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Therelatively stable Holocene climate was preceded by a pronounced event of abrupt
warminginthe Northern Hemisphere, the termination of the Younger Dryas (YD)
cold period** Although this transition has been intensively studied, itsimprint on
low-latitude ocean temperature s still controversial and its effects on sub-annual to
decadal climate variability remain poorly understood**. Sea surface temperature

(SST) variability at these timescales in the tropical Atlanticis expected to intensify
under current and future global warming and has considerable consequences for
environmental conditionsin Africa and South America, and for tropical Pacific
climate® 8, Here we present a100-um-resolution record obtained by mass spectrometry
imaging (MSI) of long-chain alkenones in sediments from the Cariaco Basin® " and find
thatannually averaged SST remained stable during the transition into the Holocene.
However, seasonality increased more than twofold and approached modern values of
1.6 °C, probably driven by the position and/or annual range of the Intertropical
Convergence Zone (ITCZ). We further observe that interannual variability intensified
during the early Holocene. Our results demonstrate that sub-decadal-scale SST
variability in the tropical Atlantic is sensitive to abrupt changes in climate background,
such as those witnessed during the most recent glacial to interglacial transition.

The warm and relatively stable climate of the Holocene has facilitated
the development of modern ecosystems and the proliferation of human
societies and their cultural diversification. Its onset, however, was asso-
ciated with an event of abrupt climate change. The boundary between
the Pleistocene and the Holocene is defined by the sudden Northern
Hemisphere warming that terminated the YD cold spell>. The YD lasted
fromabout12.9to11.7 thousand years before 2000 AD (kyr b2k)® and was
triggered by areduction of the Atlantic meridional overturning circula-
tion resulting from freshwater discharge at higher latitudes™. Its effects
quickly propagated, globally affecting hydroclimate and temperature'?,
Although correlative cooling was predominant across the Northern
Hemisphere, the Southern Hemisphere, especially in the high latitudes,
witnessed warming in what has been defined as the bipolar seesaw®. The
annually laminated (varved) sediments from the Cariaco Basin, an anoxic
oceanicbasinlocated off Venezuela, have been crucial inidentifying the
tropical responsetothe YD-Holocenetransition. Adry YDwas succeeded
by awetter early Holocene™, resulting in vegetation change”. The end of
the YD also witnessed changes in primary productivity™'®* and phyto-
plankton community composition®. These phenomena are explained
by a northward migration of the ITCZ, which resulted in increased
precipitation, but reduced trade winds and upwelling in the area™"?,
WithrespecttoSST, thereconstructed pattern of change inthe lower
latitudes is more heterogeneous, and a greater impact of the YD on
the hydrological cycle than on SST is assumed. In the western tropical
North Atlantic (TNA), different reconstructions have yielded inconsist-
entresults, withevidence of both aslightly warmer YD from molecular

proxies and planktonic foraminifera, consistent with a decrease of
northward heat transport*?, but also a comparatively cool YD, as
recorded by foraminifera in the Cariaco Basin®.

These SST reconstructions record changes in mean states, averaging
decades or centuries into single data points. The forcing of seasonal to
interannual SST variability during this and other notable climatic transi-
tions, however, remains unexplored. Perturbations onthese timescales
are, nevertheless, highly relevant: SST variability in the TNA profoundly
affects precipitationin Africaand South America, including catastrophic
droughtsin Northeast Brazil®, modulates the incidence of hurricanes’,
and influences tropical Pacific climate, particularly El Nino-Southern
Oscillation (ENSO)®. Understanding TNA SST variability across changing
climate backgrounds is thus of relevance, especially considering that
anintensification under greenhouse warming has been anticipated®.

We analysed the well-established UX; SST proxy, based on the distri-
bution of haptophyte-derived alkenones?, by means of MSI'® at 100-um
resolution in a 60-cm section of the well-dated core MD03-2621 from
the Cariaco Basin. This section spans an age of approximately 11.9 to
11.2 kyr b2k and thus includes the YD-Holocene transition". The result-
ing SST record provides insights into seasonal to interannual SST
variability during the most recent glacial to interglacial transition.

Average annual SST

Despite the extensive environmental changes related to the northward
shift of the ITCZ, which caused the abrupt change in sediment
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Fig.1|Reconstructed SSTin the tropical Cariaco Basinacross the
YD-Holocene transition based on the UX, proxy analysed through MSI.
a,Annually averaged SST (red line) and 15-point Gaussian smoothing (blackline).
b, Changing sediment reflectanceis anindicator of the environmental change
inthe Cariaco Basinassociated withthe transition from the cold YD to a milder
Holocene, asrecordedin §®0 valuesin Greenland ice cores®. The beginning of
theHolocene (11.7 kyr b2k) isindicated as defined by Rasmussen et al.”®.

reflectance (Fig. 1b) and varve thickness™", our high-resolution recon-
structions indicate that annually averaged SST remained constant
across the YD-Holocene transition (Fig. 1a). In the 200 years before
and after the reflectance-based midpoint of the YD-Holocene transi-
tion (11.673 kyr b2k)", the average SSTis 23.8 + 1.0 °Cand 23.8 + 1.6 °C,
respectively. This is consistent with conventional UY, analyses per-
formed in the present study and with those previously reported by
Herbert and Schuffert® but different from the YD cooling described
by Lea et al.? (Extended Data Fig. 1). We argue that the transition into
the Holocene did not have animprint on the average annual SST and
that conflicting, low-resolution SST records from the Cariaco Basin
and the TNA can be explained by seasonal effects and changes to
water-column stratification. Such seasonal effects are exploredin a
dedicated section below.

Three prominent SST maxima are observed between about 11.50 to
11.45 kyr b2k and thus coincide in time with the ‘11.4 ka cold event’, or
Preboreal oscillation (PBO) (Extended Data Fig. 2). The PBO was caused
by aweakening of the thermohaline circulation**, and is registered in
records from Europe and North Americaas a shift towards dryer, colder
conditions®?, These maxima are discussed in more detail in Methods,
under the sectiontitled ‘Decadal-scale to centennial-scale SST changes
during the YD-Holocene transition and in the early Holocene’.

Interannual SST variability

Although apparently the longer-term SST trend was barely affected
during the YD-Holocene transition, short-term variability increased.
Frequency analysis of the annually resolved U§7 SST record shows per-
sistent centennial (120-year) and multidecadal (42-year) cycles. The
variability at sub-decadal frequencies is weak during the late YD but
substantially strengthens at 11.66 kyr b2k (P=0.006) and remains
prominentinthe Holocene section (Fig. 2a-c and Extended DataFig. 3).
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Fig.2|Interannual SST variability during the YD-Holocene transition.

a, Continuous Morlet wavelet power of the U, SST series. Contour lines denote
the 95% significance level against red noise and the line marks the cone of
influence. b, SST anomaly (SSTA) band-pass-filtered for a period of 2-8 years.
c,SSTvariability in the 2-8-year window for 25-year intervals. The grey line
represents raw data, whereas the black line shows data corrected for analytical
variability (see Methods, under the sections titled ‘SST reconstruction with
yearly resolution’and ‘The effect of changing sedimentation rateonreconstructed
interannual SST variability during the YD-Holocene transition’). The dotted
linesrepresentaverage variability before/after 11.66 kyr b2k.

The modern tropical Atlantic presents strong interannual anomalies,
mostly expressed in a zonal pattern analogous to the Pacific EINifio and
ameridional pattern that results from the mutual interaction of the
latitudinal SST gradient, the ITCZ position and the strength of trade
winds??,

Thisvariability is driven by local processes, but can also be forced by
ENSO and the North Atlantic Oscillation**°, ENSO has a strong telecon-
nection to TNASST: EINifio eventsin boreal falland winter tend toresult
in positive SST anomalies during the following spring in the TNA®"*
(Extended Data Fig. 4). The muted interannual SST variability during
thelate YD thus seemsto stand in conflict with the hypothesisthat the
meltwater-induced collapse of overturning circulation during the YD
would have resulted inincreased ENSO amplitude®*** and with estima-
tions of astrengthened mid-YD ENSO based on individual foraminifera
analysis of discrete samples with ages of 12.5and 12.2 kyr b2k (refs. 3¢%).
However, our data reflect approximately the last two centuries of the
YD, when the meltwater effect might have already ceased. Chengetal.’
recently claimed that the YD termination might have started in the
Southern Hemisphere (at around 11.9 kyr) or the tropical Pacific
(ataround12.3 kyr),owingtoashiftfromEINifiotoLaNifna-like conditions.
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This shift would have induced a gradual strengthening of the Atlantic
meridional overturning circulation until reachinga tipping point that
led to the abrupt rise in North Atlantic temperature. A muted ENSO
teleconnection during the late YD would thus be feasible and might
have contributed, among other factors, to reduced SST variability inthe
TNA. Subsequent strengthening of SST variability in the early Holocene
mightberelated to the northward shift of the ITCZ or toseaiceretreat.

Seasonal SST variability

Inour record, sub-annual SST variability can be assessed by deconvo-
luting the SST signal into upwelling and non-upwelling seasons.
This was achieved by combining information on sediment colour,
elemental compositionand U§;values ineach pm-sized spot (Methods,
sections titled ‘Assessment of SST seasonality’ and ‘Varve formation
and alkenone deposition in the sediments of the Cariaco Basin during
the YD-Holocene transition’). Using micro-X-ray fluorescence spec-
troscopy analysis of sampled spots congruent to those analysed by
MSI, we confirmed that the investigated laminae couplets represent
annual cycles, as already proposed by Hughen et al.'®: darker layers are
enriched inFe, Ti and Ca and correspond to the rainy, non-upwelling
(summer/fall) season depositing terrigenous material and biogenic
CaCO,fromforaminiferaor coccolithophores. Siabundance s highest
inlighter layers and corresponds to the increased biogenic opal pro-
ductionby diatoms during the upwelling (winter/spring) season (Fig. 3b
and Extended Data Fig. 5). This blueprint of seasonality was used to
assess changes in alkenone abundance (Extended Data Fig. 6) and U§7
based SST reconstruction. Light layers record lower SST values, consist-
entwith upwelling-induced cooling, whereas darker layers show higher
values (Fig. 3c and Extended Data Fig. 7). Deconvolution of recon-
structed SST, based on sediment colour, enabled us to calculate the
seasonality of SST, defined as the difference between average SST in
the non-upwelling and upwelling seasons. SST seasonality substantially
strengthened into the Holocene (P < 0.001) and this increase is robust
across arange of sediment colour values chosen to separate datainto
upwelling and non-upwelling seasons (Extended Data Fig. 8). Fitting
changes in seasonality to aramp (see Methods, section titled ‘Assess-
ment of SST seasonality’) resultsin an abruptincrease from 0.8t01.8 °C
at11.64 kyr b2k, whereas imposing a more gradual increase results in
al60-yeartrend from 0.6 to1.8 °C (Fig. 3a). Reconstructed early Holo-
cene seasonality is thus similar to the modern Cariaco Basin (1.6 °C).

This increase in seasonality is concurrent with the change in sedi-
ment reflectance and we posit that both were forced by the position
of the ITCZ. Annual SST variability in the tropical Atlantic is driven
by feedbacks between ocean and atmosphere®®**°, and SST maxima
are coupled to the seasonal migration of the ITCZ. Its northernmost
displacement in summer/fall results in warmest surface waters in the
Caribbean Sea. Decreased seasonality during the late YD can thus be
explained by a southward shift of the mean position of the ITCZ and/
or by a contraction of its annual range.

This effect was probably further reinforced by local features in the
Cariaco Basin. The basin sits within the current area of migration of the
AtlanticITCZ, more precisely atits northernmost limit. This translates
into a strong seasonal cycle: in summer and fall, heavy precipitation
isrelated to the ITCZ being positioned over the catchment area of the
basin and results in intense discharge by local rivers*. In winter and
spring, asthe ITCZ migrates southward, it allows for strong trade winds,
increased upwelling, weakened stratification and highest primary
productivity and export of biogenic material*2. We argue that, as the
ITCZ moved northward during the transition into the Holocene and/
or expanded its annual range, the summer/fall seasonreceived larger
freshwater input and became less influenced by regional windiness
and upwelling™'®"*, This allowed the development of density strati-
fication, with warm surface layers, as opposed to the colder mixed
water column of the upwelling season. The incipient strengthening
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Fig.3|Reconstructed SST seasonality across the YD-Holocene transition
based on the U, proxy analysed throughMSI. a, SST seasonality calculated
asthedifference between U, SST attributed to the non-upwelling and upwelling
seasonsin 5-year intervals. Increase in Holocene seasonality is fitted to an
abruptand amore gradual ramp (solid and dashed blacklines). The dotted
redlinerepresents modern Cariaco SST seasonality (1.6 °C). b,c, Seasonality
was evaluated by assigning molecular proxy data from each spot toaseason
of deposition based on the sediment colour of the spot. Elemental (b) and

UX, (c) data from an exemplary 5-cm slice (490-495 cm below seafloor,
11.39-11.50 kyr b2k) binned according to sediment colour (greyscale, GS).
Forbetter visualization, eachbin encompasses five GS units and includes at
least 25 successful US; analyses. Thered and blue barsin care attributed to
non-upwellingand upwelling seasons, respectively. GS is shown as AGS, that is,
the difference from the median GS of the slice.

of SST seasonality would have been further supported by amaximum
ininsolation seasonality** (Extended Data Fig. 9a).

In the modern Cariaco Basin, temperature has been identified as a
chiefdriver of phytoplankton composition**, for example, warmer tem-
peratures exert a negative effect on most diatoms. Stronger SST season-
ality and awarmer non-upwelling season thus can be related toamore
pronounced annualsuccessioninthe phytoplanktoncompositionandto
the shift fromadiatom-dominated YD to a coccolithophore-dominated
Holocene?*. We further suggest that these changes in seasonality will
haveaffectedprevious, lower-resolutionSSTreconstructions. Theabrupt
warming inferred by Lea et al.> might actually reflect increased SST
in the thermally stratified water column of the non-upwelling season
(Methods, section titled ‘Effect of changing seasonality on YD and early
Holocene SST records fromthe western TNA’and Extended Data Fig. 9b).

Bovaetal.* have proposed that climatic events such as the Holocene
and lastinterglacial thermal maxima are actually associated with large
seasonal effects but weak annual SST changes. Our dataset provides
proxy-based evidence of such seasonal effects in the TNA during the
last abrupt transition to awarmer climate at the Pleistocene-Holocene
boundary. Ourrecord further describes the strengthening of TNA inter-
annual SST variability over thisboundary. By revealing these previously
hiddensources of SST variability, we conclude that the high-frequency
component of the climate system can be especially sensitive to changes
in climate background. Assessing this variability over critical climate
transitions through reconstructions hasbeen hamperedin the past by



insufficient resolution in proxy records, but is now feasible through
MSI-based analysis of molecular proxies and its combination with other
high-resolution techniques.
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Methods

Study site

The Cariaco Basin, located on the continental shelf off Venezuela, is
alarge (about 160 km long and about 65 km wide) depression, com-
posed of two approximately 1,400-m-deep sub-basins. It is partially
isolated from the Caribbean Sea by a series of sills with depths of less
than150 m (ref. *’). This limits renewal of deep water in the basin and,
paired with the high oxygen demand resulting from intense surface
primary productivity, leads to anoxic waters below a depth of about
275 m at present*’*5,

The marked seasonality in the Cariaco Basin, combined with anoxic
bottomwaters that effectively prevent bioturbation, resultsin the accu-
mulation of annually laminated (varved) sediments. As sediments are
varved for the last deglaciation and the Holocene, and because of the
sensitivity of the area to climate change, they are considered to be one of
the most valuable high-resolution marine climate archives and have been
successfully used to study climate variability in the tropics>"''8, Varve
thickness is about 1 mm or more during the YD-Holocene transition’®.

Core and age model

Core MD03-2621 was retrieved during IMAGES cruise XI (PICASSO)
aboard R/V Marion Dufresne in 2003 (Laj and Shipboard Party 2004).
Cariaco cores have been collected under the regulations of the Ocean
Drilling Program and the IMAGES coring programme. In this study, data
from depths between 480 and 540 cm below the seafloor are presented,
encompassing the YD-Holocene transition. A detailed age model for
core MD03-2621 was established by Deplazes et al." and is based on
the cross-correlation of total reflectance to dated colour records from
the Cariaco Basin***. For the studied interval, the original age model
is based on a floating varve chronology anchored to tree ring data by
matching *C data®. The age model for core MD03-2621 was further
fine-tuned by correlation of reflectance data to the NGRIP ice core
50 record on the GICCOS age scale". The transition from the YD to
theHoloceneis characterized by a decrease in the sedimentationrate
from1.4to 0.5 mmyear™,

To account for possible depth offsets during storage and subsam-
pling, we matched sediment colour data expressed as greyscale (GS)
to thereflectance data from Deplazes et al." with the software QAnaly-
Series®’. To enable comparisonwith our record, agesin Leaetal.> were
corrected for the age difference between the sediment-colour-based
midpoint of the YD-Holocene transitionin theirrecord (11.56 kyr b2k)
andindata from Deplazes et al." (11.673 kyr b2k). The start and end of
the changein reflectance were determined by the RAMPFIT software™.

Sample preparation

Samples for MSI of molecular proxies were prepared as described in
Alfken et al.”: the original core was subsampled by LL channels, from
which X-ray pictures (Hewlett-Packard Faxitron 43855A X-ray cabinet)
and high-resolution digitalimages (smart-CIS1600 Line Scanner) were
obtained. The LL channels were then cutinto 5-cm pieces, whichwere
subsequently freeze-dried, embedded in a gelatin:carboxymethyl
cellulose (4%:1%) mixture and thin-sectioned onaMicrom HM 505 E cryo-
microtome. From each piece, one 60-um-thick and one 100-um-thick,
longitudinal slice (spanning the whole 5 cm piece) were prepared and
affixed to indium-tin-oxide-coated glass slides (Bruker Daltonik,
Bremen, Germany) for MSland elemental mapping, respectively.Slices
for MSlwere further amended with a fullerite matrix>*.

For all slices, a high-resolution picture was taken on a M4 Tornado
micro-X-ray fluorescence spectroscopy system (Bruker Nano Analytics).
This picture was used as a reference to set up elemental mapping and
MSI analysis, and also for the 2D comparison of elemental and proxy
datatosediment colour. Sediment colour is expressed as GS value. To
account for differences between single slices, AGS was calculated as
the difference between a value and the median GS of each individual

slice. Very low GS values corresponding to areas devoid of sediment,
identified by a black background, were excluded from analysis.

Elemental mapping

Elemental mapping of 100-pm-thick slices was performed on a M4
Tornado micro-X-ray fluorescence spectroscopy system (Bruker Nano
Analytics) equipped with amicro-focused Rhsource (50 kV, 600 pA) with
apolycapillary optic. Measurements were conducted under vacuum,
with a resolution of 50 um, two scans per spot and a scan time of 5 ms
per scan. Data were initially processed and visualized with M4 Tornado
Software version 1.3. XY matrices of relevant elements and sediment
colour were imported into MATLAB (R2016b) for further processing.
Toassess the correspondence between sediment colour and elemental
composition, for each 5-cmpiece, signal intensities of Ca, Fe, Tiand Siin
single spots were binned according to AGS and average intensities were
calculated foreach bin (Extended Data Fig. 5). The bin size was 5 GS units.

Molecular proxy analysis by MSI

MSlwas carried out ona 7T solariX XR Fourier transformion cyclotron
resonance mass spectrometer coupled to a matrix-assisted laser des-
orption/ionization source equipped withaSmartbeam Il laser (Bruker
Daltonik, Bremen, Germany). Analyses were performed in positive
ionization mode selecting for a continuous accumulation of selective
ionswindow of m/z554 +12. Spectrawere acquired with 25% datareduc-
tionto limit datasize. Spatial resolution was obtained by rastering the
ionizing laser across the sample in a defined rectangular area at a
100-umspot distance. Consideringlaminae thicknessin the millimetre
range®, such raster resolution is suited for seasonally resolved SST
reconstruction. Settings for laser power, frequency and number of
shots were adjusted for optimal signal intensities before each measure-
ment; typical values were 250 shots with 200 Hz frequency and 60%
laser power. External mass calibration was performed in electrospray
ionization mode with sodium trifluoroacetate (Sigma-Aldrich). Each
spectrumwas also calibrated after dataacquisitionby aninternal lock
mass calibration using the Na* adduct of pyropheophorbide a (m/z
557.2523), a chlorophyll a derivative generally present in relatively
young marine sediments. Around 20,000 individual spots were thereby
obtained for every 5-cmslice, each spot containinginformation onthe
abundance of diunsaturated and triunsaturated C;; alkenones needed
to calculate the U, SST proxy.

We provide atwo-pronged approach to decode SST proxy informa-
tion: (1) adowncore U§7 profile is obtained by pooling alkenone data
from coeval horizons, and results in SST reconstructions with annual
resolution, and (2) 2D images of alkenone distribution are examined
in conjunction with maps of sediment colour and elemental distribu-
tion to filter single-spot alkenone data for season of deposition.

SST reconstruction with yearly resolution

For the downcore profile, MSI data were referenced to the X-ray image
by the identification of three teaching points per 5-cm piece. After-
wards, the X-ray image was corrected for tilting of laminae in the LL
channels. This was done by identification of single laminae in the X-ray
image and selection of a minimum of four tie points per lamina.
Adetailed description can be foundin Alfken et al.’. After applying the
corresponding age model, downcore profiles were established with
1-year resolution: the intensity of the two alkenone species relevant to
the U§7 proxy (C,;, and Cs,;) were recorded for each individual laser
spotand filtered for asignal-to-noise threshold of 3. Only spots inwhich
both compounds were detected were further considered. Intensity
values were then summed over the depth corresponding to 1 year.
By pooling proxy data into 1-year horizons, the effect of changing
sedimentation rate and, thereby, changing downcore resolution is
minimized. If atleast ten spots presenting both compounds were avail-
able for asingle horizon, data quality criteria were satisfied** and a U,
value was calculated as defined by Prahl and Wakeham?:
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To apply the gas chromatography (GC)-based calibrations for the
U'3('7proxy, MSI-based datawere converted to GC equivalents. Therefore,
after MSI, sediment slices were extracted for conventional proxy
analysis. Sediment was scraped off the slide and extracted following
amodified Bligh and Dyer procedure®?°, Extracts were evaporated
under a stream of nitrogen, re-dissolved in n-hexane and analysed on
aThermo Finnigan Trace GC-FID equipped with a Restek Rxi-5ms cap-
illary column (30 m x 0.25 mmID). For each 5-cm piece, aratio between
the U, values obtained by GC flame ionization detector analysis and
MSI of the whole piece was calculated. The average ratio of all pieces
for which GC-based values could be obtained was 1.194, with astandard
deviation of 0.021.

U§7 cc-Fip = 1.194 x U]3(7 MSI (2

This ratio was used to calculate GC-equivalent U, values, which were
then translated into SST using the BAYSPLINE calibration”. The average
standard error of the BAYSPLINE model is 0.049 UX; units (correspond-
ingto1.4 °C) for samples with SST below 23.4 °C, but increases at higher
values (to up to 4.4 °C)¥. This is explained by the fact that sensitivity
ofthe U§;to SST (thatis, the slope of the regression) declines at higher
values. In the current dataset, the 95% confidence interval is, on aver-
age, +3.6 °C. The analytical precision of MSI-based SST reconstructions
for the UY;, using at least ten data points, according to Alfken et al.’, is
about 0.3 °C.Sources of uncertainty are summarized in Extended Data
Fig.10a.

For frequency analysis, a continuous, annually spaced record was
constructed by linearly interpolating 49 missing values. The record
was subsequently detrended. Spectral analysis was performed with the
REDFIT module*® using aHanning window (oversample 2, segments 2).
Continuous wavelet transforms were applied to investigate changes
incyclicity over time, using the Morlet wavelet with code provided by
Torrence and Compo®® for MATLAB. All steps, except for the wavelet
analysis, were performed with the PAST software®®.

For the assessment of the interannual variability, the SST record was
band-pass-filtered for periods between 2 and 8 years. The record is
based on 1-year binned data; seasonality is thereby nullified and the
highest frequency to be evaluated (Nyquist frequency) corresponds
to a period of 2 years. Variability of this time series was quantified by
calculating the standard deviation of the band-pass-filtered U§;signal
in 25-year intervals. To account for the potential impact of analytical
precision on the observed signal (Methods, section titled ‘The effect
of changing sedimentation rate on reconstructed interannual SST
variability during the YD-Holocene transition’), the variability exper-
iment from Alfken et al.’ was revisited. A sediment extract had been
sprayed onanITO slide and analysed by MSI. We then randomly selected
nspots and obtained a U, value for the summed intensities of these
spots. Precision was calculated as the standard deviation of five repli-
cateexperimentsforn=1,5,10,20,30,40,50 and 60. Decreasing ana-
lytical variability with increasing number of observations was fitted
toacurve (R*=0.838) described by the equation

Analytical variability = 0.0741 x number of spots %8 (3)

On the basis of this equation, analytical variability for each hori-
zon could be calculated on the basis of the number of valuesincluded
(Extended Data Fig. 10b). The mean variability for each 25-year
window was then subtracted from the observed variability in the
band-pass-filtered signal and the resulting proxy values were trans-
lated to SST following the equation by Miiller et al.*. Statistical sig-
nificance of the change in corrected SST variability after 11.66 kyr b2k
was assessed with a t-test.

Assessment of SST seasonality

For the assessment of SST seasonality, alkenone intensities fromindi-
vidual spots were binned according to AGS, with a bin size of 1 unit.
Spots were then separated into the categories upwelling season and
non-upwelling season by identifying the threshold AGS value that
maximized the difference between average SST in the bins above and
below it. Furthermore, this value had to fulfill three conditions: (1) be
higher (lighter) than the bins with the highest relative abundance of
Ca, Tiand Fe, which is indicative of the dark sediments associated to
non-upwelling season, (2) be lower (darker) than the bin with high-
est relative abundance for Si indicative of light sediment associated
to the upwelling season and (3) the number of spots categorized as
upwelling and non-upwelling had to account for at least 25% of total
spots. If criterialand 2 prevented criteria 3 from being fulfilled, a limit
of 15% was set. After separating datainto these two categories, data were
processed separately as described above for the unfiltered dataset and
adowncoretemporal resolution of 5 years was applied. Seasonality was
calculated as the difference betweenboth records and thus represents
the difference between 5-year average SST in the non-upwelling and
upwelling seasons.

Shiftin seasonality was fitted to two different ramps with the RAMP-
FIT software®. An unconstrained approach and a constrained approach
(in which the start and end points of the ramp were restricted to the
intervals 11.725-11.8 kyr b2k and 11.6-11.675 kyr b2k) were applied.
Negative values were excluded from this fitting. The resulting groups
of data were compared by a Mann-Whitney rank test.

SST seasonality in the modern Cariaco Basin was calculated for the
years 1980 to 2020 based on the HadISST dataset® by dividing monthly
data from each year into two groups and searching for the largest dif-
ference betweenthe average temperatures of both groups. Eachgroup
hadtoinclude atleast three consecutive months.In36 out of 41 years,
the warm season was defined from May to November or from July to
November.

Decadal-scale to centennial-scale SST changes during the
YD-Holocene transition and in the early Holocene

Annually reconstructed SST (average SST = 24.3 °C) remains relatively
stable during the YD-Holocene transition. At around 11.4 kyr b2k, a
warmingtrend is observed. Averaging all databefore 11.39 kyr and after
11.37 kyr resultsinawarming from23.9 +1.6 °Ct025.5 + 1.4 °C. Trends
identified by MSI are consistent with conventional U§7 analyses per-
formedinthe present study and those previously reported by Herbert
and Schuffert® on Ocean Drilling Program core 165-1002C (Extended
DataFig.1). These authors observed aslight warming several hundred
years after the transition into the Holocene, between about 11.53 and
11.32 kyr b2k.

Three prominent SST maxima are observed between about 11.50 and
11.45 kyr b2k. The average SST in these 50 years is 1.3 °C higher than
in the 50 years before and after. These maxima are synchronous with
the11.4-ka cold event or PBO characterized by a negative excursionin
80 and reduced snow accumulation rates in Greenland ice cores®
(Extended DataFig. 2). The PBO coincides with the oldest of the Bond
events, thatis, pulses of ice rafting in the Northern Atlantic indicative
of climatic deterioration®.

A warm tropical response to the PBO would be supported by the
lower-resolution foraminiferal SST record of Leaetal.?, which shows two
data pointsofincreased SST shortly after the end of the YD-Holocene
transition. To enable direct comparison, ages in Lea et al.> were cor-
rected for the age difference between the sediment-colour-based
YD termination midpoint in their record and in data from Deplazes
et al.™. After this correction, these maxima correspond to 11.43 and
11.50 kyr b2k (Extended Data Fig. 2). Further, the SST maxima coincide
withashort-lived change to lighter-coloured sediments. Hughen et al.”’
described acorrelation between brief North Atlantic cold events, such
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as the PBO, and changes in tropical primary productivity mediated
by stronger upwelling that result in lighter sediments in the Cariaco
Basin. Far-reaching effects of the PBO have previously been described
in West Asia, with increased dust plumes being related to asouthward
shift of the westerlies®.

The identification of the mechanisms behind a potential TNA
response to the PBO is beyond the scope of this study. However, we
wish to point out that high-resolution records are crucial to identify
such events and to differentiate between underlying changes coincid-
ing in time and, as in the present case, sharp signals that act on the
same multidecadal timescales and can potentially be triggered by the
same processes®®.

The effect of changing sedimentation rate on reconstructed
interannual SST variability during the YD-Holocene transition
Pooling proxy data into 1-year horizons establishes a constant sampling
rate and thereby prevents potential effects of changing sedimenta-
tion rates. The onset of the Holocene in the Cariaco Basin sediments
ischaracterized by asharp decrease in sedimentation rates from1.4 to
0.5 mm year™ (refs. ). Consequently, in the yearly pooled data, we
observe areduction in the number of values summed for each hori-
zon (Extended Data Fig. 10b), as fewer laser spots fit into the thinner
Holocene annual layers. At the same time, the mean intensity in each
of these spots slightly increases, consistent with arelative increase of
the contribution of haptophytes to primary production®.

We have previously shown that the precision of MSI-based molecular
proxy analysis is dependent on both the number of spots pooled per
datapointand thesignalintensity in these spots®. Allhorizons usedin
thedowncorerecord are above the established threshold of ten spots
and proxy variability was shown to stabilize above this threshold®**.
However, asadecrease in the number of values per horizon might still
result in lower analytical precision and contribute to higher signal
variability, we corrected variability in the 2-8-year window with the
estimated analytical variability (see equation (3)). With this correction,
the magnitude of the described variability decreases across the record,
but the trend towards higher interannual variability in the Holocene
persists (Fig. 2c).

Varve formation and alkenone deposition in the sediments of
the Cariaco Basin during the YD-Holocene transition
Comparison of elemental maps and sediment colour (Extended Data
Fig.5) shows aconsistent pattern of lamination across the YD-Holocene
transition that results from the seasonal interplay of precipitation,
upwelling and dominant phytoplankton community composition.
Darker laminae represent the rainy, non-upwelling (summer/fall)
season and are enriched in Fe and Ti from terrigenous material and
Casourced from biogenic CaCO, produced by foraminifera or coc-
colithophores. Lighter laminae are characterized by high abundance
of Siand correspond to the increased production of biogenic opal by
diatoms during the upwelling (winter/spring) season®. This is in agree-
ment with observations by Hughen et al.’8, who described the laminae
coupletsinthe Cariaco Basin as representing annual cycles, whereby
lightlaminae are anindicator of high productivity associated with the
winter/spring upwelling season and dark laminae are an indicator of
summer/fall runoffand accumulation of terrigenous material. Deplazes
etal.®® described a divergent origin of lamination for adeeper section
of the YD, with light laminae being rich in calcareous and terrigenous
elements characteristic for the summer season, whereas dark layers
were enriched in Si and Br, indicative of diatoms and organic-walled
primary producers characteristic for the more productive winter sea-
son. Such an alteration of the characteristic pattern of lamination is
not observed inthe late YD investigated here.

Thisblueprint of seasonality was used to assess the seasonal behav-
iour of alkenones. Alkenones were deposited throughout the year, as
evidenced by the fact that the number of spots containing detectable

amounts of both alkenone species are not restricted to the upwelling
or non-upwelling seasons but distributed across arelatively wide range
of GSvalues toboth sides of the median (Extended Data Fig. 6). Average
alkenone signalintensity is higher in the non-upwelling season, point-
ing to a preference of alkenone producers for this season and/or to a
stronger dilution of the signal in the upwelling season. In regards to
the U%, SST proxy distribution in light versus dark layers, our observa-
tions areinagreement with the ability to capture the seasonal SST cycle
with alkenones in sinking particles in the modern Cariaco Basin®.

Effect of changing seasonality on YD and early Holocene SST
records fromthe western TNA

Changing seasonality can contribute to explaining contrasting
lower-resolution SST records in the western TNA during the YD and
the early Holocene. The strong warming during the YD-Holocene tran-
sitionrecorded in the foraminiferal Mg/Carecord of the Cariaco Basin
(Lea et al.’; Extended Data Fig. 1) might be reflecting the more robust
thermohaline stratification and increasingly warmer non-upwelling
seasons, given the preference of Globigerinoides ruber for this season.

Globigerinoides ruber (white), as used by Lea et al.?, is considered to
be adominant species in the tropics, with a relatively uniform annual
distribution. However, in the modern Cariaco Basin, upwellingleadstoa
distinct foraminiferal community composition and seasonal turnover’,
consistent with the notion of warm-water foraminifera narrowing
their occurrence to the warmest season’. The relative abundance
of G. ruber increases in the non-upwelling (warm) season but rarely
exceeds 15%, whereas the upwelling season is clearly dominated by
Globigerina bulloides™"”. Globigerinoides ruber fluxes are consistently
lowest when upwelling is most vigorous, as expressed in annual minima
in SST (Extended Data Fig. 9b). As upwelling during the YD and early
Holocene was more intense than in the present’, the preference of
G. ruberfor the summer (non-upwelling) season might have been even
more pronounced.

The development of a stronger seasonality in the early Holocene
would thus have led to a narrower temporal occurrence of G. ruber in
the non-upwelling season, during which it would also be exposed to
higher SST. The average SST difference between seasons obtained in
our analysis can be converted into annual SST amplitude by assuming
asinusoidal curve. By doing so, we observe anincrease in the seasonal
amplitude of1.5t01.9 °C (depending on the ramp fitted), whichis simi-
lar to the warming described by Lea et al.>.

Thisinterpretationisinagreement with Bovaet al.**, who observed
that most Holocene climate reconstructions are biased towards the
boreal summer/fall and reflect the evolution of seasonal rather than
annual temperatures. As discussed above, this is probably not true for
the UX; index in the Cariaco Basin, as alkenones are deposited through-
outtheyear. The suggested weakening of summer stratification during
the YD (as compared with the Holocene) might, however, explain why
the lower-resolution U; records from the semi-enclosed Cariaco Basin
show no or weaker warming? than other, open-ocean, tropical YD
records*, where theinterplay of upwelling, freshwater input and strat-
ification are less relevant to the SST signal.
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Extended DataFig.1|Comparison of MSI-based and conventional SST Leaetal.’.b,Zoom-in to the YD-Holocene transition investigated in the
recordsinthe CariacoBasin. a, Reconstructed SST from Herbert and present study, with MSI-based reconstruction (red line) shown together with
Schuffert®®based on theUY, proxy. The revised age model from Haug et al.’® dataobtained by extracting sediment slices after having been used for MSI
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transition expressed as changes in sediment colour in Deplazes etal." and
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Extended DataFig.7|U%, valuesbinned according to sediment colour.
Sedimentcolouris presented as deltagreyscale (AGS, that is, the difference to
the median GS value of each sample).US, was calculated on the basis of the sum
of intensities in each bin and values obtained by MSIwere converted to GC
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Extended DataFig. 8| Impact ofthe sediment colour value used toseparate
UY, valuesinto upwelling and non-upwelling seasons. AU, denotes the
increase in seasonality after 11.64 kyr b2k, whichis arobust feature across a
widerange of AGS. AGS refersto the differencein greyscale values to the
threshold used in the main text. The increase in seasonality weakens as lower
GSvalues are chosen, thatis, more signals from the non-upwelling, warm layers
areincorporatedintothe cold season. The strongestincrease in seasonality is
notdetected at AGS = 0 because we defined the threshold tobe setinaway
thatatleast25% of the data points were included into each of the two seasons.
Pushingthe threshold towards higher values, insome cases assigning less

than 25% of the datato the upwelling season, resultsinanevenstronger
enhancement of SST seasonality.
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represent analytical precision based on the standard deviation of replicate
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and MSI-based values in the current dataset, and the average 95% confidence
interval for the SST calculation by means of the BAYSPLINE calibration model*’
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attenuation at high SST*. b, Number of spots pooled in each 1-year horizon to
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