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Abstract
In the light of the currently increasing drought frequency and water scarcity on oceanic islands, it is crucial for the conservation of threatened insular
vertebrates to assess how they will be affected. A 4000 yr old fossil assemblage in the Mare Aux Songes (MAS), southwest Mauritius, Mascarene Islands,
contains bones of 100 000+ individual vertebrates, dominated by two species of giant tortoises Cylindraspis triserrata and C. inepta, the dodo Raphus cucullatus,
and 20 other vertebrate species (Rijsdijk, Hume, Bunnik, Florens, Baider, Shapiro et al. (2009) Mid-Holocene vertebrate bone Concentration-Lagerstätte on
oceanic island Mauritius provides a window into the ecosystem of the dodo (Raphus cucullatus). Quaternary Science Reviews 28: 14–24). Nine radiocarbon
dates of bones statistically overlap and suggest mass mortality occurred between 4235 and 4100 cal. yr BP. The mortality period coincides with a widely
recognized megadrought event. Our multidisciplinary investigations combining geological, paleontological and hydrological evidence suggests the lake was
located in a dry coastal setting and had desiccated during this period. Oxygen isotope data from a Uranium-series dated stalagmite from Rodrigues, an
island 560 km east of Mauritius, supports this scenario by showing frequently alternating dry and wet periods lasting for decades between 4122 and 2260
cal. yr BP. An extreme drought resulted in falling water-tables at MAS and elsewhere on the island, perhaps deprived these insular vertebrates of fresh
water, which led to natural mass mortalities and possibly to extirpations. In spite of these events, all insular species survived until at least the seventeenth
century, confirming their resistance to climatic extremes. Despite this, the generally exponential increase of combined human impacts on islands including
loss of geodiversity, habitats, and stocks of fresh water, there will be less environmental safe-haven options for insular endemic and native vertebrates
during future megadrought conditions; and therefore will be more prone to extinction.
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Introduction
Because of the anticipated increased frequencies of droughts and
water scarcity on tropical islands (Falkland, 1994; Hoerling and
Kumar, 2003; Lal et al., 2002; Wong et al., 2005), it is crucial to
understand how this will affect already insular vertebrate populations. The Holocene period (11.5 cal. kyr BP to present) is marked
by periods of pronounced climatic extremes, i.e. severe droughts
and cold periods, that lasted for several decennia (Fleitmann et al.,
2008; Gasse, 2000; Marchant and Hooghiemstra, 2004; Pross
et al., 2009). Stress imposed by climatic extremes may have been
especially severe on island fauna, compared with continental populations, because of generally limited boundaries and intra-island
refugia. Evidence for this, however, is scant and there are few
documented cases of natural extinction events. The discovery of
hundreds of fossil localities on oceanic islands have provided little fossil evidence for pre-anthropogenic extinctions, which suggests that lower rates occurred compared with the period
characterized by human impact (e.g. Alcover et al., 1999; Burney,
1999; Holdaway, 1999; Martin and Steadman, 1999; Olson, 1989;

Olson and Hearty, 2003; Olson and James, 1992; Steadman,
1995, 2006). Without doubt, it was after the arrival of humans
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Figure 1. (a) The volcanic island of Mauritius. Inset map shows Africa and Madagascar, position of Mauritius in SW Indian Ocean. Black
rectangle denotes position of Mare aux Songes. Black dots positions of former vents aligned NNE. Black line shows the extent of a caldera
edge. (b) A digital elevation model of Mare aux Songes, showing basin 0, basin 1 and part of basin 2, basin 3 is not depicted. Borehole evidence
indicates that the fossil layer extends for 2 ha within the 2 m elevation contour. Triangles indicate positions of excavation trenches (TR) and
dots indicate positions of cores (BH). White arrows indicate positions of basins 0, 1 and 2

that almost all documented extinctions occurred (Burney and
Flannery, 2005; Burney et al., 2001; Martin, 1984; Martin and
Steadman, 1999; Steadman, 2006; Turvey, 2009), and that island
faunas are generally resistant to natural climatic and environmental change. However, it is unclear to what degree faunas were
affected by climatic extremes, and how generally they were able
to withstand these effects on small islands. The re-working in
2005 of a 4000 yr old natural fossil bed on the volcanic island of
Mauritius (Rijsdijk et al., 2009) (Figure 1a), provided important
new supporting data. The fossil bed is a marsh called the Mare
aux Songes (MAS, hereafter) situated in the coastal lowlands,
southwest Mauritius, at the base of a land-filled lake, and is estimated to comprise millions of subfossil remains, including the
dodo. In addition it has abundant plant remains including wellpreserved trunk and branch samples. The fossil bed pre-dates
human contact by more than 3000 years.
Early Arab traders probably discovered Mauritius, followed
by the Portuguese in 1516 (North-Coombes, 1980), but as far as is
known, they never settled there and no written accounts exist. It
was after the Dutch arrival in September 1598 (Barnwell, 1948;
Moree, 1998), that the documented record began. These records
have proved vital in ascertaining the original faunal composition.
The Dutch abandoned the island in 1710 (Moree, 1998), and it
was during this period that the dodo and most other large, terrestrial vertebrates became extinct (Cheke and Hume, 2008). It was
not until the discovery of the first subfossil remains at the MAS in
September 1865 (Clark, 1866; Hume et al., 2005, 2009), that the
true extent of faunal diversity could be assessed. Subsequent
excavations continued until the 1930s, after which time the site

fell into neglect. Because field descriptions were not taken, the
precise location and context of all previously collected subfossil
material is not known. The fossil bed is 500 to 1500 mm thick and
spans 2 ha, and the rock valley where the site is situated comprises four basins (varying between 0.5 and 2 ha); the fossils were
discovered in basin 1 (Figure 1b). Based on our surveys we infer
that subfossils discovered in the nineteenth century were derived
from basin 0 located 50 m NW of basin 1 (Hume et al., 2009).
About 5000 years ago a freshwater lake formed at MAS basin 1
(Figure 2b) (Rijsdijk et al., 2009), and the emergent lake fresh
water, situated in an otherwise dry coastal region, plausibly
attracted a diverse vertebrate fauna and led to faunal concentration especially during dry spells. Radiocarbon datings (n = 12) on
different faunal and floral elements indicate that the fossils accumulated within a relatively short interval between 4400 and 3900
cal. yr BP. The small time window and large bone concentration
suggests that a mass mortality had occurred. It is hypothesized
that extreme drought conditions may have led to the drying out of
the freshwater lake which deprived the local fauna of fresh water;
thus inducing this event. Evidence of extreme drought conditions
between 4300 and 4000 cal. yr BP from Asia, East Africa and
Madagascar supports this hypothesis (Booth et al., 2005; Marchant and Hooghiemstra, 2004; Staubwasser and Weiss, 2006;
Thompson and Davis, 2007; Williams, 2009), but precise data for
the Mascarene Islands is lacking. Dating is further compounded
by the deviating age of bone fragments sampled from one excavation locality (TR0-2005) and in a disturbed core (CH5-1995)
(Figure 1b), compared with two radiocarbon dates on 1865 MAS
museum specimens of Cylindraspis spp. (Burleigh and Arnold,
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Figure 2. (a) Schematic cross-section of groundwater-table and emerging freshwater scenarios (after Borchiellini et al. 1999; Proag, 1995).
Five freshwater springs emerge as a result of geodiversity. Surplus rainwater in the uplands infiltrates the permeable Recent Lava Series basalts
(young permeable basalt in figure), flows through the subsurface and emerges as freshwater springs near the coast. Springs and lakes upslope
may form as a result of faulting associated with the caldera formation, leading to steps in impermeable Older Lava Series basalts. Intrusions of
volcanic dikes may create local springs and depressions in basalts (collapsed lava tunnels or blast out holes). Critically springs emerge at the
coastal lowlands that are characterised by an evaporation surplus. (b) Cross-section of the rock basin 1 at MAS. Present surface level as bold
black lines, vertical bold black lines show the continuation of bedrock within the subsurface, thin black line with black dots shows the depth of
the top of coral sand unit B (in Figure 1b position of cross-section is indicated). BH codes indicate positions of boreholes. Dots indicate depth
of top of coral sand layer B as found in boreholes, the dots mark the base of the palaeolake. Stippled line indicates positions of sea level and
lake level during sea level rise. Approximately 4200 cal. yr ago lake level was lowered 75 cm due to extreme drought. Left vertical axis shows
height in m mean sea level (M.S.L.). Right vertical axis shows age in cal. kyr BP of corresponding palaeo sea levels (Camoin et al., 2004)
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1986). The latter had yielded significantly younger ages, between
c. 1800 and 1200 cal. yr BP, which suggests that the fossil layer
was diachroneous.
The aim of this paper is to test the hypothesis that the 4000
cal. yr BP mass mortality of insular vertebrates on Mauritius
occurred as a result of a natural extreme drought event. We have
employed a multidisciplinary approach to reconstruct the events
that led to the vast accumulation of fossils at MAS and we aim to
evaluate the following three questions: (1) Was the vertebrate
fauna subject to instantaneous or gradual death? If the fossil bed
was diachroneous, significantly older fossils were expected to
occur in the deeper sediments of the basin; therefore a fresh locality was selected at the centre of the palaeolake and subfossils
were sampled with stratigraphical context for radiocarbon dating.
(2) To what degree had lake levels at MAS been affected by
drought? Hydrological measurements were carried out to assess
the sensitivity of the lake to present local climatic conditions. (3)
Did extreme drought affect the Mascarenes? We addressed this
issue by analyzing an oxygen isotope record of a 4122 year old
speleothem from the Mascarene Island of Rodrigues. Both Mascarene Islands have similar climatic conditions and their interannual and decadal variability in air temperature and rainfall are
strongly correlated (Figure 3D, E; WMO weather station database
data at http://climexp.knmi.nl).

Regional setting and climate
The volcanic island of Mauritius (20°10′S, 57°30′E) is located in
the southwestern Indian Ocean (Figure 1a). The island (1865 km2)
comprises of a central plateau at 400–500 m elevation representing a former caldera. These uplands are gently sloping into lowlands near the coast. The island emerged from the Indian Ocean
some 10 million years ago (10 Ma), and after a shield-building
phase and deposition of the Old Lava Series between 7.6 Ma to 5
Ma, a period of low volcanic activity commenced with the formation of a caldera (Saddul, 2002). A new phase of volcanism
occurred between 3.5 and 1.7 Ma leading to the formation of the
Early Lava Series. A third phase of active volcanism commenced
at 0.7 Ma and lasted until 20 ka. During this period fluid basalts
were erupted from a series of 25 vents aligned NNE (Figure 1a).
These basalts formed the Intermediate and Recent Lava Series.
For most of the year Mauritius lies within the southeast trade
winds, but during the austral summer months tropical cyclones
and depressions associated with the seasonal movement of the
Inter Tropical Convergence Zone affect the island. The mean
annual temperature is 22°C and rainfall 2100 mm. Depending
on relief and the orientation of the slopes to the prevailing wind
direction, mean annual rainfall varies from 1400 mm in the eastern coastal lowlands, to 4000 mm on the uplands, and 800 mm
in the western coastal lowlands. Rainfall is seasonal, with a dry
season from May to October under influence of the cool and dry
easterly trade winds, and has a wetter and warmer season from
November to April when the ITCZ has its southernmost position
(Senapathi et al., 2010). During the driest month of October, c.
3.5% (74 mm) of the total rainfall is registered (Padya, 1989).
While the central uplands annual rainfall exceeds evapotranspiration, it is relatively dry in the coastal regions (< 50 m elevation) with evapotranspiration > rainfall, leading to an annual
precipitation deficit (Padya, 1989). At the southeast coast,
including the site of MAS, a mean annual evapotranspiration of

2200 mm exceeds the mean annual rainfall of 1400 mm. This
deficit exists throughout the year but is especially high during
the dry season. Surface drainage is scarce because of the high
infiltration capacity of the Younger Lava Series. Freshwater
springs emerge in the SE as a result of rainfall surplus in the
uplands and surface and subsurface heterogeneity in infiltration
capacity of soils and basalts (Figure 2a) (Borchiellini et al.,
1999; Proag, 1995). In the SE the Older Lava Series form aquicludes, whereas the younger basalts of the Recent Lava Series
have high infiltration capacities and form aquifers. Through
subsurface flow of groundwater that is derived from surplus
rainwater from central uplands and catchments, a base flow of
fresh water is maintained in springs that emerge at MAS and
other coastal sites (Figure 2a).

Materials and methods
Sampling and chronology
To assess the time window represented by the fossil layer, we
excavated a new trench TR4-2007 by means of a mechanical digger. Based on geological evidence, TR4 was located approximately 50 m eastward from the first sample location TR0-2005
within the deepest part of the palaeo-lake. We sampled five fossil
elements in stratigraphic context for radiocarbon dating from the
digger scoop including a bone fragment of Cylindraspis sp.
Radiocarbon samples of wood, seeds and charcoal were treated
using standard Acid-Alkali-Acid; for bone samples, collagen was
extracted. The isolated fraction was combusted into CO2 gas. For
large (gram-size) samples, the 14C activity was measured by radiometry (GrN); for small (mg-size) samples, the 14C concentration
was measured by mass AMS (GrA). The 14C dates are reported in
BP, which includes correction for isotope fractionation. The background level of the laboratory corresponds to 14C dates of about
50 000 14C yr BP. By means of the OxCal calibration program
(Bronk Ramsey, 2009) the 14C ages were calibrated. The 14C dates
are calibrated into calendar ages using the radiocarbon calibration
curve for the Southern Hemisphere (McCormac et al., 2004).
Control measurement on a modern gastropod demonstrated that
reservoir effects are absent. We excluded bulk 14C datings of combined samples to avoid methodological artifacts. In addition we
excluded degraded wood samples that may have grown on lake
banks and fell into the lake later. Uncalibrated radiocarbon ages
are reported as 14C yr BP, calibrated radiocarbon ages are reported
in cal, yr BP (BP = prior to ad 1950).

Hydrological measurements
In order to determine the sensitivity of the freshwater supply at
MAS to climatic conditions, we assessed the hydrological
response to current dry and wet conditions from a water level logger located at MAS in basin 1 (Figure 1b). The present groundwater levels correlate with mean ocean levels (0 m M.S.L.). Since
2007, the sensors of the logger continuously register groundwater
fluctuations in a piezometer, and net rainfall and evaporation data
were obtained from the Mon Desert weather station situated 500
m from MAS. The current geohydrological responses to variations in precipitation and evapotranspiration of the MAS basin
provide insights in the system response and help to reconstruct
hydrological responses from 5000 years ago, when global sea levels were 1.5 m lower than present (Camoin et al., 2004).
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Figure 3. (a) The Island of Rodrigues in the Indian Ocean at 19°S, 63°E, including the surrounding coral reef and lagoon.
(b) Inset shows the exact location of the La Vierge Cave. (c) The entrance of the cave is situated on the grounds of the Francois Leguat Giant
Tortoise and Cave Reserve. The cave is relatively shallow, extending for approximately 100 m parallel to Anse Quitor river. Cave air humidity is
nearly 100% and cave temperature is seasonally stable around 25.5°C. (d) Spatial correlations of mean annual temperatures and rainfall across
the Indian Ocean. Source WMO weather station data base data at http://climexp.knmi.nl. (e) Temporal variability of mean annual temperatures
at Mauritius, Réunion and Rodrigues. Source WMO weather station data base data at http://climexp.knmi.nl
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Climatic reconstruction from a stalagmite
To reconstruct past climate variability in the region, we analyzed oxygen isotope ratios of a stalagmite from Rodrigues. In
spite of being 560 km distant, current coastal climate variability
of Rodrigues and Mauritius are strongly correlated (Figure 3D).
Mean air temperature at Rodrigues is slightly higher than Mauritius, but interannual and decadal variability is similar across
the Mascarene Islands (Figure 3E). Rainfall in Mauritius and
Rodrigues is also highly correlated on annual to decadal timescales. We therefore assume that past climate variability of
Rodrigues is also representative of Mauritius. A 400 mm long
stalagmite was obtained from the La Vierge Cave at Rodrigues
(Figure 3), and a 10 mm thick section was cut along the growth
axis. Carbonate samples were drilled every 2 mm with a handheld drill for stable isotope analysis. Four U-series datings on
speleothem carbonate samples from Rodrigues were obtained at
the University of Melbourne on a MC-ICP-MS30 (methods outlined in Hellstrom, 2003). The δ18O and δ13C values were analysed on a Thermo Finnigan Delta+ mass spectrometer equipped
with a GASBENCH II preparation device at the VU University
Amsterdam. About 30 µm of CaCO3 sample, placed in a Hefilled 10 ml exetainer vial, was digested in concentrated H3PO4
at a temperature of 45°C. Subsequently the CO2-He gas mixture
was transported to the GASBENCH II by use of a He flow
through a flushing needle system. In the GASBENCH, water
was extracted from the gas by use of NAFION tubing, and CO2
was analysed in the mass spectrometer after separation of other
gases in a GC column. Isotope values are reported as δ13C and
δ18O relative to V-PDB. The reproducibility of routinely analysed laboratory CaCO3 standards is better than 0.1‰ (1 SD) for
both δ18O and δ13C.

Results
Dating the fossil layer
The diachroneity of the fossil layer was assessed by dating five
fossil elements collected from a stratigraphical context at site TR4
(Figure 4, Table 1). The samples were taken from two scoop samples that contained an overlapping stratigraphy of coral sands (B)
at the base, overlain by 200 mm lake marl (C), the fossil layer (D)
and anthropogenically dumped basaltic gravels and boulders (E).
The stratigraphy at site TR4 was similar to site TR0 (Rijsdijk
et al., 2009), but the fossil layer D was up to 1 m thick and rich in
decomposed organic sediments (up to 20–50% of the volume of
layer D). Wood stem fragments were abundant at the base of the
fossil layer, and rootlets (A11) were sampled from the coral sand
layer B just below the gyttja layer C. A seed (A10) was sampled
from the top of lake marl layer C, marking the base of fossil layer
D. Three fossils were sampled from the fossil layer D: a fresh
wood branch fragment (A14); a shell fragment of the giant tortoise (A13); and a seed present in the top of layer D (A12) (Table
1, Figure 4a). The uncalibrated 14C ages of these five samples are
very close to the ages earlier obtained from fossils derived at sites
TR0 and CH5, suggesting a lateral diachronism of c. 135 14C yr
(Table 1: A1–A13). Nearly all 1 sigma ranges of the uncalibrated
14
C ages of all dated bones overlap (Figure 5); therefore, on statistical grounds the 14C concentrations of these bones could be considered as the 1 sigma variation of the same age. This implies that
all animals may have died during a single mass mortality event.
Averaging nine 14C datings of vertebrate bones yields an age of
3850 ± 15 14C yr BP, placing the mass mortality event between
4235 and 4100 cal. yr BP (1 sigma) (Figure 6). The 1 sigma spread
of the averaged age is also generated by two peaks in the calibration curve and may be smaller (Figure 6). Although statistically
justified, the sedimentological data suggest that the vertebrate
bones did not accumulate during a single event. The calibrated

ages of fossils from layer D (A12–A14) at site TR4 are systematically c. 100 to 150 yr (visual estimation) younger than the ages
from sites TR0 and CH3 (Figure 5), but these dates still overlap
the other dates within their 1 sigma ranges, suggesting a statistical
similarity. Vertically, seed A10 from the top of lake marl layer C
is the oldest (4380–4155 cal. yr BP) of all datings, and seed A12
from the top of layer D the youngest (4145–3985 cal. yr BP)
(Figure 4a). These dates suggest the fossil bed accumulated
within a period of 10 to 400 years (Table 1). While the minimum
time span is certainly an underestimation, the maximum time
span of 400 yrs is likely an overestimation, given that the width of
the time span can also be attributed to plateau effects of the calibration curve. The nine datings of vertebrate bones show a similar
time span. However, the radiocarbon ages of the fossils are too
close and their resolution too low to determine the time window
of death and fossil layer formation. Based on the 1 sigma time
ranges in Figure 5 we visually estimate the range in age of the
bones also between 100 and 150 yr between 4260 and 4100 cal. yr
BP. This narrow time window and period of death is in contrast
with the younger ages of the MAS museum specimens of Cylindraspis sp. of 1800 and 1200 cal. yr BP (Burleigh and Arnold,
1986). Likely, these fossils were retrieved from basin 0 situated >
50 m to the east from site TR0 and positioned at > 2 m higher in
altitude (Hume et al., 2009). However without information on the
precise sample locations of these museum specimens, the significance of their younger ages cannot be evaluated.

Hydrological data of MAS
Like many wetlands in Mauritius, MAS was anthropogenically
in-filled with basaltic rocks in the 1940s. Records from the nineteenth century describe the marsh as a >1.5 m deep lake (Hume
et al., 2009), therefore, what we here denote as ‘groundwater
level’ at MAS was in fact the lake level prior to basin-fill. Our
geological borehole and groundwater level data confirms that
removal of the infill would result in a permanent lake more than 2
m deep (Figure 2b). The groundwater overlies a saline ocean
water wedge and increases in salinity with depth and in the direction of the ocean (Rijsdijk et al., 2009). Mean groundwater levels
fluctuate with the tide around mean ocean level and are on average 100 mm above mean ocean level (Figure 7a), and our hydrological data from 2007 to 2008 clearly show that groundwater at
MAS responds to local rainfall and evapotranspiration (Figure
7a). During wet periods and rainfall events with intensities larger
than 100 mm/day, groundwater levels never rise more than 500
mm above surface level. On the other hand, groundwater levels
do not fall below 200 mm under mean ocean level, not even
after a period with a cumulative precipitation deficit of 450 mm
(Figure 7b). Maximum rates of groundwater rise attributed to
rainfall are 1.2 cm/h, a lower value than the tidally induced rises
of c. 4 cm/h. These slow water-table rises preclude scenarios that
vertebrates in MAS were caught by surprise and drowned as a
result of rapidly rising water. On the other hand during dry periods the rates of water level decrease are as low as 0.16 cm/h,
values also lower than the highest rate of tidal falls. The hydrological data demonstrates that the groundwater system at MAS is
sensitive to seasonal variation and consequently to droughts.

La Vierge stalagmite data from Rodrigues
The age model of the La Vierge stalagmite indicates relatively
continuous growth of the speleothem which began 4125 cal. yr
BP and ceased 2260 cal. yr BP (Figure 8). The oxygen isotope
(δ18O) record of the speleothem has, on average, a temporal resolution of 1 sample every 19 years and shows significant decadalto centennial-scale cyclicity, interpreted to reflect repetitive wet
to dry climate alternations between 4122 and 2260 cal. yr BP
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Figure 4. (a) Generalized stratigraphy of two scoop samples at TR4. Scoop length is 100 cm and width 40 cm. Stars indicate position of
samples for radiocarbon dating. Captions right of scoop sketches show the radiocarbon sample Ax and calibrated age (see Table 1). Depth is in
m below mean sea level (M.S.L.). Accuracy of depth is ± 25 cm. (b) Picture of scoop sample showing the woody fossil layer D1 and the bony
fossil layer D2. Mechanical digger scoop is 50 cm × 100 cm. Note the bones within the organic sediments. (c) Close up of bony fossil layer D.
Bones are dispersed within seeds (4–40 mm). Pelvis of dodo within organic sediment

(Figure 8). Relatively low δ18O values indicate humid conditions
and high values indicate dry conditions. The carbon isotope (δ13C)
record shows a general trend from higher values at 4125 cal. yr
BP towards lower values at 2260 cal. yr BP. Superimposed are
decadal- to centennial-scale variations in δ13C, which possibly
reflect changes in drip rate, or in the dynamics of thinly developed
soils overlying the cave site. δ13C values do not co-vary with δ18O
values. In the period of stalagmite growth, the record shows an
alternation of humid periods lasting up to ~200 years with dry
periods lasting decades. The stalagmite commenced growing just
after the c. 4200 cal. yr BP mass mortality event at Mauritius.
Although the 4200 drought period itself is not recorded, the onset
of this stalagmite’s growth may possibly follow from the subsequent regional shift to more humid conditions. Analysis of

additional stalagmites would be required to assess the conditions
for drought prior to ~4100 cal. yr BP.

Interpretation and environmental
reconstruction
The formation of the fossil layer
The sedimentary sequence at MAS formed in response to sea
level rise, as rising saline marine groundwater raised the freshwater-table (Rijsdijk et al., 2009), and illustrates a progressive deepening of a freshwater lake. Coral sands B represent aeolian sands
that were concentrated in the rock valley of MAS between 10 and
5 cal. kyr BP, while the lake marl layer C1 is an accumulation of
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Layer D base
Layer B
Layer D top
Layer D top
Layer D top
Layer D

Layer

4030

4070
3865
3905
3850
3860
3875
3890
3875
3840
3885
3900
3815
3775
3770
3785
3700

Age

25

35
40
40
40
40
40
40
40
40
40
30
30
30
30
30
40
2565

2570
2340
2455
2295
2335
2345
2430
2345
2290
2400
2435
2275
2200
2195
2200
2115

yr BC

2465

2480
2145
2205
2140
2140
2150
2200
2150
2140
2200
2205
2060
2035
2035
2040
1950

4515

4520
4285
4405
4245
4285
4295
4380
4295
4240
4350
4380
4225
4145
4145
4150
4065

yr BP

1 sigma Calibrated age range

4415

4430
4090
4155
4090
4090
4095
4150
4095
4090
4145
4155
4005
3985
3985
3990
3900

Rijsdijk et al. 2009

Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
Rijsdijk et al. 2009
new
new
new
new
new
Rijsdijk et al. 2009

Reference

In text samples are denoted by ‘A0’ etc. as shown in the labels column. Radiocarbon samples in grey rows are excluded from assessing age of fossil bed and mortality event as they are combined bulk samples and/or may pre-date
bone bed formation.
a
Terrestrial land snail species endemic to Mauritius and Réunion.
b
Rootlets present in layer B (fern or palm) may be from plant that had grown in layer D.
c
Bulk dating of combined samples.
d
Branches and stems may pre-date the bone bed layer as tree growth may have commenced prior to fossil bed formation.

RCB-MAS B2

Mollusca
single bone
single bone
single bone
single bone
seed
single bone
single bone
single bone
single bone
seed
rootletb
seed
single bone
fresh wood
two bones
combinedc
GrN-30070 wood stumpsc’ d

GrA-32107
GrA-31362
GrA-31363
GrA-31364
GrA-31367
GrA-31368
GrA-31372
GrA-31373
GrA-31374
GrA-31369
GrA-39622
GrA-39694
GrA-39689
GrA-39756
GrA-39621
GrN-30069

RCA-MAS A0
RCA-MAS Al
RCA-MAS A2
RCA-MAS A3
RCA-MAS A4
RCA-MAS A5
RCA-MAS A6
RCA-MAS A7
RCA-MAS A8
RCA-MAS A9
RCA-MAS A10
RCA-MAS A11
RCA-MAS A12
RCA-MAS A13
RCA-MAS A14
RCB-MAS Bl

Specimens

Groningen
lab code

Labels

Table 1. Radiocarbon samples, including those published in Rijsdijk et al. (2009)
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Figure 5. Calibrated age ranges of dated fossil. A codes (A1–A14) correspond with A labels of radiocarbon dates present within first column
of Table 1. Grey frequency curves represent probability of age distributions, black horizontal bar lines underneath curves represent 1 sigma
spread. Output from OxCal calibration programme (Bronk Ramsey, 2009)

Figure 6. Averaged age of nine vertebrate bone datings (A1, A2, A3, A4, A6, A7, A8, A9, A13). Vertical: Radiocarbon determination (BP),
radiocarbon age (14C yr BP); horizontal calibrated date calBP, calibrated age (cal. yr BP). Output from OxCal calibration programme (Bronk
Ramsey, 2009). Black horizontal bar lines mark 1 sigma (67.5%) range. Grey undulating curve show the radiocarbon measurements on the
tree rings with vertical error bars (plus and minus one standard deviation) and are part of the radiocarbon calibration curve for the Southern
Hemisphere (McCormac et al., 2004)
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Figure 7. (a) Groundwater level at MAS (hourly data) basin 1 referenced to present mean ocean level (M.S.L.) and daily precipitation
surplus (precipitation minus Penman evaporation). (b) Cumulative precipitation deficit (precipitation minus Penman evaporation). Data from
meteorological station Mont Desert, 500 m from MAS, measured between 5 August 2007 and 3 October 2008

fine decomposed organic debris and calcium carbonates. The
sediments are the oldest lake deposits at MAS formed during an
early phase of stagnation of shallow (<0.50 m) low salinity fresh
water. Compared with 500 mm at TR0 and TR1 (see Rijsdijk
et al., 2009) the fossil layer D at TR4 is thicker (> 1 m) and matrix
supported, with decomposed organic sediment forming the
matrix. The organic sediment of D1-3 is interpreted as decomposed plant debris (gyttja) that accumulated under tranquil conditions in the lake. The woody basal layer represents the drowning

and death of trees due to the deepening of the lake over time.
Trees may already have grown at MAS prior to standing water
conditions; thus fossil wood likely predates the bone bed (e.g.
sample B2), and the organic-rich sediment that forms the matrix
of the fossil layer (Figure 4b, c) must have accumulated gradually.
It is certain that the organic sediment did not accumulate simultaneously with the vertebrate carcasses, as the organic lake sediments required standing water for accumulation. This suggests
that the bones could only accumulate during dry conditions when
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Figure 8. Stable isotope data of the La Vierge cave stalagmite record. Age model is based on 4 ICP-MS derived U/Th ages (analyses performed
at the University of Melbourne, Australia; see Hellstrom, 2003, for further analytical detail). Age model is reported as cal. yr BP relative to 1950
for direct comparison with AMS 14C datings. *, individual U/Th ages used in the age model

the lake floor was exposed; allowing terrestrial vertebrates to
enter the lake floor, but it is likely that the bones dispersed within
the organic matrix did not becoming deposited during a single
event. Furthermore, it cannot be excluded that the vertebrate fossils originally formed a single bone layer and later became dispersed within the peat layer as a result of their displacement by
basaltic blocks from layer E (the disturbed layer in Figure 4a).
The radiocarbon datings (Figures 4a, 5) confirm that the fossil
layer is diachronic, which is supported by the sedimentological
data, and also indicate that the time window for its formation is
very short; their temporal resolution too low to resolve the exact
timing of fossil accumulation. Here we have estimated that the
lateral and vertical diachroneity of the fossil layer may be less
than 150 years. The radiocarbon datings confirm that the formation of the fossil layer coincided with megadrought conditions
prevailing between 4300 and 4000 cal. yr BP.

MAS sensitivity to drought
The hydrological data demonstrate that the groundwater system at
MAS is sensitive to seasonal variation and consequently to
droughts. During periods of net rainfall deficits, the groundwatertable slowly falls up to 200 mm below present sea level, and during severe droughts this may even be lower. A lake level below
ocean levels will induce a reverse landward flow from saline
ocean water towards MAS, leading to a stronger salt intrusion,
and subsequently to salinization of fresh water. Between 4500 and
4000 yr ago a sea level rise occurred with 0.5 mm/yr from −1.5 m
to −1.25 m M.S.L. (Camoin et al., 2004; Zinke et al., 2003), and
it is likely that at these times the mean groundwater-table at MAS
was equivalent to the present ocean level. The top of the coral
sand layer B (Figure 4a) can be taken as the lowermost floor of
the lake. Borehole evidence indicates that this top ranges between
−1.5 and −2.5 m M.S.L. This signifies that between 4300 and
4100 cal. yr BP with sea level at −1.3 m M.S.L., the mean watertable was more than 700 mm above the sand. For terrestrial

vertebrates, especially giant tortoises and flightless birds, to
access the top of the deepest part of the exposed lake floor, as is
indicated by the presence of their bones at TR4, a lowering of the
water-table by more than 700 mm should have occurred, and the
maximum lowering of water levels that led to complete desiccation of the lake must have been reached during the dry season.
Given an annual maximum 200 mm fall measured during normal
dry season conditions, lake level fall lower than 500 mm could
only be achieved by an extreme dry season. Such water level
drops can only be explained when evaporation rates largely
exceed groundwater discharge rates, coinciding with reduced
upland derived groundwater base flow as a result of less rainfall
in the highlands. The 14C datings indicate that no vertebrate bones
accumulated after 4000 cal. yr BP. This suggests that the lake bottom was no longer exposed after this date, and must have been
permanently too deep > 750 mm for terrestrial vertebrate access.
Clearly these permanently high lake levels after 4000 cal. yr BP
cannot be attributed to the 4200 cal. yr BP continuous sea level
rise of 0.5 mm/yr (Camoin et al., 2004). It suggests instead that
the extreme drought period had ceased, humidity levels had
increased, and a permanent deep lake had returned. Furthermore,
a water-table lowering induced by a marine regression after 4200
cal. yr BP can also be excluded (Camoin et al., 2004). In contrast
to reef sites across the Pacific, and at continental margins where a
high sea level stand occurred between 6000 and 4000 cal. yr BP
followed by a regression (Fleming et al., 1998; Grossman et al.,
1998), no such trend is observed for the Mascarene Islands
(Camoin et al., 2004; Milne and Mitrovica, 2008; Zinke et al.,
2003). Subsequently, sea levels rose with constant rates until
reaching present positions between 2000 and 3000 cal. yr BP
(Camoin et al., 2004; Davies and Montaggioni, 1985; Zinke et al.,
2003), and modeling studies confirm that these rates are common
to all southwestern Indian Ocean islands surrounding Madagascar
(Milne and Mitrovica, 2008; Milne, personal communication,
2009). From hydrological data we can therefore infer that at least
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seasonally, the MAS became completely desiccated and exposed
during the dry period, and at the end of this dry period at 4000 cal.
yr BP, the lake bottom was never exposed again.

Discussion
Scenarios explaining massive death
Based on our multidisciplinary data, we exclude volcanic events
or tsunamis (see Rijsdijk et al., 2009), as we infer instead that
multiple rather than single mass mortality events occurred, which
were induced by extreme droughts between 4300 and 4100 cal. yr
BP. During these droughts, springs and rivers dried out within the
area, and the animals may have been attracted by the presence of
standing fresh water. In the seasonal droughts the MAS lake dried
out completely, providing opportunity for the fauna to enter the
exposed lake floor to obtain water from shrinking pools and puddles. As lake water level fell below palaeo-ocean levels, landward
intrusion of the saline ocean water occurred, and this coupled
with greater evaporation induced salinization of the lake. The
slow lowering of the freshwater-table combined with a slow
increased salinization may have progressively negatively affected
the fauna; therefore freshwater depletion and salinization may
have caused mass mortalities (see also Darwin, 1860; Hart et al.,
1991). Additionally within the warm and shallow MAS lake
water, guanotrophication induced by the excrements of a more
concentrated fauna may have led to toxic blooms of cyanobacteria and potentially contributed to mass mortality (Codd et al.,
2005). In addition and as illustrated by the abundance of their
remains, terrestrial vertebrates such as flightless birds, tortoises
and smaller reptiles that entered the exposed lake floor to drink or
wallow in remaining water pools, became trapped in the lake
sediments and subsequently died. The latter scenario is better supported by taphonomic analysis of dodo bones (Meijer et al.,
unpublished data, 2006–2008). The death scenarios warrant further research to test and assess whether or not they operated
simultaneously. In spite of this uncertainty, it is clear that all these
scenarios depended on the sensitivity of the lake system to
drought and could not operate when the lake was refilled. When
assuming that an extreme drought period coincided with a mass
mortality event, it probably lasted several decades between 4235
and 4100 cal. yr BP (Figure 5), but during the wet seasons the lake
may have refilled, creating faunal turnover, while remaining carcasses were submerged and buried under the organic lake sediments. At the end of the extreme drought period, normal humidity
conditions prevailed and a permanent lake again returned at MAS,
and an ongoing sea level rise after 4000 cal. yr BP, and by c. 2000
cal. yr BP, had increased elevation of the MAS mean water-table
from −1.25 m M.S.L. to present M.S.L. The alkaline and anoxic
conditions of the permanent lake promoted the conservation of
the submerged bones.

Death rates
In total 461 individuals were found at the excavation localities
TR0, TR1, and TR3 on 19 m2. As the full fossil bed extends for
18 632 m2 (see Rijsdijk et al., 2009) it is suggested that c. 485 000
vertebrate individuals are part of the bone bed when a linear
extrapolation is applied. This is certainly an underestimation, as
not one complete sample of the excavation surface has been processed, and the samples counted showed a strong bias towards
bones larger than 4 mm. This signifies a gross underestimation of

smaller vertebrates such as microchiropteran bats, saurian lizards
and passerines, and a bias towards larger (non-avian) macrovertebrates. Regardless, it still implies that around 4200 years ago,
at least half a million vertebrate individuals accumulated in a 2
ha site within c. 150 years. From the Minimum Number of Individuals (MNI) estimates (see Rijsdijk et al., 2009), at least 63%
or c. 300 000 comprise giant tortoises Cylindraspis spp., while
7% or c. 34 000 are dodo individuals. For the dodo, however,
natural densities and death rates are unknown. The Aldabra giant
tortoise Aldabrachelys gigantea and Cylindraspis spp. possibly
share a common ancestor (Austin and Arnold, 2002), and
although the former can be larger in the carapace, cranial and
post-cranial bones, it represents the closest analogue species
available to estimate death rates and population density. On
Grand Terre, Aldabra, a total population of 147 000 tortoises
occur on 116 km2 (Swingland and Lessells, 1979), but from our
calculations twice as many are found at MAS in 2 ha. Using a
minimum and maximum temporal windows of mortality between
10 and 400 years, it is clear that inferred death rates per hectare
per day vastly exceed any known background death rate and signify for tortoises at least one or more mass mortalities had
occurred at MAS in this period. While the dominance of the terrestrial vertebrates can be explained by their lower mobility, the
presence of Pteropus fruit bats (7.8%) and passerines (10%) can
perhaps be explained by the fact that the area had permanently
abundant fruiting trees, in an otherwise dry, seasonal region.
Whereas the passerines may have been restricted to small territories, even in periods of water scarcity, water-dependent birds
such as flamingos (Phoenicopterus ruber) are relatively rare in
the fossil record because of their migratory habits.

Resilience to climate change
The mass mortality event at MAS indicates that insular vertebrate
populations were vulnerable to climatic extremes, which must
have greatly reduced populations of large vertebrate species
within catchments. Despite insufficient evidence from other oceanic islands, we postulate that this phenomenon was unlikely an
exclusive event. Climate driven shifts in hydrological cycles
including the 4200 cal. yr BP event and other megadroughts
around 9200, 8200, and 5200 cal. yr BP (de Menocal, 2001;
Fleitmann et al., 2008; Pross et al., 2009; Staubwasser and Weiss,
2006 and ref. therein), may have had similar effects elsewhere.
Regardless, the dodo and other vertebrate species survived until
human colonization of the island in the seventeenth century, while
some more mobile vertebrates, e.g. Mauritius kestrel (Falco
punctatus) and Echo parakeet (Psittacula echo), are still extant
(Cheke and Hume, 2008; Groombridge et al., 2000). This supports the idea that the indigenous insular vertebrate species were
adapted to withstand climatic extremes. On the other hand the
fossil evidence of MAS demonstrates that climatic extremes did
induce mass mortalities of species otherwise suitably adapted to
their environment, and given the large numbers of casualties at
MAS, drought may have significantly increased risks of natural
species extinction by adversely reducing populations. We suggest
that the survival of species during climatic extremes was not only
due to their high resilience to climate change, but also to the
diversity of the abiotic environments. We postulate that while
local populations may have been affected, the geodiversity of
Mauritius in providing alternative freshwater sources in the
uplands (Figure 2a), benefiting other subpopulations during
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extreme droughts. It is envisaged that ongoing geohydrological
research and multiscale modeling will assess the availability of
fresh water on island scale under extreme climate change scenarios including drought.
Water balances of small volcanic islands (< 2000 km2 ) like
Mauritius are sensitive to climatic change, sea level rise, and
human-induced water extraction, insomuch that insular vertebrates can become detrimentally stressed because of the combined effects (Falkland, 1992; Lal et al., 2002; Wong et al., 2005).
Further warming of the tropical oceans along with naturally
occurring interannual El Niño-Southern Oscillation (ENSO)
events could potentially enhance future megadrought conditions
(Funk et al., 2008; Hoerling and Kumar, 2003) affecting insular
vertebrates. Combined with increasing anthropogenic stress, and
habitat destruction in particular, faunal species will have less
environmental safe-haven options in the future and will be more
prone to extinction (Caujapé-Castells et al., 2010). In Mauritius
98% of the original forest has been destroyed and the isolated
patches that remain are under severe pressure from invasive species (Baider and Florens, 2006; Cheke and Hume, 2008; Florens,
2008). Conservation of insular vertebrates must therefore include
hydrological sensitivity assessments including extreme drought
scenario evaluations.

Mauritius drought in a regional context
Based on the multidisciplinary evidence presented here we conclude that mass mortalities at MAS were induced by extreme
drought and compare our evidence with other data in the Indian
Ocean area. Although the La Vierge stalagmite does not provide
exclusive evidence for a single extreme drought, it supports the
occurrence of multiple drought events. Furthermore, from 4000
cal. yr BP, there is evidence for a return to higher humidity and
possibly the extreme drought which occurred prior to the growth
of the stalagmite (Figures 8 and 9). There is also regional evidence, e.g. in Asia, East Africa and Madagascar between 4300
and 4000 cal. yr BP, that similar extreme drought conditions prevailed. These droughts led to the lowering of water-tables and
desiccation of lakes, increased sea surface temperature (SST)
and salinity of ocean water due to higher evapotranspiration, and
increases in atmospheric and deltaic marine dust fluxes, all of
which affected ecosystems and civilizations (Booth et al., 2005;
Marchant and Hooghiemstra 2004; Staubwasser and Weiss, 2006;
Thompson et al. 2002; Williams, 2009). Owing to the subcontinental scale, it is usually referred to as the ‘4200 yr BP megadrought event’. However, the low temporal resolution of the
palaeoclimatological records and possible difference in climatological sensitivity of various proxies, the drought peaks regionally vary from between 4300 to 4000 cal. yr BP. The nearest site
to Mauritius where drought conditions are recorded is Lake Tritrivakely, Madagascar, in which diatom communities show a switch
to relative dry conditions around 4000 cal. yr BP (Burney, 1993;
Gasse, 2000; Gasse and Van Campo, 2001), whereas most pronounced drying in East Africa at 4200 cal. yr BP has been
observed around and north of the equator (Gasse, 2000). Furthermore, various East African lakes show significant lowering of
lake levels and ultimately desiccation in this period (Gasse and
Van Campo, 2001; Marchant and Hooghiemstra, 2004; StreetPerrot and Perrot, 1993). Megadrought conditions are reflected as
major dust peaks in ice cores from Kilimanjaro evidencing an
increase in dust flux during this period derived from desiccated

regions in Africa (Thompson et al., 2002; Wolff et al., 2006)
(Figure 9), and the Central African Rift lakes show a similar
response to increased dust fluxes. Lake Malawi for example
shows a decline of diatom productivities after 4000 cal. yr BP
indicating a decrease of dust (ash) input due to increased humidity
after a dry period. Prior to 4000 cal. yr BP, increased dust input
was generated by dry conditions with the dust transported by
strong northerly winds from cool and dry volcanic areas (Figure
9). Oxygen isotope records of the foraminifer Globigerinoides
ruber in Arabian Sea cores at the mouth of the Indus River 4200
cal. yr BP, suggest increased salinity because of reduced discharge
of the Indus River (Staubwasser et al., 2003). Increased dust
transport from a northern Arabian source is inferred from core
M5-422 in the Gulf of Oman from dolomite concentrations
(Staubwasser and Weiss, 2006), and megadrought conditions may
have been enhanced by a La Niña-like mean state in the equatorial
Pacific that affected global SST patterns increasing SST in the
SW Indian Ocean waters (Koutavas et al., 2006; Rodbell et al.,
1999; Senapathi et al., 2010). This seems to be confirmed by a
decreased zonal SST gradient across the tropical Pacific as reconstructed from marine cores between 4 and 5 kyr cal. BP (Koutavas
et al., 2006). This gradient is associated with changes in the precessional cycle of insolation inducing higher ENSO variability.
Palaeorecords show a prolonged shift in the Indian Ocean tropical
SST pattern towards similar conditions after 4300 cal. yr BP,
reflecting the effect of the Indian Ocean dipole (Abram et al.,
2009). A speleothem record from Flores, Indonesia, shows dry
conditions prevailing before 4300 cal. yr BP and wet conditions
around 4000 cal. yr BP (Griffiths et al., 2009). Also Eastern Indian
Ocean corals off Sumatra indicate cool SST between 4700 and
4100 cal. yr BP and warming at 4000 cal. yr BP (Abram et al.,
2009), while temperatures in East Africa and the western Indian
Ocean indicate opposing trends (Figure 9; Bard et al., 1997;
Castañeda et al., 2007; Thompson et al., 2002). Currently a SST
configuration of warm conditions in the eastern part of the Indian
Ocean and cooler conditions in the west, a so-called negative
Indian Ocean Dipole, is associated with relatively dry conditions
in East Africa and in the Mascarenes, and wet conditions in Indonesia (Saji et al., 1999). Finally an abrupt and prolonged weakening
of the Asian monsoon is observed after 4300 cal. yr BP (Figure 9;
Fleitmann et al., 2007; Morill et al., 2003; Staubwasser et al.,
2003; Wang et al., 2005) that was associated with a warming and
extension of the western Pacific warm pool (Koutavas et al.,
2006; Stott et al., 2004). These palaeoclimatological data indicate
that an extensive megadrought affected the southwest Indian
Ocean area and likely included the Mascarenes.

Further research
Although we have demonstrated that drought may have led to
mass mortality of insular vertebrates in Mauritius, further research
is required to ascertain a more precise timing and frequency of
mass mortalities, the most plausible causes of death, and to assess
how widespread and severe drought conditions were in the Mascarenes. Modelling of the MAS hydrologic system may provide
quantitative estimations of climatic parameters prevailing during
the extreme droughts. Ongoing research on records of climate
change from Mauritian sites will provide a better understanding
of how intense the megadrought conditions were, how long they
prevailed for, and will shed light on how climatic change affected
insular fauna (Van der Plas et al., 2011). Further research will also
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Figure 9. Compilation of paleoclimatic proxies from the tropical Indian Ocean covering the last 7000 years compared with the La Vierge
stalagmite that commenced growing just after 4122 cal. yr BP (versus 1950). (a) Eastern Indian Ocean (EIO) coral Sr/Ca off Sumatra
(Abram et al., 2009) as a proxy for mean EIO SST, (b) δ18O of the La Vierge (Rodrigues) stalagmite as a proxy for rainfall in the Mascarene
plateau region. (c) The Kilimanjaro ice core δ18O record as a proxy for East Africa air temperature (Thompson et al., 2002). (d) An
alkenone derived SST reconstruction from marine sediment core MD85674 from the western equatorial Indian Ocean (3°N, 50°E; Bard
et al., 1997). (e) The TEX86 lake sediment record from Lake Malawi (Castañeda et al., 2007) as a proxy for East Africa lake temperature. (f)
The lake level changes (black bar, low; grey bar, high) in Ethiopian lakes (Gasse, 2000). The mass mortality event at MAS is indicated by the
vertical light-grey bar

Downloaded from hol.sagepub.com at UVA Universiteitsbibliotheek on October 28, 2011

15

Rijsdijk et al.
ascertain to what extent the high heterogeneity of the landscapes
(geodiversity) in Mauritius aided species survival by providing
alternative refugia to vertebrates.

Conclusions
Our research at the MAS has shown that a natural mass mortality of insular vertebrates induced by extreme drought had taken
place, and the timing of this event coincides with a megadrought
that occurred between 4300 and 4000 cal. yr BP, affecting a wide
area in and around the Central Indian Ocean (Asia, East Africa,
and Madagascar). Hydrological data also suggest that mortality
was related to the drying out of a freshwater lake located in the
dry leeward coastal region, and that this lake was an important
freshwater resource for insular vertebrates. Stalagmite data from
Rodrigues shows that alternating humid and dry periods, some
of which lasted for several decades, affected the water balances
of the oceanic islands in this region. During extreme droughts, it
can be envisaged that insular vertebrates species at MAS were
repeatedly subjected to mass mortalities. Despite this, during the
past 10 000 years that several megadrought events occurred,
there is little evidence to suggest that insular vertebrates, including those of Mauritius, had become extinct until after human
interference, which supports the assumption that they are resilient to climatic extremes. In the light of the fossil evidence and
ongoing habitat loss, we question the likelihood of the survival
of remaining insular vertebrates that are contained in isolated
forest fragments and reserves, when subject to potential extreme
droughts. Now mass mortality at MAS is better understood, it
becomes clear that conservation efforts must include hydrological sensitivity assessments from catchment scale to aquifer
scale; and at the minimum provide safe haven options based on
these parameters.
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