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A B S T R A C T

Mediterranean vegetation has been profoundly shaped by the interaction of climate variability and human ac
tivities, and understanding the timing, magnitude, and drivers of these transformations is essential for predicting 
ecosystem responses in an especially climate-sensitive region. In this study we present a high-resolution paly
nological record spanning the last ~3150 years from Laguna Grande de Archidona (LGA), a lake in southern 
Spain, to reconstruct vegetation history, fire activity, identify major Late Holocene climatic and lake- 
environment phases, and disentangle the relative roles of climate variability and human activity in controlling 
landscape evolution. Quantitative temperatures were estimated by a calibration derived from the Eurasian 
Modern Pollen Database v2 (EMPDv2) using the Weighted Averaging-Partial Least Squares (WA-PLS) calibrated 
regression method. Temperature primarily controlled elevational shifts of vegetation belts, while variations in 
effective moisture (precipitation minus evaporation) governed lake level fluctuations in the study area. Tem
peratures were highest coinciding with a period of higher humidity during the Iberian Roman Humid Period 
(IRHP). Subsequently, cooling is observed during the Early Middle Ages (EMA) and the Little Ice Age (LIA). The 
alternation of persistent North Atlantic Oscillation (NAO) modes probably played an important role in con
trolling the humid-arid cycles observed at LGA. Anthropogenic impact in the area becomes particularly clear 
during the last millennium, when intensified olive cultivation progressively transformed the landscape.

1. Introduction

Reconstructing past environmental dynamics is essential for under
standing the complex interactions between climate variability and 
human activities (PAGES2k Consortium, 2017; MedECC, 2020). In the 
Mediterranean region, where long-term human occupation has pro
foundly altered natural ecosystems, disentangling climatic and anthro
pogenic signals in paleoecological records remains a major challenge 
(Gil-Romera et al., 2009; Carrión et al., 2007; 2010; Alba-Sánchez et al., 
2021). Pollen analysis provides a powerful tool to trace past vegetation 

changes and infer climatic trends, offering insights into how landscapes 
have responded to both natural forcing and cultural transformations 
through time (Carrión et al., 2010; Ramos-Román et al., 2016; 2018; 
Mesa-Fernández et al., 2018).

Southern Spain occupies a critical biogeographical position at the 
interface between the temperate and arid climatic domains of the 
western Mediterranean (Lionello et al., 2006). Following the Early and 
Middle Holocene humid and thermal maximum, a long-term trend to
ward cooler and more arid conditions developed, significantly affecting 
vegetation patterns (Jiménez-Moreno et al., 2022). This region has also 
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experienced marked climatic oscillations during the Late Holocene, 
superimposed upon millennia of intensive land use and settlement 
(Anderson et al., 2011; Jiménez-Moreno et al., 2013; Ramos-Román 
et al., 2018). Increasing evidence indicates that human disturbance 
played a crucial and spatially heterogeneous role, particularly from the 
Middle to Late Holocene onward (Carrión et al., 2010). Activities such as 
burning, pastoralism, and ploughing associated with agrarian and 
metallurgical societies became increasingly influential, especially dur
ing the Chalcolithic and Bronze Age periods, when vegetation changes 
closely correlate with human impact in numerous pollen records from 
southern Iberia, such as Acebrón (Stevenson and Harrison, 1992), Las 
Madres (Stevenson, 1985), Medina (Reed et al., 2001), Baza (Carrión 
et al., 2007), Gádor (Carrión et al., 2003), Baeza and Úbeda (Fuentes 
et al., 2007). The interplay between natural and anthropogenic factors 
has controlled the composition and structure of Mediterranean vegeta
tion, from evergreen oak woodlands and pine forests to open shrublands 
and agricultural landscapes (Carrión et al., 2010; Anderson et al., 2011; 
Jiménez-Moreno and Anderson, 2012; Ramos-Román et al., 2018). 
Identifying the timing, magnitude, and drivers of these shifts is neces
sary to understanding current ecological changes in a region especially 
vulnerable to climate warming and desertification (IPCC, 2022).

Laguna Grande de Archidona (LGA; Málaga Province, southern 
Spain) offers a unique sedimentary archive for investigating these dy
namics (Jiménez-Moreno et al., 2025a). Located within an endorheic 
karstic basin, and being a permanent lake, the site provides excellent 
conditions for the continuous preservation of pollen and other previ
ously studied paleoenvironmental sedimentary proxies 

(Jiménez-Moreno et al., 2025a; Gázquez et al., 2025). Its location at 
relatively low elevation, between the thermo- and mesomediterranean 
vegetation belts, as well as in the present-day intensively cultivated 
interior of Andalusia makes it particularly suitable for evaluating the 
regional vegetation response to both climatic fluctuations and the pro
gressive expansion of human land use since the late Bronze Age.

This study presents a high-resolution palynological record from LGA 
covering the past ~3150 years. The main objectives are to (1) recon
struct the vegetation history of the basin and its surroundings, (2) 
identify the major climatic phases and lake environment changes during 
the Late Holocene, and (3) distinguish the relative influence of climatic 
versus anthropogenic drivers on landscape evolution. By integrating 
palynological, sedimentological and historical evidence, this study 
provides a refined perspective on long-term climate–human–environ
ment interactions in the western Mediterranean.

2. Study site

LGA (37º06’28.30’’N, 4º18’14.88’’W; 794 m a.s.l.) is part of the 
Archidona Lakes Nature Reserve, a protected wetland system located 
near the towns of Salinas and Archidona in the province of Málaga, 
southern Spain (Fig. 1). The reserve lies within an endorheic basin and 
comprises two brackish to saline lakes, LGA to the north and Laguna 
Chica (LCA) to the south, which together support a rich diversity of bird 
species. The reserve covers approximately 0.06 km², surrounded by a 
1.87 km² buffer zone, yielding a total protected area of 1.93 km². LGA 
occupies an average flooded surface of 0.06 km² and drains a relatively 

Fig. 1. Location of the study site Laguna Grande de Archidona (LGA). (A) Map of the Mediterranean area showing the modern pollen sites (white dots) used for the 
pollen-based quantitative temperature reconstruction of Laguna Grande de Archidona. The calibration-set is based on 1797 Mediterranean modern pollen sites, based 
on the EMPDv2 (Davis et al., 2020). Red, orange and yellow areas represent the warmest, intermediate and coldest Mediterranean thermotypes used to select the 
Mediterranean pollen calibration-set.The location of LGA in southern Spain is indicated by a red star. (B) Aerial photo of LGA (from Google Earth) and coring location 
(red star). (C) Photograph of LGA and sediment core location (red star). Note the almond and olive crops in the background.
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small watershed of 0.14 km². With a maximum depth of 13.4 m, LGA is 
among the deepest natural permanent lake systems in southern Spain.

The LGA area features a continental Mediterranean climate (mean 
annual temperature: 14.8 ◦C; summer: 23.1 ◦C; winter: 7.7 ◦C). Southern 
Spanish precipitation is strongly modulated by the North Atlantic 
Oscillation (NAO) (Hurrell et al., 2013). Positive NAO phases divert 
storms northward, causing droughts, while negative phases shift storm 
tracks southward, bringing more Atlantic moisture and rainfall, espe
cially in winter. Rainfall mainly occurs from October to May, peaking in 
December associated with humid Atlantic westerlies, alongside spring
time convective storms. Between 2017 and 2023, mean annual precip
itation was 418 mm, markedly lower than the 574 mm average recorded 
in the late 20th century (WorldClim v2.1 climate data for 1970–2000; 
Fick and Hijmans, 2017).

Natural tree vegetation in the LGA area at 794 m a.s.l. is character
ized by the predominance of mesomediterranean vegetation belt (be
tween 700 and 1300 m; Rivas-Martínez, 1987) with evergreen oaks 
(Quercus rotundifolia), wild olive trees (Olea europaea var. sylvestris) and 
fewer deciduous oaks (Q. faginea). Crataegus, Retama, Rosa, Ulex, Genista 
and Phlomis are the characteristic shrubs in the area. Herbs are domi
nated by several species of Poaceae, Asteraceae, Lamiaceae and Amar
anthaceae. In Granada and Málaga, the lower elevation 
thermomediterranean bioclimatic belt (approximately 0–700 m, locally 

somewhat higher on sunny slopes) is characterized by a very warm 
climate, marked summer drought, and sclerophyllous, thermophilous 
vegetation. Typical tree species include Olea europaea var. sylvestris, 
Ceratonia siliqua, Quercus coccifera, Chamaerops humilis (mostly in coastal 
areas), Pinus halepensis and Tetraclinis articulata. Among shrubs, Pistacia 
lentiscus and P. terebinthus, Rhamnus alaternus, R. lycioides, Myrtus com
munis and Retama monosperma are abundant. Common grasses (Poaceae) 
include Macrochloa tenacissima, Brachypodium retusum, Lygeum spartum 
and Aegilops spp.

Anthropogenic activities in the study region are mostly characterized 
by Prunus dulcis (almond) and Olea (olive) crops and cereal and sun
flower seed cultivation. LGA is immediately surrounded by a dense 
Juncus, Cyperaceae and Tamarix belt that makes difficult the access to 
the lake shore. LGA is also colonized by different communities of aquatic 
submerged macrophytes including Potamogeton, Myriophyllum and 
Chara.

3. Materials and methods

3.1. Sediment core recovery

The 276 cm-long LGA sedimentary record is a composite sequence 
derived from two adjacent cores: the short core LGA− 19–03 and the 

Fig. 2. LGA sedimentary record and Bayesian age model (95% confidence interval and red median line) with estimated sedimentary rates in mm/yr. The calibrated 
14C dates and their associated uncertainties are depicted in blue. The accumulation rate plot illustrates both the prior and posterior distribution of accumulation rates, 
with green and grey lines respectively. Similarly, the memory plot displays the prior and posterior distribution of model memory, again delineated by green and grey 
lines. The log-posterior time-series demonstrates a consistent and stable model performance. Modified from Jiménez-Moreno et al. (2025a).
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long core LGA− 19–04. These cores were retrieved from the depocenter 
of the LGA basin in September 2019 using a floating platform anchored 
to the lake bottom. Sampling was performed with a universal corer fitted 
with a plexiglass tube (Aquatic Research, Inc.) for the short core and a 
Livingstone square-rod piston corer for the long core (Fig. 2). The lake 
depth at the coring site was 8.9 m.

3.2. Core description and chronological control

The cores were transported to the University of Granada (UGR), 
stored in a refrigerated room at 4ºC and were eventually split and 
imaged in the laboratory at UGR and Centro de Instrumentación Cien
tífica (CIC, UGR), respectively. The lithology and magnetic susceptibil
ity (MS) were previously described in Jiménez-Moreno et al., (2025a). 
The age model was previously constructed by Jiménez-Moreno et al. 
(2025a) using a total of 12 AMS radiocarbon dates and a 239+240Pu ac
tivity profile obtained in the topmost 20 cm of the LGA− 19–04 core 
(Table 1; see Jiménez-Moreno et al., 2025a).

3.3. Palynological analysis

The LGA sedimentary record, containing the past ~3300 cal yr BP 
based on the age model described in Jiménez-Moreno et al., (2025a)
(Fig. 2), was sampled for palynological analysis every ~4 cm. A total of 
64 samples of two cubic centimeters were collected. The pollen extrac
tion method followed a modified Fægri and Iversen (1989) method. One 
tablet with a known number of Lycopodium spores for calculation of 
pollen concentration was added to the samples. Sediment samples were 
processed with HCl (35%) and HF (45%) to remove the carbonates and 
silicates, respectively, from the sediment, and concentrate the organic 
matter. The samples were sieved at 10 μm to remove particles smaller 
than the pollen grains. The residual material, together with glycerin, 
was mounted on microscope slides. Counting, and identification, of 

palynomorphs was carried out with a Leica DM1000 LED transmitted 
light microscope at 400x magnification. Pollen atlases, such as Beug 
(1961) and pollen reference material of plants that occur in southern 
Spain were used for certain identifications. Pollen percentages in each 
analyzed sample have been calculated with respect to the total sum of 
terrestrial pollen, excluding aquatic macrophytes including Cyperaceae, 
Sparganium-Typha, Myriophyllum and Potamogeton. The most represen
tative pollen types with occurrences higher than 1% are shown in Fig. 3. 
The percentages of non-pollen palynomorphs (NPPs), including algae 
such as Botryococcus, Spirogyra and Zygnema, oocytes of the aquatic 
flatworm Neorhabdocoela, thecamoebians, spores of Sporormiella dung 
fungus and mycorrhizal chlamydospores of Glomus have been calculated 
with respect to the total sum of terrestrial pollen plus NPPs and are 
shown in Fig. 4. Cluster analyses of the pollen and NPPs data were 
performed using the program CONISS (Grimm, 1987), with the aim of 
grouping samples with similar pollen assemblages into pollen zones 
(Figs. 3 and 4). Charcoal particles bigger than 30 microns were counted 
in the palynological slides. Charcoal concentration (charcoal parti
cles/cm3) was calculated using the Lycopodium tracer concentration 
(Fig. 4) in this way: #charcoal particles/#Lycopodium tracers *13,761 
(being 13,761 the number of Lycopodium tracers in 1 tablet).

3.4. Temperature estimations

Mean annual temperatures were quantitatively reconstructed using 
fossil pollen data from LGA and a regionally restricted calibration set of 
1797 modern pollen sites from the Mediterranean bioclimatic region of 
the Eurasian Modern Pollen Database v2 (EMPDv2) (Davis et al., 2020; 
Figs. 1 and 5). Following the bioclimatic classification of 
López-Fernández and López-Fernández (2018), this calibration dataset 
encompasses three Mediterranean thermotypes based on positive annual 
accumulated temperature (Tp, expressed in tenths of degrees Celsius): 
warmest Mediterranean thermotype (Tp >2150), the intermediate 
thermotype (Tp 1500–2150) and the coldest thermotype (Tp <1500) 
(Fig. 1). Because LGA is located within the intermediate Mediterranean 
thermotype, including all three types broadens the temperature range 
variations detectable in the reconstruction.

Taxonomic harmonization between fossil and modern assemblages 
yielded 333 taxa, standardized using Plants of the World Online data
base and the Integrated Taxonomic Information System. To minimize 
non-climatic local noise, aquatic plants and taxa indicative of halophytic 
environments or strong local ecological signals, such as Amaranthaceae, 
Asteroideae and Cichorioideae, were excluded. Cultivated or reforested 
taxa (Olea, Myrtaceae/Eucalyptus) were also omitted. Some other taxa 
that may be affected by reforestation and human impact, such as Pinus, 
Castanea and Juglans, could have affected the reconstructed temperature 
values. However, although these taxa can affect the abundance of 
vegetation in modern pollen samples and their effect cannot be entirely 
ignored, their impact on the reconstruction is low due to their low 
abundance in the Laguna Grande de Archidona record.

Modern temperature values were obtained from the WorldClim v2.1 
database (Fick and Hijmans, 2017). Quantitative temperature recon
struction was done using the Weighted Averaging-Partial Least Squares 
(WA-PLS) calibrated regression method, which assumes a unimodal 
relationship between taxon abundances and climatic variables, and is 
robust to spatial autocorrelation (Telford and Birks, 2005). To reduce 
noise in the calibration set, we applied a square root transformation to 
the species data and the reliability of the reconstruction was evaluated 
through leave-one-out cross validation. The two component WA-PLS 
model was selected because additional components tend to increase 
the risk of overfitting and reduce predictive performance. All the ana
lyses were conducted using the C2 software (version 1.8.0) (Juggins, 
2022). The statistical performance of the reconstructed mean annual 
temperature provided a coefficient of determination (R2) of 0.51 and a 
root mean square error of prediction of 2.17 ºC. Although pollen-based 
climate reconstructions provide robust regional records, they can be 

Table 1 
Age data for the LGA sedimentary sequence. Radiometric ages were calibrated 
using IntCal20.14c curve (Reimer et al., 2020) with Calib 8.2 (http://calib. 
org/calib/). Radiocarbon dates were analyzed at BETA Analytic laboratory 
(https://www.radiocarbon.com/). Plutonium analyses were carried out at 
Northern Arizona University, USA by Michael E. Ketterer.

ID Depth (cm) Material 
dated

Conventional 
age (14C yr BP)

Median 
age cal 
BP

IRMS 
δ13C 
(‰)

Surface 0 ​ ​ − 69
Pu 12.6–13.1 ​ ​ − 13
576890 75.95–76.45 organic 

sediment
1360 ± 30 1289 − 30.3

563346 100.6–101.6 plant 
material

1370 ± 40 1293 − 26.9

560857 109.55–110.05 plant 
material

360 ± 30 414 − 28.4

544700 114.2 plant 
material

350 ± 30 396 − 27.7

576891 132.35–132.85 organic 
sediment

1940 ± 30 1864 − 28.4

563347 150.5–151.5 plant 
material

3890 ± 30 4333 − 36.9

563348 151.7–152.7 plant 
material

3090 ± 30 3295 − 30.6

576892 165.7–166.7 organic 
sediment

2210 ± 30 2230 − 25.7

544701 210.1–211.1 plant 
material

2140 ± 30 2128 − 20.4

544702 220.7 plant 
material

2660 ± 30 2769 − 16.2

576893 231.4–232.4 organic 
sediment

2740 ± 30 2823 − 27.2

576889 274.6–275.6 organic 
sediment

3060 ± 30 3277 − 26.5

Modified from Jiménez-Moreno et al. (2025a).
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limited by taphonomic biases such as differential grain preservation and 
the selective degradation of fragile taxa, potentially introducing a sys
tematic artifact into quantitative paleoclimate models. The estimation of 
precipitation was initially explored using the same methodology. 
However, the results were strongly influenced by temperature covari
ance and were therefore not considered sufficiently robust for quanti
tative interpretation.

3.5. Mineral and geochemical analyses

X-ray diffraction (XRD) analysis of sediment samples was also pre
viously done, facilitating the identification of the principal mineral 
phases (Jiménez-Moreno et al., 2025a). High-resolution elemental re
cords were generated using X-Ray fluorescence (XRF) core scanner 

analyses on the sedimentary cores (Jiménez-Moreno et al., 2025a). A 
principal component analysis (PCA) on these XRF data was carried out 
using the Past 4.05 program (Hammer et al., 2001). The variability of 
the XRF data are mostly explained by the PC1 (with a 58% of the vari
ance), with a siliciclastic group (PC1 +) made up of Si, K, Ti, Fe, Rb and 
Zr covarying together and showing an opposite pattern of change than 
gypsum-carbonate components such as S, Ca, Sr and Mn (PC1-) (see 
Jiménez-Moreno et al., 2025a; Figs. 6 and 7).

In a previous study, Gázquez et al. (2025) measured triple oxygen 
(δ17O, δ18O and 17Oexcess) and hydrogen (δ2H and D-excess) isotopes in 
the LGA lacustrine gypsum from the studied sedimentary record to 
quantify changes in summer atmospheric relative humidity between 
2600 and 1450 cal yr BP (650 BCE – 500 CE) (Fig. 6).

Fig. 3. Detailed pollen diagram from the LGA sedimentary record showing percentages of selected taxa (higher than 1%). In green, yellow and blue are the trees, 
herbs and wetland angiosperm taxa, respectively. The pollen zonation on the right was made using cluster analysis provided by CONISS (Grimm, 1987). Light 
shadings indicate a 5 × exaggeration scale.

Fig. 4. Detailed non-pollen palynomorph (NPPs) and charcoal diagram from the LGA core. The NPPs zonation on the right was made using cluster analysis provided 
by CONISS (Grimm, 1987). Light shadings indicate a 5 × exaggeration scale.
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4. Results

The LGA pollen record is made up of 64 samples covering the past 
~3150 years. The samples were generally characterized by low pollen 
concentration but provided sufficient pollen (average number of 210 
pollen grains per sample) for statistical analyses (Sánchez Goñi et al., 
2002; Djamali and Cilleros, 2020). Samples from the interval between 
3300 and 3150 cal yr BP were barren in pollen. The pollen record is 
generally characterized by varying abundances of forest taxa with 
respect to the herbaceous component (Fig. 3). Abundant NPPs include 
various algae, Glomus and other spores, thecamoebians and eggs of 
aquatic flatworms (Fig. 4). Charcoal concentration varies throughout 
the record (Figs. 4 and 7). The pollen and NPPs frequencies fluctuate 
considerably through time and can be subdivided into several environ
mental and climatically distinct periods (zones) that roughly agree with 
a climatic subdivision previously done based on the geochemistry and 
sedimentology by Jiménez-Moreno et al. (2025a) (Figs. 6 and 7). Below, 
we describe the LGA pollen and NPPs results for each of the identified 
zones.

4.1. Pollen and NPPs zone 1 between ~3150 and 2700 cal yr BP (~264 
– 211 cm)

This palynological zone is characterized by the highest abundance of 
herbs in the LGA record, mostly represented by Asteraceae Cichor
ioideae (reaching up to 50% at ~3000 cal yr), Asteraceae Asteroideae 
(averaging 15%), Amaranthaceae with a peak of 50% at ~2850 cal yr 
and Artemisia with a maximum of 4.5% at ~2900 cal yr BP (Fig. 3). With 
respect to forest taxa, Pinus shows the highest abundances of the record 
in this zone, with a peak of ~15% at ~3100 cal yr BP. Ericaceae also 
shows highest abundances of the record during this time. The helophyte 
Cyperaceae shows maximum occurrences of 50% at 3000 cal yr BP 
(Fig. 3). With respect to the NPPs, this zone is characterized by the 
highest abundances of Glomus and Zygnemataceae (Zygnema+Spirogyra) 
of the record. Low Botryococcus and absence of Sporormiella and 

thecamoebians also characterize this zone. The charcoal concentration 
displays a peak (up to 12500 charcoal fragments/cm3) at ~3000 cal yr 
BP.

4.2. Pollen and NPPs zone 2 between ~2700 and 1400 cal yr BP (~211 
– 110 cm)

4.2.1. Pollen and NPPs subzone 2.1 between ~2700 and 2500 cal yr BP 
(~211 – 195 cm)

A peak in Olea (20%), evergreen and deciduous Quercus (40%), Pis
tacia (10%), Phillyrea, Fraxinus and Cupressaceae occurred in this sub
zone. Significant changes in the herbs occurred, with the decrease in 
Asteraceae Cichorioideae, Asteraceae Asteroideae and Amaranthaceae. 
In contrast, Plantago, Rumex and Poaceae increased during this period 
(Fig. 3). With respect to the NPPs, an increase in Botryococcus and in 
thecamoebians, and first occurrences of Sporormiella, occurred. A 
decrease in Zygnema and Spirogyra is observed. The charcoal concen
tration is relatively low (below 7000 charcoal fragments/cm3) during 
this subzone (Fig. 4).

4.2.2. Pollen and NPPs subzone 2.2 between ~2500 and 1400 cal yr BP 
(~195 – 110 cm)

This subzone is characterized by the decrease in Olea and Pinus. 
Evergreen and deciduous Quercus show a decrease first, reaching a 
minimum ~2150 cal yr BP of 10%, and then an increase until the end of 
this subzone. Pistacia and Ericaceae show high abundances. With respect 
to the herbs, maximum abundances of Poaceae, reaching up to 40%, and 
Artemisia (with 4% at ~1800), occurred. Plantago is also abundant. The 
NPPs are characterized by maximum abundances of Botryococcus with a 
maximum of 90% at ~2250 cal yr BP. Low Glomus and absence of 
Zygnema and Spirogyra also characterize this subzone. Botryococcus 
decreased between ~2200 and 1600 cal yr BP while thecamoebians 
show maxima and Glomus and Sporormiella increased. Botryococcus algae 
show another peak between ~1600 and 1400 cal yr BP whereas Spor
ormiella and thecamoebians decreased. The charcoal concentration 
increased with respect to the previous subzone to values of ~15000 
charcoal fragments/cm3.

4.3. Pollen and NPPs zone 3 between 1400 and 600 cal yr BP (~110 – 
47 cm)

The highest abundance of evergreen and deciduous Quercus occurred 
in this zone. An increasing trend in Olea is observed. Poaceae decreased 
to average values around 15%. This pollen zone can be further sub
divided into two subzones: NPPs subzone 3.1 between 1400 – 
1100 cal yr BP and NPPs subzone 3.2. between 1100 and 600 cal yr BP.

4.3.1. Pollen and NPPs subzone 3.1 between 1400 and 1100 cal yr BP 
(~110 – 76 cm)

Highest abundances of evergreen and deciduous Quercus, reaching 
up to 62%, occurred. A peak in Cyperaceae and Sparganium-Typha of 
15% is observed at ~1200 cal yr BP. With respect to the NPPs, Botryo
coccus decreased considerably reaching minimum values at the end of 
the subzone while Sporormiella increased. Two Glomus peaks at ~1300 
and ~1100 cal yr BP characterize this subzone. The charcoal concen
tration increased reaching a maximum of ~23800 charcoal fragments/ 
cm3 at ~1100 cal yr BP.

4.3.2. Pollen and NPPs subzone 3.2 between 1100 and 600 cal yr BP (~76 
– 47 cm)

Evergreen and deciduous Quercus are abundant but decreased pro
gressively from 60% to 30%, whereas Olea shows an increasing trend 
from 10% to 35%. Botryococcus increased at the end of this subzone, 
showing a peak at ~750–600 cal yr BP. Sporormiella is abundant 
throughout the subzone. Glomus and thecamoebians decreased in this 
subzone. Two peaks in charcoal concentration are observed at ~1000 

Fig. 5. Pollen-inferred mean annual temperature from the LGA record and 
associated standard error of prediction (eSEP; dashed black thin lines) for each 
sample. The duration of historic periods such as the Iberian Roman Humid 
Period (IRHP), Late Antique Little Ice Age (LALIA), Early Middle Ages (EMA), 
Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) 
is indicated.
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and ~900–850 cal yr BP.

4.4. Pollen and NPPs zone 4 between 600 cal yr BP and Present (~47 – 
0 cm)

Olea is the most abundant genus and shows an increasing trend, 
reaching up to 50% in the 20th century (between 37 and − 15 cal yr BP). 
Evergreen and deciduous Quercus shows an overall decreasing trend but 

depicts a peak of 33% at 84 cal yr BP (1866 CE) and another peak of 
30% at present. Plantago increased in this subzone with a maximum 
abundance of 12% at − 6 cal yr BP (1956 CE). Botryococcus shows 
variability with three minima (ca. 10%) at around 500, 150 and − 48 cal 
yr BP and two maxima (80–70%) at 300 and 0 cal yr BP. Thecamoebians 
show peaks during the Botryococcus minima. Sporormiella varies but 
shows continuous occurrences in this zone. The charcoal concentration 
decreased in this subzone until present-day.

Fig. 6. Comparison of the multiproxy record from LGA (A-C) with other regional and hemispheric records of humidity and paleoprecipitation (D-H). (A) PC1 of LGA 
XRF (note that it is inverted; Jiménez-Moreno et al., 2025a). (B) Relative Humidity (RH) estimated by gypsum geochemistry at LGA (Gázquez et al., 2025). (C) 
Abundance of Botryococcus algae in the LGA sediment core indicating lake level. (D) Inverted NAO reconstruction (Olsen et al., 2012) in black and NAO recon
struction based on speleothem growth from Baker et al. (2015) in blue. (E) Mg/Al ratio from site ODP 976, Alboran Sea (Martín-Puertas et al., 2010). (F) Rb/Al ratio 
from Zoñar Lake, Córdoba (Martín-Puertas et al., 2010). (G) Precipitation reconstruction from S Iberian Peninsula based on pollen records (Ilvonen et al., 2022). (H) 
Stack of Artemisia xerophyte from Iberia and Morocco (inverted) (Camuera et al., 2023). In light blue and pink color shadings are the identified humid and arid 
periods, respectively. In light green shading is the human impact period. The duration of historic periods such as the Iberian Roman Humid Period (IRHP), Late 
Antique Little Ice Age (LALIA), Early Middle Ages (EMA), Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) is indicated.
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4.5. Pollen-inferred quantitative mean annual temperatures

The pollen-based mean annual temperature reconstruction for the 
past ~3150 cal yrs BP shows values oscillating between 10.3 ºC and 14.2 

ºC (Figs. 5 and 9). The record begins with low values with minima below 
11 ºC at ~3050, 2950, 2800 and 2670 cal yr BP. Temperatures increased 
after that and several peaks above 13.5–14 ºC are recorded between 
~2600 and 1800 yr BP, including a maximum value of 14.2 ºC at 
~2500 cal yr BP. Temperatures decreased after 1800 stabilizing around 
12.5 ºC until ~1400 cal yr BP. A further decrease in temperature values 
occurred then and four minima around 11.5 ºC are recorded at ~1394, 
1250, 1200 and 1070 cal yr BP. Temperatures increased afterwards, and 
two peaks above 13 ºC are recorded at 920 and 680–600 cal yr BP (1030 
and 1270–1350 CE), interrupted by a minimum around 12.2 ºC between 
890 and 750 cal yr BP (1060–1200 CE). Subsequently, a decrease in 
temperatures is observed with minimum temperatures, reaching 11.5 ºC 
between ~520 (1430 CE) and 310 cal yr BP (1640 CE). Temperatures 
increased above 13 ºC between 150 and − 6 cal yr BP (between 1800 and 
1956 CE). A decrease down to 12 ºC is recorded at − 48 cal yr BP (1998 
CE) and temperatures raised rapidly up to 14.1 ºC, between then and 
− 53 cal yr BP (2003 CE; Fig. 9).

5. Discussion

5.1. Pollen and NPPs proxy interpretation

Palynological analysis from lake sediments from southern Spain has 
previously been reported as a proxy for regional vegetation change 
related to climate variability and anthropogenic activity (Anderson 
et al., 2011; Jiménez-Moreno and Anderson, 2012; Ramos-Román et al., 
2016, 2018; Mesa-Fernández et al., 2018; Camuera et al., 2019). For 
example, increases in forest species such as Quercus, Olea and Pistacia in 
the pollen records from this arid area, point to increases in humidity 
(Camuera et al., 2019). This is because trees need relatively high soil 
water supply, while herb taxa can thrive under more dry conditions and 
are abundant during arid periods (Camuera et al., 2019). Fluctuations in 
their frequencies during the latest Pleistocene and Holocene sediments 
might then reflect climate shifts (see for example Anderson et al., 2011; 
Jiménez-Moreno and Anderson, 2012). In addition, forest species 
responded to changes in climate with vertical displacements upwards 
when climate warmed, and downwards when climate cooled. The 
movements in elevation of the vegetation assemblages during the 
Pleistocene and Holocene due to millennial-scale climatic variations can 
be recognized by changing pollen abundances (Camuera et al., 2019). 
LGA is situated at the boundary between the thermomediterranean 
(0–700 m a.s.l.) and mesomediterranean (700–1400 m a.s.l.) vegetation 
belts and changes in temperature are going to be evidenced in the area 
by abundance variations between more thermophilous and xerophilous 
taxa such as Poaceae (including Macrochloa, for example), Artemisia and 
Pistacia, typical from the low-elevation thermomediterranean vegeta
tion belt and Quercus, the most abundant species in the higher-elevation 
mesomediterranean vegetation (Rivas-Martínez, 1989). Synthetic pollen 
relationships or ratios can be used as proxies for changes in vegetation 
and climate oscillations (Carrara et al.,1984; Toney and Anderson, 
2006). In this case, the thermomediterranean/mesomediterranean 
(T/M) pollen ratio points to the relative changes in elevation between 
the two altitudinal bioclimatic assemblages mostly driven by changes in 
temperature. In this way, the increases in thermomediterranean species 
that occur today at lower elevations than LGA can be explained as an 
upward shift of these taxa induced by warming (Figs. 8 and 9).

The increase in pollen grains from cultivars such as Olea, Cerealia, 
Vitis and other weeds indicating disturbed environments created by 
agriculture such as Plantago or Rumex could indicate anthropogenic 
activities such as agriculture and land use (Carrión et al., 2010).

Lake levels from southern Spain also responded to past climate 
changes, predominantly conditioned by variations in the precipitation- 
evaporation balance, with higher lake levels during cold and/or 
humid periods and lower lake levels during warm and/or arid periods, 
which also controlled the lake ecosystem (Anderson et al., 2011; 
Camuera et al., 2018, 2019; López-Avilés et al., 2022). Planktonic 

Fig. 7. Comparison of the multiproxy records from LGA of aridity, low lake 
level, erosion and fire. (A) PC1 of LGA XRF (Jiménez-Moreno et al., 2025a). (B) 
MS (in SI units) from LGA (Jiménez-Moreno et al., 2025a). (C) Abundance of 
Glomus (%). (D) Charcoal concentration. (E) Ericaceae abundance (%). (F) 
Abundance of aquatic macrophytes including Cyperaceae, Sparganium-Typha 
and Myriophyllum. (G) Xerophyte Asteraceae abundance (%). (H) Halophyte 
Amaranthaceae abundance (%). In light pink color shadings are the identified 
arid periods. The duration of historic periods such as the Iberian Roman Humid 
Period (IRHP), Late Antique Little Ice Age (LALIA), Early Middle Ages (EMA), 
Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) 
is indicated.
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microalgae (Botryococcus, Spirogyra, Zygnema), wetland macrophytes 
(Cyperaceae, Sparganium-Typha), and other organisms (such as the 
aquatic flatworm Neorhabdocoela), are conditioned by lake levels and 
shore surface area. Botryoccocus, a colonial green microalga, has previ
ously been interpreted as a eutrophic lake water indicator (Guy-Ohlson, 
1992; Jiménez-Moreno et al., 2007) but also an indicator of pelagic 
conditions (Carrión, 2002). While Botryococcus abundance is interpreted 
here primarily as a lake-level indicator, this is because its close similarity 
to previous lake level and precipitation-humidity estimations from LGA 
(Jiménez-Moreno et al., 2025a; Gázquez et al., 2025; Fig. 6). However, 
its response may also be influenced by changes in trophic state and 
productivity, and therefore should be considered a multi-factor proxy. 
Water shallowing and shore colonization by marginal emergent water 
aquatic macrophytes are indicated by increases in Cyperaceae and Typha 
(Carrión, 2002). Neorhabdocoela has been described as a proxy for 
shallow and eutrophic lake conditions. This is inferred because Neo
rhabdocoela is restricted to the phytal zone (feeding for example on ro
tifers and diatoms) and produces oocytes, thick-walled resting-eggs, for 
propagation and for surviving unfavorable ecological conditions during 
drought (Haas, 1996).

High abundances of Glomus endomycorrhizal fungus in sediment 
samples from paleoecological records have been related to increased 
rates of soil erosion and other mechanical soil disturbances (Anderson 
et al., 1984; Van Geel et al., 1989). Sporormiella is a coprophilous fungal 
spore, and in other Holocene lake sedimentary records, its presence has 
been used as a key proxy of large herbivore abundance, especially 
livestock and thus human impact (Baker et al., 2013). Thecamoebians 
are freshwater amoeboid protozoans, characterized by an agglutinated 
test held together by organic cement, that occur in a variety of wetland 
habitats including moss, soil, peat and standing water from tropical to 
polar environments (Boudreau et al., 2005). Their abundance has been 
reported as an indicator of eutrophic environments (Escobar et al., 2008; 
Jiménez-Moreno and Anderson et al., 2012).

In addition, sediment charcoal concentration from lake records is a 
proxy for fire activity (Whitlock and Anderson, 2003). This is because 
charred particles accumulate in sediments during and following a 
nearby fire event. Therefore, stratigraphic levels with abundant charcoal 
are inferred to be evidence of past fires and the abundance of charcoal 
particles can be taken as an indication of regional fire occurrence 
(Whitlock and Anderson, 2003).

The relative abundance of the above-mentioned pollen and NPPs 
changed through the different climatically distinct periods (zones), 
providing us with information about lake depth, nutrients and produc
tivity, climate and human activity through time. Here we compare the 
pollen-inferred paleoclimate quantitative data with the palynological 
data and other paleoclimatic records from the study region and we show 
that the surrounding vegetation and organisms inhabiting the LGA 
environment responded very sensitively to climate changes that 
occurred in the last ~3000 years in the western Mediterranean area. 
Although both the T/M ratio and the quantitative temperature recon
struction are derived from the same pollen dataset, they represent in
dependent analytical approaches (relative assemblage shifts versus 
transfer-function modelling), which strengthens confidence in the 
inferred climatic signal.

5.2. Pre-Roman period between ~3150 and 2600 cal yr BP (1200 – 650 
BCE)

Overall, arid climate conditions are interpreted for this period 
around LGA. This is indicated by low lake levels (low Botryococcus; 
Fig. 6) and high emergent aquatic macrophytes (Cyperaceae) and hal
ophytes (Amaranthaceae; Fig. 6) indicating a larger emerged wet-saline 
surface area, high abundance of Asteraceae (xerophytes) and indicators 
of high erosion (Glomus, MS; Fig. 6). Glomus, MS and XRF PC1 covary 
together throughout the record, meaning more erosion during arid pe
riods. The highest abundances of Zygnemataceae (Zygnema+Spirogyra) 

Fig. 8. Comparison of the main pollen taxa from LGA indicating thermome
diterranean and mesomediterranean vegetation belts and their dynamics 
controlled by temperature oscillations, with Pinus forest, indicating high sea
sonality, and Ericaceae, indicating fire, with summer and winter insolation. (A) 
Abundance of Quercus total representing the mesomediterranean vegetation in 
the study area. (B) Poaceae abundance representing the thermomediterranean 
vegetation. (C) Pistacia abundance representing the thermomediterranean 
vegetation. (D) Artemisia abundance representing the thermomediterranean 
vegetation. (E) Pinus abundance (seasonality). (F) Ericaceae abundance (fire). 
(G) Summer insolation for 37ºN (Laskar et al., 2004). (H) Winter insolation for 
37ºN (Laskar et al., 2004). In light blue and pink color shadings are the iden
tified cold and warm periods, respectively. The duration of historic periods such 
as the Iberian Roman Humid Period (IRHP), Late Antique Little Ice Age 
(LALIA), Early Middle Ages (EMA), Medieval Climate Anomaly (MCA), Little Ice 
Age (LIA) and Industrial Era (IE) is indicated.
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and Neorhabdocoela in the record (Fig. 4) suggests meso- to eutrophic 
stagnant shallow water under a mild climate (Carrión, 2002; 
Jiménez-Moreno et al., 2023a).

The relatively high Pinus percentages between 3150 and 2800 cal yr 
BP (Fig. 8) may reflect increased aridity and enhanced summer drought 
tolerance. Our taxonomic identifications are at the genus level but two 
species of Pinus could potentially grow at the elevation of the LGA area 
at present: P. halepensis and P. pinaster (Rivas-Martínez, 1987), and both 
could have contributed pollen to the sedimentary record. In Mediter
ranean lowlands, rising aridity in the Late Holocene contributed to de
clines in mesic forest elements and increases in pines, because these 
species are adapted to marked summer drought (Pérez-Sanz et al., 2013) 
and high summer-winter insolation contrast (Laskar et al., 2004). The 
progressive decreasing trend in Pinus throughout the LGA sequence 
could have been due to the progressive cooling and decrease in seasonal 
contrast that occurred in the Middle and Late Holocene due to the 
decrease and increase in summer and winter insolation, respectively 
(Fig. 8). However, besides these changes in seasonality, ecological 
competition likely also played a role.

The pollen record indicates that climate between ~3150 and 
3000 cal yr BP, besides being arid, could have also been warm. This is 
indicated by a peak in thermomediterranean taxa and thus in the ther
momediterranean/mesomediterranean (T/M) pollen ratio (Fig. 9). 
Warm and overall arid conditions could have triggered gypsum pre
cipitation in the LGA between 3200 and 3100 cal yr BP 
(Jiménez-Moreno et al., 2025a; see XRF PC1 in Fig. 6). Ericaceae also 
show maximum abundances at this time. The Ericaceae family is 
adapted to fire and increase their occurrence after fires because they 
vigorously resprout from stumps or lignotubers (for example in Erica 
arborea), their germination is stimulated after fire (heat, ash) and they 
show rapid recolonization of burned soils (Keeley et al., 2012). An arid 
and warm climate could have triggered more fire events in the area, 
favoring the spread of Ericaceae around LGA. A peak in charcoal con
centration at 3000 cal yr BP indicates fire occurrence in the area at that 
time (Figs. 4 and 7), which could support this hypothesis. However, an 
anthropogenic origin of this fire activity cannot be ruled out, as other 
records from southern Spain indicate increased charcoal deposition and 
human activity in the region. Notably, high levels of atmospheric lead 
pollution and charcoal were recorded at the same time, which have been 
linked to intense metallurgical activity (Anderson et al., 2011; Gar
cía-Alix et al., 2013).

Cooler conditions occurred between 3000 and 2600 cal yr BP 
(Fig. 9). This is supported by the increase in mesomediterranean taxa 
such as Quercus (pollen subzone 2.1; Figs. 3 and 9), and thus a decrease 
in the T/M ratio, and pollen-based temperature minima at ~2950, 2800 
and 2670 cal yr BP. A peak in Olea is also observed between 2800 and 
2600 cal yr BP, perhaps indicating cultivation of olive trees or enhanced 

(caption on next column)

Fig. 9. Comparison of the thermomediterranean/mesomediterranean (T/M) 
temperature proxy and pollen-based estimation from LGA with other regional 
records of temperature. (A) Thermomediterranean/mesomediterranean (T/M) 
ratio from LGA. (B) Pollen-based mean annual temperature estimation from 
LGA in º Celsius. (C) Total abundance (%) of Quercus from Padul− 15–05 
(Ramos-Román et al., 2018). (D) Chironomid-inferred July air temperature 
from LdlMo (Jiménez-Moreno et al., 2025b). (E) Chironomid-inferred July air 
temperature from LdRS (Jiménez-Moreno et al., 2023b). (F) 
Temperature-related δ13C record from Mendukilo speleothem (Bernal-Wormull 
et al., 2023). (G) Temperature-related δ18O record from central Pyrenees spe
leothems (Bartolomé et al., 2024). (H) Sea surface temperature (SST) estimation 
from Sicily Channel (Margaritelli et al., 2020). (I) Sea surface temperature 
(SST) estimation from Alborán Sea (Rodrigo-Gámiz et al., 2014). In light blue 
and pink color shadings are the identified cold and warm periods, respectively. 
The duration of historic periods such as the Iberian Roman Humid Period 
(IRHP), Late Antique Little Ice Age (LALIA), Early Middle Ages (EMA), Medi
eval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) 
is indicated.
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humid conditions. Regional cooler conditions most-likely occurred in 
the study area at this time, as a coeval cooling event around 
2700–2600 cal yr BP has been observed in the sea surface temperature 
records from the western Mediterranean associated with the Homeric 
grand solar minimum (ca. 800 BCE; Margaritelli et al., 2020; Fig. 9).

The highest peak of Amaranthaceae occurred at 2850 cal yr BP, 
during a short humid period previously identified by geochemical ratios 
during an overall arid phase (see XRF PC1 in Figs. 6 and 7). This could 
have been due to enhanced salinity in the lake shore area favoring the 
growth of halophytes such as Amaranthaceae due to a brief rise of 
groundwater levels (Jiménez-Moreno et al., 2025a).

From an archaeological point of view, this overall arid period co
incides in southern Spain with a transitional period of fragmentation and 
cultural reconfiguration during the Late Bronze Age, with defensive 
settlements and changes in production and funerary practices (Mederos 
Martín, 2021).

5.3. The warm and humid IRHP (2600–1400 cal yr BP; 650 BCE – 550 
CE)

The period between 2600 and 1400 cal yr BP (including pollen 
subzone 2.2) is interpreted in this study by the occurrence of highest 
humidity in the LGA area. This period roughly coincides with the IRHP 
defined by Martín-Puertas et al. (2009) between 2600 and 1600 cal yr 
BP. The highest abundances of Botryococcus point to highest LGA lake 
levels at that time (Fig. 6). This agrees with the previous interpretation 
of this interval as the wettest of the LGA record based in the geochem
istry (XRF PC1; Jiménez-Moreno et al., 2025a) and the isotopic analysis 
of the gypsum hydration water (Gázquez et al., 2025; Fig. 6), which 
suggest that atmospheric relative humidity was ~10% higher than at 
present-day during the wetter phase of the IRHP at ~2400 cal yr BP. 
Regional indications of high humidity at this time come from Zoñar 
Lake, where also Botryoccocus is highest, also interpreted as high-lake 
levels due to high precipitation and freshwater input in the lake 
(Martín-Puertas et al., 2009). Contemporaneous high humidity has also 
been recorded in the nearby Sierra Nevada (Jiménez-Moreno et al., 
2013; Ramos-Román et al., 2016; 2018). The prevailing humid condi
tions in the Mediterranean region during the IRHP, especially between 
2500 and 2400 cal yr BP, have been attributed to elevated winter 
rainfall, likely originated by persistent negative NAO conditions, as 
suggested by Olsen et al. (2012) and Baker et al. (2015)
(Jiménez-Moreno et al., 2025a; Gázquez et al., 2025; Fig. 6).

Centennial-scale variations in humidity occurred during the IRHP 
indicated by oscillations in the Botryococcus abundance and confirmed 
by the MS and geochemistry (Jiménez-Moreno et al., 2025a) and the RH 
estimated by the gypsum geochemistry (Gázquez et al., 2025) (Fig. 6). 
Notably, an arid phase occurred centered at ~2100 cal yr BP indicated 
by many proxies at LGA (Fig. 6). This is confirmed by a peak of high 
aquatic macrophytes, halophytes (Amaranthaceae), Asteraceae and 
Glomus indicating more emerged wet-saline surface area and more soil 
erosion during an arid phase occurred at ~2100 cal yr BP, interrupting 
the overall humid phase (Fig. 7). This phase could be correlated to a 
synchronous arid event described in Zoñar Lake between 2120 and 
2050 cal yr BP (Martín-Puertas et al., 2008; Gázquez et al., 2023), and at 
Siles Lake at around 1900 yr BP (Carrión, 2007), which point to a 
regional arid event interrupting the overall humid IRHP. Indeed, 
quantitative moisture estimates based on gypsum stable isotopes from 
Zoñar Lake and LGA indicate a decrease in atmospheric relative hu
midity by 10–15‰ at ~2100 cal yr BP with respect to the wettest phase 
of the IRHP at ~2400 cal yr BP, coinciding with a rainfall decrease by at 
least 20% (Gázquez et al., 2023, 2025). However, in the available re
constructions, this regional arid event appears to correspond to a 
negative NAO phase, which is generally associated with enhanced hu
midity (Fig. 6). This discrepancy might reflect regional variability in the 
precipitation signal or chronological mismatches due to the age-control 
limitations in the compared precipitation records.

The pollen record and climate estimates from LGA also suggest 
persistent warm conditions during the IRHP in this area (Fig. 9). 
Warming produced the displacement of the thermomediterranean 
bioclimatic belt to higher elevation, spreading around the LGA area 
during the warmer IRHP and the displacement of the meso
mediterranean Quercus towards higher elevations (Figs. 8 and 9). In this 
way, Quercus decreased and many Poaceae species, including Macro
chloa tenacissima, and the thermophilic Pistacia lentiscus, which abound 
in the lower elevation thermomediterranean vegetation belt (Rivas- 
Martínez, 1997), most likely colonized the area during warmer climate. 
Our LGA record through the T/M pollen ratio and climate estimates 
shows warmest conditions between 2500 and 1800 yr BP (Fig. 9) and 
agrees with other temperature paleoclimate reconstructions from Iberia 
(Bernal-Wormull et al., 2023), southern Spain (Ramos-Román et al., 
2018; Jiménez-Moreno et al., 2023b, 2025b) and the western Mediter
ranean Sea (Rodrigo-Gámiz et al., 2014; Margaritelli et al., 2020; Fig. 9). 
The peak in temperature shown by the pollen occurred at ~2100 cal yr 
BP. Perhaps the arid event previously described at that time was related 
to higher evaporation due to the highest temperatures. The high abun
dance of thecamoebians ~2100 cal yr BP in the LGA record (Fig. 4) 
could also confirm nutrient enrichment and higher productivity in the 
lake environment, previously noticed by high total organic carbon 
content in the record (Jiménez-Moreno et al., 2025a). The Laguna de 
Medina record, also in southern Spain, shows a sedimentary gap be
tween 2600 and 1900 yr BP and a hiatus of preserved pollen likely 
related to strong lake-level lowering and oxidation of pollen grains 
(Schroeder et al., 2020), most-likely caused by high evaporation due to 
this warming. Peaks in Ericaceae at 2400–2300 and 2100 cal yr BP 
could be fire related, especially the highest peak at 2100 cal yr BP, 
which was previously related to enhanced aridity (Fig. 4). Warmest 
conditions during the IRHP triggered frequent fires in the region, which 
also were more abundant due to a higher fuel-load following enhanced 
humid conditions (Jiménez-Moreno et al., 2013). Additionally, at 
~2100 cal yr BP (~150 BCE) took place the “romanization” of this area 
with the establishment of many roman colonies concentrated in south
ern Iberia and major change in settlements, administration and farming 
intensification in this region (Moreno Escobar, 2025), which could have 
also enhanced human-made fire activity in the study area.

The decrease in Quercus (generating a decline in arboreal pollen) due 
to this altitudinal vegetation movement caused by warming was previ
ously observed in other pollen records from southern Spain but was 
interpreted due to human impact in Zoñar Lake (Martín-Puertas et al., 
2008), Laguna de las Madres (Stevenson, 1985; Stevenson and Harri
son, 1992) and in Los Tollos lake (Carrión et al., 2024). Although the 
LGA record indicates that climate was the most important factor trig
gering the changes in the vegetation and sedimentation in the LGA lake 
and regionally, the slight increases in Cerealia, Rumex and Plantago 
during the IRHP (Fig. 10), could also indicate more anthropogenic in
fluence at that time with the cultivation of cereals and ruderalisation of 
the agricultural environment in the vicinity of the lake.

5.4. Post-Roman period between ~1400 cal yr BP and Present (550 CE – 
Present)

Proxies from the LGA sedimentary sequence show generally dry, cool 
conditions over the past 1500 years (Figs. 6, 7 and 9), aligning with 
other post-IRHP aridification trends observed in the western Mediter
ranean (Jiménez-Moreno et al., 2025a; Gázquez et al., 2025). However, 
this study also shows some slight variations in humidity and estimated 
temperature values in the past 1500 years detailed below.

5.4.1. Cold and dry conditions during the Early Middle Ages (EMA) 
between 1400 and 1100 cal yr BP (550 – 850 CE)

During the EMA (informally also known as Dark Ages or DA; ~1400 
and 1100 cal yr BP; pollen subzone 3.1), the LGA sequence records peak 
Quercus abundance and thus minima in both the T/M pollen ratio and 
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temperature estimates (averaging ~12 ºC) (Fig. 9). The highest Quercus 
values coincide with a severe cooling event (~11.2 ºC) at ~1250 cal yr 
BP, probably related, within dating uncertainties, to the Late Antique 
Little Ice Age (LALIA; between 1410 and 1290 cal yr BP or 540–660 CE; 
Büntgen et al., 2016) (Fig. 9). The progressive increasing trend in 
throughout the LGA sequence, peaking during the LALIA could have 
been due to the progressive cooling and decrease in seasonal contrast 
that occurred in the Middle and Late Holocene due to the decrease and 
increase in summer and winter insolation, respectively (Fig. 8). The 
LALIA cold event was most likely related to an intensification of the 
regional cooling trend by volcanic aerosol forcing, triggering a further 
cooling (Büntgen et al., 2016). Coldest conditions of the EMA are 
reached at at LGA at ~1100 cal yr BP, with a second cold event (Fig. 9).

Speleothem isotopic records from northern Spain also show cold 
conditions during the EMA, with especially cold intervals matching the 
timeframes of the LALIA and the ~1100 cal yr BP cold events 
(Bernal-Wormull et al., 2023; Bartolomé et al., 2024; Fig. 9). This sug
gests that different regions in Iberia were synchronically affected by this 
climatic variability at centennial-scales and recognized by local heter
ogenous signals.

Dry climate conditions are also interpreted for LGA during this 
period, deduced by minima in Botrycoccus and the sediment 

geochemistry (Fig. 6; Jiménez-Moreno et al., 2025a). Aridity triggered 
enhanced erosion, evidenced by a peak of MS and Glomus between 1400 
and 1300 cal yr BP, and lowered lake levels, generating an increase in 
marginal lake surface area and aquatic macrophytes (Fig. 7). Coeval 
charcoal and Ericaceae peaks at ~1300 cal yr BP could indicate 
enhanced fire activity due to arid climatic conditions around LGA 
(Fig. 7).

Arid conditions prevailing during the EMA are also reflected in other 
pollen records across the region, which show declines in forest taxa and 
reconstructed precipitation (Ilvonen et al., 2022; Fig. 6). This reduction 
in forest cover is particularly evident in areas such as Doñana 
(Jiménez-Moreno et al., 2015), the Guadiana Valley in Portugal 
(Fletcher et al., 2007), and the Padul and Sierra Nevada regions 
(Ramos-Román et al., 2018; Mesa-Fernández et al., 2018; 
Jiménez-Moreno et al., 2013, 2022). Comparable trends in vegetation 
are also recorded in the Alboran Sea, in cores MD95–2043 and ODP 976 
(Combourieu Nebout et al., 2009; Fletcher et al., 2013). Also using 
pollen records from the region, Camuera et al. (2023) identified signif
icant drought phases with particularly severe events occurring at 
1255–1225 cal yr BP (695–725 CE) and 1195–1180 cal yr BP (755–770 
CE) (Fig. 6). Other evidences of enhanced aridity beginning at 
1400 cal yr BP come from pronounced desiccation documented at 

Fig. 10. Comparison of pollen proxies representing anthropogenic activity in the LGA and Sierra Nevada area, southern Spain, for the past ~3150 years. From 
bottom to top, synthetic Olea stack with error from the Sierra Nevada sites (Ramos-Román et al., 2019), and Olea, Cerealia and Rumex abundances (%) from LGA. The 
dashed red line indicates when the anthropogenic activity is clear in the study area. The duration of historic periods such as the Iberian Roman Humid Period (IRHP), 
Late Antique Little Ice Age (LALIA), Early Middle Ages (EMA), Medieval Climate Anomaly (MCA), Little Ice Age (LIA) and Industrial Era (IE) is indicated.
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Laguna de Medina (Reed et al., 2001) and decreases in Mg/Al and Rb/Al 
ratios in the Alboran Sea and Lake Zoñar indicating reduced precipita
tion (Martín-Puertas et al., 2010; Fig. 6). In addition, gypsum speleo
them growth in the southeastern Iberian Peninsula ceased at 
approximately 1200 cal yr BP, likely due to reduced cave water infil
tration (Gázquez et al., 2020). Concurrently, lake levels declined 
markedly across southwestern and central Europe (Magny, 2004; Mar
tín-Puertas et al., 2010). Paleoclimate reconstructions further suggest 
that a persistently positive phase of the NAO likely dominated the EMA 
after 1300 cal yr BP and recording a peak around 1250 cal yr BP (Olsen 
et al., 2012; Baker et al., 2015; Fig. 6), contributing to reduced winter 
precipitation and generally arid conditions across the region.

Cold and arid conditions, at least episodically, contributed to major 
plague outbreaks, large-scale human migrations, significant political 
instability, reduced urban life, and cultural transition during the EMA in 
Iberia: the collapse of the Western Roman Empire, the Visigothic king
dom’s establishment and subsequent Muslim conquest in 711 CE 
(1239 cal yr BP) (Büntgen et al., 2016; Camuera et al., 2023).

5.4.2. The warmer and arid Medieval Climate Anomaly (MCA) between 
~1100 and 600 cal yr BP (~850 and 1350 CE)

The MCA (900–1300 CE; Moreno et al., 2012) at LGA is characterized 
by an increasing trend in the T/M pollen ratio and in temperature esti
mates between ~1100 and 600 cal yr BP (pollen subzone 3.2), with two 
maxima in temperature at ~900 and 700 cal yr BP (~1050 and 1250 CE; 
Fig. 9) reaching peak values of ~14 ºC. These results align with the 
previously published chironomid-based and long-chain diol index 
(LDI)-derived temperature records from Sierra Nevada (García-Alix 
et al., 2020; Jiménez-Moreno et al., 2023b; 2025b; Fig. 9) and other 
studies suggesting that the Iberian Peninsula and the western Mediter
ranean experienced relatively warm conditions during the MCA 
(Moreno et al., 2012; Margaritelli et al., 2020).

Dry conditions also characterized most of the MCA (Fig. 6). This 
agrees with Camuera et al. (2023), who identified significant drought 
phases particularly severe events occurring at ~1050–1015 cal yr BP 
(~900–935 CE), and ~875–810 cal yr BP (~1075–1140 CE; Fig. 6). 
However, an increase in humidity is observed during the last part of the 
MCA, between ~750 and 600 cal yr BP (~1200 – 1350 CE), indicated by 
a peak in Botryococcus (Fig. 6).

High fire activity is registered in LGA during the MCA, with the 
highest charcoal concentrations at ~1100 cal yr BP (~850 CE) and 
~850 cal yr BP (~1100 CE). A peak of the fire-related Ericaceae is also 
noticed at ~1000 cal yr BP (Fig. 4), which could further indicate 
enhanced fire activity at the LGA area at this time. Warm and dry overall 
climatic conditions at this time could have triggered enhanced fire ac
tivity in the study area but it could have also been related to anthro
pogenic activity, as it coincides with the long period of conflict that 
affected the studied region during the long revolt of Umar ibn Hafsun 
against the Emirate of Cordoba from 880 to 918 CE. During this period, 
the nearby town of Archidona changed sides several times, suffering 
sieges and raids. At the end of the conflict, Archidona went from being 
the capital of the Malaga province to being practically uninhabited, with 
the capital status passing to the city of Málaga (Martínez Enamorado, 
2009).

Persistent positive NAO conditions dominated the MCA (Moreno 
et al., 2012; Olsen et al., 2012; Baker et al., 2015; Fig. 6), contributing to 
reduced winter precipitation and generally arid conditions across the 
region.

5.4.3. Little Ice Age (LIA) from 600 to 100 cal yr BP (1350–1850 CE) and 
Industrial Era (IE) (100 cal yr BP (1850 CE) - Present) (Pollen zone 4)

After the warm MCA, the T/M pollen ratio indicates colder condi
tions during the LIA with two minima in pollen-estimated temperatures 
of ~11.5 and 12 ºC at ~300 and 200 cal yr BP (Fig. 9). Overall dry 
conditions characterize the LGA record during the beginning of the LIA 
(Fig. 6). However, a return to more humid conditions occurred again 

between ~300 and 200 cal yr BP suggested by the peak in Botryococcus 
and geochemical composition as shown by the XRF PC1 
(Jiménez-Moreno et al., 2025a; Fig. 6). NAO reconstructions show more 
negative phases during the LIA that could have triggered more precip
itation in the area (Olsen et al., 2012; Baker et al., 2015; Fig. 6). The LIA 
ended with enhanced arid conditions at LGA centered at ~150 cal yr BP, 
te return to more positive NAO phases (Olsen et al., 2012; Baker et al., 
2015) and the transition from colder to warmer temperature conditions 
between 150 and 100 cal yr BP (Fig. 6).

The IE is characterized at LGA by more humid (peak in Botryococcus 
between 37 and − 6 cal yr BP) and generally warmer conditions than 
during the LIA (Fig. 9). More humid conditions during the IE would also 
agree with the pollen precipitation estimates from the southern Iberian 
Peninsula (Ilvonen et al., 2022; Camuera et al., 2023) and the Mg/Al 
elemental ratio from ODP 976 in the Alboran Sea (Martín-Puertas et al., 
2010). However, this last maximum of Botryococcus at 0 cal yr BP could 
also be the result of enhanced lake productivity due to human-induced 
eutrophication likely due to the use of fertilizers in the nearby crops 
since ~1944 CE (Jiménez-Moreno et al., 2025a), rather than purely 
climatic forcing.

Pollen-based temperature estimations in the last decades oscillated 
considerably, from a minimum around 12 ºC at 1998 CE to a maximum 
of 14.1 ºC at 2003 CE (Fig. 9). This rapid temperature change could be 
related to recent global warming, such as the one observed in other 
temperature estimations from southern Iberia (García-Alix et al., 2020; 
Jiménez-Moreno et al., 2023b; 2025b; Fig. 9), or to the bias introduced 
by agriculture and land modification by humans on the vegetation and 
thus the pollen sedimentation (see chapter below). The most recent 
estimated temperature agrees within error ranges with instrumental 
data from the area of 14.8 ºC (WorldClim v2.1; Fick and Hijmans, 2017)

The charcoal concentration decreased in the past centuries until 
present (Fig. 7). This could have been due to fire suppression by humans 
caused by the strong modification of the landscape around LGA in the 
past millennium (see also chapter below).

5.4.4. Anthropogenic impact in the past millennium: from Mediterranean 
landscape to intensive Olea (olive) cultivation

Olive (Olea europaea L.) is the Mediterranean’s dominant tree crop 
and a vital economic driver, especially in Spain (Ramos-Román et al., 
2019). Pollen records trace olive cultivation since ~2500 cal yr BP, 
with widespread Roman expansion (~2000 cal yr BP), across Iberia and 
North Africa (Kehoe, 1988; Martín-Puertas et al., 2008; Langgut et al., 
2019).

In these records, human activity is identified when the Olea pollen 
percentages experience a sudden increase, not accompanied by a rise in 
other Mediterranean sclerophyllous trees, and corroborated by consis
tent archaeological evidence (Langgut et al., 2019). In this respect, the 
LGA Olea pollen data show an increase between ~2800 and 2500 cal yr 
BP (Fig. 10). This agrees with the long-term trends in olive abundance 
from the nearby Sierra Nevada area for the last ~4500 cal yr BP, 
developed using a Z-score–based synthetic reconstruction of Olea pollen 
occurrences of seven independent time series, which shows a slight 
increasing trend beginning at ~2700 cal yr BP during the IRHP 
(Ramos-Román et al., 2019; Fig. 10). The Lake Zóñar pollen records, 
from Córdoba (inland Andalusia), also shows continuous Olea occur
rences since 2700 cal yr BP (Valero Garcés et al., 2006; Martín-Puertas 
et al., 2008). This Olea increase, accompanied by Quercus, could have 
been due to the expansion of this species in the area due to warmer and 
more humid conditions associated with persistent negative NAO con
ditions (Martín-Puertas et al., 2009; see more discussion above). How
ever, this Olea increase is coetaneous with the establishment of a series 
of Phoenician colonies along the South Iberian coast (Caro et al., 2025). 
It is well known that Phoenician colonization in this period had 
important consequences in western Mediterranean agriculture and the 
exploitation of vegetation in colonized areas (Rodríguez-Ariza et al., 
2021). Distinguishing between climate-driven natural expansions of 
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Olea and increases related to early olive arboriculture remains chal
lenging (Di Rita and Magri, 2009; Mercuri et al., 2013). Consequently, it 
is unclear whether this early Olea increase in southern Spain reflects 
olive cultivation or a natural response of Mediterranean vegetation to 
favorable climatic conditions.

A marked expansion of olive cultivation in LGA and Sierra Nevada 
occurred at ~1000 cal yr BP (950 CE), with Olea pollen showing a rapid 
increase that continues, with some variability, until present (Fig. 8). This 
expansion coincides with the establishment of predominantly positive 
NAO conditions and the onset of the MCA (Moreno et al., 2012), a 
generally warm and arid period that would not have favored the natural 
expansion of olive trees (see discussion above). The mismatch between 
climatic conditions and Olea pollen increase suggests a strong anthro
pogenic signal. Also, the exponential-like increase strongly suggests a 
dominant anthropogenic forcing rather than a purely climate-driven 
expansion. Similar increases in olive pollen during the last millennium 
have been reported in other sites from southern (Carrión et al., 2007) 
and northern Spain (Pérez-Sanz et al., 2013) and are associated with 
intensified agricultural activity. This phase partially overlaps with the 
agricultural intensification during the Muslim period after the cited 
revolt of Umar ibn Hafsun (950–550 cal yr BP; 1000–1450 CE), char
acterized by the expansion and intensification of irrigated crops, 
including olives in different regions (Ramos-Román et al., 2018). In this 
context, a rapid increase in Olea pollen not accompanied by a rise in 
other Mediterranean forest taxa (see the opposite trends of Quercus), 
especially when supported by archaeological or archaeobotanical evi
dence, is considered a reliable indicator of human-driven olive cultiva
tion (Langgut et al., 2019). Therefore, the expansion of Olea marks the 
regional establishment of modern and intense agropastoral activities in 
the LGA area.

Following slights reductions during the Little Ice Age (LIA), Olea 
pollen occurrences from LGA show its maxima since mid-XXth century 
(between 1913 and 1965 CE), coinciding with the Industrial Era and the 
beginning of intensive olive crop irrigation in the study area (Hidalgo 
Moya et al., 2007), which also produced a critical lake lowering and 
gypsum sedimentation (Jiménez-Moreno et al., 2025a; Fig. 6). Anthro
pogenic impact maxima are confirmed by the expansion of ruderals such 
as Plantago (maxima at 1956 CE), indicating intensive land use. The 
continuous occurrence of Sporormiella with peak values ~100 cal yr BP 
also confirms enhanced grazing by domesticated livestock in the LGA 
area during the IE (Fig. 10).

6. Conclusions

The high-resolution palynological record from LGA, covering the 
past ~3150 years, shows long-term vegetation trends driven by declines 
in summer insolation and seasonality. This solar forcing triggered a 
gradual decrease in Pinus and a concurrent increase in Quercus. These 
long-term trends were modulated by centennial-scale climate vari
ability, shown by multiproxy data from the LGA record, including the 
thermomediterranean/mesomediterranean forest pollen ratio, Botryo
coccus algae abundance, and sedimentary and geochemical data. Ulti
mately, this study indicates that temperature variations controlled 
elevational migration of vegetation, while the regional lake level was 
primarily governed by precipitation and humidity oscillations (the 
precipitation/evaporation balance). In this way, the pre-Roman period 
(~3150–2600 cal yr BP) was characterized by predominantly arid 
conditions, featuring an initial warm phase followed by a distinct 
cooling trend after 3000 cal yr BP. This was succeeded by the IRHP 
(~2600–1400 cal yr BP), which stood as the warmest and most humid 
interval of the record, despite a brief, severe arid episode ~2100 cal yr 
BP. A sharp transition to cold and dry conditions characterized the EMA 
(~1400–1100 cal yr BP), including temperature minima at 
~1250 cal yr BP, likely associated with the LALIA, and at ~1100 cal yr 
BP. The subsequent MCA (~1100–600 cal yr BP; ~850–1350 CE) 
brough a return to warmer temperatures under predominantly arid 

conditions, although a shift toward higher humidity occurred during its 
final stages (~750–600 cal yr BP; ~1200–1350 CE). Climate variability 
intensified during the LIA (~600–150 cal yr BP; 1350–1800 CE), char
acterized by severe cold phases at ~600–450 cal yr BP (1350–1500 CE) 
and at ~300–200 cal yr BP (1650–1750 CE), a brief warming phase 
(~420–380 cal yr BP; 1530–1570 CE) and a final transition toward 
acute aridity ~150 cal yr BP (~1800 CE). Finally, the IE is characterized 
by generally warmer and more humid conditions relative to the pre
ceding LIA baseline.

Beyond reconstructing regional Late Holocene climate variability, 
the LGA record highlights the coupled sensitivity and resilience of 
Mediterranean lacustrine ecosystems to natural and anthropogenic 
forcing. Throughout most of the record, vegetation and lake-level dy
namics closely tracked centennial-scale climate variability driven by 
persistent NAO phases, indicating a climate-dominated baseline system. 
However, during the last millennium, and most acutely since the IE, 
intensive land use and widespread Olea cultivation have increasingly 
modulated and amplified these ecological responses. Past warm and 
humid intervals, particularly the IRHP, offer historical analogues for 
future Mediterranean scenarios where warming will interact with 
changing water availability and intensified land management. These 
findings underscore that future vulnerability of Mediterranean wetlands 
will depend not only on climatic change, but also on the intensity of 
human landscape transformation.
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G. Jiménez-Moreno et al.                                                                                                                                                                                                                      Anthropocene 55 (2026) 100563 

15 

https://drive.google.com/drive/folders/1paXMiuv9O8swK2QZn6JZDb-zU8Fjv4kj
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref1
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref1
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref1
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref1
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref2
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref2
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref2
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref3
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref3
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref3
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref4
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref4
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref5
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref5
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref5
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref6
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref6
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref7
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref7
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref7
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref7
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref8
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref8
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref8
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref8
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref9
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref10
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref10
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref10
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref11
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref11
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref11
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref11
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref11
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref11
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref12
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref12
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref12
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref12
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref12
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref13
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref13
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref13
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref13
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref14
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref14
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref14
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref15
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref15
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref16
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref16
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref16
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref17
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref17
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref17
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref17
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref18
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref18
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref18
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref18
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref19
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref19
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref19
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref19
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref20
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref20
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref20
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref21
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref22
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref22
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref22
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref23
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref23
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref23
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref24
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref24
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref24
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref25
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref26
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref26
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref27
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref27
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref27
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref28
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref28
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref28
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref28
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref29
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref29
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref29
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref30
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref30
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref30
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref31
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref31
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref31
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref31
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref32
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref32
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref32
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref32
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref32
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref33
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref33
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref33
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref33
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref34
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref34
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref34
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref34
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref35
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref35
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref35
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref36
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref36
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref36
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref37
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref37
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref38
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref38
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref38
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref39
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref39
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref40
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref40


Hurrell, J.W., Kushnir, Y., Ottersen, G., Visbeck, M., 2013. An Overview of the North 
Atlantic Oscillation. The North Atlantic Oscillation: Climatic Significance and 
Environmental Impact. American Geophysical Union, pp. 1–35.
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Espejo, F.J., Camuera, J., López-Blanco, C., 2025b. Chironomid-based Holocene 
summer temperature dynamics from southern Spain. Quat. Sci. Rev. 369, 109647.
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Rodríguez-Ariza, M.O., López Castro, J.L., Jerbania, I.B., Martín, A.M., Ferjaoui, A., 
Hahnmüller, V.M., Barrionuevo, C.A.P., Moreno, A.S., Khalfali, W., Jendoubi, K., 
2021. Long-term human impact and forest management in the Phoenician and 
Roman city of Utica (Tunisia) (900 BC− 500 AD). Holocene 31 (6), 943–953.

Rodrigo-Gámiz, M., Martínez-Ruiz, F., Rampen, S.W., Schouten, S., Sinninghe Damsté, J. 
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G. Jiménez-Moreno et al.                                                                                                                                                                                                                      Anthropocene 55 (2026) 100563 

16 

http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref41
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref41
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref41
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref42
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref42
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref42
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref42
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref43
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref43
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref43
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref43
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref43
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref43
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref44
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref44
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref44
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref45
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref45
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref45
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref45
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref46
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref46
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref46
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref46
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref47
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref47
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref47
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref47
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref47
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref48
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref48
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref48
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref48
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref48
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref48
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref49
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref49
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref49
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref49
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref50
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref50
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref50
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref50
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref50
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref51
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref51
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref51
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref52
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref52
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref52
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref52
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref52
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref53
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref53
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref54
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref54
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref54
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref55
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref55
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref56
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref56
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref57
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref57
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref57
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref57
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref58
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref58
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref58
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref58
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref59
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref59
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref59
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref60
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref60
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref60
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref60
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref60
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref61
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref61
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref61
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref62
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref62
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref62
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref63
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref63
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref63
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref64
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref64
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref64
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref65
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref65
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref65
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref66
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref66
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref66
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref66
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref67
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref67
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref67
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref67
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref68
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref68
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref68
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref68
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref69
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref69
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref69
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref69
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref69
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref70
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref70
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref70
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref70
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref70
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref70
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref71
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref71
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref71
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref72
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref72
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref73
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref73
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref73
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref73
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref73
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref74
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref74
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref75
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref75
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref75
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref75
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref76
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref76
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref76
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref76
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref76
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref77
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref77
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref77
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref77
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref78
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref78
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref79
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref80
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref80
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref81
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref81
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref81
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref81
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref82
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref82
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref82
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref82
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref83
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref83
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref83
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref83
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref84
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref84
http://refhub.elsevier.com/S2213-3054(26)00038-X/sbref84


Stevenson, A.C., 1985. Studies in the vegetational history of SW Spain. II. Palynological 
investigations at Laguna de las Madres, SW Spain. J. Biogeogr. 12, 293–314.

Stevenson, A.C., Harrison, R.J., 1992. Ancient forests in Spain: a model for land-use and 
dry forest management in south-west Spain from 4000 BC to 1900 AD. Proc. Prehist. 
Soc. 58, 227–247.

Telford, R.J., Birks, H.J.B., 2005. The secret assumption of transfer functions: problems 
with spatial autocorrelation in evaluating model performance. Quat. Sci. Rev. 24, 
2173–2179.

Toney, J.L., Anderson, R.S., 2006. A postglacial paleoecological record from the San Juan 
Mountains of Colorado USA: fire, climate and vegetation history. Holocene 16, 
505–517.
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