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Abstract Hydroclimate variability in western Iberia during the Holocene remains insufficiently resolved
despite the high sensitivity of this region to the North Atlantic atmosphere and ocean dynamics. Here, we
present the first source‐resolved reconstruction of centennial‐ to millennial‐scale moisture variability over the
last 11,000 years using sediments from Lake Peixão (Portugal) based on compound‐specific hydrogen and
carbon isotopes of plant wax n‐alkanes, supported by bulk organic geochemistry and continuous X‐ray
fluorescence elemental data. Terrestrial source‐resolved isotope series, obtained using non‐negative matrix
factorization, primarily reflect precipitation isotopic composition and plant water use efficiency. The record
indicates a wet early Holocene, a progressive mid‐Holocene drying trend that culminated in maximum aridity
at approximately 4,000 calibrated years before present, and a transition to generally wetter but more variable
late Holocene conditions, partly overprinted by anthropogenic land‐use change. These trends are interpreted as
reflecting orbitally driven changes in Northern Hemisphere insolation that modified the latitudinal temperature
gradient (LTG) and, in turn, influenced the North Atlantic storm track position and intensity. Enhanced early
Holocene moisture reflects a higher LTG and southward‐displaced storm tracks, whereas mid‐Holocene aridity
corresponds to a reduced LTG and northward‐shifted westerlies. The late Holocene recovery of wetter
conditions agrees with a higher LTG and increased storm‐track influence over Iberia. Superimposed
centennial‐scale variability likely reflects changes in North Atlantic Oscillation phases, the position of the
Azores Front, and the intensity of the subpolar gyre. These results demonstrate the dominant roles of the LTG
and coupled ocean–atmosphere dynamics in shaping the western Iberian hydroclimate throughout the
Holocene.

Plain Language Summary Rainfall in western Iberia depends strongly on North Atlantic
atmospheric dynamics, but how it has changed over thousands of years is still not well known. Understanding
this long‐term variability is key to anticipating future water availability. We reconstructed 11,000 years of
moisture variations using sediments from a mountain lake in Portugal. We analyzed chemical signals preserved
in the plant‐waxes, together with additional information from the lake sediments. Western Iberia was generally
wetter during the early‐Holocene, became progressively drier during the mid‐Holocene, and reached its driest
state approximately 4,000 years ago. Wetter conditions returned during the late‐Holocene, although climate
variability increased and humans began to leave a larger imprint on the landscape. These changes were driven
mainly by shifts in the temperature contrast between low and high latitudes, which controlled the path of North
Atlantic storms. Stronger contrasts pushed storms southward, bringing more rain to Iberia, whereas weaker
contrasts led to drier conditions. High‐frequency changes were likely linked to other atmospheric patterns such
as the North Atlantic Oscillation. By revealing how large‐scale climate dynamics shaped rainfall over thousands
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of years, this study provides a key context for understanding how future water availability in western Iberia may
respond to future climate change.

1. Introduction
The climate during the Holocene is often described as relatively stable but includes rapid hydroclimate shifts and
high regional variability driven by changes in atmospheric and oceanic forcings (Wanner et al., 2008, 2011).
Understanding this variability is crucial, as the Holocene provides a long‐term context for placing current and
predicted hydroclimate extremes within the envelope of natural variability (Kaufman et al., 2020; Mayewski
et al., 2004). At mid‐latitudes in the Northern Hemisphere (∼30–60°N), the long‐term variability in the Holocene
hydroclimate is driven by orbital forcing through its control of the latitudinal temperature gradient (LTG) between
the equator and poles, which modulates coupled tropical–extratropical circulation patterns (Routson et al., 2019).
Specifically, over the North Atlantic sector and Iberia, this orbital‐scale variability is superimposed by multi-
decadal to centennial internal variability driven by various modes of climate variability, including the North
Atlantic Oscillation (NAO) and the East Atlantic (EA) pattern, as well as shifts in ocean circulation patterns, such
as the Azores Front and the strength of the subpolar gyre, which modulate sea‐surface temperature gradients and
westerly flow (Comas‐Bru & McDermott, 2014; Hernández, Martin‐Puertas, et al., 2020; Hernández, Sánchez‐
López, et al., 2020; Repschläger et al., 2017; Thornalley et al., 2009; Trigo et al., 2008).

NAO‐like variability has been frequently invoked to explain Holocene hydroclimate changes in southwestern
Europe (Ait Brahim et al., 2019; Hernández, Sánchez‐López, et al., 2020), but the extent to which the combination
of atmospheric and oceanic circulation shifts governed spatial heterogeneity across Iberia remains poorly un-
derstood. This uncertainty results partly from the nonstationarity of these shifts and partly from the unequal
spatial distribution of proxy‐based records and differences in seasonal sensitivity among archives (Hernández,
Martin‐Puertas, et al., 2020). Furthermore, the coupling between Atlantic and Mediterranean circulation systems
introduces additional complexity into Iberian hydroclimate seasonality (Fernández‐Alvarez et al., 2023; Lionello
et al., 2006; Paredes et al., 2006; Ramos et al., 2014; Trigo et al., 2008).

The Iberian Peninsula occupies a strategic position to assess regional Holocene hydroclimate variability. Located
at the interface between North Atlantic westerlies and Mediterranean influences, Iberia experiences steep
west–east moisture gradients that respond to interactions operating at both millennial and centennial timescales,
including Atlantic–Mediterranean seesaw dynamics, thereby creating complex spatial and temporal patterns of
hydroclimate changes (Fernández‐Pérez et al., 2025; García‐Alix et al., 2021; Sáez et al., 2025; Sánchez‐López
et al., 2016; Santos et al., 2024). Existing paleoclimate records reveal orbital‐scale trends consistent with broader
Northern Hemisphere patterns (Moreno et al., 2017; Schirrmacher et al., 2019; Smith et al., 2016; Thatcher
et al., 2020; Vegas et al., 2010), but west–central Iberia remains severely underrepresented in paleoclimate re-
constructions (Moreno et al., 2023; Taylor et al., 2018; Thatcher et al., 2020). This gap is critical because this
region, which is the first landmass intercepting North Atlantic westerlies, lies on the transitional boundary be-
tween Atlantic and Mediterranean climatic regimes, rendering it uniquely sensitive to coupled ocean–atmosphere
dynamics. This data gap also reveals the fundamental limitations of conventional paleoclimate proxies (e.g., bulk
organic geochemistry, XRF‐derived elemental ratios), which often cannot distinguish among multiple hydro-
climate signals or separate contributions from different environmental sources, limiting our ability to fully resolve
centennial‐scale variability superimposed onto millennial‐scale orbital trends.

To mitigate this issue, compound‐specific isotopes from plant‐wax n‐alkanes offer an effective tool for recon-
structing past hydroclimate and vegetation dynamics, as demonstrated by regional applications across the Iberian
Peninsula (Santos et al., 2024; Schäfer et al., 2018; Schirrmacher et al., 2020). Plant‐wax δ2H values (δ2Hn‐alk)
ultimately reflect the isotopic composition of precipitation and are therefore valuable for inferring past hydro-
climatic conditions (Freimuth et al., 2017). Moreover, the variations in plant‐wax n‐alkane δ13C values (δ13Cn‐alk)
provide key information on changes in vegetation composition and plant physiological responses to environ-
mental conditions, particularly water availability (Diefendorf & Freimuth, 2017). However, plant‐wax records
preserved in lacustrine sediments typically contain mixtures of terrestrial and aquatic sources with distinct iso-
topic signatures, thus complicating the interpretation of δ2Hn‐alk and δ13Cn‐alk (Aichner et al., 2018; Castañeda &
Schouten, 2011; Diefendorf et al., 2011). This occurs because changes in lake level, catchment vegetation, and
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littoral habitat extent can modify the relative contribution of each source (Jambrina‐Enríquez et al., 2016; Toney
et al., 2020). Recent advances in the application of non‐negative matrix factorization (NMF) in the analysis of
n‐alkane distributions have facilitated the quantitative unmixing of these sources and the isolation of endmember‐
specific isotopic signatures (Polissar et al., 2025). This approach represents a significant methodological advance,
enabling more robust attribution of δ2Hn‐alk and δ13Cn‐alk variability.

We hypothesize that millennial‐scale hydroclimate variability in western Iberia during the Holocene was largely
controlled by changes in North Atlantic ocean‐atmosphere interactions, including changes in the North Atlantic
LTG, storm–track dynamics, and westerly moisture delivery. To test this hypothesis, we present the first Ho-
locene hydroclimate reconstruction from the west‐central Iberian Peninsula, resolving millennial to centennial
scale isotopic signals into distinct source contributions on the basis of the compound‐specific hydrogen and
carbon isotopes of plant‐wax n‐alkanes in a multiproxy record spanning 11.1 calibrated thousand years before
present (cal. ka BP) from Lake Peixão. Bulk organic matter geochemistry and X‐ray fluorescence (XRF)‐derived
elemental ratios provide a complementary sedimentological context and independent support for inferred
hydroclimatic evolution. This study provides new constraints on the regional expression of Holocene hydro-
climate evolution in western Iberia and its connection to external forcing and internal climate variability.

2. Study Site and Previous Works
Lake Peixão (40°20′35″N, 7°36′19″W; 1,677 m above sea level) is a mountain lake located in the uplands of
central Portugal (Figure 1). It occurs within a glacial cirque on the highest massif of mainland Portugal, that is,
Serra da Estrela (Figure 1). Granite rocks dominate this massif, which constitutes the westernmost glaciated range
of the Iberian Central System, oriented NE‒SW in the central Iberian Peninsula (Vieira & Woronko, 2022). Lake
Peixão formed after the retreat of glaciers from the Serra da Estrela plateau at 14.7 ± 0.3 cal. ka BP (Hernández
et al., 2023). The lake is shallow (∼5 m maximum depth) and small (0.015 km2; 176 m long and 138 m wide). Its
catchment, with an area of ∼0.30 km2, is confined by steep granitic slopes with poorly developed soils and is
drained by a few ephemeral streams. A small outlet to the south connects the basin with the Candieira valley
(Figure 1). Lake Peixão is classified as a monomictic, oligotrophic, and slightly acidic lake (pH ∼5.8) that is
mostly filled with organic‐rich terrigenous lacustrine silt overlying fluvioglacial silts and gravel particles (Her-
nández et al., 2023). The lake surroundings are characterized by an oroMediterranean vegetation mosaic of
heathlands and grasslands (Rivas‐Martínez et al., 2007), which are dominated by C3 plants, with no evidence of
C4 vegetation either today or during the Holocene (Connor et al., 2012; Mendes et al., 2025; Santos et al., 2022,
2024; van der Knaap and van Leeuwen, 1997).

The regional climate of Serra da Estrela reflects a transitional setting between Atlantic and Mediterranean in-
fluences, as the range intercepts the path of westerlies carrying moisture from the Atlantic Ocean (Moreno
et al., 2023). The altitude and slope orientation are the primary controls on the distribution of precipitation
(Mora, 2010). An Atlantic climate dominates NW slopes, characterized by more frequent rainfall, whereas
continental conditions prevail on SE slopes, leading to a drier climate with notable seasonal thermal contrasts
(Moreno et al., 2023). The precipitation regime follows the typical biseasonal pattern of the western Iberian
Peninsula, with the rainy season from October to April largely fed by Atlantic systems and notably modulated by
the NAO (Cortesi et al., 2013). Across the plateau, the mean annual air temperature remains below 7°C and
decreases to 4°C near the summit (Espinha Marques et al., 2011).

Existing work from the Serra da Estrela has provided a broad framework for analyzing Holocene environmental
change in the region (Connor et al., 2012; Hernández et al., 2023; Moreno et al., 2023; van der Knaap & van
Leeuwen, 1997). Specifically, previous work based on plant‐wax biomarkers from Lake Peixão has demonstrated
changes in Atlantic‐driven hydroclimate and vegetation dynamics over the past two millennia (Santos et al., 2022,
2024). These studies have provided a robust baseline for interpreting lake‐catchment responses to atmospheric
circulation variability.

3. Materials and Methods
3.1. Core Retrieval, Lithology, and Chronology

Three parallel sediment sequences were retrieved from Lake Peixão in 2019 using a UWITEC® piston coring
system, as described by Hernández et al. (2023). This study focuses on core PEX19‐01, which was recovered from
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the deepest part of the lake. We adopt the age‐depth model published by Hernández et al. (2023), which indicates
continuous sedimentation over the past ∼11.1 ka, with no evidence of major hiatuses (Figure S1 in Supporting
Information S1). All ages are expressed in cal. ka BP. Full lithological descriptions and chronological details are
provided in Supporting Information S1.

Figure 1. Location of Lake Peixão and reference sites in the Iberian Peninsula. (a) Accumulated December–February
precipitation over western Iberia and the eastern North Atlantic, derived from WorldClim 2.1 monthly precipitation data.
Colors indicate DJF precipitation totals in millimeters. The map highlights the pronounced winter precipitation maximum
along western Iberia, consistent with Atlantic moisture delivery. The westerlies, North Atlantic Subpolar Gyre (SPG) and
Azores High are included as schematic circulation features only, with oceanic circulation shown in dark blue, atmospheric
circulation in sky blue and Sea Level Pressure (SLP) in red. Their locations and geometries are intentionally generalized and
adjusted for figure layout and should not be interpreted as exact climatological positions or data‐derived boundaries. The red
circle marks the location of Lake Peixão; numbered sites indicate reference records from other studies: 1. Praia Rei Cortiço
(Taylor et al., 2018); 2. Buraca Gloriosa (Thatcher et al., 2020); 3. Lake Sanabria (Jambrina‐Enríquez et al., 2014); 4. Cova
da Arcoia (Railsback et al., 2011); 5. Lake Enol (Moreno et al., 2011); 6. Campo de Calatrava Volcanic Field (Vegas
et al., 2010); 7. Lake Cimera (Sánchez‐López et al., 2016); 8. Las Tablas de Daimiel (Santisteban et al., 2019); 9. Refugio
Cave (Walczak et al., 2015); 10. The Padul wetland (García‐Alix et al., 2021); 11. Lake Basa de la Mora (Pérez‐Sanz
et al., 2013). (b) Aerial photograph showing Lake Peixão and Charco da Candieira within Serra da Estrela.
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3.2. Plant‐Wax n‐Alkane Extraction and Analyses

Sedimentary plant waxes were analyzed to infer past vegetation and climate changes. This study included a total
of 135 sediment samples (Figure S1a in Supporting Information S1), 60 previously reported by Santos
et al. (2024), covering the uppermost 120 cm (∼0–2 cal. ka BP) at a mean sampling interval of ∼2 cm. An
additional 75 samples were analyzed herein for the first time, with the record extending from 149 cm depth to
730 cm depth (∼2–11.1 cal. ka BP). The new section was subsampled at variable intervals (range: 4–20 cm; mean:
∼9 cm). This sampling strategy was designed to maximize temporal resolution in the most recent interval, where
centennial‐ to decadal‐scale variability was the main target. Moreover, it ensures adequate stratigraphic coverage
throughout the full Holocene record, where the focus is on millennial‐scale hydroclimate trends.

Sample preparation and extraction followed the protocols described by Santos et al. (2024) at the BioGeo-
Chemistry Lab, Instituto Português do Mar e da Atmosfera (IPMA, Lisbon, Portugal) (see Supporting Infor-
mation S1 for details). The n‐alkane concentrations were quantified with a Varian gas chromatograph Model 3800
equipped with a programmable temperature vapourizer injector operated in split mode and a flame ionization
detector. The concentration of each compound was determined using hexatriacontane as an internal standard
(Villanueva et al., 1997). To characterize the distribution of n‐alkanes, we calculated distributional indices,
including the average chain length (ACL) (Poynter et al., 1989), the carbon preference index (CPI) (Bray &
Evans, 1961; Marzi et al., 1993), and the proportion of aquatic plants (Paq) (Ficken et al., 2000). These metrics
provide simplified descriptions of complex molecular patterns and are typically applied to infer the dominant
vegetation sources (ACL), the preservation state of plant waxes (CPI), and the relative contribution of aquatic
versus terrestrial plants (Paq). Equations for these indices are provided in Supporting Information S1.

Compound‐specific isotope analyses of plant‐wax n‐alkanes (δ13Cn‐alk and δ2Hn‐alk) were performed via gas
chromatography–isotope ratio mass spectrometry (GC–IRMS) at the MARUM Center for Marine Environmental
Sciences, University of Bremen (Germany). The detailed analytical conditions and calibration procedures are
provided in Supporting Information S1.

3.3. XRF and Bulk Organic Matter Analyses

Geochemical element profiles of core PEX19‐01 were acquired directly at the split‐core surface via the use of an
ITRAX XRF core scanner (XRF‐CS) equipped with a rhodium tube at the National Institute for Scientific
Research (INRS) Center Eau Terre Environnement, Canada. Measurements were conducted under the following
settings: 5‐mm spatial resolution, 30‐mA current, 30‐s count time, and 30‐kV voltage. XRF spectra were eval-
uated using the manufacturer's Q‐Spec software. Elements exhibiting multiple zero values were not analyzed
further. Twenty‐six chemical elements were measured, but only 16 elements (Br, Ta, Ni, Cu, Ca, Ga, Zn, Mn, Si,
Fe, Rb, K, Ti, Zr, Sr, and Y), along with the incoherent/coherent scatter ratio (inc/coh), were retained for analysis
on the basis of median values of at least 650 counts per second (cps).

Core PEX19‐01 was also sampled at 4‐cm intervals for elemental and organic matter (OM) analysis. Total carbon
(TC), total nitrogen (TN), and their respective stable isotopes (δ13C and δ15N) were measured with a DeltaV
Advantage mass spectrometer, a Conflo IV interface, and a Flash IRMS EA IsoLink CNS elemental analyzer
(Thermo Scientific), respectively, at Servizos de Apoio á Investigación of the Universidade da Coruña (SAI‐
UDC; Spain). The TC and TN contents are expressed as percentages of the total dry weight. In the absence of
carbonate minerals, TC was considered equivalent to total organic carbon (TOC). The TOC/TN atomic ratio was
calculated for all the samples. Isotopic values are reported in conventional delta notation (‰) against Vienna Pee
Dee Belemnite (VPDB) for carbon and against atmospheric nitrogen (N2) for nitrogen. The analytical accuracy
was assessed through repeated measurements of the acetanilide standard (n = 10), yielding an uncertainty
of ±0.15‰.

3.4. Data Analysis

Statistical analyses were performed in R version 4.2.3. XRF elemental counts were centered on the log‐ratio (clr)
prior to multivariate analyses to reduce matrix‐related nonlinearity and constant‐sum effects and to increase the
interpretability of downcore compositional changes (Weltje et al., 2015; Weltje & Tjallingii, 2008). Notably, clr
transformation was conducted using the composition package in R (van den Boogaart and Tolosana‐
Delgado, 2008). Principal component analysis (PCA) was implemented with the prcomp function (data
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centered and scaled to unit variance) and visualized using the factoextra, ggplot2, and base graphics packages in R
(Kassambara & Mundt, 2017; R Development Core Team, 2015; Wickham et al., 2016). To determine the number
of significant eigenvectors, we applied a broken‐stick model (Jackson, 1993) using the vegan package (Oksanen
et al., 2022). We also used the vegan package for similarity‐based multivariate analyses (e.g., analysis of simi-
larities (ANOSIM)).

We applied the NMF method, following the approach described by Polissar et al. (2025), to the Lake Peixão
n‐alkane data set. In this approach, the chain‐length distributions of n‐alkanes were analyzed, endmember dis-
tributions were extracted, and their individual contributions in all samples were quantified. This approach enabled
us to (a) resolve distinct source components within the n‐alkane pool, (b) evaluate which compounds carry an
isotope signal most reflective of a given source, (c) calculate source‐specific δ13Cn‐alk and δ2Hn‐alk values, and (d)
reconstruct endmember δ13Cn‐alk and δ2Hn‐alk signatures for Lake Peixão. The model was first calibrated (∼2.2 ka
interval; Figure S4 in Supporting Information S1) against data published by Santos et al. (2024), considering
recent biomarker information for the catchment (Santos et al., 2022) and the n‐alkane indices of the ACL, CPI,
and Paq.

The decadal NAO‐like index for the last 12,000 years was calculated via the TraCE‐21K‐II monthly sea level
pressure (SLP) transient simulation model (He & Clark, 2022). To this end, the leading eigenvector of the
empirical orthogonal function (EOF) for the area within 20°N–80°N and 40°E–70°W was calculated. The
monthly data set was first converted into a decadal data series by calculating median values and then detrended
through a loess function. To examine lower‐frequency variability, decadal values were subsequently aggregated
into 500‐year bins, and the median NAO‐like index was calculated for each bin. All calculations were performed
in R software (R Development Core Team, 2015).

4. Results and Interpretation
4.1. Plant‐Wax Biomarkers

4.1.1. Distribution and Sources of n‐Alkanes

The distributions of plant‐wax n‐alkanes throughout the Holocene exhibited a notable odd‐over‐even predomi-
nance (CPI21‐35 = 4.7–11.1; mean = 7.9 ± 1.4; n = 135) (Figure S3b in Supporting Information S1), indicating a
primarily higher‐plant origin and favorable molecular preservation (Eglinton & Eglinton, 2008; Sachse
et al., 2012). Assemblages were dominated by long‐chain homologs (here defined as n‐C27 to n‐C35), with n‐C31

being the most abundant compound, followed by n‐C29 and n‐C27 (Figure S2 in Supporting Information S1),
which are usually produced in high quantities by terrestrial higher plants (Eglinton & Hamilton, 1967; Sachse
et al., 2012). The average chain lengths (ACL21–35) ranged from 28.1 to 29.9 (mean = 28.8 ± 0.4; n = 135)
(Figure S3c in Supporting Information S1), with all values occurring within the terrestrial plant range, which is
consistent with the TOC/TN and δ13Cbulk patterns (Figure S9 in Supporting Information S1). The Paq index
remained consistently low (0.1–0.3; mean = 0.2 ± 0.05; n = 135) (Figure S3d in Supporting Information S1).
Taken together, these indices indicate that the n‐alkane assemblages are predominantly of terrestrial higher‐plant
origin throughout the Holocene, and that variations in chain‐length distributions primarily reflect changes in the
terrestrial vegetation composition rather than shifts in aquatic macrophyte contributions (Diefendorf & Frei-
muth, 2017; Sachse et al., 2012).

Long‐chain n‐alkane concentrations (odd ∑n‐C27–n‐C35) (Figure S3a in Supporting Information S1) were low
during the earliest part of the record (11.1–9 cal. ka BP). They then increased progressively between 9 and 5.9 cal.
ka BP, before declining from 5.9 cal. ka BP to the present, with several short‐lived decreases superimposed on this
longer‐term trend.

4.1.2. Stable Isotopes From n‐Alkanes

The concentration‐weighted mean δ2H values of the n‐C27, n‐C29, and n‐C31 alkanes followed similar trends
throughout the Holocene (Figure 2a), although there were systematic offsets among homologs (Figure 2a). These
offsets likely reflect a combination of differences in plant source assembly, chain‐length‐specific biosynthetic
fractionation, and differential susceptibility to postdepositional degradation (Diefendorf et al., 2011; Häggi
et al., 2021; Sachse et al., 2012; Sessions et al., 1999). The values were low during the earliest part of the record
(11.1–9 cal. ka BP), with mean values of − 168‰ for n‐C27, − 178‰ for n‐C29, and − 170‰ for n‐C31. After
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∼9 cal. ka BP, the δ2H values increase progressively, reaching their highest values between 8 and 6.7 cal. ka BP
(mean= − 160‰ for n‐C27, − 170‰ for n‐C29, and − 165‰ for n‐C31). A second interval of high values occurred
between 5.3 and 3.7 cal. ka BP, with mean values of − 160‰ for n‐C27, − 170‰ for n‐C29, and − 169‰ for n‐C31

(Figure 2a). A subsequent depletion after ∼4 cal. ka BP reflects a return to lower δ2H values in the longer‐chain
homologs (n‐C29, and n‐C31), interrupted by an interval of higher values between 1.5 and 0.5 cal. ka BP, with
mean values of − 167‰ for n‐C29 and − 177‰ for n‐C31 (Figure 2a). In contrast, n‐C27 alkane remained relatively
stable from 1.5 to 0.5 cal. ka BP, resembling the behavior of n‐C25 alkane (Figure S3e in Supporting Informa-
tion S1), which possibly reflects a greater relative contribution of soil derived organic matter during this interval
(Häggi et al., 2021). The most recent interval (0.5 cal. ka BP to the present) shows a return to more depleted δ2H
values across all n‐alkanes (Figure 2a and Figure S3e in Supporting Information S1).

Throughout the Holocene, the measured compound‐specific δ13C records indicated a consistent offset between
two groups of homologs: n‐C25 and n‐C27 alkanes versus n‐C29, n‐C31, and n‐C33 alkanes (Figure 2b and Figure
S3f in Supporting Information S1). The shorter‐chain homologs were consistently more 13C‐enriched than the
longer‐chain homologs were. With respect to all measured chain lengths, the interval 11.1–9 cal. ka BP was
characterized by more 13C‐depleted values, with δ13C values ranging from − 31.8‰ to − 33.0‰, followed by
progressively more 13C‐enriched values between 9 and 3.7 cal. ka BP with δ13C values ranging from − 31.2‰ to
− 32.7‰, which resembles the slight enrichment trend of δ2H values over the same interval. All chain lengths
undergo rapid depletion from 3.6 to 2 cal. ka BP, all reaching values of ∼− 33‰. n‐C29 and n‐C31 remain
relatively depleted throughout the rest of the record, where n‐C27 and n‐C25 undergo enrichment from 2 to 0.4 cal.
ka BP, and a subsequent abrupt depletion after 0.4 cal. ka BP. After 0.4 cal. ka BP, δ13C values of all chain lengths
converged toward similar values.

The δ13C values obtained for all measured chain lengths fall within the range reported for C3‐dominated eco-
systems (Chikaraishi & Naraoka, 2003; Diefendorf & Freimuth, 2017). The observed offset between shorter‐ and
longer‐chain homologs, as well as the temporal variability in δ13C, likely reflect a combination of factors: (a)
changes in plant water use efficiency (WUE) (Diefendorf & Freimuth, 2017; Farquhar et al., 1989); (b) shifts in
C3 plant functional types with different intrinsic isotopic fractionation (Diefendorf et al., 2010); and (c) a greater

Figure 2. Compound‐specific isotope record from long‐chain plant‐wax n‐alkanes in Lake Peixão sediments. (a) Hydrogen
isotope composition (δ2H, ‰ vs. VSMOW) of n‐C27, n‐C29, and n‐C31 alkanes. (b) Carbon isotope composition (δ13C, ‰
vs. VPDB) of n‐C27, n‐C29, and n‐C31 alkanes. Light green = n‐C27, green = n‐C29, dark green = n‐C31.
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relative contribution of submerged macrophytes or soil‐degraded organic matter to shorter chain lengths (Häggi
et al., 2021).

The covariation between the long‐chain δ13Cn‐alk and δ2Hn‐alk values throughout the Holocene suggests that both
isotope systems responded to the same environmental forcing, likely climate‐driven variations in moisture
availability. Nevertheless, the distinct behavior of the shorter‐chain n‐alkanes, together with the potential in-
fluence of source mixing on the bulk isotopic signal, highlights the need to isolate the terrestrial vegetation
component before interpreting these records in hydroclimatic terms. Thus, we applied a source unmixing
approach based on the NMF method.

4.1.3. NMF Source Apportionment, Derived Isotope Record and Interpretation

The results of the NMF analysis revealed that three endmember distributions accounted for ∼94% of the total
variance in the n‐alkane data set (R2 = 0.94; Figure 3). The interpretation of each endmember is based on two
complementary findings: (a) comparison with modern plant n‐alkane distributions measured in the Lake Peixão
catchment (Santos et al., 2022) supported by statistical analysis (see Supporting Information S1) and (b) chain
length characteristics consistent with those reported in the literature for specific plant functional types (Eglinton
& Hamilton, 1967; Ficken et al., 2000; Sachse et al., 2012). On the basis of these comparisons (Figure 3a), the
endmembers can be interpreted as follows (Figure 3b): (a) Endmember 1 (EM1) is long‐chain dominated, with
high n‐C31 and secondary n‐C33 and n‐C29 values, and this endmember is interpreted as representing grasses and
heathland vegetation; (b) Endmember 2 (EM2) is also long‐chain dominated but centered on n‐C31 and n‐C27 and
likely reflects a mixed terrestrial assemblage with increased contributions from shrubs and trees; and (c) End-
member 3 (EM3) is dominated by n‐C29, n‐C25, and n‐C27 and is interpreted as reflecting contributions from
submerged macrophytes and shoreline vegetation. The relatively low CPI values of this endmember suggest the
additional input of degraded plant waxes, which were potentially derived from soil organic matter erosion. Please
refer to Supporting Information S1 for further details.

The relative contributions of the three endmembers vary throughout the Holocene record (Figure 3c), with gradual
shifts in their dominance. During the earliest phase of the record (11.1–9 cal. ka BP), EM3 dominated (up to 80%),
reflecting the combination of submerged macrophytes and shoreline graminoid vegetation along with increased
delivery of soil‐derived organic matter under sparse vegetation and active erosion conditions during the early
postglacial phase (consistent with the XRF and bulk organic matter results; refer to Section 4.2). During the
interval 9–3.7 cal. ka BP, EM2 (shrubs and trees) dominated (up to 70%) the terrestrial component (EM1 + EM2;
70%–90% of the total), with a brief increase in EM1 (grasses and heathlands) between 6 and 5.3 cal. ka BP, which
is likely linked to hydroclimatic variability and incipient anthropogenic influence. This increase coincides with
the onset of the “anthropogenic forest dynamics” phase (∼6.4–5.3 cal. ka BP) recognized at nearby Charco da
Candieira (Figure 1), during which time low‐intensity grazing and small‐scale deforestation began to affect
montane forests (Connor et al., 2012; van der Knaap & van Leeuwen, 1995). Over the past 3700 years, EM1
dominated the record (60%–70% of the total), indicating that landscape opening was driven by combined climatic
changes (Ausín et al., 2025; Santos et al., 2024) and intensified anthropogenic activity. In the Serra da Estrela,
large‐scale deforestation began ∼3.4 cal. ka BP and is characterized by sharp declines in arboreal pollen,
increased charcoal accumulation, and increased soil erosion (Connor et al., 2012; van der Knaap & van Leeu-
wen, 1995). This deforestation coincided with direct evidence of pastoral activity in the area: (a) Bronze Age
(second millennium BC) faunal remains recovered from Buraco da Moura de São Romão, a site∼9 km away from
Lake Peixão, documenting the presence of sheep and cattle herding in the region; and (b) human pressure
intensified during the Medieval period, when historical sources attest to sheep grazing, rye cultivation, charcoal
production, and deliberate agro‐pastoral burning in the surroundings of the study area, with cereal pollen
expanding shortly after fire events (Connor et al., 2012). This evidence indicates that grazing and fire acted
alongside the climate to suppress forest recovery and maintain the open heathland and grassland landscape
recorded by EM1, a trajectory of combined fire and pastoralism during the last ∼4.2 ka also documented across
the Iberian Central System (García Álvarez et al., 2017).

Since all endmembers are primarily of terrestrial origin, we combined EM1 and EM2 to derive source‐specific
isotope values representative of terrestrial vegetation (δ2Hterr and δ13Cterr) following the approach of Polissar
et al. (2025) (refer to the Supporting Information S1 for the detailed methodology). The NMF‐derived δ2Hterr

index, defined as the hydrogen isotopic composition of the terrestrial vegetation endmember (EM1 + EM2)
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Figure 3.

Paleoceanography and Paleoclimatology 10.1029/2026PA005517

FERNÁNDEZ‐PÉREZ ET AL. 9 of 23

 25724525, 2026, 9, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026PA

005517 by K
arlsruher Institut Fur T

echnologie, W
iley O

nline L
ibrary on [09/10/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



isolated through NMF analysis, minimizes the contributions from degraded soil organic matter (Figure 3d) and
reflects the isotopic composition of precipitation assimilated by plants.

The interpretation of δ2Hterr requires consideration of both the controls on precipitation δ2H and the processes that
modify plant‐water isotopic composition during leaf‐wax biosynthesis. In this high‐altitude Atlantic setting,
precipitation δ2H is controlled mainly by the isotopic evolution of Atlantic westerly moisture during transport to
the catchment, including the effects of condensation temperature, progressive rainfall, precipitation amount, and
distance from the moisture source (Santos et al., 2022, 2024; Thatcher et al., 2020). Colder and/or wetter con-
ditions generally increase condensation and progressive rainfall during inland moisture transport, resulting in
more δ2H‐depleted precipitation. Conversely, warmer and/or drier conditions, reduced rainfall, or a greater
contribution from proximal and/or isotopically enriched moisture sources tend to produce higher δ2H values.
Although additional factors including growing‐season evaporative enrichment, vegetation composition, rooting
depth, and compound‐specific biosynthetic fractionation can modulate the δ2Hterr signal (Kahmen et al., 2013;
Sachse et al., 2012; Santos et al., 2026), calibration work at Lake Peixão (Santos et al., 2022) and the overall
stability of n‐alkane source vegetation throughout most of the record (Santos et al., 2024) indicate that changes in
δ2Hterr at this site primarily reflect variations in precipitation δ2H. Accordingly, lower δ2Hterr values are inter-
preted as reflecting relatively wetter and/or colder conditions, and/or more distal Atlantic moisture sources,
whereas higher values indicate relatively drier and/or warmer conditions and/or more proximal or isotopically
enriched moisture sources. Therefore, the NMF‐derived δ2Hterr index provides a useful proxy for Holocene
hydroclimatic variability, particularly when interpreted together with independent sedimentological and
geochemical indicators.

For comparison with modern observations and isotope‐enabled climate model outputs, we estimated precipitation
δ2H values (δ2Hprc) from the NMF‐derived δ2Hterr record. The terrestrial endmembers represent a mixed pool of
plant waxes delivered to the lake. Thus, the offset (>100‰) between δ2Hterr and modern precipitation is best
interpreted as a net apparent hydrogen‐isotope offset. To estimate δ2Hprc, we applied the catchment‐integrated
apparent hydrogen‐isotope fractionation between the n‐alkanes and mean annual precipitation
(εC29/MAP = − 129‰ ± 12‰) determined by Santos et al. (2022) for the surface sediment of Lake Peixão. With
respect to n‐C29, this lake‐specific calibration captures the average apparent fractionation between catchment‐
derived terrestrial plant waxes and precipitation, including the mixture of vegetation sources preserved in the
sediment. We applied this site‐specific value as εapp to estimate δ2Hprc. The resulting values (Figure 3e; ∼− 42‰
to − 60‰) are consistent with the modern precipitation in the study area. They overlap with the OIPC3.1 mean
annual value of − 56‰ ± 5‰ (Santos et al., 2022) and δ2H (∼− 54‰; corrected for the 300 m difference in
elevation) of the nearest long‐term GNIP station, Penhas Douradas, which is located 9.4 km from the lake (see
Supporting Information S1). The youngest sediments approach this modern value, confirming the reliability of the
correction and showing that the record is anchored to a realistic modern baseline. Because grasses/heathland
(EM1) and shrubs/trees (EM2) may have different net hydrogen isotope fractionations, part of the δ2Hterr vari-
ability could reflect changes in vegetation composition rather than precipitation δ2H alone. However, two
characteristics of Lake Peixão limit this potential bias. First, the NMF unmixing minimizes the contribution of the
degraded soil‐ and aquatic‐derived component (EM3), leaving δ2Hterr dominated by the terrestrial plant‐wax pool
delivered to the lake. Second, modern plants from the main terrestrial ecological forms in the catchment show
broadly consistent δ13C and δ2H behavior (Santos et al., 2022), suggesting that isotopic differences among
vegetation types are relatively small. Accordingly, a fully quantitative, endmember‐specific vegetation correction
is not applied here. Such a correction would be difficult to justify because past EM1 and EM2 assemblages do not
necessarily correspond to the modern plant taxa sampled for calibration (Santos et al., 2022). A more rigorous

Figure 3. NMF results for Lake Peixão using a three‐endmembers solution and comparison with source‐specific isotope records. (a) Concentration‐weighted mean
n‐alkane chain‐length distributions of modern catchment plants grouped by functional type (Santos et al., 2022): terrestrial grasses and heathland (Agrostis spp., Nardus
spp., and Erica spp.; orange), shrubs (Juniperus spp. and Cytisus spp.; green), and aquatic grasses (Antinoria spp. and Juncus spp.; blue). Means were weighted by the
total n‐alkane concentration of each individual plant sample. (b) Chain‐length distributions of the three NMF endmembers (bars): EM1 (orange) interpreted as grasses
and heathlands, EM2 (green) as shrubs and trees, and EM3 (blue) as mostly soil‐derived degraded terrestrial waxes. (c) Temporal changes in the relative contribution of
the three NMF endmembers (EM1= grasses+ heathlands, EM2= shrubs and trees, EM3=mostly soil‐derived degraded terrestrial waxes). (d) NMF‐derived hydrogen
and carbon isotope composition of the terrestrial vegetation component (δ2Hterr, purple; δ13Cterr, green), calculated from the combined EM1 + EM2 signal.
(e) Reconstructed precipitation hydrogen isotopic composition (δ2Hprc, blue), obtained by correcting δ2Hterr for the apparent fractionation factor; the shaded band
denotes the uncertainty. Note that this record is uncorrected for changes in vegetation fractionation and global ice volume through time.
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vegetation correction would require a method capable of robustly disentangling individual plant functional types,
for example, separating grasses from heathland, together with a more comprehensive modern calibration covering
those types individually. In addition, modern surface sediment already integrates the natural mixture of catchment
vegetation delivered to the lake and shows only a small spread in apparent fractionation among the long‐chain
homologs that dominate EM1 and EM2 (Santos et al., 2022). See the Supporting Information S1 for further
details.

In turn, the NMF‐derived δ13Cterr index (EM1 + EM2) reflects the carbon isotopic composition of terrestrial
vegetation and can be used to infer water use efficiency (Farquhar et al., 1989). Under water stress, reduced
stomatal conductance leads to lower isotopic discrimination and 13C‐enriched values, whereas wetter conditions
result in more 13C‐depleted values (Diefendorf & Freimuth, 2017; Farquhar et al., 1989). Accordingly, higher
(lower) δ13C values can indicate drier (wetter) conditions and water stress (Li et al., 2024; Schirrmacher
et al., 2020). The NMF‐derived δ13Cterr (EM1 + EM2) broadly covaried with δ2Hterr throughout the Holocene
(r = 0.83, p < 0.001; Figure 3d), suggesting a common hydroclimatic control (Li et al., 2024; Schirrmacher
et al., 2020). However, part of the variability may also reflect shifts in the vegetation composition (Santos
et al., 2026), particularly the increased contribution of 13C‐depleted grasses and heathlands (EM1), which were
typically more 13C‐depleted than shrubs were during the late Holocene (Santos et al., 2022).

4.2. Geochemical Composition of the Sediments

We applied PCA to the clr‐transformed XRF data set (Br, Ta, Ni, Cu, Ca, Ga, Zn, Mn, Si, Fe, Rb, K, Ti, Zr, Sr, and
Y and the incoherent/coherent scatter ratio, inc/coh) at the original 0.5‐cm sampling resolution to identify the
main environmental processes controlling sediment deposition (Figure 4 and Supporting Information S1). PC1
and PC2 explained 46.4% and 10.9%, respectively, of the total variance, with only PC1 being statistically sig-
nificant according to the broken‐stick model (Figures 4a and 4b). Elements associated with the organic content
(Brclr, Cuclr, Niclr, and inc/coh) attained positive loadings of PC1, and those associated with detrital sediments
(Ticlr, Kclr, Rbclr, Feclr, Siclr, and Znclr) attained negative loadings. Hence, the PCA results indicated that sediment
composition was primarily controlled by variations in terrigenous input versus in‐lake organic‐associated com-
ponents, which is well supported by the suitable match of PC1 with TOC, TOC/TN, and δ13Cbulk (Figure 4d).

The three Holocene formal subdivisions, the Greenlandian (early Holocene; 11.1–8.2 cal. ka BP), Northgrippian
(mid‐Holocene; 8.2–4.2 cal. ka BP), and Meghalayan (late Holocene; since 4.2 cal. ka BP) are consistent with the
PCA and geochemical proxy results (Figures 4a and 4b). The ANOSIM results confirmed that these three groups
differed significantly (R2 = 0.3, p = 0.001; Figure 4c). The PC1 loadings and organic matter content further
support this pattern (Figure 4d). PC1 shifts from negative values and is dominated by terrigenous elements
(11.1–9 cal. ka BP and 5–2 cal. ka BP), to positive values associated with organic inputs (9–5 cal. ka BP and after
2 cal. ka BP). High TOC/TN ratios indicate primarily terrestrial organic matter (Meyers, 1997; Meyers &
Teranes, 2001).

Accordingly, Figure 4 shows that the interval between 11.1 and 10.5 cal. ka BP was characterized by low TOC
and PC1 but high TOC/TN and δ13Cbulk values, indicating that the dominance of terrigenous organic matter with
substantial clastic input into the lake was related to enhanced watershed erosion and runoff (Martín‐Puertas
et al., 2011). Between 8 and 5 cal. ka BP, the TOC content and PC1 increased and stabilized, indicating a shift
from a clastic‐dominated to an organic‐rich depositional regime. This organic enrichment, however, was not
driven by algal productivity, as the TOC/TN ratio remained high, the Paq was low, and the δ13Cbulk became more
negative, indicating that organic matter was dominated by vascular (higher) plants (Ficken et al., 2000; Mey-
ers, 1997; Meyers & Teranes, 2001). In particular, the more negative δ13Cbulk is consistent with the greater
contribution of the 13C–depleted C3 plant material. The most recent sediments encompassed the following two
apparent subphases: from 5 to 2 cal. ka BP, the reduced TOC values and PC1 indicate increased terrigenous input
and decreased organic accumulation, whereas after 2 cal. ka BP, higher TOC and PC1 values indicate renewed
organic‐rich sedimentation.

5. Discussion
A net increase in Northern Hemisphere mid‐latitude precipitation has been broadly linked to a strengthening of
the hemispheric LTG from the early to late Holocene (Routson et al., 2019) (Figure 5). However, regional
variations in the LTG likely induced regional climate anomalies. In the North Atlantic, the large extension of the
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Figure 4.
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Laurentide ice sheet caused a strengthening of the regional LTG during the Early Holocene (Martin‐Puertas
et al., 2025). A comparison of δ2Hterr z‐scores, interpreted here as a proxy for moisture conditions over western
Iberia, with the regional LTG in the North Atlantic region is shown in Figure 5a. The favorable agreement be-
tween this potential driver and moisture supports the influence of the large‐scale atmospheric dynamics suggested
by Routson et al. (2019), but discrepancies highlight spatiotemporal differences relative to the evolution of the
Northern Hemisphere mid latitude net precipitation during the Holocene. In western Iberia, the δ2Hterr z‐score
record (Figure 5a) indicates three main hydroclimate phases: a wetter Phase 1 during the late Greenlandian
until ∼9 cal. ka BP; a predominantly arid Phase 2 from ∼9 to 3.7 cal. ka BP, spanning the late Greenlandian and
Northgrippian; and a return to wetter conditions during the Meghalayan, from ∼3.7 cal. ka BP to present, with
shorter‐term variability superimposed. This pattern suggests that the Lake Peixão record reflects coupled North
Atlantic ocean–atmosphere variability across multiple timescales. Changes in atmospheric circulation were likely
linked to oceanic reorganizations, including variations in the subpolar gyre and the position of the Azores Front,
which modulated sea‐surface temperature gradients, moisture transport pathways, and ultimately hydroclimate
variability over western Iberia.

5.1. Phase 1 (11.1–9 cal. ka BP)

Lake Peixão δ2Hterr values slightly decreased from ∼11 to 9.5 cal. ka BP, indicating a progressive shift toward
wetter conditions, which became more pronounced between∼9.5 and 9 cal. ka BP (Figure 5a). Although the early
Greenlandian is considered a humid period, the δ2Hterr record also reveals an interval (11.1–9.7 cal. ka BP)
corresponding to higher (i.e., drier) than average δ2H values, which would only represent deviations from the
long‐term mean rather than an aridity phase (Figure 5a). This overall trend is further supported by decreasing
δ13Cterr values at the beginning of this period (Figure 3d), as more negative δ13C values in C3 plants reflect
increased carbon isotope discrimination under reduced water stress (Diefendorf et al., 2010; Farquhar et al., 1989;
Kohn, 2010). This wet phase coincided with the enhanced delivery of soil‐derived degraded terrestrial waxes
linked to inputs from lake‐margin graminoid vegetation and submerged macrophytes (Figure 3b). A synchro-
nously high terrigenous input indicates increased catchment erosion during early lake ontogeny (PC1; Figure 5b),
when the sparse vegetation cover (Connor et al., 2012; van der Knaap & van Leeuwen, 1997) and poorly
developed soils facilitated widespread mobilization of reworked organic matter into the lake (Arnaud et al., 2016).
Despite the predominant trend toward wet conditions during this phase, this configuration suggests shallow‐lake
conditions at the early stages of ontogeny and catchment stabilization (Hernández et al., 2008). However,
increased moisture availability did not translate into deeper water conditions. During these first stages of
ontogeny, the lake level was governed more by the basin morphology and the local hydrological balance than by
climate. As the basin progressively filled with sediment, the space available for water storage gradually
decreased, indicating that increased water input was partly counterbalanced by basin shallowing (Cohen, 2003;
Hernández et al., 2008).

Regional humid conditions during the early Greenlandian are broadly supported by lacustrine, speleothem, and
pollen proxy‐based records from across Iberia (Morellón et al., 2018; Moreno et al., 2011, 2017; Thatcher
et al., 2020), although they indicate high heterogeneity in the Iberian Peninsula. Our records agree more closely
with archives from northern (>40°N) and western Iberia (Finné et al., 2019; Thatcher et al., 2020), whereas sites
in eastern and southern Iberia often exhibit weaker or contrasting expressions of early Greenlandian humidity
(García‐Alix et al., 2021; Ilvonen et al., 2022). This pattern highlights a hydroclimatic see‐saw trend across the
Iberian Peninsula, with a likely more Atlantic‐dominated signal in the northwestern sector than in the more
Mediterranean‐influenced response in the southeastern sector.

Figure 4. (a) PCA biplot of the XRF data set shows samples grouped into three periods: Greenlandian; Northgrippian; and Meghalayan. Ellipses and markers represent
the three distinct phases. Black vectors represent the loadings of geochemical variables. PC1 (46.4%) represents a gradient from higher terrigenous input to more
autochthonous elements. (b) Broken‐stick model for the PCA of the XRF data set. The black line represents the ordination values for the components (PC1 to PC10),
while the red line shows the broken‐stick threshold. (c) ANOSIM test results for the classification of samples into three climate phases in the PCA biplot. The boxplot
displays dissimilarities between the three groups, and numbers (1–3) representing the within‐group dissimilarities. The ANOSIM test produced a high R‐value
(R2 = 0.3) with a significant p‐value (P = 0.001). This analysis validates the statistical separation of the three phases identified in the PCA biplot. (d) Simplified
stratigraphic log (derived from Figure S1 in Supporting Information S1) showing the alternation of Facies A (lighter gray) and Facies B (darker gray) along the core,
plotted alongside downcore variations of TOC, δ13Cbulk, TOC/TN ratio and PC1 scores against depth and calibrated age (cal. ka BP). For the PC1 panel, the gray line
shows the raw scores at sample resolution and the magenta line a 200‐year smoothing, plotted to emphasize the long‐term trend.
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Figure 5.
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Previous North Atlantic reconstructions (Blaschek et al., 2015; Repschläger et al., 2017; Thornalley et al., 2009)
have indicated that the Greenlandian was characterized by relatively weak subpolar gyre circulation and a
southward‐displaced Azores Front (Figures 5e and 5f). This oceanic configuration is dynamically consistent with
a more persistent negative NAO‐like state and a southward shift in storm track positions (Figure 5g), which
promotes enhanced winter moisture delivery to Iberia (Smith et al., 2016; Thatcher et al., 2020). Furthermore, the
Greenlandian was characterized by an increased number of winterlike days (Martin‐Puertas et al., 2025)
(Figure 5c), extending the period over which more persistent negative NAO‐like conditions modulated precip-
itation patterns, thereby likely increasing precipitation over the Iberian Peninsula. Independent speleothem re-
cords from the western Mediterranean support the prevalence of negative NAO‐like conditions within this
interval (Ait Brahim et al., 2019) (Figure 5d), in agreement with the lower δ2Hterr values observed at Lake Peixão
(Figure 5a). These depleted values are consistent with several mutually reinforcing mechanisms: a southward
storm track and more distal (Atlantic) moisture sources lengthen the transport pathway, promoting greater rainfall
and isotopically lighter precipitation, while the associated increase in precipitation further depletes δ2Hterr

through the amount effect and, by sustaining more humid conditions, reduces evaporative 2H‐enrichment of soil
and plant water.

5.2. Phase 2 (9–3.7 cal. ka BP)

The aridification trend initiated in the late Greenlandian intensified across the Northgrippian, as reflected in the
progressive increase in δ2Hterr values (Figure 5a), which is consistent with hydroclimate reconstructions from
central and northwestern Iberia (Jambrina‐Enríquez et al., 2014; Moreno et al., 2011, 2017; Thatcher et al., 2020;
Vegas et al., 2010). This progressive weakening of Atlantic moisture influence reflects the combined effect of
decreasing Northern Hemisphere summer insolation and a reduction in the regional North Atlantic LTG following
the decay of the Laurentide ice sheet at ∼8 cal. ka BP (Kaufman & Broadman, 2023; Martin‐Puertas et al., 2025;
Routson et al., 2019). This reduction in the regional LTG shifted the European seasonal balance toward a greater
number of summer days (Figures 5c and 5h). This atmospheric reconfiguration, coupled with a sustained
northward position of the Azores Front (Repschläger et al., 2017) (Figure 5f) and primarily positive NAO‐like
conditions (Figure 5g) and broader oceanic circulation variations (e.g., enhanced subpolar gyre circulation;
Figure 5e) (Repschläger et al., 2017; Smith et al., 2016; Thornalley et al., 2009), collectively reduced humidity
advection to southwestern Europe and shifted Atlantic storm tracks northward, away from Iberia (Ait Brahim
et al., 2019; Thatcher et al., 2020). The resulting increase in δ2H values is consistent with several complementary
mechanisms. A northward‐shifted storm track likely favored more proximal moisture sources and shorter
transport pathways, reducing progressive moisture loss and producing isotopically heavier precipitation. In turn,
drier conditions increase the evaporative 2H‐enrichment of soil and plant water (Dansgaard, 1964; Sachse
et al., 2012).

This drying trend culminated in a notable aridity maximum between ∼7.6 and 6.7 cal. ka BP, which has also been
identified in other regional records (García‐Alix et al., 2021; Jambrina‐Enríquez et al., 2014; Walczak
et al., 2015). Proxy‐based evidence suggests that the Atlantic Ocean sustained relatively humid conditions across
inland Iberia until ∼6 cal. ka BP (Ausín et al., 2025), but the northern sectors (>40°N) experienced earlier drying,
which is in agreement with the Lake Peixão record (Benito et al., 2023; Jambrina‐Enríquez et al., 2014; Moreno

Figure 5. Proxy‐based climate reconstructions over the last 11.1 cal. ka BP compared to the geochemical record of Lake Peixão. (a) Hydrogen (δ2Hterr, purple) and
carbon (δ13Cterr, green) isotope composition of the terrestrial vegetation component derived from the NMF‐combined EM1 + EM2 signal (upper subpanel), and
corresponding δ2Hterr z‐score (lower subpanel) from Lake Peixão. Purple shading indicates wet conditions (negative z‐scores) and yellow shading indicates dry
conditions (positive z‐scores). (b) PC1 from XRF geochemistry (this study), with more negative values indicating increased terrigenous input. (c) North Atlantic‐
European equator‐to‐pole latitudinal temperature gradient (LTG, °C; black line) and reconstructed European summer weather days per year from varved lake sediments;
dark line shows 500‐year moving average, light orange shows variability at higher resolution (Martin‐Puertas et al., 2025). (d) Western Mediterranean rainfall index
from Ait Brahim et al. (2019). (e) Density difference of upper‐water‐column stratification of North Atlantic Ocean based on the inferred water density difference
between G. bulloides and G. inflata which is used as a proxy for the intensity of the subpolar gyre (SPG) (Thornalley et al., 2009). (f) G. ruber w. abundance from a
marine core near the Azores archipelago (Repschläger et al., 2017) as indicator for the Azores Front position. (g) Decadal NAO‐like index derived from the leading EOF
of sea level pressure over the North Atlantic domain from the TraCE‐21K‐II transient simulation (He & Clark, 2022). Bars represent median values aggregated into 500‐
year bins; red and blue shading indicate positive and negative NAO phases, respectively. (h) Standardized mid‐latitude (30°N‐50°N) net precipitation composite (black
line) with one‐ and two‐standard deviation uncertainty envelopes (blue shading) (Routson et al., 2019). Solid vertical lines delimit the three Holocene phases:
Greenlandian (ca. 11.1–8.2 cal. ka BP), Northgrippian (ca. 8.2–4.2 cal. ka BP) and Meghalayan (ca. 4.2 cal. ka BP‐present).
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et al., 2011, 2017). This spatial configuration once again reflects the hydroclimatic see‐saw pattern across the
Iberian Peninsula centered on ∼40°N and is likely linked to adjustments in the Azores High.

Between ∼6.7 and 5.6 cal. ka BP, a transient shift toward wetter conditions interrupted the overall drying trend
(Figure 5a). This interval corresponds to one of the rapid climate change events identified by Mayewski
et al. (2004) and is recognized in northern Iberia and European records (>40°N) (Lincoln et al., 2025; Railsback
et al., 2011; Thatcher et al., 2020). The wetter signal observed at Lake Peixão is supported by lower δ2H values in
long‐chain n‐alkanes in the Praia Rei Cortiço record from the western Portuguese margin (Taylor et al., 2018), as
well as by multiple Iberian lacustrine and speleothem archives (Aranbarri et al., 2014; Moreno et al., 2017; Ortiz
et al., 2010). However, the west–central Portugal speleothem record studied by Thatcher et al. (2020) shows a
more muted expression of this variability, likely reflecting altitudinal differences at the site and/or the seasonal
sensitivity of records (Anderson et al., 2011; Kwiecien et al., 2022).

Several oceanic and atmospheric changes converged within this interval (∼6.7 and 5.6 cal. ka BP). Subpolar gyre
circulation first strengthened before weakening after ∼6 cal. ka BP (Thornalley et al., 2009) (Figure 5e), and the
brief southward excursion of the Azores Front between ∼6.7 and 6.2 cal. ka BP is consistent with wetter con-
ditions and Atlantic storm track displacement toward lower latitudes (Repschläger et al., 2017) (Figure 5f). In the
study area, Moreno et al. (2023) reported intermittent peaks in marine‐derived halogen input at Lake Peixão
within this interval, reflecting enhanced atmospheric deposition of sea‐salt aerosols associated with increased
advection of high‐latitude moisture sources (isotopically depleted in deuterium). On a broader scale, this reor-
ganization coincides with the establishment of a more meridional circulation regime over northern Europe, which
was driven by persistent blocking anticyclones over Scandinavia in response to a low LTG (Yu & Harri-
son, 1995). These changes are consistent with a shift to more negative NAO‐like conditions within this interval
(Figure 5g), which could have enhanced winter precipitation over western Iberia.

The Lake Peixão record reveals renewed dry conditions between 5.6 and 3.5 cal. ka BP (Figure 5a), which is
consistent with numerous Iberian and western Mediterranean records indicating increased aridity during this
period (Moreno et al., 2011; Pérez‐Sanz et al., 2013; Schirrmacher et al., 2019; Thatcher et al., 2020; Vegas
et al., 2010). This aridification broadly coincides with the end of the Holocene Thermal Maximum across Europe
and the progressive decrease in summer insolation (Santos et al., 2026).

Superimposed on this hydroclimatic variability, organic matter productivity and vegetation indicators increased
during the Northgrippian (Figure 4d), with the highest plant‐wax concentrations suggesting maximum vegetation
cover conditions (Figure S3a in Supporting Information S1) (e.g., Schwab et al., 2025). This period coincides
broadly with the Holocene Thermal Maximum in western Iberia (between ∼9 and 6 cal. ka BP), when the optimal
temperature and moisture balance promoted vegetation development and enhanced lake productivity (Connor
et al., 2012; Jambrina‐Enríquez et al., 2014; van der Knaap & van Leeuwen, 1997). At Lake Peixão, the warmer
conditions promoted the expansion of woody vegetation (Figure 3b), consistent with the concurrent δ13Cterr

enrichment, which reflects increased water use efficiency under a drier setting where moisture nonetheless
remained sufficient to sustain woody plants. This configuration was linked to the northward positioning of the
Azores High, which weakened Atlantic moisture advection from boreal sources (Cresswell‐Clay et al., 2022), and
it simultaneously opened a meridional corridor that channeled isotopically enriched moisture toward the region
(Schirrmacher et al., 2019, 2020). This well‐developed vegetation cover also modulated the catchment response.
The XRF‐based PC1 does not covary with the δ2Hterr record throughout the Northgrippian (Figures 5a and 5b),
remaining relatively stable and only shifting toward higher terrigenous input after ∼5 cal. ka BP. This pattern
suggests that catchment sediment delivery was partly decoupled from hydroclimate during this period and was
instead buffered by the well‐developed vegetation cover established under the Holocene Thermal Maximum.
Importantly, when the influence of changing vegetation composition is removed, the δ2Hprc record still preserves
the main precipitation changes described above (Figures 3e, 5a, and 5b), indicating that vegetation and precip-
itation responded to the same climatic forcing throughout this phase.

5.3. Phase 3 (3.7 cal. ka BP to the Present)

During Phase 3 (Meghalayan), the δ2Hterr values decreased progressively, with the most depleted values
occurring between ∼3.5 and 1.5 cal. ka BP (Figure 5a). While lower δ2Hterr values indicate mainly increased
precipitation, recent work has demonstrated that transitions from woody vegetation to herbaceous vegetation
produce a decrease in δ2H through changes in isotopic fractionation (Santos et al., 2022, 2026). At Lake Peixão,
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the concurrent decrease in δ13Cterr values (Figure 3d) supports the occurrence of cooler/wetter conditions, which
is consistent with reduced water use efficiency in terrestrial C3 vegetation (Diefendorf et al., 2010; Farquhar
et al., 1989). This interpretation is further corroborated by an increase in terrigenous input into the lake (Figure 5b)
and a shift toward greater herbaceous dominance over shrub taxa, which agrees with the vegetation changes
revealed by the NMF model (Figure 3b). The corrected record retains the main δ2H decrease (Figure 3e), showing
that the wetting signal persists once vegetation‐driven fractionation changes are removed. These findings suggest
that both hydroclimate change and vegetation reorganization contributed to the depleted isotopic signal observed
during the late Holocene, and that vegetation and precipitation responded to the same climatic forcing.

This vegetation shift toward grassland and heathland conditions coincides with documented environmental
changes at nearby Charco da Candieira, where Connor et al. (2012) attributed large‐scale deforestation to
intensive pastoral activities and deliberate fires. Similar patterns are also documented in the Sierra de Gredos
(García Álvarez et al., 2017). Large‐scale deforestation in Serra da Estrela began ∼3.4 cal. ka BP, documented by
declines in arboreal pollen, increased charcoal accumulation, and increased soil erosion, and coincided with direct
evidence of pastoral activity in the area (Connor et al., 2012; van der Knaap & van Leeuwen, 1995). The syn-
chronous vegetation change at our study site therefore suggests two potentially coupled drivers for the
Northgrippian‐Meghalayan transition: (a) regional climate reorganization involving increased Atlantic Ocean
moisture delivery and (b) sustained pastoral pressure and/or increased fire frequency, reflecting the complex
regional interplay between climate change and land use pressure during this period.

At the regional scale, multiple proxy‐based records indicate that dry conditions persisted across much of the
Iberian Peninsula between ∼4.0 and ∼2.7 cal. ka BP, followed by a transition toward wetter conditions between
∼2.7 and ∼1.5 cal. ka BP (Cisneros et al., 2021; Martín‐Puertas et al., 2011), which matches the wettest period
(3.5 and 1.5 cal. ka BP) in the Lake Peixão record (Figure 5a). Despite minor differences in the timing and
magnitude among individual records, broad regional agreement exists for late Holocene hydroclimatic evolution.
Moreover, the transition from dry to wet conditions at Lake Peixão aligns with western Mediterranean rainfall
index data (Ait Brahim et al., 2019) (Figure 5d) and circum‐Mediterranean evidence suggesting enhanced
moisture availability between 4 and 3 cal. ka BP (Hu et al., 2022).

This Meghalayan wetting trend is consistent with the long‐term Holocene temperature decrease reported by
Kaufman et al. (2020) and a higher LTG (Martin‐Puertas et al., 2025). Moreover, Martin‐Puertas et al. (2025)
reported a progressive reduction in the number of European summer weather days between ∼4 and 2 cal. ka BP
(Figure 5c), suggesting a longer winter season and an extended temporal window for NAO‐driven precipitation
over western Iberia. Thus, we suggest that the wet interval between ∼4 and 2 cal. ka BP at Lake Peixão reflects a
shift from a largely strong positive NAO‐like state prior to ∼4.0 cal. ka BP toward negative NAO‐like phases
thereafter (Figure 5g). This transition promoted a southward displacement of Atlantic westerlies, thereby
enhancing winter precipitation over western Iberia (Ait Brahim et al., 2019; Sáez et al., 2025) (Figure 5d).
Analogously, the wet episode between 0.4 and 0.2 cal. ka BP, associated with the Little Ice Age, reflects persistent
NAO‐negative‐like states that enhanced precipitation across the Iberian Peninsula (Ait Brahim et al., 2019; Santos
et al., 2024; Thatcher et al., 2020) (Figures 5d and 5g). Thus, hydroclimate variability is governed primarily by the
sign and persistence of NAO‐like phases, potentially interacting with other modes of North Atlantic variability,
such as the East Atlantic pattern (e.g., Sánchez‐López et al. (2016)), and is modulated by the Azores Front/
subpolar gyre state.

However, discrepancies emerge between ∼2.0 and 0.5 cal. ka BP. Although the detailed expression of the last ∼2
millennia at Lake Peixão has been previously addressed by Santos et al. (2024), our record revealed a transition
toward drier conditions; however, some western Mediterranean archives indicate relatively humid phases peaking
at ∼1.5 and 1.3 cal. ka BP, which is typically linked to NAO negative‐like conditions (Ait Brahim et al., 2019). In
contrast, Hu et al. (2022) described a multicentennial positive NAO phase between∼2.2 and 1.2 cal. ka BP, which
was characterized by wet and warm conditions across large parts of Europe. This dry event recorded at Lake
Peixão is consistent with a positive NAO phase (Figure 5g), which typically suppresses winter precipitation over
southwestern Iberia by displacing the storm track northward. These differences between a positive NAO phase
and the humid signals recorded in other Mediterranean archives reflect the modulating role of the EA pattern. A
positive NAO combined with a negative East Atlantic pattern would explain the spatially heterogeneous
hydroclimate responses observed (Hernández, Sánchez‐López, et al., 2020; Sánchez‐López et al., 2016; Santos
et al., 2024). These findings are consistent with an intensified subpolar gyre and a southward‐displaced Azores
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Front (Figures 5e and 5f) and an increase in the number of European summer days in between (Martin‐Puertas
et al., 2025) (Figure 5c).

Finally, the δ2Hterr record identifies both the Greenlandian (Phase 1) and the Meghalayan (this Phase 3) as wet
phases, although they show contrasting terrigenous inputs in the XRF‐based PC1 record (Figure 5b). Between
∼11.1 and 9 cal. ka BP, the recently deglaciated catchment was sparsely vegetated and hosted abundant un-
consolidated material. Under these conditions, even moderate increases in moisture could generate strong erosion
and sediment delivery, explaining the highest terrigenous input of the record (Arnaud et al., 2016; Hernández
et al., 2023; Moreno et al., 2023). In contrast, during Phase 3 the catchment had been stabilized by several
millennia of vegetation and soil development under the Holocene Thermal Maximum. This reduced the avail-
ability of erodible material, and the return to wetter conditions resulted in lower terrigenous input. This contrast
supports the hypothesis that the δ2Hterr mainly records hydroclimate variability, whereas PC1 reflects the
catchment response to hydroclimate, modulated by vegetation cover, soil development, and sediment availability.

6. Conclusions
Our results revealed the following three main phases of Holocene hydroclimate variability in western Iberia at
millennial scales: (a) a mostly wet Greenlandian (11.1–9 cal. ka BP), (b) a generally dry Northgrippian
(8.2–4.2 cal. ka BP), and (c) a predominantly wetter Meghalayan (4.2–2 cal. ka BP) with a trend toward aridi-
fication, which is superimposed onto anthropogenic influence, over the last two millennia.

Millennial‐scale variability was likely driven by orbitally forced changes in Northern Hemisphere insolation,
which contributed to the final retreat of the Laurentide ice sheet and thereby modified North Atlantic
ocean–atmosphere dynamics, including the LTG, storm track position, and westerly influence. These in-
terpretations are supported by a source‐resolved biomarker approach based on NMF analysis of plant‐wax
n‐alkanes, which facilitates the isolation of terrestrial signals (δ2Hterr) and their conversion into precipitation‐
equivalent δ2H values (δ2Hprc) using a catchment‐integrated apparent fractionation factor, further constrained
by bulk geochemical and XRF data. By providing precipitation‐equivalent isotopic values that converge on the
modern observed baseline, this record provides a robust basis for separating hydroclimatic signals, thereby of-
fering a benchmark for model–data comparisons and for contextualizing modern hydroclimate extremes within
the range of natural Holocene variability.
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