusa unicolor; Brodie et al., 2009)) and birds (e.g., the Chaco chachalaca (Ortalis 

canicollis; Donatti et al., 2011)), but also reptiles (e.g., the red-footed tortoise (Geochelone 

carbonaria; Strong & Fragoso, 2006)), fishes (e.g., the Tambaqui (Colossoma macropomum; 

Anderson et al., 2011)) and, though extremely rarely, amphibians (the Izecksohn’s Brazilian 

treefrog (Xenohyla truncata; da Silva et al., 1989)) (Herrera, 2008). Invertebrates may also play 

a role in seed dispersal, as secondary dispersers (e.g., the ant species Aphaenogaster 

swammerdami (Böhning-Gaese et al., 1999; Dausmann et al., 2008) or dung beetles 

(Coleoptera species from the families Scarabaeidae, Geotrupidae and Aphodiidae (Andresen, 

2002))). While primary seed dispersal is the first movement of a seed away from its origin at 
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the plant, secondary dispersal are movements following primary dispersal (Muller-Landau & 

Hardesty, 2005).  

 

Forms of seed dispersal  

Morphological adaptations of fruits and seeds may be used to infer the agent responsible for 

the dispersal of a plant species (van der Pijl, 1982). Viscid and hooked seeds or fleshy fruits for 

example point to animal dispersal, the former representing adaptations to external dispersal 

via their attachment to fur or feathers (epizoochory), and the latter to internal dispersal via 

being swallowed and subsequently defecated, spit out or regurgitated (endozoochory) 

(Herrera, 2008; Sorensen, 1986; van der Pijl, 1982). In woody plants, endozoochory through 

frugivorous vertebrates is by far the most widespread system of seed dispersal. Especially tree 

species in tropical forests are adapted to this system, between 51% and 98% of them are 

offering fleshy fruits, depending on the type of forest (Herrera, 2008; Howe & Smallwood, 

1982). 

 

Madagascar’s frugivore community 

In comparison with other tropical regions, Madagascar’s community of vertebrate species 

involved in endozoochory is peculiar. Despite the island’s great biodiversity, its frugivore 

community is species-poor, with only about 30 species, the majority being lemurs (Albert-

Daviaud et al., 2018). Both the low diversity and the relation of primate species numbers to 

bird/ bat species numbers is contrasting compared to other tropical regions and Old World 

islands, where frugivore diversity is much higher and dominated by birds, followed by bats, 

and then primates (Fleming et al., 1987). Hypotheses that aim to explain the low frugivore 

diversity on Madagascar are the food availability hypothesis, which suggests that fruits may 

be unsuitable as basic food resource due the unpredictability of rainfall and thus varying 

phenology of forests, and the nutritional hypothesis suggesting that nitrogen content of fruits 

in Madagascar was too low to meet protein requirements of primates and allow a larger 

diversification of their frugivore community (Dewar & Richard, 2007; Donati et al., 2017).  

Frugivorous lemurs surpass frugivorous birds and bats not only in terms of species richness, 

but also in biomass (Wright et al., 2005), and they are able to swallow and defecate larger 

seeds than the latter groups. Therefore, they seem to act as the most important seed 
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dispersers on Madagascar, though research on birds and bats is limited (Razafindratsima, 

2014). But fruit exploitation and seed dispersal are not limited to lemurs classified as 

frugivores: fruit is the plant part that is exploited by most different lemur species, and many 

of these defecate seeds undamaged; only Propithecus spp., Indri indri, and Daubentonia 

madagascariensis are known to be predominantly seed predators (Andriamasimanana, 1994; 

Birkinshaw & Colquhoun, 2003; Ganzhorn & Kappeler, 1996; Hemingway, 1998; Patel, 2014; 

Powzyk & Mowry, 2003; Ramananjato et al., 2020).  

 

Conservation of ecological functions 

The populations of all extant lemur species are declining due to habitat destruction through 

the conversion of forests to agricultural fields or logging and wood harvesting, as well as 

hunting and trapping (Estrada et al., 2017; IUCN 2021). While the impact of total destruction 

of forest on lemurs as forest-dwellers is obvious, knowledge on the impact of degradation on 

the animals’ ecology and health is still limited in Madagascar. Yet, it was shown that slight 

disturbances can lead to lemur population density and species richness increases, while 

heavier disturbances can lead to density decrease and extinctions (Burivalova et al., 2015; 

Ganzhorn et al., 1997; Irwin et al., 2010). To obtain further insights, more studies in 

anthropogenically modified habitats such as degraded forests are needed (Ganzhorn, 1987; 

Irwin et al., 2010; Isabirye-Basuta & Lwanga, 2008).  

Not only when species go extinct, but already when their population densities decline, 

ecological functions such as seed dispersal are lost (Valiente‐Banuet et al., 2015). In 

comparison with the primate regions of Africa, Asia and South America, Madagascar is 

projected to undergo the largest changes in its primate species community, which are mainly 

attributable to the predicted extinction of broad groups of folivorous and frugivorous lemurs 

(Jernvall & Wright, 1998). Today there are plant species that are missing extant dispersers, 

which strongly impairs their chances for survival and may even trigger extinction cascades 

(Albert-Daviaud et al., 2020; Federman et al., 2016; Pedrono et al., 2013). For conservation, it 

is thus important to understand the consequences of the loss of seed dispersal by lemurs on 

regeneration and survival of plant species (Ganzhorn et al., 1999; Moses & Semple, 2011; Sato, 

2012). Thinking constructively, it might be possible to use lemur seed dispersal to ensure 

survival of plants. One possibility to implement this idea in conservation measures might be 
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to integrate lemurs into forest restoration concepts (Holloway, 2004; Ramananjato et al., 

2020; Razafindratsima & Razafimahatratra, 2010).  

 

Aim and overview of dissertation 

With my dissertation I aim to explore, first, the possibility of integrating needs of animals and 

humans in restoration activities in Madagascar, and second, the role that facilitated 

regeneration via lemur seed dispersal might play in these.  

In the first chapter, I provide an overview of lemur food plants. To this aim, I carried out an 

extensive literature search to compile publications on food-related behavior of lemurs. From 

these publications, I extracted information about the lemur species, the plants and plant parts 

they feed on, and study sites. After applying recent taxonomic revisions of lemur and plant 

species, I used this database to analyze lemur species’ diets, most heavily exploited plant 

species, and plant species’ characteristics such as origin and life form. Also, I explored human 

uses of the plant species that were most heavily used by lemurs. The objective of this study is 

to facilitate the inclusion of lemur food plants into restoration activities.   

The next two chapters are focused on the ecology of crowned lemurs (Eulemur coronatus). 

We investigated the species' seed dispersal ecology (second chapter) and its habitat utilization 

and demands on vegetation structures (third chapter) in a dry degraded forest habitat in 

northern Madagascar. Specific questions we pose in the second chapter relate to seed 

dispersal quantity (e.g., How many seeds are dispersed? How many plant species are 

dispersed?) and quality (e.g., How are seeds affected by the gut passage? How does this 

influence their germination success and time?). In the third chapter, we ask whether it is 

possible to link habitat use by crowned lemurs to structural vegetation characteristics 

described on a small scale, or vegetation productivity on a larger scale. The objectives of this 

study are to understand the influence of lemurs on regeneration in a degraded forest, to 

facilitate their inclusion into restoration activities, and to predict possible positive and 

negative effects this may have.  

While the first three chapters start from the animals’ perspective, the fourth chapter does so 

from the humans’ perspective. Here, we examine the utilization of plants by local communities 

in three culturally and climatically different regions of Madagascar. The plants that are for 
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example being used as medicine, food or to produce charcoal, were subsequently analyzed 

for their function as food or habitat for vertebrates. The objectives of this study are to explore 

and highlight the knowledge of local people about plant utilization, and to advance the Forest 

Landscape Restoration approach including plant species of benefit to humans and animals.  

 

Publications used for the dissertation  

Chapter 1  

Steffens, K. J. E. (2020). Lemur food plants as options for forest restoration in Madagascar. 

Restoration Ecology, 28(6), 1517–1527. https://doi.org/10.1111/rec.13234 

Chapter 2 

Steffens, K. J. E., Sanamo, J., & Razafitsalama, J. (accepted). The role of lemur seed dispersal 

in restoring degraded forest ecosystems in Madagascar. Folia Primatologica. 

Chapter 3 

Steffens, K. J. E., Sanamo, J., Razafitsalama, J., & Ganzhorn, J. U. (submitted). Utilization of 

degraded habitats by a frugivorous primate in northern Madagascar: implications for 

forest restoration. Animal Conservation. 

Chapter 4  

Konersmann, C., Noromiarilanto, F., Ratovonamana, Y. R., Brinkmann, K., Jensen, K., Kobbe, 

S., Köhl, M., Kuebler, D., Lahann, P., Steffens, K. J. E., & Ganzhorn, J. U. (2021). Using 

utilitarian plants for lemur conservation. International Journal of Primatology. 

https://doi.org/10.1007/s10764-021-00200-y 

 

Further publications associated with the dissertation  

Eppley, T. M., Hoeks, S., Chapman, C. A., Ganzhorn, J. U., Hall, K., Owen, M. A., et al. 

(submitted). Descending from the trees: factors favoring transitions to terrestriality in 

arboreal primates. Proceedings of the National Academy of Sciences of the United 

States of America.  
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Eppley, T. M., Steffens, K. J. E., Colquhoun, I. C., & Birkinshaw, C. (in press). Lemur food plants. 

In S. M. Goodman (Ed.), The New Natural History of Madagascar. Princeton: Princeton 

University Press. 

Fiedler, P. M. A., De Lapparent, A., Razafitsalama, J., Sanamo, J., Steffens, K. J. E., & Ganzhorn, 

J. U. (2021). Secondary seed removal in a degraded forest habitat in Madagascar. 

Scientific Reports, 11, 16823. https://doi.org/10.1038/s41598-021-96306-7 

Müller, P. J., Noromiarilanto, F., Razafindrafarasoa, B., Totorobia, D. A., Jaomaharitra, S., 

Andriamihamina, A. F., Razafitsalama, J., Birkinshaw, C., & Steffens, K. J. E. (submitted). 

Relating resource management and income diversity to economic development of 

communities around the Oronjia New Protected Area, northern Madagascar. 

Madagascar Conservation & Development. 
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ABSTRACT 

Anthropogenic disturbances lead to the degradation or destruction of tropical forests, with 

negative consequences for flora, fauna, and local people. Restoration plantings may 

compensate these impacts, but time and financial expenditures are high. Thus, priority is often 

given to plantations of a few introduced species that have little value for conservation. Animal 

seed dispersal may diversify and accelerate regeneration of restoration plantings, thereby 

lowering their costs. We studied seed dispersal quantity and quality of crowned lemurs 

(Eulemur coronatus) in a highly degraded forest in northern Madagascar, conducting 

behavioural observations and germination experiments and describing dispersed plant 

species’ characteristics. Crowned lemurs were highly frugivorous, dispersing a large number 

of seeds and plant species. While there were negative effects of gut passage on germination, 

the positive effects of pulp removal outweighed these, resulting in an overall positive effect 

on regeneration. Our study confirmed that effects of gut passage are dependent on the 

dispersed plant species. We found 20 plant species, including three threatened with 

extinction, whose only dispersers in Oronjia seem to be crowned lemurs. We conclude that 

lemurs play important roles in protecting plant species and maintaining healthy ecosystems 

through seed dispersal, and that E. coronatus is a key species in this respect. In addition, if 

lemurs were included in restoration, they would disperse a diversity of plant species that 

cannot be matched by conventional restoration plantings. Their influence would facilitate the 

regeneration of some, but not all plant species. Negative effects, like the spread of invasive 

species through seed dispersal by lemurs, must also be considered. 

 

Keywords: Conservation, Facilitated regeneration, Diet, Primates, True lemurs 
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1. INTRODUCTION 

Over the last century Africa has become the global “deforestation hotspot”, with the highest 

deforestation rate among all continents (FAO, 2020: 125). It is estimated that Madagascar’s 

forest cover decreased by 40% between 1950 and 2000 (Harper et al., 2007). While a lot of 

tropical forest has already been lost, there is even more forest area that is now degraded to 

different degrees, exceeding the area that is still covered with original forest (International 

Tropical Timber Organization, 2002, 2020). Forest degradation and its impact on diversity can 

be difficult to measure due to its variable intensity and appearance, and exact estimates for 

the extent of degradation in Madagascar’s forest are missing (Asner et al., 2004; Burivalova et 

al., 2015). Nevertheless, the consequences of anthropogenic disturbances are generally 

negative for flora and fauna, illustrated by the fact that entire ecosystems and their 

inhabitants were already threatened with extinction many years ago (Ganzhorn et al., 2001; 

Irwin et al., 2010). Population declines and species extinctions do not only reduce species 

diversity, but also disrupt ecological interactions and thus functional diversity, or from the 

human perspective, ecosystem services (Chazdon, 2008; Valiente‐Banuet et al., 2015).  

  

Restoration activities may compensate or reverse the consequences of deforestation and 

degradation, but restoration with native tree species is time consuming, costly, and the 

information on peculiarities of the region and adaptations of plants to the local conditions are 

rarely available (Pareliussen et al., 2006; Chazdon, 2008; Birkinshaw et al., 2009). That is why 

simple reforestation with very few well-known and usually introduced species, such as 

Eucalyptus spp., is often given priority: In Africa nearly 70% of all planted forests belong to 

these plantations, which may offer short-term financial benefits for the people, but are of little 

value for conservation (FAO, 2020; Konersmann et al., 2021).  

 

In Madagascar, lemurs play important roles in ecological interactions as predator and prey 

species, pollinators, and seed dispersers (Soma, 2006; Heymann, 2011; Razafindratsima, 2014; 

Goodman & Ganzhorn, in press). Seed dispersal is essential for plant ecology and evolution, 

as it provides the basis for the regeneration of many plants, and impacts plant colonization, 

invasion and distribution, demography, community structure and thus species diversity 

(Terborgh et al., 2002; Wang & Smith, 2002; Schupp et al., 2010; Jordano et al., 2011; Martinez 

& Razafindratsima, 2014). 
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From a conservational perspective it is important to understand the consequences that lemur 

population declines or extinctions have on ecosystems, through the loss of the function of 

seed dispersal and its impact on regeneration (Ganzhorn et al., 1999; Crowley et al., 2011; 

Federman et al., 2016; Albert-Daviaud et al., 2018, 2020). From the same perspective, but 

turning the argument around, seed dispersal by lemurs might be an important contribution to 

the restoration of ecosystems. To this end, planting activities could include species to attract 

lemurs and foster their seed dispersal to facilitate regeneration, thereby lowering the costs 

for restoration (Wunderle Jr., 1997; Styger et al., 1999; Holloway, 2004; Razafindratsima & 

Razafimahatratra, 2010; Razafindratsima & Martinez, 2012; Martinez & Razafindratsima, 

2014; Ramananjato et al., 2020; Steffens, 2020).  

 

To explore the possibilities of facilitated restoration in degraded forests through seed 

dispersal, studies on the dispersers’ ecology and behaviour in these forests are indispensable. 

However, primate field research is highly biased towards species and study sites: Between 

2011 and 2015 for example, only four different study sites accounted for nearly 50% of 

research field stays in Madagascar, probably because they are easily accessible and provide 

research facilities (Bezanson & McNamara, 2019). These sites, including Ranomafana National 

Park, Berenty Private Reserve, Kirindy Forest National Park and Ankarafantsika National Park, 

harbour relatively intact habitats, therefore more applied studies in anthropogenic habitats 

such as degraded forests are needed (Ganzhorn, 1987; Irwin et al., 2010; Goodman et al., 

2018).    

 

In order to provide the basis for the integration of lemurs into restoration activities, this study 

aims to describe the “seed dispersal quantity and quality” (Schupp, 1993) of crowned lemurs 

(Eulemur coronatus) in a highly degraded forest in northern Madagascar. Specific questions 

we aim to answer are: What is the proportion of fruits in the animals’ diet? How many seeds 

and plant species are dispersed, and how are characteristics like seed size, plant origin and 

invasiveness? How do crowned lemurs handle fruits and seeds, and how is seed condition, as 

well as germination success and time, affected by the gut passage? 
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2. METHODS 

2.1 Study site 

We conducted the study in the southeastern part of the Oronjia New Protected Area (between 

12°16´17´´ S – 12°16´53´´ S and 49°23´10´´ E – 49°23´53´´ E; WGS84), about 15 km east of 

Antsiranana in northern Madagascar. The vegetation of the study site consists of western dry 

deciduous forest (Moat & Smith, 2007). Due to former anthropogenic pressures, like charcoal 

production, forest clearance for cultivation, selective tree cutting, and military use, the forest 

is highly degraded (Goodman et al., 2018). Its height rarely reaches more than 8 m, the leaf 

concentration is highest between 0.2 and 2 m, and in many areas taller vegetation is absent 

(Missouri Botanical Garden, 2015). 

 

2.2 Equipment with radio-collars 

In April 2018, five individuals of crowned lemurs were anaesthetized with 15 mg Telazol® 

(Tiletamine HCl and Zolazepam HCl, 100 mg/mL, zoetis, United States), administered by 

remote injection. This was done by a team led by E. E. Louis, Jr. (Omaha’s Henry Doorly Zoo 

and Aquarium), including F. Randrianasolo, G. Nalinirina, T. F. Razafimanjato, H. E. 

Razafimahatratra and J. R. Rakotonomenjanahary. Each animal was equipped with a brass 

collar carrying a TW-3 radio tag by biotrack, weighing together ca. 16.7 g, or 1.2% of the mean 

body weight. Afterwards, we administered 6 mL of electrolyte solution (Veterinary lactated 

ringer’s injection USP, manufactured for Abbott laboratories) subcutaneously, to avoid 

dehydration. Animals were kept in cloth bags in the shade until they fully recovered, and 

released at the place of their capture. The same procedure was carried out in April 2019, to 

detach the radio-collars. The mean body weight of adult crowned lemurs was 1364 g (SD= 127; 

N= 7), the mean body length, measured from occipital to basis of the tail, was 30.6 cm 

(SD= 4.2; N= 7), the mean tail length, measured from basis to tip of tail, was 47.4 cm (SD= 1.8; 

N= 7). 

In the Oronjia forest it would be impossible to locate and follow crowned lemurs without 

collars, as their abundance is very low, the animals are timid, and forest undergrowth is very 

dense with few trails. To be able to collect enough seeds for the germination experiment, 

containing different plant species (see 2.3), and to be able to accumulate enough observation 

time to allow the exclusion of seasonal or other biases, it was thus crucial to equip the study 

animals with radio-collars and habituate them.   
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2.3 Data collection 

The data collection focused on two groups of crowned lemurs with sizes of 5-7 (group A) and 

8-14 (group B) individuals. Group B was often weakly cohesive, showing strong fluctuation in 

size especially in the dry season, as it was found before for E. coronatus (Freed, 1996).   

We habituated the lemurs to our presence, for one month. By that time, group A was fully 

habituated, and group B semi-habituated. In behavior surveys, we followed one group of 

lemurs and conducted all-occurrence sampling of their feeding-related behaviour 

(Zuberbühler & Wittig, 2011). Using binoculars, we observed which item was consumed and, 

in case of plant parts, which species. We measured duration of feeding bouts, which we 

defined as the time that at least one individual of the observation group was consuming food. 

We conducted the surveys from mid-June 2018 to mid-April 2019, from dawn to 1130 h and/or 

from 1430 h to dusk. We had to intermit the surveys from 1130 h to 1430 h for logistical 

reasons, as well as during the night, because the forest undergrowth is difficult to penetrate 

and also impairing visibility of our study animals. The mean observation time per day, which 

we calculated by using only days with two surveys carried out of the same group, was 6.7 h 

(SD= 0.6; N= 33) for group A and 4.0 h (SD= 1.6; N= 27) for group B. The total observation time, 

the time we observed at least one individual of the two groups, adds up to 527 h. During this 

time, we took a GPS point every five minutes with a handheld GPS (Garmin GPSMAP 64s). 

  

2.3.1 Feces collection 

During the surveys we collected fresh feces, either located by observing a defecation event, 

or by checking the ground at places where animals stayed for at least 15 minutes. When we 

could clearly assign a dropping to an individual, we put it in a separate plastic bag, otherwise 

we combined all droppings within a radius of 1.5 m into one plastic bag. We treated each bag 

as one sample in further analysis.  

Within 48 hours following the collection we washed the feces in a sieve with 1x1 mm openings 

(Stevenson, 2000; Sato, 2012). We identified seeds that had fallen through and were held back 

with the help of our own reference collection of seeds (Photograph: Fig. S1; Bollen & van 

Elsacker, 2002), but counted only the seeds held back (> 1 mm length; Razafindratsima & 

Martinez, 2012). If more than 100 seeds of one species occurred in a sample, we estimated 

numbers. Not all dispersed seeds and the associated plants could be identified on the species 
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level, but they could be clearly differentiated as morphospecies. Thus, independent of the 

level of identification, the species/ morphospecies are from now on treated as species.  

We checked the seeds condition, differentiating between intact, damaged by lemur (showing 

dental damage/ being destructed) and damaged by insects (showing small holes)/ rotten 

preceding ingestion/ malformed. Further, we assessed ripeness of seeds, differentiating 

between ripe (usually hard and fully developed) and unripe (usually soft, not fully developed 

and differently coloured).  

 

2.3.2 Germination experiment 

We planted intact seeds from feces in a tree nursery, under controlled, semi-shaded 

conditions (Photograph: Fig. S2). From the same plant species, we planted whole fruits (from 

now on “fruit”) and seeds manually extracted from fruits (“extracted”) as controls (Dew & 

Wright, 1998; Moses & Semple, 2011; Sato, 2012). This experimental design was intended to 

mimic the influence animals can have on germination, via removing the fruit pulp and passing 

seeds through their gastro-intestinal tract (Samuels & Levey, 2005). By comparing the 

treatments extracted and fruit, it is possible to determine the effect of removing the fruit pulp 

that can have inhibitory effects on germination (1). These inhibitory effects include the 

blocking of biochemical processes responsible for germination and making the light regime 

and osmotic pressure unfavourable for germination (reviewed in Traveset et al., 2007). By 

comparing the treatments feces and extracted, it is possible to determine the effect of the gut 

passage, which can be mechanical and/or chemical (2). By comparing feces and fruit, it is 

possible to determine both effects together (1+2; Samuels & Levey, 2005).   

While collecting fruits for the experiments, we picked fruits from different plant individuals 

wherever possible - either directly from the plant or from the ground - to balance possible 

genetic effects. We only planted fruits and seeds extracted from fruits that were ripe and 

intact, which we assessed visually and olfactorily. Before planting, we measured the longest 

side (“length”) of seeds from feces/ seeds extracted from fruits/ whole fruits to the nearest 

mm with a calliper (15-20 seeds/fruits per species; Moses & Semple, 2011).  

For planting, we filled polyethylene bags having drainage holes, with a mixture of two parts 

forest soil and one part dung, following recommendations by local tree nursery workers. We 

placed each seed/fruit in a single bag, and planted 15-20 seeds per treatment of each plant 

species, depending on availability. In total, we planted 47 different plant species. 
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We monitored the plantings at least every third day, and watered them depending on weather 

conditions, so that the soil never dried out completely. We weeded the plantings regularly. 

When the first part of the seedling (cotyledon/ stalk) appeared aboveground, we noted this 

as date of germination. We planted seeds between June 2018 and April 2019, and continued 

the monitoring until October 2019. 

 

2.4 Analysis 

We performed calculations and generated plots in R (version 4.0.1; R Core Team 2020) and 

IBM SPSS Statistics (version 26). To calculate home ranges we used the R package 

“AdehabitatHR” (Calenge, 2006).  

 

2.4.1 Seed dispersal quantity and dispersed species’ characteristics 

Diet 

We calculated the proportion of different food items in the diet of both lemur groups 

together. This was done by dividing the duration of feeding bouts on each item by the total 

duration of feeding bouts on all items.  

Number of seeds dispersed 

By dividing the total number of seeds found in feces by the total observation time and then 

by the mean group size, we calculated the number of seeds dispersed per hour of observation 

and individual of lemur. By multiplying this value with the mean observation time per day, we 

calculated the number of seeds dispersed per “observation day” and individual of lemur (1). 

To relate this number to the area used by the animals, we calculated home range sizes by use 

of multiple convex polygons, including all GPS points taken during behaviour surveys. By 

dividing the mean group size by the home range size, we calculated the population density in 

individuals per square kilometre without considering overlap between the two groups’ home 

ranges (2), following Sato (2012). Multiplying the results 1 and 2, we calculated the number of 

seeds dispersed per square kilometre and observation day (3). We calculated step 1 - 3 

separately for the two groups. To obtain an estimate for the whole population of lemurs, we 

took the mean of the results of step 3.  

Fruit and seed sizes 

We calculated mean seed length of plant species whose seeds were dispersed and mean fruit 

length of plant species whose fruits were swallowed, and classified species means in the size 
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categories “small” (<5 mm), “medium” (5-10 mm) and “large” (>10 mm), following Dew and 

Wright (1998). As “swallowed” we considered fruits that we observed to be swallowed at least 

occasionally in one piece.  

Distribution of dispersed plant species 

We looked up the distribution for all dispersed plants we were able to identify at the species 

level in the Catalogue of the Vascular Plants of Madagascar (Madagascar Catalogue 2021). All 

distribution statuses other than “endemic”, “native but not endemic” and “naturalized” were 

pooled to “other”, these included “Africa”, “Comoros, Africa” and one species that was not 

included in the catalogue. 

    

2.4.2 Seed dispersal quality: Germination success and time 

We firstly analysed the data at the community level, for all 47 plant species together, and 

afterwards at the species level, for each species separately. Not all seeds are statistically 

independent, as they may have been defecated by the same individual of lemur or collected 

from the same plant. We treated them nonetheless as independent during analysis, as we 

assume that variations within the treatments are small compared to variations between 

treatments, following Razafindratsima and Martinez (2012). 

Using Chi-square independence tests, we analysed whether germination success (%) depends 

on the seed source (Sato, 2012). If there were no cells with expected frequencies lower than 

5, we calculated Pearson’s chi-square test, otherwise we calculated Fisher’s exact test. If these 

global tests were significant (p < 0.05), we carried out Bonferroni-corrected pairwise 

comparisons between the three treatments.  

To analyse whether germination time (d) depends on the seed source, we used either ANOVA 

(global test) and Tukey HSD post hoc tests (Moses & Semple, 2011), if homogeneity of 

variances was given according to Levene’s test, or Welch-Test (global test) and Games-Howell 

post hoc tests, if homogeneity was not given. We ignored violations of the normal distribution 

assumption for ANOVA, because it is robust against these (Schmider et al., 2010). 
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3. RESULTS 

3.1 Seed dispersal quantity and dispersed species’ characteristics 

3.1.1 Diet 

The lemurs fed mainly on fruit (81.9%) - including ripe (59.7%) and unripe (22.3%) fruit - and 

to a lesser extent on leaves (8.3%), flowers (6.6%) and nectar (2.7%) (Fig. 1). They rarely fed 

on invertebrates (0.3%) and honey, fungi, soil and a propagule (together 0.2%). 

 

 

Figure 1 Percentage of different items in the diet of crowned lemurs in Oronjia, calculated by 

use of the duration of feeding bouts, which are defined as the time we observed at least one 

individual of the survey group feeding. 

 

3.1.2 Number of seeds dispersed 

In total we collected 993 feces samples, and 97% of these contained seeds. The mean number 

of seeds dispersed by the lemur groups per km2 and observation day was 698 (SD= 430; N= 2 

groups). This number can be seen as an estimate for the whole population. 

 

3.1.3 Fruit and seed size 

The mean fruit length of plant species whose fruits were swallowed was 13.3 mm (SD= 7.2; 

N= 35), with 2.9% of species having small fruits, 31.4% having medium sized fruits, and 65.7% 

having large fruits (Table S1). The mean seed length of plant species whose seeds were 

dispersed was 10.3 mm (SD= 5.6; N= 56), with 21.4% of species having small seeds, 30.4% 

having medium sized seeds, and 48.2% having large seeds. The largest seeds dispersed are 

those of Abrahamia suarezensis, with a mean length of 27 mm (SD= 2; N= 19). 

 

3.1.4 Number and distribution of dispersed plant species 

Group A dispersed 70 plant species and group B dispersed 58 plant species, altogether they 

dispersed 80 plant species. Per observation day, the lemurs dispersed on average 6.0 (SD= 3.1; 



Chapter 2 

47 
 

N= 33; group A) and 5.9 (SD= 3.7; N= 27; group B) plant species. Of all 80 plant species 52 could 

be identified on the species level. Of the latter, 28 (54%) are endemic to Madagascar, 15 (29%) 

are native but not endemic, 4 (8%) are naturalized, and 5 (10%) have another distribution 

according to the Catalogue of the Vascular Plants of Madagascar (Fig. 2; Table S1; Madagascar 

Catalogue 2021). Of all species neither endemic nor native to Madagascar Lantana camara 

and Ziziphus spina-christi are invasive according to Kull et al. (2012), as they produce 

reproductive offspring over distance (Richardson et al., 2000). 

According to the IUCN Red List (IUCN, 2021), 26 (50%) of the 52 plants identified on species 

level are of Least Concern, 1 (2%) is Near Threatened, 6 (12%) are Vulnerable, 1 (2%) is 

Endangered, and 18 (35%) are not included (Table S1). 

 

 

Figure 2 Percentage of dispersed plant species with different distributions according to the 

Catalogue of the Vascular Plants of Madagascar (Madagascar Catalogue 2021). 

 

3.2 Seed dispersal quality 

3.2.1 Seed condition 

Most of the fecal clumps were loosely cohesive, and scattered by falling through the 

vegetation. The majority of seeds defecated by lemurs were intact (28,623 seeds; 94%), minor 

proportions were damaged by lemurs (1,172; 4%), or damaged by insects/ rotten/ malformed 

(594; 2%). Of both the intact seeds and seeds damaged by lemurs, 97% were ripe, and 3% 

were unripe.   
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3.2.2 Germination success 

For all 47 plant species together, there was a significant relation between seed source (from 

feces, whole fruit or seeds extracted from fruits) and germination success (Pearson’s χ2= 

28.937; df= 2; N= 2,805; p < 0.001). Germination success was higher for extracted seeds 

compared to seeds from feces (Bonferroni-corrected pairwise comparisons; p < 0.01) and fruit 

(p < 0.001). Between seeds from feces and whole fruits there was no significant difference (p= 

0.066) (Fig. 3).   

 

 

Figure 3 Relation between seed source and germination success for all 47 plant species 

together. Number of seeds planted within each treatment is given as N. Seed sources with the 

same letter above the bars were not significantly different at α= 0.05. 

 

Within the single species, global tests revealed a significant relationship between seed source 

and germination success for 18 species, for 26 species the result was not significant, and for 

three species testing was not possible as they showed no germination (Table 1). The 

germination success of feces and extracted was higher than of fruit in the majority of 

significant multiple comparisons (6 of 10, and 10 of 12 significant multiple comparisons, 

respectively). The germination success of feces was lower than of extracted in all significant 

multiple comparisons between these two treatments (7 comparisons).   

 

Table 1 Germination success percentages and statistical comparison of germination success 
between the seed sources feces, fruit, and extracted for different plant species. If there was 
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no germination, statistical analysis with Chi-square independence test was not possible. 
Superscript letters show the results of Bonferroni-corrected pairwise comparisons, 
percentages carrying the same letter were not significantly different at α= 0.05. Please note 
that numbers following plant species names are not logically ordered (e.g., Diospyros sp. 3), 
but allow comparisons with other published research.  

 

 

 

Plant species

Germination 

success feces 

%

Germination 

success fruit %

Germination 

success 

extracted 

%

Global test
Test 

statistic
df N p

Abrahamia suarezensis 84a 20b 95a
Pearson's χ2 29.205 2 59 < 0.001

Allophylus  sp. 5 0 0 Fisher's exact 1.851 2 60 n.s.

Ampelocissus sphaerophylla 45a,b 50a 10b
Pearson's χ2 8.352 2 60 < 0.05

Azima tetracantha 63 70 70 Pearson's χ2 0.295 2 56 n.s.

Berchemia discolor 95 65 70 Fisher's exact 6.204 2 60 n.s.

Capuronia benoistii 5 0 0 Fisher's exact 1.851 2 60 n.s.

Carissa  sp. 5a 30a 80b
Pearson's χ2 24.677 2 60 < 0.001

Cinnamosma madagascariensis 80a 0b 100a
Pearson's χ2 46.667 2 60 < 0.001

Cissus lanea 10 15 0 Fisher's exact 3.030 2 60 n.s.

Cissus microdonta 40 45 55 Pearson's χ2 0.938 2 60 n.s.

Cordia lowryana 0a 15a 60b
Fisher's exact 17.517 2 55 < 0.001

Cordia myxa 68 65 90 Fisher's exact 3.999 2 59 n.s.

Diospyros aculeata 95a 20b 90a
Pearson's χ2 32.503 2 60 < 0.001

Diospyros analamerensis 80a 25b 80a
Pearson's χ2 17.062 2 60 < 0.001

Diospyros cf. olacinoides 25a 30a 0a
Fisher's exact 7.922 2 60 < 0.05

Diospyros perrieri 55 30 55 Pearson's χ2 3.348 2 60 n.s.

Diospyros  sp. 3 5a 80b 15a
Pearson's χ2 29.850 2 60 < 0.001

Diospyros  sp. 7 10 10 5 Fisher's exact 0.622 2 60 n.s.

Erythroxylum platyclados 0 0 0 not possible 60

Erythroxylum rignyanum 30a 50a 90b
Pearson's χ2 15.204 2 60 < 0.001

Ficus  sp. 3 0 10 5 Fisher's exact 1.921 2 60 n.s.

Flacourtia ramontchi 0a 45b 100c
Pearson's χ2 40.178 2 60 < 0.001

Garcinia verrucosa 100a 40b 100a
Fisher's exact 27.543 2 60 < 0.001

Grewia lapiazicola 5 0 0 Fisher's exact 1.851 2 60 n.s.

Grewia  sp. 1 5 5 5 Fisher's exact 0.432 2 60 n.s.

Landolphia  sp. 55 30 65 Pearson's χ2 5.200 2 60 n.s.

Lantana camara 5 25 25 Fisher's exact 3.763 2 60 n.s.

Macphersonia gracilis 74 45 45 Pearson's χ2 4.270 2 59 n.s.

Mystroxylon aethiopicum 56a 35a 15a
Pearson's χ2 6.901 2 58 < 0.05

Olax dissitiflora 60 50 35 Pearson's χ2 2.536 2 60 n.s.

Operculicarya  sp. 1 5 0 10 Fisher's exact 1.921 2 60 n.s.

Operculicarya  sp. 2 50 20 20 Pearson's χ2 5.714 2 60 n.s.

Petchia  sp. 0 0 0 not possible 60

Phyllanthus casticum 0 0 0 not possible 60

Pyrostria antsirananensis 15 5 5 Fisher's exact 1.541 2 60 n.s.

Rhopalocarpus suarezensis 15 0 20 Fisher's exact 4.471 2 60 n.s.

Salacia madagascariensis 5a 45b 80b
Pearson's χ2 22.941 2 60 < 0.001

Senna petersiana 3a 70b 60b
Pearson's χ2 13.749 2 60 < 0.01

Strychnos madagascariensis 75a 0b 60a
Pearson's χ2 25.455 2 60 < 0.001

Terminalia ankaranensis 15 0 0 Fisher's exact 4.329 2 60 n.s.

Terminalia calcicola 26a 0a 0a
Fisher's exact 8.709 2 59 < 0.01

Terminalia mantaly 25a 55a,b 70b
Pearson's χ2 8.400 2 60 < 0.05

Tricalysia ovalifolia 10 35 25 Fisher's exact 3.534 2 60 n.s.

Trilepisium  sp. 45 75 70 Pearson's χ2 4.450 2 60 n.s.

Verbenaceae 4 15 5 0 Fisher's exact 3.111 2 60 n.s.

Xanthocercis madagascariensis 95 90 90 Fisher's exact 0.622 2 60 n.s.

Ziziphus spina-christi 0 25 10 Fisher's exact 5.728 2 60 n.s.
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3.2.3 Germination time 

For all plant species together, there was a significant difference in germination time between 

the seed sources (Welch-ANOVA F= 25.703; df1= 2; df2= 562.364; p < 0.001). Germination time 

was lower for feces compared to fruit (Games-Howell post hoc test; p < 0.001) and extracted 

compared to fruit (p < 0.001), between feces and extracted there was no significant difference 

(p= 0.164) (Fig. 4).   

 

 

Figure 4 Relation between germination time in days and seed source for all 47 plant species 

together. Number of germinated seeds is given as N. Seed sources with the same letter above 

the boxes were not significantly different at α= 0.05. Lines within boxes mark median values, 

the boxes span the interquartile range between 1st and 3rd quartile. Circles mark outliers 

farther than 1.5 interquartile ranges from the nearer edge of the box, asterisks mark outliers 

farther than 3 interquartile ranges, and whiskers extend to minimum or maximum values that 

are not outliers (Weinberg & Abramowitz, 2008). 

 

Within the single species, global tests revealed significant differences in germination time 

between the different seed sources for 14 species, for 26 species the result was not significant, 

and for 14 species testing was not possible as their germination success was too low (Table 2). 

The germination time of feces and extracted was lower than of fruit in all but one significant 

post-hoc test (7 of 8, and 6 of 6 significant post-hoc tests, respectively). The germination time 
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of feces was lower than of extracted in 2 of 3 significant post-hoc tests and higher in the one 

remaining. 

 

Table 2 Mean germination time in days (bold) and statistical comparison of germination time 

between the seed sources feces, fruit, and extracted for different plant species. If no or too 

few individuals of a species germinated, statistical analysis with ANOVA/ Welch-Test was not 

possible. Superscript letters show the results of post-hoc tests (ANOVA: Tukey HSD, Welch-

Test: Games-Howell), germination times carrying the same letter were not significantly 

different at α= 0.05. In case of plant species that showed germination of only two seed 

sources, superscript letters show the results of global tests. Please note that numbers 

following plant species names are not logically ordered (e.g., Diospyros sp. 3), but allow 

comparisons with other published research. 
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4. DISCUSSION 

4.1 Seed dispersal quantity in comparison with other lemurs 

Eulemur is among the most frugivorous genera of lemurs, alongside Cheirogaleus and Varecia, 

even though dietary switching, i.e. feeding on alternative food sources in times of scarcity, 

occurs among members of this genus (Hemingway & Bynum, 2005; Federman et al., 2016; 

Sato et al., 2016; Steffens, 2020). In Oronjia crowned lemurs fed mainly on fruit (81.9%), 

Plant species

Mean germination 

time (d); SD ; N 

feces

Mean germination 

time (d); SD ; N 

fruit

Mean germination 

time (d); SD ; N 

extracted

Global test
Test 

statistic
df1 df2 p

Abrahamia suarezensis 10a; SD= 2.1; N= 16 16.8b; SD= 3.8; N= 4 9.9a; SD= 3.2; N= 19 ANOVA 10.111 2 36.00 < 0.001

Allophylus  sp. 62; SD= NA; N= 1 N= 0 N= 0 not possible

Ampelocissus sphaerophylla 122.9; SD= 43; N= 9 109.4; SD= 56.9; N= 10 181; SD= 4.2; N= 2 ANOVA 1.753 2 18.00 n.s.

Azima tetracantha 24.6; SD= 3.8; N= 10 23.4; SD= 4.6; N= 14 26.4; SD= 10.2; N= 14 ANOVA 0.662 2 35.00 n.s.

Berchemia discolor 44.9; SD= 19.4; N= 19 46.7; SD= 11.6; N= 13 44.6; SD= 20.2; N= 14 ANOVA 0.056 2 43.00 n.s.

Capuronia benoistii 70; SD= NA; N= 1 N= 0 N= 0 not possible

Carissa  sp. 25; SD= NA; N= 1 33.8; SD= 3.8; N= 6 27.5; SD= 9.5; N= 16 ANOVA 1.347 2 20.00 n.s.

Cinnamosma madagascariensis 44.7; SD= 4.6; N= 16 N= 0 37.6; SD= 15.7; N= 20 ANOVA 3.070 1 34.00 n.s.

Cissus lanea 113.5; SD= 40.3; N= 2 121; SD= 55.5; N= 3 N= 0 ANOVA 0.026 1 3.00 n.s.

Cissus microdonta 128.5; SD= 19; N= 8 110.9; SD= 23.9; N= 9 120.5; SD= 9.5; N= 11 Welch-Test 1.363 2 12.50 n.s.

Cordia lowryana N= 0 93a; SD= 116.1; N= 3 21.5b; SD= 5.5; N= 12 ANOVA 5.849 1 13.00 < 0.05

Cordia myxa 57.9; SD= 36.5; N= 13 74.6; SD= 11.2; N= 13 74.1; SD= 34; N= 18 Welch-Test 1.209 2 22.26 n.s.

Diospyros aculeata 11.6a; SD= 1.5; N= 19 26.8a,b; SD= 8.2; N= 4 15.8b; SD= 5.2; N= 18 Welch-Test 10.773 2 7.01 < 0.01

Diospyros analamerensis 21.2; SD= 3.4; N= 16 23.2; SD= 6.3; N= 5 22.9; SD= 3.5; N= 16 ANOVA 0.995 2 34.00 n.s.

Diospyros cf. olacinoides 113.6; SD= 17.5; N= 5 144.2; SD= 53.3; N= 6 N= 0 ANOVA 1.484 1 9.00 n.s.

Diospyros perrieri 22.3a; SD= 8.8; N= 11 31.8b; SD= 9.5; N= 6 16a; SD= 2.9; N= 11 ANOVA 9.239 2 25.00 < 0.001

Diospyros  sp. 3 181; SD= NA; N= 1 158.9; SD= 34.8; N= 16 198; SD= 14.1; N= 3 ANOVA 1.874 2 17.00 n.s.

Diospyros  sp. 7 91.5; SD= 4.9; N= 2 190; SD= 1.4; N= 2 199; SD= NA; N= 1 not possible

Erythroxylum platyclados N= 0 N= 0 N= 0 not possible

Erythroxylum rignyanum 21.2
a
; SD= 6.6; N= 6 37.8

b
; SD= 10; N= 10 27.2

a
; SD= 5.9; N= 18 Welch-Test 7.683 2 11.99 < 0.01

Ficus  sp. 3 N= 0 68.5; SD= 57.3; N= 2 44; SD= NA; N= 1 not possible

Flacourtia ramontchi N= 0 64.2a; SD= 30.2; N= 9 28.9b; SD= 9.7; N= 20 Welch-Test 11.824 1 8.76 < 0.01

Garcinia verrucosa 45.4a; SD= 17.4; N= 20 159.8b; SD= 92.2; N= 8 41.3a; SD= 14.2; N= 20 Welch-Test 6.454 2 15.79 < 0.01

Grewia lapiazicola 30; SD= NA; N= 1 N= 0 N= 0 not possible

Grewia  sp. 1 175; SD= NA; N= 1 174; SD= NA; N= 1 84; SD= NA; N= 1 not possible

Landolphia  sp. 47.5a; SD= 13.8; N= 11 127.8a; SD= 71.1; N= 6 60.6a; SD= 23.4; N= 13 Welch-Test 4.579 2 10.85 < 0.05

Lantana camara 141; SD= NA; N= 1 120; SD= 20.7; N= 5 174; SD= 78.4; N= 5 ANOVA 1.113 2 8.00 n.s.

Macphersonia gracilis 29.6a; SD= 12.9; N= 14 63b; SD= 14.8; N= 9 50.6a,b; SD= 23; N= 9 Welch-Test 15.484 2 15.42 < 0.001

Mystroxylon aethiopicum 31.5a; SD= 3.9; N= 10 43.4b; SD= 5.5; N= 7 50b; SD= 5.2; N= 3 ANOVA 24.262 2 17.00 < 0.001

Olax dissitiflora 69.8a; SD= 17.2; N= 12 40.7b; SD= 7.5; N= 10 39b; SD= 6.3; N= 7 ANOVA 20.312 2 26.00 < 0.001

Operculicarya  sp. 1 46; SD= NA; N= 1 N= 0 9; SD= 2.8; N= 2 not possible

Operculicarya  sp. 2 102.5; SD= 39.7; N= 10 101.5; SD= 63.4; N= 4 57; SD= 12; N= 4 ANOVA 1.791 2 15.00 n.s.

Petchia  sp. N= 0 N= 0 N= 0 not possible

Phyllanthus casticum N= 0 N= 0 N= 0 not possible

Pyrostria antsirananensis 201.3; SD= 118.9; N= 3 150; SD= NA; N= 1 119; SD= NA; N= 1 not possible

Rhopalocarpus suarezensis 29.7; SD= 1.2; N= 3 N= 0 66.5; SD= 56.3; N= 4 ANOVA 1.221 1 5.00 n.s.

Salacia madagascariensis 23; SD= NA; N= 1 68; SD= 55.4; N= 9 30.5; SD= 25.9; N= 16 ANOVA 2.832 2 23.00 n.s.

Senna petersiana 42.7; SD= 16.8; N= 3 23.1; SD= 10.4; N= 14 35.5; SD= 37.2; N= 12 ANOVA 1.135 2 26.00 n.s.

Strychnos madagascariensis 57.8; SD= 21.9; N= 15 N= 0 67.3; SD= 20.5; N= 12 ANOVA 1.332 1 25.00 n.s.

Terminalia ankaranensis 105.3; SD= 49.7; N= 3 N= 0 N= 0 not possible

Terminalia calcicola 61.8; SD= 24.2; N= 5 N= 0 N= 0 not possible

Terminalia mantaly 60.4a,b; SD= 18.9; N= 5 90.9a; SD= 50.8; N= 11 56.3b; SD= 17.8; N= 14 ANOVA 3.402 2 27.00 < 0.05

Tricalysia ovalifolia 105.5; SD= 74.2; N= 2 143.3; SD= 16.6; N= 7 81.6; SD= 24.5; N= 5 Welch-Test 9.403 2 2.35 n.s.

Trilepisium  sp. 25a,b; SD= 5.7; N= 9 28.7b; SD= 6.3; N= 15 23.6a; SD= 4; N= 14 ANOVA 3.404 2 35.00 < 0.05

Verbenaceae 4 34.3; SD= 10; N= 3 44; SD= NA; N= 1 N= 0 not possible

Xanthocercis madagascariensis 22.4a; SD= 9.5; N= 19 28.3b; SD= 3.2; N= 18 25.7a,b; SD= 4.7; N= 18 ANOVA 3.861 2 52.00 < 0.05

Ziziphus spina-christi N= 0 83.8; SD= 11.3; N= 5 89; SD= 38.2; N= 2 Welch-Test 0.036 1 1.07 n.s.
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ranking them second highest in the order of the most frugivorous species within the genus of 

true lemurs (Eulemur) (Sato et al., 2016). This is in line with results of other field studies in the 

rainforest of Montagne d’Ambre, where crowned lemurs also fed mainly on fruits (81.9% and 

92.0%, respectively; Freed, 1996; Chen et al., 2015). A high percentage of fruits in the diet, 

along with seed swallowing, can be seen as the very basic premises for contributing to seed 

dispersal. Both of these premises were given for crowned lemurs, in contrast to other lemur 

species that either do not include fruits in their diet (e.g. Avahi meridionalis; Norscia et al., 

2012) or are seed predators, masticating seeds (e.g., Propithecus diadema; Dew & Wright, 

1998).   

Nearly all feces samples we collected from crowned lemurs contained seeds (i.e., 97%). This 

large proportion was also found for Eulemur fulvus (97%; Sato, 2012), while the feces of 

Varecia rubra and V. variegata contain lower proportions of seeds (70%; Moses & Semple, 

2011; 90%; Razafindratsima & Martinez, 2012). Although common brown lemurs (E. fulvus) 

and crowned lemurs belong to the same genus, the number of seeds dispersed by their 

populations per day differs more than an order of magnitude (9,854 seeds * km-2 * d-1 - Sato, 

2012; 698 seeds * km-2 * d-1 - this study). The population of V. rubra dispersed an even lower 

number of 151 seeds * km-2 * d-1 (Moses & Semple, 2011). Obviously, the number of seeds 

that are dispersed by a population per day is hardly comparable between different species 

and studies. It should differ depending on the study and analysis methods, the population 

density, as well as the size of defecated seeds. Also, our result probably underestimates the 

actual number of dispersed seeds, as we cannot exclude having missed defecation events or 

dropped seeds during the feces collection. 

 

4.2 Dispersed species’ characteristics and secondary seed dispersal in Oronjia 

Crowned lemurs dispersed a large number of species (80), totalling about 28% of all plant 

species known to occur in Oronjia according to Goodman et al. (2018). These numbers were 

lower for other true lemurs, except one species: E. rufifrons dispersed 25 plant species or 

about 3% of all plant species known to occur in Ranomafana National Park, E. rubriventer 

dispersed 26 species, also about 3% of all plant species known to occur in Ranomafana 

National Park, E. fulvus dispersed 70 species or about 13% of all plant species known to occur 

in Ankarafantsika National Park, E. macaco dispersed 57 species or 16% of all plant species 

known to occur in Lokobe National Park, and E. collaris dispersed 100 species or 39% of all 
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plant species known to occur in the forests of Sainte Luce (Birkinshaw, 2001; Bollen et al., 

2004; Rabenantoandro et al., 2007; Sato, 2012; Razafindratsima et al., 2014; Goodman et al., 

2018). However, it has to be considered that such direct comparisons between results from 

different studies may be limited in their validity due to possible differences in methodological 

aspects, such as sampling method, effort, and timing. All studies though, except Bollen et al. 

(2004) studying E. collaris, were based on habituation, followed by behavioural observation, 

feces collection and analysis; and were carried out in both seasons, with a comparable or 

higher sampling effort than our study (Table S2). Therefore, these aspects do not seem to be 

responsible for the larger number of species dispersed by crowned lemurs. The study of Bollen 

et al. (2004) on E. collaris is hardly comparable with the other studies, as they applied different 

sampling methods, which is why the sampling effort could not be determined.  

 

Most of the species dispersed by crowned lemurs are endemic, but two invasive species were 

also dispersed, which might have a negative impact on the local plant community. There are 

further examples of the dispersal of invasive species by lemurs, with potential or measured 

negative impact on local plant communities (Martinez & Razafindratsima, 2014; DeSisto et al., 

2020). On the other hand, introduced and invasive species may serve as fallback food in times 

of resource scarcity, and may even contribute to protecting lemur species from extinction 

(LaFleur & Gould, 2009; Gérard et al., 2015; DeSisto et al., 2020; Donati et al., 2020).  

While crowned lemurs exploited and dispersed fruits and seeds of a wide spectrum of lengths, 

the majority was large, which is a common phenomenon among true lemur species (E. fulvus, 

E. rubriventer: Dew & Wright, 1998; E. macaco: Birkinshaw, 2001; E. collaris: Bollen et al., 

2004; E. fulvus: Sato, 2012). Bats and birds on the other hand usually disperse small seeds 

(Razafindratsima, 2014), the largest bird-dispersed seed found in Madagascar is about 12 mm 

long (Bleher & Böhning-Gaese, 2001; Albert-Daviaud et al., 2020). We found 20 plant species 

dispersed by lemurs with a mean seed length larger than 12 mm, which thus might solely 

depend on E. coronatus for seed dispersal in Oronjia. Two of these, Rhopalocarpus suarezensis 

and Capurodendron nodosum are Vulnerable, and one, Diospyros analamerensis, is 

Endangered (IUCN, 2021). Similar results from studies on common brown lemurs show that 

23 large-seeded plant species seemingly depend solely on E. fulvus (Sato, 2012), and that in 

fragments without E. fulvus, lemur-dispersed tree species regenerated less than expected by 

the abundance of adult trees (Ganzhorn et al., 1999). 
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Besides the endemic vertebrates, introduced species might also play a role in the dispersal of 

large seeds. In Oronjia, the fruits of Sclerocarya birrea are consumed by zebus (Bos taurus 

indicus), who roam freely through the forest, and seeds are defecated intact. Therefore, cattle 

seem to play a major role in the dispersal and regeneration of this species (Rakotondraparany 

& Andriambeloson, 2015). Further research in this sector would be highly valuable to 

understand a possible influence of introduced animals, such as bush pig (Potamochoerus 

larvatus) and goat (Capra hircus) that occur in Oronjia, on seed dispersal and regeneration. 

Secondary seed dispersal, which might follow after the seeds have been dispersed by lemurs, 

obviously plays a subordinate role in the degraded habitat of Oronjia, where the rodent fauna 

seems to be depleted (Fiedler et al., 2021). However, we observed dung beetles moving bowls 

of crowned lemur feces that also contained seeds. In Amazonia, the effects that dung beetles 

have on seed dispersal and regeneration of seeds from primate feces are well established 

(Estrada & Coates-Estrada, 1991; Andresen, 2002a, 2002b). This research has yet to be 

conducted in Madagascar, though its dung beetle community is exceptionally diverse (Wirta 

et al., 2010).  

 

4.3 Seed dispersal quality: Influence on seed condition and germination 

Most of the seeds (94%) defecated by crowned lemurs were intact, which is less than the 

percentage of seeds defecated intact by E. fulvus (99.5%; Sato, 2012), but more than the 

percentages defecated intact by E. rubriventer (93%) and E. rufifrons (69%; published as 

Eulemur fulvus rufus; Overdorff and Strait, 1998). Explanations for these differences in seed 

condition after defecation might be a different abundance of seeds prone to destruction or 

already damaged pre-ingestion in the diet, or a different tendency to masticate seeds. 

Methodological differences cannot be excluded as an explanation either, as definitions of 

“intact” and “damaged” may differ between studies. A general problem in determining the 

percentage of intact seeds in feces samples is that destructed seeds might be not detected 

due to a strong decomposition. Thus, the percentage of damaged seeds we found is probably 

an underestimation of the real value. This is also supported by the fact that crowned lemurs 

fed on unripe fruits in about one fourth of our fruit exploitation observations. Unripe fruits 

can contain unripe seeds that are not yet fully developed and hard (Janzen, 1983; but see 

Cruz-Tejada et al., 2018). In the diet of other populations of crowned lemurs, proportions of 

one third of unripe and two thirds of ripe fruits were found (Freed, 1996; Chen et al., 2015). 
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This must be considered when assessing seed dispersal quality via feeding observations, as 

unripe seeds might be destroyed when fed upon, or they might not yet be able to germinate. 

 

In the germination experiments for all plant species together, extracted seeds showed the 

highest germination success and lowest germination time. Compared to this, feces seeds 

showed a lower germination success and a similar germination time. Thus, the gut passage 

negatively influences germination success, while it has no impact on germination time. In 

comparison with the seeds within fruits, seeds from feces showed a higher germination 

success and a lower germination time, though only the second difference was significant. It 

seems that the negative influence of gut passage on germination is exceeded by a positive 

influence, which is caused by the removal of the fruit pulp and its inhibitory effects (reviewed 

in Traveset et al., 2007). This influence is confirmed by the marked differences in germination 

success and time between the extracted and fruit treatment, and may positively affect the 

plants’ fitness, not only through increased and early emergence but also through a reduced 

susceptibility to pathogens (Lambert, 2001; Verdú & Traveset, 2005).  

Another reason for the lower germination success of seeds from feces compared to seeds 

extracted from fruits might be failures in selecting intact seeds for the experiment. While there 

were no problems to select intact and ripe extracted seeds, for seeds from feces samples it 

was difficult to do so occasionally, as seeds that were passed by lemurs regularly showed 

changes in colour. These changes might be induced by the gut passage or pre-ingestion events, 

e.g. a mould infestation, and they might also mask that the seeds were possibly unripe upon 

the time of ingestion.  

 

Within the single plant species, those patterns of germination are generally reflected; 

however, there are species showing contrasting patterns. This is in line with the results of 

other germination studies, in which germination of different treatments differed between the 

single plant species defecated by Eulemur fulvus or Varecia rubra (Razafindratsima & 

Razafimahatratra, 2010; Sato, 2012). When comparing the effects of different dispersing 

species, a corresponding effect at the disperser level can be observed: Studies on lemurs, 

Asian macaques and neotropical primates found mixed results, different disperser species 

either had a negative, neutral or positive impact on germination success and time 

(Razafindratsima, 2014; Fuzessy et al., 2016; Tsuji & Su; 2018). These findings can be explained 
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by various characteristics that different dispersers and dispersed plants have, such as 

“morphological and physiological traits, as well as retention times in the gut”, and “seed size, 

pulp composition, seed coat thickness, texture”, respectively (Traveset et al., 2007: 82, 85). As 

these characteristics determine the extent of scarification of the seed during gut passage, they 

determine its germination (reviewed in Traveset et al., 2007). 

To our knowledge, among all studies on germination of lemur-dispersed seeds with at least 

one control treatment, we included the largest number of different plant species (47), while 

other studies included a maximum of 16 species (Dew & Wright, 1998; Moses & Semple, 2011; 

Razafindratsima & Martinez, 2012; Sato, 2012). Therefore, the design of future studies that 

investigate the influence of gut passage and removal of the fruit pulp should always include a 

variety of plant species, as the germination depends not only on the treatment, but also on 

the species. Furthermore, the results of one primate species or disperser in general cannot be 

easily transferred to other species, also within the same genus. 

 

4.4 Conclusions 

Considering its seed dispersal quantity and quality characteristics, and in comparison with 

other lemurs, E. coronatus appears to be a key species for seed dispersal. The fact that 20 

plant species, including three threatened with extinction, are dispersed only by crowned 

lemurs in Oronjia, illustrates the important role of lemur seed dispersal in protecting plant 

species.  

Our results have important implications for the purpose of including lemurs in forest 

restoration activities. As the germination depends on the dispersed plant species, some 

species would regenerate better. For the aim of facilitating regeneration, it would beneficial 

to include these strongly-germinating species in planting activities. In addition, the diversity 

of plant species dispersed by lemurs is unmatched by conventional restoration efforts 

(Holloway, 2000; Birkinshaw et al., 2009; Manjaribe et al., 2013).  

Thus, apart from playing an important role in maintaining diverse forest ecosystems in 

Madagascar, seed dispersal by lemurs may diversify restoration plantings. Yet, when planting 

species to attract lemurs to restoration sites, negative effects like the spread of invasive and 

potentially harmful species must be considered as well. 
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Figure S1 Photograph showing the reference collection of seeds, produced by KJES and JS.  
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Figure S2 Photograph showing the tree nursery of the Missouri Botanical Garden in Oronjia, 

where the germination experiments of this study were conducted.  

Table S1 Characteristics of plant species whose seeds were dispersed and whose entire fruits 

were swallowed by crowned lemurs in Oronjia, northern Madagascar; and mean lengths of 

seeds/ fruits (bold). Abbreviations column Distribution (Catalogue of the Vascular Plants of 

Madagascar; Madagascar Catalogue, 2021): ”end”= endemic, “nnend”= native, but not 

endemic, “natu”= naturalized; column IUCN Red List Status (IUCN, 2021): “ni”= not included, 

“LC”= Least Concern, “NT”= Near Threatened, “V”= Vulnerable, “En”= Endangered; columns 

Seed/Fruit size category: “s”= small (<5 mm), “m”= medium (5-10 mm), “l”= large (>10 mm); 

NA= “not applicable”. Please note that plant species are sorted in descending order, according 

to the number of seeds dispersed. For Ficus sp. 3, seeds were too little and numerous to count.  
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Plant species

Number 

of seeds 

dispersed

Distribution 

(Catalogue of 

the Vascular 

Plants of 

Madagascar )

IUCN 

Red 

List 

Status

Mean seed length 

(mm); SD ; N

Seed 

size 

category

Mean fruit length 

(mm); SD ; N

Fruit 

size 

category

Ficus sp. 3 NA NA NA 1; SD= 0; N= 20 s 17.7; SD= 1.9; N= 20 l

Capuronia benoistii 4583 end LC 3.2; SD= 0.4; N= 20 s 7.4; SD= 0.7; N= 20 m

Cissus lanea 3426 end ni 2; SD= 0; N= 20 s 8.5; SD= 0.5; N= 20 m

Ampelocissus sphaerophylla 3258 end ni 8.2; SD= 0.8; N= 20 m 10.1; SD= 0.6; N= 20 l

Tricalysia ovalifolia 2677 nnend ni 4.2; SD= 0.4; N= 20 s 5.9; SD= 0.6; N= 20 m

Flacourtia ramontchi 2499 nnend ni 5.5; SD= 0.6; N= 20 m 18.1; SD= 1.8; N= 20 l

Phyllanthus casticum 2099 nnend LC 2; SD= 0; N= 20 s 7; SD= 0; N= 20 m

Senna petersiana 1923 natu LC 4.6; SD= 0.6; N= 20 s

Erythroxylum rignyanum 1416 end ni 9.7; SD= 0.7; N= 20 m 11.2; SD= 0.6; N= 20 l

Macphersonia gracilis 790 nnend LC 8.7; SD= 1; N= 19 m

Diospyros analamerensis 684 end EN 13.5; SD= 0.6; N= 20 l

Diospyros aculeata 497 end LC 14.4; SD= 0.8; N= 20 l

Lantana camara 469 natu ni 4.9; SD= 0.5; N= 20 s 5.2; SD= 0.7; N= 20 m

Cinnamosma madagascariensis 441 end LC 9.7; SD= 2.8; N= 26 m

Terminalia mantaly 381 end LC 12; SD= 3.1; N= 20 l 18; SD= 3; N= 20 l

Terminalia ankaranensis 376 end V 8.6; SD= 1.1; N= 20 m 10.8; SD= 0.6; N= 20 l

Landolphia  sp. 333 NA NA 16.5; SD= 0.8; N= 20 l

Grewia  sp. 1 329 NA NA 11.3; SD= 0.6; N= 20 l

Operculicarya  sp. 1 300 NA NA 7.3; SD= 0.4; N= 20 m 9.3; SD= 0.5; N= 20 m

Pyrostria antsirananensis 268 end ni 4; SD= 0.5; N= 20 s 4; SD= 0.2; N= 20 s

Xanthocercis madagascariensis 237 end LC 16; SD= 1.4; N= 20 l

Capurodendron nodosum 233 end V 12.6; SD= 1.3; N= 20 l

Berchemia discolor 232 nnend LC 14.7; SD= 0.9; N= 20 l

Petchia  sp. 219 NA NA 10.2; SD= 0.7; N= 20 l 14.5; SD= 1.2; N= 20 l

Diospyros perrieri 191 end NT 13.2; SD= 1.5; N= 20 l

Thilachium panduriforme 171 end ni 6.2; SD= 0.5; N= 20 m

Grewia lapiazicola 144 end V 4.5; SD= 0.6; N= 20 s 13; SD= 1.4; N= 20 l

Salacia madagascariensis 138 other ni 18.8; SD= 1.8; N= 20 l

Tacca pinnatifida 131 natu ni 7.3; SD= 0.8; N= 20 m

Unidentified species (I45) 128 NA NA 4.7; SD= 0.7; N= 20 s

Diospyros  sp. 3 123 NA NA 10.1; SD= 0.8; N= 20 l 15.6; SD= 1.6; N= 20 l

Strychnos madagascariensis 120 nnend LC 16; SD= 1.2; N= 20 l

Lythraceae 107 NA NA 4.7; SD= 0.5; N= 20 s

Diospyros vescoi 105 end LC 16.4; SD= 1.1; N= 20 l

Carissa  sp. 105 NA NA 7.2; SD= 0.7; N= 20 m 10.1; SD= 1.6; N= 20 l

Bakerella  sp. 1 93 NA NA

Verbenaceae 4 92 NA NA 4.7; SD= 0.5; N= 20 s 6.1; SD= 0.7; N= 20 m

Operculicarya  sp. 2 75 NA NA 18.7; SD= 1; N= 20 l

Allophylus  sp. 71 NA NA 6; SD= 0.7; N= 20 m 7.5; SD= 0.5; N= 20 m

Garcinia verrucosa 65 end LC 27; SD= 3.7; N= 20 l

Rhopalocarpus suarezensis 61 end V 15.4; SD= 1.1; N= 20 l

Diospyros  sp. 7 60 NA NA 11.9; SD= 0.7; N= 20 l 19.9; SD= 1.5; N= 20 l

Trilepisium  sp. 59 NA NA 10.1; SD= 0.8; N= 20 l 15; SD= 0.7; N= 20 l

Bakerella  sp. 2 57 NA NA

Bremeria  sp. 57 NA NA 10.9; SD= 0.8; N= 20 l

Diospyros cf. olacinoides 55 end LC 8.8; SD= 0.6; N= 20 m 13; SD= 1.3; N= 20 l

Cissus microdonta 49 nnend ni 7.9; SD= 0.7; N= 20 m 8.5; SD= 1; N= 20 m

Azima tetracantha 41 nnend LC 5.6; SD= 0.6; N= 16 m

Cassia alata 34 natu LC

Erythroxylum platyclados 34 other ni 5.5; SD= 0.5; N= 20 m 6.4; SD= 0.5; N= 20 m

Olax dissitiflora 27 nnend LC 13.2; SD= 1; N= 20 l 16.6; SD= 0.8; N= 20 l

Phoenix reclinata 26 nnend LC 14.2; SD= 0.7; N= 20 l

Cordia lowryana 25 end LC 12.4; SD= 1.5; N= 15 l 20.2; SD= 1.2; N= 20 l

Tamarindus indica 24 nnend LC

Menispermaceae 24 NA NA 14.5; SD= 1.5; N= 20 l

Unidentified species (I36) 23 NA NA 9.8; SD= 1; N= 19 m

Abrahamia suarezensis 22 end LC 27.4; SD= 2.5; N= 19 l

Mystroxylon aethiopicum 21 nnend LC 9.2; SD= 1.1; N= 18 m 10.4; SD= 0.6; N= 20 l

Cordia myxa 20 other ni 15; SD= 2.5; N= 19 l 23.9; SD= 2.1; N= 20 l

Ziziphus spina-christi 17 other LC 11.6; SD= 1.6; N= 20 l 17.4; SD= 2; N= 20 l

Terminalia calcicola 15 end LC 16.3; SD= 1.2; N= 19 l 15.7; SD= 0.5; N= 20 l

Olax capuronii 13 end V 6.6; SD= 0.5; N= 20 m

Rinorea  sp. 1 12 NA NA

Strychnos panganensis 10 nnend ni

Acanthaceae 10 NA NA

Annona squamosa 9 other LC 14.6; SD= 1.2; N= 15 l

Mimusops coriacea 9 nnend ni 33.7; SD= 2.8; N= 20 l

Diospyros pruinosa 8 end LC

Rhamnaceae 6 NA NA

Sclerocarya birrea 5 nnend ni 34.9; SD= 1.8; N= 20 l

Rinorea  sp. 3 5 NA NA

Unidentified species (I48) 5 NA NA

Erythroxylum pervillei 4 end ni

Unidentified species (I49) 4 NA NA

Adenia firingalavensis 3 end ni

Cissus  sp. 2 NA NA

Capurodendron greveanum 1 end LC

Uvaria antsiranensis 1 end V

Rubiaceae 1 NA NA

Unidentified species (I50) 1 NA NA
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ABSTRACT 

Non-human primate species are threatened worldwide. Their population declines go along 

with the loss of ecological functions such as seed dispersal that plays a crucial role in plant 

regeneration. Restoring essential habitat structures could thus not only protect primates, but 

also facilitate forest regeneration. We used classical vegetation description on the ground and 

a remote sensing analysis to describe habitat use of crowned lemurs (Eulemur coronatus), a 

seed-dispersing primate endemic to northern Madagascar. Our aim was to find vegetation 

characteristics important for lemurs that might be targeted in a restoration approach. For this 

we applied both methods in differently degraded forest types. Both classical vegetation 

description and remote sensing analysis were able to distinguish these forest types. The 

habitat use of our two study groups was associated consistently with vegetation structures 

measured on the microhabitat scale such as tree height and density of thick trees. In contrast, 

vegetation productivity and water content derived from satellite imagery on a larger scale 

could not consistently explain habitat use of lemurs. Thus, measurements on the ground can 

identify suitable microhabitats that do not show on the satellite imagery scale. These suitable 

little patches might be very important conservation tools to create buffer zones and corridors. 

Further, they might attract seed dispersing species into degraded areas targeted for forest 

restoration, acting as natural regeneration nuclei. The potential of these patches for 

conservation would not be recognized when analyses were based solely on landscape analyses 

on large scales.  
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Keywords: Point-centred quarter method, Frugivores, Landsat, NDVI, NDWI, EVI, MSAVI, 

Dispersal 

 

INTRODUCTION 

Given the decline of primate populations around the world (Estrada et al 2017), an increasing 

number of studies is addressing the question on how primates deal with degraded habitats 

and which habitat components might be important to allow the persistence of different 

primate species in degraded forests (Johns & Skorupa 1987; Chapman et al 2000; Isabirye-

Basuta & Lwanga 2008; Irwin et al 2010; Schwitzer et al 2011; Sha et al 2018). Knowing 

essential structures that allow the utilization of degraded habitats is not only important for 

the persistence of species, but these structures could also be targeted as nuclei where 

restoration of habitats can be initiated (Corbin & Holl 2012; Gann et al 2019). This concept 

might be most applicable for frugivorous species that disperse seeds and thus contribute to 

some kind of facilitated restoration (Wunderle Jr. 1997; Farwig & Berens 2012; Charles et al 

2019).  

Primates have been identified as important seed dispersers, because more than half of all 

primate species does not only exploit fruits, but also disperses their seeds, primates can cover 

large distances per day and they are able to swallow and defecate larger seeds than birds and 

bats (Howe 1986; Chapman & Onderdonk 1998; Gómez & Verdú 2012; Heymann et al 2017; 

Andresen, Arroyo-Rodríguez & Ramos-Robles 2018). Frugivorous birds and bats, on the other 

hand, are much more species-rich and therefore might disperse a larger variety of seed types. 

This pattern holds for most tropical regions, but not for Madagascar: Most frugivorous species 

there are lemurs, the endemic group of primates (Fleming, Breitwisch & Whitesides 1987; 

Albert-Daviaud, Perillo & Stuppy 2018). Further, the majority of Malagasy plant species whose 

seeds are endozoochorously dispersed is adapted to dispersal by lemurs, implying that loss of 

lemur populations or species may have detrimental effects on recruitment and thus survival 

of these plant species (Crowley, Godfrey & Irwin 2011; Federman et al 2016; Albert-Daviaud 

et al 2018; Albert-Daviaud et al 2020).  

Habitat characteristics that could explain lemurs’ occurrence or abundance on the 

microhabitat scale, and that may be altered in degraded forests, are for example food 

resources and vegetation structures like tree density, diameter and height, and understory 
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density (Ganzhorn 1989; Rendigs et al 2002; Andrianasolo et al 2006; Schwitzer et al 2007; 

Lahann 2008; Sehen et al 2010; Rakotondranary & Ganzhorn 2011; Andriamandimbiarisoa et 

al 2015; Steffens et al 2017; Forbanka 2018). Such characteristics can be described through 

classical vegetation descriptions that are carried out in the field, e.g., the point-centred 

quarter (PCQ) method conducted in plots or at sampling points (Brower, Zar & von Ende 1990; 

Andriamaharoa, Birkinshaw & Reza 2010; Ganzhorn, Rakotondranary & Ratovonamana 2011). 

However, animals from different groups, including primates, apparently select their habitat 

on different scales, depending on their purpose, such as feeding or travelling (Kotliar & Wiens 

1990; Storch 2002; Boyce et al 2003; Stickler & Southworth 2008). Thus, there are also cases 

where it was possible to describe habitat suitability for lemurs on relatively large scales, using 

habitat characteristics assessed by remote sensing methods (Irwin, Johnson & Wright 2005; 

Lahoz-Monfort et al 2010; Mercado Malabet et al 2020; Steffens, Mercado Malabet & Lehman 

2020).  

 

To assess habitat suitability, or to predict species’ abundance and occurrence using remote 

sensing, spectral indices derived from satellite images have proven very useful (St-Louis et al 

2009; Lahoz-Monfort et al 2010; Pettorelli et al 2011). Various spectral indices have been 

developed that focus on different characteristics of vegetation and are differently suited in 

different scenarios. The Normalized Difference Water Index (NDWI) measures liquid water 

content of the vegetation (Gao 1996). The Normalized Difference Vegetation Index (NDVI) 

correlates strongly with chlorophyll abundance and energy absorption, and thus growth, net 

primary production and biomass of plants (Tucker et al 1981; Myneni et al 1995; Hicke et al 

2002). The Enhanced Vegetation Index (EVI) is a modification of the NDVI, which in comparison 

does not become saturated in highly vegetated areas; and is more correlated to structural 

variations of the canopy, such as canopy type and leaf area index (Gao et al 2000; Pettorelli et 

al 2011). The Modified Soil Adjusted Vegetation Index (MSAVI) is a further development of 

the Soil Adjusted Vegetation Index (SAVI), developed to overcome a weakness of the NDVI, 

which is its problem to handle bare soil or areas with low vegetation cover (Qi et al 1994). 

Following other authors (e.g., Richardson & Everitt 1992; Wang, Price & Rich 2001; Rahaman, 

Hassan & Ahmed 2017), in this paper we use the term “productivity” to describe what the 

NDVI and its derivates, EVI and MSAVI, measure.  



Chapter 3 

74 
 

Here, we exemplify differences between possible applications of structural information based 

on classical vegetation descriptions and productivity information derived from satellite images 

in a study of habitat utilization of crowned lemurs (Eulemur coronatus) in a highly degraded 

forest habitat of northern Madagascar. The two approaches were used to investigate whether 

it would be possible to identify sites with habitat characteristics important for crowned 

lemurs. Specific questions are: 

1. Can habitat use by E. coronatus be linked to structural vegetation characteristics 

described by PCQ on a small scale? 

2. Can habitat use by E. coronatus be linked to vegetation productivity and vegetation 

water content derived from satellite images on a large scale?  

3. Is the information from PCQ and remote sensing methods exchangeable?  

 

MATERIALS AND METHODS 

Study site 

The study was carried out in the southeastern part of the Oronjia New Protected Area in 

northern Madagascar (between 12°16´17´´ S – 12°16´53´´ S and 49°23´10´´ E – 49°23´53´´ E; 

WGS84). The western dry deciduous forest that covers the study site (Moat & Smith 2007), is 

highly degraded due to anthropogenic disturbances in the past: The leaf density reaches its 

maximum at only 0.2-2 m, most of the trees are no more than 8 m tall, and there are many 

open areas covered by no or little vegetation (Missouri Botanical Garden 2015). Due to 

different usage intensity and/or regeneration and succession processes, there are differently 

degraded areas of the forest. In this study, we differentiate between “intact” and “degraded” 

forest, which we assessed visually based on tree density, stratification and the presence of 

open areas. Please note that this definition is only valid within the Oronjia forest. “Intact” 

forest here is also degraded, but in a better state than the forest classified here as “degraded”. 

Intact western dry deciduous forests of other sites in northern Madagascar reach heights of 

11-14 m in Montagne des Français or 8-16 m in Ankarana (Goodman, Raherilalao & 

Wohlhauser 2018). 
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Data collection and preparation 

Classical vegetation description 

To investigate structural characteristics of the vegetation on a small scale we applied the 

point-centred quarter method (Brower et al 1990; Rakotondranary, Ganzhorn & 

Ratovonamana 2010). This was done at lemur defecation points and at transect points in the 

intact and degraded forest for comparison. 

In March and April 2019, we installed transects of 475 m length each, one in the intact and 

one in the degraded forest. On each transect we marked 20 points at 25 m intervals, totalling 

40 points.  

During our lemur behaviour study (Steffens, Sanamo & Razafitsalama accepted), we marked 

lemur defecation points of two groups of lemurs (“A” and “B”) by use of a handheld GPS 

(Garmin GPSMAP 64s) and red tissue flags. To ensure independency of data we marked only 

points with at least 25 m distance. Per season, we marked 20 points per lemur group, totalling 

40 points in the dry season (May to October) 2018, and 40 points in the wet season (November 

to April) 2018/2019 (Missouri Botanical Garden 2015).  

At each lemur defecation point and transect point we drew a cross in the ground, dividing the 

area into 4 squares. In each square, we measured the distance between the centre of the cross 

and the closest thin and thick tree. Thin trees were defined as trees with a diameter at breast 

height (DBH) of 5-9.9 cm, thick trees as trees with a DBH ≥ 10 cm. We further measured crown 

diameter and estimated the height of the trees, and identified the species. In preparation of 

the analysis, we took the mean of 4 thin/thick trees per point for distance, DBH, crown 

diameter and height. The mean distance per point was converted to mean tree density in 

individuals/ha using the formula 10,000/distance2, following Rakotondranary et al (2010). We 

calculated the total tree density per point as the sum of mean thin and thick tree density. 

Finally, we calculated the number of different tree species and the number of Delonix regia at 

each point. The former was included as a proxy for plant diversity, the latter because D. regia 

was the most abundant tree species in our analysis and forms the basic structure in large parts 

of the forest, thus we assume it might have an influence on lemur habitat use.   
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Remote sensing 

To investigate vegetation productivity and water content on a larger scale we downloaded 

and used satellite imagery to calculate various spectral indices of these characteristics. This 

was done at the lemur defecation and transect points established above.  

We downloaded freely available Landsat 8 Operational Land Imager multispectral images from 

https://glovis.usgs.gov/, considering two criteria: Date of acquisition and cloud cover above 

the research site. We selected scenes from months in the middle of each season, to accurately 

depict possible differences. For the dry season we chose three scenes, acquired in July, August 

and September 2018; for the wet season, we chose two scenes acquired in February, and one 

in March 2019 (Table S1). For January 2019 there was no scene available that had no or low 

cloud coverage, thus we had to choose a second scene acquired in February.  

To prepare the data from satellite imagery we used QGIS (3.20.2.) and SAGA GIS (7.8.2). With 

the Semi-Automatic Classification Plugin (7.8.36; Congedo 2021), we converted the original 

multispectral bands processed in units of absolute radiance to top of atmosphere (TOA) 

reflectance, applying atmospheric correction, for each scene separately (USGS & NASA 2019). 

With the same tool we performed PAN-sharpening applying the Brovey Transform procedure, 

to improve the resolution of all bands from 30 m to 15 m (Rahaman et al 2017). Using the pan-

sharpened bands we calculated three spectral indices of vegetation productivity (NDVI, EVI 

and MSAVI), and one spectral index of vegetation water content (NDWI) for each scene (Fig. 

1; Qi et al 1994; Gao 1996; Huete et al 2002). 

NDVI =  
Near Infrared −  Red

Near Infrared +  Red
 

EVI =  G ∗
Near Infrared −  Red 

Near Infrared +  C1 ∗  Red –  C2 ∗  Blue +  L
 

MSAVI

=
2 ∗ Near Infrared + 1 −  √(2 ∗ Near Infrared + 1)2 − 8 ∗ (Near Infrared − Red)

2
 

NDWI =  
Near Infrared − Short Wave Infrared

Near Infrared + Short Wave Infrared
 

Figure 1 Equations to calculate vegetation productivity and water content-related indices 

using reflectance values at certain wavelength ranges: Near Infrared= 0.85-0.88 μm, Red= 
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0.64-0.67 μm, Blue= 0.45-0.51 μm, Short Wave Infrared= 1.57-1.65 μm (USGS & NASA 2019). 

In EVI equation: G (Gain factor)= 2.5; C1, C2 (coefficients for atmospheric resistance): C1= 6, 

C2= 7.5; L (canopy background adjustment)= 1. Please note that the equation for MSAVI is 

labelled as “MSAVI2” in the original work by Qi et al (1994). The authors developed two 

different equations (MSAVI1, MSAVI2), but as they led to very similar results, they concluded 

the two equations may be used interchangeably to calculate the MSAVI (Qi et al 1994).  

 

In preparation of the analysis, we took the mean of the spectral indices per season, i.e. for 

instance, the NDVIdry calculated as a mean of the NDVI values from the scenes of July, August 

and September 2018. Finally, we extracted the indices season means at the lemur defecation 

and transect points. 

 

Analyses 

The analyses were carried out using IBM SPSS Statistics (27). To test the variables from PCQ 

analysis and spectral indices from remote sensing analysis for differences between the forest 

types or lemur groups (Question 1 + 2), respectively, we carried out ANOVA (global) and Tukey 

HSD post hoc tests, if homogeneity of variance was given according to Levene’s test, or Welch-

ANOVA (global) and Games-Howell post hoc tests, if homogeneity of variance was not given. 

As ANOVA is robust against violations of normal distribution assumptions, we ignored small 

deviations from normality (Schmider et al 2010).  

Lemur behaviour might vary seasonally. But the vegetation structures (tree density etc.) 

described by the PCQ variables should not differ between the seasons. As we did not find 

significant differences within each lemur group between the seasons, we do not differentiate 

between the seasons in the PCQ analysis in this paper. In case of the remote sensing analysis 

the season should have an influence on the vegetation characteristics described by the 

indices. As there are significant differences with respect to the remote sensing variables within 

each lemur group between the seasons, we differentiate between the seasons in the remote 

sensing analysis in this paper.  

 

For correlations between variables from PCQ and spectral indices from remote sensing 

analysis (Question 3), we carried out a principal component analysis (PCA). To facilitate 
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interpretation, we restricted the analysis to the first two principal components, and applied 

Varimax rotation with Kaiser normalization (Kaiser 1958).  

 

RESULTS 

To facilitate differentiating between results of PCQ and remote sensing analysis, points in plots 

and variable names in tables are coloured differently: PCQ results in blue, remote sensing 

results in yellow. Tables contain all results, but plots only significant ones.  

 

Habitat utilization by E. coronatus in relation to structural vegetation characteristics (PCQ) 

At the global analysis level, there were significant differences between the forest types or 

lemur groups, respectively, in 7 out of 11 variables analysed (Table 1). Post hoc tests revealed 

many significant differences between intact and degraded forest, with the former showing 

larger heights of thin and thick trees, larger crown diameter and density of thick trees, larger 

number of D. regia, but lower number of species than degraded forest (Figs. 2-4). Both lemur 

groups used microhabitats that are often similar or equal in structure and number of D. regia 

and number of species to the intact forest, except for the crown diameters of thick trees (Fig. 

3b). The habitat use of the two lemur groups did not differ significantly between groups in any 

of the PCQ variables.  

 

Table 1 Vegetation structure described by PCQ variables in forest types and at lemur 

defecation points with means ± standard deviation; and results of global statistical analysis. N 

gives number of transect or lemur defecation points; df1= degrees of freedom for groups; df2= 

degree of freedom for individual points. 

 

Variable
Intact

(N= 20)

Degraded 

(N= 20)

Lemur group A 

(N= 40)

Lemur group B 

(N= 40)

Result 

ANOVA / 

Welch-

ANOVA* (F)

p df1 df2

Thin tree DBH (cm) 6.6 ± 0.7 6.5 ± 0.9 6.8 ± 0.7 7.0 ± 0.7 3.182 < 0.05 3 116

Thin tree height (m) 3.4 ± 0.4 2.8 ± 0.2 3.3 ± 0.5 3.2 ± 0.4 10.814 < 0.001 3 116

Thin tree crown diameter (m) 3.3 ± 0.7 3.1 ± 0.6 3 ± 0.6 3 ± 0.7 1.420 0.240 3 116

Thin tree density (ind/ha) 521.5 ± 792.1 503.8 ± 515 682.3 ± 834.8 547.2 ± 480.4 0.470 0.704 3 116

Thick tree DBH (cm) 18.7 ± 5.4 16.9 ± 4.2 18.6 ± 4.8 17.3 ± 4.4 0.965 0.412 3 116

Thick tree height (m) 4.4 ± 0.4 3.5 ± 0.4 4.4 ± 0.7 4.1 ± 0.6 11.410 < 0.001 3 116

Thick tree crown diameter (m) 6.8 ± 1.5 5.2 ± 1.1 5.7 ± 1.4 5.2 ± 1.1 7.310 < 0.001 3 116

Thick tree density (individuals/ha) 186.3 ± 91 73.2 ± 23.9 311.9 ± 323.7 269.8 ± 202.9 26.726* < 0.001 3 51.913

Total tree density (individuals/ha) 707.8 ± 788.9 577 ± 524.7 994.2 ± 974 817 ± 463 1.639 0.184 3 116

Number of Delonix regia 4.1 ± 1.1 0.7 ± 0.8 3.8 ± 2.1 2.8 ± 2.3 51.898* < 0.001 3 61.360

Number of species 4 ± 0.9 5.7 ± 1.1 4.3 ± 1.6 4.3 ± 1.4 9.975* < 0.001 3 57.005
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Thin trees 

 

Figure 2 DBH (a) and height (b) of thin trees (DBH of 5-9.9 cm) in forest types and at lemur 

defecation points with means ± standard deviation. Same letters above the bars mark no 

significant difference of post hoc tests at α= 0.05 (Table S2). 

Thick trees 

 

 

 

 

 

Figure 3 Height (a), crown diameter (b) and density (c) of thick trees (DBH ≥ 10 cm) in forest 

types and at lemur defecation points with means ± standard deviation. Same letters above the 

bars mark no significant difference of post hoc tests at α= 0.05 (Table S2). Please note that in 

Figure 3c, we cut the error bar for the standard deviation of the Lemur group A mean as it 

extends into the negative range. 
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Thin and thick trees 

Figure 4 Number of D. regia (a) and number of species (b) in forest types and at lemur 

defecation points with means ± standard deviation. Same letters above the bars mark no 

significant difference of post hoc tests at α= 0.05 (Table S2). Please note that in Figure 4a, we 

cut the error bar for the standard deviation of the degraded forest mean as it extends into the 

negative range.  

 

Habitat utilization by E. coronatus in relation to vegetation productivity and water content 

(remote sensing)  

Vegetation characteristics measured at PCQ points 

At the global analysis level, there were significant differences between the forest types or 

lemur groups, respectively, in all spectral indices analysed during both seasons (Tables 2-3). 

Patterns of vegetation productivity and water content were in general highly congruent in 

each season (Figs. 5-6). Post hoc tests again revealed significant differences between intact 

and degraded forest, with the former showing lower vegetation productivity and water 

content during the dry season, and the opposite during the wet season. The lemur groups 

differed significantly in almost all comparisons during both seasons. Lemur group A used 

habitat with vegetation productivity and water content equal to the intact forest, on the other 

hand, lemur group B used habitat with these characteristics being equal or similar in the 

degraded forest. 
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Dry season 

Table 2 Vegetation characteristics described by vegetation productivity and water content-

related indices during the dry season with means ± standard deviation; and results of global 

statistical analysis. N gives number of transect or lemur defecation points. 

 

 

Figure 5 Vegetation productivity (NDVI (a), EVI (b) and MSAVI (c)) and water content (NDWI 

(d)) in forest types and at lemur defecation points during the dry season with means ± 

standard deviation. Same letters above the bars mark no significant difference of post hoc 

tests at α= 0.05 (Table S3). 

  

Variable
Intact 

(N= 20)

Degraded 

(N= 20)

Lemur 

group A dry 

(N= 20)

Lemur 

group B dry 

(N= 20)

Result 

ANOVA / 

Welch-

ANOVA* (F)

p df1 df2

NDVI dry 0.59 ± 0.02 0.62 ± 0.02 0.58 ± 0.05 0.60 ± 0.05 10.923* < 0.001 3 39.783

EVI dry 0.36 ± 0.02 0.39 ± 0.02 0.35 ± 0.04 0.40 ± 0.04 12.156 < 0.001 3 76

MSAVI dry 0.31 ± 0.02 0.34 ± 0.02 0.30 ± 0.03 0.34 ± 0.04 12.276 < 0.001 3 76

NDWI dry 0.06 ± 0.04 0.15 ± 0.04 0.07 ± 0.06 0.13 ± 0.06 16.180 < 0.001 3 76
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Wet season 

Table 3 Vegetation characteristics described by vegetation productivity and water content-

related indices during the wet season with means ± standard deviation; and results of global 

statistical analysis. N gives number of transect or lemur defecation points. 

 

  

 

Figure 6 Vegetation productivity (NDVI (a), EVI (b) and MSAVI (c)) and water content (NDWI 

(d)) in forest types and at lemur defecation points during the wet season with means ± 

standard deviation. Same letters above the bars mark no significant difference of post hoc 

tests at α= 0.05 (Table S3). 

  

Variable
Intact 

(N= 20)

Degraded 

(N= 20)

Lemur 

group A wet 

(N= 20)

Lemur 

group B wet 

(N= 20)

Result 

ANOVA / 

Welch-

ANOVA* (F)

p df1 df2

NDVI wet 0.87 ± 0.01 0.85 ± 0.01 0.87 ± 0.01 0.80 ± 0.08 13.091* < 0.001 3 40.563

EVI wet 0.74 ± 0.05 0.70 ± 0.03 0.76 ± 0.03 0.62 ± 0.14 14.774* < 0.001 3 39.807

MSAVI wet 0.70 ± 0.05 0.66 ± 0.03 0.71 ± 0.03 0.58 ± 0.14 16.110* < 0.001 3 39.758

NDWI wet 0.49 ± 0.03 0.47 ± 0.02 0.49 ± 0.02 0.43 ± 0.07 10.024* < 0.001 3 40.712
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Vegetation characteristics measured at all lemur occurrence points 

In order to verify the differences between lemur groups in vegetation characteristics 

measured by remote sensing, we re-examined this result in a follow-up analysis. In this 

analysis, we follow the same methods as described above, but extracted the indices values at 

all lemur occurrence points that we georeferenced during our behavioural observations 

(Steffens et al accepted). This allowed us to investigate a much larger sample size compared 

to the first analysis (Lemur group A: N= 4156; Lemur group B: N= 2170).  

The second analysis confirmed the results of the first: The habitat used by group A was 

significantly less productive and had lower water content during the dry season than the 

habitat used by group B, while the pattern was opposite during the wet season (Fig. 7, Table 

S4).   

 

 

Figure 7 Effect sizes of differences in habitat use between lemur groups during the dry (a) and 

wet (b) season, described by vegetation productivity and water content-related indices. Plots 

depict the deviation of group A from group B found by T-tests with Cohen’s d (points) and 95% 
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confidence intervals (whiskers) (Table S4). Please note the sign of the x-axis values, which 

differs between the two plots (negative/positive).  

 

Complementarity of PCQ and remote sensing information 

The PCA clearly separated the structural variables of the PCQ analysis and the productivity and 

water content-related indices of the remote sensing analysis: Principal component (PC) 1 

reflects vegetation information derived from PCQ measures while PC 2 reflects vegetation 

information derived from satellite images (Fig. 8, Table S5). The latter is separated in the dry 

and wet season measurements, which are negatively correlated with PCQ variables in case of 

the dry season spectral indices or uncorrelated in case of the wet season indices. Only the 

number of tree species is correlated with dry season indices. PC 1 accounts for 22.90% of the 

variation in the data, PC 2 for 22.88% (rotated solution, Table S6). 

 

Figure 8 Rotated component plot of principal component analysis. PCQ variables depicted in 

blue, remote sensing indices in yellow dots.  
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DISCUSSION 

In this paper, we investigated whether simple measures of vegetation characteristics can be 

used to differentiate between forests of different degrees of degradation and to identify 

vegetation plots that provide still suitable habitat for crowned lemurs (Eulemur coronatus) in 

northern Madagascar.  

For this, we applied classical vegetation descriptions and remote sensing methods. The 

classical vegetation description describes mostly vegetation structures on the level of trees, 

while remote sensing indices provide proxies for various aspects of photosynthesis and thus 

plant productivity integrated over at least 15 x 15 m. 

Both methods clearly separate forest of different degrees of degradation. On the small scale, 

microhabitat structures used by E. coronatus were rather stereotypic and could be linked to 

structural vegetation characteristics described by PCQ methods: there were no differences 

between the two groups of lemurs, and the structures used by lemurs were similar to the 

structures characterising intact forest. On the other hand, E. coronatus habitat was not 

associated consistently with vegetation productivity and water content derived by remote 

sensing methods from satellite images on a large scale. Locations used by group A were similar 

in productivity and water content to the intact forest, while locations used by group B were 

similar to the degraded forest in general. The latter result does not come as a surprise because 

the home range of group B was mostly in the degraded forest type, while the home range of 

group A was located mostly in the more intact part of the forest. More interestingly and on a 

smaller scale, E. coronatus obviously used microhabitats in the degraded forest type that 

matched the characteristics of the intact forest. Also, the lemurs used single remnant trees in 

heavily degraded forest to move to more intact parts of the forest. The stable PCQ 

characteristics and the variation in spectral indices of habitat used by lemurs indicate that the 

animals have specific requirements that are reflected by the structures measured by PCQ 

method. In contrast, once a certain limiting requirement is granted, the properties 

represented by satellite images seem to be used according to their availability. This limit is 

reflected by more extreme forms of forest degradation (e.g., Irwin et al 2005; Mercado 

Malabet et al 2020). Therefore, large scale degradation does not mean necessarily that the 

whole area is less or even unsuitable for lemurs. Rather, the question is, how many of these 

islands of suitable microhabitats are needed to turn an area into a permanently inhabitable 
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habitat for lemurs, or to allow movements between suitable habitats, or to allow colonization 

of restored habitats.  

From a conceptual point of view this brings us back to the old question of scale and graininess 

in habitat selection, the role of different perception of habitat features by different species (in 

our case differences between terrestrial, diurnal and visually oriented humans and arboreal, 

cathemeral and less visually oriented lemurs), the question on how to define the niche of a 

species, and the relative and possibly seasonally changing importance of structural versus 

food-related features (Klopfer 1969; Van der Putten, Macel & Visser 2010; Leitão & Santos 

2019; Owens et al 2020).  

These issues are exemplified by many studies where several lemur species occur within a 

seemingly homogenous vegetation formation but the different species use different 

microhabitats, such as lemurs of the humid forest of Andasibe (Ganzhorn 1989), the dry forest 

of Ankarafantsika (Rendigs et al 2002; Sehen et al 2010) or the humid littoral forests (Lahann 

2008). While the structures measured might be important, there are many other components 

not considered by the PCQ measures, such as water either provided by the plants or by open 

water sources (e.g., Wilson et al 1989; Scholz & Kappeler 2004; Amoroso et al 2019). At least 

larger water sources are easily identified and accounted for by remote sensing techniques 

(Mercado Malabet et al 2020).  

Remote sensing tools have certainly proved useful for mapping the area of possible 

occurrence and for defining categories of habitat suitability in Madagascar (Smith, Horning & 

Moore 1997; Irwin et al 2005; Kremen et al 2008; Lahoz-Monfort et al 2010; Brown & Yoder 

2015) and elsewhere (e.g., Zinner, Peláez & Torkler 2001; Boyce et al 2003; Willems, Barton & 

Hill 2009; Pettorelli et al 2011; Farrell et al 2013). Though, as our investigation has shown, 

vegetation information derived from remote sensing methods may not always be able to 

explain habitat use. Reasons for this might be on the one hand that the characteristics 

analysed are not ecologically relevant for the study species. In this case this seems unrealistic, 

however, as crowned lemurs feed on fruits and leaves and are tree dwellers dependent on 

vegetation. Also, other lemur species’ diversity, abundance and habitat use is positively 

correlated to plant productivity (Hudson 2011; Herrera 2017; Campera et al 2020). On the 

other hand, the results might come about by different temporal or spatial scales of analysis 
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which may or may not reflect the “habitat graininess” perceived by an animal at a given time 

(compare Lahoz-Monfort et al 2010). 

A problem encountered with both classical vegetation descriptions and remote sensing 

methods is that variables can be intercorrelated (Huete et al 2002; Verbesselt et al 2007; 

Rakotondranary et al 2010), as in this study, complicating to determine which vegetation 

characteristics are critical for habitat utilization. This may be less of a problem concerning the 

PCQ variables, as they were not as strongly intercorrelated as remote sensing indices.  

 

While we cannot assess the various confounding factors, the two methods provided different 

vegetation information that is not exchangeable. This has to be kept in mind when basing 

conservation decisions on only one or the other technique. Areas classified as unsuitable 

might still contain elements that can serve as stepping stones for movements between 

suitable habitats and as nuclei for the restoration of forests. Restoring these microhabitats 

first could be a target for punctual restoration that could then lead to facilitated restoration 

through seeds dispersed by lemurs and probably also other animal groups. What remains to 

be clarified here are the tipping points that define thresholds in the distribution of these 

structures below which any given species can no longer make use of any given area (Huggett 

2005; Betts, Forbes & Diamond 2007; Steffens et al 2017). 
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SUPPLEMENT 

Table S1 Overview of Landsat scenes covering the Oronjia New Protected Area, selected for 

the analysis of vegetation characteristics in different seasons. 

 

 

Table S2 Results of post hoc tests for vegetation structure described by PCQ variables. In this 

table we included only post hoc comparisons for variables that were significant at the global 

level (Table 1). Intact N= 20, Degraded N= 20, Lemur group A N= 40 and Lemur group B N= 40 

for all comparisons.   

Variable 
Test 
type 

Forest type/ 
lemur 

defecation 
points (a) 

Forest type/ 
lemur 

defecation 
points (b) 

Mean 
difference 

(a-b) 

Standard 
error 

p 

Thin tree 
DBH 

Tukey-
HSD 

Intact Degraded 0.07 0.23 0.990 

  Lemur group A -0.18 0.20 0.809 

  Lemur group B -0.46 0.20 0.098 

Degraded Intact -0.07 0.23 0.990 

  Lemur group A -0.25 0.20 0.602 

  Lemur group B -0.53 0.20 0.042 

Lemur group A Intact 0.18 0.20 0.809 

  Degraded 0.25 0.20 0.602 

  Lemur group B -0.28 0.16 0.299 

Landsat Product ID Date acquisition Season

LC08_L1TP_158069_20180718_20180731_01_T1 18.07.2018 dry

LC08_L1TP_158069_20180803_20180814_01_T1 03.08.2018 dry

LC08_L1TP_158069_20180920_20180928_01_T1 20.09.2018 dry

LC08_L1TP_158069_20190211_20190222_01_T1 11.02.2019 wet

LC08_L1TP_159068_20190218_20190222_01_T1 18.02.2019 wet

LC08_L1TP_158069_20190315_20190325_01_T1 15.03.2019 wet
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Lemur group B Intact 0.46 0.20 0.098 

  Degraded 0.53 0.20 0.042 

  Lemur group A 0.28 0.16 0.299 

Thin tree 
height 

Tukey-
HSD 

Intact Degraded 0.64 0.13 0.000 

  Lemur group A 0.09 0.11 0.832 

  Lemur group B 0.23 0.11 0.150 

Degraded Intact -0.64 0.13 0.000 

  Lemur group A -0.55 0.11 0.000 

  Lemur group B -0.41 0.11 0.002 

Lemur group A Intact -0.09 0.11 0.832 

  Degraded 0.55 0.11 0.000 

  Lemur group B 0.14 0.09 0.401 

Lemur group B Intact -0.23 0.11 0.150 

  Degraded 0.41 0.11 0.002 

  Lemur group A -0.14 0.09 0.401 

Thick tree 
height 

Tukey-
HSD 

Intact Degraded 0.87 0.18 0.000 

  Lemur group A -0.01 0.16 1.000 

  Lemur group B 0.26 0.16 0.367 

Degraded Intact 0.87 0.18 0.000 

  Lemur group A 0.88 0.16 0.000 

  Lemur group B 0.61 0.16 0.001 

Lemur group A Intact 0.01 0.16 1.000 

  Degraded 0.88 0.16 0.000 

  Lemur group B 0.27 0.13 0.173 

Lemur group B Intact -0.26 0.16 0.367 

  Degraded 0.61 0.16 0.001 

  Lemur group A -0.27 0.13 0.173 

Thick tree 
crown 

diameter 

Tukey-
HSD 

Intact Degraded 1.50 0.40 0.002 

  Lemur group A 1.05 0.35 0.017 

  Lemur group B 1.56 0.35 0.000 

Degraded Intact -1.50 0.40 0.002 

  Lemur group A -0.45 0.35 0.574 

  Lemur group B 0.06 0.35 0.998 

Lemur group A Intact -1.05 0.35 0.017 

  Degraded 0.45 0.35 0.574 

  Lemur group B 0.51 0.29 0.292 

Lemur group B Intact -1.56 0.35 0.000 

  Degraded -0.06 0.35 0.998 

  Lemur group A -0.51 0.29 0.292 

Thick tree 
density 

Games-
Howell 

Intact Degraded 113.08 21.04 0.000 

  Lemur group A -125.56 55.09 0.117 

  Lemur group B -83.53 37.99 0.136 

Degraded Intact -113.08 21.04 0.000 

  Lemur group A -238.64 51.47 0.000 

  Lemur group B -196.61 32.52 0.000 

Lemur group A Intact 125.56 55.09 0.117 

  Degraded 238.64 51.47 0.000 
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  Lemur group B 42.03 60.41 0.898 

Lemur group B Intact 83.53 37.99 0.136 

  Degraded 196.61 32.52 0.000 

  Lemur group A -42.03 60.41 0.898 

Number 
of Delonix 

regia 

Games-
Howell 

Intact Degraded 3.40 0.30 0.000 

  Lemur group A 0.30 0.40 0.879 

  Lemur group B 1.30 0.43 0.020 

Degraded Intact -3.40 0.30 0.000 

  Lemur group A -3.10 0.37 0.000 

  Lemur group B -2.10 0.41 0.000 

Lemur group A Intact -0.30 0.40 0.879 

  Degraded 3.10 0.37 0.000 

  Lemur group B 1.00 0.49 0.181 

Lemur group B Intact -1.30 0.43 0.020 

  Degraded 2.10 0.41 0.000 

  Lemur group A -1.00 0.49 0.181 

Number 
of species 

Games-
Howell 

Intact Degraded -1.70 0.32 0.000 

  Lemur group A -0.38 0.33 0.661 

  Lemur group B -0.33 0.30 0.708 

Degraded Intact 1.70 0.32 0.000 

  Lemur group A 1.33 0.35 0.002 

  Lemur group B 1.38 0.33 0.001 

Lemur group A Intact 0.38 0.33 0.661 

  Degraded -1.33 0.35 0.002 

  Lemur group B 0.05 0.33 0.999 

Lemur group B Intact 0.33 0.30 0.708 

  Degraded -1.38 0.33 0.001 

  Lemur group A -0.05 0.33 0.999 

 

Table S3 Results of post hoc tests for vegetation characteristics described by vegetation 

productivity and water content-related indices during the dry and wet season. In this table we 

included only post hoc comparisons for variables that were significant at the global level 

(Tables 2-3). Intact N= 20, Degraded N= 20, Lemur group A dry N= 20, Lemur group B dry N= 

20, Lemur group A wet N= 20 and Lemur group B wet N= 20  for all comparisons.   

Variable 
Test 
type 

Forest type/ lemur 
defecation points 

(a) 

Forest type/ lemur 
defecation points 

(b) 

Mean 
difference 

(a-b) 

Standard 
error 

p 

NDVI dry 
Games-
Howell 

Intact Degraded -0.04 0.01 0.000 

  Lemur group A dry 0.00 0.01 0.973 

  Lemur group B dry -0.02 0.01 0.589 

Degraded Intact 0.04 0.01 0.000 

  Lemur group A dry 0.04 0.01 0.009 

  Lemur group B dry 0.02 0.01 0.414 

Lemur group A dry Intact 0.00 0.01 0.973 
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  Degraded -0.04 0.01 0.009 

  Lemur group B dry -0.02 0.02 0.561 

Lemur group B dry Intact 0.02 0.01 0.589 

  Degraded -0.02 0.01 0.414 

  Lemur group A dry 0.02 0.02 0.561 

EVI dry 
Tukey-

HSD 

Intact Degraded -0.04 0.01 0.004 

  Lemur group A dry 0.01 0.01 0.906 

  Lemur group B dry -0.04 0.01 0.000 

Degraded Intact 0.04 0.01 0.004 

  Lemur group A dry 0.04 0.01 0.000 

  Lemur group B dry -0.01 0.01 0.885 

Lemur group A dry Intact -0.01 0.01 0.906 

  Degraded -0.04 0.01 0.000 

  Lemur group B dry -0.05 0.01 0.000 

Lemur group B dry Intact 0.04 0.01 0.000 

  Degraded 0.01 0.01 0.885 

  Lemur group A dry 0.05 0.01 0.000 

MSAVI dry 
Tukey-

HSD 

Intact Degraded -0.03 0.01 0.003 

  Lemur group A dry 0.01 0.01 0.863 

  Lemur group B dry -0.04 0.01 0.001 

Degraded Intact 0.03 0.01 0.003 

  Lemur group A dry 0.04 0.01 0.000 

  Lemur group B dry 0.00 0.01 0.957 

Lemur group A dry Intact -0.01 0.01 0.863 

  Degraded -0.04 0.01 0.000 

  Lemur group B dry -0.04 0.01 0.000 

Lemur group B dry Intact 0.04 0.01 0.001 

  Degraded 0.00 0.01 0.957 

  Lemur group A dry 0.04 0.01 0.000 

NDWI dry 
Tukey-

HSD 

Intact Degraded -0.09 0.02 0.000 

  Lemur group A dry -0.01 0.02 0.932 

  Lemur group B dry -0.07 0.02 0.000 

Degraded Intact 0.09 0.02 0.000 

  Lemur group A dry 0.08 0.02 0.000 

  Lemur group B dry 0.02 0.02 0.572 

Lemur group A dry Intact 0.01 0.02 0.932 

  Degraded -0.08 0.02 0.000 

  Lemur group B dry -0.06 0.02 0.001 

Lemur group B dry Intact 0.07 0.02 0.000 

  Degraded -0.02 0.02 0.572 

  Lemur group A dry 0.06 0.02 0.001 

NDVI wet 
Games-
Howell 

Intact Degraded 0.02 0.00 0.000 

  Lemur group A wet 0.00 0.00 0.888 

  Lemur group B wet 0.07 0.02 0.002 

Degraded Intact -0.02 0.00 0.000 
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  Lemur group A wet -0.02 0.00 0.001 

  Lemur group B wet 0.05 0.02 0.028 

Lemur group A wet Intact 0.00 0.00 0.888 

  Degraded 0.02 0.00 0.001 

  Lemur group B wet 0.07 0.02 0.003 

Lemur group B wet Intact -0.07 0.02 0.002 

  Degraded -0.05 0.02 0.028 

  Lemur group A wet -0.07 0.02 0.003 

EVI wet 
Games-
Howell 

Intact Degraded 0.04 0.01 0.048 

  Lemur group A wet -0.02 0.01 0.617 

  Lemur group B wet 0.12 0.03 0.009 

Degraded Intact -0.04 0.01 0.048 

  Lemur group A wet -0.05 0.01 0.000 

  Lemur group B wet 0.08 0.03 0.090 

Lemur group A wet Intact 0.02 0.01 0.617 

  Degraded 0.05 0.01 0.000 

  Lemur group B wet 0.13 0.03 0.002 

Lemur group B wet Intact -0.12 0.03 0.009 

  Degraded -0.08 0.03 0.090 

  Lemur group A wet -0.13 0.03 0.002 

MSAVI wet 
Games-
Howell 

Intact Degraded 0.04 0.01 0.028 

  Lemur group A wet -0.01 0.01 0.785 

  Lemur group B wet 0.12 0.03 0.005 

Degraded Intact -0.04 0.01 0.028 

  Lemur group A wet -0.05 0.01 0.000 

  Lemur group B wet 0.09 0.03 0.054 

Lemur group A wet Intact 0.01 0.01 0.785 

  Degraded 0.05 0.01 0.000 

  Lemur group B wet 0.13 0.03 0.002 

Lemur group B wet Intact -0.12 0.03 0.005 

  Degraded -0.09 0.03 0.054 

  Lemur group A wet -0.13 0.03 0.002 

NDWI wet 
Games-
Howell 

Intact Degraded 0.02 0.01 0.030 

  Lemur group A wet 0.00 0.01 0.930 

  Lemur group B wet 0.06 0.02 0.005 

Degraded Intact -0.02 0.01 0.030 

  Lemur group A wet -0.03 0.01 0.001 

  Lemur group B wet 0.04 0.02 0.080 

Lemur group A wet Intact 0.00 0.01 0.930 

  Degraded 0.03 0.01 0.001 

  Lemur group B wet 0.07 0.02 0.003 

Lemur group B wet Intact -0.06 0.02 0.005 

  Degraded -0.04 0.02 0.080 

  Lemur group A wet -0.07 0.02 0.003 
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Table S4 Results of tests for differences in habitat use between lemur groups during each 

season, described by vegetation productivity and water content-related indices. Cohen’s d 

gives effect sizes of the deviation of group A from group B. For these analyses we used all 

lemur occurrence points (Lemur group A: N= 4156; Lemur group B: N= 2170). 

 

 

Table S5 Component loadings of variables used in principal component analysis, rotated 

solution. PCQ variables in blue, remote sensing variables in yellow. 

 

Variable F p T df
p (2-

sided)

Point 

estimate

Lower 

value 

95% CI

Upper 

value 

95% CI

NDVI dry 71.66 < 0.001 -13.92 1790.07 < 0.001 -0.58 -0.65 -0.50

EVI dry 47.21 < 0.001 -21.53 1831.70 < 0.001 -0.88 -0.96 -0.80

MSAVI dry 56.29 < 0.001 -21.12 1808.99 < 0.001 -0.87 -0.95 -0.79

NDWI dry 61.75 < 0.001 -21.75 1905.22 < 0.001 -0.88 -0.96 -0.80

NDVI wet 254.04 < 0.001 17.97 1457.15 < 0.001 0.79 0.72 0.86

EVI wet 58.76 < 0.001 10.21 1762.67 < 0.001 0.41 0.34 0.48

MSAVI wet 75.26 < 0.001 13.30 1735.49 < 0.001 0.54 0.46 0.61

NDWI wet 223.51 < 0.001 14.09 1637.83 < 0.001 0.58 0.51 0.66

Levene's test for 

equality of 

variances

Independent samples T-

test
Cohen's d

Variable 1 2

Number of Delonix regia 0.73075448 0.21538997

Thin tree height 0.62144679 0.20645671

Thick tree height 0.47609176 0.16858874

Thick tree crown diameter 0.45403517 0.19820352

Thin tree crown diameter 0.30197683 -0.12342231

Thick tree density 0.20861314 0.00519153

Thick tree DBH 0.18347586 0.08344323

NDVI wet 0.17853691 0.91313294

Thin tree DBH 0.15412161 -0.21847014

MSAVI wet 0.14173008 0.928876

Total tree density 0.13726768 0.06772668

EVI wet 0.13527789 0.9104982

NDWI wet 0.11014132 0.92349733

Thin tree density 0.07725064 0.0726542

NDVI dry -0.61103671 0.65570443

Number of species -0.63698443 -0.0414397

EVI dry -0.77027287 0.35572237

MSAVI dry -0.77606108 0.35731867

NDWI dry -0.85060199 0.21510567

Principal Component
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Table S6 Eigenvalues, percentage of variance accounted for and cumulative percentage of 

components extracted by the principal component analysis, including the original and rotated 

solution.  

 

 

 

 

 

 

 

 

 

 

Principal 

Component
Total

% of 

variance

Cumulative 

%
Total

% of 

variance

Cumulative 

%
Total

% of 

variance

Cumulative 

%

1 4.522 23.80 23.80 4.522 23.80 23.80 4.351 22.90 22.90

2 4.176 21.98 45.78 4.176 21.98 45.78 4.347 22.88 45.78

3 2.180 11.48 57.25

4 1.821 9.59 66.84

5 1.620 8.53 75.37

6 1.167 6.14 81.51

7 0.855 4.50 86.01

8 0.702 3.69 89.70

9 0.497 2.62 92.32

10 0.437 2.30 94.62

11 0.344 1.81 96.43

12 0.290 1.53 97.96

13 0.188 0.99 98.95

14 0.092 0.48 99.43

15 0.077 0.41 99.83

16 0.028 0.15 99.98

17 0.003 0.01 99.99

18 0.001 0.01 100.00

19 0.000 0.00 100.00

Initial eigenvalues
Extraction sums of squared 

loadings

Rotation sums of squared 

loadings
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In comparison with other restoration efforts in the tropics, projects in Madagascar are 

relatively small-scale and do not reach their full potential for counteracting some of the main 

causes of biodiversity loss and contributing to the development of sustainable livelihoods for 

the local people (Holloway, 2000, 2004). Reasons for this may be a lack of model projects and 

the scientific base to inform and convince decision-makers to invest in restoration (Birkinshaw 

et al., 2013; Carrasco et al., 2020). This potential could become relevant at times when the 

political will for extensive ecosystem restoration seems to exist, such as during the present 

UN Decade on Ecosystem Restoration that aims “to prevent, halt and reverse the degradation 

of ecosystems worldwide” (United Nations Environment Programme, 2021, p. 2). In the course 

of the African Forest Landscape Restoration Initiative (AFR100), the government of 

Madagascar has committed itself to restore 4 million hectares of land until 2030 

(https://afr100.org/).  

Even though such commitments sound promising, it has to be questioned what they really 

mean, apart from whether they are really implemented (Mansourian et al., 2017). The name 

itself reveals that commitments to the AFR100 are supposed to deal with forest landscape 

restoration. However, the Malagasy government is aiming to “reforest” around 40.000 ha of 

land per year, not to “restore” (https://afr100.org/content/madagascar). As outlined in the 

Introduction, reforestation only refers to the establishment of any sort of tree cover, whereas 

restoration includes ecological aspects and the recovery of biodiversity (Elliott et al., 2013). 

Although it might only be a matter of definition or expression, it appears that the ecological 

aspects inherent in restoration are not necessarily included in Madagascar’s commitment to 

the AFR100. This is supported by considering the results of a study chaired by the “Ministère 

de l’Environnement, de l’Écologie, de la Mer et des Forêts” of Madagascar, carried out to 

prepare the implementation of the AFR100 commitment. The authors prioritized five options 

for its implementation, two of these being “Afforestation of degraded sites with fast-growing 

species for timber, construction and service wood” and “Restoration of degraded pine forests 

(artificial forests) to restore old plantations for industrial purposes” (Lacroix et al., 2016, p. 

18). As depicted in the introduction of this dissertation, these forms of tree plantings are 

incompatible with the ecological aims of restoration, and afforestation with eucalypt and pine 

trees can even end up in an “ecological disaster” (Fernandes et al., 2016, p. 146). 

https://afr100.org/
https://afr100.org/content/madagascar
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It is certain that decisions concerning tree plantings made today will have far-reaching impact 

on biodiversity, the natural heritage of Madagascar, and the future of its people. New 

approaches and ideas are needed, to unite development for the people with conservation 

goals. One such approach could be forest restoration with plant species of use for humans and 

animals, as explored in this dissertation. In this general discussion, I summarize the key 

insights of Chapter 1 to 4 and place them in the context of other studies, drawing conclusions 

about our findings and their application throughout. 

 

Lemur food plants as a basis for restoration 

Chapter 1 gives the most up-to-date overview of lemur food plants. The last comprehensive 

overview of this type was published almost 20 years ago, by Birkinshaw and Colquhoun (2003). 

Since then, more studies on food-related behavior by lemurs have been carried out than in 55 

preceding years, proven by the fact that more than half of the data sources considered in 

Chapter 1 were published after 2001 - the year the youngest data source considered by 

Birkinshaw and Colquhoun (2003) was published - and less than half from 1945 to 2001. 

Moreover, a large number of lemur and plant species has been identified since then, and the 

taxonomic classification of many species has changed. Therefore, the time was ripe to provide 

an updated database of lemurs feeding on plants.  

The analysis in Chapter 1 revealed that out of 101 lemur species currently recognized 

(Schwitzer et al., 2014), more than half (56; 55%) are represented in the database. In addition, 

out of all 11,220 plant species occurring in Madagascar according to current estimates 

(Callmander et al., 2011), lemurs exploit 1026 (9.14%). Even though some lemur species are 

more intensively studied than others, and others again not at all, and research on primates 

including lemurs is heavily biased towards study sites (Chapter 1: Figs. 1,2; Bezanson & 

McNamara, 2019), these numbers illustrate the extensive knowledge already available about 

this lemur-plant interaction. This great knowledge harbors great potential for its use in 

restoration activities. As the database is published in an open-access data repository, 

researchers or decision-makers may freely access and use it, for instance to select plant 

species for tree plantings. My analysis of the most heavily exploited genera and families of 

plants may help to get a quick insight into taxa that come into consideration for this purpose. 
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Searches or queries of lemur or plant species within the database allow a far more detailed 

access to such information. 

Clearly, this should not be the only basis of information upon which plant species are selected 

for restoration. Other characteristics of plant species also play an important role in this 

process, such as traits related to performance (e.g., survival and growth) or to ecology of the 

plant (e.g., adaptations to environmental conditions). These were studied in plant species 

native to Madagascar for example by Pareliussen et al. (2006), Birkinshaw et al. (2009), and 

Manjaribe et al. (2013), but more research is needed that includes further species. Information 

on traits related to performance and ecology could be added to the database by the decision-

makers themselves or by future studies. Similarly, I have already added the information about 

origin, invasive status and life form - i.e., whether it is a tree, a shrub or a liana - of plant 

species to the database, which is of importance to assess their suitability for a certain 

restoration purpose. Following this example, more information can be added to allow the 

sharing of experiences and knowledge among practitioners, something that is missing in 

Madagascar (Birkinshaw et al., 2013), to improve the use of the database and therewith 

restoration.  

 

Benefits for lemurs and diversity 

By restoring forests through planting species that are used as food or habitat by lemurs, one 

could contribute to the protection of these animals. Many other animal and plant species 

would profit likewise, as they directly depend on lemurs as prey, pollinating or seed dispersing 

species (Heymann, 2011; Razafindratsima, 2014; Goodman & Ganzhorn, in press). For 

example, crowned lemurs in Oronjia dispersed 80 different plant species, and one fourth of 

these seem to be dispersed only be lemurs (Chapter 2), exemplifying the direct dependence 

of other species, in this case plant species, on lemurs. But it is not only species depending 

directly on lemurs that would benefit from their protection. The protection or restoration of 

forest habitats of lemurs as “umbrella species” would protect all the diversity of flora and 

fauna occurring in these habitats (Baden et al., 2019; Ganzhorn, 1999; Ganzhorn et al., 2000).  
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Facilitated regeneration and conclusions for application 

The seed dispersal of lemurs and other dispersers could itself play an important role in such a 

restoration. The large majority (94%) of seeds dispersed by crowned lemurs were intact, and 

the germination success and time of the majority of plant species was influenced positively 

(Chapter 2), findings that are true for some other lemur species as well (Razafindratsima, 

2014). An increased and faster germination following seed dispersal can positively impact 

fitness variables of plants such as survival, growth and fecundity (Verdú & Traveset, 2005), 

and may thus facilitate regeneration in a restoration scenario.  

Apart from primary dispersal and its influence on germination, it has to be considered that not 

all seeds reaching the forest floor get the chance to germinate. Following primary dispersal, 

seeds can be secondarily dispersed but also preyed upon, with important consequences for 

recruitment patterns (Böhning-Gaese et al., 1999; Hubbell, 1980). In Oronjia, the occurrence 

of seed predators and secondary dispersers seems to be correlated with the condition of the 

forest: the more intact the habitat, the larger was the proportion of secondarily dispersed and 

predated seeds, a pattern found also in the rainforest of Ranomafana (Fiedler et al., 2021; 

Razafindratsima, 2017). Though, as only very few of all seeds examined in Oronjia were 

secondarily dispersed without being eaten (3 of 1080), the negative influence of seed 

predation seems to predominate. This influence in turn is lower in the more disturbed areas 

savanna and degraded forest, which could theoretically lead to a high recruitment there, but 

it must be considered that there is a large grazing pressure in those areas, due to free-ranging 

zebu cattle (Bos indicus) and goats (Capra hircus). On the other hand, these animals 

themselves may act as secondary seed dispersers, as seen in the example of the tree 

Sclerocarya birrea. This species, dispersed by African elephants (Loxodonta africana) in South 

Africa, is heavily dispersed by zebus in Oronjia (Rakotondraparany & Andriambeloson, 2015). 

In conclusion, in a comprehensive planning of restoration activities, the influences of different 

primary and secondary seed dispersers, as well as predators, should be investigated 

thoroughly, in order to include measures such as cattle or goat exclusion, if necessary.  

The question remains whether primary seed dispersers such as crowned lemurs use degraded 

areas at all - depositing seeds there - or whether they stick to relatively intact forest. Indeed, 

we observed crowned lemurs also using heavily degraded forest areas almost free from 

vegetation, as long as there were still trees that could be used to travel along or to feed on. 
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Hence, structural conditions of the vegetation seem to be more important to crowned lemurs 

than general productivity or intactness of the forest (Chapter 3). Two other Eulemur species 

used forests in western dry forests with densities of trees similar or much higher than crowned 

lemurs’ habitat (our study: 906 individuals/ha; Sato, 2012: 2313 individuals/ha, Eulemur 

fulvus; Volampeno et al., 2013: 707 individuals/ha, Eulemur flavifrons; numbers refer to trees 

with a diameter at breast height larger than 5 cm), exemplifying that differences in habitat 

use may occur within the same genus. Likewise, responses to habitat degradation cannot be 

generalized for all lemurs, as there are species that avoid forest edges and degraded areas, 

whereas other species frequently use these edges, and degraded or secondary forest (Donati 

et al., 2011; Irwin et al., 2010; Knoop et al., 2018; Razafindratsima et al., 2021; Schwitzer et 

al., 2007b). Nevertheless, it seems possible to lure some species into restoration areas, a 

concept applying not only to lemurs, but also to other dispersers such as birds or bats 

(Martinez & Razafindratsima, 2014; Ramananjato et al., 2020; Wunderle Jr., 1997). Single 

planted food trees or bushes, or suitable little habitat patches, might then act as seed centers 

(“nuclei”), analogous to remnant food trees on forest clearings (Chapter 3). Even though this 

does not apply to all plant species and environmental conditions, germination and seedling 

growth, and thus recruitment, were found to be particularly high in open areas found around 

nuclei or in forest gaps. Therefore, these nuclei can act as starting points for natural forest 

regeneration (Charles et al., 2019; Corbin & Holl, 2012; Guevara et al., 1986; Holloway, 2000; 

Jacob et al., 2017; Manjaribe et al., 2013; Razafindratsima & Dunham, 2015; Yarranton & 

Morrison, 1974).  

 

Previous and future application in restoration projects 

To my knowledge, there are only two projects so far that included the approach of planting 

food plants to attract lemurs for facilitating regeneration, and reported on it in the scientific 

literature. The first one has been carried out around the Masoala National Park in 

northeastern Madagascar. There, the Wildlife Conservation Society planted native tree 

species into degraded and cleared forest areas lying between intact rainforest blocks, to lure 

frugivorous vertebrates to these areas (Holloway, 2004). Subsequently, the seed dispersal 

patterns by the red ruffed lemur (Varecia rubra) and its effect on regeneration were studied 

by Razafindratsima & Razafimahatratra (2010), Razafindratsima & Martinez (2012) and 
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Martinez & Razafindratsima (2014). Their main findings were that lemurs used forest edges, 

open canopy areas and small vegetation structures to travel and forage. Thereby they 

dispersed a large number of intact seeds belonging to native and non-native species - 41 

species in total - into undisturbed forest and restoration sites, the majority into the former. 

The lemurs’ gut passage had a positive effect on germination, growth and survival of defecated 

seeds or seedlings, respectively. Another important finding was that red ruffed lemurs fed 

extensively on Clidemia hirta, its seeds were among the four most frequently dispersed taxa. 

C. hirta is a fast-growing nonnative shrub that was not planted by the program, but fruits year-

round (Wester & Wood, 1977), therefore playing an important role in luring the lemurs into 

the regenerating parcels. However, the species is considered invasive in Madagascar (Kull et 

al., 2012), and there is the risk of dispersal to the natural forest via the lemurs, and its 

subsequent establishment, as it can thrive in all possible light conditions (Wester & Wood, 

1977). How C. hirta will affect the forest structure and community of restoration plantings and 

natural forest in the future cannot be reliably predicted, both positive and negative effects on 

the regeneration of native plants are possible (Martinez & Razafindratsima, 2014). The 

conclusions regarding the ecological outcome of the project were generally positive, because 

a young diverse forest has grown back, with lemurs playing an important role. Further 

research is still needed to assess the long-term success, and also the effect of the C. hirta 

dispersal (Holloway, 2007; Razafindratsima & Martinez, 2012).  

The second project is the “Education Promoting Reforestation Project”, carried out in 

Kianjavato, southeastern Madagascar (Manjaribe et al., 2013). In a community-based effort, 

a corridor between remaining forest fragments was planted using native and introduced 

species that are food plants of Varecia variegata, or species used by the local people to 

produce timber, to harvest fruits or essential oils. Manjaribe et al. (2013) studied germination 

of seeds defecated by lemurs and extracted from fruits, and survival and growth of seedlings 

5 and 16 months after planting. For the majority of species, the germination percentage was 

higher for seeds passed by the lemurs than for seeds extracted from fruits. Therefore, 

Manjaribe et al. (2013) consider the collection of defecated seeds and raising plants of them 

as an appropriate measure to optimize and accelerate reforestation efforts. The seedling 

survival varied greatly among the species, with high and low survival rates both among 

introduced and native species. While growth rates were generally higher in introduced 

species, there were also native species with high rates, which is why they are proposed as 
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alternatives to introduced pioneer species by Manjaribe et al. (2013). As by the time of the 

publication the project was still in the initial phase, no further conclusions concerning the long-

term success, for example with regard to regeneration, could be drawn.  

As summarizing these projects documents, the approach of planting species to attract seed 

dispersers such as lemurs is poorly represented so far, both in terms of implementation and 

of scientific monitoring. Both projects were carried out in the rainforest, none so far in the dry 

forest. To counteract this, it is necessary to apply the approach and study its successes and 

problems in further areas. This application would be imaginable not only in the form of Forest 

Landscape Restoration, but also in reforestation and restoration schemes whose 

implementation is less complex. For example, mixed-species plantations could be established, 

or existing monocultures could be enriched with different plant species. Promising results 

come from experiments on biodiversity enrichment in palm oil plantations. In those 

experiments, tree islands of different sizes, composed of native species, were planted into 

conventional plantations. The studies revealed a positive impact of the enrichment on 

structural complexity and biodiversity, while the yield was maintained (Gérard et al., 2017; 

Teuscher et al., 2016; Zemp et al., 2019). In Madagascar, these results could be transferred to 

vanilla or cacao plantations. Depending on the type of management these support different 

lemur species already, but often cannot be considered real habitat in terms of floral species 

richness and structural diversity (Hending et al., 2018, 2020; Webber et al., 2020).  

In conclusion, though research and application are still largely absent, it would be a gain for 

nature and its protection to restore forest habitats with lemur food plants. However, it is 

questionable whether these habitats could last in Madagascar, where anthropogenic 

disturbance is high, illustrated by the fact that about half of the forest is less than 100 m from 

the forest edge (Vieilledent et al., 2018). Many years of experience prove that without taking 

into account the economic and resource needs of the local population, nature conservation is 

doomed to fail. This seems logical, because the use of resources by humans is often the reason 

for the need for nature conservation in the first place (Aymoz et al., 2013; Durbin & Ralambo, 

1994; Gardner et al., 2013; Mansourian et al., 2017; Marcus, 2001).  
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Planting species of benefit for animals and humans 

One possibility to integrate needs of animals and humans in conservation efforts could be to 

plant species of mutual benefit. Such species are easy to find, exemplified by the plant species 

that are exploited most often and by most different lemur species (Table 2, Chapter 1). These 

are all being used by humans in a variety of ways, for example parts of the plants are used for 

house building, as food or medicine (Rabearivony et al., 2015; Rakotoarivelo et al., 2014; 

Styger et al., 1999). To gain access to plants of mutual benefit it is also possible to proceed the 

other way around, i.e., to examine utilitarian plants of humans with regard to their use by 

animals. Of 139 plant taxa that are used as food, medicine or to produce charcoal by the 

people in three different regions of Madagascar, 72 are being used by more than 200 different 

terrestrial vertebrate species as habitat or food (Chapter 4). These numbers illustrate on the 

one hand the large knowledge we already have about vertebrate-plant interactions, though 

definitely not yet at its limit; and the great treasure of knowledge that local people have about 

plant utilization, of which only a glimpse is known to the scientific world. On the other hand, 

these numbers illustrate the significance of plants of mutual benefit, and their potential to be 

used in principle in all kinds of planting efforts.  

However, this approach of using plant species of mutual benefit for restoration does not only 

harbor potential, but also the risk of conflict due to competition and disease transmission, 

which is introduced in the next paragraphs. Thereafter, the use of introduced plant species is 

dealt with in a separate paragraph, as they represent both an opportunity and a risk for the 

purpose of restoration (Carrière & Randriambanona, 2007; Gérard et al., 2015; Manjaribe et 

al., 2013).  

 

Risk of conflict due to competition and disease transmission  

If species are planted in restoration activities that are being used by humans and animals alike, 

this could lead to competition for resources. There are incidences of crop-raiding by lemurs 

with a negative impact on food and livelihood security of the local people, and thus human-

animal conflicts (LaFleur & Gould, 2009; Loudon et al., 2006; Nadhurou et al., 2017). 

Competition for fruit trees such as mango or litchi, on the other hand, seems to be less likely, 

as they produce large quantities of fruits over a short time span and may satisfy both humans’ 

and animals’ needs (Gérard et al., 2015; own observation, Oronjia, 2019). In agroforestry 
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systems of cacao and vanilla production even win-win situations are possible, where lemurs 

benefit from fruit plants different than the cultivar, and farmers from the seed dispersal and 

positive effect on regeneration, and possibly the contribution of primates to primary 

productivity (Estrada et al., 2012; Hending et al., 2018, 2020; Webber et al., 2020). On the 

other hand, there could be relatively close contact between humans and animals in such 

systems, with the risk of disease or parasite transmission in both directions (Bublitz et al., 

2015; Ehlers et al., 2019; Estrada et al., 2012; Ragazzo et al., 2018). Transmission to humans 

might for example take place via feces, which could be ingested by consuming improperly 

washed fruit; transmission to lemurs can happen through the consumption of fecal matters 

(coprophagy) of humans or their domesticated animals (Loudon et al., 2006).  

In conclusion, especially crops harbor the risk of human-animal conflict due to resource 

competition, while this risk seems to be lower in other cultivation systems. Also, there is the 

real risk of transmission of diseases in both directions, a risk that already appears to be 

extremely high in Madagascar’s forests, where hunting on lemurs is common, and where 

fragmentation has progressed to the point that about 80% of the forest are less than 1 km 

away from the forest edge (Borgerson et al., 2021; Harper et al., 2007). Nevertheless, these 

dangers should not be ignored during restoration planning, and research on and measures for 

their prevention are needed. One example, how such a measure for the prevention of 

resource competition could look like, is planting tree species of which different resources are 

used by humans and animals. The traveller’s tree (Ravenala madagascariensis) is such a 

species: its nectar is exploited by a variety of lemur species, which thus contribute to the 

plant’s pollination, and different plant parts are used by humans as food, as construction 

material, and to produce tools and utensils (Andriamaharoa et al., 2010; Birkinshaw & 

Colquhoun, 1998; Kress et al., 1994; Rabearivony et al., 2015; Rakotoarivelo et al., 2014). 

 

Introduced species: opportunity and risk  

Introduced plant species can offer resources such as habitat structures or food to the 

Malagasy fauna. This becomes especially important in times of food scarcity due to the natural 

phenological cycle of the native plants, or due to natural disasters such as cyclones, or in early 

phases of colonizing or recolonizing habitats (Donati et al., 2020; Eppley et al., 2015; Hending 

et al., 2021; Ratsimbazafy et al., 2002). In addition to their significance for the fauna, these 

plant species offer several important ecosystem services to humans, such as the provision 



General Discussion 

134 
 

with food or timber that is usually the reason for introducing them in the first place (Gérard 

et al., 2015; Kull et al., 2012). However, this potential for exploitation is offset by the risk of 

invasion of native species communities, which can have diverse serious consequences both 

ecologically, e.g., through preventing regeneration of native plants or degrading soils 

(Binggeli, 2003; Bosshard and Mermod, 1996, as cited in Kull et al., 2015), and economically, 

e.g., through reducing agricultural productivity or blocking waterways (Kull et al., 2015).  

Chapter 1 revealed that lemurs exploit 7.40% (102) of all plant species that have been 

introduced to Madagascar (1379), and 33.33% (34) of these are considered invasive according 

to Kull et al. (2012). These numbers are similar for endemic vertebrates in general (Gérard et 

al., 2015). Within the individual lemur genera, there are large differences in the use of 

introduced and invasive plant species, ranging from more than 40% of all feeding observations 

made on introduced species in Daubentonia, to 0% in Indri (Figure 5, Chapter 1). Of all species 

exploited by crowned lemurs in Oronjia about 8% are introduced, and 4% are invasive 

(Chapter 2). Thus, they are not far from the average in Eulemur, with about 12% introduced 

and 3% invasive (Chapter 1). These numbers reveal that exploitation and spread of invasive 

plant species through lemurs is likely, which is not due to their preference for these species, 

but simply because they are often available in the anthropogenically disturbed habitats of 

Madagascar (Gérard et al., 2015). Availability may also explain the large differences in use of 

introduced plant species between the lemur genera. Daubentonia, for example, was often 

studied in cultivated areas, and Indri in natural forests, which obviously differ in the 

occurrence of introduced plant species.   

As a conclusion for restoration activities and especially for including lemurs in these activities, 

measures for the prevention and fight against the spread of invasive species should be 

implemented from the beginning. The database of Chapter 1 may play a role in this, because 

it can serve to find out which species of plants are exploited and potentially dispersed by 

lemurs, and also whether these plants are considered invasive. However, it has to be kept in 

mind that even if certain species are more likely to become invasive than others due to their 

characteristics, species are not invasive per se. The consequences rather depend on the 

environment where plants are introduced, with disturbed habitats being prone to invasion 

(DeSisto et al., 2020; Kull et al., 2015; Richardson et al., 2000). Furthermore, the invasive status 

of species or populations may change over time, and even widely spread populations of 
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introduced species may be outcompeted by regenerating native plants in the long term (Kull 

et al., 2015). Thus, if ecosystems or ecosystem restorations are kept more natural, where 

niches are occupied by native species or will so in the future, there should also be fewer 

problems with species’ invasions, and one could tackle their causes rather than their 

consequences. 

 

Conclusions and outlook 

This dissertation has shown that seed dispersal by lemurs may positively influence 

regeneration and diversity of Madagascar’s degraded forests. With this, it seems reasonable 

to integrate these animals into restoration activities, and the results of our research can 

facilitate to do so. The approach to plant species to attract lemurs, and in the best case also 

to benefit humans, is extendable and replicable in all parts of Madagascar. Even though 

crowned lemurs seem to be a key disperser species, Eulemur species are in general flexible 

(except that they heavily rely on fruits in their diet: Sato et al., 2016) and spread over the 

whole country except the far southwest, thus they may play an important role in the approach 

(Donati et al., 2011; Mittermeier et al., 2010; Sato et al., 2014, 2016; Schwitzer et al., 2007a). 

But even formerly overlooked and omnivorous genera or species, such as Microcebus spp., 

can have an important influence on forest regeneration and diversity through seed dispersal 

(Génin & Rambeloarivony, 2018; Ramananjato et al., 2020), making clear that this ecological 

interaction is not restricted to certain genera or their dietary classification. Except for 

Microcebus and other genera with small body sizes, lemurs generally disperse relatively large 

seeds, while birds and bat disperse smaller seeds (Razafindratsima, 2014). This does not 

implicate though, that seed dispersal of bats and birds should be neglected, but rather that 

they complementarily disperse other plant species and may likewise play a role in 

regeneration of diverse forests in the process of restoration.  

To bring forward the rehabilitation of Madagascar’s forests, it seems neither promising to 

condemn plantations per se, nor to overestimate restoration (Ganzhorn, 1987; Lavialle et al., 

2015). It would rather be desirable to include more ecological aspects into reforestation and 

to support restoration wherever possible, in order to integrate the aspects of biodiversity 

conservation and human development. While our approach of planting species of mutual 
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benefit is a step in this direction, it is surely not a solution to all problems, and further 

measures to generate alternative and sustainable sources of income should be pursued.   

Importantly, the mutual use of plant species only works in the long run if resources are used 

sustainably by humans, rather than being overexploited. Returning to the example of 

Ravenala madagascariensis, this is not yet the case, strategies for its sustainable use are 

lacking (Rakotoarivelo et al., 2014). Therefore, research in this direction should be carried out. 

A positive example of such research refers to yam (Dioscorea spp.), an important food plant 

of people from many different regions of Madagascar, which is usually collected in the wild 

with often devastating impact on its regeneration (Jeannoda et al., 2003). Randriamboavonjy 

et al. (2013) determined the importance as a food source and the degree of exploitation of 

different yam species, and successfully established a cultivation system of Dioscorea alata, 

reducing the pressure on wild yams. Another example is “samata” (Euphorbia stenoclada), a 

native tree that is the most important fodder plant for cattle during the dry season in 

southwestern Madagascar. Overexploitation and unsustainable techniques of utilization have 

led to its degradation, but measures how to efficiently reproduce and sustainably use this 

plant were found and promoted (Goetter, 2017; Goetter et al., 2015).   

Overall, more research and especially applications need to be done concerning the approach 

of restoration discussed in this dissertation. By doing so, it will be possible to assess the chance 

of successfully rehabilitating Madagascar’s diverse forests. There are also risks, for instance in 

terms of possible competition between animals and humans. However, from a pragmatic 

point of view, it is better to have a forest to fight over than to have no forest at all. 



General Discussion: References 

137 
 

References 

Andriamaharoa, H., Birkinshaw, C., & Reza, L. (2010). Day-time feeding ecology of Eulemur cinereiceps 

in the Agnalazaha Forest, Mahabo-Mananivo, Madagascar. Madagascar Conservation & 

Development, 5, 55–63. http://dx.doi.org/10.4314/mcd.v5i1.57341 

Aymoz, B. G. P., Randrianjafy, V. R., Randrianjafy, Z. J. N., & Khasa, D. P. (2013). Community 

management of natural resources: a case study from Ankarafantsika National Park, 

Madagascar. AMBIO, 42(6), 767–775. https://doi.org/10.1007/s13280-013-0391-9 

Baden, A. L., Mancini, A. N., Federman, S., Holmes, S. M., Johnson, S. E., Kamilar, J., Louis, E. E., & 

Bradley, B. J. (2019). Anthropogenic pressures drive population genetic structuring across a 

Critically Endangered lemur species range. Scientific Reports, 9(1), 16276. 

https://doi.org/10.1038/s41598-019-52689-2 

Bezanson, M., & McNamara, A. (2019). The what and where of primate field research may be failing 

primate conservation. Evolutionary Anthropology: Issues, News, and Reviews, 28(4), 166–178. 

https://doi.org/10.1002/evan.21790 

Binggeli, P. (2003). Introduced and invasive plants. In S. M. Goodman & J. P. Benstead (Eds.), The 

Natural History of Madagascar (pp. 257–268). Chicago: The University of Chicago Press. 

Birkinshaw, C., Andrianjafy, M., & Rasolofonirina, J.-J. (2009). Survival and growth of seedlings of 19 

native tree and shrub species planted in degraded forest as part of a forest restoration project 

in Madagascar’s highlands. Madagascar Conservation & Development, 4(2), 128–131. 

https://doi.org/10.4314/mcd.v4i2.48653 

Birkinshaw, C., & Colquhoun, I. C. (1998). Pollination of Ravenala madagascariensis and Parkia 

madagascariensis by Eulemur macaco in Madagascar. Folia Primatologica, 69, 252–259. 

https://doi.org/10.1159/000021634 

Birkinshaw, C., & Colquhoun, I. C. (2003). Lemur food plants. In S. M. Goodman & J. P. Benstead (Eds.), 

The Natural History of Madagascar (pp. 1207–1220). Chicago: The University of Chicago Press. 

Birkinshaw, C., Lowry II, P. P., Raharimampionona, J., & Aronson, J. (2013). Supporting target 4 of the 

global strategy for plant conservation by integrating ecological restoration into the Missouri 

Botanical Garden’s conservation program in Madagascar. Annals of the Missouri Botanical 

Garden, 99(2), 139–146. https://doi.org/10.3417/2012002 

Böhning-Gaese, K., Gaese, B. H., & Rabemanantsoa, S. B. (1999). Importance of primary and secondary 

seed dispersal in the Malagasy tree Commiphora guillaumini. Ecology, 80(3), 821–832. 

https://doi.org/10.2307/177020 

Borgerson, C., Johnson, S. E., Hall, E., Brown, K. A., Narváez-Torres, P. R., Rasolofoniaina, B. J. R., 

Razafindrapaoly, B. N., Merson, S. D., Thompson, K. E. T., Holmes, S. M., Louis, E. E., & Golden, 



General Discussion: References 

138 
 

C. D. (2021). A national-level assessment of lemur hunting pressure in Madagascar. 

International Journal of Primatology. https://doi.org/10.1007/s10764-021-00215-5 

Bublitz, D. C., Wright, P. C., Rasambainarivo, F. T., Arrigo-Nelson, S. J., Bodager, J. R., & Gillespie, T. R. 

(2015). Pathogenic enterobacteria in lemurs associated with anthropogenic disturbance. 

American Journal of Primatology, 77(3), 330–337. https://doi.org/10.1002/ajp.22348 

Callmander, M. W., Phillipson, P. B., Schatz, G. E., Andriambololonera, S., Rabarimanarivo, M., 

Rakotonirina, N., Raharimampionona, J., Chatelain, C., Gautier, L., & Lowry II, P. P. (2011). The 

endemic and non-endemic vascular flora of Madagascar updated. Plant Ecology and Evolution, 

144(2), 121–125. https://doi.org/10.5091/plecevo.2011.513 

Carrasco, J., Price, V., Tulloch, V., & Mills, M. (2020). Selecting priority areas for the conservation of 

endemic trees species and their ecosystems in Madagascar considering both conservation 

value and vulnerability to human pressure. Biodiversity and Conservation, 29(6), 1841–1854. 

https://doi.org/10.1007/s10531-020-01947-1 

Carrière, S. M., & Randriambanona, H. (2007). Biodiversité introduite et autochtone: Antagonisme ou 

complémentarité? Le cas de l’eucalyptus à Madagascar. Bois et forêt des Tropiques, 292(2), 5–

21. 

Charles, L. S., Dwyer, J. M., Chapman, H. M., Yadok, B. G., & Mayfield, M. M. (2019). Landscape 

structure mediates zoochorous-dispersed seed rain under isolated pasture trees across 

distinct tropical regions. Landscape Ecology, 34(6), 1347–1362. 

https://doi.org/10.1007/s10980-019-00846-3 

Corbin, J. D., & Holl, K. D. (2012). Applied nucleation as a forest restoration strategy. Forest Ecology 

and Management, 265, 37–46. https://doi.org/10.1016/j.foreco.2011.10.013 

DeSisto, C. M. M., Park, D. S., Davis, C. C., Ramananjato, V., Tonos, J. L., & Razafindratsima, O. H. (2020). 

An invasive species spread by threatened diurnal lemurs impacts rainforest structure in 

Madagascar. Biological Invasions, 22(9), 2845–2858. https://doi.org/10.1007/s10530-020-

02293-7 

Donati, G., Campera, M., Balestri, M., Barresi, M., Kesch, K., Ndremifidy, K., Rabenantoandro, J., 

Racevska, E., Randriatafika, F., Ravaolahy, M., Ravoahangy, A. M., Roma, M., Rowe, F., Santini, 

L., Serra, V., Zander, S. L., Tsagnangara, C., Vincelette, M., & Ramanamanjato, J. (2020). Life in 

a fragment: evolution of foraging strategies of translocated collared brown lemurs, Eulemur 

collaris, over an 18‐year period. American Journal of Primatology, 82(4), e23106. 

https://doi.org/10.1002/ajp.23106 

Donati, G., Kesch, K., Ndremifidy, K., Schmidt, S. L., Borgognini-Tarli, S. M., & Ganzhorn, J. U. (2011). 

Better few than hungry: flexible feeding ecology of collared lemurs Eulemur collaris in littoral 

forest fragments. PLoS ONE, 6, e19807. https://doi.org/10.1371/journal.pone.0019807 



General Discussion: References 

139 
 

Durbin, J. C., & Ralambo, J. A. (1994). The role of local people in the successful maintenance of 

protected areas in Madagascar. Environmental Conservation, 21(2), 115–120. 

https://doi.org/10.1017/S037689290002453X 

Ehlers, J., Poppert, S., Ratovonamana, R. Y., Ganzhorn, J. U., Tappe, D., & Krüger, A. (2019). 

Ectoparasites of endemic and domestic animals in southwest Madagascar. Acta Tropica, 196, 

83–92. https://doi.org/10.1016/j.actatropica.2019.05.008 

Elliott, S., Blakesley, D., & Hardwick, K. (2013). Restoring Tropical Forests: A Practical Guide. Kew: Royal 

Botanic Gardens. 

Eppley, T. M., Donati, G., Ramanamanjato, J.-B., Randriatafika, F., Andriamandimbiarisoa, L. N., 

Rabehevitra, D., Ravelomanantsoa, R., & Ganzhorn, J. U. (2015). The use of an invasive species 

habitat by a small folivorous primate: implications for lemur conservation in Madagascar. PLoS 

ONE, 10(11), e0140981. https://doi.org/10.1371/journal.pone.0140981 

Estrada, A., Raboy, B. E., & Oliveira, L. C. (2012). Agroecosystems and primate conservation in the 

tropics: a review. American Journal of Primatology, 74(8), 696–711. 

https://doi.org/10.1002/ajp.22033 

Fernandes, G. W., Coelho, M. S., Machado, R. B., Ferreira, M. E., Aguiar, L. M. de S., Dirzo, R., Scariot, 

A., & Lopes, C. R. (2016). Afforestation of savannas: an impending ecological disaster. Natureza 

& Conservação, 14(2), 146–151. https://doi.org/10.1016/j.ncon.2016.08.002 

Fiedler, P. M. A., De Lapparent, A., Razafitsalama, J., Sanamo, J., Steffens, K. J. E., & Ganzhorn, J. U. 

(2021). Secondary seed removal in a degraded forest habitat in Madagascar. Scientific Reports, 

11, 16823. https://doi.org/10.1038/s41598-021-96306-7 

Ganzhorn, J. U. (1987). A possible role of plantations for primate conservation in Madagascar. 

American Journal of Primatology, 12, 205–215. https://doi.org/10.1002/ajp.1350120208 

Ganzhorn, J. U. (1999). Lemurs as indicators for assessing biodiversity in forest ecosystems of 

Madagascar: why it does not work. In A. Kratochwil (Ed.), Biodiversity in ecosystems: principles 

and case studies of different complexity levels (pp. 163–174). Dordrecht: Kluwer Academic 

Publishers. https://doi.org/10.1007/978-94-011-4677-7_10  

Ganzhorn, J. U., Goodman, S. M., Ramanamanjato, J.-B., Ralison, J., Rakotondravony, D., & 

Rakotosamimanana, B. (2000). Effects of fragmentation and assessing minimum viable 

populations of lemurs in Madagascar. In G. Rheinwald (Ed.), Isolated Vertebrate Communities 

in the Tropics (pp. 265–272). Bonn: Zoologisches Forschungsinstitut und Museum A. König. 

Gardner, C. J., Nicoll, M. E., Mbohoahy, T., Oleson, K. L. L., Ratsifandrihamanana, A. N., Ratsirarson, J., 

René de Roland, L.-A., Virah-Sawmy, M., Zafindrasilivonona, B., & Davies, Z. G. (2013). 

Protected areas for conservation and poverty alleviation: experiences from Madagascar. 

Journal of Applied Ecology, 50(6), 1289–1294. https://doi.org/10.1111/1365-2664.12164 



General Discussion: References 

140 
 

Génin, F., & Rambeloarivony, H. (2018). Mouse lemurs (Primates: Cheirogaleidae) cultivate green fruit 

gardens. Biological Journal of the Linnean Society, 124, 607–620. 

https://doi.org/10.1093/biolinnean/bly087 

Gérard, A., Ganzhorn, J. U., Kull, C. A., & Carrière, S. M. (2015). Possible roles of introduced plants for 

native vertebrate conservation: the case of Madagascar. Restoration Ecology, 23(6), 768–775. 

https://doi.org/10.1111/rec.12246 

Gérard, A., Wollni, M., Hölscher, D., Irawan, B., Sundawati, L., Teuscher, M., & Kreft, H. (2017). Oil-

palm yields in diversified plantations: initial results from a biodiversity enrichment experiment 

in Sumatra, Indonesia. Agriculture, Ecosystems & Environment, 240, 253–260. 

https://doi.org/10.1016/j.agee.2017.02.026 

Goetter, J. (2017). Sustainable propagation of the fodder tree Euphorbia stenoclada (“samata”) using 

cuttings (WOCAT-Technology). In H. Liniger, R. M. Studer, P. Moll, & U. Zander (Eds.), Making 

sense of research for sustainable land management (pp. 227–230). Leipzig: Centre for 

Development and Environment (CDE), University of Bern, Switzerland and Helmholtz-Centre 

for Environmental Research GmbH – UFZ. 

Goetter, J., Rabemirinra, H. A., Antsonantenainarivony, G. O., Tahirindraza, H. S., Feldt, T., Ahlers, F., 

Müller, C., Ratovonamana, Y., & Weiss, D. (2015). Utilisation de l’arbre fourragère samata 

(Euphorbia stenoclada), le problème de sa dégénération, et l’approche pour l’atténuation: 

Résultats du projet SuLaMa. In S. Kobbe, E. Verjans, J. Nopper, J. C. Riemann, L. Prill, T. 

Andrianasolo, S. J. Rakotondranary, D. Fraust, R. Ratsimbarison, & D. Kübler (Eds.), Recherche 

participative pour le soutien de la gestion durable des terres du Plateau Mahafaly dans le sud-

ouest de Madagascar: Conclusions préliminaires (pp. 32–36). Hamburg: Universität Hamburg. 

Goodman, S. M., & Ganzhorn, J. U. (in press). Predation on lemurs. In S. M. Goodman (Ed.), The New 

Natural History of Madagascar. Princeton: Princeton University Press.  

Guevara, S., Purata, S. E., & Van der Maarel, E. (1986). The role of remnant forest trees in tropical 

secondary succession. Vegetatio, 66, 77–84. https://doi.org/10.1007/BF00045497 

Harper, G. J., Steininger, M. K., Tucker, C. J., Juhn, D., & Hawkins, F. (2007). Fifty years of deforestation 

and forest fragmentation in Madagascar. Environmental Conservation, 34(4), 325–333. 

https://doi.org/10.1017/S0376892907004262 

Hending, D., Andrianiaina, A., Maxfield, P., Rakotomalala, Z., & Cotton, S. (2020). Floral species 

richness, structural diversity and conservation value of vanilla agroecosystems in Madagascar. 

African Journal of Ecology, 58(1), 100–111. https://doi.org/10.1111/aje.12682 

Hending, D., Andrianiaina, A., Rakotomalala, Z., & Cotton, S. (2018). The use of vanilla plantations by 

lemurs: encouraging findings for both lemur conservation and sustainable agroforestry in the 



General Discussion: References 

141 
 

Sava region, northeast Madagascar. International Journal of Primatology, 39(1), 141–153. 

https://doi.org/10.1007/s10764-018-0022-1 

Hending, D., Randrianarison, H., Holderied, M., McCabe, G., & Cotton, S. (2021). The kapok tree (Ceiba 

pentandra (L.) Gaertn, Malvaceae) as a food source for native vertebrate species during times 

of resource scarcity and its potential for reforestation in Madagascar. Austral Ecology, 46(8), 

1440-1444. https://doi.org/10.1111/aec.13076 

Heymann, E. W. (2011). Florivory, nectarivory, and pollination - a review of primate-flower 

interactions. Ecotropica, 17, 41–52. 

Holloway, L. (2000). Catalysing rainforest restoration in Madagascar. In W. R. Lourenço & S. M. 

Goodman (Eds.), Diversité et endémisme à Madagascar - Diversity and endemism in 

Madagascar (pp. 115–124). Paris: Mémoires de la Société de Biogéographie. 

Holloway, L. (2004). Ecosystem restoration and rehabilitation in Madagascar. Ecological Restoration, 

22(2), 113–119. https://doi.org/10.3368/er.22.2.113 

Holloway, L. (2007). Targeting sustainable options for restoring natural capital in Madagascar. In J. 

Aronson, S. J. Milton, & J. N. Blignaut (Eds.), Restoring Natural Capital: Science, Business, and 

Practice (pp. 64–75). Washington: Island Press. 

Hubbell, S. P. (1980). Seed predation and the coexistence of tree species in tropical forests. Oikos, 

35(2), 214–229. https://doi.org/10.2307/3544429 

Irwin, M. T., Wright, P. C., Birkinshaw, C., Fisher, B. L., Gardner, C. J., Glos, J., Goodman, S. M., Loiselle, 

P., Rabeson, P., Raharison, J.-L., Raherilalao, M. J., Rakotondravony, D., Raselimanana, A., 

Ratsimbazafy, J., Sparks, J. S., Wilmé, L., & Ganzhorn, J. U. (2010). Patterns of species change 

in anthropogenically disturbed forests of Madagascar. Biological Conservation, 143(10), 2351–

2362. https://doi.org/10.1016/j.biocon.2010.01.023 

Jacob, A. L., Lechowicz, M. J., & Chapman, C. A. (2017). Non-native fruit trees facilitate colonization of 

native forest on abandoned farmland. Restoration Ecology, 25(2), 211–219. 

https://doi.org/10.1111/rec.12414 

Jeannoda, V.-H., Jeannoda, V., Hladik, A., & Hladik, C. M. (2003). Les ignames de Madagascar. Diversité, 

utilisations et perceptions. Hommes et Plantes, 47, 10–23. 

Knoop, S., Chikhi, L., & Salmona, J. (2018). Mouse lemurs’ use of degraded habitat. Lemur News, 21, 

20–31. 

Kress, W. J., Schatz, G. E., Andrianifahanana, M., & Morland, H. S. (1994). Pollination of Ravenala 

madagascariensis (Strelitziaceae) by lemurs in Madagascar: evidence for an archaic 

coevolutionary system? American Journal of Botany, 81, 542–551. 

https://doi.org/10.1002/j.1537-2197.1994.tb15483.x 



General Discussion: References 

142 
 

Kull, C. A., Tassin, J., & Carrière, S. M. (2015). Approaching invasive species in Madagascar. Madagascar 

Conservation & Development, 9(2), 60–70. https://doi.org/10.4314/mcd.v9i2.2 

Kull, C. A., Tassin, J., Moreau, S., Ramiarantsoa, H. R., Blanc-Pamard, C., & Carrière, S. M. (2012). The 

introduced flora of Madagascar. Biological Invasions, 14(4), 875–888. 

https://doi.org/10.1007/s10530-011-0124-6 

Lacroix, E., Carodenuto, S., Richter, F., Pistorius, T., & Tennigkeit, T. (2016). Restauration des Paysages 

Forestiers. Evaluation des potentialités dans le contexte des engagements de Bonn 2.0 et de la 

Déclaration de New York sur les forêts. Méthodologie et résultats pour Madagascar. Freiburg: 

UNIQUE forestry and land use GmbH. 

LaFleur, M., & Gould, L. (2009). Feeding outside the forest: the importance of crop raiding and an 

invasive weed in the diet of gallery forest ring-tailed lemurs (Lemur catta) following a cyclone 

at the Beza Mahafaly Special Reserve, Madagascar. Folia Primatologica, 80, 233–246. 

https://doi.org/10.1159/000240968 

Lavialle, J., Carrière, S. M., Miandrimanana, C., Tilahimena, A., Birkinshaw, C., & Aronson, J. (2015). 

Complementarity of native and introduced tree species: exploring timber supply on the east 

coast of Madagascar. Madagascar Conservation & Development, 10, 137–143. 

https://doi.org/10.4314/mcd.v10i3.6 

Loudon, J. E., Sauther, M. L., Fish, K. D., Hunter-Ishikawa, M., & Ibrahim, Y. J. (2006). One reserve, three 

primates: applying a holistic approach to understand the interconnections among ring-tailed 

lemurs (Lemur catta), Verreaux’s sifaka (Propithecus verreauxi), and humans (Homo sapiens) 

at Beza Mahafaly Special Reserve, Madagascar. Ecological and Environmental Anthropology, 

2(2), 54–74. 

Manjaribe, C., Frasier, C. L., Rakouth, B., & Louis Jr., E. E. (2013). Ecological restoration and 

reforestation of fragmented forests in Kianjavato, Madagascar. International Journal of 

Ecology, 2013, 726275. https://doi.org/10.1155/2013/726275 

Mansourian, S., Stanturf, J. A., Derkyi, M. A. A., & Engel, V. L. (2017). Forest Landscape Restoration: 

increasing the positive impacts of forest restoration or simply the area under tree cover? 

Restoration Ecology, 25(2), 178–183. https://doi.org/10.1111/rec.12489 

Marcus, R. R. (2001). Seeing the forest for the trees: integrated conservation and development projects 

and local perceptions of conservation in Madagascar. Human Ecology, 29(4), 381–397. 

https://doi.org/10.1023/A:1013189720278 

Martinez, B. T., & Razafindratsima, O. H. (2014). Frugivory and seed dispersal patterns of the red-ruffed 

lemur, Varecia rubra, at a forest restoration site in Masoala National Park, Madagascar. Folia 

Primatologica, 85, 228–243. https://doi.org/10.1159/000363408 



General Discussion: References 

143 
 

Mittermeier, R. A., Louis Jr., E. E., Richardson, M., Schwitzer, C., Langrand, O., Rylands, A. B., Hawkins, 

F., Rajaobelina, S., Ratsimbazafy, J., Rasoloarison, R., Roos, C., Kappeler, P. M., & Mackinnon, 

J. (2010). Lemurs of Madagascar, 3rd edition. Bogotá: Conservation International. 

Nadhurou, B., Righini, R., Gamba, M., Laiolo, P., Ouledi, A., & Giacoma, C. (2017). Effects of human 

disturbance on the mongoose lemur Eulemur mongoz in Comoros: implications and potential 

for the conservation of a Critically Endangered species. Oryx, 51(1), 60–67. 

https://doi.org/10.1017/S0030605315000897 

Pareliussen, I., Olsson, E. G. A., & Armbruster, W. S. (2006). Factors limiting the survival of native tree 

seedlings used in conservation efforts at the edges of forest fragments in upland Madagascar. 

Restoration Ecology, 14(2), 196–203. https://doi.org/10.1111/j.1526-100X.2006.00121.x 

Rabearivony, A. D., Kuhlman, A. R., Razafiariso, Z. L., Raharimalala, F., Rakotoarivony, F., 

Randrianarivony, T., Rakotoarivelo, N., Randrianasolo, A., & Bussmann, R. W. (2015). 

Ethnobotanical study of the medicinal plants known by men in Ambalabe, Madagascar. 

Ethnobotany Research and Applications, 14, 123–138. https://doi.org/10.17348/era.14.0.123-

138 

Ragazzo, L. J., Zohdy, S., Velonabison, M., Herrera, J., Wright, P. C., & Gillespie, T. R. (2018). Entamoeba 

histolytica infection in wild lemurs associated with proximity to humans. Veterinary 

Parasitology, 249, 98–101. https://doi.org/10.1016/j.vetpar.2017.12.002 

Rakotoarivelo, N., Razanatsima, A., Rakotoarivony, F., Rasoaviety, L., Ramarosandratana, A., Jeannoda, 

V., Kuhlman, A. R., Randrianasolo, A., & Bussmann, R. W. (2014). Ethnobotanical and economic 

value of Ravenala madagascariensis Sonn. in eastern Madagascar. Journal of Ethnobiology and 

Ethnomedicine, 10, 57. https://doi.org/10.1186/1746-4269-10-57 

Rakotondraparany, F., & Andriambeloson, J. B. (2015). Étude des lémuriens phares de la Nouvelle Aire 

Protégée (NAP) Oronjia, Antsiranana II. Antananarivo: Université d’Antananarivo. 

Ramananjato, V., Rakotomalala, Z., Park, D. S., DeSisto, C. M. M., Raoelinjanakolona, N. N., Guthrie, N. 

K., Fenosoa, Z. E. S., Johnson, S. E., & Razafindratsima, O. H. (2020). The role of nocturnal 

omnivorous lemurs as seed dispersers in Malagasy rain forests. Biotropica, 00:1-8. 

https://doi.org/10.1111/btp.12789 

Randriamboavonjy, T., Wilkin, P., Rajaovelona, L., & Cable, S. (2013). Utilisation et conservation 

durable des ignames du corridor forestier Ambositra-Vondrozo, Madagascar. Scripta Botanica 

Belgica, 50, 341–348. 

Ratsimbazafy, J., Ramarosandratana, H. V., & Zaonarivelo, R. J. (2002). How do black-and-white ruffed 

lemurs still survive in a highly disturbed habitat? Lemur News, 7, 7–10. 



General Discussion: References 

144 
 

Razafindratsima, O. H. (2014). Seed dispersal by vertebrates in Madagascar’s forests: review and future 

directions. Madagascar Conservation & Development, 9(2), 90–97. 

https://doi.org/10.4314/mcd.v9i2.5 

Razafindratsima, O. H. (2017). Post-dispersal seed removal by rodents in Ranomafana rain forest, 

Madagascar. Journal of Tropical Ecology, 33(3), 232–236. 

https://doi.org/10.1017/S0266467417000104 

Razafindratsima, O. H., & Dunham, A. E. (2015). Assessing the impacts of nonrandom seed dispersal by 

multiple frugivore partners on plant recruitment. Ecology, 96(1), 24–30. 

https://doi.org/10.1890/14-0684.1 

Razafindratsima, O. H., & Martinez, B. T. (2012). Seed dispersal by red-ruffed lemurs: seed size, 

viability, and beneficial effect on seedling growth. Ecotropica, 18, 15–26. 

Razafindratsima, O. H., Raoelinjanakolona, N. N., Heriniaina, R. R., Nantenaina, R. H., Ratolojanahary, 

T. H., & Dunham, A. E. (2021). Simplified communities of seed-dispersers limit the composition 

and flow of seeds in edge habitats. Frontiers in Ecology and Evolution, 9, 655441. 

https://doi.org/10.3389/fevo.2021.655441 

Razafindratsima, O. H., & Razafimahatratra, E. (2010). Effect of red ruffed lemur gut passage on the 

germination of native rainforest plant species. Lemur News, 15, 39–42. 

Richardson, D. M., Pysek, P., Rejmanek, M., Barbour, M. G., Panetta, F. D., & West, C. J. (2000). 

Naturalization and invasion of alien plants: concepts and definitions. Diversity and 

Distributions, 6(2), 93–107. https://doi.org/10.1046/j.1472-4642.2000.00083.x 

Sato, H. (2012). Frugivory and seed dispersal by brown lemurs in a Malagasy tropical dry forest. 

Biotropica, 44(4), 479–488. https://doi.org/10.1111/j.1744-7429.2011.00838.x 

Sato, H., Ichino, S., & Hanya, G. (2014). Dietary modification by common brown lemurs (Eulemur fulvus) 

during seasonal drought conditions in western Madagascar. Primates, 55, 219–230. 

https://doi.org/10.1007/s10329-013-0392-0 

Sato, H., Santini, L., Patel, E. R., Campera, M., Yamashita, N., Colquhoun, I. C., & Donati, G. (2016). 

Dietary flexibility and feeding strategies of Eulemur: a comparison with Propithecus. 

International Journal of Primatology, 37(1), 109–129. https://doi.org/10.1007/s10764-015-

9877-6 

Schwitzer, C., Mittermeier, R. A., Johnson, S. E., Donati, G., Irwin, M., Peacock, H., Ratsimbazafy, J., 

Razafindramanana, J., Louis, E. E., Chikhi, L., Colquhoun, I. C., Tinsman, J., Dolch, R., LaFleur, 

M., Nash, S., Patel, E., Randrianambinina, B., Rasolofoharivelo, T., & Wright, P. C. (2014). 

Averting lemur extinctions amid Madagascar’s political crisis. Science, 343(6173), 842–843. 

https://doi.org/10.1126/science.1245783 



General Discussion: References 

145 
 

Schwitzer, N., Kaumanns, W., Seitz, P. C., & Schwitzer, C. (2007). Cathemeral activity patterns of the 

blue-eyed black lemur Eulemur macaco flavifrons in intact and degraded forest fragments. 

Endangered Species Research, 3, 239–247. https://doi.org/10.3354/esr00045 

Schwitzer, N., Randriatahina, G. H., Kaumanns, W., Hoffmeister, D., & Schwitzer, C. (2007). Habitat 

utilization of blue-eyed black lemurs, Eulemur macaco flavifrons (Gray, 1867), in primary and 

altered forest fragments. Primate Conservation, 22(1), 79–87. 

https://doi.org/10.1896/052.022.0106 

Styger, E., Rakotoarimanana, J. E. M., Rabevohitra, R., & Fernandes, E. C. M. (1999). Indigenous fruit 

trees of Madagascar: potential components of agroforestry systems to improve human 

nutrition and restore biological diversity. Agroforestry Systems, 46, 289–310. 

https://doi.org/10.1023/A:1006295530509 

Teuscher, M., Gérard, A., Brose, U., Buchori, D., Clough, Y., Ehbrecht, M., Hölscher, D., Irawan, B., 

Sundawati, L., Wollni, M., & Kreft, H. (2016). Experimental biodiversity enrichment in oil-palm-

dominated landscapes in Indonesia. Frontiers in Plant Science, 7, 1538. 

https://doi.org/10.3389/fpls.2016.01538 

United Nations Environment Programme (2021). Becoming #GenerationRestoration: Ecosystem 

restoration for people, nature and climate. Nairobi: United Nations Environment Programme 

(UNEP) and UN Environment Programme World Conservation Monitoring Centre (UNEP-

WCMC). 

Verdú, M., & Traveset, A. (2005). Early emergence enhances plant fitness: a phylogenetically controlled 

meta-analysis. Ecology, 86(6), 1385–1394. https://doi.org/10.1890/04-1647 

Vieilledent, G., Grinand, C., Rakotomalala, F. A., Ranaivosoa, R., Rakotoarijaona, J.-R., Allnutt, T. F., & 

Achard, F. (2018). Combining global tree cover loss data with historical national forest cover 

maps to look at six decades of deforestation and forest fragmentation in Madagascar. 

Biological Conservation, 222, 189–197. https://doi.org/10.1016/j.biocon.2018.04.008 

Volampeno, M. S. N., Randriatahina, G., & Downs, C. T. (2013). Structure and composition of Ankarafa 

Forest, Sahamalaza-Iles Radama National Park, Madagascar: implications for the frugivorous 

endemic blue-eyed black lemur (Eulemur flavifrons). South African Journal of Wildlife Research, 

43(2), 91–102. https://doi.org/10.3957/056.043.0205 

Webber, A. D., Solofondranohatra, J. S., Razafindramoana, S., Fernández, D., Parker, C. A., Steer, M., 

Abrahams, M., & Allainguillaume, J. (2020). Lemurs in cacao: presence and abundance within 

the shade plantations of northern Madagascar. Folia Primatologica, 91, 96–107. 

https://doi.org/10.1159/000501987 

Wester, L. L., & Wood, H. B. (1977). Koster’s curse (Clidemia hirta), a weed pest in Hawaiian forests. 

Environmental Conservation, 4(1), 35–41. https://doi.org/10.1017/S0376892900024991 



General Discussion: References 

146 
 

Wunderle Jr., J. M. (1997). The role of animal seed dispersal in accelerating native forest regeneration 

on degraded tropical lands. Forest Ecology and Management, 99, 223–235. 

https://doi.org/10.1016/S0378-1127(97)00208-9 

Yarranton, G. A., & Morrison, R. G. (1974). Spatial dynamics of a primary succession: nucleation. The 

Journal of Ecology, 62(2), 417. https://doi.org/10.2307/2258988 

Zemp, D. C., Ehbrecht, M., Seidel, D., Ammer, C., Craven, D., Erkelenz, J., Irawan, B., Sundawati, L., 

Hölscher, D., & Kreft, H. (2019). Mixed-species tree plantings enhance structural complexity in 

oil palm plantations. Agriculture, Ecosystems & Environment, 283, 106564. 

https://doi.org/10.1016/j.agee.2019.06.003



Acknowledgements 

147 
 

ACKNOWLEDGEMENTS 

I would like to thank many people, each of them being part of a big puzzle. I hope I do not 

forget any of the pieces.  

When I was in our research camp in Oronjia, and had a problem I could not solve, I would go 

up the small hill nearby. Sometimes I went there to think, but more often to have internet 

access, to write an email to Jörg Ganzhorn. I am extremely grateful for your constant support, 

for your willingness to take risks, for your honesty, and for your ideas and creativity. It is very 

impressive what an idea you have of how to do your work: I knew it was never worth going 

down the hill to wait for the answer. The largest piece belongs to you.        

Without the hard work of Justin, Ibrahim, Dona and Aimée, this dissertation would never have 

been possible. I thank you very much for always sticking with it and for sharing the laughter, 

whatever the season. I am grateful for introducing me to your family Dona, for showing me 

around your garden (paradise), and for sitting together in the sunset listening to the birds. I 

also want to thank the whole team of the Missouri Botanical Garden Oronjia, especially Jimmy 

and Chris; and Solo, Nirina, Richard, Gérard, Fidelis, Eugene and Ed Louis, for supporting my 

work.  

Special thanks go to Jacques and Tolona, who were always available and helped me, also with 

unpleasant problems, such as driving every morning through Tana, to ask the ministry for my 

research permit.  

Paula and Alice, it was great that you threw yourself into the adventure, which included not 

only Madagascar but also living in camp with me. Thank you Paula for not moving out despite 

my stubbornness. Thanks to all the taxi-drivers (not many) who were brave enough to make 

their way through the sand in Oronjia.  

Further, I would like to thank all the people from “our” floor, for giving me your plants, for the 

warm welcome to the Energy Meeting, for lending books, for answering annoying questions 

about statistics, generally for helping, and much more! Thank you Sabine, for always laughing 

and for the big hugs.  

I am very grateful for the financial support, especially to the people who thought it was a good 

idea to give money to a man to fly to a far-away country to dig in the poop of lemurs. These 



Acknowledgements 

148 
 

people belong to Evangelisches Studienwerk Villigst, DAAD, Primate Conservation Inc., and 

Universität Hamburg and Center for a Sustainable University.   

I thank my family for always supporting me, and for caring for my salvation. Thank you dad for 

letting me go, and for always staying strong even when I called from the “hospital”, with the 

wildest illnesses.  

Finally, I am very grateful to you, Lea, for staying strong and always persevering (proven by 

the fact that you have read all the way to the last paragraph). Thank you for being there, for 

sharing my worries, for accepting when I was freaking out, also for dancing with me through 

our small home, for letting me do what I wanted, and for letting me introduce you to the 

beauty of Madagascar and its people.   

 Photo credit: Kim Steffens 



Eidesstattliche Versicherung 

149 
 

 

EIDESSTATTLICHE VERSICHERUNG 

 

Hiermit erkläre ich an Eides statt, dass ich die vorliegende Dissertationsschrift selbst verfasst 

und keine anderen als die angegebenen Quellen und Hilfsmittel benutzt habe. 

 

 

    

Kim Steffens 

 

 

 

 

 

 


