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ABSTRACT: At Praia Rei Cortico (PRC), coastal Portugal, we analyzed compound-specific isotopes of plant
wax-derived n-alkanes in combination with molecular distribution proxies and C/N ratios to reconstruct
hydrologic and environmental change in a mid-Holocene wetland. During this relatively brief segment of the
Holocene (6.6-5.4k cal a Bp), substantial shifts in the stable hydrogen isotope composition of terrestrially
sourced Cy9 n-alkanes (8D,_ca9) record significant multi-decadal changes in precipitation origin and storm
trajectory. Wetland formation at PRC occurred during a humid interval (6.6-6.5k calasp) with a dominantly
tropical precipitation source, likely the result of a persistent negative phase of the North Atlantic Oscillation,
which permitted the establishment and dominance of Sphagnum moss. A subsequent decrease in precipitation
significantly reduced Sphagnum abundance at PRC, which is evidenced by decreased sedimentary C/N ratios
and reduced mid-chain n-alkane abundances. From 5.9 to 5.4k cal a sp, relatively low 8D, 29 values coincide
with sand invasion along the Iberian coast and cooling in the North Atlantic. Strong correspondence between
3D ,,.c29 values and the occurrence of ice-rafted debris recorded in deep sea sediment cores during this period
illustrate a marked North Atlantic control on the trajectory of mid-latitude storms and precipitation regimes in

Iberia. Copyright © 2017 John Wiley & Sons, Ltd.
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Introduction

The Mediterranean is a climate-sensitive region that is
especially vulnerable to future anthropogenic climate change
(Giorgi, 2006). Regional temperature increases are expected
to be greater than the global average and annual precipitation
may be reduced by up to 40% (Giorgi and Lionello, 2008).
The Mediterranean’s susceptibility to such change is in part
due to the supraregional influences of polar and tropical
climatic perturbations (Trigo et al., 2006), often demonstrated
by the various atmospheric and oceanic oscillations that
characterize the climatology of the Mediterranean basin. In
the western Mediterranean, particularly the Iberian Peninsula,
the North Atlantic Oscillation (NAO) is the dominant driver
of regional climate variability (Lionello et al., 2012). The
NAO is associated with fluctuations in the intensity of the
Icelandic Low and Azores High and consequent shifts in
the position and strength of westerly flow (Hurrell et al.,
2001; Marshall et al., 2001). Changes in the state of the NAO
are commonly quantified using a positive or negative index,
which is calculated based on the difference in winter sea
level pressure between the two atmospheric masses. A more
southerly mid-latitude storm track resulting from weakened
high- and low-pressure systems occurs during negative phases
of the NAO and increases winter storminess and precipitation
over the Iberian Peninsula. Conversely, during positive phases
of the NAO, storms instead track north through Europe and
the Iberian Peninsula experiences dry and stable climatic
conditions (Trigo et al., 2002).

Annual and decadal modes of variability, such as the NAO,
contribute to considerable uncertainties in projections of future
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European and Mediterranean hydroclimate (Visbeck et al.,
2001; Trigo et al., 2006; Giorgi and Lionello, 2008). These
uncertainties and the particular sensitivity of the Mediterranean
region to changes in precipitation warrant investigations into
the atmospheric response of the NAO to past large-scale
climatic events and the resultant environmental impacts.
Prehistoric records of the NAO have been derived using various
proxies including stalagmite growth rates (Proctor et al., 2000),
sea salt concentrations in ice cores (Fischer and Mieding,
2005), speleothem oxygen isotopes (Smith et al., 2016), and
combined proxy-model methods (Trouet et al., 2009). In lberia,
eolian records of dune migration and morphology are fre-
quently used to determine NAO-induced changes in storm
trajectory (Clarke and Rendell, 2006, 2009; Costas et al., 2012,
2016). Characteristic of the NAO is a regional seesaw in which
northern Europe and the Mediterranean exhibit asynchronous
storminess and enhanced sand mobility, thus comparisons of
lithological records of dune movement along the entirety of the
European coast may be used to infer changes in atmospheric
circulation related to the NAO (e.g. Clarke and Rendell, 2006,
2009; Costas et al., 2012, 2016). Although these proxies
provide substantial evidence of altered atmospheric processes,
they often lack explicit evidence of the underlying mechanism
of change, which is essential to improving predictions of
future NAO behavior and other modes of climate variability
(Trigo et al., 2006).

One emerging method that has yet to be applied to
Iberian hydroclimate reconstructions is the hydrogen isoto-
pic measurement of isolated biomarkers, commonly referred
to as compound-specific isotope analysis. Plant wax com-
pounds, such as n-alkanes, have proven especially useful in
paleoclimate applications of compound-specific isotope
analysis (e.g. Tipple and Pagani, 2010; Tierney et al., 2011;
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Schemmel et al., 2016) as they are typically well preserved
and abundant in sediments (Eglinton and Eglinton, 2008;
Sachse et al., 2012). Because n-alkanes are primarily
composed of hydrogen from atmospheric source waters,
they often retain the isotopic composition of paleoprecipi-
tation (Sachse et al., 2012), which records a geographic-
and climate-dependent signature of precipitation amount,
temperature, and source (Dansgaard, 1964). Despite an
average apparent offset of approximately 125%o between
the stable hydrogen isotopic composition (8D) of plant
wax and precipitation (Sachse et al., 2004), which primar-
ily results from evapotranspiration and lipid biosynthesis
(Sachse et al., 2012), hydrogen isotopic analyses of
ancient n-alkanes allow for in-depth reconstructions of
paleohydrology in a wide array of regional settings (e.g.
Lane et al., 2014; Moossen et al., 2015; Schemmel et al.,
2016).

At a coastal site in central Portugal, Praia Rei Cortico
(PRC), the recent discovery of a mid-Holocene organic
deposit presents the opportunity to employ compound-spe-
cific isotope analysis of terrestrial biomarkers as a proxy for
paleohydrology and environmental change in an ecotonal
region of the western Mediterranean. The 3D of precipitation
in Iberia is dominantly controlled by temperature and
moisture source (Carreira et al.,, 2005), and compound-
specific hydrogen isotope analysis of n-alkanes in this region
may be used to trace prehistoric changes in moisture
transport, thus providing insight into the atmospheric mecha-
nisms of hydrological change. Combined with compound-
specific carbon isotope data, C/N ratios, and molecular

distribution data, we document mid-Holocene Iberian hydro-
climate variability and vegetation change in relation to the
NAO and North Atlantic cooling.

Study area
Site description

PRC is located at 39.4°N on the Estremadura coast of central
Portugal, approximately 75km north of Lisbon near the
mouth of the Obidos lagoon (Fig. 1). Ecologically, the region
is part of the Portuguese Coastal Superdistrict, characterized
by limestone sea-cliffs and modern vegetation composed of
juniper and oak with expansive communities of flowering
shrubs and herbs (Costa et al., 2000; Minckley et al., 2015).
Modern climate in this region is classified as sub-humid
Mediterranean (Cfb); average annual temperature is ~16°C
and annual precipitation is approximately 670 mm, which is
primarily received in winter.

Previous work at PRC has identified an abundance of
paleoenvironmental information associated with eroding
coastal bluffs, including an organic deposit (PRC-North;
Fig. 1) dating to Marine Isotope Stage (MIS) 5d-5a
(Minckley et al., 2015), a Middle Paleolithic archaeolog-
ical site (Haws et al., 2010) and a Holocene paleosol
capping 20m of Pleistocene fluvial deposits (Benedetti
et al., 2009). These deposits occupy a buried paleovalley
incised into Cretaceous conglomerate bedrock. A newly
discovered section of organic sediment at the site (referred
to here as PRC-South) outcrops in a younger incised
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Figure 1. The positions and cross-sections of PRC-South, which is studied here, and PRC-North (Minckley et al., 2015). The inferred mid-

Holocene drainage of paleochannels at each site and the Lagoa de Obidos are indicated by dashed lines. The inset map includes a regional
overview and the locations of prior studies of Iberian mid-Holocene climate (1. Asturias, Ortiz et al., 2010), sedimentary sequences representing
Holocene paleowetlands in Portugal (2. Castelo do Neiva, Rebeiro et al., 2011; 3. Esposende, Granja et al., 2016; 4. Agugadoura, Carvalho et al.,
2006; 5. Quiaios-Tocha region, Danielsen et al., 2012), and coastal geomorphology (6. Caparica, Costas et al., 2012; 7. Odiel estuary, Ruiz et al.,
2007; 8. Donana National Park, Ruiz et al., 2005).
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valley at approximately the same elevation as PRC-North
(4-6m above mean sea level), but the two deposits are
separated by roughly 300m and a 20-m high bedrock
divide (Fig. 1). PRC-South is a 2-m-thick organic fill that
represents a mid-Holocene riparian wetland underlain by
a pebbly sand fluvial channel deposit and overlain by
several meters of eolian sand that have been partly
disturbed by human activity at the surface (Fig. 2). The
lower pebbly sand indicates that the Rio Cortico was a
freely meandering stream occupying an incised floodplain
before wetland formation, which was likely related to the
Holocene marine transgression. Holocene sea level rise
along the Iberian coast was spatially variable, but in
general, rapid sea level rise occurred until approximately
7 ka and was followed by a slow, more continuous rate
of change until contemporary sea level was reached (Boski
et al.,, 2002; Costas et al., 2016). In the lower Tagus
valley, just 80 km south of PRC near Lisbon, sea level rise
ceased at approximately 7 ka (Vis et al., 2008) and is
likely comparable to the timing at PRC. The region is
tectonically active, but neotectonic movement along the
central Portuguese coast has been negligible (Vis et al.,
2008). We propose that PRC was probably a former
freshwater tributary of the Obidos Lagoon, which currently
empties into the Atlantic <1km north (Fig. 1), and coastal
barrier formation related to the deceleration of sea level
rise after ~7 ka may have blocked the drainage of the
valley, resulting in rising water tables and open water
conditions with peat accumulation at PRC-South. Previous
studies have demonstrated that a series of lagoons were
established by sea level rise along the Iberian coast
between 8.0 and 5.5 ka (Freitas et al., 2002; Bao et al.,
2007; Gonzdlez-Villanueva et al., 2015), consistent with
the timing of the inferred initial open water phase at

Recent dune sand

PRC-South. Additionally, several sedimentary sequences in
Portugal represent mid- to late Holocene paleolagoons or
wetlands similar to PRC-South (Fig. 1), including interdune
wetland deposits in the Quiaios-Tocha region (Danielsen
et al., 2012), an organic-rich mudstone at Castelo do
Neiva beach (Rebeiro et al, 2011), an organic deposit
north of Esposende (Granja et al., 2016), and a fine
sedimentary unit containing peat and wood in the Agu-
cadoura Formation (de Carvalho et al., 2006). PRC-South
was sampled in 2013 and is the focus of the paleoenvir-
onmental reconstruction presented here.

Isotopic composition of precipitation in Iberia

The isotopic composition of precipitation over the Iberian
Peninsula primarily reflects the origin of air masses,
temperature, and the mechanism of rainout (Carreira et al.,
2005). Modern mean annual precipitation at PRC averages
about 600mm and has an estimated annual 8D value of
—28%o, although average precipitation 3D values fluctuate
monthly by as much as 16%. (Bowen and Revenaugh,
2003; IAEA/WMO, 2015; Bowen, 2017). Differences be-
tween monthly average 8D values of modern precipitation
in Iberia are likely representative of seasonal temperature
variations, with summer rainfall being the most
D-enriched and winter rainfall the most D-depleted (Ara-
quas-Araguas and Diaz Teijeiro, 2005; Carreira et al.,
2005). However, when individual precipitation events are
analyzed, moisture source and air mass trajectory largely
influence 3D values (Araquas-Araguas and Diaz Teijeiro,
2005; Carreira et al., 2005). Due to Iberia’s mid-latitudinal
and southwestern location in Europe, the major sources of
precipitation are tropical and North Atlantic water vapor
transported by westerly circulation (Araguds-Araguds and
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Figure 2. Summary of PRC-South stratigraphy, chronology and zonation (zones 1, 2, and 3). The age model presented was created using CLAM

(Blaauw, 2010) and based on our two radiocarbon dates.
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Diaz Teijeiro, 2005), which are two isotopically distinct
moisture sources. In Paamiut, Greenland (62°N, 50°W), for
example, the estimated annual 8D value of precipitation is
more negative than that of Miami, Florida (26°N, 80°W) by
approximately 85%. (Bowen and Revenaugh, 2003; IAEA/
WMO, 2015; Bowen, 2017). Correspondingly, the most
negative 3D values of Iberian precipitation result from
rainfall events associated with the advection of cold air
masses from northern Europe and low-pressure centers
located over Ireland, the British Islands, and the western
North Atlantic (Araquas-Araguas and Diaz Teijeiro, 2005;
Carreira et al., 2005). Recycled moisture along the margin
of the peninsula is negligible as a precipitation source
during the wet season, but is significant during summer
(Gimeno et al., 2010). However, because summer is the dry
season, we do not consider locally derived precipitation to
be a dominant contributor to temporally integrated 3D
values at PRC.

Methods
Sedimentology

For compound-specific analyses, we sampled the PRC-South
organic deposit at 10-cm intervals for a total of 21 samples.
For bulk sediment analyses, we sampled the exposure more
frequently at 2-cm intervals. Bulk sample organic matter and
carbonate content (% by weight) were determined by loss on
ignition (Heiri et al., 2001) in an Omegaflux LMF 3550 muffle
furnace. Samples were dried and crushed, then burned for
2.5h at 550°C for organic matter and 4h at 950°C for
carbonates. The burned samples were then passed through a
#230 standard mesh (63 um) sieve to determine sand/mud
content. For bulk C/N analysis, untreated sediment samples
were dried at 60°C and homogenized into a fine powder
using a mortar and pestle. Analyses to measure percentage C
and N were conducted using a Costech 4010 elemental
analyzer paired with a Thermo Delta V Plus continuous flow
mass spectrometer.

Age control

Organic material was isolated in the laboratory at 40cm
(charcoal) and 171cm (wood) below the top of the
deposit, and submitted for accelerator mass spectrometry
radiocarbon dating at Beta Analytic, Inc. The IntCall3
database (Reimer et al., 2013) and a linear age model in
CLAM (Blaauw, 2010) were used to calibrate dates and
establish a chronology for the deposit. Additional age
control is provided by optically stimulated luminescence
(OSL) ages on samples collected from the sandy layers
interbedded within (30cm) and underlying (215cm) the
PRC-South organic deposit. Samples used for OSL age
determinations were collected by driving opaque PVC
tubes into the face of the excavated outcrop, removing the
sample, and capping the ends of the sample tube. The
OSL ages were determined at the Luminescence Dating
Research Laboratory, University of Illinois-Chicago, ac-
cording to the modified multiple-aliquot regeneration
procedure (Jain et al.,, 2003). The specific laboratory
techniques applied to OSL samples reported in this study
are described by Minckley et al. (2015).

Compound-specific D and §'°C analyses

Long hydrocarbon chains, n-alkanes, are typically used for
compound-specific hydrogen isotope analyses, in part
because the environmental and biological modifications of

Copyright © 2017 John Wiley & Sons, Ltd.

precipitation 3D are well studied and understood in these
molecules. Before plant uptake, the preferential evapora-
tion of lighter hydrogen contributes to D-enrichment of
source water, and leads to the synthesis of hydrogen that
is D-enriched relative to precipitation (Sachse et al.,
2012). The 3D of plant wax lipids synthesized from leaf
water is additionally influenced by transpiration, which
has a similar enrichment effect (Sachse et al., 2012).
Despite these processes of D-enrichment, complex hydro-
gen exchange that occurs during n-alkane biosynthesis
results in an average apparent fractionation of roughly
—125%0 between precipitation 8D and terrestrial lipid 8D
(Sachse et al., 2012). Regardless of these fractionations,
there are strong correlations between meteoric and bio-
marker 3D (Sachse et al., 2004), and sources of hydrogen
fractionation in n-alkanes can be accounted for in
analyses.

A discernible carbon isotopic distinction between Cj
and C; plants permits the use of compound-specific
3'%C for environmental reconstructions. Similar to com-
pound-specific 8D, compound-specific 8'*C measurements
better constrain the isotopic signature of atmospheric CO,,
photosynthetic pathway, and climate that is recorded in
plant tissues (Eglinton and Eglinton, 2008). Compared to
other biochemical fractions (proteins, carbohydrates, lig-
nin, etc.), lipids are the most depleted in '*C (Galimov,
1985) and terrestrial n-alkanes typically have 8'C values
that are significantly lighter than bulk 8'°C values. For
example, C; plant-derived n-alkane §8'°C values generally
range between —39 and —31%c, and C, plant-derived
n-alkane 3'°C values range between —25 and —18%o (Bi
et al., 2005).

To isolate n-alkanes, sediment samples were dried, ground
and sealed in a 2: 1 mixture of dichloromethane (DCM) and
methanol and placed in Teflon bottles on a shaker table
overnight. The total lipid extract was subsequently saponified
to remove fatty acids, and the neutral lipid fraction was
isolated using solid phase extraction with silica gel as the
stationary phase and DCM as the eluting solvent. The
aliphatic extract was further purified through the removal of
branched and cyclic compounds with urea adduction and
used for compound-specific isotope and molecular distribu-
tion analyses (Lane et al., 2014).

Compound-specific carbon and hydrogen isotope analy-
ses of n-alkanes were performed on a continuous-flow
Thermo Delta V Plus mass spectrometer interfaced with a
Thermo Trace 1310 gas chromatograph via a Thermo
Isolink 1l interface using an RTX-5 silica column (60m,
0.25-mm i.d., 0.50-um film thickness). Injection temper-
atures were 320°C and samples were injected with a
Thermo AI1310 autosampler in surged split-less mode
using high-purity helium as the carrier gas. The oven
temperature program for the gas chromatograph was 70°
C isothermal for 1 min, 20°Cmin~"' to 180°C, 5°Cmin~"
to 320°C, and 320°C isothermal for 20 min. High-purity
hydrogen gas and n-alkane mixtures with known hydrogen
isotope compositions were used as standards. The Indiana
University n-alkane mixture (B4) was injected following
every fourth sample to monitor precision of the instru-
ment. The standard deviations of the standard analyses
over the course of this study were <0.35%0 and <5%. for
carbon and hydrogen, respectively. For hydrogen isotope
analyses, >H factors were calculated daily using the Isodat
software with pulses of increasing amounts of reference
gas. All samples were analyzed in duplicate and raw data
were corrected using the uncertainty calculator spread-
sheet created by Polissar and D’Andrea (2014). Hydrogen

J. Quaternary Sci., Vol. 33(1) 79-92 (2018)
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isotopic compositions are reported in standard &-per mil
notation relative to VSMOW:

8D = 1000 [(Rsample/RStandard) - 1]

where R=2H/"H. Carbon isotopic compositions are reported
in standard &-per mil notation relative to VPDB:

8"2C = 1000 [(Rsample/Rs tandard) — 1]
where R="3¢/'2C.

Molecular distribution

Lipid abundance was determined using a Thermo Trace 1310
gas chromatograph via flame ionization detection. Com-
pounds were separated on a 60-m RTX-5 column (0.25-mm
i.d., 0.50-pm film thickness) in surged splitless mode with He
as the carrier gas. Oven temperature was programmed from
70°C (held for 1min) to 180°C at 20°Cmin~" and subse-
quently to 320°C at 5°Cmin~" (held for 20 min). An external
standard containing all n-alkanes from C, to C4o was used to
identify and quantify n-alkane abundances.

n-Alkane indices

Differences in predominant n-alkane production between
aquatic and terrestrial plant communities allow for broad
classifications of vegetation types based on the molecular
distribution of carbon chain lengths. Terrestrial plant wax is
primarily composed of long chain n-alkanes (C5—Css) with
a strong odd over even predominance (Sachse et al., 2012).
A carbon preference index (CPl) is typically used to
differentiate between terrestrial plant and diagenetic origins
of n-alkanes and is calculated according to Marzi et al.
(1993) as:

CPl = {Zodd(cﬂ — C31) + Zodd(CB - C33) /
|:2Zeven (Ca2 = C32)}

CPI values >1 indicate a primarily terrestrial plant source
of n-alkanes, as odd carbon chain lengths are more abundant
than even carbon chain lengths. Aquatic plants also produce
dominantly odd-chain n-alkanes, but typically have shorter
chain lengths (C,;—Cys). A proxy ratio of n-alkane abundan-
ces, P,q, is frequently used to identify the input of submerged
aquatic macrophytes relative to that of terrestrial plants and
can be used to quantify changes in past plant communities
(Ficken et al., 2000). Similar to aquatic vegetation, Sphagnum
mosses predominantly produce n-C,3 and n-C,s (Baas et al.,
2000; Nott et al., 2000; Pancost et al., 2002), and fluctuations
in Sphagnum cover are also recorded by P,,. Due to the
hydrologic control on Sphagnum extent, P,q in peatlands may

Table 1. PRC-south radiocarbon age results.

be used alternatively as a paleohydrologic indicator (Nichols
et al., 2006).
P.q was calculated according to Ficken et al. (2000):

Paqg = (Ca3 + Cy5)/(Ca3 + Cps5 + Co9 + C3y)

To accentuate changes within the terrestrial vegetation
community, we apply the Norm31 index (e.g. Carr et al.,
2014). Because Norm31 only takes the abundances of n-Cyg
and n-C3; into account, it may demonstrate temporal
variability in long-chain n-alkane production related to
terrestrial vegetation composition. Norm31 is calculated as:

Cs
N 3T =——""——
orm (C31 + Cy9)
Results
Chronology

Radiocarbon dates indicate that the organic deposit at PRC-
South encompasses a 1200-year period, spanning from
approximately 6.6 to 5.4k calasp. This is based primarily on
extrapolation from two radiocarbon ages (Fig. 2; Table 1)
calibrated using the IntCal13 database (Reimer et al., 2013). A
linear age model processed in CLAM (Blaauw, 2010) estimates
ages of 6583 + 99 sr at the bottom and 5383 + 61 s for the top
of the organic deposit (Fig. 2; Table S1), yielding a sedimenta-
tion rate of 1.64+0.14mma "' during this interval. These ages
are roughly estimated and associated with considerable
uncertainty, as our ability to precisely constrain chronology is
limited by only two radiocarbon dates and extrapolation.
However, the OSL samples provide additional confirmation of
the age model (Table 2). The OSL age of 7490+ 655 a from
pebbly sands below the organic deposit pre-dates the maxi-
mum age of the organic deposit that was estimated
according to radiocarbon dates. The OSL age of 5170 +490
a from a sandy lens near the top of the organic deposit
(30cm) overlaps with the radiocarbon age from 10cm
lower in the section (Table 1). These ages demonstrate that
the PRC-South organic deposit is approximately the same
age as the Holocene paleosol overlying the archeological
and paleobotanical sections previously investigated at PRC
(Haws et al., 2010; Minckley et al., 2015). Both the PRC
paleosol and the PRC-South organic deposit are buried by
late Holocene eolian sands that mantle much of the
Estremadura coastline (Benedetti et al., 2009).

Stratigraphy

The PRC-South organic deposit is primarily composed of sand
and organic matter (Fig. 2), with low mud content (<35%)
and minor amounts of carbonate (<4%). Sand ranges from
11.5 to 98.5% with notable interbedding of sandy and
organic lenses at the top of the deposit. Organic matter
content ranges from 0.85 to 70.3% and dominates the middle
of the deposit. We divided the PRC-South deposit into three

Depth in section (cm)  Laboratory code  Material 3'3C (%o) Conventional Intercept with calibration 20 Calibrated "*C age
e curve (cal a 8p) range (cal a Bp)*
age (a Bp)
40 Beta-423463 Charcoal -26.0 4890+ 30 5605 5655-5590
171 Beta-394095 Wood —24.3 5630+ 30 6405 6470-6390

Copyright © 2017 John Wiley & Sons, Ltd.
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Figure 3. Summary and stratigraphic zonation (zones 1, 2, and 3 indicated on the right) of proxy data from PRC-South, including per cent sand,
3D values of the Cyo n-alkane (8D, c20), 8'>C values of the Cyo n-alkane (8'>C,.ca9), per cent aquatic vegetation/Sphagnum moss expressed in
decimal form (P,), and C/N values. Arrows represent our general interpretation of each proxy.

stratigraphic zones on the basis of the gross sedimentology of
the deposit: Zone 1 (200-170cm) contains coarse sands
intermixed with organic matter, Zone 2 (170-80cm) is a dark
organic-rich section with low sand content, and Zone 3
(80—0cm) is a layer of organic matter interbedded with
medium to fine sand.

Compound-specific §D and compound-specific
8'2C values

The 3D values of the Cy9 and C3; n-alkanes have ranges of
53.5%0 (=151.2 to —97.7%) and 49.2%0 (—172.1 to
—122.9%o), respectively. The 8D values of n-Cy3, n-Cys and
n-C,; are more variable with ranges of 140.3%0 (—265 to
—124.7%0), 89.4%0 (—199.2 to —109.8%0) and 66%. (—182.2
to —116.2%0), respectively. Although overall trends between
chain lengths are generally similar, absolute 3D values of n-
C,3, n-Cys and n-Cy; are on average 33, 46 and 32%o. more
depleted in D than n-Cyo, respectively. Notable trend
contrasts and substantial differences in 3D between middle
(defined here as C,3, Cps and C,;) and long chain lengths
(Cy9 and Cs4) occur in Zone 1 and at 5.7k cal a sp (Fig. S1). A
comparable distinction between middle and long-chain n-
alkanes is also evident in the compound-specific 8'*C values
(Fig. S2), although absolute values are fairly similar and all
homologues have ranges between 1.9 and 4.5%o.. Compound-
specific 8'2C values of n-Cye and n-C3; have ranges of 3.6

(—33.4 to —29.8%0) and 2.5 (=32.9 to —30.4%o), respec-
tively. The 8'3C values of n-C,3, n-C,5 and n-C,; have ranges
of 2 (=32.7 to —30.7%0), 4 (—=32.1 to —28.1%0) and 4.5
(=32.1 to —27.6%o), respectively.

Stratigraphic zonation

The stable hydrogen isotopic composition of n-Cyg (8D,
c29) in Zone 1 (6.6-6.4kcalasp) has a range of 36%. and
becomes more negative towards the top of the zone. The
stable carbon isotopic composition of n-Cag (3'°Cj.c20)
trends towards more positive values, increasing by 2.3%o
(Fig. 3). From 6.6 to 6.5kcalasp, mid-chain n-alkanes
dominate molecular distributions, which is reflected by
deposit maximum P,q values. The highest C/N values in
the deposit also occur during this time, with a maximum
value of 53 at 198.5cm (Fig. 3). After 6.5k cal asp, there is
a marked reduction in mid-chain n-alkanes which coin-
cides with substantially decreased C/N ratios. P, de-
creases from 0.945 to 0.356 (Fig. 3) and Norm31 values
vary minimally, ranging between 0.57 and 0.63 (Fig. S3).
CPI values in this zone range from 6.26 to 16.03 and,
although variable, indicate a primarily plant wax origin of
n-alkanes (Table S1; Fig. S3).

In Zone 2 (6.4-5.9kcalaspr), 8D,.ca9 values are variable
with a range of ~36%o, but transitions and absolute values
are moderate relative to the rest of the deposit (Fig. 3).

Table 2. Optically simulated luminescence (OSL) ages and associated chronological data for sediments from PRC-South (12 November 2015).

Depth in Laboratory  Equivalent U (ppm)¥ Th K (%)f Organic  H,O (%) Cosmic dose Total dose rate  OSL age
section (cm) code dose (Gy)* (ppm)t matter (%) (mGy a™ ")} (mGy a™") (@8

30 uIC3583  4.274+0.31 1.1+0.1 1.7£0.1 0.48+0.01 3+0.5 15+3 0.18£0.02 0.83£0.04 5170£490
215 ulC3584 7.66+0.51 1.2+£0.1 4.4+0.1 0.43+0.01 0 15+3 0.14+£0.01 1.02£0.05 7490+655

“Equivalent dose was determined using the coarse-grained (475—525pum) quartz fraction by the multiple aliquot regenerative dose method
under blue (470 nm) excitation after infrared excitation (Jain et al., 2003). Blue emissions are measured with 3-mm-thick Schott BG-39 filters and
one, 3-mm-thick Corning 7-59 glass filter that blocks >90% luminescence emitted below 390nm and above 490nm in front of the
photomultiplier tube.

tU, Th and K,O determined by ICP-MS, Activation Laboratory, Ltd, Ontario.

+Cosmic dose rate component from Prescott and Hutton (1994).

§All errors are at one sigma and ages represent years before AD 2010.
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Figure 4. Per cent relative abundance of odd-numbered n-alkanes C,3-Cs3 in each stratigraphic zone at PRC-South between roughly 5.4 and

6.6k cal a sp.

Molecular proxies and bulk geochemical data show similar
variation with minor changes compared to Zone 1. Norm31
values range from 0.48 to 0.75 (Fig. S3) and P, has a range
of 0.307 (Fig. 3). C/N values remain stable around ~30 and
8'3C,.c20 values are also uniform throughout this zone,
fluctuating by <2%o (Table S1). A continued plant wax origin
of n-alkanes is indicated by CPI values, which range between
6.26 and 16.77 and demonstrate an overall increase in Zone
2 (Fig. S3).

Zone 3 (5.9-5.4kcal asp) is characterized by a progressive
and significant transition towards more negative 3D, cy9
values. The hydrogen isotopic composition of Cy9 n-alkanes
throughout this section has a range of 51.8%0 with —151.2%
at 5.4k cal asp as the most negative value in the entire deposit
(Fig. 3). Compound-specific 3'*C,.co9 values are slightly
more variable in this zone, but fluctuate by only 2.3%o.. P.q
decreases from 0.486 to 0.226 and C/N values continue to
decline, reaching a deposit minimum value of 14.4 at the top
of the deposit (Fig. 3). Cpyax, the dominant carbon chain-
length, is C3; throughout most of this section, with exceptions
at 5.9 and 5.7k cal a sp where C,7 is instead the most
abundant homologue (Fig. 4). Norm31 values generally
decrease throughout this zone and have a range of 0.23. CPI
values are variable, fluctuating between 2.02 and 13.71
(Table ST1; Fig. S3).

Discussion
Site geomorphology and vegetation composition

The initial predominance of C,3 and C,5 n-alkanes (Fig. 4),
lower concentrations of longer chain lengths, and C/N ratios
of ~50 (Fig. 3) at PRC-South indicate the presence of
Sphagnum, a non-vascular moss (van Breemen, 1995; Baas
et al., 2000; Nott et al., 2000; Pancost et al., 2002). A mid-
chain n-alkane molecular distribution of Cy5 > C,,; > Cy3 (Fig.
4) is likely indicative of a hummock Sphagnum species
similar to S. fuscum of the section Acutifolia (Bingham et al.,
2010; Andersson et al., 2011). In the Estremadura region,
Sphagnum moss is currently rare (Seneca, 2003), and its
prehistoric occupation at the PRC-South wetland represents a
unique niche situated at the southern border of its modern-
day ecological limits in Europe. Sphagnum mosses in Portugal
typically inhabit the northwestern coastal zone and the high
altitudes of the central mountain ranges (Seneca, 2003).

Copyright © 2017 John Wiley & Sons, Ltd.

Unlike most of the limestone coast of Estremadura, the PRC
site is underlain by a siliciclastic conglomerate bedrock,
which probably contributed to acidic and nutrient-poor soil
conditions that favored the establishment of a localized
Sphagnum population. The long-chain n-alkane predomi-
nance of Cj; throughout most of the PRC-South deposit is
probably representative of Ericaceous shrubs (Pancost et al.,
2002), which inhabit much of the Portuguese coast (Costa et
al., 2000) and are commonly abundant in Sphagnum
wetlands.

The past occurrence of Sphagnum moss at PRC-South is
representative of a freshwater wetland, probably a fen or
bog. A pollen-based study by Minckley et al. (2015)
determined that PRC-North was also a near-coast freshwa-
ter wetland between MIS 5d and 5a (roughly 110-80 ka)
with vegetation at the site primarily consisting of wetland
taxa such as Ericaceae, Poaceae and Cyperaceae sur-
rounded by Mediterranean and temperate forest repre-
sented mainly by Pinus spp. and Quercus spp. (Minckley
et al., 2015). The coastal ecosystems at PRC during the
previous and current interglacial may have been similar to
those of modern-day Donana National Park in southwest-
ern Spain, which is composed of a series of transgressive
coastal dunes, back-barrier lagoons, and peat bogs domi-
nated by heath vegetation, scrubland, and pine and cork
oak forests (Corona et al., 1988; Munoz-Reinoso, 2001;
Sousa et al.,, 2013). In particular, the Donana peat bogs
known as ‘Rivatehilos’ are characterized by the presence
of Erica ciliaris wet heathland and other vegetation,
including various Sphagnum mosses, which are more
typically found in the north-western Iberian margin (Sousa
et al., 2013).

Environmental §D.,,,, controls at PRC-South

The hydrogen isotopic composition of sedimentary n-
alkanes integrates a combination of various climatic and
environmental parameters, which can make it difficult to
discern the primary source of 8D variability over time.
Despite a general —125%. apparent fractionation between
precipitation and plant wax 3D (Sachse et al., 2004), the
3D of individual plant species within the same catchment
area can vary significantly. For example, Hou et al. (2007)
observed differences in 8D of as much as 70%. between
terrestrial vegetation types (trees, ferns, grasses) surrounding

J. Quaternary Sci., Vol. 33(1) 79-92 (2018)
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Figure 5. Winter atmospheric circulation during negative and positive modes of the NAO (top panels) and the corresponding proposed
impact on moisture transport to the Iberian Peninsula (bottom panels). The dashed lines defining the Azores High and Icelandic Low
indicate that these pressure systems are weaker, and arrow thickness in the bottom panels is representative of the relative magnitude of
moisture delivery. lllustrative annual precipitation 8D values in Paamiut, Greenland (—97%0) and Miami, Florida (—12%.) were estimated
using the Online Isotopes in Precipitation Calculator (OIPC; Bowen and Revenaugh, 2003; IAEA/WMO, 2015; Bowen, 2017) and are

indicated on the map.

Blood Pond in Massachusetts, and attributed this to differ-
ences in evapotranspiration related to microenvironment
and potentially plant physiology or biochemistry. Species-
specific fractionations further complicate paleoclimate inter-
pretations of the 38D,y.x proxy, as changes in vegetation
composition can contribute to temporal variability of
sedimentary n-alkane 3D.

Vegetation composition at PRC-South is highly variable,
demonstrated by a range in P,q of 0.787 (Fig. 3; Table S1),
but these changes are dominantly driven by Sphagnum moss
abundance. When changes in terrestrial vegetation composi-
tion are isolated using the Norm31 index (Fig. S3; Table S1),
it is apparent that mid-chain n-alkanes derived from
Sphagnum (Cy3 and C,s) are responsible for the substantial
variations in P,q. Norm31 values have a range of just 0.27
and generally vary minimally throughout the deposit (Fig. S3;
Table S1). Relatively large changes in Norm31 occur between
6.4-6.3 and 5.7-5.6k cal a sr (Fig. S3; Table S1), but these
fluctuations are probably inconsequential. Sphagnum peat-
lands are characterized by low vascular plant biodiversity
that can help to reduce the effects of vegetation composition
on sedimentary plant wax 3D values (Nichols et al., 2010)
and terrestrial vegetation change is unlikely to have signifi-
cantly influenced 8D, c29 values at PRC-South. However,
substantial fluctuations in mid-chain n-alkane origin due to
the drastic reduction in Sphagnum potentially contributed to

Copyright © 2017 John Wiley & Sons, Ltd.

3D variability of n-Cy3, n-Cys and n-C,5, which makes them
unreliable for climatic reconstruction. This is likely reflected
by the distinct trend divergence between mid-chain and long-
chain n-alkane 8D values (Fig. S1). Similarly, various Sphag-
num mosses abundantly produce or maximize at n-Cs,
(Nichols et al., 2006), and n-Cs; is probably also susceptible
to 8D modifications as a result of origin variability in
Sphagnum wetlands. For that reason, we solely interpret
n-Cyq for hydroclimatic purposes and do not consider vegeta-
tion composition to be a significant source of 8D, .c29
variability.

Temperature change is also considered in our hydro-
climate reconstruction. In addition to moisture source,
temperature is a dominant control on the isotopic composi-
tion of precipitation in Iberia (Carreira et al.,, 2005).
Temperature change during the relatively short period
encompassed by the PRC-South deposit (6.6-5.4k cal asp) is
small, however, and regional sea surface temperatures
gradually decrease by just ~1°C during this time (Martrat et
al., 2015). The 3D,.cy9 values at PRC-South range over
~54%o, and the temperature decrease alone cannot account
for the large magnitude of change in 8D, 9 values. We
propose that the ultimate origin of change in 8D, c29 values
is moisture source, but we do consider the potential
isotopic effects of temperature change in greater detail in
relevant zones.
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Implications of Iberian Peninsula moisture
transport for the interpretation of prehistoric plant
wax 8D

During the wet season in Iberia, tropical moisture dominates
regional precipitation (Gimeno et al., 2010). The meridional
transport of tropical water vapor to the Iberian Peninsula
primarily occurs through corridors of moisture known as
atmospheric rivers (Gimeno et al, 2014), which are fre-
quently responsible for extreme precipitation events in the
region (Lavers and Villarini, 2013; Ramos et al., 2015) and
contribute to the development of explosive extra-tropical
cyclones (Ferreira et al., 2016). The trajectory of atmospheric
rivers has been linked to the NAO, with negative (positive)
phases resulting in atmospheric rivers and heavy precipitation
over southern (northern) Europe (Lavers and Villarini, 2013).
The compound-specific hydrogen isotope record at PRC-
South likely represents a long enough period (>1 ka) for
changes in precipitation source related to the NAO to be
recorded in plant wax 3D. Given that the transport of tropical
moisture to Portugal is greatest during the winter (Gimeno et
al., 2010) when a negative phase of the NAO enhances
storminess and precipitation in lberia and favors the passage
of atmospheric rivers through southern Europe (Hurrell et al.,
2001; Lavers and Villarini, 2013), positive 8D, c29 excursions
are likely attributable to a negative NAO. The northern
diversion of atmospheric rivers and storm tracks during
positive phases of the NAO (Lavers and Villarini, 2013) likely
reduces the delivery of D-enriched tropical moisture to the
Iberian Peninsula, thus resulting in relatively low precipitation
and n-alkane 8D values (Fig. 5). Despite the established
relationship between the NAO and atmospheric river trajec-
tories, no strong or significant correlation between phases of
the NAO and precipitation 3D at two sites in Portugal (Porto
and Faro) is evident (Baldini et al.,, 2008). We suspect this
relationship would be better expressed over longer timescales
and in lipid 38D values, as they potentially provide a
temporally integrated isotopic signature. Given that our
interpretation of changes in precipitation 8D in relation to the
NAO is speculative, we attribute variations in plant wax 3D
values to phases of the NAO only in the presence of additional
proxies of humidity and storminess that can help to further
characterize atmospheric mechanisms of climate change.

Zone 1: 6.6—6.4k cal a Bp

The establishment of Sphagnum moss at PRC-South, indi-
cated by geochemical evidence (P,q values >0.8 and C/N
ratios of approximately 50; Fig. 3), is probably related to
geomorphic change induced by the deceleration of sea
level rise, but still implies humid conditions in the region.
The predominance of Sphagnum indicates a relatively wet
environment, and deposit minimum 3'3C,.c29 values further
support a prevailing humid climate between approximately
6.6 and 6.5k cal a Bpr. More positive 8D,,.c29 values in Zone
1 (Fig. 3) are probably reflective of enhanced tropical
moisture transport to the peninsula and high sand content
in this zone indicates greater eolian-induced sand move-
ment or surface runoff likely related to Atlantic storminess.
The sand content of coastal bogs and lakes is frequently
used to characterize prehistoric eolian sand movement in
relation to regional storminess (e.g. Bjorckl and Clemmen-
sen, 2004; de Jong et al., 2006), and given PRC-South’s
location, we similarly utilize sand content to help elucidate
mechanisms of Atlantic atmospheric circulation. Combined
evidence of increased rainfall, southerly derived precipita-
tion, and strengthened westerlies indicates a persistent
negative phase of the NAO during wetland formation. In

Copyright © 2017 John Wiley & Sons, Ltd.

the Ronanzas peat bog in Asturias, Spain (Fig. 1), elevated
P.q and decreased average chain length (ACL) also support
a prevailing negative phase of the NAO during this time
(Ortiz et al., 2010).

After 6.5k cal a 8p, decreased, but moderate, 8D, 29
values indicate a latitudinal shift in the westerlies and a
consequent reduction in tropical moisture transport to the
peninsula. Corresponding to this transition towards more
intermediate 3D,,_c29 values is a decrease in sand content
by ~20% (Fig. 3) and a substantial loss of Sphagnum,
reflected by a large reduction in mid-chain n-alkanes
(~50%; Fig. 4) and decreased C/N (Fig. 3). P,4 displays a
strong correspondence to 8D, cy9 values in Zone 1
(Fig. 3), indicating that a decline in precipitation resulting
from altered atmospheric circulation likely led to the
reduction in Sphagnum cover rather than any geomorphic
change of the wetland. Although the shift in vegetation
composition does represent a considerable change in
climate, the hydrologic sensitivity of Sphagnum in this
ecotonal region likely magnified the climatic signal, and
the actual reduction in regional precipitation was not as
drastic as it appears in the molecular record. A predomi-
nance of C3; n-alkanes during this period (Fig. 4) could be
representative of an increased abundance of Ericaceae or
Poaceae species (Pancost et al., 2002; Kirkels et al.,
2013). Ericaceae, in particular, was dominant at PRC-
North during MIS 5d-5a, with pollen percentages averag-
ing ~30% and maximizing at >60% (Minckley et al.,
2015), and its predominance would further indicate a drier
climate. This transition to less humid conditions is also
indicated by an increase in 8'3C,,.c29 values (Fig. 3). The
increase is small (<2%0) and probably indicative of greater
water stress in dominant Cs taxa, such as Ericaceae, rather
than an expansion of C4 vegetation (Farquhar et al.,
1989). Together, decreased sand deposition, reduced
precipitation, and reduced tropical moisture transport
suggest a northward displacement of mid-Atlantic storm
tracks resulting from a dominantly positive phase of the
NAO.

Zone 2: 6.4-5.9k cal a sr

We interpret the intermediate 8D, c9 values and reduced
sand content from 6.4 to 5.9k cal a BP to represent a
sustained mixed moisture source and a prolonged positive
phase of the NAO (Fig. 3). Sediments in this zone are
primarily composed of organic matter, which probably
indicates geomorphic stability (decreased eolian sand in-
flux) because of reduced storminess. P,, values indicate
minor changes in precipitation and alternations of dominant
vegetation communities (Sphagnum vs. terrestrial). A pre-
dominance of n-C,s (Fig. 4) and higher P, values (Fig. 3)
at 6.3, 6.2, and 5.9k cal a sp indicate that comparatively
humid phases probably punctuated this drier period. De-
spite considerable sand content at 6.4 and 6.1k cal a sp,
which may be interpreted as greater wind intensity and
increased precipitation, a drier environment is indicated by
decreased P,q and predominance of the n-Cs; alkane,
which is probably representative of a terrestrial replacement
of Sphagnum moss at PRC-South. These intermittent dry
phases may have been characterized by stronger, but less
frequent, storms that promoted interspersed erosion and
enhanced sediment mobility. Alternatively, increased sand
content during these periods could be a consequence of a
drier environment, as dry sand is more easily transported
and vegetation loss could have exposed more sediment for
erosion.
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Zone 3: 5.9-5.4k cal a sr

A reorganization of atmospheric circulation over the Atlan-
tic and a period of increased storm frequency and/or
intensity in coastal Iberia is apparent between 5.9 and
5.4k cal a sp at PRC-South. A progression towards more
negative 8D, 29 Vvalues and corresponding sand invasion
indicate an enhanced transport of high-latitude, D-depleted
moisture to the region and a gradual intensification of
westerly winds. In the Ronanzas peat bog in northern
Spain, molecular markers indicate that this was a humid
period and Sphagnum predominated (Ortiz et al., 2010). At
PRC-South, molecular distributions of n-alkanes demon-
strate greater terrestrial plant growth, indicating that al-
though this period was stormy in central Portugal, it was
not necessarily associated with increased precipitation.
Alternatively, vegetation feedbacks initiated by earlier,
substantial Sphagnum loss may have contributed to in-
creased interspecific competition, preventing local Sphag-
num resilience. Sphagnum mosses limit vascular plant
growth through nutrient interception and the formation of
acidic, anoxic conditions, thus Sphagnum decline has the
potential to increase nutrient availability, decomposition,
and terrestrial development in wetland ecosystems (van
Breemen, 1995; Malmer et al., 2003). Reduced Sphagnum
cover at PRC-South corresponds with significant decreases
in sedimentary C/N (Fig. 3), suggesting that Sphagnum loss
did alter biogeochemical processes to some extent. If
increased precipitation accompanied greater nutrient cy-
cling, expansion of terrestrial vegetation could have con-
tributed to the absence of Sphagnum predominance despite
a return to ideal climatic conditions for Sphagnum growth.
However, 8'3C,, 9 values in this zone do not return to
pre-Sphagnum decline values, and this was likely a com-
paratively dry period at PRC-South.

Polar control on Iberian hydroclimate and
storminess

The environmental and climatic transition apparent in Zone 3
(5.9-5.4k cal a BpP) can be attributed to a decline in North
Atlantic sea surface temperatures (SSTs), which suppressed
tropical moisture sources and exerted a stronger polar
climatic influence on the region and much of Europe. A series
of these SST cooling episodes, often referred to as Bond
events, have occurred throughout the Holocene and are
attributed to changes in solar irradiance (Bond et al., 2001).
The effects of Bond events are especially evident in the North
Atlantic and have been identified using changes in ice-rafted
debris (IRD) found in deep-sea sediment cores from the North
Atlantic basin (Bond et al., 1997). The period encompassed
in the PRC-South organic deposit coincides with Bond Event
4 (Fig. 6), associated with extended sea ice cover and global
glacial advances (Mayewski et al., 2004). The extra-regional
impacts of Bond Event 4 are typically apparent in proxy
records starting at approximately 6 ka (Mayewski et al., 2004;
Fletcher and Zielhofer, 2013), and are similarly evident at
PRC-South. In Zone 3, between 5.9 and 5.4k cal a 8p, 8D,,.c29
values display a strong correspondence to IRD of Bond Event
4, implying a significant North Atlantic SST control on
precipitation source in lberia (Fig. 6). The apparent lag in
response to North Atlantic climate during Bond Event 4,
which begins at ~6.6 ka, is probably related to the initial
small magnitude of change and significant latitudinal separa-
tion between PRC-South and the origin of SST cooling.
Similarly, the large fluctuations in Zone 3 8D,.c29 values
associated with relatively minimal changes in IRD are likely
representative of Portugal’s location at the southernmost
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extent of North Atlantic influence and its sensitivity to small
variations in moisture trajectory.

Although depressed North Atlantic SSTs probably also
contributed to more negative precipitation 3D and resultant
3D, c29 values, the relatively small estimated SST change
(<2°C; Bond et al.,, 1997; Rodrigues et al., 2009) cannot
account for most of the ~52%o0 decrease in 3D,.c29 values
that occurred during this event. Across a 7° latitudinal
transect off the Iberian coast, equating to an approximate 2 °C
SST difference, the surface 8D of seawater ranges just 4%o
(Voelker et al., 2015). Similarly, a lower condensation
temperature may also have influenced precipitation 3D.
However, given that an average annual temperature range of
~10 °C results in a relatively small range of 16%o0 in monthly
averaged meteoric 8D values at PRC, atmospheric tempera-
ture changes probably also contributed minimally to 8D, c29
variability and the large magnitude of change in 8D, c29
values primarily reflects enhanced polar moisture transport to
the peninsula.

Between 5.9 and 5.4k cal a sp, considerable changes in
sand content at PRC-South also correspond with shifts in 8D,
c29 values (Fig. 3), representing a likely link between
progressive cooling, regional storminess, and dune emplace-
ment. The end of the deposit (~5.4k cal a Bp) coincides with
peak IRD during Bond Event 4, high sand content in the PRC-
South outcrop (97%), and the lowest 8D,,.c29 values, indicat-
ing that powerful storms likely led to the ultimate burial of
the wetland (Fig. 3; Fig. 6). Sand movement and coastal dune
migration at other sites in Iberia (Fig. 1) are consistent with
the timing at PRC-South. These include a storm deposit dated
to 5.7 ka in the Odiel estuary in southwestern Spain (Ruiz
et al., 2007), a period of storm-induced dune activity around
5.6 ka at Caparica near Lisbon (Costas et al., 2012), and sand
invasion of a coastal lagoon resulting from a high-energy
storm or tsunami event between 5.4 and 5.2 ka at Donana
National Park (Ruiz et al, 2005). Enhanced storm activity
also characterizes the period between 5.7 and 5.4 ka in the
Gulf of Lions along the French Mediterranean coast (Sabatier
et al., 2012). Although Holocene sea level rise probably
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Figure 6. Comparison between Zone 3 8D,, 29 at PRC-South and %
IRD (hematite-stained grains) during Bond Event 4 (Bond et al.,
2001). All Bond events throughout the Holocene are displayed as %
hematite-stained grains in the bottom right panel (Bond et al., 2001).
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contributed to coastal instability and sediment supply in these
and other locations, a strong correspondence between Bond
Event 4, coastal storms, and dune encroachment suggests a
primarily climatic control on sand movement (Costas et al.,
2012).

Atmospheric response of the NAO to North
Atlantic climate change

During Bond Event 4, storminess combined with an inferred
high-latitude origin of precipitation at PRC-South likely
demonstrates a reorganization of the NAO because of North
Atlantic climate change. Enhanced westerly winds over the
peninsula and consequent sand mobility are typically associ-
ated with a negative NAO and, as we have proposed, greater
tropical moisture transport to lberia. However, strong storms
from 5.9 to 5.4k cal a sp instead coincide with a D-depleted
precipitation source at PRC-South, a moisture trajectory that
is perhaps more characteristic of a positive phase of the
NAO. Irregular NAO behavior during peak cooling of Bond
Event 4 is further evidenced by concurrent dune formation in
northern Europe (Costas et al., 2012). Under a conventional
NAO atmospheric arrangement, dune building does not
occur simultaneously along the entirety of the European coast
due to the westerlies primarily tracking north or south in
positive or negative NAO phases, respectively (Clarke and
Rendell, 2006). Therefore, synchronous sand drift in Iberia
and northern Europe implies that an alternative mechanism of
westerly flow was established during this cold event.

Periods of enhanced European storminess throughout the
Holocene frequently coincide with multi-decadal cold
events (Costas et al., 2012; Sabatier et al., 2012; Degeai et
al., 2015), of which the most recognized is the Little Ice
Age (LIA). The LIA is marked by synchronous storm activity
along the European coast and contradictory records of the
NAO (Trouet et al., 2012), similar to Bond Event 4.
Storminess during the LIA and other Holocene cold events
is typically attributed to solar irradiance (Bond et al., 2001;
Degeai et al., 2015) or internal ocean-atmosphere variabil-
ity (Sorrel et al., 2012; Trouet et al., 2012). Based on
climate model simulations, Trouet et al. (2012) discuss a
probable weakening of the Atlantic Meridional Overturning
Circulation that contributed to a negative NAO atmospheric
arrangement and cool climatic conditions during the LIA.
Additionally, Trouet et al. (2012) attribute proxy evidence
of synchronous storminess to increased storm intensity, not
frequency, and limitations of storminess proxies, such as
the inability to differentiate storm occurrence by season.
Wirth and Sessions (2016) present compound-specific hy-
drogen isotope evidence of enhanced tropical moisture
transport to the Mediterranean region that further supports a
likely negative phase of the NAO during the LIA. Synchro-
nous storminess during Bond Event 4 could certainly reflect
more frequent summer storms or enhanced storm intensity.
However, a negative NAO atmospheric arrangement similar
to that of the LIA is not consistent with the PRC-South
record of increasingly polar-derived precipitation and rela-
tively dry climatic conditions in coastal Portugal. Costas
et al. (2012, 2016) suggest an intensification of westerly
zonal winds resulting from a stronger latitudinal tempera-
ture gradient across the Atlantic and a southward displace-
ment and deepening of the lIcelandic low during Bond
Event 4 (Fig. 7). This mechanism would permit strong
westerly winds along the entirety of the European coastline
and also support the southward extension of polar,
D-depleted moisture transport that is evidenced by the near
52%0 decrease in 8D,.ca9 values at PRC-South. Altered
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Figure 7. Proposed mechanism of winter atmospheric circulation
between 5.9 and 5.4 ka (Costas et al., 2012, 2016). The top panel
displays the effect of a displaced and strong Icelandic Low on mid-
latitude storm-tracks, and the bottom displays the resultant increase
in D-depleted moisture transport to Iberia. The dashed lines defining
the Azores High and Icelandic Low indicate that these pressure
systems are weaker, and arrow thickness in the bottom panel is
representative of the relative magnitude of moisture delivery. Illustra-
tive annual precipitation 8D values in Paamiut, Greenland (—97%o)
and Miami, Florida (—12%c) were estimated using the Online Isotopes
in Precipitation Calculator (OIPC; Bowen and Revenaugh, 2003;
IAEA/WMO, 2015; Bowen, 2017) and are indicated on the map.

‘centers of action’ of the NAO resulting from the climate-
induced displacement of the Icelandic low could have
allowed for modified moisture transport and the regional
synchronicity of storminess that is atypical of the more
pervasive Holocene mechanism of NAO. Further investiga-
tions into atmospheric rearrangements during Holocene
cold events are necessary to assess the predictability of the
NAQ’s response to North Atlantic cooling and whether a
consistent forcing mechanism is responsible for atmospheric
circulation variability during these events.

Conclusions

The molecular and isotopic record at PRC-South presents
valuable evidence of environmental and climatic change on
a relatively short timescale (6.6-5.4k cal a 8p). From 6.6 to
6.5k cal a sp, the PRC-South wetland formed during a brief
humid interval that supported the dominance of Sphagnum
moss and peat formation. A prominently tropical source of
precipitation is indicated by more positive 8D,.co9 values,
and a negative NAO phase probably prevailed. A subsequent
dry period lasting from 6.5 to 5.9k cal a sp resulted in a
substantial Sphagnum decline, which is marked by significant
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changes in P, and C/N ratios. The initial predominance of a
localized Sphagnum population and subsequent decline
because of reduced precipitation is exemplary of PRC’s
vulnerable, transitional location between Atlantic and Medi-
terranean bioclimatic regimes. Intermediate 3D, 9 values
representing a more mixed moisture source and geomorphic
stability during this period suggest a transition to a positive
phase of the NAO was responsible for the reduction in
precipitation.

From 5.9 to 5.4k cal a sp, a pronounced North Atlantic
climatic control is responsible for more negative 8D, c29
values and regional storminess. Cooling associated with
Bond Event 4 likely resulted in a displaced Icelandic low
and strengthened zonal westerlies (Costas et al., 2012,
2016), which extended the transport of northerly derived
precipitation to southern Europe. Consequent storminess led
to dune encroachment in northern Europe and along the
Iberian coast, eventually burying the PRC-South wetland at
the height of North Atlantic cooling. The climatic record of
this interval especially emphasizes the sensitivity of Iberian
precipitation regimes and mid-latitude storm tracks to North
Atlantic climate change and the vulnerability of coastal
environments to storminess and sand invasion. In the future,
the North Atlantic region will likely be subjected to
amplified warming (Overland et al., 2014) and the conse-
quent changes in atmospheric and oceanic circulation
could significantly impact the hydroclimatology and ecol-
ogy of the Iberian Peninsula, especially the ecotonal
Estremadura region.

Compound-specific hydrogen isotope analysis has yet to
be fully utilized as a proxy for prehistoric changes in
European moisture transport, with few exceptions (e.g.
Schemmel et al.,, 2016; Wirth and Sessions, 2016). Al-
though the paleoclimate record presented here encom-
passes just 1200 years, it demonstrates the significant
potential of multi-proxy reconstructions, which include
compound-specific hydrogen isotopes, to better understand
complex atmospheric reorganizations and the resulting
hydrologic repercussions. Given greater research into the
controls of climatic oscillations on precipitation source and
3D, the application of compound-specific hydrogen isotope
analysis to carefully selected sites along the European coast
could provide valuable insight into the long-term atmo-
spheric dynamics of the NAO.

Supplementary information

Figure S1. Compound-specific 8D values for each odd-
numbered n-alkane (C3—Cs3) at 10-cm intervals throughout
the PRC-South deposit. Stratigraphic zones 1, 2 and 3 are
indicated on the right.

Figure S2. Compound-specific 8'>C values for each odd-
numbered n-alkane (C,3-Cs3) throughout the PRC-South
deposit. Stratigraphic zones are indicated by 1, 2 and 3 on
the right.

Figure S3. PRC-South Norm31 and carbon preference index
(CPI) results. Stratigraphic zones are indicated by 1, 2 and 3
on the right.
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