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The potential for increased drought frequency and severity linked
to anthropogenic climate change in the semi-arid regions of the
southwestern United States (US) is a serious concern'. Multi-year
droughts during the instrumental period® and decadal-length
droughts of the past two millennia"* were shorter and climatically
different from the future permanent, ‘dust-bowl-like’ mega-
drought conditions, lasting decades to a century, that are predicted
as a consequence of warming®. So far, it has been unclear whether
or not such megadroughts occurred in the southwestern US, and, if
so, with what regularity and intensity. Here we show that periods of
aridity lasting centuries to millennia occurred in the southwestern
US during mid-Pleistocene interglacials. Using molecular palaeo-
temperature proxies’ to reconstruct the mean annual temperature
(MAT) in mid-Pleistocene lacustrine sediment from the Valles
Caldera, New Mexico, we found that the driest conditions occurred
during the warmest phases of interglacials, when the MAT was
comparable to or higher than the modern MAT. A collapse of
drought-tolerant C, plant communities during these warm, dry
intervals indicates a significant reduction in summer precipitation,
possibly in response to a poleward migration of the subtropical dry
zone. Three MAT cycles ~2 °C in amplitude occurred within
Marine Isotope Stage (MIS) 11 and seem to correspond to the
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muted precessional cycles within this interglacial. In comparison
with MIS 11, MIS 13 experienced higher precessional-cycle ampli-
tudes, larger variations in MAT (4-6 °C) and a longer period of
extended warmth, suggesting that local insolation variations were
important to interglacial climatic variability in the southwestern
US. Comparison of the early MIS 11 climate record with the
Holocene record shows many similarities and implies that, in the
absence of anthropogenic forcing, the region should be entering a
cooler and wetter phase.

The hydroclimatology of the southwestern US shows significant
natural variability including major historical droughts'. Models of
climate response to anthropogenic warming predict future dust-
bowl-like conditions that will last much longer than historical
droughts and have a different underlying cause, a poleward expansion
of the subtropical dry zones®. At present, no palaeoclimatic analogues
are available to assess the potential duration of aridity under a warmer
climate or to evaluate its effect on the seasonality of precipitation.

Here we present a high-resolution climate record from an 82-m
lacustrine sediment core (VC-3) from the Valles Caldera (Fig. 1) that
spans two mid-Pleistocene glacial cycles from MIS 14 to MIS 10
(552kyr ago to ~368 kyr ago; see Supplementary Information).
MISs 11 and 13 are long interglacials that may have been as warm as
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Figure 1 | Location map of the Valles Caldera. a, Location in northern New Mexico. b, Digital elevation model of the Valles Caldera showing the location of
South Mountain rhyolite, Valle Grande, the drilling location of core VC-3 (black square) and a photograph of the drilling site.
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the Holocene epoch, and MIS 11 is a good analogue for future natural
climate variability with similar, low-amplitude precessional cycles®’.
We used novel organic geochemical proxies (the cyclization ratio of
branched tetraethers (CBT, related to pH) and the methylation index
of branched tetraethers (MBT, related to temperature and pH>%)) to
reconstruct the annual MAT of the Valles Caldera watershed, and
compared these with proxies of hydrologic balance to evaluate the
relationship between warmth and aridity.

Interglacial MATSs in the VC-3 record range from ~0 to 7 °C, with
the highest temperatures occurring in MIS 13 and early in MIS 11
(Fig. 2). The highest temperatures (5-7 °C) are similar to modern
MATS, of ~5 °C. The glacial stages have multiple millennial-scale tem-
perature oscillations with amplitudes as large as 7 °C; approximately
seven oscillations are preserved in MIS 12 (B1-B7), three in late MIS 14
(C1-C3) and one in early MIS 10 (A1). The frequency of these oscilla-
tions (2-10kyr) is similar to those recorded in contemporaneous
Atlantic Ocean sediment records’. All VC-3 stadials correlate with high
percentages of Picea + Abies pollen, whereas interstadials have lower
Picea + Abies pollen percentages and many correlate with local max-
ima in Juniperus and Quercus (Fig. 2). Increased percentages of
Cyperaceae (sedge) pollen during several interstadials suggest a
shallower lake rimmed by a broad marshy zone, which would have
been minimized during stadials, when the lake was deeper. Interstadial
shallowing probably resulted from increased evaporation and/or a
reduction in the winter precipitation that dominates regional glacial-
stage precipitation'’.

Glacial terminations VIand V in the VC-3 record show temperature
increases of ~7 and ~8 °C, respectively. The §'°C record of TOC
(Fig. 2) shows negative isotopic shifts of 2.5-3.5% at the terminations
that we interpret as biotic responses to global increases in atmospheric
CO,, similar to the Termination I §'°C response in Lake Baikal''.

We subdivide MIS 11 into five distinct substages, three warm and
two cool, on the basis of MAT estimates, warm (lower-elevation)
versus boreal (higher-elevation) pollen taxa, and variation in aquatic
productivity proxies (Fig. 2). The warm substages (MISs 11a, c and e)
are separated by intervals in which the temperature is ~2 °C lower
(MISs 11b and d). Although these small temperature variations are
within the error limits of the MBT/CBT calibration, their timing is
supported by decreases in warm pollen taxa and increases in boreal
pollen taxa (with the exception of MIS 11a). The warmest substage,
MIS 11e, occurs early in the interglacial, and has peak MATSs of 6-7 °C
and the highest percentages of Juniperus pollen. After MIS 11e, the
warm substages become progressively cooler.

The preservation of five MIS 11 substages in VC-3 is unusual. Most
published records recognize only three substages, although a weak MIS
11e was noted in the Lake Baikal biogenic silica record'? and there are
three distinct (warm) peaks in MIS 11 pollen influx from Greenland
preserved in ODP Site 646 sediments". The VC-3 MIS 11a substage is
cooler than the extended warm phases of MIS 11, similar to other mid-
Pleistocene climate records'?, and is defined mainly by elevated lacus-
trine productivity (Si/Tiand TOC), more-positive 5'*C values, slightly
higher temperature estimates and a combination of Quercus, Picea and
Abies pollen that may not have a good modern climatic analogue.
Within the limits of the VC-3 age model and the calibration uncer-
tainty in the MBT/CBT proxies, the warm substages seem to corre-
spond to the three precessional peaks of MIS 11, suggesting that the
temperature response of this region to low-amplitude precessional
cycles is ~2 °C. On the basis of the MIS 11 orbital forcing similarity
with the Holocene, we suggest that in the absence of anthropogenic
forcing future southwestern US climate should see a cooling of ~2 °C
relative to the early Holocene.

Large parts of MIS 13 seem to have been warmer than most of MIS
11, as shown by MATSs of up to 7 °C, higher Juniperus pollen percen-
tages and the absence of Picea + Abies pollen (Fig. 2). Only MIS 11e
had temperatures approaching the peak warmth of MIS 13. Other
Northern Hemisphere records suggest that MIS 13 was warmer than
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Figure 2 | Multi-proxy profiles of VC-3 plotted versus calendar age. Age
model age-depth tie points are shown as arrows at the top and possible
sedimentary hiatuses are indicated by positions of mud cracks (below). Shading
indicates interglacial periods including odd-numbered MISs 11 and 13 and
substages within MIS 11 (a, c and e). a, June insolation at latitude 30° N (ref. 6).
b, Quercus (warm) pollen percentages. ¢, Juniperus (warm) pollen percentages.
d, MAT estimates from MBT/CBT, with data size marker equivalent to 2 °C
(blue). Red line shows the modern MAT, of 4.8 °C, in the Valle Grande. MBT/
CBT temperature estimates have an absolute uncertainty of 5 °C based on
uncertainties in the global calibration (see further discussion in Supplementary
Information). Millennial-scale events within the three glacial periods, defined
by local maxima in MAT and Cyperaceae and local minima in Picea and Abies,
are indicated (A for MIS 10, B for MIS 12 and C for MIS 14). e, Picea + Abies
(boreal) pollen percentages. f, Cyperaceae pollen percentages; mud cracks
indicated with orange diamonds. g, Si/Ti ratios from core scanning X-ray
fluorescence (XRF). Large peaks in MIS 14 correspond to pumiceous gravels.
h, Total organic carbon (TOC). i, 33Croc = ((B3C/ 12C)sample/
(3C/"C)gtandard — 1) X 1,000%o, relative to the Vienna PeeDee Belemnite
(VPBD) standard. j, Watershed soil pH estimate from CBT. k, Calcium
concentration in sediments from core scanning XRF.

MIS 11'*"%, and a smaller Greenland ice sheet'® and a lack of ice rafting
in the North Atlantic’ also indicate Northern Hemisphere warmth
during MIS 13, although not necessarily more than during MIS 11.
In contrast, Southern Hemisphere records uniformly show a cooler
MIS 1316,

The higher MIS 13 temperatures in the southwestern US occur
despite lower interglacial values of atmospheric CO, and CH, (ref. 17).
However, the amplitude of precessional cycles and, hence, extremes in
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Northern Hemisphere insolation were larger in MIS 13 than MIS 11¢
and may have led to higher continental temperatures during parts of
MIS 13. Temperature variability during MIS 13 was as much as 6 °C,
which is significantly larger than that during MIS 11 (Fig. 2). In com-
bination with the apparent precessional timing of MIS 11 warm sub-
stages, this suggests that the southwestern US responded more strongly
to insolation variations than to interglacial trends in greenhouse gases
or global ice volume.

Mud cracks present in the warmest phases, MIS 11e and MIS 13, are
unambiguous indicators of drier conditions. One 70-cm mud crack
occurs within MIS 11e, and ~3 m of section within the upper portion
of MIS 13 sediments contains multiple, centimetre-scale mud cracks,
making this portion of the VC-3 age model less certain (Fig. 2). Also,
the presence or absence of calcite in VC-3 sediments provides a con-
tinuous indicator of closed-basin or, respectively, open-basin condi-
tions in the lake. No calcite precipitated during freshwater open-basin
conditions, whereas during drier (closed-basin) conditions, evaporative
concentration led to calcite precipitation and preservation. XRF core
scanning results show two intervals with high calcium concentrations
during MISs 11e and MIS 13 (Fig. 2) that correlate with elevated (1-2%)
total inorganic carbon (not shown), whereas core sections with low
calcium concentrations have essentially no total inorganic carbon.
Significant increases in calcium mark the onsets of closed-basin condi-
tions coincident with rapid temperature increases a few thousand years
after Terminations V and VI (Fig. 2). Mud cracks develop later within
these closed-basin periods.

Long-term changes in watershed hydrology are also reflected in the
CBT-derived soil pH record. Changes in soil pH are assumed to reflect
changes in total precipitation'®; greater soil leaching and acidification
occurs with more precipitation, whereas drier conditions result in
weaker soil acidification. The most alkaline soils occur within the
interglacial mud-cracked facies (Fig. 2) and are more basic for longer
periods in MIS 13. In contrast, soil pH shows a progressive acidifica-
tion through MIS 12, consistent with progressively wetter conditions
through that glacial stage, and possibly also caused by increases in
boreal tree vegetation.

During MIS 11e, Si/Ti (a proxy for diatom productivity) is initially
very high and then declines to average interglacial values, whereas
TOC increases to ~5% in MIS 11e and is also high during early MIS
11d and MISs 11c and 1la. After the glacial termination, 3"Croc
rapidly increases to ~—20%o, indicating an expansion of C, plants
in the watershed and higher lacustrine productivity levels'. Increases
8"3Croc also occurs in MISs 11c and 11a, and early in MIS 11d.
Continued high Si/Ti, TOC and more-positive 5'*Croc values during
early stages of closed-basin conditions in MIS 11e and MIS 13 indicate
periods of robust summer precipitation and productivity related to
insolation forcing of monsoon strength, even as reduced winter pre-
cipitation led to less precipitation overall and closed-basin conditions.

Mud-cracked facies in MIS 11e and MIS 13 are characterized by
negative shifts in 8"3Croc of 6-7%o and dramatic decreases in per-
centage TOC (Fig. 2). Si/Ti ratios, however, remain elevated relative to
glacial values, suggesting that low percentage TOC values are due to
organic degradation in shallow, oxidized sediments rather than lower
aquatic productivity. The large negative shifts in 8">Croc are best
explained by a collapse of the interglacial C; plant community.
Variations in Cs and C, plant communities are a complex function
of temperature, atmospheric CO,, and growing-season precipita-
tion’**'. These dry intervals include some of the highest MATSs in
the VC-3 record that should favour C, plants, and the relatively high
interglacial levels of atmospheric CO, during MISs 11 and 13 vary by
less than 20-30 p.p.m.v. Thus, the best explanation for the decline of
C, plants in the watershed is a significant decrease in summer precipi-
tation. In contrast to the early interglacial closed-basin phases where
significant C4 plant growth provided evidence for robust summer
precipitation, we interpret the extended arid periods later in MIS 11e
and MIS 13 to be the result of greatly reduced summer precipitation.
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Following the aridity of MIS 11e, the lake expanded during MIS 11d as
shown by well-laminated sediments and open-basin conditions (low
calcium values). Despite this interval being ~2 °C cooler, sufficient
summer rainfall early in MIS 11d allowed renewed C, plant growth.

Northern New Mexico at present receives ~40-50% of its annual
precipitation total during the summer monsoon*. During the warmest
phases of the interglacials, we would expect greater summer precipi-
tation, as the monsoon is primarily driven by land surface heating®.
Indeed, linkages among interglacial warmth, robust summer precipi-
tation and precessional variations are indicated by the presence of C,
plants in early MIS 13, early MIS 11e and MISs 11c and 11a, when
MATSs were similar to or slightly less than modern values, but the
warmest intervals did not have robust summer precipitation. As possible
analogues for interglacial aridity, both historical droughts and pre-
historical megadroughts were characterized by reductions in winter
precipitation as a consequence of more-frequent La Nifia events2>**,
with summer precipitation reduced also.

In contrast, the extended arid episodes (centuries to millennia) of
MIS 1le and MIS 13 lasted much longer than pre-historical mega-
droughts. An analogous relationship between peak interglacial warmth
and extended aridity was also noted in a mid-Holocene bog record from
the margin of the Valles Caldera*. Here, ~2 kyr of desiccation occurred
contemporaneously with the highest temperatures of the Holocene in
the southwestern US* and with the northernmost extent of the inter-
tropical convergence zone in the Gulf of Mexico™. The timing of this
dry episode in the Holocene interglacial following the deglaciation is
very similar to that of the arid episode in MIS 11e; subsequent late-
Holocene conditions became wetter in the southwestern US, with
increased winter precipitation”” similar in timing to wetter conditions
during MIS 11d in the VC-3 record.

The strong correspondence between the warmest temperatures and
extended aridity during at least three interglacials (MIS 13, MIS 11e
and the early Holocene) in the southwestern US suggests a stable
climate state fundamentally different from conventional drought con-
ditions. These periods of aridity are related to lower winter precipita-
tion (as mid-latitude westerlies shifted polewards during warmer
periods), but reductions in summer precipitation seem to be critical
to their development. Unlike the temporary summer blocking high
over the southwestern US thought to partly explain the 1950s
drought®, these longer periods of aridity indicate a more permanent
change in atmospheric circulation. Climate model analysis shows that
the dust-bowl-like conditions predicted for the southwestern US over
the next century in response to anthropogenic warming arise from a
poleward shift of the mid-latitude westerlies and the poleward branch
of the Hadley cell’. This response to warming is not transient and
would result in a more arid southwestern US as long as the underlying
conditions (warming) remained in place. Our palaeoclimate record
shows that extended interglacial aridity is strongly linked to higher-
than-modern temperatures and reduced summer rainfall, and we
suggest that a similar expansion of the subtropical dry zone has
occurred several times in the past in response to natural warming,
even though MIS 11 and MIS 13 had different orbital and atmospheric
CO, forcings. Our results strongly indicate that interglacial climates in
the southwestern US can experience prolonged periods of aridity,
lasting centuries to millennia, with profound effects on water avail-
ability and ecosystem composition. The risk of prolonged aridity is
likely to be heightened by anthropogenic forcing"*.

METHODS SUMMARY

Measurement of fossil branched glycerol dialkyl glycerol tetraether (GDGT) mem-
brane lipids from soil bacteria were conducted at the Royal Netherlands Institute for
Sea Research (NIOZ) and Brown University following procedures outlined in
Supplementary Information. At NIOZ we analysed GDGT's on an Agilent 1100 series
LC-MSD SL, and at Brown University we analysed GDGTs on an HP 1200 series LC-
MS. Both labs used an Alltech Prevail Cyano column (2.1 X 150 mm, 3 pm) with the
same solvent elution scheme and instrument operating conditions. GDGTs were
detected using atmospheric-pressure chemical ionization mass spectrometry. All
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liquid chromatography/mass spectrometry runs were integrated at NIOZ by the
same technician to ensure consistency. To evaluate the compatibility between the
Brown and NIOZ measurements, representative samples were analysed on both
machines and the resulting MBT/CBT indices were found to be identical within
analytical uncertainty.

Processing for pollen included suspension in KOH, dilute HCL, hydrofluoric
acid and acetolysis solution. The pollen sum included all terrestrial pollen types;
Cyperaceae percentages were calculated outside the sum. We identified pollen
grains to the lowest taxonomic level using the modern pollen reference collection
at Northern Arizona University. Analysis for organic carbon elemental concen-
trations and 8'*Croc included samples being dried, ground and pretreated twice
with 6 N HCL at 60 °C to remove the carbonate fraction. TOC and 8"*Cpoc were
analysed using a Costech Elemental Analyser coupled to a Thermo-Finnigan Delta
Plus isotope ratio mass spectrometer. The bulk elemental composition of core VC-
3 sediments was determined using an ITRAX X-ray Fluorescence Scanner (Cox
Analytical Instruments). XRF scanning was conducted at 1-cm resolution with 60-
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