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ABSTRACT

A high-resolution study of a marsh sedimentary sequence from the Minho estuary provides a new
palaeoenvironmental reconstruction from NW Iberian based on geological proxies supported by historical and
instrumental climatic records. A low-salinity tidal flat, dominated by Trochamminita salsa, Haplophragmoides
spp. and Cribrostomoides spp., prevailed from AD 140-1360 (Roman Warm Period, Dark Ages, Medieval Climatic
Anomaly). This sheltered environment was affected by high hydrodynamic episodes, marked by the increase in
silt/clay ratio, decrease of organic matter, and poor and weakly preserved foraminiferal assemblages, suggesting
enhanced river runoff. The establishment of low marsh began at AD 1380. This low-salinity environment, marked
by colder and wet conditions, persisted from AD 1410-1770 (Little Ice Age), when foraminiferal density in-
creased significantly. Haplophragmoides manilaensis and Trochamminita salsa mark the transition from low to
high marsh at AD 1730. Since AD 1780 the abundances of salt marsh species (Jadammina macrescens,
Trochammina inflata) increased, accompanied by a decrease in foraminiferal density, reflecting climate instabil-
ity, when droughts alternate with severe floods. SW Europe marsh foraminifera respond to the hydrological bal-
ance, controlled by climatic variability modes (e.g., NAO) and solar activity, thus contributing to the
understanding of NE Atlantic climate dynamics.

© 2014 University of Washington. Published by Elsevier Inc. All rights reserved.

Introduction

or by persistent human impact (e.g., anthropogenic induced climate
warming), is essential to understand global and regional climatic vari-

Tidal marshes are dynamic ecosystems, considered critical transition ability and the relationship between climate and sea level during the
zones between adjacent terrestrial and marine environments within the last two millennia.

estuarine landscape. These environments have been the source of con-

Since the pioneering works of Phleger (1965) and Scott and Medioli

siderable benefits, both social and economic. The human impact on (1978, 1980), tidal marsh foraminiferal assemblages have been used as

tidal marshes started a long time ago (e.g., drainage and agriculture, palaeoenvironmental proxies and sea-level indicators in Holocene in-
grazing, saltpans), and increased in modern times (dredging, harbors, tertidal deposits (e.g., Gehrels, 1994; Hayward et al., 1999; Horton,
heavy industries, communication routes and urban settlement, agricul- 1999; Scott et al., 2001; Gehrels and Newman, 2004; Horton and

ture, sewages and industrial effluents). Identifying past environmental Edwards, 2005; Fatela et al., 2009; Leorri et al., 2010a, 2011). The distri-
changes that influenced the estuarine margins, whether triggered bution of foraminiferal species across tidal marshes around the world
by natural internal processes (e.g., sediment supply), external forcing exhibits a vertical zonation with respect to the tidal frame that depends
(e.g., solar irradiance, volcanic aerosols, atmospheric circulation patterns) on abiotic and biotic factors and allows the recognition of foraminiferal

assemblage characteristics of a narrow zone (high marsh) between
mean high water (MHW) and mean high water spring (MHWS). They
also provide an efficient method to reconstruct water circulation pat-
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terns in estuaries and the interplay between marine and freshwater in-
flow (e.g., Hayward et al., 1999; Leorri and Cearreta, 2009a). The study
of modern foraminiferal patterns can be used to interpret fossil brackish
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foraminiferal faunas and they are of special relevance to recent methods
of determining rates of Quaternary changes in sea level, climate and
geohistory (e.g., Hayward et al., 1999; Hippensteel et al., 2005; Alday
et al., 2006; Drago et al., 2006; Horton and Murray, 2006; Horton and
Culver, 2008; Leorri and Cearreta, 2009b; Leorri et al., 2013).

In the present work, foraminiferal data are combined with both
descriptive documental records and instrument-based observations
(i.e., meteorological and hydrological) to improve the understanding
of climate variability in the NW of Portugal over the last 2000 yr. Further
comparison with historical climatic information from the Iberian
Peninsula (e.g., Font, 1988; Benito et al., 1996, 2008, 2010; Bernardez
et al., 2008a; Martin-Chivelet et al., 2011) and palaeoclimatic recon-
structions from offshore Atlantic Iberian margin (Lebreiro et al., 2006;
Rodrigues et al., 2009; Abrantes et al., 2011) was made to recognize
and characterize the potential of marsh foraminiferal assemblages as a
proxy for major shifts in climate. Notwithstanding the uncertainties
inherent to the dating methods, especially sub-centennial scale
chronologies based on radiocarbon dating, foraminiferal changes over
the last two millennia might reflect climatic changes such as Roman
Warm Period (RWP), Dark Ages (DA), Medieval Climatic Anomaly
(MCA), Little Ice Age (LIA), the Solar activity cycles (maxima and
minima), the present warming pulse, as well as extreme climatic events.

Study area

The Minho River runs through the NW of Portugal (Fig. 1), defining
77 km of the political border with Spain, just before reaching the Atlan-
tic Ocean near the ancient fortress town of Caminha. It drains a carbon-
ate depleted Variscan basement across the rainiest area of Portugal,
with an average annual precipitation of 1780 mm (maxima 3470 mm;
http://snirh.pt). The annual average fluvial discharge is approximately

ATLANTIC OCEAN

300 m>/s and the winter peak discharge (December to March) generally
exceeds 1000 m>/s; the 100-yr flood recorded 6100 m>/s (Bettencourt
et al,, 2003). In spite of the construction of several dams since AD
1951, a correlation between river flow and precipitation of R = 0.85
(Fatela et al., 2013) to R = 0.88 (Gomez-Gesteira et al., 2011) was
found in Minho, as well as a correlation between winter precipitation
and NAO index of R = 0.70 (Fatela et al., 2013).

The Minho estuary presents a semi-diurnal high-mesotidal regime
where astronomical tides range between 2 m and almost 4 m under
neap or spring waters, respectively. However, tidal levels are often
amplified by storm surges (Taborda and Dias, 1991). The dynamic tide
is felt up to 40 km upstream (Alves, 1996). The upstream limit of marine
water is recorded up to 6-9 km (Fatela et al., 2009). This estuary is
shallow, as a result of widespread siltation, and semi-enclosed by a
mouth bar, exposing a considerable part of the bottom during low
water spring tide. The lower estuary extends a few kilometres from
the mouth and behaves as “partially mixed” (Brown et al., 1991;
Moreno et al., 2005¢). The most extensive marsh development occurs
in the south bank of the Minho estuary, at the confluence with the
Coura River (hereafter referred to as the Caminha tidal marsh), providing
an adequate site to investigate the current and past distribution of fora-
miniferal assemblages (Fig. 1).

Surface foraminiferal distribution at Caminha marsh

Several studies related to the living and dead marsh foraminiferal
assemblage zonation and their environmental constraints (Moreno
et al., 2005a, 2005b, 2005c¢, 2006, 2007; Fatela et al., 2007, 2009) and
Holocene sea-level changes (Leorri et al., 2010a, 2011, 2013) have
been carried out. The main control to the general composition of the
foraminiferal assemblages is salinity and submersion time (e.g., Fatela
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Figure 1. Location of core FCPw1 in the Caminha tidal marsh (Minho estuary, NW Portugal).
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et al., 2009). However, these assemblages are also controlled by calcite
undersaturation in these brackish marshes and tidal flats, where marine
water is the major source of carbonates (Moreno et al., 2007; Valente
et al,, 2009). While with each tidal cycle salinity present large changes,
foraminifera live infaunally (i.e., inhabit the sediment) and the controls
are exerted by interstitial pore water that buffer these drastic changes
(Fatela et al., 2009). The particular conditions (e.g., undersaturation
in calcite, low pore-water pH) of the interstitial water have led to
foraminiferal assemblages strongly dominated by robust agglutinated
foraminifera, since calcareous foraminifera dissolve and most fragile
marsh agglutinated tests disaggregate in response to these geochemical

conditions.

Low-salinity conditions limit the elevation at which foraminiferal
assemblages can be found. In fact, in this region the typical highest
high marsh zone is absent and it is instead colonized by terrestrial
vegetation. A pronounced dilution of marine water, caused by plentiful
rain, in conjunction with the morphology of the estuary, limits the tidal
salt wedge penetration landwards and residence time of marine waters

within the estuarine space.

Following the tidal marsh foraminiferal zonation previously defined by
the seminal work of Scott and Medioli (1980), a study of forty-eight sur-
face sediment samples (from the Spring and Fall of 2002; Fatela et al.,
2009), shows that Caminha assemblages from the high marsh IB sub-
zone, between mean high waters (MHW) and mean high waters spring
(MHWS), are dominated by Haplophragmoides sp. and Haplophragmoides
manilaensis (Andersen, 1953), together with Pseudothurammina limnetis
(Scott and Medioli, 1980) as a co-dominant species in the living assem-
blage. The low marsh zone II is characterized by the dominance of
Miliammina fusca (Brady, 1870). This zone may be subdivided into a IIA
upper subzone, between MHW and mean high waters neap (MHWN),
where M. fusca is accompanied by secondary species P. limnetis, and a
lower subzone IIB defined by M. fusca and secondary Psammosphaera sp.
This subzone is located between MHWN and the mean tide level (MtL,
i.e, mean water level inside the estuary). Haplophragmoides manilaensis
characterises the elevation range between MHW and MHWs (0.99 m to
1.11 m above Minho estuarine MtL). It is the most abundant in both
the living (stained) and dead assemblages. Because of its dominance
and limited vertical range, H. manilaensis is an important sea-level and

low-salinity high marsh indicator (Fatela et al., 2009).

A new set of eighteen surface samples was collected in May 2010 to
improve the understanding of the Caminha high marsh assemblage
(Fatela et al., 2013). Correspondence Analysis (CA) integrating dead
benthic foraminiferal results from both the 2002 and 2010 samples
resulted in 3 defined groups according to foraminiferal assemblage
distribution across the tidal marsh zonation, with a significant correlation
with submersion time (Fatela et al., 2013). However, a difference is evi-
dent between the two sampling periods when the dominant salt marsh
species are evaluated; for instance, Trochammina inflata (Montagu,
1808) and Jadammina macrescens (Brady, 1870) were absent in 2002
but are common in 2010. This decline of lower salinity species
(Haplophragmoides sp., H. manilaensis, H. wilberti and P. limnetis) abun-
dances is seen as a direct consequence of the salinity increase of the inter-
stitial water in the marsh, which reflects a decrease in the regional
precipitation regime during the 8 yr that separate the samplings (Fatela
et al., 2013). This observation points out that the records of benthic fora-
minifera from Caminha high marsh represent an important proxy for

high-resolution studies of climate variability (Fatela et al., 2013).

Materials and methods

The Caminha high marsh sediment core FCPw1 was collected with a
manual auger sampler (5 replicated cores, one meter long each) at 1.55
m above mean sea level (41° 52’ 37” N and 8° 49’ 28" W; Fig. 1), and
transferred to a half PVC pipe and wrapped with cling film to protect

it during transport and minimize desiccation.
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Foraminifera

In the laboratory, the core was carefully sliced into 1-cm intervals
and 56 samples (ca. 25 cm?) were analised for foraminiferal purposes.
Samples were taken every centimeter to a depth of 30 cm, below
which samples were collected every other cm down to 50-cm depth
and alternating 2 cm from 50 cm to the core bottom. Each sample corre-
sponds to a circular slice of sediment with a volume of ca. 25 cm?>. Sam-
ples were wet sieved to remove clay and silt material (63 pm mesh). At
least 100 individuals were wet picked with a micropipette in each
sample, a number fully adequate to characterize the low-diversity
assemblages of tidal marshes (Fatela and Taborda, 2002). When the
number of specimens was too low, the trichloroethylene (density =
1.46 g/cm?) flotation procedure was used to separate foraminiferal
tests from sand particles (Murray, 2006). All specimens contained in
that fraction were picked.

Foraminiferal identification followed Loeblich and Tappan (1988)
to generic classification and several published papers regarding tidal
marsh foraminifera for specific classification (e.g., Murray, 1971;
Scott and Medioli, 1978, 1980; Hayward et al., 1999; Debenay et al.,
2002). The specimens picked per sample were archived in a micro-
palaeontological Plummer cell slide.

Sedimentology and geochemistry

Two replicate cores were sliced every centimeter for geochemical
and sedimentological purposes. All samples were frozen and then
freeze-dried prior to the analyses. Organic matter (OM) content was de-
termined by loss on ignition methodology (LOI), using a 2 g of bulk sed-
iment dried and oven-heated at a temperature range of 490-510°C, for
about 2 h. Sediment pH was determined using the electrometric meth-
od (Head, 1980) with an inoLab WTW series pH730 model. Wet sieving
was used to separate and determine the ratio of coarse (>63 um):fine
(<63 pm) particles, and the silt and clay fractions were determined
using a Malvern laser particle analyzer and Mastersize2000 software.
Selected samples of one of the replicates were sieved to remove the
coarser particles larger than 2 mm. The remaining material (<2 mm)
was dried, ground in an agate mill, and a portion was homogenized
and compacted into pressed pellets for analysis by Energy-Dispersive
X-Ray Fluorescence Spectrometry (EDXRF) using a KEVEX 771 spec-
trometer. Spectral data were acquired for the quantification of Al Si, S,
Cl, K, Ca, Ti, Cr, Mn, Fe, Ni, Cu, Zn, Br, Rb, Sr, Zr, and Pb. A detailed descrip-
tion on the sample preparation, analytical conditions, detection limits
and the accuracy and precision of the overall procedure has been pub-
lished elsewhere (Aradjo et al., 1998, 2003). In this multi-proxy analy-
sis, special focus was made on the elements recognized as proxies of
marine and continental inputs.

Chronology

The upper section of the core was dated via 2!°Pb measured by alpha
spectroscopy following the methodology of Nittrouer et al. (1979). In
this approach, unsupported 21°Pb (21%Pby,ess) is determined as the dif-
ference of 21°Pb activity versus 22°Ra, assumed to be in equilibrium at
depth within the core (Nittrouer et al., 1979). '3’Cs (Smith, 2001) and
total Pb activities (Leorri et al., 2008; Leorri and Cearreta, 2009b) were
used to support the 2'°Pb-derived chronology based on the constant
rate of supply model (CRS; Appleby and Oldfield, 1992), as it has been
shown to be the most suitable for the region (Leorri et al., 2010b). The
radionuclide 3’Cs was determined by its gamma emissions at 662
KeV (Appendix A). Samples were counted for 24 h to the depth of
limit of measurable fallout 21°Pb or 37Cs, i.e., until activity concentra-
tions of both radionuclides dropped below the minimum detectable
activity (Leorri et al., 2010b). Six additional samples (40-41 cm, 44~
45 cm, 63-64 cm, 66-67 cm, 81-82 cm and 90-91 cm depth) were
analised for radiocarbon content (total organic) at Beta Analytic Inc.
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(USA) (Table 1) to extend the chronology downcore (Fig. 2). The inter-
polation of the data has been performed using a Bayesian age-depth
model (Bchron 3.2; Haslett and Parnell, 2008; Parnell et al., 2008) to
provide age and associated errors to the environmental reconstructions.
The lowermost 10 cm (91-100 cm depth) has been extrapolated by
linear regression from the Bchron calculation between 81 and 91 cm
depth. This section has to be considered carefully as errors cannot be
calculated. The obtained calendar ages are presented in years of Anno
Domini (AD).

Historical and instrumental records

The last two millennia comprise five well-known climatic historical
periods: 1) Roman Warm Period (RWP, AD 0-400; e.g., Lamb, 1985); 2)
Dark Ages Cold Period (DA, AD 400-700; e.g., Keigwin and Pickart,
1999); 3) Medieval Climatic Anomaly (MCA, AD 900-1300; e.g., Stine,
1994; Mann et al., 2009; Trouet et al., 2009; Cook et al., 2010; Graham
et al.,, 2011); 4) Little Ice Age (LIA, AD 1350-1900; e.g., Bradley and
Jones, 1993) and 5) 20th century warming (present warm period —
PWP), as recorded by instrumental temperature measurements over
the last two centuries. These climate changes were also recognized by
several authors that have studied the variability of the climatic conditions
in Northern Iberian Peninsula during the late Holocene until present
using proxies like organic and inorganic geochemistry, sedimentology
and micropalaeontology (e.g., Martinez Cortizas et al., 1999; Luque and
Julia, 2002; Desprat et al., 2003; Pla and Catalan, 2005; Lebreiro et al.,
2006; Burdloff et al., 2008; Martin-Chivelet et al., 2011; Gonzélez-
Alvarez, 2013). In addition, several extreme local climatic events, like
strong flooding episodes, are documented (e.g., Marquina, 1949; Benito
et al., 1996, 2008; Abrantes et al., 2011). These events have typically
occurred at times of transition between climatic periods (e.g., AD 500-
600, AD 1100-1200, AD 1450-1600). For example, alternating periods
of intensive precipitation and thunderstorms with severe droughts
were common during the 18th and 19th centuries as recorded in
Portugal (e.g., Marques, 2001; Do O and Roxo, 2008; Pfister et al., 2010)
and several localities from southern and northern Spain (e.g., Riera
et al., 2004; Llasat et al., 2005; Vicente-Serrano and Cuadrat, 2007; Benito
et al., 2008, 2010; Dominguez-Castro et al., 2008; Gil-Garcia et al., 2008;
Martin-Puertas et al., 2008).

Solar activity cycles (maxima and minima) are based on Versteegh
(2005), Usoskin et al. (2007), Scaffeta (2012), Steinhilber et al. (2012),
WDC and NOAA (2013). Precipitation data were compiled from the
monthly records of meteorological stations from the Minho region
since 1930. The available data from the Portuguese sectors of Minho
and Lima basins were merged in order to obtain the longest and the
most representative record of the area (http://snirh.pt). This series of
precipitation data from 1932 to 2010 was used to compute the SPI
(McKee et al., 1993; Moreira et al., 2012) with a freeware program
(SPI_SL_6.exe) available at the National Drought Mitigation Center of
the University of Nebraska-Lincoln (http://drought.unl.edu). The SPI al-
lows the identification of drought events and classifies their severity ac-
cording to defined drought classes. The wide use of this index comes

Table 1
Radiocarbon ages data determined in the Laboratory “Beta Analytic Inc.”. (AMS — standard
delivery).

Sample Depth &'°C% Conventional A14C %o Calibrated years AD
(cm) radiocarbon age (2 sigma range)

CM41 40-41 —267 380 + 30BP —46.20 + 3.6 1490 to 1666

CM45 44-45 —26.8 650 + 35BP —84.57 £39 1330to 1453

CM64 63-64 —259 10104+ 50BP  —12249 4+ 1.9 1032to 1197

CM67 66-67 —259 1030 4+ 34BP  —12497 + 1.9 934 to 1082

CM82 81-82 —258 1570 +40BP  —181.66 + 1.9 463 to 650

CM91 90-91 —272 1760 & 30BP  —196.80 4+ 3.0 215t0429

210pp CRS chronology supported by '*’Cs and total Pb concentrations of Caminha high
marsh sediment core (FCPw 1) are available in Appendix A.

https://doi.org/10.1016/j.yqres.2014.04.014 Published online by Cambridge University Press

0 -
10
20
30
40 |
50

Depth (cm)

60

70
80 |
90 |

100

2000 1800 1600 1400 1200 1000 800 600 400 200 O
Age (yr AD)

Figure 2. Age model for the core FCPw1 and estimated 20 errors, based on six AMS-'4C
dates, performed on total organic sediment, and 2'°Pb chronology. The data interpolation
was obtained with Bchron 3.2 software. The lowermost 10 cm has been extrapolated from
the Bchron calculation between 81 and 91 cm depth by linear regression.

from its reliability and relatively easy comparison between different lo-
cations and climates (http://drought.unl.edu). Moreira et al. (2012) de-
termined the SPI from Porto (Serra do Pilar: 41° 08’ 19.20” N-08° 36’
09.68” W), ca. 80 km south of Caminha, based on the precipitation re-
cord from 1863 to 2007. Considering the good correlation (R = 0.85)
between SPI from Minho region and Porto, the latter was used as repre-
sentative of severe and extreme droughts that occurred in NW Portugal.
In this work, the SPI 12 month period was used because it reflects long-
term precipitation patterns and identifies dryer periods of long duration
with impact in the hydrological regime (e.g., McKee et al., 1993; Moreira
etal,, 2012; http://drought.unl.edu). The identification of the severe and
extreme drought periods between 2007 and 2010 in NW Portugal was
completed with the on-line SPI data provided by the Instituto Portugués
do Mar e da Atmosfera (IPMA, 2013).

Results

Based on foraminiferal assemblages (defined in terms of species
presence, abundance, dominance and density — number of foraminifera
per cm?; Appendix B), the Caminha marsh core (FCPw1) can be divided
into six different Foraminiferal Assemblage Zones (FAZ VI to [; Table 2).
This division is also supported in sedimentological and geochemical
data (Table 2, Appendix C).

FAZ VI (100 cm to 46 cm depth) ranges from AD 140 to 1380,
encompassing the RWP, DA cold period and the MCA. The foraminiferal
assemblages are scarce (average 3 tests/cm?), often exhibiting poorly
preserved tests and low diversity (average 3 species/sample). Assem-
blages are composed primarily by the upstream low-salinity species
Trochamminita salsa/irregularis (Cushman and Brénnimann, 1948),
followed by Cribrostomoides spp. and Haplophragmoides spp (Table 2).
Jadammina macrescens is also present (7%) at AD 1070.

Sediment is essentially mud (average 97%) and the OM content
ranges between 6% and 13%; the pH values are generally low, exhibiting
an average of 4.8 (Table 2; Appendix C); the higher concentration of Zr
is recorded in this FAZ (average 213 ppm; Appendix C). In this zone,
some interval barren of foraminifera tend to be related with higher
silt/clay ratio (Appendix B and C), namely at AD 190, 800, 1140, 1270
and two in the interval AD 1310—1340.

FAZ V (46 cm to 29 cm depth) ranges from AD 1380 to 1690 and is
included within the LIA period. This unit records a strong increase in
the density of the assemblages (average 260 tests/cm?), but low
species richness remains (average 5 species/sample). The low-salinity
species still dominate (82-95%), namely T. salsa/irregularis and
M. fusca, with minor presence of Haplophragmoides spp, Cribrostomoides
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Summary of micropaleontological and sedimentological data. The values represent the average (bold) and the range; Low Sal. spp. % — low-salinity species group; Salt marsh spp.
% — “normal” salinity species group; NF — number of foraminifera; S — number of species; assemblages dominant species (bold).

FAZ  Depth Ageyr  Benthic foraminifera % Lowsal. Saltmarsh  NF/cm? S pH OM % Mud %
cm AD spp. % spp. %
[ 0-4 2010 H. manilaensis (49; 40-56); Haplophragmoides spp (23; 2-65), 84 12 253 9 5.1 53 63
1985 M. fusca (12; 2-20) and T. salsa/irregularis (9; 7-11), 77-88 8-21 22-498 7-11  46-54 46-65 50-69
Cribrostomoides spp.(5; 210), T. inflata (7; 2-13); H. wilberti,
P. limnetis, T. comprimata, J. macrescens and P. guaratibaensis <5
11 4-10 1985 H. manilaensis, (35; 16-63), T. salsa/irregularis (11; 4-15), 58 37 168 9 54 38 74
1900 M. fusca (6; 5-6), associated with T. inflata (12; 3-41), 36-78 14-59 68-252 7-10 51-57 36-40 51-88
J. macrescens (11; 3-14), T. comprimata (4; 1-8) H. wilberti
(8; 4-13); P. guaratibaensis, S. lobata and P. limnetis <5
1 10-20 1900 H. manilaensis (32; 21-51), T. salsa/irregularis (19; 10-32), 57 35 79 8 5.7 33 79
1780 M. fusca (4; 1-8), Haplophragmoides spp (46); J. macrescens 44-78 10-47 17-205 6-9 57-58 22-40 66-88
(17; 12-23), T. inflata (12; 3-22), T. comprimata (7; 3-13);
Cribrostomoides spp., H. wilberti, P. guaratibaensis, P. ipohalina
and P. limnetis <5
v 20-29 1780 T. salsa/irregularis (59; 16-74), H. manilaensis, (26; 6-63), 91 4 244 6 58 30 86
1690 M. fusca (5; 1-16); Cribrostomoides spp., H. wilberti, P. limnetis 84-95 1.3-11 161-345 4-9 57-59  25-38  81-90
and T. comprimata, J. macrescens, T. inflata, P. guaratibaensis,
P. ipohalina <5
\% 29-46 1690 T. salsa/irregularis (77; 74-92), M. fusca (7; 1-16), 88 4 260 5 6.1 19 91
1380 Haplophragmoides spp (4;0.7-12), Cribrostomoides spp. (4;0.8-9), 82-95 14-9 63-609 4-8 58-6.6 12-24  80-95
T. comprimata (4; 0.7-6); H. manilaensis, P. limnetis,
P. guaratibaensis, S. lobata, ]. macrescens, T. Inflata, P. ipohalina <5
VI 46-100 1380 T. salsa/irregularis (59; 21-80), Cribrostomoides spp. (14; 2-42), 76 3 3 3 4.8 8 97
140 Haplophragmoides spp (10; 4-26), J. macrescens (3; 1-7); 59-88 0.8-8 0.1-13 2-5 38-67 6-13 93-100

M. fusca, T. Inflata, P. ipohalina <5

sp., H. manilaensis and P. limnetis. Salt marsh species Tiphotrocha
comprimata (Cushman and Brénnimann, 1948), Paratrochammina
guaratibaensis (Bronnimann, 1986), Polysaccammina ipohalina Scott,
1976, and Siphotrochammina lobata (Saunders, 1957) join J. macrescens,
and T. inflata (Table 2; Appendix B).

Concomitant with FAZ V, mud percentage decreases (average 91%)
while OM content (12% to 24%) and pH values (average 6.1; Table 2)
increase; the average concentration of Zr falls in this zone to 161 ppm,
whereas Br exhibits an opposite trend rising from an average content
of 148 ppm (FAZ VI) to 483 ppm (FAZ V; Appendix C).

The FAZ IV (29 cm to 20 cm depth) spans from AD 1690 to 1780
(LIA). Foraminifera in this unit are still abundant (average 244 tests/
cm?). The assemblages have low diversity (average 6 species/sample)
and they are still dominated by low-salinity species (84-95%), T. salsa/
irregularis, H. manilaensis and M. fusca, along with secondary species
Cribrostomoides sp., H. wilberti and P. limnetis (Table 2). Salt marsh
foraminifera, T. comprimata, J. macrescens, T. inflata, P. guaratibaensis
and P. ipohalina, are also found. The increasing trend of OM towards
the top of the core is significant, reaching 25-38% in this FAZ (Table 2).
Likewise, the sediment texture continues the tendency of coarsening to-
wards the top of the core (average mud percentage 86%), but the coarse
fraction is mainly represented by plant debris. Br presents its highest
content, with 1300 ppm (average 927 ppm), and the concentration of
Zr continues falling in this FAZ (average 143 ppm; Appendix C).

FAZ 111 (20 cm to 10 cm depth) extends between AD 1780 and 1900
(LIA). Low foraminiferal diversity (8 species/sample) prevails and density
exhibits a significant drop (average 79 tests/cm?). Low-salinity species
(H. manilaensis, T. salsa/irregularis, M. fusca and Haplophragmoides spp.)
dominate (average 57%), but in this FAZ the “normal” salinity species
(J. macrescens, T. inflata and T. comprimata) become a significant part of
the assemblages (average 35%). Minor species are represented in this
FAZ by Cribrostomoides spp., H. wilberti, P. guaratibaensis, P. ipohalina
and P. limnetis (Table 2). The OM content remains high (average
33%) and the average mud content decreases to 79% (Table 2). Br still ex-
hibits high concentration (average 605 ppm).

FAZ 11 (10 cm to 4 cm depth) spans from AD 1900 to 1985 (PWP).
Foraminiferal assemblages reach the highest number of species (9),
but have similarly low diversity and exhibit a consistent density in-
crease, with an average of 168 tests/cm>. Low-salinity species represent
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58% (average) of the assemblages and “normal” salinity species 37%
(average; Table 2). This FAZ records the only interval (8-9 cm; AD
1934) where “normal” salinity species became dominant (59%), marked
by the acme of T. inflata. Mud percentage and Zr sediment content
present the same trend as in the previous FAZ I, while OM and Br con-
tent increase, the latter achieving the average of 919 ppm (Table 2;
Appendix C).

FAZ1 (4 cm to 0 cm depth), from AD 1985 to 2010, shows that di-
versity of foraminiferal assemblages is still low until present (maximum
11 species) but their density increases to an average of 253 tests/cm’
(Table 2). The lower faunal densities occur between AD 1995 (22 tests/
cm?®) and AD 2002 (99 tests/cm?). In this FAZ, the high marsh fora-
miniferal assemblages are dominated by the low-salinity species
H. manilaensis, Haplophragmoides spp., M. fusca and T. salsa/irregularis,
representing 77% to 88% of the assemblage, with Cribrostomoides spp.,
H. wilberti and P. limnetis as minor representatives as well as the “normal”
salinity marsh species T. comprimata, J. macrescens, P. guaratibaensis.
Trochammina inflata is the most representative of this group (average
7%; Table 2), reaching the highest percentages at the uppermost sample
(AD 2010), although its presence is significantly reduced from FAZ II to
FAZ 1. The coarsening upwards trend is clear in FAZ | (average 63%
mud), as well as the increase of OM content (average of 53%), reflecting
the observed increase of marsh plant debris. Zr and Br trends change,
with the gradual decrease of Zr from the bottom to the top of the core
(average 115 ppm) and the Br content increasing to an average of
1120 ppm (Appendix C).

Discussion

The sediment texture of core FCPw1 and the OM content (Table 2)
indicate the development of a tidal flat (FAZ VI) that lasted over
1200 yr (AD 140-1380). During this period, foraminiferal assemblages
present low density, with a dominance of few low-salinity species
(Fig. 3). However these originally scarce assemblages, like in the tidal
flats modern analogs (Fatela et al., 2009), are often poorly preserved,
suggesting a diagenetic alteration, probably related to the low values
of sediment pH (Table 2) that seem to reflect a strong fluvial influence.
In fact, minimum pH values of 4.33 have been recently measured in the
Coura river waters (Moreno et al., 2005a). Alternatively, foraminifera
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are absent from this depositional setting probably due to low salinity.
These low abundances tend to be correlated with higher silt/clay ratio
(Fig. 4). Silt/clay ratio could be used as a proxy of hydrodynamic energy,
where higher silt content could be associated to periods of rainfall/flood
intensification, mainly at AD 140-190, AD 320 and AD 800, AD 1140, AD
1270 and AD 1310-1340. Desprat et al. (2003) identified the develop-
ment of temperate vegetation during Roman colonization in Galicia
(RWP, peaking at AD 150), suggesting that this period presented
humid conditions. Moreover the palaeotemperature records from
speleothem materials located in the North of Spain (Martin-Chivelet
etal,,2011) show some marked negative anomalies for the late RWP pe-
riod, namely AD 90 and 250 (Fig. 3).

The combined effect of high precipitation and changes in land use
(e.g., deforestation and farming, associated with the mining exploita-
tion, intensified soil erosion) carried out by Romans in NW Iberia, and
more specifically in the Minho river catchment area, led to a higher
loading of terrestrial-derived sediments transported to the shelf by the
rivers. A significant increase in river borne detrital material in sedi-
ments to the W Iberian shelf is broadly recognized during the RWP
(e.g., Lebreiro et al., 2006: 50 BC; Bernardez et al., 2008a; Bernardez
et al., 2008b: 50 BC-AD 250; Abrantes et al., 2005; Rodrigues et al.,
2009; Mohamed et al.,2010: AD 0-550). Foraminiferal data suggests in-
creased fluvial influence at AD 230-280 as indicated by low-salinity
species (T. salsa/irregularis and M. fusca) and the low density. This con-
trasts with a previous study devoted to the identification of OM sources
by using lipid biomarker analysis (de la Rosa et al., 2012) performed at
the same location that pointed to an increase contribution of marine

o
. « (b‘g\\ﬁ
'\\’\\O O@ 6‘3\\
34567890 40 80 0 50 100 0

J. Moreno et al. / Quaternary Research 82 (2014) 318-330

phytoplankton to the organic pool at that time. This disagreement can
be explained by the complex processes that control salt marsh settings.
For instance, while increase river flow might provide the ecological
framework, more frequent or intense storms (recorded between AD
50-300; Behre, 2007) could deposit marine phytoplankton, leaving a
geochemical signal but without modifying the brackish conditions.
Overwash deposits found at AD 180-310 40 km south of the Minho
estuary (Granja, 1999) support this hypothesis.

The uppermost FAZ VI (AD 1080 to 1380) is coeval with the later
part of the MCA and the transition to the LIA. The new climatic condi-
tions are reflected in the core sediments in four episodes of very low
abundance and poorly preserved foraminifera. The first occurrence at
AD 1140 is coeval with a maximum in carbon isotopic composition
(8'3C; De la Rosa et al., 2012; Appendix D) and organic carbon to total
nitrogen ratio (Corg/N), indicating a major input from terrestrial plants
at AD 1140-1160 (Appendix D). This is further supported by the lipid
content, average chain length of n-alkanes (ACL) and terrigenous/
aquatic ratio of n-alkanes (TAR) values that also suggest an increase
in the continental discharges at that time, which is contemporary
with major river flood events reported for the same period in this area
(De la Rosa et al., 2012). This event could be related with the Oort
Solar Minimum (AD 1040-1080), if the date uncertainties are consid-
ered. The following episodes occurred at AD 1270, AD 1310 and AD
1340 (Fig. 3), might be related to the Wolf Solar Minimum (AD
1280-1350). Historical records of the 12th and 13th centuries confirm
that the Atlantic Iberian region experienced severe winter floods in
the years of AD 1102, 1168, 1178, 1181, 1201, 1203, 1207, 1258, 1264
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Figure 4. Sedimentological, geochemical and summary of benthic foraminifera data in core FCPw 1. Age (yr AD) — age in calendar years AD; Salt marsh spp. — percentage
distributions of the group of brackish salt marsh benthic species; Low Sal. spp. — percentage distributions of the group of low-salinity benthic species; NF — number of forami-
nifera per cm®; FAZ — foraminiferal assemblage zones; Litos in — periods of continental litogenic inputs to the shelf (see references in the text and Appendix E); Clime Pe. — climate
periods in the last 2 milenia (see references in the text); Solar Irr. Anomaly — solar irradiance anomaly using a 22-yr running average reconstruction (after Steinhilber et al., 2012);
T anomal. — temperature anomaly using a 10-yr running average reconstruction (after Martin-Chivelet et al., 2011).
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and 1310 (Font, 1988; Benito et al., 2008). Sediment cores from the shelf
Douro Mud Patch allowed the recognition of abnormal precipitation
events resulting in fluvial flooding recorded at AD 1100-1200, coeval
with well-marked sea-surface temperature (SST) decreases, shifts in
solar activity and more persistent NAO negative phases (Abrantes
etal, 2011). Low-salinity foraminiferal assemblages are only well pre-
served between AD 1190 and 1230, in a period that corresponds to the
Medieval Solar Maximum (AD 1100-1250).

In summary, FAZ VI records a prevailing fluvial contribution, leading
to a low-salinity environment in spite of the proximity to the river
mouth (ca. 3.5 km). If stronger marine input existed, namely at RWP
and MCA, it did not last long enough in order to change the environ-
mental conditions of the tidal flats in this sector of the estuary.

Above the tidal flat represented by FAZ VI, a tidal marsh develops
(FAZ V) still under low-salinity conditions from AD 1380 to 1690,
where foraminiferal assemblages exhibit low diversity but significantly
higher density. This suggests that sedimentation rates are large enough
to gain elevation in relation to the tidal frame. Salt marsh species
T. comprimata tends to increase towards the top of this section (36-
29 cm depth) after AD 1610 (4-6%; Fig. 3), suggesting that the low
marsh environment was already installed, growing from the lower IIB
zone (between MtL and MHWN) to IIA zone (between MHWN and
MHW) and marking the increase of the marsh palaeoelevation. This im-
portant step in Caminha marsh evolution was accompanied by a signif-
icant increase in OM and Br content followed by the opposite trend in Zr
concentration (Fig. 4; Appendix C). Positive correlations between Br and
OM contents in soils and marine sediments were documented at least
since the 1970s (e.g., Yamada, 1968; Price et al., 1970). More recent
studies have shown that Br cycling in marine and terrestrial ecosystems
is strongly influenced by OM (e.g., Leri et al., 2010; Leri and Myneni,
2012). According to these authors the relative ease of natural Br oxida-
tion seems to promote its biogeochemical transformation from inorgan-
ic to organic forms, conducting to the incorporation into OM through
enzymatic processes related to plant litter decay. Salt marshes are
areas of high primary productivity and OM accumulation, thus present-
ing relatively high amounts of Br, supplied by seawater inundation, in
both sediment and flora (Rhew et al., 2002). Considered together, the
density of foraminiferal assemblages, the OM and Br data suggest the
development of a vegetated low marsh. The up-core lowering of Zr
content, observed from the base of FAZ V (Appendix C), provides another
evidence of an energy drop caused by the development of vegetation on
the marsh surface and consequent flat energy gradients. In fact, heavy
minerals like zircon require strong hydrodynamic forces for mobilization
and transport and serve as a geochemical proxy of depositional energy
(e.g., Dellwig et al., 2000; Kolditz et al., 2012). The accumulation of
plant debris and particulate OM, following the development of the
low marsh, directly contributes to the increase in sediment coarse
particles, preventing the use of silt/clay ratio as a runoff proxy after
AD 1380. Geochemical data also record the more depleted values of
8'3C accompanied by high C,/N ratios, suggesting that a maximum
of terrestrial contribution and lipid biomarkers (Cs1/Cy741, CPI°® and
ACL,) indicate that grass vegetation prevails (De la Rosa et al.,, 2012;
Appendix D) during this FAZ.

After the former phase of uncovered tidal flat conditions, FAZ V
marks an important step with the onset of a vegetated low marsh
surface after AD 1380, despite the persistent high rainfall, fluvial runoff
and intense floods recorded during the LIA (e.g., Benito, 2006; Benito
et al., 2008; Berndrdez et al., 2008a; Burdloff et al., 2008; Abrantes
et al,, 2011; Gonzalez-Alvarez, 2013; Appendix E). Halophytic plants
buffer the energy in the system trapping sediment, which increases
the marsh vertical elevation. However, other factors such as deforesta-
tion, agriculture and mining play a significant role in sedimentation
rates. These factors were exacerbated since the Roman times, which
associated with low energetic conditions, lead to the siltation of tide-
dominated estuaries (Poirier et al., 2011). This filling up of the Portu-
guese coastal systems has been reported in many other locations,
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namely in Caminha at AD 1541, 1575 and 1582 (Granja, 1990, 2007,
Granja and Carvalho, 1992). For instance, in the Royal Courts of Evora
(AD 1436), the ship-owners from Viana do Castelo, Ponte de Lima and
Vila do Conde stated that they were already silted, preventing the access
of larger ships. In fact, the forests depletion in northern Portuguese hin-
terland attained a critical point that necessitated the import of timber
from the north of Spain, France, England and Flanders in order to supply
the growing shipbuilding industry (Devy-Vareta, 1986). This was also a
period of increased formation of transgressive dune fields. A generalized
phase of intense aeolian activity is also distinguished along the
Portuguese coast, marked by dune development and enhancement of
westerly winds and storminess throughout the LIA, compatible with
prolonged negative phases of the NAO (e.g., Clarke and Rendell, 2006;
Clemmensen et al., 2009; Costas et al., 2012).

The transition between FAZ V and FAZ IV is marked by the species
T. comprimata and P. ipohalina (AD 1690-1730) and J. macrescens,
H. wilberti, P. limnetis and T. inflata at the top of FAZ IV (AD 1770). This
distribution suggests a gradual evolution from low marsh zone IIA to
high marsh zone IB (between MHW and MHWS). It still portrays a
markedly low-salinity environment, but the presence (even in low
percentage) of these salt marsh species suggests increasing salinity in
the area, that might be related to sea-level changes.

The transition from low to high marsh occurs mostly during the
Maunder Solar Minimum (AD 1645-1715). The grain size and OM
content is still increasing in this FAZ, Br presents its highest content
and foraminiferal density remains high, probably reflecting a denser
marsh plant cover. During this period, there was a wet phase recorded
in Galician continental vegetation (Schellekens et al.,, 2011), concomi-
tant with the coldest phase of the LIA in Europe that peaked around
AD 1700 (e.g., Desprat et al., 2003; Lockwood, 2012; Lockwood et al.,
2010; Luterbacher et al., 2001).

FAZ 111 to I also correspond to a high marsh depositional environ-
ment, recording frequent increments of salt marsh species and low fora-
miniferal density episodes, under general conditions of low salinity.
Such variability of assemblages is associated with the end of the LIA
and beginning of the PWP, characterized by alternating wet and dry
years, namely dryer winter conditions (e.g., Marques, 2001; Abrantes
et al,, 2011). This reduced river discharge leads to an increase in the
marine influence inside the estuary. The beginning of meteorological
instrumental record in the NW of Portugal in AD 1864 (FAZ III) allows
a better interpretation of proxy data.

The high marsh (foraminiferal IB zone) recorded at FAZ III, is mostly
represented by low-salinity assemblages. The species associated with
salt marshes are meaningful but with lower percents: J. macrescens
(12-23%), T. inflata (3-22%) and T. comprimata (3-13%). The assem-
blages still have low diversity and density exhibits a significant drop
for most of FAZ III (Table 2). The lower density levels, 59 tests/cm’
(AD 1780) and 34 tests/cm® (AD 1820), tend to be associated with
the Dalton Solar Minimum (AD 1790-1820) transitions. Other low
values are recorded throughout this event: 17 tests/cm® (AD 1850)
and 44 tests/cm> (AD 1890). This disparate record between 17 and
205 test/cm?> suggests a biotic response to more stressful conditions, in-
duced by alternating periods of intense rainfall/floods and droughts. In
fact, it was a time of major river floods in northern Portugal, as recorded
at Douro basin (e.g., Rodrigues et al., 2003; Aradjo, 2005). The record of
floods from the Atlantic Iberian rivers (south basins included) also sug-
gests higher flood intensification during the periods AD 1730-1760, AD
1780-1810 and AD 1870-1900 (Marques, 2001; Rodrigues et al., 2003;
Benito et al., 2008; Appendix E). This alternating climatic pattern
switches the system from essentially fluvial controlled to more marine,
with increasing salinity in the high marsh ecosystem as a result of
higher evaporation rates and higher inputs of marine water into the
estuary.

Alternations in the C/N and §'3C values through the 18th and 19th
centuries were consistent with fluctuations in the n-alkyl parameters.
These proxies also document regular intensive rainfall alternating
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with severe droughts (De la Rosa et al., 2012). Events like storms, cold
persistent rains, wet and cool summers, and droughts that caused
wine harvest delays, crop loss and famines, high prices of cereals, and
plagues are documented for the Minho region throughout the 18th
century and the beginning of the 19th century, as well as religious
services pro-pluvia and pro-serenitate (Marques, 2001). These historical
records therefore corroborate the climatic pattern suggested by geo-
chemical and foraminiferal proxies.

The lowest foraminifera density level recorded in FAZ Il (68 tests/cm?)
occurs at AD 1900, probably linked to the solar minimum of AD 1900-
1920 (Scaffeta, 2012). Major flooding events of the NW Portuguese
main rivers are recorded in the transition from the 19th to the 20th
century, like in the Douro (e.g., Rodrigues et al., 2003; Aratjo, 2005;
Appendix E) and Lima basins: the higher mark of the 20th century Lima
river flood, from 1909, may be directly observed on the medieval tower
wall of Ponte de Lima.

The analysis of the drought events, based on standardized precipita-
tion index (SPI_12 month) for the series of Porto meteorological
stations data (1922-2005), reveals that droughts begun in the mid-
1930s, attaining their most significant expression (severe to extreme
droughts: SPI < —1.5) in the 1940s and 1950s (1944/45, 1949, 1953/54
and 1957; Domingos, 2006). Moreira et al. (2012) noted the same
severe and extreme droughts until 1956, followed by a period of
decrease in drought episodes. Besides its severity, the Palmer Drought Se-
verity Index (PDSI) notes that the duration of these droughts was the
most striking of the instrumental record: 1933-1935, 26 months;
1943-1946, 36 months and 1953-1955, 25 months (Pires et al., 2010).
The salt marsh species acme (AD 1934) may therefore be the corollary
of these dryer conditions (Fig. 5), probably associated with the solar max-
imum of AD 1940-1950 (Scaffeta, 2012). After AD 1960, the foraminiferal
assemblages gradually become dominated by low-salinity species (>70%)
until AD 1983, during the solar minimum AD 1960-1980. This transition
points towards a higher fluvial influence in the lower estuary. In fact, the
instrumental precipitation recorded in the Minho region (available since
1934; http://snirh.pt) shows persistent positive anomalies from 1955 to
1983 (Fatela et al., 2013) and the SPI_12 of Porto exhibits the lowest
drought indices (Fig. 5). Besides the direct effect of this high precipita-
tion, the river flow and seepage inputs are also enhanced over the
high marsh zone, creating ecological conditions that lead to a major
presence of low-salinity species.

The enhanced Br concentration shows a direct relation with OM con-
tents throughout this FAZ (10-4 cm depth; AD 1900 to 1985) with
higher values at 4-5 cm depth, AD 1983 (Appendix C). The organic geo-
chemical results obtained by De la Rosa et al. (2012) showed a decrease
in the terrestrial OM component and an increase of plankton-derived
lipid contribution at AD 1960-1985. This was interpreted as a possible
enhancement of marine input probably associated with a reduction in
the Minho River discharge due to the construction of many major
dams or with diagenetic processes induced by the selective degradation
of different minerals in sediments affecting, for instance, the Cqy/N.
While the presence of dams might reduce the relationship between
precipitation and runoff, the good correlation between these two pa-
rameters (DeCastro et al., 2006; G6mez-Gesteira et al., 2011; Fatela
et al., 2013) suggests that this is not the case here. Also, it should be
noted that the intense dredging in the Minho lower estuary, mainly be-
tween 1960 and 1990 (Alves, 1996; Delgado, 2011), caused an intense
remobilization of sediments. The process of sand extraction also includ-
ed the wash of these materials leaving the mud fraction (OM included)
inside the estuary during rising tides. These anthropic activities likely
promoted remobilization, transport and redeposition of the mud frac-
tion, contributing to the intensification of the geochemical marine signal
in the tidal marshes. The foraminiferal assemblages highlight that rain-
fall increased the brackish ecological conditions at the high marsh, in
spite of the enhanced marine geochemical records for this time.

Increase fluvial influence is also recorded in FAZ I by the OM proxies
(De la Rosa et al., 2012). Foraminiferal assemblages are consistent
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with the present-day high marsh zone IB. This assemblage reflects the
modern hydroclimatic balance in the Minho lower estuary, where low-
salinity species prevail at higher high marsh zones (Fig. 3; Table 2),
mostly under brackish/fresh estuarine water. The lowest values of fora-
miniferal density reflect the precipitation positive anomalies and the in-
tensification of flood events (Fatela et al., 2013).

Brackish conditions have persisted in the Minho estuary at least
since 140 AD. The intertidal sedimentary record highlights two main
steps - tidal flat and marsh - where the preservation of proxies infor-
mation, namely benthic foraminifera, is quite distinct. The tidal flat as-
semblages are poorly preserved and often absent, in this environment
where the hydrogeochemical pattern is marked by a general baseline
depleted in calcium carbonate (Moreno et al., 2007; Valente et al.,
2009). Even so, it is clear that the residual assemblages are predomi-
nantly composed by low-salinity species. The sediment accretion leads
to the marsh installation after AD 1380 and the development of a
plant cover that reduces hydrodynamics energy, acts as a sediment
trap and improves the assemblages' preservation. Marsh foraminiferal
response firstly reflects the elevation change from tidal flat to high
marsh and the hydrological balance inside the estuary.

The hydrological balance is closely connected to climate variability
during the last millennia and its dependant on the fluctuations in solar
activity (e.g., Duhau, 2006; Jager and Duhau, 2009; Jager and
Nieuwenhuijzen, 2013; Keller, 2004; Lean, 2010; Mérner, 2010;
Shindell et al., 2001; Usoskin, 2013; Versteegh, 2005; Wanner et al.,
2008), which drives the position, migration and stability of atmospheric
systems (e.g., Haigh, 2007) and oceanic circulation (e.g., Morner, 2010).
According to Shindell et al. (2001) and Martin-Puertas et al. (2012), the
modeling of climate response to periods of low solar activity coupled
with low NAO index and led to a southward displacement of the west-
erlies. Therefore, as a response to reduced solar activity, European mid-
latitudes experienced colder temperatures and increased humidity. The
palaeoclimatic records of the Iberian Peninsula continental shelf reveal
increased river discharge during periods of NAO-negative (Alvarez
et al., 2005; Lebreiro et al., 2006; Bernardez et al., 2008b; Abrantes
et al,, 2011; Gonzalez-Alvarez, 2013) and the instrumental data show
good correlations between negative phases of NAO index and winter
precipitation and river flow in NW Iberia, namely in Minho river
basin (e.g., Trigo et al., 2004; DeCastro et al., 2006; Fatela et al.,
2013). The hydrological balance recorded by the Caminha marsh
foraminifera and sedimentological proxies is controlled by the
atmospherical modes, reflecting the NE Atlantic climate dynamic,
namely from LIA to present.

Conclusions

Foraminiferal assemblages reveal the palaeoenvironmental evolu-
tion of NW Portugal estuaries, primarily in the intertidal zone. The as-
semblages, associated with sedimentological and geochemical proxies,
provided a detailed reconstruction for the last two millennia. Six Fora-
miniferal Assemblage Zones (FAZ) have been considered in this period.
The tidal flat environment prevailed in the riverbanks of Minho low
estuary until the end of the 14th century, when vertical accretion led
to the colonization by halophyte plants and the development of a stable
low marsh environment. The natural continuity of this process, proba-
bly enhanced by anthropogenic activities, resulted in the establishment
of the high marsh zone, beginning at about the 18th century. Foraminif-
eral species and the density of their assemblages revealed to be a funda-
mental tool to the recognition of the estuarine hydrological balance,
namely between predominantly marine or fluvial conditions as result
of wet or dry periods. Estuarine evolution mainly occurred under brack-
ish conditions reflected by the dominance of low-salinity species, where
the flood events created a drop in the foraminiferal density. The drought
periods are marked by an increase in the proportion of salt marsh
species that dominated the assemblages during the most severe events
recorded in the middle of 20th century. The stronger influence of


https://doi.org/10.1016/j.yqres.2014.04.014

J. Moreno et al. / Quaternary Research 82 (2014) 318-330 327

A B C D SPI_12
NF (cm?3) Species groups (%) Droughts (n°) Drought - Rain
——

0 100 200 300 400 500 O 20 40 60 80 100 0 10 20 30 40 s

2010 - o » o

2007/08

2004/05

2000 1 . | o= o 2001/02
1982_2010 ‘ 1998/99

1@ * o 1995/96

1992/03
1990 - 1 1989190

1986/87

+ 1983/84
1980 - 4 1980/81
1977/78
1974/75
1970 - L] 1 * o D 1971/72
1954_1981 1968/69

1965/66

1962/63
1960 . 1 % 0O 1959/60
1956/57

1 1953/54
1950 - J 1950/51
1947/48
1 1944/45
1941/42

‘ 1938/39
1935/38

1 4 4
940 1923_1953

1932133
1930 - 1929/30
1926127

Age (yr AD)

1923/24
1920 ] 1920121
1917/18
4 1914115
1911/12
1810 1 1 1895_1922 1908/09
1905/06

1902/03
1900+ @ 1 »0 1899/00
1896/97

il 1893/94
1890 4 ] 1890/91
1887/88
° J %0 1884/85
1881/82
1880 - 1864_1894 1878/79
1875/76
1872/73
1870 4 1869170
1866/67
1863164

1860 1

1850 - <

Figure 5. Relationship between foraminiferal data and Standardized Precipitation Index (12 months: SPI_12), after Moreira et al. (2012)), from Porto (Serra do Pilar: 41° 08’ 19.20” N-08°
36’ 09.68” W). A — number of foraminifera per cm?; B — percentage of “normal” (stars) and “low” salinity (open squares) species; C — number of severe and extreme droughts (gray bars)
calculated with the SPI_12, grouped in intervals of ca. 30 yr, from 1864 to 1894, 1895 to 1922, 1923 to 1953 and 1982 to 2010; D — SPI_12 time series, from hydrological year 1863/64 to
2007/08), gray column represents the field of severe and extreme droughts (SPI < —1.5).
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