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Madagascar experienced a major faunal turnover near the end of the first millenium CE
that particularly affected terrestrial, large-bodied vertebrate species. Teasing apart the
relative impacts of people and climate on this event requires a focus on regional records
with good chronological control. These records may document coeval changes in
rainfall, faunal composition, and human activities. Here we present new paleontological
and paleoclimatological data from southwestern Madagascar, the driest part of the
island today. We collected over 1500 subfossil bones from deposits at a coastal site
called Antsirafaly and from both flooded and dry cave deposits at Tsimanampesotse
National Park. We built a chronology of Late Holocene changes in faunal assemblages
based on 65 radiocarbon-dated specimens and subfossil associations. We collected
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stalagmites primarily within Tsimanampesotse but also at two additional locations in
southern Madagascar. These provided information regarding hydroclimate variability
over the past 120,000 years. Prior research has supported a primary role for drought
(rather than humans) in triggering faunal turnover at Tsimanampesotse. This is based
on evidence of; (1) a large freshwater ecosystem west of what is now the hypersaline
Lake Tsimanampesotse, which supported freshwater mollusks and waterfowl (including
animals that could not survive on resources offered by the hypersaline lake today);
(2) abundant now-extinct terrestrial vertebrates; (3) regional decline or disappearance
of certain tree species; and (4) scant local human presence. Our new data allow us
to document the hydroclimate of the subarid southwest during the Holocene, as well
as shifts in faunal composition (including local extirpations, large-vertebrate population
collapse, and the appearance of introduced species). These records affirm that climate
alone cannot have produced the observed vertebrate turnover in the southwest. Human
activity, including the introduction of cattle, as well as associated changes in habitat

exploitation, also played an important role.

Keywords: megafaunal collapse, climate change, human impacts, southwest Madagascar, Late Holocene

INTRODUCTION

The literature on humans versus climate shifts as triggers for
extinction of Madagascar’s megafauna has grown enormously
over the past few years, but no consensus has emerged. There
are cultural sites where humans have been present over extended
periods of time with little impact on megafauna (e.g., Douglass
etal., 2018). Likewise, climate fluctuations in the Late Quaternary
have been documented from northern to southern Madagascar
(Scroxton et al., 2017, 2019; Voarintsoa et al., 2017; Wang et al,,
2019; Railsback et al., 2020) with little apparent impact on the
fauna; large-vertebrate extinctions are well represented at a range
of sites from the very late Holocene (Crowley, 2010; Godfrey
et al, 2019; Hansford et al., 2021). The notion that neither
climate nor humans alone, but the combination of the two, was
responsible for the megafaunal crash of the Late Holocene has
gained broad acceptance in recent years (e.g., Burney et al., 2003,
2004; Goodman and Jungers, 2014), but no single hypothesis
appears to apply across the island.

The problem of understanding endemic vertebrate decline is
perhaps most vexing for the subarid region of Tsimanampesotse
National Park (hereafter TNP) in southwestern Madagascar,
where very different interpretations of past events have been
proposed. MacPhee (1986), for example, was reluctant to
attribute the disappearance of large vertebrates from this part
of Madagascar to climate change. He argued on the basis of the
xerophytic plants and microfauna endemic to the region that
conditions in southwestern Madagascar have been dry over a
long period of time, and that we cannot assume the hydroclimate
of the subarid south prior to large vertebrate extinctions was
markedly different than it is today. He further maintained that
even in dry regions, wet microhabitats may be sufficient to
support species dependent on moist conditions. In contrast,
Goodman and Jungers (2014) defended a primary role for
aridification in triggering local species extirpation and extinction.

They hypothesized that the climate of the southwest was wetter
and less seasonal when now-extinct vertebrates were present, and
that wetter habitats likely persisted up to around 1000 years ago
when conditions became too dry to sustain now-extinct species,
both large and small, including certain freshwater birds.

Developing an understanding of extinction across Madagascar
demands that we first focus on changes with good chronological
resolution at the local area or ecological levels, and then
gradually build broader regional chronologies. Here we present
paleontological and paleoclimatological data from a multiyear,
collaborative project focusing on a part of Madagascar that is
exceptionally dry today - the southwestern coastal region south
of the Onilahy River. Our team is the first to document this
region’s changes in hydroclimate through the Holocene based on
stalagmites collected from several caves at TNP as well as caves
to the north and northeast of the park. Our team is also the
first to explore subfossils preserved in the underwater deposits of
the flooded caves of TNP. Our paleontological mission focused
mainly on retrieving bones from flooded as well as dry caves
within the park, but we also collected bones from lacustrine
deposits at Antsirafaly, ~45 km north of TNP.

Our goal in this paper is to provide an overview of our
work and place our results within a broader regional context.
We describe: (1) changes in hydroclimate or rainfall of southern
Madagascar over the past 25,000 years; (2) vertebrate taxa found
in subfossil cave deposits at TNP and lacustrine deposits at
Antsirafaly; and (3) the chronology of local decline of endemic
vertebrate taxa. We also document evidence, direct and indirect,
of past human presence at TNP. We then address the following
four questions: (1) Is today’s hydroclimate in southwestern
Madagascar significantly drier than the hydroclimate several
thousand years ago, when there were numerous large-bodied
endemic vertebrate species in this region? (2) What triggered
local extirpation of vertebrate species at TNP and Antsirafaly?
(3) How does the local extirpation of vertebrate species at TNP
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and Antsirafaly relate to their regional decline at other sites in
southern Madagascar? (4) What, ultimately, caused the extinction
of the large-bodied vertebrates in Madagascar’s southwest?

MATERIALS AND METHODS

Collection Sites

Geographic Locations of Collection Sites

We collected stalagmites and subfossils in southern Madagascar
over the course of four field seasons. In Figure 1 we show
the locations of the limestone caves that yielded stalagmites
covering the period covering the Last Glacial Maximum (LGM,
22.9-19.4 kyr BP) and onward, and the sites at which we
obtained subfossils. All collection sites are in the subarid
“spiny thicket” terrestrial ecoregion, with the exception of
Andranomilitsy Cave, which is located in the southern part of the
subhumid “central highland” terrestrial ecoregion. Ecoregions
are geographic units that share environmental features and
characteristic species; the major ecoregions of Madagascar have
been described by Burgess et al. (2004).

Stalagmites were collected at two of the three major caves of
the TNP karst system that are now phreatic (i.e., largely below the
water table): Mitoho and Vintany. We also collected stalagmites
at four dry caves within the park (Soarano, Andriamaniloke,
Esajo, and Fihamy), as well as two dry caves well outside the park

Tsimanampesotse Region

®’Soalara
® Antsirafaly

FIGURE 1 | Fossil and stalagmite site names and abbreviations. Map of
Madagascar: Asaf, Asafora Cave; Andl, Andranomilitsy Cave; Tsim, region of
the Tsimanampesotse National Park. The star represents the capital of
Madagascar, Antananarivo. Vertical rectangular blowout box: Town of Soalara
and nearby lacustrine site Antsirafaly; Soarano Cave is indicated near the
southernmost end of Lake Tsimanampesotse. Square blowout box: Amb,
Ambolely Sinkhole; Andm, Andriamaniloke Cave; Andr, Andranohilova Cave;
Esj, Esajo Cave; Fih, Fihamy Cave; Mal, Malazamanga Cave; Mat, Maty Cave,
or Anjohimpaty Rock Shelter; Mit, Mitoho Cave; Vin, Vintany Cave.

(Andranomilitsy and Asafora). Andranomilitsy Cave is located
300 km northeast of Tsimanampesotse, off Route National 7 in
the southcentral portion of the subhumid Central Plateau and
near the town of Thosy and the Isalo National Park. Given its
position in the interior of the island and given the dual east-
west and north-south precipitation gradients in Madagascar, this
site can be expected to have been consistently wetter than sites
south of Toliara on or near the west coast. Asafora Cave is in
the Morombe District, 130 km north of Toliara, 200 km north
of Tsimanampesotse, and ~10 km from the coast. It also can
be expected to have been slightly wetter than the region of
Tsimanampesotse (including Antsirafaly) due to the north-south
precipitation gradient.

We collected subfossils at all three phreatic caves of the
karst system at TNP: Vintany, Mitoho, and a cave called
Malazamanga (literally “famous blue”). Subfossils were also
collected at four dry sites within TNP, two of which (Anjohimpaty
and Andranohilova) are part of the Mitoho Cave system.
Anjohimpaty (or Maty Cave, literally “cave of the dead”) is a
rock shelter with cave art (anthropomorphic images and graffiti).
Andranohilova (literally “at the water our descendants will
inherit, where the drongo drinks”) is a small, shaft-like dry cave
that opens into the main portion of Mitoho Cave. The other two
dry subfossil collection sites at TNP were Ambolely sinkhole and
Soarano Cave. Finally, we also collected subfossils at Antsirafaly
(literally “place of the sacred salt”), a lacustrine site near the
coastal town of Soalara, ~45 km north of TNP. We collected plant
material (seeds, bark, twigs) in association with subfossils from
sediments in two caves at TNP (five locations from Vintany and
one from Malazamanga).

Exploration History

Exploratory paleontological missions to Tsimanampesotse began
in the 1930s when Perrier de la Bathie (1934) and Petit
(1935) reported fragmentary subfossil remains of crocodiles
(Voay robustus) and giant tortoises (Aldabrachelys grandidieri)
at the main entrance to Mitoho Cave. Three decades later,
Ravelonanosy and Duflos (1964) explored Andranohilova Cave,
which was much later discovered by us to be one of several
entrances into the Mitoho flooded cave system. MacPhee (1986)
conducted a survey of the dry deposits at the entrances to
TNP caves, including Mitoho as well as Anjohimpaty where he
reported seeing human bones. He also compared the subfossils he
found at the various caves to those reported by Lamberton (1937)
at Ankazoabo Cave, almost 60 km south of Mitoho Cave. In 2001,
a team led by Karen Samonds visited Andranohilova Cave while
prospecting for Cenozoic fossil-bearing sediments, and collected
some reference specimens from the floor of this cave.

Our paleontological mission began in 2014 with an initial
exploration and survey of both TNP (Rosenberger et al., 2015)
and Antsirafaly. Limited collection of subfossil bones from the
surface of the submerged floor of Vintany Cave to determine
underwater preservation of organic material began in 2015.

Our first large-scale effort to collect subfossils was launched in
2016, when team divers collected bones from the floors of all three
flooded caves. We did no underwater excavation of sediments at
that time so we did not know the degree to which the sediment
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might be fossiliferous. In addition to doing surface collection
under water, we collected bones from three dry sites within the
park: Soarano, Anjohimpaty, and Ambolely (Figure 1).

In 2018 and 2019, we followed different collection
methodologies for each TNP locality, and, for the first time,
targeted selected locations within Vintany Cave for careful
manual excavation by divers, down to a maximum of one
foot below the sediment surface. We found that Vintany Cave
sediments preserved abundant subfossils, and we mapped and
recorded all collection localities within the cave. We further
noted whether each specimen came from excavated sediment
or from the surface of the submerged cave floor (i.e., on top of
rocks or sediment).

In the Mitoho Cave system, we collected microfaunal bones
(rodents, bats, and birds) from eolian deposits on the floor of
Anjohimpaty Rock Shelter. In the flooded cave passages of the
Mitoho system, divers collected bones underwater from: (1) the
surface of the cave floor, (2) between large rocks, (3) on the
surface of a massive bat guano mound, (4) in the crevices and
on the shelves that lined the walls of a vertical “chimney;” and
(5) in a deep horizontal passage at the chimney floor. The top
of the vertical chimney is close to Andranohilova. Given the
proximity of this entrance to the underwater chimney, it is
clear that Andranohilova was the original source of the subfossil
remains that accumulated within, and below, the vertical chimney
passage. The narrow, open-air entrance of Andranohilova leads
to a wide chamber that we called the “bat cave room”; this room
has a pool of water at its floor and a low ceiling where bats roost
today. Beneath the water is the flooded portion of the Mitoho
Cave system. Directly below the bat cave room there is a very
large, now entirely submerged, guano mound which spans the
floor of this chamber. The periphery of the southwestern chamber
floor is marked by a series of boulders, a gap among which
forms the entrance to the vertical chimney passage to the deeper
sections of the cave.

We spent limited time exploring Malazamanga Cave. Access to
this flooded cave is precarious because it is situated at the bottom
of a dry and deep, collapsed sinkhole, and navigation of the
underwater passages requires technical skills. On the floor of the
sinkhole there is a wide rock shelter visible in the northern wall
that narrows to a dark passage about 5-6 m wide and 2.5 m tall
and ends at a small pool only about 1 m deep. Below the water’s
surface, a small “duck-under” opening leads to a circuitous
underwater passage, marked by small (garage-sized) rooms that
ultimately lead to a series of chambers more comparable in size to
basketball courts. Divers found partially buried subfossils in only
one of the small rooms, approximately 400 m from the entrance
at the shallow pool, shortly before reaching the larger chambers.
The bones likely washed in from an overhead fissure that was
open for a limited period but is now closed, and invisible to divers
from the inside.

In 2019, our team returned to Antsirafaly where we extracted
subfossils from an isolated dried pond. In the region there
are multiple such features, which appear to have been part of
an extensive fluvial-lacustrine system that may have produced
isolated oxbow lakes and ponds as it dried. Subfossils had been
retrieved at this site previously by local villagers (which we
designated “Soalara” to distinguish them from bones we collected

ourselves). Some of these bones articulated with the bones that we
collected, suggesting that they belonged to the same individuals.

Within the perimeter of the former pond, we dug pits at 14
locations, searching for subfossil bones. We also dug two pits
outside its perimeter (one to a depth of 113 c¢cm and the other
to a depth of 80 cm) to build a stratigraphic profile of the site.
Our profile-pit sediments transitioned gradually from sand at
the top to clay at a depth of 30 cm from the top. The color
of the clay transitioned from red to gray from 50 to 73 cm
below the surface. There was a light gray indurated layer between
73 and 80 cm, possibly indicative of drying, below which the
sediment was composed entirely of gray clay. This clay also
became wetter with depth, and we reached the current water table
at 113 cm depth. These profile pits contained gastropod shells but
no vertebrate bones.

In contrast, the 14 pits we dug within the perimeter of the
pond yielded abundant bones of now-extinct species, beginning
at slightly different depths (from 65 to 76 cm, depending on the
pit) and continuing to below the water table in at least one pit
(Pit H, GPS coordinates -23.62959 S, 43.71833 E). Most subfossils
were found in moist clay, below the indurated layer. Because of
the disturbed nature of this site, we selected many specimens for
radiocarbon dating to establish a chronology, taking precautions
not to sample different bone elements that could belong to the
same individual.

Analytical Methods

Stalagmite Age Determinations

Of the stalagmites that we collected, 27 were amenable to U-Th
disequilibrium dating, producing stratigraphically sequential
dates. Twenty-three stalagmites came from six caves within the
boundaries of TNP, one from Andranomilitsy Cave, and three
from Asafora Cave. From these 27 stalagmites we conducted
131 U-Th individual age determinations; 120 came from the
Tsimanampesotse stalagmites, 10 from Asafora stalagmites, and
one from the single Andranomilitsy stalagmite. Our U-Th
disequilibrium dating methods follow Hellstrom (2003) and
Cheng et al. (2013), with half-lives from Jaffey et al. (1971) and
Cheng et al. (2013). All dates were generated at the Department
of Earth, Atmospheric and Planetary Sciences, Massachusetts
Institute of Technology, Cambridge, MA, United States.
Seventeen U-Th disequilibrium dates have not been previously
published; 33 are in Scroxton et al. (2019), two are in Faina
et al. (in press), and 79'. All use the same chronological scale
as radiocarbon ("*C), where 1950 CE = 0 calendar years before
present (yr BP) and subsequent years are given negative numbers.
Additionally, Faina et al. (in press) used 10 radiocarbon dates in
the age model of stalagmite AF2. These extend the growth period
of AF2, and at Morombe in general, to 3.5 kyr BP.

Identifying Taxa and Documenting Traces of Human
Activity

Genus and species identifications of subfossils were made by
team members with appropriate expertise for particular orders or

'Burns, S. J., McGee, D., Scroxton, N., Kinsley, C. W., Godfrey, L. R., Faina, P.,
et al. (submitted). Southern Hemisphere controls on ITCZ variability in southwest
Madagascar over the past 117,000 years.
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families. When needed, we used comparative collections housed
at the Université d’Antananarivo, Madagascar; the University
of Massachusetts, Amherst, MA, United States; Midwestern
University, Glendale, AZ, United States; the Field Museum of
Natural History, Chicago, IL, United States; the Duke University
Division of Fossil Primates, Durham, NC, United States; and
the American Museum of Natural History, New York, NY,
United States. We examined bone specimens for any traces of
human butchery (following the methods of Hansford et al., 2020)
and we documented additional signs of past human presence at
bone collection sites.

Radiocarbon Dating and Date Calibration for
Vertebrate and Plant Remains

Subfossil specimens selected for dating were processed at
the University of Cincinnati, OH, United States. From each
specimen, we removed approximately 250 mg of bone with tin
snips or a rotary Dremel tool equipped with a saw blade. Samples
were coarsely chopped or crushed into ~1-3 mm fragments
and demineralized in 0.5 N hydrochloric acid (HCI) under
refrigeration for 5-10 days. HCl was refreshed every 3-5 days
until samples were completely demineralized. Samples were
rinsed five times in ultrapure water, with agitation (vortexing)
and centrifugation steps occurring with each rinse. Samples were
then soaked in 0.01 N sodium hydroxide (NaOH) for 4 h at room
temperature to remove humic acids, rinsed with ultrapure water
five times (as described above), and freeze dried. Lastly, samples
were gelatinized in 0.01 N HCl at ca. 75°C overnight and passed
through 1.5 wm glass fiber filters under vacuum. Samples were
again dried down via lyophilization.

After we confirmed sufficient preservation of organic content
using collagen yield, atomic C:N, and stable carbon and nitrogen
isotope values (e.g., Ambrose, 1990; van Klinken, 1999), we sent
aliquots of dried collagenous residue to the Center for Accelerator
Mass Spectrometry at Lawrence Livermore National Laboratory
(Livermore, CA, United States) for radiocarbon dating. Plant
samples from sediment in flooded caves were dried, packaged
in plastic bags and sent to the Beta Analytic Testing Laboratory
(Miami, FL, United States).

We calibrated individual conventional '4C ages to 2o calendar
years before present (Cal yr BP) using the Southern Hemisphere
calibration curve SHCal20, in Calib 8.2 (Hogg et al., 2020; Stuiver
et al,, 2021). Calibrated age ranges (min and max) were rounded
to the nearest 5-year intervals. All radiocarbon dates (vertebrate
and plant) reported herein are calibrated ages (with the exception
of conventional 1*C dates also provided in Tables 3, 4). We report
them as mean values in yr BP + 1o.

In total, we obtained “C dates from 65 bones (32 from TNP
and 33 from Antsirafaly) and six plant remains. All samples from
Antsirafaly yielded sufficient organic material for direct dating
but the same was not true for TNP, where we needed to process
many more than 32 samples to obtain 32 dates. While all TNP
botanic samples were datable, many vertebrate specimens from
the flooded caves could not be directly dated. This is not peculiar
to the flooded caves of Tsimanampesotse; other researchers have
noted that bones that are continually immersed in water tend to
have low protein content (e.g., Nielsen-Marsh and Hedges, 2000;
Bailey and Flemming, 2008; Stinnesbeck et al., 2017).

For Vintany Cave, our overall failure rate for obtaining
sufficient organic material was 68.4% for bones of extinct animals
and 51.7% for bones of extant animals. We failed to extract
sufficient collagen for radiocarbon dating from any of the
sampled extinct animal specimens that we collected from the top
of the cave floor. However, our failure rate was much lower (25%)
for bones of extinct animals excavated from within sediment.
For much smaller-bodied extant species at Vintany, a different
pattern held, probably because many individuals died so recently
that their bones had not lost much organic content. In contrast
to the extinct animals sampled, over 80% of the bones of extant
animals sampled from the cave floor yielded good collagen, while
our success rate for buried bones was much lower (presumably
because many are considerably older). These discrete trends in
collagen preservation for buried bones are unsurprising given
expected differences in protein loss due to microbial activity in
buried bones of small versus large diameter (Pfretzschner, 2004).

Reconstructing Hydroclimate

To develop a long-term record of pluvial versus interpluvial
conditions in southwestern and southcentral Madagascar,
we used U-Th disequilibrium dating of growth phases of
speleothems. In semiarid and arid environments, this tool can
be used as a paleoclimate indicator of pluvial conditions (Ayliffe
et al., 1998; Vaks et al,, 2010). To grow, speleothems require
calcium ion supersaturation in percolating drip waters (White,
1976). To achieve supersaturation, sufficient precipitation must
fall to allow for soil development, soil respiration and high soil
CO; concentrations. This results in sufficiently strong percolating
carbonic acid to dissolve the carbonate host rock and redeposit
the calcium carbonate upon degassing of CO;, which occurs in
the lower-CO; concentration atmospheres of cave environments.
The amount of rainfall necessary for speleothem growth to occur
is estimated to be approximately 250-300 mm per year, but
this is also highly dependent on evaporation and the seasonality
of rainfall (Vaks et al., 2010). For southwest Madagascar, with
annual rainfall near the minimum required for speleothem
growth, periods of stalagmite deposition and non-deposition
can be used to infer pluvial versus arid climate. The difference
in rainfall amount between pluvial and interpluvial periods
need not be large.

One hundred and seventeen of the 120 TNP stalagmite dates
were used to generate a summary of stalagmite growth periods in
southern Madagascar between 125,000 and 0 years BP (one U-Th
date that was older than 125,000 years and two that were younger
than 0 were not used). Seventy-two dates from stalagmites from
all sites (TNP, Asafora and Andranomilitsy) provided a detailed
record of the past 25,000 years (i.e., LGM onward), the period of
primary interest to us.

We plotted date “density” curves to determine the probability
of wet versus dry hydroclimate at any point in time. Probability
density plots are created by summing assumed Gaussian
distributions for each individual age with attendant error at
regular intervals and normalizing the distribution so that the
integral equals 1. Kernel density estimates are like probability
density plots except that a constant Gaussian width is used for
all ages. This prevents individual precise ages from dominating
the plot, but also underplays the spread of low-precision ages.
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Because some stalagmites were sampled more than others, the
dates cannot be considered independent of one another, and
therefore the relative heights of the peaks are as much a function
of sampling density as a natural indicator of relative wetness.

Reconstructing the History of Cave Flooding

In addition to the 117 dates from stalagmites mentioned above,
a small number of stalagmites (notably stalagmite AV2 from
Vintany Cave) revealed significant age reversals. We excluded
these ages from our reconstruction of past hydroclimate, but
as these stalagmites still provided an approximate indication
of growth timing, they were nevertheless capable of providing
geochronological constraints on, for example, the timing
of cave flooding.

Stalagmites from coastal caves can be used, along with global
records of the rise in sea level, to reconstruct the history of cave
flooding (Dumitru et al., 2021). This history can in turn be used to
determine a minimum age for bones that must have accumulated
in certain locations prior to when the water table reached their
top depths within the caves. This method for inferring minimum
age for extinct animals is particularly useful when bones lack
collagen and cannot be dated directly.

The Tsimanampesotse flooded cave network is low lying and
only a few kilometers from the sea; thus, the local water table
is closely tied to sea level. The lower parts of these caves have
been alternatively phreatic (when sea level is high, as it is now) or
vadose (when sea level was lower). Because speleothem growth
is almost always subaerial, the fact that stalagmites exist in
now-flooded portions of the caves is evidence of a much lower
water table at times in the past. As sea level rose during the
last deglaciation and into the Early Holocene, the freshwater
lens would have been pushed up until it intersected with the
caves. Cave flooding would have been gradual, progressing from
bottom to top. Stalagmites that were actively growing when the
water level reached their tops would have ceased growing at
that time; their top dates would thus provide a record of when
they became submerged. It is therefore possible to extract a
maximum age for the timing of the last rise of the water table
from the top dates of submerged stalagmites, combined with
information on submerged stalagmite distribution and depths.
This is a maximum age for flooding because stalagmites could
have stopped growing earlier due to arid conditions.

RESULTS

Stalagmites

Glacial and Post-glacial Climate Inferred From
Growth Periods of Stalagmites

Eleven of the 23 stalagmites that we collected at TNP cover
portions of the LGM and/or the last deglaciation (Table 1) and
allow us to affirm pluvial conditions at TNP between 25.8 and
11.7 thousand years before present (kyr BP). The wettest interval
was the LGM itself, judging from the large number of stalagmites
showing growth at that time and their widespread distribution
within the park (Table 1); however, this pluvial period can be
described broadly as having lasted until stalagmite MT1 stopped

TABLE 1 | Youngest and oldest age determinations for Tsimanampesotse
stalagmites that cover the Last Glacial Maximum (which peaked between 22,900
and 19,400 yr BP), the last deglaciation, and the Holocene (beginning 11,700 yr
BP).

Cave Stalagmite ID Top age Bottom Age
yr BP* + 2¢ yr BP* + 20
Andriamaniloke AD5 60 38 279 94
AD6 -36 49 Single age only
AD7 Modern (Active) 322 12
Fihamy F1 1,360 670 Single age only
Andriamaniloke AD1 18,080 120 19,810 140
AD4 15,550 140 19,220 140
AD10 17,000 120 21,200 110
Esajo E1 20,930 490 Single age only
Fihamy F1 19,170 190 23,110 160
Mitoho MT1 11,730 170 22,700 1,000
MT2 16,590 110 17,170 110
MT4 14,380 120 19,800 2,400
Soarano SR1 22,590 310 283,650 380
SR2 11,762 67 23,700 170
SR3 17,900 5,100 Single age only

*BP notation uses the '*C convention that 1950 CE = 0 yr BP.

growing at 11.7 kyr BP. This was synchronous with the end
of the Younger Dryas, the terminal cold event of both the last
deglaciation period and the Late Pleistocene.

Other stalagmites collected at Tsimanampesotse covered much
earlier time intervals. Together, stalagmites from southwest
Madagascar document an alternating wet/dry pattern. The
pattern holds for at least the last six summer insolation peaks
extending back to 120,000 yr BP and follows the ~19-23
kyr precession cycle (Figures 2, 3; see text footnote 1). In
general, periods of stalagmite growth coincide with local summer
insolation above the mean.

Our data show that the Holocene falls largely within an
interpluvial. From the beginning of the Holocene until only
several hundred years ago, we have almost no record of
speleothem growth at TNP. The sole exception is a single
short record of growth around a millenium ago. This implies
that, despite almost-certain fluctuations in the hydroclimate of
TNP over the Holocene, annual rainfall in this region was
never sufficient to trigger stalagmite growth, likely remaining
below ~300 mm/yr. Southern Madagascar is approaching peak
summer insolation once again. Thus, taking sufficient rainfall
for stalagmite growth as the measure of pluvial conditions, we
infer that southern Madagascar is currently at the beginning of
a pluvial period. This is consistent with current average annual
rainfall at TNP of 389 mm/year (1981-2017; Goodman et al,,
2018), which is above the minimum necessary for stalagmite
growth. The current pluvial period should last until summer
insolation declines sufficiently, depending on current and future
anthropogenic forced changes.

Four stalagmites from TNP (stalagmites F1, AD7, AD6, and
AD5) record the beginning of the current pluvial period in
this region (Table 1). The first (F1) is from Fihamy Cave. This
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FIGURE 2 | Age distribution of stalagmites from TNP through time. (A) Individual U-Th ages (red dots) and 20 uncertainty (blue bars) based on 117 of 120 dated
samples, (B) Probability density function of age distributions (black line) and kernel density estimate (green shading). (C) Cumulative probability distribution of U-Th
age distributions with error. The fluctuating gradient highlights relative periods of excess and deficient speleothem growth relative to the idealized smooth exponential
distribution of stalagmite age distributions with time (Scroxton et al., 2016). (D) Integrated summer (December—January-February, or DJF) insolation at 24°S (bold
red line), and mean value (pale red line). Vertical color bars indicate periods with higher than mean insolation (yellows, darkening with time), and lower than mean
insolation (grays, darkening with time). (E) Distribution of ages into high/low insolation periods following the color scheme above. Probability Density and Kernel
Density Estimate curves determined using the detritalPy Python package (Sharman et al., 2018), with a fixed optimized kernel bandwidth and
Dvoretsky-Kiefer-Wolfowitz inequality error estimates on the cumulative probability function. Insolation curves from The Climate Data Toolbox for MATLAB (Greene

et al., 2019) using the daily insolation function originally by Eisenman and Huybers (Huybers, 2006).

stalagmite grew through much of the LGM, and stopped growing
at 19,172 yr BP. After a long hiatus, growth resumed. Regrowth
is represented by a small segment (30 mm) at the top of this
stalagmite; a sample from the middle of this small segment is
dated to 1360 £ 670 yr BP. The large confidence limit on this
date allows us to infer only that this date fell sometime between
2,000 and 700 years ago. More precisely dated speleothem growth
occurred during the past millennium at Andriamaniloke Cave:
AD5 (279 to 60 yr BP), AD7 (322 yr BP to the present day), and
ADG6 (modern) (Table 1).

Late Holocene stalagmite growth, and the current pluvial
period, likely began earlier to the north and east of TNP and
Antsirafaly. At Asafora Cave, speleothem growth began as early

as 3500 yr BP (Figure 3; Faina et al., in press). At Andranomilitsy
Cave, speleothem growth began by at least 1274 4= 35 yr BP. These
dates indicate that the modern north-south rainfall gradient was
manifested in the past, with the isohyet that triggers stalagmite
growth tracking north to south following the precession cycle.

Age of Cave Flooding Inferred From Top Dates of
Submerged Stalagmites, Combined With Submerged
Stalagmite Distributions and Depths

At present the cave network at Tsimanampesotse is flooded
by a lens of fresh to slightly saline water (typically less than
1500 mg/l total dissolved solids; Rasoloariniaina et al., 2015),
with the current water table approximately 10 m above sea level.

Frontiers in Ecology and Evolution | www.frontiersin.org

September 2021 | Volume 9 | Article 742203


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Godfrey et al.

Holocene Extinction in SW Madagascar

(gray).

Age (yr BP)
0 5,000 10,000 15,000 20,000 25,000
222+ x . N 2 . ;
Tsimanampesotse, N =61/120
v 224 e 20k Morombe District, N =10/10
ke ' Central Highlands, N=1/1
-:_,3 24 ® U-Th X Radiocarbon
8 0 D COMB GBDO® 0
-24.21-B (N )
== Probability Density
== Kernel Density Estimate
> 1.0 7 c
3 J
B c 0.8
o .2
&5 06
o2
28 041 ...
© = G
=28 4
g 021/
6 PRl — PR
0.0 ¥-~
4.4 .
=}
4.35 S N;
43 §§
425 23
42 5 ¢
2 3y
4.15 ©
r T T T T 4.1
0 5,000 10,000 15,000 20,000 25,000
Age (yr BP)
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The freshwater lens extends to at least the deepest explored cave
section (>60 m maximum depth at Malazamanga Cave, i.e,
over 50 m below sea level). During the last glacial, sea level
off southwestern Madagascar would have been approximately
120 m below present day and the caves were subaerially exposed,
as evidenced by the abundant speleothem growth in currently
flooded sections. As sea level rose during the last deglaciation, the
caves would have gradually flooded as the top of the water table
intersected them. The timing of flooding may not have perfectly
followed global, or local, sea-level curves as the freshwater lens
can vary in thickness with the attendant climatic conditions.
Nevertheless, stalagmite growth phases, which must be subaerial,
can be used to date cave flooding.

Owing to logistical challenges, stalagmites were not recovered
from underwater depths greater than 20 m, and the ages and
depths of most stalagmites that we did recover from flooded
caves do not meet the conditions required to test reasonable last

deglaciation flooding hypotheses. However, the analysis of one
stalagmite from Vintany, AV2, reveals that, at ~8.3 kyr BP, the
caves were still subaerial at 14 m below the current water table.
This depth is important because it is also the depth of the entrance
to the fossiliferous vertical chimney at Mitoho that we described
above. Prior to its filling with water during the last deglaciation,
this chimney would have functioned like a water chute during
storms, carrying sediment, bones and carcasses into it from the
guano mound, which would have been at that time subaerial.
This would explain the concentration of fossils in the horizontal
passage at the floor of the vertical chimney and in bends or
ledges within the vertical passage, all of which likely predate the
flooding of the chimney.

We consider the 8.3 kyr date uncertain due to age reversal
of two dates in this stalagmite (hence its exclusion from
our overall date compilation), but the date is consistent with
inferences drawn from data on global sea-levels, which would
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have reached -22 masl at 9,000 years ago, —13 masl about
8,000 years ago and -5 masl around 7,000 years ago (Fleming
et al., 1998). Therefore, the freshwater lens cannot have been
substantially thicker than present in the Early Holocene and the
water table in the karst system, and presumably local sea-level,
could only have reached present levels at 8.3 kyr BP or afterward.

Subfossils

Taxonomic ldentifications

Although separated by only ~45 km direct distance, the deposits
of the Antsirafaly pond and TNP caves show striking differences
in faunal composition (Table 2). In total, we found 16 extinct
species, eight at Antsirafaly and 13 at Tsimanampesotse, with five
species occurring at both sites. At Antsirafaly, we only recovered
extinct species. These included three primates (Megaladapis
edwardsi, M. madagascariensis, and Archaeolemur majori), two
elephant birds (Mullerornis modestus and the largest-bodied
species, Vorombe titan), two reptiles (Voay robustus and
Aldabrachelys sp.), and a hippo (Hippopotamus lemerlei). Delicate
bones of small vertebrates were either not preserved or may have
been missed because we did no fine sieving of sediments.

At TNP, the extinct species included three primates
(Pachylemur insignis, Mesopropithecus globiceps, and Megaladapis
edwardsi), two euplerid carnivorans (Cryptoprocta new sp. and
C. spelea), an artiodactyl (Hippopotamus lemerlei), an elephant
bird (Mullerornis modestus), four volant birds (Alopochen
sirabensis, Coua cf. berthae, Coua cf. primaeva, and Vanellus
madagascariensis), a tortoise (Aldabrachelys grandidieri), and the
horned crocodile (Voay robustus).

Comparing the extinct taxa at Antsirafaly and TNP, the
two extinct primate species most common at TNP (Pachylemur
insignis and Mesopropithecus globiceps) are notably absent at
Antsirafaly. Crocodiles are much more common at the TNP
sites than at Antsirafaly. In contrast, the extinct Megaladapis,
which is relatively common at Antsirafaly, is extremely rare at
TNP. Megaladapis edwardsi is represented by a single skull at
Malazamanga Cave and two specimens found at the entrance to
Mitoho Cave by MacPhee (1986); M. madagascariensis is absent
entirely at TNP. Similarly, Hippopotamus is extremely rare at
TNP, being represented by just two (likely associated) specimens
from Malazamanga Cave, and found under the Megaladapis skull.
Elephant birds are far more common at Antsirafaly than at TNP.

We recovered bones from over 40 endemic extant taxa at TNP
(Table 2). Many of these still live within the park, but five are
locally extirpated. The latter include a rare and poorly known
nesomyid rodent (Macrotarsomys petteri, Petter’s big-footed
mouse), a Vulnerable euplerid (Fossa fossana, the fanaloka),
and three Endangered or Critically Endangered birds (Ardea
humbloti, Humblot’s heron, Threskiornis bernieri, the Madagascar
sacred ibis, and Haliaeetus vociferoides, the Madagascar fish-
eagle). Fossa fossana subfossils have never previously been
collected in the dry west or subarid southwest; this euplerid is
restricted today to the humid eastern rainforest and parts of
the Central Plateau. Haliaeetus vociferoides is of interest because
it would have presumably exploited freshwater fish from Lake
Tsimanampesotse, which no longer exist due to the lake’s current
salinization (Goodman and Jungers, 2014).

Lastly, we found bones of introduced cats, rats, and cows
(Felis catus, Rattus rattus, and Bos taurus) at TNP. MacPhee
(1986) reported finding multiple suid specimens (probably
Potamochoerus larvatus, the bushpig) at the main entrance to
Mitoho Cave and remains of mice (Mus), as well as rats, at
Anjohimpaty Rock Shelter.

The Chronology of Change in Faunal
Assemblages at Tsimanampesotse and
Antsirafaly

Calibrated dates for our animal specimens from TNP range
from 2985 =+ 285 yr BP to modern (<0 Cal yr BP); those from
Antsirafaly range from 1823 £ 73 to 933 & 133 yr BP. This
age range extends back to 4443 + 208 yr BP if we include an
additional single date reported by MacPhee (1986) for elephant
bird eggshell. Calibrated dates for plant specimens from Vintany
Cave range from 2245 = 100 to 225 =+ 85 yr BP. The more recent
plant dates derive from underwater sediments in a “shallow”
portion of Vintany with continuing heavy sedimentation today
(Figure 4, Localities 1 and 2). The older plant dates come from
a “deeper” portion of the cave that is largely (but not entirely)
blocked from deposition today, and that currently experiences
much slower sedimentation® (Figure 4, Localities 4 and B, the
latter locality also called “Bone Soup” because of the thick,
gelatinous quality of the sediment). Because the taxonomic
composition of the fauna changes dramatically (described below)
from before to after 900 yr BP, we present the dates for individual
specimens in two tables: Table 3 for dates earlier than 900 yr
BP and Table 4 for more recent specimens. Table 5 presents all
Vintany plant dates and one from Malazamanga.

When dated individuals are placed on a timeline displaying
their current distributional status (extinct, locally extirpated, local
extant, or introduced), the profile of faunal change becomes
evident (Figure 5). The TNP vertebrate assemblage shows a
dramatic shift in taxonomic composition ~2,000 years ago and
another at ~900 years ago (Tables 3, 4). Prior to ~2000 years
ago, the assemblage is comprised of species that are today
extinct, locally extirpated, and extant in the park. With one
possible exception (Numida meleagris; see below), there are no
introduced species.

The oldest subfossils we collected at TNP are probably
euplerids (Cryptoprocta spelea and a new, much larger species
of extinct Cryptoprocta)® that we found in the vertical chimney
at Mitoho Cave. These are most likely individuals that sheltered
or made birthing dens within Andranohilova. We have no way
of knowing exactly how old these bones may be, or whether
they date to the LGM pluvial period. None of the fossils
from this location (including bats, Macronycteris commersoni,
M. cryptovalorona, and Triaenops menamena) could be directly
dated; they were all brittle and lacked organic material. As the
fossils in the chimney of Mitoho Cave were found between 20 and

ZKlukkert, Z. S., Godfrey, L. R., Crowley, B. E., Muldoon, K. M., Burns, S. J.,
Ranivoharimanana, L., et al. (in prep.). Flooding Vintany; Formation and faunal
deposition in an ecologically important sinkhole in southwest Madagascar.
3Lewis, M. E., Godfrey, L. R., Rakotondramavo, J.-C., Klukkert, Z., Scroxton, N.,
Burns, S. J., et al. (Submitted). A new large, extinct fosa (Carnivora: Eupleridae)
and other Cryptoprocta from Tsimanampesotse National Park, Madagascar.

Frontiers in Ecology and Evolution | www.frontiersin.org

September 2021 | Volume 9 | Article 742203


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Godfrey et al.

Holocene Extinction in SW Madagascar

TABLE 2 | Vertebrate taxa found in subfossil deposits at Tsimanampesotse and/or region of Antsirafaly.

Order Family Species Locality Conservation status
Class Mammalia
Afrosoricida Tenrecidae Setifer setosus Vin LC
Primates Lemuridae Lemur catta Vin, Mit, Mal EN
Pachylemur insignis Vin EX
Cheirogaleidae Microcebus griseorufus Vin LC
Palaeopropithecidae Mesopropithecus globiceps Vin, Soa EX
Megaladapidae Megaladapis edwardsi Mal, Atsf EX
M. madagascariensis Atsf EX
Archaeolemuridae Archaeolemur majori Atsf EX
Rodentia Nesomyidae *Macrotarsomys petteri Vin, Mit DD
Eliurus sp. Vin -
Muridae +Rattus rattus Vin, Mat -
Chiroptera Molossidae Mormopterus jugularis Vin, Mit LC
Hipposideridae Macronycteris commersoni/ cryptovalorona Vin, Mit, Mat NT
Pteropodidae Eidolon dupreanum Vin, Mat \Yu)
Rhinonycteridae Paratriaenops furculus Vin LC
Triaenops menamena Mit, Mat LC
Carnivora Eupleridae Cryptoprocta new sp. Mit EX
C. spelea Vin, Mit EX
C. ferox Mit \
*Fossa fossana Vin VU
Felidae +Felis catus Andr -
Artiodactyla Hippopotamidae Hippopotamus lemerlei Atsf, Mal EX
Bovidae +Bos taurus Andr, Mit -
Class Aves
Aepyornithiformes Aepyornithidae Mullerornis modestus Vin, Atsf EX
Vorombe titan Atsf EX
Anseriformes Anatidae Alopochen sirabensis Vin EX
Anas sp. Vin LC
Galliformes Numididae +?Numida meleagris Vin LC
Phoenicopteriformes Phoenicopteridae Phoenicopterus roseus Vin LC
Columbiformes Columbidae QOena capensis Vin LC
Nesoenas picturata Vin LC
Pterocliformes Pteroclidae Pterocles personatus Vin LC
Cuculiformes Cuculidae Coua gigas Vin LC
Coua cristata Vin LC
Coua ruficeps Vin LC
Coua cf. berthae Vin EX
Coua cf. primaeva Vin EX
Caprimulgiformes Caprimulgidae Caprimulgus madagascariensis Vin LC
Apodidae Apus balstoni Vin LC
Gruiformes Rallidae Fulica cristata Vin LC
Charadriiformes Recurvirostridae Himantopus himantopus Vin LC
Charadriidae Vanellus madagascariensis Vin EX
Pelecaniformes Ardeidae *Ardea humbloti Vin EN
Threskiornithidae Plegadis falcinellus Vin LC
*Threskiornis bernieri Vin EN
Accipitriformes Accipitridae Accipiter henstii Vin NT
cf. Accipiter henstii Vin -
Buteo brachypterus Vin LC
*Haliaeetus vociferoides Vin CR
Milvus aegyptius Vin NT
Polyboroides radiatus Vin LC
Strigiformes Strigidae Athene superciliaris Vin LC
(Continued)
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TABLE 2 | (Continued)

Order Family Species Locality Conservation status
Otus rutilus Vin LC
Tytonidae Tyto alba Vin LC
Falconiformes Falconidae Falco newtoni Vin, Mat LC
Psittaciformes Psittacidae Coracopsis vasa Vin, Mat LC
Passeriformes Ploceidae Foudia madagascariensis Vin LC
Nelicurvius sakalava Vin LC
Hirundinidae Phedina borbonica Vin LC
Class Reptilia
Testudines Testudinidae Aldabrachelys grandidieri Vin, Mal, Atsf EX
Astrochelys radiata Mat CR
Crocodilia Crocodylidae Voay robustus Vin, Soa, Atsf, Amb EX

Localities: Amb, Ambolely Sinkhole; Andr, Andranohilova Cave; Atsf, Antsirafaly and surrounding region; Mat, Maty Cave (Anjohimpaty Rock Shelter); Mal, Malazamanga
Cave; Mit, Mitoho Cave; Soa, Soarano Cave; Vin, Vintany Cave. IUCN Conservation status: EX, Extinct; CR, Critically Endangered; EN, Endangered; VU, Vulnerable; LC,
Least Concern; NT, Not Threatened; DD, Data Deficient. *, locally extirpated; +, introduced; +?, perhaps introduced.

Vintany Cave
Tsimanampesotse National Park
MADAGASCAR

@ -24.0438, 43.7553

Legend

Detritus mound above the water surface
Drip line

Tree roots

Rock

Depth(m) below the water surface

Collection site point locality
Collection site transect locality
Cross-section transect line origin

DO+ g

Cross-Section View

*This cavern floor map was adapted for
publication from the comprehensive
cartographic project by Jake Bulman, Elliot
Smith, and Zachary Klukkert. Initial exploration
and survey was led by Ryan Dart, Patrick
Widmann, and Phillip Lehman.

FIGURE 4 | Vintany Cave, showing excavation sites in shallow (Localities 1 and 2) and deep (Localities 3, 4, and B = Bone soup) sections of the cave.

32 m below the present water table, we conclude that they were The next oldest date is from a piece of elephant bird eggshell
deposited prior to cave flooding (i.e., when the subaerial chimney  (likely Mullerornis) found by MacPhee (1986) at the main
would have functioned like a water chute during storms). They entrance to Mitoho Cave (Table 3). Only slightly younger are
are likely older than 8,300 yr BP and almost certainly older a series of radiocarbon dates for other TNP extinct species
than 7,000 yr BP. (Pachylemur insignis, Coua cf. primaeva, and Voay robustus), as
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TABLE 3 | TNP/Antsirafaly specimens with conventional and calibrated '*C dates prior to 900 yr BP.

Taxon Locality Catalog # Conventional age: Calibrated age: Laboratory # Source
14CyrBP + 10 CalyrBP + 1o

Order Primates

T Pachylemur insignis Vin UABEC 0821 2830 + 130 2985 + 285 CAMS 182448 Faina et al., in press

TP, insignis Vin UABEC 0824 2155 £+ 30 2073 £ 68 CAMS 182344 Faina et al., in press

TP insignis Vin UABEC 0930 2135+ 30 2068 + 68 CAMS 183953 This paper

TP insignis Vin UABEC 0924 2135 £ 25 2065 + 65 CAMS 184645 This paper

Microcebus griseorufus Vin UABEC 0744 2325 + 45 2250 +£ 110 CAMS 185375 Faina et al., in press

tMegaladapis edwardsi Atsf UA 10699 1550 + 20 1385 + 40 UCIAMS 167900 Faina et al., in press

M. edwardsi Atsf UABEC 1371 1660 + 25 1498 + 73 CAMS 183950 Faina et al., in press

M. edwardsi Atsf UABEC 1461 1285 + 30 1168 + 98 CAMS 184638 This paper

M. edwardsi Slar UABEC 1462 1325 £ 25 1228 + 53 CAMS 184639 This paper

M. edwardsi Slar UABEC 1468 1305 + 25 1178 + 93 CAMS 184640 This paper

M. edwardsi Slar UABEC 1463 1310 £ 35 1178 + 98 CAMS 184641 This paper

M. edwardsi Slar UABEC 1470 1380 + 25 1240 + 60 CAMS 184642 This paper

M. edwardsi Slar UABEC 1418 1460 + 25 1270 + 85 CAMS 184643 This paper

TMegaladapis madagascariensis Slar UABEC 1471 13156+ 25 1190 + 85 CAMS 184636 This paper

M. madagascariensis Slar UABEC 1465 1295 + 25 1170 + 95 CAMS 184637 This paper

 Archaeolemur majori Atsf UABEC 1349 1310 £ 25 1185 + 90 CAMS 183972 Faina et al., in press

TA. majori Slar UABEC 1469 1090 + 60 933 + 133 CAMS 184644 This paper

Lemur catta Mal UABEC 0341 1140 + 40 998 + 68 CAMS 185378 This paper

Order Rodentia

*Macrotarsomys petteri Vin UABEC 0427 2210 + 40 2185 + 140 CAMS 185383 This paper

Order Artiodactyla

THippopotamus lemerlei Atsf UABEC 1378 1580 + 25 1438 + 78 CAMS 183970 Faina et al., in press

TH. lemerlei Atsf UABEC 1391 1940 £ 25 1818 £ 73 CAMS 183973 Faina et al., in press

TH. lemerlei Atsf UABEC 1377 1620 + 25 1473 + 63 CAMS 183975 Faina et al., in press

TH. lemerlei Slar UABEC 1453 1300 + 25 1173 £ 98 CAMS 184652 This paper

TH. lemerlei Atsf UABEC 1376 1835 + 25 1715+ 105 CAMS 184653 This paper

TH. lemerlei Atsf UABEC 1429 1535 + 25 1365 + 50 CAMS 184654 This paper

TH. lemerlei Slar UABEC 1455 1390 + 25 1243 + 63 CAMS 184655 This paper

TH. lemerlei Slar UABEC 1472 1265 + 25 1123 + 58 CAMS 184656 This paper

TH. lemerlei Atsf UABEC 1375 1490 + 25 1138 + 38 CAMS 184657 This paper

TH. lemerlei Slar UABEC 1456 1255 + 30 1120 + 60 CAMS 184658 This paper

TH. lemerlei Atsf UABEC 1381 1475 + 30 1330 + 40 CAMS 184659 This paper

Order Chiroptera

Macronycteris Mit UABEC 1287b 1625 + 25 1360 + 50 CAMS 183971 Faina et al., in press

commersoni/cryptovalorona

M. commersoni/cryptovalorona Vin UABEC 0901 1950 + 30 1835 + 90 CAMS 182449 Faina et al., in press

Order T Aepyornithiformes

Elephant bird eggshell Mit Uncatalogued 4030 £+ 70 4443 £+ 208 B-16442 MacPhee, 1986

TMullerornis modestus Atsf UABEC 1372 1945 + 25 1823 + 73 CAMS 183974 Faina et al., in press

M. modestus Atsf UABEC 1382 1465 + 25 1325 4+ 35 CAMS 183969 Faina et al., in press

M. modestus Slar UABEC 1471 1305 + 25 1178 + 93 CAMS 183967 Faina et al., in press

TM. modestus Slar UABEC 1476 1270 + 25 1118 + 53 CAMS 183966 Faina et al., in press

M. modestus Slar UABEC 1385 1595 + 25 1450 + 75 CAMS 183965 Faina et al., in press

M. modestus Atsf UABEC 1380 1560 + 35 1415 £ 100 CAMS 184633 This paper

M. modestus Atsf UABEC 1374 1575 + 25 1420 + 65 CAMS 184634 This paper

TM. modestus Atsf UABEC 1369 156156+ 25 1358 + 48 CAMS 184635 This paper

TVorombe titan Atsf UABEC 1434 1540 + 25 1368 + 53 CAMS 183968 Faina et al., in press

TV, titan Atsf UABEC 1414 1675 + 25 1518 4+ 68 CAMS 183949 Faina et al., in press

Order Cuculiformes

tCoua cf. primaeva Vin UABEC 0854a 2190 + 45 2160 £+ 155 CAMS 185377 This paper

Order Crocodilia

TVoay robustus Soa UABEC 1358 2340 + 30 2253 + 103 CAMS 183952 Faina et al., in press

UA, Université d’Antananarivo; UABEC, Université d’Antananarivo, Bassins Sédimentaires Evolution et Conservation. Localities: Andr, Andranohilova; Atsf, Antsirafaly; Mal,
Malazamanga Cave,; Mit, Mitoho Cave; Slar, Soalara; Soa, Soarano Cave; Vin, Vintany Cave; CAMS, Center for Accelerator Mass Spectrometry at Lawrence Livermore
National Lab; “f”, Beta Analytic; UCIAMS, University of California, Irvine W.M. Keck Carbon Cycle Accelerator Mass Spectrometer Facility. T = extinct; * = locally extirpated.
Dates in text are all calibrated ages, but designated “yr BR”
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TABLE 4 | Tsimanampesotse/Antsirafaly specimens with conventional and calibrated '“C dates younger than 900 yr BP.

Taxon Locality Catalog # Conventional age: Calibrated age: Laboratory # Source
1“CyrBP + 10 CalyrBP £ 10

Order Primates

Microcebus griseorufus Vin UABEC 0431d 14C modern 0 CAMS 185376 This paper

Lemur catta Mit UABEC 1314 100 £ 25 Too young to CAMS 184646 This paper
calibrate

Order Rodentia

+Rattus rattus Mat UABEC 1352 145 + 35 135+ 135 CAMS 185381 This paper

+R. rattus Vin UABEC 0435A 14C modern 0 CAMS 185379 This paper

+R. rattus Vin UABEC 0435B 14C modern 0 CAMS 185380 This paper

+R. rattus Vin UABEC 0940 14C modern 0 CAMS 185382 This paper

Order Chiroptera

Eidolon dupreanum Vin UABEC 0711 150 + 35 138 + 138 CAMS 185385 This paper

E. dupreanum Vin UABEC 1033 475 + 35 490 + 45 CAMS 185384 This paper

E. dupreanum Mat UABEC 1329 170 £ 25 138 + 138 CAMS 184649 This paper

Macronycteris Andr UAP-01.158a 135 + 20 130 + 125 CAMS 150527 Faina et al. (in press)

commersoni/cryptovalorona

M. commersoni/cryptovalorona Mit UABEC 1287a 14C modern 0 CAMS 183951 Faina et al. (in press)

M. commersoni/cryptovalorona Mit UABEC 0865d 14C modern 0 CAMS 183976 This paper

M. commersoni/cryptovalorona Mit UABEC 0865b 14C modern 0 CAMS 183977 This paper

Order Carnivora

+Felis catus Andr UAP-01.158i 905 + 25 763 + 38 CAMS 148400 Crowley et al. (2017)

+F. catus Andr UAP-01.158ii 295 + 25 360 + 80 CAMS 148401 This paper

Order Falconiformes

Falco newtoni Mat UABEC 1324 850 + 20 708 + 33 CAMS 184650 This paper

Order Psittaciformes

Coracopsis vasa Mat UABEC 1330 185 + 25 140 + 140 CAMS 184648 This paper

C. vasa Mat UABEC 1325 1156+ 25 Too young to CAMS 184651 This paper
calibrate

Order Testudines

Astrochelys radiata Mat UABEC 1321 155 + 25 133 + 133 CAMS 184647 This paper

Order Squamata

Unidentified Snake Andr UAP-01.158r 160 £ 25 135 £ 135 CAMS 148385 Faina et al. (in press)

UAPR Université d’Antananarivo Paléontologie; UABEC, Université d’Antananarivo, Bassins Sédimentaires Evolution et Conservation. +, introduced. '*C “modern”
specimens were assigned a calibrated age of O Cal yr BP for our analysis. Localities: Andr, Andranohilova; Mit, Mitoho Cave; Vin, Vintany Cave; Mat, Anjohimpaty

Rock Shelter. Dates mentioned in text are all calibrated ages, designated “yr BR”

TABLE 5 | Plant material from sediments collected from underwater deposits at Vintany and Malazamanga Caves (Tsimanampesotse National Park), AMS-dated at Beta

Analytic Laboratories, FL, United States.

Excavation site and description Conventional age: Calibrated age: Laboratory #
1“CyrBP % 10 CalyrBP £ 1o
Vintany Locality 4: In deep section of cave, with low sedimentation rate 2310 + 30 2245 + 100 3521009
Vintany Bone Soup: In deep section of cave, with low sedimentation rate 2070 + 30 1990 + 70 p521008
Vintany Bone Soup: In deep section of cave, with low sedimentation rate 1900 + 30 1775 + 65 p521014
Vintany Locality 2: In shallow section of cave, with high sedimentation rate 310 £ 30 363 + 83 p521011
Vintany Locality 1 (Square AB): In shallow section of cave, with high sedimentation rate 240 + 30 225+ 85 521010
Malazamanga Cave: Bark associated with bone cluster found 400 m from entrance to cave 1040 £+ 30 880 + 80 p521015

See Figure 4 for the locations of Vintany excavation sites.

well as the locally extirpated Macrotarsomys petteri, all falling
between 3,000 and 2,000 years ago. We can infer similar ages
for additional extinct species (Mesopropithecus globiceps, Coua cf.
berthae, and Mullerornis modestus) on the basis of depositional
association. Specimens belonging to these three species were
retrieved from the locality in the deep portion of Vintany

Cave known as “Bone Soup” (Figure 4, site B). Present in the
same deposit are specimens of Voay robustus and Pachylemur
insignis, both of which are known to have survived at TNP until
~2,000 years ago or later based on dated specimens at other
Vintany localities and at another cave within the park. At Bone
Soup we found associated bones of a single Pachylemur along
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FIGURE 5 | Distribution of calibrated dates for extinct, extant, locally extirpated, and introduced taxa at Antsirafaly and Tsimanampesotse. The date for a humerus of
the extant Lemur catta at Malazamanga is highlighted (blue asterisk) because of its possible temporal association with several bones of extinct species (Megaladapis

N=32

with mixed remains of individuals belonging to other extinct
species, as well as plant material. None of the bones from Bone
Soup were directly datable, but plants from this deposit yielded
calibrated dates of 1990 & 70 and 1775 & 65 yr BP. Given that
these sediments appeared to be little disturbed, one might infer
that the entire Bone Soup assemblage could have been slightly
under 2,000 years old.

All TNP vertebrate dates between 2000 and 900 yr BP belong
to smaller-bodied, endemic species, such as extant lemurs or
bats. However, there is some indirect evidence that Megaladapis
edwardsi, Hippopotamus lemerlei, and Cryptoprocta spelea were
still present at TNP around 1,000 years ago. As mentioned above,
divers found these bones in a cluster far from the entrance
to Malazamanga Cave. Most were buried in sediment but an
undamaged skull of a Megaladapis edwardsi was exposed on the
cave floor. We did not sample these bones for dating, but we
did obtain radiocarbon dates for a piece of bark (880 £ 80 yr
BP) (Table 5) and a Lemur catta humerus (998 + 68 yr
BP) (Table 3), both of which were found directly below the
Megaladapis skull. The overlapping confidence limits of these
dates suggest that subfossils and other debris accumulated at
this location over a short window of time, most likely through
a fissure in the ceiling that was only open for a limited period.
This bone cluster is unique in that this was the only place at
Malazamanga where bones and other debris from outside were
found. Furthermore, the bones showed no evidence of abrasion
through water transport. The taxonomic composition of this
cluster of bones is strikingly different from that of all other
subfossil assemblages at TNP. Pachylemur and Mesopropithecus,
common at nearby Vintany Cave, are both notably absent at
Malazamanga. With the exception of C. spelea, the extinct species
found in the bone cluster at Malazamanga are all also present
at Antsirafaly until nearly 1,000 years ago, so survival of these
particular species in the region until the beginning of the second
millenium is not unexpected.

Finally, after 900 yr BP at TNP, we begin to see introduced
taxa (e.g., cats, rats, and cows) alongside endemic extant species
(Table 4). The date range for bones of introduced taxa at TNP
is 763 4 38 yr BP to modern. The oldest are cat bones from
Andranohilova. Cow bone was also present at Andranohilova,
but we failed to recover collagen from a specimen that we treated
for dating, and thus cannot exclude the possibility that cattle
were present prior to 900 yr BP. We found many rat bones at
the Anjohimpaty Rock Shelter and in both shallow and deep
sections of Vintany Cave, but always exposed on the floor of
the flooded cave rather than within the sediments. Most of the
Rattus specimens we dated are radiocarbon-modern, and none is
older than ~200 years, suggesting recent colonization of natural
environments of the southwest.

At Antsirafaly, we see a very different profile of faunal
change (Figure 5). There was no early first millenium CE crash;
instead, the subfossil record ends abruptly ~1,000 years later,
near the end of the first millenium but before the appearance of
introduced taxa at TNP (Table 3). Only one dated specimen (an
Archaeolemur majori) was younger than 1118 yr BP (933 £ 133 yr
BP), suggesting that, not long after 1100 yr BP, the Antsirafaly
pond dried up or became too muddy to support local animals
seeking fresh water. We found no bones at this site older than
1823 yr BP; this may simply mean that we did not dig sufficiently
deep below the current water table to expose older specimens.
However, sites such as Ampoza with similar depositional
profiles, have never yielded additional fossils from below the
fossiliferous layer despite continued excavation. Hippopotamus
lemerlei, Mullerornis modestus, Megaladapis edwardsi, and
M. madagascariensis were present at Antsirafaly through much
of the first millenium CE. We have few dates for Vorombe
titan and Archaeolemur majori, but the dates we have, with the
exception of the single dated A. majori mentioned above, fall
within the temporal range of the other species. Giant tortoises
(Aldabrachelys sp.) and horned crocodile (Voay robustus) bones
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from the same deposits were not dated. We found no bones
of introduced domesticated species at Antsirafaly, suggesting
that these animals may have arrived at this locality after
the pond dried up.

Evidence of Human Presence in the
Region of TNP

Neither TNP nor Antsirafaly was an early human settlement
site, nor did we find any evidence at either of large-vertebrate
butchery. MacPhee (1986) reported a scattering of elephant bird
eggshell on the talus below Anjohimpaty, which may suggest that
people used elephant bird eggs to carry water to this site, but
this could have happened long after elephant birds were locally
extirpated. However, there are clear signs of human presence,
minimally over the past ~800 years, derived from introduced
taxa. Our two calibrated radiocarbon dates for introduced Felis
catus from Andranohilova (763 + 38 and 360 + 80 yr BP;
Table 4) span much of the past millenium. They suggest that
feral cats at least occasionally used Andranohilova. This in turn
may suggest that Cryptoprocta spelea were rarely sheltering in the
cave or absent entirely during this period. Modern introduced
carnivorans often displace native carnivores (Farris et al., 2015),
but cats are much smaller in body size than C. spelea and likely
would have been displaced by them. The still-extant C. ferox is
smaller than C. spelea and still lives in the park.

We found specimens of Numida meleagris (helmeted
guineafowl, long assumed to be introduced to Madagascar) in
association with nearly 2,000-year-old plant remains and over
2,000-year-old subfossil Pachylemur within the sediments of
the deep-section of Vintany Cave (Localities Bone Soup and
4). Goodman et al. (2013) reported guineafowl at Ankilitelo
in southwest Madagascar over 13,000 years ago, raising the
possibility that this species colonized Madagascar from Africa
prior to, and independently of, the initial colonization of the
island by humans (but see Hansford et al., 2018; Godfrey et al.,
2019). Our discovery of Numida in 2,000-year-old deposits at
Vintany provides indirect support for the prolonged presence
of guineafowl in southwestern Madagascar, but not necessarily
for human presence at Tsimanampesotse 2,000 years ago. This is
because helmeted guineafowl may have colonized Madagascar
independently of humans (Goodman et al., 2013), and because,
even if they were introduced by humans over 13,000 years
ago, we cannot assume that the presence of feral Numida at
any one locality thousands of years later indicates the local
presence of humans.

Cave art (including two graffiti messages using the Roman
alphabet and two anthropomorphic figures) at Anjohimpaty
Rock Shelter covers much of the northern wall of the shelter
(Figures 6-8). Both anthropomorphic figures (a possible solitary
sorcerer figure, and a very faint combination of seven figures
in ‘human-pyramid’ formation, four in a bottom layer, two in a
middle layer, and one on top) show images with down-curved
arms. The solitary figure has a pointed head and bowed legs.
Finally, at the eastern end of the wall, there is a second graffiti
message located above a small cavity where the wall meets the
floor (Figure 8).

FIGURE 6 | Mahafale graffiti on the western end of the northern wall at
Anjohimpaty Rock Shelter.

The graffiti depicted in Figure 6 dates from 1934. It was
written by a Malagasy person using the local Mahafale (primarily)
and Central Highlands Merina dialects. Although some of the
writing is faded, and although characters may be missing, the
general message can be deciphered. The first line, TZI*"NBANA
(where the asterisk represents a likely missing letter), can be read
as ‘tsy ombana.’ This is a combination of the Mahafale expression
‘tsy omba’ (no trespassing) and the Merina suffix “-na.” Mahafale
people would not use the suffix “-na’ unless they are trying to
communicate with Merina people. This suggests that the person
who wrote this inscription was a local Mahafale person (hence
the use of ‘tsy omb&’) who interacted with either a Merina person
(from the Central Highlands) or a foreigner (vazaha) who spoke
the Merina language (hence the use of the suffix ‘na’). The next
line appears to read ‘10 MINTOHO.’ If, instead of the number
10, the inscriber intended to write 1O, the first word would
mean ‘here’ in the Mahafale dialect. MINTOHO is an alternative
spelling of the name of the cave. Taken together, this becomes
‘this cave, Mitoho.” The next line reads 1934 TANITIVAZA. 1934
can be easily interpreted as the date the graffiti was written. In
the Mahafale dialect, TANITIVAZA should read ‘tani’ty vazaha’
or ‘tane’ty vazaha’ which means ‘vazaha’s land’ (foreigner’s land).
The next portion of this inscription (1934 FA TZIVAZA) could
have been written by a second person as a reply to the first
person (which might explain the repetition of the date, 1934),
or by the first person replying to his or her rhetorical question.
‘FA’ means ‘but’ in the Merina dialect (‘fe’ in Mahafale), but fa’
means ‘already’ in Mahafale, and together with the negation ‘tsy,
it means ‘no longer.” Thus, ‘Fa tsy vazaha’ means ‘it is no longer
vazahas’ in Mahafale.

The second graffiti on the eastern end of the northern wall of
the shelter appears to be a solitary word, I?) BERTEM(T?Y?I?)OK.
It was written above a small arched inner depression, 1 m from
the floor of the main shelter (Figure 8). This inscription does
not resemble Mahafale or any other dialect of Malagasy. We
cannot exclude the possibility that it is misspelled Mahafale, or
the name of a person — perhaps of someone buried there. There
is no reason to believe that the anthropomorphic images or the
two graffiti messages are related to one another. Whereas both
messages appear to be recent, the anthropomorphic images are
faint and may be older. There is evidence of additional, very
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FIGURE 7 | Possible anthropomorph (left) and human pyramid (right) figures on northern wall at Anjohimpaty Rock Shelter.

FIGURE 8 | Graffiti on the eastern end of the northern wall of the Anjohimpaty
Rock Shelter.

faint, writing. The Anjohimpaty Rock Shelter wall may have
been used by people over an extended period, but at present, we
have no definitive indication of great antiquity for any particular
image or inscription.

DISCUSSION

Is Today’s Hydroclimate in Southwestern
Madagascar Significantly Drier Than the
Hydroclimate of Several Thousand Years
Ago, When There Were Numerous
Large-Bodied Endemic Vertebrate
Species at TNP?

On the basis of evidence presented herein, we conclude that
today’s hydroclimate in southwest Madagascar is not significantly

drier than the hydroclimate of several thousand years ago, when
there were numerous large-bodied endemic vertebrate species in
this region. To the contrary, our analysis of 23 stalagmites from
TNP shows that modern mean annual rainfall at this locality is
higher than it was throughout most of the Holocene. Low rainfall
would have characterized extended periods during which large-
bodied vertebrates thrived in the region, including between 3,000
and 2,000 years ago at TNP and between 2000 and ~1000 yr BP
at Antsirafaly. This suggests that the large-bodied vertebrates at
TNP and Antsirafaly, like so many plants of the dry southwest
(spiny thicket and succulent woodland ecoregions), were likely
drought-tolerant.

The hydroclimate of southern Madagascar was characterized
by alternating wetter and drier periods. On a coarse scale
there were pluvials and interpluvials, each lasting around
10,000 years, but each in turn was characterized by climate
fluctuations on a finer, centennial scale. One such drought
occurred within the current pluvial, as revealed by a study of
stable isotopes in one of our Asafora stalagmites, AF2 (Faina
et al, in press). An analysis of stalagmite AF2 indicates a
relatively wet period at its base (~3,500 yr BP) with dominant
C; vegetation. This corresponds to the beginning of the current
pluvial at this location. At 3350 yr BP, rainfall began to decline
slowly until 1680 yr BP, at which point the decline accelerated
markedly. Full drought conditions began ~1560 yr BP and
continued until ~880 yr BP, after which wetter conditions
resumed. Within this 700-year drought, there were fluctuations
in both rainfall and vegetation reflected in the 3'30 isotope
records and the 3'>C records respectively. These correlated
trends suggest a coupling of changes in rainfall amount and
ground vegetation from dominant Cj to higher representation
of CAM and C4 vegetation (i.e., succulent plants and grasses)
and back. Drought conditions at Asafora were most severe
between 1100 and 960 yr BP. At TNP, after 880 yr BP, there
was likely a gradual increase in rainfall until the threshold of
speleothem growth was reached (perhaps as recently as several
hundred years ago).
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What Triggered Local Extirpation of
Species at Tsimanampesotse and

Antsirafaly?

We have identified two episodes of local extirpation of a wide
variety of vertebrate species that are now extinct: one at TNP
(near the beginning of the first millenium CE, i.e., 2,000 years
ago) and one at Antsirafaly (near the end of the first millenium
CE, i.e., 1,000 years ago). The two were not synchronous, and
neither can be linked to human activities. Instead, they appear
to be related to climate change. However, a third event clearly
related to human activities, i.e., the local arrival of introduced
vertebrates in association with the spread across Madagascar
of agropastoralism, impacted the southwest not long after the
second extirpation event. We will return to this third event later.

At Antsirafaly, a temporal link between peak drought
conditions and local vertebrate extirpation can be defended
on the grounds that aridification likely caused the small pond
at this site to shrink and then disappear entirely. The mean
for last-known occurrences for the six dated extinct species at
Antsirafaly is 1146 yr BP (range from 1368 =+ 53 to 933 & 133 yr
BP; Table 3); this mean closely matches the beginning of peak
drought at Asafora. Large vertebrates such as hippopotamuses
and elephant birds likely simply shifted to nearby bodies of water
as smaller ones dried. We do not know the extent to which the
drought affected water bodies across the region. Hansford et al.
(2021) estimate the time of disappearance of hippopotamuses
and elephant birds at other sites in the spiny thicket at between
957 and 911 yr BP.

At TNP, the link between vertebrate species extirpation
and arid climate is more tenuous. A lot depends on the
precise timing of extirpation at this site: did it begin around
2000 yr BP or several centuries later? Given that the vertebrates
living in southwestern Madagascar through the Holocene were
drought-tolerant, one might expect that only extreme climate
perturbations or large-scale changes in underground freshwater
sources would have forced local extirpation. As we have discussed
above, radiocarbon dates suggest that local extirpation of
Pachylemur, Mesopropithecus, and other large vertebrate species
at TNP occurred shortly after 2,000 years ago, but dates for
plants in apparent association with bones of these same vertebrate
species suggest that they may have persisted a bit longer. We
know from stalagmite records at both TNP and Asafora Cave that
the early first millenium was dry at TNP, but it is not clear that it
would have been exceptionally dry at around 2,000 yr BP.

One could make a stronger case for aridity being the trigger
for vertebrate decline at TNP if vertebrate decline did not
commence until around 1700 yr BP or later. As described above,
Asafora stalagmite AF2 recorded a sharp decrease in rainfall
beginning 1680 yr BP, with drought conditions manifested by
1560 yr BP (Faina et al,, in press). Simultaneously, Lake Ihotry,
which is located ~55 km NE of Asafora Cave, underwent
salinization beginning around 1600 years ago (Vallet-Coulomb
et al., 2006). We know, on the basis of old strand lines and
deltaic sediments, that Lake Tsimanampesotse was once of much
greater size and depth than it is today (Loewen et al., 2001),
and we know on the basis of freshwater mollusks along the

old strand lines and waterfowl bones in subfossil deposits that
this was once a freshwater lake (Perrier de la Bathie, 1934;
Petit, 1935; Goodman and Jungers, 2014; Rasolonjatovo et al.,
in press). Assuming that change in local hydroclimate was the
primary driver of lake salinization at Tsimanampesotse, Faina
et al. (in press) hypothesized that lake salinization may have
begun around 1600 years ago at this site (as at Lake Ihotry),
coeval with the beginning of the late first millenium CE drought.
Lake salinization has been suggested as a proximate cause of local
extirpation of freshwater birds at TNP (Goodman and Jungers,
2014; Rasolonjatovo et al., in press).

There are three potential controls on lake size, salinity, and
water availability, however, in addition to local rainfall. These are:
(1) Changes in rainfall patterns inland impacting groundwater
flow through the resurgences and into the lake (Guyot, 2002;
Goodman and Jungers, 2014); (2) Geomorphological changes in
the capture of overland streams draining to the lake (Loewen
et al., 2001); and (3) Changes in evaporation from the lake
surface. Only with new coring and detailed study of lake
sediments will we be able to piece this all together for TNP.

Guyot (2002) found that inland water sources have direct
underground links to the resurgent-artesian water sources at the
western foot of the Mahafaly Plateau. These changes may have
affected the gallery forest along the resurgent stream margins and
the sources of freshwater that fed into Lake Tsimanampesotse and
sites such as the ponds and marshes in the region of Antsirafaly.
For variation in lake level during the Middle and Late Holocene
(once sea levels were high and stable), groundwater flow from
inland rainfall is a plausible control on lake level fluctuations.
However, the magnitude of such change would likely have been
small compared to the influence of sea-level change between
glacial and interglacial periods. We consider it unlikely that
Lake Tsimanampesotse could have been fed by groundwater
resurgences during the last glacial period while the nearby caves
remained subaerial, as evidenced by speleothem growth. Local
and regional geomorphological changes remain unstudied in the
area, preventing greater assessment of their potential impact.
Finally, any significant changes in evaporation would have
likely followed glacial/interglacial changes in temperature (and
therefore have been correlated with sea-level via global climatic
change) and/or orbital scale changes in local precipitation.

We emphasize that the driver of early vertebrate extirpation
at Tsimanampesotse, excluding freshwater birds, could
not have been lake salinization alone. Salinization at Lake
Tsimanampesotse would have had minimal effect on species
that could easily access the fresh water at sinkholes on the
karst, including primates. Lemur catta drinks fresh water from
sinkholes at Tsimanampesotse today (Gould et al., 1999); its
close relative, Pachylemur, probably did the same. Others could
have avoided drinking water entirely. Mesopropithecus globiceps
was a palaeopropithecid that, like its close extant relatives, the
indriids, likely obtained all the water they required from the
foods it consumed (see, for example, Semel et al, 2019, on
Propithecus from the eastern rainforest; similar behaviors are
observed for Propithecus in much drier habitats). For primates
at TNP, the more critical resources may have been large trees
offering preferred foods, nesting sites or protection from large

Frontiers in Ecology and Evolution | www.frontiersin.org

September 2021 | Volume 9 | Article 742203


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Godfrey et al.

Holocene Extinction in SW Madagascar

predatory euplerids. At Tsimanampesotse today, big trees and
cliff faces serve to protect the extant lemurid, Lemur catta,
from the extant fosa, Cryptoprocta ferox (Sauther et al., 2013).
Morphological evidence supports the inference that C. spelea
was, like its living congener (e.g., Lithrs and Dammhahn, 2010;
Lithrs and Kappeler, 2014), quite capable of climbing trees and
hunting on high branches (see text footnote 3), but lemurs may
nevertheless use the highest canopy branches of the tallest trees
for sleeping or nesting in an attempt to avoid euplerid predation
(Sauther et al., 2013; Vasey and Godfrey, in press). Virah-Sawmy
et al. (2016) reported an abrupt decline of Pandanus trees
beginning at 1574 yr BP at Ambolisatra, followed by gradual
disappearance of Pandanus and other large trees, including
palms, over the next ~600 years, and ending with the local
extirpation of these plants. Regardless of whether vertebrate
extirpation at TNP began 2,000 years ago or several centuries
later, and regardless of specific proximate triggers, we can assert
with some confidence that none of the species that disappeared
from TNP early in the first millenium CE were threatened with
broader regional extinction at that time. Pachylemur insignis, for
example, is known to have survived in the southwest for another
thousand years. There is no reason to believe that it would have
disappeared were it not for events that occurred 1,000 years later.
We will return to this question below.

There is also no evidence that the large vertebrates at
Antsirafaly were adversely affected by dry conditions of the
early- or mid- first millenium CE. Hippopotamuses, elephant
birds, large-bodied folivorous primates such as Megaladapis, and
semiterrestrial generalists such as Archaeolemur, all larger than
15 kg, were apparently more drought-tolerant than Pachylemur,
Mesopropithecus, and other species that disappeared early
from TNP. Drought tolerance in Megaladapis edwardsi and
M. madagascariensis may seem surprising as these animals have
clear tree climbing adaptations and have been considered by
some to have shunned more open canopy forests. However,
we know that Megaladapis, like Palaeopropithecus and other
highly arboreal giant lemurs, were victims of crocodiles (Meador
et al., 2019). They must have regularly descended to the ground
to cross open spaces or to visit waterholes. Megaladapis often
occurred at subfossil sites in the southwest in association
with Archaeolemur, and to the near exclusion of Pachylemur
(Vuillaume-Randriamanantena, 1982). This holds for coastal
dune sites with interdunal pools, lakes, or marshes (e.g., Beloha
Anavoha, Beavoha, Ambolisatra, and Manombo-Toliara).

Neither Antsirafaly nor TNP shows evidence that humans
triggered local vertebrate extirpation. Indeed, it is possible that
no people arrived in the region until after the beginning of
the second millenium CE, when we know of their proximity
through the presence of introduced taxa at TNP. We found
no evidence of megafaunal butchery at TNP or Antsirafaly,
despite the fact that megafaunal butchery has been documented
elsewhere on the southwest coast during the first millenium CE
(Hansford et al., 2018).*

“Godfrey, L. R., Pérez, V. R., Crowley, B. E., Borgerson, C., Bankoff, R. J., Perry,
G. H,, et al. (Submitted). Giant lemur butchery was widespread in southwestern
Madagascar prior to 1000 CE.

Some of the art at Anjohimpaty Rock Shelter may bear
testimony to early human presence at TNP, but the graffiti that
we documented above is almost certainly recent. The age of
the single word on the eastern end of the northern wall of the
cave is uncertain, but the inscription regarding foreign versus
Malagasy ownership of Mitoho Cave includes a date (1934),
and indeed can be understood within the context of events
of the 1920s and 1930s. The reserve at Tsimanampesotse was
initially established in 1927 under the control of the Muséum
National d'Histoire Naturelle in Paris. Henri Perrier de la Bathie
and Georges Petit were two French scientists who surveyed
the local wildlife in the early 1930s; both were also complicit
in the colonial French campaign to eradicate the prickly pear
cactus (Opuntia) from the region of Toliara using cochineal
insects that parasitize the plant. Opuntia was and continues
to be an important source of food for both people and cattle
(Kaufmann, 2004). The eradication policy had disastrous (both
intended and unintended) consequences, affecting the human
population of most of southern Madagascar (Middleton, 1999;
Kaufmann, 2008). That population had increased to significant
size by the early 1900s, but the great famine, precipitated
by the eradication of Opuntia, resulted in mass starvation
and death. For example, in the year 1931 alone, a single
district (Tsihombe) of the extreme south was estimated to
have lost half of its human population (around 30,000 people;
Middleton, 1999). The toll on cattle was said to be much worse.
Local anger at Tsimanampesotse over actions of foreigners is
easy to understand.

People today do hunt wild animals and similar practices
in the past may not have left clear traces. For example,
perishable artifacts for trapping bats are sometimes left inside
Andranohilova Cave, where the highly sexually dimorphic
modern Macronycteris bats are hunted during the season of
scarce resources. Bat skulls collected from the submerged guano
mound under the active bat roost at Mitoho Cave (dating to as
old as 1360 = 50 yr BP) differ cranially from modern individuals
roosting at the same cave. Variation in body size and cranial shape
in Macronycteris spp. is correlated with variation in rainfall across
western Madagascar (Ranivo and Goodman, 2007; Alumbaugh
et al.,, 2021). The degree to which variation in the skulls of the
guano mound Macronycteris bats reflects recent changes in local
habitat or recent human activities, such as predation, is currently
under study. At present, it appears highly likely that such changes
occurred during the second millenium CE.

In summary, aridification remains the most likely explanation
for local vertebrate extirpation at TNP and Antsirafaly, but the
timing of the two and the proximate causes of extirpation at each
differed. In the case of TNP, early local extirpation appears to
have resulted from a combination of lake salinization and the
loss or decline of tall (likely open canopy) tree species. Much
later, at Antsirafaly, aridification appears to have resulted in the
drying of the pond we sampled, although we do not know the
extent to which other bodies of water in the surrounding wetlands
were affected. Habitat changes in the southwest were likely
influenced by regional variation in hydroclimate, but perhaps also
by shifts in rainfall patterns in the interior to the east of the
Mahafaly Plateau that impacted the underground water system
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and resurged in the immediate vicinity. Two questions remain:
first, how do these local extirpation events relate to regional
vertebrate decline, and second, what caused so many vertebrate
species to go extinct?

How Does the Local Extirpation of
Vertebrate Species at Tsimanampesotse
and Antsirafaly Relate to Their Regional
Decline at Other Sites in Southern

Madagascar?

To place local extirpation events at TNP and Antsirafaly
within a broader geographic context, we can examine patterns
of species decline for now-extinct vertebrate taxa with rich
regional radiocarbon records. Of the 16 extinct species we
identified from these sites, seven (Hippopotamus lemerlei,

edwardsi, M. madagascariensis, Mullerornis modestus, and
Aldabrachelys sp.) are represented by more than 10 dated
specimens from the spiny thicket and succulent woodland
ecoregions (Table 6). An eighth species (Voay robustus) has a
poor regional radiocarbon record but is richly represented in the
recent lore and ethnohistorical records. There is strong evidence
(either directly from radiocarbon dates or indirectly from local
traditional knowledge and ethnohistoric records) that all eight
of these species survived in spiny thicket or succulent woodland
ecoregions well into the first millenium CE or beyond (Table 6).
It is instructive to examine the decline of each species relative
to the time of recent large-bodied vertebrate collapse in southwest
Madagascar (i.e., 1200 yr BP; Faina et al, in press). Five of
the eight species (Hippopotamus lemerlei, Archaeolemur majori,
Megaladapis edwardsi, M. madagascariensis, and Mullerornis
modestus) can be characterized as having: (1) A relatively high

Pachylemur  insignis, Archaeolemur

majori, Megaladapis

percentage (on average, just under 30%) of all dated specimens

TABLE 6 | Endemic vertebrates of the Tsimanampesotse region (now extinct) that likely survived into the last millenium, with last-known radiocarbon date in the spiny
thicket or succulent woodland ecoregions, last-known date at Tsimanampesotse/Antsirafaly, survival past regional onset of large-vertebrate population crash.

Last occurrence date
Cal yr BP + 10 (site) [Date source]

Last occurrence at Tsimanampesotse or Survival in the spiny thicket past regional

Antsirafaly onset of megafaunal crash (% of all dated

[Date source] specimens younger than 1200 yr BP that
derive from the spiny thicket)

Pachylemur insignis

UA 3647

820 + 85 yr BP (Tsirave)
[see text footnote 4]

Voay robustus AMNH FR-3101
1323 + 43 yr BP (Ampoza)
(Hekkala et al., 2021)

Megaladapis madagascariensis
590 =+ 65 yr BP (Ankilitelo)
(Simons, 1997)

Aldabrachelys sp. 665 + 610 yr BP
(Ambolisatra)

(Burleigh and Arnold, 1986)
Elephant bird (eggshell)

768 + 138 yr BP (Manambovo)'
(Battistini et al., 1963)

Archaeolemur majori

UABEC 1469

933 + 133 yr BP (Antsirafaly/Soalara)
[This paper]

Hippopotamus lemerlei

085¢

943 + 18 yr BP (Lamboharana)
(Hixon et al., 2021a)
Megaladapis edwardsi

UA FMG-126

1119 £ 63 yr BP (Anavoha)
[This paper]

P insignis 9%
UABEC 0924

2065 + 65 yr BP

(Tsimanampesotse: Vintany Cave)

[This paper]
V. robustus No specimens date to < 1200 yr BP
UABEC 1368 (total sample size < 10)

2253 + 103 yr BP (Tsimanampesotse: Soarano Cave)

(Faina et al., in press)

M. madagascariensis 100%
UABEC 1465

1170 + 95 yr BP (Antsirafaly/Soalara)

No specimens from Tsimanampesotse or 40%
Antsirafaly/Soalara have been dated

Mullerornis modestus 66.7%
UABEC 1476B

1118 + 53 yr BP (Antsirafaly/Soalara)

[Faina et al., in press]

A. majori 86%
UABEC 1469

933 £ 133 yr BP (Antsirafaly/Soalara)

[This paper]

H. lemerlei 100%
UABEC 1456

1120 + 60 yr BP (Antsirafaly/Soalara)

[This paper]

M. edwardsi 100%
UABEC 1461

1168 + 98 yr BP (Antsirafaly/Soalara)

[This paper]

AMNH, American Museum of Natural History;, UA, Université d’Antananarivo, and UABEC, Université d’Antananarivo, Bassins sédimentaires Evolution et Conservation.
! Date published prior to 1980, not considered reliable by some investigators.

Frontiers in Ecology and Evolution | www.frontiersin.org 19

September 2021 | Volume 9 | Article 742203


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Godfrey et al.

Holocene Extinction in SW Madagascar

Pachylemur Archaeolemur

y Ankilibehandry “"'sw
1240 +65 yr BP

Tsirave ..

/ 1172 497.5 yr BP

| Manombo-Toliara

Ankilibehandry e W

1070 +110yr8p “®
Tsirave
820 +85 yr BP

Manombo-Toliara

1248 £68 yr BP - / 1170 95 yrBP
Taolambiby i Antsirafaly/Soalara -
1115460 yr BP . 932 4£132.5yrBP

Vintany ~" Taolambiby
2065 +65 yr BP 1077 £97.5 yr BP

Andrahomana
1820 75 yr BP

Anavoha
1122.5 £57.5 yr BP

et al., 2004) are shown.

FIGURE 9 | Last occurrence dates for Pachylemur, Archaeolemur, and Megaladapis at sites in the spiny thicket and succulent woodland ecoregions of the dry
southwest. For Megaladapis, Mm, M. madagascariensis, and Me, M. edwardsi. All dates are calibrated, and all major terrestrial ecoregions of Madagascar (Burgess

Megaladapis

Ankilibehandry r"SW
Mm 1933 468 yr BP |
Ankilitelo
Mm 590 +65 yr BP
Manombo-Toliara
Me 1473 63 yr BP =
Mm 1473 +63 yr BP
Antsirafaly/Soalara "
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Mm 2243 +98 yr BP

HF Humid Forest

y - Central Highlands
DDF Dry Deciduous Forest
SW Succulent Woodland
- Spiny Thicket

Anavoha

Me 1118.5 +63 yr BP 200 km

from the southwest postdating 1200 yr BP; (2) A much higher
percentage (on average, 95%) of the post-1200 yr BP dates for
individuals from the spiny thicket rather than the succulent
woodland; and (3) Last-known radiocarbon occurrences in the
spiny thicket (Table 6). Traditional ecological knowledge of the
survival well into the last millenium exists for some of these
species (Supplementary Data File).

Pachylemur insignis shows a distinctly different pattern of
regional decline (Table 6). This difference is exemplified by
comparing P. insignis to the other large-bodied lemurs from
the region: Archaeolemur majori, Megaladapis edwardsi, and
M. madagascariensis (Figure 9). Unlike the other three lemur
species, P. insignis is rare in the spiny thicket after the beginning
of the megafaunal crash in the southwest (i.e., 1200 yr BP), and
all dated specimens from the coast predate this period. This
bears testimony to a possible decline of Pachylemur along the
southern and southwestern coasts during the early part of the
first millenium CE, with retreat to (or survival in) parts of the
spiny thicket and succulent woodland to the east (inland) and
north of TNP and Antsirafaly. The most recent dated Pachylemur
insignis specimen from TNP is 1245 years older than the most
recent specimen from elsewhere in the southwest. This species
survived at Tsirave in the succulent woodland until at least 820 yr
BP (Table 6). Similarly, Voay robustus survived at Ampoza in
the succulent woodland for at least another 930 years past its last
occurrence date at TNP (Table 6).

Regional chronological records are sparse for the other
now-extinct species that we found at Tsimanampesotse, such
as Mesopropithecus globiceps, the larger-bodied Coua spp.,
and Alopochen sirabensis; thus, we cannot be confident in
reconstructions of their decline in geographic distribution.
Published dates for these taxa at other spiny thicket sites all
predate 1200 yr BP. This is true, for example, of M. globiceps
from Tsiandroina at 1520 £+ 95 yr BP (Burney et al., 2004);
C. primaeva from Tsiandroina at 1870 £ 140 yr BP (Goodman

and Rakotozafy, 1997); and A. sirabensis from Beloha Anavoha
at 1233 £ 178 yr BP (Goodman and Rakotozafy, 1997). There
are very few dates for species that are locally extirpated at TNP
from other sites in the southwest, and all that exist predate 1200 yr
BP. Macrotarsomys petteri has been dated at Andrahomana in the
spiny thicket ecoregion (1620 £ 85 yr BP; Burney et al., 2008).
It is possible that these extinct and locally extirpated taxa began
declining on the southwest coast early in the first millenium CE,
as did P. insignis.

Most of the well-dated species that we recovered at Antsirafaly
are known to have survived at other sites in the subarid
south for centuries past their ages of last-known occurrence at
Antsirafaly (see Figure 9 for examples). This difference ranges
from 0 years for Archaeolemur majori (Antsirafaly is its most
recent last-known occurrence) to 580 years for Megaladapis
madagascariensis. The average difference for five species is
231 years (Table 6 and Figure 9).

Aldabrachelys sp. and Voay robustus may also have survived
well into the last millenium in the spiny thicket, but species
identifications are often difficult for fragmentary giant tortoise
remains, and Voay has its last-known radiocarbon occurrence
in the succulent woodlands. Only four Voay specimens have
been dated and its geographic pattern of decline is not
well documented.

In summary, despite their geographical proximity, the
extirpation episodes we documented at TNP and Antsirafaly
differ not merely in timing and apparent proximate causation, but
also in how they relate to the regional decline or extinction of the
affected species. Local extirpation does not necessarily portend
impending extinction. Along the coast at TNP, we observe early
first millenium decline of a suite of species, some of which
may have simply migrated to more mesic environments. At
Antsirafaly, we observe the local extirpation of a suite of species
that appears to have been more drought resistant. There is little
evidence that these species migrated to more mesic environments
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either inland or to the north, but they likely sought nearby
freshwater bodies that had not yet dried. Their disappearance at
Antsirafaly is closer to the time of their eventual extinction.

What, Ultimately, Caused the Extinction
of the Large-Bodied Vertebrates in

Madagascar’s Southwest?

It was not long after vertebrate extirpation at Antsirafaly that
island-wide extinction of Madagascar’s large-bodied endemic
species occurred. Between 1200 and 900 yr BP, populations of
the island’s largest endemic terrestrial vertebrates collapsed, not
merely throughout the subarid southwest but across the island
(Godfrey et al.,, 2019; Faina et al., in press). Large vertebrates
disappeared from the wettest as well as the driest ecoregions
of Madagascar; wherever subfossil sites exist, their decline can
be documented. Species that were not yet extinct by the end of
this period were presumably reduced to such small populations
that they became paleontologically invisible. The hydroclimate of
Madagascar at the time of the crash of megafaunal populations
was neither uniformly wet nor dry. At ~1,100 years ago when the
local crash at Antsirafaly began, the northwest was wet (Scroxton
et al., 2017) and the southwest was dry (Faina et al., in press).
As we have shown above, a new pluvial period had swept into
portions of the south thousands of years earlier, but it only arrived
in the driest parts of the southwest as the regional drought of the
late first millenium CE subsided.

It is worth emphasizing that the differences in mean annual
rainfall between ‘pluvial’ and ‘interpluvial’ periods in the
southwest were not necessarily very large, and certainly were
smaller than the differences across ecoregions at any single point
in time. That said, we can assume that if there is any place in
Madagascar where dry climate would have been most likely to
trigger the extinction of vertebrate species, it would be the subarid
southwest. We have marshaled evidence that, at the end of a long,
dry interpluvial, arid conditions did, indeed, impact vertebrate
populations. At both TNP and Antsirafaly, local extirpation
occurred without evidence for a human trigger. However, our
data also suggest that climate alone cannot have caused their
extinction. Our profiles of local decline, coupled with regional
data, present a picture that is more complex.

We contend that it was the introduction and spread of
agropastoralism that transformed what had been a series of
local biogeographic shifts into wholesale population collapse and
species extinction. Agropastoralism spread to Madagascar during
the late first millenium CE with the introduction of domesticated
animals and cultivated plants from Asia and Africa (Dewar and
Wright, 1993; Boivin et al., 2013; Crowther et al., 2016). Between
1200 and 900 yr BP, it spread across Madagascar. This was long
after people had settled on Madagascar; indeed, there is strong
evidence that people were present at least intermittently in the
southwest during the Early and Middle Holocene and certainly
prior to 2,000 years ago (Hansford et al., 2018, 2020; Douglass
etal., 2019; Davis et al., 2020). Hunter/forager and fisher/forager
impacts on endemic large-bodied vertebrate populations were
minimal, however (Douglass et al., 2018; Hansford et al., 2021).
Large vertebrates were hunted, but there is little evidence of

early megaherbivore population collapse (Godfrey et al., 2019;
Faina et al., in press).

Not long after introduced animals appeared in the north,
they spread southward. An influx of cattle, dogs, cats and
bushpigs to the southwest is documented by a plethora of
specimens dating between 900 and 700 yr BP (Hixon et al,
2021a,b). Temporal overlap between large-bodied endemic
vertebrates and introduced species can be inferred (Hixon et al.,
2021a,b), but what is abundantly clear is that, as populations
of introduced species expanded, those of large-bodied endemic
species dramatically declined. Bones of introduced species are
found in the south and southwest at archeological settlement
sites such as Andranosoa and Rezoky and at paleontological sites
(lacking human artifacts) such as Lamboharana, Ambolisatra,
and Beloha Anavoha as well as Tsimanampesotse. They are found
at sites in the spiny thicket and succulent woodland, along
the coast and much further inland. And importantly, the rapid
increase in the populations of domesticated animals occurred
in the southwest precisely when we have documented a shift in
hydroclimate to more mesic conditions. We see this sequence
of events in the region of Tsimanampesotse and Antsirafaly
combined - i.e., with 900 yr BP representing the cut-point for
a dramatic change in faunal composition. Now-extinct endemic
large vertebrates occur prior to 900 yr BP, and introduced
vertebrates appear afterward.

The extinction dynamic in the spiny thicket differed from
that in the dry deciduous forest in northwestern Madagascar
and likely in other parts of Madagascar. Faina et al. (in press)
compared the trajectories of large-vertebrate decline in these
two ecoregions; they found that the decline began earlier in the
spiny thicket, in concert with drought conditions, whereas it
began a century later in the dry deciduous forest, in concert with
anthropogenic habitat transformation. In effect, the large-bodied
vertebrate species of the southwest were already vulnerable to
extinction by the time agropastoralism spread into the region.

There is a growing literature that addresses the reasons why
agropastoralists can pose greater danger to endemic species
than hunter/foragers. Perhaps counterintuitively, wild-animal
hunting is often less sustainable in herder/farmer communities
than in hunter/forager communities (Robinson and Bennett,
2000). Extinction of slow-breeding, large-bodied endemic species
is more likely in the former because they rely on alternative
food sources including cultivated plants and fast-breeding
domesticated animals (Belovsky, 1988; Winterhalder, 2001).
People are not likely to drive to extinction species on which
they depend for sustenance; supplemental sources of food are
more expendable.

Modern vertebrate populations may provide some clues
regarding the impacts of severe climate events and mechanisms
of local vertebrate population recovery. When critical resources
decline or disappear at any single locality, populations suffer,
but they usually recover (Gould et al., 1999; Ratsimbazafy et al.,
2002). The initial stimulus may involve a climate event, but
ultimately, extinction occurs because normal population recovery
mechanisms are disrupted, particularly for species that have
dietary or locomotor specializations. Agropastoralists can disrupt
normal population recovery mechanisms by cutting typical
dispersal pathways, modifying habitats, competing directly with
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vulnerable endemic species for resources such as fresh water,
competing indirectly by introducing other competitors, and
indeed killing endemic wild animals for food or because the
latter may pose threats to domesticated animals or crops (e.g.,
Borgerson, 2016; Borgerson et al, 2019). When humans are
present, waterholes that formerly provided sanctuary can pose
new risks (Janzen, 1983). Finally, the decline of endemic keystone
large-bodied herbivore species (whether from climate change
or human impacts) can affect ecosystem functionality, further
exacerbating environmental degradation and contributing to
the simultaneous disappearance of different vertebrate species.
In Madagascar, this happened within a narrow temporal
band, regardless of climate conditions (Burney et al., 2003;
Hansford et al., 2021).

CONCLUSION

Returning to the prior analyses of MacPhee (1986) and Goodman
and Jungers (2014), we see elements of each that can be
supported. Goodman and Jungers (2014) were likely correct in
highlighting a role for aridification in driving periodic local
extirpations, independent of human activities, in Madagascar’s
southwest. Our data do not support their hypothesis, however,
that the climate of the southwest was wetter and less seasonal
than it is now until around 1,000 years ago. MacPhee (1986)
was correct in asserting that southwestern Madagascar may have
been as dry as it is today when now-extinct megaherbivores
thrived there. Indeed, our stalagmite growth data demonstrate
that, between 3,000 and 2,000 years ago, Tsimanampesotse was
drier than it is today. MacPhee was also likely correct that wet
microhabitats were key to the local survival of species dependent
on wetter conditions in the past. Long-term survival would have
depended on the existence of dispersal pathways that allowed
populations to track these critical resources.

The late first millenium CE drought resulted in a regional
decline in the populations of large-bodied, drought-resistant
vertebrates in the southwest but likely did not drive these
species to extinction. Indeed, it may have temporarily helped
to isolate them from expanding agropastoralist populations.
With increasing rainfall, albeit limited, agropastoralists spread
into localities that they previously considered too dry for
habitation. Thus, ironically, one can make the argument that
the amelioration of climate contributed to the rapid demise
of the large-bodied endemic vertebrates in the southwest. The
return to mesic conditions undoubtedly expedited the spread of
agropastoralists into the region and prevented the recovery of
Madagascar’s large endemic vertebrate species.
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