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ABSTRACT

A new multiproxy study of a 155-cm sediment core located in Ria de Vigo (NW Iberia) recording the trans-
gressive and highstand system tract of the Holocene sea-level rise is presented. New data described include grain
size, geochemical analyses, high-resolution qualitative/quantitative analyses of pollen, non-pollen palynomorphs
and dinoflagellate cysts content, the qualitative evaluation of diatoms at different key levels and the reconsid-
eration of some seismic interpretations. Besides, 14 radiocarbon dates were obtained from shells and pollen
extracts. This new evidence revealed that notable changes in the sedimentation rates and the relative abundance
of the different types of palynomorphs occurred during the Holocene. The sediment core studied shows anom-
alous pollen successions, including unexpected Pinus pollen peaks, during the Early and Middle-Holocene. Dif-
ferential dating revealed that those anomalous successions correspond to conspicuously aged sediment that has
inverted pollen chronologies. Thus, these facies may constitute evidence of redeposition of ancient upland
sediments, formed above the ancient coastline at different intervals comprised between the end of the Last
Glacial Maximum and the early stages of the Lateglacial, which were rich in very resistant pollen types (Pinus).
Dinoflagellate cyst records in combination with the non-reworked pollen evidence reveal a reliable climatic
seesaw during the Holocene, includingwet stormy periods of prevailing mixed waters, with strong development
of Lingulodinium and high accumulation rates in dinoflagellate cysts, which alternate with other sparsely stormy
and drier phases, characterised by the coastal upwelling intensification, well-stratified waters, and increases in
Bitectatodinium and Spiniferites spp. but low accumulation rates in dinoflagellate cysts. These climatic dynamics,
including a millennial drier cool period that occurred just after the Thermal Optimum are consistent with pre-
vious evidence obtained in other limnetic systems in the Iberian Peninsula. Furthermore, there is a delay between
the two phases with the highest marine contribution to sediment (ca. 11.0-8.2 and ca. 4.0-3.0 cal ka BP) and the
subsequent warm stages when the relative sea level stabilises: the Thermal Optimum (8.0-6.0 ka BP) and the 2.5-
0.5 ka BP interval, respectively. Changes in Pinus pollen concentrations and grain size recorded in the postglacial
sediments suggest that some upland ancient (Lateglacial) pollen evidence might be remobilised, especially during
stages of upwelling intensification, and then resedimented in the seabed. Further studies will be needed to
determine if the significant differences existing between the Pinus pollen grain sizes respond to climatic varia-
tions affecting the region or have been the result of any replacement of pine species in the area. Nonetheless,
Pinus pollen evidence almost disappeared with the first signs of anthropisation in the area, and only recovered
after the modern repopulations. Our findings open up new possibilities to further our understanding of sediment
reworking and recycling mechanisms through the integration of multiproxy studies encompassing pollen, seismic
and sedimentary data.
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C. Murnioz Sobrino et al.
1. Introduction

Palynomorphs can be found in almost all sedimentary systems and,
therefore, they are of great value to directly date pollen stratigraphic
boundaries and to understand ancient environmental conditions.
Particularly, the study of microremains in fluviomarine sediments is a
common method for simultaneously studying marine and terrestrial
realms over time. Some of the key paleoenvironmental parameters
reconstructed using these methods include changes in freshwater inputs,
sea-land climatic interactions, and marine productivity patterns (e.g., de
Vernal, 2009; Munoz Sobrino et al., 2012; Donders et al., 2018; Gar-
cia-Moreiras et al., 2018; Mudie et al., 2021; Yedema et al., 2023).
Moreover, the study of marine and terrestrial palynomorphs in fluvio-
marine environments has been successfully used in combination with
different geophysical approaches to understand high-resolution relative
sea-level oscillations and to reconstruct the environmental changes
affecting estuaries and other nearby inland ecosystems (Munoz Sobrino
et al., 2014; 2018, 2022; Garcia-Moreiras et al., 2019a; Cartelle et al.,
2022).

The availability of useful chronologies is also crucial for paleo-
environmental reconstructions. During the last decades, the Accelerator
Mass Spectrometry (AMS) radiocarbon measurement of terrestrial or
marine macrofossils became the most common technique for building
robust age models in sedimentary contexts younger than 40 000-45 000
years old (e.g. Bjork and Wohlfarth, 2001). Macrofossils may be sparse
or irregularly present, while pollen has the advantage of being present in
many different types of sediments and throughout a whole sequence.
Thus, in the absence of sufficient macrofossils, pollen concentrates may
represent a valuable source of dates if the sediment has enough pollen
content for a radiocarbon date and can be effectively isolated from other
carbon-bearing material (Tunno et al., 2021). Marine sediments are
frequently poor in pollen content, but estuarine and fluviomarine sedi-
ments are notable exceptions. Maximum deposition in those environ-
ments can take place at some distance from the shore, presumably when
the diameter (4-16 pm) and sinking rate of the mineral grains corre-
spond to those of the pollen grains (Faegri et al., 1989). Another intrinsic
advantage of dating pollen from fluviomarine systems is that it is pre-
dominantly of terrestrial origin and not influenced by reservoir effects.

A significant disadvantage of dating pollen at different levels may be
the differential preservation of pollen over time, depending on the
changing taphonomic conditions (e.g. Keil et al., 2014), but also the
intrinsic characteristics of each palynomorph. Hopkins and McCarthy
(2002) found that pollen was more resistant to oxidation than dinofla-
gellate cysts and that bisaccate conifer pollen was the most resistant of
all forms studied. In general, the propensity of pollen to be preserved in
sediments depends largely on the amount of sporopollenin in the exine,
which is a function of the thickness of the exine and the proportions of its
components (the more ektexine, the more sporopollenin). Pinus pollen is
abundantly produced, relatively buoyant (e.g., Castro-Parada and
Munoz Sobrino, 2022), and rich in sporopollenin (Traverse, 2008).
Therefore, it is not surprising that bisaccate pollen, particularly that of
Pinus, is frequently overrepresented in past (e.g., Sanchez-Goni et al.,
2018) and modern (e.g., Dai et al., 2014; Luo et al., 2014; Garcia-Mor-
eiras et al., 2015, 2023; Yedema et al., 2023) marine and fluviomarine
sediments.

Another consideration when dating pollen is the problem of anom-
alous pollen deposition, including secondary, recycled and rebedded
pollen, phenomena that can affect both continental and marine sedi-
ments (e.g., Stanley, 1966; Streel and Bless, 1980; Li et al., 2012; Kriiger
and Damrath, 2020). Marine environments largely include evidence of
reworked sporomorph grains over longer non-successive geological
timescales easily identifiable within younger sporomorph assemblages.
Nevertheless, distinguishing non-reworked from reworked material in
palynological assemblages over successive geological periods may be
more problematic (Strother et al., 2017).

During the last decades several multiproxy studies performed in
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fluviomarine systems from NW Iberia (Fig. 1A) have described different
Holocene (e.g. Desprat et al., 2003; Munoz Sobrino et al., 2007; 2012,
2014, 2016, 2022; Garcia-Moreiras et al., 2018) and Pleistocene (e.g.
Garcia-Moreiras et al., 2019a) periods but no complete transgressive
sequence has been studied in detail so far. This study presents new
multiproxy analyses of the Holocene section of a sediment core located
in Ria de Vigo (Fig. 1AB). According to previous seismic stratigraphic
studies (Fig. 1C) the new levels studied (0-155 cm) include the trans-
gressive and highstand system tracts corresponding to the sea-level rise
following the Last Glacial Maximum (Martinez-Carreno and Garcia-Gil,
2017). New evidence presented here includes grain size and geochem-
ical analyses, high-resolution qualitative and quantitative analyses of
the pollen, non-pollen palynomorphs (NPP) and dinoflagellate cysts
content, a qualitative evaluation of the diatoms content at different key
levels, and differential dating of shells and pollen samples along the
transgressive sequence. The main objective is to perform a detailed
environmental reconstruction during the Holocene transgression to
evaluate the main factors driving the processes of sedimentation,
including climate, sea level, coastal hydrology and human impact,
aiming at providing insight into the complexity of these sedimentary
systems and the processes of short-term sediment recycling.

2. Study area

Galician rias are located on the eastern passive Atlantic margin of
Galicia (NW Iberia) and comprise the Rias Altas to the north of Cape
Finisterre and the Rias Baixas to the south (Fig. 1A). The rias are non-
glaciated submerged incised valleys, and their sedimentary infill is
generally the result of multiple cycles of incision and deposition
(Martinez-Carreno and Garcia-Gil, 2017; Cartelle and Garcia-Gil, 2019;
Cartelle et al., 2022). The Rias Baixas include the southernmost of all the
Galician rias, the Ria de Vigo (RdV, Fig. 1A).

Ria de Vigo (175 km?) has a funnel shape in plan view, with the Cies
Islands partially blocking its connection to the open sea, and the Rande
Strait (a narrow channel 600 m across and 1.5 km long) connecting the
outer ria with the San Simén Bay (Fig. 1A). The flooded valley extends
more than 35 km in length and less than 15 km in width, and the total
catchment of the basin comprises about 709 km? (Pérez-Arlucea et al.,
2000). The water depth varies between <7 m in San Simén Bay to 53 m
in the southern outer ria. It corresponds to a mesotidal coast, with an
average tidal range of 2.2 m and a semi-diurnal cycle. A marked hori-
zontal salinity gradient exists from the inner part of the ria (~31-32
psu), where the main rivers in the area flow (Verdugo-Oitavén and
Alvedosa), towards the outer part (36 psu = practical salinity unit). Sea
surface temperature (SST) is ~15 °C on average, varying between 19
and 20 °C during summer and 11-12 °C during winter (Pérez-Arlucea
et al., 2007).

The Galician margin is characterised by a narrow continental shelf
(ca. 30 km) with the shelf break at c. —150 m relative to present-day sea
level (Fernandez-Salas et al., 2015). Thus, the rias are semi-closed bays
that behave like an extension of the shelf rather than typical well-mixed
estuaries, with weakly stratified waters generally dominating
throughout the year (Villacieros-Robineau et al., 2013). The Atlantic
coast of NW Iberia (Fig. 1A) is in the eastern margin of the mid-latitude
Atlantic Ocean, and thus affected by the northern boundary of the Ca-
nary Current upwelling system and influenced by the Eastern North
Atlantic Central Water (ENACW). Seasonal upwelling intensifying the
thermal stratification of coastal waters in summer is promoted by the
latitudinal shift of the Azores-High/Icelandic-Low pressure system
(Rodriguez et al., 2023) so that the Portugal Current System (PCS)
dominates the surface offshore western Iberian by flowing towards the
Equator in summer and towards the Arctic in winter (Otero et al., 2008).
Two branches of the ENACW flow under the PCS: the subtropical water
(ENACWst) and the subpolar water (ENACWsp).

Currently, the main synoptic weather types in the region result from
a combination of the North Hemisphere Annular Mode (NAM) and other
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large-scale atmospheric modes, namely the North Atlantic Oscillation
(NAO), the Scandinavian Pattern (SCA), the Eastern Atlantic (EA), and
the Eastern Atlantic/Western Russia (EA/WR). Therefore, most annual
rainfall can be explained by cyclonic, western, and south-western
weather types that prevail when the NAO index stays negative. Alter-
natively, a positive NAO index reduces the occurrence of cyclonic
weather in winter, but the EA mode has a positive annual correlation
with W and SW weather types that produce increasing rainfall in spring,
summer, and autumn (Lorenzo et al., 2008). Weather seasonality drives
the oceanic conditions on the Galician coasts because the predominance
of northeasterly winds during spring-summer promotes upwelling of
cold, salty and nutrient-rich water (ENACW) on the shelf, but the pre-
dominance of south-westerly winds during autumn-winter promotes
downwelling and modifies the development and composition of phyto-
plankton populations in the Galician Rias (Nogueira et al., 2022;
Rodriguez et al., 2023).

The southern margin of RAV has the highest population density in the
area (Fig. 2A), but the rest of the basin is only moderately populated,
and consists of a complex mosaic of urban soil, forest plantations
(mainly Eucalyptus spp. and Pinus spp.), shrubs (Erica spp., Calluna
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vulgaris (L.) Hull., Ulex spp., Cytisus spp., Cistus spp.) and sparse stands of
deciduous oak forests with Quercus robur L., riparian woodlands (mainly
formed by Alnus lusitanica Vit, Douda & Mandék, Corylus avellana L.,
Fraxinus angustifolia Vahl. and Salix spp.) and evergreen laurel forests
(Laurus nobilis L., Ilex aquifolium L.). Fluviomarine transitional areas
encompass diverse habitats related to marshes, sandy intertidal flats,
estuarine-deltaic complexes, beaches, and muddy intertidal flats
(Ramil-Rego et al., 2008).

3. Materials and methods

The MVR-3 vibracore was recovered on board the research vessel RV
Mytilus in July 2012 at a water depth of - 30 m in the outer part of RAV
(Fig. 1A). Martinez-Carreno and Garcia-Gil (2017) provided a detailed
lithostratigraphic study of the complete core and an interpretation of its
seismic stratigraphic context. The total length of the core is 279 cm, and
the deepest section (155-279 cm) corresponds to Upper Pleistocene.
This section was analysed and discussed in Munoz Sobrino et al. (2018)
and Garcia-Moreiras et al. (2019a), including a few samples from the
overlying sediments corresponding to the Early Holocene. All pollen
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samples presented here (0-155 cm) were analysed again to homogenise
all the taxa identified and to incorporate some key palynomorphs (cf.
Juncus; Munoz Sobrino et al., 2022) that were not formerly recognised.
This study includes a new interpretation of the palaeoenvironmental
changes that occurred in the area during the Late glacial and the Ho-
locene, which is based on the combination of high-resolution seismic
records with other centennial-to-millennial multi-proxy analyses. The
latter include geochemistry and the analysis of pollen, dinoflagellate
cysts and diatom content. Parallel, a robust Holocene chronology was
performed based on macro and microremains extracted from the MVR-3
vibracore.

3.1. Geophysical data

Seismic data in the Ria de Vigo was acquired using a modified
boomer system consisting of a single boomer source (AAE CSP 300, 1.5
kHz) and two receivers, a single-channel streamer (AAE 8 & 20) and a
sub-bottom profiler (3.5 kHz). A total of 795 km of seismic profiles were
recorded onboard the RV Mytilus as part of several projects. A differ-
ential positioning system was used for navigation and positioning
(Trimble Inc. AgGPS 132 receiver). The stratigraphic interpretation of
these profiles was carried out by Martinez-Carreno and Garcia-Gil
(2017), who identified up to seven distinct seismic units (U1 to U7), of
which U2 to U5 were attributed to the Pleistocene, U6 to the Upper
Pleistocene to Holocene transition and U7 mainly to the Holocene.

3.2. Grain size and geochemical analyses

The grain size distribution of the MVR-3 core was determined at
5-20 cm intervals, depending on the visual inspection of the lithology
(Fig. 1B). Organic matter of each sample was removed using hydrogen
peroxide and the clay fraction was dispersed by adding sodium hex-
ametaphosphate. Large fragments of shells were excluded to avoid data
biasing, and the suspension was then sieved to separate the different
fractions. The sandy fraction was determined by a standard dry-sieving
procedure after drying at 60 °C. The distribution of clay and silt was
determined using a Micromeritics SediGraph 5100. Total Nitrogen (TN)
and Total Inorganic Carbon (TIC) content were determined at the same
intervals by combustion with a Carlo Erba-EA1108 elemental analyser.
Total Organic Carbon (TOC) was analysed using a ThermoFinnigan
FlashEA 1112 analyser after acidification with 30% HCL. N and C values
are expressed as percentages of dry weight (wt%) (Table S1).

3.3. Chronology

Radiocarbon dating was performed by the Beta Analytic Laboratory
in Miami (Florida, USA) using AMS standard dating methods. Fourteen
radiometric dates corresponding to the MVR-3 core (Table 1) were ob-
tained from shells (3) and pollen extracted from sediment at different
depths (11) to try to date several major changes in the pollen record.
Dates on marine samples were calibrated using the MARINE20.14C
calibration curve (Stuiver et al., 2020) and applying a local marine
reservoir correction of AR = 12 + 163 (Reimer and Reimer, 2001) that
corresponds to the average of the nearest ten points in Stuiver et al.
(2020). Pollen remains for dating (Brown et al., 1992; Li et al., 2012)
were extracted after applying several successive KOH treatments and
sieving (<250 pm - >10 pm) to remove the unsaturated organic colloids
(Faegri et al., 1989) and other sources of organic carbon. 8'3C values
obtained (Table 1) confirm that most of the organic matter of marine
origin in these samples was removed by the sample treatment (Lamb
et al., 2006; Lee et al., 2020). Pollen samples were calibrated by using
the INTCAL20.14C calibration curve (Stuiver et al., 2020). The software
BACON 2.3.9.1 (Blaauw and Christen, 2011) was used to produce the
age-depth model (Fig. 3). Dates selected or rejected to perform a
consistent age-depth model are indicated in Table 1 and Fig. 3. Never-
theless, all the dates obtained, including those aged or inverted, have
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been useful in building a coherent model of sedimentation that even-
tually includes the reworking of ancient, emerged sediments; and
therefore, they were also valuable in the discussion and interpretation of
the sequence. Finally, some of the pollen benchmarks (correlated to
historical evidence) previously adopted by Munoz et al. (2014) were
also used to refine the chronologies corresponding to the last centuries
(Table 2; Fig. 3).

3.4. Pollen, dinoflagellate cysts and NPP

New pollen, dinoflagellate cysts and non-pollen palynomorphs (NPP)
analyses were performed for the upper 155 cm of the MVR-3 core. 66
subsamples of 1.5-5.5 cm?® of fresh sediment were taken at variable (1-5
cm) intervals and processed using standard methods (Faegri et al., 1989;
Mertens et al., 2009). Thus, samples were dried (80 °C), spiked with
Lycopodium spores for concentration and accumulation rate estimates,
treated with HCl and HF (room temperature), and sieved to remove
coarse (>250 pm) and fine (<10 pm) materials.

Palynomorphs were identified and counted using a light microscope
(LM) Nikon Eclipse 50i at 400 x and 600 x magnifications. The total
pollen sum identified in each sample was reliable in all the cases
(ranging between 186 and 626, 291 on average), but the total dinofla-
gellate cyst identified notably varies along the core (ranging between 17
and 260, 84 on average). The identification and nomenclature of pollen
types are mainly based on Moore et al. (1991). Terrestrial pollen per-
centages were calculated upon a terrestrial pollen sum, but the per-
centages of aquatics (freshwater taxa and bryophytes) are based on the
total pollen sum. To simplify the text, several freshwater-related taxa (e.
g., Ranunculus-type, Cyperaceae, Isoetes, cf. Juncus) are grouped and
commonly designed as aquatics, but we assume that some species
included in these groups may be indistinctly hydrophytes, helophytes or
simply developing on wet soils. The taxon cf. Juncus corresponds to the
palynomorph described in Munoz Sobrino et al. (2022). The percentages
of the different types of dinoflagellate cysts (identified groups follow
Zonneveld et al., 2013) were calculated in relation to the total dinofla-
gellate cysts count. Non-pollen palynomorph (NPP) percentages,
including mainly microforaminiferal linings (Stancliffe, 2002) and
fungal and fresh/brackish-water algae remain (van Geel et al., 1989; van
Geel, 2003), were based on total pollen plus NPP. The ratio of dinofla-
gellate cyst concentrations to pollen, fern spores and dinoflagellate cyst
concentrations (D/P ratio, ranging between 0 and 1; modified as the
inversed ratio used by McCarthy and Mudie, 1998) was calculated for
each sample to show the temporal variation. Besides, H/A index, i.e., the
ratio of heterotrophic cysts to total cysts (heterotrophic + autotrophic
cysts) was also calculated for all the samples.

3.5. Numerical analyses

TILIA 2.6.1 software (Grimm, 1990-2019) was used to process the
data and produce the diagrams (Fig. 4). The pollen record was zoned
using a constrained incremental sum of squares (CONISS) cluster anal-
ysis with Euclidian distance (Fig. 4). Anomalous pollen successions are
reported below, including unexpected Pinus pollen peaks during the
Early and Mid-Holocene that have not been previously described in the
area (Gomez-Orellana et al., 1998; Kaal et al., 2011; Munoz Sobrino
et al., 2012; Garcia-Moreiras et al., 2019a). To try to estimate the
rebedded pollen contribution, the average of dark pollen (mainly spec-
imens of Pinus subgenus Pinus and Erica in variable proportions) was
calculated (Table S2) for each Local Pollen Assemblage Zone (LPAZ).
This proportion was subtracted from the Pinus subgenus Pinus raw data
to recalculate the percentages of the main pollen types (Fig. 4). CONISS
results after discarding the proportion of the estimated rebedded pollen
are consistent with the LPAZ obtained using the original raw data
(Fig. 4).

For the discussion of the results, the pollen concentrations in the
MVR-3 core were compared with those of the modern data obtained by



Table 1
Radiocarbon dates available and included (*) in the age-model. Modern ages also used in Fig. 2 correspond to pollen inferences in Table 2.
LABORATORY Depth (cm) AMS IRMS 1-Sigma cal yr BP Probability 2-Sigma cal yr BP Probability Median Material Calibration Curve Comments N°in Fig. 3
CODE Radiocarbon Age 5'3C (%0) Probability
Age (cal yr BP)
Beta - 632630 30-31 2100 + 30 —-6.9 2003-2027 0.282 1952-1956 0.007 2062 Pollen (extracted) INTCAL20 REWORKED 5
2040-2105 0.718 1992-2146 0.985
2279-2285 0.007
Beta - 590785 44-45 2170 + 30 —-4.4 2116-2157 0.422 2052-2183 0.509 2179 (*) Pollen (extracted) INTCAL20 AGE MODEL 6
2171-2175 0.018 2192-2212 0.032
2239-2300 0.561 2223-2308 0.459
Beta - 632631 54-55 2880 + 30 -8.0 2960-3009 0.526 2882-2905 0.035 3008 (*) Pollen (extracted) INTCAL20 AGE MODEL 7
3011-3060 0.474 2921-3078 0.899
3093-3110 0.028
3122-3145 0.037
Beta - 590786 65-66 4860 + 30 -9.4 5492-5500 0.090 5482-5514 0.164 5592 Pollen (extracted) INTCAL20 REWORKED 8
5581-5602 0.824 5517-5526 0.015
5639-5646 0.086 5575-5608 0.635
5621-5656 0.186
Beta - 590787 75-76 16620 + 50 -13.3 19983-20175 1.000 19909-20252 1.000 20084 Pollen (extracted) INTCAL20 REWORKED
Beta - 632632 90-91 15250 + 40 —-13.2 18333-18462 0.796 18295-18505 0.718 18432 Pollen (extracted) INTCAL20 REWORKED 10
18629-18668 0.204 18588-18701 0.282
Beta-325297 94-96 5700 + 30 —2.4 5699-6095 1.000 5525-6272 1.000 5890 (*) Shell MARINE20 AGE MODEL 11
Beta - 590788 105-106 5180 + 30 -7.7 5911-5940 0.664 5901-5996 1.000 5938 (*) Pollen (extracted) INTCAL20 AGE MODEL 12
5970-5987 0.336
Beta - 632633 109-110 6890 + 30 -8.7 7677-7743 1.000 7665-7791 0.993 7718 (*) Pollen (extracted) INTCAL20 AGE MODEL 13
7818-7823 0.007
Beta - 590789 124-125 13600 + 40 -10.8 16336-16495 1.000 16278-16580 1.000 16420 Pollen (extracted) INTCAL20 REWORKED 14
Beta - 632634 130-131 12970 + 40 -9.6 15430-15618 1.000 15324-15669 1.000 15519 Pollen (extracted) INTCAL20 REWORKED 15
Beta - 320481 138 9830 + 50 +1.4 10343-10871 1.000 10177-11119 1.000 10624 (*) Shell MARINE20 AGE MODEL 16
Beta - 632635 140-141 18170 + 50 —8.5 22060-22197 1.000 21997-22271 1.000 22131 Pollen (extracted) INTCAL20 REWORKED 17
Beta - 411503 146-147 10370 + 40 -0.1 11145-11638 1.000 10867-11916 1.000 11387 (*) Shell MARINE20 AGE MODEL 18
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Fig. 3. A) Radiocarbon dates available (in blue, dates selected for the age-depth model and outliers in red); B) Age model produced using pollen benchmarks
(turquoise) and selected radiocarbon dates (blue), and C) accumulation rates estimated using the age-depth model produced. For details of dates and age-depth

modelling, see Table 1, Table 2, and discussion in the text.

Table 2
Historical events described in the literature that may be supported by the
environmental reconstruction resulting from the analyses performed in core
MVR-3.

N°pollen  Age Age MVR-3 Pollen event References
event in AD cal. a Depth
Fig. 4 BP (cm)
1 2010 —60 1 Data of coring
(rounded)
2 1960 -10 3 Extensive Ramil-Rego et al.
reforestation with (2012)
Eucalyptus
3 1720 230 21 Regional Bouhier
reintroduction of (2001)/**C in
pinewoods Munoz Sobrino
et al. (2007)
4 1600 350 25 Early introduction ~ Vazquez et al.
of Zea mays L. (2007)

Castro-Parada and Munoz Sobrino (2022) and Castro-Parada et al.
(2023) in the same basin (Fig. 2). Finally, a biometric study of the Pinus
subgenus Pinus pollen evidence was performed following Desprat et al.
(2015) to evaluate discriminating the modern repopulations with Pinus
pinaster Aiton from the previous Pinus pollen evidence. Therefore, the
total grain sizes of a representative number of specimens (ranging be-
tween 37 and 75, taken in more than three samples from each pollen
zone), were studied. Summary statistics, normality tests, and hierar-
chical cluster analysis were performed to analyse the similitudes of the
Pinus pollen sizes between different pollen zones. To determine whether
differences in Pinus pollen sizes observed between pollen zones were
significant, Turkey’s, Mann-Whitney, and Dunn’s post hoc pairwise tests
were applied to subsamples taken for each LPAZ. Descriptive statistics
and other multiple-sample tests (Tables S3, S4, S5, S6) were performed
using the PAST software (Hammer et al., 2001). Boxplots for concen-
trations of selected pollen types and total grain sizes per LPAZ were
created using Microsoft Excel.

3.6. Diatoms

Diatom content was also studied in 17 samples taken in 1-cm sections
all along the upper 155 cm of the MVR-3 core. Approximately 0.2-0.3 g
of sediment was collected per sample, dried, and prepared by standard
procedures. Each sample was cleaned with 4-6 cm® of 65% HNO3 and

potassium dichromate (K2Cr07) at room temperature for 24-48 h and
added few drops of HCI. Later, the samples were repeatedly centrifuged
(1500 rpm) and rinsed with distilled water to remove oxidation by-
products. Finally, permanent slides were mounted using Naphrax®
mounting resin with high refractive index (1.65). Two slides (22 x 22
mm) of each sample were examined for diatom content using a Nikon
Eclipse E800 light microscope (LM), equipped with an immersion
objective 100x (NA 1.40) to assess the relative abundance of taxa. Light
micrographs were captured with DS-U2 digital camera and NIS-
Elements D 2.30 SP1 software (Nikon, Japan, Plate 1). Diatoms were
identified to the lowest taxonomical level mainly according to Krammer
and Lange-Bertalot (1991, 1999a, 1999b, 2000), Lange-Bertalot (1993,
2001), Hasle and Syvertsen (1996), Witkowski et al. (2000), Levkov
et al. (2010) and Trobajo et al. (2013).

4. Results
4.1. Seismic stratigraphy

The section of the vibracore MVR-3 of interest for the present work
(0-155 cm) corresponds to the two shallowest and youngest seismic
units (U6-U7) of Ria de Vigo following the stratigraphic interpretation of
Martinez-Carreno and Garcia-Gil (2017). Seismic unit 6 (U6) appears
scattered along the basin of the ria, generally thin (<5m) but reaching
up to 11 m in the axis of the valley and the outermost parts. This unit is
onlapping an erosive surface at its base and another disconformity
erodes its top. Towards the basin margins, the seismic facies of U6 are
characterised by parallel subhorizontal continuous reflections display-
ing multiple phases of vertical aggradation with onlap terminations
(Fig. 1C). Seismic unit 7 (U7) corresponds to the youngest sedimentary
infill of the ria, being its top boundary the present-day seabed (Fig. 1C).
U7 is the most widespread and continuous unit in the ria. The seismic
facies of U7 generally correspond to parallel subhorizontal continuous
reflections with onlap terminations, but locally displaying progradation
and downlaping reflections. A new interpretation has allowed us to
further distinguish three seismic subunits within U7 (U7.1 to U7.3),
bounded by minor discontinuities that denote changes in the sedimen-
tary patterns in the ria. Seismic sub-unit 7.1 is the less extensive and is
absent in the inner part of San Simén Bay. It thins towards the edge of
the ria, except in those areas where prograding sedimentary bodies are
developed. Sub-unit 7.2 is laterally more extensive, draping the under-
lying deposits. At the site where MVR-3 was collected sub-units 7.1 and
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Fig. 4. Summarised pollen analyses of the upper 155 cm of core MVR-3, Ria de Vigo, NW Iberia, including (A) percentages and concentrations [grains/cm°®] of the
main pollen. The purple stripes represent the phases of greater precipitation and predominance of mixed waters, and the light blue stripes phases of increasing
upwelling identified in B. Anomalous radiocarbon dates indicated as orange circles (see the text). Dotted orange lines represent those three rainy erosive events (note
the low total tree pollen percentages) when upland ancient material was remobilised and resedimented in the seabed. The secondary curves of percentages (dotted)
represent the values recalculated after discarding the rebedded pollen underestimated (see the text) in each LPAZ (Table 2); and (B) percentages and concentrations
[grains/cm3] of the main dinoflagellate cyst types, concentrations [grains/cm3] of other NPPs, and Bond Events (BE). 1 to 4 in (A) indicates peaks of Pinus that are
respectively interpreted as the Younger Dryas/11.4 ka transition (BE-8), 10.5 (BE-7), 9.3 (BE-6) and 9.2 ka (BE-5). 1 to 4 in (B) indicates the four peaks of H/A

discussed in the text.

7.2 are thin condensed deposits and are difficult to distinguish due to the
limit in the resolution of the seismic system. Sub-unit 7.3 is the most
expansive and continuous in the ria and is characterised by a shift from
predominantly aggrading deposits to extensive progradation in the basin
margins.

4.1.1. MVR-3 chronology and accumulation rates (0-155 cm)

The age-depth model finally adopted for the upper 155 cm of core
MVR-3 (Fig. 3) was built by using seven radiocarbon dates, three cor-
responding to macroremains (shells) and four pollen extracted from
sediments (Table 1). Three radiocarbon dates (dates 5, 8 and 17; Table 1;
Fig. 3) obtained from extracted pollen are outliers, probably upland
ancient material that remobilised during rainy periods and resedi-
mented in the seabed (Fig. 3). Another four radiocarbon dates upon
pollen extracted from sediment (dates 9, 10, 14 and 15; Table 1; Fig. 3)
resulted as apparently inverted in the sequence and notably aged. Thus,
these samples were considered outliers and excluded from the age-depth
model. Besides, another three pollen benchmarks were used to improve
the chronology of the historical period, which respectively correspond to
the regional introduction of corn (Zea mays L.), and the modern repo-
pulations with pines and Eucalyptus (Table 2; Fig. 3). All three were
consistently used in previous reconstructions in the area (e.g. Munoz

Sobrino et al.,, 2007, 2012, 2014). Other older pollen benchmarks
related to the cultivation of Castanea were not used here for indepen-
dently contrasting the new MVR-3 data with the chestnut dynamics
previously described for this region (Desprat et al., 2003; Munoz Sobrino
et al., 2014; Gomez-Orellana et al., 2021). Applying this model, the
complete sequence studied (0-155 cm) approximately records the last
12 200 cal a BP (Fig. 3). The new evidence presented revealed notable
changes in the sedimentation rates (Fig. 3) during the Holocene (Fig. 5).
Low accumulation rates occurred between 110 and 155 cm depth (ca.
0.1 mm yr~ ) that subsequently decay until minimum values recorded at
100-110 cm (ca. 0.02 mm yr ). Later, they notably increase between
100 and 90 cm (0.3 mm yr’l) and stabilize at ca. 1.5 mm yr’1 between
90 and 55 cm. Accumulation rates decrease down until ca. 0.1 mm yr~!
at 25 cm depth. Finally, they increase at their maxima values ranging
between 0.6 mm yr ' and >0.8 mm yr~! in the upper 25 cm (Fig. 3),
probably mediated by the increasing aquaculture activities (mussel
rafts) and the recurrent wood fires (e.g. Garcia-Moreiras et al., 2018).

4.2. MVR-3 grain size, geochemistry, and correlation with the main
seismic units

The complete MVR-3 comprised 2.8 m of compacted sediment
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Fig. 5. Changing concentrations of selected tree pollen types, total marine and total continental remains recorded above 155 cm in core MVR-3 sediment, related to
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(Martinez-Carreno and Garcia Gil, 2017). Its lowest package corre-
sponding to the seismic unit U5 is composed of medium silt and inter-
bedded layers of coarse silt with clear parallel laminations and extends
from the base up to 150 cm depth (Fig. 1B). This material includes
feldspar, mica, and sub-rounded quartz, but also small gastropods (<1
mm length) and vegetal remains increasing towards its top. Above, be-
tween 150 and 137 cm (seismic unit U6), bioclastic remains become rare
in the muddy sediment. This abrupt limit has been previously inter-
preted as a hiatus at ca. 150 cm extending between the Upper Pleisto-
cene and the Early Holocene (Munoz Sobrino et al, 2018;
Garcia-Moreiras et al., 2019a). The combination of the higher resolution
(more samples analysed) and the improved chronological model used
here suggests that the hiatus may extend more precisely between the
Upper Pleistocene (ca. 44 000 cal a BP at >160 cm) and the end of the
Younger Dryas (<12 200 cal a BP at 155 cm).

The youngest package (<137 c¢m, seismic unit U7) is a fining-upward
succession consisting of basal bioclastic gravels in a sandy siliciclastic
matrix, passing to a mixed bioclastic/siliciclastic sand and sandy mud at
the top (Fig. 5). Mean grain size (MGS) notably increases above 140 cm,
with maximum medium sizes (>700 pm) between 137 and 100 cm and
minimum medium sizes (<20 pm) between 70 and 30 cm and at the top
of the sequence. A noticeable increase of MGS (>120 pm) also occurs
between 30 and 10 cm (Fig. 5). A TOC/TN ratio lower than 8 usually
indicates marine-sourced organic matter and a TOC/TN ratio higher
than 12 points to terrestrial source input, whereas a value between 8 and
12 suggests a mixed origin (Goslin et al., 2017; Xia et al., 2022).
Measured TOC/TN ratios in MVR-3 persist above 14 in several sections
along the sequence but decrease near 12 between 137 and 100 cm and
below 11 between 60 and 25 cm (Fig. 5). Thus, these two sections of
lower TOC/NT ratios may be related to increases in the proportion of
organic matter of marine origin in the sediment, which may be related to
increasing marine productivity or lower upland contribution to the
sampled fluviomarine sediments.

4.3. MVR-3 pollen, NPP and dinoflagellate cysts analyses (<155 cm)

Synthetic diagrams are presented in Figs. 4 and 5 that summarise the
percentages and concentrations of some selected pollen, dinoflagellate
cysts and NPPs types. The sequence can be divided into nine main LPAZ.
To avoid further complexity the dinoflagellate cyst dynamics are also
described below as following the same pollen zonation. Descriptions
refer to total pollen content.

LPAZ-1 (155-143 cm; ca. 12 200 - 11 000 cal a BP) is a wooded phase
characterised by very high Pinus subgenus Pinus percentages (almost
80%) and consistently low evidence (<5%) of other deciduous trees
(Quercus robur-type, Alnus, Corylus, Betula, Carpinus-type), heaths

(Ericaceae/Corema) and herbs (Poaceae, Amaranthaceae, Asteraceae-
Tubuliflorae). Meanwhile, aquatics (mainly Ranunculus-type) are
scarce, and D/P ratio remains low (<0.2). The dinoflagellate cysts re-
cord mainly consists of autotrophic forms (H/A <0.01), with increasing
Spiniferites spp. (>40%), decreasing Bitectatodinium tepikiense (<40%)
and relatively low percentages of Lingulodinium machaerophorum (20%).

LPAZ-2 (143-136 cm; ca. 11 000-10 500 cal a BP) reveals a notice-
able decline in Pinus subgenus Pinus (<40%) and Quercus robur-type
increasing (almost 20%). Besides, marsh and coastal vegetation increase
(Amaranthaceae, Asteraceae-Tubuliflorae) with Poaceae peaking
(almost 30%) and other freshwater-related taxa increasing: Ranunculus-
type (>20%), Isoetes, cf. Juncus. The D/P (<0.2) and H/A (<0.07) ratios
remain low but Spiniferites spp. peaks (>60%) while both Lingulodinium
machaerophorum (<10%) and Bitectatodinium tepikiense (<5%) decline.

LPAZ-3 (136-115 cm; ca. 10 500-8500 cal a BP) indicates the return
to a situation like that of the LPAZ-1, with Pinus subgenus Pinus
increasing again (>50%) and Quercus robur-type decreasing (<10%),
but Poaceae percentages remain usually high (10-30%) and freshwater
indicators (Ranunculus-type, Isoetes, cf. Juncus) lightly decaying. Note
that this zone includes two peaks (117-120 cm; and 126-132 cm) of
Pinus subgenus Pinus, Ericaceae/Corema and Poaceae, respectively dated
at ca. 8200 and 9300 cal a BP. Below (ca. 135 cm) another peak of Pinus
subgenus Pinus and Poaceae is older than 10 000 cal a BP. Besides,
Spiniferites spp. percentages usually retreat, with increasing evidence of
both Lingulodinium machaerophorum (>30%) and Bitectatodinium tepi-
kiense (almost 40%). Nevertheless, D/P (<0.2) and H/A (<0.08)
continue stable.

LPAZ-4 (115-99 cm; ca. 8500 - 5800 cal a BP) evidences the retreat of
Pinus subgenus Pinus and the maximum development of Quercus robur-
type (almost 40%) and other deciduous/riparian trees (Alnus, Corylus) in
the sequence, with Poaceae stabilising around 20% and aquatics
(Ranunculus-type, Isoetes, Equisetum) increasing. Foraminiferal linings
(>5%) and dinoflagellate cyst abundances quickly increase, the D/P
ratio doubles (almost 0.4) and heterotrophic cysts also rise (H/A >0.15).
Lingulodinium machaerophorum peaks (>70%), Spiniferites spp. retreats
(<10%) and Bitectatodinium tepikiense declines (<5%).

LPAZ-5 (99-70 cm; ca. 5800 - 3800 cal a BP) again indicates condi-
tions as those registered in both LPAZ-1 and LPAZ-3, including new
peaks of Pinus subgenus Pinus (>50%) and the decline of Quercus robur-
type, Alnus and Corylus and aquatics, the last except for two peaks of cf.
Juncus. Besides, this zone includes the last evidence of Carpinus-type but
also the first discontinuous evidence of Castanea pollen registered in the
sequence. Dinoflagellate cysts become scarcer, and the D/P ratio returns
to low values (0.2), but maxima H/A ratios persist above 0.1. Lingulo-
dinium machaerophorum retreats again (<50%), with increasing evi-
dence of Bitectatodinium tepikiense (almost 50%) and Spiniferites spp.
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(with a peak of >40%).

LPAZ-6 (70-56 cm; ca. 3800 - 3000 cal a BP) reveals the total tree
pollen retreating (<40%), basically due to the Pinus subgenus Pinus
decline (<20%), because other trees as Quercus robur-type (>20%) and
Alnus increase, and the continuous Castanea pollen curve starts at 65 cm,
dated at ca. 3400 cal a BP. Besides, the first evidence of Cerealia-type
appears simultaneously, and some herbs (Poaceae >30%; Asteraceae-
Tubuliforae >5%) and aquatics (Ranunculus-type) increase. The D/P
ratio quickly rises (0.5) at the same level (65 cm) when the highest H/A
values (>0.3) of the sequence are registered. Lingulodinium macher-
ophorum predominates with values oscillating between 30 and 80% (and
clearly increasing at 65 cm depth), and Bitectatodinium machaerophorum
(<10%) and Spiniferites spp. (<5%) retreating.

LPAZ-7 (56-18 cm; ca. 3000 - 200 cal a BP) corresponds to a period of
almost three millennia characterised by the lowest tree pollen percent-
ages, with Quercus robur-type oscillating (10-30%) but Pinus subgenus
Pinus remaining below 5%. Parallel, a continuous Castanea pollen curve
is recorded that rises above 10% before 1000 cal yr BP, with maximum
percentages of Ericaceae/Corema (>10%), Poaceae (>40%) and Pteri-
dium (>10%), and the development of the Cerealia-type pollen curve.
Besides, Zea mays was introduced at the top of this zone. Several peaks
(>20%) of aquatics (mainly cf. Juncus) appear during the first half of this
zone. Lingulodinium machaerophorum (>70%) dominates the dinofla-
gellate cyst record, while the D/P ratio oscillates but remains consis-
tently high (0.3-0.5). Two H/A relative maxima (>0.16 and > 0.1 at 44
and 24 cm, respectively) are recorded that correspond to the two relative
D/P minima found.

LPAZ-8 (18-10 cm; ca. 200 - 90 cal a BP) indicates modern affores-
tation with pines (>50%) and Eucalyptus, and a reduction of Ericaceae/
Corema (10%) and Poaceae (10%). Besides, cf. Juncus increases but the
total aquatics retreat. The D/P and H/A ratios decrease to almost 0.1 and
0.05 respectively, and Bitectatodinium tepikiense peaks (>30%) while
Lingulodinium machaerophorum retreats (30%).

LPAZ-9 (10-0 cm; ca. 90 to —50 cal a BP). Afforestation with pines
and Eucalyptus continues, with Castanea pollen peaking (>20%). Quercus
robur-type reaches its minimum values recorded since the Early Holo-
cene, with increases in heaths (Ericaceae/Corema, Calluna), herbs
(Poaceae) and aquatics (Ranunculus-type). The D/P ratio increases again
(almost 0.3), with an H/A peak (>0.01) at the base of this zone and,
subsequently, Lingulodinium machaerophorum rising again up to 75%.

4.4. MVR-3 diatom evidence

Five of the seventeen samples studied lack appreciable diatom con-
tent (Table 3; Plate 1; Fig. 6). Those barren samples correspond to two
different sections of sediment, the deepest levels (144-155 cm) and an
intermediate 70-90 cm section. The sediment between both barren
sections (100-135 cm) is characterized by the common occurrence of
species with brackish and freshwater ecologies, with some samples (e.g.
110-111 cm and 114-115 cm, Table 3) clearly including benthic
freshwater species (Nitzschia aff. inconspicua, Cocconeis aff. euglypta,
Reimeria sinuata and Gomphonema sp.) mixed with other cosmopolitan,
markedly euryhaline species (Cocconeis sp. and Nitszchia aff. frustulum).
Diatoms composition notably changes in the upper part of the sediment
core (<61 cm), with most of the samples including brackish or fully
marine species such as: Actinocyclus sp., Actinoptychus senarius, Biddul-
phia antediluviana, Cyclostephanos sp. and Grammatophora sp. (Table 3;
Plate 1; Fig. 6), some of them widespread in marine littoral and coastal
areas (Round et al., 1990; Witkowski et al., 2000).

4.5. Reworked pollen estimated per LPAZ

Analyses performed (Table S2) suggest that percentages of rebedded
pollen (mainly Pinus subgenus Pinus and Erica) vary between ca. 16% in
the LPAZ-2 and ca. 30-38% in the LPAZ-3 to LPAZ-8 (Fig. 4). Radio-
carbon dates obtained from pollen residues are only clearly anomalous
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Table 3
Diatoms content of core MVR-3, showing the main species at the different depths
analysed and their preferred environments.

Depth (cm) Diatom species Ecology of
MRV-3 diatom species
0-1 Cocconeis sp., Diploneis sp. and Melosira sp. Brackish/Marine
10-11 Cyclotella meneghiniana and Staurosirella Brackish/Marine
pinnata
20-21 Actinocyclus sp., Actinoptychus senarius, Brackish/Marine
Biddulphia antediluviana, Cocconeis sp.,
Cyclostephanos sp., Diploneis aff. stroemii,
Ehrenbergia sp., Grammatophora sp.,
Planothidium frequentissimum and
Rhoicosphenia sp.
29-30 Cocconeis scutellum and Ehrenbergia sp. Brackish/Marine
40-41 Actinoptychus senarius, Aulacoseira sp., Brackish/Marine
Cocconeis sp., Ehrenbergia sp., Fragilaria sp. and
Nitzschia sp.
50-51 Actinoptychus senarius Brackish/Marine
60-61 Actinoptychus senarius and Diploneis sp. Brackish/Marine
70-71 [ [
80-81 [ [
89-90 [} [}
100-101 Amphora aff. pediculus, Gomphonema sp. and Brackish/
Reimeria uniseriata Freshwater
110-111 Cocconeis aff. euglypta, Cyclotella sp., Brackish/
Gomphonema sp. and Reimeria sinuata. Freshwater
114-115 Diploneis sp., Gomphonema sp., Nitzchia aff. Brackish/
frustulum and Rhoicosphenia sp. Freshwater
125-126 Cyclotella meneghiniana and Nitzchia aff. Brackish/
inconspicua Freshwater
134-135 Amphora aff. pediculus, Caloneis sp., Cocconeis Brackish/
sp., Fragilaria fascitulata and Nitzschia sp. Freshwater
144-145 [ [
155-156 [ ]

in those levels with unexpected pine pollen peaks (LPAZ-2, LPAZ-3,
LPAZ-5) in which the contribution of recycled material (see average %
of Pinus pollen per LPAZ in Table S2) has been estimated to be the
highest (Fig. 3).

4.6. Analyses of differences between pine pollen total grain sizes

The total Pinus pollen grain concentrations (Fig. 6) and average sizes
notably oscillate across the record (Fig. 7; Table S3), with the lowest
means (<62 pm) found in LPAZ 1 and LPAZ-8; the highest (>68.5 pm) in
LPAZ-9, LPAZ-7, and LPAZ-4, and intermediate values in the rest
(Fig. 7). Descriptive statistics (Table S4) and normality tests performed
(Table S5) after discarding statistically significant outliers (Grubbs test)
indicate the total grain sizes of pine pollen differ from normal distri-
bution in LPAZ-1, LPAZ-2, LPAZ-5, LPAZ-7, and LPAZ-8. Besides, the
hierarchical cluster analysis (Fig. 7B) agrees in differentiating pollen
zones LPAZ-9, LPAZ-7, and LPAZ-4 from the others, dividing the last into
two clades: LPAZ-1, LPAZ-3, LPAZ-6, and LPAZ-8 in the first cluster; and
LPAZ-2 and LPAZ-5 in the second (Fig. 7B). All the non-parametric
pairwise tests (Table S6) reveal significant differences between: LPAZ-
1 and LPAZ-9, LPAZ-7, and LPAZ-4; but also, between LPAZ-4 and
LPAZ-8; between LPAZ-7 and LPAZ-8; and between LPAZ-8 and LPAZ-9.
Mann-Whitney and Dunn’s post hoc tests also agree, pointing to LPAZ-9
as being significantly different from LPAZ-8, LPAZ-6, LPAZ-5, LPAZ-3,
LPAZ-2, and LPAZ-1; and LPAZ-8 from LPAZ-3, LPAZ-4, LPAZ-5, LPAZ-
6, and LPAZ-7 (Fig. 7; Table S6).

5. Discussion
5.1. Postglacial climate, RSL and hydrological changes
The climatic pattern over the North Atlantic dramatically changed in

the transition from the Last Glacial Maximum (LGM) to the postglacial
period (e.g. Justino and Peltier, 2005; Heiri et al., 2014; Matero et al.,
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2017; Rea et al., 2020; Max et al., 2022) and, particularly, the rapid
climatic variation of the Lateglacial/Holocene transition in NW Iberia
(e.g. Munoz Sobrino et al., 2013; Iriarte-Chiapusso et al., 2016) also
affected the temperate eastern Atlantic coastal upwelling systems (e.g.
Abrantes, 1991; Garcia-Moreiras et al., 2019a, 2019b; Munoz Sobrino
et al., 2022). Evidence of high-frequency climate variability over the
North Atlantic extends throughout the Holocene in the North Atlantic
and European regions (Bond et al., 1997; Wanner et al., 2015), pre-
sumably connected to the advection of southward and eastward drifting
surface water from the Nordic and Labrador Seas, which gave rise to
century-scale cold relapses (Bond Events, BE). The postglacial climate
oscillations impacted the volume of continental ice and changed the sea
level.

Available data from NW Iberia (e.g. Dias et al., 2000; Leorri et al.,
2013; Martinez-Carreno and Garcia-Gil, 2017) point to a phase of rapid
sea-level increase, from —130 m (relative to present sea level) at the Last
Glacial Maximum (GS-2, Bjork et al., 1998) to about —26 m at the
beginning of the Holocene (11.2-9.4 cal ka BP). High-quality relative
sea-level data (including standardised vertical uncertainties) available
for the Atlantic coast of SW Europe indicate that RSL remained below
present during the Holocene, with a rapid rise (rates of RSL change
around 6.3 mm yr’l) from 10 to 7 ka, with the Mid-to late-Holocene
rates decreasing down to 0.9-0.1 mm yr ', depending on the latitude,
with also a number of limiting dating available for the Galician coast
(Garcia-Artola et al., 2018, Fig. 8). The regional RSL and rates of change
reconstructed for the Holocene may also be related to the modifications
affecting different marine/terrestrial transition ecosystems. Changes
affecting these ecotones have been largely described in several locations
of the Galician Atlantic coast as mediated by a combination of climatic
and anthropogenic factors (e.g. Costas et al., 2009; Leorri et al., 2013;
Munoz Sobrino et al., 2014; 2016, 2022; Gonzalez-Villanueva et al.,
2015; Saez et al., 2018; Cajade-Pascual et al., 2023; Gardoki et al.,
2023).

Munoz Sobrino et al. (2022) precise several stages of in situ devel-
opment of salt marsh and freshwater/brackish pond vegetation in Ria de
Ferrol (Fig. 1A), which provide additional insight into the sea-level
changes in the Galician rias (Fig. 8). In detail, it places the sea level
during the Younger Dryas largely below —21.4 + 0.7 m (after adding an
error range for sampling uncertainty, core shortening and water depth
uncertainty following Garcia-Artola et al., 2018). Deposits from fresh-
water/brackish ponds during the early Holocene that can be attributed
tothe 11.4, 10.5, 9.3 cal ka BP episodes correspond to terrestrial limiting
indicators pointing to a sea level below —21.4 + 0.7 m, —21.1 + 0.7 m
and —13.2 + 0.7 m, respectively (Fig. 8). Saltmarsh vegetation devel-
oped at 8.5-8.9 cal ka BP and 7.8-8.1 cal ka BP indicates a sea-level
position of —21.21 + 1.8 m and —13.9 + 1.8 m, respectively (Fig. 8,
converted to sea-level index points using the indicative meaning ranges
from Garcia-Artola et al., 2018). Thus, all of them may be linked to
successive Bond events, i.e., the BE-8, BE-7, BE-6, and BE-5, respectively
(e.g. Bernal-Wormull et al, 2023). Furthermore, previous re-
constructions obtained in nearby coastal areas (Pena et al., 2010) but
also in RdV (Munoz Sobrino et al., 2007, 2012, 2014, 2016; Garcia--
Moreiras et al., 2018) described some short relapses (Figs. 4 and 5) that
may be coupled to the more recent Bond events, namely the BE-0 (Little
Ice Age, ca. 0.5 ka BP), the BE-1 (Late Antique Little Ice Age, 1.4 ka BP),
the BE-2 (the Iron Age Cold Period, ca 2.8 ka BP) and the BE-3 (ca, 4.2 ka
BP). The new data discussed here (Figs. 4 and 5) documents for the first
time the complete postglacial record in fluviomarine sediments from
NW Iberia and includes conclusive evidence of the BE-4 (ca. 5.9 ka BP)
in RV that enables to discuss its environmental implications.

Climate and sea level rise also determine mayor hydrological
changes that are recognisable in core MVR-3. Between 100 and 135 cm
diatoms identified are mainly benthic brackish and freshwater species
(Fig. 6), which indicates upland contribution from rivers and sea-shore
transition ecosystems, most probably developed in ancient lowlands that
stayed emerged when the relative sea level was low (Fig. 8). Diatoms are
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almost absent in the sediment during the periods ca. 10 000-11 000 cal
BP and ca. 4000-6000 cal BP, coinciding with anomalous peaks of Pinus.
These correspond to drier phases (i.e., lower contribution of brackish
and freshwater diatoms), with lower accumulation of diatoms and
dinoflagellate cysts, which are poorly preserved in the sediment. This
last may be explained by a combination of factors, namely mixed waters,
with the seabed being more oxygenated and diatoms being predated by
more abundant heterotrophic cysts (Fig. 4B). Heterotrophic di-
noflagellates have lower cyst production capabilities compared to those
of Lingulodinium polyedrum (Figueroa and Bravo, 2005), which also
contributes to the decreasing accumulation of total dinoflagellate cysts
(Fig. 4).

The H/A ratio largely remains below 0.12 in most of the MVR-3
samples analysed except for four stages (1-4 in Fig. 4B) respectively
dated at ca. 7700 cal a BP (>0.15), ca. 3500 cal a BP (0.34), ca. 2000 cal
a BP (0.16), and the early 20th century (0.14). All of them correspond to
transition phases from stratified to prevailing mixed marine waters
when the continental contribution (aquatics) to the sediment notably
peaks. The highest H/A ratio at ca. 3.5 ka BP matches with the moment
when the hydrological conditions of the middle part of the ria defini-
tively adopted its modern configuration and behaves like a weakly
stratified semi-enclosed bay (Barton et al., 2015), with increasing evi-
dence of brackish/marine diatoms in the sediment (Fig. 5). But also
matches with the phase of strongest deforestation of the basin during the
Holocene, which may be related to the regional development of agri-
culture (Figs. 4 and 5). In the Atlantic Galician rias, these conditions can
be linked to increased eutrophication and primary production (Rego,
2022; Ospina-Alvarez et al., 2014).

5.2. Multiproxy evidence of postglacial environmental changes

Major environmental changes that occurred in RdV throughout the
postglacial period, as deduced from the high-resolution multiproxy ev-
idence available (Figs. 4-9), are synthesised below following the formal
Holocene subdivision and discussed in relation to other regional evi-
dence available.

5.2.1. Greenlandian Stage (11.7-8.3 ka)

The combination of higher-resolution pollen data and the improved
chronological model indicate that the section of MVR-3 between 155
and 115 cm corresponds to the Greenlandian Stage (LPAZ-1 to LPAZ-3;
Figs. 4, 5, 8 and 9), i.e., the Early Holocene extending from <11.7 to 8.2
ka (Fletcher et al., 2024). A hiatus may be established at ca. 155-160 cm
corresponding to the boundary between seismic units U5 and U6.
Therefore, the Greenlandian stage is included in seismic units U6 and
U7.1 of RdAV (Fig. 5). Nevertheless, the boundaries of U7 seismic
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subunits may be considered probable but tentative, because the seismic
evidence in the shallow margins of the basin is on the limits of the
resolution. Thus, further high-resolution studies will be needed (in other
parts of the basin where those seismic subunits are thicker) to refine
them.

Accordingly, the studied MVR-3 sequence (0-155 cm) starts in the
transition between the Younger Dryas and the 11.4 ka cold event (BE-8)
when the RSL was below —20 m (Garcia-Artola et al., 2018; Munoz
Sobrino et al., 2022, Fig. 8C). Consistently, LPAZ-1 is characterised by
the notable abundance of dinoflagellate cysts but, particularly, by high
accumulation rates of microremains of continental origin (Fig. 9B),
including pollen (mainly Pinus subgenus Pinus and Ericaceae/Corema)
and animal, algal and fungal remains (Fig. 6). This evidence is coherent
with the occurrence of pinewoods and heath developing on the coastal
lowlands of Ria de Arousa (Fig. 1A) during the Lateglacial Inter-
stadial/Early Holocene transition (Garcia-Moreiras et al., 2019b).

The regional summer mean temperature rose about 2 °C in NW Iberia
between 12 500 to 10 500 cal a BP, with the estimated July air tem-
perature in the coastal areas reaching 21.5 °C (Heiri et al., 2014; Munoz
Sobrino et al., 2022). Thus, the rising evidence of deciduous oaks and
aquatics in LPAZ-2 reveals an increase in regional temperature and
precipitation (Fig. 4), with the associated increases in Amaranthaceae,
Poaceae, cf. Juncus and Asteraceae, indicating a higher representation of
coastal wetlands and dunes as the sea level rapidly rose (Fig. 9C), with
more than 10 m of rise estimated in two millennia (Garcia-Artola et al.,
2018; Munoz Sobrino et al., 2022).

LPAZ-3 (ca 10 500-8500 cal a BP) is a relatively colder phase, with
RSL remaining below —12 m (Fig. 8C; Garcia-Artola et al., 2018; Munoz
Sobrino et al., 2022) and characterised by low accumulation rates of
both marine and continental remains (Figs. 4 and 5). This unstable
period (Fig. 9D) may be understood as the succession of three brief
episodes of cooling that interrupted the regional expansion of deciduous
Quercus during the Early Holocene (Fig. 4). They have been dated at ca.
10.5, 9.3 and 8.2 ka and therefore are probably connected to BE-7, BE-6,
and BE-5, respectively. This evidence is consistent with previous re-
constructions performed for this period in other fluviomarine and con-
tinental sedimentary systems in NW Iberia (Pena et al., 2010;
Iriarte-Chiapusso et al., 2016; Garcia-Moreiras et al., 2019a; Munoz
Sobrino et al., 2022).

5.2.2. Northgrippian stage (8.3-4.3 ka)

Mid-Holocene sediments in the shallower margins of RV are prob-
ably packaged in seismics subunits U7.1 to U7.2, but the boundary be-
tween both subunits in the site where MVR-3 was collected is only
tentative because of the low thickness of the sediments at this point
(Fig. 5). This stage includes the LPAZ-4 and the LPAZ-5 (Fig. 5). LPAZ-4
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Fig. 8. (A) RSL curve of Bradley et al. (2016) with evidence discussed in Garcia-Artola et al. (2018), and new index points and terrestrial limited dates incorporated
from Munoz Sobrino et al. (2022). In the Galician Atlantic coast, nine limiting dates (eight marine, one freshwater) constrain RSL to above —38.2 m at ~10.9 ka and
—36.2 m at ~10.6 ka. Later, RSL rose from —21.7 + 2.3 m at 9.6 ka, to —9.5 4+ 2.1 m at ~8.4 ka and reached —4.1 m at ~7 ka (i.e., a rate of 4.7 + 0.8 mm yr’l).
Subsequently, marine and terrestrial limiting dates constrain RSL to below —0.7 + 1.8 m at ~5 ka, to above —3.2 &+ 1.8 m at 4.4 ka and —1.9 m at 3.1 ka. More
recently, RSL rose from —1.8 4+ 21 m at ~2 ka to —0.2 & 2.1 m at ~0.9 ka, i.e. a rate of 0.6 + 0.7 mm yr’1 during the last two millennia (Garcia-Artola et al., 2018). 1
to 4 are four limiting terrestrial dates that respectively corresponds to the YD, and the 11.4, 10.5, 9.3 cal ka BP episodes. The index points 5 and 6 respectively
represent saltmarsh vegetation developed at 8.5-8.9 cal ka BP and 7.8-8.1 cal ka BP; (B) Marine transgression in Ria de Vigo according to the age-depth model
proposed in Garcia-Artola et al. (2018), and the seismic data and marine levels discussed in Martinez-Carreno and Garcia-Gil (2017). Reconstruction of Ria de Vigo
during (C) the Early Holocene with the palaeocoast at —21 m; (D) the Thermal Optimum with the palaeocoast at —10 m, and (E) the recent Holocene with
palaeocoast al —3 m. To produce figures C, D and E the modern isobaths were used, but also according to the evidence (showed in A), described in Garcia-Artola et al.

(2018), Munoz Sobrino et al. (2022), and Martinez-Carreno et al. (2017). P: precipitation; UW: upwelling.

indicates the maximum development of deciduous forests (Quercus
robur-type, Alnus, Corylus), and has been dated between ca. 8000-6000
cal a BP (Figs. 4, 5 and 8D and 9E). This phase also coincides with the
Holocene Climatic Optimum (Thermal Maximum) described in northern
Iberia (e.g. Munoz Sobrino et al., 2005; Bernal-Wormull et al., 2023) and
agrees with the reconstructions of vegetation dynamics available both in
the coastal uplands (e.g. Gomez-Orellana et al., 1998; 2021) and the
oceanic mountains from NW Iberia (e.g. Munoz Sobrino et al., 1997,
2001; Iriarte-Chiapusso et al., 2016). Besides, the noticeable increase in
D/P (Fig. 4) also supports the increase in marine influence. Another
relevant characteristic of this zone is the higher accumulation rates,
which may be primarily related to the warmer and wetter conditions.
The increasing evidence of Lingulodinium machaerophorum indicates the
weakening of the upwelling (Prego et al., 2024) and thus low oxygen-
ation of the seabed. Thus, the better preservation of remains in the
sediment may also help explain the accumulation rates and D/P ratio
increase (Fig. 4).

LPAZ-5, dated between ca. 6000-4000 cal a BP, is characterised by
increases in Pinus subgenus Pinus, low contribution of aquatics, a
noticeable retreat in Lingulodinium machaerophorum and lower accu-
mulation rates (Figs. 4, 5 and 8D and 9F). These data reveal a period of
scarcer precipitations and intensified water mixing in RdV, a picture that
fits into the general context described in North Iberia. In hyperoceanic
ombrotrophic bogs of the Cantabrian coastal mountains, Munoz Sobrino
et al. (2005) described a period (ca. 6.0-4.0 ka BP) of more variable but
generally lower temperatures, while in the western Pyrenees,
Bernal-Wormull et al. (2023) found a cold dry period dated between 6.0
and 2.5 ka BP. Besides, in many small lakes and peat bogs in the NW
Iberia mountains and the Duero depression, erosion increases and even
sedimentation is eventually interrupted between 6.0 and 4.0 ka BP
(Munoz Sobrino et al., 1997, 2001, 2004;Ramil Rego et al., 1998;
Morales-Molino et al., 2013; Iriarte-Chiapusso et al., 2016; van der Horst
et al., 2024), while Benito et al. (2023) describes that during the
Mid-Holocene the Duero basin lacks flooding evidence. Parallel,
Jiménez-Moreno et al. (2023) identified a rapid cooling (~1.5 °C) in
southern Iberia that extended between ca. 7.2 and ca. 3.0 cal ka BP.
Vegetation changes with increasing of Betula and heathlands also
occurred during this period in the oceanic mountain areas of NW Iberia,
which has been usually attributed to a combination of climate and
human activity (e.g. Munoz Sobrino et al., 1997, 2005). Accordingly,
this Mid-Holocene episode might be a cooler and drier stage that
probably affected most of the Iberian Peninsula.

5.2.3. Meghalayan stage (<4.3 ka)

The boundary between seismic subunits U7.2 and U7.3 at ca. 80 cm
depth is evident in core MVR-3 and is marked by an erosive surface
delimiting the change in sedimentary facies from bioclastic sand/gravel
to muddy sand (Fig. 1). The increase in accommodation space due to the
rise of sea level and/or changes in the hydrodynamic conditions allowed
the preservation of a more continuous sedimentary record of subunit
U7.3. This limit can be correlated to the modern phase with the greatest
contribution of material of marine to the sediment (Fig. 5).

The interval 4000-3000 cal a BP in RdV (LPAZ-6) evidences the
transition from stratified to mixed waters, which constitutes the most
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significant change recorded in the hydrological conditions in RdV dur-
ing the Holocene (Figs. 4, 5 and 8E and 9G). Meanwhile, Pinus subgenus
Pinus declines, with increasing evidence of heath and herbs (Poaceae,
Asteraceae Tubuliflorae), and the first signals of early cultivations
(Cerealia-type, Castanea) related to the beginning of the anthropogenic
deforestation of the basin. This tendency accentuated in the following
LPAZ-7, dated ca. 3000- 200 cal yr BP (Figs. 4, 5 and 8E and 9H).

Glacial refugia for Castanea may persist in the Eurosiberian coasts of
NW Iberia (Fernandez-Lopez et al., 2021; Gomez-Orellana et al., 2021)
but since the last millennium BC the trend of Castanea is mainly
attributable to cultivation and arboriculture, probably also promoted by
cabotage maritime commercial relationships (Krebs et al., 2022). The
earliest pollen evidence of Cerealia-type and Castanea has been dated in
the innermost part of RdV between 3500 and 3000 cal a BP (Munoz
Sobrino et al., 2012). Later, they consistently developed during the first
millennia (Munoz Sobrino et al., 2014; Lopez-Merino et al., 2023) and
finally experienced a noticeable increase across the ria after ca. 1500 cal
a BP (Munoz Sobrino et al., 2014; 2016; Lopez Merino et al., 2023). The
same trend, including the maximum regional development of Castanea
dated between ca. 1200-600 cal yr BP, i.e. the Mediaeval Climate
Anomaly (Munoz Sobrino et al., 2014), can also be identified in the
independently dated new MVR-3 record (Figs. 4 and 5).

On the other hand, during the last 3000 years, Lingulodonium
machaerophorum dominated the dinoflagellate cysts record, and accu-
mulation rates in the sediment persist high, except for a short phase
(LPAZ-8; Figs. 4, 5 and 9I), which may be related to the regional evi-
dence of the Little Ice Age (Munoz Sobrino et al., 2014; 2016; Garcia--
Moreiras et al., 2018). The noticeable changes observed in relative
abundances and accumulation rates of aquatics, and particularly of cf.
Juncus (Fig. 4), are consistent with increasing precipitation, river inputs
and runoff during those wet stormy periods when Lingulodinium
machaerophorum and total dinoflagellate cysts accumulation rates in-
crease (Fig. 4). Finally, modern afforestation of the basin occurred in
several steps during the last 200 years (LPAZ, 8 and LPAZ-9; Figs. 4, 5
and 91J).

5.2.4. Evidence for reworked pollen

Major landscape transformations onshore RdV (cultivations, defor-
estation of the basin, heath expansion, repopulations with Pinus and
Eucalyptus, Castanea dynamics) may be successfully identified upon
pollen data obtained in the core MVR-3, and their chronologies are also
consistent with the historical data and other evidence described in
coastal NW Iberia (e.g. Desprat et al., 2003; Munoz Sobrino et al., 2012,
2014,2016; Garcia-Moreiras et al., 2018; Gomez-Orellana et al., 2021;
Lépez Merino et al., 2023). Using pollen evidence, it is also possible to
identify certain cold (YD/11.4, 10.5, 9.4, 8.2) and warm (Climatic Op-
timum, Mediaeval Climate Anomaly) periods previously described in
this region (Moreno et al., 2014; Heiri et al., 2014; Iriarte-Chiapusso
et al., 2016; Munoz Sobrino et al., 2014; 2016, 2022). Nevertheless,
several anomalous pollen successions exist during the Holocene that
were not identified in the area before (e.g. Gomez-Orellana et al., 1998;
Kaal et al., 2011; Munoz Sobrino et al., 2012; Garcia-Moreiras et al.,
2019a), with Pinus repeatedly peaking when Lingulodinium declines.

Differential dating reveals that those periods with anomalous pollen
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successions show conspicuously aged pollen chronologies, which ac-
cording to the event stratigraphy of Bjork et al. (1998), corresponds to
several cold stages (Fig. 3) dated between the Greenland Interstadial 2
(GI-2: >21,8 cal ka BP) and the Greenland Interstadial 1e (GI-1e: <14.7
cal ka BP). Besides, these dated levels are apparently inverted (Fig. 3).

These facies may constitute evidence of redeposition of ancient up-
land sediments, formed above the palaeo-coastline at different intervals
comprised between the end of the LGM and the early stages of the
Lateglacial (Figs. 8 and 9). Therefore, most of the pollen evidence
recorded in these facies (mainly Pinus subgenus Pinus) was reworked and
resedimented in an orderly manner during the periods with the highest
rate of the RSL (Garcia-Artola et al., 2018), i.e., at the start of the early
Holocene (12.0-8.0 cal ka BP; Fig. 8), but also in the interval between
~6.0 and ~4.0 cal ka BP (Figs. 5 and 8). The weather conditions
interpreted for this last stage may be only sporadically stormy (i.e., it
was a dry and relatively cold period, with moderate contribution of
materials of terrestrial origin towards the saltmarshes and other coastal
ecosystems associated with them), but simultaneously it was also a
period characterised by enhanced upwelling and prevailing stratified
waters (i.e., with low contribution of Lingulodinium machaerophorum).
Thus, the input of contemporary materials of marine origin was also
limited (Fig. 6) due to the lower dinoflagellate cyst production and
worse preservation (more oxygenation of the bottom). Therefore, there
is a delay in the pollen evidence between the two main phases of high
marine influence at ca. 11.0-8.2 cal ka BP and 4.0-3.0 ka BP (Fig. 5) and
the two subsequent warm stages: the Climatic Optimum (8.0-6.0 cal ka
BP) and the 2.5-0.5 cal ka BP interval, respectively.

The Pinus subgenus Pinus and Ericaceae/Corema pollen concentra-
tions found in LPAZ-1 are much higher than equivalent pollen concen-
trations recorded in 10 samples of sediment from a modern lagoon in the
Cies Islands (Figs. 2 and 6; Munoz Sobrino et al., 2016; Castro-Parada
et al., 2023) and those of 26 modern seabed sediment samples recorded
across RdV (Fig. 2 and 6; Castro-Parada et al., 2023). Nevertheless, they
fit in the range of concentrations found in 20 modern samples of sedi-
ment taken in nearby upland lacustrine systems (Figs. 2 and 6; Cas-
tro-Parada and Munoz Sobrino, 2022), which suggest that pinewoods
and heath formed part of upland ecosystems developing around RdV at
the beginning of the Holocene, as it happened in other coastal areas from
NW Iberia (Garcia-Moreiras et al., 2019a; Cartelle et al., 2022; Munoz
Sobrino et al., 2022). Concentrations of Pinus subgenus Pinus notably
decline in the pollen zones above, and only in the LPAZ-9 (modern
repopulations) and the LPAZ-4 (Thermal Optimum) there is an increase
up to values that are comparable to those in modern seabed sediment
(Fig. 6). Particularly, Pinus pollen concentrations steadily decrease from
LPAZ-5 to LPAZ-7, where concentrations of pine pollen are minimal
(Fig. 6) but still higher than those of Quercus robur-type, which instead
increases from LPAZ-5 to LPAZ-7. These trends strongly suggest that
most of the Pinus subgenus Pinus pollen evidence from LPAZ-3 and
LPAZ-5 has been reworked and resedimented in the seabed during the
Holocene marine transgression.

The change in colour intensity and pollen oxidation in sediments
depends on the increasing maturity of the samples (Yule et al., 1998;
Traverse, 2008) and on the processes of transport and sedimentation
involved (Moore et al., 1991). Most of the redeposited microfossils are
dark in colour due to physicochemical changes and can differ in pres-
ervation, the gymnosperm pollen being the best preserved (e.g. Kva-
vadze, 1996). Nonetheless, the colour and preservation status probably
underestimate the rebedded pollen in our postglacial fluviomarine
sedimentary systems, in view that most of the pollen resedimented is
highly resistant bisaccated pollen that was originally deposited, only a
few thousand years before, in nearby coastal wetlands. In climates with
noticeable rainfall fluctuations, the abundance of fungal hyphae
(interpreted as washed plant litter) has been used as an index of the
rebedded pollen redeposition (Cushing, 1964; Lopez-Merino et al.,
2016). Nevertheless, the anomalous Pinus peaks in MVR-3 are inversely
proportional to the enhanced runoff (aquatics) and seem to be
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independent of the abundance of fungal remains. (Figs. 4 and 10A).

Comparative size analyses (Fig. 7; Table S6) of the Pinus subgenus
Pinus pollen found in the different pollen zones reveal that the total grain
sizes in LPAZ-1 to LPAZ-3 are significantly different (smaller) than those
corresponding to the modern repopulations with Pinus pinaster Aiton
(LPAZ-9). However, the average size of the Pinus subgenus Pinus pollen
in the LPAZ-8 is very similar to that of LPAZ-1 to LPAZ-3, and signifi-
cantly different to the most modern Pinus pollen evidence (LPAZ-9). The
average grain size of Pinus pollen also decreases in LPAZ-5 and LPAZ-6,
which suggests some contributions of reworked ancient Pinus to the
seabed sediment still took place during the periods of upwelling inten-
sification occurred during the Mid- and Late Holocene (Fig. 9). Never-
theless, the size of those Pinus subgenus Pinus pollen grains during the
Thermal Optimum (LPAZ-4) are like modern pine pollen sizes (LPAZ-9),
but significantly different to those recorded in LPAZ-1 to LPAZ-3 and
LPAZ-8. Further studies will be necessary to confirm if these trends may
be related to the warmer/wetter conditions (Ejsmond et al., 2015;
McCulloch et al., 2022) during the Thermal Optimum or if a replacement
of pine species (Desprat et al., 2015) took place in the surroundings of
RdV between the Lateglacial and the Mid-Holocene.

In relation to the new hornbeam pollen evidence, Munoz Sobrino
et al. (2018) proposed that Carpinus survived at the beginning of the
Holocene in a variety of habitats in coastal valleys in NW Iberia, which
might be comparable to the oak-ash, ravine, and hardwood floodplain
forests currently existing in other regions of Europe. Besides, large areas
of these coastal ecosystems disappeared when the sea level rose, pre-
sumably during the Early Holocene. New multiproxy data presented
here reveals (Fig. 5) that Carpinus pollen evidence consistently accreted
in RAV until ca. 4000 cal a BP, just before the shift towards more oceanic
hydrological conditions (Fig. 4) and the re-acceleration of the RSL rise
during the second half of the Holocene (Garcia-Artola et al., 2018). A
realistic possibility is that this material has been resedimented along the
mid-Holocene, together with the reworked Pinus pollen. Nevertheless,
there is no correlation between the concentrations of Carpinus recorded
below 75 cm depth in the core and those of Pinus subgenus Pinus
observed at similar depths, perhaps because they do not respond to the
same reworking processes (Fig. 10B). Alternatively, a positive low cor-
relation (r?> = 0.4) exists between the concentrations of Carpinus and
Quercus robur-type in the sediment (Fig. 10C), which suggests that
hornbeam also persisted until almost the Late Holocene in some coastal
environments of NW Iberia as it happened in some upland areas of the
region (Munoz Sobrino et al., 2018).

5.3. Implications for stratigraphic and sedimentary studies

Sediment recycling poses a challenge to the accurate reconstruction
of allogenic signals from sedimentary archives, as transfer zones within
sedimentary systems act as dynamics areas where sedimentary processes
can buffer or mask environmental signals (Romans et al., 2016; Toby
et al.,, 2019; Griffin et al., 2023). The evidence of reworked pollen
identified and characterised in RdV offers valuable insights into sedi-
mentary processes during the Holocene transgression in the incised
valley. Significant sediment reworking likely takes place during the
transgression, particularly associated with transgressive erosive surfaces
such as the tidal and wave ravinement (Catuneanu et al., 2011; Zecchin
and Catuneanu, 2013).

Lantzsch et al. (2010) argued that sediment recycling played an
important role in sediment buildup on the NW Iberian shelf during its
deglacial drowning leading to the formation of a gravel-rich lag. Cartelle
et al. (2022) reported that tidal ravinement processes were associated
with peaks in sediment recycling in another ria system, the Ria de
Arousa (Fig. 1A), which is comparable to RdV. Besides, they hypoth-
esised that this process also had a significant impact on the pollen record
hindering the identification of oak expansion in the region. The
coarse-grain deposits of MVR-3 (Fig. 1B) correspond to high-amplitude
reflections in the seismic profiles (Fig. 1C) and display anomalous
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Fig. 10. A) Graphic representation of averaged pollen evidence per LPAZ showed in Table S2; and correlation analyses between Carpinus-type pollen concentrations
recorded below 75 cm depth in core MVR-3 and concentrations of A) Pinus subgenus Pinus and B) Quercus robur-type at the same levels.

pollen successions rich in pine pollen. These sediments denote erosive
surfaces (disconformities) formed within the transgressive deposits;
therefore, these are interpreted as transgressive ravinement surfaces.
The available multiproxy evidence, combined with RSL reconstructions,
support that coastal wetland ecosystems developed onshore in RAV
while RSL stayed low (Figs. 8 and 9); and that these ancient sediments
might be a realistic primary source for most of those recycled materials
identified in seismic units U6 and U7 (Fig. 9).

In RdV, tides and waves are the main drivers of erosion during the
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transgression, with tidal ravinement usually taking place earlier, during
stages of high rates of sea-level rise, and waves becoming dominant after
7-6 ka when the lower rates of sea-level rise allow the waves to erode the
margins of the basin effectively (Fig. 9). Both processes are likely
contributing to sediment recycling in RdV. However, more detailed
stratigraphic analyses are needed to characterise and distinguish both
ravinement processes. Nevertheless, the anomalous pollen successions
are not only associated with coarse-grained sediments, as these are also
found underlying and overlying these ravinement surfaces as part of
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Plate 1. Diatoms. A) Biddulphia antediluviana, B) Diploneis aff. stroemii, C) Actinoptychus senarius, D-E) Cocconeis aff. euglypta, F) Amphora aff. pediculus, G-H)
Grammatophora sp., 1) Actinocyclus sp., J) Nitzschia aff. inconspicua. Scale Bar 10 pm.

sandy or silty deposits in U6 and U7. This indicates that sediment
recycling is widespread and persistent through most of the transgression
during the entire Holocene. This sediment recycling is still probably
related to the same transgressive erosive processes as the ravinement
surfaces, but it is not easily identifiable as there is no clear expression in
the seismic or sedimentary datasets.

6. Conclusions

Radiocarbon dates from macroremains (shells) and microremains
(extracted pollen) were combined on the studied section of sediment to
obtain improved environmental reconstructions. This methodology en-
ables the building of a coherent regional model that explains the
reworking of coastal and upland sediments during the marine trans-
gression and their redeposition inside the basin. This new approach
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serves to refine previous interpretations of the seismic records and im-
proves our understanding of the climatic and environmental dynamics
in the Galician Rias Baixas during the Holocene, the timing of the
regional marine transgression, and their joint impact on the local
development of highly sensitive (ephemeral) coastal ecosystems.
Dinoflagellate cyst records in combination with the contempora-
neous (not reworked) pollen evidence reveal a reliable climatic seesaw
during the Holocene in Ria de Vigo. Periods of prevailing mixed waters
(wet stormy periods with strong development of Lingulodinium and high
accumulation rates in dinoflagellate cyst) alternate with other sparsely
stormy and drier phases, characterised by the coastal upwelling inten-
sification and more stratified waters (increasing Bitectatodinium and
Spiniferites spp. but low accumulation rates in dinoflagellate cysts).
These climatic dynamics, including a millennial dry cool period that
occurred just after the Holocene Climatic Optimum are consistent with
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previous evidence obtained in mountain lakes, ombrotrophic peat bogs,
and other limnetic systems from NW Iberia, the Duero Depression and
Mediterranean mountains systems from Southern Iberia. Furthermore,
there is a delay between the two phases with the highest marine
contribution to sediment (ca. 11.0-8.2 and ca. 4.0-3.0 ka BP) and the
subsequent warm stages when the RSL stabilises: the Climatic Optimum
(8.0-6.0 ka BP) and the 2.5-0.5 ka BP interval, respectively.

Besides, differential dating revealed that some levels with anomalous
pollen successions are conspicuously aged and have inverted pollen
chronologies. These facies may constitute evidence of redeposition of
ancient upland sediments, formed above de ancient coastline at different
intervals comprised between the end of the last glacial maximum and
the early stages of the Lateglacial.

Changes in Pinus pollen concentrations and total pollen grain sizes
recorded in the postglacial sediments suggest that some upland ancient
(Lateglacial) pollen evidence might be remobilised, especially during
stages of upwelling intensification, and then resedimented in the seabed.
Further studies will be needed to determine if the significant differences
existing between the pollen grain sizes respond to climatic variations
affecting the region or have been the result of any replacement of pine
species in the area: i.e. some temperate species (P. sylvestris/P. nigra)
being replaced by Mediterranean pines (P. pinaster/P. pinea/P. hale-
pensis). In any case, Pinus subgenus Pinus pollen evidence almost dis-
appeared with the first signs of anthropisation in the area, and only
recovered after modern repopulations. Alternatively, the new evidence
discussed also supports that hornbeam persisted in the Ria de Vigo basin
until ca. 4.0 ka BP.

Our findings in Ria de Vigo open up new possibilities to further our
understanding of sediment reworking and recycling mechanisms
through the integration of multiproxy studies encompassing pollen,
seismic and sedimentary data. This integrated approach broadens our
understanding and offers more comprehensive perspectives on the
interplay of environmental processes. Moreover, extrapolating our
methodology to larger scales may allow to understand the impact of
autogenic processes on palaeoenvironmental records across diverse
sediment transport systems, including estuaries. Our study underscores
these processes in the record of the sediment core MVR-3, which reveals
the significant impact of sediment recycling on other proxies and
palaeoenvironmental indicators, as the overrepresentation of pine pol-
len may mask other species that are more significant to understand
climate dynamics. This also highlights the need for multiproxy ap-
proaches, as misinterpretations may originate from reworked pollen or
micropalaeontological remains that were not identified as recycled.
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