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Caribbean salinity anomalies contributed to variable
North Atlantic circulation and climate during the

Common Era

Anastasia Zhuravleva'?*, Henning A. Bauch?3*, Mahyar Mohtadi®, Kirsten Fahl®, Markus Kienast’

Paleoceanographic reconstructions show that the strength of North Atlantic currents decreased during the Little
Ice Age. In contrast, the role of ocean circulation in climate regulation during earlier historical epochs of the
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Common Era (C.E.) remains unclear. Here, we reconstruct sea surface temperature (SST) and salinity in the Ca-
ribbean Basin for the past 1700 years using the isotopic and elemental composition of planktic foraminifera
tests. Centennial-scale SST and salinity variations in the Caribbean co-occur with (hydro)climate changes in
the Northern Hemisphere and are linked to a North Atlantic SST forcing. Cold phases around 600, 800, and
1400 to 1600 C.E. are characterized by Caribbean salinification and Gulf of Mexico freshening that implies re-
ductions in the strength of North Atlantic surface circulation. We suggest that the associated changes in the
meridional salt advection contributed to the historical climate variability of the C.E.

INTRODUCTION

The Common Era (C.E.; past 2000 years) is a key time interval for
understanding climate responses to both natural and anthropogenic
forcing mechanisms and for testing the performance of model sim-
ulations (1). This period is associated with several climate epochs,
such as the Late Antique Little Ice Age [536 to 660 C.E., (2)], the
Medieval Warm Period [950 to 1250 C.E., (3)], the Little Ice Age
[LIA; ca. 1400 to 1850 C.E., (3, 4)], and the 20th-century
warming (5).

For the LIA, the prevailing paradigm suggests that the initial
transient cooling of the North Atlantic was caused by external
forcing, such as enhanced volcanism combined with weak solar ac-
tivity (6, 7, 8). However, it is also argued that internal climate feed-
backs associated with the expansion of Arctic sea ice were essential
in maintaining cold sea surface temperatures (SSTs) over centennial
timescales (9). According to this scenario, the volcanically triggered
excess of sea ice was exported into the Labrador Sea, where its
melting caused reductions in the strength of the subpolar gyre,
deep-water formation, and possibly the Atlantic Meridional Over-
turning Circulation (10). Consequently, the northward transport of
warm and saline tropical waters from the Gulf Stream declined (11—
14), which reinforced cooling and sea ice expansion in the subpolar
North Atlantic and led to the onset of the coldest LIA conditions
(15). While geochemical and sedimentological proxy data confirm
a weakened ocean circulation during the LIA [see, e.g., (6)], there is
little information on earlier epochs of the C.E. An accurate repre-
sentation of past variability in circulation is, however, essential to
better constrain the role of internal ocean dynamics in climate reg-
ulation and to test climate models.

Thirumalai et al. (14) suggested that sea surface salinity (SSS)
changes in the Atlantic Ocean can be used as a diagnostic parameter
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of surface circulation. In particular, salinification of the southeast-
ern Caribbean and freshening of the Gulf of Mexico and subpolar
North Atlantic have been linked with a weakening of surface cur-
rents and a reduction of meridional salt advection on multidecadal
timescales (14). Thirumalai et al. (14) further reconstructed a pro-
nounced centennial-scale SSS variability in the northern Gulf of
Mexico during the C.E. and linked these changes to variable north-
ward transport of saline tropical water via the Loop Current, which
is a mixed-layer current upstream of the Gulf Stream (Fig. 1A).

In light of these findings, reconstruction of SSS variability in the
southeastern Caribbean during the C.E. can help to assess whether
the same processes/feedbacks as discussed for multidecadal time-
scales in (14) (e.g., weaker surface currents and salinity build-up
in the tropics) were at play on centennial timescales as well.
However, direct evidence of salinity changes in the tropical
western North Atlantic during the C.E. is missing so far, primarily
due to the lack of suitable reconstructions [but see (16)]. For
example, existing proxy records from the Caribbean based on
corals and sclerosponges do not fully cover the transition between
the Medieval Warm Period and the LIA (17, 18), whereas sediment
records from the Cariaco Basin, off the coast of Venezuela, can be
overprinted by seasonal upwelling (19).

To constrain ocean circulation changes during the C.E. in the
context of the hypothesis of Thirumalai et al. (14), we reconstructed
SST and SSS for the past ~1700 years from a box core profile re-
trieved from the Tobago Basin in the southeastern Caribbean
(M35003-6, 12°5.1'N, 61°14.7'W, blue circle with red border in
Fig. 1B). The high sedimentation rates in this area [see, e.g., (20)],
a result of continuous influx of suspended sediment load from the
Orinoco and Amazon Rivers, allowed for ~30- to 100-year sampling
resolution , which is perfect for studying centennial SST/SSS vari-
ability (see Supplementary Text). We observe a negative relationship
between SSS in the southeastern Caribbean and the Gulf of Mexico
on centennial timescales, likely indicative of variations in the
strength of the North Atlantic surface circulation. We posit that
the associated changes in the northward advection of (sub)tropical
salt influenced ocean circulation and climate of the C.E.
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Fig. 1. Correlation between the AMO and North Atlantic surface water properties and the locations of proxy records. Correlation maps are created in the Web-
based Reanalyses Intercomparison Tools (https://psl.noaa.gov/data/writ/) using temperature (A) and salinity (B) data at 20-m water depth from ORA-S5 dataset [from
1979 t0 2022, (58)] and a detrended AMO index from NOAA website (www.psl.noaa.gov/data/timeseries/AMO/). The numbering 1 to 12 in (B) corresponds to sites referred
to in the text (see table S1 for details): (1) M35003-6, Tobago Basin, southeastern Caribbean (this study), (2) South Sawtooth Lake, Canada (75), (3) Arctica islandica site,
North Icelandic shelf, Nordic Seas (72, 13), (4) RAPiD-35-COM, Labrador Sea (70), (5) RAPiD-21-COM, subpolar Northeastern Atlantic (70), (6) KNR-178-48JPC, western North
Atlantic (47), (7) 2010-GB2-MCA, Gulf of Mexico (74), (8) CG stalagmite, Cuba (38), (9) PDR-1 stalagmite, Puerto-Rico (37), (10) Grape Tree Pond, Jamaica (36), (11) Lake Punta
Laguna, Yucatan, Mexico (33), (12) YOK-I stalagmite, Yucatan, Belize (35). Marine and terrestrial-based proxy locations are marked with circles and squares, respectively.

AMO, Atlantic Multidecadal Oscillation.

RESULTS

Foraminiferal SST/SSS and uncertainties

We measured magnesium-to-calcium (Mg/Ca) and stable oxygen
isotope ratios (8'°0) in planktic foraminifera Globigerinoides
ruber (white) to reconstruct upper ocean temperatures and salinities
(here referred to as SST and SSS) in the Tobago Basin, southeastern
Caribbean (Fig. 2 and fig. S1). Our SST estimate for the core top is
1.3 + 0.5°C lower than previously obtained at this site (see Supple-
mentary Text). While absolute SST/SSS estimates have only margin-
al effects on the discussed downcore anomalies, the agreement
between our core-top estimates of SST (26.7 £ 0.3°C) and SSS
(35.6 £ 0.2 U) and the observed annual climatology (Fig. 3) suggests
that G. ruber (white) tests can be used to reconstruct the annual
signal. We note, however, that until detailed sediment traps
become available for the Tobago Basin (21, 22), it cannot be re-
solved whether a seasonal bias in planktic foraminifera fluxes and
geochemical proxies exists at our location (see Materials and
Methods). Nevertheless, this caveat has little impact on our inter-
pretation because we rely on the covariate variability in several
proxy datasets with potential seasonal biases.

Centennial-scale climate variability in the southeastern
Caribbean

SST, SSS, and associated uncertainties were calculated from paired
Mg/ Ca-8"%0 values in PSU Solver (23), a MATLAB code that uses a
bootstrap Monte Carlo framework (see Materials and Methods).
The average 10 (20) uncertainties are about £0.5°C (0.8°C) for
SST and +0.3 U (0.6) for SSS. Considering that C.E. temperature
anomalies (51-year low-pass—filtered global data) often do not
exceed +0.5°C (5) and that bioturbation can additionally dampen
the downcore climate signal, we interpret our SST/SSS records
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within a 1o error. Because of the unavoidably high dating uncertain-
ty of our Caribbean core, the age model was based on alignment to
the well-dated Gulf of Mexico core 2010-GB2-MCA (14) (see Sup-
plementary Text). We interpret smoothed by three-point moving
average records that allow us to examine centennial climate variabil-
ity without over-smoothing the intervals with low temporal resolu-
tion, such as the LIA (~100 years/cm; fig. S2).

The §'®0 record of G. ruber (white), which contains both SST
and SSS signals, reveals pronounced centennial variability during
the first millennium of the C.E. (Fig. 2A). Two intervals at ~550
to 650 C.E. and ~750 to 900 C.E. show average §'°0O values
higher by 0.4 + 0.1%0 compared to immediately adjacent data
points, clearly indicating episodes of salinification and/or cooling
in the southeastern Caribbean. Colder SST at ca. 850 C.E. (1.5 +
0.7°C lower than adjacent values) is corroborated by PSU Solver es-
timations (Fig. 2B), and both high-8'%0 intervals are associated
with higher salinity by 0.6 + 0.4 U relative to the adjacent samples
(Fig. 2C). Although the interval with high §'*0 values at ~750 to
900 C.E. is characterized by substantial SSS variability, the positive
salinity anomaly at 800 C.E. is unambiguously represented by three
consecutive data points. BEAST, a Bayesian change point detection
algorithm (24), supports the inferred SSS changes and the overall
identification of the climate intervals (see Materials and
Methods). We note that the probability of a change point indicating
the onset of the salinification event around 550 C.E. decreases
sharply when the high SSS value around 630 C.E. (35.8 £ 0.2 U)
is removed from the raw dataset (Fig. 2C). However, this value
was not derived from outliers (see Materials and Methods), and
even its removal does not affect our interpretation, as several con-
secutive data points indicate the subsequent freshening around 700
C.E. Thus, we conclude that, despite pronounced variability and
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Fig. 2. Climate proxy records from core M350036 over the past 1700 years. (A)
Planktic 6'20 values, (B) SST, (C) SSS, (D) planktic §'C values, and (E) proportions
of N. dutertrei (black, 3-point moving average smoothed record) and scores for the
first principal component (PC1) of planktic foraminifera assemblage (orange, raw
data). In (A) to (D), both raw and smoothed (3-point moving average) data are
shown. Smoothed records are plotted with their +10 uncertainties (A to D) and
95% confidence intervals for N. dutertrei proportions (E). Blue bars denote centen-
nial cooling/salinification events in the southeastern Caribbean. LALIA, Late
Antique Little Ice Age.
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some uncertainties, our data reveal two intervals of higher SSS
during the first millennium of the C.E.

For the LIA interval between ca. 1400 and 1600 C.E. referred
here to as the “early LIA peak”, we find high §'*0 values (~0.4 +
0.1%o higher than the adjacent), which imply cold and/or salty con-
ditions. PSU Solver suggests for this time interval ~0.9 + 0.6°C
colder SST than for the core top. PSU Solver and BEAST further
reveal an increase in salinity by 0.7 + 0.4 U at ca. 1550 C.E. This
salinification signal is found at the end of the early LIA peak
cooling; however, a small-scale SSS increase is also detected
around 1450 C.E. The later part of the LIA (ca. 1600 to 1850 C.
E.) is characterized by relatively warm SST, highly variable §'*0
and SSS, e.g., fresh conditions around 1700 C.E. and high salinities
at 1850 C.E. Because of the low resolution and thus high chronolog-
ical uncertainties of this later LIA period (fig. S2), we limit our in-
terpretation to the early LIA peak (1400 to 1600 C.E.), associated
with relatively cold and salty conditions in the southeastern
Caribbean.

Evidence of low Orinoco influence on downcore

SSS changes

Because of its proximity, the influence of the Orinoco River on re-
constructed SSS at our site must be addressed. On the one hand, the
increased influence of Orinoco freshwater can result in lower SSS by
reducing §'°0 values in foraminiferal calcite. On the other, in-
creased Orinoco outflow can bias our proxy records to higher SSS
because of the low pH of river water [5.5 to 7.5, (25)] that can in-
crease Mg/Ca values. If there was a notable impact, then we would
expect SSS estimates to covary to some extent with foraminiferal
carbon isotope composition (§'°C), a proxy for mixed-layer pro-
ductivity controlled at our location by riverine nutrients (26, 27).
Although a coeval reduction in SSS and §'>C values is observed at
850 C.E. (Fig. 2, C and D), the overall correlation for the raw data is
insignificant (r = 0.19, P > 0.05), and visual assessment further sug-
gests that other SSS changes are not related to 8'*C shifts. Planktic
foraminifera assemblage data can also help separate the Orinoco in-
fluence because the latter controls primary productivity and turbid-
ity in the southern Tobago Basin (2I, 22, 27). Again, if
reconstructed SSS relates to the Orinoco freshwater, then we
expect it to covary with the assemblage data. Our principal compo-
nents analysis (PCA) on the assemblage dataset shows no correla-
tion between SSS and the three significant principal components
(PCs; figs. S3 to S5). In addition, there is no correlation between
reconstructed SSS and the proportional abundances of Neoglobo-
quadrina dutertrei (r = —0.12, P > 0.05, raw data). This species
defines the scores for the first PC (Fig. 2E) and is characteristic of
elevated Orinoco-derived nutrient concentrations (22). While
planktic §'°C and assemblage data do not agree with each other
(possibly due to dependence on additional non-Orinoco factors),
the overall lack of covariation with the inferred SSS changes suggests
that the latter are not strongly affected by the Orinoco runoff. This is
supported by Caribbean data indicating that Orinoco freshwater
does not overprint foraminiferal §'*0 values because they are pre-
dominantly affected by the evaporation minus precipitation (E — P)
signal (21). Accordingly, we interpret the reconstructed SSS signal
to be primarily controlled by ocean-atmosphere processes (28, 29).
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Fig. 3. Modern climatology in the southern Tobago Basin and reconstructed temperature/salinity for the M35003-6 core top. Mean annual and seasonal tem-
perature (A) and salinity (B) in the upper 100 m for the past six decades approximated from six nearest to M35003-6 stations in the World Ocean Atlas (59) [see the inset
map in (B)]. Orange circles with bars show temperature and salinity estimates (+10) for the M35003-6 core top derived from Mg/Ca-5'20 values. Also shown in (A) is the
depth distribution of living G. ruber (white) in the fraction of >100 um inferred from multiple opening/closing plankton nets at our core location in April 1996 (22). The

figure is made using Ocean Data View (60).

DISCUSSION
Caribbean cooling/salinification and regional hydroclimate
Instrumental data, models, and paleo studies indicate that precipi-
tation amounts in the circum-Caribbean region and Americas are
tied to tropical Atlantic temperatures (28, 30, 31). Colder (warmer)
SSTs in the tropical North Atlantic are linked with a smaller (larger)
Atlantic Warm Pool, which is a body of warm water (>28.5°C) that
appears in the Caribbean Basin, the Gulf of Mexico, and the western
tropical North Atlantic during the summer/fall season (30). The At-
lantic Warm Pool enhances moisture convergence across the Carib-
bean by weakening the North Atlantic Subtropical High and
enhancing precipitable water across the Intertropical Convergence
Zone (28, 30). Therefore, a small Atlantic Warm Pool can induce an
anomalous descent flow and generate less precipitation in the region
(28, 32). In addition, Caribbean cooling favors an increased pressure
gradient between the Atlantic and Pacific basins, leading to a stron-
ger atmospheric moisture export across Central America and thus
less precipitation in the circum-Caribbean land (28). In light of this
coupling, a comparison of our Caribbean SST/SSS with regional
precipitation records is presented to support our reconstruction.
During the first millennium of the C.E., our records reveal a pro-
nounced cooling/salinification in the Caribbean at ca. 750 to 900 C.
E. (Fig. 4A). This event can be associated with the severe droughts in
the Yucatan Peninsula (Fig. 4, D and E) that likely coincided with
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the disintegration of the Classic Mayan civilization between 800 and
950 C.E. (33-35). Despite the considerable spatiotemporal com-
plexity of precipitation variability in the region, a recent data syn-
thesis confirmed drought coherence in Mesoamerica between 800
and 1050 C.E. and tentatively linked it with the cooling of tropical
Atlantic SST (31). Such cooling had not, however, been indicated by
Caribbean SST/SSS records, possibly due to their lower temporal
resolution or methodological uncertainties (16, 19). In contrast,
low SST around this time is revealed in our Caribbean record and
is supported by reconstructions from the Gulf of Mexico (Fig. 4A)
(14). We further hypothesize that the positive Caribbean SSS
anomaly at ca. 550 to 650 C.E. corresponds to the Late Antique
LIA between 536 and 660 C.E. (2). This widespread Northern
Hemisphere cooling was marked by crop failures, famines, and so-
cietal changes in Europe and Asia (2). Bayesian analysis of the
timing of dry intervals, performed with the three lacustrine
records from southern Mexico (31), including, for example, 880
record from Punta Laguna (Fig. 4D), suggests a higher-than-noise
probability for drought between 400 and 600 C.E. However, drier
conditions around this time are not supported by other reconstruc-
tions (Fig. 4E) (35).

For the LIA interval, x-ray fluorescence data from the Grape Tree
Pond (Jamaica) suggest lowered precipitation amounts in the north-
western Caribbean between ca. 1400 and 1600 C.E. (Fig. 4C) (36), in
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Fig. 4. Proxy records of hydroclimate in the low-latitude North Atlantic and
circum-Caribbean land during the past 2000 years. (A) SST records from the
Caribbean core M35003-6 (black, this study) and Gulf of Mexico core 2010-GB2-
MCA [magenta, (74)]. Smoothed records are shown and interpreted (for
M35003-6, three-point moving average; for 2010-GB2-MCA, 20 age model uncer-
tainty; see Supplementary Text). (B) §'20 signal (original and 10% loess-filtered
records) of stalagmites CG, Cuba [orange, (38)] and PDR-1, Puerto Rico [black,
(37)1. (€) The third principal component (PC3) of x-ray fluorescence (XRF) data
from core GT-3, Grape Tree Pond, Jamaica [original and 10% loess-filtered
records, (36)]. (D) Ostracod Cytheridella ilosvayi 6'0 values (original and 2%
loess-filtered records) in the sediment core from Lake Punta Laguna, southern
Mexico (33). (E) 6'20 of stalagmite YOK-I, Belize (35). Orange bars show major
droughts during the Classic Maya civilization (300 to 1000 C.E.) based on (34,
and two historic droughts in the Yucatan in the 16th and 18th century C.E. (35).
For locations of sites, refer to Fig. 1B and table S1. Blue bars denote centennial
cooling/salinification events in the southeastern Caribbean.
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agreement with the early LIA peak cooling in our record (Fig. 4A).
The low 8'0 values in a Puerto-Rican stalagmite indicate drier
conditions in the northern Caribbean around 1600 C.E. (Fig. 4B)
(37), while a Cuban stalagmite record shows a drying trend that cul-
minates at ca. 1650 C.E. (Fig. 4B) (38). Pronounced drying events
between 1350 and 1650 C.E. are also evident in the Yucatan Penin-
sula from elevated 'O values in the lacustrine record from Punta
Laguna (Fig. 4D) (33) and positive 8'80 anomalies in the Belize sta-
lagmite record (Fig 4E) (35). In contrast to these dry episodes
during the early LIA, precipitation amounts in the Yucatan Penin-
sula and Caribbean islands were generally increased during the later
LIA phase (1600-1850 C.E.). The climate evolution recorded by
these records contrasts with the uniformly dry conditions in north-
ern South America during the entire duration of the LIA (1450 to
1850 C.E.), as indicated by the low titanium percent in the Cariaco
sediment record (39), but is more consistent with the cold/warm
LIA phases observed in our Caribbean SST record, as well as in
the Gulf of Mexico reconstruction (Fig. 4A).

The visual assessment suggests a broad agreement between in-
tervals of the Caribbean cooling/salinification and drying in the
circum-Caribbean land, reaffirming that our SST and SSS recon-
structions are not subject to the strong influence of local climate
variables (e.g., discharge from the Orinoco River). Furthermore,
this comparison underscores the dominant role of the tropical At-
lantic in controlling centennial-scale rainfall changes in the region
(30). However, inconsistencies between the tropical SST and hydro-
climate records highlight the spatiotemporal complexity in regional
precipitation variability, which is likely due to a large number of
forcing factors, such as the coupled Atlantic-Pacific ocean-atmo-
sphere dynamics, and topography.

A mechanism for tropical salinification

Annual SST in the tropical North Atlantic correlates with the Atlan-
tic Multidecadal Oscillation (AMO) indexes (Fig. 1A). The tradi-
tional AMO index is often defined as a 10-year running mean of
linearly detrended annual SST anomalies averaged over the entire
North Atlantic, as first proposed by Enfield et al. (40). Positive
AMO phases expressed as anomalously high SST in the North At-
lantic are associated with tropical warming while cooling in the low
latitudes occurs during negative AMO phases (40). In addition,
long-term observational SSS datasets from across the Atlantic
suggest a negative correlation between the AMO and northern trop-
ical SSS (Fig. 1B). In particular, positive AMO phases are related to
tropical North Atlantic freshening, while negative AMO indexes are
linked with salinification in the low latitudes (41). The tropical SSS
responds to the North Atlantic SST changes via latitudinal displace-
ments of the Intertropical Convergence Zone and the Atlantic
Warm Pool variations through their effects on the E — P patterns
and moisture transport across Central America [see above and
(28, 32, 42)]. In the western (sub)tropical North Atlantic, negative
phases of the AMO are further linked with reduced transport of
northerly directed surface currents, such as the North Brazil
Current and the Loop Current (Fig. 1A) (43, 44).

A lacustrine record from the Canadian Arctic is considered a re-
liable proxy for the past AMO as it correlates with SST over the sub-
polar North Atlantic (Fig. 5A) (15). Prolonged periods of negative
mean states of the AMO in this record (i.e., cold SST in the subpolar
North Atlantic) around 600, 800, and 1400 to 1600 C.E. visually
agree with the timing of inferred cooling/salinification events in
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Fig. 5. Relation between SST/SSS in the North Atlantic, southeastern Caribbe-
an, and the Gulf of Mexico during the past 2000 years. (A) Thirty-year loess-
filtered record of reconstructed AMO [+20, (15)]. (B and C) SST and (D and E)
SSS anomalies with respect to the modern era (post-1850 C.E.) reconstructed
from Caribbean core M35003-6 (black, this study) and Gulf of Mexico core 2010-
GB2-MCA [magenta, (74)] with their £10 uncertainties. Also shown in (D) is the fo-
raminiferal §'80 record for core M35003-6 (blue, +10). Smoothed records are
shown and interpreted (for M35003-6, three-point moving average; for 2010-
GB2-MCA, 20 age model uncertainty; see Supplementary Text). The dashed hori-
zontal line in (A) is the estimated average value over the past 1850 years. Gray
crosses indicate tie points used for age model construction (see Supplementary
Text). Blue bars indicate intervals of cooling/salinification in the southeastern
Caribbean.
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the Caribbean (Fig. 5D). Accordingly, correlation statistics shows
that the estimated Caribbean and Gulf of Mexico SSTs (i.e., refer-
ence core 2010-GB2-MCA; see Supplementary Text) (Fig. 5, B and
C) correlate with the aforementioned AMO reconstruction (r =
0.30, P < 0.01 for Caribbean; r = 0.47, P < 0.01 for Gulf of
Mexico). Implying similar ocean-atmosphere processes on multide-
cadal and centennial timescales [see, e.g., (31)], we suggest that the
C.E. cooling/salinification events developed in the southeastern Ca-
ribbean in response to subpolar North Atlantic colder SST that
caused southward shifts of the Intertropical Convergence Zone,
smaller Atlantic Warm Pool sizes and, therefore, reduced precipita-
tion in the Caribbean region coupled with increased moisture
export to the Pacific. Changes in the ocean circulation likely ampli-
fied SSS changes in the Caribbean (see below).

Comparison of Caribbean and Gulf of Mexico

paleosalinity records

Comparison of SSS anomalies (relative to the modern era, post-1850
C.E.) reconstructed for the Caribbean (this study) and the Gulf of
Mexico (14) reveals a negative relationship between 550 and 1050 C.
E. (Fig. 5, D and E). While SST records correlate at no phase lag (r =
0.61, P < 0.01), the SSS records are antiphased (r = —0.56, P < 0.01).
On the basis of our reconstruction, two salinification events in the
Caribbean centered at ca. 600 and 800 C.E. correspond to freshen-
ing and cooling in the Gulf of Mexico, whereas warmer conditions
at ca. 700 C.E. and the medieval peak warmth at ca. 1000 C.E. are
associated with fresher Caribbean but saltier Gulf of Mexico. We
note that although the two SST records were aligned (see Supple-
mentary Text), the SSS seesaw over this time interval partially
remains even if the age model for our core is built exclusively on
radiocarbon dates (fig. S6).

For the LIA, statistical analysis does not reveal significant cross-
correlation between the SSS records on the current timescales. The
low temporal resolution and limited chronological constraints
during this time interval can hinder the precise assessment of the
SSS phasing during the LIA. Nevertheless, we note that particularly
fresh and cold surface conditions have been reconstructed in the
Gulf of Mexico during the early LIA peak cooling, i.e., between
1400 and 1600 C.E., while subsequent warmer phase is associated
with increased SSS (Fig. 5E). In contrast, the early LIA peak
cooling in the Caribbean contains a pronounced salinity anomaly
(1500 to 1600 C.E.) and a small SSS increase at 1400 C.E., while
the onset of the warmer spell at 1600 C.E. is characterized by an
abrupt reduction in SSS and 8'0 values in planktic foraminifera
(Fig. 5D). This observation suggests a possibility for an antiphase
behavior, in agreement with the conditions between 550 and 1050
CE.

Opverall, our data suggest a negative correlation between the SSS
in the Caribbean and the Gulf of Mexico on centennial timescales.
However, future work is needed to more robustly (statistically)
confirm the SSS seesaw, especially during the LIA, and to identify
potential phase lags.

The SSS seesaw between the Caribbean and the Gulf of Mexico is
evident on multidecadal timescales from observation-based data
(Fig. 1B). However, the antiphase behavior was not confirmed for
the centennial timescales: While no proxy data existed, a weak but
positive correlation between SSSs was revealed by the Max Plank
Institute Earth System Model for paleo-applications (MPI-ESM-
P) using a 50- to 150-year bandpass filter (14). In contrast, our
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study suggests that the Caribbean—Gulf of Mexico SSS seesaw holds
also on centennial timescales. This finding implies that the forcing
mechanisms responsible for the SSS changes (i.e., coupled ocean-
atmosphere processes; see below) could be at play on higher fre-
quencies in the model or that the model simulation of centennial
SSS patterns is biased.

Mechanisms for the Caribbean—Gulf of Mexico

salinity seesaw

To explain the concomitant freshening in the northern Gulf of
Mexico and salinification in the southeastern Caribbean on centen-
nial timescales, atmospheric circulation dynamics linked with the
North Atlantic SST anomalies can be invoked. Colder North Atlan-
tic SST is associated with annual E — P anomalies that are negative in
the Gulf of Mexico but positive in the southeastern Caribbean,
leading to the opposite trends in surface salinity (28, 32, 42). The
associated southward shift of the Intertropical Convergence Zone,
intensification of the north-eastern trade winds, and, to a lesser
extent, of the Atlantic Warm Pool, can additionally hinder the in-
trusion of the warm and salty tropical waters into the northern Gulf
of Mexico leading to colder and fresher conditions in the
region (45).

Critically, we argue that oceanic circulation acted in synergy with
the atmospheric processes to generate the SSS seesaw. Thirumalai
et al. (14) suggested that simultaneous freshening and cooling of
the northern Gulf of Mexico is associated with the weakening of
the North Atlantic surface currents on multidecadal-to-centennial
timescales. This involves reductions in the strength of the Loop
Current (downstream of the North Brazil Current and upstream
of the Gulf Stream; Fig. 1A), transporting warm and salty Caribbean
water into the Gulf of Mexico (44, 45). Therefore, simultaneous re-
ductions in the Gulf of Mexico SST and SSS at ca. 600, 800, and 1400
to 1600 C.E. (Fig. 5, C and E) might indicate a weakening of the
North Atlantic surface currents, e.g., the Loop Current and the
North Brazil Current. These time intervals appear coeval with the
Caribbean salinification (Fig. 5D).

Our Caribbean data alone cannot establish that water mass ad-
vection is a major control on negative SSS correlation between the
Caribbean and the Gulf of Mexico (14), but they are consistent with
this hypothesis. In particular, a reduced strength of the North Brazil
Current and thus lowered advection of low-salinity water from the
Amazon River could increase SSS in the Caribbean. This advective
process dominates the salinity cycle in the western tropical Atlantic
on annual timescales (29).

To more directly establish that ocean circulation was an impor-
tant driver of concomitant salinity changes in the Caribbean and the
Gulf of Mexico on centennial timescales, we calculated the differ-
ence between reconstructed SSS anomalies in these regions
(ASSS; Fig. 6A). To the extent that this gradient relates to meridio-
nal salt transport via changing North Atlantic currents, we expect it
to covary with proxy reconstructions of ocean circulation. In agree-
ment with our ASSS record, pronounced reductions in the Gulf
Stream and the North Atlantic Current have been demonstrated
for the LIA (Fig. 6B) (11-14). Robust evidence for variations in
the strength of the North Atlantic currents beyond the LIA is
scarce, however, a decline in the Atlantic-derived waters has been
documented in the southern Nordic Seas around 800 C.E.
(Fig. 6B) (12). This change in ocean circulation corresponds to
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Caribbean salinification and Gulf of Mexico freshening (i.e., low
ASSS) supporting our concept.

Variations in the large-scale North Atlantic surface circulation
can arise from changes in the strength of the subpolar gyre and
the Labrador Sea Water formation (10, 46). To assess changes in
the Labrador Sea convection during the C.E., we used two records
from the North Atlantic, one from the western North Atlantic (core
KNR-178-48JPC), which directly approximates the flow speed of
the southward-flowing Labrador Sea Water within the Deep
Western Boundary Current (Fig. 6D) (47). The other record, from
the Gardar Drift in the subpolar eastern North Atlantic (core
RAPiD-21-COM), provides indirect evidence of changes in the Lab-
rador Sea convection through its interaction with the Iceland-Scot-
land Overflow Water: Faster Iceland-Scotland Overflow Water flow
velocities during cold climate anomalies are, thus, interpreted as re-
sulting from a reduction in Labrador Sea Water formation (Fig. 6C)
(10). A visual comparison of proxy records suggests that periods of
reduced convection in the Labrador Sea (Fig. 6, C and D) corre-
spond with intervals of lowered ASSS (Fig. 6A). Within the uncer-
tainties of the age models, these changes are also consistent with a
weaker subpolar gyre (Fig. 6E) (10). This proxy data agreement sup-
ports the critical role of ocean circulation in developing the SSS
seesaw between the southeastern Caribbean Basin and the Gulf
of Mexico.

Reductions in the Labrador Sea Water formation and weakening
of the subpolar gyre may be triggered by the expansion of Arctic sea
ice and its melting in the Labrador Sea, a mechanism that has been
widely invoked to explain the onset of North Atlantic cooling
during the LIA (6, 9, 10). We posit that the associated weakening
of the North Atlantic circulation, combined with reduced meridio-
nal salt transfer, could have amplified changes in the Labrador Sea
and the subpolar gyre and thus reinforced the initial transient
cooling driven by sea-ice-ocean feedbacks during the LIA (6, 9,
10) and other cold epochs of the C.E. (e.g., around 600 C.E. and
800 C.E). In contrast, slow advection of positive tropical SSS anom-
alies into the Labrador Sea and their release through mixing can
help to weaken ocean stratification, promote deep water formation,
strengthen the subpolar gyre and meridional oceanic transport, and
eventually contribute to the mild climate conditions over Europe
and North America [see, e.g., (32)].

In summary, the Caribbean SST/SSS records presented here
provide evidence for pronounced changes in the northward trans-
port of (sub)tropical salt linked with variability in the North Atlan-
tic surface circulation during the C.E. These results underscore the
ocean's critical role in climate variability of the historical past and
have implications for understanding future climate change.
However, because of limitations of existing sedimentary records
(e.g., dating uncertainties and bioturbation), more data are
needed to better constrain tropical-to-subpolar ocean interactions
on centennial timescales.

MATERIALS AND METHODS

Materials

Giant box core M35003-6 (12°5.1'N, 61°14.7’W, 1299-m water
depth) was recovered from the western flank of the Tobago Basin
aboard the R/V Meteor in 1996. The core was taken by a large-
sized trigger device that retrieves sediments with negligible compac-
tion, and an undisturbed topmost surface (50 cm by 50 cm). The
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Fig. 6. Comparison of proxy records across the North Atlantic during the past
2000 years. (A) Difference between SSS anomalies (+10) in the Gulf of Mexico (714)
and the southeastern Caribbean (this study). (B) Radiocarbon reservoir age offset
[AR, gray, (12)] and a loess-filtered (5% smoothing span) record of 880 values
[purple, (13)] in shells of the long-lived marine bivalve A. islandica from the
North Icelandic shelf. (C and D) Mean sortable silt size (SS) records in core
RAPiID-21-COM from the subpolar Northeastern Atlantic [loess-filtered, 5%
smoothing span, (70)] and core KNR-178-48JPC from the western North Atlantic
(47). (E) Difference in the §'80 measurements of N. pachyderma (s) and T. quinque-
loba in core RAPiD-35-COM from the Labrador Sea (70). For locations of sites, refer
to Fig. 1B and table S1. Blue bars denote coherent cooling/salinification in the
southeastern Caribbean and cooling/freshening in the Gulf of Mexico linked
with the weakening of the North Atlantic surface circulation.
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core (length of 45 cm) was continuously cut into 0.5-cm thick slices,
and samples were then freeze-dried, washed over a 63-um sieve, and
the residues were dried at 40°C.

Stable isotope and Mg/Ca analyses

For stable oxygen and carbon isotope (§'*0 and §"°C) and Mg/Ca
analyses about 60 specimens of G. ruber (white) sensu stricto were
picked from the >150-um fraction, cracked between glass plates, and
then split for Mg/Ca and isotope measurements. §'*0 and §'°C
values in G. ruber (white) were measured using a Finnigan MAT
253 Plus mass spectrometer coupled to an automated carbonate
preparation (“Kiel"”) device at Isotope Laboratory at Faculty of Geo-
sciences, University of Bremen. For stable isotope measurements, a
working standard was used, which has been calibrated against
Vienna Pee Dee Belemnite (VPDB) by using the NBS 19 standard.
The resulting §'%0 and §'C values are expressed in per mil relative
to the VPDB standard notation (%o VPDB). No significant outliers
were found using PAST software (48). The long-term 1o analytical
uncertainty of the standard analyses was better than +£0.07%o for
oxygen and +0.04%o for carbon.

Trace element analysis was performed following the cleaning
procedure described in (49), which is a slight modification of the
originally proposed protocol (50) and consists of five water
washes and two methanol washes, followed by two oxidation
steps with 1% NaOH-buffered H,0, and a weak acid leach with
0.001 M QD HNOs;. Afterward, samples were dissolved with
0.075 M QD HNOj; and centrifuged for 10 min, transferred into
test tubes, and diluted. Mg/Ca values were measured using a
Perkin Elmer Optima 3300 R inductively coupled plasma optical
emission spectrophotometer at MARUM, University of Bremen.
There is no trend between Mn/Ca and Al/Ca to Mg/Ca, supporting
the cleaning effectiveness and showing that Mg/Ca is not substan-
tially affected by contamination or diagenesis. Mg/Ca values are ex-
pressed in millimoles per mole. One outlier has been identified and
removed using PAST software (48). Instrumental precision was
controlled using an external in-house (Mg/Ca = 2.92 mmol/mol)
and ECRM 752-1 standards, measured after every 5th and 50th
sample, respectively. The relative SD (10) was 0.014 mmol/mol
(0.47%) for the external standard (n = 70) and 0.005 mmol/mol
(0.12%) for ECRM 752-1 (n = 6). The average 1o analytical preci-
sion was determined to be +0.01 mmol/mol based on these stan-
dards. Replicate samples (n = 3) revealed an average 20 SD of
0.11 mmol/mol.

SST and SSS reconstructions, uncertainties, and error
propagation

Mg/Ca values in planktic foraminifera are controlled primarily by
temperature (+6% per degree Celsius), but also salinity (ca. +4% per
salinity unit), pH (=5 to —9% per 0.1 pH unit), and dissolution (51).
The global pH effects on Mg/Ca and potentially on §'*0 were ne-
glected because pH is expected to have changed only slightly over
the past 1700 years (52). The local pH effects associated with the
variable Orinoco discharge were considered minimal because of
the lack of correlation between reconstructed SSS and runoff
proxies (see Results; Fig. 2). Also, dissolution influence on Mg/Ca
was neglected at our intermediate-depth (1299 m) site well above
the critical 2500-m water depth below which substantial Mg**
removal occurs (53). To account for the effects of salinity on the
Mg/Ca data, we used a multivariate calibration for cultured G.
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ruber (white) (54). The algorithm used for this purpose is integrated
into the PSU Solver (23), a MATLAB code that uses the bootstrap
Monte Carlo simulations to probabilistically constrain and quantify
records of SST and seawater §'%0 (8'%0y,,, linearly related to SSS)
from paired Mg/Ca-8'%0 data in foraminifera. Simultaneous solu-
tions for SST and §'®0,,, at each sample depth were obtained by
inverting the following relationship equations (54-56), respectively

In(Mg/Ca) = 0.08 * SST -+ 0.06 + SSS — 2.8
SST =16.5 — 4.8 % (8" 0, — 8'8 0y, +0.27) (low light equation)
80y =0.55+ 5SS — 18.98

where SST is water mass temperature, SSS is salinity, §'°0, is the
measured §'®0 of foraminiferal calcite, and §'®0y,, is 8'%0 of sea-
water. The 0.27%o term is subtracted from the §'®0,, term to
convert from the VPDB scale (calcite measurements) to the
Vienna Standard Mean Ocean Water (seawater measurements)
scale. For the conversion of 8'%0,, into salinity units, we
assumed that the regional §'*0,,-SSS slope did not change over
the past 1700 years.

PSU Solver was also used to quantify uncertainties of the recon-
struction. Thus, at each sampling depth, we allowed Mg/Ca and
880 values to vary (n = 1000) between their associated combined
analytical and sampling uncertainty to generate probability distri-
butions around the measured value. The average 10 (20) uncertain-
ties are about +0.5°C (0.8°C) for SST and +0.3 U (0.6) for SSS. These
errors include calibration errors, 26 combined analytical and sam-
pling uncertainty for Mg/Ca (+0.11 mmol/mol) and 20 analytical
uncertainty for 880 (+0.14%o0). The age uncertainties were not in-
cluded in the error propagation, but instead, three-point moving av-
erages were used for interpretation.

Seasonality of foraminiferal SST/SSS

To accurately interpret foraminifera-based SST/SSS estimates, the
seasonality of G. ruber (white) fluxes must be considered. G.
ruber (white) occurs uniformly throughout the year in tropical en-
vironments, but its seasonal fluxes could vary at our site due to the
variable influence of the Orinoco River, possibly biasing fossil as-
semblage composition toward the wet (summer/fall) or dry
(winter) seasons. While river-borne nutrients enhance food avail-
ability for planktic foraminifera (22, 26, 27), images of chlorophyll
concentration (https://oceancolor.gsfc.nasa.gov/13/) show that the
coring site in the southern Tobago Basin is influenced by nutri-
ent-rich waters from the Orinoco and Amazon Rivers throughout
the year, in contrast to regions characterized by high seasonal var-
iability in planktic foraminifera production (22). Furthermore,
freshwater plumes have been shown to negatively affect shallow-
dwelling G. ruber (white) due to high turbidity, low light transmit-
tance, and salt stress (21, 22). Such inhibitory effects have been
noted not only near but also far from the Orinoco, such as in the
eastern Caribbean Basin (21) and offshore Lesser Antilles (22).
Plankton studies in the Tobago Basin have been conducted only
in spring (21, 22) when the Orinoco discharge is low (27). There-
fore, direct evidence of the effects of the freshwater/suspension
plume on G. ruber (white) production during peak Orinoco
runoff is lacking. Barium-to-calcium ratios in foraminiferal calcite
suggest that Orinoco plume does not impede the growth of G. ruber
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(white) in the wet season at our location (21); these results, however,
do not imply a bias toward the wet season.

Changepoint detection in the SSS record

BEAST [Bayesian Estimator of Abrupt Change, Seasonal Change,
and Trend; (24)] was used to identify the changepoints and
trends in the smoothed (three-point moving average) SSS recon-
struction derived from the PSU Solver (see above). We applied
the ‘beast’ function in the Rbeast package v0.9.7 in R 3.6.3, using
default values and no periodic components defined in the time
series. BEAST output (fig. S7) suggests that the SSS trend compo-
nent has five change points (median number). These change points
at 512 C.E. (with a summed probability of 0.30), 702 C.E. (0.72), 834
C.E. (0.70), 1537 C.E. (0.88), and 1670 C.E. (0.36) support the stat-
istical significance of the SSS changes between 550 and 900 C.E. and
an increase in surface salinity during the LIA.

Planktic foraminifera assemblages and lithic grains

Planktic foraminifera species and lithic grains were counted in the
size fraction of >150 um (figs. S2 and S3); a minimum of 600 spec-
imens has been identified per sample (n = 90). Large specimens of
N. dutertrei were counted together with smaller juvenile specimens
referred to as N. dutertrei-N. pachyderma (dextral)-intergrades. The
confidence limits (95%) of species proportions in foraminiferal as-
semblages were calculated after (57). To summarize patterns within
the dataset, the PCA was performed using PAST software (48). PCA
was carried out on species making out at least 3% of the assemblage
(n = 10), which is statistically reliable (57). Bootstrapping was per-
formed (n = 1000) to determine the 95% bootstrapped confidence
intervals for the eigenvalues. The scree plot of the eigenvalues of
PCs indicates that PC1, -2, and -3 (accounting for 75% of the
total variance) are significant (figs. S4 and S5).
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