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The orographic effect of the eastern escarpment is the primary cause of the dramatic
disparity between the wet eastern and dry western areas of Madagascar (Wells, 2004). Humid
southeastern trade winds drop most of their precipitation on the eastern lowlands while cooling
rapidly on their ascent up the edge of the eastern escarpment, leaving little rainfall for the
leeward side of the island. This rain shadow restricts the humid bioclimate to the eastern coast
(Figure 1) and therefore acts as a topographic and ecological barrier to the westward expansion
of humid-adapted plants and animals.

The Central Highlands begin at the upper section of the steep eastern escarpment, span
the middle section of the island, and are characterized by the subhumid bioclimatic zone. This
zone also spans into the Northern Highlands, with extensions touching the western and eastern
coasts between -13°S and -14°S. Isolated patches of this bioclimatic zone are also found where
the elevation is higher (1,000-1,300 m) within the subarid southwest, including the Isalo and
Analavelona Massifs (Gautier and Goodman, 2004). Elevation subsequently declines proceeding
westward.

The dry bioclimate, which may experience an equivalent water deficit to the subarid
bioclimate despite receiving more rainfall, spans the northernmost portion of the island to
approximately 20°S along the western coast (Schatz, 2000), where it abuts the northwestern
extent of the subarid bioclimate. In the subarid bioclimate of the southwest, annual rainfall is less
than 1,000 mm and the annual water deficit is in excess of 300 mm (Cornet, 1974). This zone is
positioned at the intersection of the two climatic gradients in Madagascar: the east-west
orographic effect previously discussed and a north-south decline in seasonal precipitation due to

multiple factors.



Austral summer in Madagascar is from December to March. The increased precipitation
during this time is due to the seasonal southward shift of the Intertropical Convergence Zone
(ITCZ) and associated southwestern flow of the warm Southern Equatorial Surface Current,
which brings tropical storm systems toward northeastern Madagascar (Wells, 2004; Scroxton et
al., 2017). While austral summer hurricanes do bring occasional rainfall to the southwestern
portions of the island (Wells, 2004), the overall effect is the creation of a secondary latitudinal
decline in precipitation. Monsoon cycles in Madagascar are typically in phase with those of the
northern hemisphere on multi-decadal timescales (Scroxton et al., 2017). Centennial-scale
climatic trends from southern and central Madagascar, however, are typically antiphase with
those of the northern portion of the island (Wang et al., 2019). Atmospheric circulation patterns
are often only secondary forces on precipitation at Tsimanampesotse, where sea surface
temperature is typically the primary factor influencing rainfall (Scroxton et al., 2019b). Other
influential factors on rainfall amount and seasonality include the El Nifio-Southern Oscillation
(ENSO) and Indian Ocean Dipole (IOD) (Brook et al., 1999; Scroxton et al., 2017; Voarintsoa et

al., 2017; Scroxton et al., 2019b).

Historic Bioclimatic Conditions

The range of bioclimatic zones in northern and eastern Madagascar have changed since
the last Pleistocene glaciation. The impact of ice and colder conditions are apparent in the
geologic record, especially in highland areas. Pleistocene cirques, moraine arcs and glacially

derived lapis structures have been identified from the Andringitra Massif near Fianarantsoa, and



an associated pollen record suggests the continuous presence of heath vegetation (Romani et al.,
2002). As the highest elevations became colder, and in some places glaciated during the last
glacial maximum (LGM, 21.0 kyr BP), montane bioclimatic conditions in the east expanded
from ~2,000 m to as low as 1,000 m above sea level (Burney, 1996). Rainforests were isolated to
the northeast where rainfall was both predictable and 1,000-2,000 mm/year higher than modern
precipitation amounts (Lamb et al., 2012; Rakotoarinivo et al., 2013). This pocket of mesic
conditons served as refugia from otherwise dry, glacial conditions for both flora and fauna,
including Commerson’s leaf-nosed bat (Macronycteris commersoni; Rakotoarivelo et al., 2019).
During the early Holocene, conditions in the northern portion of the island became wetter. Based
on stalagmite isotopic records from Anjohibe Cave, northwestern Madagascar was wetter, even
than the modern environment, from 9.1 to 4.9 kyr BP, with the exception of sporadic dry periods
(Wang et al., 2019, Scroxton et al., unpublished presentation). Marked by major droughts,
conditions in the northwest began to dry at least by 4.9 kyr BP (Wang et al., 2019), if not even
earlier.

During the last glaciation, the Central Highlands and western portion of the island were
composed primarily of open or mosaic landscapes which were prone to fire, and lakebeds that
are full today were dry or had significantly lower water levels (Burney, 1993; Gasse et al., 1994;
Burney, 1996). These regions are thought to have been cooler, more arid and more climatically
variable than the east before and during the LGM (Burney, 1996; Lamb et al., 2012). Periods of
aridity continued to occur throughout the deglaciation, though warmer temperatures permitted
the expansion of forests into higher elevations that were formerly occupied by ericoid vegetation

(Gasse et al., 1994; Burney, 1996).



Littoral sedimentological records from the southeast suggest that this region has
experienced periodic arid vicissitudes throughout the last 6,000 years (Virah-Sawmy et al.,
2009). Pollen records from the central and southwestern portions of the island indicate a wet
period from 5.0-3.0 kyr BP followed by a swift return to arid-adapted vegetation (Burney, 1993;
Matsumoto and Burney, 1994; Burney, 1996).

The paleobiogeographic and paleoclimatic conditions of southwestern Madagascar have
been a focus of ongoing controversy in the scientific literature for decades (Burney, 1993; Wells,
2004; Ohba et al., 2016; Scroxton et al., 2019b). Records concerning the southwestern
paleoclimate during the last deglaciation suggest more humid climatic conditions than those
observed in the region today and have revealed new information about the relationships between
long-term precipitation cycles of the region, sea surface temperature, and tropical air circulation
patterns. Scroxton et al. (2019b) have suggested that the southwest was likely wetter than the
present during the Bolling-Allered (14.7-12.9 kyr BP) and Younger Dryas (12.9-11.7 kyr BP)
based on more negative §'%0 values from a stalagmite from Mitoho Cave (Figure 2).
Paleopalynological work at Andolonomby has offered a timeline for the southwest’s more
modern vegetational shifts, indicating a general trend from a moist, mosaic ecosystem
approximately 5,000 years ago towards one characterized by aridity and a prevalence of fire.
This process began due to natural desiccation 3,000 years B.P., though charcoal became more
common and grasses dominated the region after 1,890 +/- 90 years BP, when humans are thought

to have settled in the region (Burney, 1993).
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Figure 2: Detail map of the location of the caves discussed within Tsimanampesotse National
Park. The eastern edge of Lake Tsimanampesotse’s floodplain can be seen in the detail map to

the left.

Study Site: Tsimanampesotse

Modern Biotic Landscape

Tsimanampesotse National Park protects 201,505 hectares of spiny thicket biome in
southwestern Madagascar (Goodman et al., 2018). The average minimum and maximum daily
temperatures of Tsimanampesotse National Park respectively are 19.2°C and 30.7°C, with
markedly little seasonal fluctuation; the difference between the average temperatures of the dry
and wet seasons is 2.2°C (Goodman et al., 2018). However, while the southwest does not

experience dramatic temperature fluctuations, its rainfall is limited. Tsimanampesotse is within



the driest portion of the subarid bioclimate (sA3c of Cornet, 1974), receiving only 389 mm of
rain annually, the majority of which falls between the months of November and April (Goodman
etal., 2018).

Due at least in part to selection by the restrictive environmental conditions, 81.1% of
Tsimanampesotse’s floral community is endemic to the area (Goodman et al., 2018). The
majority of these endemic species are xerophytic plants belonging to the families Didiereaceae,
Euphorbiaceae and Burseraceae (Goodman et al., 2018) that compose the spiny thicket biome.
This arid-adapted biome occupies most of the eastern side of the park, with littoral forest in the
western side (Ratovonamana et al., 2013). Tsimanampesotse marks the southern biogeographic
limit for the baobab Adansonia rubrostipa and contains the oldest known trees of this species,
which are in excess of 1,000 years old (Patrut et al., 2015). Newer (and potentially invasive)
additions to the park’s floral assemblage include introduced Agave sp. and prickly pear (Opuntia
sp.), the latter of which is often grown by local people outside the park for use as hedge fencing.
Grazing by cattle and goats in northern Tsimanampesotse has a negative impact on the
abundance and species richness of local woody vegetation, particularly in the littoral forests
between the coast and the western edge of Lake Tsimanampesotse (Ratovonamana et al., 2013).

Lake Tsimanampesotse spans approximately 24 km (oriented northwest-southeast) along
the northwestern side of the park. Mineral springs supply the lake with a constant flow of
alkaline water. During modern monsoon events the lake overflows its shallow banks and
partially occupies a large floodplain to the east. Salt-tolerant Salicornia sp. are common here,
where vegetation is otherwise sparse. In times of drought, the water recedes, which in the past

has created a vegetated hardpan that is currently buried approximately 0.5 m under the lake’s
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mud (personal estimate from June 2018). Flamingos, other waterbirds and brine shrimp are the
only modern occupants of the lake. However, higher precipitation levels and different forms of
inflow in the past would have diluted the saline water and made the lake more hospitable,
supporting a wide variety of lacustrine fauna (MacPhee, 1986).

Today, Tsimanampesotse National Park contains three species of lemurs, four rodents
(two introduced species: Rattus rattus and Mus musculus), five tenrecs, four carnivorans (two
introduced species: Felis lybica and Viverricula indica), two amphibians, 39 reptiles, 74 species
of birds, eight bats (Reher et al., 2019) and two species of cave fish (Sparks and Chakrabarty,
2012). Several taxa exhibit physiological adaptations to seasonal drought and lower
temperatures: the reddish-grey mouse lemur (Microcebus griseorufus), western fat-tailed dwarf
lemur (Cheirogaleus medius), lesser hedgehog tenrec (Echinops telfairi), Commerson’s leaf-
nosed bat (Macronycteris commersoni) and the Madagascar cryptic leaf-nosed bat (M.
cryptovalorona) all exhibit daily torpor sessions during austral winter (Génin, 2008; Lovegrove
and Génin, 2008; Reher et al., 2018). Other adaptive strategies utilized by M. griseorufus and C.
medius include building fat reserves during the rainy season and switching from fruits to
seasonally stable food resources, such as plant gums (Génin, 2008). Bats M. commersoni and M.
cryptovalorona roost in partially submerged caves where the ambient temperature remains stable
and water is easily accessible during the dry season (Reher et al., 2018). Several of these arid-

adapted species are also represented in the site’s subfossil record.
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Historic Biotic Landscape

The notion of wetter conditions in the southwest during past millennia is supported by the
phenology of local plants. Many species continue to time their flowering and fruiting based on
day length rather than on rainfall (Ratovonamana et al., 2011). For plants in locations where
rainfall coincides predictably with day length, this adaptation safely improves the plant’s odds of
maximum reproductive potential during the wet season. However, this strategy is not necessarily
well suited for the modern sporadic frequency and unforgiving lack of precipitation.

The Pleistocene-Holocene vertebrate paleofaunal diversity of the areas surrounding
Tsimanampesotse is relatively well documented, though subfossils within the park are still being
recovered and studied (Goodman and Jungers, 2014; Rosenberger et al., 2015). Regarding large
to moderately sized animals, subfossil remains of species still living in the area have been found
in addition to a variety of locally extirpated and extinct waterbirds and raptors (Goodman and
Jungers, 2014). Extinct megafauna such as hippopotami, giant lemurs, horned crocodiles,
tortoises, elephant birds, and giant fosas have also been reported from the surrounding region
(MacPhee, 1986; Goodman et al., 2002; Rosenberger et al., 2015). Micromammal subfossils
described from Tsimanampesotse include tenrecs, rodents, bats, dwarf and mouse lemurs. While
some of these taxa are locally extirpated, no extinct micromammals have been collected
(Sabatier and Legendre, 1985; MacPhee, 1986; Goodman et al., 2002; Goodman and Jungers,
2014). Recent exploration of Tsimanampesotse’s caves has produced nearly 1,400 new subfossil

vertebrate specimens. Three of these caves are of particular significance for this study: Vintany,
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Mitoho and Andranolovy, which are located on the plateau above the northeastern edge of Lake
Tsimanampesotse’s floodplain (see Figure 2). Mitoho Cave will be the focus of Chapter 3.

The two most productive subfossil sites are the submerged caves Vintany Cave (referred
to as “Aven” in the existing literature) and Mitoho Cave; both the layout and species assemblage
of each of these sites differ from the other. The entrance to Vintany Cave (Figure 3) is a vertical-
walled sinkhole that opens into a wider, now submerged cave below, while Mitoho’s more
horizontal entrance is more easily accessible and the descent to the flooded cavern is on foot.
These caves were once dry, flooding an estimated 8,000 years ago based on local sea level
curves and U/Th dates from submerged stalagmites (Lewis et al., unpublished research). Vintany
Cave appears to have been a favored location by the extinct giant ruffed lemur, Pachylemur
insignis (Laurie Godfrey, personal communication), which dominates the subfossil record at this
site. In contrast, Mitoho’s more accessible entrance likely made it unfavorable to Pachylemur
simply because giant fosas (Cryptoprocta spelea) established lairs there. This is evidenced by the
subfossil record of Mitoho Cave, which contains very little P. insignis and an abundance of C.
spelea.

The faunal composition of Vintany and Mitoho differ considerably. Subfossil remains
unique to Vintany Cave include several extant taxa: vasa parrots (Coracopsis sp.), fodies
(Foudia sp.), weaver birds (Ploceus sp.), couas (Coua sp.), the Malagasy kestrel (Falco newtoni),
Madagascar straw-colored fruit bat (Eidolon dupreanum), Peters’ goblin bat (Mormopterus
Jjugularis), ring-tailed lemur (Lemur catta), at least one species of mouse lemur (Microcebus sp.)
and yet unidentified tenrecs, euplerids and rodents (identifications made collaboratively by

members of the 2016-2019 field expeditions). In addition to P. insignis, extinct animals
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(Mullerornis modestus), the

Species

recovered from Vintany include at least one elephant bird

Malagasy horned crocodile (Voay robustus), abrupt giant tortoise (Aldabrachelys abrupta), and

the sloth lemur species Mesopropithecus globiceps (collaborative field identifications).

VINTANY CAVE (a.k.a. “Aven Cave")
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Malagasy giant jumping rat (Hypogeomys antimena; MacPhee, 1986), and the rufous trident bat
(Triaenops menamena; personal identification). Subfossils of introduced common rats (Rattus
rattus), unidentified snakes, and Malagasy leaf-nosed bats (Macronycteris sp.) are found in both
caves.

Two other caves near Vintany and Mitoho have also been found to contain subfossil
material. Work at Malazamanga Cave, the largest submerged cave at Tsimanampesotse, has
produced a cranium belonging to M. edwardsi, as well as remains of Hippopotamus lemerlei,
Cryptoprocta spelea, and L. catta. Another subfossil site within the park is Andranolovy Cave, a
small dry cave connected to Mitoho. In contrast to Malazamanga, skeletal elements surface-
collected from Andranolovy predominately belong to smaller animals; the largest of those
represented are L. catta and the introduced wildcat Felis lybica (identification per Laurie
Godfrey). Microfauna from Andranolovy include unidentified snakes, rodents and tortoises, as
well as T. menamena and Macronycteris sp. bats (personal identification).

The subfossil vertebrate assemblages found in Tsimanampesotse not only vary in
composition but also in age. Mitoho Cave (Figure 4) alone contains at least two non-
contemporaneous assemblages: remains from 22 m and below are estimated to be > 8,000 years
old (Lewis et al., unpublished research) while at 9.8 m modern remains are found below a
modern bat roost. Attempts to use radiocarbon dating on submerged vertebrate subfossils have
proven unsuccessful (Laurie Godfrey, personal communication). However, the age of these
submerged subfossil deposits has been indirectly evaluated by using U/Th disequilibrium dating
of stalagmites to determine the cave’s flooding record. When Mitoho was less flooded, it is

hypothesized that storm events periodically washed animal remains from a shallow chamber



15
above 14 m into deeper sections of the cave through a near-vertical downward passage referred
to as the “chimney” (Lewis et al., unpublished research). The current water depth and lack of
significant flow in Mitoho makes transport of recent carcasses through this passage improbable;
therefore, remains found within or beyond the chimney were likely deposited when the water

level was below its entrance (Lewis et al., unpublished research).

Passage to Andranclovy Cave
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Figure 4: Diagram of Mitoho Cave (modified and reproduced here with permission of Zachary
Klukkert).

U/Th dating on stalagmites from Mitoho and estimates of local water table fluctuations

have provided a time frame for when the chimney became completely submerged. The top of a
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stalagmite even with the chimney’s entrance (14 m below the water table, or 4 m below sea
level) was dated to 11,600 years BP (Lewis et al., unpublished research), which reflects the
earliest possible date that water completely filled the chimney. Stalagmites cannot grow when
under water or when precipitation is insufficient, so a date from the top of a stalagmite indicates
the earliest possible date that the cave’s water level rose above that speleothem. This is
considered the earliest possible date because it may reflect a dry period that caused the
speleothem to cease growing prior to permanent flooding.

Fluctuations in sea level influence the height of local base level (the lowest point to
which water can flow in a given geographic area) and therefore the water table at
Tsimanampesotse. In turn, the local water table height determines the water level within the local
caves. Assuming a constant height of fresh groundwater over a given sea level and no subsidence
or uplift, the time and depth of flooding within Tsimanampesotse’s caves can be inferred from a
combination of stalagmite top dating and global sea level estimates. An estimate of the local
water table height suggests that flooding exceeded the chimney’s entrance roughly 8,000 years
ago (Lewis et al., unpublished research).

Considering both dates, it is reasonable to conclude that subfossils below the entrance of
this passage must be at least from 8,000 years BP, with a strong possibility that specimens are
from > 11,600 years BP. Previous radiocarbon dates do not as accurately describe these
specimens, as they were collected near the entrance of the cave (MacPhee, 1986).

While the submerged skeletal material of Vintany Cave cannot be dated using
radioisotopes, plant material associated with animal remains has been collected from this site for

future radiocarbon dating (Laurie Godfrey, personal communication). The dry conditions at
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Andranolovy have proven more conducive to direct carbon dating. One F. lybica specimen was
dated to 810 + 90 cal years BP, though other remains collected from within the cave have
produced much later dates, up to and including recent years (unpublished dates by Laurie
Godfrey, personal communication). This wide range of dates can be attributed to the fact that
these specimens were collected from the surface of the cave where animal remains are still

accumulating.



CHAPTER 2

BACKGROUND: PALEOECOLOGICAL AND BIOGEOGRAPHIC CONCEPTS

A Brief History of Malagasy Vertebrates

The faunal composition of Madagascar has been shaped by three fundamental processes:
colonization, speciation, and extinction. While a few clades are thought to be the result of
vicariance (i.e., they existed on the island prior to its breakup with the Indian subcontinent;
Yoder and Nowak, 2006), the ancestors of most extant and subfossil taxa appear to have arrived
through rare rafting events, described as “sweepstakes” dispersal (Simpson, 1940; Ali and
Huber, 2010). However, the taxonomic identity and frequency of colonizing taxa has changed
over time.

The western portion of Madagascar was considerably wetter during the K/Pg boundary
than it is currently due to Madagascar’s more southerly position during that time (Ohba et al.,
2016). Following the K/Pg extinction event, the type of vertebrate clades arriving to Madagascar
shifted dramatically. Reptiles, which composed over half of the vertebrate taxa colonizing before
the K/Pg boundary, represented only 21.3% of new taxa afterwards (Samonds et al., 2013).
Conversely, the proportion of terrestrial mammals arriving on Madagascar increased by 35.7%
after the K/Pg; a similar increase occurred for birds (Samonds et al., 2013). The success of these

colonists, most of which came from the African mainland, was likely aided by the wetter, milder
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climate which characterized Madagascar some 66.0 mya (Ohba et al., 2016). During the middle
Eocene (roughly 50.0-42.1 mya), Africa and Madagascar drifted northward into the path of
easterly tradewinds which nurtured the development of the humid bioclimate in the eastern
lowlands, thus further expanding the presence of wetter mesic environments (Wells, 2004). The
ancestors of most terrestrial endemic clades arrived on Madagascar by the mid-Miocene (20.0-
15.0 mya; Crottini et al., 2012). Following the transition of Mozambique Channel current
direction from easterly to westerly roughly 20.0 mya (Ali and Huber, 2010), new arrivals were
almost entirely restricted to volant or facultative swimmers (Samonds et al., 2013); this change in
ocean current direction made rafting by terrestrial animals from Africa to Madagascar even less
likely.

Notable taxa originating from southeast Asia after 20.0 mya include the bat genus
Pteropus (O’Brien et al., 2009) and five genera of birds (Aerodramus, Hypsipetes, Otus,
Hartlaubius, and Zosterops; Samonds et al., 2013, supplemental information; see Appendix A
for a full list of taxa discussed). Most other ancestral taxa arriving after this shift came from the
African mainland, including the ancestral Macronycteris bats, which had likely colonized
Madagascar by the late Miocene, 5.8 mya (Rakotoarivelo et al., 2015; Foley et al., 2017). This
hypothesis is supported by the recent discovery of Miocene Macronycteris cf. sp. fossils from
Makamby (Karen Samonds, personal communication).

The timing of initial human colonization of Madagascar is a topic of ongoing debate. The
first evidence of human activity has previously been dated between 2,400 to 4,000 years ago
(Crowley, 2010; Dewar et al., 2013). However, a suite of megafaunal butchery and

archaeological data suggests that small foraging communities inhabited the island prior to this
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date, potentially for thousands of years (Perez et al., 2005; Dewar et al., 2013; Douglass and
Zinke, 2015). The age and interpretation of much of this material has been called into question
(Anderson et al., 2018), though newly reported samples corroborate the presence of early
foragers (Hansford et al., 2018). Specifically, butchery marks found on Aepyornis limb bones
from southcentral Madagascar indicate that people were present and hunting as early as 10,500
years BP (Hansford et al., 2018).

The degree of influence that human populations had on the island’s Holocene megafaunal
extinctions has also been a topic of intense debate. Hypotheses about megafaunal extinction have
ranged from human overkill (Martin, 1966), to natural aridification (Virah-Sawmy et al., 2010),
to a synergy between climatic and human pressures (Burney et al., 2003; Burney, 2004).
Currently, most evidence suggests that humans played a larger role in the extinction of
Madagascar’s largest vertebrates than climate, most specifically within the last 1,000 years
(Burns et al., 2016; Crowley et al., 2017; Hixon et al., 2018). The extinction of many of
Madagascar’s faunal species, combined with rapid deforestation and the introduction of
agricultural plants and animals, has dramatically transformed the landscape of modern
Madagascar. However, the anthropogenic impact on species distributions and abundances can
only be understood where the biotic and climatic conditions prior to human arrival are known.
To this end, paleoenvironmental indicators, such as small mammals, are valuable for answering

these types of questions.
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Small Mammals and Bats in Paleoenvironmental Research

Underlying Concepts in Small Mammal Paleoecology

The biogeography and morphology of small mammal fossils have frequently been used to
elucidate how and when paleohabitats have changed in different portions of the world (Reed,
2003; Muldoon and Goodman, 2010; Su and Croft, 2018). Terrestrial small mammals are
particularly useful for understanding environmental and biogeographical change because they
generally occupy small home ranges as compared to large mammals and must quickly adapt to
environmental shifts or risk local extirpation (Reed, 2003). This general capacity of small
mammal populations to adapt to local environments is the basis of a strong correlation between
particular habitat types and morphologies (Martin, 1990; Avery, 2007). Therefore, the historic
range of species (or morphotypes within a species) adapted to a particular habitat may be used to
infer past bioclimatic zones and vegetation cover.

Unlike non-volant small mammals, which have a limited capacity for long-distance
dispersal, bats are capable of flying considerable distances across geographic barriers when
conditions become unfavorable, generally associated with reduced food supplies (Fleming and
Eby, 2005). However, they can be statistically powerful paleoecological indicators in light of
their abundance in cave deposits. Furthermore, some species display clear environmental
preferences and are only found in certain bioclimatic zones. This can be due to roost preferences,
such as the proclivity of Myzopoda aurita to roost in the leaves of Ravenala, which only grows

in the more mesic areas of Madagascar (Goodman et al., 2007a), or by a combination of
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habitat/climatic preferences and philopatry by females, as seen in Chaerephon atsinanana (Lamb
et al., 2012). Some widely distributed bat species, such as those belonging to the genus
Macronycteris, display predictable variation in size correlated with bioclimatic clines (Ranivo
and Goodman, 2007a). These factors may be informative when studying and interpreting
subfossils. However, taphonomic factors must be accounted for prior to paleoecological
interpretation.

After initial deposition, remains are exposed to taphonomic processes that may bias their
paleoecological interpretation. These factors include the mode of death (e.g., predation, disease
or catastrophe), weathering, climatic conditions, and post-depositional fluvial transport (Weigelt,
1989; Reed, 2003; Kovarovic et al., 2018). Any of these agents may bias which taxa are
preserved and where they are ultimately deposited and therefore need to be identified prior to
paleoecological interpretation.

Additional complications occur during the excavation, preparation, and conservation of
fossils. Small mammals are often passed over in favor of larger animals either during collection
or manual preparation due to their fragility and size (Samonds et al., 2010). Within a given
collection, poor sampling methodologies may result in a mixture of specimens from different
time periods. Likewise, time-averaged assemblages may occur in situations where the mixture of
several time periods results from natural taphonomic processes. If this mixture is not recognized,
subsequent analyses will be at risk of over-estimating the faunal composition of a particular time
period and may draw incorrect conclusions as to its environmental conditions (Samonds et al.,

2010; Kovarovic et al., 2018). Therefore, careful documentation of the research site and
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methodology is imperative when collecting small specimens for paleoenvironmental

reconstruction.

A Review of Madagascar’s Quaternary Small Mammal Record

The study of small mammal remains and associated paleoecology has only recently been
undertaken on Madagascar (Muldoon et al., 2009; Mein et al., 2010; Muldoon and Goodman,
2010). To date, the paleoecological significance of small mammal assemblages from four major
locations in Madagascar have been reported (Figure 5): Anjohibe Cave (Samonds, 2007), a
collection of sites in the northwestern corner of the Mahajanga Province (Mein et al., 2010),
Ankilitelo Cave (Muldoon et al., 2009), and Andrahomana Cave (Burney et al., 2008; Goodman
et al., 2006b; Goodman et al., 2007b). Most specimens are Quaternary in age and categorized as
“subfossils” — remains that are not yet fully fossilized via permineralization.

Deposits from the surrounding area of Mahajanga range in age from the Late Pleistocene
to < 10,000 years BP (Samonds, 2007; Mein et al., 2010). From Holocene deposits (< 10,000
years BP) in Anjohibe Cave, two extinct species of hipposiderid bats, Triaenops goodmani and
Macronycteris besaoka, both exhibited larger mandibular and dental measures compared to
living species within their respective genera (Samonds, 2007). At four Late Pleistocene to
Holocene localities (Belobaka, Ambatomainty, Ambongonambakoa, and Antsingiavo) near
Anjohibe Cave (see Figure 5), two extinct species of rodent were described: Brachytarsomys
mahajambaensis and Nesomys naridaensis (Mein et al., 2010). Brachytarsomys mahajambaensis

occurred at a lower elevation and farther west than modern representatives of this genus, which
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are primarily frugivorous and arboreal (Carleton and Goodman, 2003; Mein et al., 2010). Coeval
and sympatric with B. mahajambaensis, N. naridaensis was larger in body size than extant
Nesomys species (Mein et al., 2010). These comparisons between modern and subfossil
specimens imply that the forests of this area of Madagascar were more mesic during the late
Pleistocene and at least into the early Holocene, if not more recently.

Findings at significant small mammal sites in southern and southwestern Madagascar
also suggest that more mesic conditions characterized the recent past. A subfossil assemblage
radiocarbon dated to > 500 years BP at Ankilitelo contains the locally extinct species Microgale
brevicaudata, a forest-dwelling tenrec, and the giant Malagasy jumping rat (Hypogeomys
antimena), which currently only inhabits a restricted range of central western lowland dry forest
(Goodman and Rakotondravony, 1996; Muldoon et al., 2009). While coral records from
southwestern Madagascar indicate alternating warming and cooling phases during approximately
the last 340 years (Zinke et al., 2014), anthropogenic habitat destruction is the most likely
explanation for the contraction of local forests and displacement of these animals (Muldoon et
al., 2009). At Andrahomana Cave, subfossils of locally extirpated species were reported:
Nesomys rufus (a humid forest species) and Macrotarsomys petteri (a transitional spiny bush/dry
deciduous forest species). These specimens range widely in age, from the Late Pleistocene
(Burney et al., 2008) to 1,760 + 40 years BP (Goodman et al., 2006b). An extinct jumping rat
(Hypogeomys australis) and extinct tenrec (Microgale macpheei) were also reported from
Andrahomana (Goodman et al., 2007b; Burney et al., 2008). Local extirpation was likely due to
fluctuations of the boundary between the subarid and humid bioclimatic zones, possibly

combined with anthropogenic habitat destruction (Goodman et al., 2006b, Burney et al., 2008).
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Small mammal subfossils excavated at Tsimanampesotse, in the extreme southwest of the
island, have not previously been comprehensively studied with regard to their paleoecological
significance. Of the small mammal subfossils described within the immediate area, four locally
extirpated taxa are reported: Hypogeomys antimena, Microgale jenkinsae (MacPhee, 1986;
Goodman and Soarimalala, 2004), Brachytarsomys sp., and Paremballonura cf. tiavato (Sabatier
and Legendre, 1985; Goodman and Jungers, 2014). Microgale jenkinsae can be found in Mikea
Forest, while Hypogeomys antimena and Paremballonura tiavato are farther north within the
more mesic dry bioclimate (Goodman and Rakotondravony, 1996; Goodman and Soarimalala,
2004; Goodman et al., 2006a). Living species of Brachytarsomys are confined to the
subhumid to humid bioclimates (Mein et al., 2010; Goodman and Jungers, 2014). In addition to
the mesic-adapted large mammal taxa described in Chapter 1, the past occurrence of different
small mammals at Tsimanampesotse suggests that the area was more mesic in the recent
geological past, though particular dates cannot be ascribed to any of these specimens.

Morphometric analyses of subfossil taxa from Tsimanampesotse can also contribute to
our understanding of the area’s paleoenvironment. Within a small mammal species, populations
from different climates adapt their morphology to their environment. For example, a relatively
smaller body that requires fewer calories to maintain is preferable where resources are scarce and
climatic conditions are harsh (i.e., temperature extremes which induce shivering or heat
exhaustion or xeric conditions which increase dehydration). Where environmental conditions are
more favorable and food supplies are reliable, a larger average body size may persist due to
advantages during competition for mates, roosts or other resources. If conditions become less

favorable and resources drop in abundance, larger animals will be forced to expend more energy
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for fewer calories, resulting in die-off and reduced fitness of the large morphotype. This may
ultimately result in local extirpation of the species or in replacement by a smaller bodied
population able to cope with the new environmental constraints. Body size estimates can
therefore provide information about an area’s past bioclimatic conditions and are more reliable
with larger sample sizes (Martin, 1990; Avery, 2007).

Recent paleontological work at Tsimanampesotse has found that the bat genus
Macronycteris (formerly Hipposideros, Foley et al., 2017) is the most common small mammal
subfossil genus present in Mitoho and Vintany Caves. Living members of this genus vary in
body size correlated with bioclimatic clines in western Madagascar, with larger bats found in the
wetter, seasonally stable north and smaller bodied bats in the arid south (Ranivo and Goodman,
2007b; Ramasindrazana et al., 2015). These factors make Macronycteris an excellent candidate
for paleoenvironmental study. Based on what is currently known about Tsimanampesotse’s
subfossil (MacPhee, 1986; Rosenberger et al., 2015) and isotopic records (Scroxton et al.,
2019b), the immediate region is thought to be drier now than it was during the Late Pleistocene
into the Holocene. Differences in Macronycteris subfossils and modern specimens may be used

to reconstruct these paleoenvironmental shifts.
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Background for Macronycteris spp. in Madagascar

Phylogeny and Phylogeography

Commerson’s leaf-nosed bat (Macronycteris commersoni) is the largest living
insectivorous bat on the island, is common in areas with sedimentary rock containing crevices
and caves along the dry to subarid western lowland portion of the island, and may occupy a wide
range of habitats (Goodman et al., 2005; Ranivo and Goodman, 2007a; Goodman et al., 2016).
Modern Macronycteris populations exhibit trends in body size, bioacoustic parameters, and
population genetics correlated with bioclimatic clines on the island (Ranivo and Goodman,
2007b; Ramasindrazana et al., 2015; Rakotoarivelo et al., 2019). Two intraspecific clades have
been identified: Clade C, which is large bodied and restricted to northwestern Madagascar, and
Clade B, which occurs across this species’ distribution and shows considerable variation in body
size (Rakotoarivelo et al., 2015; Goodman et al., 2016). Clade B is morphologically
indistinguishable from the other extant Malagasy member of this genus, the Madagascar cryptic
leaf-nosed bat (Macronycteris cryptovalorona), that it sympatrically occurs with on the subarid
south-central and southwestern portions of the island (Goodman et al., 2016; Reher et al., 2018).

While variation between populations of M. commersoni is statistically evident and may
sometimes be apparent by sight alone, species within the family Hipposideridae are typically
morphologically conservative; differences in size or shape between species may be minor to
nonexistent (Monadjem et al., 2010; Goodman et al., 2016; Foley et al., 2017). Female M.

commersoni are statistically indistinguishable from female M. cryptovalorona with regards to
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external and cranio-dental morphology (Goodman et al., 2016), despite being genetically and
bioacoustically distinct (Ramasindrazana et al., 2015; Goodman et al., 2016).

Similar in morphology, and almost certainly related to modern Macronycteris, the extinct
Malagasy species Macronycteris besaoka (originally named Hipposideros besaoka, but now best
placed within the genus Macronycteris given the taxonomic revisions within this group) was
described and named on the basis of specimens in breccia within Anjohibe Cave (see Figure 5).
Using U-series dating on associated stalagmites, this fossiliferous breccia was dated to < 10,000
years BP (Samonds, 2007). While extant Macronycteris in Madagascar are morphologically
identical, the extinct M. besaoka has a significantly more robust mandible and wider molars than
either modern Malagasy member of this genus (Samonds, 2007; Goodman et al., 2016). The
environment around Anjohibe Cave supported a much higher amount of C3 forest relative to C4
grasses prior to 1,000 years BP (Crowley and Samonds, 2013), and it may be assumed that these
former conditions could have better supported larger bodied bats than the modern palm savanna.
The possibility cannot be excluded that M. besaoka was simply a more robust morphotype of M.
commersoni that may have disproportionately fed on harder invertebrate prey. Analogs of this
situation are known in modern bats. In the North American Myotis occultus, average molar (M?)
width is positively correlated with higher ingestion of tougher prey items (i.e., beetles), a trend
which may be linked ultimately to longer growing seasons (Valdez and Bogan, 2009).

Clearly, genotyping of M. besaoka subfossils would be a direct method to evaluate the
validity of this taxon, but attempts to isolate DNA from specimens has been unsuccessful (Karen

Samonds, personal communication). Hence, the phylogenetic relationship of this species within
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Macronycteris is unknown, though our understanding of hipposiderid diversity continues to
improve.

Recent phylogenetic studies and taxonomic revisions of the genus Hipposideros resulted
in the resurrection of Macronycteris for species formerly placed in the H. commersoni groups
and its sister clade, Doryrhina, for the species formerly named H. cyclops. These clades
separated from genus Hipposideros 31.0 mya and split from one another 19.0 mya (Foley et al.,
2017), with the basal taxon M. cryptovalorona diverging 5.81 mya in the Late Miocene
(Rakotoarivelo et al., 2015).

Macronycteris commersoni diverged in Madagascar 3.38 mya and is genetically more
closely related to the African taxa M. gigas and M. vittatus than to M. cryptovalorona
(Rakotoarivelo et al., 2019). Given that the Malagasy forms are not reciprocally monophyletic,
two hypotheses can be suggested for their colonization history: 1) the ancestors of M.
commersoni and M. cryptovalorona colonized Madagascar independently or 2) the ancestor of
M. cryptovalorona arrived from Africa, then back-dispersed to Africa and established the lineage
that led to M. gigas and M. vitattus, which was followed by a re-colonization of Madagascar,
establishing M. commersoni (Rakotoarivelo et al., 2015).

Clades B and C diverged approximately 820,000 years BP during the mid-Pleistocene,
likely as a result of isolation within separate glacial refugia (Rakotoarivelo et al., 2019). Clade C,
which has maintained a stable effective population over the last 500,000 years, was restricted to
the then wetter northern forest where it remains today (Rakotoarinivo et al., 2013; Rakotoarivelo
et al., 2019). Clade B meanwhile survived in west-central refugia, from which it rapidly

expanded during milder climatic periods beginning at 130,000 years ago (Rakotoarivelo et al.,
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2019). This hypothesis of rapid expansion is supported by the star-shaped distribution of Clade
B’s mDNA haplotypes (Rakotoarivelo et al., 2019), as this pattern emerges when a small
localized population (which inherently has a greater probability of gene lineages combining)
experiences alacritous population growth (Excoffier et al., 2009). More extended time periods
are needed for lineages to coalesce in these larger populations, resulting in long branches splayed
around an ancestral population (Excoffier et al., 2009).

The geographic distribution of Clade B also suggests that gene flow is moderately
restricted between the north and south, with one haplotype existing exclusively in the subarid
bioclimatic zone (Rakotoarivelo et al., 2019). It is worth noting that female philopatry in these
bats may explain at least some migration patterns and would also contribute to the genetic
segregation observed between the north and south (Rakotoarivelo et al., 2019). Bioclimate could
not account for most of the finer scale genetic variation within populations of Malagasy
Macronycteris, as clusters 1 and 3 within Clade B were distributed from north to south (Figure 6;
Rakotoarivelo et al., 2019). Morphological variation, however, does broadly vary with

bioclimate.

Diet

Macronycteris commersoni follows a longitudinal trend in decreasing body size and is
correlated with the western precipitation cline, which decreases from north to south (Ranivo and
Goodman, 2007b). These bats do not follow Bergmann’s rule (i.e., they do not increase in size

with decreasing temperature) and in fact demonstrate the opposite trend (Ranivo and Goodman,
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2007b). The warmer, more seasonally stable subhumid to dry bioclimatic zones in the north
typically produce Macronycteris with larger body sizes, whereas the subarid south, which
experiences colder minimum temperatures in austral winter, has smaller individuals (Goodman et
al., 2005; Ranivo and Goodman, 2007a; Goodman et al., 2016). This relationship between body
size and bioclimate is presumably correlated with the negative effect of reduced temperature and
precipitation on prey availability for these bats. Where conditions are xeric and insects are less
abundant and diverse, it follows that selection pressure would favor a population of smaller
bodied Macronycteris which can be sustained with fewer calories.

Both the richness and abundance of insects eaten by Macronycteris populations
presumably contribute to the cline in body size observed. Macronycteris are “‘sit-and-wait”
predators that specialize in eating Coleoptera, preferentially hunting the hard-shelled families
Scarabaeidae and Carabidae (Rakotoarivelo et al., 2009). They also supplement their diet with a
variety of other beetle families (e.g., Chrysomeloidae, Cucujoidae, and Curculionidae) and
orders of insects (e.g., Hemiptera, Blattoptera, and Homoptera) depending on their location
(Rakotoarivelo et al., 2009).

Studies on Madagascar and other islands have linked beetle abundance to the amount of
precipitation (Tanaka and Tanaka, 1982; Rainio, 2013). At Bemaraha National Park, Coleoptera
abundance was significantly higher during the wet season than dry (Rakotoarivelo et al., 2007).
The richness and abundance of beetle species also increased during the humid season at Menabe
Antimena Protected Area, 150 km south of Bemaraha (Rajaonarivelo et al., 2019). Carabid
beetles were entirely absent in the dry season but returned during the wet season, while scarab

beetles expanded from the leaf litter into the understory and canopy at Menabe Antimena
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(Rajaonarivelo et al., 2019). During the wet season, the M. commersoni at Bemaraha had a diet
dominated by Scarabaeidae, with the following components found in fecal pellets in order of
descending frequency: Carabidae (52.6), Chrysomeloidae (31.6), Passalidae (21.1), Cuculionidae
(15.8), Bupestidae (10.5), and Cerambicidae (5.3). The orders Hemiptera (chiefly family
Cicadidae) and Blattoptera made up a small portion of the identified prey (Rakotoarivelo et al.,
2009). Additional research is needed to assess their dietary changes and possible migration
patterns during the dry season. Macronycteris has previously been reported to disappear from
Bemaraha during the lean months (Kofoky et al., 2007).

Our understanding of the insect diversity and abundance in northern and southern
Madagascar is less complete. In the northwest at Ankarafantsika Nature Reserve, the dry season
insect richness and abundance of insects were lower than at Menabe Antimena, while the
richness at Tsimanampesotse was the highest of the localities sampled (Rajaonarivelo et al.,
2019). However, the rainy season was not studied for these regions, and species composition
and quantity can vary dramatically between seasons or even months (Rainio, 2013). Insect
populations may be especially unpredictable due to the sporadic timing and frequency of rainfall
at Tsimanampesotse. The diet of Macronycteris at Tsimanampesotse has not been studied in
depth, but order-level research has revealed that they predominately prey on Coleoptera, with a
smaller portion of their diet composed of the orders Homoptera, Hymenoptera, and Blatteria

(Ramasindrazana et al., 2012).
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Torpor and Migration

These large-bodied bats cope with dry season extremes by either entering torpor in
thermally stable caves (Reher et al., 2018) or by migrating towards areas with higher prey
density (Ranivo and Goodman, 2007b; Goodman et al., 2016). For example, Macronycteris at
the Kirindy Centre National de Formation, d’Etudes et de Recherches en Environnement et
Foresterie (CNFEREF), are reported to migrate away from the dry forest in austral winter and
return at the beginning of the rainy season (Rakotondramanana and Goodman, 2011). In Africa,
populations of M. gigas are known to migrate seasonally to follow food resources (Cotterill and
Fergusson, 1999), while M. vitattus has been observed to overwinter by remaining inside their
day roost site, reducing activity and surviving on fat deposits (Churchill et al., 1997).
Macronycteris at Tsimanampesotse go into torpor longer and more often during the dry season as
compared to the wet season (Reher et al., 2018).

Macronycteris in Tsimanampesotse overwinter in Andranolovy, which is the hottest and
most thermally stable cave known in the area (Reher et al., 2018). These higher temperatures
permit them to enter torpor only periodically during the day. This strategy avoids the problems of
extended torpor, which include reduced immune response and the buildup of metabolic waste
(Perry, 2013). While Macronycteris is present in Tsimanampesotse year-round (Reher et al.,
2018), this is not the case in other western sites. Hundreds of Macronycteris bats near Kirindy
CNFEREF in the Menabe Region have been observed flying south during December (rainy
season). The subarid bioclimate is both drier and experiences more dramatic fluctuations in daily

and monthly temperature than the north and therefore can sustain fewer large insects. This



