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Abstract
Contemporary climate dynamics of the circum-Caribbean Region are characterised by
significant precipitation variability on interannual and interdecadal timescales controlled
primarily by El Niño Southern Oscillation (ENSO) and the Atlantic Multidecadal
Oscillation (AMO). However, our understanding of pre-industrial climate variability in
the region is hampered by the sparse geographic distribution of palaeoclimate archives.
Here, we present a high-resolution reconstruction of effective precipitation for Barbuda
since the mid-16th Century, based on biostratigraphic and stable isotope analyses of
fossil ostracods and gastropods recovered from lake sediment cores from Freshwater
Pond, the only freshwater lake on the island. We interpret episodic fluctuations in shell
accumulation in the sediment record to represent changes in the balance between
precipitation and evaporation during the Little Ice Age (LIA ~1400–1850CE) and
Industrial (1850–present) periods. Comparisons between indices of reconstructed ENSO
and AMO variability, the abundance of the freshwater gastropod Pyrgophorus parvulus,
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and the δ18O records from ostracod calcite suggest that the relative influence of ENSO
and AMO on long-term rainfall patterns in Barbuda has changed over the last 400 years.
Our findings are in agreement with other high-resolution palaeoclimate studies that
suggest that long-term changes in effective precipitation during the LIA were much
more variable, temporally and spatially, than previously suggested.
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Introduction
A suite of established palaeoclimate reconstructions indicate that dry conditions
prevailed across the Caribbean region during the so-called Little Ice Age (LIA; ~1400–
1850 CE). The evidence supporting the regional occurrence of aridity at that time
includes the sedimentary titanium record from the Cariaco Basin (Haug et al., 2001) and
positive δ18O excursions from microfossil calcite recovered from lake sediments from
the Yucatan Peninsula (Hodell et al., 2005) and the Dominican Republic (Lane et al.,
2011). Further, coral-based sea surface temperature (SST) reconstructions suggest a ~2–
3°C cooling of Caribbean SSTs during the LIA (Winter and Christy, 2000; HaaseSchramm, 2003; Black et al., 2007; Kilbourne et al., 2008), which resulted in less
favourable thermodynamic conditions for convective rainfall and a more persistent
southerly position of the Intertropical Convergence Zone (ITCZ).
However, the recent publication of new high-resolution precipitation
reconstructions (Fensterer et al., 2012; Kennett et al., 2012; Burn and Palmer, 2014) has
challenged the occurrence of a uniformly dry LIA across the circum-Caribbean Region,
2

proposing instead that changes in the balance between precipitation and evaporation
were far more variable, temporally and spatially. High-resolution core scans of the
sediment geochemistry of a mangrove lagoon in southern Jamaica provide evidence for
alternating episodes of rainfall and drought on interannual and interdecadal timescales
during the LIA (Burn and Palmer, 2014). Similar patterns of variability are inferred
from rainfall reconstructions from speleothem records in Belize (Kennett et al., 2012)
and Cuba (Fensterer et al., 2012) as well as from coastal records of hurricane activity
(Van Hengstum et al., 2014; Burn and Palmer, 2015) that suggest that the magnitude
and frequency of tropical cyclones, which contribute significantly to regional rainfall,
was highly variable during the LIA. Taken together, recent evidence suggests that the
LIA climate was not uniformly dry; instead, rainfall patterns were characterised by a
greater amplitude of variability, particularly when compared with those of the Medieval
Climate Anomaly (~1200-1400 CE) and the most recent period of centennial warming
during the Industrial Period (~1850 CE – present). To shed further light on the
hydrological variability in the Caribbean during the LIA, we present a reconstruction of
effective rainfall (i.e. precipitation minus evaporation) derived from biostratigraphic and
stable isotope analyses of calcareous microfossils recovered from lake sediments in
Barbuda, a small island in the Lesser Antilles.

Background
Site Description
Barbuda is a small (174 km2), low-lying limestone island of the Lesser Antilles island
arc (Fig. 1; Brasier and Donahue, 1985), which separates the tropical Atlantic Ocean
from the Caribbean Sea. Barbuda’s maximum average elevation of ~30m corresponds to
a massive limestone plateau of Pliocene age known as ‘The Highlands’, which occupies
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the southeast segment of the Island. The plateau is bounded by abandoned sea cliffs to
the north and east and by alternating late-Pleistocene consolidated beach ridge and
lagoon deposits to the west and south, which form the Codrington Limestone Group
(Martin-Kaye, 1959). Freshwater Pond (17°36'05'' N, 61°47'28'' W; ~ 6m asl) is a
permanent inland fresh-brackish water lake which is closed hydrologically and situated
on the Codrington Limestone Group (Figure 1). Its late-Holocene origin is thought to
be the result of rising eustatic sea level that reached its present-day maximum level ca.
3000 years BP (Fairbanks, 1989), and the subsequent development of a rainfall-derived
freshwater lens, which rests above the underlying salt water table (Brasier and Donahue,
1985). Consequently, the pond is very sensitive to precipitation variability on multiple
timescales (Stoddart et al., 1973). Indeed, lake levels vary markedly throughout the year
in response to distinct seasonal changes in precipitation. During the boreal summer wet
season the lake freshens and increases in size, on occasion almost trebling its surface
area. Water salinity measurements performed in August and October 1970 (5.96‰ and
0.9‰; Stoddart et al., 1973) revealed fresh to slightly brackish conditions. Conversely,
during the winter dry season Freshwater Pond contracts and evaporative concentration
of the water body creates a brackish sedimentary environment (Stoddart et al., 1973).
Thus the pond may be characterised as an oligo-mesohaline system in which the marl
substrate is dominated by the alga Chara sp. that supports abundant populations of
calcareous fresh- to brackish-water ostracods and gastropods. A rare inland mangrove
forest comprising extensive stands of Rhizophora mangle (red mangrove) with
Conocarpus erectus (buttonwood) and Laguncularia racemosa (white mangrove)
fringes the pond. This mangrove ecosystem may be a relic of a more extensive forest
that was connected previously to the Caribbean Sea (Stoddart et al., 1973).
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Climate
Barbuda experiences a seasonal sub-tropical maritime climate with distinct wet and dry
seasons that occur during the boreal summer (May-October) and winter (NovemberApril), respectively. Temperatures remain relatively constant with an annual average of
~27°C and range of 2–7°C. Rainfall in Barbuda is relatively low for the region owing to
the low-lying topography and lack of orographic rainfall. The island’s easterly location
within the Caribbean is rarely influenced by cold-front precipitation, which generally
affects only the Northwest Caribbean. Between 1908 and 1960, average rainfall was 990
mm per annum ranging from 556–1722 mm (Stoddart et al., 1973). Precipitation is
generally controlled by the interplay between thermodynamic processes associated with
sea surface temperature variability and dynamic processes associated with regional wind
shear, which varies in response to the seasonal and interannual migration of the
Intertropical Convergence Zone (ITCZ), the North Atlantic Subtropical High (NAH)
and the Caribbean Low Level Jet (CLLJ; Enfield and Alfaro, 1999; Giannini et al.,
2001; Cook and Vizy, 2010; Taylor et al., 2011). These processes also influence tropical
cyclone activity, which contributes significantly to average annual rainfall in the region
(Rodgers et al., 2001). Such activity is restricted to the boreal summer during which
warm tropical Atlantic sea surface temperatures and the proximity of the Intertropical
Convergence Zone (ITCZ) combine to provide a favourable environment for cyclone
genesis.
Interannual and multidecadal variability in Caribbean rainfall patterns is controlled
by a combination of El Niño Southern Oscillation (ENSO), the Atlantic Multidecadal
Oscillation (AMO; Klotzbach, 2011; Winter et al., 2011) and the North Atlantic
Oscillation (NAO; Wang, 2007; Cook and Vizy, 2010; Gouirand et al., 2012) the
dynamics of which are described comprehensively elsewhere (Burn and Palmer, 2014).
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The AMO is an index of North Atlantic sea surface temperature (SST) variability on
multidecadal timescales with alternating warm and cold phases over periods of 65–70
years (Schlesinger and Ramankutty, 1994). It has been shown to have a widespread
influence on climatic phenomena including tropical Atlantic hurricane activity
(Goldenberg et al., 2001; Klotzbach, 2011) and precipitation in Africa (Folland et al.,
1986), the Caribbean (Stephenson et al., 2014) and North America (Enfield, 2001). The
oscillations are clearly recorded in annual resolution coral-based SST (Hetzinger et al.,
2008; Kilbourne et al., 2008b; Vásquez-Bedoya et al., 2012) and speleothem-based
precipitation (Winter et al., 2011; Fensterer et al., 2013) reconstructions for the
Caribbean Region. Although the causes of AMO variability are poorly understood, it
appears to be related to variations in the Atlantic Meridional Overturning Circulation
(AMOC; Knight, 2005; Hodson et al., 2009) which may, in turn, be forced by external
factors including solar and volcanic activity (Cubasch et al., 1997), anthropogenic
aerosol concentrations (Kwiatkowski et al., 2013), or by the internal variability of
AMOC (Knight, 2009; Knudsen et al., 2011) or indeed a combination of external and
internal factors (Knudsen et al., 2014).

Methodology
Water samples
Samples of rainwater, lake water and shallow groundwater were collected on several
occasions between April and October 2013 and analysed to assist with interpretation of
the carbonate isotope data. Some additional ‘spot samples’ were collected in May 2012.
Surface waters and shallow groundwater samples were collected by completely filling
50-ml polyethylene bottles, which were then sealed with electrical tape to minimise the
risk of evaporative loss. Rainwater samples from May 2012 were collected in 50-ml
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polyethylene bottles using a funnel, whereas those from 2013 were integrated samples
of total monthly rainfall collected in a specially-adapted rainfall collector following
IAEA protocols (IAEA http://wwwnaweb.iaea.org/napc/ih/documents/userupdate/sampling.pdf [accessed 22 June 2012]).

Core recovery and chronology
Three sediment cores (FP1-3) were recovered within a few metres of each other from
Freshwater Pond through ~1 m of water using a Colinvaux-Vohnout drop-hammer
modified piston corer (Colinvaux et al., 1999). Core FP2 was extruded into 1-cm slices
in the field and stored at 4°C in the lab. Samples were dried for 1 hour at 60°C to
establish water content and analysed for loss-on-ignition at 550° and 950°C for organic
matter and carbonate content, respectively (Dean Jr, 1974).
The sediment core chronology is based on four accelerator mass spectrometry
(AMS) 14C dates (± 2σ) on well-preserved and identifiable achenes of the oligo-meso
haline species widgeongrass (Ruppia maritima), which can also tolerate extended
periods of hypersalinity (Kantrud, 1991). Comparisons of the 14C content of wood
fragments and Ruppia achenes from the same level in a sediment core from the Island of
Saint Martin (Lesser Antilles) did not reveal any significant reservoir effect (Bertran et
al., 2004; Malaize et al., 2011). Plant macrofossils were treated using a base-acid-base
treatment at the Scottish Universities Environmental Research Centre (SUERC), East
Kilbride, Scotland and the National Ocean Sciences Accelerator Mass Spectrometry
Facility (NOSAMS) at Woods Hole Oceanographic Institution, USA. Given the low
abundance of Ruppia maritima achenes within the sediment record, it was not possible
to measure the δ13C ratio independently. Thus an estimated δ13C value of -15‰ was
applied to normalize the uncorrected 14C date, the value being based on δ13C
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measurements of Ruppia achenes growing in oligo-mesohaline water environments
(Wozniak et al., 2006). An age-depth model was constructed using a linear interpolation
fitted through four calibrated radiocarbon dates using Clam 2.1 (Blaauw, 2010).
Radiocarbon dates were calibrated using the online software package OxCal 4.1
(Ramsey, 2001) and IntCal09 (Reimer et al., 2011). Data points are weighted according
to the calibrated probabilities and all dates are reported in calibrated calendar years CE
(2σ error ranges).

Faunal analyses
2 cm3 of sediment material was taken from each of the extruded 1cm slices from core
FP2 and gently washed with distilled water using a 63 µm sieve to remove the fine
fraction. The coarse fraction was dried overnight in an oven at 40°C. Ostracod valves,
gastropod shells and plant macrofossils were isolated and picked from the coarse
fraction using a fine nylon brush under a low power (20×) binocular microscope under
incident light and identified. Taxonomic information about the ostracod species found
came from the following sources: Martens & Behen (1994), Broodbakker (1982, 1983a,
b, c, 1984a, b,), Furtos (1934, 1936, 1938) and Keyser (1976). Ecological interpretations
of the ostracod assemblages were based on the work of Holmes (1997), Keyser and
Schöning (2000) and Pérez et al. (2010) and those of the gastropods based on McKillop
and Harrison (1982) and Smith and Brousseau (1996). All gastropod shells and up to
250 individual adult ostracod valves were picked from each sample and stored on
micropalaeontological slides. The presence and absence of pre-adult moults was
assessed qualitatively to determine the extent to which the assemblages remained in
situ. Only valves that were sufficiently whole to permit identification were picked.
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Stable Isotopes
Stable isotopes of oxygen and hydrogen in water samples were measured at the 'Lifer'
stable isotope laboratory, University of Liverpool. Isotope ratios were determined
simultaneously using a 'Picarro' WS-CRDS system and results are the average of at least
8 sequential injections of 2 µL of water. Results were normalised to
international standards using the SMOW/SLAP scale and verified by analysis of GISP
as an unknown. Analytical precision was better than 0.08‰ for 18O and 0.40‰ for D.
Individual ostracod valves were selected from the 1cm stratigraphic sediment
sections from core FP2. Individual valves of adult specimens of the ostracod
Heterocypris punctata were picked from the coarse fraction using a fine paint brush
under a low-power binocular microscope. Prior to isotope analysis, ostracod valves
were cleaned using a fine brush and then allowed to dry. Valves were then checked for
impurities using a binocular microscope. Multiple-valve (5 valves for the majority of
core levels) samples were analysed using a ThermoFinnigan Delta Plus XP mass
spectrometer connected to a GasBench. Oxygen-isotope values are reported in standard
delta notation relative to the VPDB (Vienna Pee Dee belemnite) standard, with
uncertainties of 0.09‰ for 13C and 0.20‰ for 18O (1σ), at the Bloomsbury
Environmental Isotope Facility (BEIF), University College London.

Results
Water isotopes
The spring/well waters range from about -2 to -4.5‰ VSMOW (Vienna Standard Mean
Ocean Water) for 18O and -8 to -28‰ for D and are described by the relationship D
= 7 × 18O +2.8 (Figure 2). The linear regression line for these waters plots slightly to
the right of that of the Global Meteoric Water Line (GMWL), which is described by the
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equation D = 8 × 18O + 10. Further, the spring and well waters are, with one
exception, distinctly more negative than the Freshwater Pond surface waters, of which
the latter vary from ~ +0.5 to +7.5‰ for 18O and +2 and +36‰ for D and are
described by the relationship D = 5 × 18O – 0.6. The linear regression line for the lake
waters has a significantly lower gradient than those of the GMWL and local ground
water samples. The monthly-integrated precipitation samples fall reasonably close to the
interception of the regression lines describing the spring/well and surface waters with
the exception of the May 2013 sample and the two spot samples, which were all more
positive.

Sediment description and chronology
The Freshwater Pond sediment core is composed of basal greenish-grey clays (84–50
cm) underlying 50 cm of uniform authigenic carbonate (marl) sediments rich in
calcareous micro- and macrofossils including fresh- to brackish-water ostracods,
gastropods, charophyte oospores and incrustations (Figure 3). The lowermost 12 cm of
the record contains trace amounts of plant detritus (mangrove leaves) as well as gravelsized fragments of indurated limestone most likely derived from the underlying
limestone terrace. Numerous iron-rich red mottles characterise the basal clays at 72–50
cm, above which a sharp transition marks the lower boundary of marl formation. This
transition is evident in the loss-on-ignition analyses characterised by a sharp rise in
carbonate content and a concomitant decrease in the residual content. Table 1 presents
the results of AMS radiocarbon dating for this site. The two basal radiocarbon ages (63–
64 cm and 64–65 cm) are consistent, showing the deposition of greenish-grey clays
occurred sometime before ~ 40 cal yr BCE. Sediment accumulation increased
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significantly above the transition to authigenic marls (50 cm), the initial deposition of
which occurred between 1460 and 1640 CE (2σ error range).

Ostracod and gastropod assemblages
Abundant and generally well-preserved ostracod and gastropod shells were found within
the sediments. The assemblages contain adults and juveniles and therefore appear
largely to be in situ, with only limited signs of reworking. The low-diversity
assemblages contain at most five ostracod and two gastropod species, including one
previously undocumented species. Here we restrict our interpretations to the ecological
preferences of the most abundant ostracod and gastropod taxa, namely Heterocypris
punctata, Chlamydotheca sp. and Pyrgophorus parvulus.
Heterocypris punctata (Keyser, 1975) is a nektobenthic ostracod, which is
generally found in warm, shallow waters (< 1 m) and is often associated with dense
aquatic vegetation. Across the Caribbean it inhabits seasonally fluctuating coastal
lagoons and prefers brackish-water conditions with a salinity range of 2–7‰ (Keyser
and Schoning, 2000); however, live specimens collected recently by the authors from
Manatee Bay in Jamaica, suggest it has a wider tolerance range, including salinities up
to 20‰. Ostracods in the genus Chlamydotheca (Saussure, 1838) are nektobenthic,
prefer fresh water, and have a largely Neotropical distribution. Evidence from Jamaica
suggests it prefers the shallow-water environments near the edges of lakes and ponds
(Holmes, 1997) and is able to tolerate shallow and fluctuating water levels. The very
large specimen found at Freshwater Pond has hitherto not been documented and is left
in open nomenclature until living specimens can be obtained. Pyrgophorus parvulus
(Guilding, 1828) has a circum-Caribbean distribution with documented specimens from
Jamaica, Hispaniola, St. Lucia, Grenada, St. Vincent and the Grenadines, the U.S.
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Virgin islands, Trinidad and Tobago, the Netherlands Antilles and Venezuela (Harrison,
1984; Muchmore, 1993, Smith and Brousseau, 1996). It is a freshwater Hydrobiid
gastropod that inhabits freshwater pools and ponds of varying sizes and depths with
surface areas < 400 m2 (McKillopp and Harrison, 1982) and is often found in ephemeral
and temporary ponds associated with episodes of heavy rainfall such as waterlogged
banana drains and dasheen gutters. The species can tolerate brackish water conditions
and has been collected from freshwater-fed mangrove forest ecosystems (Smith and
Brousseau, 1996).

Biostratigraphy and stable isotopes
Calcareous microfossils and macrofossils including ostracod, gastropod and charophyte
remains are abundant within the authigenic carbonate muds of the upper 50 cm of
sediment core FP2; however, their abundance varies significantly throughout the
sequence (Figure 4(a)). We sub-divided the sediment archive into five biostratigraphic
units delimited by the absence of the freshwater gastropod Pyrgophorus parvulus at
sediment depths of 5, 16, 30 and 42 cm. Similar minima in the total sum of micro- and
macro-fossils were observed at the same depths.
Two notable patterns emerged from the fossil ostracod and gastropod data. First,
the relative abundance curves of ostracod remains (Figure 4(b)) suggest a gradual
transition from a Chlamydotheca-dominated assemblage in the lower units (FP1–2) of
the sediment profile to one dominated by Heterocypris punctata in the upper half (FP3–
5). The progressive increase (decrease) in the relative abundances of H. punctata
(Chlamydotheca) upcore is mirrored broadly by a rise in δ13C values. The second
prominent pattern can be observed within the curve representing the total sum of microand macrofossils (Figure 4). Periodic pulses of shell accumulation occurred towards the
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centre of each unit (FP1–5), and are separated by episodes during which the total
abundance of micro- and macrofossils dropped significantly. This episodic variability in
shell accumulation is mirrored broadly by the carbonate content of the sediment core,
which co-varies with the total micro-and macro-fossil sum, a relationship that is
particularly evident in units FP1 and FP2. A clear inverse relationship between the
relative abundances of the freshwater gastropod P. parvulus and the brackish-watertolerant ostracod H. punctata, is evident throughout the sediment record (Figure 4(b)).
Oxygen isotope values from the valves of H. punctata fluctuated between ~ -0.5
and 2.5‰ for the sequence as a whole (Figure 4b). The core-top value of +0.3‰ is
consistent with its calcification in water with a 18O value of about +2.7‰ using the
equation of Kim and O’Neil (1997), and assuming a calcification temperature of 30˚C
and an offset from oxygen-isotope equilibrium of +1‰ for H. punctata due to vital
effects (Pérez et al., 2013). This is within the range of modern 18O values for the water
of Freshwater Pond (Figure 2).
The most positive excursions of ~2.5‰ occur at 39, 29, and 16 cm, broadly
corresponding with the unit boundaries. The maximum δ18O value in the core occurs at
29 cm depth and equates to a lakewater δ18O of +5.2‰ VSMOW, assuming water
temperature of 30°C, an estimate based on the average temperature range of
waterbodies (28–30°C) in similar climatic and environmental settings across the region
(Burn and Palmer, 2014). The most negative values occur at 42, 24, and 11 cm, of
which the latter equates to a lakewater δ18O of +1.6 ‰ and +1.2‰ assuming water
temperatures of 30°C and 28°C, respectively. With the exception of units FP1 and FP2,
the oxygen isotope record broadly follows the patterns in the abundance of P. parvulus,
whereby positive (negative) excursions of oxygen isotope values coincide with periods
of low (high) abundance of P. parvulus.
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Discussion
Stratigraphy and Chronology
The genesis of Freshwater Pond occurred some 2000 years BP with the deposition of
the basal greenish-grey clays. The lake was probably connected to the Caribbean Sea at
that time by means of the narrow channel extending southward from its southern
margins. Greenish-grey clays are common constituents of coastal lagoon sediment
profiles in the Caribbean region and are often emplaced immediately above the
underlying carbonate platform prior to the accumulation of lagoonal sediments. They
are thought to be formed by in situ crystallization of deeply weathered terrestrial
material in lagoons of elevated salinity or on the shallow sea floor (Isphording, 1973).
Mangrove fragments found preserved within the clay matrix provide evidence of an
established mangrove forest that extended inland from the southern coast of Barbuda,
which still thrives today despite the pond’s isolation from the sea (>2 km). By 2000
years BP, the rate of eustatic sea level rise had slowed and having reached
contemporary levels, permitted the initial development of a freshwater lens that rested
above the underlying saltwater table (Brasier and Donahue, 1985). Red mottles present
within the clays from 70–50 cm suggest that lake levels changed significantly during
this period, affecting redox conditions in the lake. Sediment accumulation rates
remained low until the transition to the period of authigenic marl precipitation at 50 cm
depth (~1460–1640 CE; 2σ error ranges), after which a sharp increase in the
sedimentation rate occurred. The establishment of a more permanent water body at this
time is supported by the presence of an abundant fresh-brackish water calcareous
microfossil and macrofossil assemblage.
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Biostratigraphy and carbon isotopes
Stable carbon isotopes measured from ostracod calcite are often interpreted as
palaeoproductivity indicators because 12C is preferentially taken up by plants during
photosynthesis, leaving lake-water Total Dissolved Inorganic Carbon (TDIC) with
higher δ13C values (e.g. Holmes et al., 1997). As a result, positive excursions in δ13C
may indicate periods of enhanced ecosystem productivity as 12C is drawn down into the
lakes’ organic carbon store. However, changes in δ13C are also influenced by the
interplay between the relative rates of plant respiration and decay and the exchange of
CO2 between the atmosphere and the lake water. The former acts to reduce the δ13C
value by releasing 13C-depleted CO2 (δ13C = -30 to -10) into the water body (Holmes et
al., 1995). In contrast, in carbonate lakes, such as Freshwater Pond, that exhibit a high
pH and are very well buffered, the pre-industrial atmosphere would have contributed
CO2 with a 13C value of ~ -6.5‰ to the lake-water TDIC (Gerber et al., 2003). In
general, TDIC should have a δ13C value 7.6‰ higher than that of the atmosphere at
28˚C, assuming complete isotopic equilibrium exists between the two. Thus, assuming
pre-industrial atmospheric CO2 had a δ13C value of about -6.5‰, TDIC of Freshwater
Pond would have had a δ13C value of ~ +1.1‰. The range of values exhibited in
sediments from Freshwater Pond are generally more negative, suggesting either that
TDIC may not have been in complete isotopic equilibrium with the atmosphere and/or
that plant respiration and decay were affecting the isotopic signature. With this in mind,
we nevertheless interpret the longer-term trends in δ13C as a general indicator of
ecosystem productivity.
The Freshwater Pond sediment record represents the establishment of a new freshbrackish water ecosystem, thus the biological assemblages were not only influenced by
environmental and climatic variability, but also by internal ecosystem dynamics

15

associated with hydroseral succession. For example, the transition from a
Chlamydotheca-dominated ostracod assemblage in units FP1&2 to one dominated by
Heterocypris punctata (FP3–5) reflects not only a change from a fresh-to brackish water
environment, but may also reflect a trend towards increased ecosystem productivity, an
interpretation supported by the progressive increase in the δ13C values of ostracod
calcite throughout the sequence. The low abundance of H. punctata in the lowermost
units of the sediment record may relate to the early developmental stage of the lake.
Low levels of organic matter combined with negative excursions of δ13C suggest that
photosynthetic activity within the lake was subdued at that time resulting in the low
abundance of aquatic macrophytes, which, in turn, may have restricted the population
expansion of H. punctata (Perez et al. 2010). Rising δ13C values and organic matter
content, and the relative abundance of H. punctata, point to a transition to a more
productive environment beginning around 1700 CE (30cm; FP3–5). The concomitant
decline in the abundance of Chlamydotheca suggests that this species may have been
outcompeted by H. punctata. The relative abundance of the gastropod Pyrgophorus
parvulus, a predominantly freshwater species (McKillop and Harrison, 1982; Smith and
Brousseau, 1996), provides further support for this interpretation; if the decline in
Chlamydotheca had been caused by increased salinity levels alone, a parallel decline in
the population of P. parvulus would be expected. The relative abundance of P. parvulus
remains generally consistent throughout the sequence, highlighting the likelihood that
the Chlamydotheca decline was caused by either increased competition with H.
punctata or increased lake productivity, or a combination of both.
P. parvulus provides a robust and sensitive proxy for the changing balance of
precipitation and evaporation because of its ability to thrive in both temporary and
permanent water bodies in response to a rapid increase in rainfall (McKillop and
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Harrison, 1982). We interpret periodic pulses of shell accumulation recorded in each of
the stratigraphic units (FP1–5) to reflect changing lake levels in response to changes in
patterns of effective precipitation. We suggest that rapid increases in the abundance of
P. parvulus and the total micro- and macro-fossil sum, reflect increases in effective
rainfall that resulted in the expansion and freshening of Freshwater Pond. In contrast,
their declining abundance indicated drier conditions that caused the lake to contract,
thereby increasing salinity, a consequence of evaporative concentration. Because H.
punctata exhibits greater tolerance of euryhaline conditions than P. parvulus, it would
likely have outcompeted the gastropod during periods when evaporative concentration
occurred in response to extended episodes of aridity. Thus we interpret the inverse
relationship between the relative abundances of H. punctata and P. parvulus on shorter
timescales, to represent drier and wetter conditions, respectively (Figure 4).
Our proxy data indicate that the most severe period of aridity in our record occurred
in Barbuda around 1600 CE (42 cm) and is characterised by low micro-and macrofossil
abundance and an associated drop in carbonate content (Figure 4). The combination of a
drop in microfossil abundance, which included both fresh- and brackish-water-tolerant
species, and the cessation of marl formation, would strongly suggest that the lake dried
up entirely at that time. Other dry periods are inferred at around 1720 CE (30 cm),
1800–1850 CE (15–20 cm), and during the last ~30-40 years (Unit FP5).

Oxygen Isotopes
The relationship between precipitation and the δ18O of lake water arises as a result of
two additive processes. First, there is often a negative correlation between precipitation
amount and δ18O value of precipitation (δ18Op) as a result Rayleigh distillation, which
occurs during rain-out; this relationship represents the so-called ‘amount effect’
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(Dansgaard, 1964). Thus, periods of increased rainfall are associated with lower δ18Op
values. Second, the δ18O of surface water in lakes and ponds is often modified as a result
of evaporation, during which water molecules containing lighter isotopes are lost
preferentially, leaving the remaining waterbody relatively enriched in heavier isotopes.
Enhanced evaporative enrichment occurs when effective moisture (P-E) and
atmospheric humidity are low. Consequently, during dry intervals, reduced rainout
produces precipitation with a relatively high δ18Op value and this value is further
increased by kinetic fractionation during evaporative enrichment after the water has
reached the ground surface. Secondary effects, determined by the source, transport
paths, and rainout history of the air masses, all of which are linked to atmospheric
circulation, may also influence the δ18Op value of rainfall, and hence lake water.
We argue that the oxygen isotopic composition of lake waters from Freshwater
Pond is sensitive to the changing balance between lake water inputs (precipitation and
groundwater) and evaporative loss. The δ18O and δD values of the contemporary lake
waters are distinctly more positive than those of the rainfall and groundwater samples
indicating a marked kinetic fractionation due to evaporative enrichment (Figure 2).
Further, the regression equation for the lake waters of Freshwater Pond (D = 5 × 18O
– 0.6) defines an evaporative line, which falls below the GMWL (D = 8 × 18O + 10)
and has a slope of about 5. These values are consistent with those of other tropical lakes
where evaporation is a dominant process including the lake waters of Wallywash Great
Pond in Jamaica (D = 5.5 × 18O – 0.06; Holmes et al., 1995), the combined waters of
lakes Chichancanab and Petén Itzá on the Yucatan Peninsula in Mexico (D = 5 × 18O
– 1.3; Hodell et al., 2012) and a suite of lakes in East Africa (Craig 1961). Given our
contention that the isotopic composition of Freshwater Pond reflects changes in
effective moisture and that lake waters are the dominant control on the oxygen isotopic
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composition of biogenic calcite in hydrologically closed lakes, we therefore interpret the
δ18O of fossil ostracod calcite to be a proxy for effective precipitation.
The most positive excursions of δ18O of ostracod calcite in our sediment record are
generally associated with episodes of low microfossil abundance (particularly P.
parvulus), and so support our inference that these episodes represent periods of relative
aridity (Figure 4(b)). These positive excursions equate to a lakewater δ18O of ~ +5‰
after correcting for vital effects, and exceed contemporary values for rainfall that fall
between -3 and +1‰ (Fig. 2) and those of most of the collected pond waters (values of 2 to +5‰) suggesting that the periods of low effective moisture were more extreme than
today. In contrast, the wetter periods inferred from peaks in microfossil abundance at
32, 24, and 11 cm are associated with lower δ18O values (~ 1.5‰), which lie within the
range of the collected contemporary pond waters. The coincidence at ~1600 CE of low
microfossil abundance, carbonate values and negative excursions of δ18O (Figures 4&5)
is an exception and is likely explained by the desiccation of the lake at that time and the
subsequent breakdown in the relationship between δ18O variability of ostracod calcite
and changes in effective moisture.

Climate variability in Barbuda during the Little Ice Age
Our microfossil-based climate reconstruction suggests that the island of Barbuda
experienced significant variability in effective rainfall over the past four centuries, a
period that spans much of the so-called Little Ice Age (~1400–1850 CE). This result
supports the findings of a geochemical study of a sediment core from a mangrove
lagoon in Jamaica, which shows not only that the climate of Jamaica was not uniformly
dry during the LIA, but that it was also characterised by enhanced rainfall variability on
multidecadal timescales (Burn and Palmer, 2014). Similar conclusions have been drawn
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from speleothem-based precipitation reconstructions for Cuba (Fensterer et al., 2013)
and Belize (Kennett et al., 2012), which attest to the significant climate variability that
occurred during the LIA across the Caribbean region. Importantly, these findings
contradict those of other regional palaeoclimate studies, which indicate that the LIA was
manifested as an extended episode of aridity across the circum-Caribbean region (Haug
et al., 2001; Hodell et al., 2005; Lane et al., 2011).
Recent studies on the modern climate dynamics of the Caribbean region suggest
that ENSO and the AMO are the principal drivers of contemporary rainfall patterns
(Giannini et al., 2001; Dunstone et al., 2013). To examine the influence of these modes
of climate variability on the longer-term effective rainfall in Barbuda, we compared the
abundance of Pyrgophorus parvulus with the oxygen isotope record from Freshwater
Pond and high resolution tree-ring-based reconstructions of the AMO (Gray et al., 2004)
and ENSO (Li et al., 2013; Figure 5). We found a remarkable correspondence between
the abundance of P. parvulus and the AMO reconstruction between about 1550 and
1850 CE, which suggests that extended episodes of aridity may be explained by
suppressed SSTs in the tropical Atlantic. Similarly, periods of increased effective
moisture were often associated with warmer Atlantic SSTs. The covariance between
these two proxy records not only supports the integrity of the tree-ring based SST
reconstruction for the Atlantic Region, but also suggests that sea surface temperature
variability in the Atlantic has had a dominant influence on rainfall patterns in Barbuda
at least between 1550 and 1850 CE during the period associated with the LIA. The close
correspondence between Atlantic SST and rainfall patterns may be explained intuitively
because Barbuda is located very close to the centre of AMO activity in the Tropical
Atlantic, which during the wet season directly affects tropospheric stability and in turn
precipitation and tropical cyclone activity.
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Comparison of our microfossil data with the ENSO reconstruction of Li et al.
(2013) for the past five centuries suggests that ENSO has also had a strong influence on
rainfall patterns in Barbuda, particularly since about 1700 CE. Episodes of stronger El
Niño-like activity occurred during the periods 1720–1775, 1820–1850, and 1975–2010
and were associated with drier conditions in our study as represented by the low
abundance of P. parvulus and more positive δ18O values. In contrast, inferred wetter
periods between 1775–1800 CE and during the late 19th century correspond with La
Niña-like conditions in the tropical Pacific. Given that contemporary rainfall patterns in
the region are strongly controlled by the interplay between ENSO and the AMO, we
interpret the changing long-term rainfall patterns represented in the Barbuda record to
also reflect the relative influences of these regional-scale climatic phenomena. The
Freshwater Pond sediment record provides strong evidence that sea surface
temperatures in the Atlantic were the overriding control on rainfall patterns in Barbuda
between about 1550 and 1720 CE. From 1720–1860 CE, ENSO appears to have exerted
some additional influence and to have combined with the AMO to reinforce drier
conditions between 1720–1775 and 1820–1850 and wetter conditions from 1775–1800.
The relationship between the AMO and rainfall patterns in Barbuda appears to break
down during the industrial era, possibly because of the increased influence of ENSO at
that time. Thus long-term patterns of effective rainfall in Barbuda appear to result from
the combined and temporally variable influence of both Atlantic and Pacific modes of
climate variability.
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Figure Captions:
Figure 1. (a) Map of the circum-Caribbean region and the sites discussed in the text.
From left to right: Yok-Balum Cave, Belize (Kennett et al., 2012); Aguada X’caamal,
Yucatan Peninsula Mexico (Hodell et al., 2005); Dos Anas Cave, Cuba (Fensterer et al.,
2012); Grape Tree Pond, Jamaica (Burn and Palmer, 2014); Laguna de Felipe,
Dominican Republic (Lane et al., 2011); Cariaco Basin (Haug et al., 2001); Freshwater
Pond, Barbuda. (b) Map of Barbuda showing the study site Freshwater Pond. The area
represented by horizontal lines shows the maximum extent of the Pond during wetter
periods.
Figure 2. Plot of the stable isotope composition of ground water, precipitation and lake
water in Barbuda collected on several occasions in May 2012 and between April and
October 2013. Note the linear least squares regression lines for spring and lake waters
have a lower gradient and fall below that of the Global Meteoric Water Line (GMWL)
suggesting evaporative enrichment of the collected samples. Groundwater and rainfall
samples were recovered from man-made wells and rainfall collectors on the Highlands
Plateau. Lake water samples were collected from Freshwater Pond.
Figure 3. Sediment stratigraphy, age-depth model and the corresponding water, organic
matter, carbonate and residual curves determined by loss-on-ignition for sediment core
FP2 from Freshwater Pond, Barbuda.
Figure 4. Ostracod and gastropod fauna of Freshwater Pond sediment core FP2 (a)
absolute fossil counts (#) for each taxon per 2cm3 of sediment and the corresponding
curves for the total sum of ostracod valves, carbonate content and the total sum for all
micro-and macrofossil counts. The biostratigraphic units FP1-5 are delimited by
boundaries defined by the absence of the freshwater gastropod Pyrgophorus parvulus.
(b) Stable carbon and oxygen isotope measurements determined from fossil valves of
the ostracod Heterocypris punctata compared with the relative abundance of selected
ostracod and gastropod taxa, the carbonate content of sediment core FP2 and the total
sum of all micro- and macrofossil counts. Light grey lines represent the original stable
isotope measurements and the black line is a 5-point running mean of the isotope time
series.
Figure 5. Comparisons between the tree-ring-based reconstructions of the Atlantic
Multidecadal Oscillation (AMO) of Gray et al. (2004) and El Niño Southern Oscillation
(ENSO) of Li et al. (2013) and counts of the freshwater gastropod Pyrgophorus
parvulus (Guilding, 1828) and the oxygen isotope determinations of ostracod calcite of
Heterocypris punctata (Keyser, 1975) for the period 1500 CE - present.
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