Palaeoenvironmental evolution of SW Iberia during the
Holocene based on palynological data

From the Faculty of Georesources and Materials Engineering of the
RWTH Aachen University

to obtain the academic degree of
Doctor of Natural Sciences
approved thesis

submitted by

Cristina Val Peon, M.Sc.

Advisors: Herr Univ.-Prof. Dr. rer. nat. Klaus Reicherter
Herr Prof. Dr. José Antonio Lopez Saez
Herr Prof. Dr. Juan Ignacio Santisteban Navarro

Date of the oral examination: 05.07.2023

This thesis is available in electronic format on the university library’s website












“Todo pasa y todo queda,
pero lo nuestro es pasar,
pasar haciendo caminos,

caminos sobre el mar.

(..)

Caminante, son tus huellas
el camino y nada mis;
caminante, no hay camino,

se hace camino al andar.”

Antonio Machado












Abstract

The Holocene (11.7 ka BP - present) is a period characterized by multiple environmental changes defined
by the complex interplay of elements of different nature (climatic, geological, anthropogenic) acting
simultaneously at global, regional and local scales. Over these millennia, coastal areas have been perceived
as biodiversity hotspots that have acted as poles of attraction for human groups. Their susceptibility to
climatic changes and their long history of human settlements turns them into potential areas for the study
of long and short-term processes. Thus, their investigation may provide insights into their ecological
dynamics, their driving mechanisms, and human-environment relationships. In this work, new data on
the environmental evolution of SW Iberia are presented and discussed, with special focus on

palynological results.

Considering issues related to the interpretation of fossil pollen records from transitional environments, a
study based on modern-pollen samples acquired from the Eurasian Modern Pollen Database was
performed. This first approach investigates the role of certain environmental variables in the distribution
of vegetation and the existence of possible biases in pollen representativeness. This work successfully
assisted on the interpretation of the fossil pollen record, as the variability of specific taxa could be
attributed to shifts between arid and humid conditions. Furthermore, it was possible to identify the action

of taphonomic elements as causes of certain biases.

For the palacoenvironmental study, three sedimentary archives were recovered from SW Iberia: two
terrestrial cores in La Janda basin (Spain) and one marine core in the Algarve continental shelf (Portugal)
were studied. They were analyzed from a sedimentological, geochemical and palynological perspective to
reconstruct the palacoenvironmental evolution of the area and correlate it with the different phases of

human occupation during Prehistory.

Results show that La Janda basin evolved from an incised fluvial valley during the Late Pleistocene to a
restricted bay connected to the sea between ca. 10-8.7 to 3.5-3.3 ka cal BP, during which the maximum
marine flooding was reached at ~7 ka cal BP. After a transitional period, it was transformed into a
terrestrial basin ca. 1.3 ka cal BP. The sampling resolution and the preservation of palynomorphs in the
S3 core allowed the reconstruction of the vegetation dynamics in the study area, supported by data from
the S2 core. The integration of these results into a regional context, including palynological data from the
marine sequence drilled in the Algarve, revealed different vegetation trends. These periods can be
summarized as an initial episode of forest development with regional nuances (~11.7-7.7 ka cal BP), a
gradual forest decrease (~7.7-5.5 ka cal BP), increased arid conditions (~5.5-3.7 ka cal BP), significant
anthropogenic impact (~3.7-1.2 ka cal BP), and the development of cultural landscapes (~1.2 ka cal BP

onwards).



Although increasing temperatures and moisture characterized the onset of the Holocene, continental
conditions were identified in some palynological and hydrological records from the Western
Mediterranean. From ca. 10 ka BP onwards, the increase of moisture reflected in the vegetation may be
associated to the high summer insolation that may have favoured land-sea temperature contrast and
enhanced winter precipitation. Some researchers consider that the progressively decrease in summer
insolation and the installation of the present atmosphere circulation in the Northern Hemisphere
happened between 7-5.5. ka cal BP. These factors may have led to drier conditions due to the reduced
penetration of winter storm tracks, which may have triggered the gradual decline of mesic forests in
favour of Mediterranean taxa. From 5 ka cal BP on, enhanced aridity alternating with humid phases has
been identified as a consequence of the dipolar North Atlantic Oscillation pattern. Overlapping these
long-term trends, the presented records indicates different short-term events of increased aridity at 8.2,
7.7-7.5, 5.9-5.5, and 4.2 ka cal BP. However, the causes of some of these episodes remain unclear and

different hypotheses have been suggested.

By correlating the palacoenvironmental data with the archaeological record of the study area, it was
possible to confirm the low impact of hunter-gatherer groups on the landscape during the Upper
Palaeolithic and Mesolithic (~20-7.8 ka cal BP). A progressive increase in anthropogenic pressure was
identified during the Neolithic, especially from ca. 7 ka cal BP, with markers suggesting herding/livestock
activities prior to the punctual presence of cereals, which is only confirmed by the archaeological record
from ca. 6 ka cal BP on. Human impact becomes more noticeable during the Chalcolithic and Bronze
Age (~5-3 ka cal BP) and it is interrupted by abrupt drops of anthropogenic indicators at different
moments until the present time (ca. 3.6-3.2, 2.6-2.2, 1.2-1 ka cal BP). During the last millennia, the
transformation of the landscape for agricultural activities is reflected through the local presence of cereals

and markers of erosive processes.

The integration of environmental and archaeological data provides long-term perspectives on human
responses to environmental change, improving the understanding on the socio-ecological resilience of
communities and their adaptive capacity. The current debate on global climate change and biodiversity
loss need these interdisciplinary approaches to understand landscape evolution changes and adaptive

processes.



Kurzfassung

Die Periode des Holozins (11,7 ka — heute) zeichnet sich durch zahlreiche Umweltverinderungen aus.
Diese Verinderungen weisen auf globaler, regionaler und lokaler Ebene ein komplexes Zusammenspiel
von Elementen unterschiedlicher Natur (klimatisch, geologisch, anthropogen) auf. Im Holozin werden
Kistengebiete als Biodiversititshotspots wahrgenommen und stellen ein Anziehungspunkt fiir
menschliche Gruppen dar. Aufgrund ihrer Anfilligkeit fir Klimaverinderungen und ihrer langen
Geschichte von menschlicher Besiedelung, stellen sie potenzielle Forschungsgebiete von lang- und
kurzfristigen Prozessen dar. Thre Untersuchung ermdéglicht Einblicke in ihre 6kologische Dynamik,
treibende Mechanismen und die Beziehungen zwischen Mensch und Umwelt. Diese Arbeit stellt neue

Daten zur Umweltentwicklung von SW-Iberia vor, mit einem Fokus auf palynologischen Ergebnissen.

In Anbetracht der Probleme im Zusammenhang mit der Interpretation fossiler Pollenaufzeichnungen
aus Ubergangsumgebungen wurde eine Studie auf der Grundlage moderner Pollenproben aus der
Eurasian Modern Pollen Database durchgefiithrt. Der Einfluss von verinderten Umweltbedingungen auf
die Vegetationsverteilung und die Reprisentativitit der Pollendaten sowie mogliche Stérungen dieser
wurden untersucht. Diese Arbeit trigt, basierend auf der Variabilitit bestimmter Taxa des fossilen
Pollenbefundes, auf die klimatischen Wechsel zwischen ariden und feuchten Bedingungen bei. Dartber
hinaus konnte der Einfluss von taphonomischen Elementen als Ursache bestimmter Verzerrungen

identifiziert werden.

Far die paliodkologische Studie wurden drei geologische Bohrkerne in SW-Iberien untersucht: zwei
terrestrische Kerne aus dem La Janda-Becken (Spanien) und ein mariner Kern des Kontinentalschelfs
der Algarve (Portugal) untersucht wurde. Die Bohrkerne wurden sedimentologisch, geochemisch und
palynologisch analysiert, um die paliookologische Entwicklung des Untersuchungsgebiets zu
rekonstruieren und sie mit den verschiedenen Phasen der menschlichen Besiedlung wihrend der
Vorgeschichte in Verbindung zu bringen. Die Ergebnisse der Studie zeigen, dass sich das La Janda-
Becken vom spiten Pleistozin als eingeschnittenes Flusstal zu einer eingeschniirten marinen Bucht
entwickelt hat. Diese Bucht war zwischen ca. 10-8.7 to 3.5-3.3 ka cal BP mit dem Meer verbunden und
erreichte bei etwa 7 ka cal BP den Héchststand der marinen Uberflutung. Nach einer Ubergangsphase
wandelte sie sich vor ca. 1,3 cal BP in ein terrestrisches Becken um. Die Probenauflésung und die
Erhaltung der Palynomorphe im Kern S3 erméglichten die Rekonstruktion der Vegetationsdynamik im
Untersuchungsgebiet, unterstiitzt durch die Daten des Kerns S2. Bei der Betrachtung der Ergebnisse im
regionalen Kontext, in Verbindung mit den palynologischen Daten des marinen Bohrkerns des Algarve
Gebietes, ergeben sich unterschiedliche Vegetationstrends. Diese Perioden lassen sich in eine anfingliche
Episode der Waldentwicklung mit regionalen Nuancen (~11.7-7.7 ka cal BP), einen allmihlichen
Waldriickgang (~7.7-5.5 ka cal BP), darauffolgend zunechmend aride Bedingungen (~5.5-3.7 ka cal BP),



cine Periode mit deutlichem anthropogenen Einfluss (~3.7-1.2 ka cal BP) und die Entwicklung einer
Kulturlandschaft (~1.2 ka cal BP bis heute) untergliedern.

Obwohl steigende Temperaturen und Feuchtigkeit den Beginn des Holozins charakterisieren, wurden in
einigen palynologischen und hydrologischen Aufzeichnungen aus dem westlichen Mittelmeer,
kontinentale Bedingungen identifiziert. Ab ca. 10 ka BP spiegelt sich der Anstieg der
Feuchtigkeit/Niederschlige in der Vegetation wider. Dieses war verbunden mit der hohen
Sommerinsolation, die den Land-Meer-Temperaturunterschied begiinstigt haben kénnte und zu
verstirkten Winterniederschligen fihrte. Es wird angenommen, dass die allmihliche Abnahme der
Sommerinsolation und die FEtablierung der derzeitigen atmosphirischen Zirkulation auf der
Nordhalbkugel zwischen 7-5.5 ka cal BP stattfanden. Diese Faktoren koénnten zu trockeneren
Bedingungen gefiihrt haben, aufgrund des geringeren Einflusses von Winterstirmen, was den
allmahlichen Riickgang der mesophilen Wilder, zugunsten mediterraner Taxa, auslosen konnte. Ein
Szenario erhohter Ariditit mit zeitweise abwechselnden feuchten Phasen, wird ab 5 ka cal BP
angenommen, als Folge des dipolaren Musters der Nordatlantischen Oszillation. Neben diesen
langfristigen Trends zeigen die Pollendaten verschiedene ereignisbezogene Phasen erhéhter Ariditit bei
8.2,7.7-7.5,5.9-5.5 und 4.2 ka cal BP. Die Ursachen einiger dieser Episoden sind jedoch noch unklar und

verschiedene Hypothesen werden diskutiert.

Durch die Korrelation der paliockologischen Daten mit dem archdologischen Befund des
Untersuchungsgebiets konnte der geringere Einfluss von Jiger-Sammler-Gruppen auf die Landschaft
wihrend des oberen Paldolithikums und Mesolithikums (~20-7.8 ka cal BP) bestitigt werden. Im
Neolithikum wurde eine allméhliche Zunahme des anthropogenen Einfluss, insbesondere ab ca. 7 ka cal
BP, nachgewiesen. Marker deuten zunichst auf Hirten-/Viehzuchtaktivititen hin, bevor der punktuelle
Nachweis von Getreide durch den archiologischen Befund ab ca. 6 ka cal BP bestitigt wird. Wihrend
des Chalkolithikums und der Bronzezeit (~5-3 ka cal BP) wird der anthropogene Einfluss deutlicher und
wird durch einen abrupten Riickginge dieser anthropogener Indikatoren an verschiedenen Zeitpunkten
bis zur Gegenwart unterbrochen (ca. 3.6-3.2, 2.6-2.2, 1.2-1 ka cal BP). Die Transformation der Landschaft
spiegelt sich in den letzten Jahrtausenden in der lokalen Prisenz von Getreide und Anzeichen erosiver
Prozesse wider. Durch die Integration von Umwelt- und archidologischen Daten ist es mdglich,
Langzeitperspektiven der menschlichen Reaktionen auf Umweltverinderungen aufzuzeigen und das
Verstindnis fiir die sozio6kologische Resilienz von Gemeinschaften und ihre Anpassungsfihigkeit zu
verbessern. Diese multidiszipliniren Ansitze werdenkiinftig stirker in den Mittelpunkt der aktuellen
Debatten tber globale Klimaverinderungen und den Verlust der Biodiversitit in den Vordergrund

ricken.
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Introduction

1.- Introduction

1.1.- General overview and rationale

Far from being a stable period, the Holocene is characterised by several environmental changes that
took place over the last 11.700 years, such as the increase of temperatures, the sea-level rise, a
succession of different vegetal dynamics, the existence of abrupt climate events, specific hydrological
and geomorphological processes, and the increased impact of human activities (Walker et al., 2012).
The echoes of these processes resulted in multiple transformations that affected diverse territories in
different ways. Such is the case of the Iberian Peninsula, a territory defined by contrasted climatic,
biogeographical and historical conditions that translates in a remarkable environmental heterogeneity
(Benayas and Scheiner, 2002; Cartién et al., 2010). These characteristics have made Iberia a reservoir
of biodiversity and a wildlife refuge area during the whole Quaternary (Carrién et al., 2010). Moreover,
its strategic position between North Africa and Southern Europe has led it to be considered a key area
from a geoarchaeological point of view, being a hotspot for the study of hominin population patterns,

migratory routes, and cultural exchanges, among other things (Carrién et al., 2010).

Understanding the complex relationships between palacoecological transformations and human
groups, not only affected by environmental changes but as active agents modifying the landscape,
requires finding study areas where these elements converge. This is the case of coastal ecosystems and
transitional environments, as they are especially sensitive to climate fluctuations and have always acted
as poles of attraction for human groups (Basset et al., 20006): the perfect definition for Southwestern

Ibetria.

Continuous deposits from transitional environments may record ecological changes at global, regional,
and local scale, as well as the anthropogenic impact over time. Considering the sensitivity of the
vegetation to these elements, its study from a diachronic perspective may provide insights on the
environmental evolution of these ecosystems, their dynamics and potential causes (Birks and Birks,
1980; Dincauze, 2000). Thus, palynological analyses are an excellent tool that may contribute with
crucial data on long and short-term processes affecting coastal ecosystems (Fagri and Iversen, 1951;
Moote et al., 1991). However, the main problem in SW Iberia is the lack of continuous sequences,
especially continental, covering the period encompassing from the Farly Holocene to the present.
Although it cannot be said that there is a lack of palynological studies, it is true that most of them cover
short periods of time or lack a good chronological control. Thus, the primary justification for studying
the palacoenvironmental evolution of SW Iberia from a palynological point of view is the need to

provide new data from a long-term perspective. This will not only contribute to the knowledge of a
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specific area, but will also allow correlating existing studies at a regional scale to understand patterns

of natural and anthropogenic origin involved in the transformation of SW Iberian landscapes.

1.2.- Aims and objectives

The main goal of this thesis is to study and present the palacoenvironmental evolution of SW Iberia
during the Holocene from a multidisciplinary approach with focus on palynological data. To

accomplish this task, there are specific objectives that serve as structure for the work:

- To understand pollen-vegetation relationships on modern pollen samples in order to establish
potential analogues for the study of fossil pollen records.

- To reconstruct the palacoenvironmental evolution of SW Iberia through the palynological and
sedimentological analyses of two cores drilled in Ia Janda basin (Spain) and one core recovered
from the continental shelf of the Algarve (Portugal).

- To identify vegetal dynamics and infer the causes of their changes at different scales
(local/regional /global) through the correlation of the presented cores with other palynological
records.

- To identify the possible impact of anthropogenic activities through different cultural periods
of Prehistory.

- To understand human-environment relationships during the Holocene by correlating the

palynological data with the archaeological record.

1.3.- Thesis structure

This thesis is set out in 10 chapters, the first of which presents a general overview that introduces the
main objectives and rationale, as well as the structure of the thesis. Chapter 2 presents some important
concepts concerning Palacopalynology as discipline with focus on the methodology, from the sample
collection to the data analysis. Chaper 3 outlines a state of the art reviewing the archaeological context,
the main climate transformations during the Holocene and the palacoenvironmental studies based on
palynological data carried out in SW Iberia, with a brief explanation of the study sites included in this
work. Chapters 4 to 8 present the different case studies that compose the thesis and that are already

peer-reviewed published or submitted to be published:
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Chapter 4- Representation and biases: pollen-vegetation relationships and their contribution to the

study of fossil pollen records in SW Iberia

A multivariate analysis of modern pollen samples collected across different habitats of SW Iberia is
presented to explore the relationships between pollen rain and modern vegetation. Some problems
affecting the representation of specific taxa are also addressed as possibly caused by different factors

that can also be observed in fossil pollen samples.

Chapter 5- 26000 years of environmental evolution of an incised valley in a rocky coast (I.a Janda

wetland, SW Iberia)

A multiproxy analysis (facies, geochemistry, pollen, fossils) were performed on the sediments of 12
cores drilled in La Janda basin. The palacogeographic evolution is defined and compared with the
dynamics of other estuaries in the Gulf of Cadiz to better understand their history during the last fall
and rise of the sea level. This chapter gives a general overview that helps to contextualize the results

presented in the following chapters.

Chapter 6- Tracing the environmental evolution of coastal ecosystems through Holocene vegetation

dynamics in SW Iberia

A multi-proxy approach based on palynological, geochemical and sedimentological analyses carried out
in the 83 core drilled in La Janda basin (Cadiz, Spain) is presented in detail to draw the environmental
evolution of the study area. Vegetal dynamics and the development of different coastal features are
compared between diverse continental cores drilled on the SW Iberian coast in order to define regional

patterns.

Chapter 7- Natural and anthropogenic processes in the depression of I.a Janda (SW Iberia) from

the Late Pleistocene to the Mid-Late Holocene

Two sequences retrieved from La Janda basin (Cadiz, Spain), the S3 and S2 cores, are analyzed from a
multiproxy approach (palynology, geochemistry, sedimentology) and diachronically correlated with the
archaeological record from the eastern part of the Gulf of Cadiz. A selection of specific ecological
indicators is used to infer the anthropogenic impact on the landscape between the Late Pleistocene to

the Mid-Late Holocene through different cultural periods.



Introduction

Chapter 8- Environmental changes and cultural transitions in SW Iberia during the Harly-Mid

Holocene

Palynological and geochemical analyses were carried out in a section from a marine core drilled in the
Algarve continental shelf, the GeoB23519-01 core, corresponding to the Early-Mid Holocene. The
correlation of these data with the archaeological record of the region allows us to draw a dynamic
scenario in which important environmental changes took place during the transition from the

Mesolithic to the Neolithic in SW Iberia.

Finally, a general discussion integrating all the data presented in chapters 4 to 8 is developed in chapter
9, culminating in chapter 10, which presents a brief conclusion and outlook that offers some ideas for

future studies.
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2.- Palaeopalynology as a tool: methodological insights

2.1.-Fundamentals of the discipline

Palynology, as a well-established discipline since the XIX century, studies pollen grains and spores based
on the premise that pollen rain represents the vegetation context (Fischer, 1889; Von Post, 1916;
Wodehouse, 1935; Traverse, 2007). When applied to fossil records, hence Palacopalynology, it is assumed
that they reflect previously deposited pollen from which the vegetation of the past can be inferred (Faegri

and Iversen, 1951; Reille, 1990; Moore et al. 1991; Dincauze, 2000).

Pollen grains are the microgametophyte of seed plants developed from the microspore, while spores are
unicellular reproductive units of cryptogams (Fagri and Iversen, 1951; Jackson, 1928). Their outer wall
(exine) is composed of an extremely resistant biological material called sporopollenin (Fig. 2.1) that
protects the grain and allows its identification due to the specific external morphology of each species
and the shared features within genus and family (Fegri and Iversen, 1951; Havinga, 1964; Butzer, 1982;
Bradley, 1999).

general
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Figure 2.1. Scheme showing the different parts of a pollen grain and a spore, with the exine stratification explained

for both of them. Adapted from Punt et al. (2007).

However, palynological analysis often include other palynomorphs, general term for all entities found in
palynological preparations (Tschudy, 1961; Punt et al., 2007). When excluding pollen grains and spores
of bryophytes and pteridophytes, they are called Non-Pollen Palynomorphs (NPPs) and comprise fungi,

micro-algae, dinoflagellates, foraminiferal linings, micro-zoo remains, and micro-charcoal (Van Geel,



Palacopalynology as a tool: methodological insights

2001). They can be composed of sporopollenin, lignin or chitin and their diverse origin and ecological
significance may provide key information (Van Geel, 2001; Traverse, 2007; Exposito, 2018). In all cases,
the identification of producing plants/organisms is often difficult in fossil records and can usually be

traced back to the level of genus or family; only in exceptional cases it is possible to reach the species.

From the moment pollen grains and spores are produced, they are dispersed as part of their reproductive
cycle. Dispersal is generally done by wind, animal vectors or water, depending on inherent characteristics
of the plant producers, of the grains (size, morphology, weight), and several external factors such as wind
speed, atmospheric moisture, etc. (Faegri and Iversen, 1951; Havinga, 1967). Therefore, the palynological
residue under study is that which has not reached its target and has become part of the sediment. All the
processes that are involved from the moment that grains are generated until they become fossilized are
studied by the Taphonomy (Efremov, 1940). Two main phases can be distinguished: biostratinomy,
including the production, transport, deposition, and burial; and diagenesis, comprising the processes
affecting the material once it is buried (Hunt and Fiacconi, 2018; Expdsito, 2018). Considering the
differential pollen and spore production of the various species, as well as the vicissitudes arising from the
type of dispersal and the elements involved, pollen rain may represent local, regional or extraregional
material. In addition, the differences between depositional environments and the potential impact of
physical, chemical and biological agents may affect their preservation. Thus, the final representation of
vegetation is influenced by several inherent and external factors that come into play throughout the
process from pollen/spore production to sediment recovery. In addition to the characteristics and
behaviour of the floristic composition, we must consider the potential taphonomic factors that could
result into biases of unknown origin. Therefore, taking into account all these elements is essential for

interpreting palynological data from sedimentary sequences.

2.2.- Fieldwork and laboratory treatment

The material basis for conducting a palynological study begins with fieldwork, which in this case involved
the collection of three sediment cores from marine and continental deposits that are described in detail

in chapters 5, 6, 7 and 8.

The cores drilled in La Janda (Cadiz, Spain) were recovered by triple barrel system (Mediavilla et al.,
2023). The 27.5 m-long S2 core (36°14°53.88” N, 5°50°21.45” W) was drilled at 4.88 m above sea level
(asl), while the 26.78 m-long S3 core (36°15°09.68” N, 5°50°08.52” W) was drilled at 5.59 m asl. Once
they were recovered they were encased in PVC pipes and stored at the Geological and Mining Institute
of Spain (IGME, CSIC) facilities, to be subsequently opened in two halves, described and photographed.
Palynological samples of ca. 10 gr each were collected from the S3 core following a constant interval of

~10 cm to have a good representation of all the sections. These samples were stored in labelled plastic

6
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bags and kept at 4°C at the Institute of Neotectonics and Natural Hazards (RWTH Aachen University)
facilities. In the case of the S2 core, test samples were taken every 40-60 cm by different researchers
before the beginning of the present thesis and they were processed after 2 years since their collection.
The GeoB23519-01 core (37°00.656, 008° 52.247) was drilled at ~65m water depth in the Algarve
continental shelf using a vibracoring system and resulting in a 3.64 m-long sequence (Reicherter et al.,
2019; Feist et al., 2023). Once it was recovered, it was encased in PVC pipes and, after the M152 cruise,
it was stored at the Institute of Neotectonics and Natural Hazards (RWTH Aachen University) facilities,
where it was opened in two halves, described and photographed. Palynological samples of ca. 10 gr each

were collected with an interval of 3-7 cm, stored in labelled plastic bags and kept at 4°C.

The chemical process for isolating palynomorphs from sediment samples at the laboratory can be done
in different ways, but there are usually some steps that are common to diverse protocols consisting on
the removal of carbonates and humic acids (Faegri and Iversen, 1951; Moore et al., 1991). Although
different treatments can be applied depending on the characteristics of the material to be processed, the
availability of resources and the characteristics of the facilities may ultimately determine the different
steps to follow in many cases. For the present thesis, a protocol for palynological analysis was developed
at the Institute of Neotectonics and Natural Hazards (RWTH Aachen University) adapted to the
equipment available at the laboratory. This was based on other protocols (Faegri and Iversen, 1951;
Goeury and de Beaulieu, 1979; Moore et al., 1991; Burjachs et al., 2003) and it is described in the following

steps:

e Determining the sample volume by weighing the sediment on a precision balance.

e Adding two Lycopodium clavatum tablets (exotic marker) to each sample to calculate the
concentration (grains/gr of dry sediment) following Stockmarr (1971).

e Removing carbonates by adding HCl at 10% to the beaker in which the sediment is placed. This
step is followed by different centrifugation and washing cycles with deionized water until a
transparent supernatant is obtained. Depending on the sediment, a 0.5 mm sieve could be used
to separate macrobotanical remains, archaeological material, etc.

e Removing of humic acids by adding KOH at 10%. Tubes should be placed in a water bath for
10 min at 60°C. Centrifugation and washing cycles should be then performed until a transparent
supernatant is obtained. It is important to let the sediment dry by turning the tubes upside down.

e Adding sodium polytungstate - SPT (3NaWO4.9WO3.H20) at 2.0-2.1 g/cm’ to the tubes for
density separation. Sediment should be mixed until no lumps remain and tubes should be
centrifuged for 30 min at 2500 rpm. After this, pollen residue will float in the heavy liquid and
the sediment will remain at the bottom. Transfer the pollen residue to new tubes, and perform

diverse centrifugation and washing cycles that shall end when the pollen residue remains at the
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bottom and the supernatant is transparent. Tubes must be turned upside down to let the residue
dry.
e Whether the residue is to be mounted on a slide or stored, a few glycerol drops should be added

for preserving the palynological residue in a liquid medium.

e Slides are prepared by mounting a few drops of the residue mixed in glycerol. The slides are sealed

by adding Histolaque to the edges of the glass coverlip.

2.3.- Data analysis

For a pollen spectrum to be considered reliable, a minimum number of pollen grains must be reached
during the counting process. The behaviour of some taxa in relation to their production and dispersion
in Nature is well-know (Fig. 2.2), for which it is recognised that elements such as Pinus, aquatic taxa, and
NPP may be overrepresented. Because of this, when the percentages of each taxon are calculated from
the raw data, some specific sums are made to exclude those elements that may mask the remaining
palynomorphs and distort the results (Faegri and Iversen, 1951; Cour, 1974; Moore et al., 1991). Thus, a
basis sum/terrestrial pollen sum is calculated including the arboreal pollen (AP) and non-arboreal pollen
(NAP) taxa. The excluded taxa are calculated in relation to this sum (and not as part of it), it means, to
the total pollen count (Lopez-Saez et al, 2000). The excluded taxa may vary depending on the
characteristics of each deposit: Prnus is usually excluded from marine cores (Turon, 1984; Naughton et
al., 2007; Gomes et al., 2020), Asteraceac may be excluded from archaeological deposits (Carrién, 1992),
aquatic taxa are excluded from lakes (Faegri and Iversen, 1951), etc. Taking this into consideration, the
minimum number of pollen grains counted refer to those taxa that will be included in the basis

sum/ terrestrial pollen sum.
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Figure 2.2. Conceptual example explaining different processes involved from pollen production to their recovery

in a lake deposit. The squates, stars, rounded rectangles and black circles refer to pollen grains detived from local

vegetation around the lake. Black and white triangles indicate regional or extraregional pollen transported over

long distances by the river and wind, respectively. Each type of plant produces different quantities of pollen (trees

on the right shore of the lake), some of them indistinguishable at the level of species or even genus (grasses on the

left shore of the lake). The white hexagons represent cultivated plants (e.g., maize or rice fields) and anthropogenic

activity. Animals on the landscape (e.g., mammoth) can also transport pollen that is deposited in the sediments.

All these pollen grains accumulate at the bottom of the lake from where sediments are collected using coting

equipment (white cylinder). After the lab treatment, the pollen residue under the microscope is composed of a

pollen assemblage that represents a combination of all the processes in action in this landscape and in the lab.

Adapted from Chevalier et al. (2020).
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Statistical treatment of the significant minimum pollen count (MPC) dates back to the 30s, when the
comparison of samples from diverse environments from temperate humid regions of North America and
Europe were done using different correlation coefficients and suggesting a MPC of 150-200 pollen grains
(Erdtman, 1932; Barkley, 1934; Lytle and Wahl, 2005). Different approaches have been carried out in
successive decades, concluding that the distinct sedimentary nature of samples may result determinant:
in altered contexts, such as archaeological deposits, a minimum of 150 pollen grains was determined as
reliable (Burjachs, 1990; Sanchez-Géii, 1993), while in sediments in which there is a good preservation
and high concentration of pollen grains, such as in peat bogs, counts can reach 500 grains (Moore et al.,
1991). Based on different statistical techniques and considering that fossil sequences may represent a
succession of diverse sedimentary environments, a minimum of 300 pollen grains has been established
as reliable for natural deposits (e.g., Reille, 1990; Moore et al., 1991; Lau et al., 2018; Djamali and Cilleros,
2020).

Furthermore, a certain taxonomic diversity must be achieved to be sure that results are realistic and not
biased. Several authors established that a minimum of 20 taxa that can coexist in the same vegetal
formation should be identified in order to be ecologically coherent (Pons and Reille, 1986; Sanchez-Gofii,

1993).

For the present thesis, palynomorphs were counted using a Leica ICC50 HD optical microscope at 400x
and 1000x to a minimum terrestrial pollen sum of 300 pollen grains with the help of published keys and
atlases to assist in their identification (van Geel, 1978, 2001; van Geel et al., 1980, 1986, 1989, 2003;
Moore et al., 1991; Reille, 1992, 1995). Some species such as those corresponding to the genera Pinus and
Quercus were discriminated based on morphometric studies following Carrién et al. (2000a, 2000b).
Poaceae 245um was classified as Cerealia type according to Lopez-Saez and Lépez-Merino (2005). Pollen
concentrations (grains/gr) were estimated by adding two Lycgpodium clavatum tablets to each sample
(Stockmarr, 1971), allowing us to know the richness/poverty of pollen grains per sample as well as to
test the validity of the laboratory treatment. Terrestrial pollen sum (TPS) excluded aquatic pollen types,
which were included in the total sum (IS) together with Non-Pollen Palynomorphs. Palynological
diagrams were plotted against age and depth using Tilial T software (version 2.1.1, Illinois State Museum,

Research and Collection Center, Springfield USA).

2.4.- Multi-proxy approach

Apart from the palynological analyses on which this thesis is based, other destructive and non-destructive
analyses have been performed on La Janda cores at the Geological and Mining Institute of Spain IGME,
CSIC) facilities.

10
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Non-destructive-analyses include:

- Core colour scan (high resolution images with a down core resolution of 50 um) with a Geoscan
IV coupled to the MSCL GEOTEK.

- Colour (RGB) analyses were performed with 1 mm down core resolution using a Konica Minolta
700-d spectrophotometer integrated in the GEOTEK XRF core scanner. Each channel had
values ranging from 0 up to 255 and a R/(G+B) colour index was used to represent the dominant
tones (red/brownish against green/greyish) and a (R+G+B)/3 index represents the grey scale
range.

- Geophysical properties (P-wave velocity, gamma density, non-contact resistivity and magnetic
susceptibility) were analysed with 1 cm down core resolution with a GEOTEK Multi-Sensor
Core Logger (MSCL-GEOTEK).

- XRF scanning with a GEOTEK XRF core scanner in a He purged atmosphere with an
illumination window of 15 mm (cross-core slit width) x 10 mm (down-core resolution). Two runs,
with 30 seconds count time exposure, were performed for 10 kV and 40 kV (detecting from Mg
to U). XRF spectra were processed with bAxil. Element intensities are represented in counts per

second (cps).
Destructive sampling analyses:

- Mineralogical analysis by X-ray diffractometry (PTE-RX-04) for bulk sample and <2um fraction.
These analyses were used to check the sources of the chemical elements obtained from
geochemical analyses.

- Geochemical analysis of major oxides and trace elements by X-ray fluorescence and atomic
absorption spectroscopy (XRF and AAS). The results were used to check the validity of the non-
destructive high-resolution XRF scanning.

- C (organic, inorganic and total) and S by elemental analyser (ELTRA). S data was used to check
the results of XRF core scanning. C values gave an estimate of organic matter and carbonate
content, and they can be compared to other results from non-destructive techniques (XRF core

scanning and colour).

XRF scanning with an ITRAX core scanner (resolution 2 mm, 20 s exposure time, 30 kV, 55 mA) was

petrformed on the GeoB23519-01 core at the Kéln University (Germany) facilities.

11
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3.- State of the art

3.1.- Archaeological context

SW Iberia has a long history of human occupation and it has also been regarded as a reservoir of
biodiversity during the Late Pleistocene and the Holocene, reinforcing its role as a favorable settlement
area throughout Prehistory (Carrién et al., 2008). Indeed, the archaeological record in the study region
indicates that, during the Holocene, human groups adapted to various and dynamic environments
through a diversity of strategies and choices during the Mesolithic, Neolithic, Chalcolithic, and Bronze
Age periods (Giles Pacheco and Saez, 1978; Sanchidrian, 1992; Dominguez-Bella, 1995; Ramos Mufioz
et al., 1998, 2004-2005, 2006b, 2010b, 2011; Ramos Mufioz, 2004a, 2006b, 2008; Dominguez-Bella et al.,
2015; Becerra et al., 2019).

The period between the Late Pleistocene-Holocene transition until ca. 7.8 ka cal BP witnessed the last
hunter-gatherer groups in the Peninsula. In SW Iberia, most of the Mesolithic sites concentrate in the
Western area, near Cape Sdo Vicente, while a low number of sites are preserved in the eastern part of the
Gulf of Cadiz (Uzquiano et al., 2000; Ramos et al., 2005). In all cases, they are located along the coast,
close to marine environments ot transitional areas between fluvial and marine influences (Carvalho et al.,
2007). It is possible to characterize those sites as shell-middens of different sizes or open air camps, in
both cases interpreted as seasonal occupations for the exploitation of natural resources (Valente et al.,
2009). By the end of this period, important cultural transformations are identified in the material record
reflecting a change from the socio-economic organization of the last hunter-gatherer groups to a new life

based on food production of the first agropastoral communities.

Although analyzing diverse Neolithic trajectoties and cultural dynamics within this period is beyond the reach
of this thesis, it is important to mention that the process of neolithization in Southwestern Iberia is
controversially disputed and different theories attempt to explain its origin. Some authors interpret it as
a maritime pioneer colonisation of depopulated regions by Neolithic groups from the Western
Mediterranean (Zilhio, 2001), while others propose indigenous origins defined by the continuity of local
Mesolithic groups in certain regions, suggesting that the beginnings of agriculture could have had an
autochthonous nature (Massieu and Socas, 2013). Many authors consider that the area of Andalusia, the
Algarve, and the Moroccan Atlantic fringe have shared similar traits during this process (Manen et al.,
2004), which would explain the existence of Neolithic “enclaves” with specific regional features
(Carvalho, 2010) or a southern neolithization route along the North African coast (Borja et al., 2010;
Linstddter, et al., 2012). Recent palacogenetic studies have shed light on this complicated situation,
confirming that Southern Iberian Neolithic humans share the same genetic composition as the Cardial

Mediterranean culture that reached Iberia ca. 7.5 ka BP (Fregel et al., 2018). This may support the notion
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that Neolithic migrants from the Eastern Mediterranean mixed with resident hunter gatherers, although
the pace of this process and the implications in cultural and socio-economic terms is something that
need further research. However, the inherently intricate interpretation of such complex processes is
weighed down by the lack of absolute datings in clear stratigraphic sequences and the absence of

information regarding the Mesolithic period at a regional scale, as well as the transition to the Neolithic

in SW Iberia (Martin- Socas et al., 2018).

The Neolithic period in SW Iberia is reflected in a diversity of settlement typologies. In the Western area,
some temporary open-air sites and shell-middens based on the seasonal exploitation of marine resources
are still present (Carvalho, 2007). Exceptionally, some Mesolithic sites revealed Early Neolithic layers
(Carvalho, 2007; Valente and Carvalho, 2009; Peyroteo-Sterna, 2020). The use of caves in mountain areas
become relatively generalized across the Gulf of Cadiz, in some cases used as necropolis, and several
open-air sites were identified and interpreted as residential basecamps and sedentary occupations. These
new Neolithic sites are located in coastal zones, river valleys, plains and the inland countryside (Martin-
Socas et al., 2018). Transformation processes probably involved diverse social, political and economic
changes, which were reflected in the concentration and sedentarisation of the population from ca. 6 ka
cal BP, especially in areas of great farming potential (Thomas, 2009). According to some researchers,
the differences in the material culture between sites should be understood in the context of their
geographical location and different rhythms of implantation of the new farming societies (Martin-
Socas et al., 2018). Nevertheless, certain environmental changes impacting the coastline may have not
only influenced settlement patterns but also affected the preservation of archaeological sites. Therefore,

it is advisable to exercise caution to avoid potential interpretative biases (Val-Peén et al., 2021).

The Chalcolithic in SW Iberia is, according to the synthesis provided by Garcia-Rivero and Escacena-
Carrasco (2015), defined by the existence of populations that vary in size, with a dense occupation of the
territory preferring fertile areas (campiias, river valleys). The economy of these groups was based on
livestock and agricultural activities with exploitation of their by-products, and a rich symbolic world
dominated by funerary structures with multiple burials, rock art and figurines (/dolos). However, the Early
Bronze Age is defined by smaller and scattered settlements distributed through heterogeneous ecosystems
(mountain areas, littoral, campisa. . .) (Garcia-Rivero and Escacena-Carrasco, 2015). In some cases, it seems
that the economy was less extensive than that of the Chalcolithic and had a marked pastoral aspect (Lull
et al,, 2010). During this period some artistic representations, such as idols, disappeared and new funerary
rites characterized by individual burials in pits or cists forming necropolises emerged (Carrasco and
Reyes, 19806). Interestingly, there are just a few continuous stratigraphies with Early Bronze Age levels

directly above those of the Chalcolithic (Belén et al., 2000).
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Some authors consider the climatic conditions as main drivers of a “population decrease”, arguing that
the trend towards a drier climate would have been more marked in SW Iberia and might have led to
agricultural and social problems (Martin- Puertas et al, 2008). However, other authors prefer to
approach this idea with caution, as divergent levels of resolution and different timing in changes
are identified in palacoenvironmental records from Southern Iberia (Lillios et al., 2016). Some
historical hypotheses aim to explain these changes through two ideas that are not mutually exclusive: a)
there was a process of change within the same population; b) there was a substitution of human groups
with different cultural backgrounds (Garcia-Rivero and Escacena-Carrasco, 2015). Some recent
approaches interpret that the general scenario suggests the presence of distinct human communities which,
with their natural internal diversity throughout their populations, coexisted, came into contact (generating
a spatially and chronologically variable archaeological record) and eventually replaced each other (Garcia-

Rivero and Escacena-Carrasco, 2015).

3.2.- Holocene climate: the Iberian Peninsula in a global context

The Holocene is the most recent stratigraphic unit and interglacial period covering the time interval
from 11.7 ka BP until the present day (Walker et al., 2012). Although it has been traditionally considered
a rather uniform period by some authors, especially when compared to other climatic epochs (e.g.,
Dansgaard et al, 1993), investigations performed during the last decades revealed major climate
transformations at different time scales (e.g., Bond et al., 2001; Borzenkova et al., 2015; Bini et al., 2019).
Orbital-scale variations in the Earth’s position relative to the Sun resulted in alterations in seasonal
insolation, which implied a seties of gradual changes in the seasonal energy input from the Sun (Mayewski
et al., 2004). On a millennial-scale, a number of climatic events associated with ice- bearing, freshwater
inputs into the North Atlantic Ocean that would have provoked changes in the thermohaline and
atmospheric circulations have also been identified (Fig. 3.1) (Bond et al., 1997, 2001; Grootes et al., 1999).
As a result of these long and short-term processes, atmospheric and oceanic circulation patterns have
been continuously adjusting and changing, thus affecting the temperature and precipitation distribution,
as well as vegetation patterns (Dallmeyer et al., 2021). However, the consequences of these changes have
been strongly determined by the heterogeneous orographic characteristics in areas from Southern
Europe, such as the Iberian Peninsula, resulting in large spatial variability and the existence of many

subregional features (Lionello, 20006; Jalut et al., 2009).
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Figure 3.1. GISP2 oxygen isotope curve for the Holocene adapted from Grootes et al. (1999) where light grey
lines and their chronologies correspond to ice-rafted debris events in the North Atlantic Ocean based on Bond et

al. (1997, 2001).

The Iberian Peninsula is located in a transition zone between temperate central Europe and arid North
Affrica, subjected to the North Atlantic Oscillation (NAO) and influenced by both Atlantic and
Mediterranean atmospheric regimes (Trigo et al., 2006; Lionello, 2012). Most of the precipitation in the
Iberian Peninsula occurs during winter season and are strongly influenced by the NAO, the main pattern
of atmospheric variability affecting the Northern Hemisphere, calculated as the pressure differences
between the Icelandic Low and the Azores High (Hurrell, 1995). As a synthesis, during positive phases
of the NAO the large pressure difference between the Icelandic Low and the Azores High resultsin cooler
and drier conditions over Southern Europe and Northern Africa, with below-average precipitation rates
over large parts of the Western and Northern Mediterranean (Ulbrich et al., 1999; Trigo et al., 2002,
2004). During negative phases of the NAO (small pressure difference), storm tracks are directed towards
the Iberian Peninsula, which experiences wetter winters (Trigo et al., 2006; Schirrmacher et al., 2019).
The pronounced difference in precipitation is not only evident on a large scale, but also within the Iberian
Peninsula with a clear seasonal variability between the Atlantic and Mediterranean areas. Areas with
Atlantic climate are defined by relatively cool temperatures and evenly distributed precipitation
throughout the year, while those affected by Mediterranean climate are characterized by pronounced
seasonal contrasts and a marked hot summer season (Lionello, 2012). Two main regions are also
identified from a biogeographical/climatic point of view (Fig. 3.2), the Eurosiberian and the
Mediterranean, thatare home to a wide range of ecosystems derived from multiple environmental nuances

(De la Serna et al., 2016; Rivas-Martinez et al., 2017).
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Figure 3.2. A) Bioclimatic map of the Iberian Peninsula with it associated legend adapted from Rivas-Martinez et
al. (2017); B) Iberian biogeographic regions adapted by De la Serna et al. (2016) from Rivas-Martinez et al. (2011):
Temperate region: (a) Atlantic-European Province, (b) Cévennean-Pyrenean Province; Mediterranean region: (1)
Mediterranean Central Iberian Province (Subprovinces: a. Low Aragonese, b. Castilian, c. Oro- Iberian), (2)
Balearic-Catalan-Provencal Province (Subprovinces: a. Catalan-Valencian, b. Balearic), (3) Murcian Almeriensian,
(4) Mediterranean West-Iberian Province (Subprovinces: a. Carpetan-Leonese, b. Lusitanan- Extremadurean), (5)

Coastal-Lusitanian-Andalusian Province, (6) Betic Province.

Considering this general scenario, the heterogeneity and multiplicity of factors involved in present and
past climate variability must be taken into account when studying them from a diachronic perspective.
Although local and regional diversity are significant, several palacoenvironmental studies carried out in
the Iberian Peninsula revealed the existence of some general trends. With the post-glacial warming, a rapid
sea-level rise took place changing the morphology of coastal areas and flooding river valleys (e.g., Frigola
et al., 2007; Zazo et al, 2008; Vacchi et al, 2016, 2021; Mediavilla et al., 2023). The increased
temperatures and moisture also resulted in the expansion of temperate and Mediterranean forests to the
detriment of steppe vegetation across Southern Europe (e.g., Desprat et al., 2007; Cartién et al., 2010;
Camuera et al., 2019; Gomes et al., 2020). A period of maximum forest expansion was recorded during
part of the Early-Mid Holocene, with a duration and temporal extension that differs among regions (e.g.,
Pérez-Obiol and Julia, 1994; Carrién and Van Geel, 1999; Martrat et al., 2004; Fletcher et al., 2007). A
general aridification trend was identified in several sequences from ca. 5 ka cal BP, attributed by some
authors to a decrease in the insolation and the installation of the present atmosphere circulation in the
Northern Hemisphere (Bond et al., 2001; Jalut et al., 2009; Fletcher et al., 2013). Parallel to this, the
impact of anthropogenic activities was becoming increasingly evident up to the present (e.g., Carrion

et al., 2010; Revelles et al., 2016).
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3.3.- Palaeoenvironmental research in SW Iberia

Although the study of palynological sequences in the Iberian Peninsula has considerable increased over the
last years (e.g., synthesis from Carrién et al., 2010), there are still some gaps to be filled in areas such as
SW Iberia. As already mentioned, one of the main problems is the scarcity of continuous continental
sequences, partly related to the geological characteristics of the territory, the inherent dynamism of
transitional environments and the hazardous nature of the SW Iberian Atlantic Margin (Zazo et al., 2008;
Newton et al., 2014; Mediavilla et al., 2023). On a recurring basis, preservation problems are also
common and may result in a lack of palynological material in entire sequences or sections (Fletcher,
2005; Schroder et al., 2018). In other cases, a lack of a good chronological control and an accurate age-
depth model, especially in the older cores, makes interpretations more complicated. However, there are
well-dated continental deposits with a good resolution that fall within the Holocene and allow to
reconstruct the environmental evolution of the study area from a diachronic perspective. These are
located in: the Guadiana estuary (Fletcher, 2005; Fletcher et al, 2007), Las Madres (Yll et al., 2003), Doflana
(Jiménez-Moreno et al., 2015; Lopez-Saez et al., 2018; Manzano et al., 2018), Laguna de Medina (Reed
et al,, 2001; Schréder et al., 2018, 2020) and the cores drilled in La Janda presented in this thesis. Other
palynological studies have been carried out on natural deposits from SW Iberia providing important data,
although they do not rely on any age-depth model: Las Madres (Stevenson, 1985; Stevenson and Harris,
1992), Mari Lopez (Zazo et al,, 1999; Yl et al, 2003), Marismillas (Yl et al., 2003), El Asperillo
(Stevenson, 1984), El Acebrén (Stevenson and Moore, 1988; Stevenson and Hatris, 1992), Dofiana
(Stevenson, 1985), and Los Alcornocales (Gutiérrez et al., 1996). In many cases, the influence that local
factors such as tides, subsidence, the development of spit barriers, etc., has in these transitional
environments resulted in great landscape transformations over time, e.g., the transition from a coastal
lake to a wetland, the closure of an estuary, etc. (Y1l et al., 2003; Lopez-Saez et al., 2018; Mediavilla et al.,
2023). This inevitably affected the development of some vegetal communities dependent on specific soil
conditions that may be constantly changing. While an important part of the pollen signature has a local
character, being sometimes overrepresented, these continental sequences share some general trends that

allow to define regional patterns that will be further explored in other chapters of this work.

In contrast, palynological sequences corresponding to marine cores may likely reflect a regional-
extraregional pollen signature due to their wider catchment areas. Several marine sequences were drilled
in Southern Iberia: near the NW coast of Africa (Hooghiemstra et al., 1992), in the Southern Portuguese
Atlantic Margin (Hooghiemstra et al., 1992; Lézine and Denéfle, 1997; Turon et al., 2003; Chabaud et
al., 2014) and in the Alboran Sea (Fletcher and Sanchez-Gofii, 2008; Combourieu-Nebout et al., 2009).
However, only two were recovered from the Gulf of Cadiz: the SU-8118 core (Parra, 1994; Carrién et

al., 2000) and the GeoB23519-01 core presented in this thesis (Val-Peén et al., 2021). Therefore, land-
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sea pollen correlations should be done with caution, as Southern Iberia shows a strong spatial and
temporal variability and some global-regional trends from distant areas may not be easily extrapolated to

the Gulf of Cadiz.

3.4.- Selection of study sites and related projects

3.4.1.- La Janda basin

The study of different cores drilled from La Janda basin (Fig. 3.3) was framed within two projects: the
CRC 806 “Our way to Europe” project (n0.57444011-SFB806) funded by the Deutsche
Forschungsgemeinschaft (DFG) and the associated “Climatic and environmental changes in the Upper
Pleistocene — Middle Holocene of the Iberian Peninsula” project (GESTEC2686) funded by the Spanish
Ministry of Science and Innovation (MCIN). In addition, some analyses were funded by a “Severo
Ochoa” extraordinary grant for excellence IGME-CSIC (AECEX2021). The main objective of both
projects was to study palacoenvironmental changes and their impact in human groups, with the Homo
sapiens sapiens expansionacross Europe as a backdrop (Richter, 1996). Therefore, the study of La Janda aims
to provide new data on the environmental evolution of Southwestern Iberia as a key location for
archaeological investigations over the Late Pleistocene and the Holocene. However, due to the results

obtained (explained in the following chapters), the present work focuses on the Holocene.

La Janda basin (Fig. 3.3) is located in a tectonic graben of about 35 km” in the Southwestern Atlantic
margin of the Iberian Peninsula, near the Strait of Gibraltar (Mediavilla et al., 2023). It is placed in the
convergence area of the Eurasian-African plates, being a NW-SE fault-controlled depression in which the
lowest point is about 3 m asl and the highest surrounding areas are higher than 400 m asl (Goy et al.,
1995; Zazo et al., 1999; Luque et al., 2001). The basin develops on the allochthonous units of Campo de
Gibraltar and the detrital post-orogenic materials from the upper Miocene to the Quaternary (Gutiérrez-
Mas et al., 1991; Luque et al., 2001). Present day basin is drained by the Barbate River and its tributaries,
Almodévar and Celemin rivers, which are heavily disturbed by farming activities (Mediavilla et al., 2023).
The Barbate River crosses the basin and runs to the sea through a narrow gorge flowing into a marsh

complex with a tidal range of near 2 m (Instituto Hidrografico de la Marina, 2019).
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Figure 3.3. A) La Janda basin marked with a red square in the Iberian Peninsula; B) Geological map of La Janda

basin and borders, simplified from the Continuous Geological Map of Spain 1:50.000 (GEODE). Red and orange

dots indicate all the cores drilled in the basin and their names. Geographical data provided by the Spanish
Geographical Institute (IGN) and the geological map by the Instituto Geoldgico y Minero de Espafia, CSIC
(Roldan et al,, 2021). Adapted from Mediavilla et al. (2023).

The Mediterranean climate of the region is classified as Csa type, characterized by mild winters and hot
and dry summers (Kottek et al, 2000). Mean annual temperature is 20°C, with average minimum
temperatures of 5.3°C in January and average maximum temperatures of 33.1°C in July and August
(period 1971-2000; AEMET, 2011). Mean annual precipitation averages between 600-800 mm,
concentrated in autumn and winter (period 1971-2000; AEMET, 2011). Prevailing winds are followed by
W and SW winds in frequency (Duefias Lopez and Recio Espejo, 2000). From a biogeographical point
of view, La Janda is framed in the Gaditano-Onubense Littoral and the Aljibe sectors (Junta de Andalucfa,
2004; Rivas-Martinez et al., 2014). The first is included within the humid to sub-humid
thermomediterranean ombrotypes, and the second is categorized as thermomediterranean with dry to
humid ombrotypes with a marked oceanic influence due to the proximity of the Gibraltar Strait (Rivas-

Martinez et al., 2014).

La Janda basin is nowadays composed of different land units such as wetlands, farmlands and the
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mountains surrounding the area. This natural setting is composed of diverse environments and their
vegetal communities: fir forests in the high-mountains and oakwoods in medium-high areas at the
Alcornocales Park; Mediterranean formations at lower altitudes; riparian forests running from the
mountains to the sea; and heathland communities growing in different soils (Rivas-Martinez et al. 1990;
Dominguez et al., 1993; Loidi et al., 2007; Espirito-Santo et al., 2017). Transitional environments play a
major role in biodiversity, not only in La Janda basin but in nearby areas such as L.a Brefia y Marismas del
Barbate and El Estrecho parks. There, vegetation is mostly defined by the substrate and drying cycle,
with temporary ponds of saline, brackish or freshwater, more or less opened coastal marshes, dunes,
lakes, etc. (Rivas-Martinez et al., 1990; Latorre et al., 1996; Espirito-Santo et al., 2017; Marceno et al.,
2018). A significant part of the surface in La Janda and its surroundings is dedicated to livestock and
agricultural activities, with irrigated crops in flat areas, dry grasses on gentle slopes, and pastures on lands
that are less suitable for agricultural purposes (Junta de Andalucfa, 2014a, 2014b). The vegetation is

described in more detail in chapters 4, 6 and 7.
3.4.2.- The Algarve continental shelf

The study of different cores drilled in the Algarve continental shelf are part of a wider research focused on
the characterization of tsunami events through diverse sedimentary parameters (Reicherter et al., 2019).
This investigation was supported by the Fundacido para a Ciéncia e Tecnologia (FCT, Portugal) through
the “OnOff” project and by the Deutsche Forschungsgemeinschaft (DFG) through the METEOR
Cruise M152/1 and the “Holocene offshore tsunami archive — Tsunami deposits on the Algarve shelf
(Portugal)” project (Feist et al., 2023). Nineteen cores were drilled in 2018 in the Algarve continental shelf
for this purpose (Fig. 3.4). Although palynological analysis was not within the objectives of this research,
one core was sampled with the secondary goal of characterizing the environment as a general scenario
for the occurrence of specific tsunami events. Therefore, the lower part of the GeoB23519-01 core is
presented in this thesis in order to discuss some issues on direct land-sea pollen correlations in SW

Iberia.
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drilling points cotresponding to the expedition M152/1 in the Algarve continental shelf. Adapted from Reicherter
etal. (2019).

The Algarve continental shelf stretches from cape Sdo Vicente to the Guadalquivir alloctonous unitin SW
Iberia, with a mean width of ca. 17 km (Feist et al., 2023). The westernmost part is a Meso- Cenozoic
sedimentary basin ovetlying Carboniferous basement, which extends offshore as far as 100 km south
until ca. 100-150 m water depth (Ramos et al., 2016). However, most of the coast is dominated by
Neogene basins defined by the presence of several estuaries conforming littoral lowlands, some of them
sheltered by sand spits (Dabrio et al., 2000; Hernandez-Molina et al., 2006). The Western Algarve is
affected by the Mediterranean Outflow Water (MOW), a complex system of currents flowing from the
Mediterranean Sea into the Gulf of Cadiz (Baringer and Price, 1999) as well as for storm waves with west

to southwest direction (Feist et al. 2023).

The vast area encompassing the Algarve region in SW Iberia may vary in terms of climate: temperate
climate with dry/hot summers (Csa type), mostly at high altitudes and inland; and dry/temperate
summers (Csb type) with oceanic influence, mostly in the littoral (Rivas-Martinez et al., 1990; Kottek et
al., 2006). Temperatures and precipitation differ considerably between zones, with annual average
minimum temperatures that range between 10-15 °C on the coast and 5-10 °C in the uplands, while
average maximum temperatures vary between 22-20 °C on the coast and 20-15 °C in the uplands (period
1971-2000; AEMET, 2011). Precipitation concentrates during the winter season with mean annual
values that range between 400-1000 mm, reaching 1400 mm in high altitudes (period 1971- 2000;
AEMET, 2011). Vegetal communities are common to those already described for La Janda basin, and are

explained in detail in chapter 7.
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4.- Representation and biases: Pollen-vegetation relationships and their
contribution to the study of fossil pollen records in SW Iberia

This chapter is a slightly modified version of an article published in Review of Palaeobotany and Palynology:

Val-Peén, C., Maié, T., Lopez-Saez, J.A., Santisteban, J.I., Mediavilla, R., Reicherter, K. (2023).
Representation and biases: Pollen-vegetation relationships and their contribution to the study of fossil

pollen records in SW Iberia. https://doi.org/10.1016/j.revpalbo.2023.104919

Abstract

In order to provide a better framework for the interpretation of fossil pollen records, a set of 49 modern
pollen samples collected across different habitats of SW Iberia, categorised by context and sample type
(soil vs moss), were selected to explore pollen-vegetation relationships by multivariate analysis and
identify possible biases in pollen representativeness. The distribution of both samples and pollen taxa in
the plots is successfully explained according to specific environmental variables in some clusters (A, B
and E) in which plant communities depend on certain environmental conditions. On the other hand,
other clusters (C, D and F) are better explained by opposition to some variables and suggest a wider range
of adaptability of their floristic communities. The classification of samples by context consistently
explains their differences in vegetal and environmental terms. However, some discrepancies seem to be
better explained by sample type (soil vs moss), which raises some questions on how taphonomic factors

may cause biases in both modern and fossil pollen samples.

Keywords: Modern pollen samples, SW Iberia, Environmental variables, Taphonomy, Fossil records,

Open databases



Representation and biases: pollen-vegetation relationships and their contribution to the study of fossil pollen records in SW
Iberia

4.1.- Introduction

Palynological analyses of sedimentary archives are a powerful tool to understand vegetation changes and
reconstruct past environments (e.g. Sanchez-Gofii et al., 2006; Jalut et al., 2009; Fletcher et al., 2010;
Oliveira et al., 2018; Camuera et al., 2019). Based on the uniformitarian premise that pollen rain represents
the vegetation context, it is assumed that fossil pollen records reflect previously deposited pollen from
which the vegetation of the past can be inferred (Fagri and Iversen, 1989; Reille, 1990; Moore et al. 1991;
Dincauze, 2000). However, pollen representation may vary depending on differential processes such as

pollen production, transport and preservation (Birks and Birks, 1989; Campbell, 1999; Lebreton, 2010).

One of the pillars upon which the interpretation of fossil pollen records is based is the study of modern
pollen samples from present environments that can be described in terms of vegetation, climate or
edaphology, among other aspects (Barboni, 2004; Lopez-Saez et al., 2010). In this sense, the study of the
modern pollen rain in pollen traps or surface samples may help to define present-day vegetation zones,
disentangle issues affecting representation biases and, in summary, provide a better dataset for

understanding pollen-vegetation relationships (Iglesias et al., 2017).

Few studies on modern pollen samples have been developed in the Iberian Peninsula, and although their
number is quite low compared to those on fossil pollen records, they have been steadily increasing in
recent years. Some of them are focused on the NW (Gonzalez Porto et al., 1993, 1997; Garcia-Moreiras
et al,, 2015), NE (Burjachs, 1990), Central Iberia (Lépez-Sdez et al., 2018, 2019, 2020; Morales-Molino et
al., 2020), Sierra Morena (Diaz-Fernandez, 1993), the Pyrenees (Cafiellas-Bolta et al., 2009), the Canary
Islands (de Nascimento et al., 2014) and SW Iberia (Stevenson, 1985; Stevenson and Moore, 1988;
Fletcher, 2005; Gutiérrez Gonzalez, 2008). In most cases, these studies are focused on the study of
specific plant communities in mountain regions (Gutiérrez Gonzalez, 2008; Lopez-Saez et al., 2010a,
2010b, 2013, 2015, 2020), and only a few were carried out in coastal ecosystems (Stevenson, 1985;
Stevenson and Moore, 1988; Fletcher, 2005; Garcia-Moreiras et al., 2015) or showed a wider geographical
distribution (de Nascimento et al., 2014; Morales-Molino et al., 2020).

In SW Iberia, the study area, research on modern pollen rain was undertaken in the Dofiana National
Park (Stevenson, 1985; Stevenson and Moore, 1988), Los Alcornocales Natural Park (Gutiérrez
Gonzalez, 2008) and the Guadiana Valley (Fletcher, 2005), providing information not only on their main
plant communities, but also on key questions concerning the differential representation of certain taxa in
relation to their productivity and dispersal. Addressing these problems might be especially complicated
in fossil pollen records from dynamic areas that have undergone significant changes over time, such as

lakes, wetlands, marshes, etc (Carrién et al., 2009). Therefore, exploring pollen-vegetation relationships
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from a wider geographical perspective that encompasses diverse environments with different dominant

plant communities could help to unravel these issues.

With the aim of assisting the interpretation of future palacoenvironmental research in the area, we present
a selection of different modern pollen samples from the Eurasian Modern Pollen Database — EMPD
(Davis et al., 2020) that were collected from diverse areas of Southwestern Iberia, representing diverse
environmental gradients. The main objectives of our study are: i) to understand how vegetation is featured
in modern pollen samples; ii) to establish the relationships between pollen rain and modern vegetation
through multivariate analysis; iii) to identify possible biases in the representation of some taxa and their
causes for possible extrapolation to the interpretation of fossil records, considering their contexts and

sample type.

4.2.- Study area

Southwestern Iberia is a broad geographical area with climatic conditions that may vary in terms of
rainfall, temperatures and seasonality depending on the location. Following Képpen-Geiger (Kottek et
al., 2000), the region is defined by a temperate climate with dry/hot summers in southern and central
areas (Csa type) and dry/temperate summers in the northwestern coast (Csb type). Most of the study
area is categorized as thermomediterranean with oceanic influence and mild winters, but higher altitudes
in inland areas are defined as mesomediterranean with continental influence and cold winters (Rivas-
Martinez et al., 1990). This region is defined by pronounced seasonal contrasts that are sometimes
attenuated by the oceanic influence that penetrates up river valleys (Lionello, 2012). Thus, temperatures
and precipitation differ considerably between regional zones, especially from the coast to the uplands.
Annual average minimum temperatures range between 10-15 °C on the coast and 5-10 °C in the uplands,
while average maximum temperatures vary between 22-20 °C on the coast and 20-15 °C in the uplands
(period 1971-2000; AEMET, 2011). Precipitation concentrates during the winter season with mean
annual values that range between 400-1000 mm, reaching 1400 mm in high altitudes (period 1971-2000;
AEMET, 2011).

Southwestern Iberia encompasses a wide variety of vegetal associations linked to different environmental
conditions, such as altitude, temperature, soil, winds, etc. In upper mesomediterranean and
supramediterranean areas, such as Sierra de Grazalema (Cadiz), relict populations of Abzes pinsapo can be
found (Alba-Sanchez et al., 2010). This taxon develops in a humid-hyperhumid ombrotype and it does
not usually reach the high summits, where it is replaced by creeping shrubs (Guzman Alvarez et al., 2012).
Some versatile Pinus species also develop in medium-high mountain areas: Pinus sylvestris mainly grows in
cool shady hillsides and Pinus nigra is adapted to rocky soils, being able to tolerate strong xeric conditions

(Lopez-Tirado and Hidalgo, 2014).

24



Representation and biases: pollen-vegetation relationships and their contribution to the study of fossil pollen records in SW
Iberia

Some other characteristic wood formations in medium-high areas are oak forests. Although different taxa
may be locally dominant depending on the geographical zone, some of the most common are Quercus
pyrenaica, Q. faginea, Q. canariensis, Q. estremadurensis, Q. suberand Q. rotundifolia. Some of them may be mixed
with Abies and Pinus and be accompanied by an understorey consisting of Arbutus unedo, Smilax aspera and
Rosa sempervirens, among other taxa (Dominguez et al., 1993; Rivas-Martinez et al.,, 1997; Latorre and
Cabezudo, 2003). At lower altitudes, sclerophyllous grooves of Quercus ilexc and thermophilous forest of
Olea enrgpaca grow accompanied by thickets such as Quercus coccifera, Pistacia lentiscus, Phillyrea angustifolia,
Myrtus commmunis, Rbammnus oleoides, Asparagus albus and Chamaerops humilis (Dominguez et al., 1993; Gutiérrez
etal., 1996; Rivas-Martinez et al., 1997; Latorre et al., 1996). Riparian elements such as Sa/ix grow in high,
middle or low watercourses, although they may also appear as a stage of degradation replacing other
riparian forests (Dominguez et al., 1993; Latorre et al., 1996). Fraxinus angustifolia prefers the banks of
lowftlow streams and Fraxinus excelsior may accompany A/nus, this one as the main component of dense
alluvial forests that needs high edaphic and atmospheric humidity. These riparian formations may be
accompanied by Nerium oleander and Tamarix spp. (Rivas-Martinez, 1988; Dominguez et al., 1993; Rivas-

Martinez et al., 1990, 2001).

At the slopes of the mountains or in depressions with groundwater permanence, hygrophilous shrubby
heaths (Erica ciliaris, Erica erigena, Calluna vulgaris, Ulex: minor, Cistus psilosepalus, Genista ancistrocarpa, and
Genista triacanthos) develop in cool and humid areas with oligotrophic soils (Dominguez et al., 1993;
Espirito-Santo et al., 2017). Heathlands may represent advanced stages in the regression of humid to sub-
humid forests, but they can also expand in areas under natural or anthropogenic disturbance (Loidi et al.,
2007). Scrub communities adapted to dryer conditions may include different species of Cistus, Lavandula,
and Haliminm, while in incipient eroded soils dominate the genera Ulex, Thymus, Rosmarinus, and

Helianthemnm (Dominguez et al., 1993; Espirito-Santo et al., 2017; Rivas-Martinez et al. 1990).

In stabilised dunes and sandbanks, the vegetation is dominated by Pinus pinea, but also P. pinaster and P.
halepensis. These pinewoods may be accompanied by xerophytic shrubby communities of Juniperus
Pphoenicea, |. oxycedrus, Haliminm, Rosmarinum, and Genista, while at lower altitudes vegetation thickens and
Pistacia lentiscus, Daphne gnidium, Myrtus communis, Phillyrea angustifolia, and Calluna appear. A rich mosaic of
herbs adapted to coastal dune environments can be also identified: Anthemis maritima, Cyperus capitatus,
Erynginn maritinum, Pobygonun maritimum, Artemisia crithmifolia, and different species of Euphorbia and Silene,
among others ( Rivas-Martinez et al., 1990; Latorre et al., 1996; Espirito-Santo et al., 2017; Marceno et

al.,, 2018).

Typical vegetation of lagoons, coastal wetlands and marshes is present along the SW Iberian coast.

Temporary pools and ponds are usually flooded during the winter and spring, with waters of low to
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moderate nutrient content and important inputs of freshwater. Plant communities vary according to the
substrate and the drying cycle, but some of the most representative are macrophyte groups of
Myriophyllum, Ranunculus, Potamogeton, Callitriche and Isoetes (Dominguez et al., 1993; Cirujano et al., 2014).
Water channels within the marshes are usually covered by Cyperaceae (Scirpus maritimus, S. lacustris, S.
littoralis, Eleocharis multicanlis). Annual pioneer plants, mainly Chenopodiaceae, dominate on the open
spaces of coastal marshes, the edges of lagoons, and temporary pools of saline or brackish water. These
formations may suffer slight flooding at high tide, living on wet or very wet and markedly saline soils.
Some of the most representative genera are Salicornia, Sarcocornia, Suaeda, Spergularia, Frankenia, Halimione
and Lzmonium. 1In the intertidal zone, vegetation can be submerged or emerged depending on the tides.
Pioneer formations of Spartina colonise these saline sediments stabilising coastal sediments (Dominguez

et al., 1993; Latorre et al., 1996; Galan de Mera et al., 1997: Rivas-Martinez et al., 1997).

4.3.- Material and methods

4.3.1.- Data acquisition

A total of 49 modern pollen samples were selected from the Eurasian Modern Pollen Database (Davis et
al., 2020; see also Davis et al., 2013; Chevalier et al, 2019). These samples were collected at various
locations in SW Iberia (Fig. 1) by different researchers who provided the palynological data as raw
numbers and percentage values. For the purpose of this research, samples were classified by number,

site, reference, sample type, altitude (meters above sea level - m asl-), and context (Table 1).

Bioclimatic variables were taken from the WorldClim database in a 30-sec resolution (~1 km2) (Fick and
Hijmans, 2017) (supplementary material: Table 1). In addition, the altitude of the sampling sites provided

at the EMPD was also included as a quantitative variable.
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Figure 4.1. Location of the selected modern pollen samples from SW Iberia (red dots). Their associated data are

described in Table 4.1 and it can be consulted, together with their coordinates, in the Supplementary Material or

at the Eurasian Modetrn Pollen Database (https://empd2.github.io/).
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Table 4.1. Selection of modern pollen samples from the EMPD with their reference code (Ref.) and site of
collection (Site). They are organized by number (Number), sample type (soil, moss), altitude (m asl), and context
(semi-permanent lake, seasonal lake, estuarine, wetland, pastute, orchard, scattered trees/shrubs, forest and closed
forest). Samples from La Janda S2 and S3 are not yet referenced in the EMPD. Publications in which some of the
samples appear are listed in the last column (Associated reference). EMPD is listed as reference for those that are

not published elsewhere and are only available in the database.

Number Site Ref. Sample type Context masl | Associated references
1 Laguna Medina | Barboni a891|  soil Se”“"l’aeli;“a"em 15 EMPD
2 Laguna Zarracatin | Barboni_a919 soil senn-}l)aegla nent 23 EMPD
3 Laguna Taraje  |Barboni a913|  soil Sen“"l’ae]:mem 68 EMPD
4 Laguna Tarage |Barboni_a912 soil serm—}l);:]:renanent 70 EMPD
5 Laguna Arjona |Barboni_a859 soil seasonal lake 28 EMPD
6 Laguna Campano |Barboni_a862 soil seasonal lake 30 EMPD
Laguna . .
7 Barboni_a853 soil seasonal lake 30 EMPD
Alcaparrosa —
8 Laguna Tollos |Barboni_a916 soil seasonal lake 55 EMPD
9 Laguna Pilon [ Barboni_a897 soil seasonal lake 75 EMPD
10 Laguna Comisario |Barboni_a871 soil seasonal lake 78 EMPD
11 Guadiana-Beliche | Fletcher a7 soil estuarine 2 Fletcher (2005)
12 Guadiana-Beliche | Fletcher al soil estuarine 3 Fletcher (2005)
13 Guadiana-Beliche | Fletcher a6 soil estuarine 3 Fletcher (2005)
14 Guadiana-Beliche | Fletcher a9 soil estuarine 3 Fletcher (2005)
15 Guadiana-Beliche | Fletcher a8 soil estuarine 4 Fletcher (2005)
16 Guadiana-Beliche | Fletcher a2 soil estuarine 9 Fletcher (2005)
Laguna Las . . topsoil sample included
17 Barb: 971 1 tland 3
Madres [ arbom_a so1 wetlan in: Stevenson (1985)
Laguna Las . . topsoil sample included
18 Madres IT Barboni_a349 soil wetland 3 in: Stevenson (1985)
19 Guadiana-Beliche | Fletcher al0 soil wetland 4 Fletcher (2005)
20 La Janda S2 - soil wetland 4,88 this paper
21 Guadiana-Beliche | Fletcher all soil wetland 5 Fletcher (2005)
22 La Janda S3 - soil wetland 5,5 this paper
topsoil sample included
23 El Acebron Barboni_a374 soil wetland 25 in: Stevenson and Moore
(1988)
24 Guadiana-Beliche | Fletcher a3 soil pasture 9 Fletcher (2005)
25 Guadiana-Beliche | Fletcher a4 soil orchard 9 Fletcher (2005)
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Number Site Ref. Sample type Context masl | Associated references
. . . ttered
26 Guadiana-Beliche | Fletcher al2 soil seattere 7 Fletcher (2005)
trees/shrubs
27 Guadiana-Beliche | Fletcher a5 soil scattered 9 Fletcher (2005)
trees/shrubs
28 Gambelas Connor bl moss scatiered 25 Araujo etal. (2011)
trees/shrubs
. scattered L.
29 Carrapateira | Connor b7 moss trees/shrubs 25 Araujo etal. (2011)
. scattered L.
30 Carrapateira 2 Connor_b8 moss trees/shrubs 25 Aragjo et al. (2011)
. scattered L.
31 Castelejo Connor_b6 moss trees/shrubs 60 Aragjo et al. (2011)
32 Machados Connor_b2 moss scatiered 150 Araujo etal. (2011)
trees/shrubs
scattered .
33 Rocha da pena Connor_b5 moss trees/shrubs 440 Araujo etal. (2011)
34 | Barranco do Velho | Connor_b3 moss scattered 490 Aratjo et al. (2011)
trees/shrubs
35 S.Pablo Buceite |Barboni_a385 moss forest 100 EMPD
36 Castillo Castellar |Barboni_a386 moss forest 100 EMPD
37 Crazalema /- pooni a505|  moss forest 660 EMPD
Montejaque -
38 Sierra Pinar Lopez al93 moss closed forest 704 EMPD
Grazalema -
39 Girazal .ema / Barboni_a504 moss closed forest 740 EMPD
Montejaque -
- Pi
40 Sierra Pinar Lopez al92 moss closed forest 745 EMPD
Grazalema B
41 Gaucin Barboni_a384 moss closed forest 750 EMPD
42 Sterra Pinar Lopez_al9%4 moss closed forest 765 EMPD
Grazalema -
43 Grazalema Barboni_a503 moss closed forest 770 EMPD
Sierra Pinar
44 Lopez _al95 moss closed forest 797 EMPD
Grazalema
45 Sierra Pinar Lopez 2200 moss closed forest 1029 EMPD
Grazalema ~
46 Sierra Pinar Lopez _al97 moss closed forest 1100 EMPD
Grazalema
- Pi
47 Sterra Pinar Lopez al98 moss closed forest 1100 EMPD
Grazalema
Sierra Pinar
48 Lopez_al99 moss closed forest 1100 EMPD
Grazalema
Sierra Pinar
49 Lopez al96 moss closed forest 1146 EMPD
Grazalema -

4.3.2.- Data analysis

The acquired raw pollen count data was normalized as percentages and filtered to ensure that taxa with

low representation (defined as =3% presence across all samples) or uncommon (defined as taxa present

in less than 3 samples) were excluded. Percentages were calculated using a terrestrial pollen sum (TPS)
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that excluded aquatic pollen types. Aquatic pollen types were still included in the total sum (TS). After
filtering, percentages were recalculated. For the visualization of palynological results per sample, a pollen
diagram was plotted using Tilial T software (version 2.1.1, Illinois State Museum, Research and Collection

Center, Springfield USA) (Fig. 2).

A Detrended Cortrespondence Analysis (DCA) was run to determine whether the data was homogeneous
and therefore more suitable for linear methods, or inversely for unimodal ordination methods (Oksanen
etal, 2022). The DCA’s first axis length was larger than 2.5 standard deviation units, thus, the Canonical
Correspondence Analysis (CCA), a unimodal ordination method, was chosen (ter Braak and Prentice,

1988).

To assert, which envitonmental variables were relevant and suitable to include in the final CCA, the
Pearson correlation coefficient, as well as the variance inflation factors (VIFs) were computed. Then,
independently, for each environmental variable, a CCA and an ANOVA like permutation test were
performed. We should note that to compute the VIFs and the CCA’s, a square-root transformation was

applied to the percentage data (Legendre and Birks, 2012).

4.4.- Results

4.4.1. Pollen diagram

After the statistical analyses, a total of 45 taxa were recorded and the most significant vegetal trends were
synthesised in Table 2. A palynological diagram illustrates pollen relative frequencies in percentages (Fig.
2), which are arranged according to the context and sample type provided by the EMPD (Davis et al.,
2020).

Abiesis the dominant taxa in samples from closed forests above 800 m asl, while deciduous and evergreen
Quercus prevail in samples from this same context between 800-700 m asl. Samples collected from forests
display slight differences according to the altitude: above 600 m asl the most significant taxa are both
deciduous and evergreen Quercus; below 150 m asl deciduous Qwercus and Olea are the best represented.
Moss samples from the scattered trees/shrubs context display heterogeneous results, with evergreen
Querens dominating the pollen spectra in those between 490-150 m asl, and high values of high-mountain
and Mediterranean pines in samples between 60-25 m asl. However, soil samples below 25 m asl from
this same context reflect a predominance of herbs, mainly Chenopodiaceae. This similar trend is followed
by soil samples collected from pasture and orchard contexts. The vegetal composition within wetland
samples is diverse and differs between them, with Chenopodiaceae, Poaceae, Cyperaceae, Asteraceae
Cichorioideae, A. Asteroideae and A. Carduoideae as predominant taxa; some of them also display high

values of Erica, Mediterranean pines, Quercus undiff., Phillyrea, Salix, monolete fern spores and Isoetes.
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Estuarine contexts show an important contribution of Chenopodiaceae, Asteraceae Cichorioideae and
Poaceae with different values depending on the sample. These taxa are also well represented in seasonal
lakes, together with high-mountain pines, Olka, evergreen Quercus, Asteraceac Asteroideae and
Cyperaceae. Semi-permanent lakes show a predominance of Ola, evergreen Quercus and herbs such as

Poaceae, Asteraceae Cichorioideae, A. Asteroideae and Chenopodiaceae.

Table 4.2. Synthesis of the most representative taxa in each sample according to their number, context, altitude

(m asl), type, and vegetation belt.

) ) NAP/ AP %
Sample Nr. Context m asl Sample type Vegetation belt Pollen signature (max.- min. / min.- max.)
Semi-permanent Olea, evergreen and undiff. Quercus. Variable values of Phillyrea,
1-4 © "l’:ke 1570 Poaceae, Chenopodiaceae, A.Asteroideaea and A.Cichorioidea. 603 -40.7/39.7-59.3
soil Thermomediterranean |Some samples display high values of Cyperaceae and Ruppia .
High-mountain pines, Olea, evergreen and undiff. Quercus. Poaceae,
5-10 Seasonal lake 2878 Chenopodiaceae, A.Asteroideae, A.Cichorioideae and Cyperaceae. 08.8-46.3/31.3-53.7
11-16 Estuarine <10 soil Thermomediterrancan |- Cichorioideae, Chenopodiaceae, Poaceac and A.Asteroideae. 97.5-63.6/2.5-36.4
Some samples display high values of Olea and Cistus .
Variable values of Chenopodiaceae, Poaceae, Cyperaceae,
17-23 Wetland 3-25 soil Thermomediterranean |Asteraceae, Erica , Mediterranean pines, Quercus undiff., Phillyrea 94.3-44/5.7-56
Salix , monolete spores and Isoetes .
24-25 Pasture/Orchard 9 soil Thermomediterranean |Chenopodiaceae, A.Cichorioideae, A.Asteroideae and Poaceae. 96.7-92.9/33-7.1
26.27 79 soil Chcnopodlaccac.. Low pf:rccnmgcs ofPoaccz.ic and A. Asteroideae. 06.5-91.8/3.5-82
Some samples display high values of Tamarix.
28.31 Scattered 25-60 moss ) Variable lvalues of high-mountain pines, Mediterranean pines, 83.6- 135/ 16.4 - 865
Thermomediterranean |A.Asteroideae, Plantago coronopus and P. lanceolata .
trees/shrubs
High-mountain pines and Olea. Variable values of evergreen,
32-34 150-490 moss deciduous and undiff. Quercus between samples. Some samples 30.2-9/69.8-91
display high values of Isoetes , Calluna, Erica and Olea .
35-36 F 100 moss Thermomediterranean [Deciduous Quercus and Olea. 32.7-6.7/67.3-93.3
orest
37 660 moss Thermomediterranean |Evergreeen and deciduous Quercus . 8.7/91.3
Evergreeen and deciduous Quercus. Variable values of
38-44 700-800 moss Mesomediterranean  |Mediterranean pines, Phillyrea, Pistacia and Genista between 14.3-4.1/85.7-959
Close forest samples. Some display high values of Ceratonia and Prunus.
45-49 >1000 moss Mesomediterrancan gﬁ:; Daphne, deciduous Quereus, Prunus and high-mountain 23.7-12.3/76.3 - 877
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4.4.2.- Ordination and clustering

All environmental variables revealed high variance inflation factor (VIFs > 20). Notably, the variables
with the lowest VIFs were, bio14, biol5, biol7, biol8 and m asl (supplementary material: Figure 4.1).
When evaluated with the permutation test under independent CCAs, all environmental variables reported
an adjusted p-value below 0.05, with a variance explained varying from 4 (biol5) to 18% (m asl) (Table
4.3).

Table 4.3. Percentage variance explained for each environmental vatiable after permutation test (*p < 0.05; **p

<0.01).

Environmental Variance Adjusted . .
. . P.value Significance
variables explained P.value
m asl 18.0080081  0.001  0.0011765 wox
biol 17.9843575  0.001  0.0011765 wox
bioll 17.1143512  0.001  0.0011765 wox
bio8 17.0691717  0.001  0.0011765 wox
biol2 16.2804992  0.001  0.0011765 koK
biol9 15.9697039  0.001  0.0011765 ok
bio6 15.1485157  0.001  0.0011765 ok
biol6 15.1105457  0.001  0.0011765 ok
bio3 15.1078902  0.001  0.0011765 ok
biol0 14.8664226  0.001  0.0011765 ok
bio9 14.5988266  0.001  0.0011765 wox
biol8 14.1882852  0.001  0.0011765 ok
biol3 12.6475498  0.001  0.0011765 ok
biol7 12.1865631  0.001  0.0011765 wox
bio5 8.88274703  0.001  0.0011765 wox
bio4 7.60941901  0.001  0.0011765 ox
biol4 7.52859419  0.001  0.0011765 Hok
bio7 5.08148377  0.007  0.0073684 ok
bio2 438211509 0.006  0.0066667 ok
biol5 4.19182164  0.014 0.014 *

The selection of environmental variables was then based on those variables with a low correlation
coefficient between them in order to better capture the complex relationships between environmental
variables and pollen taxa (supplementary material: Figure 4.2). The selected variables were: Bio8 (mean
temperature of the wettest quarter), Bio9 (mean temperature of the driest quarter), Biol4 (precipitation
of the driest month), Biol5 (precipitation seasonality), Biol7 (precipitation of the driest quarter), Biol8

(precipitation of the warmest quarter), and meters above sea level (m asl) (Table 4.4).
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Table 4.4. Eigenvalues, environmental variables and canonical coefficients of the first four CCA axes.

ID CCA1l CCA2 CCA3 CCA4
Eigenvalue 0.411387 0.147377 0.123055 0.107295
bio8 -0.94636 0.00817 0.148012 -0.20123
bio9 -0.84284 -0.24595 -0.06779 0.425297
biol4 0.406208 0.588016 -0.54326 0.134351
biol5 -0.20451 -0.39808 -0.14254 -0.41948
biol7 0.736651 0.33347 0.069794 0.450752
biol8 0.835459 0.297032 0.094349 0.179797
m asl 0.98028 0.041666 -0.07104 0.114259

Considering that each arrow points in the direction of maximum change in the value of the associated
variable and their length is proportional to this maximum rate of change (ter Braak and Verdonschot,
1995), examining the final CCA we observe that axis 1 best explains the distribution of the samples
depending on altitude in opposition to temperature. Following the gradient of altitude represented by the
m asl arrow, sampling sites reflect the succession from low (clusters F, D and E) to high elevations
(clusters B and A) (Fig4). CCA axis 2 is mainly defined by the precipitation of the driest month in quasi-
opposition to the precipitation seasonality. Following the gradient of precipitation of the driest month
represented by the Biol4 arrow, sampling sites reflect the succession from high (A, D and E) to low (F,

C, and part of the B and G) precipitation (Fig. 4.4).

4.5.- Discussion

4.5.1.- Environmental variables and modern pollen samples in relation to their context

CCA axis 1 shows a positive correlation with altitude and the precipitation of the driest and wettest
quarters of the year (Biol7 and Biol8, respectively). These environmental variables successtully explain
the sample distribution and the pollen taxa associated with cluster A (Figs. 4.3 and 4.4), as they
correspond to moss samples collected from closed fir forests above 1000 m in Sierra de Grazalema, an
area characterized by its high rainfall with mean annual precipitations of ca. 2000 mm (Arista and
Talavera, 1994). In the highest areas of these mountains, Abies pinsapo forms dense forests with a limited
distribution, but at lower altitudes it forms mixed oak-fir forests with species such as Quercus rotundifolia,
Quercus faginea and a dense shrub layer composed of Daphne lanreola, Prunus spinosa together with
Leguminoseae, Anacardiaceae and Oleaceae (Arista et al., 1997). As altitude decreases in Sierra de
Grazalema and the surrounding area, the landscape is dominated by forests and thicket formations
composed of thermo-Mediterranean taxa such as Olea, Quercus ilex, Ceratonia siligna, Phillyrea angustifolia,
Pistacia lentiscus, etc. This stage is well represented by samples from closed forests and forests located
below 800 m asl (cluster B), which are arranged in a space influenced by the altitude and projected in the

same direction as precipitation seasonality (Bio15) (Figs. 4.3 and 4.4). Some taxa within these forest
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communities, such as Olea and Quercus ilex, have proven to have physiological mechanisms to tolerate
water and drought-stress, being resistant to seasonal aridity through different water-saving strategies
(Ozturk et al., 2010). The vegetal composition of most samples within cluster B is strongly defined by
the presence of these thermo-Mediterranean taxa, explaining the ordination of the sampling sites along

these two environmental gradients (m asl and Bio15) (Figs. 4.3 and 4.4).
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Figure 4.3. Canonical Correspondence Analysis (CCA) ordination biplots of the 49 samples studied where A) dots
and numbers indicate the dispersion of sampling sites (Table 4.1); and B) crosses show the dominant pollen taxa

and their dispersion along axes 1 and 2.

The opposite trend is displayed by a small cluster of samples (C) that is arranged relatively close to the
arrowhead representing the precipitations of the driest month of the year (Bio14) (Figs. 4.3 and 4.4).
These samples were collected at 25 m asl on the slopes of Serra de Monchique (30 and 29) and between
500-400 m asl in Serra do Caldeirdo (34 and 33); therefore, altitude is not a factor affecting their clustering.
Both mountainous areas record mean annual precipitation values between 600-1000 mm and above 1200
mm at the highest points (Espirito-Santo et al., 2017). As stated by Aradjo et al. (2011), an important
component of these samples are Pinus. Indeed, they display the highest percentages of high-mountain
pines within the context of scattered trees/shrubs, which in this case includes Pinus sylvestris. This is a
versatile species well adapted to continental climates that may grow in areas with a thermal amplitude of
50°C but avoids harsh xeric conditions (Lépez-Tirado and Hidalgo, 2014). The main interpretive problem
relies in the fact that Pinus sylvestris is absent from this region and appear in native condition near the
Minho and Central Portugal, where it reaches the south-western boundary of its geographic distribution

(Tavares, 1959). Therefore, its presence may reflect a distant transport from mountain regions in the
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centre of Portugal (Mateus, 1992) or, considering the high percentages in the samples, it may result from
the presence of pine monocultures. Given this context, the projection of cluster C near the arrow
representing the precipitation of the driest month (Biol4) may result coherent attending to the
environmental variables of the region. But attention should be drawn to the possible interpretative

distortion derived from the presence of high-mountain pines.

biol4 CONTEXT

Daphne

A @® Closed forest
biol7

Abies 5 :
- stuarine
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Prunus
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mnityrea - /

* Rosaceae
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Forest
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@ Semi-permanent lake
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Figure 4.4. Canonical Correspondence Analysis (CCA) ordination biplot of the 49 samples studied categorized by
their context (coloured circles according to the legend). Dots indicate the sampling sites, crosses show the
dominant pollen taxa and arrows represent the selected environmental variables. Capital letters correspond to the

clusters defined by axes 1 and 2.

The space between the precipitation of the driest month (Bio14) and the mean temperature of the wettest
quarter of the year (Bio8) is occupied by a diverse group of samples (D) from different contexts (Figs.
4.3 and 4.4): seasonal lake (8: Laguna de los Tollos), estuarine (15: Guadiana-Beliche), wetlands (23, 18
and 17: El Acebrén and Laguna de las Madres) and scattered trees/shrubs (31 and 28: Castelejo and
Gambelas). Their content is heterogeneous in terms of vegetation (Fig. 4.2, Table 4.2), but there are some
common features that contribute to their clustering. One is the low presence of Olea recorded in all the
samples, especially if compared to the higher percentages of this taxon in other samples from the same
contexts. The other, is that most of them display high values of aquatic taxa. However, the pollen taxa

dispersion does not contribute to a coherent ordination of the samples along any specific environmental
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gradient. Rather, it seems that sampling site distribution is better explained by opposition to certain

variables, in this case to the precipitation seasonality (Biol5).

Cluster E (Figs. 4.3 and 4.4) is projected in the same direction as the arrow representing the precipitation
seasonality (Bio15) and it is composed of samples from seasonal lakes (9, and 7-5), semi-permanent lakes
(4-1), wetlands (22 and 20) and scattered trees/shrubs (32) contexts (Fig. 4.2). With exception of one
sample collected from a context of scattered trees and shrubs in Machados (32), all the sampled areas
correspond to environments that are strongly affected by seasonal changes in water levels. Samples 22
and 20 were collected from La Janda wetlands, a depression that is periodically and partially flooded
during periods of heavy rainfall (Mediavilla et al., 2023). Most of the semi-permanent and seasonal lakes
sampled correspond to endorheic complexes such as those of Utrera (Zarracatin, Arjona, Alcaparrosa),
Puerto Real (Taraje) and Lebrija-Las Cabezas (Pilon). These basins, due to their nature, are more sensitive
to experiencing water losses through water percolation and evapotranspiration, being more dependent
on the precipitation regime than other lakes and lagoons (Yapiyev et al., 2017). The presence of thermo-
Mediterranean taxa adapted to water stress, such as Oka and some evergreen Quercus species, is common
to most of the samples (Fig. 4.2, Table 4.2). In addition to these taxa, samples show important values of
Chenopodiaceae and other herbs that may be adapted to saline conditions, sometimes relatable to periods
of drought-stress and changes in the water level (Mediato et al., 2020). Thus, the determining water stress
during periods of low precipitations and the presence of vegetation adapted to these environments is well

reproduced by the correlation with Bio15.

The last cluster (F) is arranged following the gradient of increasing temperatures represented by the Bio8
and Bio9 arrows, associated with both the wettest and driest quarters of the year, respectively (Figs. 4.3
and 4.4). All these samples were collected from diverse contexts in the Guadiana Valley: estuarine (16
and 14-11), wetlands (21 and 19), orchard and pasture (25 and 24), and scattered trees/shrubs (27)
(Fletcher, 2005). It is possible to infer the diversity of habitats by identifying some of the major
communities on the basis of their associated pollen rain (Fig. 4.2, Table 4.2): saltmarshes dominated by
Chenopodiaceae, transitional saline-freshwater zones affected by grazing composed of Asteraceae and
Plantago, scrubs formed by Cistus in the drier ombrotypes and Eria under a wetter regime, xerophytic
forest margins of Olea and Phillyrea, and pinewoods from the coastal zone or plantations, among others
(Fletcher, 2005). Furthermore, all of the samples are located at lower altitudes (below 10 m asl), which in
turn explains their negative correlation with the altitude (m asl). Rather than being determined by
temperature, the distribution of pollen taxa in this part of the plot seems to respond to the greater range
of adaptability of some taxa to certain conditions, as opposed to others with better-defined specificities

such as those dependent on rainfall and altitude (e.g., Abies).
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4.5.2.- Sample types and pollen spectra: implications for fossil pollen records

It must be taken into account that pollen-vegetation relationships are not linear, just as pollen percentages
are not linear with plant abundance. Distortions have been observed between pollen rain and vegetation,
mainly related to processes such as differences in pollen production among species, pollen dispersal,
deposition and differential preservation (Coles et al., 1989; Holloway, 1989; Campbell, 1999; Lebreton et
al., 2010; Hunt and Fiacconi, 2018). Indeed, variations in pollen preservation (and thus representation)
were recognized to derive from differences between deposition environments and pollen types (Xu et al.,
2016). In modern pollen studies, these environments may translate into diverse sample types that typically
include moss pollsters, surficial soils of distinct origins, and pollen traps located in diverse places (Tauber,
1967). However, potential differences in pollen content between these media have received little attention

(Lisitsyna et al., 2012).

Some studies comparing the pollen assemblages recorded in moss and soil samples from nearby sites
with similar vegetation show that they do differ, being that soils contain fewer arboreal and more herb
taxa than adjacent moss samples (Fang et al., 2022). In other cases, some taxa, such as Pinus, Quercus and
Alnus, appear strongly over-represented, while others (Urtica, Poaceae, Populus) were under-represented
in moss pollsters (Spicksma et al., 1994). Generally, it seems that higher percentages of some
anemophilous taxa such as Pinus and other bisaccate grains may be over-represented in moss samples

compared to other pollen traps and lake sediments (Pardoe et al., 2010; Lisitsyna et al., 2012).
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Figure 4.5. Canonical Correspondence Analysis (CCA) ordination biplot of the 49 samples studied categorized by
their type (soil or moss). Dots indicate the sampling sites, crosses show the dominant pollen taxa and arrows
represent the selected environmental variables. Roman numbers correspond to the areas separated by dashed lines

that show a potential clustering depending on the sample type.

In the present work, moss samples were collected between 25 and 1146 m asl from closed forests, forests
and scattered trees/shrubs contexts (Figs 4 and 5). All of them, except one, are dominated by arboreal
taxa with values above 60%, and above 80% in more than half of the samples (Fig. 4.2; Table 4.2).
Although vegetal composition reflects changes related to altitudinal gradients in all contexts, arboreal
input is not affected by this variable, as some samples display similar percentages of arboreal and non-
arboreal pollen both at 440 m asl (33) and at 25 m asl (29). The context category, which in this case is
partly determined by the forest cover density, seems to have a stronger influence in relation to the arboreal
input, as expected. Abies, Quercus and high-mountain pines are the main represented arboreal taxa in
moss samples from all three contexts. Some studies indicate that the low air pollen level found in open
Abies pinsapo forests could denote short-distance pollen dispersal (Arista and Talavera, 1994), which may
lead to its under-representation in the pollen record in favour of other species. This will explain its
extremely low values in mixed oak-fir forests below 800 m asl with higher percentages of Quercus. On the

other hand, the presence of high-mountain pines corresponds to their natural habitat in medium to high
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altitudes (Lopez-Tirado and Hidalgo, 2014), except for the samples collected from Southern Portugal in
which their values may be explained as being of regional origin (or local if they involve contemporary
pine monocultures). With this exception, it can be inferred that pollen grains in moss samples originate

from local soutrces.

However, the pollen composition greatly differs between samples collected in the context of scattered
trees/shrubs, with soils containing more herbaceous and less arboreal taxa than mosses (Fig. 4.5; Table
4.2). Diverse studies indicate that pollen assemblages in soil samples can represent regional vegetation
moderately, while local taxa may be over-represented (Li et al., 2005). In other cases, high amounts of
non-local pollen taxa entering the local pollen spectrum were identified in open environments in which
the pollen productivity of local plant population was low (Stevenson, 1985). It is difficult to estimate
which of these options could better explain the differences between these samples, as some of them were
collected relatively close to each other, on the southern coast of Portugal between 7 and 25 m asl in a
similar environment (e.g., samples 26-30). It is possible that different situations may have occurred
between samples, but what seems more plausible is to consider that these significant changes in the

floristic composition may be due to the type of sample rather than other factors.

The significance of herbaceous taxa in the vegetation is a common trend observed in the remaining soil
samples collected at different altitudes from different contexts, with non-arboreal taxa above 60% in 17
of the 25 samples (Fig. 4.2, Table 4.2). The predominance of Chenopodiaceae, Asteraceae, Poaceae and
Cyperaceae in most of the samples from pasture, orchard, wetland, estuarine and lake contexts is, in these
cases, a mirror image of the local vegetation associated to the several habitats identified on the coastal
area (Stevenson, 1985; Fletcher, 2005). However, within this set of samples, both semi-permanent and
seasonal lakes display higher percentages of arboreal pollen, suggesting an under-representation of
arboreal taxa in the non-lake samples (Fig. 4.5, Table 4.2). Although the context is a determining factor
influencing floristic composition, these differences in lake samples may be strongly biased by pollen

transport.

It is assumed that the most likely routes for pollen to enter a lake is by aerial or water transport (Havinga
1964; Xu et al,, 2012). In the case of lakes with inflowing rivers, it is believed that most of the
palynomorphs are fluvially transported from river catchments (Cross et al., 1966; Peck, 1973; Bonny,
1976, 1978; DeBusk, 1997; Brown et al., 2007), but in arid areas, it has been suggested that pollen
transported by inflow streams make little contribution (Zhao et al., 2021). Higher values of arboreal taxa
in soil samples collected from seasonal and semi-permanent lakes may be therefore caused by their role
as “forestry drains” (Pittam et al., 2000) for arboreal pollen grains carried by wind, rivers and surface

wash. The presence of high-mountain pines, growing at higher altitudes, in all these samples may
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corroborate this idea. In addition, slightly higher values of arboreal taxa are found in those lakes located
near mountains or elevated areas, which may be acting as important pollen sources; such is the case of
Medina, Zarracatin, Tarage, Campano, Tollos and Comisario lakes. Whether arboreal pollen was airborne
or water transported cannot be deduced, but the local and regional character of the floristic assemblage

recorded in lake basins is evident.

An important aspect to be considered is that of taphonomic factors, as pollen assemblages in soils are
often biased by physical, chemical and biological agents (Val-Peon et al., 2019; Fang et al., 2022). This is
of special importance in the case of environments affected by fluctuations in the water level, as several
processes such as oxidation (Lebreton et al., 2010), moisture fluctuations related to evaporative processes
(Holloway, 1989), repeated wetting and drying (Twiddle and Bunting, 2010), alkaline/oxidative
environmental alternation (Tian et al., 2009), and mechanical damages related to transport in water
(Twiddle and Bunting, 2010) may lead to the degradation of pollen grains. Indeed, these processes may
occur at different stages in pre-depositional (e.g., soil inwash in lakes and peatbogs) and post-depositional
environments (e.g., lake fluctuations) (Carrién et al., 2009). Some other factors to be considered when
interpreting pollen assemblages in lake contexts are secondary transport and re-sedimentation processes
that may be caused by lake water circulation and the temperature difference between water layers (Davis,
1968; Davis and Brubaker, 1973; Davis et al., 1984). For these reasons, coarse-grained sediments and
lower pollen concentrations tend to be found in shallower, near-shore areas, whereas higher pollen
concentrations and smaller grain size can be found in central areas (Tian et al., 2008). Therefore, the
sampling location can greatly influence the palynological content. Susceptibility to these disturbance
factors depends on the inherent characteristics of each taxon, whereby sporopollenin content and exine
thickness may be critical for the preservation of pollen grains (Elsik, 1971; Havinga, 1971; Brooks and
Shaw, 1972). For example, it has been suggested that the exine thickness and high sporopollenin content
of some species within Pinus and Asteraceae, endows them with good preservation potential and
resistance to decay (Sangster and Dale, 1961; Campbell and Campbell, 1994; Tomescu, 2005; Lebreton
et al., 2010; Val-Pedn, et al., 2019). This may influence pollen representativeness in both modern and

fossil soil samples, leading to over/undet-representations of some taxa.

4.6.- Conclusions

The inherent characteristics of each pollen grain (size, shape, weight, etc.), differences in pollen
production among species, means of pollen dispersal, the type of deposit into which the pollen is
incorporated and the role of taphonomic factors in pollen preservation are forces affecting the
representativeness of pollen grains and the way they reflect the vegetation in both modern and fossil

samples (Coles et al., 1989; Holloway, 1989; Campbell, 1999; Lebreton et al., 2010; Hunt and Fiacconi,
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2018). Disentangling all these variables so that they can be identified and understood in order to carry
out an interpretative exercise on vegetation is difficult in modern samples, but specially in fossil records

as they can reflect very distinct environments in a rapid diachronic succession.

The analysis of modern pollen samples from diverse environments of SW Iberia allowed us to identify
the vegetal composition of each specific habitat and the main environmental variables influencing their
development. In addition, it has been proposed the impact of taphonomic factors as active agents
affecting the representativeness of pollen taxa, which may distort results depending on the context but

also the sample type. The main conclusions are:

- There are three clusters (A, B and E) that successfully explain the distribution of the samples
according to specific environmental variables related to altitude, precipitation, and precipitation
seasonality. The other clusters (C, D and F) seem to be better explained by opposition to them (Fig.
4.4).

- The distribution of pollen taxa shows two scenarios: one in which their dispersion reflects the
dependence of some taxa to specific conditions, mainly altitude and precipitations; another in which
their distribution reflects the wide range of adaptability of some taxa to certain variables, sometimes
grouped in opposition rather than in agreement to them (Fig. 4.3).

- Both context and sample type categories coherently explain the dispersion of the samples (Figs.4 and
5). In the first case, most of the categories are well defined by the floristic vegetation they represent;
in the second, some differences between moss and soil samples seem to explain certain variations in
the pollen content that may be related to the incidence of taphonomic factors.

- Altitude and precipitation successfully explain the sample and pollen taxa distribution corresponding
to samples collected from closed fir forest in Sierra de Grazalema (cluster A).

- As the altitude decreases mixed oak-fir forests give space to oak formations with increased thermo-
Mediterranean elements, which is reflected in the ordination of samples in the same direction as
precipitation seasonality (cluster B).

- Samples collected from open formations of scattered trees and shrubs at the slopes of Serra de
Monchique and in Serra do Caldeirdo reflect a preference for low precipitation seasonality. High
petrcentages of Pinus sylvestris, which is absent from this area, may be an artefact derived from the
presence of pine monocultures (cluster C).

- A group of samples of diverse origin (cluster D) and heterogeneous vegetal composition is grouped
in opposition to the precipitation seasonality too.

- The periods of water stress to which seasonal and semi-permanent lakes are subjected during periods
of low rainfall are faithfully reflected in their correlation with high precipitation seasonality (cluster

E).
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- The heterogeneous group of samples conforming cluster F is successfully explained by its negative
correlation with high altitudes, which is in turn related to higher temperatures.

- Moss samples from closed forests, forests and areas with scattered trees and shrubs reflect dominant
arboreal vegetation of local origin. However, discrepancies between moss and soil samples from
scattered trees/shrubs contexts were obsetved, with sample type being the most plausible factor
explaining these changes in floristic composition.

- Soil samples from the remaining contexts are dominated by herbaceous taxa, providing a consistent
picture of the local vegetation adapted to these coastal environments.

- Within the soil samples, those from semi-permanent and seasonal lakes account for higher
percentages of arboreal taxa, suggesting that may be indeed an under-representation of arboreal
pollen in the non-lake soil samples.

- The transport of pollen grains to lakes by wind, rivers and surface wash may result in these basins
acting as forestry drains reflecting floristic assemblages of both local and regional character.

- Taphonomic factors must be taken into account as agents affecting pollen preservation and
representation, especially in soil samples that are easily biased by physical, chemical and biological
elements. This is especially important in environments affected by fluctuations in the water level as
several processes related with the oxidation, evaporation, repeated wetting and drying cycles,
secondary transport and re-sedimentation can provoke biases in the palynological content of both
modern and fossil samples.

- The impact that these processes may have on pollen grains may also depend on taxon-specific factors
such as sporopollenin content or the exine thickness. This can lead to over or under-representation

of some taxa in both modern and fossil samples.

As a final remark, it is important to stress the need to compare different sample types from the same
context and altitude in order to better understand pollen-vegetation relationships and identify possible

biases more accurately.
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5.- 26,000 years of environmental evolution of an incised valley in a rocky
coast (La Janda wetland, SW Iberia)

This chapter is a slightly modified version of an article published in Continental Shelf Research:

Mediavilla, R., Santisteban, ].I., Val-Pedn, C., Galan de Frutos, L., Mathes-Schmidt, M., Lépez-Saez, J.A.,
Gracia, F.J., Reicherter, K. (2023). 26000 years of environmental evolution of an incised valley in a rocky

coast (La Janda wetland, SW Ibetia). https://doi.org/10.1016/j.cs£.2023.105028

Abstract

The La Janda wetland record allows to expand the knowledge of the evolution of a restricted estuary
since the Last Glacial Maximum. Multiproxy analysis of the sediments (facies, geochemistry, pollen,
fossils) reveals that this system exhibits a classic incised valley sequence but differences with the adjacent
estuaries can be established. The La Janda sedimentary infill can be split in four(?) main sequences: (1)
the Falling Stage Systems Tract (> 20.6 ka BP) and (2) the Lowstand Systems Tract (16.7-20.6 ka BP)
deposits record fluvial sedimentation in a narrow and incised valley, here seminally identified in the Gulf
of Cadiz estuarine system; and (3) the Transgressive Systems Tract (7-16.7 ka BP), ending with the
Holocene marine flooding surface at 7 ka BP, is composed of estuarine and marine basin deposits infilling
a still steep and narrow topography coupled with the fast retreat of the river mouths. The (4) Highstand
Systems Tract (0-7 ka BP) is composed of estuarine basin deposits with fluvial and tidal currents deposits
in a wide a gentle sloped estuarine valley and it records the transformation of the basin into a terrestrial
one. Comparison to other areas in the Gulf of Cadiz allows to correlate the different estuaries and to
distinguish between open and restricted ones by the development of spit systems during the Highstand
Systems Tract. But further work is needed to clarify the stratigraphy of the present eustatic cycle in the
Gulf of Cadiz as the scarcity of data does not allow to determine the evolution of its estuaries during the
last fall and rise of sea level. Such knowledge is crucial to disentangle the role of climate and tectonics in

the future evolution of our coasts and design measures to adapt to sea level rise.

Keywords: MIS 1/3, Open and restricted estuaries, Gulf of Cadiz, Sea level, Tectonics, Stratigraphic and

sedimentary architecture.
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5.1.- Introduction

Marine flooding of coastal areas due to increasing rate of sea level rise is one of the main risks linked to
present climate change (Haasnoot et al., 2021; Nicholls et al., 2021; Strauss et al., 2021). This is one of
the reasons why the analysis and comparison of recent examples of evolution of coasts is necessary.
However, coastal systems are so complex and diverse that there is still a need to increase the knowledge

on their dynamics and evolution.

Incised valleys and their sedimentary records are systems that supply valuable information about the
environmental evolution of many coastal areas as a result of their main dependence on sea level changes
(Zaitlin et al., 1994; Dalrymple et al., 1994; Allen & Posamentier, 1994) and, to a lesser extent, to direct
climate change (Billeaud et al., 2009; Poitier et al., 2017) and recent human action (Cearreta et al; 2004,
2013; Evans, 2008). Beyond these allocyclic factors, autocyclic factors such as estuarine hydrodynamics
(waves, tidal currents and fluvial supply), marine and terrestrial sediment availability and bed morphology

(Chaumillon et al., 2008) play a fundamental role in their infill.

Of these autocyclic controls, hydrodynamics is the most influential and, consequently, wave or tide
dominated estuaries are considered endmembers (Zaitlin et al., 1994; Boyd et al., 2006). However, there
are many examples on which bed morphology play a key role on their hydrodynamics and sediment
transport during the rise of sea level and their infill as the Bay of Biscay (Chaumillon et al., 2008; Allard
et al., 2010) and the Gulf of Cadiz (de Castro & Lobo, 2018). So, the infill of incised valleys in the same
region or geological context, and under comparable sea level and climate conditions, can show a great

variability (Menier et al., 2010).

The coastline of the SW Iberian Peninsula (between the Gibraltar Strait and Saint Vincent Cape)
contains some well-studied records of incised valleys as the estuaries of the Guadalete (Dabrio et al.,
2000; Lario et al., 2002), Tinto-Odiel (Borrego et al., 1999; Dabrio et al., 2000), Piedras (Borrego et al.,
1993), Boca do Rio (Hindson et al., 1998), Quarteira (Schneider et al., 2010) and Guadiana (Morales,
1997; Lobo et al., 2003; Boski et al., 2008; Mendes et al., 2020) rivers. The common feature of these
records is the prevalence of the hydrodynamics upon the bed morphology. However, La Janda lake is
an incised valley resulting from the confluence of the Almodévar and Barbate rivers in the Campo de
Gibraltar region. This valley preserves the complete record of the complete last 26,000 years of an

estuary controlled by the bed morphology, today transformed into a wide wetland area.

The aim of this paper is to describe and interpret the sedimentology and stratigraphy of the La Janda
wetland using a sequential stratigraphy model (Catuneanu et al., 2011; Catuneanu, 2019) and the influence
of the local and global factors in the sedimentation as well as the differences with the nearby coetaneous

systems.
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5.1.1.- Geographic and geological setting

La Janda Basin (Herndndez-Pacheco & Cabré, 1913) is located at the south of the Iberian Peninsula, near
Vejer de la Frontera, 10 km away from the Atlantic coast (Gulf of Cadiz) and near 30 km from the
Gibraltar Strait (Fig. 5.1a). It is a NW-SE fault-controlled depression (Goy et al., 1995; Zazo et al., 1999;
Luque et al., 2001) almost 25 km in length and contains the wetlands and former lakes. Its lowest point
is about 3 m a.s.l. (meters above sea level), while the highest surrounding areas are higher than 400 m
a.s.l. Present-day basin is crossed and drained by the Barbate River along the western limits of the lake
basin, and also by other tributaries, Almodévar and Celemin rivers, being heavily disturbed by farming
activities. After crossing the basin, the Barbate River flows to the west and then dramatically changes its
trace to the SE (Fig. 5.1b), running to the sea through a narrow gorge and flowing into a marsh complex

with a tidal range of c. 2 m (Instituto Hidrografico de la Marina, 2019).
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Figure 5.1. (a) Location of the studied area. (b): Geological map of La Janda basin and borders, simplified from
the Continuous Geological Map of Spain 1:50.000 (GEODE). Geographical data provided by the Spanish
Geographical Institute (IGN) and the geological map by the Instituto Geoldgico y Minero de Espafia, CSIC
(Roldan et al., 2021).

The Mediterranean-Atlantic climate of the region is characterized by an annual average rainfall of c¢. 850

mm, mostly during winter months, and mean annual temperatures from 16°C to 19°C and a thermal
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range between 10-16°C. Eastetly prevailing winds are frequently followed by W and SW winds (Duefias
Lopez & Recio Espejo, 2000).

La Janda is placed in the convergence area of the Eurasian-African plates, at the westernmost sector of
the Betic Cordileras and in the Gibraltar Arc structure, being subjected to an intense tectonic activity
during Cenozoic times (Benkhelil, 1976; Sanz de Galdeano, 1990; Azafién et al., 2002). From Burdigalian
until Tortonian, the Gibraltar Arc uplifted under a WNW-ESE compressive stress field (Balnaya &
Garcia Duefias, 1987; Leblanc, 1990; Sanz de Galdeano, 1990; Vergés & Fernandez, 2012; Gonzalez-
Castillo et al., 2015). Since then, and until recent times, the stress field has rotated to NW-SE to NNW-
SSE direction (Benkhelil, 1976; Sanz de Galdeano, 1990; Goy et al., 1995; Zazo et al., 1999; Gracia et al.,
1999; Reicherter & Peters, 2005). The geology of the Gibraltar Arc in the studied area is composed by
siliciclastic and carbonated pre- and synorogenic turbiditic deposits (Almarchal, Algeciras and Aljibe
Series of the Gibraltar Flysch), spanning from Late Cretaceous to Middle Miocene times, affected by
thrusts, backthrusts and dextral strike-slip faults (Hernaiz Huerta et al., 1991). Upper Miocene-Pliocene
postorogenic sediments consist of breccias, calcarenites and siliciclastic marine deposits filling subsiding
troughs affected by Plio-Pleistocene compressive tectonics (Garcfa de Domingo et al., 1991; Goy et al,,
1995). The distribution of Quaternary deposits is controlled by neotectonics, being preferential along the
present coastline of the Gibraltar Strait (Rodriguez Vidal et al., 2004), fluvial valleys and the La Janda
basin (Fig. 5.1b). Luque et al. (1999) found estuarine siliciclastic deposits, dated as 3810 cal. BP, at -5 m
a.s.l. revealing that the basin was below sea level. Later basin infill led to the isolation from the sea and
the beginning of alluvial and, afterwards, lacustrine sedimentation (Luque et al., 1999, 2001; Duefias

Lopez & Recio Espejo, 2000).

5.2.- Methods

In 2016 and 2017 twelve cores were recovered in two coring campaigns by triple barrel system (cores S1,
S2 and S3) and a portable Atlas Copco vibracoring system (cores named JAN), all of them encased in
PVC or methacrylate pipes (Table 1). The cores were split in two in the laboratories of the Spanish
Geological Survey IGME, CSIC), and one half was stored as an archive, whilst the other half was used
for description, analyses and sampling. All of them were photographed, their sedimentary features were
described and stratigraphic logs (scale 1:20) were elaborated correcting the depths to remove the effect

of compaction due to drilling.
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Table 5.1. Location of cores. Bold: cores presented in this paper (see location in Fig. 5.1b).

Core Latitude Longitude (Ee;gslit) Le(rr;g)th
S1 36°14°29.62” N 5°4844.33” W 4.11 10.00
S2 36°14°53.88”  5°50°21.45” W 4.88 27.50
S3 36"151’?)19.68” 5°50°08.52” W 5.50 26.78

JAN-02 36”14’;\31.63” N 5°49°57.24” W 4.81 3.00
JAN-03  36°1440.76”  5°49°31.26” W 3.65 13.50
JAN-05 36"14’51;I .61” N  5°51°06.16” W 4.80 13.00
JAN-06 36°15°13.62” N 5°49°04.22” W 5.28 2.00
JAN-07 36°15°31.68” N 5°4838.85” W 8.23 3.00
JAN-08  36°14'19.82” N 5°49°03.65” W 3.67 3.00
JAN-09  36°1403.80”  5°48°28.39” W 4.28 13.00

N

5.2.1.- Physical properties, mineralogical and geochemical composition of the sediments

Non-destructive analyses were run on the cores, at the laboratories of the Spanish Geological Survey

(IGME, CSIC), including:

Core colour scan (high resolution images with a down core resolution of 50 [J m) with a Geoscan IV

coupled to the MSCL GEOTEK.

Colour (RGB) analyses were performed with 1 mm down core resolution using a Konica Minolta
700-d spectrophotometer integrated in the GEOTEK XRF core scanner. Fach channel had values
ranging from 0 up to 255 and a R/(G+B) colour index was used to represent the dominant tones

(red/brownish against green/greyish) and a (R+G+B)/3 index represents the grey scale range.

Geophysical properties (P-wave velocity, gamma density, non-contact resistivity and magnetic
susceptibility) were analysed with 1 cm down core resolution with a GEOTEK Multi-Sensor Core
Logger MSCL-GEOTEK).

XRF scanning with a GEOTEK XRF core scanner in a He purged atmosphere with an illumination
window of 15 mm (cross-core slit width) x 10 mm (down-cote tesolution). Two runs, with 30
seconds count time exposure, were performed for 10 kV and 40 kV (detecting from Mg to U). XRF

spectra were processed with bAxil. Element intensities are represented in counts per second (cps).
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Sampling was carried out in cores S2 and S3 to characterize the sedimentary facies at the IGME

laboratories:

® Mineralogical analysis by X-ray diffractometry (PTE-RX-04) for bulk sample and <2um fraction.
These analyses were used to check the sources of the chemical elements obtained from geochemical

analyses.

¢ Geochemical analysis of major oxides and trace elements by X-ray fluorescence and atomic
absorption spectroscopy (XRF and AAS). The results were used to check the validity of the non-

destructive high-resolution XRF scanning.

® C (organic, inorganic and total) and S by elemental analyser (ELTRA). S data was used to check the
results of XRF core scanning. C values gave an estimate of organic matter and carbonate content,
and they can be compared to other results from non-destructive techniques (XRF core scanning and

colour).
5.2.2.- Dating and age-depth model

A total of 25 samples (cores JANOSA, S2, S3, JANO9A) were 14C-dated (Beta Analytic Inc., USA and
Keck Carbon Cycle AMS Facility at UC Irvine, USA). Calibration was performed with CALIB 8.2 (Stuiver
etal,, 2021) using the IntCal20 and Marine20 calibration datasets (Reimer et al., 2020; Heaton et al., 2020)
and different reservoir effect values (Table 1). These reservoir effects/values have been recalculated
based on the literature (Soates and Dias, 2006; Soares and Martins, 2010; Martins and Soares, 2013) and
using the web application of Reimer and Reimer (2017) following the methodology of Soulet (2015).

Due to the peculiar setting of the sediments (in a restricted and shallow environment) several calibration
sets were developed to check which calibration curve and reservoir effect values (if applied) were the
best. Bchron (Haslett & Parnell, 2008), clam (Blaauw, 2022), rbacon (Blaauw & Christen, 2011), rcarbon

(Crema & Bevan, 2021) and a simple lineal interpolation were used to build a reliable age-model.
5.2.3.- Pollen analysis

Sampling for palynological analyses was undertaken as follows: 52 test-samples were collected from core
S2 at different intervals and 160 samples were collected from core S3 maintaining a regular interval of 10
cm. All samples were chemically treated with HCI (10%) to remove carbonates, KOH (10%) to remove
humic acids, and Sodium Polytungstate (SPT: 3Na2WO4-9WO3-H20) at 2.0-2.1 gr/cm’ for densimetric
separation. The final residue was mounted on slides with the use of glycerol. Pollen concentrations
(grains/gr of dry sediment) were estimated by adding two Lycopodium clavatum tablets to each sample
(Stockmarr, 1971). Palynomorphs were counted using an optical microscope at 400x and 1000x up to a
minimum pollen sum of 300 terrestrial pollen grains. Palynomorphs were identified using published keys

(Moorte et al., 1991; Reille, 1992, 1995; Van Geel, 1978, 2001; Van Geel et al., 1980, 1986, 1989, 2003).
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For the purpose of this paper, three well-represented palynomorphs were selected as good ecological
indicators of specific environments related to the study area (Figs. 2a, 3a, 3b). Species from the
Chenopodiaceae family grow in temporary pools of brackish or saline water, the edges of lagoons, the
open spaces of coastal marshes, and areas affected by tides (Dominguez et al., 1993; Galan de Mera et
al., 1997; Latorre et al., 1996; Rivas-Martinez et al., 1997); hence, it is used here as a good marker of
marine influence. Isoetes typically grows in shallow waterlogged environments associated to fresh water
marsh communities, usually with oligotrophic waters (Cirujano et al., 2014); thus, it is used as an indicator
of environments with a progressive loss of marine influence. Glomus (HdV-207) is associated to processes
related to the development of new soils, soil erosion from watersheds, dry or desiccated areas, and
farming activities (Anderson et al., 2011; Lépez-Saez et al., 2000; van Geel et al., 1989); therefore, it is
considered a marker of erosive processes of different nature.

Concentrations and percentages were calculated using TilialT software (version 2.1.1, Illinois State
Museum, Research and Collection Center, Springfield USA). Percentages were calculated considering a
terrestrial pollen sum (TPS) that excluded aquatic pollen types, which were included in the total sum (TS)

together with Non-Pollen Palynomorphs.

5.3.- La Janda record

5.3.1.- Age-depth model

Before applying the different age models to the dated samples, four samples were rejected as, presumably,
they contain reworked carbon (Table 5.2). Several age-depth models were discarded based on
inconsistencies (age reversals, unreasonable sedimentation rates, etc.) and, for the remaining ones, the
simplest one, a simple lineal model (Fig. 5.2a), was applied to the cores for further checking by
comparison of different proxies among cores (Fig. 5.2b). Despite their similarity, age-depth models for
the different cores cannot be combined in a single one as differences in sedimentation rates caused
artifacts that result in unrealistic correlations.Cores S2 and S3 show the longest records, ca. 20 ka BP for
core S2 and ca. 27 ka BP for core S3. They begin with low sedimentation rates during the late Pleistocene.
For core S3 this is interrupted by a discontinuity while core S2 record is continuous and it shows a gradual

increase in sedimentation rate at the end of the Pleistocene.
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Table 5.2. Radiocarbon data and calibration results for cores JAN-5A, JAN-S2, JAN-S3 and JAN-9A. The rejected

samples correspond to possibly reworked material.

Cal. BP
Numb Depth i 2
Lab code umber Sample A o error BC R error . Material ~ Curve
in figures core (m) median
[range]
1319
Beta- . Organic
635182 1 JANS5-1 -2.7 1410 30 -24.5 - - [1287, s 1ntCal20
1352]
1947
Beta- Organic
2 AN5-2 -3.9 201 -25. - - ~al2(
635183 JAN 39 010 30 5.8 (869, 57T IneCal20
2002
Beta- 6658 Organic
635184 rejected  JANS5-3 -7.7 5840 30 -20.1 - - [6596, s 1ntCal20
6739
7430
Beta- Organic
j AN5- -9. 2 ) 25.9 R B TntCal2
635185 rejected  JANS5-4 9.7 6520 30 5.9 [7418, atter ntCal20
7505
6580
UCIAMS-
231721 3 JAN-5A 115 6625 20 301 201 [6126, Shell  Marine 20
_ 7068]
997
UCIAMS-
rejected  JAN-S2-0 0.46 1100 15 - - Charcoal = IntCal20
236153 [957, 1007]
Beta- 1331 Organic
618143 4 JAN-S2-1 2.78 1440 30 -20.9 - - [1297, e 1ntCal20
1373]
Beta- 2353
AN-S2-2 1 2 99 315 22 Shell Marine 2
459036 5 JANS 5.16 480 30 9.9 315 0 [1775,  She farine 20
2889]
Beta- 6618
1.9 ) ; o . M
459037 6 JAN-S2-4 11.55 6660 30 2.6 301 201 [6178, Shell larine 20
7115]
Bea 7670
AN-S2- 14. 2 1 201 Shell Marine 2!
459038 7 JAN-82-5 4.6 7680 30 30 0 [7260, She Tarine 20
8093
Beta- 9185
459039 8 JAN-S2-6 20.44 8220 40 -27.7 - - [9024, Charcoal = IntCal20
9302]
Beta- 12.341
AN-S2-1 23. 1 2 - _ ~ 1 IntCal2
557793 9 JAN-S2-16 23.46 0440 30 5 [12537, = Charcoal —IntCal20
12607]
Beta- 19.723 Oreanic
10 JANS2-17 26.67 16340 60 -25 - - [19552 g IntCal20
635181 > matter
19882]
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Beta- 471
et 1 JANS32 146 400 30 25.8 - - Charcoal  IntCal20
526017 428,512
Beta- 1481 Organic
12 AN-S3-3 X 162 3 232 - - IntCal2
618144 JANS +04 620 0 [1409, 57 IntCal20
1544]
Beta- 3008 Organic
s1g1as | felected JAN-S34 575 2880 30 26.1 . B 921, € neCal20
3078]
Beta- 2912
526108 13 JANS35 633 2810 30 -25.9 - - [2846,  Charcoal = IntCal20
2998]
UCIAMS- 3744 .
550331 14 JAN-S3-6 781 4115 15 5.5 200 426 [2702, Shell  Marine 20
4833
Beta- 4516
26100 15 JAN-S3-7 894 4570 30 1.6 50 152 4076, Shell  Marine 20
4925
Beta- 7615 Organic
526110 16 JAN-S3-8 11.23 6760 30 -22.9 - - [7574, atter TntCal20
7668]
8327
UCIAMS-
g 17 JANS39 1551 8040 20 21 17 185 (911,  Shel  Marine 20
259332 ,
8816]
8668
Beta- Vegetal
526111 18 JAN-S3-10 18.3 7890 30 -26.4 - - [8593, remain TntCal20
8779]
Bet 26728
cta- ganic
40083 19 JAN-S3-11 2264 22400 90 26.5 . B o5, EC IiCal20
27006]
4523
UCIAMS- A
31720 20 JAN9A1 59 4275 15 251 169 4044, Shell  Marine 20
4975
6390
JCIAMS-
cha,mf 21 JAN9A2 1154 6450 20 301 201 [5920, Shell  Marine 20
_ 6853]
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Figure 5.2. Age models for (a) cores S2, S3, JAN-05A and JAN-09A. The numbers for reference are those of

Jan-S3
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Table 5.2. (b) Comparison of age-depth models for cores S2 and S3 based on pollen and geochemistry. Vertical
colour bars: see Fig. 5.3 key.

The Holocene record starts with high sedimentation rates for cores S2 and S3 until ca. 7 ka BP, when the
sedimentation rate for all cores, except JAN-09, decreases. The greater rates for core JAN-09 can be due
to its proximity to a river mouth, which increased the supply of sediment at this location. Despite the
noticeable decrease in sedimentation rate for the last 7 ka, in comparison to the 7 to 9 ka BP period, it is

worth to notice that sedimentation rates increased slowly until present.
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5.3.2.- Facies analysis

Facies have been characterized by visual inspection as well as by their geophysical properties, geochemical
and mineralogical composition. Such parameters show both gradual and abrupt changes and, therefore,
we describe the logs and then the Facies Groups (which are composed of different facies but grouped in

a larger set). These groups are the basis for the environmental interpretation.
5.3.2.1.- Geophysical logs

Due to the homogeneity of the sediments, the more distinctive logs ate those of colour that can be linked

to their oxidation or reduction degree and composition.

The lowermost materials show higher values of the R/(G+B) and Grey indexes, indicative of warm pale
tones. Similar R/(G+B) values can be observed at the top of the sections, but, in this case, the Grey
index points to darker tones. Between these levels, the R/(G+B) and Grey indexes fall except for some
intercalations that show paler tones, and sometimes more ochre, coincidental with coarser siliciclastic
levels. The colour of the sediments is indicative of their oxidation level (Lyle, 1983; Nagao & Nakashima,
1992). Thus, brown and ochre colours are indicative of oxidizing conditions typical of emerged setting.
The appearance of green to grey colours implies reductive processes by consumption of the bottom

oxygen (submerged conditions) while the mixture of colours (mottling) indicate alternating conditions.

The remaining parameters (gamma ray density, magnetic susceptibility and resistivity) are dependent on
the mineralogical composition and grain size of the sediment. Due to the dominance of clay minerals,
the profiles are very homogeneous and they only show changes where coarser grain siliciclastic or mixed
siliciclastic-bioclastic levels appear. In such cases, the three parameters increase their values for siliciclastic

coarser grain size levels but not for bioclastic levels.

The geophysical proxies are indicative of the grain size and composition of the sediments and, thus, they
provide information about the energy of the environment. In this case, the general sedimentation is fine-
grained, pointing to a sedimentation from suspension, with some coarser-grained deposits, more
energetic, intercalated among them. The composition of these more energetic levels can be siliciclastic,
bioclastic and mixed, indicating a mixture of provenances that are exogenous (siliciclastics) and
endogenous (bioclastic). Such episodes can be then linked to external inputs to the basin (from rivers)

and the reworking of the bottom of the basin by waves or currents.
5.3.2.2.- Geochemistry and mineralogy

The studied sediments are composed by siliciclastics (mostly mud with some levels of sands and gravels)

with contributions of carbonates (nodules and shells, sparse or in levels) and sparse organic matter,
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gypsum, pyrite and halite sparse inside them (Fig. 5.3). Thus, the geochemical composition of these
materials is controlled by this mineralogical composition. Some elements are shared between minerals,
but major components represent most of the content of the main ions. As an example, Calcium (Ca,
CaO) can be present in carbonates, gypsum and some silicates. However, the good correlation with
inorganic Carbon (TIC) indicates that most of it is linked to the carbonates. However, Sulphur (S) is
mainly linked to the presence of gypsum and/or pyrite, pointing to the minor contribution of these
minerals to the bulk composition of the sediments. Another question is the difference in techniques. As
pointed by several authors, the XRF scanning is usually applied on wet sediments and the water content
can affect the results, which can be different to those obtained by classical “destructive” techniques in
which the sample is grounded, desiccated and homogenized (Tjallingii et al., 2007; Dunlea et al., 2020).
For this reason, in addition to the XRF scanning a selection of samples from cores S2 and S3 (the longest

ones) were analysed by ICP spectrometry and AAS.

The results of these mineralogical and geochemical analyses are shown in Figure 5.4 and reveal the good
agreement among the mineralogical, “classical” geochemical analysis and XRF scanning. Sometimes, the
Facies Groups show clear changes in the composition, but also there are gradual changes that can be
better explained as an evolution. The siliciclastic components (exogenous component) are best described
by the content in silicon (Si), aluminum (Al), zirconium (Zr) and titanium (Ti). Si is shared by all of them,
but it increases with the amount of quartz, as well as Zr, being noticeable at coarser levels. Al is shared
by clay minerals and feldspars, but being the latter less present, its content can be ascribed to the clay
content. Thus, volume changes of these elements reflect changes in the ratio exogenous/endogenous
minerals and in grain size (energy). The composition in the cores is very homogeneous except where
gravel and sandy layers appear and the relative Al content decreases. Due to the highest intensity of Al
peaks, the sandy levels rich in matrix are masked. The endogenous components are carbonates, gypsum,
halite and pyrite/haematite. These are of terrestrial or marine origin. The carbonates are recorded by
TIC, which correlates to Ca and CaO. They are present in two components: nodules and forming part
of the matrix (edaphic) and shells (entire or broken, marine and transition). The edaphic carbonate is
recorded by a background Ca content without noticeable peaks. The marine carbonate content is larger
on the average and conspicuous peaks corresponding to shells (isolated or in levels) are observed. The
content in sulphur varies with gypsum and pyrite content, but also with organic carbon (TOC). The upper
and lower portions of the cores are poor in S and a sharp boundary can be traced with the S-rich levels.
In the S-poor sections, some S peaks correlate with bromine (Br) and chlorine (Cl). It must be noticed
that, on the overall, decreases in S are correlative to increases in Si or Ca. Cl and Br (halides) variations
follow the natrium (Na) and TOC changes, as well as the presence of halite. The lower part of cores S2
and S3 show low contents of Cl and Br, both of which increase somehow abruptly above the transition

from the lowermost sands and gravels to the dark muds. This increment is also noticed in Na- and TOC-
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excursions in cores S2 and S3. Upon this, they show an increasing trend that changes around the middle
of the cores S2 and S3 to a decreasing one at the top of the cores. These trends are punctuated by lower
content levels that coincide with siliciclastic-rich coarser grain levels. Br is associated to saline minerals
and organic matter (Ziegler et al., 2008) and some authors link the Cl content to pore sea water content
(Tjallingii et al., 2007). However, the good correlation to Na data, obtained from dry samples (classical
XRF analysis), and to Br and TOC leads us to consider that this content is related to the halite identified
by DRX analysis and to the organic matter content. S correlates to pyrite (Chéron et al., 2016). Na and
Cl can be absorbed by clay in marine sediments (Charlet and Tournassat, 2005). The fact that Cl and Br
do not show a correlation to grain size and that the lower values correspond to the more permeable facies
indicates that this is not linked to a present saline aquifer as proposed by Luque et al. (1999). The
correlation of S, Br and Cl with TOC can be indicative of an origin linked to the organic matter, which
is common in the case of S. It means that these ions are trapped by the clays and organic matter as the
parent minerals are degraded. Thus, we can interpret S as a proxy of reductive conditions (which is also
correlated to the preservation of organic matter) while Br and Cl are proxies of sea water influence, as

well as of organic content.
5.3.2.3.- Pollen record

The bottom sediments of both cores are characterized by poor preservation of palynomorphs, resulting
in low concentrations of all taxa. Samples from core S3 are palynologically sterile for this period and core
S2 shows alternating percentages of Chenopodiaceae and Isoefes. Thereafter, between ca. 7-10 ka BP in
core S2 and ca. 7.5-8.7 ka BP in core S3, the percentages and concentration values of Isoefes increase. In
both cores, ca. 8-9 ka BP, Chenopodiaceae and Isoetes display raised values. Between ca. 3-9 ka BP,
Chenopodiaceae progressively increase to the detriment of freshwater vegetation, although displaying
variable values and concentration peaks within this petiod. From ca. 1-3 ka BP, there is an increase in the
percentages and concentration values of Isoetes, especially remarkable in core S3. There is a peak of
Chenopodiaceae ca. 1 ka BP in both cores, which culminates in the decline of both salt marsh and
freshwater taxa from this date onwards. On the other hand, G/lomus concentrations and percentages are

rather low in both cores until they undergo a significant rise from ca 1.5 ka to the top of both sections.
5.3.2.4.- Other fossil content

The fossil content is low in all the cores. According to Luque et al. (1999), at the top of the section, there
are some ostracods (Ihiocypris gibba, Candona neglecta and Candona sp.) and few charophyte remains, while
below 4.5 m in depth occasionally some foraminifera (Haynesina, Ammonia, Elphidium), ostracods (Cyprideis
torosa and Loxoconcha elliptica), bivalves (Cerastoderma edule, Scrobicularia scrobicularia, and Ostrea sp.) and

gastropods (Hydrobia sp.) are encountered. We have studied additional samples that allow to include Retwsa
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sp., gastropod, few broken remains of bryozoa, fish remains, siliceous spicules of sponges, arthropod
remains, and to improve the foraminifera record (Ammonia tepida, A. beccarii, Haynesina germanica, H.
depressula), as well as a fragment of Cassidulina, tew small miliolids (Triloculina) and possible Nonionidae.

The microfaunal remains are indicative of freshwater or brackish water (Ihocypris gibba, Candona neglecta,
Candona sp., charophytes) or brackish water (Cyprideis torosa, Loxoconcha elliptica, charophytes, bivalves and

gastropods), however a certain marine influence can be deduced from the presence of foraminifera.
5.3.2.5.- Facies and sedimentary model

Four facies groups can be described according to the composition and properties of the sediments and

their position in the cores (Fig. 5.3).
Fluvial Facies

Channel subfacies

Ochre to orange siliciclastic sediments located at the bottom of cores S2 and S3. Poorly to moderately
sorted subrounded gravels, sands, and sometimes laminated muds, are arranged in fining upward
sequences with concave upwards erosive base. The coarsest sediments show internal erosive surfaces.
Towards the top of this facies, root traces, mottling and nodules increase typical for a hydromorphic soil.
Sediments show brighter colours and greater density and magnetic susceptibility than the surrounding
sediments. The low calcite content (Ca and inorganic C) is linked to carbonate clasts derived from the
substratum or carbonate nodules. The S content is very low, which correlates with the absence of gypsum
and pyrite. Cl and Br content are also low and increase towards the boundary with the supratidal facies.

Sediments are azoic or barren and the pollen content is very low and poorly preserved.

Interpretation: The grain size and erosive base of these deposits are indicative of channelled facies of a
certain energy. The presence of internal erosive surfaces reveals that their infill was episodic. The fining
upwards sequence, ending with paleosols, indicates filling of these channels sometimes clearly above the
ground water table (calcic soils) and others with the ground water table near or at the surface

(hydromorphic soils).

Floodplain/fluvial wetland subfacies

Brown to ochre muds with some sandy layers (in the eastern cores, JAN-03A and JAN-09A) found
topsection. They show mottling, some charred particles, carbonate nodules and root traces as well as
sparse clasts, but with planar boundaries. They have finer grain sizes and darker tones than their channel
equivalents. The coarser levels owe larger magnetic susceptibility and density values than the finer facies.
Their S content is very low and this is linked to the absence of gypsum and pyrite. The calcite, Ca and

TIC content is linked to the presence of carbonate nodules and the Br and Cl content is also low but
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increasing towards the supratidal facies. The most diagnostic feature is the presence of Glomus
chlamydospores and the decrease in Chenopodiaceae pollen and Isoefes spores, as compared to the
undetlying levels, as well the presence of Characeae. According to Luque et al. (1999), these sediments

can contain ostracods (llyiocypris gibba, Candona neglecta and Candona sp.) and few charophyte remains.

Interpretation: The colour, finer grain size, planar boundaries and the presence of mottles, nodules and root
traces reveal subaerial sedimentation linked to overbanks of the fluvial system. The geochemical features,
similar to those of the fluvial channel facies are indicative of clastic supply in a low salinity environment
dominated by oxidizing conditions. The abundance of Glomus, in comparison of other facies, points to
subaerial erosion in a vegetated plain. In addition, the presence of Characeae and freshwater ostracods

reveal the development of shallow ephemeral (seasonal?) ponded areas.
Supratidal Facies

Brown to green muds showing abundant hydromorphic features (mottling), carbonate nodules, organic
matter mottles and root traces. A distinctive feature is the presence of some broken shells (bivalves). The
hydromorphic features, broken shells and burrowing are more common towards the contact with the
intertidal facies and the colour is also usually green. In the proximity of the fluvial facies, root traces and
carbonate nodules are more frequent, and the colour is dominantly brown. S, Cl and Br content is low,
but larger as the fluvial facies. No gypsum, pyrite or halite have been detected. Ca and TIC are low and
related to the presence of carbonate nodules and few shell fragments. At the base of cores S2 and S3,
low concentration and percentages of Chenopodiaceae and Isoetes was observed. But towards the top, the
percentages and concentration values of all the palynomorphs increase, and few charophytes can be
present (Luque et al., 1999). It is remarkable that, at that position, Chenopodiaceae and Isoefes show a

relative maximum in their percentages.

Interpretation: The fine grain size of these deposits and abundance of edaphic features is interpreted as an
area where sedimentation was episodic, probably linked to extreme flood events (marine and fluvial) at
the boundary of coastal and fluvial domains. On these mudflats, some stable ponds filled with freshwater
(vegetated by ILsoeres) or brackish waters (surrounded by Chenopodiaceae) developed. The landscape

resembles very much present marshes.
Intertidal s.l. Facies

Mainly green muds changing to ochre towards the boundary with supratidal facies are partly laminated
without edaphic features. The muds usually contain shells (broken or unarticulated) and mottles of iron
oxides or organic matter, and are bioturbated. Their content in S is low and no gypsum or pyrite have

been detected. Cl and Br content is slightly larger than for fluvial and supratidal facies. Some halite is
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present, but the higher values coincide with organic matter mottles. TIC and Ca (calcite and aragonite)
content is low. Chenopodiaceae pollen show a relative maximum and Isoezes an increasing upwards trend

while Glomus spores percentages are very low.

Interpretation: The dominance of green muds is interpreted as periodic submergence and water saturated
pores that sporadically dry (ochre mottles: oxidizing conditions). The abundance of Chenopodiaceae and
Isoetes are indicative of the presence or proximity to brackish and freshwater ponds. Adding the presence
of marine shell fragments and halite, this allows interpreting these deposits as a mudflat in the intertidal

area.
Subtidal s.l. Facies

Dark grey to black muds and clay characterized by the relative abundance of entire unarticulated and
broken shells (bivalves and gastropods) in living position. They can show parallel lamination, burrowing,
organic matter mottles and carbonized vegetal remains, mostly near the boundary with the intertidal
facies, where they form conspicuous levels. In addition to these features, the geochemical and
mineralogical composition is more diagnostic. This subfacies is characterized by the presence of gypsum,
pyrite, haematite and halite, and, consequently, the highest content in S, Cl and Br. On the average, these
sediments show the highest content in TOC. While the transition to the surrounding intertidal facies is
gradual for Br, Cl and TOC, the change in content for S is abrupt, providing a sharp boundary. It is
remarkable that this is the only subfacies in which molluscs in living position have been found, as well as
foraminifera, and ostracods change to assemblages with Cyprideis torosa and Loxoconcha elliptica (Luque et
al,, 1999). The preservation of pollen and non-palynomorphs is better at the base and decreases to very
low values towards the top. Glomus is almost absent, Chenopodiaceae is relatively high and Isoezes is

present at the bottom but nearly disappears towards the top.

Interpretation: The colour, mineralogical, geochemical and fossil composition of this facies point to
deposition on a submerged environment and in oxygen-depleted marine waters (hypoxic conditions).
The dominance of muddy sediments is typical of an area only sporadically affected by currents. The
presence of charcoal-rich levels near the boundary with the intertidal facies are indicative of episodes of
riverine input. These conditions correspond to an environment below the fair-weather wave base level
and below the low spring tidal level. Thus, this facies can be interpreted as representative of a fair-weather

subtidal environment.
FEstuarine-tidal channel Facies

This sequence is composed of layers with an erosive base (concave upwards), interbedded with supratidal

and intertidal facies, filled by gravels to sands forming fining-upwards sequences. Mainly siliciclastic
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clasts, prevailing on supratidal facies, and bioclastic components that are more frequent on intertidal
facies, with increasing matrix content and green tones are found towards the western parts of the basin.
Like the fluvial channel facies, these can present internal erosive boundaries, but the sediment sorting
and roundness increase towards the intertidal facies. They contain occasionally muddy clasts from the

marsh facies and dewatering structures.

Interpretation: Their similarity to the fluvial channel subfacies, position, and increase in hydromorphic
features suggest the extension of the fluvial channels into the supratidal and intertidal areas without

discarding a tidal origin for some channels filled with finer-grained sediments.
Mixed (fluvial and tidal) current Facies

Centimeter to decimeter thick clastic intervals with erosive base ranging from gravel to fine sand have
been encountered embedded in intertidal and subtidal facies. The layers are composed by a mixture of
siliciclastic fragments decreasing content from E to W and bioclastic fragments increasing content from
E to W. Both facies show decreasing grain size and increasing matrix content from E to W. The
siliciclastic grains are rounded to subangular, they are moderate to well-sorted while the bioclastic fraction
is pootly to moderately sorted and scarcely rounded (from entire unarticulated shells to broken
fragments). The siliciclastic-dominated layers show lower contents in S, Cl, and Br compared with the
muddy facies in which they are included or the bioclastic-dominated levels, and pollen grains are pootly

preserved.

Interpretation: The clastic nature of the sediments and the flat erosive base relate them to unconfined
currents. The reverse relation between the siliciclastic and S, Br and Cl contents are indicative of an origin
linked to freshwater inputs from rivers for this sequence, while the invariance of the geochemical marine
proxies for the levels dominated by bioclasts points to marine currents as their transport agent. Wave-
related currents are discarded as the dimensions of the basin prevent the formation of waves able to have
a noticeable action on the bottom and, thus, tidal currents are invoked for their origin. Despite fluvial
and tidal currents coincide in time, their record at precise times and the wider extension of the bioclastic
fraction point to extraordinary tides (astronomical and storm) and not to ordinary ones. The westward
(seaward) fining of the grain size of both fractions reveals the vanishing of the currents in this sense, and

the dominance of ebb vs. flood currents.
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Figure 5.3. Sections for cores (a) S2 and (b) S3 showing selected parameters: facies and subfacies, dated samples

(numbers from Table 5.2), lithology, grain size, structures and fossil content, color and geophysical logs (resistivity,
magnetic susceptibility [MS], gamma ray density [GRD], non-contact resistivity [NCR]), mineralogy [relative
abundance: width of the bars, thickness of the sample: height of the bars], selected oxides and inorganic (TTIC) and
organic (TOC) carbon (in percentage) and geochemical XRF scan (in counts per second) and selected pollen and

non-palynomorph taxa as percentages and concentrations. (c) Sedimentary model and identified subfacies. m: mud,
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s: sand, p: pebble, g: granule, c: cobble, sd: shell debris, sh: shells, ch: charcoal, sl: shell in living position.
5.3.3.- Stratigraphic architecture and palaeogeographic evolution

The spatial arrangement and stacking of facies allows to analyse the evolution of the sedimentary system
and its main trends in relation with sea level changes (Figs. 4, 5). The oldest deposits are fluvial facies,
mainly channelized subfacies indicative of a certain slope, lying on an erosive surface carved in the
underlying Miocene deposits of the substratum. These deposits are dated around 27 ka BP in core S3 and
ca. 20 ka BP in core S2, where they are encountered around three meters deeper than in core S3. This
arrangement points to a staircase disposition of the fluvial facies that is compatible with a sea level drop
of near 11 meters in ca. 4 ka, according to the sea level model of Lambeck et al. (2014). These features,
coherent with a forced regression, along with the development of a hydromorphic soil on top of the
deposits, indicative of later rising sea level conditions, allow us to place allows to interpret the S3 deposits
as deposited during a sea level fall in the falling stage systems tract (FSST after Catuneanu et al., 2011;
Catuneanu, 2019). While those of core S2 have been accumulated during the beginning of the rise in the
lowstand systems tract (LST) (after Catuneanu et al., 2011; Catuneanu, 2019). For this period

sedimentation rates were below 1 mm/yr.

The beginning of the transgression (transgressive systems tract, TST) is evidenced by the above
mentioned paleosol, marking the transgressive surface (ts), and the development of supratidal facies, ca.
12-17 ka BP in core S2 and ca. 10-11 ka BP in core S3, and intertidal, ca. 10-12 ka BP in core S2 and ca.
8.7-10 ka BP in core S3. The marine water incursion reached the location of core S2 around 10 ka BP,
causing the development of hypoxic conditions. The continued sea level rise caused the marine flooding
of higher areas (core S3) around 8.7 ka BP. During this transgressive period, in the inner bay areas, only
bioclastic ebb current-related deposits are found in cores S2 and S3, but no siliciclastic or mixed deposits

(fluvial or tidal current), probably recording the fast landward shifting of the river mouths.

In the meantime, coarse grain deposits accumulated in the supra- and intertidal areas. This can be
explained due to a fast sea level rise upon a steep slope of a narrow paleovalley, so channelized facies
prevail, and ancient/older fluvial sediments were easily reworked in the coastal areas as the coastline
retreated landwards. This is confirmed by the sudden change to fine grain subtidal deposits and low
sedimentation rates (= 1 mm/yr), implying a fast transgression. During the last stage of the TST to ca. 9
ka BP, sedimentation rates showed a noticeable increase up to 8 mm/yr for core S3, and, 4 mm/yr for

core S2, that could be related to more sediment availability and increased accommodation space.
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Figure 5.4. (2) 3D cortelation panel for the studied cores. Numbers at the right side of the sections ate calibrated
ages BP. A: anthropogenic deposits, FSST: falling-stage systems tract, LST: lowstand systems tract, TST:
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maximum flooding surface. Facies and subfacies color code like Fig. 5.3 (b) Chronostratigraphic diagram for
studied sections and comparison against changes in sea level (after Lambeck et al., 2014) and vertical sedimentation

rate; (c) Systems tract boundaries: position relative to present sea level (left) and in time (right).

The marine maximum flooding surface (mfs) is marked by a fall in the sedimentation rate down to c. 1
mm/yr and a change in the stacking pattern from aggradation with retrogradation to progradation that
took place around 7 ka BP. After 7 ka BP, sea level rise began to slow down and changes in sedimentation
took place. Fluvial or tidal current deposits were more abundant in time and space, except for core S3
where they are absent and ebb current deposits are more frequent. In addition, sedimentation rates
increased to 2-3 mm/yr. The change in stacking to a progradational normal regression and the increase
of sedimentation rate imply a change in the sedimentation/accommodation rate, in favour of the first,

and the beginning of the highstand systems tract (HST).
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Figure 5.5. Paleogeographic reconstruction for the last 27 ka BP.

The increase in sedimentation rate and decrease of sea level rise caused the advance of coastal and
terrestrial systems, near river mouth areas, fluvial or tidal current structures advanced into the estuary of
the Almodévar River (cores JAN-09, S1, JAN-03, S2). On the other hand, the decrease of slope/gradient
due to the basin infill promoted the accumulation of finer sediments in comparison to channelized facies

and increased the surface affected by tidal currents that were recorded in those areas far from river
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mouths (core S3). At the present stage of the HST, the progradation of the terrestrial systems has

transformed the area in an episodically ponded fluvial plain (Fig. 5.5).

5.4.- Discussion

In the Gulf of Cadiz, several sedimentological, paleontological and geochemical studies focused on the
recent dynamics of its estuaries and their facies (Dabrio, 1982; Borrego et al., 1995, 2004; Ruiz et al.,
2004; Morales et al., 2006). However, few of these records are long enough and well-dated as to obtain a
reliable correlation among them. In this section, the records of the La Janda wetland of the Almodévar
estuary (this study), the Guadalete and Odiel-Tinto (Dabtio et al., 1999, 2000), the Guadiana (Boski et
al., 2008) and the Quarteira (Schneider et al., 2010) estuaries are compared (Fig. 5.6). All the records are
found in incised valleys, carved into a Neogene (La Janda, below -23 m.a.s.l., and Odiel-Tinto, -35 m.a.s.1.)

or Paleozoic (Guadiana, -51 m.a.s.1) substratum, and start with a basal fluvial unit.

In the Odiel-Tinto area, this fluvial unit has only been dated in core SN11 as 25-30 ka BP (Dabtio et al.,
1999), and this age was assumed for the whole unit for the Guadalete and Guadiana areas (Dabrio et al.,
2000; Boski et al., 2008). This single dated interval prevented the identification of any stratigraphic
architecture for this unit and, using previous time scales, placed it on Isotopic Stage 3, during a previous
highstand (HST) that did not reach present sea level. Consequently, the erosive surface at top of this unit
recorded the LST of the last stratigraphic sequence, and it was its boundary (Dabrio et al., 1999, 2000).

There are no reliable dates for the fluvial unit at the base of the Quarteira record, but they have been

attributed to 7.5-8 ka BP, a pre-transgressive period as they assume that the transgression started at about

7.5 ka BP (Schneider et al., 2010).

In La Janda area, the fluvial unit has provided ages of 27 ka BP (core S3) and 20 ka BP (core S2) and
shows a staircase disposition in a riverine environment. New time scales and sea level reconstructions
and models (Lisiecki & Raymo, 2005; Lambeck et al., 2014; Spratt & Lisiecki, 2016; Past Interglacials
WG PAGES, 2016) place the MIS 3/2 boundary at 29 ka BP and consider that the MIS 3 was not a true
highstand (Fig. 5.6a). Recalibrated dates of Odiel-Tinto area are between 29-30 ka BP, and these and La
Janda dates encompass the end of a sea level fall period, according to the sea level reconstruction of
Lambeck et al. (2014) (Fig. 5.6). Consequently, the fluvial sediments dated between 27 and 30 ka BP and
the erosive surface below and the following fluvial deposits accumulated during the FSST (sensu
Catuneanu et al., 2011; Catuneanu, 2019) (Fig. 5.6b, ¢). The La Janda fluvial sediments dated as c. 20 ka
BP are affected by a hydromorphic paleosol, piled up at lower topographic positions during the beginning
of the last sea level rise, and, therefore represent the LST (sensu Catuneanu et al., 2011; Catuneanu, 2019)
(Fig. 5.6b, c¢). We cannot rule out that part of the undated sediments of the Guadalete, Odiel-Tinto,

Guadiana and Quarteira areas could be included in any of these system tracts.
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Marine flooding was diachronous and its beginning was recorded at different moments in each estuary.
Thus, in the Almodovar estuary (La Janda) the first record is c¢. 16.7 ka BP, in the Guadalete before 10.5
ka BP, in the Odiel-Tinto around 10 ka BP, in the Quarteira estuary c. 7.5 ka BP and in the Guadiana
River around 13 ka BP. From this time on until the maximum marine flooding, ca. 7 ka BP, the sediments
show a transgressive pattern that in the open Almoddévar, Quarteira and Guadiana estuaries is recorded
by a supratidal, intertidal to estuarine basin or salt marsh to mud flat. The Guadalete estuary was protected
by the rocky substratum that bounds the Cadiz Bay and the TST record is composed by fluvio-marine
(head bay delta) to estuarine basin, with flood delta deposits (Dabrio et al., 2000) what suppozts the
hypothesis of a confined estuary. The position of the MES in time and depth is variable among estuaries
(La Janda: 7 ka BP, 10.8 to 12.7 m b.s.; Guadalete: 6.5 ka BP, 10.5 m b.s.; Odiel-Tinto: 6.5 ka BP, 14.3 m
b.s.; Guadiana: 7.5 ka BP, 9.4 m b.s.; Quarteira: 6.7 ka BP, 6.0 m.b.s.) accordingly to the different studies.
And the position of the arbitrary 7 ka BP reference level, at 10.8-12.7 m b.s. (La Janda), 13.3 m b.s.
(Guadalete), 17.0 m b.s. (Odiel-Tinto), 9.0 m b.s. (Guadiana), and 6.9 m b.s. (Quarteira), point to tectonic

activity modifying these records.

After 7 ka BP, the rate of sea level rise slows down (HST) and this is invoked as the trigger of the
development of barrier islands (Freitas et al., 2003). The barrier island systems developed in the Guadalete
estuary until ca. 3 ka BP, when they change to spit systems and the intertidal and supratidal deposits that
appear in the record around 4 ka BP. In the Guadiana estuary, the barrier island systems established at
marine positions (5640-6250 yrs BP, Boski et al., 2002) while upstream intertidal systems evolving to salt
marshes filled the valley. In the Odiel-Tinto estuary, the HST was composed of central basin and sand
shoals evolving to tidal flats. This was an open estuary that began to close around 3 ka BP as the present

spit systems started to grow.

The HST of the open estuaries of Quarteira and Almodévar (La Janda) are very similar, and they record
the infill of the estuarine basin. In Quarteira, tidal channels and tidal flats developed until ca. 4.1 ka BP,
when the sea influence clearly vanished and salt marshes changed into fluvial floodplains prevailed. In
the Almodévar estuary (La Janda), the inner bay and mixed current deposits were gradually substituted
by intertidal, supratidal and fluvial floodplain that were episodically ponded. The clogging of the estuaries
can be better explained by the destruction of accommodation space by infilling, whereas the formation
of the spit systems played a minor control. In all examples the fluvial systems advance on the estuarine

areas, but the present stage of this displacement is variable.
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Figure 5.6. (a) Chronological placement of the studied period (purple square), sea level curves (Lambeck et al.,
2014; Spratt & Lisiecki, 2016) and oxygen isotope reference curves (SPECMAP: Imbrie et al., 1989; LR04: Lisiecki
& Raymo (2005). Marine Isotope Stages (MIS) after Lisiecki & Raymo (2005) except for the MIS 2/1 boundaty
that has been placed in the more accepted value of 11.7 ka BP. (b) Conceptual model relating Van Wagoner et al.
(1988) type 1 sequence systems tracts (after Posamentier & Vail, 1988, and Catuneanu et al.,, 2011, 2019) and
Catuneanu et al. (2011) systems tracts. FSST: falling stage systems tract, LST: lowstand systems tract, eL.ST: early
LST, LST F: LST fan, ILST: late LST, LST W: LST wedge, TST: transgressive systems tract, HST: highstand

systems tract. (c) Comparison of the Late Pleistocene-Holocene record of five estuarine areas in SW Iberian
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Peninsula: La Janda (this work), Guadalete River (Dabrio et al., 2000), Odiel-Tinto rivers (Dabrio et al., 2000),
Guadiana River (Boski et al., 2008), Quarteira River (Schneider et al., 2010). All the dates have been recalibrated
by using IntCal20 and Marine20 curves (the date marked with an * should be discarded as it can be reworked, but
it has been included because the original authors did it). (d) Proposal of stratigraphic architecture for the Gulf of
Cadiz: sea level data from Lambeck et al. (2014) model and Spratt & Lisiecki (2016) reconstruction, systems tracts,
and MIS. (e) Location of the compared estuaries and the inferred position of the coastline for the end of each

systems tract. Bathymetric data from EMODNET (EMODNET, 2020).

5.5.- Conclusion

The use of a multiproxy approach combining sedimentological, geochemical, palynological and
paleontological data to the sedimentary record of the last 26,000 years of ILa Janda wetland enables a
detailed characterization of facies by the interpretation of the complementary proxies. Using a robust
age-depth model and a 3D reconstruction of the stratigraphic architecture of the deposits, we conclude
that these sediments record the infill of an incised valley carved during the last sea level fall. As a
peculiarity, the location of the system inside a restricted valley, bounded by rocky hills, and with a narrow
connection to the open sea caused that the dynamics of the environment was conditioned by the

topography, slope gradient, erosion rates and by the basin infill.

The sediments correspond to the FSST (older than 20.6 ka BP) and LST (16.7 to 20.6 ka BP), and are
identified for the first time in this area of the Gulf of Cadiz, correspond to encased high gradient fluvial
systems flowing through narrow valleys carved during this lapse. The scarcity of dates for these sediments
in other areas around the Gulf of Cadiz prevents the clear identification of the system tracts in a sequence
stratigraphic interpretation as previous studies placed them in the MIS 3, and assumed a highstand, which

led to the interpretation as belonging to an older sequence (Fig. 5.0).

Around the Gulf of Cadiz, the evolution of the TST and HST was controlled by the morphology of the
estuaries (open, Odiel-Tinto, narrow at its mouth, Guadiana, narrow during the whole valley, Quarteira),
the rocky substratum that protects the estuaries from the sea action (Guadalete and Almodévar), and
tectonic activity, as the main reference levels (i.e., maximum marine flooding surface) are found today at
different depths among estuaries. These differences can be observed in the regressive and transgressive

stages, but they are more noticeable in the latter.

During the TST (16.7 to 7 ka BP), all estuaries experienced a fast deepening from supratidal to estuarine
basin environments and the widening of the valleys. The maximum extent of the marine flooding was
reached around the Gulf of Cadiz at c. 7 ka BP. After that, the sea level rise rate slowed down in addition
to a widening of the paleovalleys and decreasing slopes by erosion and infilling of the basin, which

promoted the normal regression of the HST sediments (7 ka BP to present). The period is characterized
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by a marine basin and estuarine conditions dominated by tides. During final stages of the HST, the basin
was occupied by a ponded fluvial floodplain that constitutes present landscape for the Quarteira and
Almodévar estuaries while tidal flats and salt marshes developed in the Guadalete, Odiel-Tinto and

Guadiana estuaries.

As a conclusion, the analysed incised valleys of the Campo de Gibraltar region developed under the
identical climate and sea level conditions. Therefore, their differences must be linked to allocyclic
controls, mainly basin morphology and composition that, in turn, control the estuarine hydrodynamics
(waves, tidal currents and fluvial supplies) and the amount of sediment available from marine sources,
and active tectonics. A better knowledge of the reaction of these systems under such climatic and tectonic

variability is a key to evaluate their future evolution under the changing climate scenarios.
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6.- Tracing the environmental evolution of coastal ecosystems through
Holocene vegetation dynamics in SW Iberia

This chapter is a slightly modified version of a manuscript that will be submitted to Quaternary Science Reviews:

Val-Peén, C., Lopez-Saez, ].A., Santisteban, J.I., Mediavilla, R., Reicherter, K. Tracing the environmental

evolution of coastal ecosystems through Holocene vegetation dynamics in SW Iberia.

Abstract

A new palynological record obtained from La Janda basin (SW Iberia) is presented together with other
sedimentological, chronological and geochemical data. This sequence provides new insights into the
palacoenvironmental evolution of the study area throughout the Holocene. Its correlation with other
continental cores from SW Iberia allowed to define diverse phases attending to vegetal dynamics: a period
of forest development with regional peculiarities between ~11.7-7.7 ka cal BP; a gradual decrease of
regional forests ~7.7-5.5 ka cal BP; a shift towards a drier climatic regime in a context of increased
anthropogenic pressure ~5.5-3.7 ka cal BP; a combination of arid conditions and anthropogenic impact
between ~3.7-1.2 ka cal BP; and the development of cultural landscapes from ~1.2 ka cal BP on. The
effects of millennial-scale climate variability in the vegetation allowed to define phases of increased aridity
at 8.2, 7.7-7.5, 5.9-5.5, and 4.2 ka cal BP, some of them recorded in other continental sequences of SW
Iberia. Deciphering the interplay of diverse factors (climatic, geological, human, etc.) at different scales
(global, regional, local) is key to understanding the complexity of transitional environments and their

evolution over time, but also to protect them as biodiversity hotspots.

Keywords: Transitional environments, SW Iberia, Long-term trends, Abrupt climate events,

Anthropogenic impact, Palacoenvironmental evolution
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6.1.- Introduction

Coastal areas include a heterogeneity of ecotones between terrestrial, freshwater, and marine ecosystems
that fall under the definition of transitional waters systems, e.g., lagoons, marshes, coastal ponds,
wetlands, etc. (Basset et al., 2006). These habitats have always been poles of attraction for human
populations, providing natural resources and recreational areas; but they not only have substantial
socioeconomic and historical value, as they are also important hotspots for vegetal diversity (Newton et
al,, 2013). In the last decades, the study of coastal ecosystems has demonstrated their importance as blue
carbon sinks (Lovelock and Duarte, 2019). Thus, their conservation may contribute, among other things,

to mitigate and adapt to climate change (Serrano et al., 2019).

In this sense, the coastline of the Gulf of Cadiz (SW Iberia) is considered an area of great ecological value
as reservoir of biodiversity, including diverse sedimentary environments and geomorphological features
(Dabrio et al., 2000; Zazo et al., 2008; Carrién et al., 2010; Lopez-Siez et al., 2018). The evolution of their
coastal ecosystems throughout the Holocene has been, and it is, linked to a number of global, regional
and local drivers. The post-glacial marine transgression during the Late Pleistocene-Early Holocene
transition was one of the main controlling factors that shaped littoral landscapes, resulting in the
development of estuaries, lagoons, coastal wetlands, etc. (Dabrio et al., 2000; Teixeira et al., 2005; Boski
et al., 2008; Zazo et al., 2008; Schneider et al., 2010; Delgado et al., 2012; Trog et al., 2013; Rodriguez-
Ramirez et al., 2014). Regional and local elements affecting depositional processes (e.g., marine currents
or river streams) have also contributed to the displacement of sediment, leading to the formation of
closed or semi-enclosed coastal systems (Dabrio et al., 2000; Lario et al., 2002). Additionally, regional and
local tectonic movements have been an important element modulating the effect of relative sea level and
the sediment supply during uplift or subsidence periods (Mediavilla et al., 2023). Environmental
disturbances derived from human activities, such as changes in the land-use, soil erosion, etc., have also

had an increasing impact over time (Newton et al., 2020).

The complex interplay of climatic, marine, tectonic and anthropogenic elements contributes to the
characterisation of coastal ecosystems as complex areas with a high temporal variability and spatial
heterogeneity (Basset et al., 2006). Considering the sensitivity of the vegetation to these same factors, its
study from a long-term perspective may provide insights on the environmental evolution of these
ecosystems, its driving mechanisms, and dynamics (Birks and Birks, 1980; Dincauze, 2000). Thus,
palynological analyses are an excellent tool that may contribute with crucial data on long and short-term
processes affecting coastal ecosystems in the past, but may also lay the foundations for future ecological
research and models (Fegri and Iversen, 1951; Moore et al., 1991; Cheng et al., 2021). But tracing the
history of transitional environments through their vegetation from a diachronic perspective requires

continuous stratigraphic sequences. Although there are very well studied deposits that have reported
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high-resolution information of past environments in SW Iberia, such as the Dofiana marshlands
(Jiménez-Moreno et al, 2015; Loépez-Siez et al, 2018; Manzano et al, 2018), sedimentological
discontinuities resulting in the lack of a good chronological frame are a problem to deal with. In some
instances, problems are related to bad palynological preservation, as in the hypersaline lake of Laguna

Salada (Schréder et al., 2018) or in some cotes from the Guadiana estuary (Fletcher, 2005).

As a means to contribute to this discussion with new data, we present the palacoenvironmental results
(palynological, sedimentological, geochemical) of a sediment sequence drilled in La Janda basin, an area
that has undergone multiple environmental changes by cause of both natural and anthropogenic factors
over the Holocene. The main objectives of this research are: i) to reconstruct the vegetation history of
La Janda basin during the Holocene; ii) to infer the environmental evolution based on the presence of
diverse vegetal communities; iii) to understand the vegetation dynamics in the area and deduce the causes
of their changes; iv) to correlate our results with other continental sequences of SW Iberia for better

defining palacoenvironmental transformations at a regional level.

6.2.- Regional setting

La Janda basin is located at the southwestern Atlantic margin of the Iberian Peninsula, in the eastern part
of the Gulf of Cadiz and near the Strait of Gibraltar (Fig 6.1). It is placed in a tectonic graben of about
35 km’ and 10 km from the current coastline, with its lowest point at 3 m asl and the highest in
surrounding areas above 400 m asl (Mediavilla et al., 2023). The origin of the depression relates to the
two faults (NW-SE and NE-SW direction) that release the efforts of N-S tectonic compression produced
by the Iberian and African plates movement (Goy et al., 1995; Luque et al., 2001). Present day basin is
drained by the Barbate River and its tributaries, Almodévar and Celemin rivers, being heavily disturbed
by farming activities (Mediavilla et al., 2023). The Barbate River crosses the basin and runs to the sea
through a narrow gorge flowing into a marsh complex with a tidal range of near 2 m (Instituto
Hidrografico de la Marina, 2019). During the last centuries, La Janda lagoon was desiccated for
agricultural purposes and only during periods of heavy rainfall it is flooded by the water from the Barbate
and Almodévar rivers (Castro Roman et al., 2000; Duefias and Recio Espejo, 2000; Castro Roman and

Recio Espejo, 2007).
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Figure 6.1. (a) Location of the study area in the Iberian Peninsula; (b) Geological map of La Janda basin and
borders, simplified from the Continuous Geological Map of Spain 1:50.000 (GEODE). Geographical data
provided by the Spanish Geographical Institute (IGN) and the geological map by the Instituto Geoldgico y Minero
de Espafia, CSIC (Roldan et al., 2021). Adapted from Mediavilla et al. (2023).

La Janda is located in a region with Mediterranean climate type Csa, defined by mild winters and hot and
dry summers (Kottek et al, 2006). Mean annual temperature is 20°C, with average minimum temperatures
of 5.3°C in January and average maximum temperatures of 33.1°C in July and August (period 1971-2000;
AEMET, 2011). Mean annual precipitation averages between 600-800 mm and concentrates in autumn
and winter (period 1971-2000; AEMET, 2011). A diversity of plant communities can be found in the
study area (chapter 4), with rich oak formations of Quercus suber, Q. faginea, and Q. rotundifolia at different
altitudes of the natural park of Los Alcornocales (Latorre et al., 1996). They may be accompanied by
other trees such as Sorbus torminalis or Acer monspessulanum with an understorey composed of Arbutus unedo,
Calluna, V'iburnum, or Rbamnus among others (Dominguez et al., 1993; Latorre et al., 1996; Rivas-Martinez
et al,, 1997; Latorre and Cabezudo, 2003). Thermo-Mediterranean communities of Olka europaea and
Quercus ilex grow in lower areas together with tickets such as Q. coccifera, Pistacia lentiscus, Myrtus communis,

Rhamnus oleoides, Asparagns albus and Chamaerops umilis (Dominguez et al., 1993; Gutiérrez et al., 1996;
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Latorre et al., 1996; Rivas-Martinez et al., 1997). At the slopes of the mountains or in depressions with
groundwater permanence, hygrophilous shrubby heaths (Erica ciliaris, Calluna vulgaris, Ulex minor, etc.)
develop in humid areas (Espirito-Santo et al., 2017). However, heathlands may also thrive in zones under
natural or anthropogenic disturbance (Loidi et al., 2007). Riparian elements such as Sa/ix grow in high,
middle or low watercourses, although they may also appear as a stage of degradation replacing other
riparian forests. Fraxinus angustifolia prefers the banks of low flow streams, and A/uus is the main
component of dense alluvial forests that needs high edaphic and atmospheric humidity (Dominguez et
al., 1993; Latorre et al., 19906). In stabilised dunes and sandbanks the vegetation is dominated by Pinus
pinea, but also P. pinaster and P. halepensis, that may be accompanied by xerophytic shrubby communities
(Juniperus phoenicea, |. oxycedrus, Pistacia lentiscus, Daphne gnidium, etc.). Typical vegetation of lakes, coastal
wetlands, and marshes are present in the natural parks of La Brefla y Marismas del Barbate and El
Estrecho. Some of these vegetal communities ate still identifiable in certain zones of La Janda during its
periodic floodings. Temporary pools and ponds are usually flooded during the winter and spring. Plant
communities vary according to the substrate and the drying cycle, but some of the most representative
are macrophyte groups of Myrigphyllum, Ranunculus, Potamogeton, Callitriche and Isoetes (Dominguez et al.,
1993; Cirujano et al., 2014). Water channels within the marshes are usually covered by Cyperaceae (Seirpus
maritimns, S. lacustris) and annual pioneer plants, mainly Chenopodiaceae (Salicornia, Sarcocornia, Frankenta,
etc.), that dominate in temporary pools of brackish or saline water, the edges of lagoons, the open spaces
of coastal marshes, and areas affected by tides (Dominguez et al., 1993; Latorre et al., 1996; Galan de
Mera et al., 1997; Rivas-Martinez et al., 1997).

6.3.- Methods

In 2016 and 2017 twelve cores were drilled in two coring campaigns by triple barrel system (cores S1, S2
and S3) and a portable Ejkelkamp vibracoring system (cores named JAN) (Mediavilla et al., 2023). The
following methods were applied to all the cores in order to reconstruct the evolution of La Janda basin
within a chronological framework provided by an age-depth model, in which the core S3 is included
together with the other sequences. Mediavilla et al. (2023) provides a more detailed data on the methods

and results for all cores, while the present work focuses on the S3 core.

6.3.1.- Sediment coring

In 2017 the S3 core (36°15°09.68” N, 5°50°08.52” W) of 26.78 m-long was recovered from La Janda basin
by triple barrel system. It was drilled at 5.59 m asl and encased in PVC pipes and stored at the Geological
and Mining Institute of Spain (IGME) facilities, where it was later divided in two halves (one for study,

one as archive), described and photographed.
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6.3.2.- Mineralogical and geochemincal analysis

Several non-destructive analyses were run on all the cores using a GEOTEK Multi-Sensor Core Logger
(MSCL-GEOTEK) to track their semi-quantitative chemical element variations and geophysical
properties: core colour scan, P-wave velocity, gamma density, non-contact resistivity, magnetic
susceptibility and X-Ray. XRF spectra were processed with bAxil and element intensities are represented
in counts per second (cps). Destructive samples were carried out in cores S2 and S3 to characterize and
correlate their sedimentary facies: major oxides and trace elements by X-ray fluorescence and atomic
absorption spectroscopy (XRI and AAS), C (organic, inorganic and total) and S by elemental analyser
(ELTRA) and mineralogical analysis by X-ray diffractometry (PTE-RX-04).

6.3.3.- Dating and age model

An age-depth model in which the core S3 is included was calculated based on a total of 25 samples
collected from four cores that were 14C-dated (Beta Analytic Inc., USA and Keck Carbon Cycle AMS
Facility at UC Irvine, USA) (Mediavilla et al., 2023). Ten of these 25 samples were collected from core
S3 (Table 6.1). Calibration was performed with CALIB 8.2 (Stuiver et al., 2021) using the IntCal20 and
Marine20 calibration datasets (Reimer et al., 2020; Heaton et al., 2020) and different reservoir effect values
(Table 6.1). These reservoir effects/values have been recalculated based on the literature (Soates and
Dias, 2006; Soares and Martins, 2010; Martins and Soares, 2013) and using the web application of Reimer
and Reimer (2017) following the methodology of Soulet (2015). Due to the peculiar setting of the
sediments (in a restricted and shallow environment) several calibration sets were developed to check
which calibration curve and reservoir effect values (if applied) were the best. Bchron (Haslett and Parnell,
2008), clam (Blaauw, 2022), rbacon (Blaauw and Christen, 2011), rcarbon (Crema and Bevan, 2021) and

a simple lineal interpolation were used to build a reliable age-model.
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Table 6.1. Radiocarbon data and calibration results for core S3 samples, following the correlative numbers of the
complete set of dates from all the cores that can be consulted in Mediavilla et al. (2023). The reworked material

from one sample led us to reject it for the age-depth model.

Cal. BP 20
Depth in 1 3 " A
Lab code = Number Sample C error 6°C AR etror median Material Curve
core (m)
[range]
471
Beta-526017 8 JAN-$3-2 146 400 30 258 - - Chatcoal | IntCal20
428,512)
1481 Organic
Beta-618144 9 JAN-S3-3 404 1620 30 232 - - IntCal20
[1400, 1544] ~ matter
3008 Organi
Beta618145 rejected | JAN-S3.4 575 2880 30 261 - - EANC TCal20
[2921,3078] ~ matter
2912
Beta-526108 10 JAN-S35 633 2810 30 259 - - Charcoal ~ TntCal20
2846, 2998]
UCIAMS- 3744
. 11 JAN-S3-6 781 4115 15 55 200 426 Shell  Marine 20
259331 (2702, 4833]
4516 _
Beta526100 12 JAN-83-7 8.94 4570 30 1.6 50 152 Shell  Marine 20
[4076, 4925]
7615 Organi
Beta 526110 13 JAN-S38 1123 6760 30 229 - - : EAC Cal20
[7574,7668] ~ matter
UCIAMS- . 8327 _
. 14 JAN-S39 1551 8040 20 21 17 183 Shell  Marine 20
259332 [7911, 8816]
8668 Vegetal
Beta-526111 15 JAN-S3-10 183 7890 30 264 - - eet IntCal20
[8593,8779]  rcmain
26728
Beta-540083 16 JAN-S3-11 22,64 22400 90 2265 - - 26405, B IneCai20

matter

27006]

6.3.4.- Palynology

With the aim of obtaining a representative sampling of all the sections, 160 samples were collected from
the core S3 maintaining a regular interval of 10 cm. Sediment samples, of about 10gr each, were kept in
plastic bags and stored in a fridge at 4°C. All samples were processed at the Institute of Neotectonics and
Natural Hazards — RWTH Aachen University (Aachen, Germany). They were chemically treated with
HCI (10%) to remove carbonates, KOH (10%) to remove humic acids, and Sodium Polytungstate (SPT:
3Na2WO4-9WO3-H20) at 2.0-2.1 gr/cm’ for densimetric separation. The final residue was mounted
on slides with the use of glycerol. Pollen concentrations (grains/gr) were estimated by adding two
Lycopodinm clavatum tablets to each sample (Stockmarr, 1971). Palynomorphs were counted using an
optical microscope at 400x and 1000x to a minimum pollen sum of 300 terrestrial pollen grains and they
were identified using published keys (van Geel, 1978, 2001; van Geel et al., 1980, 1986, 1986, 2003; Moore
etal,, 1991; Reille, 1992, 1995). Some species such as those corresponding to the genera Pinus and Quercus
were discriminated based on morphometric studies following Carrién et al. (2000a, 2000b). Poaceae
245um was classified as Cerealia type according to Lopez-Sdez and Lopez-Merino (2005). Terrestrial
pollen sum (TPS) excluded aquatic pollen types, which were included in the total sum (TS) together with
Non-Pollen Palynomorphs. Palynological diagrams were plotted against age and depth using Tilial T

software (version 2.1.1, Illinois State Museum, Research and Collection Center, Springfield USA).
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6.4.- Results

6.4.1.- Age-depth model

One sample was discarded due to possible reworked material and, after it, a simple lineal model was
applied and used to correlate different proxies among cores (Fig 6.2). Despite their similarity, age-depth
models for the different cores cannot be combined in a single one as differences in sedimentation rates
caused artefacts that result in unrealistic correlations. However, cores S2 and S3 could be well correlated
(Mediavilla et al., 2023). The S3 core begins with low sedimentation rates during the Late Pleistocene,
followed by an interruption and a posterior gradual increase in sedimentation rate at the end of this
period. The Holocene record starts with high sedimentation rates until ca. 7 ka cal BP, when the
sedimentation rate decreases. Despite the noticeable decrease in sedimentation rate for the last 7 ka, in
comparison to the 9 to 7 ka cal BP period, is worth to notice that sedimentation rates increased slowly

until present.

Age (ka cal. BP)
0m0 5 10 15 20 25 30
S3

age (+ 20)

a
2

—=sample thickness
10 m]

15 m]
{ - age (median)

Depth (m.b.s.)

20m]

wwn - discontinuity

16
25 m]

Figure 6.2. Age-depth model for core S3. Sample numbers correspond to those of Table 6.1.
6.4.2.- Facies analysis

Facies have been characterized by visual description as well as by their geophysical properties,
geochemical and mineralogical composition, and microfossil analyses. Based on that, five facies have

been identified:

- Fluvial wetland facies: brown to ochre muds with some sand layers. They show mottling, traces of roots,
nodules and carbonaceous remains, as well as some scattered clasts. They contain freshwater ostracods

and Characeae.
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- Supratidal facies: brown to green muds with some levels of yellow sands and grey gravels forming grain-
decreasing sequences. Traces of roots, hydromorphic features and flecks of organic matter are frequent.

There are fragments of bivalves.

- Intertidal facies: green muds, sometimes laminated, with some levels of sands or gravels (siliciclastic or
mixed with bioclasts). Broken or disarticulated bivalves are frequent, as well as mottled sediment due to
iron oxides or organic matter. Bioturbation and fluid leakage may be present. These facies show a slight

increase in Cl and Br content and evidence of halite.

- Subtidal facies: dark grey to black muds with bivalves in living position and disarticulated or broken
shells. Sediments are laminated, bioturbated and have coarse-grained intercalations (mainly bioclastic).
Gypsum-pyrite, hematite and halite are present. There are high contents of S, Cl, Br, and organic C. These

facies contain marine foraminifera and marine ostracods.
6.4.3.- Palynology

Of the 160 samples collected from the core S3, those from ca. 23 m to the bottom belong to pre-
Quaternary chronologies, while those between ca. 19 and 23 m were found to be palynologicaly sterile.
Therefore, a total of 132 samples resulted valid to include in the present study. Twelve pollen zones were
identified in core S3, which showed a diverse and taxonomically rich palynological content, although with

poor preservation of pollen grains in most of the samples (Fig. 6.3). Results are synthesised in Table 6.2.
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Table 6.2. Pollen zone description for the S3 core with their associated depths and chronologies.

Zone

Depth range
(cm)

Age range
(calyr BP)

Pollen signature

JAN-S3-A1

1886-1840

8761-8701

Dominance of A. Cichorioideae (50-66,8%0), Poaceae (13,5-26,9%) and A. Asteroideae (4-17,5%).
Chenopodium (1,1-12,9%) and Iseezes (1-21,3%) display irregular values. Filicales triletes undiff.(6,3-17,7%)
and Phacoceros (3,1-10,1%) mark their maximumm. Peak of Glomus (0,5-3,4%).

JAN-S3-B1

1840-1454

8701-8166

Drop of A. Cichorioideae (0,3-10,3%) and Poaceae (3,3-17,9%). Increase of Erica type (13,5-34,3%) and
oak forest development: deciduous Quercus (3,3-16,5%); Quercus suber (0,9-5,7%); evergreen Quercus (2,6-
9,3%). Increment of Olea (0,3-5,6%), Alnus (0,3-5%), Arbutus unedo (0,6-3,4%) and Fabaceae undiff (0,9-
3,3%). Rise of Chenopodiaceae (4,3-25,4%) and Isoetes (11,8-38%) with irregular values.

JAN-S3-B2

1454-1355

8166-8000

Abrupt drop of Erica type (4,5-20,2%), deciduous and evergreen Quercus (1,3-5,7% and 2,5-8%), Q. suber (0-
2,8%), and Chenopodiaceae (11,9-23,3%). Rise of Poaceae (8,5-26,5%) and A. Cichorioideae (2,8-26,6%).

JAN-S3-B3

1355-1133

8000-7631

Increase of deciduous and evergreen Quercus (3,4-9% and 0,6-6,1%) and Q. suber (1-4,7%). Rise of Erica
type (9,4-25,6%) and Chenopodiaceace (8-27,4%) with irregular values. Peak of Arsemisia (0-9,3%).
Progressive decrease of Lsoetes (8,8-22,2%) . Slight increase of Sordariaceae (0,4-3,2%). Presence of
foraminiferal linings and dinoflagellates.

JAN-S3-C1

1133-986

7631-5772

Slight decrease of deciduous Quercus (0,3-7,3%) . Decerase o Erica type (6,3-19%) with a peak at the end of
the zone. Increase of Poaceae (5,7-31,4%), A.Asteroideae (9,6-21,7%), and A. Cichorioideae (6,9-21,4%)
with irregular values. Variable values of Chenopodium (6,1-22,6%) and Isoetes (1,3-16,1%). Progressive
decrease of Filicales trilete undiff (0-2,3%). Peaks of Sordariaceae (0,8-3,5%), Sporomiella (0-4%%) and
Chaetominm (0-4.4%).

JAN-S3-C2

986-786

5772-3778

Irregular values of Erica type (5,1-20,5%) and decrease of Poaceae (3,1-13,9%0). Higher and irregular values
of A. Asteroideae (14,6-30,3%) and A. Cichorioideae (5,7-25,3%). Lower values of Iseetes (1-10,7%) and
presence of foraminiferal linings.

JAN-S3-C3

786-677

3778-3164

Abrupt increase of Erica type (9,3-34,9%). Progtessive decrease of Poaceae (0-7,4%) and A. Cichorioideae
(5,1-20,1%). irregular values of A. Asteroideae (11,5-26,7%). Maximum values of Chenopodiaceae (14,9-
33,9%) and Cyperaceae (0,8-3,2%). Slight increase of Pseudoschizaeae (0-2,1%). Abrupt decrease of
Sporomiella (0-1,2%) and Sordariaceae (0-3,1%). Maximum values of Gloeotrichia (0-1,4%). Presence of
foraminiferal linings.

JAN-S3-D1

677-616

3164-2812

Brusque peaks of Erica type (5,1-43,9%) and A. Cichorioideae (2-31,2%). Abrupt decrease of
Chenopodiaceae (4,6-11,7%) and rise of Isoeres (31,1-41,3%). Maximum values of Typha angustifolia type (0,7-
4,7%). Slight increase of Coniochaeta (0,7-1,5%) and Sordariaceae (0,8-2,9%).

JAN-S3-D2

616-389

2812-1425

Maximum values of Erica type (14,8-53%) followed by and abrupt decrease at the end of the zone.
Progressive decrease of Q. suber (0-1,9%). Slight increase of Alnus (0-2,3%) and progressive rise of A.
Carduoideae (1,2-7,1%). Irregular values of A.Cichorioidea (0-24,1%) and Chenopodiaceae (2,2-12,9%).
Minimum and maximum values of Lwezes (0-48,9%). Maximum percentage of Botryococcus (0-2,7%).

JAN-$3-D3

389-226

1425-786

Slight peaks of Pinus nigra-sylvestris (0,3-1,7%). Progressive decrease of deciduous and evergreen Quercus (0,6-
2,8% and 0-1,2%); also Aluus (0,3-1,2%). Irregular values of Erica type (7,9-25,4%), A. Asteroideae (10,2-
65,5%) and A. Cichorioideae (2,4-25,5%). Maximum peak of A. Carduoideae (10,5-27,7%). Decrease of
Chenopodiaceae (2,7-5,5%) and Isoetes (3,5-19,9%), this with variable percentages. Maximum values of
Psendoschizaeae (2,8%).

JAN-S3-D4

226-140

786-452

Low percentages of deciduous and evergreen Quercus (0,5-1% and 0-1%). Maximum values of A.
Asteroideae (48-55,3%). Slight drop of Erica type (7,5-8,5%) and Glomus (6,6%). Progtessive decrease of
Sordariaceae (3,4-1,7%).

JAN-S3-D5

140- surface

452-present

Slight increase of Pinus nigra-sylvestris (1,4-4%), P. Pinaster (0,3-1%), deciduous and evergreen Quercus (1,9-3,3%
and 1,9-4%) and Olea (1,9-2,3%). Progressive decrease of Erica type (14,1-6,3%) and A.Asteroideae (33,3-
23,9%). Maximum values of Glomus (17,2-4,1%) and Poaceae = 45um (0,3-2,3%). Presence of Coniochaeta (1-
2%), Sporomiella (190), Sordariaceae (1.6-2%0) and Chaetominm (1,4-1%).

The earliest record of the vegetation in the S3 core corresponds to intertidal facies (JAN-S3-Al:

8.8-8.7 ka cal BP) in which the vegetation is mostly composed by Asteraceae Cichorioideae and

filicales trilete spores (undifferentiated and Phaeoceros). Immediately afterwards, an increase of

shrubs and maximum values of mesophilous, riparian and Mediterranean arboreal taxa occur

between ~8.7-7.7 ka cal BP (zones A2 to B3), corresponding to subtidal facies. A progressive

decrease of freshwater vegetation parallels a gradual rise of saltmarsh taxa within these zones,

coincident with the presence of foraminiferal linings and dinocysts. These trends are briefly

interrupted ca. 8.2-8 ka cal BP by an abrupt rise of Poaceae and Asteraceae Cichorioideae (JAN-

S3-B2).
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Another fast contraction of mesophilous and riparian forest taxa is visible ca 7.5 ka cal BP together with
a peak of Artemisia (corresponding to zone JAN-S3-C1: 7.6-5.7 ka cal BP). Although with variable values,
this period is defined by an escalation of herbaceous taxa, especially Poaceae, paralleling a progressive
decline of arboreal percentages that culminates between ~5.9-5.5 ka cal BP. From this point onwards it
is also noticeable the continuous expansion of Eria type and coprophilous fungi. From ca 5.5 ka cal BP
on (JAN-S3-C2: 5.7-3.7 ka cal BP) there is a progressive decrease of arboreal taxa with some fast
contractions between ~ 4.5-4 ka cal BP. Asteraceae Cichorioideae and A. Asteroideae continue to show
high percentages, while grasslands progressively decrease. Freshwater vegetation displays their lowest
percentages and dinoflagellates appear at 5.6 and 3.8 ka cal BP. Maximum values of coprophilous fungi
were identified within this phase, followed by a sudden drop during the transition between zones C3 and
D1. These period (JAN-S3-C3 and D1:3.7-2.8 ka cal BP) corresponds to intertidal sediments
characterised by an abrupt rise of saltmarsh vegetation followed by a decline at ~ 3 ka cal BP, which is
coincident with high percentages of freshwater vegetation. There are brusque peaks of Erica type and
freshwater taxa that reach maximum values between ~2.8-1.4 ka cal BP (JAN-S3-D2), mostly coinciding
with supratidal facies. A decrease of coprophilous fungi is identified between ~ 2.5-2.2 ka cal BP. Both
mesophilous and Mediterranean forests decrease during this phase, while riparian woodlands exhibit a
slight rise at the end of the zone. Zones D3 and D4 (1.4 ka cal BP — 452 cal BP) represent the transition
from supratidal to fluvial facies and they are characterised by low values of arboreal and shrubby taxa, a
decrease of saltmarsh and freshwater communities and the highest values of Asteraceae Asteroideae. A
progressive increase of Glomus sp. is also observed, together with the continuous presence of Cerealia
type. The last zone (D5: 452 cal BP to the present) is composed of anthropogenic facies defined by

maximum values of Glomus sp., the dominance of herbs and the presence of Cerealia type.

6.5.- Interpretation and discussion

This section presents a chronological division of the different environmental phases and vegetation
dynamics identified in the S3 core with the aim of discussing major environmental changes in La Janda

basin and correlate them to other palynological continental sequences from SW Iberia (Fig. 6.4).
6.5.1.- Marine transgression and regional forest development (~11.7-7.7 ka cal BP)

According to Mediavilla et al. (2023), the marine transgression began to inundate La Janda basin between
14-12 ka cal BP, being recorded at different depths and chronologies in each drilling due to the geometry
of the depression. Something similar happened along the Gulf of Cadiz, where the sea level rise is
identified at different moments and with different results depending on the architecture of each estuary
and the depth of the incised valleys (Boski et al., 2008; Dabrio et al., 2010; Schneider et al., 2010; Lambeck
et al,, 2014; Mediavilla et al., 2023).
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The first millennia of the Eatly Holocene cannot be depicted in terms of palacovegetation in La Janda
due to poor pollen preservation in samples from this period. The only continental sequence coveting
these chronologies in SW Iberia is located in the Guadiana estuary, indicating the development of a local
saltmarsh as consequence of the marine transgression and rapid oscillations in regional Quercus forests
reflecting an early increased precipitation followed by relatively dry conditions (Fletcher et al., 2007). The
expansion of the regional forest with thermo-Mediterranean, riparian and mesophilous taxa takes place
in this area between ca.10-8 ka cal BP (Fig. 6.4), suggesting a warm, moist and oceanic climate (Fletcher
et al., 2007). A dense forest cover surrounding a semi closed-estuary is also identified in Doflana for this
time frame (Manzano et al., 2018). However, the palynological record from Laguna de Medina indicates
episodes of certain continentality with a dominance of high-mountain pines in concordance with
evergreen Quercus between ca 9.5-7.8 ka cal BP, although the constant presence of mesothermophilous

trees allows discarding arid conditions (Schroder et al., 2018, 2020).
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Figure 6.4. Composite figure showing: A) GISP2 oxygen isotope curve for the Holocene based on Grootes et al.
(1999) where light grey lines correspond to ice-rafted debris (IRD) events in the North Atlantic Ocean based on
Bond et al. (1997, 2001); B) Continental sequences from SW Iberia in which dark blue areas indicate periods of
maximum marine influence in La Janda (Mediavilla et al., 2023), Dofiana (Jiménez-Moreno et al., 2015; Lépez-
Saez et al., 2018; Manzano et al., 2018), Las Madres (Y1l et al., 2003), and the Guadiana estuary (Fletcher et al.,
2007; Boski et al., 2008) and light blue areas correspond to maximum lake levels for Laguna de Medina (Reed et
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al., 2001; Schréder et al., 2018). Green areas indicate periods of maximum forest development and yellow polygons

show aridification phases with associated forest setbacks.

The earliest palynological record in the S3 core corresponds to intertidal facies (~ 8.8-8.7 ka cal BP)
typical from terrestrial-marine environments with a vegetation composed of Asteraceae Cichorioideae
and trilete fern spores, being poor in taxonomic diversity (Fig. 6.5). Rather than representing an open
landscape, this bias may be explained by the fact that intertidal soils are constantly subjected to alternating
emersion and submersion, leading to diverse processes that may destroy pollen grains (Havinga, 1967;
Holloway, 1989; Hoffmann, 2002; Carrién et al., 2009; Lebreton et al., 2010; Twiddle and Bunting, 2010;
Val-Peén et al.,, 2019, 2023b). Certain taxa may be more resistant to these processes due to inherent
characteristics, this would have been the case of some species of Asteraceae and trilete fern spores, this
latter sometimes indicative of reworked sediment input (Sangster and Dale, 1961; Campbell and
Campbell, 1994; Fletcher et al., 2005; Tomescu, 2005; Lebreton et al., 2010; Val-Pedn, et a., 2019, 2023b).
The presence of temperate and Mediterranean forest taxa in other deposits of SW Iberia for these
chronologies (Fletcher et al., 2007; Manzano et al., 2018; Schréder et al., 2018, 2020) may confirm this
hypothesis.

The influx of oceanic waters and the flooding of the basin are recorded in La Janda at ca. 8.7 ka cal BP
coinciding with a progressive predominance of saltmarsh vegetation growing on saline shore soils.
Although the input of local taxa is predominant, the regional pollen signature is well reflected during this
phase corresponding to the development of a restricted bay connected to the sea. The period between
ca 8.7-7.7 ka cal BP is defined by the expansion of mesophilous and Mediterranean trees, with special
prominence of deciduous and evergreen Qwercus that would form dense forests in the nearby mountains,
nowadays corresponding to the Alcornocales natural park (Fig. 6.5). The presence of these taxa suggest
the existence of moist and temperate conditions that allow the development of a subhumid forest.
Riparian woodlands spread, with A/uus as main component, illustrating the proximity of the main rivers
draining into the basin. The existence of an important mass of heaths, mainly composed of Erica type,
with a curve that follows a fairly similar evolution to that of mesophilous taxa, suggests their development
as oakwoods understorey or in humid environments on mountain slopes (Gutiérrez et al., 1996; Loidi et

al., 2007).

Within this phase of arboreal advance, an important forest setback took place between ca. 8.1-8 ka cal
BP. Greenland ice cores reflect well-defined anomalies in the period between 8.4—8 ka cal BP with very
low values of 'O around 8.2 ka cal BP (Rasmussen et al., 2007). The 8.2 ka cal BP event has been linked
to a fresh water influx into the North Atlantic Ocean that would have provoked changes in temperatures
and thermohaline circulation, and thus in moisture availability (Bond et al., 1997, 2001; Renssen et al.,

2001). The contraction of mesophilous and thermophilous elements in La Janda (Quercus, Alnus and Olea
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enropaed) accompanied by a peak of open-ground taxa (mainly Poaceae and A. Cichorioideae) may indicate
an abrupt decrease in moisture availability, but also a cooling of temperatures between ca. 8.1-8 ka cal
BP. The decline of heaths, saltmarsh and freshwater vegetation also point to arid conditions. In other
continental deposits from SW Iberia (Fig. 6.4), such as the Laguna de Medina, an increase of herbaceous
taxa was identified at around 8.2 ka cal BP (Schréder et al., 2018). Indeed, there is a lake-level decrease
ca. 8 ka cal BP concluding in a desiccation phase that has been related to global climatic instability centred
on this event (Reed et al., 2001). In other cases, as in Dofana, vegetation remains practically unaltered
during this episode, but some inputs of coarse material were detected between 8.2-8 ka cal BP together

with a turbidite event (E9) of unknown origin at 8.2 ka cal BP (Manzano et al., 2018).
6.5.2.- Maximum marine flooding and regional forests decrease (~7.7-5.5 ka cal BP)

After a rapid recovery of arboreal taxa and heaths, a turning point in the vegetation is identified in La
Janda from ~7.7 ka cal BP with a progressive increase of some herbaceous elements (Poaceae, Asteraceae
Cichorioidea and A. Asteroidea). From this point onwards, saltmarsh vegetation spread in detriment of
freshwater communities corroborating the marine influence in the landscape (Fig. 6.5). The punctual
presence of foraminiferal linings and dynocists suggest periodic increments of salinity, but their low
percentages and irregular appearance through the sequence may also reflect preservation problems. Some
peaks of saltmarsh taxa accompanied by marine elements, such as the one at ~7.6 ka cal BP, point to
periodic episodes of decreased moisture/freshwater inputs related to arid conditions rather than marine
influence. Its coincidence with a peak of Artemisia ca 7.6 ka cal BP and the gradual contraction of
deciduous Quercus, Quercus suber and Alnus culminating at ~7.5 ka cal BP seems to corroborate the
existence of dry conditions within this time frame. Other continental sequences in SW Iberia mirror
diverse episodes of forest setbacks for these chronologies (Fig. 6.4). An increase of herbaceous taxa and
shrubs was recorded between 7.9-7.1 ka cal BP in Dofiana, and diverse episodes suggesting dune
development periods under arid and wind-enhanced conditions were identified from ~7.8 ka cal BP
(Manzano et al., 2018). A peak of xerophytic taxa was observed at ~7.8 ka cal BP in the Guadiana estuary,
interpreted as an arid interval that lasted until 7.3 ka cal BP and resulted in a Quercus forest decline and

the expansion of shrublands (Fletcher et al., 2007).

From ca 7.3 ka cal BP on, a steadily rise of coprophilous fungi values is observed in the S3 core (Fig. 6.5).
The ascospotes of coprophilous fungi occur on the dung of wild herbivores as well as domestic livestock,
being a good indicator of their presence (Van Geel et al., 2003; Cugny et al., 2010; Lee et al., 2022).
Interestingly, pollen of Cerealia type is identified ca 7.3 ka cal BP (see also chapter 6), although a single
grain cannot be considered an indicator of agricultural activities. The archaeological record suggests that
animal domestication took place before the development of agricultural activities, which are only

confirmed around 6 ka BP, for now (Lopez-Saez et al., 2011). Thus, increased values of coprophilous
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fungi would indicate the presence of herbivores congregating near the depression and in the surrounding

freshwater ponds, probably due to animal herding activities.
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Figure 6.5. Synthetic diagram with a selected ecological groups of palynomorphs from the S3 core, plotted against
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The maximum marine inundation is recorded in diverse estuaries of the Gulf of Cadiz ca. 7 ka cal BP
(Mediavilla et al., 2023), resulting in the development of an intertidal mudflat environment in the
Guadiana estuary (Fletcher et al., 2007; Boski et al., 2008), different closed basin episodes in Dofiana
(Manzano et al., 2018), the development of a marine embayment in Las Madres (Y1l et al., 2003) and the
maximum flooding surface of the restricted bay in La Janda basin. However, this event is not reflected
in the vegetation of these sequences, as their aquatic habitats were already depending on marine influence
and they were also strongly influenced by local factors such as subsidence, spit barriers development,

tides, etc. (Lopez-Saez et al., 2018; Mediavilla et al., 2023).

The dynamic of forest retreat immediately followed by a sharp increase in their values that was observed
in La Janda for earlier chronologies is repeated with a drop of mesophilous, Mediterranean and riparian
trees ca. 6.3 ka cal BP followed by their rise ca. 6.1 ka cal BP (Fig. 6.5). However, the background scenario
is dominated by a gradual forest decline and a progressive spread of herbaceous taxa that culminates ca.
5.9-5.5 ka cal BP with an increase of Artemisia and Poaceae and an important drop of deciduous and
evergreen Quercus, Quercus suber, Alnus, Salix and Olea europaea, suggesting a shift towards a less humid
climate. Local vegetation adapted to freshwater conditions shows minimal values during this time frame,
which may be indicative of a decrease in precipitation. At 5.9 ka cal BP, an abrupt ice-rafted debris (IRD)
event occurred in the North Atlantic Ocean, similar in nature to the one linked to the 8.2 event (Bond et
al., 1997, 2001). However, this episode is not mirrored in other continental sequences from the study
area, but Reed et al. (2001) identified a lake level decrease phase marked by an increase of salinity ca. 5.9

ka cal BP (Fig. 6.4).
6.5.3.- Mediterranean conditions and anthropogenic influence (~5.5-3.7 ka cal BP)

From ca 5.5 ka cal BP onwards, regional forests composed of mesophilous and Mediterranean taxa
display low but stabilized values in La Janda, while Mediterranean shrubs slightly increase and show rather
balanced percentages (Fig. 6.5). The significant presence of Mediterranean elements, both arboreal and
arbustive, corroborates a gradual shift to a more arid climate. Although grasslands progressively decrease,
Asteraceae Cichorioideae and A. Asteroideae continue to show high values, indicating an increasing
prominence of local herbaceous vegetation as marine waters retreat from the depression. In fact, these
changes in the sea level are considered to be the trigger for the development of new geomorphological
features on the Gulf of Cadiz coast, such as barrier island systems and the closure of some estuaries
(Mediavilla et al., 2023). One example is the transformation of Las Madres in a coastal lake due to the
development of a beach barrier that isolated it from the sea, resulting in the replacement of the halophytic

vegetal association by a freshwater one (Stevenson et al., 1985; Y1l et al., 2003).
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The phase ca 5.5-5 ka cal BP reflects a shift towards a drier climatic regime in all continental sequences.
This trend is identified all over the Western Mediterranean and some studies consider it may have been
caused by a reduced summer insolation and the installation of the present atmosphere circulation in the
northern hemisphere, coinciding with the end of the humid period in Northern Africa (Jalut et al., 2009).
In addition, some studies attributed the onset of Mediterranean climate at 5.3 ka BP for Southern Iberia
(Walczak et al, 2015). Within this context, different aridification phases affecting vegetation were
identified in Las Madres with an abrupt drop of deciduous Quercus ca. 5.2-4.5 ka cal BP (Stevenson et al.,
1985; Yll et al., 2003), in the Guadiana estuary between ~4.9-4 ka cal BP with a peak of xerophytes at 4.8
ka cal BP (Fletcher et al., 2007), in Dofiana with a progressive decrease of Montenegro woodland between
4.5-4 ka cal BP (Jiménez-Moreno et al., 2015; Lopez-Saez et al., 2018) and in La Janda with a decline of
deciduous and evergreen Quercus, Quercus suber and Alnus ca. 4.6-4.5 ka cal BP (Fig. 6.4). The same taxa
show a drop in the S3 core at ca. 4.1 ka cal BP, although in this case riparian woodlands, especially A/nus,
are more affected. The ice-rafted debris event occurred at 4.2 in the Northern Atlantic Ocean (Bond et
al,, 1997, 2001) is reflected as an abrupt aridity phase in some Western Mediterranean records, although
the regional heterogeneity in the area does not allow confirming clear patterns (Bini et al., 2019). The
effects of this episode in other continental sequences from SW Iberia is echoed in a pollen gap related to
low preservation of organic matter in Laguna de Medina ca. 4.25 ka cal BP (Schréder et al., 2018, 2020)
and an increase of xerophytic taxa in Dofiana between ~4.2-4 ka, coincident with an extreme wave event

(Lopez-Saez et al., 2018).

The presence of coprophilous fungi is slightly higher during this period in La Janda, when anthropogenic-
nitrophilous herbs and anthropozoogenous taxa slightly increase (Fig. 6.5). Some species of these two
categories may naturally occur in transitional systems, but their correlation with other markers, such as
coprophilous fungi and the appearance of Cerealia type at 5.6 and 4.5 ka cal BP, suggest a stronger
anthropogenic footprint related to livestock and agricultural activities. A rise of these elements is also
recorded in Dofiana, confirming the evidence of anthropization during these chronologies (Lépez-Saez
et al., 2018). In the Guadiana estuary, a decline of Pinus, which cannot be explained by the shift to a drier
climate, has been interpreted as the result from the clearance of pinewoods by human groups during this
period (Fletcher et al., 2007). The role of human activities and their impact on ecosystems is still subject
to debate regarding the chronology from which they are visible (Oldfield and Dearing, 2003; Beaulieu et
al., 2005; Jalut et al., 2009; Anderson et al., 2011). It is considered that human impact on ecosystems has
occurred since ca. 7.5 ca kal BP in Western Mediterranean but the role of climatic changes was somehow
notorious until more or less 5.5 ka cal BP (Fletcher et al., 2007; Jalut et al., 2009). From this point onwards,
the effects of anthropogenic activities added to the aridification trend, with the development of
sclerophyllous formations and the decrease of some forest taxa (Stevenson et al., 1985; Fletcher et al.,

2007; Schréder et al., 2020). However, it should be taken into account that sequences from transitional
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ecosystems are subjected to several factors and they may alternatively reflect local and regional pollen

signatures, overlapping human impact or showing other prominent vegetal trends.
6.5.4.- Transitional environments within an aridification trend (~3.7-1.2 ka cal BP)

Before the transition to the intertidal zone ca 3.5 ka BP in La Janda basin, the punctual appearance of
marine elements is followed by an abrupt increase of saltmarsh vegetation between ~3.7-3.3 ka cal BP
(Fig. 6.5). This might be related to the new edaphic conditions from a subtidal to an intertidal
environment, as Chenopodiaceae species would propagate in saline soils slightly inundated during high
tide. Immediately afterwards (~3.2-2.8 ka cal BP), the gradual decline of marine influence may have led
to the development of temporary ponds colonized by freshwater communities, as reflected by a peak of
Isoetes. The abrupt changes in the values of saltmarsh and freshwater vegetation seem to reflect important
local-scale alterations related to the progressive disappearance of the bay. The gradual desalinization and
development of new soils (ca. 2.6-1.2 ka cal BP) that would have been seasonally flooded led to an
expansion of freshwater plant communities. The brusque increase of heaths may indicate their local
character, spreading through these new soils with groundwater permanence in the depression. However,
their presence could also answer to their preference for local areas under natural or anthropogenic
disturbance, and may also be part of a regional component indicating an advanced stage of the subhumid
forest regression (Loidi et al., 2007). The overrepresentation of Erica type and Asteraceae Asteroideae,
besides being due to their local character, may also suggest the action of taphonomic agents generating a

possible bias of the results in this transitional environment.

It is noteworthy to mention that during this transitional period an abrupt drop of coprophilous fungi is
observable for the first time ca. 3.5-3.2 ka cal BP. The absence of anthopozoogenous herbs may
corroborate the hypothesis of a reduced anthropogenic impact in the landscape during these centuries.
Interestingly, an almost non-existent evidence of anthropization was also observed in Doflana duting
these same chronologies, interpreted as a cessation of arable and livestock husbandry activities (LLopez-
Saez et al.,, 2018). The existence of two energy wave events in Dofiana within this time frame was
considered the possible cause affecting settlements in the area and their economic activities, but the
contemporaneity of these palynological results with those of La Janda record could suggest the existence

of an episode with a larger scale impact, perhaps with a cultural rather than a natural cause.

From a regional perspective, riparian woodlands exhibit their lowest values in La Janda while mesophilous
and Mediterranean forest show low but relatively stable percentages until ca. 2 ka cal BP, when they suffer
an important decrease and Quwecurs suber almost disappear (Fig. 6.5). A major decline of oakwoods and
riparian forests was also identified in the Guadiana valley accompanied by the expansion of lowland scrub

vegetation between ~ 4-2.8 ka cal BP (Fletcher et al., 2007) and the development of a saltmarsh ca 3.2 ka
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cal BP (Fletcher et al. 2007; Boski et al., 2008). In Laguna de Medina, the anthropogenic impact is
especially clear from 3.4 ka cal BP on coinciding with the accelerated infilling of the lake, the existence
of abrupt desiccation events and a marked decline of arboreal pollen (Reed et al., 2001; Schréder et al.,
2020). The increased anthropogenic influence in the landscape is also notable in Dofiana, especially after
3.1 ka cal BP, with traces of human subsistence practices on vegetation formations (Lépez-Saez et al.,

2018) in a context of progressive closure of the estuary (Jiménez-Moreno et al., 2015).
6.5.5.- Cultural landscapes (~1.2 ka cal BP-present)

The gradual infilling of La Janda depression accelerates from ca. 1500 cal BP with an increase in
sedimentation rates that can be related to an increment in anthropogenic activity. From ca. 1.2 ka cal
BP, a totally emerged environment typical from flood plain deposits is fully developed. The local
vegetation is dominated by Asteraceae (A. Carduoideae and A. Cichorioideae reach their maximum
percentages) (Fig. 6.5). Forest and shrublands show low values, and local freshwater and saltmarsh
communities suddenly suffer an important drop. NPP indicative of erosive processes grow during this
petiod, especially Glommus sp. (HAV-207), associated to the development of new soils, soil erosion from
watersheds, the existence of dry or desiccated areas and/or farming activities (Anderson et al., 1984; van
Geel et al,, 1989; Lopez-Séez et al., 2000). The decrease of arboreal and shrubby vegetation is a general
trend but it is especially marked between ~1.1- 0.6 ka cal BP, fitting with a peak of Asteraceae Asteroideae
ca. 0.9-0.7 ka cal BP. Similarly, the palynological record of Laguna de Medina shows increased
anthropogenic influence, erosive phenomena and dry climate conditions for this period coinciding with
the Mediaeval Climate Anomaly (ca. 1.15-0.65 cal. ka BP, Martin-Puertas et al., 2008; Schréder et al.,
2020).

The impact of human activities shaping the landscape is extremely visible in all continental sequences. A
strong taphonomic influence of anthropogenic origins is observed in La Janda, with exaggerated values
of Asteraceae, the increased presence of Glomus sp. and the rise of trilete fern spores that may be indicative
of reworked sediment input (Fletcher, 2005). Indeed, during the last centuries, the sequence indicates the
presence of an artificial infilling in the depression for agricultural purposes, which explains high values
of erosive markers. A slight increase of the arboreal and shrubby vegetation is observed during the last
centuries, with maximum values of Pinus sylvestris-nigra and P. halepensis, increased coprophilous fungi,
Cerealia type and a drop of Glomus sp., although it does not disappear (Fig. 6.5). This may be due to the
development of new soils that, although constantly subjected to agricultural and livestock pressure, are
relatively more stable than the previous ones affected by both anthropogenic and natural processes. On
the other hand, although the presence of pines may indicate dry conditions, their behaviour throughout
the sequence suggest the presence of monoculture plantations in nearby areas during this period, a
dynamic that was also identified in Laguna de Medina (Schréder et al., 2020). The existence of a long-
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term aridification trend during the Late Holocene is well identified in SW Iberia together with the
anthropogenic pressure that may have even increased their effects on the vegetation and resulted in the

development of cultural landscapes.

6.6.- Conclusions

A new continental sequence drilled in La Janda basin (SW Iberia) was studied from a multiproxy
perspective with focus on palynological analysis, revealing diverse vegetation trends throughout the
Holocene. Sedimentological analyses allowed to identify different environmental phases in the basin.
Following the sea-level rise that progressively flooded the fluvial valley existing in the study area during
the Late Pleistocene (Mediavilla et al., 2023), the S3 core indicate intertidal facies between ca. 8.8-8.7 ka
cal BP. The development of a restricted bay connected to the sea was defined through the identification
of subtidal deposits between ca. 8.7- 3.5 ka cal BP, which are followed by a transitional period of intertidal
(ca 3.5-2.6 ka cal BP) and supratidal facies (ca. 2.6-1.3 ka cal BP) that culminates in a fluvial environment
between ca. 1.3 ka cal BP to the present. During the last centuries, an artificial infilling for agricultural

purposes was recorded in the upper section of the core.

Different vegetation dynamics were identified through the sequence, which were correlated with other

continental cores and allowed to define regional trends in SW Iberia that are summarized as follows:

- ~11.7-7.7 ka cal BP: phase of forest development and period of maximum forest extension ca.
10-7 ka cal BP, with regional differences.

- ~7.7-5.5 ka cal BP: gradual forest decrease in most of que sequences, with regional peculiarities
in some cores.

- ~5.5-3.7 ka cal BP: decrease of mesophilous taxa in favour of Mediterranean formations that
parallels a shift towards a drier climatic regime. The anthropogenic pressure is notorious.

- ~3.7-1.2 ka cal BP: the effects of anthropogenic activities are added to the aridification trend
with an opening of the landscape.

- ~1.2 ka cal BP-present: landscapes are strongly modified by humans.

La Janda record also show millennial-scale climate variations representing events of increased aridity at
8.2,7.7-7.5, 5.9-5.5, and 4.2 ka cal BP, some of them identified in other continental sequences from SW
Iberia. Some of these episodes are associated to Atlantic coolings linked to meltwater discharges, but

others have less clear origins.

By combining different proxies it was possible to establish different phases of the palacoenvironmental
evolution, not only in the study area but also on a regional scale, integrating our data in a broader context.

This allowed us to identify, define and better understand the connection between the diverse geological,

96



Tracing the environmental evolution of coastal ecosystems through Holocene vegetation dynamics in SW Iberia

climatic and anthropogenic factors involved, a multifactorial perspective to be adopted in order to

develop more accurate policies for the protection of transitional environments.
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7.- Natural and anthropogenic processes in the depression of La Janda (SW
Iberia) from the Late Pleistocene to the Mid-Late Holocene

This chapter is a slightly modified version of an article published in Continental Shelf Research:

Val-Peén, C., Lopez-Saez, J.A., Santisteban, J.I, Mediavilla, R., Becerra, S., Dominguez-Bella, S.,
Fernandez-Sanchez, D.S., Ramos Mufioz, J., Vijande Vila, E., Cantillo Duarte, J.J., Reicherter, K. (2023).
Natural and anthropogenic processes in the depression of La Janda (SW Iberia) from the Late Pleistocene

to the Mid-Late Holocene. https://doi.org/10.1016/j.cst.2023.105067

Abstract

A multiproxy study (pollen, non-pollen palynomorphs, sedimentology, and geochemistry) was carried
out in two cores drilled in La Janda basin (SW Iberia) to trace the environmental evolution and human
impact on the landscape. An incised fluvial valley existed in the basin during the Late Pleistocene,
followed by a transitional environment characterized by the development of saltmarsh vegetation affected
by the increased marine influ- ence ca. 10/8.7 ka cal BP. During this period comprising the Upper
Palaeolithic and Mesolithic (>~7.8 ka cal BP), the impact of hunter-gatherer groups on the landscape
was rather low according to palynological and geochemical records. A restricted estuary connected to the
sea was identified in La Janda between ca. 10/8.7- 3.5/3.3 ka cal BP, coinciding with a predominance of
saltmarsh vegetation developing on saline shore soils and the punctual presence of foraminifera and
dynoflagellate cysts. The anthropogenic pressure was progres- sively increasing during the Neolithic,
especially from ca. 7 ka cal BP, with markers suggesting herding/livestock activities prior to the punctual
presence of cereals, which is only confirmed by the archacological record ca. 6 ka cal BP. Human pressure
become more noticeable throughout the Chalcolithic and Bronze Age (~5-3 ka cal BP), period during
which a new transitional phase is recorded in La Janda (ca. 3.5/3.3-1.3 ka cal BP), culminating in the
terrestrialization of the area. The predominance of freshwater taxa and decrease of saltmarsh vegetation
is observed during this period, and the transformation of the landscape for agricultural activities over the

last centuries is reflected in the local presence of cereals and markers of erosive processes.

Keywords: Palacoenvironmental —evolution, Multiproxy approach, Palynology, Prehistory,

Archaeological record, SW Iberia



Natural and anthropogenic processes in the depression of La Janda (SW Iberia) from the Late Pleistocene to the Mid-Late Holocene

7.1.- Introduction

The last twenty thousand years encompass multiple environmental changes that have had a deep impact
on the Iberian Atlantic Margin, such as the postglacial marine transgression, climatic events, tectonics,
etc. Sea-level changes caused important alterations in coastal landscapes of SW Iberia, resulting in the
inundation of fluvial valleys and the development of new features such as estuaries, lagoons, tidal flats,
etc. (Rodriguez-Ramirez et al., 1996, 2005; Dabrio et al., 2000; Teixeira et al., 2005; Boski et al., 2008;
Zazo et al., 2008; Schneider et al., 2010; Delgado et al., 2012; Trog et al., 2013). Palynological studies
from terrestrial and marine sedimentary records show that the vegetation adapted to new edaphic
conditions, but also responded to the increase of temperatures and moisture with a progressive expansion
of forests during the Early Holocene (Fletcher et al., 2007, 2010; Combourieu Nebout et al., 2009;
Chabaud et al,, 2014; Camuera et al., 2019; Gomes et al., 2020; Val-Peén et al., 2021). Such dynamics led
to major landscape modifications that may have affected human groups and their settlement patterns in

some way.

SW Iberia has a long history of human occupation and it is considered a key territory from a
geoarchaeological point of view, in part due to its geographic position between Eurasia and Africa (Pérez-
Diaz et al., 2017). It has also been a reservoir of biodiversity and a wildlife refuge area during the Late
Pleistocene and the Holocene (Carrién et al., 2008). Indeed, the archaeological record in the region
indicates that human groups adapted to different environments through a diversity of strategies and
choices during the Upper Palaeolithic, Mesolithic, Neolithic, Chalcolithic and Bronze Age (Giles Pacheco
and Sdez, 1978; Sanchidrian, 1992; Dominguez-Bella, 1995; Ramos Mufioz et al., 1998, 2004-2005, 2006b,
2010b, 2011; Ramos Mufioz, 2004a, 2006b, 2008; Dominguez-Bella et al., 2015; Becerra et al., 2019).

Coastal areas are extremely sensitive to environmental factors, which makes them highly dynamic zones
that are prone to experience and record significant changes over time. Moreover, the increasing human
impact throughout the Holocene may be also reflected in environmental disturbances derived from
anthropogenic activities and changes in the land use. Thus, combined archaeological and
palacoenvironmental studies can provide a long-term perspective to unravel landscape change from both

a natural and anthropogenic perspective.

The present research focuses on the study of the depression of La Janda (SW Iberia), an area that has
undergone a complex evolution in which both natural and anthropogenic processes have intervened. A
multidisciplinary research based on palynological data, sedimentology and geochemistry was performed
in two sedimentological cores drilled in the basin. Furthermore, these data were correlated with the
archaeological record. Thus, our aims are: i) to reconstruct the environmental evolution of La Janda

depression; ii) to identify the possible impact of anthropogenic activities on the landscape; iii) to better
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understand the relationship between human groups and environmental changes throughout the different

cultural periods of Prehistory.

7.2.- Study area

7.2.1.- Biogeographical and geological setting

La Janda basin is located in a tectonic graben of about 35 km2 in the southwestern Atlantic margin of
the Iberian Peninsula, near the Strait of Gibraltar (Fig. 7.1). The origin of the depression is related with
the two faults that, with NW-SE and NE-SW direction, release the efforts of N-S tectonic compression

produced by the Iberian and African plates movement (Goy et al., 1995; Luque et al., 2001).
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Figure 7.1. Location of the studied area in the Iberian Peninsula with cores S2 and S3 represented by green dots

in the depression of La Janda. The zoomed area indicates the slopes of the terrain with their values in the legend.

The geology of the Gibraltar Arc in the studied area is composed by siliciclastic and carbonated pre- and
synorogenic turbiditic deposits (Almarchal, Algeciras and Aljibe Series of the Gibraltar Flysch), spanning
from Late Cretaceous to Middle Miocene times, affected by thrusts, backthrusts and dextral strike-slip

faults (Hernaiz Huerta et al., 1991). Upper Miocene-Pliocene postorogenic sediments consist of breccias,
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calcarenites and siliciclastic marine deposits filling subsiding troughs affected by Plio-Pleistocene
compressive tectonics (Garcia de Domingo et al., 1991; Goy et al.,, 1995). The distribution of Quaternary
deposits is controlled by neotectonics, being preferential along the present coastline of the Gibraltar Strait
(Rodriguez Vidal et al., 2004), fluvial valleys and La Janda basin (Fig. 7.1B). Luque et al. (1999) found
estuarine siliciclastic deposits, dated as 3810 cal. BP, at —5 meters above sea level (m asl) revealing that
the basin was below sea level. Later basin infill led to the isolation from the sea and the beginning of
alluvial and, afterwards, lacustrine sedimentation (Luque et al., 1999, 2001; Duefias Lopez and Recio

Espejo, 2000).

Following the Képpen—Geiger classification, this in an area with Mediterranean climate type Csa, defined
by mild winters and hot and dry summers (Kottek et al., 2006). Mean annual temperature is 18.8°C, with
average minimum temperatures of 9.5°C in January and average maximum temperatures of 28.2°C in
August (period 1991-2020; AEMET OpenData). Mean annual precipitation averages between 500-700
mm, concentrated in autumn and winter (period 1991-2020; AEMET OpenData). From a
biogeographical point of view, La Janda depression is framed in the Gaditano-Onubense Littoral and the
Aljibe sectors (Junta de Andalucfa, 2004; Rivas-Martinez et al., 2014). The first is included within the
humid to sub-humid thermomediterranean ombrotypes, and the second is categorized as
thermomediterranean with dry to humid ombrotypes with a marked oceanic influence due to the

proximity of the Gibraltar Strait (Rivas-Martinez et al., 2014).

The depression of La Janda is nowadays composed of different land units such as wetlands, farmlands
and the mountains surrounding the area. One of the largest surfaces is dedicated to livestock and
agricultural activities, with irrigated crops in flat areas, dry grasses on gentle slopes, and pastures on lands
that are less suitable for agricultural purposes (Junta de Andalucia, 2014a, 2014b). Adding more
complexity to the landscape, there are hills and patches of scrub and forest vegetation dominated by O/ea

enropaea var. sylvestris, as well as debesas or oak parklands of Quercus suber where extensive livestock use

remains (Junta de Andalucfa, 2014b).

Typical vegetation of lagoons, coastal wetlands, and marshes are present in the natural parks of La Brefia
y Marismas del Barbate and El Estrecho. Some of these vegetal communities are still identifiable in certain
zones of La Janda during its periodic floodings. Temporary pools and ponds are usually flooded during
the winter and spring. Plant communities vary according to the substrate and the drying cycle, but some
of the most representative are macrophyte groups of Myrigphyllum sp., Ranunculus sp., Potamogeton sp.,
Callitriche sp. and Isoetes sp. (Dominguez et al., 1993; Cirujano et al., 2014). Water channels within the
marshes are usually covered by Cyperaceae (Scirpus maritinus, S. lacustris) and annual pioneer plants, mainly

Chenopodiaceae (Salicornia sp., Sarcocornia sp., Frankenia sp., etc.), that dominate in temporary pools of
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brackish or saline water, the edges of lagoons, the open spaces of coastal marshes, and areas affected by

tides (Dominguez et al., 1993; Latozre et al., 1996; Galan de Mera et al., 1997; Rivas-Martinez et al., 1997).

At the slopes of the mountains or in depressions with groundwater permanence, hygrophilous shrubby
heaths (Erica ciliaris, Calluna vulgaris, Ulex minor, etc.) develop in humid areas (Espirito-Santo et al., 2017).
However, heathlands may also thrive in zones under natural or anthropogenic disturbance (Loidi et al.,
2007). In low mountainous areas, sclerophyllous grooves of Quercus ilex and thermophilous forest of Olea
enropaea grow accompanied by thickets such as Q. coccifera, Pistacia lentiscus, Phillyrea angustifolia, Myrtus
communis, Rhamnus oleoides, Asparagus albus and Chamaerops humilis (Dominguez et al., 1993; Gutiérrez et al.,
1996; Latorre etal., 1996; Rivas-Martinez et al., 1997). In higher altitudes, oak forests are the characteristic
formations, with special prominence of Quercus suber that expands over the Natural Park of Los
Alcornocales (Latorre et al., 1993; Gutiérrez et al., 1996). Other oaks, such as Quercus faginea, Q. canariensis
ot Q. rotundifolia may be accompanied by other trees such as Sorbus torminalis or Acer monspessulannm, with
an understorey consisting of Arbutus unedo, Smilax aspera and Rosa sempervirens, among others (Dominguez
et al,, 1993; Latorre et al., 1996; Rivas-Martinez et al., 1997; Latorre and Cabezudo, 2003). The multiple
streams that cross and surround the depression of La Janda are associated to riparian elements such as

Fraxinus angustifolia and different species of Salix and A/nus (Dominguez et al., 1993; Latorre et al., 1996).

7.2.2.- Archaeological context

The area of La Janda basin and its surroundings account for a long record of human occupations
throughout Prehistory (Fig. 7.2). During the Upper Palaeolithic, open-air settlements of hunter-gatherer
groups with Solutreogravettian and Solutrean technology were identified (Giles Pacheco et al., 1994;
Gutiérrez et al., 1994; Ramos Mufioz et al., 1995a, 2006a, 2010a; Castafieda et al., 2020). In addition,
other sites were found in the caves and rock-shelters of the area (Fig. 7.8), some of which yield artistic
manifestations that offer valuable information to study the social and economic structures of these
human groups (e.g., Mas, 2000; Collado et al., 2018a, 2018b, 2019; Fernandez Sanchez et al., 2018, 2019a,
2019b, 2021; Hoffmann et al., 2018; Fernandez Sinchez and Gémez-Sanchez, 2022; Barcia-Garcia et al.,
2023).
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Figure 7.2.- Map of the study area indicating some of the archaeological sites included in this research and/or

mentioned in the text. Some settlements record human occupations over different periods, so that the
correspondence between cultural periods and symbols is explained in the legend: UP (Upper Palaeolithic), Neo
(Neolithic), Meso (Mesolithic) and Ch-Br (Chalcolithic-Bronze Age).

The number of Mesolithic sites decreased dramatically in the study area (Fig. 7.2), and most of the
information about this period is provided by the Embarcadero del Rio Palmones, in the Bay of Algeciras,
(Ramos Mufioz, 2004a) and El Retamar sites, in the Bay of Cadiz (Ramos Mufioz and Lazarich, 2002)
(Fig. 7.9). The interdisciplinary studies of both enclaves provided information on marine (Soriguer et al.,
2008) and terrestrial fauna (Caceres, 2003), archaeobotany (Uzquiano and Arnanz, 2002; Rodriguez Ariza,
2005), lithic technology (Ramos Mufioz and Lazarich, 2002; Ramos Mufioz and Castafieda, 2005), as well
as archaeometric data (Dominguez-Bella et al., 2002, 2004). These investigations allow inferring that these
last hunter-gatherer-fisher groups mastered the exploitation of coastal and vegetal resources while

maintaining hunting activities (Clemente Conte and Pijoan, 2005).

Archaeological surveys undertaken between the Algeciras and Cadiz bays, show a higher number of
(preserved) sites during the Neolithic (Ramos Mufioz, 2008) (Fig. 7.2). Some of the best studied are
Campo de Hockey (Vijande Vila, 2009; Vijande Vila et al., 2015, 2022), La Esparragosa (Vijande Vila et
al.,, 2018, 2019; Ramos Mufioz et al., 2022) and SET Parralejos (Villalpando and Montafiés, 2016; Cantillo
Duarte et al., 2017) (Fig. 7.10). This last two, evidenced villages and settlements with specific spaces for

103



Natural and anthropogenic processes in the depression of La Janda (SW Iberia) from the Late Pleistocene to the Mid-Late Holocene

the production of lithic tools, as well as habitation and storage areas attributed to the 6th millennium BP
(Ramos Mufoz et al., 1999). Animal husbandry practices were documented in the terrestrial record, as
animal resources were mainly derived from domesticated fauna (75.14%) with a significant weight of
ovicaprid herds (Riquelme, 2019). Moreover, the exploitation of marine resources is also significant
during this period (Cantillo-Duarte et al, 2010; Cantillo-Duarte and Vijande Vila, 2014; Ramos Mufioz et
al., 2022), as documented at El Retamar (Ramos Munoz and ILazarich, 2002) and La Esparragosa
(Cantillo-Duarte and Soriguer-Escofet, 2019).

This same area witnessed a concentration of the population in specific zones during the Chalcolithic (Fig.
7.2), with important settlement clusters in the area of Medina Sidonia (Montafiés et al., 1999; Ramos
Muifoz, 2008), El Berrueco (Escacena and Berriatda, 1985; Escacena and De Frutos, 1985) y La Mesa
(Ramos Mufioz et al., 1999), as well as in Conil de la Frontera (Ramos Mufioz, 2008; Ramos Mufioz et
al., 2016b) (Fig. 7.11). In La Janda basin, the most important site is Los Charcones, located on a raised
platform near the Celemin and Barbate rivers (Ramos Mufioz et al., 1995b). Its geological location results
in a great potential for agricultural activities (A.A.V.V., 1963) and the collection of raw materials, such as
the flint from the outcrops near Cerro de la Venta, Realillo and El Almarchal, and the sandstone from
the immediate mountains of the Aljibe sector (Pérez Rodriguez, 1998; Dominguez-Bella et al., 2011).
Most of these settlements are located in strategic sites with good communication and visibility, where
they occupied prominent spaces. Although ceramics are those typical from the 5th millennium BP, the
transition to the 4th millennium BP is identified by the presence of bell-shaped beakers as exotic
products, which occurrence is mainly documented in megalithic areas such as in the dolmens of Aciscar
(Mergelina, 1924; Montafiés and Garcia, 1999), Los Charcones (Ramos Mufioz et al., 1995) or Paraje
Monte Bajo (Lazarich, 2007).

Those sites that have been important centres during the 5th millennium BP would witness a population
continuity during the first quarter of the 4th millennium BP (Fig. 7.2): Medina Sidonia (Montafiés et al.,
1999; Ramos Mufioz et al., 2008), La Mesa (Ramos Mufioz et al., 1999), Cerro El Berrueco (Escacena
and De Frutos, 1985) and Los Charcones (Ramos Munoz et al., 1995b) (Fig. 7.11). The record of exotic
elements (bell beakers, palmela points, etc.) increased during this period, which provide information
about the existence of networks that reach the nuclear settlements (Lazarich, 2004, 2005; Dominguez-
Bella et al., 2008; Ramos Munoz, 2008). During this period, the funerary record is characterized by the
existence of necropolis in artificial caves and tumular structures with chamber and small corridors, such
as in Los Algarbes (Posac, 1975; Castafieda Fernandez et al., 2022), Vejer de la Frontera (Negueruela,
1981-1982) or Trafalgar (Vijande Vila et al., 2022). In them, some elements could be interpreted as a

reflect of social differences within these societies (Arteaga, 1992, 2002).
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7.3.- Methods

7.3.1.- Coring

Cores S2 and S3 were recovered in 2016 and 2017 by triple barrel system (Mediavilla et al., 2023), they
were encased in PVC pipes and stored at the Geological and Mining Institute of Spain IGME, CSIC)
(Spain) facilities at 4°C. Both cores S2 and S3 were divided in two halves that were photographed,
described, and sampled. Core S2 (36°14°53.88” N, 5°50°21.45” W) is 27.50 m depth and was drilled at
4.88 m asl, while core S3 (36°15°09.68” N, 5°50°08.52” W) is 26.78 m depth and was drilled at 5.59 m asl
(Fig. 7.1).

7.3.2.- Dating and age-depth model

A total of 18 samples were collected from cores S2 and S3 (see Mediavilla et al., 2023 for more
information) and were 14C-dated at Beta Analytic Inc. (USA) and Keck Carbon Cycle AMS Facility at
UC Irvine (USA) (Table 1). Calibration was performed with CALIB 8.2 (Stuiver et al., 2021) using the
IntCal20 and Marine20 calibration datasets (Heaton et al., 2020; Reimer et al.,, 2020) and different
reservoir effect values (Soares and Dias, 2006; Soares and Martins, 2010; Martins and Soares, 2013). These
values have been recalculated using the web application of Reimer and Reimer (2017) following Soulet
(2015). Several calibration sets were developed to check which samples and reservoir effect value valid
(if applied) and a simple lineal interpolation was used to build the age-depth model (Mediavilla et al.,
2023) (Fig. 7.3).

Table 7.1. Radiocarbon data and calibration results from cores S2 and S3 (JAN-S2 and JAN-S3 in the Sample

column); m bs: meters below surface. Most organic matter samples correspond to charcoal or leave remains.

Cal. BP 20
Lab code Number in Sample Depth in 14 error 8"C AR error median ~ Material Curve
figures core (m bs)
[range]
UCIAMS- JAN-S2- 997
j 0.46 1100 15 - - Ch: 1 IntCal20
236153 rejected o (957, 1007] arcoa ntCa
1331 i
Beta-618143 1 JAN-S2-1 278 1440 30 -209 - - Organic - capo
[1297,1373]  matter
2353 .
Beta-459036 2 JAN-S2-2 5.16 2480 30 -9.9 =315 220 Shell Marine 20
[1775, 2889]
6618 X
Beta-459037 3 JAN-S2-4 11.55 6660 30 -2.6 301 201 Shell Marine 20
[6178, 7115]
7670 X
Beta 459038 4 JAN-S2-5 14.60 7680 30 2 301 201 Shell Marine 20
[7260, 8093]
9185
Beta-459039 5 JAN-S2-6 20.44 8220 40 -27.7 - - Charcoal IntCal20
[9024, 9302]
12.341
Beta-557793 6 JAN-S2-16 23.46 10440 30 -25.0 - - [12537, Charcoal IntCal20
12607]
19.723 Oreanic
Beta-635181 7 JANS2-17 26.67 16340 60 -25.0 - - [19552, mitter IntCal20
19882]

105



Natural and anthropogenic processes in the depression of La Janda (SW Iberia) from the Late Pleistocene to the Mid-Late Holocene

Cal. BP 20
Lab code umberin Sample Depthin H4c error 5% AR error median  Material Curve
figures core (m bs)
[range]
471
Beta-526017 8 JAN-S3-2 1.46 400 30 258 - T Charcoal |~ IntCal20
1481 i
Beta-618144 9 JAN-S3-3 4.04 1620 30 232 . . Organic | capo
[1409, 1544]  matter
3008 i
Beta-618145 rejected = JAN-S3-4 575 2880 0 261 - - Organic - capo
[2021,3078]  matter
2912
Beta-526108 10 JAN-S3-5 6.33 2810 30 259 . e, 2998 Charcoal |~ IntCal20
IAMS- 3744
UCIAMS 11 JAN-S3-6 7.81 4115 15 55 200 406 Shell  Marine 20
259331 [2702, 4833]
4516 ,
Beta-526100 12 JAN-83-7 8.94 4570 30 -16 50 152 o6, 49251 Shell  Marine 20
7615 Organic
Beta-526110 13 JAN-S3-8 11.23 6760 30 229 . . s IntCal20
[7574,7668] ~ matter
8327
IAMS-
UCIAMS 14 JAN-S3-9 15.51 8040 0 21 17 183 Shell  Marine 20
259332 [7911, 8816]
8668 Vegetal
Beta-526111 15 JAN-S3-10 18.30 7890 30 264 . . e a0
[8593,8779]  remain
678 o
Beta-540083 16 JAN-S3-11 2.64 22400 90 265 - - 26405, mfner IntCal20
27006]

7.3.3.- Physical properties, mineralogical and geochemical composition
of the sediments

Non-destructive analyses were run on the cores at the laboratories of the Geological and Mining Institute

of Spain IGME, CSIC), including:

- Corte colour scan (high resolution images with a down core resolution of 50 pm) with a Geoscan

IV coupled to the MSCLL. GEOTEK. Some of them are presented in Mediavilla et al. (2023).

- Colour (RGB) analyses were performed with 1 mm down core resolution using a Konica Minolta
700-d spectrophotometer integrated in the GEOTEK XRF core scanner. Each channel had
values ranging from 0 up to 255. A R/(G+B) colour index was used to represent the dominant
tones (red/brownish against green/greyish) and a (R+G+B)/3 index represents the grey scale

range.

- Geophysical properties (P-wave velocity, gamma density, non-contact resistivity and magnetic
susceptibility) were analysed with 1 cm down core resolution with a GEOTEK Multi-Sensor
Core Logger (MSCL-GEOTEK).

- XRF scanning with a GEOTEK XRF core scanner in a He purged atmosphere with an
illumination window of 15 mm (cross-core slit width) x 10 mm (down-core resolution). Two tuns,

with 30 seconds count time exposure, were performed for 10 kV and 40 kV (detecting from Mg
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to U). XRF spectra were processed with bAxil. Element intensities are represented in counts per

second (cps).

Destructive analyses were carried out in cores S2 and S3 to characterize the sedimentary facies at the

IGME laboratories:

- Mineralogical analysis by X-ray diffractometry (PTE-RX-04) for bulk sample and <2um fraction.
These analyses were used to check the sources of the chemical elements obtained from

geochemical analyses.

- Geochemical analysis of major oxides and trace elements by X-ray fluorescence and atomic
absorption spectroscopy (XRF and AAS). The results were used to check the validity of the non-

destructive high-resolution XRF scanning.

- Carbon (C), organic (TOC), inorganic (TIC) and total (TC), and sulphur (S) by elemental analyser
(ELTRA). S data was used to check the results of XRF core scanning. TOC values gave an
estimate of organic matter and carbonate content, and they can be compared to other results

from non-destructive techniques (XRF core scanning and colour).

7.3.4.- Palynological analysis

Cores S2 and S3 were selected for being the longest, most continuous and for covering a longer period
of time. Sampling for palynological analyses was undertaken at the sedimentological laboratory of the
IGME, CSIC in different phases of the project. 52 test-samples were collected from core S2 at different
intervals and 160 samples were collected from core S3 maintaining a regular interval of 10 cm. Sediment

samples, of about 10gr each, were kept in plastic bags and stored in a fridge at 4°C until analyses.

All samples were processed at the Institute of Neotectonics and Natural Hazards — RWTH Aachen
University (Germany). They were chemically treated with HCI (10%) to remove carbonates, KOH (10%)
to remove humic acids, and Sodium Polytungstate (SPT: 3Na;WO,4 9WOs; Hz0) at 2.0-2.1 gr/cm’ for
densimetric separation. The final residue was mounted on slides with the use of glycerol. Pollen
concentrations (grains/gr of dry sediment) were estimated by adding two Lycgpodinm clavatum tablets to
each sample (Stockmarr, 1971). Palynomorphs were counted using an optical microscope at 400x and
1000x up to a minimum pollen sum of 300 terrestrial pollen grains. Palynomorphs were identified using
published keys (Moote et al., 1991; Reille, 1992, 1995; Van Geel, 1978, 2001; Van Geel et al., 1980, 19806,
1989, 2003).

In order to correlate the evolution of the natural deposit and the anthropogenic impact on the landscape,
some specific taxa were chosen and categorized in seven ecological palynomorph-based groups. These

are: Anthropozoogenous herbs (Malva sylvestris type, Polygonum persicaria type, Rumex acetosa type, Rumex
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acetosella type, Rumex obtusifolia type, Centanrea, Boraginaceae, Plantago lanceolata type, Plantago media/ major
type, Urtica divica type); Coprophilous fungi (Coniochaeta (HAV-172), Podespora (HAV-368), Sporormiella
(HdV-113), Sordariaceae undiff., Chaetominm (HAV-7), Cercophora (HAV-112), Gelasinospora (HdV-2),
Trichodelitschia (HAV-546)); Erosive processes (Pseundoschizaea circula, Glomus (HAV-207)); Cerealia;
Freshwater vegetation (Dypha latifolia type, Typha angustifolia type, Cyperaceae, Isoetes, Myriophyllum
verticillatum type, Myriophyllum alternifolinm type, Callitriche, Potamogeton, Ranunculaceae, Riccia); Salt marsh
vegetation (Artemisia, Chenopodiaceae, Apiaceae); and Marine influence palynomorphs (foraminiferal
linings, dynocists). Moreover, sums of the arboreal (AP), shrubs and herbaceous taxa (NAP) were

included.

Poaceae 245um was considered as Cerealia type according to Lopez-Saez and Lopez-Merino, (2005).
Terrestrial pollen sum (TPS) excluded aquatic pollen types, which were included in the total sum (TS)
together with Non-Pollen Palynomorphs. Palynological diagrams were plotted against age and depth
using Tilial T software (version 2.1.1, Illinois State Museum, Research and Collection Center, Springfield

USA).

7.4.- Results

7.4.1.- Age-depth model

Two samples collected from the S2 and S3 cores were discarded as they presumably contain reworked
material. Differences in sedimentation rates, variable among facies and over time, between cores

prevented to combine the age-depth model of each core in a single one (Mediavilla et al., 2023).

Age (ka cal. BP)

om0 5 10 15 20 25
=*==reworked sample

age (+ 20)

=3sample thickness

- age (median)

Depth (m.b.s.)

wwa - discontinuity

Figure 7.3. Age models for cores S2 and S3. Sample numbers correspond to those of Table 7.1.

Core S2 (ca. 20 ka cal BP) and core S3 (ca. 27 ka cal BP) begin with low sedimentation rates during the
Late Pleistocene, which is interrupted by a discontinuity in core S3 and shows a continuous record in
core S2 (Mediavilla et al., 2023). High sedimentation rates were identified in both cores until ca. 7 ka cal

BP, when they decreased.
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7.4.2.- Physical properties, mineralogical and geochemical composition

of the sediments

Due to the homogeneity of the sediments, the more distinctive logs are those of colour that can be linked

to their oxidation or reduction degree (Mediavilla et al., 2023).

The lowermost materials show higher values of the R/(G+B) and Grey indexes, indicative of warm pale
tones. Similar R/(G+B) values can be observed at the top of the sections, but with darker tones (Grey
scale). Between these levels, the R/(G+B) and Grey indexes fall except for some intercalations that show

paler tones, and sometimes more ochre, coincidental with coarser siliciclastic levels.

The remaining parameters (gamma ray density, magnetic susceptibility and resistivity) are really
homogeneous due to the dominance of clay minerals. They only change when coarser siliciclastic grains
or mixed siliciclastic-bioclastic levels appear. However, the three parameters increase for coarser

siliciclastic grains but not for bioclastic levels.

The studied sediments are composed by siliciclastics (mostly mud with some levels of sands and gravels)
with contributions of carbonates (nodules and shells, sparse or in levels) and sparse organic matter,
gypsum, pyrite, and halite (Fig. 7.4). Thus, the geochemical composition of these materials is controlled
by this mineralogical composition (Mediavilla et al., 2023). The siliciclastic components (exogenous
component) are best described by the content in Silicon (8i), Aluminum (Al), Zirconium (Zr), and
Titanium Ti). The endogenous components are carbonates, gypsum, halite, and pyrite/haematite.
Carbonates can be of either terrestrial or marine origin, while the remaining minerals are always of marine
origin. Carbonates are recorded by TIC, Ca and CaO. They are present as two components: nodules and
forming part of the matrix (edaphic) and shells (entire or broken, marine and transition). The content in
S varies together with gypsum and pyrite content, but also with TOC. The upper and lower portions of
the cores are S-poor and a sharp boundary can be traced with the S-rich levels. Cl and Br variations follow
the Natrium (Na) and TOC changes, as well as the presence of halite. The lower part of cores S2 and S3
show low contents of Cl and Br, which increase somehow abruptly above the transition from the
lowermost sands and gravels to the dark muds. This increment is also noticed in Na and TOC in cores
S2 and S3. Upwards, they show an increasing trend that changes around the middle of both cores to a

decreasing tendency in the uppermost part of the cores.

Geochemical data show no evidence of intensive human activity such as might result from metallurgy or
an increase in agricultural activities, as possible proxy elements (metals or elements linked to organic
matter) do not indicate any clear trend or distinct peaks above background trends, despite an increase of

terrigenous input in the upper levels of the sections
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Figure 7.4.- Sections for cores S2 and 83 (modified from Mediavilla et al., 2023) showing selected parameters:
facies, lithology, grain size, structures and fossil content, colour and geophysical logs (resistivity, magnetic
susceptibility [MS], gamma ray density [GRD], non-contact resistivity [NCR]), mineralogy [relative abundance:
width of the bars, thickness of the sample: height of the bars], selected oxides and inorganic (TIC) and organic

(TOC) carbon (in percentage), and geochemical XRF scan (in counts per second).
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7.4.3.- Facies and stratigraphy

Based on the visual description, geophysical, geochemical, and mineralogical analyses performed in cores

S2 and S3, Mediavilla et al. (2023) identified different facies:

- Coarse grained fluvial facies: gravels, sands and muds, sometimes laminated, from ochre to orange, with
grain-decreasing sequences. They show traces of roots, mottling and nodules indicative of edaphic

processes.

- Fluvial wetland facies: brown to ochre muds with some sand layers. They show mottling, traces of roots,
nodules and carbonaceous remains, as well as some scattered clasts. They contain freshwater ostracods

and Characeae.

- Supratidal facies: brown to green muds with some levels of yellow sands and grey gravels forming grain-
decreasing sequences. Traces of roots, hydromorphic features and flecks of organic matter are frequent.

There are fragments of bivalves.

- Intertidal facies: green muds, sometimes laminated, with some levels of sands or gravels (siliciclastic or
mixed with bioclasts). Broken or disarticulated bivalves are frequent, as well as mottled sediment due to
iron oxides or organic matter. Bioturbation and fluid leakage may be present. These facies show a slight

increase in Cl and Br content and evidence of halite.

- Subtidal facies: dark grey to black muds with bivalves in living position and disarticulated or broken
shells. Sediments are laminated, bioturbated and have coarse-grained intercalations (mainly bioclastic).
Gypsum-pyrite, hematite and halite are present. There are high contents of S, Cl, Br, and organic C. These

facies contain marine foraminifera and marine ostracods.
These facies are arranged in four system tracts related to the sea level evolution (Mediavilla et al., 2023):

- The oldest deposits (27-20.6 ka cal BP) are only present in core S3. They are fluvial facies filling an
erosive surface, carved on the Miocene substratum, during the end of the last glacial sea level fall and

correspond to the falling stage systems tract (FSST).

- Upon them, in core S2, there are other fluvial deposits dated between 20.6 ka cal BP and 16.7 ka cal BP

that are linked to the beginning of the last sea level rise and form the lowstand systems tract (LST).

- From 16.7 ka cal BP to 7 ka cal BP, the sea level rise rate was the greatest causing the progressive
flooding of the basin and the upwards transition to supratidal (ca. 17-12 ka cal BP in core S2, ca. 11-10
ka cal BP at core S3), intertidal (ca. 12-10 ka cal BP in core S2, 10-8.7 ka cal BP in core S3) and subtidal
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(ca. 10-7 ka cal BP in core S2, ca. 8.7-7 ka cal BP in core S3) deposits that represent the transgressive

systems tract (TST).

- From 7 ka cal BP until present, the sea level rise rate falls dramatically causing a shallowing upwards
sequence, from subtidal (7-3.2 ka cal BP in core S2, 7-3.5 ka cal BP in core S3) to intertidal (3.3-2.2 ka
cal BP in core S2, 3.5- 2.5 ka cal BP in core S3), supratidal (2.2-1.3 ka cal BP in core S2, 2.6-1.3 ka cal BP

in core S3) and fluvial facies, that records the closing of the basin during the highstand systems tract

(HST).
7.4.4.- Palynology

Of the 52 samples collected from core S2, one was palynologically sterile. Of the 160 samples collected
from core S3, those from 23 m to the bottom belonged to pre-Quaternary chronologies and thus were
excluded from this research. Samples between 19 m and 23 m were found to be palynologically sterile, as
well as two samples from the top. Therefore, a total of 51 samples from core S2 and 132 samples from

core S3 are included in the present study.

Considering the selected ecological groups and sedimentary facies, the results are synthetized in Table 2

and illustrated in Figure 7.5.

Table 7.2.- Palynological synthesis for cores S2 and S3 according to the main vegetation trends, correlated with

the different sedimentological facies, their depth (cm) and age ranges (cal BP).

JAN S2
Sedimentary Depth range Age range . )
faci Palynological synthesis
acies (cm) (cal BP)

High levels of shrubby and herbaceous taxa. Decrease of
Fluvial wetland 0-273.6 <1310 freshwater and salt marsh vegetation, with irregular values. Rise
of coprophilous fungi and indicators of erosive processes.

Maximum values of shrubs and decrease of arboreal pollen.
Supratidal 273.6-489.5 1310-2239 Increase of freshwater vegetation and irregular values of salt
marsh taxa. Irregular values of anthropogenic indicators.

Rise of shrubs and decrease of arboreal pollen. Increase of
freshwater vegetation and decrease of salt marsh taxa. Decrease
of coprophilous fungi and indicators of erosive processes in the
lowest samples. Presence of Cerealia.

Intertidal 489.5-672.0 2239-3393

Increase of arboreal pollen, shrubs and freshwater taxa in the first
half of the phase, with a posterior decrease. High values of salt
marsh vegetation. Progressive increase of anthropogenic
indicators and presence of Cerealia.

Subtidal 672-2136.3 3393-10214

Intertidal 2136.3-2345 10214-12529 Dominance of herl?aceous t.axa.. V.arlable .values of freshwater and
salt marsh vegetation. Marine indicators in the lowest sample.
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Dominance of herbaceous taxa, increase of shrubs in some

Supratidal 2345-2542.7 12529-16957(;) | samples. Slight rise of salt marsh and fresh water vegetation with
variable values. Marine indicators in the uppermost sample.
Coarse gmined 225427 16957 (3) Dominance of herbaceous taxa, increase of shrubs in the
Sluvial uppermost sample.
JAN S3
Sedimentary Depth range Age range ' '
faci Palynological synthesis
acles (cm) (cal BP)
Decrease of shrubs, high values of herbaceous taxa and slight
Fluvial wetland 0-361.5 <1316 increase 'of arboreal pollen towards tl?e end of tl.le phgse. 'Decrease
of aquatic taxa. Increase of coprophilous fungi and indicators of
erosive processes. Presence of Cerealia.
Peak of shrubs and freshwater vegetation, with irregular values.
Supratidal 361.5-595.7 1316-2680 Progressive decrease of salt marsh taxa. Drop of anthropogenic
indicators at the beginning of the phase with a posterior increase.
Rise of shrubs and freshwater taxa. Peak of salt marsh vegetation
Intertidal 595.7-748.7 2680-3562 with posterior decrease. Drop of anthropogenic indicators at the
beginning of the phase with a posterior increase.
Increase of arboreal and freshwater taxa in the first half of the
phase and posterior decrease. Progressive increase of shrubs
Subtidal 748.7-1836.7 3562-8696 towards. the end of the phase: H¥gh.values of salt marsh taxa
vegetation and presence of marine indicators. High percentages of
coprophilous fungi, progressive increase of anthropozoogenous
herbs. Presence of Cerealia.
. Lowest samples are sterile from a palynological point of view.
Intertidal 1836.7-1952.0 8696-8846 .
Peak of herbaceous taxa in the uppermost sample.
Supratidal 1952-2067.4 8846-8995 Sterile samples from a palynological point of view.
Coa;;z vgj:;ined 2067.422662 | (hiatus)-26822 Sterile samples from a palynological point of view.
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Figure 7.5. Synthetic palynological diagrams of cores S2 (histogram) and S3 (curves) plotted against depth and
age. They both show % of arboreal (AP), shrubby and non-arboreal (NAP) pollen, as well as the ecological groups

listed above. Dots indicate values below 3%. Dashed lines represent the boundaries between sedimentary facies.

Although with variable values, both cores display high percentages of non-arboreal pollen through the
sequences, which is in line with the important input of local herbaceous plants in a coastal deposit of
these characteristics (Fig. 7.5). Arboreal taxa, with lower values, show an increase between ca. 10-7 ka cal
BP and a progtessive drop towards the top of both sequences. Shrubs show a similar trend but they also
rise importantly between ca. 3-1 ka cal BP. Freshwater taxa show high percentages between ca. 10-7 ka
cal BP and ca. 3-1 ka cal BP in core S2, and between ca. 8.7-7.5 ka cal BP and ca. 3-1.5 ka cal BP in core
S3. By its turn, salt marsh vegetation, which shows a negative correlation with freshwater taxa in most
cases, displays the highest values between ca. 9-3 ka cal BP. Indicators of marine influence appear at ca.
13.5-12.5 ka cal BP in core S2 and ca. 8, 5.5 and 4 ka cal BP in core S3. These three groups show a

coherent correlation with the sedimentological results (Table 2).

Anthropozoogenous herbs slightly increase from ca. 9 ka cal BP onwards, with maximum values ca. 9-6
ka cal BP and ca. 3.5-2.5 ka cal BP in core S2, and ca. 6-2.5 ka cal BP in S3 (Fig. 7.5). However, it must
be taken into account that these values are always below 6% and extremely irregular, especially in core

S3, which has a higher resolution.

Coprophilous fungi also start to increase from ca. 9 ka cal BP onwards in both cores, showing percentages
below 5% in all the samples from S2 core (except the uppermost) and higher values in core S3 (above
10% in some cases). Maximum percentages in core S2 appears ca. 9, 7.5, 6.5, 5.5-3.5 ka cal BP and the
two uppermost samples. In core S3, they rise between ca. 7.5-4.3 ka cal BP and from 1 ka cal BP onwards.
Indicators of erosive processes show values below 5%, except from ca. 1.5 ka cal BP onwards, when they
rise in both cores. Cerealia appears for the first time ca. 7.4 ka cal BP in cores S2 and S3 and they will be

present in isolated samples of both cores from this chronology to the top of both sequences (Fig. 7.5).

It must be noticed that, although the sampling resolution is different in both cores, there is a good
correlation in the results once they are overlapped (Fig. 7.6), with a similar trend and a slight and constant
mismatch. This is due to the characteristics of the deposit and the locations of the boreholes which,
although quite close, show different rhythm in the evolution of the basin (especially in the lower half).
Another important observation is the better preservation of palynomorphs in samples from core S2 for
oldest chronologies, while samples from core S3 are palynologically sterile from ca. 8.7 ka cal BP to the

bottom (Fig. 7.6).
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7.5.- Discussion: landscape evolution and prehistoric human occupation in La Janda basin

7.5.1. Late Pleistocene- Early Holocene: Upper Palaeolithic-Mesolithic (ca. 27-7.8 ka cal.
BP)

This period coincides with the fall (FSST) and later rise (LST+TST) of sea level during which the basin
transformed from a narrow fluvial valley (FSST+LST) to a progressively wider and less stepper estuarine

basin (TST).

During the Late Pleistocene, the palacovegetation cannot be reconstructed reliably and in detail due to
the low resolution sampling from core S2 and the palynologically sterile samples in core S3, which mainly
correspond to coarse grained fluvial facies. However, pollen samples from core S2 (corresponding to the
beginning of the seal level rise and flattening of the landscape) indicate a predominance of herbaceous
taxa, which could suggest an open landscape dominating the depression or could be the consequence of
a bias affecting pollen preservation due to taphonomic alterations in fluvial deposits (Hunt, 1987; Carrién
et al., 2009). La Janda would be progressively affected by the sea since ca. 17 ka cal BP (52), enhancing
the development of vegetal communities typical from temporary ponds, wetlands, and marshlands that
are recorded in the transition from supratidal to intertidal facies. The presence of marine elements in the
transition between supratidal to intertidal environments in core S2 corroborates the growing marine
influence, coincidental with the increase in salinity recorded in the sediments. However, an important
part of the floodplain would still be emerged at the marginal areas of the basin and, in some cases, subject
to oxidation; this could be a factor to explain the differential preservation of palynomorphs between

cores and the sterile samples in the S3 sequence (Fig. 7.7).

It should be highlighted the absence or punctual presence of anthropogenic indicators during this period,
always in low percentages (Fig. 7.7). Some of the taxa included in the category of anthropozoogenous
herbs can be found in the landscape without implying anthropogenic influence, especially when they are
not correlated to other markers (Lépez-Saez et al., 2003; Deza-Aratjo et al., 2020; Alba-Sanchez et al.,
2021).
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Figure 7.8.- Map of the study area indicating the main rivers, the hydrographic basin of the Barbate River with
black dashed lines and the Upper Palaeolithic sites considered in this research. Blue dots indicate the drilling
location of the S2 and S3 cores. Red dots are used for sites located near La Janda basin and yellow dots for those
located further away: 1 (Cueva de La Jara I), 2 (Cueva de Atlantetra), 3 (Cueva del Moro), 4 (Cueva Ranchiles), 5
(Cueva Helechar IT), 6 (Cueva del Realillo I), 7 (Cueva de Las Palomas 1), 8 (Cafios de Meca), 9 (Cueva de Bailaoras
II-Cueva del Cietvo), 10 (Embatcadero del Rio Palmones). Light blue dotted areas indicate the potential

supra/intertidal zones during the Late Pleistocene in La Janda basin.

The palacoenvironmental reconstruction indicates that during the beginning of this period, the coastline
was placed under present sea level and the basin was a fluvial plain, offering new land to settle (Fig. 7.8).
The study of the open-air and cave sites ascribed to the Upper Palaeolithic supports the interpretation of
a functional diversity of occupations, with residential camps, hunting camps and resource-gathering areas
in different environments (Ramos Mufioz et al., 2006; Ramos Mufioz, 2008). In this regard, it should be
also considered that the Iberian Peninsula has been recognised as a refuge for biodiversity in glacial
periods and times of climatic instability (Carrién et al., 2010), which would have made it an attractive area

for the establishment of hunter-gatherers.

During the Early Holocene (11.7-8.2 ka BP) the basin was progressively flooded by marine waters and
transformed into a flat estuarine area surrounded by hills, while the terrestrial environments displaced
upstream. Porests, accompanied by their understorey, progressively expanded through the region

reaching maximum values (Fig. 7.5, 7.6 and 7.7). Saltmarsh vegetation gained more prominence together
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with the important presence of freshwater communities, suggestive of the existence of a variety of
transitional environments. By this time, anthropogenic indicators, although slightly higher than in the

previous period, still display low values (Fig. 7.7).

The marine incursion caused changes in the landscape, resources, and the availability of settlement areas
for human groups (Mediavilla et al., 2023). Numerous archaeological sites from earlier periods were
submerged, which have conditioned the documentation of the archaeological record in lowlands and
littoral areas, and resulted in explanations of a supposed population "decline" or occupational vacuum

(Arteaga and Hoffmann 1999).

There is only one site of these chronologies preserved in the local study area (Fig. 7.9), while most of the
information about the Mesolithic in the region is provided by the Embarcadero del Rio Palmones (Ramos
Mufioz, 2004a) and El Retamar settlements (Ramos Mufioz and Lazarich, 2002) (Fig. 7.9). Studies at both
sites indicate that hunter-gatherer groups focused on the exploitation of marine resources, but they also

carried out hunting activities and consumption practices at the sites.

0 10 *-‘.; 20 km ’ v ‘” . - ' 1 r
=" rmd Fr A

Figure 7.9.- Map of the study atea indicating the main rivers, the hydrographic basin of the Barbate River with
black dashed lines, and the Mesolithic sites considered in this research. Blue dots indicate the drilling location of
the S2 and S3 cores. Red dots are used for sites located near La Janda basin and yellow dots for those located

further away: 1 (Cala Picacho), 2 (Embarcadero del Rio Palmones), and 3 (El Retamar). Light blue dotted areas
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indicate the potential supra/intertidal zones and datk blue areas show the subtidal zones in La Janda basin between

ca. 11-7 ka cal BP.

The progressive environmental changes during the Early Holocene led to the development of diverse
ecosystems (marine, brackish, fluvial) with associated biotic diversity and productivity, which turned these
areas favourable for activities such as fishing and shell gathering. Moreover, the expansion of forested
areas may also have led to an increase in vegetal resources and the development of new areas frequented

by animals, thus allowing for hunting activities.
7.5.2. Mid Holocene: Neolithic (ca. 7.8-5 ka cal BP)

Sediments for this period record the gradual decrease in the sea level rise rate that promoted the infill of
the estuary and its progressive shallowing and expansion. Thus, the area was transformed in a wide and
flat tidal plain but still with a noticeable influence of marine waters. A progressive decrease of the arboreal
taxa can be placed from ca. 7.5 ka cal BP onwards, with a posterior and constant increase of shrubs (Fig.
7.5,7.6 and 7.7). Freshwater communities gradually decline in favour of salt marsh vegetation and marine
influence is also detectable in the punctual presence of marine indicators in core S3 at ca. 7.5 and 5.5 ka
cal BP (Fig. 7.7), being coherent with salinity in geochemical proxies. Whether possible peaks of salinity
were caused by marine pulses or aridity crises (Mediato et al., 2020) is something that should be further

explored.

A visible increase of anthropogenic indicators is confirmed in both cores. Anthropozoogenous herbs and
coprophilous fungi rise between ca. 7.5- 6 ka cal BP in core S2 and from 7 ka cal BP onwards in core S3
(Fig. 7.7). The ascospores of coprophilous fungi occur on the dung of wild herbivores as well as domestic
livestock, being a good indicator of their presence (Van Geel et al., 2003; Cugny et al., 2010; Lee et al.,
2022). This may point to the presence of wild herbivores congregating near the estuary, but this may also

be indicative of livestock activities in nearby areas.

It should be highlighted the first presence of cereals ca. 7.4 ka cal BP in both cores, which also appear at
ca. 6.9, 0.8, 5.3 ka cal BP in core S2 and at 7.3, 5.6, 4.5 ka cal BP in core S3 for this period (Fig. 7.7).
However, only one grain of Cerealia was identified in each of these samples ca. 7.4 ka cal BP, suggesting
a regional origin rather than local (Lépez-Saez and Lopez-Merino, 2005). Although anthropozoogenous
herbs and coprophilous fungi are present, there are not enough proves to confirm the practice of such
activities, at least from a local point of view. Interestingly, there is an increase in the supply of clastic
sediments to the coast, but there is no evidence of its relation to increasing erosion linked to agricultural

practices or to the beginning of the retreat of the coastline (Mediavilla et al., 2023).
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Figure 7.10.- Map of the study area indicating the main rivers, the hydrographic basin of the Barbate River with
black dashed lines, and the Neolithic sites considered in this research. Blue dots indicate the drilling location of
the S2 and S3 cores. Red dots are used for sites located near La Janda basin and yellow dots for those located
further away: 1 (S.José Malcocinado), 2 (SET Parralejos), 3 (Zahora), 4 (Poblado Charcones), 5 (Barbate), 6 (Abrigo
Fuentesanta), 7 (Abtigos Bullén y Pefién), 8 (Aciscar dolmens), 9 (Cueva de Las Palomas I), 10 (Cueva de
Atlanterra), 11 (Cueva Ranchiles), 12 (Pico Camarinal-Arrollo Cafiuelo), 13 (Cueva Helechar II), 14 (Cueva del
Realillo I), 15 (El Retamar), 16 (Campo de Hockey), 17 (Esparragosa). Light blue dotted areas indicate the potential

supra/intertidal zones and dark blue areas show the subtidal zones in La Janda basin ca. 7 ka cal BP.

The material culture at some Neolithic sites, such as La Esparragosa, SET Parralejos and Campo de
Hockey (Fig. 7.10), indicates the practice of activities such as fish processing (Clemente Conte et al., 2010,
Clemente Conte and Mazzuco, 2019), domestic work, and hunting (Ramos Mufioz et al., 2022), implying
the existence of a diversified economy in the area (Arteaga and Roos, 2009; Pérez Rodriguez, 2003, 2005,
2008; Ramos Mufioz, 2004b). Agricultural practices were not consolidated until the 6th millennium BP
(Pérez Rodriguez et al., 2005; Pineda and Toboso, 2010; Ramos Mufioz et al., 2008, 2022; Vijande Vila
et al., 2019), moment from which the presence of seeds, the adoption of crop-storage and the increment
of polished tools (mills, grinding wheels, etc.) confirm the relevance of agriculture within human groups.
Nonetheless, although the archaeobotanical record can only confirm the existence of agricultural
activities, in all probability, around 6 ka cal BP for the study area (Lopez-Saez et al., 2011), some authors
suggest the existence of small human populations with a mixed cereal-livestock-based economy,

according to new data for the Early Neolithic (ca. 7.5-7 ka cal BP) (Garcia-Rivero et al., 2022).
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The full development of a restricted estuary during the entire Neolithic reiterates the existence of a coastal
ecosystem rich in resources. In addition to hunting, fishing and shell gathering activities, agricultural and
livestock practices were well documented in the archaeological record, as well as in the palynological data
from La Janda (Fig. 7.7). In line with these results, anthracological and palynological studies carried out
at some sites indicate that scrublands were the dominant vegetal trend and the anthropogenic pressure
resulted in the degradation of the forests (Uzquiano et al., 2021). This may be corroborated by the
expansion of pastures and ruderal herbs, which together with the presence of nitrophilous taxa, Glomus,
and coprophilous fungi, constitute a clear exponent of animal herding practises at some sites (Ruiz Zapata

and Gil Garcia, 2019; Uzquiano et al., 2021).
7.5.3. Mid-Late Holocene: Chalcolithic and Bronze Age (ca. 5-3 ka cal BP)

The palacoenvironment of La Janda is still characterised by the existence of a restricted estuary connected
to the Atlantic Ocean until ca. 3.5 and 3.2 ka cal BP in cores S3 and S2, respectively (Mediavilla et al.,
2023). However, a gradual transition to a terrestrial environment is recorded during the last centuries of

the 4th millennium BP with new emerged lands that are still under tidal influence (Fig. 7.7).

Vegetation remains similar to the previous period, with high values of local herbaceous taxa, a progressive
increase of shrubs, and low percentages of arboreal vegetation (Fig. 7.5, 7.6 and 7.7). Freshwater
communities display low values, while salt marsh vegetation reaches high percentages, and marine
indicators appear, corroborating the influence of the ocean at this point of the sequence (Fig. 7.7). It
should be noted that there is a peak of salt marsh taxa paralleled by the decrease of coprophilous fungi
and, to a lesser extent, anthropozoogenous herbs between ca. 3.6-3.2 ka cal BP in both cores (Fig. 7.7).
Anthropogenic markers show some of their highest values during this period, and their simultaneous
decline during this time lapse may suggest a temporary cessation of anthropogenic impact, perhaps in

relation to activities such as animal husbandry.
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Figure 7.11.- Map of the study area indicating the main rivers, the hydrographic basin of the Barbate River with

black dashed lines, and the Chalcolitic-Bronze Age sites considered in this research. Blue dots indicate the drilling
location of the S2 and S3 cores. Red dots are used for sites located near La Janda basin and yellow dots for those
located further away: 1 (Mesa Algar II), 2 (Cerro Cantabria), 3 (La Cruz), 4 (N4jara II), 5 (Najara III), 6 (Carretera
Muela), 7 (Arroyo Flamenquilla), 8 (Benitos del Lomo I), 9 (Benitos del Lomo II), 10 (Paseo Canalejas), 11
(Buenavista), 12 (Zahora), 13 (Trafalgar), 14 (Brefia), 15 (Chorro-Yerbabuena), 16 (Barbate), 17 (Manzanete), 18
(Fuente del Viejo) , 19 (Medina Sidonia), 20 (Ddlmenes Barranco Cafio Arado), 21 (Peflas de Bullén), 22 (El
Almarchal), 23 (Cueva de Atlanterra), 24 (Cueva del Realillo I), 25 (Cueva Helechar II), 26 (Cueva Ranchiles), 27
(Pico Camarinal y Arroyo Caiiuelo), 28 (Bafios Claudio), 29 (Cala Picacho), 30 (Punta Paloma), 31 (Los Algarbes),
32 (Los Algarbes necropolis), 33 (Torre Pefia I), 34 (Tarifa), 35 (Aciscar dolmens), 36 (Purrenque-Larrazez
dolmens), 37 (Cueva de las Palomas I)38 (Cueva de las Motillas), 39 (Campo de Hockey), 40 (Cetro Berrueco).
Light blue dotted areas indicate the potential supra/intetrtidal zones and dark blue areas show the subtidal zones

in La Janda basin between ca. 5- 3 ka cal BP.

A high number of archaeological sites are identified during the Chalcholithic and Bronze Age (Fig. 7.11),
with settlement clusters located in strategic positions with good communication and visibility, some of
them around important centres. Interestingly, some of the sites located in the littoral are dedicated to
agricultural practices, while others show a preference for livestock activities, which corroborates the
reasons for the increase of anthropogenic markers in the palynological record. At some sites, open
landscapes dominated by Mediterranean and xeric taxa were documented together with maximum values

of ruderal and nitrophilous herbs (Uzquiano et al, 2021). Although a compelling evidence of
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anthropization is recorded in other natural deposits of the study area (Lopez-Saez et al., 2018), the
geochemistry from La Janda does not show any evidence of intensive human activity such as might result
from metallurgy or an intensification in agricultural practices. One explanation may be that soil salinity
would have hampered the development of local agricultural activities, which would have been developed
on more suitable soils in nearby areas. These practices would intensity in the basin with the establishment

of a landscape composed of fluvial wetlands and ephemeral ponds in less saline soils.

7.6.- Conclusions

The multiproxy approach here presented has proven to be wuseful to identify different
palacoenvironmental phases in La Janda basin during the last ca. 20000 years, as well as to infer some

anthropogenic processes in the landscape.

During the Late Pleistocene, the basin was occupied by different fluvial systems until the sea progressively
flooded it. A transitional phase with increasing marine influence affecting the area is recorded in core S2
between ca. 17-10.2 ka cal BP. However, some parts of the basin would still be emerged as recorded in
core S3, which is not affected by the sea until ca. 9 ka cal BP. During this time frame, more or less
corresponding with the Upper Palaeolithic period, the presence of hunter-gatherer groups is recorded in
the area. Most of the settlements are open-air sites identified as residential camps, hunting camps and
resource-gathering areas. However, there are also a high number of caves with artistic manifestations that

reflect part of the symbolic world of these human groups.

The first stages of a restricted estuary connected to the Atlantic Ocean through the Barbate River mouth
are recorded ca. 10.2 and 8.7 ka cal BP in cores S2 and S3, respectively. During this period corresponding
to the Mesolithic, seasonal camps of hunter-gatherer-fisher groups that mastered the exploitation of
coastal and vegetal resources were documented. However, many archaeological sites from earlier periods

may have been submerged as consequence of the sea level rise.

The first agricultural practices can be framed in a landscape defined by a restricted estuary already
stablished during the Neolithic (ca. 7.8-5 ka cal BP). A higher number of sites are reported during this
period and the human impact is visible in the record through the presence of anthropogenic markers
related to agricultural and animal herding activities, especially from ca. 7 ka cal BP. In both S2 and S3
cores, single pollen grains of Cerealia were identified at ca. 7.4 ka cal BP. This, although attractive for the
chronologies in which they are framed (Early Neolithic), must be taken with caution and should always
be correlated with the archaeological record for a better interpretation. An increased anthropogenic
impact is visible at some archaeological sites and other natural deposits such as Doflana during the
Chalcolithic-Bronze Age (ca. 5-3 ka cal BP) (Lépez-Saez et al., 2018). During this period, La Janda basin

is occupied by the restricted estuary that would progressively give way to intertidal areas ca. 3.5 and 3.2
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ka cal BP (83 and S2, respectively). Anthropogenic markers related to livestock and agricultural practices
are present in both cores, indicating a significant human footprint on the landscape. However, this does
not seem to be intensive enough to be recorded by the geochemistry record, which may be reflecting a

local signal.

Finally, from ca. 1.3 ka cal BP onwards, the terrestrialization process affecting La Janda culminates with
the development of emerged sediments and a fluvial landscape composed of wetlands and ephemeral
ponds in different parts of the basin. Over the last centuries, the eminently fluvial and less saline landscape
has been exploited for agricultural and livestock activities, which is reflected in the increase of
coprophilous fungi and cereals. At the same time, the highest percentages of erosive process indicators
(mostly Glommus) are recorded, probably as result of these farming activities or the development of new

soils.
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8.- Environmental changes and cultural transitions in SW Iberia during the
Early-Mid Holocene

This chapter is a slightly modified version of an article published in Applied Sciences:

Val-Peoén, C., Santisteban, J.I., Lépez-Saez, J.A., Weniger, G.-C., Reicherter, K. (2021). Environmental
changes and  cultural  transitions in  SW  lberia.  Applied  Sciences,  11:  3580.
https://doi.org/10.3390/app11083580

Abstract

The SW coast of the Iberian Peninsula experiences a lack of palacoenvironmental and archaeological
data. With the aim to fill this gap, we contribute with a new palynological and geochemical dataset
obtained from a sediment core drilled in the continental shelf of the Algarve coast. Archaeological data
have been correlated with our multi-proxy dataset to understand how human groups adapted to
environmental changes during the Early-Mid Holocene, with special focus on the Mesolithic to Neolithic
transition. Vegetation trends indicate warm conditions at the onset of the Holocene followed by increased
moisture and forest development ca. 10—7 ka BP, after which woodlands are progressively replaced by
heaths. Peaks of aridity were identified at 8.2 and 7. 5 ka BP. Compositional, textural, redox state, and
weathering of source area geochemical proxies indicates abrupt palacoceanographic modifications and
gradual terrestrial changes at 8.2 ka BP, while the 7.5 ka BP event mirrors a decrease in land moisture
availability. Mesolithic sites are mainly composed of seasonal camps with direct access to the coast for
the exploitation of local resources. This pattern extends into the Early Neolithic, when these sites coexist
with seasonal and permanent occupations located in inland areas near rivers. Changes in settlement
patterns and dietary habits may be influenced by changes in coastal environments caused by the sea-level

rise and the impact of the 8.2 and 7.5 ka BP climate events.

Keywords: Palacoenvironment, Mesolithic, Neolithic, Palynology, Geochemistry, SW Iberian coast
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8.1.- Introduction

The Early-Mid Holocene period is characterized by several environmental changes, such as the postglacial
marine transgression, an increase of temperatures, and the existence of diverse episodes of ice-rafted
debris in the North Atlantic Ocean. Littoral areas suffered a rapid transformation resulting from the
inundation of the fluvial valleys and the progressive development of diverse coastal features. From a
different perspective, the vegetation adapted to the new climatic-edaphic conditions and reacted to abrupt
episodes, the so called Bond events, which are associated to dry conditions in the Mediterranean region
(Bond et al., 2001). However, the Early-Mid Holocene was not only defined by unique environmental
changes, but by important cultural transformations within hunter-gatherer groups and the adoption of

new subsistence strategies.

The process of neolithization in Southwestern Iberia is controversially disputed and different theories
attempt to explain its origin. Some authors interpret it as a maritime pioneer colonisation of depopulated
regions by Neolithic groups from the Western Mediterranean (Zilhao, 2001), while others propose
indigenous origins defined by the continuity of local Mesolithic groups in certain regions, suggesting that
the beginnings of agriculture could have had an autochthonous nature (Massieu and Socas, 2013). Many
authors consider that the area of Andalusia, the Algarve, and the Moroccan Atlantic fringe have shared
similar traits during this process (Manen et al., 2004), which would explain the existence of Neolithic
“enclaves” with specific regional features (Carvalho, 2010) or a southern neolithization route along the
North African coast (Borja et al, 2010; Lindstiter et al., 2012). The inherently intricate interpretation of
such a complex process is, in this case, weighed down by the lack of absolute datings in clear stratigraphic
sequences, and the absence of information regarding the Mesolithic period at a regional scale (Martin-

Socas et al., 2017).

Recent palacogenetic studies have shed light on this complicated situation, confirming that Southern
Iberian Neolithic humans share the same genetic composition as the Cardial Mediterranean culture that
reached Iberia ca. 7.5 ka BP (Fregel et al., 2018). These early Neolithic Iberian groups present genetic
differences with the early Neolithic central European farmers, pointing toward two different migrations
and linking all Neolithic Iberians with the first migrants that arrived with the initial Mediterranean
Neolithic wave of expansion (Valdiosera et al., 2018). It is evident that these Iberians mixed with local
hunter-gatherers, maintaining and thus expanding their subsistence strategies. However, it is assumed
that this process was not homogeneous and the introduction of new elements, such as food production
techniques, can hardly be dissociated from the heterogenous geography, the environmental diversity, and
the influence of local groups. Therefore, further research is needed to explain differences in both
Mesolithic and Neolithic cultures at the regional scale, as well as to complete the complex environmental

puzzle of this area.
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Studies integrating archaeological and palacoenvironmental data from a long-term perspective can
provide a critical framework to examine the resilience of human groups to past and current global
changes. Thus, this work focuses on the palacoenvironmental reconstruction of the southwestern Iberian
littoral area, with special focus on the occidental Algarve coast, in the course of the Mesolithic and
Neolithic periods. We contribute with a new environmental dataset of palynological and geochemical
data to discuss and define changes in the vegetation, reconstructing coastal landscapes, and understanding

how human groups adapted to these transformations.
8.1.1.- Archaeological context

Two main clusters of Mesolithic and Neolithic sites are located in the southwestern Iberian coast, one in
the westernmost extreme of the Algarve littoral, and the other one in the southeastern region of the Gulf

of Cadiz towards the Strait of Gibraltar (Fig. 8.1; Supplementary data: Appendix 8.Supl).

Most of all the Mesolithic sites are found in the Cape Sdo Vicente region. They constitute shell-middens
of different sizes (Castelejo, Barranco das Quebradas, Rocha das Gaivotas) and open air sites (Armagao
Nova, Vale Boi) interpreted as seasonal occupations based on the exploitation of coastal and/or lithic
resources (Carvalho, 2007; Valente and Carvalho, 2009). Near the Straits of Gibraltar, the only site for
this period is considered as a single occupation based on the exploitation of marine resources and hunting
(Palmones), although there is some controversy about its chronology (Ramos-Mufioz, 2005; Uzquiano et
al., 2020). The majority of these sites is located close to marine environments or in transitional areas

between fluvial and marine influences.
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1  Castelejo 7 Padrio 13  Praia do Forte Novo
2 Barranco das Quebradas 8 Vale Boi 14 Algardo da Goldra
3 Rocha das Gaivotas 9 Alcalar 7 15 El Retamar

4  Armacio Nova 10  Castelo Belinho 16 Campo de Hockey
5 Vale Santo | 11  Ibne-Ahmmar 17 LaDehesilla

6 Cabranosa 12 Ribeira de Alcantarilha 18 Palmones

1  Castelejo 7 Padrio 13  Praia do Forte Novo
2 Barranco das Quebradas 8  Vale Boi 14 Algardo da Goldra
3 Rocha das Gaivotas 9 Alcalar 7 15 El Retamar

4  Armacdo Nova 10  Castelo Belinho 16 Campo de Hockey
5 Vale SantoI 11  Ibne-Ahmmar 17 LaDehesilla

6 Cabranosa 12  Ribeira de Alcantarilha 18 Palmones

Figure 8.1. Map of the Iberian Peninsula indicating: the sediment core 19-01 (ted dot), the distribution of
archaeological sites in the region of the Algarve (A), and in the Southeast of the Gulf of Cadiz (B).

Several Neolithic sites have been discovered in both areas. In the Cape Sao Vicente region, shell-middens
(Alcalar 7, Ribeira de Alcantarilha) and temporary open-air sites (Vale Santo I, Padriao) based on the
seasonal exploitation of marine and lithic resources are still present (Carvalho, 2007). Motreover, some
Mesolithic sites revealed later Neolithic layers (Castelejo, Barranco das Quebradas, Rocha das Gaivotas,
Vale Boi) (Carvalho, 2007; Valente and Carvalho, 2009; Peyroteo-Sterna, 2020). Two necropolis caves
(Ibn-Ahmmar, Algario da Goldra) were also assigned to this period. There is one site considered a
residential basecamp (Cabranosa), a settlement suggesting an obvious sedentary occupation with hut
structures and grave burials (Castelo Belinho), and a possible long-term settlement in a beach

environment (Praia do Forte Novo) which is considered a salt production site by some authors (Rocha,
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2013). Many of these new Neolithic sites are located in fluvial environments some kilometres inland, if
compared with those belonging to the Mesolithic (Alcalar 7, Ribeira de Alcantarilha, Castelo Belinho,
Ibne-Ahmmar, Algardo da Goldra).

In the southeastern area of the Gulf of Cadiz it is possible to identify varying typologies of archaeological
sites with Neolithic occupations: a single human occupation (El Retamar) based on the exploitation of
marine resources, hunting, and animal domestication (Stipp and Timers, 2002; Ramos Mufoz et al.,
2010), a permanent settlement (Campo de Hockey) with a large necropolis (Dabrio et al., 2000; Stipp and
Timers, 2002; Vijande et al., 2015), and a necropolis cave (La Dehesilla) (Garcia-Rivero et al., 2020). With
the exception of the cave situated in a mountainous area, all other sites are located in the marine-fluvial

environments of the Cadiz Bay.
8.1.2.- Regional settings

The study area comprises the southwestern coastal region of the Iberian Peninsula framed by the Atlantic
Ocean and located north of the Africa-Iberia plate boundary. The westernmost part is a Meso-Cenozoic
sedimentary basin overlying Carboniferous basement, which extends offshore as far as 100 km south
(Ramos et al., 2016). However, most of the coastis dominated by Neogene basins defined by the presence
of several estuaries conforming littoral lowlands. Some of them are sheltered by spits, with marshlands
extending several kilometers inland (Dabrio et al., 2000; Hernandez-Molina, 2006). These characteristics
are mainly due to the morphology of the coast and the prevailing winds from SW that generate a littoral
drift towards the Fast and SE of the Gulf of Cadiz, being responsible for the formation of beach and

barrier systems that partially close some estuaries (Dabrio et al., 2000; Zazo et al., 2008).

The SW Iberian Peninsula has a Mediterranean climate with oceanic influence that can be defined by two
climatic zones described by K&ppen-Geiger (Kottek et al., 20006): a temperate climate with hot summers
in oriental and inland areas (Csa), and a temperate climate with warm summers in occidental areas and
the littoral (Csb). Considering both zones, the annual average minimum temperature oscillates between
12.5°Cand 15 °C, and the annual average maximum temperature ranges from 22.5 °C to 25 °C (AEMET,

2011). The average total annual precipitation fluctuates between 500 mm and

1000 mm, mostly concentrated during winter season (AEMET). The thermomediterranean belt of the
coastal lowlands is defined by different ecosystems and vegetal ecological associations. Woodlands are
mainly composed of evergreen (Quercus suber, Q. rotundifolia) and deciduous oaks (Q. faginea, Q.
estremadurensis), together with some Mediterranean species, such as Olea enropaceae subs. sylvestris ot Juniperus
oxcycedrus, among others. Pre-forest scrubs are dominated by Quercus coccifera, Phillyrea angustifolia, Pistacia
lentiscus, Rhammnus sp., and Juniperns sp, while riparian communities are formed by Aluus glutinosa, Salix sp.,

Fraxcinus angustifolia, and Tamarix sp. (Rivas-Martinez, 1988; Rivas-Martinez et al., 1990; Rivas-Martinez et
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al., 2001; Espirito-Santo et al., 2017). Heathlands are well represented by different genera of Ericaceae
that grow on acidic low fertility soils, under high humidity levels and strong oceanic conditions (Loidi et
al., 2007). In littoral areas and interdunal valleys the vegetation is mainly composed of Pinus pinaster, P.
pinea and P. halepensis. The most representative herbaceous vegetation of the stable dunes are: Pohygonum
maritimum, Artemisia crithmifolia, Eryngium maritinmum, Cyperus capitatus, Anthemis maritima, Silene sp., Juniperus
sp. (Rivas-Martinez et al., 1980). Freshwater marshlands include species of Cyperaceae and Isoezes spp.,
Typha sp., Hypericum tomentosum, and Phragmites australis, while saltmarshes are dominated by species of
Chenopodiaceae and some taxa such as Apium graveolens, Aster tripolium, Limonium, Juncus maritimus,

and others (Rivas-Martinez et al., 1985; Espirito-Santo et al., 2017; Marceno et al., 2018).

8.2.- Materials and methods

Twin sediment cores 19-01 and 19-02 (referenced as GeoB23519-01/-02 in the MARUM core repository
in Bremen, Germany) were retrieved in the Algatve continental shelf (37° 00.656, 008° 52.247 and 37°
00.654, 008° 52.20, respectively) at ca. 65 m water depth and approximately 3 km from the coast using a
vibracorer. The 3.64 m-long core 19-01 was sampled for palynological analysis and the neighboring core
19-02 (3.62 m-length) is added to increase data and resolution on sedimentation rates and chronology. In
both cores, stratigraphic units were identified by visual description of the sediment. From bottom to top
(Fig. 8.2), both cores are composed of greenish fine sands covered by muddy sediments and capped by
coarse silt to silty sand (uppermost 1.5 m). Shells are common as well-preserved specimens and the clastic

fraction is composed by bioclasts, siliciclastics, and lithic fragments.
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Figure 8.2. Lithological log, location of 14C and pollen samples (black: samples used in this study) and selected
XRF parameters for core 19-01.

X-ray fluorescence scans (XRF) were measured using an ITRAX core scanner (resolution 2 mm, 20 s
exposure time, 30 kV, 55 mA). Carbonate (Ca, St), siliciclastic (Si, Al, Ti, Zr, Rb), organic matter (Br, Mo
incoherent and coherent scatter [Mo inc, Mo coh]), and redox geochemical (Mn, Fe) proxies were chosen
(Fig. 8.2) and some useful ratios were analyzed (Ca/Si, Si/Al, Zt/Al, Zt/Rb, Mn/Fe, Mo inc/coh)
(Calvert et al., 2007). Anomalous values were removed by comparison to the core photographs to
minimize the effect of coarse grains, cracks, and surface irregularities. The remaining data were
normalized by count per row to unit by column and smoothed with an arbitrary 11-point running mean

filter to reduce the inherent data noise.
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Seven articulated bivalves from core 19-01 and six mote articulated valves from 19-02 were 14C-dated at
the Beta Analytic Inc. and the University of California-Irvine (USA). Calibration was performed with
CALIB 8.2 (Stuiver and Reimer, 1993) using the Marine20 calibration dataset (Heaton et al., 2020) and
different AR calculated from the original datasets of (Soares, 1993; Soares and Dias, 2006; Soares and
Martins, 2009, 2010; Martins and Soares, 2013) by using the online application of (Reimer and Reimer,
2017) (Table 8.1). After comparison of the sedimentological and geochemical logs, it was possible to
correlate both cores by depth. The age model is based on a simple linear interpolation and sedimentation

rates were calculated for each dated interval (Fig. 8.3).

Table 8.1. Radiocarbon samples and calibration parameters and results. * and italics: rejected sample due to

possible reworking.

age cal.

14
Core  Lab. code Depth (m) Cage error DR error BP 2s range
(yr BP) median (cal. BP)
236164 0.21 650 15 49 121 177 0-399
3 Beta- 0.57 2610 30 73 140 2212 1829-2622
3 526115
% 236165 0.93 3205 15 36 152 2903 2505-3312
& 236166 1.55 4245 15 50 152 4090 3660-4515
S 236167 1.67 5390 20 407 165 5098 4673-5523
236168 3.16 9230 20 740 225 8892 8354-9445
236169 4.46 9530 20 46 206 10292 9658-10910
Beta- 0.2 600 30 49 121 148 0-367
512669
Beta- 0.31 1570 30 194 125 1155 864-1453
. 512670
i Beta- «
z sromege 116 4280 30 50 152 4136 36934564
% Beta-
S Sivcen 1.56 4330 30 50 152 4201 3759-4641
© Beta-
S12006 2.47 7910 30 301 201 7893 7488-8328
Beta- 3.53 10360 30 46 206 11458 10797-12104
512665
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Figure 8.3. Age model, sedimentation rates and lithological log for core 19-01. Key for lithologies as Figure 8.2.

Palynological samples were collected from core 19-01 with an interval of 3-7 cm. All samples were
chemically treated with HCl to remove carbonates, KOH to remove humic acids, and sodium
polytungstate (SPT: 3Na2WO4-9WO3-H20) at 2.0-2.1 cm3 for densimetric separation. The final
residue obtained after the treatment was mounted on slides with the use of glycerol mixed with phenol.
Palynomorphs were counted using an optical microscope at 400X and 1000X to a minimum pollen sum
of 150 terrestrial pollen grains. Fossil pollen grains, spores, and non-pollen palynomorphs were identified
using published keys (Van Geel, 1978, 2001; Pals et al., 1980; Moore et al., 1991; Lopez-Saez et al., 1999)
and the modern pollen reference collection of the CSIC in Madrid (Spain). Microcharcoal particles >125
wm were counted alongside the identification of pollen grains and interpreted as indicators of regional
fires (Whitlock et al., 2001). Pollen and microcharcoal concentrations (grains/gr and patticles/gr of dry
sediment, respectively) were estimated by adding one Lycopodium clavatum tablet to each sample [54].
Diagrams were plotted versus age using Tilial T software (version 2.1.1, Illinois State Museum, Research

and Collection Center. Springfield, IL, USA) (Figures 8.5 and 8.7). Palynological assemblage zones were
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determined by Constrained Cluster Analysis Sum Squares (CONISS) based on a square root

transformation (Edwards & Cavalli-Sforza chord distance).

In the synthetic diagram main categories are organized in the following way: High-mountain pines (Pinus
Sylvestris-nigra type), Mediterranean pines (Pinus halepensis-pinea type and Pinus pinaster), Mediterranean
woodland (evergreen Quercus, Olea europaea), Mediterranean shrubland (Phillyrea, Arbutus), Riparian
woodland (Alnus, Fraxinus, Salix), Mesophilous trees (deciduous Quercus, Acer, Corylus, Betula), Heathlands
(Erica type, Calluna), Xerophytic taxa (Juniperus, Ephedra fragilis type, Artemisia), Asteraceae (Carduoideae,
Asteroideae, Cichorioideae), Ferns & Mosses (see Figure 8.5), Hygro-hydrophytic herbs (Iypha,
Cypetaceae, Callitriche, Potamogeton), Coprophilous (Coniochaetae /HAV-172, Sporomiella/HdV-113,

Sordariaceae, Chaetominm), and Erosive processes (Glomus sp., Psendoschizaeae circnla).

Pollen percentages for terrestrial taxa were calculated against the main sum of terrestrial grains, while
percentages for aquatics, spores, and Piuus were calculated against the total sum of all pollen and spores.
Pinus grains were excluded from the main sum because they are considered to be over-represented in
marine sediment cores because of its extensive dispersal ability and buoyancy (Hopkins, 1950). However,
morphometric analysis of their pollen grains was done using a measurement of the grain diameter,

excluding sacci (Carrién, 2000; Lépez-Saez et al., 2010, 2020).

8.3. Results

8.3.1.- Age-depth model

According to the proposed age model, the period between 12 ka and 6 ka BP is placed in the lowermost
1.5 m of the core. From ca. 12 ka BP until ca. 8 ka BP, the sedimentation rate increases from 0.06 mm/yt
to 0.69 mm/yr which cotresponds to the maximum value for the Holocene in this core. From ca. 8 ka

BP to 6 ka BP the depositional rate decreases to 0.27 mm/yr (Fig. 8.4a).
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Figure 8.4. Age plot for the 12—6 ka BP period of the (a) sedimentation rate and (b—f) selected geochemical

elements and ratios.
8.3.2.- Geochemistry

The selected elements can be grouped by similar behavior along time allowing the identification of some

common periods and events despite the considered parameter.

Zt/Rb ratio has been linked to grain size changes (Schneider et al., 1997) and sediments older than ca.

8.1 ka BP show larger values and a clear decreasing trend than younger sediments (Fig. 8.4b).

Ti, Fe, and Mn run almost parallel during the studied period and they can be linked to weathering of
siliciclastic rocks (Cornu et al., 1999). These elements show reverse trends and peaks as compared to
Zr/Rb (Fig. 8.4c), showing large ratios and enhanced increase for the 8.2—6 ka BP period than for the
Early Holocene.

Al, Si, Ca, and Sr can be correlated in the long term (Fig. 8.4d), while they show some differences for the
shorter cycles. Al and Si are interpreted as representative of terrestrial input (Calvert et al., 2007).

Comparable Ca and Sr trends represent carbonates (Calvert et al., 2007), and reflect high bioclastic
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content. All elements are components of the dominant clastic fraction, while siliciclastics depend on the
terrestrial supply, carbonate variability can be due to changes on marine productivity (in situ biogenic
carbonate) and this could be responsible for the out-of-phase signal for the shorter cycles. All of them
show higher values for the 8—12 ka BP period, with larger amplitudes for Si, Ca, and St compared to the
6-8 ka BP period, when Al shows wider amplitudes reflecting the clay-richer composition of the

sediments (Fig. 8.2).

It is worth to mention the long- and short-term correlation of Br, Mo inc/coh, and Fe/Mn (Fig. 8.4¢).
Br and the Mo inc/coh ratio have been used as a proxy of organic matter in marine sediments (Thomson
et al., 2006; Burnett et al., 2011; Chagué, 2020). The Fe vs Mn ratios can indicate changes in the redox
state (Nacher et al., 2013; Demina et al., 2019), with Mn-displaced values indicating oxic conditions. All
these values show a steady increase, broken by a sudden rise from 8.3 to 8 ka BP. However, they are

lower for Br, mirroring the changes in clastic fraction (Al, Si, Ca, Sr).

Ca/Si ratio points to the catbonated vs. siliciclastic sources (Herrmann and Stroncik, 2013; Hoelzmann
et al., 2017), while Si/Al and Ztr/Al are used as textural proxies like sorting or grain size (Calvert, 2007;
Santisteban et al., 2019) (Fig. 8.4f). These ratios show no clear trends, as those mentioned before, but
they can be divided in three stages: from 12 until 8.8 ka BP, their record show low amplitude cycles that
shorten their period in time, Ca/Si decreases while Zr/Al and Si/Al remain, showing a slowly increasing
trend; from that time until ca. 7.8 ka BP, the amplitude increases while their petiod shortens, both Ca/Si
and Si/Al increase but Ztr/ Al shows its average lowest values; from ca. 7.8 ka BP to 6 ka BP, the petiod
of the cycles grows, while their amplitude slightly decreases without reaching values of the previous core

section. Ca/Si and Al/Si values show a falling trend while Ztr/Al remains neatly stable.
According to these observations, the 12—6 ka BP lapse can be split in three periods (Fig. 8.4):

12-8.4 ka BP. Low values in Ti, Mn, Fe reflect reduced weathering conditions and Fe/Mn, B, and Mo
inc/coh ratios imply low preservation potential of organic matter and point to oxic conditions. Si, Al, Ca,
and Sr values are high and indicate dominance of clastic/tractive deposits; the Zt/Rb values correspond
to coarser grain size. Si/Al, Zr/Al, and Ca/Si values show low amplitude and slow changes, implying an
environment characterized by homogeneous conditions and only disturbed by some higher energy
episodes—as evidenced by increases in Zr/Rb, Zr/Al, and Si/Al The sedimentation rate increases to its

highest values.

8.4-8 ka BP. Amplitude and frequency of changes started to increase shortly before it. The sedimentation
rate was the highest. There are marked and sudden changes for a decrease in clastic input and an increase
in organic components, while the decrease in grain size and increase in weathering proxies is fast but

gradual.
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8—6 ka BP. The sedimentation rate decteases from 0.69 to 0.27 mm/yr. Clastics and grain size fall to their
minimum average values but amplitude of changes increases for sorting (grains vs. matrix) proxies.
Organic matter preservation increases, coincidental to sub-oxic to anoxic conditions, as well as the

weathering of source areas.
8.3.3.- Palynology

Four palynological zones were identified in this section of the GeoB235-19-01 core (Fig. 8.5; Table 8.2).
Oakwoods dominate the landscape between ca. 10-7 ka BP (Z-1, Z-2, and Z-3), after which Erica type
progressively increases (Z-4). Cichorioideae displays constant but irregular values (Z-1 and Z-4), and the
presence of pinewoods, although scarce, is constant through time with a more noticeable presence ca.

11.7-10 ka BP (Z-1) and ca. 7.6-6.5 ka BP (transition Z3-74).

Table 8.2. Pollen zone description for marine core 19-01.

Depth range Age range

z
one (cm) (cal yr BP)

Pollen signature

Dominance of oakwoods (evergreen and deciduous Quwercus: 17-20% and ~10-16%

respectively) together with Cichorioideae (17-34%). Olea (~0-5%), Phillyrea (~4%), and

71 354.323 117079242 ChenoPodiaceae (~5-8%) slightly increase towardf the en‘d of que zone. _/'ﬂnzperm‘ (~4-9%)
Asteroideae (5-11%), and Poaceae (~5-9%) display discontinuous values. Pinewoods
represent ~15% (Pinus sylvestris-nigra type, Pinus halepensis-pinea type, Pinus pinaster: ~5%
each). Low % of Isoetes (~4-7%), and peaks of foraminiferal linings (~9-19%).

Increase of deciduous and evergreen Quercus (~15-20% and ~17-29%)), together with Olea
(3-6%) Phillyrea (3-10%), and Juniperus (~7-11%). Slight decrease of Chenopodiaceae (3-
0, » 1 ~1_RK0, ] ~4_70,
7.2 303263 0242.8132 10%) t'()war'ds' the end of the zone. Redt}lcnon of Poaceae ( 1 5%, Asteroldeae.( 4-7%),
and Cichorioideae (7-24%), the latter with notable peaks. Slight decrease of pinewoods
(below 5% each). Progressive increase of Isoetes (~4-13%) and important increment of

foraminiferal linings (~21-33%).

Dominance of oakwoods, with peaks (deciduous: ~16-22%; evergeen: ~17-26%). Visible

increase of Erica type (~1-11%). Decrease of Olka (below 3%), Phillyrea (~1-8%),

7.3 263230 81307441 Chenopodiaceae (~4-8%), and CiAchorioicAlez‘le (~7713%).]Aum;éemf (~642%}), Asteroide%e
(~4-6%), and Poaceae (~2-6%) display similar values. Slight increase of pinewoods (Pinus
Sylvestris nigra type ~2-6%; Pinus halepensis-pinea type ~2-9%; Pinus pinaster ~1-5%). Increase
of Isoetes (~12-19%) and decrease of foraminiferal linings (~7-15%).

Drop of both deciduous and evergreen Quercus (~7-16% and ~5-12%) towards the end of
the zone. Decrease of Ola and Phillyrea (both below 5%), Juniperns (~6-10%), and
Chenopodiaceae (~3-7%). Slight increase of Poaceae (~3-8%) and Asteroideac (~5-8%).

Z-4 230-189 7441-5928 Erica type (~7-10%) increases approaching the end of the zone. Rise of Cichorioideae (~17-
33%). Decrease of P. sylvestris-nigra type and Pinus pinaster (both below 5%) and same values
for Pinus halepensis-pinea type (~2-9%). Increase of Isoetes (~14-27%) and decrease of
foraminiferal linings (~2-14%).
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8.4.- Discussion

8.4.1.- Geochemical trends and events, sea level and palaeoceanographic changes

Comparison of the evolution of geochemical and sedimentary parameters against regional and global
forcings (sea level, climate) (Fig. 8.6), allows us to correlate them and to identify links among the

environment, these forcings, and human populations.

The ca. 106 ka BP period is known as the Holocene Thermal Maximum (HTM) (Kaufman et al., 2004;
Marcott et al., 2013; Bova et al., 2021; Liu et al., 2021), a period of warm and humid climate as compared
to previous and following periods and only interrupted by a short cooling period known as the 8 ka or

the 8.2 ka BP event (Alley et al., 2005; Rohling and Pilike, 2005) (Fig. 8.6a).

Sea level rose from its previous minimum during the Last Glacial Maximum with maximum rates for the
Algarve between 11-8 ka BP (from 9 to 7.4 mm/yr), that decreased between 8—7 ka BP (4.5 mm/yr),
and another time from 7 to 6 ka BP (2.0 mm/yr) and fell to 0.7 mm/yr for the 6-5 ka BP period (Gatcia-
Artola, 2018). Coeval to this change, sedimentary records of core 19-01 gradually decrease in grain size
(Zt/Rb ratio, Fig. 8.6b) that can be interpreted as the tesult of deepening (drowning by flooding),
increasing distance to the wave base, and the action of coastal currents and sedimentation rates changed

accordingly (Fig. 8.6¢).

Sea surface temperature decreased in the Gulf of Cadiz (Cacho et al., 2001) and Alboran Sea (Catala et

al,, 2019), and this change correlates with the increase in the organic matter content of core 19-01 (Fig.

8.6d).

Weathering proxies are indicative of wet and warm conditions which prevail after 8.2 ka BP (Fig. 8.6e).
These conditions are coherent with the alleged characteristics of the HTM and the African Humid Period
(Adkins et al., 2006; Stumpf et al., 2011). Stumpf et al. (2011) showed a decrease in the illite/kaolinite
ratio and interpreted this as related to a change in dust sources, but it is also coherent with an increase in

weathering of the source areas.

The decrease in clastic fraction (Fig. 8.6f) can also be linked to the increase in weathering and the growing
water depth. In addition, the continuity of terrestrial influx (Si/Al, Zr/Al, Fig. 8.6g) vs. the gradual
increase in organic content and the abrupt and short increase in carbonates around 8.2 ka BP (Ca/Si, Fig.

8.6g) indicate a rise in marine productivity.

However, one of the main features of the geochemical record of core 19-01 is the abrupt change in
marine productivity and clastic dynamics and gradual weathering of source areas along with

waves/shallow currents. These changes relate to the 8.2 ka BP event.
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Thotnalley et al. (2009) interpret that there was an abrupt switch from a stratified upper ocean to well-
mixed waters around 8.4 ka ago caused by changes in the relations between the subpolar and subtropical
gyres. Bazzicalupo et al. (2020) showed from records of the Alboran Sea, that present oceanic gyres
system developed around 8 ka ago. Also, model results indicate the changes in oceanic gyres around 8.2
ka BP as being responsible for the present day North Atlantic circulation (Born et al., 2010). Thus, it
seems possible that the observed abrupt changes in the geochemical record of core 19-01 can be related
to those palacoceanographic changes, while the gradual ones are interpreted to link to terrestrial climate

variations.
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Figure 8.6. (a) Variations in 180 in GRIP core (Johnsen et al., 1997); (b) sea level changes around SW Portugal
(Quarteira (Teixeira et al., 2005); Ria Formosa (Sousa et al., 2019); Algarve and Central Portugal (Garcia-Artola et
al., 2018) and global (Lambeck et al., 2014) and Zr/Rb ratio (notice the reversed scale); (c) sea surface temperature
(SST) reconstructions for the Gulf of Cadiz (alkenone Uk37 SST derived for core M39-008 (Cacho et al., 2001)
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and Mg/Ca SST derived for the Alborin Sea (ALB2 (Catala et al., 2019)); (d) Ti, Fe, and Mn, weatheting proxies,
as indicative of land moisture; (¢) Al, Si, Sr and Ca, representative of clastic sedimentation, serve as proxies for
activity of marine cutrents; (f) Ca/Si, carbonate vs. siliciclastics, and Zt/Al and Si/Al, proxies of siliciclastic grains
vs. matrix, as indicative of land detived vs. bioclastic (marine) inputs; (g) sedimentation rate for core 19-01 for the

12—6 ka BP period.
8.4.2.- Vegetation trends and evolution of coastal environments

During the Early Holocene, the post-glacial marine transgression was progressively drowning the
exposed continental shelf of the southwestern Iberian coast with a rapid sea level rise between ca. 13 ka
BP and 7-6.5 ka BP, although with different responses depending on the geographic location and
topography (Zazo et al., 2008). Initially, until ca. 10 ka BP, the first stages of the river valleys inundation
resulted in pre-estuarine palacovalleys and transitional areas of fluvial-saltmarsh deposits as the main
coastal landscapes (Dabrio et al., 2000; Boski et al., 2008; Schneider et al., 2010; Delgado et al., 2012;
Trog et al., 2013). For this period until ca. 9.2 ka BP, the core 19-01 indicates the existence of forests
composed of mesophilous trees, and Mediterranean trees and shrubs which defined the onset of the
Holocene as a warm phase. Mediterranean and high mountain pines were also present, although in low
values, being that the latter (Pinus sylvestris-nigra type) may be a reminiscence of the continental climate of
the previous glacial period, as reported in other deposits (Figueiral and Carcaillet et al., 2005). These
conditions have been also inferred in continental deposits in the Guadiana Estuary and the Medina
Lagoon, where the presence of open land indicators and high-mountain pines were recorded, respectively
(Fletcher et al., 2007; Schroder et al., 2018). In this regard, it has been found that the hydrological
response in some Western Mediterranean areas during the Early Holocene maintained prolonged arid
conditions, with shallow lake levels followed by an increase of moisture ca. 10-9 ka BP (Morellén et al.,
2018). This may have been linked to insolation and seasonality changes due to the orbital variability, the
presence of the Laurentide and Fennoscandian ice sheets in the North Atlantic Hemisphere, and a series
of ice rafted debris (IRD) provoking immediate ocean surface coolings associated with dry conditions in
the Mediterranean region (Berger, 1978; Bond et al., 1997, 2001). Some of these events fall into this
period (Fig. 8.7) and two of them appear to have triggered a reaction in the vegetation with a decrease of
mesophilous trees and an increase of Asteraceae immediately after 10.3 ka BP, and a retraction of
mesophilous and Mediterranean forests with a parallel rise of Mediterranean shrubland and xerophytic
taxa after 9.4 ka BP. Diverse records from Greenland show anomalies in the mean 8180 curves ca. 9.95
and 9.3 ka BP interpreted as temperature itregularities, but also to changes in moisture sources and/or
transport paths (Masson-Delmotte et al., 2005; Rasmussen et al., 2007). The slight delay in the vegetation

reacting to these events indicates that changes in terrestrial landscapes were not immediate.
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Figure 8.7. Synthetic diagram of the main ecological groups and taxa expressed in petcentages. The dark green
line plotted against the Mesophilous trees represents deciduous Quercus values, while the light green line plotted
against the Mediterranean woodland shows evergreen QOuercns values. Microcharcoals are expressed in
concentrations (particles/gr of dry sediment). Blue lines correspond to the chronologies associated to some IRD
events by Bond et al. (1997) with a more or less clear impact in the vegetation of the core 19-01, while orange lines

highlight aridity crises.

Regarding the evolution of the coast, the period between ca. 10—7 ka BP is also coincident with a phase
of intense marine influence due to the marine transgression into the river valleys of the SW Iberian
margin, transformed in estuaries by drowning (Dabrio et al., 2000; Boski et al., 2008; Schneider et al.,
2010; Delgado et al., 2012; Trog et al., 2013). As a result, salt marshes developed along the littoral of the
Gulf of Cadiz and a landward shift of the boundary between marine and fresh waters took place, with a
consequent increase of saline environments (Dabrio et al., 2000). High values of foraminiferal linings
were recorded between ca. 9.5 to 8 ka BP, probably related to the development of estuaries. From ca. 8
ka BP onwards and abrupt drop on the foraminiferal linings gives way to a progressive increase of Isoetes,
characteristic of seasonal fresh marshland environments (Pinto da Cruz, 1999; Lépez-Saez et al., 2018).
The increase of wetland taxa seems to parallel the slight rise of riparian communities registered during
this period, which may be a consequence of the influence of the river in the hinterland, as already recorded

in other continental cores (Fletcher, 2005; Trog et al., 2013).

At ca. 10-9 ka BP an abrupt increase in moisture was identified in several lake records of the Western

Mediterranean (Morell6n et al., 2018), and the progressive expansion and maximum values of oakwoods
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between ca. 10 to 7 ka BP seem to confirm this trend. Despite slight differences in the chronologies, this
rise of temperate and Mediterranean forest taxa is also registered in other marine cores drilled in the
Atlantic margin of southwestern Iberia (Chabaud et al., 2014; Oliveira et al., 2018; Gomes et al., 2020),

as well as in some continental deposits of this area (Fletcher et al., 2007).

During this period, two peaks of microcharcoals were recorded and interpreted as episodes of increased
regional wildfires at 8.8 and 8.4 ka BP (Ilig. 8.7). Several forest contractions were also identified at
different points and with diverse characteristics but it is noteworthy to highlight two episodes. At 8.2 ka
BP there is an increase of xerophytic elements and afterwards an abrupt drop of the forest taxa took
place, culminating with low values of mesophilous/Mediterranean trees and a rise of Asteraceae ca. 8.1
ka BP. Greenland ice cores reflect well-defined anomalies in the period between 8.4-8 ka BP with very
low values of §180 around 8.2 ka BP (Rasmussen et al., 2007). Although its origins remain unclear, the
8.2 ka BP event has been linked to a fresh water influx into the North Atlantic that would have provoked
changes in temperatures and thermohaline circulation and thus, in moisture availability (Bond et al., 2001;
Renssen et al.,, 2001). Indeed, the Medina Lagoon record shows a lake-level decrease for the period
between ca. 8.5-7.8 ka BP, which has been related to global climatic instability centered on 8.2 ka BP,
concluding in a desiccation phase (Reed et al., 2001). Events of forest decrease were also recorded in the
SW Atlantic margin between ca. 8.6—8 ka BP, as well as in the Alboran Sea between ca. 8.3-8 ka BP
(Fletcher et al., 2007; Combourieu Nebout et al., 2009; Chabaud et al., 2014; Oliveira et al., 2018; Gomes
et al., 2020). In continental deposits, some forest setbacks and expansion of open-ground taxa were
recorded in the Guadiana Valley and the Medina Lagoon at ca. 7.8 and 8.2 ka BP, respectively (Fletcher
et al,, 2007; Schréder et al., 2020); however, several sequences do not mirror any vegetal changes for this

period (Manzano et al., 2018; Uzquiano et al., 2020).

Another important crisis was also identified in the GeoB235-19-01 core at ca. 7.5 ka BP, defined by a
visible peak of xerophytes and an abrupt drop of mesophilous trees, riparian woodland, and
Mediterranean woodland and shrubland, pointing to a rapid decrease of moisture availability (Figures
8.6e and 8.7). Diverse episodes of forest contractions were identified between 7.5 and 7 ka BP in different
cores of the Atlantic Iberian Margin and the Alboran Sea, as well as in continental sequences (Fletcher et
al., 2007; Combourieu Nebout et al., 2009; Chabaud et al., 2014; Manzano et al., 2018; Oliveira et al.,
2018; Gomes et al., 2020). Diverse palacorecords from SE Iberia suggest changes towards increased

aridity between 7.8—7.3 ka BP (Cortés-Sanchez et al., 2012).

Regarding the coastal evolution, the core 19-01 recorded the maximum sea level rise rates for the Algarve
between 11-7 ka BP, but in most of the estuaries located in this atea (Alvor, Alcantarilha, Quarteira,
Carcavai, Tinto & Odiel, Guadalete) the maximum flooding of the river valleys was registered at ca. 7—6

ka BP, resulting in the development of open estuaries, inundated channel banks, tidal flats, and even the
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landward migration of estuarine barriers (Dabrio et al., 2000; Boski et al., 2008; Schneider et al., 2010;
Delgado et al., 2012; Trog et al., 2013). The fluctuation between marine vs freshwater markers recorded
in the core 19-01 seems to reflect the marine pulses and the diverse evolution of littoral features and
edaphic conditions, depending on factors such as the accommodation space of the river valleys. During
this millennium, mesophilous and Mediterranean woodland progressively decrease, while Mediterranean
shrubland seem to stabilize at the same time that heaths start a stepwise expansion from this point
onwards. An important increase of Cichorioideae occur ca. 6 ka BP, correlating the rise of Isoetes and
hygro-hydrophytic herbs. The ambiguous significance of Cichorioideae makes it difficult to understand
this episode, and its presence may suggest an important development of marsh/wetland communities, or
either the development of a semi-open landscape paralleling the expansion of shrublands to the detriment

of forests.

After ca. 6 ka BP, rates of sea level rise fell to 0.7 mm/yr in the Algarve (Garcia-Artola et al., 2018), while
in most of the estuaties of this area rates are of ca. 2.6 mm/yr and oscillations below 1 m defined the last
5000 years (Zazo et al., 2008; Lario et al., 2010; Costas et al., 2016). Some coastal elements like lagoons,

spits, and barriers developed during this period (Dias et al., 2000).
8.4.3.- Human groups in dynamic littoral habitats

The rapid sea level rise occurring from ca. 13 to 7 ka BP was one of the main influential factors affecting
the evolution of the coastal morphology and, therefore, human settlements. It is assumed that if the
currently known Mesolithic sites were distributed along the coast, other hunter-gatherer occupations may
have existed in the exposed continental shelf before its flooding due to marine transgression, which in
that case may have been erased by the sea. The absence of any human settlement previous to ca. 9 ka BP
in the studied area, with exception of one date in Barranco das Quebradas (Valente and Carvalho, 2005),

is a clear example of the consequences of the sea level rise in this region.

From ca. 9 ka BP onwards, all the preserved Mesolithic sites are located at or above 50 m asl, except
Castelejo and Palmones (supplementary material), and with direct access to the sea, considering the
coastline at that time (Fig. 8.8). The lack of data in the littoral of the Gulf of Cadiz during this time span
is critical, but it is especially dramatic in the central and eastern sector. The fact that most of the preserved
sites are located in the cliffy area could be explained by a greater spatial impact of the sea level rise on
the coastal plains at that time opened to the sea, since most of the spits and barriers developed after ca.

6 ka BP (Dias et al., 2000; Zazo et al., 2008; Lario et al., 2010; Costas et al., 20106).
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Figure 8.8. Digital terrain model map and bathymetry of the westernmost Algarve coast. Blue line indicates the
coastline ca. 12 ka BP, red line shows the lowest possible coastline ca. 8. 2 ka BP, and yellow line situates the
highest possible coastline ca. 8.2 ka BP. Blue dot tepresents the core 19-01. (Data soutrce for bathymetry:
EMODnet, https://www.emodnet-bathymetry.eu/ (accessed on 14/03/2021), for elevation: EU-DEM v.1.1,
https:/ /land.copernicus.eu/imagery-in-situ/eu-dem/eu-dem-v1.1 (accessed on 14/03/2021)).

For the period between ca. 9-7.5 ka BP, recent palacodemographic studies propose a steady growth in
population reflected in a concentration of archaeological sites in Central-South Portugal (Muge and Sado
estuaries) and across the Algarve, although here in a more dispersed pattern (McLaughlin et al., 2020).
Most of the sites concentrated in Western Algarve are shell-middens and with exemption of Vale Boi,
where a human tooth dating of Mesolithic but without a funerary context was described [16], all the
occupations in this region are seasonal camps focused on the collection of local resources, mainly marine
food but also flint material (Valente and Carvalho, 2005). Some hypotheses correlate these sites with the
existence of some (semi)permanent basecamps on which they would depend and that would have similar
characteristics to those from the Sado and Tejo estuaries, with elaborated habitational structures, human
burials, and broad-spectrum subsistence strategies (Bicho, 1994; Carvalho, 2007, 2010; Bicho et al., 2010).
However, no (semi)permanent basecamps have been found in the Algarve region yet, and it seems to be
a hard task considering the high level of human impact of this area during historic times. Regarding the
eastern sector of the Gulf of Cadiz, environmental differences, and the specific cultural trajectories in the
“Alboran territory” (Lindstadter et al., 2012), the nearest area where most of the pre-Neolithic sites are

located, prevent us from establishing any comparison between archaeological sites of both zones.

Some authors consider that major changes in the social, technological, economic, and in settlement
patterns of hunter-gatherer groups did not occur with the transition from the Late Pleistocene to the
Holocene, but in relation to the 8.2 ka BP event. An example would be the development of the complex

shell-midden basecamps located in inland areas following the course of the Tejo and Sado Rivers, as
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opposed to the seasonal shell-middens located in the Algarve coast. This change of settlement patterns
is explained as the result of a decline in the availability of the marine resources due to the joint action of
a drop in the upwelling intensity together with an increased aridity ca. 8.2 ka BP (Bicho et al., 2010). This
would have made the palacoestuaries of these rivers stable resource-rich brackish environments, unlike
the coastal unstable ecosystems adversely affected by this episode (Bicho et al., 2010). Likewise, results
from the Pena d’Agua rock-shelter show important changes in the acquisition of raw material and
technological features, which would be explained by modifications in mobility patterns from residential
to logistic as an adaptive response to changing environments from 8.2 ka BP onwards (Pereira and
Carvalho, 2016). Considering this hypothesis, these changes may have accelerated the confluence of
human groups to settle in areas with stable and available resources, resulting in a (semi)sedentary pattern
and social complexity (Bicho et al., 2010; Pereira and Carvalho, 2015; Pereira et al., 2016). However, there
is no sign of the impact of the 8.2 ka BP event in the SW Atlantic Iberian margin in terms of settlement
patterns. Notwithstanding, the bias caused by the lack of information needs more research in the study
area to discern whether the seasonality of these sites reflect important regional differences, or if it is

related to the existence of some (semi)permanent undiscovered basecamps.

Regarding the diet, not only shell-middens from Western Algarve display a specialization in the
exploitation of marine resources, but also the seasonal occupation of Palmones revealed an intense
gathering of shellfish (Uzquiano et al., 2020). Isotopic analysis of the Vale Boi teeth showed that, although
marine resources were a prominent element, the diet of these Mesolithic groups was based on a mix of
terrestrial and aquatic resources (Carvalho, 2007). However, there may have been important differences
between sites, because isotopic data from the Sado shell-middens corroborated frequencies of marine

diet ca. 25% (Stjerna, 2016), while in the Muge area the marine diet is above 50% (Bicho et al., 2017).

In the occidental area of the Algarve, topshells were the most abundant species consumed during the
Early Mesolithic, while limpets and gooseneck barnacles were preferred during the Late Mesolithic and
Early Neolithic (Valente, 2014). A reduction in the size of the shellfish collected was also identified in
the transition from Mesolithic to Neolithic at Vale Boi, Rocha das Gaivotas, and Armacido Nova, and it
was considered a consequence of overexploitation (Carvalho, 2007) or a decrease in the foraging
efficiency (Valente, 2014). However, in some Mediterranean areas such as the Pego palacolagoon, a
reduction of lagoon bivalve size during the Late Mesolithic has been observed, related to a decrease in
resource productivity (Brisset et al., 2018). Despite this there was gently increase in ocean organic
productivity linked to the slow overall cooling of the waters during the Mid Holocene, the warmer climate
during the Holocene Thermal Maximum caused a weakening of the coastal upwelling, briefly interrupted
during the short cooling episodes (Thornalley et al, 2009). This alteration in the coastal

palacoproductivity suggests that the modification in consumption patterns and the size decrease of
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shellfish in SW Iberian sites may have been a consequence of these environmental alterations rather than

being caused by cultural factors.

Commonly, the expansion of the Neolithic in both the western and eastern sectors of the Gulf of Cadiz
is considered to have occutred around 7.5 ka BP (Catvalho, 2007; Martin-Socas et al., 2017).
Corresponding to the period, different sequences reflect an aridity crisis affecting the vegetation of the
SW Atlantic Iberian coast and the Alboran Sea (Fletcher et al, 2007; Fletcher and Goni, 2008;
Combourieu Nebout et al., 2009; Chabaud et al., 2014; Manzano et al., 2018; Oliveira et al., 2018; Gomes
etal., 2020) and the geochemistry dataset reflects a decrease of land moisture (Fig. 8.6¢). Some Mesolithic
sites exhibit layers of Neolithic occupations (Castelejo, Barranco das Quebradas, Rocha das Gaivotas,
Vale Boi, Palmones), although with hiatuses of several hundred years. The existence of several seasonal
camps (Alcalar 7, Ribeira de Alcantarilha, Vale Santo I, Padrio, El Retamar) suggests the maintenance of
previous subsistence strategies until this period. However, Neolithic times also involve new settlement
patterns with sites located near rivers, shell deposits thinner than those in the Mesolithic, and caves. Only
two sites suggest clear sedentary occupation (Castelo Belinho, Campo de Hockey) and the presence of
seasonal camps reveals that the mobility was still key in the provisioning of different resources. Although
the aim of this paper is not to discuss the origins of the Neolithic in the study area, the coexistence of
previous (Mesolithic) and new (Neolithic) settlement patterns would be coherent with the idea of an
integration of the two populations, rather than with the disappearance of the hunter-gatherer way of life

(Bicho et al., 2017).

It is noteworthy to mention that except the pre-existing sites and some exceptions such as Praia do Forte
Novo, El Retamar, and Campo de Hockey, all the Neolithic sites are located a few kilometres inland.
Some changes in dietary habits regarding aquatic resources may be linked to this new settlement pattern,
with the increased consumption of cockles and clams (Valente, 2014) typical from transitional brackish
environments (rfas), in contrast to the rocky-like shellfish preferred during the Mesolithic. Some ideas of

what may lie behind this change in settlement patterns are:

Different populations would have a different perception of the same habitat, so they develop preferences

for settling in distinct areas.

The maximum flooding of some river valleys would have forced human groups to settle in areas less
close to the coastline. It should be also considered that archaeological sites located in the mouth of these
rivers could have been buried or destroyed after this flooding episode and only those located in inland

areas are preserved.

The weakening of the coastal upwelling during the Holocene Thermal Maximum may have caused a

displacement toward areas with more stable resource availability, like what occurred in the Tejo and Sado
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estuaries ca. 8.2—8 ka BP. Due to the bias in the preservation of Mesolithic sites in the study area, it is
not possible to delineate to what extent this would have affected Mesolithic populations and to compare

it to the Neolithic groups.

The aridity crisis reflected in the vegetation ca. 7.5 ka BP and recorded in other sequences ca. 7.5-7 ka
BP may have led human groups to settle in areas more suitable for livestock and/or agriculture activities
with available freshwater sources. One might speculate whether the aridity phase experienced during this

period might have influenced the adoption of new subsistence strategies.

Regarding the resource exploitation and subsistence strategies, the introduction of a farming economic
system resulted in a major dietary shift towards terrestrial food during this transitional period (Carvalho
and Petchey, 2013). In relation to the agricultural practices, the first evidences were dated ca. 7.5-7 ka
BP in Eastern Andalusia and Central-South Portugal, while there is not any direct evidence of their origins
in the Occidental Andalusia and the Algarve area (Lopez-Saez et al., 2011). Livestock and grazing
activities have direct testimony in zooarchaeological material. With respect to palynology, anthropogenic
indicators are most likely to be identified in continental and especially archacological deposits than in
marine cores. However, the first manifestations of agricultural activities are only documented ca. 6 ka BP

in areas with previous and important Mesolithic occupations (Lopez-Saez et al., 2011).

In relation to the preservation of human settlements, the lack of data in the central coast of the Gulf of
Cadiz for both Mesolithic and Neolithic periods must be considered. Some archaeological sites and
material identified in the surface are ascribed to the Early Neolithic, but the absence of systematic
excavations and datings makes it presently impossible to shed light on the evolution of human groups
during this time span. However, these settlements display a similar pattern compared with those of the
Algarve, located close to the coast but some kilometers inland and near the Tinto, Odiel, Guadalquivir,
and Guadalete rivers. An important issue to consider is related to the several high energy wave events
that have been identified in this area during this period. In the Guadalquivir estuary, several high energy
events were identified between 9.9-9.2 ka BP and 8.2-7.8 ka BP, some of them of unclear origin, some
identified as storms, and one of them at 9.1 ka BP of tsunamigenic origins, while ca. 7-6.8 ka BP a
palaeotsunami occurred (Manzano et al., 2018; Lario et al., 2011). The westernmost Algarve area was also
hit by a high energy wave event, only identified in the Alvor estuary ca. 6.4 ka BP (Trog et al., 2013).
Thus, not only the sea level rise but the hazardous nature of the coastal plain in this region, which seems
to be constantly subject to these extreme events as well as affected by subsidence, may hamper the

detection of potential archaeological sites.
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8.5.- Conclusions

This paper presents a new palaconvironmental dataset that contributes to a better understanding of the
evolution of coastal landscapes in the littoral of the Gulf of Cadiz. The multi-proxy approach combining
palynological, geochemical, and sedimentological data has provided a framework to better contextualize
human occupations in SW Iberia during the Early-Mid Holocene (ca. 12—6 ka BP). A review of the state
of the art regarding the archaeological research in this area was done considering the known
archaeological sites with a reliable chronological control, which revealed an important lack of data. Some

of our most important conclusions can be summed up as follows:

The onset of the Holocene is characterized by an increase in temperature, but weak continental
conditions seem to remain until ca. 10 ka BP. Between ca. 10-7 ka BP there is an increase of forest values
composed of mesophilous and Mediterranean taxa reflecting a rise of moisture, after which an important

decrease in the forest cover occurred followed by a stepwise rise of heathlands ca. 7 ka BP.

Peaks of aridity indicators were identified at 8.2 and 7. 5 ka BP. The 8.2 ka BP event seems to affect

vegetation with some delay, while the 7.5 ka BP event has an immediate impact in different taxa.

Changes detected in the geochemical record at ca. 8.2 ka BP seem to lead to abrupt palacoceanographic
modifications, but smooth gradual terrestrial changes. The first were responsible of modifications in the
current system that could have affected the coastal productivity. The 7.5 ka BP event mirror a decrease

in land moisture availability.

Holocene sea level rise shaped the coastal morphology and influenced the settlement patterns of human
groups in both Mesolithic and Early Neolithic times, as well as the preservation of archaeological sites.
High energy events and the subsidence to which certain areas are subjected have hampered the

preservation of any potential remain.

Subsistence strategies based on the aquatic resource exploitation were common to hunter-gatherer groups

during the Mesolithic, but also during the early stages of the Neolithic.

Only seasonal camps were identified among the Mesolithic sites in the study area, contrary to the
(semi)permanent sites in South-Central Portugal. This may be tentatively interpreted as an effect of the

lack of data due to the marine transgression or different regional patterns.

Mesolithic sites are located along the coastline with direct access to the sea. Although some of them
persist during the Early Neolithic, in this period most of the sites are located near rivers some kilometers

inland. Several hypotheses were presented to understand this change in settlement patterns.
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Changes in dietary habits and the characteristics of some shellfish species during the Late
Mesolithic/Early Neolithic seem to have been related to environmental changes rather than to cultural

preferences or human overexploitation.

There are no clear evidences of the origins of agriculture in the studied area, which may be due to an

archaeological bias or a consequence of a later adoption of this practice.
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Discussion

9.- Discussion

The palynological analysis of three different sequences, two continental cores from La Janda basin and
one marine core from the Algarve continental shelf, allowed to reconstruct the palacoenvironmental
evolution of SW Iberia from a local and regional perspective. Through the correlation of the present data
with the other palynological sequences from the study area, it was possible to define regional patterns in
the vegetation dynamics and thus, infer the action of different climatic, edaphic and anthropogenic
elements affecting them. It is important to mention that, although the results presented in chapter 5
include the Late Pleistocene, the palynological results do not allow to reconstruct the vegetation for this
period (chapter 6 and 7): some pollen samples resulted sterile from a palynological point of view, and
other samples were collected with a large interval that do not permit to infer detailed vegetal changes

from a diachronic perspective. Thus, this discussion is focused on the Holocene.

In addition, thanks to the study of 49 modern pollen samples from SW Iberia, it was also possible to
better understand which environmental variables and taphonomic elements affected the distribution of
the vegetation and its representativeness in pollen samples. Because of this, some reasoning derived from
the modern pollen-vegetation relationships can be extrapolated to the fossil pollen records, assisting in

their interpretation. A discussion integrating all these data is presented in this section.

9.1.- Modern vs fossil pollen samples: taphonomic issues

Although a sutvey to collect and analyse modern pollen samples from the coring site and surroundings
would be an ideal first step, especially to understand the local pollen signature, this is sometimes not
possible for many reasons. In this thesis, publicly available data from the Eurasian Modern Pollen
Database and surface samples from the cores drilled in La Janda basin were used to achieve these
objectives. In this regard, it should be highlighted the role of open databases, as they allow research to
be carried out using publicly available data in a transparent manner that ensures possible replication and

can setrve to establish new collaborative networks.

The floristic composition of the different contexts from which modern pollen samples were collected is
well defined by the identified vegetal associations that are representative of these habitats. Some of them
are perfectly reflected in the fossil pollen record of La Janda: subhumid forests, Mediterranean mixed
oakwoods, Mediterranean shrubs, heathlands, riparian woodlands, salt marsh vegetation and freshwater

communities, among others.

The role that some environmental variables have in the distribution of present plant communities
revealed that: some taxa are highly dependent on precipitation and altitude, mostly those conforming

forests in high-medium mountain areas, such as Abies and deciduous Quercus; precipitation seasonality
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relates to samples from seasonal and semi-permanent lakes, as they are subjected to periods of seasonal
droughts, and to Mediterranean taxa, as they can adapt to periods of water stress; some taxa are dependent
on the characteristics of the soils, such is the case of Chenopodiaceae; and there is an heterogeneous
group of taxa, mostly composed of herbs, that display a wide range of adaptability. Fossil pollen record
show that, in some cases, the dominance or decrease of some vegetation groups that are dependent on
high levels of humidity or are adapted to water stress, are related to climate variations: this scenario is
generally defined by rise/drops of mesophilous trees (humidity), and depending on the petiod,
increased/decteased values of grasslands or Mediterranean taxa (arid conditions). This corroborates the
importance of precipitation as an environmental variable affecting vegetation. On the other hand, soil
conditions ate also determinant in the dynamics of freshwater/saltmarsh vegetation, as well as heathland
communities in some parts of the core. Finally, human impact is reflected in La Janda through the
presence of some anthropogenic indicators, but also through the peak of Pinus in the upper part of the
core. Considering the low values of pines along the sequence, this seems to indicate the presence of

modern monocultures, a feature that was also identified in some modern pollen samples.

Interestingly, modern moss samples reflect the dominant arboreal vegetation, while soil samples are
mainly composed of herbaceous taxa. Although the habitat and its vegetal composition is determinant in
this sense, sample type seems to reflect a certain bias in the pollen representation. The fact that samples
of different type from the same context reflect the vegetation in a distinct way suggests variances at some
point: during dispersal/transport, deposition and/or preservation, the latter being the most plausible.
This is interesting because fossil pollen samples are in most cases sediment samples, although they may
have plant macrofossils intercalated in the sedimentary matrix or consist of moss in peat bogs (which

does not occur in any of the studied cores).

Transport is also a key element in the representativeness of pollen taxa. Modern lake samples (with river
inputs) reflect floristic assemblages of both regional and local origins. However, aquatic environments
affected by strong fluctuations in the water level are subjected to processes related with the oxidation,
evaporation, repeated wetting and drying cycles, secondary transport and re-sedimentation, which affect
pollen preservation and may result in the under/over-representation of some taxa. Although the input
of local herbs is predominant in fossil samples from La Janda, the regional pollen signature is well
reflected during the phase corresponding to subtidal facies, because a relatively stable water level existed,
with river inputs transporting taxa from a wider catchment area. In contrasts, intertidal and supratidal
deposits are cleatly affected by taphonomic issues related to fluctuation in the water level and oxidation
processes (Fig. 9.1). This resulted in a bad pollen preservation, as stated by the corrosion identified in
many grains (ongoing research), leading to the over-representation of local taxa such as Asteraceae (in

the lowest part of the studied sequence) and Asteraceae and Erica in the upper sections (Fig. 9.1).
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Fig. 9.1. Synthesis of the S3 core (La Janda) plotted against chronology with the facies that define the different
environments through the sequence. Coloured lines represent the evolution of regional forests (green) and the
character of the pollen signal (regional #s regional) referring to diverse groups of taxa (violet, blue and orange). The
overrepresentation of some local taxa mask regional trends at some points of the sequence: the lower part of the
core is completely biased preventing any reconstruction of the vegetation; the upper section (from ca. 3.5 ka cal

BP) is affected by taphonomic factors that, once identified, allow to infer the local and regional scenario.

Regarding the fossil pollen record from the Algarve continental shelf, marine sequences reflect a regional-
extraregional pollen signature due to their wider catchment areas, which provides an image of the regional
vegetation colonising the adjacent continent. On the contrary, the interpretation of the local pollen
signature results more confusing as it is not easy to infer their sources and define local patterns.
Considering all the studied sequences, both continental and marine, some ideas can be proposed based
on the study of modern-pollen samples. Pines were not an important element in La Janda basin until
recent times (monocultures) as their values are rather low through the sequence. However, pine values
in the GeoB23519-01 core were higher. Pinus grains are considered to be overrepresented in marine cores
as they can travel over long distances by wind and their high values seaward also reflects certain
hydrodynamic efficiency (Heusser and Balsam, 1977); therefore, they are usually excluded from the main

pollen sum (Naughton et al., 2007; Gomes et al., 2020). In this sense it seems that pinewoods were not
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abundant in the forests surrounding La Janda basin, but some authors also consider that the role of
dominant winds coming from the North/Northwest may favour the transport of pine grains into the
ocean (Sanchez-Goili et al., 2018). The inherent characteristics of bisaccate grains and the role of wind
direction may also explain the higher values of Cedrus in some points of the GeoB23519-01 core, while
low percentages are identified in La Janda basin. High values of deciduous Quercus and Quercus suber during
the maximum forest expansion in both marine and continental cores, suggest that their presence was
considerable and they formed dense forests. Finally, the absence of .Abies does not mean that fir forests
were inexistent, but it seems more plausible to link this to the low dispersion of their grains (Arista and

Talavera, 1994).

9.2.- Palaeoclimate variability in SW Iberia

As already stated at the beginning of this work, the Holocene is a period characterized by multiple
palacoecological changes defined by the complex interplay of different elements acting simultaneously at
global, regional and local scales. Understanding factors of diverse nature and their interaction require
proxies of diverse nature too. Thus, the combination of several proxies has proven to be key to fulfil the
objective of identifying, defining and understanding the different phases and aspects implied in the

palacoenvironmental evolution of the study area from a climatic perspective.

Sedimentological analyses based on their visual inspection, and the study of their physical, mineralogical
and geochemical properties were the main basis to reconstruct the diverse facies that allowed to decipher
the paleogeographic evolution of La Janda basin (Mediavilla et al., 2023). The robust age-depth model
based on 21 dating samples permitted to attribute precise chronologies and contextualise the various long
and short-term processes described. Sedimentological analyses based on their visual inspection and the
study of their geochemical properties were performed on the GeoB23519-01 core, which interpretation

was supported by an age-depth model based on 13 dating samples.

The period corresponding to the Late Pleistocene is only present in Ia Janda sequences. Between ca. 20-
16 ka cal BP, la Janda basin was characterized by the existence of an incised fluvial valley, which would
be gradually flooded due to the sea level rise until reaching the maximum marine flooding ca. 7 ka cal
BP. Sedimentological analyses allowed to reconstruct the evolution of the basin during this period, but
the low sampling resolution in core S2 and the palynologically sterile samples in core S3 do not permit
to draw the scenario from a palynological perspective to infer certain climatic factors. Because of this,

the focus of the present discussion is centred on the Holocene.

The onset of the Holocene is defined by an increase of temperatures and moisture, but indicators of
continental conditions have been identified in some marine (Carrién et al., 2000; Combourieu-Nebout et

al., 2009; Lezine and Denefle, 1997; Val-Peén et al., 2021) and continental sequences (Fletcher et al.,
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2007; Schroder et al., 2018, 2020) (Fig. 9.2). It has been found that the hydrological response in some
Western Mediterranean areas during the Farly Holocene maintained prolonged arid conditions, with
shallow lake levels followed by an increase of moisture ca. 10-9 ka BP (Morellén et al., 2018). Some
authors propose that this may have been linked to the presence of the Laurentide and Fennoscandian ice
sheets in the North Atlantic Hemisphere, which may have had a strong impact on the atmospheric
circulation by sustaining the North Atlantic storm track in a position that would not reach the
Mediterranean region (Desprat et al., 2013; Gomes et al., 2020). After that, the maximum expansion of
temperate and Mediterranean forests is recorded between ca. 10-7 ca kal BP in continental and marine
sequences from SW Iberia, although with regional differences, as this period extends until ca. 5.5 ca kal
BP in some cores (Fletcher et al., 2007; Fletcher and Sanchez-Goii, 2008; Schréder et al., 2018, 2020;
Val-Peén et al., 2021) (Fig. 9.2). The reason behind this expansion has been related to orbital-scale forces:
high summer insolation would be translated in high temperatures and precipitation in the Western
Mediterranean, defining the Holocene climate optimum (Dormoy et al., 2009; Anderson et al., 2011;
Ramos-Roman, 2018). Although summer insolation maxima may have favoured land-sea temperature
contrast, this may have enhanced winter precipitation and maximum values of humidity (Meijer and
Tuenter, 2007; Ramos-Roman et al., 2018). However, some authors attributed regional differences in the
maximum forest expansion timing to the diverse effect that high seasonality provoked in precipitation

depending on the altitude, with higher evaporation rates during summer in lower areas (Anderson et al.,

2011).

Palynological analysis in La Janda basin and the Algarve continental shelf record a progressive decrease
of regional forest values, not abrupt but gradual, between ca. 7.5- 5.5 ka cal BP (chapters 6 and 7), being
concomitant with the development of heaths in diverse continental and marine sequences (Fletcher and
Sanchez-Goii, 2008; Gomes et al., 2020; Val-Peén et al., 2021) (Fig. 9.2). Some authors consider this
time frame as a transitional phase during which the present atmosphere circulation in the Northern
Hemisphere was installed and the decrease in summer insolation led to a reduced thermal seasonality
(Jalut et al., 2009; Walczak et al., 2015). Interestingly, it was during this period that regional climate models
described a climatic transition towards drier and cooler conditions ca. 6 ka cal BP (Huntley and Prentice,
1988; Cheddadi et al., 1997), suggesting the establishment of the current NAO-like system that would
support the interpretation of recurrent dry atmospheric conditions (Fletcher et al., 2013). This would be
explained by the northward deviation of the North Atlantic westerlies with consequent reduced
penetration of winter storm tracks into the Mediterranean region and reduced winter precipitation
(Fletcher et al.,, 2013). In contrast, intervals of weakened westetly flow resulted in the southward
displacement of Atlantic storm tracks, with increased winter precipitation in the western Mediterranean;
this contrasting atmospheric pattern is reminiscent of the dipole pattern associated with the NAO

(Fletcher et al., 2013).
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An alternation of dry and humid phases was identified during the Late Holocene in different sequences
from Southern Iberia (Fig. 9.2). Drier conditions were recorded ca. 3 ka cal BP and 1.3-0.6 ka cal BP
(Mediaeval Climate Anomaly), and were correlated with the evolution of northern African climate
(Martin-Puertas et al., 2008; Abel-Schaad et al., 2018; Schréder et al., 2020). Periods of higher moisture
were identified between ca. 2.6-1.6 ka cal BP (Iberian Roman Humid Period), 0.8 ka cal BP, 0.6 ka cal BP
and 0.4 ka cal BP (Little Ice Age), associated to negative NAO phases (Martin-Puertas et al.,, 2008;
Fletcher et al., 2013). Although some of these trends are visible in La Janda record, such as the one related
to the Medieval Climate Anomaly, others were not clearly identified. In this case, the prominence of the
local vegetation and the impact of some taphonomic agents on the preservation of pollen grains in the

upper part of the sequence could mask certain regional/global trends (Figs. 9.1 and 9.2).

There are a number of abrupt climatic events superimposed on these long-term trends occurring
approximately at 11.1 ka, 10.4 ka, 9.3 ka, 8.2 ka, 5.9 ka, 4.2 ka, 2.8 ka, 1.4 ka, and 0.4 ka, according to
Bond et al. (1997). Some authors describe them as aridification phases in the Western Medierranean ca.
10.9-9.7, 8.4-7.6, 5.3-4.2, 4.3-3.4, 2.8-1.7 and 1.3-0.75 and correlate them with North Atlantic records,
"C anomalies, glacial advances and palaeohydrological changes, suggesting that they are regional
responses to global changes (Jalut et al., 2009). Although the causes behind some of these episodes are
not totally clear, in some cases they had a strong impact on the vegetation. One of the most evident in
the Algarve and La Janda sequences is the 8.2 ka cal BP event, for which the geochemical record of the
GeoB23519-01 reveals abrupt palacoceanographic modifications related with changes in the current
system that could have affected the coastal productivity (Fig. 9.2). On the other hand, the vegetation
points to abrupt cool and dry conditions. Another period of increased aridity is detected ca. 7.6-7.5 ka
cal BP in these sequences, characterized by a decrease in land moisture availability according to the
geochemical record (Val-Peoén et al., 2021). Some other events with a visible impact on the vegetation
were identified in La Janda basin at ca. 5.9 and 4.2 ka BP, probably associated to decreased precipitation
(Fig. 9.2). The first is coincident with a lake level decrease in Laguna de Medina but is not clearly mirrored
in other sequences (Reed et al., 2001). The 4.2 ka cal BP event id recorded in several cores from SW
Iberia and the Western Mediterranean, although regional evidence is controversial and contradictory (Bini
et al., 2019). Despite chronological problems and regional heterogeneity, recent studies interpret this

episode as a cooling period with dry winters and summers (Bini et al., 2019).

Some authors, such as Zielhofer et al. (2019), associate these events during the Early Holocene with
Atlantic coolings related with meltwater discharges and weakening of the Atlantic Meridonal overturning
circulation, which would be in line with the interpretations for the GeoB23519-01 core and other records
(Kilhavn et al., 2022). From ca. 5 ka cal BP, they correlate these episodes to humid winters and negative

NAO conditions, evidencing a change in the ocean-atmospheric system as response to external forcing
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(Ramos-Roman et al., 2018; Schirrmacher et al., 2019; Zielhofer et al., 2019). However, other authors
consider that the North Atlantic Oscillation-like pattern is not satisfactory to interpret some data

regarding these episodes (Bini et al., 2019).

9.3.- Human-environment relationships during Prehistory

Whether as an expression of expansion into new territories or the exploitation of new ecosystems, among
many other aspects, human behaviours and adaptive strategies may be reflected in material culture. But
patterns of cultural change cannot be dissociated from the interaction between human groups and the
environment, since behavioural responses to external environmental forces can be acquired, transmitted,
and modified within the lifetimes of individuals (Henry, 1995). Therefore, by integrating data from both
ecological and archaeological records, it is possible to contextualize various dimensions such as technical
practices or spatial patterns in their landscape, which can lead to a better understanding of human

behaviours in front of a changing environment.

During the Early Holocene, records do not show an impact on the landscape that could be associated to
hunter-gatherer activities (Fig. 9.3). Only a few Mesolithic sites are recorded in this area, representing
seasonal occupations of hunter-gatherer-fisher groups. A higher concentration of settlements is recorded
in Southern Algarve, especially in the area of Cape Sao Vicente, and they are composed of shell-middens

of different sizes and open air sites interpreted as seasonal occupations.

The main problem of this period is the lack of data in the study area, which is more dramatic in the
Central-Eastern part of the Gulf of Cadiz. The marine transgression may have buried or eroded several
archaeological sites located in the (at that time) exposed continental shelf, and this area was more exposed
if compared to the Western rocky coast of the Algarve. Sea-level rise may have also affected Palaeolithic
hunter-gatherer settlements, but the archaeological record for this period in the study area is more
abundant, in part because an important number of Palaeolithic sites are located in rock-shelters and caves.
Thus, it is worth asking whether there may be some cultural factors influencing settlement patterns of
Mesolithic groups in SW Iberia, showing a preference for marine environments rather than mountainous
areas. However, this idea cannot be extrapolated to other Mesolithic groups in the Western
Mediterranean, as there are marked differences in technology, symbolism and preferences in settlement
patterns from area to area. Behind this idea lie much deeper issues that are beyond the scope of this work,
but it is interesting to highlight the importance of integrating ecological and archaeological data during
this period in order to understand the role of the environment in the cultural and adaptive strategies of

hunter-gatherer groups.

Without addressing the controversies regarding the neolithization process in SW Iberia, already

summarised in chapter 3, there is an increase in archaeological sites during the Neolithic. Although several
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settlements are situated near the coast, an important number are located inland. A gradual increment of
human impact on the landscape is reflected in the presence of anthropozoogenous herbs and
coprophilous fungi suggesting grazing and/or livestock activities with a progressive tise from ca. 7.3 ka
cal BP on (Fig. 9.3). A punctual presence of Cerealia type was recorded ca 7.4 ka cal BP in La Janda basin
(Fig. 9.3), but agricultural activities are only confirmed in the archaeological record ca. 6 ka cal BP (for
now). From this time on, the presence of seeds, the adoption for crop-storage and the increment of
polished tools (mills, grinding wheels, etc.) in the archaeological record confirm the relevance of
agricultural practices within human groups. The local character of these anthropogenic markers
complicates their interpretation in marine sequences, such as in the GeoB23519-01 core, with low values

or absence of these elements.

A high number of archaeological sites are identified during the Chalcholithic and Bronze Age in the
Eastern section of the Gulf of Cadiz, with settlement clusters located in strategic positions with good
communication and visibility, some of them around important centres. Interestingly, the characteristics
of the landscape is reflected in the main activities of some sites: those located in the littoral campiiia show
an inclination to agricultural practices, while those located in the area dominated by sandstones seem to

be dedicated to livestock activities.

HISTOGRAM: S2 core
CURVE: S3 core

Calyr BP

0-

500
1000+
1500+
2000

2500 é
o700 [ ARSI R o == SR | N—

3500
40004
45004
5000
5500+
6000+
6500+
7000+
7500+

o =S S =L |
8500

9000+
9500+
10000
10500
11000
11500

& P
v o O CULTURAL PERIODS

e
i HISTORIC /

PROTOHISTORIC
PERIOCD

Farming
communities

Hunter-gatherer
groups

JIHLNOS3W

1 e 1T~ 1 ¥ T Y 1

10 10 20
%
Fig. 9.3. La Janda diagrams overlapped and plotted against age indicating percentages of anthropogenic markers:

anthropogenic-nitrophilous and anthropozoogenous herbs, grains of Cerealia type and coprophilous fungi.

Prehistoric cultural periods are divided by dashed lines.

164



Discussion

The palynological record show a slight but continuous increase of anthropogenic markers during the
Chalcolithic and Bronze Age (Fig. 9.3). As already explained in chapter 7, an abrupt drop of coprophilous
fungi is observable for the first time ca. 3.5-3.2 ka cal BP, fitting with the absence of anthopozoogenous
markers in other sequences (Lopez-Saez et al.,, 2018) and suggesting the cessation of anthropogenic
impact on the landscape, maybe related to an episode of a larger scale impact, perhaps culturally rooted.
This phase (between ca. 3.6-3.2 ka cal BP) ovetlap and follow a period with maximum values of saltmarsh
taxa, that may have growth in saline soils on the shores of the bay. Is it possible that an increase in salinity
made the basin less attractive to herbivores as a drinking spot? Two other periods with low coprophilous
fungi values are recorded during the Late Holocene between ca. 2.6-2.2 ka cal BP and ca. 1.2-1 ka cal BP,
but their causes remain unclear. There is no evidence of the cessation of anthropogenic activity in other
continental sequences for these same chronologies in the study area. However, a detailed interpretation
of these last millennia of the sequence at a century resolution is complicated because two dating samples

composed of reworked material had to be excluded from the age-depth model in both cores S2 and S3.

The sections of the core corresponding to historic times indicate an anthropogenic landscape in which
agricultural activities are clearly represented in the palynological record, probably because crops are
located on the new emerged soils of the basin. This may reinforce the idea that Cerealia pollen grains do
not disperse long distances and their signature is only clear when it has a local origin (Fig. 9.3). When
transported from other areas (regional origin), only a few grains would punctually appear, such may have
been the case of the Cerealia presence in cores S2 and S3 at ca. 7.4, and later in punctual moments ca.
6.9, 6.8, 5.6 and 4.5 ka cal BP. This may also be coherent because the basin was flooded during these
millennia. The lack of Cerealia type in intertidal and supratidal soils may be tentatively explained by the
presence of saline soils that would not be the most suitable for cultivation. However, over the last
millennia, the suitability of the new land in an eminently fluvial and less saline landscape has been
exploited for agricultural and livestock activities, which is reflected in the increase of coprophilous fungi
and cereals. At the same time, the highest percentages of erosive process indicators (mostly Glomus) are

recorded, probably as result of these farming activities or the development of new soils.

In summary, La Janda may have acted as biodiversity hotspot congregating human groups and animals
around as a resource-gathering area while it was a restricted bay connected to the sea. That status would
have been maintained during the transitional period, with diverse ecosystems (marine, brackish, fluvial)
acting as poles of attraction. However, soil salinity would have hampered the development of local
agricultural activities, which would have been developed on more suitable soils in nearby areas. These
practices would intensify in the basin with the establishment of a landscape composed of fluvial wetlands

and ephemeral ponds in less saline soils.
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10.- Conclusion and outlook

Based on the results presented and discussed in this work, some ideas for improving future research arise.

The most immediate improvement to be made is to further correlate the S3 core from ILa Janda basin
with specific geochemical elements in order to identify any trends that might be related to vegetation

dynamics, as it was done for the GeoB23519-01 core.

In addition to this ongoing task, probably the most obvious idea to improve the results of any
palacoecological research is to increase the resolution of palynological sampling (in this case) and dating.
Apart from external factors such as funding, time, objectives of the project etc., which may limit our
expectations, the possibility to carry out high-resolution research also depends on the sequences
themselves: sedimentation rates may limit the resolution of palynological sampling, as this requires a
minimum of sediment; and the existence of well-preserved and datable material is also not in our hands.
But it is precisely through a multidisciplinary approach that certain gaps can be filled. Sedimentological,
geochemical and palynological proxies are commonly used in palacoecological research on natural and
archaeological deposits. However, in recent years, advances in other proxies have shown to improve the

ability to provide a detailed picture into past environmental changes.

One example is the study of compound-specific isotope analyses of sedimentary organic compounds,
particularly hydrocarbons derived from fossil leaf waxes (n-alkanes) that have emerged as a powerful
palaecoclimate proxy for reconstructing palacohydrological (hydrogen isotope) and palacoecological
(carbon isotope) conditions at a high spatial and temporal resolution (Connolly, 2021). The combination
of microscopic (e.g., pollen, micromorphology) and molecular approaches may offer the opportunity to
improve the study of the natural palacoenvironment, but also to reconstruct conditions in archaeological
contexts where post-depositional disturbance or poor preservation may be a problem (Connolly et al.,

2019).

Another example is the recent and successful study of sedimentary ancient DNA (sedaDNA) in sediment
samples from different environments (Garcés-Pastor et al., 2022). With the development of new
sequencing technologies such as polymerase chain reaction (PCR) and high-throughput sequencing
(HTS), it is now possible to identify many organisms, including plant taxa, to a higher taxonomic level
(Higuchi et al. 1984). Therefore, combining palynological and sedaDNA analyses in sediments from the
same samples, from natural and/or archaeological deposits, may allow exploring the recent evolutionary
history of specific plant communities, the ecology of paleoenvironments, and understanding population

relationships, migration, and domestication processes (Ter Schure et al., 2022).
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Finally, the use of recently developed statistical software, such as for example ChronoCurve (Lanos and
Dufresne, 2019), may allow to calibrate and plot different dates into a Bayesian age-depth model that
may help to test the contemporaneity (or not) of specific climate episodes and human occupations in a

certain area (Lanos and Philippe, 2017).
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