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a b s t r a c t

In neotropical regions, fossil bat guano accumulated over time as laminated layers in caves, hence
providing a high-resolution temporal record of terrestrial environmental changes. Additionally, cave
settings have the property to preserve such organic sediments from processes triggered by winds
(deflation, abrasion and sandblasting) and intense rainfall (leaching away). This study reports both stable
carbon and nitrogen isotope compositions of frugivorous bat guano deposited in a well-preserved
stratigraphic succession of Blanchard Cave on Marie-Galante, Guadeloupe. These isotopic data are dis-
cussed with regard to climate changes and its specific impact on Eastern Caribbean vegetation during the
Late Pleistocene from 40 to 10 ka cal. BP. Guano d13C values are higher than modern ones, suggesting
noticeable vegetation changes. This provides also evidence for overall drier environmental conditions
during the Pleistocene compared to today. Meanwhile, within this generally drier climate, shifts between
wetter and drier conditions can be observed. Large temporal amplitudes in both d13C and d15N variations
reaching up to 5.9‰ and 16.8‰, respectively, also indicate these oceanic tropical environments have
been highly sensitive to regional or global climatic forcing. Stable isotope compositions of bat guano
deposited from 40 to 35 ka BP, the Last Glacial Maximum and the Younger-Dryas reveal relatively wet
environmental conditions whereas, at least from the end of the Heinrich event 1 and the Bølling period
the region experienced drier environmental conditions. Nevertheless, when considering uncertainties in
the model age, the isotopic record of Blanchard Cave show relatively similar variations with known proxy
records from the northern South America and Central America, suggesting thus that the Blanchard Cave
record is a robust proxy of past ITCZ migration. Teleconnections through global atmospheric pattern
suggest that islands of the eastern Caribbean Basin could be also under the influence of a bipolar tem-
perature gradients that impact the mean location of the ITCZ, with a Southern Hemisphere imprint
during the glacial period and a more significant role of Northern Hemisphere during the last deglaciation.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Evidence for abrupt and short climate changes prevailing during
the late Quaternary are widespread in both marine and terrestrial
archives (Bond et al., 1993; Dansgaard et al., 1993; Wang et al.,
2001). These records have notably revealed a complex climate
system, including close relationships between the two
oyer).
hemispheres (e.g. Charles et al., 1996; Blunier and Brook, 2001) as
well as between high and low latitudes (e.g. Peterson et al., 2000;
Haug et al., 2001; Lea et al., 2003; Schmidt et al., 2004, 2012;
Deplazes et al., 2013). For tropical regions, past climate conditions
were strongly influenced by the position andmigration of the Inter-
Tropical Convergence Zone (ITCZ), which is linked to modifications
of the Atlantic Meridional Overturning Circulation (AMOC), sea-ice
expansion in the North Atlantic and pole-to-equator gradient of sea
surface temperatures (e.g. Broccoli et al., 2006; Stouffer et al.,
2006). Consequently, climate variability deduced from the late
Quaternary archive of the Caribbean Basin has been considered as
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related to meridional displacements of the mean ITCZ position (e.g.
Peterson and Haug, 2006; Hodell et al., 2008) (Fig. 1). In fact, the
current climatemode of the Caribbean region is strongly influenced
by seasonal changes in the displacement of the ITCZ as well as by
the Bermuda-Azores high-pressure systems located in the North
Atlantic that either maintain or reduce zonal trade winds. The
present-day climate of this area is characterized by an annual cycle
of rainfall exhibiting a bimodal structure with two rainfall maxima
running from May to November, when the ITCZ shifts north of the
equator, separated by a mid-summer drought in JulyeAugust
(Giannini et al., 2000). However, each region of the Caribbean Basin
is characterized by a distinct climate mode (Gamble et al., 2008).
For example, southern areas are influenced by the Caribbean Low-
Level Jet (Gamble and Curtis, 2008), while the Eastern Caribbean
area is mostly influenced by the synoptic variability of the ther-
mohaline circulation, as well as the Bermuda-Azores high-pressure
systems and the North Atlantic Oscillation (NAO) (Giannini et al.,
2001; Gamble and Curtis, 2008; Gamble et al., 2008).

Any attempt to investigate climate variability and its impact on
both flora and fauna assemblages in the terrestrial domains of the
Caribbean Islands remains challenging mainly due to the scarcity of
Late Quaternary sedimentary records. Thus far, terrestrial climate
records are primarily recovered from lacustrine and cave deposits.
Lacustrine deposits allow for the analysis of sedimentary structures
and textures (Street-Perrott et al., 1993; Bertran et al., 2004), the
determination of pollen (Leyden, 1995; Bush et al., 2009; Lane et al.,
2009) and ostracod assemblages (Hodell et al., 1991; Curtis and
Fig. 1. Topographic maps of the Caribbean Basin and the South America (a) and Guadeloupe
and the geographic location of Blanchard Cave (black star) in Marie-Galante Island (c), as we
location of the excavation. The hatched line in Fig. 1A indicates the extent summer and winte
Cariaco Basin, 3) Juxtlahuaca Cave, 4) Lake Pet�en Itz�a, 5) Lake Wallywash Great Pond, and
Hodell, 1993; Holmes, 1998), as well as the stable isotope analysis
of aquatic invertebrates and sedimentary organic matter (Beets
et al., 2006; Malaiz�e et al., 2011; Yanes and Romanek, 2013).
However, most shallow lakes in Central America and the Caribbean
were dry during the last glacial period as tropical lakes are highly
sensitive to changes in the balance between precipitation and
evaporation. Nevertheless, sedimentary deposits in cave contexts
can preserve speleothems (e.g. Lachniet et al., 2004; Fensterer et al.,
2013; G�azquez et al., 2013; Lachniet et al., 2013) and fossil bones
(e.g. Pregill et al., 1994; Lenoble et al., 2009; Bochaton et al., 2015;
Stoetzel et al., 2016) as well as fossil bat guano, which may
constitute climate archives over periods exceeding several thou-
sand years (DesMarais et al., 1980;Mizutani et al., 1992a,b;Wurster
et al., 2008). Indeed, continuous accumulations of laminated bat
guano, which can extend from recent periods to beyond the Last
Glacial Maximum (McFarlane et al., 2002; Bird et al., 2007;Wurster
et al., 2008, 2010a; Onac et al., 2014, 2015; Forray et al., 2015;Widga
and Colburn, 2015; Choa et al., 2016; Cleary et al., 2016), provide a
high temporal resolution record of environmental changes
(Wurster et al., 2007).

The purpose of this study is to evaluate the impact of past cli-
matic changes on tropical eastern Caribbean environments, espe-
cially high-frequency fluctuations in precipitation that can be
estimated from both carbon and nitrogen isotope compositions of
fossil bat guano sampled from Blanchard Cave, Marie-Galante Is-
land. The high temporal resolution of past environmental changes
observed due to laminated structure of the guano is compared with
Islands showing the modification of coastline subsequent to a 100 m sea-level fall (b),
ll as the topographic map of the cave (d). The grey hatched area in Fig. 1D indicates the
r position of the ITCZ. Numbers refer to sites mentioned in the text: 1) Botuver�a cave, 2)
6) MD03-2616.
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others proxies (Cariaco Basin, Pet�en Itz�a, polar ice cores from
Greenland and Antarctica) to discuss potential teleconnections
between tropical and polar regions.

2. The Blanchard Cave: location and stratigraphy

Marie-Galante is a carbonate flat island (maximal elevation of
204 m) belonging to the Guadeloupe archipelago. This small island
is located on a separate bank isolated from Guadeloupe, even
during glacial lowstands. The archipelago experiences a tropical
climate where rainy (JuneeNovember) and dry (DecembereMay)
seasons alternate with slight variations in temperature (mean
annual temperature of 27 �C). Due to the low relief of the island,
Marie-Galante receives limited precipitation (maximal annual rain
fall of around 1500 mm). The present-day environmental condi-
tions on Marie-Galante result from a profound alteration of the
landscape by historical crops such as tobacco, coffee, cotton, sugar
cane and indigo (Rousteau et al., 1996). The eastern coast of the
island is arid, hosting dry scrub forests and deciduous dry forests
further inland whereas swamps are mainly present along the
northwestern coast. The middle part of the island is characterized
by ravines that host a slightly moister vegetation than the sur-
roundings (Lasserre, 1961; Portecop, 1982; Rousteau et al., 1996).

Blanchard Cave is a flank margin cave currently located 200 m
from the southern coastline of Marie-Galante Island, near the
village of Capesterre (15�5205600N; 61�1400100O) (Lenoble et al.,
2009). Its distance from the shore slightly varied in the past
(Fig. 1b). The cave morphology is constituted of a corridor around
35 m length, 5e8 mwide and 6e7 m high that opens at the base of
a fossil cliff 200 m from the sea (Fig. 1). The cave was dug into Plio-
Pleistocene neritic limestones (Bouysse et al., 1993) and was further
shaped during the high sea-level stand of the last Interglacial MIS 5
(125 ka) (Lenoble et al., 2009).

The large openness of the cave (~5 m wide) makes it clearly
identifiable in the landscape and explains why it has been referred
to various names over time: Grotte Madame Lionel (Lasserre, 1961),
Grotte Caraïbe (Barbotin, 1987), Voûte �a Quinquins (Rodet, 1987),
and Grotte Toto (Stouvenot, 2003). In 2005, a survey work per-
formed at the cave entrance revealed an archaeological layer dated
to the Pre-Columbian period (Stouvenot, 2005; Grouard et al.,
2013). In 2008, a 2 m deep test pit was dug in the far end of the
cave with palaeontological excavations in 2013 and 2014. This test
documents, under a thin layer of modern bat guano
(thickness < 0.1 m), an important stratigraphy divided into twelve
fossil-bearing layers overlying the bedrock (Fig. 2), which deliver
faunal fossil remains (Bailon et al., 2015; Gala and Lenoble, 2015;
Stoetzel et al., 2016). These twelve levels can be classified into
five sedimentary facies:

- Level 1 is made of massive beige silts slightly cemented forming
the uppermost part of the cave infilling.

- Level 2 is constituted of massive brown silts containing more or
less residual organic matter.

- Levels 3, 5, 8, 10 and 12 are composed of brown silt-size organic-
rich brown sediments derived from vegetal remains defecated
primarily by fruit bats. These levels are characterized by lami-
nated deposits themselves intercalated with authigenic phos-
phate minerals. The observation of thin sections under a
microscope revealed that these silts were formed by the accu-
mulation of laminated and partially altered organic debris
despite the occasional presence of vegetal material (Fig. 3b and
c).

- Levels 6, 7, 9 and 11 are formed of silts similar to those occurring
in the previous facies but characterized by a massive structure
including limestones debris. Under the microscope, samples
from these levels exhibit numerous bioturbation patterns
measuring of several centimeters in diameter generated by
burrowing organisms attesting to the reworking of these de-
posits (Fig. 3a). Due to these bioturbation patterns, we have
chosen to collect in each level samples that average 5 cm
thickness of level deposit.

- Level 4 is constituted of a pile of blocks with voids filled by
micro-laminated carbonated sands that most likely result from a
single roof collapse event.

Mineralogical and chemical characterizations of the deposit
(organic matter, sulfur, and carbonate content, pH) indicate that
these sedimentary changes do not correlate with major variations
in sediment composition throughout the sequence, apart from level
4 functioning as a carbonate buffer due to its limestone debris
content (cf. Suppl. material S1).

Hygric measurements have demonstrated that Blanchard Cave
is a dry cave throughout the year, with frequent air circulation
caused by a decrease in outside temperatures, leading to the arrival
of cold air in the cave and an interruption in the thermal stratifi-
cation of the ambient air (Lenoble et al., 2015). Due to these micro-
climate parameters, Blanchard Cave is considered as a cool chamber
following the classification of bat roosting sites in the Caribbean
(e.g. Rodríguez-Dur�an, 2010). Currently and all the year round, the
cave entrance is home of a couple of harems, each composed of a
dozen Jamaican fruit-eating bats (Artibeus jamaicensis), a frugivo-
rous species belonging to the Phyllostomidae family. The far end of
the cave, which hosts a colony of Antillean fruit-eating bats (Bra-
chyphylla cavernarum), mainly functions as a nursery roost occu-
pied seasonally. Fossil remains of the Antillean fruit-eating bat have
been retrieved throughout the deposit, associated with remains of
three others frugivorous or nectarivorous species found in less
extent (Stoetzel et al., 2016).

No insect remains have thus far been recovered from any part of
the sequence, despite a careful examination under binocular of
several samples throughout the infilling. That is somewhat sur-
prising for two reasons. First, the Antillean fruit bat has a less
restrictive diet compared to other frugivorous species, enabling
them to consume higher proportions of insects in some circum-
stances (Bond and Seaman, 1958; Soto-Centeno et al., 2001; Leno-
ble et al., 2014). Second, bones referable to eight insectivore species
are found associated with Antillean fruit bat through the whole
sequence. Such observation does not exclude, however, a contri-
bution of insect accumulation to the deposit formation despite the
well-preserved organic matter.
3. Methods

3.1. Sampling method

Guano samples were directly collected from throughout the
stratigraphic sequence. Levels 3 to 11 were sampled in the northern
part of the sequence (square H33 e Fig. 2), whereas level 12 was
sampled in the southern part (square H31), where this particular
level is more clearly identifiable. The depth of the level 12 top was
corrected to correspond to the base of the level 11. Samples from
levels 3, 5, 8,10 and 12 comprise 2e4mm of sediment continuously
collected according to sedimentary levels inclination and lamina-
tion. As levels 6, 7, 9 and 11 aremassive deposits, bulk samples were
defined at the scale from 2 to 5 cm and they have been considered
as mean points averaging isotopic signatures of the levels, in which
they come from. In addition, a sample of modern guano collected in
2012 was analyzed in order to have a present-day reference for
both d13C and d15N values.



Fig. 2. Sedimentary deposits of the Blanchard Cave, (A) photography, (B) schematic representation.
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3.2. Radiocarbon dates and age modeling

Sixteen samples of fossil guano were sent for AMS 14C dates by
the three institutes: Vienna Institute for Isotopes and Nuclear
Physics, Austria, which operatedMeOHwashing and acid-base-acid
protocol; the laboratory of Groenigen, Netherlands, and the
Artemis AMS laboratory in Saclay, France (Table 1), which have just
pretreated samples with HCl acid to avoid any alteration of organic



Fig. 3. Sedimentary facies of fossil guano constituting the Blanchard Cave infilling. Illustrated at left: bedded deposit with alternating massive (levels 9, 11) and laminated beds
(levels 10, 12), with the scale given by the 30-cm-ruler. At right: micro-facies with (a) micro-aggregated sediment mixed by bioturbation forming massive layers, (b) organic
laminated sediment including flattened yellowish aggregates assumed to represent fruit-bat droppings, and (c) phosphatized laminae (bright red) intercalated within laminated
organic sediment, both sedimentary facies encountered in laminated layers. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)

Table 1
Radiocarbon dates obtained on organic matter from bat Guano (Blanchard Cave, Marie-Galante, Guadeloupe). Dates are calibrated at 3s (99.7%) using the calibration curve
IntCal13 (Reimer et al., 2013). Depth (mm) is expressed in function of the datum level.

d13C values d15N values

n Mean Minimum Maximum n Mean Minimum Maximum

Modern Guano 1 �27.0 e e 1 11.1 e e

Level 3 23 �25.1 �25.6 �24.6 23 17.4 14.9 19.0
Level 4 1 �24.7 e e 1 15.1 e e

Level 5 26 �22.0 �25.5 �20.4 26 21.1 16.4 22.2
Level 6 2 �20.3 �20.4 �20.2 2 22.3 22.0 22.7
Level 7 3 �22.8 �23.3 �21.9 3 14.2 12.1 17.4
Level 8 93 �24.0 �24.9 �22.2 93 14.0 7.7 18.7
Level 9 1 �22.5 e e 1 11.7 e e

Level 10 51 �24.6 �25.4 �23.7 50 8.8 6.8 11.1
Level 11 1 �24.7 e e e e e e

Level 12 54 �24.5 �25.7 �19.8 30 9.7 6.0 18.5
TOTAL fossil 255 �24.1 �25.7 �19.8 229 13.5 6.0 22.7
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matter with basic treatment. The reported dates were calibrated at
3s (99.7%) using the IntCal13 calibration curve (Reimer et al., 2013).
Nine of these dates match individual samples (samples from
Groeningen and Vienna). The seven remaining dates were obtained
from Artemis before the high resolution sampling conducted for
isotopic analyses to evaluate the stratigraphy. They correspond to
five to ten samples, conducting thus to engender larger confidence
intervals in the age model compared to the first set of dates from
Groeningen and Vienna (Table 1).
The age-depth model was generated by using in the R-CRAN

software (R Development Core Team, 2008) the ‘Classical age-depth
modeling’ (Clam software version 2.2) developed by Blaauw (2010)
and by applying a linear regression to the data (Fig. 4). Dates range
from the top of level 3 to the middle part of level 12 while
extrapolated ages were assigned to the last twenty-five samples
from level 12. As level 4 is a roof collapse, it was considered as an



Fig. 4. Age-depth model and radiocarbon dates calibrated using Clam software v2.2
(Blaauw, 2010). The grey area defines the 99.7% confidence envelope.
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instantaneous event. With the exception of level 4, the mean
accumulation rate is estimated at 0.06 mm/year, suggesting that
each sample represents 50 ± 15 years. Dehydration and compaction
effects can explained this low rate of accumulation, as well as an
irregular occupation of the cave by bats. Age uncertainties at 99.7%
in this age-depth model are less than 1.8 ka.
3.3. Stable isotope measurements

Carbon and nitrogen isotope ratios were measured from a
subset of guano samples collected, with 255 and 229 samples,
respectively (Table 2; Suppl. material S2). Each sample was sieved
with a 500 mm mesh and decarbonated using an 8% hydrochloric
acid solution for 12 h at 90 �C in order to remove limestone bedrock
particles before being washed with deionized water and dried at
low temperature. Aliquots of guano samples from 0.5 to 2.0 mg
Table 2
Mean, minimal and maximal values of carbon and nitrogen isotope compositions from m
Blanchard Cave, Marie-Galante, Guadeloupe.

Laboratory Ref-labo Unit Depth (mm)

Vienna A/GB-13-13 3 573 ± 1.25
Artemis Lyon-5726 (SacA-14261) 3 576.25 ± 10
Vienna A/GB-13-59 3 676 ± 1.25
Vienna A/GB-13-63 5 984 ± 1.5
Artemis Lyon-6976 (SacA 19445) 5 997 ± 16.5
Vienna A/GB-13-113 5 1106.5 ± 1.5
Artemis Lyon-6977 (SacA 19446) 6 1344 ± 137
Vienna A/GB-13-117 8 1457 ± 1
Artemis Lyon-6978 (SacA 19447) 8 1704.75 ± 16.2
Artemis Lyon-6979 (SacA 19448) 8 base 1894.5 ± 20.75
Artemis Lyon-8497 (SacA 26110) 10 2052 ± 20
Artemis Lyon-8498 (SacA 26111) 10 2196 ± 24
Vienna A/GB-13-387 10 2220 ± 1.25
Artemis/Groeningen Lyon-11133(Gra) /GB-14-409 10 2279.25 ± 2
Artemis/Groeningen Lyon-11134(Gra)/GB-14-445 12 2426 ± 1
Artemis/Groeningen Lyon-11135(Gra) /GB-14-499 12 2596.5 ± 1.5
were loaded into tin capsules and analyzed with an isotope ratio
mass spectrometer (IsoPrime GV Instruments®) interfaced with an
Elemental Analyzer (EA; Flash2000, ThermoFisher®) at the EPOC
Laboratory of the University of Bordeaux, France. Daily drift of
isotopic measurements was corrected using a series of internal
isotopic references (acetanilide C8H9NO, casein C47H48N3NaO7S2,
glycin C2H5NO2). Stable isotope ratios are expressed in the con-
ventional delta notation as parts per thousand (‰) deviations from
the Vienna Pee Dee Belemnite (V-PDB) international standards for
d13C and atmospheric N2 for d15N. Analysis uncertainty was better
than 0.3‰ for d15N and 0.2‰ for d13C. Duplicate measurements
were performed for 81 samples.
3.4. Interpretation of carbon and nitrogen isotope compositions of
bat guano

Carbon and nitrogen isotope compositions of fossil animal-
derived organic remains, such as bones, dung and guano, are
commonly used to reconstruct palaeoenvironments. The underly-
ing basis of stable isotope investigations on animal organic remains
is that 1) there are isotopic relationships within the biosphere and
geosphere due to fractionation taking place during natural chemi-
cal and physical processes. This results in isotopic differences be-
tween different foods consumed; and 2) climatic parameters can
affect fractionation during these processes, thus modifying the
isotopic signatures of the diet. These isotopic signatures are
recorded during the absorption and incorporation of food in both
the consumer tissues (e.g. De Niro and Epstein, 1981; Kelly, 2000)
and feces (Herrera et al., 2001a, 2001b; Painter et al., 2009; Soto-
Centeno et al., 2014). Thus, changes in climate are recorded in the
isotopic signatures of animal body tissues and feces.

The primary control on plant d15N values is their ability to use
nitrogen, which is absorbed directly from the atmosphere through
symbiotic soil bacteria for leguminous plants or from soil nitrate for
non-leguminous plants. At the global scale, d15N values of soils and
plants decrease with the reduction of mean annual temperature
and the increase of mean annual precipitation (Amundson et al.,
2003), both being climatic factors that ultimately control the bio-
logical activity and the soil nitrogen cycling. This assumption led
many scientists to use d15N variation of fossil animal organic re-
mains as a proxy of the amount of precipitation. However, it is
important to note that plant d15N values can vary seasonally up to
several per mil, and also depend on plant segments (Kolb and
Evans, 2002), and between various plant taxa occurring in the
same site (Handley et al., 1999). Such complexity, related to the
odern and fossil guano recovered from the sedimentary accumulations preserved in

Age 14 C yr BP S. dev. (1s) IntCal09 min BP IntCal09 max BP

8999 313 9014 11404
9740 50 10789 11270
9291 351 9400 12238
10005 335 10249 12805
10690 70 12421 12750
11348 285 12429 14195
14010 80 16546 17452
15081 447 16786 19958

5 19940 150 23427 24530
23200 220 26764 27960
25320 220 28663 30400
25300 220 28649 30374
26539 196 30154 31227
27510 140 30988 31717
31150 180 34517 35698
34640 230 38440 40004
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simultaneous participation of processes of isotope fractionation
operating within the nitrogen cycle, generally produces weak sta-
tistical relationships between plant d15N values and considered
climate factors (Amundson et al., 2003; Murphy and Bowman,
2006, 2009; Makarov, 2009).

Carbon isotope compositions of plants mainly depend on
metabolic pathways for assimilating atmospheric carbon (i.e. plants
C3, C4 and CAM), which is more or less modulated by local envi-
ronmental parameters such as water stress, CO2 partial pressure,
exposure to sunlight and openness of the vegetation. Changing
vegetation patterns in bat foraging areas (from 5 to 20 km) are
recorded in both carbon and nitrogen isotope compositions of
insectivorous bats (Wurster et al., 2007) and phytophageous (Royer
et al., 2015) bat feces. The digesta of insectivorous and phytopha-
geous bats is quickly transited in a few hours or less without un-
dergoing radical changes in the gastrointestinal tract (Morrison,
1980; Painter et al., 2009). The isotopic carbon difference be-
tween bat diet and their feces was estimated by Salvarina et al.
(2013) to be �0.11 ± 0.8‰ and by Des Marais et al. (1980) as
close to 0.8‰, respectively. Consequently, in the case of phyto-
phageous bats, it can be assumed that this isotopic fractionation is
close to zero and that stable isotope compositions of their feces
directly reflect those of the plants consumed. Past climatic and
environmental changes can influence isotopic compositions of
feces as bats modify their diet to changes in the diversity and
abundance of local resources, including the ratio between C4 and
C3 plants.

Distinct strategies of carbon fixation among plants allowed the
determination of a range of d13C values comprised between �36
and �22‰ for C3 while C4 are less 13C-depleted relative to their
CO2 source with values ranging from �15 to �10‰ (Bender, 1971;
Smith and Epstein, 1971). Internal variations in d13C values for
photosynthetic plants result from local conditions including
ambient light conditions, temperature, pCO2 and water availability
(e.g. Smith et al., 1976; Farquhar et al., 1989; Ehleringer et al., 1997;
Kohn, 2010). For example, subcanopy C3 plants, which grow in
humid and shaded environments, have lower d13C values than
those growing in arid and open environments. Studies have shown
that part of the d13C variability of C3 plants is influenced by local
precipitation, and significant correlations have been demonstrated
between the average d13C values of local C3 plants andmean annual
precipitations (Diefendorf et al., 2010; Kohn, 2010). Through dif-
ferences in photosynthetic pathway and plant physiology, climate
conditions act as a primary control on large-scale variation in d13C
values of vegetation and on the distribution and abundance of C3
and C4 plants (Teeri and Stowe, 1976; Tieszen et al., 1997). Conse-
quently, stable carbon isotope compositions of fossil guano reflect
the stable isotope composition of plants, which are in turn related
to local environmental conditions.

Furthermore, it is important to note that the mode of plant-
climate interactions change over time, notably influenced by vari-
ations in atmospheric CO2 concentration and 13C/12C ratios, i.e.
Suess effect (d13Catm) (Arens et al., 2000; Prentice and Harrison,
2009). These modifications can produce important changes in
plant d13C values, meaning that d13C values of past vegetation must
be corrected from these parameters in order to quantify past
environmental changes. A negative relationship between CO2
concentrations and d13C values in plants has been documented by
several authors (Van de Water et al., 1994; Feng and Epstein, 1995;
Hatt�e et al., 2009). Indeed, CO2 concentrations from the pre-
industrial period were lower than today, decreasing down to
200 ppm or less during the Last Glacial period (Barnola et al., 1987;
Ahn and Brook, 2008). In addition, changes in d13Catm have been
shown to have a more direct effect than CO2 concentration on plant
d13C values (Farquhar et al., 1989; Feng and Epstein, 1995; Arens
et al., 2000). The current d13Catm value is close to �8.0‰ whereas
the pre-industrial period was marked by d13Catm estimated to be
about �6.5‰ (Leuenberger et al., 1992; Keeling et al., 2005).

Consequently, d13C values of plants recorded in fossil guano
must be corrected to take into account their development during
periods with both different CO2 concentrations and d13Catm. Firstly,
we used CO2 concentration values proposed by Ahn and Brook
(2008) and we used a coefficient of �2.0 ± 0.1‰ per 100 ppm be-
tween CO2 concentrations and plant d13C values, leading to obtain a
maximal d13C correction ofþ1.6‰ for the lowest CO2 concentration
of the Last Glacial Maximum. Secondly, we used data from Schmitt
et al. (2012) who estimated d13Catm variations ranging
from�6.7 ± 0.06 to�6.3 ± 0.03‰ during the period spanning from
24 to 6 ka BP, with small variations ranging from 6.46 to 6.40 be-
tween 24.0 and 17.4 ka BP. Beyond 24.0 ka BP, the value used
was �6.4‰. These two corrections have been calculated on the
basis of the first sample (P13 e Suppl. material S2), which is char-
acterized by a d13Catm value of �6.6‰ and a CO2 concentration of
265.4 ppm.

4. Results

Guano from modern Antillean fruit-eating bats collected from
Blanchard Cave has a d13C value of �27.0‰ in contrast to those of
fossil bat guano that range from �25.7 to �19.8‰ throughout the
stratigraphic sequence (Table 2; Suppl. material S2; Fig. 5). These
d13C values reflect a diet mainly based on C3 plants, which are
associated for the highest values superior to �22‰, at least, with a
contribution of C4 plants. Intra-level variations, which can be sig-
nificant as in levels 5 and 12 with amplitudes in d13C variations
reaching up to 5.1 and 5.9‰, respectively, are more important than
the inter-level variations that do not exceed 3.1‰ (see levels 3, 5, 8,
10 and 12). Consequently, no correlation is evident between the
various levels and climatic events, and then there is no reason to
use the stratigraphic delimitations to fragment the isotopic signals,
except to differentiate levels laminated from those non-laminated.
The highest d13C values were observed in level 5 dated to the
Bølling-Allerød interstadial and at the beginning of level 12 dated
to around 34.7 ka BP, while the lowest d13C values were measured
in the uppermost samples of the sequence associated with
Younger-Dryas and the beginning of the Holocene. The d13C values
corrected for CO2 concentration and atmospheric d13C range
from �25.7 to �18.8‰ (Fig. 5, dashed line). These corrections do
not strongly modify either the trends of d13C variations nor their
intra-level magnitudes but shift the lower samples (dated to before
the Lateglacial period) towards higher d13C values with a maximum
offset of 1.6‰ in samples dated from Last Glacial Maximum, rein-
forcing contrasts between the isotopic compositions of present-day
and past guano.

Modern guano from Antillean fruit-eating bats has a d15N value
of 11.1‰. Nitrogen isotope compositions of fossil bat guano range
from 5.9 to 22.7‰ throughout the stratigraphic sequence, with a
mean value of 13.5‰. Like carbon isotope compositions, the highest
d15N values were observed in levels 5 and 6 that are dated to the
Bølling-Allerød interstadial and Heinrich event 1, respectively. The
lowest d15N values were measured in level 12 that has been dated
to between 37 and 36 ka cal. BP. Furthermore, two sizable changes
in d15N, greater than 11‰ have been observed close to 23.5 and 35.0
ka cal. BP.

For the general trends, the d13C and d15N values are positively
correlated throughout the sequence (Rho ¼ 0.43, p < 0.0001)
except during level 8 (Rho ¼ 0.02, p ¼ 0.80). It is noteworthy that
several time lags were not recorded in the same way by carbon and
nitrogen isotope compositions of fossil guano. For example, during
the Bølling-Allerød period, d13C values decreased from around 13.7
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ka cal. BP, whereas d15N began to decrease around 12.9 ka cal. BP, at
the beginning of the Younger-Dryas.

The C/N ratios vary from 3.3 to 6.0, which corresponds to the
range of values for modern insectivorous bats (Bird et al., 2007;
Emerson and Roark, 2007; Wurster et al., 2007) and close to that of
modern frugivorous bats extending their diet to insects (Royer
et al., 2015). These ratios measured in fossil guano from insectiv-
orous bats are much higher than those that could be expected for
altered samples because of oxidation and subsequent carbon
release operating in tandem with nitrogen mineralization (Choa
et al., 2016). C/N ratios are weakly, but significantly and nega-
tively correlated with d13C (Rho¼�0.197, p < 0.002) and negatively
correlated with d15N (Rho ¼ �0.503, p < 0.0001) throughout the
sequence.
5. Discussion

5.1. Genesis of guano deposits and their preservation

The fossil bat guano deposit of Blanchard Cave indicates that
bats regularly occupied the cave since the last 40 ka cal. BP, as
evidenced by abundant fossil bat bones found throughout the de-
posit as well (Stoetzel et al., 2016). Eight bat species are currently
known on Marie-Galante with four phytophageous, three
insectivorous and one piscivorous bats (Masson et al., 1990; Breuil
and Masson, 1991; McCarthy and Henderson, 1992). This modern
fauna represents only a small part of the bat community inhabiting
the Island during the Late Pleistocene, constituted at least by twelve
species including four nectarivorous and frugivorous bats. No insect
remains were recovered from the sequence, whereas the occur-
rence of degraded vegetal tissues in the sediment suggests that the
Pleistocene guano in the cave mostly resulted from phytophageous
bats. On the other side, consumption of insects cannot be excluded,
both considering the occurrence of insectivorous bat remains in the
deposit, and the C/N ratio closer to bats including at least a part of
insects in their diet compared to those having a restricted frugiv-
orous diet (Royer et al., 2015). This part of insect consumption is
difficult to quantify. Even if this issue does not compromise the data
or interpretations, as d13C values of both reflect plant values and
therefore humidity, the main risk is to add uncertainties of one
trophic level in case where bat populations are switching from one
dominant guild to another one. However, the absence of sizable
variations in C/N ratios and in mineralogical contents throughout
the deposit of Blanchard Cave let to suggest that no major changes
have occurred in bat occupations of the cave in term of guild pro-
portion. Consequently, stable isotope compositions of this fossil
guano should mainly reflect the composition of plants consumed
by these individuals.
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As noted above, the massive sedimentary structure associated
with burrow imprints in levels 6, 7, 9 and 11 provide clear evidence
for bioturbation of a still unclear nature, although the action of
ground dweller animals, such as the burrowing owl (Athene cuni-
cularia), which is known to have inhabited the Caribbean islands
during the Pleistocene (Pregill and Olson, 1981; Pregill et al., 1994)
is likely. Apart from these levels, the other deposits are character-
ized by well-preserved laminated sediments with no evidence for
bioturbation or post-depositional reworking. Moreover, observa-
tion of thin sections did not reveal the presence of either an organic
mobile fraction in the sediment or patterns of water percolation.
Finally, the dry micro-climate of Blanchard Cave (Lenoble et al.,
2015) has also favored the preservation of buried organic matter.
All these criteria suggest that the stable isotope compositions of
laminated fossil guano are likely to reliably record changes in local
vegetation patterns in response to global climatic forcing.

In particular, the preservation of the original d15N signal is
regularly questioned through studies dealing with fossil guano, due
to potential post-depositional alteration involving volatilization of
ammonia. Such alterations, even if they seem to not engender
significant carbon isotope fractionation, may favor 15N-enrichment
by as much as 7‰ (Mizutani and Wada, 1988; Bird et al., 2007;
Wurster et al., 2010b). Two patterns in d15N values are considered
as suspicious: firstly, fossil guano values higher than modern ones,
even if such values can result equally from other parameters such as
aridity; and secondly, the chemical changes should invariably lead
to strong correlations between elemental ratios and isotopic com-
positions (Wurster et al., 2010b). In this study, the Blanchard Cave is
characterized by a large range of d15N values, with d15N values
higher than modern ones by about 10‰, and that co-vary with C/N
ratios throughout the sequence. As a consequence, variations in
d15N values observed at Blanchard Cave are difficult to interpret.
Indeed, feces nitrogen directly reflects the nitrogen isotope
composition of the diet, therefore significant changes in bat diet
could explain these changes in d15N values. A second possibility
concerns the impacts of significant changes in plant communities,
with modifications of leguminous plant proportions (leading to
d15N values close to zero when these plants are abundant) or with
changes of nitrogen sources used by plants (ammonium NH4

þ

versus nitrate NO3
�). It is noticeable that during some intervals, such

as the Allerød, changes in d13C values preceded those observed for
the d15N values by 500e2000 years. Similar time lags between
climatic changes and d15N records of fauna have equally been
documented in Europe during the Late Pleistocene, probably due to
the complexity of the soil-plant nitrogen cycle (e.g. Stevens et al.,
2008; Stevens et al., 2014). Finally, these significant changes in
d13C values, which partly co-varied with d15N values considering a
slight time lag, could suggest a record of similar environmental
conditions changes.

As the organic matter has undergone considerable decomposi-
tion and loss through microbial reprocessing and remineralisation,
it is important to assess the potential impact of post-depositional
processes on the isotopic composition of guano. Although diage-
netic influences cannot be completely ruled out, both the lack of
significant covariation between elemental ratios and carbon
isotope values and the lack of significant differences between
elemental ratios and age attest a lack of significant diagenetic
alteration at least for carbon.

5.2. Environmental conditions on Marie-Galante from 40 to 10 ka
BP

The Blanchard Cave record indicates that environmental con-
ditions from 40 to 10 ka cal. BP were locally drier than today
because bat guano d13C values are higher than the modern ones
(Fig. 6). Meanwhile, over the period spanning from 40 to 19 ka cal.
BP, guano d13C values tend to be low, suggesting overall wetter
environmental conditions compared with 16 - 13 ka cal. BP. The
relatively high d13C values suggest four dry events. The first one is a
brief dry period of about 500 years, which peaked at 34.7 ka cal. BP
and was also characterized by an increase in d15N values. This dry
event, which is one of the biggest and shortest through the Blan-
chard record, has no equivalent with records from other proxies
(Fig. 6). A second dry event occurred from 27.8 to 26 ka cal. BP. Dry
conditions returned around 19.5 ka cal. BP and then again between
Heinrich event 1 and the Bølling interstadial, with the period from
16.6 to 13.5 ka cal. BP characterized by the lowest d13C values and
highest d15N values. The timing of the onset of this last drought
event is, however, not accurately documented due to the bio-
turbated nature of levels 7 and 6. Nevertheless, this dry period
continued until at least the Allerød interstadial, when d13C values
began to progressively decrease. Samples from the final level 3,
which are estimated to date between the Younger-Dryas and the
beginning of the Holocene based on age uncertainties in the age-
depth model, recorded the lowest bat guano d13C values suggest-
ing wetter conditions without reaching those prevailing today
(Fig. 6). However, it is noteworthy that Younger-Dryas could have
been blurred by the roof collapse associated with level 4. Indeed,
we cannot exclude that this event may have resulted in a lag in the
record in the time span between 12.6 and 11.5 ka cal. BP following
uncertainties from the model-age.

5.3. Climatic and environmental conditions of the Caribbean area

The Late Pleistocene of the Caribbean Basin has been considered
for a long time as a uniformly dry period, mainly due to the scarcity
of continental archives such as speleothems or lacustrine deposits,
extending beyond the dry period of the Younger-Dryas (Goodfriend
and Mitterer, 1988; Hodell et al., 1991; Leyden, 1995; Higuera-
Gundy et al., 1999). In the Eastern Caribbean Islands, one of the
rare Pleistocene sedimentary deposits comes from the ’Wallywash
Great Pond’ in Jamaica. The period spanning from 93.0 to 9.5 ka BP,
however, was roughly described as dominated by dry and cold
conditions (Street-Perrott et al., 1993; Holmes, 1998), an interpre-
tation fitting the common model of a succession of wet interglacial
and dry glacial stages prevailing in neotropical regions.

The few currently known sedimentary continuous records that
extended beyond the Late Glacial period have challenged this ‘wet-
dry’ dichotomy, notably that from the Cariaco Basin, Venezuela
(Peterson et al., 2000; Haug et al., 2001; Gonz�alez et al., 2008;
Deplazes et al., 2013) and the Lake Pet�en Itz�a, Guatemala (Hodell
et al., 2008; P�erez et al., 2011; Escobar et al., 2012). These two
sedimentary archives have shown, as observed under high latitude
regions, the presence of a considerable tropical climate variability
in the Caribbean Basin, as now equally observed in the Blanchard
Cave sequence. The development of humid or dry climatic condi-
tions has been interpreted as resulting from modifications of the
mean position of the ITCZ (Fig. 6). In particular, studies of the Pet�en
Itz�a deposits revealed that the western Caribbean area witnessed
cooler climate conditions (�2.5 �C) during the Last Glacial
Maximum (23e18 ka BP) compared to current conditions (Hodell
et al., 2008), decreasing during Heinrich Stadial by up 6e10 �C
relative to today (Grauel et al., 2016). In addition, the Last Glacial
Maximum was more humid than the one spanning from ~19 to 15
ka BP (Heinrich event 1) (Fig. 6), which is considered to have
experienced the most arid conditions based on ostracod oxygen
stable isotope compositions (Escobar et al., 2012). Stable isotope
compositions of bat guano accumulated in the Blanchard Cave
generally reflect overall drier environmental conditions during the
Late Pleistocene compared to modern ones, supporting the



Fig. 6. Comparison between NGRIP d18O ice records from Greenland (North Greenland Ice Core Project, 2004); Carbon and nitrogen isotope compositions of bat guano from
Blanchard Cave reported along the geological age of samples estimated from the age-depth model. For the Blanchard Cave, the black line corresponds to corrected d13C values from
CO2 concentration and atmospheric d13C (see paragraph 3.4). Stable isotope values of guano sampled from bioturbated levels are illustrated by a square. Present-day carbon isotope
compositions of guano corrected from CO2 concentration and atmospheric d13C are illustrated by two lines. Samples of guano used for radiocarbon dates are reported with age
uncertainties obtained from the age-depth model; NGRIP d18O ice records from Greenland (North Greenland Ice Core Project, 2004); Uk'37-SST (�C) measurements in core MD03-
2616 (Rama-Corredor et al., 2015); Percentage of color reflectance (L* sm50) from the Cariaco Basin (Deplazes et al., 2013); Magnetic susceptibility measured in samples coming
from Pet�en Itz�a core 6 (PI-6) (Escobar et al., 2012); Oxygen isotope compositions measured from Juxtlahuaca Cave (Lachniet et al., 2013); and oxygen isotope compositions measured
from Botuver�a Cave (Wang et al., 2007). Abbreviations are: YD ¼ Younger-Dryas event; HE ¼ Heinrich event; B-A ¼ Bølling e Allerød events; LGM ¼ Last Glacial Maximum. Grey
intervals indicate the four Heinrich and the Younger Dryas events.
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hypothesis of arid conditions connected to the strengthening of
trade winds. Moreover, stable isotope compositions of guano from
the Blanchard Cave, the first terrestrial sequence documenting
Marine Isotopic Stages 3 and 2 in the Lesser Antilles, suggest that
the Last Glacial Maximum period in this area was characterized by
relative humid conditions in comparison to Heinrich event 1
(Fig. 6). Similar patterns have been observed at Pet�en Itz�a and in
stalagmites in southwestern Mexico from Juxtlahuaca Cave
(Lachniet et al., 2013), which present low d18O values of calcite
during the Last Glacial Maximum period. Climate proxies from
South America present an inverse pattern due to ITCZ migration, as
illustrated by speleothems from Botuver�a Cave in Brazil that show a
drier LGM compared to the Heinrich event 1 (Wang et al., 2007).

However, the environmental variations observed at Blanchard
Cave do not perfectly match patterns recognized in the Cariaco
Basin or at Pet�en Itz�a and Botuver�a Cave (Brazil). In particular, an
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opposite trend seems to be identified for the Younger-Dryas and to
a lesser extent for Heinrich event 2. In fact, the pollen signal from
Pet�en Itz�a indicates that the period of maximum aridity spanned
from ~18 to 11 ka BP (including Heinrich event 1 and the Younger-
Dryas), despite sufficiently wet conditions during the Younger-
Dryas that could support a forest cover with a gradual change to-
ward more mesic conditions from 13 to 11 ka BP (Bush et al., 2009).
The Juxtlahuaca Cave stalagmites present a similar climatic record
with high d18O values recorded throughout Heinrich event 1 to the
end of the Younger-Dryas (Lachniet et al., 2013), again suggesting
this period was especially dry. Such discrepancies is relatively
surprising. Thus, they questioned the reliability of ITCZ model in
this area that can be in reality more complex than previously
known, for example by experiencing a regionalization of climate in
response to interrelated atmospheric conditions, as already evi-
denced during the mid-Holocene in northern Caribbean (e.g.
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Malaiz�e et al., 2011). To investigate such issues, complementary
records are, however, necessary. On the other side, these discrep-
ancies questioned also the effects of uncertainties in each model
age from the different proxies used, which can be due to different
tuning models or to different radiocarbon date calibrations.
Nonetheless, when considering the different uncertainties in each
age model, the different records can be reconciled. Indeed, dry
conditions prevailing during the Younger-Dryas could be observed
in the Blanchard Cave record if the errors on the age model are
taken into account (Fig. 6). Similarly, the weak amount of age
control points around the Heinrich event 2 do not allow us to
conclude that Blanchard Cave record differs from other Caribbean
and South American records. Heinrich events 1, 3 and 4 are rela-
tively consistent between records. When more arid conditions are
observed at Blanchard Cave, Cariaco Basin and Pet�en Itz�a, more
humid conditions are experienced at Botuver�a cave (Fig. 6). This
suggests that the Blanchard Cave record is a robust proxy of past
ITCZ migration.

The ITCZ migration is driven by changes in the hemispheric
temperature gradients. During abrupt events associated to HEs, the
reduction of the AMOC (Bard et al., 2000) affected the displacement
of the ITCZ southward, reinforcing trade wind and increasing both
the temperature and salinity of the tropical Atlantic surface waters
due to a reduced marine heat export northward (Chiang et al.,
2002; Donders et al., 2011; Arbuszewski et al., 2013; Came et al.,
2013). Since many years, teleconnections between polar and trop-
ical latitudes have been investigated (e.g. Peterson et al., 2000;
Deplazes et al., 2013), questioning the role played by millennial
variations in North Atlantic climate on climate from lower latitudes.
Recently, Rama-Corredor et al. (2015) have showed that Uk'37-SST
(�C) measurements fromMD03-2616 core, located in Guiana Basin,
covaried with the temperature changes observed in Greenland
during interglacial periods. On a contrary, they showed a lack of
synchrony during glacial periods, suggesting an Arcticetropical
decoupling when a substantial reduction in the AMOC takes place.
MD03-2616 is located in the confluence of Northern (NEC) and
Southern Hemisphere waters (NBC, SEC) suggesting a stronger in-
fluence of southern Hemisphere waters during glacial periods.
When comparing with another tropical region, it is remarkable that
variations in carbon isotope compositions from the Blanchard Cave
are relatively similar to those observed in a Bromine (Br) stack
obtained by XRF counts from six sedimentary marine sediment
cores located in the Arabian Sea (Fig. 7) (Caley et al., 2013).
Brominated organic compounds in marine sediments are con-
nected to primary producers (macroalgae) and heterotrophic or-
ganisms, with variations in the Bromine counts considered as
proxies of marine organic carbon (productivity) changes (Ziegler
et al., 2008). Caley et al. (2013) suggested that the Bromine stack
could be related to the Indian monsoon. The India monsoon and
associated position of the ITCZ reflect a bi-polar influence with a
Southern Hemisphere imprint during the glacial period and a more
significant role of the Northern Hemisphere during the last degla-
ciation. Consequently, the close pattern observed between the
carbon isotope compositions from the continental archive of the
Blanchard Cave and Arabian Sea records could suggest that the
Eastern Caribbean islands were also under the influence of bipolar
temperature gradients that impacted themean location of the ITCZ.
Hodell et al. (2008) have already indicated that dry periods in Pet�en
Itz�a were generally associated with warmings in Antarctica (AIM)
during MIS 3. A Southern Hemisphere imprint could be visible
during the glacial period as suggested by the relative close agree-
ment (considering model age uncertainties) between Blanchard
Cave records and the ice core Antarctica record of EDML (Fig. 7). The
significant abrupt variability observed in the Blanchard record
therefore reflects past migration of the ITCZ driven by bipolar
temperature gradients, a mechanism that also contributed to the
ITCZ migration in west Africa (Weldeab, 2012) and Arabian sea.

6. Conclusions

Fossil bat guano has been accumulated between 40 and 10 ka
cal. BP in Blanchard Cave located on the island of Marie-Galante in
the Eastern Caribbean. Carbon and nitrogen isotope compositions
of this guano revealed this tropical region to have experienced
overall drier, and above all, more variable environmental condi-
tions during this period compared to present-days. More specif-
ically, variations in the isotopic compositions of bat guano are here
interpreted to reflect major changes in the Late Pleistocene vege-
tation. Relatively wet environmental conditions prevailed during
the second part of MIS 3 and the beginning of MIS 2, even still drier
than those of Holocene, while the final part of the LGM and the very
beginning of the Late Glacial regionally form an arid maximum
during a two to three millennium period from ca 16 to 13 ka cal. BP.
When considering uncertainties in the model age, the isotopic re-
cord of Blanchard Cave are relatively similar to those observed with
known records from Caribbean and South American records, sug-
gesting that abrupt variability observed in the Blanchard record
therefore reflect past migration of the ITCZ. The similar pattern
equally observed between Blanchard Cave record and Arabian sea
records suggests that islands of the eastern Caribbean Basin were
also under the influence of bipolar temperature gradients that
impacted the mean location of the ITCZ with a Southern Hemi-
sphere imprint during the glacial period and a more significant role
of the Northern Hemisphere during the last deglaciation.
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