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Abstract: Climate drying could have transformed ecosystems in southern Madagascar during recent
millennia by contributing to the extinction of endemic megafauna. However, the extent of regional
aridification during the past 2000 years is poorly known, as are the responses of endemic animals
and economically important livestock to drying. We inferred ~1600 years of climate change around
Lake Ranobe, SW Madagascar, using oxygen isotope analyses of monospecific freshwater ostracods
(Bradleystrandesia cf. fuscata) and elemental analyses of lake core sediment. We inferred past changes in
habitat and diet of introduced and extinct endemic megaherbivores using bone collagen stable isotope
and 14C datasets (n = 63). Extinct pygmy hippos and multiple giant lemur species disappeared from
the vicinity of Ranobe during a dry interval ~1000–700 cal yr BP, but the simultaneous appearance
of introduced cattle, high charcoal concentrations, and other evidence of human activity confound
inference of drought-driven extirpations. Unlike the endemic megafauna, relatively low collagen
stable nitrogen isotope values among cattle suggest they survived dry intervals by exploiting patches
of wet habitat. Although megafaunal extirpations coincided with drought in SW Madagascar, coupled
data from bone and lake sediments do not support the hypothesis that extinct megafauna populations
collapsed solely because of drought. Given that the reliance of livestock on mesic patches will become
more important in the face of projected climate drying, we argue that sustainable conservation of
spiny forests in SW Madagascar should support local livelihoods by ensuring that zebu have access
to mesic habitat. Additionally, the current interactions between pastoralism and riparian habitats
should be studied to help conserve the island’s biodiversity.

Keywords: stable isotopes; radiocarbon; charcoal; aridification; deforestation; zebu; pygmy hippos;
giant lemurs

1. Introduction

Water scarcity, exacerbated by colonial legacies of land dispossession [1], has left
subsistence farmers and pastoralists in the grip of famine in southern Madagascar [2],
and climate change simulations suggest that the region will experience more periods of
severe drought during the next century [3]. Paired records of past climate change and
biotic responses to such fluctuations can identify vulnerability to drought and inform
management plans designed to promote human and ecosystem health [4]. The goal of this
study was to use multiple analyses of ancient lake sediments and herbivore bone collagen
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to assess the past response of animals to drought and infer drivers of past megafaunal
extinction. Such research on past patterns of habitat use has important implications
for modern conservation work that sets restoration targets and identifies the different
ways in which humans impact biodiversity [5]. Specifically, because the composition of
modern ecosystems is the product of processes that operate on multiple timescales [6],
conservation efforts informed by only direct observations of living organisms risk operating
under false assumptions regarding the vulnerability of organisms and ecosystems to
particular stressors [5,7]. Despite an increasingly well-resolved record of aridification in
Late Holocene SW Madagascar [8–11], biotic responses to regional climate change during
the ~2000-year human history on the island are poorly known. We provide historical
context for the current drought in SW Madagascar by inferring changes in past water
availability using geochemical measures (ostracod δ18O and δ13C, organic matter δ15N and
δ13C, %CaCO3, heavy element abundance, magnetic susceptibility, and charcoal influx)
from a sediment core collected in Lake Ranobe, and by characterizing the responses of local
endemic and introduced animals to past climate changes through analysis of purified bone
collagen (14C, δ13C, and δ15N).

1.1. Climate Change in SW Madagascar

Ancient dunes and the diversity of endemic succulents attest to a long history of
water scarcity in SW Madagascar. Although perennial bodies of water exist in some
artesian springs and pans [10], most surface fresh water in the area is seasonally ephemeral.
The aridity of the region reflects an orographic rain shadow in the west and absence
of the influence of the Intertropical Convergence Zone during the austral summer [12].
Oscillations in sea surface temperatures also affect Madagascar’s climate through the
Indian Ocean Dipole (IOD). Positive IOD states occur when westerly winds weaken and
easterly winds sometimes form, which brings cold water to the surface in the eastern Indian
Ocean and enables warm water and wet air masses to concentrate in the west, around
Madagascar [13].

A paleohydrological record from Lac Ihotry (in the coastal plains ~100 km north of
Ranobe) revealed a drying trend during the Late Holocene (3 ka to present) that involved a
decline in the water table and salinization of coastal pans and wetlands [10]. That record
probably reflects, in part, a drop in relative sea level and coastal water tables [14,15].
However, a speleothem from Rodrigues Island in the western Indian Ocean recorded at
least four megadroughts over the past 2000 years that could have also affected southern
Madagascar [16], and a speleothem from SW Madagascar recorded a prolonged drought
~1000 years ago [9].

Lake Ranobe is a shallow (<3 m deep), closed basin, and its geochemistry was sensitive
to regional aridification during the Late Holocene. The δ18O values of subfossil ostracod
shells (Bradleystrandesia cf. fuscata), supported by complementary lines of elemental data,
serve as a proxy for the past ratio of evaporation to precipitation (E/P) around the lake.
Whereas both temperature and the δ18O value of lake water determine the δ18O values in
ostracod shell calcite, water temperature likely had little influence on shifts in our ostracod
δ18O record, because: (1) seasonal differences in temperature of fresh water bodies in the
tropics are small, (2) ostracods may survive over multiple seasons, thereby integrating
minor intra-annual differences in lake water δ18O, and (3) measurements of ostracod δ18O
were run on multiple individuals from a stratigraphic sample, thus integrating changes
in lake water δ18O over both seasons and years [17]. Lake water δ18O values were thus
the primary influence on ostracod δ18O values, and lake water δ18O, in turn, is sensitive
to integrated rainfall δ18O and intensity of evaporation. Although average rainfall δ18O
values can differ by as much as 8‰ between wet and dry months in the central highlands of
Madagascar (Antananarivo, IAEA GNIP Database), the arid SW part of the country receives
rainfall almost entirely during a single wet season. Because the vapor pressure of H2

16O
is greater than that of H2

18O, evaporation causes preferential loss of H2
16O from the lake,

with consequent 18O enrichment in lake water and associated ostracod carbonates. High
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E/P thus results in higher δ18O values in ostracod shells, and, in extreme cases, promotes
authigenic carbonate precipitation, which leads to higher CaCO3 concentration and Ca/Zr
ratios in lake sediment [18,19]. Low E/P leads to lower δ18O values in ostracod shells, and
higher rainfall may be associated with greater erosion, higher magnetic susceptibility of
the sediment, and greater abundance of mobile elements such as K [18,20,21].

1.2. Animal Responses to Climate Change

In Madagascar, it remains unclear whether a synergy involving Late Holocene aridi-
fication and the spread of pastoralism contributed to the eventual extinction of endemic
fauna [22]. Aridification reduces access to surface water and certain types of forage. Conse-
quently, drought-sensitive species move to areas that host a narrow range of suitable habitat
and forage, whereas drought-tolerant species exploit whatever habitat is most abundant,
regardless of dryness (Figure 1). Different responses of herbivores to aridification can be
tracked by considering how aspects of their niche vary across regional conditions. The
long-term drought tolerance of recently extinct endemic megafauna, such as pygmy hippos
(Hippopotamus spp.) and giant tortoises (Aldabrachelys spp.) and economically important,
introduced zebu cattle (Bos taurus indicus), are poorly known. Modern zebu herds browse
in a wide range of habitats, yet they migrate seasonally to track fresh water and fodder [23].
Endemic megafauna may have been drought-tolerant given that they persisted through
relatively severe Pleistocene climate fluctuations [24,25], but they nevertheless went extinct
after the spread of pastoralism and forest clearance after ~1000 BP [22,25].

Figure 1. Hypothetical divergent responses of herbivores to drought and associated vegetation change. During mesic
conditions (A), zebu (Bos taurus indicus) and pygmy hippos (H. lemerlei) exploit abundant wet habitat and consume relatively
few xerophytic plants. During dry conditions (B), zebu exploit relatively abundant arid habit and have a greater reliance
on xerophytic bush, while hippos continue to exploit relatively scarce mesic habitat and forage. In this case, the flexibility
of zebu makes them relatively drought-tolerant. Note that it is possible that neither zebu nor pygmy hippos are, in
fact, drought-tolerant as envisioned in this figure. Paleoclimatological and palynological data can characterize regional
conditions and stable isotope data from herbivore bone proteins can characterize the responses of different species to
changing climate. This simplified scenario does not consider other potentially important variables that may have affected
fauna, such as human-mediated deforestation and the impacts of exotic megaherbivores on vegetation.

We used radiocarbon (14C) and stable isotope data from herbivore bone collagen to
test the hypothesis that zebu are drought-tolerant relative to extinct endemic herbivores.
Extirpations that coincided with past droughts can indicate drought sensitivity. Bone
14C datasets provide robust estimates of the timing of extirpation and introduction, and
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they complement estimates of large-herbivore biomass inferred from coprophilous fungus
(Sporormiella spp.) spore counts [26]. Stable carbon isotope (δ13C) and nitrogen isotope
(δ15N) data from herbivore bones reflect aspects of both diet and habitat and can track long-
term changes in aridity to different extents. The photosynthetic pathway used by plants
exerts the strongest influence on δ13C values in plant tissues and herbivore collagen [27,28].
Plants that use the C3 photosynthetic pathway (primarily trees, shrubs, and herbs) tend to
be depleted in 13C (i.e., have more negative δ13C values) relative to plants that use the C4
(primarily tropical grasses) or CAM pathway (primarily succulents, see [22] for data from
each of these groups in SW Madagascar). Local environmental conditions influence plant
and herbivore δ15N values such that plants and herbivores in relatively arid landscapes
have relatively high δ15N values [29,30]. For example, in Madagascar’s Beza Mahafaly Spe-
cial Reserve, which lies in the spiny thicket ~100 km SE of Lake Ranobe (Figure 2), mouse
lemurs (Microcebus griseorufus) that live in the lush riparian forest have bulk tissue δ15N
values that are ~2‰ lower than those that live in the surrounding xerophytic thicket [30].

Figure 2. Regional map of southwest Madagascar showing the location of Lake Ranobe relative to other bodies of water,
the regional capital (Toliara), and other sites discussed in the text. Note that terrain is highlighted in color, with lowlands
(100 m asl) marked in brown and plateaus (up to ~1000 m asl) marked in green The Lake Ranobe inset at right (Sentinel
2 satellite imagery) includes the sediment coring site marked with a red and yellow circle, and the archaeological survey
areas marked as lightly shaded yellow areas. Modern towns and hamlets are labelled, and hamlets around Lake Ranobe are
marked with red and black circles. The vegetation around Lake Ranobe is currently a mosaic of cultivation (light brown and
green) and dry spiny forest thicket (gray brown).

Comparison of regional aridity records from Lake Ranobe with records from local
animals sensitive to diet and habitat enabled us to compare taxon-specific responses to
past environmental change. We identify drought-tolerant herbivore taxa as those that
exploited dry habitat (with relatively high δ15N values) and consumed xerophytes (plants
with relatively high δ13C values) when the region was relatively dry (Figure 1). Drought-
sensitive herbivore taxa are identified as animals that move to stay within their preferred
habitat, and maintain relatively constant δ15N and δ13C values, even during times of
regional aridification.
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1.3. Regional Setting

The coastal plains of Quaternary alluvium that extend north of Toliara, SW Mada-
gascar, are broken by an Eocene limestone escarpment to the east and include small lakes
such as Ranobe (meaning “big water” in Malagasy) and some relatively larger pans such
as Lac Ihotry (Figure 2). Lake Ranobe (S 23.03120◦, E 43.60483◦, ~20 masl) is bounded by
dunes between the Manombo and Fiherenana drainages, which today host a suite of culti-
vated crops (e.g., sugarcane, sweet potato, cassava, and beans) and fragments of endemic
spiny forest that include members of the families Didiereaceae and Euphorbiaceae. The
lake possesses rooted emergent (e.g., Cyperaceae, Typhaceae) and floating-leaved plants
(Nymphaceae) and receives groundwater inputs that flow through sediments dominated
by quartz sand, which extend over a catchment of ~150 km2 (calculated from SRTM DEM;
NGA and NASA, global). During September 2017, Lake Ranobe was smaller (~0.5 km2),
but somewhat deeper (maximum depth, zmax = 2.47 m), than nearby coastal pans in the
region such as Ihotry and Namonte (zmax = 1–2 m), and local informants considered these
differences in depth typical. The monsoonal climate around Toliara is characterized by
monthly average air temperatures that range between 25 ◦C and 30 ◦C, and annual pre-
cipitation (~400 mm) that falls primarily during austral summer, November-March [31].
Lake Ranobe lies ~3.5 km inland from the coastal village of Ambohimailaka, which itself
is near a series of shallow ponds (Andolonomby/Ambolisatra) that have been mined for
megafauna bones since the 19th century [8,32–34]. The archaeology around Lake Ranobe is
poorly described, yet pygmy hippo bones from Andolonomby/Ambolisatra show evidence
of human modification [35], and road construction uncovered recent (<200 BP) pottery
fragments [36].

2. Materials and Methods
2.1. Sediment Collection and Archaeological Survey

We retrieved duplicate sediment cores with lengths of 237 cm and 243 cm from Lake
Ranobe (Figure 2) in September 2017. A sediment-water interface core (upper 65 cm) was
collected using a piston corer that employs a 2.75”-inner diameter (ID) polycarbonate core
barrel [37]. These uppermost, poorly consolidated sediments were maintained in a vertical
position, extruded, and sampled in the field at 2-cm intervals. Deeper, more consolidated
sediments were collected in up to 1-m-long sections using a Colinvaux-Vohnout-type corer,
modified to employ clear polycarbonate core barrels (2.125” ID). The deeper core sections
were shipped intact to the US and opened at the University of Florida (UF), where they
were split lengthwise, photographed, and sampled at 1-cm resolution for geochemical and
charcoal analyses.

Bones used in this study came from both existing collections and our surface archaeo-
logical survey in the vicinity of Lake Ranobe. We worked with the Morombe Archaeological
Project during September 2019 to survey ~2.4 km2 of land in the vicinity of Lake Ranobe
(Figure 1). A crew of 10, each spaced ~10 m apart, walked E-W transects and collected
all surface bones, ceramics, shells, iron, and imported glass and stone (Dataset S1). Sur-
vey samples were stored at the University of Toliara’s Centre de Documentation et de
Recherche sur l’Art et les Traditions Orales à Madagascar (CeDRATOM), and bone samples
were shipped to Pennsylvania State University (PSU) for 14C analysis by accelerator mass
spectrometer (AMS).

2.2. Chronology

We 14C-dated 15 samples from the Lake Ranobe sediment core, which included
macrobotanical remains such as charcoal and seeds (n = 12), bulk sediment organic matter
(n = 1), terrestrial bird eggshell carbonate (n = 1), and ostracod carbonate (n = 1, Dataset S3).
All samples were pretreated and graphitized in the PSU Stable Isotope Geochemistry
Laboratory and analyzed on the PSU AMS. We removed contaminating humates and
carbonates from macrobotanical remains and bulk sediment organic matter prior to analysis
by pre-treating samples with acid/base/acid (ABA) washes that involved 20 min at 60 ◦C
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with 1N HCl and 1N NaOH (for charred remains) or 0.1N NaOH (for uncharred remains).
We pre-treated carbonate samples with a 10% etch in 0.01% HCl solution for 20 min at
60 ◦C. We calibrated all dates in OxCal 4.4 (University of Oxford, UK) using SHCal20 [38]
and developed an age-depth model using the R package (Bacon v2.4.3, see model settings
in Dataset S4) [39].

Four 14C dates from aquatic plant remains or bulk sediment are subject to reservoir
effects and were thus excluded from the final age-depth model (based on the remaining
11 dates). Specifically, bioturbation, different depositional pathways, or 14C reservoir
effects in lake water may account for the date reversals in the sequence, but it is not
possible to determine with certainty which process was responsible. Shells of burrowing
planorbid snails (cf. Segmentorbis angustus) exist throughout the sequence. However, intact
laminae, stratigraphic correlation between adjacent core sections, and comparable ages
of charcoal from initial (PSUAMS-3523, 600 ± 20 BP, 126 cm depth) and adjacent core
sections (PSUAMS-6328, 460 ± 20 BP, 126.5 cm depth), suggest consistent stratigraphy
and relatively little or no bioturbation. It is possible that charcoal and terrestrial seeds
require more time than aquatic plant remains and ostracods to enter the sediment record,
yet anomalously old outliers in the sequence were confidently identified as aquatic plant
seeds (Najas sp. from 115.5 cm depth, PSUAMS-5153, 1560 ± 15 BP and Najas sp. and
Potamogetonaceae from 180.5 cm depth, PSUAMS-5155 1875 ± 25 BP). A 14C-depleted
reservoir of dissolved inorganic carbon (DIC) in lake water may yield 14C dates for aquatic
plant remains and ostracods that are hundreds to thousands of years older than their
true age [40]. However, comparable ages for ostracod (PSUAMS-6334, 650 ± 20 BP) and
charcoal fragments (PSUAMS-6328, 460 ± 20 BP) from 126.5 cm depth suggest that the DIC
in Lake Ranobe, at least at that time, was not substantially 14C-depleted. Because no single
mechanism explains all the outliers in our core chronology, we chose to exclude the aquatic
plant and mixed organic 14C data (the two youngest and two oldest outliers) to develop
the age-depth model.

We obtained 14C, δ13C, and δ15N data from remains of zebu (Bos taurus indicus, n = 8)
and stable isotope data from modern bones of four introduced individuals collected on
the margins of Lake Ranobe: zebu (n = 1), goats (Capra hircus, n = 2), and bush pig
(Potamochoerus larvatus, n = 1). Prior to collagen extraction and stable isotope analysis, we
extracted lipids from the four modern bone samples using 3× sonication in 2:1 DCM:MeOH,
followed by rinses in DI water (modified from [41]). Collagen extraction for both modern
and ancient samples involved demineralization in 0.5N HCl followed by gelatinization
in 0.01N HCl at 60 ◦C for 10 h. We purified crude collagen extracts from ancient samples
through ultrafiltration [42–44] or XAD resin column chromatography [45–47]. Sample
pretreatment took place at the PSU Human Paleoecology and Isotope Geochemistry Lab.
We determined δ13C, δ15N, and C:N values on collagen from all 12 individuals at the
Yale Analytical and Stable Isotope Center and the University of New Mexico’s Center
for Stable Isotopes, where the mean precision of δ13C and δ15N standard measurements
across runs was ≤0.1‰. The four modern samples and all eight of the ancient samples
that we 14C-dated at the PSU AMS facility had good preservation and displayed absence
of contaminants as evaluated by C:N, δ13C, and δ15N values [44,48–50]. We calibrated all
bone dates in OxCal 4.4 using SHCal20 [38], and we corrected δ13C values from modern
bones for the Suess Effect so that they are comparable with data from subfossil specimens,
following the approach of Crowley and Godfrey ([51], Dataset S2).

We supplemented this dataset with previously published bone data from animals
recovered within ~30 km of Lake Ranobe (Dataset S2). Reliable previously published data
came from introduced animals (13 total: Bos taurus indicus n = 12 and Canis familiaris n = 1)
and endemic animals (44 total: Palaeopropithecus ingens n = 13, Hippopotamus lemerlei n = 11,
Archaeolemur majori n = 7, Megaladapis spp. n = 7, Pachylemur insignis n = 2, Aepyornis cf.
maximus n = 1, and the extant Lemur catta n = 3). We estimated the timing of extirpation
and introduction events for animals with sufficient sample sizes (n ≥ 5) with a Bayesian
approach to event estimation applied to our 14C datasets [52].
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2.3. Geochemical Data

We measured weight percent carbon (TC) and nitrogen (TN) on bulk sediment samples
(n = 215) at 1–2-cm resolution with a Carlo Erba NA 1500 C/N/S Analyzer at the UF
Department of Geological Sciences Stable Isotope Laboratory (Dataset S5). We determined
weight percent total inorganic carbon (TIC) in bulk sediment by coulometry on a UIC-
Coulometrics coulometer, coupled with an AutoMate automated carbonate preparation
device (AutoMate FX, Inc., Bushnell, FL, USA). We subtracted TIC from TC values to obtain
estimates of percent total organic carbon (TOC). We follow the standard assumption that
all inorganic carbon was bound as CaCO3 and that organic carbon constitutes ~44.4%
of organic matter (mostly carbohydrates, e.g., C6H12O6) mass to calculate total percent
CaCO3 (TIC*8.33) and total percent organic carbon (TOC*2.25), respectively. To measure
δ13C in sediment organic matter, we first acidified samples (n = 215) in 1N HCl overnight
to dissolve carbonates. Following acidification, samples were centrifuged and rinsed in DI
water 3×, freeze-dried, and packed in tin capsules for analysis on a Delta V isotope ratio
mass spectrometer (IRMS) coupled with a Carlo Erba NA 1500 elemental analyzer at UF.
Nitrogen isotopes were measured on raw, dried, and ground samples. Precision of δ13C
and δ15N measurements, established by analysis of standards across runs, was 0.08‰ and
0.07‰, respectively.

To analyze lacustrine carbonate shells, we washed samples in a 150-µm sieve and
picked multiple monospecific ostracod shells (Bradleystrandesia cf. fuscata) from the course
fraction of each of 169 samples. We analyzed samples with a Kiel carbonate device coupled
with a Finnigan-MAT 252 IRMS at UF, and the precision in δ13C and δ18O measurements of
standards across runs was 0.03‰ and 0.06‰, respectively. A single modern water sample
collected from the surface of Ranobe during sediment coring was analyzed with a Picarro
L2120-I Isotopic Water Analyzer at UF. We determined relative abundances of heavier
elements in bulk sediment at PSU with an Olympus DeltaX model X-ray fluorescence
(XRF, Olympus Corp., Tokyo, Japan) core scanner and Geotek multi-sensor core logger, at
sample intervals of 2 cm, exposure times of 80 s, a voltage of 40 kV, and a current of 23 mA.
Small amounts of material in the sediment-water interface core precluded XRF analysis of
deposits from above 50 cm depth.

The sediment core was subsampled for microcharcoal analysis every 5–6 cm. Dry
sediment (0.2–0.5 g) was digested in 30 mL of 30% H2O2, following the protocol of Bat-
tarbee [53]. Microcharcoal particles (10–150 µm) were quantified under a microscope
using a magnification of 400× (Dataset S7). Each particle was characterized as woody or
herbaceous based on the presence of stomata and epidermal cells, as well as shape [54].

We used principal components analysis and a correlation matrix to identify the covari-
ance structure in the lake sediment records, and we applied Bayesian change point analysis
(BCPA, [55]) to the Lake Ranobe and other Indian Ocean records to identify significant
changes in long-term mean values of measured variables. BCPA is used to identify the par-
tition (change points) in the sequence that results in stratigraphic intervals that each have
values that can be approximated reasonably well by a single mean. This approach uses the
Markov Chain Monte Carlo method at each point k to approximate the posterior probability
that k is a change point given the sequences of values that precede and follow the point [56].
To create Madagascar-specific composite paleoclimate records for comparison with the
combined herbivore bone dataset, we interpolated records at 1-year increments (based
on our age-depth model), averaged z-scores from each record, and smoothed the average
z-score record with a 100-year running mean (Dataset S6). Given that the temporal resolu-
tion of the Ranobe ostracod δ18O record is one measurement per ~8 years, note that the
record is interpolated annually only for the sake of correspondence with speleothem δ18O
records. Due to recent evidence for asynchronous climate change across Madagascar [9],
we chose to create one composite paleoclimate record using speleothem data from Asafora
Cave (SW Madagascar, near Namonte in Figure 2 [9]) and create another by combining the
Ranobe record with speleothem data from Anjohibe Cave (NW Madagascar [57], see notes
in Dataset S6 regarding this composite record). We used correlation coefficients to assess
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the relationship between herbivore taxon-specific stable isotope records and composite
paleoclimate record values that correspond to the mean calibrated age of the herbivore
14C data. We also used Kruskal Wallis one-way ANOVAs and Dunn’s method of pairwise
multiple comparisons to identify differences in collagen stable isotope values among taxa.
Microcharcoal particles are presented as microcharcoal influx, calculated using charcoal
concentrations and bulk sedimentation rates derived from the age-depth model.

3. Results
3.1. Sediment Core Chronology

The 14C ages from the Lake Ranobe core suggest that sediment deposition in the basin
has been continuous since ~1700–1590 cal yr BP (PSUAMS-6332, 1775 ± 20 BP, Dataset S3).
Our final age-depth model yielded an average, long-term linear sedimentation rate of
0.13 cm/yr (Figure 3). Sedimentation was likely slow (0.06 cm/yr) between 155.5 cm and
126.5 cm depth (~1150 and 630 cal yr BP) relative to the underlying ~80 cm of sediment
(0.14 cm/yr, ~1680 and 1150 cal yr BP) and overlying ~125 cm of sediment (0.18 cm/year,
~630 cal yr BP and present).

Figure 3. Lake Ranobe sediment core chronology, including probability distributions for 14C dates
calibrated with SHCal20 (see Dataset S3 for 14C data details). The age-depth model produced in
R Bacon v2.4.3 is based on the blue dates (n = 11). The red date outliers (n = 4) come from bulk
sediment organics or aquatic plant remains, two of which might include an unknown 14C reservoir
effect. Apart from the ratite eggshell (PSUAMS 6332, 233.5 cm depth) and ostracods (PSUAMS 6334,
126.5 cm depth), dates used in the age-depth model come from terrestrial macrobotanical remains.

3.2. Archaeological Survey

Survey around the coastal ponds near Ambohimailaka recovered sparse traces of
human activity, such as shell-combed ceramics and recently deposited bone, which likely
span, at most, the past several hundred years. In contrast, the archaeological record from
around Lake Ranobe was substantial and included large clusters of animal bones, ceramics,
and marine shell (Figure 4). Marine shell was identified to taxa known to be consumed
by people, and it included the crowned turban shell (Turbo coronatus), giant mangrove
whelk (Terebralia palustrus), trapezium horse conch (Pleuroploca trapezium), murex snail
(Chicoreus austramosus), and bearded ark clam (Barbatia foliata). The largest cluster of human
artifacts, which comes from what may be considered an archaeological site, was found on
the NE margin of the basin. An anomalously high concentration of historic glass in this
cluster, and the shell-combed ceramics at this site, are consistent with human occupation
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during recent centuries [58]. Current inhabitants of the nearby village of Avaradrova confirmed
that a settlement at this site was abandoned during the past century. We focused on 14C analysis
of zebu bones from clusters on the south shore of Lake Ranobe, because a variety of ceramic
decorations, scarcity of historic glass, and the deflated sandy surface all suggest that these
deposits span a relatively long period. Indeed, calibrated ages of eight bones from the southern
margin of the lake span ~500 calibrated years (~600–100 mean cal yr BP, Figure 4, Dataset S2).

Figure 4. Distribution of surface scatters of ceramics (n = 241), bone (n = 252), glass (n = 36), and
marine shell (n = 190) in the vicinity of Lake Ranobe, with point densities highlighted by heat maps.
The parcel to the south yielded sparse scatters of bone (n = 13) and ceramics (n = 11) that are not
shown. The calibrated ages of eight zebu bone fragments from the south shore of Lake Ranobe span
the past 700 years and are associated with a variety of stamped and incised ceramics. Note that
numbers in circles correspond to individual clusters of bones and ceramics.

3.3. Geochemical Data

Smoothed 100-year (~12 point) running mean ostracod δ18O data from the sediment
core display a succession of local maxima during the past ~1700 years. Values range
between −7.2‰ and 4.9‰ (x ± SD = −2.4 ± 2.1‰) and are positively skewed (0.6, Figure 5,
Dataset S5). Surface water from Lake Ranobe, collected during September 2019, had a δ18O
value of −0.92‰. The δ18O value of our topmost ostracod sample (−2.5‰, 3 cm depth)
is close to what would be expected given δ18Owater = −0.92‰ and 25 ◦C ≤ T ≤ 30 ◦C
(expected calcite δ18O range of −2.7–3.8‰), which supports our assumption that ostracods
in the lake secrete their carbonate shells near oxygen isotopic equilibrium.
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Figure 5. Geochemical records from the Lake Ranobe sediment core including δ18O and δ13C values from the ostracod Bradleystrandesia cf. fuscata. Values are plotted versus depth (cm)
and age (approximate cal yr BP). Blue loess curves are fitted to each record, vertical lines mark the mean of each record, and depth intervals with above average ostracod δ18O values are
highlighted in gray. Scans of the more consolidated sediment in the deeper core sections, below 50 cm depth, appear at right.
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The deepest ostracod datum (234.5 cm, ~1690 cal yr BP, δ18O = −1.0‰, Dataset S5)
overlies relatively consolidated gray sandy mud and is at approximately the same depth as an
angular fragment of ratite (flightless bird) eggshell (233.5 cm, PSUAMS 6332, 1775 ± 20 BP,
Dataset S3). Sediment geochemistry varies in the overlying sediment and is associated
in some cases with fluctuations in the ostracod δ18O record (Figure 6A). Generally, there
are strong associations between (1) stable isotope values of sediment organic matter and
ostracod tests (Figure 6B), and (2) among the sediment organic content and the abundances
of Ca, K, Si, and S, relative to Zr. High magnetic susceptibility is primarily associated with
low sediment δ15N values and is not consistently linked with sediment organic content.

Figure 6. Principal components analysis (A) and correlation matrix (B) from the Lake Ranobe sediment core geochemical
records. The PCA plot (A) includes loadings for each record in red and has samples grouped (with ellipses outlining 68%
of each group) according to whether they share relatively low or high ostracod δ18O values. The correlation matrix (B)
displays only significant correlations as circles (p 0.05), with size scaled to p-values and color scaled to Pearson correlation
coefficients (scale at right).

The base of the core includes exceptionally high organic matter δ13C (acidified) and
δ15N values (−22.9‰ and 8.1‰, respectively, Dataset S5), and relatively low organic matter
and CaCO3 concentrations (2.8% and 42.6% of sediment weight, respectively). Among the
heavier elements, Si, Zr, and Fe are particularly abundant at the base of the core, and Fe
is mostly undetectable above ~216 cm depth (~1540 cal yr BP). The base of the core has
relatively low magnetic susceptibility and abundant Zr, which drives low Ca/Zr, Si/Zr,
K/Zr, and S/Zr values. The median Si/Zr throughout the Lake Ranobe sediment core
(n = 90, m = 91.5) is only about 25% of that in the diatom-rich sediments of the Namonte
Basin to the north, near Lake Ihotry (n = 45, m = 327.0, Mann-Whitney U = 28.00, p < 0.001).
Diatoms are scarce throughout much of the Lake Ranobe core and are present in only
~25% of the 30 sediment samples collected between 240 cm and 50 cm depth (M. Velez
pers comm.).

The first ~500 years of sediment deposition in Lake Ranobe (~1500–1000 cal yr BP)
yielded ostracods with relatively low δ18O values (−3.3 ± 1.5‰). This sediment is com-
posed primarily of CaCO3 (~70–90 wt. %) but includes some thin (<2 cm) dark layers that
are relatively rich in N and organics. Si/Zr, K/Zr, and S/Zr values generally increase
during this interval.

The period with relatively slow linear sediment accumulation (0.06 cm/yr) between
~1150 and 650 cal yr BP includes scarce ostracods, which precludes inference of continuous
climate change. Several ostracod δ18O values near the top of this interval (~700 cal yr BP),
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however, are relatively high (~2‰). This interval coincides approximately with local
maxima in Ca/Zr and S/Zr values and minima in magnetic susceptibility and K/Zr values.

The last ~700 years of sediment deposition include approximately three maxima in
ostracod δ18O values (~550–500, ~400–200, and ~50 to −50 cal yr BP), with an average
δ18O value across these intervals of −1.3 ± 2.2‰, n = 47. The ~550–500 cal yr BP peak
in ostracod δ18O values coincides with local minima in Ca/Zr, Si/Zr, K/Zr, and S/Zr
values, and heavy element abundance data do not span the two relatively recent peaks
in ostracod δ18O values. Aside from ostracods that date to ~400–200 cal yr BP, ostracods
relatively enriched in 18O come from layers that tend to have low and less variable organic
content. Application of BCPA to the Lake Ranobe ostracod δ18O and sediment Ca/Zr
values revealed change points that coincide approximately with change points in other
Indian Ocean records (Figure 7, Dataset S6, [16,59]).

3.4. Charcoal and Herbivore Data

The disappearance of several megafauna taxa (pygmy hippos and three extinct gi-
ant lemurs) from around Lake Ranobe coincided approximately with the appearance
of cattle, a peak in sediment Cu concentration, and a rise in microcharcoal abundance
at the nearby site of Andolonomby (Figure 8). All samples from Ranobe contained mi-
crocharcoal, and wood charcoal was up to an order of magnitude more abundant than
herbaceous charcoal (Dataset S7). Although detectable throughout the record, the influx
of charcoal at Ranobe peaked sharply between ~590 and 460 cal yr BP (average wood:
~233,000 particles/(yr*cm−2), herbaceous ~297,000 particles/(yr*cm−2)). A later increase
in charcoal influx ~140 cal yr BP included relatively abundant wood particles (wood:
~6,810,000 particles/(yr*cm−2), herbaceous: ~365,000 particles/(yr*cm−2)).

There are significant differences in median δ13C values (H (4) = 49.04, p < 0.001)
and median δ15N values among herbivores (H (4) = 22.24, p < 0.001, Figure 9). Pairwise
comparisons indicate that the median cattle δ13C value (n = 21, m = −7.4‰) is signifi-
cantly greater than values from giant lemurs Paleopropithecus ingens (n = 14, m = −20.8‰),
Archaeolemur majori (n = 7, m = −20.6‰), and Megaladapis spp. (n = 7, m = −21.0‰, p < 0.001
for each). Such comparison also shows that the median pygmy hippo δ13C value (n = 11,
m = −16.6‰) is significantly greater than that of Megaladapis spp. (n = 7, m = −21.0‰,
p = 0.04). Finally, the median cattle δ15N value (n = 21, m = 10.8‰) is significantly lower
than that of one species of the giant lemur, Paleopropithecus ingens (n = 14, m = 14.4‰,
p < 0.001). Note that the number of modern bushpigs and goats collected around Ranobe
is small (<3 individuals/taxon), but the existing δ13C and δ15N data from these taxa fall
within the observed range of δ13C and δ15N data from extinct megafauna. There are posi-
tive correlations between herbivore δ13C values and the composite Ranobe and Anjohibe
δ18O z-score record for hippos (n = 9, rp = 0.80, p = 0.01) and cattle (n = 21, rp = 0.49,
p = 0.02, Figure 9). Negative correlations exist between cattle δ15N values and both the
Ranobe-Anjohibe composite record (n = 21, rp = −0.52, p = 0.01) and the Ranobe-Asafora
composite (n = 21, rp = −0.43, p = 0.05, Figure 9).
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Figure 7. Records of Lake Ranobe sediment core Ca/Zr and ostracod δ18O, with overall means marked by vertical lines, means between BCPA-inferred change points in red, and relatively
high and low values shaded with red and blue, respectively. Regional context comes from records of diatom-inferred lake-water conductivity from Lac Ihotry, SW Madagascar (with locally
weighted smoothing, [10]), a record of speleothem δ18O values from Asafora, SW Madagascar [9], speleothem δ18O values from Anjohibe, NW Madagascar [57], a variety of records from
Lake Challa, Tanzania [60], speleothem δ18O values from Rodrigues Island [16], and a record of E Indian Ocean sea surface temperature inferred from a geochemical record from the
Makassar Strait [59]. Time periods that included the Medieval Warm Period (MWP) and Little Ice Age (LIA) are shaded in gray.
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Figure 8. Composite of regional climate records, Ranobe animal bone stable isotope records, local extinction and introduc-
tion estimates, and records of Cu and charcoal deposition in lake sediments around Lake Ranobe (including Andolon-
omby/Ambolisatra record from Virah-Sawmy et al., 2016). To create the composite paleoclimate record, the Ranobe and 
Asafora δ18O records were interpolated at 1-year increments (using linear interpolation for the sake of matching records 
with different sampling intervals), z-scored, averaged, and then thinned to include 1 datum per decade (for the sake of 
display). The solid black line gives the 100-year smoothed Ranobe-Asafora composite, and the dashed black line gives the 
100-year smoothed Ranobe-Anjohibe record. Note that the unsmoothed Ranobe-Anjohibe record is not shown for the sake 
of clarity and that this composite record relies exclusively on speleothem data from Rodrigues Island [16] before 1700 cal 
yr BP (Dataset S6). Introduced and extinct animal stable isotope data (n = 63) plotted over time are fitted with lines, and 
Bayesian event estimates (µ ± σ) for extinctions and zebu cattle introduction are based on 14C data (n = 52) from taxa with 
n > 5. Of the endemic taxa (hippos and lemurs, with extinct taxa marked with daggers), only Lemur catta is extant. Taxon-
specific sample sizes of the form (n = (stable isotope sample size), (14C sample size)) reflect the fact that extinction confi-
dence intervals for pygmy hippos and giant lemurs consider all data from individuals since 3000 cal yr BP and that the 
introduction confidence interval for zebu cattle data does not consider the 3 modern individuals with stable isotope data. 

Figure 8. Composite of regional climate records, Ranobe animal bone stable isotope records, local extinction and introduction estimates, and records of Cu and charcoal deposition in lake
sediments around Lake Ranobe (including Andolonomby/Ambolisatra record from Virah-Sawmy et al., 2016). To create the composite paleoclimate record, the Ranobe and Asafora δ18O records
were interpolated at 1-year increments (using linear interpolation for the sake of matching records with different sampling intervals), z-scored, averaged, and then thinned to include 1 datum
per decade (for the sake of display). The solid black line gives the 100-year smoothed Ranobe-Asafora composite, and the dashed black line gives the 100-year smoothed Ranobe-Anjohibe record.
Note that the unsmoothed Ranobe-Anjohibe record is not shown for the sake of clarity and that this composite record relies exclusively on speleothem data from Rodrigues Island [16] before
1700 cal yr BP (Dataset S6). Introduced and extinct animal stable isotope data (n = 63) plotted over time are fitted with lines, and Bayesian event estimates (µ ± σ) for extinctions and zebu cattle
introduction are based on 14C data (n = 52) from taxa with n > 5. Of the endemic taxa (hippos and lemurs, with extinct taxa marked with daggers), only Lemur catta is extant. Taxon-specific
sample sizes of the form (n = (stable isotope sample size), (14C sample size)) reflect the fact that extinction confidence intervals for pygmy hippos and giant lemurs consider all data from
individuals since 3000 cal yr BP and that the introduction confidence interval for zebu cattle data does not consider the 3 modern individuals with stable isotope data.
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Figure 9. Herbivore δ15N data (A–B) and δ13C data (C–D) against 100-year smoothed paleoclimate composite records from
Figure 8. Herbivore data were matched to each smoothed composite record (Ranobe-Asafora for A and C, Ranobe-Anjohibe
for B and D) according to the mean calibrated age of individuals, and only significant (p ≤ 0.05) correlation coefficients are
given. The associated box plots at right compare the distributions of δ15N and δ13C values among taxa, with the width
of boxes scaled according to sample size. Kruskal-Wallis one-way ANOVAs and Dunn’s method of pairwise multiple
comparisons suggest significant differences between taxa, with * marking p < 0.05, and *** marking p < 0.001.

4. Discussion

The Lake Ranobe ostracod δ18O values, coupled with Ca/Zr and sedimentation rate
data, indicate a dry interval ~1000 cal yr BP that approximately coincided with (1) the
disappearance of endemic pygmy hippos and giant lemurs ~1100 to 900 cal yr BP and
(2) the appearance of introduced zebu and possibly other evidence of human activities, such
as forest clearance through burning, around the lake ~1000 cal yr BP. Regional paleoclimate
records suggest that this arid period affected other parts of the Western Indian Ocean.
Ecofacts and artifacts (i.e., cattle bones and ceramics) and vegetation burning suggest
human settlement on the south shore of Lake Ranobe during a relatively wet interval
between ~700 and 500 cal yr BP, and this wet interval may have helped pastoralists expand
into inland sites. Stable isotope records from animals in the vicinity of Lake Ranobe reflect
different responses to past aridification and possible drought sensitivity in cattle.

In the paragraphs that follow, we further discuss relationships among Ranobe sedi-
mentological and archaeological records before comparing these with other Indian Ocean
records. We then discuss traces of past human activity around Ranobe, potential drivers
of regional vegetation change, and the relative drought sensitivity of zebu cattle and
endemic megafauna.

4.1. Drought and Relationships among Paleoclimate Records

Relatively dry periods, characterized by high E/P and low lake levels, left relatively
18O-enriched ostracods and associated geochemical evidence. The strong positive corre-
lation between lacustrine carbonate δ18O and δ13C values is typical of closed basins [61]
and can be explained by coupled changes in lake water δ18O values and the δ13C values
of the dissolved inorganic carbon (DIC) species (CO2, HCO3

−, CO3
2−) within the lake.

Specifically, reduced freshwater inputs of 13C-depleted DIC and relatively strong evapo-
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ration (driving increased partial pressure of CO2 in the lake and increased loss of 12CO2
to the atmosphere) can increase the δ13C of the remaining DIC during drought [62]. The
correlation between the Lake Ranobe sediment organic matter and ostracod δ13C values
suggests that ostracods used DIC from the lake for shell formation, and the sediment
organics include primarily remains of aquatic plants that used lake DIC for photosynthesis.

Both the origin of the lake and subsequent changes in lake level can explain the
association of sediment organic matter δ15N and ostracod δ18O values. When soil N is
in short supply, plant uptake can leave soils enriched in 15N [63], and preferential loss
of 14N to the atmosphere can also leave soils enriched in 15N (particularly under arid
conditions, [64]). The most recent filling of Lake Ranobe, indicated by the transition from
sandy soil to calcareous lake sediment at the base of the core, preserved organic-rich
lacustrine sediment with high %N (Figure 5). Relatively low δ15N values in this lacustrine
sediment likely reflect diminished loss of 14N to the atmosphere and terrestrial plants.
Thus, associated early increases in lake volume and changes in N cycling likely explain
the coupled low ostracod δ18O values and organic matter δ15N values near the base of the
core (~1600 cal yr BP, Figure 5). Subsequent, relatively small increases in sediment organic
matter δ15N values may reflect shallowing of the lake, which could have contributed to
warmer water temperatures, reductions in dissolved oxygen, increased microbe-driven
denitrification, and 15N enrichment of the lake’s remaining nitrate pool [65,66]. The
negative correlation between sediment δ15N values and magnetic susceptibility may stem,
in part, from greater deposition of ferromagnetic minerals via runoff during wet periods,
associated with relatively low δ15N values in sediment organic matter.

Variation in the organic matter content of the sediment is not consistently correlated
with the stable isotope or magnetic susceptibility records, and the strong correlation
between %TOC and %N is expected. Relatively high Si/Zr and Ca/Zr values in organic-rich
sediments suggest that aquatic plants and organisms with silica and carbonate skeletons
flourished under similar circumstances and in many cases during times with relatively
low ostracod δ18O values (Figures 5 and 6). Note, however, that both biogenic carbonate
deposition during wet periods and chemical carbonate precipitation during relatively dry
times can increase Ca/Zr values and complicate interpretation of the association between
Ca/Zr and ostracod δ18O values [18,19]. Our observed correlation between % organic
matter and S/Zr may follow from sulfur deposited in organic matter or from the deposition
of S in pyrite (FeS2) under reducing conditions [67]. Finally, coupled K/Zr and magnetic
susceptibility values may both follow from relatively intense periods of erosion [18,20,21].

4.2. Chronology and Regional Comparison

1700–1500 cal yr BP: Freshwater filled the inter-dune swale that defines Lake Ranobe.
Lacustrine carbonates and organic matter accumulated over underlying sand and terrestrial
animal remains such as Mullerornis modestus eggshell. It was unexpected to find that early
deposition of lacustrine sediments in Ranobe preceded slightly the onset of dry conditions
inferred from the nearby Asafora speleothem δ18O record (~1550 cal yr BP) [9]. A minimum
δ18O value at ~1650 cal yr BP in a W Indian Ocean speleothem from Rodrigues Island,
however, suggests the broader Western Indian Ocean region was relatively wet at the
time [16]. Warm and wet conditions in that region today are connected with cooler than
usual sea surface temperatures (SSTs) in the eastern Indian Ocean and western Tropical
Pacific through the positive phase of the IOD [68]. A shift towards relatively low SST in the
Makassar Strait, Indonesia, after ~1550 cal yr BP is consistent with a coincident wetting
trend in Madagascar [59].

1500–1000 cal yr BP: Relatively low ostracod δ18O values reflect wet conditions, and
a rise in K/Zr values may reflect increased detrital input via runoff. A series of peaks in
sediment organic content and steady increases in Si/Zr and S/Zr attest to pulses of primary
production in the lake during this interval. Despite dry conditions inferred from above
average speleothem δ18O values from Asafora [9], the continuous deposition of ostracods at
Ranobe with below average δ18O values during this interval suggests that Ranobe remained
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continuously filled with water. During this period, wet conditions at Ranobe are consistent
with below average speleothem δ18O values from Anjohibe, NW Madagascar [57]. Lower
sedimentation rate after ~1150 cal yr BP, peaks in ostracod δ18O values around 1150 and
1080 cal yr BP, a decrease in K/Zr values ~1100 cal yr BP, and possibly the maximum in
Ca/Zr values ~1150 cal yr BP attest to a drying trend at the end of this interval. A maximum
in Asafora speleothem δ18O values during 1100–1000 cal yr BP also suggests that this was
a relatively dry century in SW Madagascar. Anjohibe and Rodrigues speleothem δ18O
values are out of phase with the Asafora record and remain low during 1100–1000 cal yr
BP. However, an earlier increase in Rodrigues Island speleothem δ18O values between
1250 and 1150 cal yr BP suggests that other parts of the W Indian Ocean also experienced a
drying trend toward the end of the millennium [16].

1000–650 cal yr BP: Relatively slow accumulation of sediment with lower organic
matter content during the Medieval Warm Period attests to an interval of reduced primary
productivity. A prolonged increase in Ca/Zr values may reflect authigenic carbonate
precipitation during low lake levels associated with drought. Low lake levels could
explain the absence of ostracods throughout most of this interval and were approximately
coincident with salinization of Lac Ihotry [10], maxima in speleothem δ18O values from
Asafora Cave ~1000 and ~750 cal yr BP [9], and with palynological evidence for drought
~950 cal yr BP from elsewhere in southern Madagascar [69]. They are also consistent with
indurated clay in Lac Ihotry from ~800 cal yr BP that blocked our coring efforts, and with
the highest Ca/Zr values near the base of the Lake Namonte sediment core [70]. Although
lake sediments from Ranobe and elsewhere in SW Madagascar record what could have
been several centuries of dry conditions, a pronounced return to below average speleothem
δ18O values at Asafora during ~950–800 cal yr BP suggests that this interval may have
been punctuated by wet conditions. Wet conditions punctuating an otherwise dry interval
may be specific to SW Madagascar, for speleothem δ18O values peaked at Anjohibe and
Rodrigues Island during ~950-800 cal yr BP. Additionally, elevated SST in the Makassar
Strait during ~950–700 cal yr BP suggests that multidecadal dry conditions in the W Indian
Ocean occurred during negative IOD-like conditions [59].

650 cal yr BP to present: The return of ostracods with relatively low δ18O values, along
with a simultaneous decrease in Ca/Zr and increase in magnetic susceptibility at the start
of this interval, likely indicate a return to relatively mesic conditions. This is consistent with
relatively low δ13C values in baobab tree ring cellulose from western Madagascar during
700–550 cal yr BP [11]. This trend is also matched by relatively low Asafora speleothem δ18O
values after 600 cal yr BP, as well as by relatively low Rodrigues Island speleothem δ18O
values [16] and a decline in Makassar Strait SST ~700 cal yr BP [59]. Makassar Strait SST
continued to decline during much of this interval and notably during the Little Ice Age [59],
and a coincident transition to mesic conditions around Lake Challa (Kenya/Tanzania)
suggests there were widespread positive IOD-like conditions [60]. However, peaks in the
Lake Ranobe ostracod δ18O values, which punctuate the record since 600 cal yr BP, suggest
episodic returns to dry conditions ~550, ~400–250, and 50 to −50 cal yr BP. These peaks
tend to be more consistent with the Asafora speleothem record than with the Anjohibe
speleothem record. The ~550 cal yr BP drying is associated with organic-poor sediment with
high δ15N values and low K/Zr, Si/Zr, Ca/Zr, and S/Zr values, and it is consistent with a
local maximum in Asafora speleothem δ18O values [9], as well as with aridity recorded
in baobab cellulose from western Madagascar [11], sediments from Lake Challa [60], and
the Rodrigues Island speleothem [16]. The aridity ~400–250 cal yr BP coincides with
two maxima in Asafora speleothem δ18O values [9], and the onset of this dry interval is
consistent with a peak in Rodrigues Island speleothem δ18O values [16]. This dry interval
may have been less severe than that of ~550 cal yr BP, because the ~400–250 cal yr BP
interval includes relatively low ostracod δ18O peaks, high magnetic susceptibility, and
average K/Zr values. The ostracod δ18O peaks during this interval may, however, have
been dampened by anthropogenic deforestation documented by Virah-Sawmy et al. [8].
Fire and forest loss could contribute to (1) faster recharge, thereby lowering lake water
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δ18O values, and (2) greater erosion, which would have increased K/Zr and magnetic
susceptibility during a time of comparable aridity. Unlike the most recent dry interval
and that of ~550 cal yr BP, primary productivity was markedly high ~400–250 cal yr BP, as
evidenced by a peak in organic matter content (also visible in core scans as darker layers)
and some of the highest Si/Zr and S/Zr values.

4.3. Human Activity and Vegetation Change

The disappearance of megafauna from around Lake Ranobe coincided with the dry
interval from 1000–700 cal yr BP, yet coeval evidence for intensified human activity in
the area confounds inference of extirpation driven exclusively by drought. The intro-
duction of cattle during this interval (1080–960 cal yr BP) and regional presence of goats
and bushpigs at this time could have led to multiple forms of competition between in-
troduced and endemic megaherbivores [22]. Moreover, a coincident peak in Cu concen-
tration (~1190–900 cal yr BP) may reflect smelting for metal tool production [71,72]. Our
survey recovered some slag fragments from the south shore of Lake Ranobe (loosely
associated with bone that spans at least the past ~600 years, Figure 4), and ~1000-year-
old lemur (Propithecus verreauxi) bones from the site of Taolambiby, ~100 km SE of Lake
Ranobe (Figure 2), include cutmarks likely produced by metal tools [73,74]. However,
the microcharcoal influx peaks in the Ranobe core (~107 cm depth, corresponding to
600–570 cal yr BP) lag by ~550 years the start of the peak in Cu concentration (~159 cm
depth, corresponding to 1240–1160 cal yr BP). This lag suggests that any metal tool produc-
tion at ~1000 cal yr BP did not involve extensive burning near Ranobe.

Peaks in charcoal influx at Lake Ranobe at ~590–460 cal yr BP coincided with the
deposition of the earliest 14C-dated zebu cattle from the southern margin of the lake. The
high influx of herbaceous charcoal during this interval could reflect grassland manage-
ment by pastoralists, for it occurred in the absence of clear evidence for dry conditions
(Figure 8). Additionally, a pollen record from the nearby site of Andolonomby/Ambolisatra
supports the idea that herbaceous fodder biomass became increasingly abundant after
700 cal yr BP [8]. Previous work at Andolonomby/Ambolisatra suggested that herbaceous
taxa expanded and led to more widespread fires following the loss of endemic megaherbi-
vores [34]. However, our new bone and charcoal data suggest that much of the burning
in the vicinity of Ranobe followed the introduction of livestock by at least hundreds of
years, regardless of the uncertainty in our sediment age-depth model. As populations of
introduced herbivores became established, there was likely little relaxation of herbivory on
herbaceous taxa following the extinction of endemic megafauna. Indeed, Virah-Sawmy [8]
suggested that declines in pollen from herbaceous taxa within the past 200 years reflect
extensive grazing, and we find support for this inference based on (1) consistently high
δ13C values in zebu during the past several hundred years and (2) the relative scarcity of
herbaceous particles in the recent charcoal influx peaks ~140 cal yr BP.

The most visible traces of early pastoralism around Ranobe (herbaceous charcoal and
zebu bones) were deposited during a relatively wet interval at ~600 cal yr BP (Figure 8), and
those wet conditions could have helped agropastoralist populations expand throughout
inland drainages. Zebu bones from the south shore of Ranobe are associated with ceramics
that are decorated with triangle impressions, incised parallel lines, and circular holes
(Figure 4), which makes them similar to ceramics recovered from the inland archaeological
site of Rezoky, a prehistoric pastoralist camp in the Mangoky Drainage (Figure 2) ~140 km
to the NE [75], and from some coastal archaeological sites in the Velondriake region to
the north [76]. Directly 14C-dated zebu and ovicaprid bones from Rezoky (n = 8) span
~730-500 cal yr BP [22], which makes them approximately contemporary with the earliest
14C-dated zebu bones from the south shore of Lake Ranobe. The spread of pastoralists to
Ranobe and Rezoky formed part of a regional expansion of pastoralism during the first
half of the past millennium, and this could have contributed to landscape transformation
involving anthropogenic burning in southern Madagascar after ~600 cal yr BP [69], as well
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as earlier traces of forest clearance ~1000 cal yr BP revealed by pollen records from central
Madagascar [77] and speleothem records from NW Madagascar [78].

4.4. Herbivore Activity

Differences among δ18O records within Madagascar from Ranobe, Asafora, and An-
johibe suggest that the choice of paleoclimate record affects inference of past herbivore
responses to climate drying. The consistent absence of positive correlations between the
composite δ18O records and herbivore δ15N records (Figure 9A,B) suggests that none of
the taxa we examined are drought-tolerant as envisioned in Figure 1. Consistent with the
work of Crowley et al. [29,79] and Hixon et al. [80], we found relatively high δ15N values
in the collagen of extinct endemic megaherbivores and no increase through time. The
earliest directly 14C-dated zebu from around Ranobe had δ15N values comparable to those
of endemic megafauna, which suggests they both exploited similarly arid habitat. How-
ever, zebu that lived during subsequent dry times had relatively low δ15N values, which
suggests that they exploited relatively mesic habitat. The data suggest that zebu abandoned
arid habitats during relatively dry times, which may indicate sensitivity to drought and
strategic reliance of pastoralists on mesic patches. This pattern is significant when both
the Ranobe-Asafora and Ranobe-Anjohibe records are considered (Figure 9). Historically,
pastoralists are known to have relied on mesic refuges during droughts [81]. Reliance of
zebu on mesic habitat with relatively low δ15N values during dry times within the past
millennium suggests that the scarcity of mesic habitat did not contribute to megafaunal
extinction, even in arid SW Madagascar. Future research should consider the possibility
that surface water scarcity exacerbated resource competition between megafauna and
introduced livestock. Taxon-specific responses to past climate change should be compared
among livestock, particularly given the observation that similarity in stable isotope values
leaves the possibility that introduced goats competed exploitatively with extinct endemic
megaherbivores (observed here and in [22]).

Although low zebu δ15N values suggest that these animals exploited relatively wet
habitat, positive correlations between the Ranobe-Anjohibe composite record and δ13C
values in zebu and hippos suggest that these animals coped with some vegetation change
driven by aridification. Specifically, during relatively dry times, these animals likely
consumed more 13C-enriched xerophytic C4 grasses and CAM succulents (Figure 9D).
However, this result should be treated with caution given that it is not observed when con-
sidering the Ranobe-Asafora composite record (Figure 9C). The possibility that herbivores
consumed more xerophytic plants during past drought should be evaluated through future
research. Faina et al. [9] found that 13C-enriched vegetation flourished during relatively
arid times, and anthropogenic deforestation contributed further to the rise of grasses and
herbs in this region during the past millennium [8]. Today, endemic succulent vegetation
(e.g., Euphorbia stenoclada) remains an important source of fodder that is maintained and
used by pastoralists [82,83]. The combination of low δ15N values and high δ13C values in
zebu suggests that past drought could have constrained zebu to shrinking patches of mesic
habitat but that these animals exploited xeric-adapted fodder in these mesic patches.

4.5. Implications for Land Management and Conservation

The details of past biodiversity change are important to modern conservation, because
they can clarify whether restoration efforts are feasible [5,84] and identify cases in which
disturbance from human hunting and foraging in fact promotes biodiversity [85,86]. In
Madagascar, the distinct habitat use of zebu and extinct megaherbivores (observed here
and in [22]) suggests that introduced bovids may not be fulfilling the ecosystem services of
extinct megafauna [87–89]. For example, unlike zebu, giant tortoises promote dispersal and
germination of baobab tree seeds [90], and there are efforts to reintroduce the Aldabran
giant tortoise (Aldabrachelys gigantea) to Madagascar [91,92]. Data from this and other
studies that indicate consistent use of arid habitat by endemic herbivores during recent
millennia [79] suggest that reintroduced giant tortoises and extant lemurs could tolerate
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projected climate drying in the absence of other stressors. Habitat fragmentation and
environmental crime remain serious threats to the island’s endemic biodiversity [93,94].

Our observation that zebu consistently relied on relatively mesic habitat during past
dry intervals suggests that they may be sensitive to projected future drought. Though
these domestic bovids fulfill different ecosystem services than did the extinct megafauna
and likely have facilitated human hunting of endemic animals [22,95,96], their husbandry
is an essential livelihood component today and drives people to maintain forests of en-
demic succulent vegetation to support their herds [83]. We suggest that efforts to both
conserve the spiny forests of SW Madagascar and maintain local livelihoods must support
transhumance of zebu herds between mesic patches. Based on vegetation studies, Ran-
driamalala, et al. [97] and Razanatsoa, et al. [98] also recommended facilitation of mobile
pastoralism. Randriamalala, et al. [97] observed that destructive browsing of goats on
endemic vegetation has fewer negative consequences for spiny forests than does woody
charcoal production, which is expanding to supply growing urban populations. Razanat-
soa, et al. [98] used paleoecological and paleoclimate data to show that past traditional
land use—including a mix of pastoralism, farming, and foraging—in the Mikea territories
north of Ranobe was more sustainable and provided greater livelihood security than con-
temporary land-use. In the face of ongoing drought, the intensified use of mesic habitat
like that around Ranobe as a source of food, fodder, and building material [99] means that
freshwater and riparian ecosystems should be the focus of conservation research [100].
Unlike Madagascar’s forests, the island’s wetlands have received little conservation at-
tention, and a rapid survey of wetlands found widespread traces of disturbance [101].
Recent paleoecological work from Lake Namonte revealed dramatic changes in the fresh-
water ecosystem within only the past several centuries, which was associated with rapidly
expanding human settlement [70].

5. Conclusions

Ranobe lake sediment records are generally consistent with the existing speleothem
δ18O record from Asafora, SW Madagascar, which supports the observation that climate
drying was asynchronous between northern and southern Madagascar during recent
millennia. Although drought coincided approximately with Late Holocene megafaunal
extinction, climate drying alone fails to explain the disappearance of diverse endemic
megafauna and simultaneous spread of introduced livestock that exploited relatively wet
habitat. The relatively high pygmy hippo and giant lemur collagen δ15N values suggest
that these animals successfully exploited arid habitat, which is inconsistent with the idea
that drought forced endemic megaherbivores into dwindling patches of mesic habitat.
Regional disappearance of megafauna may be better explained by the synergistic effects
of forest clearance, vegetation burning, and other human disturbances such as hunting
and the introduction of potential megaherbivore competitors. The data suggest that zebu
cattle coped with past vegetation changes to a greater extent than pygmy hippos, but zebu
may have been constrained to mesic patches during droughts. Zebu pastoralism is an
essential dryland adaptation, and our findings likely reflect how people ensured access to
preferred conditions for their livestock through landscape modification and mobility. The
ecological history of large herbivores around Ranobe suggests that efforts to conserve the
spiny forests of SW Madagascar and maintain local livelihoods should enable movement of
zebu herds between mesic patches. The effects of ongoing climate drying and pastoralism
on riparian and freshwater biodiversity should be the focus of future conservation research.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10.3
390/cli9090138/s1, Dataset S1: survey results, Dataset S2: bone stable isotope and 14C data, Dataset S3:
sediment 14C data, Dataset S4: sediment age-depth model, Dataset S5: sediment geochemical data,
Dataset S6: composite climate record, Dataset S7: sediment charcoal data.
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