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A B S T R A C T

The southern European Doñana wetlands host a highly biodiverse landscape mosaic of complex transitional
ecosystems. It is one of the largest protected natural sites in Europe, nowadays endangered by intensive agri-
cultural practices, and more recently tourism and human-induced fires. Its present-day spatial heterogeneity has
been deeply investigated for the last three decades. However, a long-term perspective has not been applied
systematically to this unique landscape. In this new study, a palaeoecological approach was selected in order to
unravel patterns of landscape dynamism comparing dry upland and aquatic ecosystems. A 709 cm-long sediment
core was retrieved and a multi-proxy approach applied (palynological, microcharcoal, grain size, magnetic
susceptibility, loss-on-ignition and multivariate statistical analyses). Pollen signatures show how sensitive
aquatic wetland vegetation was to environmental changes while terrestrial vegetation was stable at millennial
scale. The impact of several high energy events punctuates the Early and Middle Holocene sequence, two of
which relate to the local tsunami record (~6.6 and ~9.1 cal. kyr BP). Contrasting impacts of these two events in
the aquatic and upland ecosystems show the importance of landscape configuration and the contingent history as
key elements for coastal protection.

1. Introduction

Transitional systems such as coastal wetlands are amongst the
Earth's most diverse and productive ecosystems (Newton et al., 2012,
2014). They play a significant role in carbon sequestration (Barbier
et al., 2011), and provide numerous ecosystem services to humans, such
as provisioning (e.g. raw material supply), regulation (e.g. biogeo-
chemical cycling, water purification) and coastal protection services.
Furthermore, coastal wetlands also attenuate erosion and the impact of
waves and extreme climatic hazards on the coastline (Barbier et al.,
2011). However, coastal areas are amongst the world's most populated
areas and they concentrate increasing human pressures, threatening
their diverse and unique ecosystems (Newton et al., 2012). In addition,
understanding the role of transitional systems as buffers of extreme
wave events (storms and tsunamis) is of interest for the inhabitants of
coastal areas. Deep knowledge of coastal wetlands is thus, of hallmark
importance. Certainly, the management of coastal wetlands can only be
effective considering the interactions between the physical

environment and the biological communities.
A paradigmatic case of transitional system in the westernmost part

of Europe is Doñana, located in the mouth of the Guadalquivir
(Southwestern Spain). This region, exhibiting a variable geomor-
phology (Rodríguez Ramírez, 1997), and large floristic (García Murillo
et al., 2014; López Albacete, 2009; Rivas Martínez et al., 1980) and
faunal (Díaz-Paniagua et al., 2015) richness, is protected under the
Doñana National Park (DNP) ever since 1969. It is also an UNESCO
biosphere reserve, an UNESCO World Heritage, and a Ramsar Wetland
Site (Sousa et al., 2009). Hallmark in the DNP are the Guadalquivir
River marshlands, amongst the biggest and most significant European
wetlands, due to their seasonal character, high plant diversity, and their
role as route for Palaearctic avian migrations (Martí and del Moral,
2002; Rendón et al., 2008).

Despite the ecological importance of the DNP, its long-term en-
vironmental history is poorly known. The great extension, complexity
and heterogeneity of the Guadalquivir's marshlands, the secular history
of human intervention, and the difficulty of recovering and
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contextualising environmental archives complicate completing pa-
laeoecological studies (Lario et al., 2010a). While a considerable
amount of research addressing the Quaternary geomorphological evo-
lution of the mouth of the Guadalquivir is available (Rodríguez
Ramírez, 1997; Rodríguez-Ramírez et al., 1997; Rodríguez-Ramírez and
Yáñez-Camacho, 2008, and references therein; Ruiz et al., 2002, 2010),
studies on vegetation and landscape history are scanty and fragmentary
(Jiménez-Moreno et al., 2015; Morales-Molino et al., 2011; Yáñez et al.,
2006; Yll et al., 2003). This hinders our understanding of the extant
terrestrial and aquatic biodiversity, the biogeographical patterns, and
the autochthonous status of key species.

The overarching aim of this study is to fill these knowledge gaps by
providing a new palaeoenvironmental reconstruction of the landscape
heterogeneity and the infilling history of the mouth of the Guadalquivir
transitional systems. The specific objectives are i) to reconstruct the
aquatic vegetation history, disentangling the factors controlling long-
term changes in aquatic assemblages along the infilling of the
Guadalquivir palaeoestuary, ii) to reconstruct the Doñana upland ve-
getation history, discussing the mechanisms influencing community
assemblages and the terrestrial-estuarine connectivity, and iii) to
evaluate the impact of marine extreme wave events on the Guadalquivir
area.

2. Material and methods

2.1. Study site

The DNP is located close to the mouth of the Guadalquivir River, in
the southwestern part of the Iberian Peninsula (Fig. 1). The park
comprises an extensive marshland of 140,000 ha. The marshland bor-
ders to the west with an aeolian dune field and it is isolated from the
Atlantic Ocean by a mobile dune complex and a spit barrier (Rodríguez
Ramírez, 1997) (Fig. 1b). The marshland is the result of the progressive
Late Quaternary infilling of the Guadalquivir palaeoestuary (Rodríguez
Ramírez, 1997). It behaves as a seasonal wetland whose flooding is
mainly controlled by fluvial and rainfall inputs, desiccation occurs
mainly through evapotranspiration during the summer as typically
happens in Mediterranean contexts (Rodríguez Ramírez, 1997). The
low-altitude areas in the mouth of the Guadalquivir surroundings
(0–1.5 m asl) have a long flooding period and are subject to marine
influence. The higher altitude areas in the W and NW part of the
marshlands (1.5–3 m asl) (Fig. 1c) are deprived from marine influence
and flood through aquifer discharge, rainfall and fluvial input, pre-
senting a shorter flooding period (Rodríguez Ramírez, 1997).

The hydrological network within the marshland is articulated
around microtopographical elements. The so-called “lucios” (depres-
sions) (Fig. 1c) behave as isolated seasonal lagoons and they are the last
areas to desiccate in summer. They host very rich macrophyte com-
munities of Myriophyllum, Potamogeton, Ranunculus subgen. Batrachium,
Callitriche and Isoetes (Fig. 1c). The “caños” and “quebradas” are large
water channels within the marshes whose margins are covered by Cy-
peraceae (Scirpus maritimus, S lacustris and S littoralis). The “paciles” and
“vetas” are the highest elevation enclaves (1–3 m asl) (Fig. 1), and they
host Chenopodiaceae-dominated halo-nitrophilous formations (López
Albacete, 2009; Rivas Martínez et al., 1980).

An aeolian complex system of littoral origin and a spit barrier se-
parating the marshlands from the sea include the terrestrial commu-
nities confining the western Guadalquivir marshes (Fig. 1c and d). The
aeolian field includes both stabilised and mobile dune systems. The
stabilised systems comprise ancient dunes spanning inland in the E-NE
limit of the marshlands. Their vegetation, known as “cotos”, is of ex-
tensive parkland formations. Juniperus phoenicea ssp. turbinata and
monte blanco (Lamiaceae and Cistaceae scrub) dominate in xerophytic
enclaves, while cork oak (Quercus suber), Pinus pinea and monte negro
(Ericaceae and Oleaceae scrub) thrive in moister areas (Fig. 1c and d).
Gorses (Ulex, Stauracanthus, Genista) are also prominent elements of the

“cotos” understorey. Seasonal ponds and lagoons emerge in the dune
depressions during the wet season (López Albacete, 2009; Rivas
Martínez et al., 1980).

The mobile dune system is structured in parallel dune trains that
advance westwards into the marshlands running over the palaeoestuary
spit barrier. The dune crests are dominated by psammophilous com-
munities of Ammophila arenaria, Artemisia crithmifolia, Armeria pungens
and Juniperus phoenicea ssp. turbinata. The interdunal valleys are cov-
ered by Pinus pinea (Fig. 1c) that becomes buried in the leeward side of
the advancing dunes regenerating towards the windward side of the
precedent dune (López Albacete, 2009) (Fig. 1d). Current recruitment
of Pinus pinea in the area is mostly related to groundwater level, oc-
cupying intermediary sandy ridges at the dune slacks. This position
allows saplings to escape flood and drought (Muñor-Reinoso and de
Castro, 2005) (Fig. 1).

The DNP is under Mediterranean climate, with mild winters and hot
and dry summers. Mean annual temperature is 16.7 °C, with average
maximum temperatures of 24.1 °C in the hottest month (July) and
average minimum temperatures of the coldest month (December) of
−0.3 °C (Palacio de Doñana weather station; Yll et al., 2003). Pre-
cipitation, averaging 542.8 mm/yr (period 1978–2007; Palacio de Do-
ñana weather station) falls mostly in autumn and winter. SW winds are
prevalent in the area with an incidence of 22.5% of the days in this
direction (Jiménez-Moreno et al., 2015).

2.2. Coring, sedimentological analysis and radiocarbon dating

The Lucio de la Cancela de la Aulaga (LuCA, 36° 59′ 50.99″ N, 6° 25′
48.67″ W, Datum WGS84, 0 m asl) is a small depression in the western
margin of the marshlands (Fig. 1c). A 709 cm-long sediment core was
retrieved from the central part of the depression using a mechanical
percussion corer in September 2012. The sediment core sections were
placed in plastic boxes, protected in plastic guttering and stored under
cold conditions prior to laboratory sediment visual description and sub-
sampling. Shell remains (shells and shell fragments) presence was re-
corded in the sub-samples. The topmost part of the core (< 42 cm) was
discarded due to sediment mixing (Fig. 2). Six samples were AMS
radiocarbon dated at two laboratories (Poznan Radiocarbon Laboratory
in Poland, and ETH Laboratory of Ion Beam Physics in Switzerland)
(Table 1). The analyses were performed on total organic carbon and
dates were calibrated using both the IntCal13.14C and the Marine13
calibration curves (Reimer et al., 2013). Age-depth modelling was
performed by means of linear interpolation using the CLAM package for
R (Blaaw, 2010) (Fig. 3).

Grain-size distribution analysis was measured on 88 samples at the
MNCN-CSIC (Madrid, Spain) using a Coulter LS 130 laser particle size
analyser over the particle size range of 0.38–2000 μm. GRADISTAT
software was used for the analysis of the resulting raw data (Blott and
Pye, 2001). Values were transformed into the equivalent phi value
(Φ= − log2D, D = grain diameter in mm). Skewness, kurtosis and
sorting (standard deviation) calculations follow the methodology of
Folk and Ward (1957). Suite statistic bi-scatter plots (Tanner, 1991)
have been used to correlate the summary statistics with the depositional
evolution of the Guadalquivir estuarine environment.

Magnetic susceptibility (mag. sus.), organic matter (org. M) and
calcium carbonate (CaCO3) contents were measured on 30 samples at
Brunel University London (UK). Mag. sus. was performed using a
Bartington MS2 susceptibility meter with the MS2B sensor in dried bulk
samples packaged in 10 cm3 plastic pots at room temperature. The
measurements were done at low frequency and with the 0.1 sensitivity
setting. All samples were measured twice with air readings before and
after for drift correction. The average value of the two corrected mea-
sures was taken as the final value (κ). The κ values were normalised to
sample mass (χ in m3 kg−1). Org. M and CaCO3 contents were obtained
through loss-on-ignition (LOI) at temperatures of 550 and 950 °C re-
spectively (Heiri et al., 2001).
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Fig. 1. Study area. (a) Iberia, thermoclimatic belts (modified from Manzano et al., 2017). Note that the region concerning this work is marked in the SW in black. (b) Guadalquivir
Marshlands and geomorphic units in the Doñana National Park area (limited in red) and surroundings (Modified from López Albacete, 2009 and Rodríguez Ramírez, 1997). (c) Main
Doñana National Park (DNP) systems (aquatics and terrestrial) and associated vegetation therein (modified from Zunzunegui, 1997 and own data). The study site is marked with a red dot
and labelled. (d) Vegetation-Topography-Substrate Interactions SW-NE transect in DNP (modified from López Albacete, 2009; Manzano et al., 2013; Rivas Martínez et al., 1980 and own
data). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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2.3. Palynological analysis

Palynological analysis was performed at the Universidad de Murcia
(Spain) using a sediment volume of ~3 cm3 in 88 samples. The che-
mical treatment involved HCl for the dissolution of carbonates, NaOH
for the removal of organic matter, and HF for the elimination of silicates
(Moore et al., 1991). Heavy liquid (ZnCl2) density separation (Erdtman,
1979) was also done. Tablets with known concentration of Lycopodium
spores were added at the beginning of the treatment for concentration
estimates (Stockmarr, 1971). Identification and counting were com-
pleted at ×400 magnification on a light microscope, and at ×1000
using immersion oil when required, supported by the Universidad de
Murcia reference collection, keys, and atlases (Díez et al., 1987; Faegri
and Iversen, 1989; Moore et al., 1991; Reille, 1995, 1992; Saenz Laín,
1982). Plant nomenclature follows Flora Ibérica (www.floraiberica.es).
Non-pollen palynomorphs (NPP) nomenclature largely follows van Geel
(2001). Terrestrial pollen sum (TPS) consisted of at least 200 pollen
grains of upland taxa (average = 232; median = 222), excluding
Chenopodiaceae (local marshland vegetation), aquatic pollen types,
and NPP. Percentages of fern and bryophyte spores, as well as fungal
and microfaunal NPP were calculated based on the TPS. The variation
of aquatic taxa in the Doñana transitional environments may provide
ecological indication. For such reason, percentages of aquatic taxa such
as algae, macrophytes, helophytes and Chenopodiaceae were calculated
independently based on the aquatic taxa sum (ATS; average = 439;
median = 245). Palynological results were plotted in diagrams using
Tilia 1.7.16 (Grimm, 2011).

Microcharcoal particles (< 125 μm) were counted on the palyno-
logical slides, measuring the longest axis (Mooney and Tinner, 2011). A
minimum of 200 items (microcharcoal particles and Lycopodium spores)
was considered per sample (Finsinger et al., 2004).

2.4. Numerical analyses

Palynological zones were identified separately for the terrestrial and
aquatic data-sets by stratigraphically constrained cluster analysis by
sum-of squares (CONISS) using Tilia 1.7.16 (Grimm, 2011). The ana-
lyses included the square-root transformation of terrestrial pollen per-
centages larger than 10%, and of aquatic taxa percentages larger than
5%.

Non-metric multidimensional scaling (NMDS) analyses were per-
formed on the terrestrial and aquatic data-sets independently to iden-
tify those pollen samples with similar taxonomical assemblages and to
unravel terrestrial and aquatic vegetation dynamics. Only taxa with
percentages larger than 5% were considered (15 terrestrial taxa and 12
aquatic taxa). Bray-Curtis dissimilarity was used to calculate the dis-
tance matrix for ordination. NMDS was performed in R using the vegan
package (Oksanen et al., 2012).

3. Results

3.1. Sedimentology and age-depth model

The LuCA sediment core presents three packages of blueish
(709–480 cm), grey (480–180 cm) and brown (180–0 cm) silts, sepa-
rated by soft transitions (Fig. 2). Some soft packages, as well as oxidised
levels and air inclusions have been found embedded in the core. Grain
size distributions are mostly symmetrical (61 samples), although 14
samples are finely skewed, 13 samples coarsely skewed and 1 sample
very finely skewed. Sorting (standard deviation) of grain size distribu-
tions is poor to very poor (Fig. 4). Content in sand is higher at the core
bottom (709–460 cm, average = 18%) with relative maxima at 702,
692, 685, 675, 668–654, 594, 572, 532 and 54 cm depth (a-i events in
Fig. 4). Sand content above 460 cm is lower (average = 6.7%). Clay
content is around 12.7% at the bottom of the sequence, whereas it
doubles above 460 cm (24.8%), with a maximum of 49.1% at 333 cm

Fig. 2. Schematic representation of the LuCA sedimentary core showing the main facies
stratigraphy and the location of the radiocarbon dates along the sequence. Filled dots
represent the radiocarbon dates included in the age-depth model, the blank dot the dis-
carded date.
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(Fig. 4). Suite analysis identifies most of the samples as derived from a
partially open to restricted estuarine environment. However, a few
samples from the upper 400 cm are indicative of a closed basin (Fig. 5).

The content in CaCO3 oscillates between 8 and 12% from the
bottom of the core up to 355 cm, with a minimum of 1.46% at 658 cm
depth. A decreasing trend is recorded in the upper 355 cm (Fig. 4). In
contrast, org. M content varies between 6 and 7% at the bottom of the
sequence, experiencing a gradual increase towards the top. Mag. sus.
Presents values ranging at 8–18 × 10−8 m3 kg−1, with a peak at
246–210 cm (21–24 × 10−8 m3 kg−1) (Fig. 4).

Because the shell remains appear from 355 cm depth to the bottom
of the sequence (Figs. 2 and 4), the radiocarbon dates (Table 1) from the
topmost 355 cm were calibrated using the IntCal13.14C calibration
curve; while those dates at depths> 355 cm were calibrated using the
Marine13 one (Reimer et al., 2013). After calibration, one date (ETH-
57406, Table 1) was disregarded for being too old. A slump was excised
at 668–652 cm depth (Fig. 3, see Discussion section for further details).
An Age-depth model was built by linear interpolation (Fig. 3) and it
indicates that the LuCA sedimentary sequence was deposited from ~9.9
to 6.4 cal. kyr BP.

3.2. Terrestrial assemblages

Terrestrial pollen concentration averages values of 11,847 pollen -
grains g−1 (Fig. 4). Concentrations are higher at the 350–193 cm depth
interval with average values of 23,093 pollen grains g−1. Three barren
samples detect a palynological hiatus at 118–102 cm depth (Figs. 4 and
6). The terrestrial pollen assemblages show a relative stability lacking
marked shifts. Evergreen Quercus and Pinus pinea/halepensis type dom-
inate the arboreal pollen (AP), while Poaceae and Cichorioideae are the
main components of the non-arboreal pollen (NAP). Four terrestrial
pollen zones have been identified (zones LuCA-T1 to LuCA-T4) (Fig. 6).

In zone LuCA-T1 (710–640 cm depth; 9930–8787 cal. yr BP),
evergreen Quercus (10–25%) and Pinus pinea/halepensis type (10–20%)
are the main AP taxa (Fig. 6a), with the significant presence of Quercus
suber (2–10%). Mesophilous taxa, such as deciduous Quercus, also ap-
pear. The occurrence of Pinus pinaster and Cedrus is sparse but con-
tinuous. Scrubs are dominated by Erica type (5%), with the presence of
Juniperus, Olea, Phillyrea, Pistacia, Cytisus/Genista type and Cistaceae
(Halimium/Helianthemum type, Cistus type and Cistus ladanifer type)
(Fig. 6a). Poaceae is the main herbaceous taxa, with Cichorioideae,
Aster type and Artemisia presenting moderate percentages (Fig. 6b).
Highest percentages (over a 100% of the TPS) of indeterminate fungal
spores are registered during zone LuCA-T1 (Fig. 6c).

The zone LuCA-T2 (640–445 cm depth; 8787–7908 cal. yr BP)
presents similar evergreen (Pinus pinea/halepensis type, evergreen
Quercus and Quercus suber) and mesophilous (deciduous Quercus
mainly) AP assemblages than LuCA-T1. Other mesophilous taxa are also
present. Fraxinus shows continuous curves, while Alnus, Betula and
Corylus presences are scattered. The main differences with zone LuCA-
T1 are the lower values of Poaceae and the higher ones of Cichorioideae
and shrubs, with Erica type, Juniperus, Cistaceae and Phillyrea showing
the largest proportions (Fig. 6a and b). Cedrus percentages are highest
in this zone while indeterminate fungal spores show a decreasing trend
(Fig. 6c).

The most characteristic feature of zone LuCA-T3 (445–118 cm
depth; 7908–7117 cal. yr BP) is the increase in herbaceous and shrub
taxa. Cichorioideae presents its highest percentages, Poaceae remaining
with the same values (Fig. 6b). Juniperus, Tamarix, Cytisus/Genista type,
Erica type and Cistaceae values increase, Quercus suber shows lower
percentages. Betula, Corylus and Taxus show discrete occurrences, while
Alnus, Pinus nigra/sylvestris type and Fraxinus curves are continuous.
Poaceae values peak at the zone top (Fig. 6b). Maximum values of
microcharcoal concentrations are registered during this zone (Fig. 6c).

The zone LuCA-T4, (102–42 cm depth; 6985–6484 cal. yr BP) is
characterised by high values of Poaceae (Fig. 6b). Increasing values of
Pinus pinea/halepensis type are recorded, in contrast with lower per-
centages of evergreen Quercus type and Quercus suber. Overall, tree
percentages are at the lowest and shrubs present increasing values,
mostly Juniperus and Erica type. Most mesophytes and Pinus pinaster are
absent from this zone (Fig. 6a). Maximum values of Pseudoschizaea
circula and discrete peaks of Glomus occur during this zone (Fig. 6c).

Table 1
LuCA Radiocarbon dates.

laboratory codea Depth (cm) Thickness (cm) Calibration curveb Radiocarbon age (yr BP) Calibrated age ranges b(yr cal BP)

ETH-57403 42 2 IntCal13.14C 5702 ± 34 6407–6566
ETH-57405 205 2 IntCal13.14C 7015 ± 36 7783–7938
ETH-57405c 280 2 IntCal13.14C 12,312 ± 46 12,100–12,700
ETH-57407 476 2 Marine13 7364 ± 37 7644–8011
Poz-55,367 615 4 Marine13 7830 ± 40 8105–8460
Poz-55,368 711 4 Marine13 9180 ± 50 9615–10,319

a Reimer et al. (2013).
b 95% confidence intervals.
c Excluded from the age-depth model for being considered too old.

Fig. 3. Age-depth model of the LuCA sedimentary core. Dark blue radiocarbon dates are
calibrated with the IntCal13.14C terrestrial calibration curve, while light blue dates are
calibrated with the Marine13 curve. The horizontal grey bar represents the excised slump
(668–654 cm depth, se Discussion for interpretation). (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)
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3.3. Palaeolimnological assemblages

The concentration of aquatic palynomorphs averages values of
33,795 palynomorphs g−1 (Fig. 4). Concentrations increase at the
287–193 cm depth interval (average = 100,639 palynomorphs g−1).

The aquatic assemblages, contrary to the terrestrial ones, do not show
an apparent stability. Notable fluctuations have been detected, high-
lighting the presence of two alternating palaeolimnological assem-
blages. Three aquatic zones have been identified (zones LuCA-A1 to
LuCA-A3) (Fig. 6).

The zone LuCA-A1 (710–652 cm depth; 9930–9041 cal. yr BP)
shows high values of macrophytes, mainly Isoetes Other macrophytes
are Myriophyllum alterniflorum type, Potamogetonaceae,
Ranunculaceae, Hydrocharis morsus-ranae, Callitriche, Nymphaea,
Ricciocarpos, Riella and Zannichelliaceae (Fig. 6). Helophytes such as
Chenopodiaceae and Cyperaceae present relatively high percentages; as
well as the algae Chlorophyta, Zygnemataceae and Botryococcus
(Fig. 6).

In zone LuCA-A2 (652–292 cm depth; 9041–7863 cal. yr BP) helo-
phyte and algae values are similar to zone LuCA-1. Isoetes has declining
values coeval to a rise in Ranunculaceae percentages. Callitriche,
Hydrocharis morsus-ranae, Lemna, Riella, Ricciocarpos, and
Zannichelliaceae present scattered occurrences (Fig. 6d).

The zone LuCA-A3 (292–42 cm depth; 7863–6487 cal. yr BP)
shows the alternation of Myriophyllum alterniflorum type/
Ranunculaceae-dominated phases (I, III, V and VII) and Isoetes/
Chenopodiaceae-dominated ones (II and IV). Phase VI (Fig. 6), contains
the palynological hiatus (118–102 cm depth).

3.4. Spatiotemporal change in the vegetation structure

NMDS ordination was performed to assess the degree of similarity
between contiguous samples and evaluate the spatiotemporal vegeta-
tion stability (Fig. 7). Upland vegetation shows long-term stability
during more than three millennia (Figs. 7 and 8), and the small-scale
fluctuations are most likely related to changes in the phreatic level. The
upland taxa with NMDS1 positive loadings (Cichorioideae, Aster type,
Cistus type, and evergreen Quercus, Fig. 7) thrive in phreatic water-re-
stricted enclaves, many as part of the monte blanco scrub (Rivas
Martínez et al., 1980; López Albacete, 2009) (Fig. 1c and d). Taxa
presenting NMDS1 negative loadings (Fig. 7) are associated with higher

Fig. 4. Sedimentological record of the LuCA sequence plotted in depth including, from left to right: grain size analysis distribution properties, organic matter (org. M) and carbonate
content, magnetic susceptibility (Mag. Sus), terrestrial and aquatic pollen concentration, sand/silt/clay sedimentology log, shell and shell fragment presence and coarse input events. The
lettered levels (a–i), identified by dashed lines, indicate coarse input events.

Fig. 5. Suite analysis. Mean grain size (φ) vs. sorting (φ) of sediments from the LuCA
sequence (diagram template modified from Tanner, 1991), segregating samples between
partially restricted-open or closed estuary depositional conditions. Displacement along
the high energy (H.E)-low energy (L.E.) diagonal axis, as oriented in the miniature, in-
dicate depositional energy. Filled polygons group chronologically the LuCA samples;
green (9.9–8.2 cal. kyr BP), blue (8.2-7-8 cal. kyr BP), red (7.8–6.4 cal. kyr BP). (For in-
terpretation of the references to colour in this figure legend, the reader is referred to the
web version of this article.)
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phreatic layer, vernal pools and groundwater discharge areas, such as
Quercus suber, deciduous Quercus and Tamarix, together with the monte
negro scrub (Erica type, Cytisus/Genista type, Olea, Pistacia) (Fig. 1c and
d). Although Juniperus populates xerophytic enclaves (Fig. 1) in the
Doñana area, it is also related with the local availability of high
phreatic layer enclaves (Muñoz Reinoso, 2001; Muñoz-Reinoso and
García Novo, 2005). Lastly, Pinus nigra/sylvestris type is considered
extra-local (long-distance pollen dispersal) Nonetheless, in agreement
with the negatively loaded taxa its extant distribution is also restricted
by groundwater availability (Blanco et al., 2005).

Aquatic vegetation shows two well-differentiated assemblages
(Fig. 7). Vivacious taxa (non-woody taxa that present a pluriannual life
cycle) or taxa forming underground resistance structures show positive
NMDS1 loadings (Fig. 7): Chenopodiaceae species thrive in salt accu-
mulating soils (García Viñas et al., 2005; Muñoz-Rodríguez et al., 2017;
Rivas Martínez et al., 1980), Cyperaceae colonise shallow and marginal
environments within the marshland, and Isoetes live in waterlogged
vernal areas (García Murillo et al., 2014; Molina et al., 2011; Rivas
Martínez et al., 1980). Their distribution within the Doñana aquatic
environments points to a retraction of flooded areas. Association with
Potamogetonaceae, Lemna and Botryococcus, indicates the survival of
shallow slow-running, eutrophic waters, and permanent ponds (García
Murillo et al., 2006, 2014; van Geel, 2001; van Wijk, 1988; van Wijk

et al., 1988). The macrophytes Myriophyllum alterniflorum type and
Ranunculaceae, the benthic algae Gloeotrichia and Zygnemataceae as
well as Chrysophyceae, present negative NMDS1 loadings. In Doñana,
Myriophyllum alterniflorum and Ranunculus subgen. Batrachium dom-
inate seasonally flooded areas. During the inundation period, macro-
phyte blooms deplete the water-dissolved nutrients (Bernués, 1990), so
filamentous algal developments are restricted to the benthos (Scott and
Marcarelli, 2012; Sánchez Castillo, 2015). Under this weakly buffered
environment, Chrysophyceae development, indicative of pH changes
(Siver, 1995), is promoted. During summer desiccation, macrophytes
survive mainly in the form of seeds (van Wijk, 1988) whereas fila-
mentous algae produce cysts. Overall, this assemblage represents sea-
sonally fluctuant, stagnant and deep, environments.

4. Discussion

4.1. Problems of chronological models in transitional environments

Obtaining accurate chronological frameworks in marine-terrestrial
transitional contexts is challenging due to the hard-water and the
marine reservoir combined effects. The difficulty of determining whe-
ther sediments are of terrestrial, marine or transitional origin hinders
the selection of the appropriate calibration curve when calibrating

Fig. 6. LuCA pollen diagram represented in depth (cm): a) trees, shrubs and nanophanerophytes; b) herbs; c) ferns, bryophytes and fungi; d) helophytes and macrophytes; and e) algae,
protozoa and invertebrates. Exaggerated values (×5) have been plotted in white curves.
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radiocarbon measurements. Wetland vegetation is a source of hard-
water effect whose magnitude has not been measured for the LuCA
sediment record due to the lack of datable terrestrial macro-remains. To
minimise this problem, the levels chosen for radiocarbon dating are
those in which aquatic palynomorphs were lower. The magnitude and
application of the marine reservoir effect (R) in the Gulf of Cadiz have
been source of investigation in the last years (Lario et al., 2010a, 2010b;
Rodríguez-Ramírez, 2010; Rodríguez-Ramírez et al., 2009; Rodríguez-
Ramírez and Yáñez-Camacho, 2008; Rodríguez-Vidal et al., 2009). The
marine reservoir value changes through time (Soares and Dias, 2006;
Lario et al., 2010a, 2010b) and the cited literature is restricted to the
last six millennia. The LuCA sequence covers earlier chronologies,
preventing the inclusion of regional ΔR values in the age-depth model.
However, a marine influence on the estuary is detected below 355 cm
depth with the presence of shell remains.

In addition to the problem of the reservoir effect in marine-

terrestrial transitional contexts, sediment accumulation rates can be
interrupted in these very dynamic environments by punctual high-en-
ergy events (e.g. storms and tsunamis) that may produce abrupt de-
position events (slumps). In the case of the LuCA record, particle size
distribution (Fig. 4) and suite analysis (Fig. 5) have identified nine
abrupt inputs of coarser materials (Figs. 4 and 8), although only one of
them (668–652 cm depth interval) is significant enough to be in-
corporated as a slump in the age-depth model (Figs. 3 and 4, event e).

We agree with Lario et al. (2010a) that future improvements in the
methods, calibration curves and modelling techniques will mean the
refinement of previous age-depth models for this area. In the meantime,
we favour a more simplistic chronology, knowing the limitations. The
chronology of the input of coarser material detected by particle size
analysis (Figs. 4 and 5) in the LuCA core shows strong correlation with
the turbidite events detected by Gràcia et al. (2010). The chronological
models in Gràcia et al. (2010) are built upon marine foraminifera, using

Fig. 6. (continued)
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the marine calibration curve and corrected for regional ΔR minor dis-
agreements between the chronology of the LuCA and the turbidite
events (Fig. 8) might be related to the reservoir effect, the inherent
uncertainties of the radiocarbon ages, and/or the fact that these in-
dependent chronological models derive from different sedimentological
contexts.

4.2. High-energy events in the Guadalquivir palaeoestuary

Storm and tsunamigenic deposits possess similar sedimentary fea-
tures (Gràcia et al., 2010; Jaffe et al., 2008; Lario et al., 2010b, 2011;
Morton et al., 2007, 2008). On-shore deposits only store the occurrence
of extreme marine energy wave events (Lario et al., 2011). The corre-
lation of on-shore deposits with the off-shore turbidite record is needed
to assess the tsunamigenic origin of sedimentary changes (Gràcia et al.,
2010; Lario et al., 2011). The LuCA sediment core records nine sandier
events likely related to high energy inputs (Figs. 4 events a–i, 5 and 8).
Four coarser intrusions have been detected at ~9.9–9.2 cal. kyr BP
(Figs. 4, events a–d, and 8). The lack of correlation between event b and
the turbidite record (Gràcia et al., 2010) as well as the presence of shell
fragments point to a storm origin of event b (~9.6 cal. kyr BP), whereas
the origin of a, c and d is unclear regarding the available evidence.

A 16-cm thick package containing over 40% sand is recorded at
~9.1 cal. kyr BP (Fig. 4, event e, and 8). Suite analysis reveals the
highest depositional energy for the LuCA sequence (Fig. 5). The high
sand content, together with the presence of shell fragments, most likely
indicates an abrupt deposition of marine materials. This event falls
within the temporal window of the E10 turbidite (~9.7–9.1 cal. kyr BP;
Gràcia et al., 2010) (Fig. 8), thus supporting the tsunamigenic origin of
this 16-cm thick package.

A generalised erosive process of the Guadalquivir watershed is
manifested by high sedimentation rates at ~8.2–7.8 cal. kyr BP. Three
inputs of coarser material are detected at ~8.2–8.0 cal. kyr BP (Figs. 3,
events f–h, and 8). Uncertainty about the origin of turbidite event E9,
around the 8.2 cal. kyr BP event (Gràcia et al., 2010) (Fig. 8) prevents

further conclusions of the origin of these events.
Turbidite event E8 (~6.9–6.6 cal. kyr BP; Gràcia et al., 2010) has

been associated with a palaeotsunami occurring at ~7.0–6.8 cal. kyr BP
(Lario et al., 2011). LuCA event i chronology (Figs. 4 and 8) broadly
agrees with E8, however, it does not feature mollusc bioclasts and
presents a moderate sand content in comparison with the previous
extreme wave events. Probably this is due to the enclosure, and con-
sequent protection of the basin (Figs. 5 and 8). However, abrupt
changes in the aquatic vegetation provide further evidence of a per-
turbating event, probably a palaeo-tsunami (Fig. 8).

4.3. Early to mid-Holocene Doñana landscape history

4.3.1. Early Holocene tsunamigenic impacts on the landscape
The Late Pleistocene-Early Holocene development of the Doñana

spit barrier and the resulting protection of the lagoon at the mouth of
the Guadalquivir frames the development of the early LuCA basin (Ruiz
et al., 2010). Its present position within the marshlands of the Gua-
dalquivir complex alludes to an intermediate position between two NW-
SE confluent tidal channels during the Early Holocene (Rodríguez-
Ramírez et al., 1997; Ruiz et al., 2010). Under these palaeogeographic
circumstances, Isoetes dominance (Figs. 6 and 8) indicates the pre-
valence of shallow waterlogged environments in the small basin
(Cirujano et al., 2014; Smolders et al., 2002). The relatively high di-
versity of macrophytes (Fig. 6) points to a large heterogeneity within
the LuCA limnic network (Cirujano et al., 2014; García Murillo et al.,
2006). At this point, millennial persistence of Isoetes-dominated as-
semblages can be attributed to this spatial heterogeneity and mechan-
isms of stress survival (i.e. resistance forms - anatomical attributes such
as spores, corms, turions, etc. that are related to survival during eco-
logically unfavourable periods - and propagule bank development)
(Cirujano et al., 2014; van Wijk, 1988). Quick colonisation processes
explain why neither the gradual embankment nor punctual events such
as the 9.1 cal. kyr BP tsunami (Fig. 8) or other extreme wave events
seem to produce long-lasting or major changes in the structure of the

Fig. 6. (continued)
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Fig. 7. NMDS ordination of the LuCA pollen data. a) NMDS ordination of the upland component; a.1) NMDS upland taxa loadings; a.2) NMDS upland sample loadings. b) NMDS
ordination of the aquatic component; b.1) NMDS aquatic taxa loadings; b.2) NMDS aquatic sample loadings. c) Comparison of the upland and aquatic NMDS ordinations.
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Early Holocene LuCA aquatic assemblages (Figs. 6 and 8).
Contrastingly, Early Holocene stability of the Pinus-Quercus assem-

blages is disrupted by the 9.1 cal. kyr BP tsunami with a rise in Poaceae
(Fig. 8). Sea-water inundation is shown to have varying impacts on
different components of the terrestrial subsystem (Miyamoto et al.,
2004; Wu and Dodge, 2005). Ecological traits such as salt tolerance,
life-span and population turnover amongst terrestrial taxa account for
differences in individual responses. For instance, regression is more
pronounced in salt-sensitive taxa (evergreen Quercus, likely Q ilex and Q
coccifera) and seeders (monte blanco vegetation components) (Fig. 8),
due to seed bank burial/destruction (Miyamoto et al., 2004; Wu and
Dodge, 2005). Conversely, more salt-tolerant taxa (Pinus pinea and
Quercus suber) and sprouters (monte negro vegetation components) are
less affected by sea water inundation (Fig. 8) (Miyamoto et al., 2004;
Wu and Dodge, 2005).

Overall, following our chronological model, terrestrial woody cover
seems to take around 200 years to recover to the 9.1 cal. kyr BP tsunami
(Fig. 8), probably due to longer life cycles and slower colonisation
rhythms from more distant inland sources. Aquatic communities, under
partially opened and connected basin conditions, are shown to recover
much faster due to downstream recolonisation (Fig. 8).

4.3.2. Mid-Holocene ecosystem dynamics: Terrestrial stability versus
aquatic vulnerability

The Mid-Holocene onset is marked by a rise in sediment accretion
rates, attributed to generalised erosion of the Guadalquivir watershed.
Even if the echo of the 8.2 cal. kyr BP global event is not as marked in
southern Iberian records as in the northern ones (i.e. González-
Sampériz et al., 2006, 2009; López-Merino et al., 2012; Moreno et al.,
2011), the location of the estuary at the mouth of the Guadalquivir
might amplify the otherwise subtle response of the southern Iberian
records to the increase of aridity (and subsequent eolian erosion)

associated to this event.
Enhanced sedimentation and concomitant sea-level rise resulted in a

reduction of the depositional energy of the LuCA basin from the onset of
the Mid-Holocene (blue polygon in Fig. 5) (Dabrio et al., 2000;
Rodríguez-Ramírez et al., 1997; Ruiz et al., 2010; Zazo et al., 1994). It
is at this time when the LuCA basin becomes a closed environment (red
polygon in Figs. 5 and 8). Indeed, lucios (Fig. 1) develop as closed en-
vironments behind the confluence of watercourse-flanking levées
(Rodríguez-Ramírez et al., 1997). From ~8 cal. kyr BP onwards, in-
tense and frequent marshland vegetation fluctuations point to succes-
sive episodes of enclosure and re-opening of the LuCA basin (Fig. 8),
although the mechanisms underlying these transitions are difficult to
ascertain. Changes in the balance between freshwater supply, sediment
accretion rate, subsidence, and sea level rise are the most likely drivers
of these changes.

From the second enclosure episode onwards, Myriophyllum alterni-
florum type/Ranunculaceae-dominated communities, and
Chenopodiaceae/Cyperaceae/Isoetes-dominated communities, alternate
under closed and partially open/restricted conditions respectively
(Fig. 8). Major changes in vegetation composition and structure couple
with sedimentary basin configuration (Fig. 8). Amplitude of the vege-
tation response shows the elasticity of aquatic communities to changes
in the morpho-sedimentary environment.

Aquatic plants live in micro-environmentally very heterogeneous
and fluctuating habitats in the Mediterranean (Díaz-Paniagua et al.,
2015; Molina et al., 2011), hence taxa with different ecology may co-
exist in the same water bodies (López Albacete, 2009; Lumbreras et al.,
2009, 2012, 2013). The resilience of the aquatic communities in the
Doñana area depends on the high diversity of long viability diaspores
and the resistance structures that accumulate in the sediments (Grillas
et al., 1993). The LuCA sequence depicts how small changes in the
aquatic environment trigger the trespassing of environmental

Fig. 8. Chronology of the environmental changes detected in Doñana after the study of the LuCA palaeoecological sequence. a) Turbidite events (Gràcia et al., 2010); b) LuCA coarse input
events; c) selected upland vegetation taxa pollen diagram; Monte negro includes the sum of the locally edapho-higrophilous shrubs and nanophanerophytes (Arbutus, Calluna vulgaris,
Cystisus/Genista type, Erica type, Hedera, Ligustrum, Myrtus, Olea, Phillyrea, Pistacia, Prunus, Rhamnus, Smilax and Viburnum). Monte blanco includes the sum of the locally edapho-
xerophilous taxa (Asparagus, Cistus type, C ladanifer type, Chamerops humilis, Daphne gnidium type, Ephedra dystachya type, E fragilis type, Halimium/Helianthemum type, Lamiaceae 3C and
6C, and Sideritis). d) Selected marshland vegetation taxa palynological diagram, indicating taxa water requirements; e) Pseudoschizaea circula; f) Algal guild proportions; g) LuCA sand, silt
and clay sedimentology log; h) NMDS1 axis for terrestrial taxa (green); i) NMDS1 axis for aquatic taxa (blue); j) LuCA closed basin episodes. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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thresholds activating drastic, quick changes in the structure and com-
position of the aquatic vegetation.

Upland vegetation remains practically unaltered through the
8.2 cal. kyr BP event and thereafter during the Mid-Holocene, despite
small fluctuations are also recorded (Fig. 8). Vegetation assemblages
dominated by Pinus, Quercus, and Juniperus are time transgressive
(Figs. 8 and 9) Local geomorphological dynamics have proven to drive
small-scale building and destruction of tree prone habitats (López
Albacete, 2009; Muñoz Reinoso, 2001; Muñor-Reinoso and de Castro,
2005; Muñoz-Reinoso and García Novo, 2005). This steady ecosystem
rejuvenation translates in relatively stable pollen spectra for the
dominant trees: Pinus pinea and evergreen Quercus (Fig. 8) However, the
dynamics of Quercus suber and Juniperus suggest major episodes of
geomorphological rejuvenation and variation during the Mid-Holocene
that mirror in changes of the aquatic communities (Fig. 8).

4.3.3. Mid-Holocene terrestrial-estuarine connectivity
Two Juniperus species coexist in the study area. J oxycedrus ssp.

macrocarpa lives under sea-sprayed stations, while J phoenicea ssp.
turbinata creeps on dunes in on-shore, xerophytic enclaves (López
Albacete, 2009; Rivas Martínez et al., 1980) (Fig. 1d). The presence of
Juniperus in LuCA is most likely related to the former species in relation
to the inland palaeogeographical position of LuCA. From ~7.8 cal. k-
yr BP, recurrent episodes of Juniperus, with a probable ~200–400 years
periodicity following our chronological model, suggest dune develop-
ment periods. Dune development is promoted under arid, wind-en-
hanced conditions (Dabrio et al., 1996; Díaz-Paniagua et al., 2015).
However, the dune domes, despite being xerophytic enclaves (Muñoz

Reinoso, 2001; Muñor-Reinoso and de Castro, 2005; Muñoz-Reinoso
and García Novo, 2005) function as recharge areas and extend the
Doñana aquifer volume (Manzano et al., 2013). Expectedly, dune de-
velopment periods correspond with closed basin episodes (Fig. 8). Ar-
idity translates in a decrease in water supply to the local environments.
This would prevent the connection of marginal, marshland areas with
the central Guadalquivir mouth. However, groundwater discharges
supply the seasonally constrained Myriophyllum-Ranunculaceae assem-
blage.

Coupling between the response of aquatic and terrestrial assem-
blages from ~7.8 cal. kyr BP onwards (Fig. 8) supports the view that
terrestrial-estuarine connectivity is mediated by groundwater dis-
charges, and ultimately controlled by dune configuration. Previous
~200–400-year periodicity in beach ridges evolution has been asso-
ciated with solar spot cycles (Zazo et al., 1994), which have, in turn,
been related to arid events in the Doñana area (Díaz-Paniagua et al.,
2015). Solar forcing, through its effect on the dominant winds seems to
be the most prevailing controlling factor on the Mid-Holocene Doñana
environment (Díaz-Paniagua et al., 2015).

4.3.4. Post-Flandrian development and vulnerability to sea energetic events
The palynological hiatus located between 102 and 118 cm depth

(Fig. 4) may be connected with the Flandrian sea level maximum, oc-
curring locally at ~6.9–6.5 cal. kyr BP (Zazo et al., 2008, 1994; Dabrio
et al., 2000). Regionally, the Flandrian highstand marks a tipping point
in the sea level rise rate towards a deceleration phase causing a tran-
sition from vertical aggradation towards lateral progradation (Dabrio
et al., 2000; Zazo et al., 2008). This would have promoted the

Fig. 9. Selected taxa of biogeographical relevance from the LuCA palynological record.

S. Manzano et al. Global and Planetary Change 161 (2018) 66–81

77



development of wide estuaries in the mouth of the main rivers of SW
Iberia (Rodríguez-Vidal et al., 2014). Retraction of the sea allowed for
local recovery of the aquatic assemblages, as the river mouth and the
estuary development migrated SW (Rodríguez-Ramírez and Yáñez-
Camacho, 2008; Ruiz et al., 2010). After a short Chenopodiaceae/Cy-
peraceae/Isoetes phase, the detachment from the main estuary basin
entailed a switch towards groundwater controlled Myriophyllum - Ra-
nunculaceae assemblages (Fig. 8).

The ~6.5 cal. kyr BP extreme wave event, under closed basin con-
ditions, had a large impact on the LuCA vegetation (Fig. 8). Contrarily
to the previous high energy episodes, rapid recovery of the vegetation
structure seems to be restrained by the isolation of the LuCA from other
areas of the Guadalquivir's complex of ponds, lagoons, marshes and
main estuary basin as the mouth of the river and the development of the
estuary moved SW.

4.4. Biogeographical remarks of some tree taxa

The ecological role and natural character of Pinus pinea in SW Iberia
have been debated both in conservation agendas and policy-making
(Blanco et al., 2005; López Albacete, 2009; Pérez Latorre et al., 1999;
Rivas Martínez, 1987, 2011). The regional palaeobotanical Pinus signal
suggests the existence of pinelands in Doñana from the Upper Pleisto-
cene to the Holocene (Jiménez-Moreno et al., 2015; López Sáez et al.,
2002; Menéndez Amor and Florschültz, 1973; Stevenson, 1984, 1985;
Stevenson and Harrison, 1992; Stevenson and Moore, 1988; Yll et al.,
2003). The palynological discrimination of this pine species is sug-
gested by the autoecology of P pinea (Blanco et al., 2005; López
Albacete, 2009), and supported by the occurrence of P pinea macro-
fossils (pine cones, bracts, and seeds) in adjacent sites of the Upper
Pleistocene (49.2 kyr BP at Gorham Cave, Gibraltar; 18.4 kyr BP at
Nerja Cave, Málaga, S Spain), and the Holocene (7.4 and 5.4 cal. kyr BP
at Murciélagos Cave, Albuñol, 2.7 cal. kyr BP at Puerto de Santa María,
Cádiz, S Spain; Carrión et al., 2008).

The presence of other pine species such as P pinaster and P nigra is
supported by the presence of pollen of P pinaster and P nigra/sylvestris
type (Fig. 9) and their macroremains in coastal areas (García-Amorena
et al., 2007; Postigo-Mijarra et al., 2010a, 2010b). Plausibly, P pinaster
groves, like the Barreiro fossil grove (7.93–7.43 cal. kyr BP, Tagus es-
tuary, Central Portugal, García-Amorena et al., 2007) (Fig. 1a), or iso-
lated stands, survived the deglaciation along the SW Iberian coast
(Carrión et al., 2000). Coastal, low-lying environments were widely
spread during the LGM low-stand but disappeared as the sea level rose
(García-Amorena et al., 2007). The extinction of the pollen signal of P
pinaster prior to the Flandrian maximum (Fig. 9) suggests the last re-
maining stands occupied such low and thus, early flooded areas. On the
other hand, Pinus nigra macroremains found locally, date from MIS 4
and 3, pointing to an earlier retraction of this species from coastal re-
fugia (Postigo-Mijarra et al., 2010a). A prolific fossil record evidences
that the past distribution of P nigra well transcends the extant area
(Alcalde Olivares et al., 2000, 2004; Desprat et al., 2015; García-
Amorena et al., 2007). However, altitudinal migrations during the
Holocene reduced the extension of Iberian Pinus nigra pinelands
(Carrión et al., 2010; Carrión, 2015). It is possible, nonetheless, that
some Pinus nigra stands remained relict amongst the Guadalquivir
flatlands like they nowadays do amongst the Pinus pinea forests in the N
Iberian Meseta (Franco-Múgica et al., 2004; García-Antón et al., 2011).

The presence of Taxus (Fig. 9) agrees with the general trend for this
species. Still today, individual stands and small groups of Taxus survive
isolated in the S Iberian ranges. Scattered remains are found across
Iberia showing multiple glacial refugia (González-Martínez et al., 2010;
Uzquiano et al., 2015; Magri et al., 2017). However, the low percen-
tages found evidence its punctual representation in the landscape (Abel-
Schaad, 2011; Blanco et al., 2005).

Cedrus is another tree taxon worth a discussion. Quaternary mac-
rofossils have never been found, but frequent pollen occurrences along

the Tertiary, Pleistocene, and sparser throughout the Holocene are
concentrated on the Baetic Ranges (Fierro Enrique, 2014; Magri and
Parra, 2002; Postigo-Mijarra et al., 2010b) and northern Iberian
mountains (Aranbarri et al., 2014). The palynological detection of Ce-
drus in SW Europe has been attributed to periods of low tree cover (cold
and arid periods, Magri and Parra, 2002; Magri et al., 2017). Interest-
ingly, the LuCA record of Cedrus takes place at ~8.2–7.7 cal. kyr BP
(Fig. 9), just when pollen concentrations are the highest. Cedars have
been suggested to take part of relicts of tree vegetation persisting
hidden in the Baetic Ranges along the Holocene (Postigo-Mijarra et al.,
2010b). Our data are inconclusive in this respect, but they may be used
to give some support to the hypothesis of Postigo-Mijarra et al. (2010b).

The intermittent presence of Castanea provides further evidence of
the autochthonous character of the sweet chestnut, and the presence of
southern Iberian refuges (Fig. 9; Anderson et al., 2011; Carrión et al.,
2008; García-Amorena et al., 2007; Morales-Molino et al., 2011; Pons
and Reille, 1988), as well as northern ones (Aranbarri et al., 2016). The
Quaternary history of other mesophytes such as Corylus, Betula, Ulmus,
Fraxinus, Populus and Alnus is better understood for S Iberia (González-
Sampériz et al., 2010; Manzano et al., 2017). Locally, Late Quaternary
evidences for these species are also found in El Asperillo (Morales-
Molino et al., 2011; Stevenson, 1984) and Mari López (Yll et al., 2003;
Zazo et al., 1999). Most of these mesophytes find their SW distribution
limits within the Iberian Mediterranean region, generally associated to
watercourses (Blanco et al., 2005). Geomorphological research in Do-
ñana has shown the existence of braided palaeo-channels and depres-
sions during the Late Pleistocene (Zazo et al., 2008). Edaphic com-
pensation in these environments could have supported the presence of
relict and refuged trees in Doñana. Their depletion during the Mid-
Holocene may be linked to the transition towards a groundwater, and
thus rainfall-controlled environment. Episodic dry spells along the Mid-
and Late Holocene would have eliminated all but the riparian species
that have reached the present (e.g. Fraxinus, Populus, Salix; Carrión
et al., 2003, 2007; López Albacete, 2009).

5. Conclusions

The LuCA palaeoecological sequence is connected with the terres-
trialisation of the Guadalquivir palaeoestuary. The Holocene history of
Doñana is unavoidably linked to the development of the Doñana spit
and the consequent infilling of the estuary. The Early Holocene mil-
lennial-scale resilience of the upland and aquatic vegetation for a
coastal transitional and therefore geomorphologically dynamic system
is therefore striking.

The growth of the spit enclosing the estuary, and the concomitant
accumulation of sand, sharply contrasts with the relative stability of
upland vegetation. However, substrate dynamism rejuvenates the ter-
restrial ecosystems through periodic destruction, but also has created
novel habitats. At a landscape scale, this ensures millennial-scale resi-
lience of the upland forest vegetation. Connectivity of the LuCA within
the heterogenous limnic network ensuring both in situ survival and
quick recolonisation processes, is a primary consideration for the Early
Holocene marshland vegetation stability.

Contrastingly, from 7.8 cal. kyr BP onwards, after ~400 years of
enhanced sedimentation, successive shifts from open to closed sedi-
mentary basin states are associated with abrupt changes in the aquatic
communities, alternating between two different vegetation assem-
blages. These two states are segregated by resistance strategy traits, salt
tolerance, water depth, trophic status and hydro-period requirements.
Coupling between the ecological trajectories of both the upland and
aquatic systems points to a strong terrestrial-estuarine connectivity,
channelled through groundwater discharges.

The impact of several high energy events punctuates the Early and
Middle Holocene LuCA sedimentary sequence, two of which are syn-
chronous to the local tsunami record (~6.6 and ~9.1 cal. kyr BP).
Contrasting impacts of these two events in the aquatic and upland
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ecosystems manifest the importance of landscape configuration and the
contingent history as key elements for coastal protection.

This study contributes to the Pinus pinea autochthony debate, and
sets the baseline for the understanding of general drivers and forcings
directing long-term vegetation change in Doñana. Seemingly, the nat-
ural perturbation regime in this area is strongly dependent on wind,
uplifting, and moving dunes. In turn, rising dunes expand the aquifer
volume and its groundwater recharge, finally nurturing both the ter-
restrial and aquatic ecosystems. Plausibly, the high biodiversity in
Doñana has been favoured by the landscape heterogeneity derived from
such geomorphological dynamism and small-scale mosaics, both in the
upland and the estuarine-marshland ecosystems.

In conclusion, a geo-biosphere approach is needed to understand the
patterns and processes of vegetation change in dynamic transitional
systems. Substrate dynamism and habitat destruction are rather friends
than foes of Doñana. Future perspectives for biodiversity conservation,
coastal protection and ecosystem servicing (groundwater availability)
in the DNP may depend upon incorporating these deep time answers for
present-time questions.
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