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Co-evolution assists geographic dispersal: the case of 
Madagascar
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Interspecific associations may limit the dispersal of individual species, but may also facilitate it when entire 
co-evolved systems expand their geographic ranges. We tested the recent proposal that episodic land bridges linked 
Africa and Madagascar at three stages during the Cenozoic by comparing divergence estimates of Madagascar’s 
angiosperm taxa with their dispersal mechanisms. Plants that rely on gravity for seed dispersal indicate at least 
two episodes of land connection between Africa and Madagascar, in the Early Palaeocene and Early Oligocene. Seed 
dispersal by strepsirrhine primates possibly evolved in the Palaeocene, with the divergence of at least one endemic 
Malagasy angiosperm genus, Burasaia (Menispermaceae). This genus may have facilitated the lemur colonization 
of Madagascar. Frugivory, nectarivory and gummivory probably generalized in the Oligocene, with the co-evolution 
of modern lemurs and at least 10 new Malagasy angiosperm families. In the Late Miocene, more angiosperms were 
probably brought from Africa by birds via a discontinuous land connection, and radiated on Madagascar in diffuse 
association with birds (asities) and dwarf nocturnal lemurs (cheirogaleids). During the same connective episode, 
Madagascar was probably colonized by hippopotamuses, which both followed and re-seeded a variety of plants, 
forming the grassy Uapaca ‘tapia’ forest and ericoid ‘savoka’ thicket.

ADDITIONAL KEYWORDS:   anachronism – biomes – climax vegetation – grassland – niche construction – land 
bridges – pollination – seed dispersal.

INTRODUCTION

Historically, biomes were defined as vegetation types 
that form the main features of the landscape: e.g. forest 
biomes, grassland biomes. Although they were defined 
botanically, biomes also included the fauna of these 
habitats. The biome concept was largely developed 
alongside the climax hypothesis: the idea that, given 
enough time under particular climatic conditions, the 

same (climax) formations would become established, 
regardless of edaphic conditions (Clements, 1917; 
Clements & Shelford, 1939; Meeker & Merkel, 1984; 
Olson et al., 2001; Mucina, 2019). Consequently, biomes 
are associated with bioclimatic zones, although some 
appear to be sub-climax and are influenced by other 
factors. For instance, grassland biomes are associated 
with a variety of climates and maintained by recurrent 
fire and large herbivores (McNaughton, 1984; Belsky, 
1986; Paige & Whitham, 1987; Bond, 1994; Bond et al., 
2008).
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Although the original biome concept essentially 
ignored evolutionary processes, more recent 
interpretations are strongly aware of the importance 
of organismal interactions and co-evolution in the 
construction of distinct biotic formations (Carmona 
et al., 2015; Agrawal & Zhang, 2021). Interspecific 
co-evolution, or reciprocal evolution, is more frequent 
than generally assumed; a species does not drive 
the extinction of another population by exploiting it 
(particularly for food) without risking its own extinction 
(Roughgarden, 1983). This interdependence may result 
in the co-evolution of associated lineages, as was first 
documented in butterflies and the plants on which 
their caterpillars feed (Ehrlich & Raven, 1964; Mitter 
& Brooks, 1983). In its early stages, co-evolution often 
involves chemical or mechanical defences against 
exploitation. Remarkably, such defences (toxicity, spines, 
thick seed coats) do not deter co-evolved consumers, 
and may even attract them by acting as interspecific 
signals (Ehrlich & Raven, 1964). There are many ways 
exploitative associations may become more benign over 
time, and therefore more resilient against extinction. 
Herbivores often keep their food alive by feeding only 
on some plant parts. In the most spectacular cases, 
co-evolution may yield reciprocal benefits (Futuyma & 
Slatkin, 1983). For instance, butterflies may increase 
the reproductive rates of the plants they parasitize as 
caterpillars by pollinating them in exchange for nectar 
when they reach the imago stage (Feinsinger, 1983); 
and many plants produce edible fruits adapted in terms 
of size, shape, colour and scent for the animals that 
disperse their seeds (zoochory syndromes) (Feinsinger, 
1983; Janzen, 1983; Tiffney, 1986; Sussman, 1991; Mack, 
2000; Sussman et al., 2013; Génin & Rambeloarivony, 
2018; Valenta et al., 2018).

Indeed, habitats are dynamic biotic constructions, 
made up of co-evolved organisms (Lewontin, 1983; 
Varela et al., 1991; Laland & Boorgert, 2008; Odling-
Smee et al., 2013). Such interdependence among 
organisms may limit the dispersal of species, but 
may also facilitate it when entire co-evolved systems 
expand their geographic ranges, and generalize 
interspecific relationships as pre-existing associations 
are joined by new species (Génin & Rambeloarivony, 
2018; Watson, 2020). This generalization forms stable 
systems of diffuse co-evolution, identified as biomes.

Islands offer particularly good conditions for testing 
such hypotheses, although they also share characteristics 
that make them different from continents, codified as 
the Island Rule (Whittaker & Fernández-Palacios, 
2007). Some of these characteristics are explained by 
climatic factors, as in the case of small islands that 
tend to be wetter and show less extreme climatic 
variations than continents, while others are explained 
by differences in phylogenetic harmony (higher on 
continental islands due to recurrent connections with 

the mainland) and ecological structuration (more 
interspecific associations exist on older oceanic islands 
owing to long isolation). Among islands, Madagascar is 
exceptional because it exhibits characteristics of both 
a continental island (many affinities with the African 
mainland; high levels of biodiversity; a terrestrial 
fauna that includes dwarf and giant forms; the 
presence of frogs and freshwater fish) and an oceanic 
island (many continental taxa missing; high levels 
of endemism; idiosyncratic systems of pollination 
and seed dispersal; woodiness; the presence of near-
flightless birds) (Masters et al., 2021).

A recent study attributed the ‘hybrid’ nature of 
Madagascar’s biota to a history of alternating periods 
of insularity and episodic connections to Africa driven 
by regional uplifts (Masters et al., 2021, In press). 
Limited periods of land connection (< 5 Myr) yielded 
continental phases, reflected in the chorology of the 
Malagasy vegetation by phylogenetic harmonization 
of island and mainland floras. These periods of uplift 
were linked to global events involving major tectonic 
movements, climate change and extinction, followed 
by active radiation in the Palaeocene, Oligocene 
and Pliocene, and creating synchronous divergence 
patterns among the phylogenies of plants and animals 
[e.g. angiosperms (Buerki et al., 2013); insects (Jordal, 
2021); vertebrates (Poux et al., 2005; Crottini et al., 
2012)]. Such synchrony may also be explained by the 
expansion of co-evolved systems, which facilitated 
both the colonization of the island by new taxa and 
their long-term survival (Masters et al., In press). 
However, plant and animal phylogenies also suggest 
that radiation continued well into the much longer 
oceanic phases, associated with increased ecological 
structuring and the evolution of endemic biomes 
exhibiting original physiognomies.

Co-evolution may also explain the much-debated 
origin of Madagascar’s grasslands. A  striking 
characteristic of the island’s endemic vegetation is its 
virtual restriction to forest and thicket, while a vast, 
cosmopolitan and impoverished secondary grassland 
covers the interior highlands (Humbert, 1927, 1955; 
Perrier de la Bâthie, 1936; Paulian, 1961; Humbert 
& Cours Darne, 1965; Bosser, 1969; Carlquist, 1974). 
This distribution suggests original woodiness in 
Madagascar (Carlquist, 1974), a view also based on 
the concept of climax (Humbert, 1927, 1959; Perrier 
de la Bâthie, 1936; Lowry et al., 1997) (Fig. 1). Indeed, 
remnants of forest mapped by Humbert on the 
highlands indicate that much of this area was covered 
by woody vegetation until recently.

In a provocative paper, Bond et al. (2008) observed 
that the surprising diversity of endemic grasses in 
Madagascar suggests the evolution of true grasslands, 
perhaps as old as the Late Miocene, when C

4 grasslands 
spread in East Africa at latitudes and altitudes 
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similar to those of Madagascar (see also Vorontsova 
et al., 2016). However, few of the vertebrate species 
they listed are found exclusively in grassland and 
throughout their life cycles (e.g. Madagascar partridge 
Margaroperdix madagarensis). In fact, these species 
may originally have been associated with woody Erica 
thicket (similar to modern heathland and fynbos and 
known locally as ‘savoka’) rather than true grassland, 
as testified by charcoal and pollen deposits (Humbert, 
1927, 1959; Burney, 1997; Gasse, 1998; Burney et al., 
2004; Virah-Sawmy et al., 2009). Alternatively, a minor 
grassland biome may have been constructed by extinct 
giant tortoises and hippopotamuses, perhaps aided 
by extinct browsers (elephant birds and the large, 
widespread, semi-terrestrial lemur Archaeolemur) 
(Bond et al., 2008; Godfrey & Crowley, 2016).

More recently, Joseph & Seymour (2020) have 
proposed a return to the classical view of secondary 
grassland, suggesting that no co-evolution between 
herbivores and grasses occurred. This is indicated 
particularly by the catastrophic response of Malagasy 

ecosystems to the introduction of fire and cattle, in 
stark contrast to the situation on the African mainland 
(Humbert, 1927).

We reconstructed the Cenozoic evolution of 
forest and grassland on Madagascar to investigate 
the relative influences of climate change (climax 
hypothesis) and habitat construction (co-evolution 
hypothesis). Focussing on seed dispersal by animals 
and the construction of grassland by large herbivores, 
we derived six hypotheses from the proposal of 
episodic land bridges and the role of zoochory in the 
colonization of Madagascar (Masters et al., 2021): 
(1) zoochory facilitates island colonization and tends 
to become diffuse over time, involving more plant 
species and more dispersers; (2) conversely, Malagasy 
plants that are not capable of long-distance seed 
dispersal are indicators of ancient land connections; 
(3) co-evolution also occurred in situ, as revealed by 
unique systems of pollination and seed dispersal, a 
common characteristic of islands. We then applied 
the principles of co-evolution and niche construction 

AQ12

Figure 1.  Left: main physiognomic vegetation types of Madagascar corresponding to the bioclimatic zones formed by the 
topography comprising three central highlands separated by deep valleys (Mandritsara and Menarahaka windows). The 
north-western monsoons bring seasonal moisture to the north-west (Sambirano region), while eastern trade winds bring 
year-round rains to the east coast. The complex history of colonization of the island is summarized on the right-hand maps, 
showing a Late Cretaceous connection with Antarctica (c. 90 Mya, dotted arrow) and three Cenozoic connections with Africa.
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to the origin of Malagasy grasslands: (4) islands are 
often dominated by woody vegetation, i.e. insular 
woodiness, an effect of moderate climatic conditions 
observed on small islands; (5) applied to a large 
island, this phenomenon is explained by archaism, 
i.e. Madagascar may have become isolated before the 
spread of herbaceous plants; (6) alternatively, a true 
grassland biome evolved in the Late Miocene, but the 
large herbivores that maintained it are now extinct.

MATERIAL AND METHODS

Physiognomic reconstruction

Our palaeo-environmental reconstruction was based 
on a previously published hypothesis of episodic land 
connections between eastern Africa and Madagascar 
(Masters et al., 2021, In press) using data collected by the 
Passive Margins Exploration Laboratories (PAMELA) 
research programme and the PLACA4D freeware, 
an interactive tool for palinspastic reconstruction 
in 4D (Matias et al., 2005; Pelleau et al., 2015). The 
PAMELA programme conducted sedimentary, tectonic, 
volcanic, kinematic and palaeo-environmental studies 
of Mozambique and Madagascar covering the period 
from the opening of the Mozambique Channel to the 
present day. It involved eight oceanographic cruises 
between 2014 and 2017 (224 days at sea) and three 
onshore geological surveys in 2017–2018 (50 land 
days). The compilation of the PAMELA results 
presents a far more complex and dynamic picture of 
the channel’s bathymetric and topographic evolution 
than was previously envisioned. The data indicate 
three intermittent periods of subaerial land connection 
(Early Palaeocene, Late Eocene and Late Miocene) 
(Masters et al., 2021, In press) associated with global 
tectonic and kinematic events (Moulin et al., 2010; 
Leroux et al., 2018) leading to uplift (Delauney, 2018; 
Ponte et al., 2019), volcanism (Courgeon et al., 2017) 
and periodic emersion of the Davie Ridge. Connectivity 
was probably enhanced by sea level lows, which we 
did not try to reconstruct; hence, the Davie Ridge 
emergences figured here are minimal estimates.

Following the vegetation classification of Moat & 
Smith (2007), we first reconstructed the physiognomy 
of the vegetation, beginning with Humbert’s climax 
reconstruction (republished by Paulian, 1961). 
Contrary to the assumption that Madagascar’s 
current topography existed as early as the Cretaceous-
Palaeocene boundary (Ohba et al., 2016), we followed 
the proposal of Delaunay (2018) and Masters et al. 
(2021) that Madagascar’s highlands were uplifted 
in three phases, contributing to the emergence of 
the land bridges. Indeed, the complex bioclimatic 
zonation of Madagascar today is in large part a result 

of its dome-shaped topography. The rains brought by 
the eastern trade winds are captured by the central 
highlands, creating a contrast between the moist 
eastern and north-western regions and the dry south-
west (Fig. 1). Because this topography also creates 
a pattern of parallel transverse river systems that 
influence the distribution of plant and animal species 
(Wilmé et al., 2006), we included the palaeo-river 
systems reconstructed by Delaunay (2018) on the basis 
of his palaeo-topographic reconstruction.

Chorological reconstruction

We limited our chorological reconstruction of the 
vegetation to those angiosperm families for which 
information is available, as indicators of three 
major vegetation types (forest, thicket and wooded 
grassland) (Masters et al., 2021) (Fig. 1). We identified 
zones of endemism (Wilmé et al., 2012), which possibly 
served as refugia for relict species, particularly in 
mountainous areas. Isolated populations of Dilobeia 
thouarsii (Proteaceae) in a small region of the central-
west that was mountainous in the Palaeocene indicate 
such a refugium (http://legacy. tropicos.org/Project/
Madagascar). The extreme north and the north-east 
have Oligocene xerophytic relicts indicating a drier 
climate prior to the Late Miocene northern uplift. 
The Ankarafantsika (north-west) and Menabe forests 
(west), as well as the extreme south-west spiny thickets, 
are regions of endemism that probably remained 
wooded during a period of forest regression in the 
Late Miocene. We applied a method of reconstruction 
based on the principle of anachronism, which occurs 
when one partner of a co-evolved association survives 
the extinction of another, sometimes becoming rare 
[see Bond & Silander (2007), Midgley & Illing (2009), 
Godfrey & Crowley (2016) and Albert-Daviau et al. 
(2020) for instances of anachronism in Madagascar]. 
If hippopotamuses colonized the island in the Late 
Miocene following river courses (Masters et al., 2021), 
we would expect to find a greater variety of grasses 
(Poaceae, Cyperaceae and Juncaceae) in the western 
catchment basin. Finally, we consulted Madagascar’s 
limited fossil record, which attests to the presence of 
forest on the central highlands (eight important lemur 
subfossil sites) and hippopotamuses in the Pleistocene 
(Mittermeier et al., 2010; Godfrey & Crowley, 2016).

BIOME EVOLUTION AND CO-EVOLUTION IN 
MADAGASCAR

Early angiosperm co-evolution with animals

Krassilov (2012) proposed that angiosperms evolved 
during an arid period in the Early Cretaceous (Early 
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Aptian, ~120 Mya), possibly around the Tethys Sea, 
as herbaceous, semi-aquatic Ranunculus (buttercup)-
like plants. Krassilov referred to this evolutionary 
process as ‘neoteny’ (implying in fact paedomorphosis, 
or the retention of juvenile characteristics in 
adults); the model he described was a combination 
of accelerated growth in sporophytes that became 
herbaceous, and truncated development forming 
progenetic gametophytes reduced to reproductive 
organs, possibly as an effect of nematode or insect 
infestations leading to the formation of galls 
(Feinsinger, 1983; Krassilov, 2012). In this view, the 
first flowers were condensed inflorescences, possibly 
pollinated by the parasites they contained, although 
reconstructions have been complicated by high levels 
of homoplasy, as early angiosperms co-occurred 
with a wide variety of angiosperm-like plants. Early 
angiosperm evolution is likely to have involved 
diffuse co-evolution regarding pollination and 
herbivory by insects, and vertebrate seed dispersal 
(Regal, 1977). In the Late Cretaceous, angiosperms 
formed mangroves around the Tethys Sea, probably 
under the influence of wetter conditions that drove 
peramorphosis [i.e. prolonged ontogeny resulting in 
woodiness or lignification (Krassilov, 2012)], which 
may have offered protection against herbivores. 
Arboreal mammals, including primate ancestors and 
relatives, may thus have originated in mangroves 
as well as the first dry forests dominated by early 
angiosperms similar to extant Cercidiphyllum 
(katsura trees).

Endo-zoochory potentially evolved as a by-product 
of defence against seed predation, possibly also 
through heterochrony (Janzen, 1983; Tiffney, 1986; 
Mack, 2000). Woody fruits have a soft stage before 
the pulp becomes lignified, and fleshy fruits may 
thus be paedomorphic (Tiffney, 1986; Mack, 2000). 
Watson (2020) proposed a scenario for the evolution 
of fleshy fruits involving small Cretaceous mammals 
that may have included early primates. Ancestral 
mistletoes likely evolved as root parasites that 
were transferred to the treetops by small arboreal 
mammals (Watson, 2020). Extending this scenario, 
the first fleshy fruits would have been produced by 
hemiparasitic plants and creepers (epiphytes, lianas 
and vines), explaining the rapid spread of ancient 
primate relatives (plesiadapiforms) that apparently 
consumed a variety of plant parts, including bark 
and seeds. Again, reconstructions are complicated 
by homoplasy, notably by the subsequent evolution 
of fleshy pseudo-fruits in many older groups of 
plants including gymnosperms (yellowwood family 
Podocarpaceae) and even ‘pre-gymnosperms’ 
(Ginkgo), in the Early Palaeocene (Tiffney, 1986; 
Mack, 2000).

The first colonization of Madagascar by 
angiosperms

Several ancient biogeographic patterns suggest a Late 
Cretaceous (100–90 Mya) land connection between 
Antarctica and Madagascar, which enabled a number 
of animals to colonize the island: iguanid lizards, 
ratites [the aepyorniforms or elephant birds known 
from subfossils (Monnier, 1913)], the ancestors of the 
Malagasy boas (Noonan & Chippendale, 2006) and 
even dinosaurs (Krause et al., 1997), although details 
of such a connection are unknown. At that time, 
Antarctica had temperate ‘rainforests’ dominated by 
tree ferns (Cyathea) and gymnosperms (araucarias and 
Podocarpaceae) (Klages et al., 2020). A connection with 
Antarctica may explain the presence in Madagascar 
of some Cretaceous angiosperm families such as the 
Proteaceae (Dilobeia and Malagasia with Australian 
affinities), Winteraceae (the endemic ancient 
Takhtajania) (Callmander et al., 2011; Buerki et al., 
2013) and the Hernandiaceae [Hazomalania, although 
Michalak et al. (2010) suggested that this genus only 
diverged in the Early Palaeocene]. The evolution of the 
Hernandiaceae is particularly interesting because the 
family includes genera that produce seeds dispersed 
by gravity and wind (e.g. propeller-like samaroid 
seeds of Gyrocarpus and Illigera), which require 
land connections, as well as genera that have fleshy 
fruits that were dispersed by birds to oceanic islands 
(Hernandia) (Michalak et al., 2010). The Malagasy 
endemic Hazomalania (sister to Illigera) has slightly 
fleshy fruits not known to be consumed by animals 
(Capuron, 1966), implying that seed dispersal evolved 
first as a by-product of seed predation. Indeed, seed-
eating birds like parrots probably evolved in the 
southern hemisphere, which appears to have lacked 
fleshy fruits in the Late Cretaceous.

Early Palaeogene seed dispersal by lemurs

The idea that the first vertebrates to engage in seed 
dispersal were seed predators gains support from 
Madagascar’s oldest and strangest primate, the aye-
aye (Daubentonia), a major seed-eater that diverged 
from the other lemur lineages at least 10 Mya before 
their radiation. The long delay between the evolution 
of the daubentoniids and the other six or seven 
families has led to the proposal that they colonized 
Madagascar from Africa earlier than the common 
ancestor of the other lemurs (Montagnon, 2013). 
A continuous land bridge probably linked the two 
landmasses in the earliest Palaeocene (Fig. 2), when 
the flora of Madagascar was dominated by plants 
producing hard seeds often protected by woody pods, 
such as the bean family (Fabaceae) and the mahogany 
family (Meliaceae). In the Eocene and Oligocene, both 
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families evolved forms that produced fleshy fruits 
(e.g. Brenierea in the Fabaceae and Malleastrum in 
the Meliaceae), suggesting again that seed dispersal 
by animals evolved convergently as a by-product of 
defence against seed predation (Janzen, 1983; Tiffney, 
1986; Mack, 2000).

From this perspective, the association between 
lemurs and plants with fleshy fruits evolved later, 
possibly during a second wave of dispersal to 
Madagascar, associated with at least one endemic 
Malagasy genus thought to have evolved in the 
Early Palaeocene, Burasaia (of the moonseed family 
Menispermaceae) (Birkinshaw, 2001; Bollen et al., 2004; 
Atsalis, 2008; Buerki et al., 2013). The Menispermaceae 
evolved and spread from the Northern Hemisphere 
in the Early Palaeocene and Eocene, as far as South 
America (Jud et al., 2018), perhaps assisted by small 
arboreal mammals. The family mainly comprises 
lianas and epiphytes, but evolved trees in Madagascar  

(Schatz, 2001). We suggest that this later wave of 
colonization was associated with the spread of the 
African Fabaceae forest at low altitude, while relicts 
of the Cretaceous Proteaceae forest remained within 
higher altitude refugia, possibly also forming the early 
southern African fynbos (Figs 1, 2).

Eocene isolation

During the Eocene, the formation of the Antarctic 
ice cap led to the progressive cooling of the southern 
hemisphere, while Madagascar and Africa migrated 
north (Zachos et al., 2001; Couvreur et al., 2021). 
Contact between Africa and Europe allowed the 
dispersal of mangroves from the Tethys Sea to the 
Saharan Sea, possibly bringing haplorhine primates, 
carnivores and rodents to North Africa along with a 
variety of angiosperms (Bobe, 2006). Indeed, sub-
Saharan Africa remained relatively dry, as indicated by 

Figure 2.  Reconstruction of the Palaeocene vegetation of Madagascar and East Africa suggesting that a continuous land 
connection led to an exchange between the two landmasses at a time when both Africa and Madagascar were located 
at higher latitudes than today. During an initial cold period, Malagasy Cretaceous woodland including Proteaceae that 
probably originated in Antarctica first colonized Africa, while Madagascar was colonized by aye-aye (Daubentonia spp.) 
ancestors, a lineage of seed-eating lemurs. During a subsequent warmer period, African woodlands dominated by Fabaceae 
and Meliaceae colonized the lowlands of Madagascar, probably bringing the frugivorous ancestors of all the other lemurs. 
Proteaceae woodland survived in altitude refugia, as suggested by the modern distribution of the family.
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one of the rare Eocene fossil sites in Africa (Mahenge, 
Tanzania). The East African landscape was dominated 
by Fabaceae with narrow leaves (caesalpinoids and 
the first mimosoids), forming a habitat reconstructed 
as similar to modern mopane and miombo woodlands 
(Jacobs & Herendeen, 2004).

Oligocene succulent Euphorbia thicket: 
generalization of zoochory

The Eocene-Oligocene transition was marked by a 
mass extinction event in the northern hemisphere 
known as the ‘Grande Coupure’, when the sister taxon 
to the living tooth-combed (or lemur-like) primates, 
the adapiforms, almost died out (Prothero, 1994). 
These extinctions were again followed by diverse 
radiations, including the ancestors of many modern 
primate lineages. In Madagascar, decreased sea 
levels associated with a new uplift and global cooling 
caused by the thickening of the southern ice cap 
(Zachos et al., 2001) led to a second emergence of the 
Africa-Madagascar land bridge (Masters et al., 2021, 

In press). The bridge would have consisted largely of 
carbonate coral rag, and supported mangrove forests 
(Fig. 3) which allowed Madagascar to be colonized by a 
snake family (Lamprophiidae), carnivoran mammals 
(Eupleridae), rodents (Muridae), and birds such as 
the ground rollers (Brachypteraciidae), sister to the 
true rollers (Coraciidae). Several angiosperm families 
associated with mangroves probably colonized Africa 
during the Eocene, and Madagascar during the Eocene-
Oligocene transition, including families contributing 
to forest and thicket today, such as Acanthaceae 
(acanthus family), Arecaceae (palms), Combretaceae 
(bush-willows and relatives) and bombacoid 
Malvaceae (the baobab family) (Baum et al., 2004;  
Couvreur et al., 2021).

Seed-dispersing birds, particularly parrots and 
pigeons, are likely to have assisted the colonization of 
Madagascar (and possibly also Africa) by many new 
angiosperm families. Of the 13 angiosperm families 
identified as Early Oligocene colonists using molecular 
dating, ten have species producing fleshy fruits 
and seeds dispersed by lemurs today (Annonaceae, 

Figure 3.  Reconstruction of the Late Eocene-Early Oligocene vegetation of Madagascar at a time of a second land 
connection with Africa that allowed the colonization of the island by dry Euphorbia thicket, rodents and carnivores (grey 
arrows). Colonizers probably used corridors of mangrove that colonized the Indian Ocean region at that time, probably also 
bringing a number of other angiosperm families to the island.
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Arecaceae, Ericaceae, Euphorbiaceae, Monimiaceae, 
Myristicaceae, Passifloraceae, Rubiaceae, Rutaceae 
and Sapindaceae) (Birkinshaw, 2001; Bollen et al., 
2004; Buerki et al., 2013; Schwery et al., 2015; Masters 
et al., 2021) (Table 1 also includes three other genera 
not considered by Buerki et al., 2013). Other probable 
Oligocene colonizers, the Didiereaceae, have flowers 
pollinated by lemurs (in particular Lepilemur) 
and seeds dispersed by parrots. The transition to 
endo-zoochory is well illustrated by the Malagasy 
Combretaceae, which have rare species producing 
non-edible samaroid fruits, and more common species 
producing green fibrous fleshy fruits (F. Génin, 
pers. obs.).

Spread of the xerophytic thicket

The Oligocene saw the establishment of the xerophytic 
thicket dominated by Didiereaceae and Euphorbiaceae, 
now limited to the south-west (Masters et al., 2021). 
Xerophytic relicts in the north and the north-east, 
including coralliform Euphorbia trees and two bird 
species, imply that xerophytic thicket once covered 
most of Madagascar, with the exception of the east 
(Masters et al., In press) (Fig. 3). The African analogue 
of the Malagasy xerophytic thicket, also dominated 
by succulent Didiereaceae (= Portulacaceae) and 
Euphorbiaceae, is currently limited to south-east 
Africa along the coast, on rocky slopes and in steep 
valleys (Applequist & Wallace, 2003; Cowling et al., 
2005).

The physiognomy of the tall Malagasy xerophytic 
thicket is primarily the result of true xerophytic 
adaptations, e.g. underground parts, succulence 

including trunks [i.e. pachycauly observed in many 
families like the emblematic baobabs, Adansonia 
spp. (Bombacoidae: Malvaceae)], deciduous foliage, 
microphylly and pseudo-leaves in the form of cladodes 
or phyllodes (Koechlin et al., 1974). Such adaptations 
make these plants particularly vulnerable to 
herbivores, explaining why they often evolve toxicity, 
resinous exudations or latex, as well as the spines 
and thorns of the eponymous ‘spiny thicket’ (Koechlin 
et al., 1974; Moat & Smith, 2007). This physiognomy 
has been explained by the activities of extinct 
browsers such as elephant birds (Aepyornithidae) 
(Bond & Silander, 2007) and extinct lemurs (Godfrey 
& Crowley, 2016). Such anachronism was invoked less 
convincingly by Midgley & Illing (2009), who proposed 
that the ecto-zoochorous (spiky) seeds of Uncarina 
spp. (Pedaliaceae) were dispersed by elephant birds, 
although they are effectively dispersed today by ring-
tailed lemurs (Lemur catta) and sifakas (Propithecus 
verreauxi) (F. Génin, pers. obs.).

Drought associated with increased seasonality 
is likely to have demanded shorter life histories in 
both plants and animals. This change in climate 
led to the spread of new herbaceous plants in the 
Poaceae (true grasses) and other families such as the 
Gentianaceae, Malvaceae, Rubiaceae and (papilionoid) 
Fabaceae (Buerki et  al., 2013). Many Malagasy 
animals have unusual life histories, including hyper-
fecundity in Tenrec ecaudatus which is known to have 
extraordinarily large litters (up to 31) given its body 
size (~ 1 kg) (Garbutt, 2007); and the unique case of 
an annual vertebrate exhibiting a winter diapause, 
the chameleon Furcifer labordi (Karsten et al., 2008). 
Among lemurs, selection for a short life history led to a AQ20

Table 1.  Angiosperm genera comprising species producing seeds dispersed by birds and lemurs (Atsalis, 2008; 
Birkinshaw, 2001; Bollen et al., 2004), and possible dates of first arrival of the families on Madagascar from Africa 
associated with three proposed continuous (Palaeocene and Oligocene) and discontinuous (Miocene) land connections 
[from Masters et al. (2021) in large part based on Buerki et al. (2013)]

Early Palaeocene Early Oligocene Late Miocene 

Menispermaceae 
(Burasaia*, 
Strychnopsis*)  

Fabaceae (Brenierea*)  
Meliaceae (Calodecarya*)

Annonaceae (Monanthotaxis, Polyalthia, Uvaria, Xylopia)  
Arecaceae (Dypsis)  
Burseraceae (Canarium, Commiphora)  
Combretaceae (Combretum, Terminalia)  
Malvaceae-Bombacoidae (Adansonia)  
Ericaceae (Vaccinium)  
Euphorbiaceae (Macaranga, Uapaca)  
Monimiaceae (Tambourissa)  
Myristicaceae (Brochoneura*)  
Passifloraceae (Adenia)  
Rubiaceae (12 genera)  
Rutaceae (Vepris)  
Sapindaceae (Plagioscyphus*, Tina*)

Anacardiaceae 
(Operculicarya*, 
Poupartia, Sorindeia)  

Brassicaceae-Capparadoidae 
(all genera)  

Loganiaceae (Strychnos)  
Loranthaceae (Bakerella)  
Malvaceae-Tilioidae 

(Grewia)  
Salvadoraceae (Salvadora, 

Azima)  
Viscaceae (Viscum)

*Endemic genera.
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reduction of body size in the Cheirogaleidae (Masters 
et al., 2014, 2021; Génin & Masters, 2016). Phyletic 
dwarfing was associated with a dietary shift towards 
exudativory, i.e. the consumption of gum and nectar 
(Génin et al., 2010; Andrews et al., 2016), leading to 
unique plant-animal associations, possibly including 
other newcomers like the Burseraceae, and with some 
benefit to the trees [e.g. the cleaning hypothesis of 
Andrews et al. (2016)].

Malagasy woodiness and seed dispersal by 
dwarf lemurs

Late Miocene sea level lows and a third uplift 
associated with the raising of the northern highlands 
of Madagascar formed a new connection with Africa 
(Masters et al., 2021) (Fig. 4). This connection was 
probably discontinuous, however, possibly allowing 
amphibious animals (hippopotamuses, at least one 

crocodile and a frog species) and flying animals (insects, 
birds and one bat species) to colonize Madagascar. As a 
result of this limited colonization, the island remained 
considerably woodier than the continent.

The woodiness of Madagascar is illustrated 
by plants that probably evolved into trees from 
herbaceous ancestors, notably among the Asteraceae, 
Convolvulaceae, Gentianaceae and even Poaceae 
(bamboos) (Carlquist, 1974; Dransfield, 2003; Strijk 
et al., 2012; Hackel et al., 2018). Moreover, some 
trees that originated in African wooded grassland 
secondarily formed forests on the island: Combretaceae, 
Euphorbiaceae, mimosoid Fabaceae such as the 
acacias Senegalia and Albizia, and the endemic 
Alantsilodendron, sister-genus to Dicrostachys, which 
is also present on Madagascar. Increased woodiness is 
also testified by seed dispersal systems: Madagascar 
has curious cases of anemochorous forest trees 
(Asteraceae) and ecto-zoochorous Poaceae species 

Figure 4.  Reconstruction of the Late Miocene vegetation of Madagascar during which a discontinuous land connection 
with Africa probably established. This event was caused by the northern uplift that also led to a northward expansion of the 
eastern moist evergreen forest that formed the Sambirano moist sub-region (green arrows), associated with the onset of the 
north-western monsoons (see Fig. 1). This also represents the time of maximum expansion of wooded grassland brought by 
extinct hippopotamuses and fragmenting the western dry deciduous forest, and possibly the south-eastern moist evergreen 
forest separated from the central highlands by the Menarahaka Valley. These fragments of forest correspond to extant sub-
domains showed in Figure 1 and are centers of endemism today.
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(Sclerodactylon macrostachyum, found in Euphorbia 
stenoclada forest on dunes in the south-west, and 
common in secondary grasslands in dry areas).

The same phenomenon is evidenced by birds that 
originated in grassland habitats but colonized forest 
and thicket in Madagascar (rock thrushes, Monticola 
spp.) and by insects (Paulian, 1961). For instance, 
Cetoniinae are found in open habitats in Africa but 
in forests on Madagascar; the African grassland 
genus Coprini is replaced by the Malagasy forest 
Helictopleurina. Among butterflies, the Satyrinae 
(Nymphalidae) tribes Elymniini and Satyrini have 
speciated extensively on Madagascar [approximately 
60 and 40 species, respectively (Krüger, 2007)]. The 
caterpillars of satyrines feed on grasses, including 
Poaceae, Cyperaceae (sedges) and Juncaceae (rushes), 
and inhabit grasslands in Africa and moist evergreen 
forests in Madagascar (Paulian & Viette, 2003). 
Another striking example of Madagascar’s grassland 
woodiness is mentioned in the classic co-evolution paper 
by Ehrlich & Raven (1964): Parides (Atrophaneura) 
antenor, a Malagasy papilionid, is associated with 
Combretum, which is a genus represented by trees 
in East African wooded grassland, and by lianas in 
Malagasy forest.

A discontinuous Late Miocene connection with Africa 
is also indicated by the presence of zoochorous plants 
with small fruits that were probably initially dispersed 
by birds and fruit bats (Génin & Rambeloarivony, 
2018). Among the bird taxa that colonized Madagascar 
at this time, only two lineages, the asities (Philepittinae 
within Eurylaimidae, related to the insectivorous 
broadbills) and the sunbirds (Nectariidae), developed 
strict relationships with plants and became major 
pollinators and seed dispersers. Interestingly, the 
asities evolved a frugivorous lineage (Philepitta) and a 
sunbird-like nectarivorous lineage (Neodrepanis).

In accordance with Madagascar’s tendency to 
woodiness, the majority of Malagasy zoochorous 
plants are trees, which dominate the flora (Lowry 
et al., 1997; Schatz, 2001; Callmander et al., 2011). 
Many Malagasy plants produce small seeds that were 
originally dispersed by birds and are now dispersed 
by lemurs—particularly by the small Cheirogaleidae 
(mouse and dwarf lemurs). During the Middle to Late 
Miocene, the cheirogaleids became major pollinators 
and seed dispersers (Valenta & Lehman, 2016; Génin & 
Rambeloarivony, 2018) as they experienced a series of 
dwarfing events that led to very small body size in some 
species (Masters et al., 2014). Cheirogaleids sometimes 
pollinate the flowers and disperse the seeds of the same 
trees (all capparoid Brassicaceae, the cabbage family). 
Capparoid trees like Crateva spp. produce abundant 
nectar in the night-time, which is consumed by mouse 
lemurs as well as cathemeral lemurs (Eulemur spp.) 
and moths (F. Génin, pers. obs.) (Table 1).

In African capparoid Brassicaceae and mistletoes 
(Viscaceae and Loranthaceae), most of the small 
colourful fruits are dispersed by birds, while small green 
fruits are dispersed by mouse lemurs in Madagascar 
(Génin & Rambeloarivony, 2018) [but there are African 
species with green fruits such as Viscum anceps, 
Viscum continuum and Maerua angolensis, dispersed 
by nocturnal bushbabies (Otolemur spp.) and fruit 
bats]. The mouse lemur genus Microcebus appears 
to have co-evolved with many plants that colonized 
Madagascar in the Late Miocene: fruit plants such 
as mistletoes, and those in the Anacardiaceae, 
Brassicaceae, Loganiaceae (Strychnos), Malvaceae 
(Grewia, Tilioidae), Salvadoraceae (Salvadora 
and Azima), Ebenaceae (Diospyros), and the gum 
trees Alantsilodendron and Terminalia, and many 
Anacardiaceae (the mango family) (Andrews et al., 
2016; Génin & Rambeloarivony, 2018). The presence of 
these taxa in Africa at that time is confirmed by the 
fossil record and by molecular dating (e.g. Bamford, 
2011; Grímsson et al., 2018; Maul et al., 2019). Many 
wood-boring coleopteran larvae responsible for 
gum exudation probably also colonized Madagascar 
with the trees they infest. These include longhorn 
beetles (Cerambycidae), jewel beetles (Buprestidae) 
and click beetles (Elateridae) infesting trees in the 
Anacardiaceae, Combretaceae, mimosoid Fabaceae 
and tilioid Malvaceae (Génin et al., 2010), all possible 
Late Miocene colonists.

Miocene hippopotamus grassy forest and 
thicket

Our reconstruction of dry forest refugia suggests that 
the major river basins of central-west and south-
west Madagascar experienced considerable forest 
regression during the driest period of the Late Miocene, 
possibly coincident with the spread of hippopotamuses 
and grasses (Weston & Boisserie, 2010) (Fig. 4). 
Indeed, grasslands are primarily constructed by large 
herbivores (McNaughton, 1984; Belsky, 1986; Paige & 
Whitham, 1987; Bond, 1994; Bond et al., 2008; Zhong 
et al., 2022). In the early Mid-Miocene (c. 16 Mya), a 
connection between Eurasia and Africa allowed a rich 
guild of browsers, grazers and mixed feeders to colonize 
Africa and radiate in co-evolution with a variety of 
grasses and trees (Bond, 1994). This was possible 
because of the large size of the African landmass and 
its colonization by diverse ancestral taxa capable of 
seasonal migration. In contrast, Madagascar was only 
colonized by hippopotamuses, which reduced in body 
size (Weston & Lister, 2009).

Three extinct hippopotamus species are known from 
Madagascar. We know little about the largest species, 
Hippopotamus laloumena, which was probably 
associated with large coastal lakes, wetlands and 
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river mouths, a habitat similar to that of the ancestral 
colonist (Faure & Guérin, 1990; Masters et al., 2021) 
(Table 2). Indeed, H. laloumena appears to be the 
least derived Malagasy hippopotamus, most similar 
to extant Hippopotamus amphibius, although it was 
about a third smaller (Faure et al., 2010). The ancestor 
of H. laloumena may have evolved on the land bridge 
itself, only reaching Madagascar during the Messinian 
crisis (c. 6 Mya) during the sea level low stand (Leroux 
et al., 2018). We speculate that H. laloumena formed 
grassy wetlands inhabited by extinct species such as 
the Malagasy lapwing (Vanellus madagascariensis) 
(Goodman, 1996), as well as other species that survived 
but became rare (like the Reunion harrier and many 
west-coast water birds).

The two other hippopotamus species are better 
represented in the subfossil record of Madagascar. 
They are considerably smaller and apparently more 
derived, suggesting additional phyletic dwarfing, 
possibly associated with colonization of the interior 
regions along river courses during the wet onset of 
the Pliocene (5 Mya). This period was followed by a 
long drought during which the ancestral populations 
are likely to have undergone fragmentation, isolation 
and shrinkage (3–2 Mya). The rich highland Poaceae 
flora, which includes most endemic gregarious grass 
species, suggests the grassy thickets may have 
formed in response to grazing by Hippopotamus 
madagascariensis. High levels of tooth wear indicate 
that this species fed on more abrasive food (e.g. sedges) 
and/or ingested more inorganic material than the 
other species, leading to the establishment of grassy 
heathland similar to modern savoka Erica thicket 
on sandy soil. Today, savokas form the pseudo-climax 
stable stage of degradation of the moist evergreen 
forest, but they probably expanded to coastal regions 
in the west and the south during xerophytic periods 
in the Pleistocene, as is indicated by relicts associated 
with poor soils and brackish coastal wetlands (Koechlin 
et al., 1974; Lowry et al., 1997; Gasse, 1998; Willis 
et al., 2008; Virah-Sawmy et al., 2009; Hackel et al., 
2018). Grassy forest, wetlands and savoka thicket 
formed by H. madagascariensis may have been the 
original habitat of the Betsileo short-tailed rat and the 
highland streaked tenrec, the extinct aardvark-tenrec 
(Plesiorycteropus) and possibly the extinct endemic 
crocodile Voay robustus. The surprising diversity of 
endemic ants found in secondary grasslands today 
is probably also explained by these extinct habitats 
(Fisher & Robertson, 2002; Buckley, 2013) (Table 2).

Lower levels of tooth wear in Hippopotamus lemerlei 
(Stuenes, 1989) suggest that this species inhabited 
Poaceae-rich dry forest, including dry deciduous 
forest and evergreen sclerophyllous forest (Table 2). 
Like the extant pygmy hippopotamus, Choeropsis (= 
Hexaprotodon) liberiensis, H. lemerlei probably fed on 

forest grasses and fallen fruits, thereby contributing 
to seed dispersal. This behaviour would have helped 
to maintain pseudo-climax Uapaca ‘tapia’ forest, a 
stable form of the degraded sclerophyllous forest that 
dominated parts of the western side of the central 
highlands (Humbert, 1955; Paulian, 1961; Humbert 
& Cours Darne, 1965; Koechlin et al., 1974; Lowry 
et al., 1997; Gasse, 1998). Grassy clearings formed by 
H. lemerlei in western and southern forests around 
lakes and near rivers were probably the original 
habitat of the Madagascar sandgrouse (Pterocles 
personatus), as well as extinct species like giant 
tortoises (Aldabrachelys spp.) and elephant birds 
(aepyornids) (Godfrey & Crowley, 2016).

Thus, the proposal of a Late Miocene origin of 
Malagasy hippopotamuses could explain the island’s 
surprisingly rich grassland flora in terms of co-evolution. 
Madagascar has 536 Poaceae species, including 271 
endemics (Bosser, 1969; Bond et al., 2008; Callmander 
et al., 2011). Herbaceous Poaceae endemics are mainly 
found in forests and thickets (52%), coastal wetlands 
(18%) and at high altitude (10%). Many Malagasy 
grasses adapted secondarily to forests (e.g. the ‘forest 
shade clade’), including secondary bamboos (Hackel 
et al., 2018). Of the ten Poaceae genera considered the 
main foods of African H. amphibius (Kingdon, 1997; 
Eltringham, 1999; Kingdon & Hoffmann 2013), nine 
are important components of Malagasy secondary 
grasslands: Botriochloa, Brachiaria, Chloris, Cynodon, 
Heteropogon, Hyparrhenia, Panicum, Setaria and 
Sporobolus. The tenth, Themeda, occurs on the island 
but may have been introduced (Bosser, 1969). Three 
genera described by Kingdon (1997) as important foods 
of the pygmy hippopotamus (Andropogon, Imperata 
and Leptaspis), are also present on Madagascar, 
suggesting that their spread, too, was facilitated 
by hippopotamuses. Indeed, the dispersal of small 
seeds ingested by large herbivores with the foliage 
of Poaceae, Cyperaceae and Juncaceae has been 
explained in terms of co-evolution [the ‘foliage is the 
fruit’ hypothesis (Janzen, 1984)]. Hippopotamuses are 
unique gut fermenters and their role in seed dispersal 
is poorly known (van Heukelum, 2010; McCauley 
et al., 2018).

Hippopotamuses probably also facilitated the spread 
of grasslands by stimulating the re-growth of the grass 
[the ‘grazing lawn’ hypothesis of McNaughton (1984)]. 
In Africa, hippopotamuses are known to transform 
their environments drastically by changing the soil 
chemistry and opening habitats (McCauley et al., 
2018), and by inhibiting fire at high densities (Oliver 
& Laurie, 1974). In striking contrast to their African 
analogues, Malagasy secondary grasslands are not fire 
resistant (Bosser, 1969). African grasslands, in part the 
products of recurrent fire, host a great variety of fire-
resistant plants (pyrophytes), including many forbs, 
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as well as animals that use deep burrows, mammals 
capable of rapid running, and terrestrial birds with 
good flying abilities (e.g. bustards, Otidae), which are 
absent on Madagascar, which is, by contrast, poor in 
pyrophytes. For instance, palms like Bismarkia and 
Borassus, which often dominate secondary grasslands, 
are opportunistic pyrophytes.

Hippopotamuses may also have evolved strong 
associations with coprophagous dung beetles 
(Scarabaeidae), known to contribute considerable 
secondary seed dispersal in both forest and grassland 
habitats (e.g. Andressen & Feer, 2005; Kunz & Krell, 
2011). Madagascar has a rich dung beetle fauna 
consisting of about 300 species of which 285 are endemic 
(95%) (Miraldo et al., 2011). Most are associated with 
lemurs and are forest dwellers. However, 40 endemic 
species were found on cattle dung, 20 of which were 
never found on any other resource (Rahagalala et al., 
2009). We suggest that these species were originally 
associated with hippopotamuses, a hypothesis largely 
consistent with the molecular divergence dates compiled 
by Miraldo et  al. (2011), which indicate multiple 
colonizations of the island by scarabaeids, and a much 
greater age of the species associated with lemurs.

DISCUSSION

Colonization of Madagascar by co-evolved 
systems

Masters et al. (2021, In press) observed that molecular 
estimates of phylogenetic divergences of endemic 
Malagasy plants and vertebrates imply three 
synchronic colonization episodes that correspond to 
three proposed periods of land connection between 
the island and the African continent. They questioned 
the dominant narrative based on trans-oceanic 
dispersal by rafting (e.g. Ali & Huber, 2010; Krause, 
2010; Krause et al., 2020; Samonds et al., In press), 
in the light of three axioms: (1) only land bridges can 
leave hard evidence; invoking rafting scenarios should 
be reserved for events for which there is no such 
evidence, and should remain open to falsification; (2) 
land bridges allow colonization by populations over 
generations, whereas rafting requires that waifs make 
the crossing within their reproductive lifetimes, and 
establish viable populations upon landfall; (3) land 
bridges provide habitat continuity, whereas rafting 
requires exceptional habitat flexibility.

We propose that co-evolution provides a means of 
interrogating the land bridge scenario, explaining 
both patterns of synchrony and the absence of many 
African plants and animals from Madagascar (habitat 
filtering). Exchanges among Africa, Madagascar and 
other islands were facilitated by diffuse plant-animal 
associations that included systems of pollination and 

seed dispersal, as well as the general construction 
of landscapes. Some colonization events may have 
involved entire co-evolved systems as early as the 
Early Palaeocene, but more can be traced to the Early 
Oligocene. Others crossed the Mozambique Channel 
in the Late Miocene, possibly by a discontinuous land 
bridge, explaining why the only successful animal 
colonists at that time were volant or amphibious 
(Masters et  al., 2021, In press). Plant-animal 
co-evolution may have facilitated air-borne dispersal, 
for example, mistletoes, capparoid Brassicaceae 
and several other plants are likely to have been 
transported to Madagascar by frugivorous birds 
(Génin & Rambeloarivony, 2018).

Reasoning a contrario, we argue that continuous 
land connections during the Early Palaeocene and 
Early Oligocene explain the presence on Madagascar 
of plants and animals with limited dispersal abilities, 
which make bad candidates for long-distance rafting or 
flying. These include trees that produce seeds dispersed 
by gravity over short distances (e.g. caesalpinioid 
Fabaceae and Meliaceae), as well as birds not capable 
of sustained flight (e.g. storks and ibises). Scenarios 
of colonization by land bridges or rafting are not 
mutually exclusive. A discontinuous land connection 
can enhance the likelihood of over-water dispersal 
by shortening the distances between waypoints, and 
by providing intermediary habitats to colonists (e.g. 
crocodiles, hippopotamuses and dugongs).

In this contribution, we suggest that both 
geodispersal and rafting were involved in the 
colonization of Madagascar. In our reconstruction, 
dispersal was facilitated in the Early Oligocene by 
the spread of mangrove forest seeded by floating 
propagules (Wang et  al., 2019). Cosmopolitan 
mangroves would have facilitated the dispersal of forest 
birds and mammals (Masters et al., 2021). Spiders 
[e.g. Nephilengys = Nephila (Kuntner & Agnarsson, 
2011)], birds [ibises, herons, pigeons, kingfishers, 
batises (sister group to Malagasy endemic Vangidae), 
paradise flycatchers, wagtails, sunbirds, bulbuls], 
primates, carnivorans, rodents and hippopotamuses 
all occupy mangroves today (Semesi, 1992; Taylor 
et al., 2003; Kiwango et al., 2015; Ayanlade & Drake, 
2016; Gardner, 2016; Robinson et al., 2017; Dawson 
et al., 2020; F. Génin, pers. obs.). Elephants, on the 
other hand, are not mangrove residents, although they 
may visit such areas temporarily. African elephants 
(Loxodonta) form large social groups that roam widely 
across savanna woodlands, with a special preference 
for mopane vegetation (Skinner & Chimimba, 2005). 
Unlike hippopotamuses, they are very competent 
swimmers; nevertheless, the socio-ecological 
differences between hippopotamuses and elephants 
mean that hippopotamuses were able to spread to 
Madagascar via the Late Miocene land bridge, while 
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elephants, to use Simpson’s (1940) words, were ‘not 
holders of tickets’.

Crocodiles are also known to be capable of swimming 
long distances in sea water using islands as stepping 
stones (Campbell et al., 2010). Three crocodyliforms 
have been found on Madagascar, the oldest of which, 
Simosuchus clarki, a diminutive, snub-nosed form was 
dated around 66 Mya (Buckley et al., 2000). Its closest 
known relatives derive from the Late Cretaceous 
of Libya (Turner & Sertich, 2012), suggesting a 
colonization of Madagascar across the first emergence 
of the Davie Ridge land bridge. At least two other 
crocodylian lineages probably arrived on Madagascar 
during periods of discontinuous land connection with 
Africa, during the Oligocene [V. robustus, the extinct 
horned crocodile (Hekkala et al., 2021)] and the Late 
Miocene (Crocodylus niloticus, the extant Nile crocodile). 
Hekkala et al. (2021) estimated that the divergence 
between Crocodylus and Voay occurred between 32.1 
and 18.8 Mya, which could have been commensurate 
with the presence of the Eocene-Oligocene land bridge. 
Crocodylus niloticus is conspecific with the African 
Nile crocodile, and may have colonized the island 
alongside the hippopotamuses.

Does the Island Rule apply to Madagascar?

Despite episodes of connection, Africa and Madagascar 
developed very distinct biotas owing to a combination 
of different histories and climates. Madagascar is 
considerably wetter than Africa. Within the same 
range of latitudes, Africa has a true desert (the Namib) 
and has little forest, whereas Madagascar is extremely 
woody and has moist evergreen forest similar in 
physiognomy to the rainforest of central Africa, but 
at much higher latitudes (reaching the tropic in the 
south-eastern littoral forest). The presence of large 
browsers, grazers and mixed feeders is not sufficient 
to develop extensive grasslands under equatorial 
climatic conditions; for instance, the West-Central 
African rainforest has elephants, forest buffalos and 
even grassland birds such as lapwings, waxbills and 
pipits, but all are associated with localized, island-like 
edaphic grasslands (inselbergs, salty clearings and 
wetlands).

Our study resolves the controversial origin of 
Malagasy grasslands (Humbert, 1927, 1955; Perrier de 
la Bâthie, 1936; Paulian, 1961; Bosser, 1969; Carlquist, 
1974; Burney, 1997; Lowry et al., 1997; Burney et al., 
2004; Bond et al., 2008; Willis et al., 2008; Godfrey & 
Crowley, 2016; Vorontsova et al., 2016; Hackel et al., 
2018; Joseph & Seymour, 2020; Salmona et al., 2020). 
Because Madagascar does not have the moderate 
climate generally held to explain insular woodiness—
in terms of life history—authors have invoked the 
principle of insular archaism—the dominance of 

ancient woody taxa and the rarity of more recently 
evolved herbaceous plants (Carlquist, 1974; Whittaker 
& Fernández-Palacios, 2007). Nevertheless, secondary 
woodiness appears to apply to Malagasy taxa, such 
as the Asteraceae, Convolvulaceae, Didiereaceae and 
Gentianaceae (Carlquist, 1974: Masters et al., In 
press), and possibly even the Poaceae [polyphyletic 
‘bamboos’ (Dransfield, 2003; Hackel et al., 2018)]. 
Our study suggests new interpretations of insular 
woodiness in general, either as a consequence of 
phylogenetic disharmony, particularly the absence 
of large migrating herbivores, or as a by-product of 
phyletic dwarfing, often observed in insular ungulates 
that shift from grazing to browsing in woodier habitats 
(Lister, 1989, 1996; Weston & Lister, 2009).

We propose that Madagascar evolved three 
partly extinct, grassy biomes, each associated with 
a hippopotamus species. Hippopotamus laloumena 
formed large grassy wetlands associated with 
mangroves, river mouths and coastal lakes; H. lemerlei 
formed grassy forests including formations similar to 
modern Uapaca tapia forest; and H. madagascariensis 
formed mosaics of Erica savoka thicket, wetland 
and grassy forest. This view suggests a new way of 
approaching the debated issue of the relative roles 
of climate change and anthropogenic change in the 
Holocene megafaunal extinction on Madagascar (e.g. 
Tofanelli et al., 2022). We propose that many extinct 
species known from subfossils in Madagascar were 
parts of co-evolved biomes in which hippopotamuses 
probably acted as keystone species. This implies that 
a combination of climatic factors and anthropogenic 
activity, particularly the introduction of cattle and the 
use of fire, probably sparked an extinction cascade. 
Other members of these extinct biomes survived, as 
revealed by cases of anachronism, particularly in 
secondary habitats associated with rice cultivation 
and cattle herding. Future studies should also include 
information regarding parasites of both plants and 
animals.

No species is an island, entire unto itself. Emphasis on 
co-evolution and niche construction provides a powerful 
tool for the reconstruction of palaeo-environments, 
based on the cross-validation of information gathered 
on diverse taxa of plants and animals. Co-evolution is 
likely to be crucial to successful range expansion and 
colonization of new areas. Rather than focussing on 
competition as the most significant interaction among 
species, exploring organismal interdependence can 
teach us a great deal about past and future evolution.

ACKNOWLEDGEMENTS

We thank Gregory Davies, Richard Cowling and three 
anonymous reviewers for their useful insight and 

AQ26

15.5

15.10

15.15

15.20

15.25

15.30

15.35

15.40

15.45

15.50

15.55
15.56

15.60

15.65

15.70

15.75

15.80

15.85

15.90

15.95

15.100

15.105

15.110
15.111
15.112

S219869235
Sticky Note
Yes they are the same species.



16  F. GÉNIN ET AL.

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, XX, 1–20

encouragement. This study was inspired by several 
joint field trips to Madagascar funded by Grant UID 
2053615 awarded to J.C.M. by the National Research 
Foundation (NRF), South Africa, although opinions 
expressed in this material are those of the authors and 
the NRF does not accept any liability in regard thereto. 
We are also indebted to the late Maarten de Wit for his 
generous support of our research through the Iphakade 
Programme in Earth Stewardship Science. P.P.A.M. was 
supported by the PAULMAZZARICATEN22—Mazza 
P. Fondo Ateneo 2022 MIUR (the Italian Ministry of 
Education, Universities and Research) grant. R.P. was 
supported by AEON, Nelson Mandela University and 
the ISblue project, the interdisciplinary graduate 
school for the blue planet (ANR-17-EURE-0015). We 
have no conflicts of interest to declare.

DATA AVAILABILITY

The palaeo-bathymetry files are available on 
the SEANOE open-data service of Ifremer upon 
publication.

REFERENCES

Agrawal AA, Zhang X. 2021. The evolution of coevolution in 
the study of species interactions. Evolution 75: 1594–1606.

Albert-Daviau A, Buerki S, Onjalalaina GE, Perillo S, 
Rabarijoana  R, Razafindratsima  OH, Sato  H, 
Valenta K, Wright PC, Stuppy W. 2020. The ghost fruits 
of Madagascar: identifying dysfunctional seed dispersal in 
Madagascar’s endemic flora. Biological Conservation 242: 
108438.

Ali  JR, Huber  M. 2010. Mammalian biodiversity on 
Madagascar controlled by ocean currents. Nature 463: 
653–656.

Andressen E, Feer F. 2005. The role of dung beetles as 
secondary dispersers and their effect on plant regeneration 
in tropical rainforest. In: Forget P, Lambert JE, Hulme PE, 
Van der Wall SB, eds. Seed fate: predation, dispersal and 
seedling establishment. Wallingford: CABI Publishing, 
331–349.

Andrews CA, Rambeloarivony H, Génin F, Masters JC. 
2016. Why cheirogaleids are bad models for primate 
ancestors: a phylogenetic reconstruction. In: Lehman SM, 
Radespiel U, Zimmermann E, eds. The dwarf and mouse 
lemurs of Madagascar. Cambridge: Cambridge University 
Press, 94–112.

Applequist WL, Wallace R. 2003. Expanded circumscription 
of Didiereaceae and its division into three subfamilies. 
Adansonia 25: 13–16.

Atsalis S. 2008. A natural history of the brown mouse lemur. 
Upper Saddle River: Pearson Prentice Hall.

Ayanlade A, Drake N. 2016. Forest loss in different ecological 
zones of the Niger Delta, Nigeria: evidence from remote 
sensing. GeoJournal 81: 717–735.

Bamford M. 2011. Fossil leaves, fruits and seeds. In: Harrison T, 
ed. Paleontology and geology of Laetoli: human evolution in 
context. Volume 1: Geology, geochronology, paleoecology and 
paleoenvironment. New York: Springer, 235–252.

Baum DA, Smith SD, Yen A, Alverson WS, Nyffeler R, 
Whilock BA, Oldham RL. 2004. Phylogenetic relationships 
of Malvatheca (Bombacoideae and Malvoideae; Malvaceae 
sensu lato) as inferred from plastid DNA sequences. 
American Journal of Botany 91: 1863–1871.

Belsky AJ. 1986. Does herbivory benefit plants? A review of 
the evidence. The American Naturalist 127: 870–892.

Birkinshaw C. 2001. Fruit characteristics of species dispersed 
by the black lemur (Eulemur macaco) in the Lokobe Forest, 
Madagascar. Biotropica 33: 478–486.

Bobe R. 2006. The evolution of arid ecosystems in eastern 
Africa. Journal of Arid Environments 66: 564–584.

Bollen A, van Elsacker L, Ganzhorn JU. 2004. Relations 
between fruits and disperser assemblages in a Malagasy 
littoral forest: a community-level approach. Journal of 
Tropical Ecology 20: 599–612.

Bond WJ. 1994. Keystone species. In: Schulze E, Mooney HA, 
eds. Biodiversity and ecosystem function. Berlin: Springer-
Verlag, 237–250.

Bond WJ, Silander JA. 2007. Springs and wire plants: 
anachronistic defences against Madagascar’s extinct 
elephant birds. Proceedings of the Royal Society of London 
Series B 274: 1985–1992.

Bond WJ, Silander JA, Ranaivonasy J, Ratsirarson J. 
2008. The antiquity of Madagascar’s grasslands and the 
rise of C4 grassy biomes. Journal of Biogeography 35: 
1743–1748.

Bosser J. 1969. Graminées des pâturages et des cultures à 
Madagascar. Antananarivo: ORSTOM.

Buckley M. 2013. A molecular phylogeny of Plesiorycteropus 
reassigns the extinct mammalian order ‘Bibymalagasia’. 
PLoS One 8: e59614.

Buckley GA, Brochu CA, Krause DW, Pol D. 2000. A pug-
nosed crocodyliform from the Late Cretaceous of Madagascar. 
Nature 405: 941–944.

Buerki S, Devey DS, Callmander MW, Phillipson PB, 
Forest F. 2013. Spatio-temporal history of the endemic 
genera of Madagascar. Botanical Journal of the Linnean 
Society 171: 304–329.

Burney DA. 1997. Theories and facts regarding Holocene 
environmental change before and after human colonization. 
In: Goodman SM, Patterson BD, eds. Natural change and 
human impact in Madagascar. Washington, DC: Smithsonian 
Institution Press, 75–89.

Burney  DA, Burney  LP, Godfrey  LR, Jungers  WL, 
Goodman SM, Wright HT, Jull AJT. 2004. A chronology 
for late prehistoric Madagascar. Journal of Human Evolution 
47: 25–63.

Cal lmander   MW, Phi l l ipson   PB,  Schatz   GE, 
A n d r i a m b o l o l o n e r a   S ,  R a b a r i m a n a r i v o   M , 
Rakotonirina N, Raharimampionona J, Chatelain C, 
Gautier L, Lowry PP. 2011. The endemic and non-endemic 
vascular flora of Madagascar updated. Plant Ecology and 
Evolution 144: 121–125.

AQ27

AQ28

AQ29

AQ30

16.5

16.10

16.15

16.20

16.25

16.30

16.35

16.40

16.45

16.50

16.55
16.56

16.60

16.65

16.70

16.75

16.80

16.85

16.90

16.95

16.100

16.105

16.110
16.111
16.112

S219869235
Sticky Note
Yes. Change ok.

S219869235
Sticky Note
This is the name of the grant.

S219869235
Sticky Note
FOR DANIEL



CO-EVOLUTION AND MADAGASCAR COLONIZATION  17

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, XX, 1–20

Campbell  HA, Watts  ME, Sullivan  S, Read  MA, 
Choukroun S, Irwin SR, Franklin CE. 2010. Estuarine 
crocodiles ride surface currents to facilitate long-distance 
travel. Journal of Animal Ecology 79: 955–964.

Capuron R. 1966. Hazomalania R. Capuron, nouveau genre 
malgache de la famille des Hernandiacées. Adansonia 6: 
375–384.

Carmona D, Fitzpatrick CR, Johnson MTJ. 2015. Fifty 
years of co-evolution and beyond: integrating co-evolution 
from molecules to species. Molecular Ecology 24: 5315–5329.

Clements FE. 1917. The development and structure of biotic 
communities. Journal of Ecology 5: 120–121.

Clements FE, Shelford VE. 1939. Bio-ecology. New York: 
John Wiley & Sons.

Courgeon S, Jorry SJ, Jouet G, Camoin G, BouDagher-
Fadel  MK, Bachèlery  P, Caline  B, Boichard  R, 
Révillon S, Thomas Y, Thereau E, Guérin C. 2017. 
Impact of tectonic and volcanism on the Neogene evolution 
of isolated carbonate platforms (SW Indian Ocean). 
Sedimentary Geology 355: 114–131.

Couvreur  TLP, Dauby  G, Blach-Overgaard  A, 
Deblauwe  V, Dessein  S, Droissart  V, Hardy  OJ, 
Harris  DJ, Janssens  SB, Ley  AC, Mackinder  BA, 
Sonké  B, Sosef  MSM, Stévart  T, Svenning  J, 
Wieringa JJ, Faye A, Missoup AD, Tolley KA, Nicolas V, 
Ntie S, Fluteau F, Robin C, Guillocheau F, Barboni D, 
Sepuchre P. 2021. Tectonics, climate and the diversification 
of the tropical African terrestrial flora and fauna. Biological 
Reviews 96: 16–51.

Cowling RM, Proches S, Vlok JHJ. 2005. On the origin 
of southern African subtropical thicket vegetation. South 
African Journal of Botany 71: 1–23.

Crottini A, Madsen O, Poux C, Strauss A, Vieites DR, 
Vences  M. 2012. Vertebrate time-tree elucidates the 
biogeographic pattern of a major biotic change around the K-T 
boundary in Madagascar. Proceedings of the National Academy 
of Sciences of the United States of America 109: 5358–5363.

Dawson J, Pillay D, Perissinotto R, Richoux NB. 2020. 
Fatty acid analyses provide novel insights on hippo 
defecation and consequences for aquatic food webs. Scientific 
Reports 10: 1–15.

Delauney A. 2018. Les mouvements verticaux de Madagascar 
(90-0 Ma): une analyse couplée des formes du relief et de 
l’enregistrement sédimentaire des marges ouest Malgaches. 
Ph. D. Thesis, Université de Bretagne Loire. Avaiable at: 
https://doi.org/10.13140/RG.2.2.35631.69283

Ehrlich PR, Raven PH. 1964. Butterflies and plants: a study 
in coevolution. Evolution 18: 586–608.

Eltringham SK. 1999. The hippos: natural history and 
conservation. Princeton: Princeton University Press.

Faure M, Guérin C. 1990. Hippopotamus laloumena nov. sp., 
la troisième espèce d’hippopotame Holocène de Madagascar. 
Comptes Rendus de l’Académie des Sciences, Paris, Série II 
310: 1299–1305.

Faure M, Guérin C, Genty D, Gommery D, Ramanivosoa B. 
2010. Le plus ancien hippopotame fossile (Hippopotamus 
laloumena) de Madagascar (Belobaka, Province de 
Mahajanga). Comptes Rendus Palevol 9: 155–162.

Feinsinger  P. 1983. Coevolution and pollination. In: 
Futuyma DJ, Slatkin M, eds. Coevolution. Sunderland: 
Sinauer Associates, 282–310.

Fisher BL, Robertson HG. 2002. Comparison and origin of 
forest and grassland ant assemblages in the high plateau 
of Madagascar (Hymenoptera: Formicidae). Biotropica 34: 
155–167.

Futuyama DJ, Slatkin M. 1983. Coevolution. Sunderland: 
Sinauer Associates.

Garbutt N. 2007. Mammals of Madagascar. A complete guide. 
London: A&C Black Publishers.

Gardner CJ. 2016. Use of mangroves by lemurs. International 
Journal of Primatology 37: 317–332.

Gasse F. 1998. A 40,000-yr pollen and diatom record from 
Lake Tritrivakely, Madagascar, in the southern tropics. 
Quaternary Research 49: 299–311.

Génin F, Masters JC. 2016. The physiology of phyletic 
dwarfism. In: Lehman SM, Radespiel U, Zimmermann E, eds. 
The dwarf and mouse lemurs of Madagascar. Cambridge: 
Cambridge University Press, 317–334.

Génin FGS, Masters JC, Ganzhorn JU. 2010. Gummivory 
in cheirogaleids: primitive retention or adaptation to 
hypervariable environments? In: Burrows AM, Nash LT, eds. 
The evolution of exudativory in primates. New York: Springer, 
123–140.

Génin F, Rambeloarivony H. 2018. Mouse lemurs (Primates: 
Cheirogaleidae) cultivate green fruit gardens. Biological 
Journal of the Linnean Society 124: 607–620.

Godfrey LR, Crowley BE. 2016. Madagascar’s ephemeral 
palaeo-grazer guild: who ate the ancient C4 grasses? 
Proceedings of the Royal Society of London Series B 283: 
20160360.

Goodman SM. 1996. Description of a new species of subfossil 
lapwing (Aves, Charadriiformes, Charariidae, Vanellinae) 
from Madagascar. Bulletin du Muséum Nationale Histoire 
Naturelle 18: 607–614.

Grímsson F, Grimm GW, Potts AJ, Zetter R, Renner SS. 
2018. A Winteraceae pollen tetrad from the Early Palaeocene 
of western Greenland, and the fossil record of Winteraceae 
in Laurasia and Gondwana. Journal of Biogeography 45: 
567–581.

Hackel J, Vorontsova MS, Nanjarisoa OP, Hall RC, 
Razanatsoa J, Malakasi P, Besnard G. 2018. Grass 
diversification in Madagascar: in situ radiation of two 
large C3 shade clades and support for a Miocene to Pliocene 
origin of C4 grassy biomes. Journal of Biogeography 45: 
750–761.

Hekkala  E, Gatesy  J, Narechania  A, Meredith  R, 
Russello M, Aardema ML, Jensen E, Montanari S, 
Brochu C, Norell M, Amato G. 2021. Paleogenomics 
illuminates the evolutionary history of the extinct 
Holocene ‘horned’ crocodile of Madagascar, Voay robustus. 
Communications Biology 4: 505.

van Heukelum MJD. 2010. In search of the elusive pygmy 
hippo; establishment of methods to determine population 
structure of pygmy hippos in Taï National Park, and 
assessment of their role in seed dispersal. Ms Thesis, 
Wageningen University.

AQ31

17.5

17.10

17.15

17.20

17.25

17.30

17.35

17.40

17.45

17.50

17.55
17.56

17.60

17.65

17.70

17.75

17.80

17.85

17.90

17.95

17.100

17.105

17.110
17.111
17.112

https://doi.org/10.13140/RG.2.2.35631.69283
S219869235
Sticky Note
Change to "Research report": only indication given on the document... although supervisors are mentioned.



18  F. GÉNIN ET AL.

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, XX, 1–20

Humbert H. 1927. La destruction d’une flore insulaire par 
le feu: principaux aspects de la végétation à Madagascar. 
Mémoires de l’Académie Malgache. Fascicule 5.

Humbert H. 1955. Les territoires phytogéographiques de 
Madagascar. Année Biologique, Série 3 31: 439–448.

Humbert H. 1959. Origines présumée et affinités de la 
flore de Madagascar. Mémoires de l’Institut Scientifique de 
Madagascar série B, Biologie Végétale 9: 149–187.

Humbert H, Cours Darne G. 1965. Carte internationale du 
tapis végétal et des conditions écologiques. Mangoky - Cap Ste 
Marie, Répunlique Malgache. Paris: ORSTOM. Available at: 
https://esdac.jrc.ec.europa.eu/content/carte-internationale-
du-tapis-v%C3%A9g%C3%A9tal-et-des-conditions-
%C3%A9cologiques-mangoky-cap-ste-marie 

Jacobs BF, Herendeen PS. 2004. Eocene dry climate and 
woodland vegetation in tropical Africa reconstructed from 
fossil leaves from northern Tanzania. Palaeogeography, 
Palaeoclimatology, Palaeoecology 213: 115–123.

Janzen DH. 1983. Dispersal of seeds by vertebrate guts. In: 
Futuyama DJ, Slatkin M, eds. Coevolution. Sunderland: 
Sinauer Associates, 232–262.

Janzen DH. 1984. Dispersal of small seeds by big herbivores: 
foliage is the fruit. The American Naturalist 123: 338–353.

Jordal BH. 2021. A phylogenetic and taxonomic assessment 
of Afrotropical Micracidini (Coleoptera, Scolytinae) reveals a 
strong diversifying role for Madagascar. Organisms Diversity 
& Evolution 21: 245–278.

Joseph GS, Seymour CL. 2020. Madagascan highlands: 
originally woodland and forest containing endemic grasses, 
not grazing-adapted grassland. Proceedings of the Royal 
Society of London Series B 287: 20201956.

Jud NA, Iglesias A, Wilf P, Gandolfo MA. 2018. Fossil 
moonseeds from the Paleogene of West Gondwana (Patagonia, 
Argentina). American Journal of Botany 105: 927–942.

Karsten  KB, Andriamandimbiarisoa  LN, Fox  SF, 
Raxworthy CJ. 2008. A unique life history among tetrapods: 
an annual chameleon living mostly as an egg. Proceedings 
of the National Academy of Sciences of the United States of 
America 105: 8980–8984.

Kingdon J. 1997. The Kingdon field guide of African mammals. 
London: Academic Press.

Kingdon J, Hoffmann M. 2013. Mammals of Africa Vol. VI. 
Pigs, hippopotamuses, giraffes, deer and bovids. London: 
Bloomsbury.

Kiwango H, Njau KN, Wolanski E. 2015. The need to 
enforce minimum environmental flow requirements in 
Tanzania to preserve estuaries: case study of mangrove-
fringed Wami River estuary. Ecohydrology & Hydrobiology 
15: 171–181.

Klages JP, Salzmann U, Bickert T, Hillenbrand C, Gohl K, 
Kuhn G, Bohaty SM, Titschack J, Müller J, Frederichs T, 
Bauersachs  T, Ehrmann  W, van  de  Flierdt  T, 
Pereira PS, Larter RD, Lohmann G, Niezgodzki I, 
Uenzelmann-Neben G, Zundel M, Spiegel C, Mark C, 
Chew D, Francis JE, Nehrke G, Schwarz F, Smith JA, 
Freudenthal T, Esper O, Pälike H, Ronge TA, Dziadek R. 
2020. Temperate rainforests near the South Pole during 
peak Cretaceous warmth. Nature 82: 81–91.

Koechlin  J, Guillaumet  JL, Morat  P. 1974. Flore et 
vegetation de Madagascar. Vaduz: Cramer Verlag.

Krassilov V. 2012. Fossil record of angiosperm origin: new 
evidence and interpretation. In: Veress B, Szigethy J, eds. 
Horizons in earth science research, Vol. 8. New York: Nova 
Publishers, 39–92.

Krause DW. 2010. Washed up in Madagascar. Nature 463: 
613–614.

Krause DW, Hoffmann S, Hu Y, Wible JR, Rougier GW, 
Kirk EC, Groenke JR, Rogers RR, Rossie JB, Schultz JA, 
Evans AR, von Koenigswald W, Rahantarisoa LJ. 2020. 
Skeleton of a Cretaceous mammal from Madagascar reflects 
long-term insularity. Nature 581: 421–427.

Krause  DW, Rogers  RR, Forster  CA, Hartman  JH, 
Buckley GA, Sampson SD. 1997. The Late Cretaceous 
vertebrate fauna of Madagascar: implications for Gondwanan 
paleobiogeography. GSA Today 9: 1–7.

Krüger M. 2007. Composition and origin of the Lepidoptera 
faunas of southern Africa, Madagascar and Réunion (Insecta: 
Lepidoptera). Annals of the Transvaal Museum 44: 123–178.

Kuntner  M, Agnarsson  I. 2011. Biogeography and 
diversification of hermit spiders on Indian Ocean islands 
(Nephilidae: Nephilengys). Molecular Phylogenetics and 
Evolution 59: 477–488.

Kunz  BK, Krell  F. 2011. Habitat differences in dung 
beetle assemblages in an African savanna-forest ecotone: 
implications for secondary seed dispersal. Integrative 
Zoology 6: 81–96.

Laland  KN, Boogert  NJ. 2008. Niche construction, 
co-evolution and biodiversity. Ecological Economics 69: 
731–736.

Leroux E, Aslanian D, Rabineau M, Pellen R, Moulin M. 
2018. The Late Messinian event: a worldwide tectonic 
upheaval. Terra Nova 30: 207–214.

Lewontin RC. 1983. The organism as the subject and object of 
evolution. Scientia 118: 63–82.

Lister AM. 1989. Rapid dwarfing of red deer on Jersey in the 
last interglacial. Nature 342: 539–542.

Lister AM. 1996. Dwarfing in island elephants and deer: 
processes in relation to time of isolation. Symposia of the 
Zoological Society of London 69: 277–292.

Lowry  PP, Schatz  GE, Phillipson  PB. 1997. The 
classification of natural and anthropogenic vegetation in 
Madagascar. In: Goodman SM, Patterson BD, eds. Natural 
change and human impact in Madagascar. Washington, DC: 
Smithsonian Institution Press, 93–123.

Mack AL. 2000. Did fleshy fruit pulp evolve as a defence 
against seed loss rather than as a dispersal mechanism? 
Journal of Biosciences 25: 93–97.

Masters JC, Génin F, Pellen R, Mazza PPA, Zhang Y, 
Huck T, Rabineau M, Aslanian D. In press. Geodispersal 
as a biogeographic mechanism for Cenozoic exchanges 
between Madagascar and Africa. In: Goodman SM, ed. The 
new natural history of Madagascar. Princeton: Princeton 
University Press. Available at: https://hal.archives-ouvertes.
fr/hal-03099520/document.

Masters JC, Génin F, Silvestro D, Lister AM, DelPero M. 
2014. The red island and the seven dwarfs: body size 

AQ32

AQ33

AQ34

18.5

18.10

18.15

18.20

18.25

18.30

18.35

18.40

18.45

18.50

18.55
18.56

18.60

18.65

18.70

18.75

18.80

18.85

18.90

18.95

18.100

18.105

18.110
18.111
18.112

https://esdac.jrc.ec.europa.eu/content/carte-internationale-du-tapis-v%C3%A9g%C3%A9tal-et-des-conditions-%C3%A9cologiques-mangoky-cap-ste-marie
https://esdac.jrc.ec.europa.eu/content/carte-internationale-du-tapis-v%C3%A9g%C3%A9tal-et-des-conditions-%C3%A9cologiques-mangoky-cap-ste-marie
https://esdac.jrc.ec.europa.eu/content/carte-internationale-du-tapis-v%C3%A9g%C3%A9tal-et-des-conditions-%C3%A9cologiques-mangoky-cap-ste-marie
https://hal.archives-ouvertes.fr/hal-03099520/document
https://hal.archives-ouvertes.fr/hal-03099520/document
S219869235
Sticky Note
This is a book (monography) so the title should be in italics, and the publisher should be added:

Humbert H. 1927. La destruction d’une flore insulaire par le feu: principaux aspects de la végétation à Madagascar. Mémoires de l’Académie Malgache. Fascicule 5. G. Antananarivo: Pitot et Cie.



S219869235
Sticky Note
Publication in November. The link can be suppressed.



CO-EVOLUTION AND MADAGASCAR COLONIZATION  19

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, XX, 1–20

reduction in Cheirogaleidae. Journal of Biogeography 41: 
1833–1847.

Masters  JC, Génin  F, Zhang  Y, Pellen  R, Huck  T, 
Mazza PPA, Rabineau M, Doucouré M, Aslanian D. 
2021. Biogeographic mechanisms involved in the colonization 
of Madagascar by African vertebrates: rifting, rafting and 
runways. Journal of Biogeography 48: 492–510.

Matias LM, Olivet J, Aslanian D, Fidalgo-González L. 
2005. PLACA: a white box for plate reconstruction and 
best-fit pole determination. Computers and Geosciences 31: 
437–452.

Maul K, Krug M, Nickrent DL, Müller KF, Quandt D, 
Wicke  S. 2019. Morphology, geographic distribution, 
and host preferences are poor predictors of phylogenetic 
relatedness in the mistletoe genus Viscum L. Molecular 
Phylogenetics and Evolution 131: 106–115.

McCauley  DJ, Graham  SI, Dawson  TE, Power  ME, 
Ogadas  M, Nyingi  WD, Githaiga  JM, Nyunja  J, 
Hughey L, Brashares JS. 2018. Diverse effects of the 
common hippopotamus on plant communities and soil 
chemistry. Oecologia 188: 821–835.

McNaughton SJ. 1984. Grazing lawns: animals in herds, 
plant form, and co-evolution. The American Naturalist 124: 
863–886.

Meeker  DO, Merkel  DL. 1984. Climax theories and a 
recommendation for vegetation classification—a viewpoint. 
Journal of Range Management 37: 427–430.

Michalak I, Zhang L, Renner SS. 2010. Trans-Atlantic, 
trans-Pacific and trans-Indian Ocean dispersal in the small 
Gondwanan Laurales family Hernandiaceae. Journal of 
Biogeography 37: 1214–1226.

Midgley JJ, Illing N. 2009. Were Malagasy Uncarina fruits 
dispersed by the extinct elephant bird? South African 
Journal of Science 105: 467–469.

Miraldo A, Wirta H, Hanski I. 2011. Origin and diversification 
of dung beetles in Madagascar. Insects 2: 112–127.

Mitter  C, Brooks  DR. 1983. Phylogenetic aspects of 
coevolution. In: Futuyma DJ, Slatkin M, eds. Coevolution. 
Sunderland: Sinauer Associates, 65–98.

Mittermeier RA, Louis EE Jr, Richardson M, Schwitzer C, 
Langrand O, Rylands AB, Hawkins F, Rajaobelina S, 
Ratsimbazafy J, Rasoloarison R, Roos C, Kappeler PM, 
Mackinnon J. 2010. Lemurs of Madagascar, 3rd edn. 
Arlington: Conservation International.

Moat J, Smith P. 2007. Atlas of the vegetation of Madagascar. 
Kew: Kew Publishing.

Monnier L. 1913. Les Aepyornis. Annales de Paléontologie 8: 
125–172.

Montagnon D. 2013. Strepsirhine divergence dates estimated 
from mitochondrial gene sequences, and the status of 
Daubentonia madagascariensis. In: Masters JC, Gamba M, 
Génin F, eds. Leaping ahead: advances in prosimian biology. 
New York: Springer, 21–32.

Moulin M, Aslanian D, Unternehr P. 2010. A new starting 
point for the South and Equatorial Atlantic Ocean. Earth-
Science Reviews 98: 1–37.

Mucina L. 2019. Biome: evolution of a crucial ecological and 
biogeographical concept. New Phytologist 222: 97–114.

Noonan B, Chippendale PT. 2006. Vicariant origin of 
Malagasy reptiles supports Late Cretaceous Antarctic 
landbridge. The American Naturalist 168: 730–741.

Ohba M, Samonds KE, LaFleur M, Ali JR, Godfrey LR. 
2016. Madagascar’s climate at the K/P boundary and 
its impact on the island’s biotic suite. Palaeogeography, 
Palaeoclimatology, Palaeoecology 441: 688–695.

Odling-Smee J, Erwin DH, Palkovacs EP, Feldman MW, 
Laland KN. 2013. Niche construction theory: a practical 
guide for ecologists. Quarterly Review of Biology 88: 3–28.

Oliver  RCD, Laurie  WA. 1974. Habitat utilization by 
hippopotamus in the Mara River. East African Wildlife 
Journal 12: 249–271.

Olson  DM, Dinerstein  E, Wikramanayake  ED, 
Burgess ND, Powell GVN, Underwood EC, D’Amico JA, 
Itoua I, Strand HE, Morrison JC, Loucks CJ, Alnutt TF, 
Ricketts TH, Kura Y, Lamoreux JF, Wettengel WW, 
Hedao P, Kassem KR. 2001. Terrestrial ecoregions of 
the world: a new map of life on Earth. A new global map 
of terrestrial ecoregions provides an innovative tool for 
conserving biodiversity. BioScience 51: 933–938.

Paige KN, Whitham TG. 1987. Overcompensation in response 
to mammalian herbivory: the advantage of being eaten. The 
American Naturalist 129: 407–416.

Paulian R. 1961. La zoogéographie de Madagascar et des iles 
voisines. Antananarivo: L’Institut de Recherche Scientifique 
de Madagascar.

Paulian R, Viette P. 2003. An introduction to terrestrial and 
freshwater invertebrates. In: Goodman SM, Benstead JP, 
eds. The natural history of Madagascar. Chicago: University 
of Chicago Press, 503–511.

Pelleau P, Aslanian D, Matias L, Moulin M, Augustin J, 
Quemener G, Poncelet C. 2015. Placa4D freeware: a new 
interactive tool for palinspastic reconstruction in 3D. Lisbon: 
American Association of Petroleum Geologists Congress.

Perrier de la Bâthie H. 1936. Biogéographie des plantes 
de Madagascar. Paris: Société d’Edition Géographiques 
Maritimes et Coloniales.

Ponte J, Robin C, Guillocheau F, Popescu S, Suc J, 
Dall’Asta  M, Melinte-Dobrinescu  MC, Bubik  M, 
Dupont  G, Gaillot  J. 2019. The Zambezi  delta 
(Mozambique Channel, East Africa): high resolution 
dating combining bio-orbital and seismic stratigraphies 
to determine climate (palaeoprecipitation) and tectonic 
controls on a passive margin. Marine and Petroleum 
Geology 105: 293–312.

Poux C, Madsen O, Marquard E, Vieites DR, de Jong WW, 
Vences M. 2005. Asynchronous colonization of Madagascar 
by the four endemic clades of primates, tenrecs, carnivores, 
and rodents as inferred from nuclear genes. Systematic 
Biology 54: 719–730.

Prothero DR. 1994. The Late Eocene-Oligocene extinctions. 
Annual Review of Earth and Planetary Sciences 22: 145–165.

Rahagalala P, Viljanen H, Hottola J, Hanski I. 2009. 
Assemblages of dung beetles using cattle dung in Madagascar. 
African Entomology 17: 71–89.

Regal PJ. 1977. Ecology and evolution of flowering plant 
dominance. Science 196: 622–629.

19.5

19.10

19.15

19.20

19.25

19.30

19.35

19.40

19.45

19.50

19.55
19.56

19.60

19.65

19.70

19.75

19.80

19.85

19.90

19.95

19.100

19.105

19.110
19.111
19.112



20  F. GÉNIN ET AL.

© 2022 The Linnean Society of London, Biological Journal of the Linnean Society, 2022, XX, 1–20

Robinson PT, Flacke GL, Hentschel KM. 2017. The pygmy 
hippo story: West Africa’s enigma of the rainforest. Oxford: 
Oxford University Press.

Roughgarden  J. 1983. The theory of coevolution. In: 
Futuyma DJ, Slatkin M, eds. Coevolution. Sunderland: 
Sinauer Associates, 33–64.

Salmona J, Olofsson JK, Hong-Wa C, Razanatsoa J, 
Rakotonasolo F, Ralimanana H, Randriamboavonjy T, 
Suescun U, Vorontsova MS, Besnard G. 2020. Late 
Miocene origin and recent population collapse of the 
Malagasy savanna olive tree (Noronhia lowryi). Biological 
Journal of the Linnean Society 128: 227–243.

Samonds KE, Ali JR, Huber M, Vences M, Tiley GP, 
Yoder AD. In press. History of animal and plant colonization: 
a synopsis. In: Goodman SM, ed. The new natural history of 
Madagascar. Princeton: Princeton University Press.

Schatz GE. 2001. Generic tree flora of Madagascar. Kew: 
Royal Botanic Gardens.

Schwery O, Onstein RE, Bouchenak-Khelladi Y, Xing Y, 
Carter RJ, Linder HP. 2015. As old as the mountains: 
the radiations of the Ericaceae. New Phytologist 207: 
355–367.

Semesi  AK. 1992. Developing management plans for 
the mangrove forest reserves of mainland Tanzania. 
Hydrobiologia 247: 1–10.

Simpson GG. 1940. Mammals and land bridges. Journal of the 
Washington Academy of Sciences 30: 137–163.

Skinner JD, Chimimba CT. 2005. The mammals of the 
southern African Subregion, 3rd edn. Cape Town: Cambridge 
University Press.

Strijk JS, Noyes RD, Strasberg D, Cruaud C, Gavory F, 
Chase MW, Abbott RJ, Thébaud C. 2012. In and out 
of Madagascar: dispersal to peripheral islands, insular 
speciation and diversification of Indian Ocean daisy trees 
(Psiadia, Asteraceae). PLoS One 7: e42932.

Stuenes S. 1989. Taxonomy, habits and relationships of the 
subfossil Madagascan hippopotami Hippopotamus lemerlei 
and H. madagascariensis. Journal of Vertebrate Paleontology 
9: 241–268.

Sussman RW. 1991. Primate origins and the evolution of 
angiosperms. American Journal of Primatology 23: 209–223.

Sussman RW, Rasmussen DT, Raven PH. 2013. Rethinking 
primate origins again. American Journal of Primatology 75: 
95–106.

Taylor ML, Ravilious C, Green EP. 2003. Mangroves of East 
Africa. UNEP-WCMC Biodiversity Series 13. Available at: 
https://www.unep-wcmc.org/

Tiffney BH. 1986. Fruit and seed dispersal and the evolution 
of the Hamamelidae. Annals of the Missouri Botanical 
Garden 73: 394–416.

Tofanelli S, Bertoncini S, Donati G. 2022. Early human 
colonization, climate change and megafaunal extinction in 
Madagascar: the contribution of genetics in a framework of 
reciprocal causations. Frontiers of Ecology and Evolution 9: 
708345.

Turner AH, Sertich JJW. 2012. Phylogenetic history of 
Simosuchus clarki (Crocodyliformes: Notosuchia) from 
the Late Cretaceous of Madagascar. Journal of Vertebrate 
Paleontology 30: 177–236.

Valenta K, Lehman SM. 2016. Seed dispersal by mouse 
lemurs: do Microcebus represent a unique frugivorous guild? 
In: Lehman SM, Radespiel U, Zimmermann E, eds. The dwarf 
and mouse lemurs of Madagascar. Cambridge: Cambridge 
University Press, 553–565.

Valenta K, Nevo O, Chapman CA. 2018. Primate fruit color: 
useful concept or alluring myth? International Journal of 
Primatology 39: 321–337.

Varela FJ, Thompson E, Rosch E. 1991. The embodied 
mind: cognitive science and human experience. Cambridge: 
MIT Press.

Virah-Sawmy M, Gillson L, Willis KJ. 2009. How does 
spatial heterogeneity influence resilience to climate change? 
Ecological dynamics in south-eastern Madagascar. Ecological 
Monographs 79: 557–574.

Vorontsova MS, Besnard G, Forest F, Malakasi P, Moat J, 
Clayton WD, Ficinski P, Savva GM, Nanjarisoa OP, 
Razanatsoa J, Randriatsara FO, Kimeu JM, Luke WRQ, 
Kayombo C, Linder HP. 2016. Madagascar’s grasses and 
grasslands: anthropogenic or natural? Proceedings of the 
Royal Society of London Series B 283: 20152262.

Wang W, Li X, Wang M. 2019. Propagule dispersal determines 
mangrove zonation at intertidal and estuarine scales. Forests 
10: 245.

Watson DM. 2020. Did mammals bring the first mistletoes 
into the treetops? The American Naturalist 196: 769–774.

Weston  EM, Boisserie  J. 2010. Hippopotamidae. In: 
Werdelin L, Sanders J, eds. Cenozoid mammals of Africa. 
Berkeley: University of California Press, 853–871.

Weston EM, Lister AM. 2009. Insular dwarfism in hippos and 
a model for brain size reduction in Homo floresiensis. Nature 
459: 85–88.

Whittaker RJ, Fernández-Palacios JM. 2007. Island 
biogeography, 2nd edn. Oxford: Oxford University Press.

Willis KJ, Gillson L, Virah-Sawmy M. 2008. Nature or 
nurture: the ambiguity of C4 grasslands in Madagascar. 
Journal of Biogeography 35: 1741–1742.

Wilmé L, Goodman SM, Ganzhorn JU. 2006. Biogeographic 
evolution of Madagascar’s microendemic biota. Science 312: 
1063–1065.

Wilmé  L, Ravokatra  M, Dolch  R, Schuurman  D, 
Mathieu E, Schuetz H, Waeber PO. 2012. Toponyms 
for centers of endemism in Madagascar. Madagascar 
Conservation and Development 7: 30–40.

Zachos J, Pagani M, Sloan L, Thomas E, Billups K. 2001. 
Trends, rhythms, and aberrations in global climate 65 Ma to 
present. Science 292: 686–693.

Zhong Z, Li X, Smit C, Li T, Wang L, Aschero V, Vásquez D, 
Ritchie M, Cushman JH, Wang D. 2022. Large herbivores 
facilitate a dominant grassland forb via multiple indirect 
effects. Ecology: e3635.

AQ35

AQ36

AQ37

AQ38

20.5

20.10

20.15

20.20

20.25

20.30

20.35

20.40

20.45

20.50

20.55
20.56

20.60

20.65

20.70

20.75

20.80

20.85

20.90

20.95

20.100

20.105

20.110
20.111
20.112

https://www.unep-wcmc.org/
S219869235
Sticky Note
See previous comment. 

S219869235
Sticky Note
Taylor ML, Ravilious C, Green EP. 2003. Mangroves of East Africa. Biodiversity Series 13. Cambridge: UNEP-WCMC  https://www.unep-wcmc.org/


S219869235
Sticky Note
Change link to:

file:///C:/Users/Administrator.AL14-NAHECS-VB/Downloads/mangrovesofeasta03tayl.pdf



S219869235
Sticky Note
Volume 103.




