
Decadal cyclicity of regional mid-Holocene precipitation:

Evidence from Dominican coral proxies

Lisa Greer1 and Peter K. Swart2

Received 8 April 2005; revised 1 February 2006; accepted 14 February 2006; published 29 June 2006.

[1] The stable carbon (d13C) and oxygen (d18O) isotopic compositions of four Holocene specimens of
Montastraea sp. and Siderastrea sp. coral skeletons from the Dominican Republic were analyzed to examine
decadal-scale fluctuations in regional precipitation. The specimens range in length from 47 to 197 years
individually and range in age from �7.2 to 5.2 kyr. Oscillations in the d13C and d18O of coral skeletons from the
Holocene Enriquillo Valley occur with a seemingly consistent frequency of 15–20 years. For one coral (�6 ka)
this decadal to multidecadal mode of variability is statistically significant. The decadal to multidecadal mode of
stable isotopic variability may represent cyclic fluctuations in mid-Holocene migration of the Intertropical
Convergence Zone (ITCZ) or in the hydrogeology of the region as governed by fluctuations in the passage of
tropical storms and hurricanes. Regional temperature is believed to act as only a secondary control on the d18O
values of these corals. However, ITCZ migration and/or oscillations in storm frequency at this site may
ultimately reflect decadal-scale patterns in greater tropical North Atlantic sea surface temperatures. The length
and resolution of climate variability represented in this study indicate a persistent decadal to multidecadal mode
of Atlantic climate fluctuation throughout the mid-Holocene that is indistinguishable from observed historical
climate.

Citation: Greer, L., and P. K. Swart (2006), Decadal cyclicity of regional mid-Holocene precipitation: Evidence from Dominican

coral proxies, Paleoceanography, 21, PA2020, doi:10.1029/2005PA001166.

1. Introduction

1.1. Atlantic Decadal Climate Variability

[2] Cycles in climate variability occur on scales that range
from subannual to at least multimillennial in frequency. The
forces behind observed decadal climate phenomena in the
Atlantic are complex and frequently debated [e.g., Hurrell,
1995; Carton et al., 1996; Hurrell and Vanloon, 1997; Chang
et al., 1997; Enfield and Mayer, 1997; Marshall et al., 2001;
Dong and Sutton, 2003; Joyce et al., 2004; Huang et al.,
2004]. Decadal and centennial climate variability may be
forced by a number of potential mechanisms, depending on
local, regional, and global patterns in weather, insolation, and
geography.
[3] Observed climate patterns in the tropical Atlantic

include decadal to multidecadal patterns (here defined as
12–20 years) in (1) Atlantic sea surface temperature (SST)
anomalies [Carton et al., 1996; Chang et al., 1997;Marshall
et al., 2001], (2) precipitation off the west coast of Africa
[Gray et al., 1997], and (3) Atlantic tropical storm frequency
[Landsea et al., 1992; Zhang et al., 2000; Elsner et al., 2000].
In particular, several studies cite an observed 12–15 year
frequency of SST variability in the tropical Atlantic [Chang
et al., 1997;Moron et al., 1998;Hakkinen, 2000; Joyce et al.,
2000; Cobb et al., 2001] and the Western Hemisphere Warm

Pool [Wang and Enfield, 2001]. This decadal pattern in SST,
sometimes thought to exist as a function of dipole-like
conditions in the tropical Atlantic, has been the focus of
numerous observational and modeling studies, and there is
much debate as to the mechanism(s) of decadal Atlantic
climate variability [Nobre and Shukla, 1996; Chang et al.,
1997, 2000; Tanimoto and Xie, 2002; Kushnir et al., 2002;
Huang et al., 2004; Joyce et al., 2004].
[4] Most conceptual models of Atlantic climate point to a

dynamic ocean as a participant rather than observer in ocean-
atmosphere interactions, particularly on lower-frequency
timescales. The mechanisms for decadal Atlantic climate
change are likely forced by changes in insolation, surface
or thermohaline circulation, or air-sea exchange of heat and
energy. In addition to Atlantic origin climate forcing mech-
anisms, ENSO activity has documented teleconnections with
Atlantic climate [Gray, 1984a; Landsea et al., 1994; Lighthill
et al., 1994; Chang et al., 2000; Saravanan and Chang,
2000]. While Pacific ENSO activity and precipitation pat-
terns in theWest African Sahel have been linked to patterns in
the formation and intensity of Atlantic tropical storms and
hurricanes on a decadal scale [Gray, 1984a, 1984b; Landsea
and Gray, 1992; Lighthill et al., 1994; Landsea et al., 1996;
Gray et al., 1997], few high-resolution reconstructions of
hurricane patterns predating historical records have been
attempted [e.g., Liu and Fearn, 2001]. Historical records of
Atlantic hurricane path, frequency and intensity exist only for
the last century [Neumann et al., 1993; Landsea, 1993].

1.2. Mid-Holocene Climate

[5] Many studies indicate that changes in insolation have
profound effects on seasonal to millennial global climate
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patterns [Rind and Overpeck, 1994; Lean and Rind, 2001].
Early and mid-Holocene northern insolation was very
different than at present. The mid-Holocene was a time of
decreasing seasonal insolation in the Northern Hemisphere
because of changes in the Earth’s orbit [Berger, 1978] with
the most rapid rate of insolation decline after �6 ka [Steig,
1999]. Holocene changes in insolation may have resulted in
dramatic spatial differences in surface heating and therefore
ocean and atmospheric circulation.
[6] The mid-Holocene (here loosely defined as the period

from 5–8 kyr) was a time of particularly rapid changes in
global climate patterns [Steig, 1999]. Evidence exists for
significant non-linear changes in mid-Holocene atmospheric
and sea surface temperatures [Bond et al., 1997; Gagan et
al., 1998; Steig, 1999], global oceanic and atmospheric
circulation [Steig, 1999], North Atlantic Deep Water for-
mation [Charles et al., 1996], atmospheric trace gas levels
[Indermuhle et al., 1999], the frequency of storms and El
Nino events [Rodbell et al., 1999] and Pacific monsoon
patterns [Johnson et al., 1999].
[7] While there is abundant evidence for rising temper-

atures throughout most of the middle to late Holocene,
changes in precipitation have been documented as well. The
transition from the last Pleistocene glacial maximum to the
early Holocene resulted in a globally synchronous change
from dry and cool to warmer and more humid conditions.
Mid-Holocene changes in precipitation, atmospheric circu-
lation, and vegetation have been well documented in Africa
and Central and South America [Bradbury et al., 1981;
Piperno et al., 1990; Peterson et al., 1991; Hodell et al.,
1995; deMenocal et al., 2000; Seltzer et al., 2000; Black et
al., 2004]. A distinct transition from arid to moist conditions
in Central America, the Caribbean and Africa has been
documented and termed the mid-Holocene moist, wet,
warm or humid period [Hodell et al., 1991; deMenocal et
al., 2000]. The onset and termination of this period appear
to vary geographically.
[8] Proxy climate records from the Caribbean show late

glacial arid conditions, a moist and warm mid-Holocene and
a transition to more arid conditions in the late Holocene
[Bradbury et al., 1981; Piperno et al., 1990; Hodell et al.,
1991; Curtis and Hodell, 1993]. Temporally well-con-
strained geochemical measurements [Hodell et al., 1991;
Curtis and Hodell, 1993] and pollen records [Higuera-
Gundy, 1991] from a sediment core from Lake Miragoane
(Haiti) provide proxy climate data geographically closest to
the Enriquillo Valley, the site of this study. Analyses of the
Lake Miragoane core (d18O, Sr/Ca, pollen) indicate con-
comitant increases and decreases in both temperature and
precipitation during the mid-Holocene [Hodell et al., 1991;
Curtis and Hodell, 1993; Higuera-Gundy, 1991]. Hodell et
al. [1991] and Curtis and Hodell [1993] observed transi-
tions in the d18O of ostracods from Lake Miragoane sedi-
ments interpreted to represent changes in the evaporation/
precipitation balance for the Caribbean. Data from Mira-
goane show dry conditions (enriched d18O) from 10.5 to
10.0 kyr with an increase in moisture (progressive depletion
of d18O) from �10 to 7 kyr. The most depleted d18O values
occurred from �7.0 to 5.3 kyr, after which a slight enrich-
ment in d18O was interpreted to signal a decrease in

moisture [Hodell et al., 1991; Curtis and Hodell, 1993].
The enrichment in d18O of the Miragoane core at �5.3 ka
roughly coincides with the abrupt termination of the African
Humid Period �5.5 ka [deMenocal et al., 2000, and
references therein].

1.3. Corals as Climate Proxies

[9] Many coupled ocean and atmospheric models of past
tropical Atlantic climate rely on verification using historic
SST data that rarely extend beyond the last century. There-
fore the accuracy of such models, in defining conditions for
longer time periods, is limited by a lack of data. Despite the
short length of available SST chronologies from the tropical
Atlantic, some interannual patterns in SST variability ap-
pear to be significant. Proxy records of climate potentially
extend the record of decadal Atlantic climate fluctuations
beyond the last century.
[10] The geochemical compositions of scleractinian cor-

als have long been used as proxy records of climate.
Valuable information concerning the environment in which
a coral grew is recorded within the chronology of chang-
ing geochemical composition of coral skeletal carbonate.
It has been shown that the d13C, d18O, and trace element
content of coral carbonate can reflect key marine envi-
ronmental parameters during coral growth. Corals can
therefore serve as proxy records of various components
of the climate system, including sea surface temperatures
[Weber and Woodhead, 1972; Fairbanks and Dodge,
1979; Beck et al., 1992; Dunbar and Wellington, 1981]
and patterns in precipitation and evaporation [Swart and
Coleman, 1980; Cole and Fairbanks, 1990; Cole et al.,
1993; Gagan et al., 2000; Swart et al., 2001; Kilbourne et
al., 2004] in local, regional, and global paleoclimate
systems. Geochemical coral records have been instrumen-
tal in reconstructing paleo-ENSO activity [Cole et al.,
1993; Dunbar et al., 1994; Charles et al., 1997; Linsley et
al., 2000; Le Bec et al., 2000; Tudhope et al., 2001] and
precipitation patterns in the West African Sahel [Swart et
al., 1998].
[11] This paper compares decadal patterns in climate

between the present day and a four periods between �7.2
and 5.2 kyr using historical climatological data and stable
oxygen and carbon isotopic composition of corals from a
Holocene locality in the Enriquillo Valley, Dominican
Republic. A decadal to multidecadal-scale mode of vari-
ability in d13C and d18O data from Holocene Dominican
corals is proposed to reflect decadal-scale changes in
precipitation between �7.2 and �5.2 kyr. We propose that
these patterns in Holocene precipitation may have been
driven by changes in latitudinal migration of the Intertrop-
ical Convergence Zone (ITCZ) or storm activity, both of
which may have ultimately been driven by fluctuations in
tropical Atlantic SSTs.

2. Methods

2.1. Site Selection and Sample Collection

[12] The Enriquillo Valley is located in the southwestern
interior of the Dominican Republic and trends approximately
east to west from the Caribbean Sea in the Dominican
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Republic to the Baie de Port-au-Prince in southeastern Haiti
(Figure 1). Surrounded by mountains, Lake Enriquillo
occupies the center of the valley, stretching from close to
the Haitian border to �30–35 km eastward (Figure 1). Lake
Enriquillo, the largest saltwater lake in the Caribbean, lies in
the western portion of the valley and covers �300 km2 of
the valley floor. The Neiba and Baoruco Mountains, each

with elevations higher than 2500 m above sea level, border
the northern and southern shores of Lake Enriquillo. The
lake became separated from the Caribbean by flood plain
and alluvium deposits to the east of the valley between �4.3
and 4.0 kyr [Taylor et al., 1985; Greer, 2001]. Until that
time it was in open communication with the Caribbean Sea.
The water level of the lake now stands approximately 40 m

Figure 1. Location maps showing the (a) Dominican Republic and (b) Jaragua Peninsula. The
Enriquillo Valley trends approximately NW to SE. Mountain chains are indicated by arcs concave toward
drainage direction. The approximate location of the paleo-Enriquillo embayment is shaded. (c) Sample
sites proximal to Lake Enriquillo. DR 9 was collected from Abuela Grande and DR 6 was collected from
Circa La Zurza on the south shore of Lago Enriquillo. DR 12 and DR 15 were collected from Las
Clavallinas, and Canada Honda marks the uppermost Holocene reef elevation. PC notes the location of
Parque Cabritos, where water samples were collected. Rio Georges (dashed line) notes the channel
reactivated after Hurricane Georges in 1998.
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below sea level exposing a well-developed Holocene
fringing reef and postreefal sedimentary deposits. The
salinity of Lake Enriquillo is highly variable, ranging
from 98 ppt (8 July 1998) to 44 ppt (26 November 2004)
nearshore. Road cuts, gullies, out washes, and quarries
along the lake have exposed thick sequences of Holocene
corals in growth position. Montastraea sp. and Sideras-
trea siderea are most common. With some exceptions, the
ecology, zonation, and diversity of reef deposits in the
Enriquillo exposure are similar to that found in modern
reefs throughout the Caribbean [Stemann and Johnson,
1992]. No major unconformities have been observed in
Holocene reef strata.
[13] Exposed Holocene reef outcrops were located in

gullies, road cuts, and abandoned quarries around the
perimeter of the Enriquillo Valley floor (Figure 1). The
pristine three-dimensional preservation of the reef outcrop
allowed collection of consecutive sequences of corals.
Corals reflecting over 1,000 years of combined growth with
varying degrees of continuity were obtained. Both Side-
rastrea sp. and the Montastraea annularis species complex
described by Knowlton et al. [1992] (M. annularis,
M. faveolata, M. franksii) were collected. This study focus-
es on data from a specimen of Montastraea annularis
(DR9) from Abuela Grande, two specimens of Siderastrea
sp. corals (DR12 and DR15) from Arroyo Las Clavallinas,
and one Siderastrea sp. coral from Circa La Zurza

(Figure 1). Though rates of uplift have not been fully
constrained at particular sites in the Enriquillo Valley [Mann
et al., 1995], uplift appears to be minimal at all sample
locations and no evidence of folding or faulting of Holocene
reef sediments was found in this study. Specimens DR15,
DR12 and DR9 were collected at elevations of �14.64,
13.44 and 15.57 m below present mean sea level and
presumably grew at similar shallower depths. The exact
elevation of DR6 could not be determined because of
logistical constraints but is estimated to be within a similar
depth range. Data presented here include 367 individual
years of coral growth between �7.2 and 5.3 kyr.

2.2. Sclerochronology

[14] All coral specimens were sliced with a diamond
edged saw and x-rayed to illuminate density patterns.
X-radiographs of all coral specimens are shown in Figures 2
and 3. Annual extension rates were assessed by measuring
the maximum distance between adjacent dark carbonate
bands. Total extension for each year was measured with
calipers along the axis of maximum skeletal extension at a
resolution of 0.1 mm. Mean annual extension rate data for
each coral are reported in Table 1. Corals were then
examined for fluorescent banding patterns using an auto-
mated pulsed nitrogen laser coupled with a fiber-optic
bundle and a UV-enhanced photocell [Milne and Swart,
1994]. The content of detritus incorporated coral skeletal

Figure 2. X radiographs of all sections of (left) DR 12, (middle) DR 6, and (right) DR 15. Breaks
between coral sections were estimated and accounted for in the data. Approximate sample paths are
indicated on each coral section. The entire length of DR 12 is �19 cm, DR 6 is �22 cm, and DR 15 is
�20 cm.
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framework was examined via scanning electron microscopy
(SEM) with energy dispersive X-ray analysis.

2.3. Age Model for Corals

[15] All coral specimens were assessed for possible dia-
genetic alteration from aragonite to low-Mg calcite using
standard X-ray diffraction techniques on a Scintag 2000 2-
theta X-ray diffraction instrument. Select corals were pre-
pared for 230Th/234U isotopic measurement via methods
described by Hamelein et al. [1991]. Corals from the
Enriquillo Valley range in age from 5297 ± 41 to 7203 ±
77 calendar years before present.

[16] It is believed that the densest portion of the annual
coral growth couplet is formed in coincidence with the
warmest seasonal SSTs [Hudson, 1981; Lough and Barnes,
1990], which presently occur during August and September
in the Caribbean according to COADS data [Slutz et al.,
1985]. This time period corresponds with increased regional
precipitation. Coincident increases in temperature and pre-
cipitation act to deplete d18O values of marine waters.
Hence we have assigned the most negative d18O of Holo-
cene coral skeletons to occur at the time of highest temper-
ature and precipitation. Coral chronologies were initially
based on the assignment of age according to density
banding. As density-banding interpretation is quantitatively

Figure 3. X-radiographs of all sections of DR 9 from left bottom (oldest) to right top (youngest). Breaks
between coral sections were estimated and accounted for in the data. Approximate sample paths are
indicated on each coral section. The entire length of DR9 is �1.6 m.
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imprecise, chronologies were refined using the observed
oxygen isotopic minima. Therefore coral ‘years’ begin in
the warm/wet season and extend to the next season.
[17] In some corals, seasonal patterns in the d13C of coral

carbonate were more reliable indicators of seasonal cycle
than d18O patterns, providing a clearer high-amplitude
annual fluctuation. Although the cause for this is unknown
at present, the d13C minima of many corals lag the oxygen
isotopic minima by approximately 2–3 months. Therefore
when d18O records were unclear, ages were assigned using
seasonal d13C patterns and corrected for a 2-month lag.

2.4. Stable Isotopic Analysis

[18] Powdered calcium carbonate was sampled from
selected coral specimens using a computer controlled drilling
apparatuswith an attached diamond tipped drill bit. As a result
of variations in growth between species and individual corals,
corals were sampled at different resolutions. The sampling
resolutions for corals used in this study are summarized in
Table 1. Sampling resolution was held constant for each
individual coral and all corals were sampled at a resolution
of at least 4 samples per coral year, a resolution considered
adequate to capture decadal patterns in isotopic composition
[Quinn et al., 1996], if not precise seasonal patterns. All
specimens were drilled in continuous transect increments
along the thecal wall of the coral skeleton, parallel to the axis
of primary growth. Swart and Leder [1995] have shown that
this samplingmethodology does not affect the original carbon
and oxygen isotopic composition of the coral skeleton.
[19] Carbonate powder samples were stored in copper boats

in a desicator and analyzed using a Finnigan-MAT 251 mass
spectrometer connected to an automated extraction device.
Isotopic data are presented in standard delta notation relative
to V-PDB and have been corrected for the usual isobaric
interferences. Data reported herein are available electroni-
cally at the World Data Center-A for Paleoclimatology.

2.5. Time Series Analysis

[20] While data from each coral were examined qualita-
tively for cyclicity in variability, only DR 9 represents a
length of continuous coral growth long enough (n = 197

years) to allow quantitative time series analysis of annual
data. The following methods for time series analysis of DR
9 are based on protocol outlined by Box et al. [1994],
Koopmans [1995], Warner [1998] and Bloomfield [2000].
In preparation for spectral analysis, missing values in data
were approximated via linear interpolation of adjacent points
and data were detrended (centered). Power spectra were
calculated using a Daniell (equal weight) smoothing function
with a 5 point window using SPSS TRENDS software (SPSS
Inc., Chicago, Illinois). To test the statistical significance of
apparent decadal- to multidecadal-scale peaks, 95% confi-
dence intervals were calculated for spectral densities using a
chi-square distribution. The equivalent degrees of freedom
for spectral density data are calculated as 2M, where M is the
width of the Daniell window (5). A peak may be considered
significantly higher than expected by chance if the confi-
dence intervals do not overlap mean spectral density of the
series [Koopmans, 1995; Warner, 1998].

3. Results

3.1. Sclerochronology

[21] X-ray diffraction analyses showed that all specimens
in this study (DR6, DR9, DR12, ands DR15) were composed
of 98–100% aragonite (Table 1). Fluorescence and SEM
analyses were performed to investigate possible freshwater
influences on coral growth. Results of both examinations
were inconclusive.While fluorescent bands were observed in
some Holocene corals, banding patterns were indistinct and
even absent in some specimens. Scanning electron micros-
copy revealed the presence of what may have been detrital
sediment trapped within coral skeletal architecture (which
could indicate storm sedimentation). However, all presumed
detrital material consisted of carbonate, and could therefore
not be reliably distinguished from in situ sediment that may
have been created during sample cutting and processing.

3.2. Modern Regional Precipitation, Temperature,
and Hurricane Data

[22] The Dominican Republic has been marked by the
passage of several devastating hurricanes and tropical

Table 1. Age and Stable Isotopic Data

Coral Identificationa DR15 DR12 DR9 DR6

Location Las Clavallinas Las Clavallinas Abuela Grande Circa La Zurza
Elevation, m �14.64 �12.44 �16.73
Age, ka 7.203 (±77) 6.945 (±75) 6.037 (±�46) and 5.885 (±�87) 5.297 (±�41)
Mean annual extension, mm 3.36 3.00 8.06 4.63
Mean sample resolution, per year 6.1 5.5 4.0 8.0
N 60 63 197 47
Species Siderastrea sp. Siderastrea sp. Montastraea annularis Siderastrea sp.
Aragonite, % 100 98–100 100 100
Mean C �4.46 �2.80 �3.34 �2.49
Minimum C �6.03 �3.45 �4.77 �3.06
Maximum C �3.48 �2.18 �2.33 �1.95
Range C 2.55 1.27 2.44 1.11
Mean O �2.71 �3.13 �3.16 �2.70
Minimum O �4.11 �4.20 �4.94 �3.61
Maximum O �1.92 �2.50 �1.94 �2.10
Range O 2.18 1.70 3.0 1.51

aElevations are reported relative to present mean sea level. Ages obtained from 230Th/238U analyses are reported with calculated error. Two dates were
obtained from the �200 continuous year coral DR9. N is number of years analyzed. Sample mineralogy, determined by X-ray diffraction methods, is
expressed as percent aragonite. Mean, minimum, maximum, and range carbon and oxygen isotopic values are expressed in parts per million.
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storms in the last century. Limited quantitative data on
hurricanes date back to the late fifteenth century and more
detailed records of hurricanes over the last century are
available [Landsea, 1993; Neumann et al., 1993; C. Land-
sea, Colorado State Hurricane Database, available at http://
weather.unisys.com/hurricane/atlantic/, maintained by the
forecasters and researchers at the National Hurricane Center
in Miami, Florida, based upon ‘‘A tropical cyclone data tape
for the North Atlantic basin, 1886–1983: Contents, limi-
tations, and uses,’’ NOAA Technical Memorandum NWS
NHC 22, 1984, written by B. R. Jarvinen, C. J. Neumann,
and M. A. S. Davis, 1998 (last modified), hereinafter
referred to as Landsea, Colorado State Hurricane Database,
1998]. Many of these storms have passed directly over sites
chosen for this study. The impact of hurricanes on the
geology and human populations of the country has been
dramatic. Although there are no definitive data on storm
frequency during the study period represented by the
Enriquillo corals, some information may be inferred by
examining regional tropical storm activity over the past
130 years. During this period 61 storms have passed within
200 km of the valley from 1870 – 2000 according
to Neumann et al. [1993] and Landsea (Colorado State
Hurricane Database, 1998). Thirty-three of these storms
have been tropical storm or tropical depression status and
22 of these storms have been category 1 hurricanes or
stronger.
[23] Regional precipitation data from the last two centu-

ries were obtained from the NOAA NCDC website (Data
are available from the World Wide Web server for NOAA
Baseline Climatological Data set, Monthly Weather Station
Temperature and Precipitation Data, available at http://
ingrid.ldeo.columbia.edu/) cataloging monthly weather sta-
tions worldwide. Approximately 900 months of precipita-
tion and temperature data measurements were recorded
from 1888–1963 in Port-au-Prince, Haiti (Lamont IRI data,
station 7843900). This station, located at 18.57�N, 72.30�W
(31 m above sea level) was chosen as it contained the
longest and most continuous record of both variables of all
reported stations and is reasonably proximal to the Enri-
quillo Valley. Mean precipitation over the measurement
period was 110.12 mm (SD = 85.10) and mean temperature
was 26.50�C (SD = 1.27). Data concerning historical
tropical storm occurrence, position, strength and duration
were compiled primarily from Landsea [1993], Neumann et
al. [1993] and Landsea (Colorado State Hurricane Database,
1998). Modern regional precipitation data were examined as
a potential analog for Holocene rainfall. Port-au-Prince
temperature data (not shown) suggest a periodicity of
�12–13 years but significance cannot be tested.

3.3. Stable Isotopic Data

[24] The raw d18O and d13C data from corals DR15,
DR12, DR9, and DR6 are shown interpolated to monthly
values in Figure 4. For illustrative purposes, the original raw
data, smoothed by a 5-year running mean to filter out
higher-frequency variability and highlight lower-frequency
(decadal to multidecadal) variability, are shown in Figure 5.
[25] The records of d18O and d13C in DR6, DR12, and

DR15 as well as recent precipitation data from Haiti are too
short to assume any statistically significant decadal cyclicity

in isotopic composition. However, qualitative inspection of
these time series suggests that cyclic patterns may be
present in the d18O and d13C of several corals and perhaps
precipitation data. As significance of these potential patterns
cannot be assessed statistically, a simulated sine wave of
appropriate (estimated) frequency is plotted with most coral
and precipitation data in Figure 6 for illustrative purposes
(following Warner [1998]). Patterns in d13C and d18O of
most corals in this study suggest oscillations on a roughly
decadal to multidecadal scale (Figure 6), with an approxi-
mate frequency of 17–20 years for all corals. For DR15, the
estimated 8-year hiatus at �7235 years before present also
makes recognition of statistically significant decadal pat-
terns impossible for this coral. However, the d18O and d13C
records shown in Figure 6 indicate a potentially strong
decadal to multidecadal signal, particularly in d13C in this
coral. A sine wave with a period of 15–16 years is super-
imposed on modern Port-au-Prince precipitation data to
illustrate a possible 15-year periodicity where each trough
in the sine wave is accompanied by an increase in precip-
itation (Figure 6).
[26] The statistical significance of these apparent cycles

can only be assessed for DR 9 (n = 197). The decadal
fluctuations in d13C of DR 9 are particularly dramatic from
�6000 to 5940 years and 5895 to 5875 years before present
(Figure 6). Results of spectral analyses (Figure 7) indicate
significant, broad spectral peaks in both d13C and d18O of
DR9 at �15 and 20 year periods (respectively).

4. Discussion

[27] The 15- to 20-year cycle in coral isotopic data is most
clearly suggested in Figure 6. We propose that local
temperature, while potentially a contributor to variations
in the oxygen isotopic composition, is not likely to be the
primary driver of these decadal to multidecadal oscillations.
The rationale for attributing variability primarily to precip-
itation and the potential sources for precipitation-dominated
fluctuations in the isotopic composition of paleo-Enriquillo
water are discussed below.

4.1. Temperature Versus Precipitation (Salinity)

[28] The range in d18O for each Enriquillo coral can be
converted to temperature using a known calibration between
d18O and temperature [Leder et al., 1996] via the equation
below if we hold dw constant (therefore assuming all
variability to be temperature dependant):

T�C ¼ 5:33� 4:519 �0:19ð Þ * dc� dwð Þ

[29] Using this equation, the calculated temperature range
for corals in this study (up to �12.7�C for raw annual data)
is inconsistent with historical temperature changes in the
region. While SST data from the last century certainly
cannot serve as an exact analog for mid-Holocene temper-
atures, there is no evidence in the literature for Holocene
SST ranges that were different by the orders of magnitude
that would explain the isotopic data in Enriquillo corals.
Reynolds and COADS SST data and temperature data from
Port-au-Prince all indicate a maximum mean annual SST
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range of less than 2�C in the last century offshore of the
Jaragua Peninsula. The annual range in d18O of the Holo-
cene Siderastrea sp. corals are approximately equal to the
�1.5% range in d18O of a modern coral from the south-
eastern Dominican Republic [Greer, 2001]. However, the
total d18O range of the Montastraea annularis coral (DR9)
is approximately twice that of the Holocene Siderastrea sp.
specimens. This could be a result of slightly different
sampling resolution in that the growth rate of Siderastrea
sp. is lower than Montastraea sp. If the range in d18O was
primarily controlled by temperature, the 6 kyr record
theoretically represents a temperature range of �7�C (mean
annual value) to 12.7�C (raw annual value). There is no
existing evidence to indicate decadal changes in Holocene
normal marine sea surface temperature of this scale.
[30] There is also no theoretical evidence for such ranges

in temperature in the paleo-Enriquillo embayment. While it
is possible that temperature fluctuations in the paleo-Enri-
quillo embayment were greater than at present, a 7�–13�C
range in mean annual temperature at 6 ka is highly unlikely.
During the mid-Holocene, the embayment was more exten-
sive and far greater in depth. As the lake occupies a basin
that has presumably undergone infilling since closure, the
elevation of the lake bottom has most likely continued to

increase throughout the Holocene. Coral DR9 grew at an
estimated depth of between 16.73 m below present sea level
(base of coral) and 14.41 m below present mean sea level
(top of coral) when the mean depth of Lake Enriquillo was
far greater (by perhaps up to 30 m). At that time, the
embayment was in full communication with the Caribbean
Sea.
[31] A second indication that temperature is not the sole

driver of stable isotopic variability in the geochemistry of
these coral skeletons is the covariance of d13C and d18O for
all corals in this study. The positive correlation between
mean annual d13C and d18O and the similar decadal-scale
patterns in geochemical variability of all Holocene corals
provides indirect evidence that temperature was not the
main factor controlling coral d18O. While temperature can
influence the d18O of corals, temperature is not a direct
control on coral d13C [Emrich et al., 1970]. Therefore the
positive correlation between d13C and d18O on a multi-
decadal timescale indicates that factors other than temper-
ature are probably responsible. While it is possible for other
variables known to control coral d13C (such as solar
insolation) to covary with temperature on a seasonal scale
[Grottoli, 2001], there is no evidence for covariance on the
decadal scale represented by corals in this study. Further-

Figure 4. Monthly interpolated carbon and oxygen isotopic data from corals (a) DR15, (b) DR12,
(c) DR9, and (d) DR6. DR6, DR12, and DR15 are Siderastrea sp. corals. DR9 is a Montastraea
annularis coral. Note that the x scale (time) differs for each coral.
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more, the decadal-scale patterns exhibited by corals in this
study cannot be explained by known frequencies of solar
variability reported in the literature (e.g., the 11-year sun-
spot cycle) although some records are too short to entirely
rule out a solar component to all isotopic variability. The
high extension rate and continuous growth of corals such as
DR9 are not typical of growth in a highly variable or
stressed temperature regime and evidence of stress banding
[Hudson et al., 1976] is virtually absent from the corals
examined for stable isotopic composition. Detailed analyses
of independent temperature proxies (i.e., minor elements)
would better eliminate temperature as the primary driver for
stable isotopic variability in these corals.

4.2. Precipitation (Salinity)/D18O Relationship

[32] In addition to temperature, the d18O of coral skeleton
is influenced by the d18O composition of surrounding water,
which in turn is controlled by the amount of local evapo-
ration and input of isotopically light freshwater. As tropical
temperature variations are minimal on decadal to interdeca-
dal scales [Enfield and Mayer, 1997], the d18O of the coral
skeleton may disproportionably reflect salinity fluctuations,

particularly during extreme precipitation events. Precipita-
tion and flooding effects are amplified in mountainous
regions such as the Enriquillo Valley where orographic
isotopic depletion effects [Poage and Chamberlain, 2001;
Stern and Blisniuk, 2002] are more pronounced.
[33] Although coral d18O records have been successfully

correlated with regional precipitation anomalies [Cole and
Fairbanks, 1990; Cole et al., 1993; Swart et al., 1996b], the
complex nature of most regional hydrologic environments
makes a direct correlation between d18O and absolute
salinity difficult. Cole et al. [1993] examined the relation-
ship between proxy d18O and ENSO variability. However,
in addition to a simple Rayleigh Distillation model (precip-
itation and evaporation), orographic and inland effects as
well as the mixing of various water masses may complicate
any initial linear agreement between d18O and salinity.
[34] There have been some attempts to collect data on the

observed relationship between d18O of water and salinity
[Swart et al., 2003;Watanabe et al., 2002; Fairbanks, 1982]
in the Atlantic Ocean. These studies show that the relation-
ship between d18O and salinity may vary locally or region-
ally because of a number of isotopic (e.g., orographic and

Figure 5. Interpolated annual oxygen isotopic variations for (a) DR15 (7.2 ka), (b) DR12 (6.8 ka),
(c) DR9 (6.0 ka), and (d) DR6 (5.2 ka) with a 5-year smoothing function applied to factor out high-
frequency or random noise. The rectangle in Figure 5a indicates a hiatus in data acquisition.
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latitude effects) and oceanographic phenomena (mixing of
water masses, precipitation and ocean circulation patterns).
Fairbanks [1982] reported that along the eastern seaboard
(from Nova Scotia to Cape Hatteras) a change of one
salinity unit (ppt) translates to a change in d18O of between
�0.6% and �0.3%. Swart et al. [2003] has measured the
d18O/salinity relationship for water in the Caribbean Antilles
as �0.2% isotopic change per salinity unit. It is likely that
in closed basins the relationship can be even more extreme
and varied [Swart et al., 1996a, 2001].
[35] Instrumental salinity data proximal to the island of

Hispaniola are incomplete at best. The seasonal range in
mean salinity is �1 ppt at 0–10 m depth at present (Salinity
from World Ocean Atlas 2001(WOA 01) for 1� � 1�
centered at 17.5�N, 70.5� W, available at http://iridl.ldeo.
columbia.edu/SOURCES/.NOAA/NODC/WOA01/

dataset_documentation.html, 2001). While salinity currently
varies on very short (seasonal) timescales, there is no
evidence that the salinity of greater Caribbean seawater as
controlled by conditions in the Atlantic ocean fluctuates
greatly on decadal timescales at present [Swart et al., 2003].
If this is true for the Holocene, and the temperature effect is
assumed to be zero (simulating maximum salinity related
effects on d18O), estimates of the maximum salinity change
allowed for by the Holocene d18O (a range of �1.5 to
3.0%) coincide with a change of 2–3 ppt to 15 ppt
[Fairbanks, 1982; Swart et al., 1999; Swart et al., 2003]
in the paleo-Enriquillo Valley. While a shift of 15 ppt is
dramatic, it is possible for certain species to survive
comparable variable salinities, if not for sustained periods
[Swart et al., 2001]. While a change in salinity of 15 ppt
may affect coral extension rate it will not necessarily result

Figure 6. The 14- to 20-year cycles suggested by oxygen and carbon isotopic variations of several
corals in this study. Interpolated annual carbon isotopic variations for (a) DR15, (b) DR12, and (c) DR9
with (d) modern Port-au-Prince precipitation data and annual oxygen isotopic variations for (e) DR9 and
(f) DR6. All data have a 5-year smoothing function applied to factor out high-frequency noise. A 15- to
16-year sine wave is superimposed on data in Figure 6a; a 17- to 18-year sine wave is superimposed on
data in Figures 6c, 6e and 6f; and a 19- to 20-year sine wave is superimposed on data in Figure 6b to
illustrate the dominant periodicities suggested by qualitative analysis or indicated by time series analysis.
A 15- to 16-year sine wave is superimposed on precipitation data (Figure 6d) to illustrate a similar
possible cycle in modern precipitation.
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in a dramatic cessation of growth or sustained detrimental
growth effects [Swart et al., 1999; Swart et al., 2001].
Siderastrea sp. corals are particularly known to thrive in
highly variable salinity regimes [Muthiga and Szmant,
1987; Swart et al., 2001].

4.3. Potential Sources for Regional Decadal
Precipitation Anomalies

[36] There are currently three main sources for tropical
precipitation in Hispaniola: convection, cyclonic activity
(tropical storms and hurricanes), and orographic effects
[Hastenrath, 1991]. It is possible that a more northerly path
of ITCZ migration during mid-Holocene warming could
have also served as an important driver of precipitation at
this site in the past.
4.3.1. Patterns and Changes in ITCZ Migration
Throughout the Holocene
[37] The tropical North Atlantic climate is primarily

controlled by changes in the strength of trade winds, SST

anomalies, and the position of the intertropical convergence
zone (ITCZ) [Hastenrath and Lamb, 1977; Peterson et al.,
1991; Black et al., 1999, 2004] which may be governed by
insolation [Poore et al., 2004]. When the tropical North
Atlantic is cool relative to the tropical South Atlantic,
increased surface pressure in the north forces the ITCZ to
move south [Hastenrath and Greischar, 1993; Carton et al.,
1996]. Therefore in the Northern Hemisphere winter the
prevailing northeast trade winds push the ITCZ south, while
in the summer southeast trade winds force the ITCZ to
migrate north. Changes in seasonal insolation mediate trade
wind strength [Braconnot et al., 2000], and precede changes
in SST anomalies [Nobre and Shukla, 1996]. Under present
conditions the ITCZ is farthest north in August and Sep-
tember and closest to the equator in March and April
[Philander and Pacanowski, 1986; Black et al., 1999].
[38] As the ITCZ moves north into the Caribbean basin,

precipitation may decrease the mean salinity of the southern
Caribbean, and as the ITCZ moves south, precipitation
decreases in the Caribbean and increases closer to the
equator [Black et al., 1999]. The migration of the ITCZ
over the Atlantic roughly follows the solar cycle with a
2-month lag because of the slow surface heating of the ocean
[Braconnot et al., 2000]. The Greater Antilles are rarely
under the direct influence of the ITCZ at present.
[39] Numerous theoretical, proxy [Martin et al., 1997;

Haug et al., 2001; Luckge et al., 2001; Poore et al., 2003;
Tedesco and Thunell, 2003; Koutavas and Lynch-Stieglitz,
2003; Black et al., 2004], and model-based studies [Prentice
and Jolly, 2000] indicate that the Northern Hemisphere
seasonal cycle was intensified during the mid-Holocene
because of increased seasonal insolation [Berger, 1978;
Kutzbach, 1981] and that the ITCZ migrated farther north
in the mid-Holocene. During the early Holocene, increased
insolation in the northern summer contributed to increas-
ingly warm humid conditions in the tropics [Stager and
Mayewski, 1997; Crowley and North, 1991]. Using orbital
parameters for 6 ka derived from Berger [1978], Braconnot
et al. [2000] compared models of coupled ocean-atmo-
sphere dynamics and constant SST to look at the role of
ocean circulation in governing 6 ka climate. The Braconnot
et al. [2000] model shows enhanced equatorial heating and
an increased seasonal extent of the ITCZ at 6 ka forced by
increased mid-Holocene insolation. The increased reach of
the ITCZ resulted in greater transport of latent heat to higher
latitudes via precipitation over the ocean.
[40] While precipitation anomalies currently associated

with the ITCZ rarely impact the Greater Antilles directly
at present, the Braconnot et al. [2000] model suggests an
increase in precipitation over the Dominican Republic
during the mid-Holocene summer as the ITCZ traveled
farther north. A decadal-scale fluctuation in tropical Atlantic
SSTs similar to documented variability at present [Carton et
al., 1996; Chang et al., 1997;Moron et al., 1998; Hakkinen,
2000; Joyce et al., 2000; Marshall et al., 2001; Cobb et al.,
2001] could have driven a similar decadal-scale migration
of the ITCZ over Hispan io la . When nor the rn
tropical Atlantic temperatures were highest, the ITCZ
migrated farther north over Hispaniola, resulting in a
stronger precipitation anomaly at the study site. When

Figure 7. Spectral analyses of (a) mean annual carbon and
(b) oxygen isotopic data for DR 9. Spectral density (points
interpolated by solid line) and 95% confidence intervals
(dashed lines) are plotted in each graph. Mean spectral
density of each series is indicated by a solid, horizontal line.
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cooler tropical North Atlantic SSTs prevailed the ITCZ
exerted less influence over Enriquillo precipitation. With
this scenario, decadal to multidecadal oscillations in
Enriquillo coral d18O during the mid-Holocene may reflect
insolation-related changes in thermal seasonality and/
or changes in the position of the Atlantic Intertropical
Convergence Zone.
4.3.2. Patterns in Storm Activity Throughout the
Holocene
[41] Decadal and interdecadal patterns in hurricane

activity have been recognized over historical timescales
[Landsea et al., 1992; Zhang et al., 2000; Elsner et al.,
2000]. Several studies have noted an increase in tropical
Atlantic storm frequency from the 1940s to the 1960s
(�1944–1967) followed by a subsequent decline in activity
(1968–1991) [Mather et al., 1964; Gray et al., 1997; Zhang
et al., 2000; Elsner et al., 2000]. These periods have been
characterized as active or passive hurricane phases. Multi-
decadal variability on this scale is most clearly observed in
the record of intense hurricanes (Category 3, 4, 5) [Landsea
et al., 1996]. Patterns in tropical storm activity from
historical records exist for the Enriquillo Valley region
[Landsea, 1993; Neumann et al., 1993; Landsea, Colorado
State Hurricane Database, 1998] with an apparent period of
�15–18 years (Figure 8).
[42] In order to determine possible first-order mechanisms

driving hurricane cyclicity, teleconnections between hurri-
cane formation and other known climatic phenomena must
be considered. Several key studies have determined that
tropical Atlantic SST patterns, ENSO activity and precipi-
tation patterns in the western African Sahel correlate with
Atlantic hurricane activity [Gray, 1984b; Landsea and Gray,
1992; Landsea et al., 1994; Lighthill et al., 1994; Landsea et
al., 1996;Gray et al., 1997; Xie et al., 2002] and that each of
these climatic phenomena are connected and operate on

decadal to multidecadal timescales [Molinari and Mestas-
Nuñez, 2003; Giannini et al., 2004; Kayano and Andreoli,
2004; Paeth and Hense, 2004; Labat et al., 2004].
[43] During El Niño events, increased vertical wind shear

over the tropical Atlantic results in a decrease in Atlantic
hurricane activity [see Gray, 1984a; Gray et al., 1997]. A
particularly critical area for the formation and continuation
of hurricanes lies immediately east of the Antilles [Gray,
1984b; Gray et al., 1997]. If westerly winds are strong in
this region, the probability of hurricane formation can
decrease dramatically. Therefore few hurricanes cross the
Caribbean in El Nino years [Gray et al., 1997]. It has been
suggested, using evidence from a tropical coupled ocean
atmosphere model, that changes in the strength and timing
of ENSO activity during the Holocene may have even
indirectly impacted thermohaline circulation during the
Younger Dryas [Clement et al., 2001]. It is also possible
that the combined cyclicity of ENSO variability, tropical
Atlantic SST fluctuations, and the corresponding patterns in
Sahel precipitation that produce decadal patterns in hurri-
cane frequency are ultimately driven by patterns in thermo-
haline circulation. During years of increased thermohaline
strength (e.g., 1924–1939 and 1950–1964), wet conditions
existed in the African Sahel, ENSO frequency and intensity
was low, and Atlantic hurricane activity increased. Each of
the periods of coherent ENSO, Sahel, hurricane and ther-
mohaline characteristics described by Gray et al. [1997]
lasted for �14 or 15 years, which is approximately consis-
tent in frequency with d18O and d13C data from the present
study as well as modern Caribbean storm frequency data
(Figure 8).
[44] Variations in precipitation in the Enriquillo Valley at

present may be driven by a number of sources, but the most
dramatic precipitation anomalies occur as a consequence of
passing tropical storms and hurricanes. In the last century,

Figure 8. Tropical storm occurrence and precipitation data for the Enriquillo Valley region.
Precipitation data from Haiti were obtained from the World Wide Web server for NOAA Baseline
Climatological data set (monthly weather station temperature and precipitation data, available at http://
ingrid.ldeo.columbia.edu/). Modern tropical storm and hurricane occurrence data (annual number of
storms within 200 km of the Enriquillo Valley) were compiled from Landsea [1993], Neumann et al.
[1993], and Landsea (Colorado State Hurricane Database, 1998).
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mean annual precipitation during all but four years experi-
encing the passage of hurricanes was 19 cm above average
according to modern hurricane data and precipitation
data from Haiti. The modern relationship between precipi-
tation and hurricane occurrence for the region is shown in
Figure 8.
[45] In addition to the temporary precipitation anomalies

expected to accompany hurricanes in this region, sustained
changes in regional geomorphology and hydrology result
from the passage of storms in this region. Direct evidence of
the effects of regional hurricane activity was observed in
October 1998, one month after the passage of Hurricane
Georges. The effects of Hurricane Georges were profound
and severe flooding associated with the storm cut off access
to the western third of the country for over a week. The Rio
Yaque del Sur swelled with torrential rains, jumped its
banks and spread into the town of Tamayo, located east of
Lake Enriquillo in the Enriquillo Valley. Tamayo and nearby
Jaquimeyes were submerged in up to 2 m of water and the
river was more than a kilometer wide for weeks at this site.
[46] Mean annual precipitation in the valley is �90 cm

(only 2% of which is estimated to reach the lake because of
intense evaporation) and the lake is currently well mixed to a
depth of at least 5 m [Schubert, 2000]. According to
Schubert [2000], the Rio Yaque del Sur received up to
700 mm of precipitation in one night during the passage of
Hurricane Georges. As a consequence of hurricane related
precipitation and flooding, a previously dry channel
(observed dry from May 1996 to June 1998) at the neck
of the Enriquillo Valley was reactivated and began flowing
west into Lake Enriquillo. The primary source of flow is
either as a direct tributary of the Rio Yaque del Sur or from
Laguna Rincon (Figure 1) into which the Rio Yaque del Sur
flows.
[47] The reactivation of Rio Georges was accompanied by

a dramatic rise in lake level. In the first month following
Hurricane Georges, the lake level rose by over 1.5 m after
which the lake level continued to rise because of the newly
activated channel flow. The inundation of freshwater asso-
ciated with Hurricane Georges and the reopening of this
freshwater pathway dramatically altered the salinity of the
lake from 98 ppt (8 July 1998) to 55 ppt (22 October 1998).
Schubert [2000] estimated that the influx of freshwater to
Lake Enriquillo as a consequence of Hurricane Georges was
�1/4 of the influx associated with Hurricane David and
Hurricane Frederic in 1979. The flow of freshwater into the
valley via Rio Georges decreased after October 1998, but
water still flowed west into the lake. As of June 2005minimal
freshwater still flowed into Lago Enriquillo via Rio Georges
but a progressive restriction via alluvial sedimentation is
clearly taking place. The mean salinity of nearshore Lago
Enriquillo water was �90 ppt at that time and the lake level
was clearly down based on previous observations. We pro-
pose that hurricanes had similar affects of the hydrology of
the Enriquillo Valley during the mid-Holocene. When hurri-
canes altered the course of the Rio Yaque del Sur, a sustained
multiyear influx of isotopically depleted water resulted.
[48] Therefore a decadal to multidecadal mode of tropical

storm variability could have resulted in changes to the
geomorphology of the Enriquillo embayment of the same

temporal scale during the mid-Holocene. Variability in d18O
(as a proxy for salinity) and d13C (as a proxy for terrestrial
runoff) could be interpreted here as proxy indicators of
mid-Holocene storm activity. Oscillations in d18O within
the 15- to 20-year bandwidth may be interpreted to reflect
alternating periods of high (low) precipitation that result in
dramatic changes in the hydrology of the paleo-Enriquillo
embayment. These changes in turn resulted in the sustained
multiyear influx of isotopically depleted freshwater to the
embayment, with highly evaporative conditions during years
without storm activity. Similar decadal variations in the d13C
of coral carbonate may reflect changes in the influx of
hurricane-related organic matter to the marine environment.
If so, the decadal to multidecadal patterns in isotropic
variation of the Enriquillo corals (i.e., storm frequency)
may ultimately be driven by SST anomalies in the greater
tropical Atlantic. A link between tropical and subtropical
SSTs and hurricane frequency in the Atlantic at present has
been explored [McCartney, 1997; Sutton and Allen, 1997;
Molinari and Mestas-Nuñez, 2003] and discrete SST anoma-
lies on the scale of 12–14 years have been recognized in the
tropical Atlantic [Xie and Tanimoto, 1998; Tanimoto and Xie,
1999; Hakkinen, 2000; Chang et al., 2000].
[49] Deviations in the cyclic variation of stable isotopic

composition related to precipitation and hurricane frequency
are certainly expected. First, there is certainly a significant
stochastic component to hurricane formation and path. To
date hurricane forecasts remain uncertain even days in
advance of passage over any given point. Secondly, the
amount of precipitation associated with a passing hurricane
depends on several factors including hurricane intensity,
speed of passage, and path. Slow moving tropical storms
may shed more precipitation than faster moving hurricanes.
Thus there is no linear correlation between storm category
and amount of rainfall. However, a relationship between
precipitation and storm activity in general does exist. There
is a clear increase in annual cumulative precipitation during
most years of storm activity.
4.3.3. Variability in Holocene Orinoco and Amazon
Outflow
[50] Patches of low-salinity water have been observed as

far as 2000 km away from the Orinoco and Amazon Rivers
via satellite observations [Hu et al., 2004] and phytoplank-
ton blooms thought to be related to Amazon and Orinoco
outflow have been observed in the western tropical Atlantic
[Muller-Karger et al., 1995]. Correlations between the
outflow of these rivers and local sea surface salinity have
been observed as far north as Barbados [Hellweger and
Gordon, 2002]. In addition, instrumental measurement of
surface water d18O and salinity off Puerto Rico show
dramatic fluctuations [Watanabe et al., 2002] thought to
be related to Orinoco outflow patterns. Previous workers
have shown that there is also evidence of fluctuations in
silicate off Puerto Rico that could be related to rainfall over
the Orinoco River basin with a 3–4 month lag [Froelich,
1978; Corredor and Morell, 2001], suggesting a plausible
link between Orinoco outflow and salinity in this region. It
is therefore possible that fluctuations in Orinoco outflow
could have influenced salinity throughout portions of the
Caribbean during the Holocene.
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[51] However no evidence suggests that a coherent Ori-
noco salinity signal has propagated as far as central or
western Hispaniola in recent times. While a correlation
between South American river outflow and salinity was
observed or inferred in the eastern Caribbean [Corredor and
Morell, 2001; Hellweger and Gordon, 2002], the correlation
weakens considerably in the Central Caribbean, particularly
at shallower depths because of dilution, mixing, evapora-
tion, and precipitation processes [Hellweger and Gordon,
2002]. In addition, the changes in silicate content observed
by Froelich [1978] were not accompanied by the larger
variations in salinity observed by Watanabe et al. [2002].
[52] Analyses of the stable isotopic composition of skel-

etons around the island of Tobago, a locality considerably
closer to the outflow of the Orinoco, showed little correla-
tion between d18O and discharge [Moses and Swart, 2006].
A similar finding was observed between the Orinoco flow
and the d18O of a modern coral sampled off the southeastern
tip of Hispaniola just across the Mona Passage from Puerto
Rico [Greer, 2001].

5. Conclusions

[53] Decadal to multidecadal (15–20 year) variations in
regional Caribbean climate appear to be recorded in the
d13C and d18O composition of Holocene corals from the
Enriquillo Valley. Although temperature can better be elim-
inated as a primary driver of isotopic cyclicity with confir-
mation via independent proxy data (such as Sr/Ca), the
magnitude of d18O isotopic variability in Enriquillo corals
indicate a temperature range that is unrealistic for the mid-
Holocene. Therefore data presented in this study suggest
that while temperature fluctuations may contribute to the
decadal to multidecadal mode of stable isotopic variability,
local precipitation and/or fresh water flooding patterns are a
more likely primary driver of d13C and d18O of Holocene
coral skeletons from the Enriquillo Valley. These decadal-
scale oscillations are interpreted to reflect regional precip-
itation patterns as influenced by the mid-Holocene
migration of the ITCZ or precipitation and freshwater
flooding patterns as driven by mid-Holocene hurricanes
and tropical storms. Both hypotheses rely on a decadal to

multidecadal mode of tropical Atlantic SST variability
similar to that at present where SST anomalies have pro-
found affects on global and regional atmospheric circulation
that in turn affect Atlantic hurricane activity, West African
(Sahel) drought and Pacific ENSO activity [Gray et al.,
1997]. Increased northern insolation during the mid-Holo-
cene may have extended the influence of tropical SST
anomalies to Hispaniola via a more northerly migration of
the ITCZ on decadal to multidecadal timescales.
[54] There is abundant discussion in the scientific literature

about whether global warming is contributing to an increase
in the strength or number of tropical Atlantic storms
[Goldenberg et al., 2001; Emanuel, 2005; Landsea, 2005;
Pielke, 2005; Trenberth, 2005; Webster et al., 2005]. A
reconstruction of mid-Holocene (6 ka) storm activity could
provide a way to test this hypothesis. Preinstrumental records
of tropical storm activity must be reconstructed via proxy
records of paleoclimate variables to elucidate natural storm
variability with changing boundary conditions. The persis-
tenceofa strongdecadalmodeofSSToperation for a sustained
periodof time(2000yearsduring themid-Holocene topresent)
would indicate that mechanisms for tropical Atlantic climate
variabilitymay not have changed significantlywith time. This
might have implications for the debate on whether human
activities (e.g., the anthropogenic enhanced greenhouse
effect) are currently affecting tropical storm dynamics.
However, it may be possible that the frequency of these
decadal-scale oscillations has increased slightly in this
region from the mid-Holocene to present. Spectral data of
the d13C and d18O of DR 9 peak between �15–20 years in
contrast to the dominant 12–15 year mode of SST variability
at present. The determination of a statistically significant
change in frequency is beyond the scope of these data.
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