
Rapid human-induced landscape transformation in Madagascar at the
end of the first millennium of the Common Era

Stephen J. Burns a, *, Laurie R. Godfrey b, Peterson Faina c, David McGee d, Ben Hardt d,
Lovasoa Ranivoharimanana c, Jeannot Randrianasy c

a Department of Geosciences, 611 North Pleasant Street, University of Massachusetts, Amherst, MA 01003, USA
b Department of Anthropology, 240 Hicks Way, University of Massachusetts, Amherst, MA 01003, USA
c D!epartement de Pal!eontologie et d'Anthropologie Biologique, Facult!e des Sciences, B.P 906 e 101 Antananarivo, Madagascar
d Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, 77 Massachusetts Avenue, Cambridge, MA 02139, USA

a r t i c l e i n f o

Article history:
Received 23 October 2015
Received in revised form
8 January 2016
Accepted 12 January 2016
Available online xxx

Keywords:
Paleoecology
Paleoclimatology
Stable isotopes
Speleothems
Madagascar

a b s t r a c t

The environmental impact of the early human inhabitants of Madagascar remains heavily debated. We
present results from a study using two stalagmites collected from Anjohibe Cave in northwestern
Madagascar to investigate the paleoecology and paleoclimate of northwestern Madagascar over the past
1800 years. Carbon stable isotopic data indicate a rapid, complete transformation from a flora dominated
by C3 plants to a C4 grassland system. This transformation is well replicated in both stalagmites, occurred
at 890 CE and was completed within one century. We infer that the change was the result of a dramatic
increase in the use of fire to promote the growth of grass for cattle fodder. Further, stalagmite oxygen
isotope ratios show no significant variation across the carbon isotope excursion, demonstrating that the
landscape transformation was not related to changes in precipitation. Our study illustrates the profound
impact early inhabitants had on the environment, and implies that forest loss was one trigger of
megafaunal extinction.

© 2016 Elsevier Ltd. All rights reserved.

1. Introduction

Considerable controversy remains over the timing, causes and
magnitude of forest and woodland loss in Madagascar (McConnell
and Kull, 2014). For much of the past century the prevailing view
was that prior to human arrival forest andwoodland covered 90% of
the island (Humbert, 1927), and that the loss of Madagascar's for-
ests was due to human activity (Perrier de la Bâthie, 1921). Recent
studies, however, suggest that Madagascar's grasslands are a nat-
ural part of the island's ecosystem (Burney, 1987; Qu!em!er!e et al.,
2012) and may even date to the late Miocene (Bond et al., 2008).
Indeed, some authors question the entire narrative of extensive
alteration of the landscape by early human activity (Klein, 2002;
Kull, 2000). Whether forest loss was the result of early human ac-
tivity (Gade, 1996), was post-Colonial (Jarosz, 1993) or was, in fact,
not significant (Klein, 2002) also has important implications for the
causes of the decline and ultimate disappearance of Madagascar's
endemic megafauna, which mainly occurred prior to European

contact (Burney et al., 2004; Crowley, 2010). Answering these
questions is difficult because there are few high-resolution, well-
dated studies of Madagascar's paleoclimate and paleoecology.

Speleothems, calcium carbonate cave deposits, offer an oppor-
tunity to investigate both ecosystem and climate change in the
same archive via stable carbon and oxygen isotope ratios, respec-
tively. Carbon isotope ratios are sensitive to the ratio of surface flora
that utilize the C3 (woody taxa) versus C4 (grasses) photosynthetic
pathways. In the tropics, the oxygen isotope ratio of precipitation is,
empirically and mechanistically, strongly correlated with the
amount of precipitation, a signal that is captured in the oxygen
isotope ratios of speleothem calcite. Speleothems also offer un-
usually robust chronological control through disequilibrium U-se-
ries dating techniques. To investigate the recent environmental and
climate history of Madagascar, we collected two actively growing
stalagmites, M14-AB2 and M14-AB3, from Anjohibe Cave (15.54!S,
46.89!E, 131 masl) in northwestern Madagascar in 2014.

2. Setting

Ajohibe Cave is part of a karst system formed within the Eocene
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limestone plateau (Besairie and Collignon, 1972) of northwestern
Madagascar (Fig. 1). Anjohibe (‘big cave’ in Malagasy) consists of
5.3 km of cave passages with over two dozen openings (Burney
et al., 1997). Samples AB2 and AB3 (Fig. 2) were taken ~1 km
from the main entrance to the cave and approximately 400 m
distant from one another (for a map of the cave see Burney et al.,
1997). The samples were collected in October, at the end of the
dry season, and there were very few active drips within the cave.
Neither sample was beneath an active drip at the time of collection.
Both samples appeared to be still actively or very recently growing,
however, based on the clean, white calcite deposits on the top of
the stalagmites.

The landscape overlying the cave is presently palm savannah
(Fig. 1) with small patches of mesic forest in wetter areas (Burney
et al., 1997). Rainfall in the region is highly seasonal. At the near-
est weather station, Mahajanga, which is ~70 km from the cave,
over 80% of the mean annual rainfall (1496 mm) occurs in the four
month period from December through April. Mean monthly tem-
perature varies 3.2 !C throughout the year, with an annual mean of
27.2 !C (data from http://www.ncdc.noaa.gov/data-access).

3. Methods

The two speleothems were halved along the growth axis and
subsampled along growth layers for radiometric dating using
uranium-thorium (UeTh) techniques by multi-collector, induc-
tively coupled plasma mass spectroscopy (MC-ICP-MS) (Cheng
et al., 2013). Carbon and oxygen stable isotope ratios were
measured on 266 samples from AB2 and 173 samples from AB3.
Temporal resolution of the stable isotope time series is less than 10
years for all of M14-AB2 and M14-AB3. Age models (Fig. 3) were
constructed using 8 age determinations from AB2 and 10 from AB3
(Table 1) and assuming an age for the top of each stalagmite of 2014
CE.

3.1. O and C stable isotope analyses

The stable oxygen and carbon isotope ratio measurements were

Fig. 1. Madagascar ecosystems and site location. This map shows the present dis-
tribution of major ecosystems in Madagascar (Mayaux et al., 2000) and the locations of
the study area and lake study sites mentioned in the text: 1. Anjohibe Cave, 2. Lake
Amparihibe (Burney et al., 2004), 3. Lake Tritrivakely (Gasse and Van Campo, 1998), 4.
Lake Kavitaha (Burney, 1987) and 5. Lake Mitsinjo (Matsumoto and Burney, 1994).

Fig. 2. Sample photographs. Photograph with scale of cut and polished slabs of
samples AB2 and AB3 showing internal layering.
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performed at the University of Massachusetts. Subsamples were
microdrilled from a cut and polished slab every 0.5e01 mm along
the central growth axis of the stalagmites. The sampling interval
yields sub-decadal resolution throughout the record. The samples
were analyzed in an on-line carbonate preparation system linked to

a Finnigan Delta Plus XL ratio mass spectrometer. Results are re-
ported as the per mil difference between sample and the Vienna
Pee Dee Belemnite (VPDB) standard in delta notation where
d18O ¼ Rsample/Rstandard # 1)*1000, and R is the ratio of the minor to
the major isotope. Reproducibility of standard materials is 0.1‰ for
d18O and 0.05‰ for d13C.

3.2. UeTh dating

UeTh dating samples were prepared and analyzed at MIT.
Samples weighing 25e210 mg were combined with a
229The233Ue236U tracer, digested, and purified via iron co-
precipitation and ion exchange chromatography. Separate U and
Th aliquots were analyzed using a Nu Plasma II-ES multi-collector
ICP-MS equipped with a CETAC Aridus II desolvating nebulizer.
Analyses were performed in static mode with 234U and 230Th
measured on an ion counter and all other masses measured on
Faraday cups. U and Th standard solutions bracketed each analysis
to monitor mass bias and ion counter yield. CRM-112a was used to
bracket U analyses, and an internally calibrated 229The230The232Th
standard (MITh-1) was used for Th. Tailing was assessed for each U
standard and sample bymeasurement of half-masses (233.5, 234.5,
236.5) and mass 237, and tails were fit to a power law. Th tailing
was measured once per day by measuring masses 229.5 and 230.5
in the MITh-1 standard. Tailing was consistently 1e2 ppm at 1 amu.
Uranium hydride counts were also measured each day and were
consistently 2e2.5 ppm. Ionization, transmission and detection
efficiency was approximately 1% for both U and Th. MIT's isotope
tracer is calibrated against the University of Minnesota's isotope
tracer (Cheng et al., 2013) and standard HU-1. The laboratory's age
determinations produce good agreement with ages from the Ber-
keley Geochronology Center in an intercomparison of young
(<500 y) powder splits (McGee, unpublished data).

Reported isotope ratios uncertainties reflect propagated un-
certainties from isotope ratio measurements, spike calibration and
isotopic composition, instrument background, procedural blanks
(assigned a 50% 2s uncertainty), SEM yield drift, tailing and 233UH
counts on 234U. Uncertainties on U and Th half-lives are not
included, but would be insignificant relative to other uncertainties.
Total procedural blanks ranged from 0.02 to 0.2 fg 230Th in three of
the four sample sets, with an anomalously high blank of 1.7 fg 230Th
in sample set 150206, and 30e300 pg 238U for all four sample sets.
The only sample for which the total uncertainty is increased by
more than a decade due to the procedural blank is sample AB3-682
(512 ± 37 CE) due to the unusually high 230Th blank in sample set
150206.

Ages were calculated using the 230Th and 234U half-lives of
Cheng et al. (2013) and the 238U half-life from Jaffey et al. (1971).
Corrections for initial 230Th assume an initial 230Th/232Th ratio of
17 ± 8.5 $ 10#6 (atomic ratio). The mean value was determined
from the construction of Osmond Type II isochrons from three
samples at 62 mm depth in stalagmite M14-AB2 using Isoplot 4.15
(Ludwig, 1993), which gave an initial 230Th/232Th ratio of
17 ± 4 $ 10#6 (Fig. 4). We chose to assign a relative uncertainty of
50% (2s) to allow for temporal variability in the initial ratio. Two
pieces of evidence suggest that this mean value and uncertainty are
appropriate. First, the 230Th/232Th ratio from our youngest sample
(AB2-9.5) is 26.6 ± 1.0 $ 10#6, suggesting that the initial
230Th/232Th should be lower than this value. Second, an initial
230Th/232Th ratio greater than 11 $ 10#6 is required to maintain
stratigraphic order for samples AB3-144 through AB3-257. Similar
constraints from stratigraphic order have been used to estimate
initial 230Th/232Th ratios in previous studies (Cheng et al., 2000;
McGee et al., 2012). Four samples have unusually low U concen-
trations and produce ages that are anomalously old (AB3-68, AB3-

Fig. 3. Age-depth data. These plots show the U/Th age determinations with 2s errors
versus depth for each sample.
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Table 1
UeTh dating results.

Sample
ID

Sample
set

Distance
from top
(mm)

238U
(ng/g)a

±
(2s)

232Th
(pg/g)a

±
(2s)

d234U
(per mil)b

±
(2s)

(230Th/238U)
(activity)

±
(2s)

230Th/232Th
(atomic
$ 10#6)

±
(2s)

Age
(yr)

±
(2s)

Age
(yr)

±
(2s)

d234U
initial

±
(2s)

Year
C.E.

±
(2s)

(uncorrected)c (corrected)d (per mil)e (corrected)d

AB3-19 150713 19 10970 220 6120 120 2.3 1.2 0.001436 0.000013 41 0.4 156.3 1.5 91 33 2.3 1.2 1924 33
AB3-68 150713 68 140 3 1446 29 #5.8 2.8 0.01544 0.00034 24 0.4 1707 38 490 610 #5.8 2.8 1525 610
AB3-87 150713 87 175 4 574 12 #3.4 2.3 0.01445 0.00028 70 1.2 1593 31 1210 190 #3.4 2.3 805 190
AB3-144 150713 144 2078 42 1422 29 #2.3 1.4 0.009272 0.000094 215 2.2 1018 10 938 40 #2.3 1.4 1077 40
AB3-186 150713 186 2680 54 3773 76 #3.3 1.6 0.010395 0.000042 117 0.4 1143 5 978 83 #3.3 1.6 1037 83
AB3-219 150713 219 4644 93 2787 56 #3.4 1.6 0.009989 0.000046 264 1.1 1098 5 1028 35 #3.4 1.6 987 35
AB3-257 150713 257 6450 130 423 9 #3.7 1.5 0.009610 0.000048 2328 24 1057 6 1049 6 #3.7 1.5 966 6
AB3-284 150713 284 8550 170 444 10 #2.5 1.6 0.009817 0.000041 3000 27 1078 5 1072 5 #2.5 1.6 943 5
AB3-359 150730 359 7220 140 1488 30 0.4 1.8 0.011097 0.000052 855 4 1216 6 1192 12 0.4 1.8 823 12
AB3-480R 150730 480 4831 97 532 11 #0.4 1.8 0.012327 0.000063 1778 12 1353 7 1340 7 #0.4 1.8 675 7
AB3-682 150206 682 8370 170 609 25 0.4 1.1 0.01377 0.00033 3001 130 1511 37 1503 37 0.4 1.1 512 37
AB3-833 150206 833 1882 38 10250 210 0.9 1.2 0.02106 0.00061 61 2 2319 68 1680 320 0.9 1.2 335 320
AB2-9.5 150616 9.5 7940 160 1204 25 #9.1 1.4 0.0002539 0.0000099 26.6 1.0 28 1 10 9 #9.1 1.4 2005 9
AB2-62 150616 62 9160 180 496 11 #10.0 0.6 0.001484 0.000020 435.7 7.4 164 2 157 3 #10.0 0.6 1858 3
AB2-114 150616 114 183 4 485 11 #10.0 2.1 0.01252 0.00070 75.2 4.3 1387 78 1080 160 #10.0 2.1 935 160
AB2-150 150713 150 7950 160 2867 57 #12.8 1.4 0.004181 0.000018 184.1 0.7 463 2 420 21 #12.8 1.4 1595 21
AB2-190 150616 190 5560 110 1067 22 #3.0 1.3 0.004359 0.000036 360.8 3.3 478 4 455 11 #3.0 1.3 1560 11
AB2-455 150616 455 3561 71 4157 83 #7.8 1.2 0.008719 0.000054 118.6 0.7 963 6 825 69 #7.8 1.2 1190 69
AB2-556 150730 556 1096 22 274 6 #7.1 2.7 0.01076 0.00012 683.3 9.9 1188 14 1159 15 #7.1 2.7 856 15
AB2-674 150616 674 10710 220 281 7 #6.6 3.0 0.010318 0.000053 6252 94 1139 7 1136 7 #6.7 3.0 879 7
AB2-835 150616 835 8770 180 331 7 #3.8 0.5 0.011386 0.000042 4789 47 1253 5 1249 5 #3.8 0.5 766 5
AB2-988 150616 988 8220 160 943 19 0.4 7.9 0.014025 0.000084 1943 13 1540 15 1526 15 0.4 7.9 489 15
Isochron analyses
AB2-62L 150730 62 8730 180 4321 87 #0.3 1.7 0.002019 0.000036 64.8 1.1
AB2-62R 150730 62 7300 150 2099 42 #7.9 1.8 0.001677 0.000030 92.6 1.6
AB3-284L 150730 284 8450 170 1299 26 #0.5 1.8 0.013876 0.000071 1432.4 9.1
AB3-284R 150730 284 10880 220 1404 28 #0.2 1.9 0.007362 0.000042 906.2 5.1
AB3-480 150206 480 4007 80 757 26 1.3 1.2 0.011802 0.000644 993 61
AB3-480L 150730 480 5190 100 1788 36 #0.9 1.9 0.012274 0.000070 565.3 3.2

Notes:
Decay constants for 230Th and 234U are from Cheng et al. (2013); decay constant for 238U is from Jaffey et al. (1971).

a Reported errors for 238U and 232Th concentrations are estimated to be ±1% due to uncertainties in spike concentration; analytical uncertainties are smaller.
b d234U ¼ ([234U/238U]activity # 1) $ 1000.
c [230Th/238U]activity ¼ 1 # e#l230T þ (d234Umeasured/1000)[l230/(l230 # l234)](1 # e#(l230-l234) T), where T is the age. “Uncorrected” indicates that no correction has been made for initial 230Th.
d Ages are corrected for detrital 230Th assuming an initial 230Th/232Th of (17 ± 8.5) $ 10#6.
e d234Uinitial corrected was calculated based on 230Th age (T), i.e., d234Uinitial ¼ d234Umeasured X el234*T, and T is corrected age.
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87, AB2-114, AB2-556.) We interpret these horizons as having suf-
fered diagenetic U loss and do not include them in the age models.

4. Results

Fig. 5 shows time series of oxygen and carbon isotope values in
standard delta notation versus age for both stalagmites. The carbon
isotope time series for our samples show relatively constant
negative values from 500 CE to about 890 CE. For stalagmite AB2
the average d13C value over this time interval is #7.21‰, and for
AB3 it is#8.77‰. The ~1.5‰ difference between the two averages is
most likely due to sample-specific parameters such as different drip
rates or degrees of cave ventilation (Fairchild et al., 2006; Frisia
et al., 2011). At about 890 ± 20 CE an abrupt increase in d13C be-
gins. Over the next 100 years d13C increases by ~8‰ in both sta-
lagmites (Fig. 5). For example, based on the age model of AB2 d13C
values are still below#7‰ at 885 CE and rise to 0.62 at 1020 CE. The
increase is slightly more rapid in AB3, with d13C values of #8.69 at
892 CE rising to þ0.4 at 992 CE. After about 900 CE the d13C values
continue to increase more slowly, with peak values of greater than
4‰ in both samples around 1800e2000 CE. A brief return to
slightly negative values is seen around 1700 CE. The reproducibility
of the shape, magnitude and timing of the d13C records in the two
samples is a strong indication that the positive shift is driven by a
regional change in the d13C values of dissolved inorganic carbon in

the soil waters and not by sample-specific effects.
The oxygen isotope values of both samples vary mainly

between #4 and #7‰ VPDB with values for AB2 enriched by
0.3e0.5 per mil compared to AB3. The 11-point running averages
(approximately century scale) display similar trends in both sam-
ples (Fig. 5). From 500 to 900 CE, both oxygen isotope time series
show a decrease in average values of about 1.5‰. After 900 CE
average values increase by about 0.5‰ and remain relatively con-
stant until about 1700 CE, then steadily increase by about 2‰ over
the next 300 years. The carbon and oxygen isotope time series
show no correlative shifts in isotopic values.

5. Discussion

The carbon isotope ratios of speleothem calcite reflect a mixture
of three carbon sources: plant root-respired CO2 in the soil zone,
atmospheric CO2, and dissolution of the host carbonate bedrock
(McDermott, 2004). The carbon isotopic ratios of the latter two
sources vary little, with CO2 of preindustrial atmosphere having a
d13C value of #6.5‰ (Leuenberger et al., 1992) and Eocene marine
limestones such as that which hosts Anjohibe cave generally
ranging fromþ1 toþ2‰ (Shackleton, 1987). The d13C value of plant
respired CO2 varies primarily as a function of the photosynthetic
pathway used by the plants. In landscapes dominated by plants
photosynthesizing via the Calvin cycle (C3 plants) e the great ma-
jority of temperate plants including trees and shrubs e plant-
respired CO2 averages approximately #26‰ VPDB (Farquhar
et al., 1989). Plant root respiration also acidifies the soil water,
which then equilibrates with the host bedrock and partially ex-
changes with the atmosphere. In such settings, typical d13C values
for total dissolved inorganic carbon (DIC) in the groundwater and
for speleothems growing beneath such landscapes lie between #8
and #12‰ VPDB (Fairchild et al., 2006; McDermott, 2004). In re-
gions dominated by plants using the Hatch-Slack photosynthetic
pathway (C4 plants such as most dry region grasses), plant respired
CO2 averages about #14‰ VPDB (Farquhar et al., 1989). In these
landscapes groundwater DIC and speleothem d13C values are
enriched by 8e10‰ (Fairchild et al., 2006; McDermott, 2004)
compared to regions overlain by C3 plants. For our samples, the d13C
values prior to 890 CE are typical for speleothems deposited in
caves that are overlain by C3-dominated ecosystems. Our data do
not rule out the presence of C4 grasses, but grasses likely made up
less than 25% of the flora. Indeed, grass pollen are present in low
percentages in lacustrine sediments in several areas of Madagascar
well prior to 900 CE (Burney, 1987; Gasse and Van Campo, 1998).

We interpret the 8e10‰ enrichment in the carbon isotope
values that occurs from 890 to 990 CE to be the result of a rapid,
nearly complete transformation of the ecosystem in the sur-
rounding region from one primarily composed of C3 vegetation to
one dominated by C4 grasses with very little remnant C3 vegetation.
The d13C values of our samples after 990 CE are among the most
enriched reported from speleothems. In particular, the d13C values
of the past two centuries are enriched beyond what is to be ex-
pected from even complete C4 ecosystems. We are not sure of the
origin of such enriched values, but one possibility is that gradual
drying of the region, as evidenced by a trend of increasing spe-
leothem d18O over the past ~200 years, led to a gradual reduction in
drip rate. A decreased drip rate would allow more extensive
degassing of isotopically depleted CO2 leading to more enriched
speleothem d13C values. In any case, the C4-dominated ecosystem
has remained constant over the past ~950 years and comprises the
modern landscape. Supporting evidence for our interpretation
comes from carbon isotopic analyses of vertebrate bone collagen
from fossils in Anjohibe Cave. Extinct taxa that lived in this region
before 500 CE have average collagen d13C values of #23‰,

Fig. 4. Isochron data from sample AB2-62. The data indicate an initial 230Th/232Th
atomic ratio of 17 ± 4 $ 10#6. This value with an expanded uncertainty was used to
calculate ages corrected for initial 230Th for all samples.
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indicating a C3 plant diet, while more recently introduced taxa (rats
and shrews) have d13C values of #15‰ and higher, indicating an
almost exclusively C4 diet (Crowley and Samonds, 2013).

Together with environmental indicators from lakes in the re-
gion, our results further suggest that the landscape transformation
was the result of the expansion of the use of fire as a means of
increasing the new growth of grass as forage for cattle. Sediments
from lakes across Madagascar, including Kavitaha, Tritrivakely,
Mitsinjo and Amparihibe, show marked increases in charcoal and
Gramineae pollen percentages sometime between 700 and 1100 CE
(Burney, 1987; Burney et al., 2004; Gasse and Van Campo, 1998;
Matsumoto and Burney, 1994). These studies indicate important
links between landscape burning and grassland expansion, but
they do not provide precise estimates of the timing and rate of
landscape change, nor have their proxy data allowed quantitative
estimates of the increase in grass abundance. Our results place tight
constraints on the timing of these changes, indicate that they
occurred over a short time interval between 890 and 990 CE, and
demonstrate that a complete floral succession from a dominantly
forested landscape to the present palm savannah grassland took
place in northwestern Madagascar at that time.

Burney et al. (2003) note increases in Sporormiella, a fungus
found on the dung of large herbivores, in Lakes Kavitaha and
Amparihibe at approximately the same time as the increase in
charcoal and grass pollen abundance. We posit that the introduc-
tion of Bos indicus during the middle to late first millennium
(Allibert et al., 1989; Beaugard, 2011; Burney et al., 2003; Fuller and
Boivin, 2009) resulted in a shift in human economy from dominant
foraging (with its greater dependence on bushmeat hunting and
wild plant collecting) to a dedicated agro-pastoralist subsistence
strategy, as seen at early large settlement sites such as Irodo (Dewar
andWright, 1993) and Mahilaka (Radimilahy, 1998). The changes in
land use led to major habitat modification including major loss or
fragmentation of existing forest. Our results suggest that C3
dominated forest remained widespread prior to 900 CE, but was
rapidly reduced in extent thereafter. The loss of forest habitat could
only have increased the environmental pressure on remaining
endemic species that rely on relatively connected forest cover for
survival.

Prior assessments of the paleohabitat in the region of Anjohibe
have been based on limited data. Burney et al. (1997) suggested that
palm savannah might have existed in the region over the past
40,000 years. This assessment, however, derives from only six an-
alyses of pollen contained in speleothems from Anjohibe, of which
twowere undated, three were deemed securely dated, and one (the
most recent) less securely dated at under four thousand years old
(Burney et al., 1997). All six samples contain endemic palm and
grasses, both of which still occur in the region, together with other
trees and shrubs, though in low quantities (Burney et al., 1997). We
can infer with confidence, however, that other trees and shrubs
were well represented in the area before the megafauna dis-
appeared because of the nature of the vertebrate subfossil assem-
blage in the cave, which included Prolemur simus, Palaeopropithecus
kelyus, and Babakotia radofilai (Godfrey et al., 1999) with known
arboreal locomotor habits and food preferences (Jungers et al.,
2002).

Although humans are generally thought to be the primary cause
of the loss of Madagascar's endemic species recent studies of the
decline of forest cover have suggested that climate change may
have also played an important role. In particular, periods of drought
may have been the primary or at least complementary cause of the
forest loss, grassland expansion and megafauna disappearance
across Madagascar (Virah-Sawmy et al., 2010). The oxygen isotope
results from our work provide important data that can address this
question. Oxygen isotope ratios of speleothem calcite are primarily
controlled by two factors: cave temperature through the temper-
ature dependence of the fractionation between water and calcium
carbonate minerals, and the isotopic composition of rainfall
(Lachniet, 2009). Tropical temperature variability in the study re-
gion over the past 2000 years was likely on the order of one degree
C (Weldeab et al., 2014), which would result in 0.25‰ variation in
speleothem d18O. Thus, the primary driver of changes in speleo-
them oxygen isotope variability in our samples is the isotopic
composition of precipitation.

In tropical regions dominated by summer convective rainfall,
interannual changes in d18O of rainfall and of speleothem calcite are
inversely correlated with regional precipitation (Bony et al., 2008;
Rozanski et al., 1993). Our oxygen isotope time series, while

Fig. 5. Stable isotope time series. Time series of oxygen and carbon stable isotope ratios for stalagmites AB2 (orange) and AB3 (blue) from Anjohibe Cave, Madagascar. The age scale
is in calendar years in the Common Era (CE).
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displaying up to 2 per mille variability on decadal and centennial
timescales, shows no monotonic trend over the past 1500 years.
Importantly, the d18O values of our samples do not increase at the
time of the very large shift in d13C and, therefore, do not indicate a
climatic shift to drier conditions at the time of the inferred
ecosystem shift. If anything, the decreasing trend in d18O suggests a
trend of increasing rainfall before and continuing briefly after the
observed large carbon isotope shift. We thank the Department of
Paleontology and Biological Anthropology at the University of
Antananarivo, Madagascar, for its help in facilitating this research.

6. Conclusions

Stable isotopic time series from two well-dated speleothems
from Anjohibe Cave in northwestern Madagascar provide insights
into the paleoecology and paleoclimate of the region over the past
1800 years. From 300 CE to 890 CE the vegetation of the regionwas
dominated by plants using the C3 photosynthetic pathway, and is
interpreted to have been an open forest landscape with a minor
component of C4 grasses. Beginning at 890 CE and over the course
of the next 100 years the region changed to one heavily dominated
by C4 grasses, similar to the modern landscape.

Rather than climate, our results suggest that human activity,
specifically expanded use of fire to produce fodder for cattle,
resulted in rapid loss of forest habitat. These changes very likely
increased environmental pressures on Madagascar's megafauna
and accelerated their disappearance.
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