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Abstract

Iberia is predicted under future warming scenarios to be increasingly impacted by drought. While it is known that this region has experienced multiple
intervals of enhanced aridity over the Holocene, additional hydroclimate-sensitive records from Iberia are necessary to place current and future drying
into a broader perspective. Toward that end, we present a multi-proxy composite record from six well-dated and overlapping speleothems from Buraca
Gloriosa (BG) cave, located in western Portugal. The coherence between the six stalagmites in this composite stalagmite record illustrates that climate
(not in-cave processes) impacts speleothem isotopic values. This record provides the first high-resolution, precisely dated, terrestrial record of Holocene
hydroclimate from west-central Iberia. The BG record reveals that aridity in western Portugal increased secularly from 9.0 ka BP to present, as evidenced
by rising values of both carbon (5'C) and oxygen (5'80) stable isotope values. This trend tracks the decrease in Northern Hemisphere summer insolation
and parallels Iberian margin sea surface temperatures (SST). The increased aridity over the Holocene is consistent with changes in Hadley Circulation and
a southward migration of the Intertropical Convergence Zone (ITCZ). Centennial-scale shifts in hydroclimate are coincident with changes in total solar
irradiance (TSI) after 4 ka BP. Several major drying events are evident, the most prominent of which was centered around 4.2 ka BP, a feature also noted
in other Iberian climate records and coinciding with well-documented regional cultural shifts. Substantially, wetter conditions occurred from 0.8 ka BP
to 0.15 ka BP, including much of the ‘Little Ice Age’. This was followed by increasing aridity toward present day. This composite stalagmite proxy record
complements oceanic records from coastal Iberia, lacustrine records from inland Iberia, and speleothem records from both northern and southern Spain
and depicts the spatial and temporal variability in hydroclimate in Iberia.

Keywords
drought, Holocene, hydroclimate, Iberia, Portugal, stalagmite

Received 12 July 2019; revised manuscript accepted 8 January 2020

and is quantified by an index calculated using the differences in
sea level air pressure between Iceland and Lisbon (or the Azores)
(Barnston and Livezey, 1987). A positive (negative) NAO index
represents a steeper (gentler) pressure gradient between Iceland
and Lisbon, and the relative strength and position of the Azores
High impacts the location of storm tracks (Barnston and Livezey,
1987). During positive NAO conditions (NAO+), storms are
steered north of Iberia (decreasing rainfall in Iberia) while during
negative NAO conditions (NAO-), storms travel across Iberia
and the rest of southern Europe, increasing precipitation to these

Introduction

Climate models pinpoint the Mediterranean region, including the
Iberian Peninsula, as an area sensitive to drying conditions under
future warming scenarios (Giorgi and Lionello, 2008). The
Iberian Peninsula is a region where hydroclimatic variability has
played a central role during its history of human occupation
(Mejias Moreno et al., 2014; Morellon et al., 2018), and thus
understanding the timing, nature, and drivers of past rainfall
dynamics is of utmost importance. In order to better contextualize
the evolution of hydroclimate variability (Figure 1a), high-resolu-
tion, hydroclimate-sensitive records are needed from an array of

terrestrial locations in Iberia.

The Iberian Peninsula is located at the atmospheric boundary
between African aridity and the temperate and rainy climate of
central Europe, and, as such, is ideally suited to investigate the
timing and amplitude of hydrologic changes as well as the forcing
mechanisms modulating them (Giorgi and Lionello, 2008; Morel-
lon et al., 2018; Walczak et al., 2015). Of particular importance to
Portuguese hydroclimate is the Azores High, which marks the
southern node of the North Atlantic Oscillation (NAO) dipole.
The NAO is strongly associated with interannual climate vari-
ability across Iberia and much of western Europe (Hurrell, 1995;
Trigo et al., 2002; Trouet et al., 2009; van Loon and Rogers, 1978)
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Figure |. (a) Annual precipitation anomalies (mm) for 1981-2013 relative to 1901-2013 mean. (b) Average annual precipitation (mm) of
the Iberian Peninsula (1901-2013 CE; GPCC v. 7; Schneider et al., 2014b). For (a) and (b), the star indicates location of Buraca Gloriosa (BG)
cave and circles indicate locations of the three GNIP sites used for comparison. (c) Map of Buraca Gloriosa cave modified from Associagao de
Estudos Subterraneos e Defensa do Ambiente (AESDA). Star indicates location of stalagmites used in this study. (d) Interior of BG, showing

loft area (upper left) where several stalagmites were collected.

regions (Barnston and Livezey, 1987). Thus, small shifts in atmo-
spheric circulation patterns related to subtropical (Azores) high
pressure dynamics can cause substantial shifts in the regional cli-
mate mean state (Giorgi and Lionello, 2008). However, our col-
lective understanding of the evolution of the NAO system over
the entire Holocene is lacking, although several studies have
offered important insights at various times during the Holocene
(e.g. Faust et al., 2016; Lehner et al., 2012; Mauri et al., 2014;
Olsen et al., 2012; Ortega et al., 2015; Trouet et al., 2009; Was-
senburg et al., 2016).

Past hydroclimate variability in Iberia has been linked to the
Azores High (Trigo and DaCamara, 2000) and climate models
suggest future variability will be closely connected to it as well
(Seidel et al., 2008). Shifts in the strength and/or location of the
subtropical high may occur in response to future warming (Li
et al., 2012), and longer term climate changes in Iberia through
the Holocene reflect large-scale Northern Hemisphere and North
Atlantic processes, including possible expansion, contraction or
displacement of the Hadley Circulation (e.g. Karnauskas and
Ummenhofer, 2014; Seidel et al., 2008). Furthermore, changes in
insolation in the Northern Hemisphere have been linked to weak-
ening East Asian (Wang et al., 2005) and Indian (Fleitmann et al.,
2003, 2007) monsoon systems over the Holocene and occur
simultaneously with a southward displacement of the Intertropi-
cal Convergence Zone (ITCZ) (e.g. Haug et al., 2001). Such a
shift in the ITCZ is intricately linked to Hadley Circulation
dynamics including the mean latitude of the descending branch,
of which the Azores High is a part (Kang and Lu, 2012; Wassen-
burg et al., 2016).

Centennial-scale variability seen in Mediterranean records
(e.g. Ait Brahim et al., 2018) (and in other subtropical regions)
has been attributed to, among other drivers, changes in total solar
irradiance (TSI; W/m?). Increased TSI correlates with enhanced
monsoonal activity in monsoonal regions of the Northern Hemi-
sphere such as Taiwan (Li et al., 2015). In northeastern Italy, spec-
tral analysis of stalagmites confirms solar influence on the stable
isotope values from Grotta di Ernesto (Scholz et al., 2012). In
Iberia, centennial-scale changes in TSI could modulate the inten-
sity of the hydrologic cycle (e.g. Allan et al., 2018) and poten-
tially influence the NAO system (see Wassenburg et al., 2016).

Under this scenario, reduced TSI could trigger a weaker NAO
dipole, thereby, increasing precipitation in Iberia (Ait Brahim
et al., 2018). However, the relationship between the spatiotempo-
ral variability in Iberian hydroclimate with solar variability is not
well characterized in the Holocene.

Despite the more than two dozen published paleohydrologic
records from Iberia that span a majority of the Holocene, our
understanding of spatial and temporal changes in regional hydro-
climate remains incomplete. These sites include alpine lakes (e.g.
Jambrina-Enriquez et al., 2014; Pla-Rabes and Catalan, 2005,
2011; Sanchez-Lopez et al., 2016), Iberian margin sediments (e.g.
Séanchez Goili et al., 2008), and speleothems (e.g. Martin-Chivelet
etal.,2011; Smith et al., 2016; Stoll et al., 2013). Records are more
developed in northern (e.g. Moreno et al., 2017; Railsback et al.,
2011; Stoll et al., 2013) and southern Iberia (e.g. Chabaud et al.,
2014; Fletcher et al., 2007; Walczak et al., 2015), while regions
that are underrepresented include western and central sections of
the peninsula. The temporal resolution of many of these individual
records is variable and often coarse (>100-year resolution).

Several of these studies have divided Iberian Holocene climate
into three intervals: an early-Holocene humid period (11.5-7.0 ka),
a mid Holocene characterized by increased climatic variability
(7.0-5.5 ka BP), and a late-Holocene period of aridification (since
~5.5 ka BP) (Jalut et al., 2009). More recently, Walker et al.
(2012) outlined more formal divisions of the Holocene into early
(11.7-8.2 ka BP), middle (8.2—4.2 ka BP) and late Holocene
(4.2 ka BP to present), and it is these subdivisions that will be
used in this study. The climatic changes of the early, middle, and
late Holocene are not temporally consistent across the Iberian
Peninsula (Walczak et al., 2015), however. Regional differences
correspond to latitude, topography, and proximity to the ocean
and also likely reflect sensitivity to Azores High dynamics
(Walczak et al., 2015).

In order to address the limited representation of hydroclimate
records in west-central Portugal, we present here a reconstruction
of hydroclimate using 8'*C and 8'%0 values from six well-dated
and (partially) overlapping speleothems since approximately 9.0
ka BP from Buraca Gloriosa (BG). Stalagmite chronologies were
developed using U-Th dating and the composite isotopic time
series was derived from these dates and intra-site correlation age
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modeling (iscam; Fohlmeister, 2012). The aims of this study are
to (1) establish a robust, high-resolution composite isotope record
of Holocene hydroclimate from this region, (2) identify in this
record, periods of enhanced aridity or humidity, and (3) use these
data to evaluate drivers of regional hydroclimate variability at
millennial and centennial-scales.

Field site and methods
Cave setting and local climate

Six stalagmites were collected from BG (39°32'N, 08°47'W; 420
ma.s.l.), a cave in west-central Portugal near the town of Alvados,
30 km from the Atlantic Ocean (Figure 1). The region surround-
ing BG is characterized by warm and dry summers and cool and
wet winters typical of the Mediterranean climate. Most rainfall
occurs in the winter season and shoulder months, with greater
than 85% of yearly precipitation falling between October and
April in Leiria, a meteorological station less than 30 km from BG.

The cave is ~35 m long (Figure 1) and hosted by Middle Juras-
sic limestone in the Estremadura Limestone Massif, a topographi-
cally distinct region in central Portugal (Rodrigues and Fonseca,
2010). Access is gained through a single, small (~0.5 m?) entrance
formed at the top of a collapse at the base of an overhang approxi-
mately 30 m from the hilltop (Figure 1). BG is well-decorated
with numerous inactive stalagmites and only a few active growth
sites. Vegetation above the cave is composed of shrubs, small
trees, and mosses with thin (0—10 cm), highly organic soil. Previ-
ous work by Denniston et al. (2018) provides additional details
regarding isotopic values of dripwater, host rock, glass slide-
grown calcite, and vegetation and soil above the cave, and
together, these data suggest that stalagmites crystallized near iso-
topic equilibrium with dripwater. The six stalagmites were col-
lected at the bottom of the cave, ~30 m from the cave entrance
(Figure 1). Three stalagmites (BG063 (29.5 cm), BG121A (23.0
cm), and BG121B (16.4 cm)) had grown on the cave floor at the
base of the loft and three others (BG136 (43.7 cm), BG135 (51.4
cm), BG134 (9.2 cm)) grew in a loft area ~4 m above the floor
(Figure S1A and B, available online). Two stalagmites, BG136
and BG134, were actively growing when collected.

Environmental monitoring

Temperature (T), relative humidity (RH), and barometric pressure
(P) inside BG were measured every 2 hours from August 2013
until January 2019 using HOBO U23 (T/RH) and U20 (P/T) log-
gers. Temperature and RH were also measured every 2 hours over
this monitoring period just outside the cave entrance. Drip rates
were monitored in BG using Stalagmate acoustic drip counters
(Collister and Mattey, 2008), with drips integrated into 30-minute
intervals since June 2014. We rely as well on Global Network of
Isotopes in Precipitation (GNIP; IJAEA/WMO, 2019) data from
Porto (41°08'N, 08°36'W), Vila Real (41°19'N, 07°44'W), and
Portalegre (39°17'N, 07°25'W). Isotopes of monthly averaged
precipitation were measured for 21 years at Porto (1988-2004,
2014-2017), 17 years at Portalegre (1988-2004), and for 4 years
at Vila Real (1988-1991) (IAEA/WMO, 2019).

Uranium-series dating and construction of the
composite isotopic record

A total of 69 238U-2*U-2'Th dates were used to construct indi-
vidual age-depth models for the six stalagmites. The dates were
obtained at the University of New Mexico Radiogenic Isotope
Laboratory using analytical methods of Asmerom et al. (2010).
Approximately, 100-200 mg of calcite were milled from the cen-
tral growth axis of select intervals of the stalagmites and these
powders were weighed, dissolved with 15N nitric acid, spiked

with a mixed ?**Th-?33U-23%U tracer, and processed in a Class 100
clean lab. After chemical separations, U and Th fractions were
dissolved in 400pL of 3% nitric acid and analyzed using a Thermo
Neptune MC-ICP-MS. All isotopes were measured in Faraday
cups except for two (3**U and 23Th), which were measured in the
secondary electron multiplier (SEM). Ages are reported with two
sigma (20) errors. A 23Th/?3?Th ratio of 13.5 ppm (£50%) was
obtained from BG drip water (Denniston et al., 2018), and this
value was used to correct for unsupported 2*°Th.

Hiatuses in stalagmite records, which are not always readily
identifiable under visible inspection, complicate age models and
thus precise integration of apparently coeval time series. StalAge
(Scholz and Hoffman, 2011) utilizes a multiple step approach
where major outliers are identified, then minor outliers and age
inversions are identified, and, finally the age model and 95% con-
fidence windows are created using Monte Carlo simulations. Stal-
Age creates the age model and uncertainty by fitting straight lines
to subsets of the age data. Constructing Proxy Records from Age
Models (COPRA) also uses Monte Carlo simulations to deter-
mine the final age models and 95% confidence windows but uses
piecewise cubic Hermite interpolation. StalAge and COPRA were
both used to develop initial age models for the individual stalag-
mites and to test for hiatuses long enough relative to U-Th age
uncertainties to pose problems for our age models (Figure 2). Sta-
1Age did not identify any hiatuses, even though visual evidence
for an interruption in growth paired with abrupt changes in iso-
tope values on one stalagmite suggested otherwise. COPRA iden-
tified this one hiatus in BG136 as a short hiatus that was previously
identified by isotope values and visual evidence. We interpret
these results to indicate that this and other potential hiatuses were
short relative to the age uncertainties derived from U-Th methods
(which generally ranged from 50-150 years, 26). Thus, hiatuses
were not included in the generation of the composite age model.

Stable isotope time series from individual stalagmites were
integrated into a single composite record using intra-site correla-
tion age modeling (iscam; Figure 3 and Figure S2, available
online; Fohlmeister, 2012). This method considers the highest
correlation between two or more individual records within allow-
able age uncertainties using a point-wise linear interpolation
between adjacent U-Th dates. This novel approach to developing
age models determines the best correlation using a Monte Carlo
approach (3000 simulations with a 30-year smoothing) and then
calculates the most probable age model based on the calculated
correlation coefficients (Griffiths et al., 2016). Significance levels
were calculated, used 1000 pairs of artificially simulated first-
order autoregressive time series (AR1). An age model for each
stalagmite was derived using iscam and actual values of both 8'3C
and 8'%0 were fit to their respective age models to develop both
individual and composite isotope records (Figure 3). Using iscam
to combine these six stalagmite records offers many advantages
including a reduction of age uncertainty, an objective method for
linking proxies from multiple samples, and a quantitative deter-
mination of whether the isotope records have a common signal
within age uncertainties (Griffiths et al., 2016). The age model
that produced the highest coherence was selected for this analysis
and is presented in Figure 3. Since iscam uses all of the original
values and places them onto the newly created age model, the
composite record is not an average value. This accounts for uncer-
tainty in the isotope values created by combining multiple records,
which may or may not have isotopic offsets from one another.
However, an additional uncertainty was calculated and plotted
with the composite record (gray shading Figure 3) in order to
account for merging multiple stalagmites together. This uncer-
tainty was based on 2o of isotopic value (both stable carbon and
oxygen) whenever two or more stalagmite were present by bin-
ning all values in 100-year intervals. In addition, analytical uncer-
tainty (20) was also included and propagated with the above
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Figure 2. StalAge-derived, COPRA-derived, and iscam-derived age models for individual stalagmites from Buraca Gloriosa. Black lines
represent COPRA, blue represents iscam, and orange represents StalAge. Black circle are U-Th dates with 26 errors. Gray shading indicates
the 95% confidence interval from COPRA. See Table | for specific ages and isotopic ratios. For interpretation of the references to color in this

figure legend, the reader is referred to the web version of this article.

uncertainty as random errors throughout the record. Whenever
replication was not possible, this average uncertainty across the
record was added to the single isotope time series (Figure 3).

Carbon and oxygen isotopes

More than 1300 stable isotope samples (about 200pg) were milled
along the central growth axis of each stalagmite using a handheld
dental drill with 0.1 mm bit every 1 mm for three stalagmites
(BG134,BG135, BG136) and every 2 mm for the remaining three
stalagmites. Powders were transferred to reaction vessels, flushed
with ultrapure helium, digested using >100% H,PO, and allowed
to equilibrate overnight at 34°C before being analyzed. Isotopic
ratios on samples from BG134, BG135, BG136, BG121A, and
BG121B were measured using a GasBench II with a CombiPal
autosampler coupled to a Thermo Finnigan Delta Plus XL mass
spectrometer at lowa State University. Internal and external stan-
dards (NBS-18 and NBS-19) were run with the samples to ensure
reproducibility with one standard used for every five samples.
Oxygen and carbon isotope ratios are presented in per mil (%o)
relative to the Vienna Pee Dee Belemnite carbonate scale (VPDB)
with an average precision for both §'3C and §'%0 of better than
*0.2%o (20). Isotopic ratios for BG063 were measured at the
University of Michigan following a similar protocol noted earlier
and using a Thermo Scientific MAT253 paired with a Kiel car-
bonate device with precision better than £0.2%o (20).

Statistical treatments

Simple linear regression and Pearson’s correlation coefficients
and associated p-values were used to determine if any significant
relationships were present (degrees of freedom = n—2, significant
at p < 0.05). In addition, all errors are reported at two standard
deviations (2o) including U-Th dating uncertainties. Whenever

binning was used (effectively smoothing data), the degrees of
freedom were adjusted accordingly.

Reanalysis products

A series of monthly, global-gridded observational and reanalysis
products were used to assess 20th century climatic conditions
across Iberia and the broader North Atlantic region. The datasets
included precipitation at 0.5° horizontal resolution from the
Global Precipitation Climatology Centre (GPCC; version 7;
1901-2013; Schneider et al., 2017); sea level pressure (SLP),
zonal and meridional winds at 2.5° horizontal resolution from the
Twentieth Century Reanalysis (20CR; 1851-2014; Compo et al.,
2011). Analyses focused on the wintertime (December—March)
climatic conditions during the period 1981-2013, relative to the
long-term mean wintertime climate for the 20th century (i.e.
1901-1980).

Results
Environmental monitoring

Continuous environmental monitoring over the past 6 years has
shown that conditions in BG are stable and highly suitable for
paleoclimate work. The mean temperature in BG cave is 14.3 =
0.2°C and relative humidity remains at or near 100% year-round.
Three winters during the monitoring period have experienced
minor ventilation events that impacted humidity (Figure S3,
available online). Dripwater monitoring reveals that drip rates
respond to both individual precipitation events and seasonal
cycles (wet winters and dry summer, Figure S3, available online).
These data suggest that seasonal fluctuations in precipitation are
transmitted through the karst system in relatively short periods
(days to months).
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Figure 3. (a) 3'*C record from individual stalagmites (colored).
(b) 8"*C composite record from BG (black). (c) §'80 record from
individual stalagmites (colored). (d) 3'80 composite record from
BG (black). Gray uncertainty clouds (b, d) represent the combined
and propagated 2c analytical uncertainty and the uncertainty from
combining stalagmites in 100-year bins (see text for details). For
single stalagmite series, the average and propagated 26 uncertainty
from the replicated series was plotted. For interpretation of the
references to color in this figure legend, the reader is referred to
the web version of this article.

Uranium-series dating and composite record

U-Th dating of BG stalagmites reveals growth over much of the
Holocene (Table 1), with each stalagmite spanning >2.6 kyr from
9.0 ka to present. The average deposition rates are BG136 (77um/
yr), BG134 (24um/yr), BG135 (136um/yr), BG063 (106pum/yr),
BGI121A (29um/yr), and BGI121B (36um/yr). Growth rates
slowed over the Holocene, and, as a result, each stable isotope
sample incorporates more time in the late Holocene than in previ-
ous millennia (Figure S4, available online). Several stalagmites
had minor age reversals but, with two exceptions, all dates were
within the COPRA 95% confidence windows (Figure 2). These
two dates were still used as input into iscam and were used in the
generation of the BG composite isotope records.

Carbon and oxygen isotopes

The oxygen and carbon isotopic time series derived for each of
these six speleothems exhibit a high degree of covariance and
share similar ranges for both §'*C and '%0 values during periods
of overlap (Figure 3). Composite records of carbon and oxygen
isotopic analyses are shown in Figure 4. The average temporal
resolution for 8'30 and 8'3C from the BG composite record is 6.9
years and varied from over 74 years for the most recent data to
seasonal at several intervals during the mid Holocene (although
iscam cannot resolve annual resolution in these samples; Figure
S4, available online).

The average (not detrended) 8"*C and 8'®0 values based on the
entire isotopic series from the composite record over the past 9.0
ka are —4.1 = 1.6%o and —2.5 = 0.7%0 (VPDB), respectively.
Variability is noteworthy across the Holocene with the lowest
100-year average value for 8'*C (=8.3%o) occurring from 8.7-8.6
ka BP and the highest 100-year average value for 8'*C (—1.6%o)
occurring 2.3-2.2 ka BP (Figure 4). Results are similar with
respect to oxygen isotopes with the lowest 100-year running aver-
age for "0 (=3.3%o) occurring from 8.7-8.6 ka BP and the high-
est 100-year average for 8'%0 (—1.4%o) occurring at 2.3-2.2 ka
BP. The respective ranges in 3'*C (9.8 to +3.3%o) and 3'%0 val-
ues (4.7 to +0.7%o) are large.

Average isotopic values vary between the early, middle, and
late Holocene with the 8'*C and 8'%0 values increasing secularly
throughout the rest of the Holocene, with an average increase of
0.4%o per 1000 years for carbon and 0.1%o per 1000 years for
oxygen. Respective average 8'°C and 8'%0 values for the early
Holocene are —5.5%o0 and —3.2%o, for the middle Holocene are
—4.6%o0 and —2.6%o, and late Holocene are —3.1%o0 and —2.2%eo.

BG stalagmite carbon and oxygen isotopes are highly corre-
lated (R*> = 0.52 for the BG composite record; p-value < 0.001).
Correlation values between 8'3C and 8'®0 for each stalagmite are
BG136 (R? = 0.34, p-value < 0.001), BG135 (R? = 0.36, p-value
< 0.001), BG134 (R? = 0.49, p-value < 0.001), BGI21B (R? =
0.58, p-value < 0.001), BG063 (R> = 0.73, p-value < 0.001), and
BGI21A (R* = 0.26, p-value < 0.001). All correlations (R? val-
ues) between isotopes within each stalagmite are =0.26 and are
statistically significant.

In order to consider centennial-scale variability, we detrended
both isotopic time series using a linear growth model (black line
in Figure 4 plots (a) and (c)). In addition, both isotopic time series
were detrended using a z-score of the best-fit polynomial describ-
ing the insolation curve (Figure S5, available online). As there
was not a substantial difference between the two detrending
results, the simplest approach was used. Figures 4b and d present
the 83C and 8'®0 BG composite residuals and reveal several
wet/dry periods. Five time periods of interest have been identi-
fied and include 8.8-8.0 ka BP, 7.5-5.3 ka BP, 4.4-3.7 ka BP,
3.3-1.4 ka BP, and 0.8-0.15 ka BP, each of which is addressed in
the following section.

Discussion

Environmental/climatic interpretation of BG carbon
and oxygen isotopes

Stable carbon isotopes. Interpreting isotopic shifts in BG sta-
lagmites requires an understanding of the biogeochemical sys-
tems at work in and above the cave. Changes in §'3C values
reflect shifts in relative inputs from the two endmembers in the
system: CO, derived from the atmosphere and the vegetation/
soil above the cave as well as bicarbonate derived from bedrock
carbonate (e.g. Li et al., 2014). The isotopic signatures of these
endmembers at BG are distinct (bedrock average value = +3 =
1%o, soil/vegetation average value = —28 = 1%o; Denniston
etal., 2018). Speleothem &'3C values because of vegetation/soil
input reflect the type (C, or C,) and density of vegetation over
the cave. Based on analysis of pollen co-deposited with marine
sediments on the Iberian margin, pronounced changes in vegeta-
tion type (C,/C, ratios) are not apparent over the last glacial
cycle (including the Holocene) in western Portugal (d’Errico
and Sanchez Gofii, 2003; Desprat et al., 2006; Margari et al.,
2014; Sanchez Goni et al., 2008, 2013; Tzedakis et al., 2004)
and thus are not considered as likely to have influenced the §'*C
values of BG stalagmites. The role of bedrock values on stalag-
mite 8'°C values is influenced by the amount of time the perco-
lating waters interact with the bedrock (rapid infiltration can
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Table I. U-Th isotopic ratios and *°Th ages. U-Th isotopic ratios and 2*°Th ages. a. Present defined as the year 2013 CE. b. Initial 2°Th/*2Th
atomic ratio of 13.5 (+:6.75) ppm used to correct for unsupported »°Th in BG stalagmites. c. Errors at 20 level. Decay constants used: 3 =
9.1705e%/yr; N, = 2.82206€%/yr; N3 = 1.55125e7'%yr. (Cheng et al., 2013)

Stalagmite Distance to 23%U 232Th REaalV) Error 2°Th/28U Error  2°Th/2?Th Error Uncorrected Error Corrected Error
top (mm) (ngg-l) (pgg-l) (corrected) (activity) (ppm) age (yr BP)* (yr) age (yr)°
(yr BP)®
BGI35 3 131.8 174.4 350.8 14 0063929 0.00073 798 I55 5305 62 5218 78
BGI135 22 102.9 735 371.6 1.4 0.065627 0.00100 1516 772 5366 83 5319 90
BGI135 133 112.5 136.9 3173 1.9 0.066192 0.00084 898 224 5641 74 5559 87
BGI35 77 1183 112.3 362.4 1.9  0.068467 0.00103 1190 323 5635 87 5573 94
BGI35 237 137.0 111.4 380.9 23  0.076930 0.00091 1560 478 6266 77 6214 83
BGI35 258 114.6 398.1 386.3 20 0.081988 0.00123 389 33 6666 103 6442 153
BGI135 316 116.6 4352 377.1 .7 0.083440 0.00123 369 28 6834 104 6592 161
BGI135 374 126.2 30.9 377.1 2.1 0.091322 0.00131 6145 7238 7505 112 7489 13
BGI135 396 85.1 467.9 401.6 3.5  0.095907 0.00300 288 55 7755 251 7404 312
BGI35 448 1.2 7884 3426 49 0.1.1944  0.00249 237 30 8639 221 8leé7 327
BGI35 502 154.1 1929.3 324.1 1.9 0.112726 0.00107 148 4 9737 98 8889 433
BGI36 25 80.0 116.0 287.7 1.3 0.004159 0.00135 48 23 353 114 253 129
BG136 4 90.0 42.0 292.7 1.3 0.002947 0.00122 103 I 249 103 216 109
BGI136 7 100.0 74.0 3153 1.3 0.006491 0.00124 144 93 539 104 489 11
BGI36 12.7 101.7 2137 3454 1.4 0.007146 0.00130 56 17 58l 106 441 131
BGI36 17.2 89.5 45.8 349.5 .4  0.007096 0.00127 228 217 575 103 541 109
BG136 19 113.0 140.0 3453 I4 0.008796 0.00121 118 48 716 99 634 I
BGI136 21.5 79.0 85.0 3514 14 0.009776 0.00153 149 82 792 125 720 135
BGI136 25 64.0 49.0 346.5 14 0.011574 0.00149 252 194 942 122 891 130
BGI136 253 732 69.5 343.0 1.4 0.011961 0.00153 208 130 976 125 913 135
BGI136 29.5 79.0 188.0 3245 1.6 0.014015 0.00153 98 27 1160 127 1001 155
BGI36 39 82.0 46.0 312.8 1.4 0015681 0.00159 457 503 1311 134 1272 141
BGI36 50 108.0 174.0 296.1 14 0016679 0.00112 171 49 1413 96 1302 15
BGI36 60 78.0 123.0 2755 1.3 0.020385 0.00135 213 72 1757 118 1647 135
BGI36 67.5 87.0 220.0 2834 1.3 0.020889 0.00123 136 28 1790 106 1615 142
BG136 73 89.0 475.0 286.6 1.3 0.026246 0.00123 8l 8 2249 107 1879 215
BGI136 85 96.0 196.0 306.2 1.3 0.030769 0.00119 249 56 2597 102 2458 127
BGI36 95 88.0 171.0 314.2 1.5 0032268 0.00128 277 72 2713 109 2582 131
BGI36 112 152.0 68.2 3259 1.8 0.033223 0.00186 1220 1887 2770 157 2740 165
BGI36 167 97.5 61.2 346.7 1.4 0041970 0.00115 1103 586 3457 96 3415 100
BGI36 190 90.2 209.1 357.0 .7 0.040801 0.00123 290 59 3333 102 3180 131
BG136 267 100.7 97.8 379.0 1.4 0.050200 0.00100 852 319 4048 83 3986 92
BGI136 285 97.6 173.6 371.1 I.5 0.056336 0.00011 522 117 4583 88 4467 108
BG136 340 123.9 285.0 353.0 1.4 0063520 0.00085 455 63 5254 72 5102 107
BGI136 417 90.6 2281.0 388.9 14 0087843 0.00152 58 2 7145 128 5513 824
BG134 0.8 91.9 164.0 393.0 34 0.004798 0.00167 44 21 376 132 262 148
BGI34 2 104.9 1176.7 376.3 1.4 0009286 0.00126 14 2 738 101 8 379
BGI134 8 797 82.1 363.1 1.4 0.011385 0.00097 166 66 915 78 847 88
BGI134 9 66.5 147.8 364.9 35 0.014648 0.00222 109 41 1177 179 1032 199
BGI34 17 90.3 157.7 376.4 14 0.017548 0.00126 182 47 1400 101 1287 120
BGI34 29 101.7 296.4 382.0 24  0.027248 0.00148 154 29 2173 119 1985 155
BGI34 31 95.3 102.2 397.8 .4 0.025017 0.00132 385 176 1971 105 1902 114
BG134 43 99.3 2634 385.7 24 0.032511 0.00139 202 38 2592 112 2420 144
BGI134 44 107.3 158.0 3953 1.4 0.030688 0.00121 344 108 2428 97 2333 Il
BG134 52 107.9 349.6 391.9 2.7  0.046482 0.00080 237 6 3709 65 3501 123
BG134 71 140.3 1596.5 395.2 4.0 0.068866 0.00174 100 3 5531 144 4800 391
BG134 90 109.8 40.5 389.5 20 0.058125 0.00101 2597 424 4668 83 4644 84
BGI34 89 132.8 529.5 396.5 1.4 0.050533 0.00103 209 20 4026 84 3770 154
BGI34 70 143.0 38 390.9 1.4 0.049609 0.00109 30553 226480 3967 89 3965 90
BGI2-1A 3 148.0 178.3 257.2 1.3 0.031198 0.00106 428 144 2746 94 2661 107
BGI2-IA 59 216.0 498.9 2947 1.3 0.046031 0.00071 328 37 3952 62 3793 103
BGI2-IA 99 182.7 4669.0 285.0 .3 0.069649 0.00068 45 | 6088 62 4296 888
BGI2-IA 14 2159 851.1 292.7 2.7 0.077626 0.00123 325 6 6767 I 6494 176
BGI2-1B 9 151.7 252.0 242.2 12 0011537 0.00084 115 24 1019 75 900 99
BGI2-1B 46 143.5 2459 268.7 1.3 0.024081 0.00051 232 25 2091 45 1970 76
BGI2-1B 64 145.9 463.3 267.3 1.3 0.027486 0.00068 143 122392 60 2168 128
BGI2-IB 84 172.6 1307.7 261.4 1.7 0.033264 0.00095 72 2 2916 84 2378 281
BGI2-1B 105 172.6 1307.7 261.4 .7 0.033264 0.00095 72 2 2916 84 2693 426
BGI2-1B 108 136.9 3246.1 3152 1.8  0.066596 0.00124 46 I 5676 109 4054 8l

(Continued)
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Table I. (Continued)

Stalagmite Distance to 238U 232Th REaalV) Error 2°Th/28U Error  2°Th/#?Th Error  Uncorrected Error Corrected Error
top (mm) (ngg—l) (pgg—l) (corrected) (activity) (ppm) age (yr BP)* (yr) age (yr)©
(yr BP)®
BGI2-1B 140 186.6 330.7 305.5 1.3 0.055524 0.00062 517 68 4754 54 4633 83
BG06_3 6 284.0 1421.6 302.4 1.7 0.053607 0.00088 177 Il 4597 77 4452 203
BG06_3 55 251.2 1838.6 194.4 1.4 0.052357 0.00063 118 3 4901 6l 4352 280
BG06_3 95 249.0 1650.4 191.8 1.6 0.059421 0.00071 148 4 5592 69 5094 258
BGO06_3 125 305.2 20783 301.6 1.8 0.072054 0.00075 175 4 6232 67 5764 243
BG06_3 150 283.4 6502.9 285.5 1.6 0.079482  0.00037 57 0 6975 34 5368 796
BGO06_3 206 226.9 359.2 296.7 37 0.082172  0.00090 856 27 7155 83 7046 100
BGO06_3 220 218.0 408.9 313.6 2.5 0.080335 0.00084 707 68 6908 75 6780 99
BGO06_3 245 253.1 1877.0 3153 39 0.088445 0.00083 197 5 7622 77 7117 264
BG06_3 287 250.0 5549.4 2982 1.9  0.100258 0.00113 75 | 8803 104 7265 769
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Figure 4. (a) BG composite 5'*C record. (b) Detrended BG §'*C composite record. (c) BG composite §'80 record. (d) Detrended BG

5'80 composite record. In (a) and (c), the yellow line indicates 100-year average of isotopes and the black line is the linear trend. Oxygen and
carbon isotopes are presented on the same scale to illustrate relative variability. Gray shading represents the same uncertainty as Figure 3. For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.

reduce dissolution of bedrock carbonate) as well as secondary
effects resulting from prior calcite precipitation (PCP; Baker
et al., 1997). In broad terms, wetter conditions likely favor
increased vegetation density and thus higher soil CO, produc-
tion, reduced infiltration times, and decreased PCP, thereby
resulting in lower stalagmite §'3C values.

Oxygen isotopes. Interpretation of 3'30 variability in BG may
be more complex than carbon isotopic variability. Rainwater
380 values are controlled primarily by atmospheric tempera-
ture and precipitation amount (Lachniet, 2009), although mois-
ture source differences play a role. The air temperature-8'0,,_
relationship averages +0.18%0/°C for the three closest GNIP
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sites — Porto, Vila Real, and Portalegre (Figure S6, available
online) — and as such is nearly identical but opposite in sign to
the calcite-water temperature dependence of oxygen isotope
fractionation (—0.2%0/°C; Kim and O’Neil, 1997). Amount
effects on oxygen isotopes in precipitation at these three GNIP
locations average —3.9%0/100 mm precipitation, although this is
tied to the area’s strong seasonality of rainfall. Changes in con-
tributions from spring/autumn precipitation could have a marked
effect on mean annual rainwater 3'%0 values and are the subject
of ongoing analysis. Considering these factors, we argue that the
dominant influence on 8'®0 of precipitation over decadal- to
centennial-scales at this location is likely to be weighted pre-
cipitation amount (Denniston et al., 2018) which is biased to the
cool season at this location. For example, a recent study by
Baker et al. (2019) considered the dominant impact on speleo-
them 3'80 values based on mean annual temperature (MAT) of
a given region. The mean temperature inside BG is 14.3°C and
the MAT outside of the cave is similar, which would suggest that
drip water (and hence, cave speleothems) is controlled by
recharge-weighted 8'30. Similar findings throughout the Medi-
terranean have been previously described whereby precipitation
amount is seemingly the most important factor impacting the
380 values of precipitation (e.g. Bard et al., 2002; Isola et al.,
2019). Therefore, as is the case with §'°C values, higher (lower)
880 values are considered an indication of more arid (more
humid) climate near BG.

Relationship between carbon and oxygen isotopes. As noted ear-
lier, BG stalagmite carbon and oxygen isotopes are highly corre-
lated during the Holocene (R*> = 0.52 for the BG composite
record; p-value < 0.001). Such correlations are potentially an
important factor to consider when assessing whether stalagmites
crystallized under equilibrium conditions. Two lines of evidence
argue for a climatic control of both §'*C and §'30 values in BG
stalagmites. First, as reported by Denniston et al. (2018), oxygen
isotopic compositions of plate grown calcite (as well as recently
deposited stalagmite calcite) are within error of the predicted
equilibrium value based on observed cave temperatures and drip
water 8'%0 values. Second, the high degree of coherence between
coeval stalagmites suggests stalagmites were not meaningfully
impacted by secondary processes such as evaporation or kinetic
effects. However, some authors (e.g. Daéron et al., 2019;
Deininger et al., 2012) have argued that most calcitic materials,
including speleothems, are precipitation out of isotopic equilib-
rium. Because we do not have paleo drip water, it is difficult to
fully assess whether or not the BG stalagmites represent equilib-
rium precipitation continuously throughout the Holocene. Per-
haps, the most important aspect of this discussion is whether or
not speleothems from a particular karst environment are most
influenced by in-cave processes or climate. In the case of the BG
isotope series, the strong coherence (similar isotopic values and
variability through time) from coeval stalagmites suggests that
these six stalagmites are most representative of climate rather
than in-cave processes. Furthermore, we have developed a mech-
anistic framework for why 8'3C and 8'30 values at this site would
covary as a function of precipitation amount and cool season
recharge (e.g. Baker et al., 2019) and the associated impacts on
vegetation and, thereby, soil CO,. In years with high recharge
(associated with increased precipitation) in the cool season,
weighted 8'%0 precipitation values would be relatively low, which
would be reflected in lower 8'30 stalagmite values. Furthermore,
with increased precipitation, vegetation density would increase
compared with relatively dry years. This would increase soil res-
piration rates and thus act to lower soil §'*C DIC values, which
would ultimately decrease stalagmite §'3C values. The opposite
would be true in relatively dry years, which would cause isotope
values in the stalagmites to increase.

Millennial-scale hydroclimate variability during the
Holocene and potential mechanisms

We attribute the secular increase in oxygen and carbon isotopes,
and, hence, aridity from 9.0 ka BP to the present in west-central
Portugal to precession-driven decreases in Northern Hemisphere
summer insolation (Figure 5; Lorenz et al., 2006), that in turn
resulted in a general cooling throughout much of the Northern
Hemisphere (Wanner et al., 2011). In response, the ITCZ was dis-
placed southward as the Holocene progressed and the Northern
Hemisphere summer monsoon systems weakened (Fleitmann
et al., 2003, 2007; Wanner et al., 2011). This reduction in North-
ern Hemisphere summer insolation and related hydroclimatic
impacts have been observed in proxy records throughout the
Northern Hemisphere (e.g. lake levels in northern Africa,
DeMenocal and Tierney, 2012; speleothems from Southeast Asia,
Wang et al., 2005; sediment records in the Cariaco Basin, Haug
et al., 2001) and decreasing insolation is proposed as a mecha-
nism for Holocene changes in the subtropical high by Walczak
et al. (2015). The ITCZ and Azores High form the ascending and
descending limbs of the Hadley Circulation, respectively (Figure
6). As ITCZ strength and location impact strength and location of
the Azores High, it is also likely that the mean position of the
Azores High system may have been more northerly in the early
Holocene compared with the late Holocene (modern day configu-
ration depicted in Figure 6). If correct, the expectation would be
for enhanced steering of storm tracks during the early Holocene,
and thus enhanced rainfall, across Iberia. At the same time, the
descending limb of the Hadley Circulation would also have been
positioned north of its current location, also contributing to a wet-
ter climate. However, as the ITCZ migrated southward over the
Holocene (Haug et al., 2001), the mean position of the Azores
High (and the associated Hadley Circulation) would have
approached its current configuration (Figure 6), giving way to
relatively dry conditions. Although, the potential impacts of ITCZ
dynamics and Hadley Circulation make dynamical sense and are
supported in the literature (e.g. Green et al., 2017; Schneider
et al., 2014a), climate model simulations (e.g. Wassenburg et al.,
2016) would substantially strengthen these arguments. Despite
any limitations of our current study, it is most likely that the mean
position of the Azores High was non-stationary over the Holo-
cene. If the Azores High system exhibited substantial non-station-
ary behavior during the Holocene (e.g. Repschldger et al., 2017),
this would have also impacted the state of the NAO (e.g. Ait Bra-
him et al., 2019; Wassenburg et al., 2016).

Over orbital and millennial time scales, hydroclimate in west-
central Portugal has generally tracked North Atlantic SST vari-
ability (Sanchez Goili et al., 2008, 2013, 2016), and these changes
have been preserved within BG stalagmites (Denniston et al.,
2018) with warmer (cooler) Atlantic SSTs corresponding to more
humid (drier) conditions at BG. Coherent changes between North
Atlantic SSTs and western Iberia climate have also been docu-
mented for the Holocene (Boessenkool et al., 2001; Desprat et al.,
2003; Pyrina et al., 2019). Martrat et al. (2007) indicate that fol-
lowing an abrupt warming following deglaciation after 20 ka BP,
a more gradual warming of Iberian SSTs occurred until 7 ka BP
after which they have gradually decreased until present day
(Figure 5). The BG record reveals a similar trend after 7 ka BP
with increasing values of carbon and oxygen isotopes indicating
drying conditions associated with decreasing Atlantic SSTs. Prior
to 7 ka BP, the coherence between BG oxygen isotopes and
Iberian SSTs is not as prominent.

The isotope series from BG appears to be highly coupled with
the Iberian margin SST temperature record during the middle
Holocene. When SST and 8'3C values are each binned into 300-
year intervals, they show stronger coherence during the middle
Holocene (R?> = 0.53; p-value < 0.05) and little correspondence
in the late Holocene (R? = 0.021; p-value = 0.62) as the system
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Figure 5. Comparison of BG composite 3'>C (green) and §'80 (blue) with global and regional records. Yellow represents 100-year average of
isotopes. (a) and (b) Summer Insolation at 30°N (orange, Berger and Loutre, 1991). (c) and (d) Iberian margin SST (red, Martrat et al., 2007).
Note axes are reversed for BG composite isotope records. For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.

appears to decouple in modern times. The correlations with oxy-
gen isotopes are similar (middle Holocene: R?> = 0.42, p-value <
0.05; late Holocene: R?> = 0.25, p-value = 0.065), with only the
middle Holocene being statistically significant. The recent decou-
pling may also simply represent an artifact of sampling resolution
(Figure 5; SST average resolution = 162 years vs 6.9 years aver-
age resolution for BG isotopes), which drastically changes
because of slower growth rates in the stalagmites in recent centu-
ries, and/or combined errors within the age models.

In addition, the trends in the BG composite record are gener-
ally coherent with trends from a reconstruction of the position of
the Azores Front (Repschldger et al., 2017), as indicated by
G. ruber w. abundance, especially during the middle Holocene
(Figure S7, available online). When the BG composite §'*C values
and Azores Front reconstruction data are binned into 200-year
intervals, there is moderate correlation during the middle Holo-
cene that is statistically significant (R? = 0.22; p-value < 0.05).
During the early Holocene, the correlations are stronger but not

statistically significant (early Holocene: R?> = 0.27; p-value = 0.48)
and during the late Holocene, the correlations are weaker and not
statistically significant (R*> = 0.11; p-value = 0.17) but do not
consider age uncertainties in the Azores Front record. Higher
abundances of G. ruber w. are associated with a more northerly
position of the Azores Front and positive NAO-like conditions.
Conversely, lower abundances of G. ruber w. are associated with
a more southerly Azores Front and negative NAO-like conditions
(Repschldger et al., 2017).

Centennial-scale hydroclimate variability during the
Holocene and influence of solar variability

To illustrate centennial-scale variability, the BG detrended com-
posite carbon and oxygen isotope records are shown in Figure 4b
and d after the removal of the long-term trend likely related to
millennial-scale/orbitally driven variability. We then compared,
the detrended BG record with TSI, a measure of changing solar
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Figure 6. Schematic depicting connections between Azores High, Hadley Circulation, and ITCZ. Star indicates location of BG cave. Red
(blue) shading over ocean indicates sea level pressure increase (decrease) during recent decades compared with the 20th century long-term
mean (white contours). Green (brown) shading over land indicates increase (decrease) in precipitation, and arrows indicate changes in surface
winds. All analyses focused on the wintertime (December—March) climatic conditions during the period 1981-2013, relative to the long-term
mean wintertime climate for the 20th century (i.e. 1901—-1980). For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.

luminosity as measured by '°Be and '*C activity in ice cores and
tree rings (Figure S8, available online) (Steinhilber et al., 2012).
TSI variability has been shown to cause changes in climate and
has been recorded in other stalagmite records in the Mediterra-
nean region. The stalagmites from two caves in northern Morocco
demonstrate that lower 8'%0 values in the stalagmites are observed
during well-known solar minima periods (Ait Brahim et al., 2018)
and higher 8'%0 values are associated with solar maxima. Spectral
analysis of stalagmites from northeastern Italy confirms solar
influence on the stable isotope values from Grotta di Ernesto
(Scholz et al., 2012). A recent modeling study over the last mil-
lennium from Pyrina et al. (2019) suggests that there is a tendency
toward blocking-like patterns over mid-latitudes during high TSI
periods which would lead to increase aridity over Iberia. The
residuals from the detrended BG records and the TSI time series
were placed into identical 100-year bins in order to compare their
variability for the early, middle, and late Holocene (Figure S8,
available online). Correlations between TSI and §'0 for the
entire Holocene are relatively weak R? = 0.14 (p-value < 0.05)
and between TSI and 8'3C are R? = 0.02 (p-value = 0.11) (Figure
S8, available online). For the early Holocene, TSI is inversely
related to carbon and oxygen variability (Figure S8, available
online). However, these relationships are more robust in the late
Holocene for both carbon and oxygen isotopes with TSI (shared
variance is between 20% and 36%) than for the other Holocene
intervals (Figure S8, available online). Some of the lack of coher-
ence is likely because of uncertainties in the BG composite age
model that exist in the early Holocene (Figure S9, available
online) and the short length of the early-Holocene BG composite
record. To better test this coherence, the record with larger errors
(BG composite §'°C record) was tuned to match the record with
smaller errors (the TSI record) by aligning the two records with
iscam. Although, the result has no physical meaning, the experi-
ment allows us to test the whether the BG composite §'*C record
is dominantly controlled by TSI. Although the correlations did not
substantially improve by this tuning, some of the maxima and
minima values in our isotope records now more closely match
solar minima and maxima (Figure S8, available online).

In the BG composite record, periods of decreased (increased)
TSI correspond with wetter (drier) conditions, indicated by

decreased (increased) 8'3C and §'30 values (Figure S8, available
online). The lowest sustained values in 8'3C and §'%0, interpreted
as the wettest interval in the BG composite records, occurred
from 0.8 ka BP to 0.15 ka BP. That 550-year period, which cor-
responds to the Wolf, Sporer, Maunder, and Dalton solar minima
and the lowest TSI in recent millennia (PAGES 2k Consortium,
2013), is interpreted from our data to have been characterized by
above-average rainfall, followed by a drying pattern since the late
19th century. Another notable feature of the comparison of TSI
and 8"C and §'*0 records include persistently reduced rainfall
from 5.3 ka BP to 3.7 ka BP corresponding to a time period of
sustained above-average TSI values (Figure S8, available online).

Spatial variability in Iberian hydroclimate during the
Holocene

Although, the Holocene is a relatively stable climate period in
relation to past glacial/interglacial variability (e.g. Wanner et al.,
2008), several rapid regional to global-scale climatic events have
been detected (e.g. the 8.2 ka and 4.2 ka events; Mayewski et al.,
2004; Wanner et al., 2008, 2011). However, regional records from
Iberia and nearby locations may elicit a more specific character-
ization of centennial-scale climate variability over the Holocene.
Over this time, hydroclimate in Iberia has been attributed to water
availability and precipitation dynamics recorded in geographically
diverse natural archives including stalagmites (growth rates, 8'°C,
8'80, CT scan for density, and Mg/Ca; Moreno et al., 2017; Smith
et al., 2016; Spotl et al., 2010; Walczak et al., 2015), lake and
marine sediment cores (Chabaud et al., 2014; Pérez-Sanz et al.,
2013; Sadori et al., 2011; Schirrmacher et al., 2019; Vegas et al.,
2010), lake levels (Moreno et al., 2008), and vegetation distribu-
tion/pollen records (Fletcher et al., 2007; Jalut et al., 2009). These
reconstructions are predominantly from northern and southern
Iberia and are more scarce from western and central Iberia. The
detrended 8'*C and 8'80 BG composite records are used to com-
pare climate in western Portugal to arid and humid intervals from
the rest of Iberia (Figure 7) and are discussed below.

Centennial-scale changes during the early Holocene (11.7-8.2 ka
BP). The BG record does not represent the entirety of the early
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Figure 7. Center time series—|berian records spanning the Holocene. Records include (A) Smith et al. (2016) — stalagmite 5'80; (B) Pérez-
Sanz et al. (2013) — lake record; (C) Moreno et al. (2017) — three stalagmites 5'C and Mg/Ca; (D) Chabaud et al. (2014) — marine core; (E)
Fletcher et al. (2007) — pollen record; (F) Schirrmacher et al. (2019) — marine cores; (G) Walczak et al. (2015) stalagmite CT scanning using
<2000 HU for arid and >2000 HU for humid intervals; (H) Vegas et al. (2010) — lake record. Authors’ interpretation of wet/humid intervals
(records B, E, F, H) or z-scores of data to determine arid/humid intervals in each record (records A, C, D, and BG). Maps indicate spatial
variability during 8.2 ka event, 7.5-5.7 ka BP time period, 4.2 ka event, 3.3—1.4 ka BP, and 0.8-0.15 ka BP.

Holocene; however, the isotope data presented here indicate a
highly variable hydroclimate. In particular, centered at 8.4 ka BP
carbon isotopes and to a lesser extent, oxygen isotopes indicate
rapidly drying conditions. Given the uncertainties in the age
model, this excursion may be associated with the 8.2 ka event,
which apparently caused widespread drying in Europe and cool
SSTs in the North Atlantic (Alley et al., 1997). Numerous paleo-
hydroclimatic proxies from across Iberia delineate the early Holo-
cene as a period of enhanced rainfall relative to the present. These
include speleothems from northwestern Spain with enhanced
growth rates from 9-6 ka BP (Stoll et al., 2013), §'*C and Mg/Ca
ratios from northeast Iberian caves that reveal particularly wet
conditions from 11.7-8.5 ka BP (Moreno et al., 2017). Similarly,
rainfall increasing until 8.8 ka (and again after 7.7 ka BP) is docu-
mented by stalagmites in northern Spain (Smith et al., 2016)
(Figure 7). And lacustrine, speleothem, and pollen records from
several sites across Iberia indicate an increase in moisture from
10-8 ka (Morellon et al., 2018). Walczak et al. (2015) used high-
resolution CT scanning to examine density as a water-excess
proxy (Figure 7) and found evidence for an early—middle-Holo-
cene humid period spanning 9.3-7.2 ka BP in southern Iberia.
This early Holocene humid period presents itself through
expanded Mediterranean forest growth between 9.6-8.1 ka BP
(Chabaud et al., 2014). And finally, pollen species from an estuary
in the Algarve region of southern Portugal indicate warm, moist
climate from 9.0-5.0 ka BP (Fletcher et al., 2007).

Conversely, a lacustrine record from Fuentillejo maar-lake in the
Central Spanish Volcanic Field of Campo de Calatrava (Figure 7;
Vegas et al., 2010) indicates an arid and colder phase in the record
from 9.2-8.6 ka BP.

Although records of the NAO system are rare during this inter-
val, Wassenburg et al. (2016) suggest a reorganization of the
NAO-like system related to the demise of the Laurentide ice sheet
and reduced freshwater input into the North Atlantic. Furthermore,
based on precipitation-sensitive speleothem records from north-
west Africa and western Germany, as well as modeling output,
these authors report relatively wet conditions around 9 ka BP at
both locations. However, in recent times, these two locations are
generally out of phase in terms of precipitation associated with the
NAO (Wassenburg et al., 2016), further supporting a different
NAO-like configuration in the early Holocene. Based on a recon-
struction by Repschlédger et al. (2017), the Azores Front was in a
northerly location, from approximately 9—7 ka BP (Figure S7,
available online), and this finding is confirmed with the speleo-
them data of Ait Brahim et al. (2019). If the mean position of the
Azores High (and the NAO-like dipole) was more northerly in the
early Holocene, it would explain in part why the early Holocene is
relatively wet in comparison to the middle and late Holocene (Fig-
ure 6). This potential configuration is also consistent with a more
northerly position of the ITCZ in the early Holocene (e.g. Haug
et al.,, 2001) which would be associated with a more northerly
Hadley cell and Azores High.
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Centennial-scale changes during the middle Holocene (8.2—4.2 ka
BP). Our results indicated that middle-Holocene hydroclimate
was marked by variable conditions. Increased effective precipita-
tion at BG, indicated by lower stalagmite 8'3C values, is evident
from 7.5-7.1, 6.9-6.5, 6.4-6.0, and 5.5-5.2 ka BP at BG with
drier intervals in between these wetter intervals. Following ~5.0
ka, conditions in western Iberia appear to have transitioned to a
markedly more arid climate regime (Figure 7). The most sus-
tained arid interval over the past 9.0 kyr at BG lasted from 5.2-3.4
ka BP (spanning parts of the middle and late Holocene).

Northern Iberia records generally indicate drier conditions in
the middle Holocene compared with the early Holocene though
the regional records are not strongly coherent (Figure 7). The spe-
leothem growth rate record of Stoll et al. (2013) notes that most of
the 21 stalagmites analyzed from caves in northwestern Spain
experienced hiatuses between 5.3 ka and 4.1 ka, likely because of
an increase in regional aridity. Reduced rainfall marks a lake sedi-
ment record from Basa de la Mora after 5.7 ka BP (Pérez-Sanz
et al., 2013). And 8"*C and Mg/Ca ratios in stalagmites from
caves in northeastern Spain indicate dry conditions for much of
8.5-4.8 ka (Moreno et al., 2017; Figure 7).

Conditions in southern Iberia generally match those from the
north during this interval (Fletcher et al., 2007; Walczak et al.,
2015). Analysis of pollen deposited on the Iberian margin indi-
cates substantially drier middle-Holocene conditions as recorded
by an abrupt decrease in Mediterranean forest percentage after
~8.2 ka BP (Figure 7; Chabaud et al., 2014). A recent study from
sediment cores in southern Iberia indicates six distinct aridity
peaks, all since 5.5 ka BP (Schirrmacher et al., 2019).

Central Iberia is a region with few complete Holocene climate
records. One of these is a lacustrine record from Fuentillejo maar-
lake in the Central Spanish Volcanic Field of Campo de Calatrava
(Figure 7; Vegas et al., 2010). Arid and colder phases in the record
occur from 7.5-7.0 ka BP and 5.5-5.0 ka BP and suggest that
hydrology in this record is controlled by changes in atmospheric
and ocean systems over the past 50 ka (Figure 7). The Fuentillejo
maar-lake record is one of the closest Holocene Iberian climate
records to BG yet the arid intervals in each of these records are
not coherent. This record is ~500 km from BG and at an elevation
approximately three times that of BG. It is also much further from
the Atlantic Ocean and from the center of influence of the NAO
and Azores High systems. These factors likely contribute to the
lack of coherence between the BG and Fuentillejo maar-lake
records over the last 9.0 kyr. Based on a negative SST trend in the
northeastern Atlantic and the western Mediterranean Sea, coupled
with a positive trend in the western subtropical Atlantic and north-
ern Red Sea, Wanner et al. (2008) suggest that the NAO was
largely in a positive mode in the middle Holocene (approx. 65 ka
BP) and shifted to a negative mode in the late Holocene (after ~5
ka BP). Modeling work by Gladstone et al. (2005) corroborate
this finding and also suggest a positive NAO mean state during
the middle Holocene. Mauri et al. (2014) found that the middle
Holocene was characterized by conditions similar to those during
present-day positive NAO indices. Moreover, the study by Rep-
schldger et al. (2017) indicates that the Azores Front was in a
northerly position during the middle Holocene, with an abrupt
change to a more southerly location at 4 ka BP. Generally speak-
ing, increased aridity in Iberia during the middle Holocene is con-
sistent with the expected impacts of a persistent and/or frequent
NAO positive state.

Within the Iberian Peninsula, including at our location in west-
ern Portugal, there are indications of severe aridification centered
around 4.2 ka BP. According to Mejias-Moreno et al. (2014),
around this time, motilla-type settlements were constructed near
La Mancha, Spain. These motillas allowed for collection of
groundwater during this extreme dry event and were abandoned
about 1000 years later, when wetter conditions were in place. The

time period around 4.2 ka BP marks the transition to the Neogla-
cial period (Wanner et al., 2011) and this cooling period is related
to aridity in central North America (Booth et al., 2005) and col-
lapses of other cultures such as the old Akkadian culture (Weiss
et al., 1993) in Mesopotamia, ancient Chinese (An et al., 2005),
and Egyptian cultures (Stanley et al., 2003). The arid interval in
BG lasting from 5.2 ka BP to 3.4 ka BP encompasses this time of
cultural shifts in Iberia and other parts of the world and suggests
that this may have been a regional-scale event with droughts caus-
ing population shifts. Furthermore, the pervasiveness of the 4.2 ka
climate anomaly in Europe (e.g. Bini et al., 2019; Isola et al.,
2019; Schirrmacher et al., 2019) suggests a common forcing.
Based on our study, increased TSI values and likely NAO positive
conditions (e.g. Gladstone et al., 2005; Repschldger et al., 2017)
during this interval are coincident with increased aridity through-
out the region and are likely forcings for this event.

Centennial-scale changes during the late Holocene (4.2 ka to pres-
ent). The record from BG shows dry conditions at the start of the
late Holocene and variable, but slightly wetter, conditions follow-
ing the aridity peak prior to 4.0 ka BP (Figure 7). The lake sedi-
ment record of Pérez-Sanz et al. (2013) from the central southern
Pyrenees indicates generally dry conditions after 5.7 ka BP with
two distinct arid intervals in the record at 2.9-2.4 ka BP and at
1.2-0.7 ka BP, the latter associated with the Medieval Climate
Anomaly (MCA). The Walczak et al. (2015) stalagmite density
record indicates dry conditions at the start of the late Holocene
(Figure 7) and precipitation increasing through the end of the
record ~3.0 ka BP.

The MCA in the BG composite record is a shorter arid interval
than the arid interval at the start of the late Holocene and the follow-
ing time period, the ‘Little Ice Age’ (LIA), is the most persistent wet
interval in the BG detrended record since 9.0 ka BP. The time period
following medieval times in the BG record is noteworthy because of
the persistence of lower oxygen and carbon isotope values. These
low values (Figure 7) are indicating that this time period (0.8-0.15
cal. yr BP) was relatively wetter in western Iberia. In the past 150
years, carbon and oxygen isotopes indicate a trend toward drying
conditions. As depicted in Figure 6, this increased aridity is consis-
tent with a minor northward migration of the Azores High and Had-
ley Circulation. In addition, the recent trend suggests that the ITCZ
is also slightly northward compared with the LIA configuration.
These associated northward shifts in the Azores High, Hadley Cir-
culation, and the ITCZ are not associated with insolation changes
(Berger and Loutre, 1991), rather they are most likely attributed to
regional warming associated with increased greenhouse gas forcing
(Bindoff et al., 2013; Hu et al., 2018; Hu and Fu, 2007).

Sanchez-Lopez et al. (2016) compiled records from northern,
central, and southern Iberia during the last 2500 years to examine
changes in hydroclimate (i.e. warm/cool and wet/dry conditions)
in the region. The results vary and imply that regional differences
in hydroclimate have occurred over this time period. North-south
and west-east humidity gradients exist during the early portions
of the 2500-year compilation. For example, the time period 2.3—
1.6 ka BP indicates humid conditions in southern Iberia as shown
in Alboran Sea (Martin-Puertas et al., 2010), West Algerian-
Balearic Sea (Nieto-Moreno et al., 2011), and Laguna de Rio
Seco records (Jiménez-Espejo et al., 2014), varied conditions in
central Iberia (e.g. Moreno et al., 2008; Sanchez-Lopez et al.,
2016), and arid conditions in several northern Iberia records (e.g.
Jambrina-Enriquez et al., 2014; Morellon et al., 2009, 2011). Spa-
tially homogeneous conditions existed during the MCA (1.1-0.7
ka BP) and LIA (0.7-0.15 ka BP) (Sanchez-Lopez et al., 2016)
with the MCA characterized by warm and/or dry conditions in
most records and the LIA characterized by humid and/or cool
conditions. These spatially homogeneous conditions during the
MCA and LIA are generally also seen in the BG composite record.
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Globally recognized late-Holocene cold lapses exist and likely
resulted in changes in hydroclimate conditions for parts of Iberia.
According to Wanner et al. (2015), these cold lapses were the result
of two or more factors — slowly decreasing orbitally driven insola-
tion overlaid with the influences of volcanic eruptions and solar
irradiance variability. Internal modes of climate variability (such as
the NAO) influence climate and weather in this region today and
were possibly important factors impacting climate throughout the
late Holocene as well. Understanding NAO-like variability in the
past (e.g. Cook et al., 2019; Faust et al., 2016; Lehner et al., 2012;
Olsen et al., 2012; Ortega et al., 2015; Trouet et al., 2009) is impor-
tant for understanding its present and future behavior. In the Iberian
region, some of the climatic changes in recent millennia have coin-
cided with large-scale North Atlantic processes and/or the Hadley
Circulation (Luterbacher et al., 2012; Moreno et al., 2011, 2012) as
well as regional modes of climate variability such as the East Atlan-
tic and Scandinavian modes that directly impact hydroclimate
(Hernandez et al., 2015; Sanchez-Lopez et al., 2016). Moreover,
several recent studies (Baker et al., 2015; Olsen et al., 2012; Trouet
et al., 2012) have offered insight into the dynamics of the NAO in
recent millennia; however, several unresolved issues remain. For
example, if the NAO system was locked into a positive state for
most or all of the MCA (c.f. Trouet et al., 2009), then dry conditions
should have dominated the region at the southern node of the NAO.
However, at least three studies from Spain (Martin-Chivelet et al.,
2011) and Morocco (Ait Brahim et al., 2017; Wassenburg et al.,
2013) provide evidence of substantial wet intervals within the
MCA, and modeling studies have not been able to replicate an
entrenched positive NAO mode during this time (Lehner et al.,
2012; Ortega et al., 2015). Sediments from a Norwegian fjord
reveal a rapid shift in precipitation around 700 yr BP consistent
with NAO negative conditions (Faust et al., 2016), however, this
shift is about two centuries earlier than the changes noted by Trouet
et al. (2009). Our isotope data are consistent with a frequent NAO
negative mode for much of the LIA, which would have caused rela-
tively wet conditions at our study site. Thus, it appears that some of
the regional hydroclimate variability at the MCA/LIA transition
may have resulted from a southward shift in the Azores High sys-
tem rather than a weakening of this high pressure system alone (see
Wassenburg et al., 2016). Although the persistence (duration and
strength) and mean location of the Azores High largely control the
hydroclimate of the Iberian Peninsula by influencing storm tracks,
the dynamics of this pressure system, like the NAO, are poorly con-
strained through space and time (Igbal et al., 2013; Karnauskas and
Ummenhofer, 2014; Wallace and Hobbs, 2006). Thus, additional
work to constrain the Azores High system and the NAO through
time is critically needed.

Conclusions and Implications

The six stalagmites presented here document significant changes
during the Holocene from west-central Portugal. Carbon and oxy-
gen isotopes from the composite record of six stalagmites from
BG record hydroclimate variability in western Portugal. The
long-term trend in carbon and oxygen isotopic variability sug-
gests drier conditions in the middle to late Holocene in Portugal
as evidenced by increasing 5'3C and 3'%0 values throughout the
time period 9.0 ka to present. This trend mimics the long-term
trend of decreasing values in summer insolation and decreases in
Iberian margin SST over this time.

Spatial and temporal variability in Iberia is substantial over the
Holocene. Although geographically small, the Iberian Peninsula
encompasses varied topography, temperature, and precipitation
patterns. Many high-resolution records from around Iberia are
necessary for full understanding of past and future hydroclimate
variability. This composite stalagmite record demonstrates that
substantial hydroclimate variability has existed in west-central
Iberia. Superimposed on the long-term insolation-driven climate
trend, the stalagmite climate record from BG shows significant

short-term shifts from wet to dry conditions over the Holocene.
Study of these records allows for a better understanding of the
important millennial-scale and centennial-scale drivers of climate
in this region — insolation, Atlantic SSTs, TSI, and atmospheric
variability, including the NAO. In addition, long-term changes in
the composite isotope records are consistent with a southward dis-
placement of the ITCZ during the Holocene and likely reflect
changes to the configuration of Hadley Circulation. The origins of
this short-term variability in the record from BG, as suggested by
correlation with other regional records, may be most strongly
related to the strength and/or position of the Azores High and cen-
tennial-scale shifts in TSI, especially in the late Holocene.

Despite the progress made in this study, there still exists a need
for more highly resolved records of the Holocene from the Iberian
Peninsula to achieve a better understanding of spatial and tempo-
ral hydroclimate variability. Records from diverse geographic
regions and from different paleoclimate archives will help to
understand past hydroclimate variability in the face of current and
predicted future regional drying.

Authors’ note
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