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ABSTRACT

The NW Iberian city of Vigo contains buried structures of a Roman salinae that follow the ancient
coastline. To investigate its environmental legacy, we studied two pedo-sedimentary profiles at
the O Areal saltworks to reconstruct human activities during and after the salinae use, as well as
framing them within the last two millennia of climate variability. The bottom layer consists of
organic-rich sands, with marine palynomorphs, confined within the saltworks’ structures that
operated during the Early Roman Empire, when the demand in fish-salted products increased
and the salting industry fluorished on the Atlantic coast of Iberia. During the Late Roman
Empire, salt production at the O Areal may have ended, coeval with the development of
a marsh with hydro-hygrophyte vegetation and the salting industry demise. The Roman
environment also experienced intense agropastoralism that triggered water eutrophication.
After Roman times, a dune phase sealed the archaeologicl structures. The overall trend points
to a shift from a marine to a terrestrial setting coeval to known periods of climate variability.
Therefore, humans and climate impacted the coast during the last two millennia, including
the very intense Roman-period saltworks, agriculture and livestock. Roman times climate
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would have also influenced the saltworks’ establishment and abandonment.

Introduction

The preservation of food has been a problem for all
past societies. In this sense, the importance of salt to
humans is of interest to understanding our relation-
ship with food preservation. This includes all stages
of salt production including extraction, storage, trans-
port, and trading of salt (e.g. Harding, 2013). All of
these started during the Neolithic (Clark, 1952; Nen-
quin, 1961), when the introduction of agriculture
and animal husbandry triggered permanent settle-
ments and a dietary change from a protein-rich to a
carbohydrate-rich diet that needed a salt supplement,
and when the sedentary way of life of animals also
needed extra portions of salt introduced in animal
diets (Adshead, 1992; Harding, 2013). Therefore, the
emergence of multiple applications of salt beyond
direct consumption - meat and fish preservation,
medicinal, leather tanning, flux in metallurgy, etc. -,
made salt a highly prized commodity for past societies.

Iberian salt exploitation dates to the Neolithic
(Weller, 2002). Despite the importance of salt, and
documentary evidence of salt production, supply,
and trade since Antiquity (Carusi, 2008 and references
therein), actual well-preserved archaeological remains
of salt production are quite scarce (Castro Carrera
et al., 2019 and references therein). There are several
ways to obtain salt, however, the main method was
through solar evaporation marine water saltworks
located on coastal areas according to Graeco-Roman
written sources (Carusi, 2008 and references therein;
Curras, 2017 and references therein). These coastal
saltworks seem to have been operating for millennia
on the Iberian Peninsula owing to Iberia’s large coast-
line (Puche Riart, 2019).

The importance of salt increased in parallel to the
rise in fishing, their derivatives, and the associated
trading networks, becoming a staple product (‘the
white gold’) during Roman times (Chevallier, 1991).
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Some examples of Roman salting factories are those of
Gades (Cadiz) and Huelva (Alonso Villalobos, Gracia
Prieto, and Ménanteau, 2003; Campos Carrasco, Pérez
Macias, and Vidal Teruel, 1999; Lagdstena Barrios,
2001). Both were based in the Mediterranean Region
of Iberia, where nowadays suitable climate conditions
for salt production by evaporation exist, i.e. high sum-
mer temperatures with low rainfall. However, fish salt-
ing factories flourished during Roman times in the
Atlantic coastal zone of Iberia as well, both in Spain
(Galicia and Asturias) and Portugal (Ferniandez Fer-
nandez, Valle Abad, and Rodriguez Noévoa, 2022;
Suérez Pifeiro, 2003).

Unfortunately,  well-preserved  archaeological
remains of Roman saltworks are scarce (Lowe,
2018), as mostly perishable materials (i.e. wood)
were used for the construction of ponds, channels,
and sluice systems, so they are considered as an
example of ephemeral archaeology (Castro Carrera
et al.,, 2019). A paradigmatic exception of this, as it
presents unprecedented well-preserved structures -
including perishable materials - is that of the O
Areal Roman saltworks (Castro Carrera et al., 2019;
Curras, 2017; Lowe, 2018; Martin-Seijo, 2019; Mar-
tin-Seijo and Teira-Brién, 2010) found on the Atlantic
coast of Iberia (Figures 1 and 2). This unprecedented
finding, together with the importance of salting fac-
tories in the area, reveals that this coastal area of Iberia
also had a notable importance of solar evaporation
saltworks and salting industries during Roman times
(Currés, 2017; Fernandez Fernandez et al.,, 2021; Fer-
nandez Ochoa and Martinez Maganto, 1994; Martins,
2019) and provides an example of the relationship of
Romans with the marine ecosystem (Lowe, 2018).

Fish salting was related to salt production and fishing
in the Atlantic coastal zone of Iberia, where at least 11
salinae are described between the Duero River and Pon-
tevedra (Martins, 2019). The presence of an important
commercial harbour together with the many fishing
and salting industries on the NW Iberian coast points
to the importance of this area to Imperial trade routes
(Fernandez Fernandez et al., 2022). Salting industries
flourished during the 2" and 3™ centuries until they
slowly declined, with some halting production by the
3™ century AD while a few others continued up to the
4™ or beginning of the 5™ centuries AD (Fernédndez
Fernandez et al, 2022; Pérez Losada, Fernandez
Fernandez, and Vieito Covela, 2007). Solar evaporation
saltworks were discontinued during the second half of
the 3¢ century AD (Castro Carrera et al., 2019).

The exploitation of the marine salinae needed the
construction of ponds, channels, etc., to allow the
influx of water from the sea for to evaporate and crys-
tallise. To do so, sea-salt evaporation ponds were dis-
tributed along the ancient coastline (Castro Carrera
et al., 2019). Solar evaporation saltworks need specific
environmental conditions for the proper water

evaporation and salt crystallisation. A climate with
large insolation days and low precipitation is optimal,
a characteristic of the Mediterranean. The present cli-
mate of NW Iberia is Atlantic, and current environ-
mental conditions are not the best suited for the
exploitation of marine salinae. However, climate con-
ditions in NW Iberia during Roman times were differ-
ent in terms of temperature and precipitation
(Martinez Cortizas et al., 1999; Mighall et al., 2006),
and the Roman Warm Period (RWP) is considered
to have been importance for the salting process in
the area. The warmer climate of the Roman period
plus the prevailing drier conditions of the Early
Empire (Martinez Cortizas et al., 1999; Mighall et al.,
2006), would have enabled the solar evaporation
ponds to be effective on the Atlantic coast of Iberia
(Tallébn-Armada et al, 2018). Consequently, the
palacoenvironmental framing of Roman saltworks in
Atlantic Iberia could offer insights into the develop-
ment of this activity that is linked to solar evaporation.
In this sense, human activities could be contextualised
within the climate variability of the Late Holocene.
The aim of this study is to reconstruct the anthropo-
genic activities and environmental changes during and
after Roman times and frame them within the known cli-
mate variability of the last two millennia in NW Iberia.
To do so, we have performed a multi-proxy study on
two pedo-sedimentary profiles sampled at the archaeo-
logical site P3-6 located at the Rosalia de Castro street
within the paradigmatic O Areal saltworks complex.

Materials and Methods
Environmental and Archaeological Settings

The Ria de Vigo is the Galician southernmost embay-
ment (ria: marine inundated river valley, i.e. Galician
fjords) on the Atlantic coastline of NW Iberia
(Figure 1). The area belongs to the Eurosiberian
Region, with an Atlantic temperate and humid cli-
mate. The natural vegetation in the surroundings con-
sists of deciduous trees — Quercus robur L., Betula alba
L., and Corylus avellana L. This vegetation is extre-
mely impacted by human activities, as the Vigo area
is densely populated. Thus, the deciduous forest has
been replaced with agricultural fields as well as Pinus
spp- and Eucalyptus afforestation. Shrubs are abun-
dant and dominated by Erica spp., Calluna vulgaris
(L.) Hull, Ulex europaeus L. and Cytisus spp. The
riparian tree belt is composed of Alnus lusitanica
Vit, Douda & Mandak (previously believed to be
Alnus glutinosa (L.) Gaertn, Vit, Douda, Krak, Havr-
dova, & Mandak, 2017), Fraxinus excelsior L.,
F. angustifolia Vahl., Corylus avellana L. and Salix spp.

Located in the city of Vigo (Pontevedra province,
Galicia, Spain; Figure 1), the main urban area in the
ria, the O Areal salinae complex was discovered in
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Figure 1. Location of the city of Vigo (Galicia) in Southwestern Europe (upper panel), and location of the western and easter
sectors of the excavated saltworks — O Areal salinae - in the city of Vigo. The P3-6 archaeological site is in the eastern sector

of the salinae complex.

the 1990s. Archaeological investigations revealed the
existence of saltworks that extended over 1 km.
More recently, urban archaeological work has revealed
the importance of the saltwork complex with numer-
ous, well-preserved archaeological remains including
the presence of evaporation ponds and channels of a
Roman salinae (Iglesias Darriba, 2009, 2010). Within
the salinae complex, in the eastern sector, between
the Rosalia de Castro and O Areal streets, the archae-
ological site P3-6 is located (Figures 1 and 2). It was
discovered owing to construction works and excavated
in 2007. The P3-6 site is a former solar evaporation
saltworks (Figure 2) that were most likely linked to
the local fishing and salting industries as well as the

port facilities (Castro Carrera, 2007, 2008; Castro Car-
rera et al., 2019; Curras, 2017).

Nowadays, the archaeological site is separated
from the coastline due to infilling from the end
of the 19™ century AD coeval to the urban expansion
of the city and the construction of a commercial port
(Castro Carrera, 2007), which resulted in the loss of
fluvio-marine areas. The last few decades have led to
further industrialisation and an increased as a result of
port activities and the automobile industry that has
led to land-use change and eutrophication. The archae-
ological remains from the first excavated saltworks were
transformed into a museum Centro Arqueoldxico SALI-
NAE that opened in 2010.
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Figure 2. Pictures taken at the P3-6 archaeological site. (A) A view of the salinae excavated located in the eastern sector of the O
Areal saltworks complex indicating the location of the pedo-sedimentary profiles covering the use and abandonment of the
Roman saltworks and representing the complexity of the environment: (left) a sequence of sedimentary infilling of a solar evap-
oration pond (P3-6-1), and (right) a sequence of sedimentary infilling of a seawater inflow channel (P3-6-l) of the salinae (more
information in Figure SI1, Table SI1 and Table SI2). (B) A detail of the evaporation pond border with stones and well-preserved
wood. (C) A view of the evaporation ponds with water showing that current phreatic level is close to the excavated surface. Photos

by M. Costa-Casais.

Sampling of the Profiles and Radiocarbon
Dating

The P3-6 site presented a complex fossilised sedimen-
tary environment where anthropogenic structures
were mixed with structures linked to natural sedimen-
tary processes. Owing to the complexity of the site,
sampling was planned to consider the variability in
the sedimentary facies (Costa-Casais, Rodriguez Fer-
nandez, & Martinez Cortizas, 2007). A visual analysis
of several sectors of the archaeological site P3-6 helped
to define different sedimentary environments and
select those profiles integrating them. Two pedo-sedi-
mentary profiles were selected (Figure 2, Figure SI1)

covering the use and abandonment of the Roman salt-
works. They represent the complexity of the environ-
ment: profile P3-6-1 comprised a sequence of
sedimentary infilling of a solar evaporation pond,
while profile P3-6-II records the infilling of a seawater
inflow channel of the salinae. Profile sampling was
continuous, taking 5-cm-thick or 2.5-cm-thick
samples, depending on the increased presence of silt
in profile P3-6-II. As a result, 47 samples were
obtained for P3-6-1, a 186 cm-depth profile (Table
SI1), and 26 samples for P3-6-II, a 75 cm-depth
profile (Table SI2).

All P3-6-1I samples were analysed by palynological,
geochemical and stratigraphical analyses. In the case



Table 1. Results of radiocarbon dates from the two profiles.
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Sample Laboratory Depth Depth Radiocarbon Two-sigma calibrated ~ Two-sigma calibrated
Profile code code interval (cm) average (cm) dates (BP) ages (cal. yr BP) * ages (BC/AD) * Probability
P3-6- P3-6-IA-5  Beta-248421 95-97.5 96.25 1530 + 40" 1345-1520 AD 430-605 0.986
1A
1315-1323 AD 627-635 0.014
P3-6-1A-9  Beta-248422 105-109 107 1550 + 40 1355-1524 AD 426-595 1
P3-6-1A- Beta-248423 158.5-161 159.75 1720 + 40* 1650-1703 AD 247-300 0.304
22
1536-1646 AD 304-414 0.696
P3-6-1A- Beta-248424 163.5-166 164.75 1670 + 40 1664-1696 AD 254-286 0.126
24
1508-1625 AD 325-442 0.732
1471-1502 AD 448-479 0.054
1414-1456 AD 494-536 0.089
P3-6-1A- Beta-248425 171-173.5 172.25 1810 =40 1688-1824 AD 126-262 0.632
27
1604-1674 AD 276-346 0.368
P3-6-1A- Beta-248426 183.5-186 184.75 2020 + 40* 2085-2098 149-136 BC 0.014
32
1866-2060 111 BC-AD 84 0.952
1833-1855 AD 95-117 0.035
P3-6-l P3-6-1-13  Beta-248427  30-32.5 31.25 1270 + 40 1175-1289 AD 661-775 0.782
1117-1164 AD 786-833 0.165
1074-1101 AD 849-876 0.053
P3-6-1l-15  Beta-250985  35-37.5 36.25 1290 + 40* 1175-1296 AD 654-775 0912
1123-1162 AD 788-827 0.086
1087-1089 AD 861-863 0.002
P3-6-1-18  Beta-248428  42.5-45 43.75 940 + 40 771-925 AD 1025-1179 0.962
743-760 AD 1190-1207 0.038
P3-6-1l-22  Beta-248228  52.5-55 53.75 940 + 40* 771-925 AD 1025-1179 0.962
743-760 AD 1190-1207 0.038
P3-6-1-26  Beta-250986  70-75 725 1040 + 40" 1019-1057 AD 893-931 0.124
902-1009 AD 941-1048 0.792
853-868 AD 1082-1097 0.023
823-850 AD 1100-1127 0.047
800-811 AD 1139-1150 0.013

Note: Calibrated ranges are shown. * Calibrations performed with the IntCal calibration curve (Reimer et al., 2020) using the software CALIB 8.20 (Stuiver

et al,, 2021). * Dates published at Tallén-Armada et al. (2015).

of P3-6-1, the sampling in the field was done in three
sections P3-6-IA (186-75 cm), P3-6-IB (75-35 cm),
and P3-6-IC (35-0 cm) (Figure SI1). For this profile,
all samples were studied using geochemical and strati-
graphical analyses, while palynological analysis was
performed on 20 samples from P3-6-IA. The sections
not palynologically studied in P3-6-I, including some
of the P3-6-IA samples, correspond to the sand-domi-
nated (i.e. dune) layers (Table SI1).

Selected samples were sent to Beta Analytic Inc.
(Miami, USA) for AMS radiocarbon determination
on the acid-alkaline-acid extraction of bulk organic
matter. A total of six samples were dated in P3-6-I,
within section A (sections B and C are sand-domi-
nated), and five in P3-6-II. Radiocarbon results
(Table 1) were calibrated with the IntCal curve
(Reimer et al., 2020) using the software CALIB 8.20
(Stuiver, Reimer, and Reimer, 2021).

Stratigraphy and Geochemistry

Colour and sedimentary characteristics of the samples
were described in preliminary reports by Costa-Casais
et al. (2007, 2008) and later by Tallon-Armada (2012)
(Table SI1, Table SI2). Taking into account how coastal
solar evaporation saltworks work, it was hypothesised
that the saltworks were most likely located on a marsh.

The selected pedo-sedimentary properties that were ana-
lysed on the profile samples to reflect that (based upon a
large organic matter content as well as indicators of mar-
ine waters). Hence, we performed a series of analyses to
obtain records of C, N, S, P, Br, loss-on-ignition (LOI),
pH, and charcoal. LOI is used as a proxy for total organic
matter (OM) content, while C, N, and S are indicative of
the OM composition and the C:N ratio is indicative of
the degree of decomposition. Phosphorous is an element
that tends to be enriched in anthropogenic layers (e.g.
Provan, 2010), while Br is incorporated into organo-
halogenated compounds on soils and sediments, provid-
ing information on humified organic matter and, for the
Holocene, on the age of the OM (e.g. Martinez Cortizas
etal, 2016). In addition, S, P and Br are linked to biogeo-
chemical processes in marsh settings (Otero and Macias,
2001; Schlesinger, 2000).

Prior to the stratigraphical and geochemical ana-
lyses, sub-samples were air-dried and sieved to separ-
ate coarse (>2 mm) and fine (<2 mm) fractions.
Macrocharcoal particles were obtained from the
coarse fraction; while pH measurement and elemental
composition determination were performed on the
fine fraction. pH was measured in water (pH,,) and
KCl (pHkc) suspensions (1:2.5) with a pH meter, fol-
lowing Guitian and Carballas (1976) and Urrutia, Gar-
cia-Rodeja, and Macias (1989). Elemental composition
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was conducted on finely milled (<50 ym) samples.
Total C, N, and S contents were determined by com-
plete combustion in a LECO Elemental Analyzer,
model CNS-2000. P and Br contents were determined
using an energy-dispersive miniprobe X-ray fluor-
escence multielement analyser. Both analysers are
hosted at RIAIDT in the Universidade de Santiago
de Compostela. LOI was obtained by combustion of
the sub-samples at 550°C for 16 h and expressed as a
percentage of weight loss of the initial dry weight at
105 °C (Heiri, Lotter, and Lemacke, 2001). The records
of charcoal, pH, C, N, S, and P of P3-6-I were pre-
viously described by Tallén-Armada et al. (2013).

Palynology

A total of 46 samples were palynologically analysed, 20
from P3-6-TIA (Table SI1) and 26 from P3-6-II (Table
SI12). Palynological extraction was completed at the
Archaeobiology laboratory of the CCHS-CSIC using
hydrochloric acid to remove carbonates, sodium
hydroxide to dissolve organic matter, and hydrofluoric
acid to remove silicates, including a heavy liquid den-
sity separation. Residues were mounted on slides in
glycerol, and identification and counting completed
at x400 on a light microscope, and at x1000 using
immersion oil for more delicate identifications, sup-
ported by the Archaeobiology pollen reference collec-
tion at the CCHS-CSIC as well as keys and atlases
(Faegri and Iversen, 1989; Moore, Webb, and Collin-
son, 1991; Reille, 1992, 1995, 1998). In addition,
Ubera, Galan, and Guerrero (1988) was followed for
the identification of pollen types within the genus
Plantago, whereas Renault-Miskovsky, Girard, and
Trouin (1976) for the genera within the Oleaceae
family. Poaceae pollen grains assigned to Cerealia
t. were those with a grain size larger than 45 um and
with an annulus diameter of at least 8-10 um
(Lopez-Sdez and Lopez-Merino, 2005). Non-pollen
palynomorphs (NPP) were identified following van
Geel (2002) and Shumilovskikh, O’Keefe, and Marret
(2021).

The total land pollen (TLP) sum consisted of a mini-
mum of 200 pollen grains (trees, shrubs, and non-
hydro-hygrophyte herb pollen types) per sample (mini-
mum = 213; average = 265; median = 266). This sum is
excluding hydro-hygrophyte pollen types (i.e. Cypera-
ceae, Myriophyllum alterniflorum t., Potamogetonaceae,
Typha angustifolia t., and Typha latifolia t.), fern, fungal
and algal spores, as well as other NPP. Palynological
percentages were calculated using the TLP sum.

Numerical Methods

Palynological zones were identified by optimal split-
ting by information content (Birks and Gordon,
1985) on the records of both profiles independently

and only on those types with percentages larger than
0.5% TLP. Percentages were recalculated and square
root transformed prior to analysis. Diagrams were
plotted and zonation analysis was performed with
Psimpoll 4.27 (Bennett, 2009).

We also performed principal components analysis
(PCA) to describe the major features of the palynolo-
gical records. The analyses were completed on the
transposed data matrix (PCA,,); that is, with samples
in columns (variables) and taxa in rows (cases). Corre-
lation matrix and varimax rotation solutions were
applied to the dataset (after the Z-score transform-
ation of the percentages) to constrain the co-variation
in the components. PCA was done using the IBM SPSS
statistics 25 software.

PCA,, summarises the main palynological assem-
blages of co-existing taxa and their importance in
each sample based on co-variation patterns. This
approach has been successfully used on other palynolo-
gical records (Silva-Sanchez, 2010; Lopez-Merino et al.,
2012, 2016; Horak-Terra et al., 2015; Mighall et al,
2023). Using transposed data matrices, taxa showing
large factor scores (i.e. larger abundances) in each prin-
cipal component, are those that explain most of the
variation of the palynological dataset in samples with
large factor loadings. This allows the identification of
assemblages with statistically significant contributions
to the total variance, and to express quantitatively the
proportion of variance explained by each principal
component for each sample.

Results
Stratigraphy and Geochemistry

The stratigraphical features of the profiles (Table SI1,
Table SI2) identified five layers in P3-6-I, and four
in P3-6-II (Figure SI1). These layers are described
together with the pH, LOI, C, N, S and P records
(Figure 3). The carbon to nitrogen ratio (C:N) was cal-
culated as a proxy for the degree of organic matter
(OM) decomposition.

P3-6-1

Layer-I-1 (186-171 cm) is greyish black and consists of
banded organic-rich silt and sand. OM content is high,
as shown by the records of charcoal, LOI, C, N, S and
P. Charcoal and S are more abundant in the bottom-
most samples, while LOI, C, N and P in the topmost
samples. C:N varies from 12.6 to 15.1, indicating a
moderate degree of decomposition of the OM. Bro-
mine follows a similar pattern than the OM with
large values. pH is very acidic (2.1-2.4).

Layer-I-2 (171-156 cm) is grey and consists of
organic-rich fine silty sediment. OM content is high,
with maximum values in LOL C, N, P and S that decrease
from bottom to top. The presence of charcoal islow. C:N



varies from 14.4 to 20.1, indicating a low degree of OM
decomposition. Bromine values decrease. pH changes
from very acidic to acidic (2.2-5.4).

Layer-I-3 (156-105 cm) consists of sand and pre-
sents a change from darker to lighter colours from
bottom to top. The bottommost part consists of deep
brown sand with abundant charcoal that transitions
to beige laminated find sand-rich sediment. The tran-
sition between the two colours is characterised by
gravel and pebbles at 131-126 cm. OM content is
extremely low, as evidenced by the records of LOI,
C, N, S and P. Charcoal is present. C:N varies from
18.2 to 13.2, indicating a low to moderate degree of
OM decomposition. Bromine values are very low.
pH changes from neutral to slightly alkaline (6.9-8).

Layer-I-4 (105-95 cm) is grey and consists of silt
with the presence of very fine sand. OM increases, as
evidenced by the LOI, C and N records. C:N values
are very stable varying from 11.7 to 11.9, indicating
a higher degree of OM decomposition. Bromine values
are slightly higher than in the previous layer. pH is
neutral (7-7.2) and charcoal fragments disappear.

Layer-I-5 (95-0 cm) is of varying grey hue and con-
sists of sand with varying amounts of silt. OM content
is extremely low, as evidenced by the records of LOI,
C, N, and P. S peaks at 70-55 cm, when the silty sedi-
ment is more organic and an incipient degree of pae-
dogenesis seems to have occurred. C:N varies from
13.3 to 5.6, indicating a moderate to high degree of
OM decomposition. Bromine values are very low.
pH changes from neutral to acidic to alkaline (range
from 4.4 to 8.4). Charcoal is present.

P3-6-11

Layer-II-1 (75-55 cm) is greyish black and consists of
banded sand and organic silt with rounded pebbles
and gravel in the basal sediments. OM content is
low, as evidenced by the LOI, C, N and P records. S
has higher values in the bottommost sample. Charcoal
values are low. C:N varies from 14.9 to 16.2, indicating
a low degree of OM decomposition. Bromine values
are very low. pH is very acidic (2.8-3).

Layer-1I-2 (55-50 cm) is greyish black and consists
of organic silt with the sand. OM increases, as shown
by the LOI, C, N, P and S records. Charcoal values are
low. C:N varies from 13 to 12.4, indicating a moderate
degree of OM decomposition. Bromine values
increase slightly. pH is acidic (3.7-5).

Layer-1I-3 (50-22.5 cm) is grey and consists of
organic silt. OM content is higher in the basal 10 cm
(Layer-1I-3a) and values decrease from 40 cm to the
top of the layer (Layer-II-3b), as evidenced by the
LOL C, N and S records. Phosphorous values present
a seesaw pattern. Charcoal concentrations are low. C:
N values range from 12.9-10.4, indicating a moderate
to a high degree of OM decomposition. Bromine
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follows the same trend than OM indicators. pH
changes from acidic to neutral (5.4-7).

Layer-11-4 (22.5-0 cm) is of greyish colour and con-
sists of sand and silt. OM content decreases, as shown
by the records of LOI, C and N, while S increases.
Charcoal content is negligible. C:N values range
from 10.6 to 9.3, indicating a high degree of OM
decomposition. Bromine values are low and pH
changes from neutral to acidic (6.6-4).

Palynological Results and Zonation

Palynomorph preservation and diversity were good, with
60 terrestrial pollen types recorded among the TLP sum
and 36 types within the hydro-hygrophytes and NPP
(Figure SI2, Figure SI3). Three and four palynological
assemblage zones were detected in P3-6-IA (Figure 4,
Figure SI12) and P3-6-1I respectively (Figure 5, Figure SI3).

P3-6-1A

In Zone-TA-1 (186-168.5 cm) trees are dominated by
deciduous Quercus and Castanea, with Alnus and Cor-
ylus also showing continuous values. Shrubs are not
well represented, Erica t. being the most abundant
taxa together with the climber Hedera. Herbs are the
best represented among the total land pollen, with
Poaceae, Fabaceae undiff., Cichorioideae, Aster t.,
Amaranthaceae/Chenopodiaceae, Plantago coronopus
t., Urtica dioica t. and Cardueae dominant. Cerealia
t. is present. This zone is characterised by a large abun-
dance of Dinoflagellate cysts (Dinocysts). Trilete and
Monolete fern spores and Cyperaceae are also present,
with Typha latifolia t. values increasing by the top of
the zone. Algal remains such as Botryococcus, Spiro-
gyra spores together with heterocysts of the cyanobac-
teria Rivularia (HdV-170) also appear, as well as
spores of dung fungi such as Sordaria t. (HdV-55A)
and Sporormiella t. (HdV-113).

Zone-TA-2 (168.5-152 cm) shows the decline in decid-
uous Quercus, Corylus, Alnus, and Castanea. Some trees
that were not previously present appear, such as Betula
and Salix. Low shrub values are recorded, including Fran-
gula alnus. Herbs dominate, with Cannabis/Humulus
t. and Brassicaceae first recorded. Cerealia t. is also pre-
sent. This zone shows a sizeable decrease in Dinocysts,
and an increase in the Cyperaceae, Monolete and Trilete
fern spores, as well as the presence of Potamogetonaceae,
Typha angustifolia t. and Typha latifolia t.

Zone-IA-3 (108.5-85 cm) shows the lowest tree
percentages of the diagram, with the decrease in the
values of deciduous Quercus and Castanea. Alnus
occurs in larger values. Shrubs are represented by
low amounts of Erica t. and Daphne gnidium
t. Herbs still dominate with Poaceae, Cichorioideae,
Aster t. and Fabaceae undiff. notable. The NPP records
show the dominance of ferns, both Trilete and Mono-
lete. Hydro-hygrophytes such as Cyperaceae and
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Figure 3. Macrocharcoal, stratigraphical and geochemical data of the profiles P3-6-1 (upper panel) and P3-6-Il (lower panel)
plotted against depth. Radiocarbon dates, and stratigraphical layers for the two profiles are also included on the left and right
respectively. Radiocarbon dates that present reversal results in P3-6-Il are shown in red, as well as the layer that must have
been reworked (Layer-II-3b). Pictures of the two profiles are in Figure SI1.
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Figure 4. Synthetic palynological percentage diagram of the P3-6-IA profile plotted against depth. The filled silhouettes show the
percentage curves of the taxa, while the white silhouettes show the x10 exaggeration curves. Dots stand for percentages below
0.5%. Radiocarbon dates, and the detected palynological zones are also included. The complete palynological diagram with all
identified taxa is in Figure SI2.
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Figure 5. Synthetic palynological percentage diagram of the P3-6-I profile plotted against depth. The filled silhouettes show the
percentage curves of the taxa, while the white silhouettes show the x10 exaggeration curves. Dots stand for percentages below
0.5%. Radiocarbon dates, and the detected palynological zones are also included. Radiocarbon dates that present reversal results
are shown in red, as well as the zone that must have been reworked (Zone-II-3). The complete palynological diagram with all
identified taxa is in Figure SI3.



Typha angustifolia t. are also important. Dinocysts
show slightly higher values than in the previous zone.

P3-6-11

In Zone-II-1 (75-55 cm) trees are well represented
with Alnus, Castanea, deciduous Quercus, Salix and
Corylus showing the highest percentages. Juglans
appears regularly. Shrubs are not abundant, and only
Erica t. and Cytisus/Ulex t. have a semi-continuous
presence. Herbs are the most abundant taxa, domi-
nated by Poaceae, Fabaceae undiff. and Cichorioideae.
Cerealia t. and Urtica dioica t. also appear. The records
of hydro-hygrophytes and NPP show an abundance of
Trilete and Monolete fern spores alongside Cypera-
ceae. Bryophyte spores are present as well as other
NPP such as Acari (HdV-36) and dung fungi such as
Sordaria (HdV-55A) and Sporormiella (HdV-113).

Zone-1I-2 (55-40 cm) contain lower tree percentages
than Zone-II-1 owing to the lower values of Alnus, decid-
uous Quercus and Salix mostly. Juglans is represented by
continuous values. Among herbs, Fabaceae undiff. and
Cichorioideae percentages increase and Poaceae main-
tains high values. Urtica dioica t. is also present and Cer-
ealia t. increases. Records of hydro-hygrophytes and NPP
vary with decreasing percentages for Trilete fern spores
and increasing ones for Cyperaceae. Other vascular plants
characterise the assemblage with continuous and higher
presence such as Potamogetonaceae and Typha angustifo-
lia t. Algal remains such as Dinocysts and spores of Spir-
ogyra are also present together with other NPP such as
Acari (HdV-36) and Pseudoschizaea.

Zone-II-3 (40-22.5 cm) is characterised by the low-
est tree percentages of the entire profile, with only
Alnus having a continuous presence. Poaceae, Cichor-
ioideae and Aster t. increase and Fabaceae undiff.
decreases in value compared to Zone-II-2. Cerealia
t. has slightly larger percentages, while Plantago coro-
nopus t. and Plantago major/media t. show continuous
presence. Hydro-hygrophytes and NPP assemblages
are similar than in the previous zone, although with
lower values of Dinocysts.

Zone-I1-4 (22.5-0 cm) shows a slight increase in
Alnus and Salix percentages, although tree percentages
are very low. Juglans appears. Herbs are abundant,
with Poaceae and Cichorioideae dominating and pre-
senting similar values than previously. In addition,
Aster t. presents increasing while Fabaceae undiff.
decreasing percentages compared to Zone-II-3. Cerea-
lia t., Plantago coronopus t. and Plantago major/media
t. also appear. Hydro-hygrophytes and NPP records
do not show significant changes compared to those
in the previous zone.

PCA;, of the Palynological Dataset

Four principal components explained 95.3% of the
palynological variance. Figure 6 shows factor scores
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for selected taxa and the fractionation of communal-
ities for each sample (factor scores for all taxa are in
Figure SI4).

The first principal component (PC1) explained
42.9% of the total variance. Poaceae, Cichorioideae,
Trilete fern spores and Aster t. have large factor scores,
while Fabaceae undiff., Castanea, deciduous Quercus
and Dinocysts show large negative scores, and Typha
latifolia t. moderate negative ones. PC1 would be
indicative of the dominance of an open landscape.
The fraction of the variance explained PC1 is very sig-
nificant for samples in Zone-IA-3, Zone-II-3, and
Zone-11-4. It is also important for samples in the top-
most part of Zone-IA-2.

The second principal component (PC2) explained
26.9% of the total variance. Fabaceae undiff,, Trilete
fern spores, Cichorioideae and Alnus show large posi-
tive factor sores, while Castanea, Monolete fern spores
and Cerealia t. have moderate positive ones. Typha
latifolia t. shows moderate negative scores. PC2
would be indicative of the presence of an open land-
scape, with a likely human impact. The importance
of alder would be linked to the importance of fresh-
water. The fraction of the variance explained PC3 is
significant for samples in Zone-II-1 and Zone-II-2. It
is also important, together with PC1, for samples in
the topmost part of Zone-II-3.

The third principal component (PC3) explained
15% of the total variance. Dinocysts show a large posi-
tive factor score, and Poaceae and deciduous Quercus
moderate positive scores. Poaceae shows a moderate
negative score. Dinocysts are resting forms of dinofla-
gellates and, most of them, are part of the marine
plankton. Therefore, PC3 would be indicative of the
local prevalence of marine conditions within a region-
ally open woodland with deciduous Quercus. The frac-
tion of the variance explained PC3 is significant for
samples in Zone-IA-1.

The fourth principal component (PC4) explained
10.6% of the total variance. Cyperaceae, Typha latifolia
t., Castanea, deciduous Quercus and Poaceae are the
taxa with large positive factor scores, while Monolete
fern spores have a moderate one. Cichorioideae and
Dinocysts show large and moderate negative scores,
respectively. PC4 would be indicative of the local pres-
ence of hydro-hygrophyte vegetation within a region-
ally open woodland with Castanea and deciduous
Quercus. The fraction of the variance explained PC4
is significant for samples in Zone-IA-2.

Chronological Aspects and
Palaeoenvironmental Interpretation

In this section, we have integrated the multi-proxy
results to provide a palaecoenvironmental, chronologi-
cal and archaeological interpretation of the pedo-sedi-
mentary profiles. Six radiocarbon dates were obtained
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from P3-6-I profile, while five from P3-6-II profile.
The dated layers correspond with basal sands or
with the accumulation of fine sediments. P3-6-I has
a longer chronological framework dated from 111
BC-AD 84 to AD 430-605, with a coherent chrono-
logical sequence. Glazed ceramics in the topmost
samples of P3-6-1 suggest that the top of the profile
belongs to the 17" century AD (Costa-Casdis et al.,
2008). In contrast, in P3-6-II the radiocarbon results
reveal that the sediments are not stratigraphically
coherent, and they are all post-Roman.

The stratigraphical, geochemical and palynological
results suggest that the bottommost part of P3-6-1
was formed within a marine sedimentary environment
and that terrestrialisation occurred afterwards during
the rest of P3-6-1 and P3-6-II. This terrestrialisation
occurs in an environment in which the interaction
of both marine and terrestrial processes took place
and where some phases were more influenced by the
former or latter processes.

The extracted PC3 after the PCA,; is likely to be
related to the presence of Dinocysts, explaining most
of the variance in Zone-IA-1 (Figure 6). The stratigra-
phical and geochemical properties of the sediment
suggest a marine influence. Layer-I-1 consists of
banded silt and sand that shows high OM content,
with large Br and extremely low pH values (Figure
3). Dinoflagellates are part of marine plankton, and
the principal source of Br is the ocean, appearing in
soils/sediments as organo-halogen compounds (e.g.
Martinez Cortizas et al., 2016, 2021). The extremely
acidic pH values are a feature of sulphate-acid soils,
typical of intertidal environments (Tallén-Armada,
2012; Tallon-Armada et al, 2013). Accordingly,
Layer-I-1 is interpreted as a layer of marine sands.
Radiocarbon dates frame this marine phase between
111 BC-AD 84 and AD 126-262. This phase is
confined within the archaeological structures of the
Roman saltworks (Castro Carrera et al., 2019), there-
fore representing the use of the saltworks between
the 1°' century BC and the 3" century AD.

PC4 indicates a shift towards the presence of typical
wetland plants, such as sedges and bulrush, in Zone-
IA-2 (Figure 6). Stratigraphical and geochemical data
show organic-rich fine silty sediment that marks the
evolution of the marine environment to a sulphate-
acid coastal marsh with strong terrestrial influence
in Layer-I-2, characterised by the decreasing OM indi-
cators and Br (Figure 3). The coastal marsh would
have been fed by low energy terrestrial water that
transported and deposited fine-grained sediment.
From an archaeological point of view, this layer was
identified as the fill of the saltworks topmost layer.
Two radiocarbon dates obtained for this layer (AD
325-442 and AD 304-414) indicate a Late Roman
Empire chronology. The salinae abandonment would
have  triggered  the  coastal  environment
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restructuration from a more marine to a more terres-
trial-influenced one up to at least the onset of the 5"
century AD. The sedimentation of fine materials was
fast as shown by the two overlapping radiocarbon
dates.

During the post-Roman period, a layer of sand was
deposited on the coastal marsh (Layer-I-3). The sands
in this Layer-I-3 transition from darker to lighter col-
ours and imply a change from a low-energy marine-
terrestrial-dominated environment to an aeolian-
dominated white dune system as seen in the extremely
low Br and OM content, as well as higher pH. This
layer was deposited relatively quickly dated between
AD 304-414 and AD 426-595. Layer-1-4 consists of
silt and very fine sand and where low Br and OM
values slightly increase. The layer represents a rapid
stabilisation of the sedimentary system and the devel-
opment of a lagoon over approximately two centuries
judging by the dates AD 426-595 and AD 430-605.
Layer-I-5 comprises sand with an extremely low OM
content that indicates the reactivation of the aeolian
processes from AD  426-595 wup to the
17™ century AD (based on the presence of glazed cer-
amics). Palynomorphs are not well preserved in sandy
contexts, so just the samples with a larger silt presence
were analysed, and they mainly correspond to the
lagoon layer. Palynological data points to a stronger
influence of terrestrial processes as well in Zone-IA-
3. PC1 explains most of the variance, with the domi-
nance of an open landscape.

Palacoenvironmental data also indicate a strong
terrestrial influence in the P3-2-1I profile. Stratigraphi-
cal and geochemical data show that P3-6-II records
the infilling of a small depression with fine sediment.
P3-6-1I presents more silty layers than P3-6-1. How-
ever, radiocarbon dates in this profile do not follow
a coherent sequence as in P3-6-1. The basal date was
taken from the bottom part of Layer-II-1 and corre-
sponds with a layer of marine sands (AD 941-1048)
that comprise banded sand and organic silt and an
extremely acidic pH. The remaining four dates were
performed at Layer-II-2, Layer-II-3a and Layer-II-3b,
that consist of organic silt with pH ranging from acidic
to neutral and that are interpreted as lagoon phases.
The two dates in Layer-II-2 and Layer-1I-3a show
the same age (AD 1025-1179), while the two dates in
Layer-II-3b show a chronological inversion for this
layer (AD 426-595 and AD 430-605). Finally, Layer-
II-4 is not dated and consist in sands and silt that
are reconstructed as a grey dune.

Regarding the chronological inversion, a disconti-
nuity at 40 cm between the silty layers within Layer-
II-3 was observed in the stratigraphical and geochem-
ical results, and for that reason the 3a and 3b separ-
ation was done. Palynological zones also showed a
boundary at 40 cm between Zone-1I-2 and Zone-II-
3. While most of the variance in the palynological
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dataset is explained by PC2 in Zone-II-1 and Zone-II-
2 (corresponding to Layer-II-1, Layer-1I-2 and Layer-
I1-3a), PC1 dominates in Zone-II-3 (Layer-1I-3b) and
Zone-11-4 (Layer-II-4). Both components indicate the
presence of open landscapes, although PC2 shows an
influence of freshwater. Climate seems to have been
related to the rearrangement of the sedimentary layers.
After AD 1025-1179 part of the buried, older lagoon
sediments located at more elevated topographical set-
tings may have been exhumed, eroded, and redepos-
ited during one of the latest episodes of dune
formation, explaining the deposition of older layers
above Layer-1I-3a, causing the reversal in the radiocar-
bon dates in Layer-II-3b.

Discussion

Chronology of the O Areal Saltworks and
Anthropogenic Activities During Roman Times

The reconstructed marine sediments of the bottom-
most part of P3-6-1 (Zone-IA-1 =~ Layer-I-1) are
confined within the archaeological structures of the
Roman saltworks (Figure 2). Radiocarbon dating of
the marine interval indicates that saltworks were oper-
ational between the 1°' century BC and the 3™ century
AD, during the Early Roman Empire. Refining the
chronology for the construction of the salinae was
possible, as the ceramic remains found in the contexts
before the salinae pavement suggest that the saltworks
would have been constructed between AD 50 and 70,
so during the 1** century AD (Castro Carrera et al,,
2019). It is more difficult to disentangle a precise
chronology on when the saltworks complex was aban-
doned, as no ceramics have been found to establish a
firm date. However, a necropolis indicated that burials
occurred on top of the crystallisation ponds since the
mid-4™" century AD (Valle Abad, Fernandez Fernan-
dez, and Acuna Pineiro, 2020), so the saltworks’
demise most likely occurred earlier enough to allow
sediments to seal the area (Castro Carrera et al,
2019). This supports the radiocarbon chronology
that dates the end of marine phase to the second
half of the 2™ century AD or the first half of the 3™
century AD.

The anthracological study of architectonical tim-
bers that survived in their original position during
the production of salt in O Areal (Martin-Seijo and
Teira-Brién, 2010; Martin-Seijo and Carrién Marco,
2012; Martin-Seijo, 2019; Figure 2) indicates that
posts and planks delimiting the salt evaporation
ponds were made of oak, alder, and sweet chestnut.
These taxa were detected palynologically (Zone-IA-1,
Figure 4), indicating the local use of timber resources,
typical for other Roman timber structures and wooden
objects in NW Iberia (Martin-Seijo and Carrién
Marco, 2012). Saltwork activities were, for sure, not

the only human activities transforming the environ-
ment in the area, including the subsistence of those
working in the local fishing and salting industries
(Castro Carrera, 2007, 2008; Curras, 2017). The large
values of P during the Early Roman Empire, together
with the presence of Rivularia heterocysts (HdV-170),
could be linked to an additional input of phosphates
from farming (Figure 7), as cyanobacteria point to
phosphate-eutrophication (van Geel, Odgaard, and
Ralska-Jasiewiczowa, 1996). Agropastoral activities
also were practised with the presence of Cerealia t.,
Urtica dioica t., and spores of dung fungi. Sweet chest-
nut and walnut pollen increased in abundance during
Roman times suggesting that arboriculture and/or the
management of wild resources for food took place in
the area, a common practice in NW Iberia (Costa
Vaz et al., 2016; Pefia-Chocarro et al., 2019; Lopez-
Merino et al., 2008, 2009, 2010, 2014; Silva-Sanchez,
Martinez Cortizas, and Lopez-Merino, 2014).

The inferred coastal marsh in Zone-IA-2 (~ Layer-
1-2) of P3-6-I indicates the onset of the terrestrialisa-
tion process during the Late Roman Empire. This pro-
cess of terrestrialisation is also identified in the
Hospital and Toralla galaico-roman archaeological
sites located in the Ria de Vigo (Martinez Cortizas
and Costa Casais, 1997; Tallon-Armada, Costa-Casais,
and Taboada, 2015). The study of wood and seeds col-
lected in the O Areal allowed the identification of the
plant resources during the Late Roman Empire after
the abandonment of the saltworks at the end of the
3" onset of the 4™ century AD. The area was briefly
used as a dumping ground and numerous botanical
remains have been exceptionally well-preserved in
waterlogged conditions (Martin-Seijo, 2019; Martin-
Seijo and Teira-Brion, 2010; Teira-Brion, 2010,
2022). Anthracological data points to the importance
of deciduous Quercus and woody Fabaceae as fuel,
with the palynological data confirming that the
wood was most likely of local origin by the presence
of deciduous Quercus and Cytisus/Ulex t. (Zone-IA-
2, Figure 4). Carpological data highlights the large
quantities of cereals (Panicum miliaceum mainly,
together with Triticum aestivum/durum and Hordeum
vulgare), and sweet chestnut and walnut nuts indica-
tive of arboriculture and/or the management of wild
resources. Other carpological remains of cultivated
and fruit-bearing species such as Ficus carica, Pinus
pinea, Olea europaea, Vitis vinifera and several species
of Prunus (P. avium, P. avium/cerasus, P. domestica
subsp. insititia and P. persica) and, even Cucumis
melo together with weeds were identified (Teira-
Brién, 2022). Pollen of Olea europaea is more abun-
dant during Roman times (Zone-IA-1 and Zone-IA-
2, Figure 4) than afterwards. The more thermic con-
ditions of the RWP would have allowed the spread
of thermophilous species and, perhaps, the cultivation
of Mediterranean crops or their deliberated
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management (Lopez-Merino et al., 2014; Silva-San-
chez et al., 2014). However, commercial exchange
has been documented for Olea in other northern Iber-
ian archaeological settings such as the Roman port of
Irdn (Basque Country; Pefia-Chocarro and Zapata,
1996, 2005). Although salt production may have
ended, and dung fungi indicative of grazing also

decreased, other anthropogenic indicators are still
recorded during the second half of the Roman period
in the studied profiles (Figure 7). These indicators are
mostly related to crops, with the presence of the same
taxa as those during the Early Roman Empire, and
with the addition of Cannabis/Humulus t. in the
assemblage.
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No carpological remains for Cannabis/Humulus
t. have been found in the O Areal during Late
Roman Empire. Both Cannabis (hemp) and Humulus
(hop) are dioecious plants of the Cannabaceae family.
As far as we know, domestication and cultivation of
hop (Humulus lupulus) was first recorded in Medieval
times (see Behre, 1999) and Romans just used the
plant they called Lupum salictarium growing wild,
more for amusement rather than food (Pliny 1906,
NH, 21.86.7). As hop is native of Europe, its palynolo-
gical presence could be related to the natural regional
vegetation. Male individuals of Cannabis (hemp) have
been (pre-)historically used for its fibres (McPartland,
Guy, and Hegman, 2018). Its pollen presence could be
indicative of its cultivation for textiles. Although the
Cannabis/Humulus pollen type cannot guarantee
that it comes just from hemp (Rull and Vegas-Vilarra-
bia, 2014 and references therein), the fact that it is
found together with cultivated cereals, fruit-bearing
species and weeds (McPartland et al., 2018), allow us
to consider that its cultivation in the surroundings
of the O Areal is plausible. The retting process — that
is undertaken in pools or channels — of hemp stems
is necessary for extracting fibres, but it is known to
pollute waters. Although the pollen percentages of
Cannabis/Humulus t. do not allow us to reconstruct
retting in situ in the marsh, it is likely that retting else-
where could also be related to the coastal water eutro-
phication detected during Roman times (Figure 7).
Hemp cultivation is ancient practice (McPartland
et al., 2018), and the Greeks and Romans expanded
its use in Europe (McPartland et al., 2018; Mercuri,
Accorsi, and Bandini Mazzanti, 2002). However, no
Roman hemp cultivation and pollution triggered by
hemp retting is reconstructed in Iberia (Rull et al.,
2023), although it has been undoubtedly detected in
Medieval times (since AD 600) in the NE Iberia
Lake Estanya (Riera, Wansard, and Julia, 2004, 2006)
and Lake Montcortés (Rull et al., 2021). However, as
Rull (2022) points out, ‘The lag of sufficient localities
also hinders knowing what happened on the IP [Iberian
Peninsula] with Cannabis during the large gap between
post-glacial times and the Middle Ages. Our results
could be a starting point to fill this gap.

The scale of impact of Romans on the environment
was not only restricted to saltworks and agropastoral
activities. NW Iberia is well known for other anthro-
pogenic activities, such as metal mining (Domergue,
1987). Metal mining has left a mark on past landscapes
both geomorphologically and on the vegetation
(Lopez-Merino et al, 2010, 2011, 2014; Orejas and
Sanchez-Palencia, 2002). Numerous records of atmos-
pheric metal pollution as recorded by local peat and
sediment archives exist (Hillman et al., 2017; Kylander
et al., 2005; Martinez Cortizas et al., 1997, 1999, 2002,
2013; Silva-Sanchez and Armada, 2023), while the
Roman population was also impacted by the levels of

metal pollution as unravelled by the geochemical
analysis of human archaeological bones (Alvarez-Fer-
nandez, Martinez Cortizas, and Lopez-Costas, 2020;
Lépez-Costas et al., 2020). It is, therefore, quite appar-
ent, that the scale of human impact during Roman
times in NW Iberia was profound, ranging from land-
scape transformation (e.g. opening due to agropastoral
activities) to water eutrophication as well as atmos-
pheric metal pollution. This complex system of
resource exploitation and induced environmental
impact during the Roman period has been recon-
structed using multi-proxy palaeoenvironmental
approaches on other Iberian archives, e.g. archaeologi-
cal sediments in NW Spain (Lépez-Merino et al,
2010), La Molina mire in N Spain (Lopez-Merino,
Martinez Cortizas, & Lopez-Saez, 2011, 2014; Marti-
nez Cortizas et al., 2013), Somolinos Lake in central
Spain (Curras et al., 2012).

Palaeoenvironmental Contextualisation of the
Last two Millennia Human Activities

Palynological studies in Ria de Vigo’s marine sediment
cores have shown that the Late Holocene is character-
ised by strong human interference on the landscape, as
low arboreal percentages point to an established open
landscape (Figures 4 and 5; Desprat, Sachez Goni, &
Loutre, 2003; Muiioz Sobrino et al., 2007, 2014). How-
ever, environmental changes were not restricted to
landscape-scale vegetation changes but also to local
coastal ones. We have reconstructed two millennia
of environmental change from a marine to a terrestria-
lised setting (Figure 8).

Roman Times

Palynological, stratigraphical and geochemical records
show an environment with strong marine influence
during the Early Roman Empire, when saltworks
were active. This period was characterised by the cli-
matic amelioration of the RWP with elevated tempera-
ture and, during the first half, low precipitation in NW
Iberia (Martinez Cortizas et al., 1999). A warmer and
drier climate, together with a higher sea level, would
explain the location of solar evaporation ponds in salt-
work complexes on the Atlantic coast during the Early
Roman Empire. However, although the environmental
conditions for sea salt evaporation were optimal
during the Early Roman Empire, there is a pre-
Roman history of sea salt evaporation and use. The
presence of the so-called removable sea salt sinks
(that could evaporate the water using fire) in the
northern coast of Portugal provides evidence for sea
salt evaporation regionally since the Bronze Age
between the late 3" millennium to the mid-2"¢ millen-
nium BC (Bettencourt et al., 2020). A possible Roman
salting factory in the nearby A Lanzada archaeological
site also suggests salt usage in the 2™ century BC



(Rodriguez Martinez et al., 2011), hence before the
RWP. Therefore, why did salt evaporation flourished
in the area by Romans building long-term saltworks
complexes? Firstly, the stabilisation of the sea level
after the rapid rise from the Early Holocene meant
the consolidation of a stable, suitable coastal environ-
ment for building the saltworks. The pedo-stratigra-
phical study of other profiles in the O Areal from ca.
2000 BC to AD 400 suggests that sea level was rela-
tively stable at the onset of the Roman times, this
study also reconstructing saltworks during the Early
Roman Empire (Talléon-Armada et al, 2018).
Although climate was surely an especially important
factor for the consolidation and expansion of salt pro-
duction, the larger demand of salted fish would have
been another crucial factor during Roman times.
Therefore, an activity that is known to have started
regionally during the Bronze Age, intensified under
the administrative and economic restructuring of the
Roman period, taking advantage of the more suitable
climatic conditions of the RWP.

During the Late Roman Empire (3™ to 5™ centuries
AD), Martinez Cortizas et al. (1999) reconstructed a
relative decrease in temperatures and a significant
increase in humidity within the RWP. Schellekens et
al. (2011) also detected a wet period at AD 270-385
in a NW Iberian mire using molecular vegetation mar-
kers. This could imply the worsening of the conditions
for salt precipitation due to a shortening of the evap-
oration period, leading to the abandonment of the
saltworks in the area and an influx of eroded sedi-
ments linked to the increased precipitation. This
influx would have triggered coastal reconfiguration
and the development of a marsh between the 4™ and
the early-5™ centuries AD. The abandonment of the
saltworks was not only coeval to this climate deterio-
ration, but also to a known period of economic reces-
sion starting in the 3" century AD that involved a
ruralisation of the economy and a demise in commer-
cial and maritime trade, including the salted-fish
industry throughout the Empire (see Wilson, 2009).
Salting facilities were abandoned in many places (see
Wilson, 2009 for the Roman Empire, see Currds,
2017 for NW Iberia). On the Atlantic coasts of Portu-
gal and Galicia those remaining were remodelled or
only partially used (Bombico, 2015; Curras, 2017;
Pinto, Magalhdes, and Brum, 2014 and references
therein). Some of them did survive in the 45" cen-
turies AD, e.g. the saltwork at Toralla (Pérez Losada
et al., 2007), close to the O Areal saltworks. Therefore,
it is likely that a mix of reasons converged to produce
the abandonment of the salinae, from the fall in
demand for salted fish to the environmental con-
ditions that might have made more difficult to sustain
salt evaporation.

During both the Early and the Late Roman Empire,
the landscape was already open. However, arboreal
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pollen has higher percentages compared to other
periods (Zone-IA-1 and Zone-IA-2; Figure 8). PC3
and PC4 explain a sizeable portion of the variance in
Zone-IA-1 and Zone-IA-2 respectively. PC3 indicates
the local prevalence of marine conditions within
regionally open oak woodlands, and PC4 suggests
the local presence of hydro-hygrophyte vegetation
within regionally open woodlands comprising sweet
chestnut and oak. Therefore, both the Early and Late
Roman Empire landscapes are characterised by meso-
philous trees in an open landscape. The larger impor-
tance of mesophilous trees compared with Zone-IA-3,
which has a post-Roman chronology, agrees with the
increased pollen influx of mesophiles detected by
Desprat et al. (2003) in the Ria de Vigo during the
RWP.

Medieval Times

Palacoenvironmental and bioarchaeological research
shows that the transition from Roman to Medieval
times in Galicia meant a further climate deterioration
that triggered soil erosion and woodland decline,
together with a dietarian change (see Lopez-Costas,
2021 and references therein). After the RWP, the so-
called Dark Ages Cold Period (DACP) climate
deterioration occurred. The DACP is characterised
by abrupt temperature changes at the onset of the
5™ century AD and an irregular precipitation regime
in NW Iberia, followed by intense cold and dry
periods in the following centuries (Martinez Cortizas
etal., 1999). Consequently, there was increased aeolian
activity. Stratigraphic and geochemical data identify a
continuation of the terrestrialisation process of the
coastal environment after Roman times with sands
of aeolian origin turning the coastal marsh into a
dune system (white dune of Layer-I-3) coincident
with a drop in the sea level. A short-term climate ame-
lioration is detected in Galicia around the 6™ and 7
centuries AD (Martinez Cortizas et al., 1999), and
this is reflected in the reconstructed coastal lagoon
in Layer-I-4. After this first phase of dune formation,
a reactivation of the aeolian activity took place with
the formation of a second dune phase (white dune
of Layer-I-5). Layer-1I-3b in P3-6-II also belongs to
this cold interval and would indicate the development
of a coastal lagoon. Intensification of continental soil
erosion during this cold period, as indicated by the lar-
ger presence of Pseudoschizaea (Pantale6n-Cano et al.,
1996), points to coastal sediment deposition linked to
watercourses feeding the lagoon. There is no palynolo-
gical data for the onset of the DACP (Layer-I-3, white
dune) at the onset of the 5™ century AD, although
palynological data are available from the mid-5™ cen-
tury to the 7™ century AD at Layer-I-4 (coastal
lagoon) and bottom of Layer-I-5 (white dune) in P3-
6-IA (Zone-1A-3), as well as for the 7®-8® centuries
AD at Layer-1I-3b (coastal lagoon) in P3-6-1I (Zone-
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results in P3-6-11 are shown in red, as well as the zone that must have been reworked (Zone-II-3) and that for this figure has been

moved to its ‘coherent’ position.

I1-3). Palynological data points to a stronger terrestrial
influence, as PC1 explains most of the variance, recon-
structing the dominance of herbs versus trees in an
open landscape. This result agrees with the decreased
pollen influx of mesophiles by Desprat et al. (2003) in
the Ria de Vigo during the DACP.

A more open landscape seems to be mainly driven
by climate as anthropogenic indicators during the

DACP decreased, with Cerealia t. well represented.
In fact, sweet chestnut and walnut cultivation/man-
agement ceased and the dung fungi indicative of graz-
ing activities disappeared along with the lower
incidence of Urtica dioica t (Figure 8). Although
anthropogenic palynological indicators decreased
after Roman times, it is likely that the intensification
of the aeolian activity and the more terrestrial



influence detected would have allowed the area to be
used for burials, as the onset of the western cemetery
of the O Areal is archaeologically recorded. Some of
the cemetery structures were constructed directly on
the beach sand or the remains of the salt complex
(Iglesias Darriba et al., 2017). According to the cer-
amics, the coastal funerary site was used since the
mid-4™ century AD, when some of the burials were
built over the salinae pavements and was no longer
used by the mid-7" century AD (Valle Abad et al.,
2020).

After the DACP, the Medieval Climate Anomaly
(MCA) is detected in the palynological record in the
Ria de Vigo (Desprat et al., 2003) as well as by cocco-
lith and molecular biomarkers (Alvarez et al., 2005). It
is called Medieval Climate ‘Anomaly’ because its
effects were not homogeneous everywhere, and while
in SW Europe it meant a climate warming, in E Med-
iterranean areas meant a cooling (Liining et al., 2019).
The Mediterranean region of Iberia the period was
dry, whereas in the Atlantic region it is thought to
have been more humid (Moreno et al., 2012). Marine
sands (Layer-1I-1) were deposited from the 10" cen-
tury AD, and a coastal lagoon formed (Layer-II-2
and Layer-II-3a) from the 11" century AD. Desprat
et al. (2003) reconstructed a larger influx of mesophi-
lous trees for this period, and in Zone-II-1 and Zone-
II-2 a larger importance of arboreal taxa is detected.
The higher percentages of Alnus associated to PC2
indicate freshwater (Figure 6). This could be linked
to more humid conditions owing to an increase in pre-
cipitation that would have favoured the formation of
watercourses transporting fine terrestrial sediments
(i.e. silt) to the coast. Therefore, although during the
MCA the marine influence is still important, terres-
trial processes dominated the coastal environment.
The climate amelioration during Medieval times was
also accompanied by the rise in anthropogenic activi-
ties as seen by the records of Cerealia t., Urtica dioica
t. and dung fungi. In addition, sweet chestnut and wal-
nut presences are more important than during the ear-
lier cold phase.

Post-Medieval Times

Finally, after the MCA a rapid oscillation to cold
temperatures shows the onset of the Little Ice Age
(LIA) (Groove, 1988). For Iberia, cold conditions are
reconstructed together with alternating moisture
regimes accompanied by droughts and floods since
the onset of the fourteenth century AD (Oliva et al,,
2018). The LIA has been reconstructed as one of the
coldest recent periods in Galicia, with temperatures
dropping down by ~2.5° C compared to present
times (Martinez Cortizas et al., 1999). This erratic cli-
mate seems to have triggered the exhumation, erosion
and redeposition of part of the buried, older lagoon
sediments located at more elevated topographical
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settings after the twelth century AD, during one of
the latest episodes of dune formation. This would
explain the deposition of the older levels of Layer-II-
3b above Layer-II-3a. The larger values of Pseudoschi-
zaea in the top 20 cm of P3-6-1I support an increase of
soil erosion during the LIA. Renewed aeolian activity
is detected with dune formation, i.e. Layer-II-4 corre-
sponding to a grey dune with a low to moderate degree
of paedogenesis. PCI1 indicates the landscape domi-
nance of herbs (Zone-II-4) in agreement with the
lower tree pollen influx detected in the Ria de Vigo
by Desprat et al. (2003). The extreme climate during
the LIA triggered substantial socio-economic conse-
quences in Iberia (Oliva et al., 2018), and in our area
of study we detect a decrease in indicators of human
activities: grazing seems to have stopped as dung
fungi disappear, as well as the cultivation of sweet
chestnut and walnut. However, cereal cultivation is
present.

Conclusions

The location of the O Areal Roman salinae through-
out the Atlantic coast of Iberia is of great cultural
value owing to the exceptional archaeological preser-
vation together with the associated pedo-sedimen-
tary sequences. Palynological analyses of two pedo-
sedimentary sequences from the O Areal saltworks,
combined with geochemical and stratigraphical
records, show that the sea level was higher during
the Early Roman Period, when saltworks were active,
as reconstructed by the large marine influence in the
dataset presented here. The operation of the salinae
was coeval with the flourishing of the fish-salting
factories in NW Iberia. When a demise in the salting
industry occurred, at the onset of the Late Roman
Period, salt production may have ended at O
Areal, and the salinae structures partially collapsed.
The overlying silty layer reflects the development
of a sulphate-acid marsh with hydro-hygrophytes
and the onset of a transition from a marine to a
more terrestrial environment. The diversity of sedi-
mentary settings after Roman times highlights the
variability due to the proximity to the coastline or
topography. This is seen with the coeval develop-
ment of a dune system in P3-6-I and a lagoon sys-
tem in P3-6-II, although due formation finally seals
both profiles.

Climate change during the RWP and socioeco-
nomic changes in the Roman world related to the
demand of fish-salted products and the establishment
of maritime trading networks, most likely explain the
rise and demise of the saltworks studied. The proxy
data have provided a detailed picture of the long-
term fluctuations that coastal environments face,
both due to anthropogenic and climate impacts. In
this case study, the strongest human-induced
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perturbations on the coast are detected during Roman
times. Firstly, during the lifespan of the salinae at the
Early Roman Empire, when saltworks and salting
activities were accompanied by agriculture and hus-
bandry, triggering the eutrophication of coastal
waters. Second, during the Late Roman Empire,
through crop cultivation. After that, changes in the
coastal environment appear to be related to Late-
Holocene climate variability. In tandem with climate,
anthropogenic impact during the last two millennia
was more sizeable during the warmer phases of the
RWP and the MCA compared to the colder ones of
the DACP and the LIA.
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