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ABSTRACT

The present work describes spatial and seasonal variability in grain-size, pH and elemental characteristics (TOC, TIC, TN and C/N) in
superficial sediments, as well as salinity, temperature and oxygen in the water, within the intertidal range of the Guadiana Estuary, SW Iberian
Peninsula, during the year 2010. The results indicate that environmental parameters in the estuary are strongly dependent on spatial patterns,
which reflect seasonal oscillations in freshwater discharge. The sediment is generally poorly sorted, with a symmetrical to very finely skewed
distribution, in accordance with the low-energy conditions typical of the deposition areas. During winter, heavy rains forced the continuous
discharge of Europes largest reservoir, the Alqueva dam, creating exceptional hydrodynamic conditions and causing coarser sediment deposition
in the estuary. High marsh areas are controlled by flood tides, promoting vertical accretion of muddy sediments, especially silts. The lower areas
of the saltmarsh and-mud flat areas are controlled by the ebb, with more efficient export of fines toward the platform and retention of sands,
sometimes with significant amounts of bioclasts. In winter (average Q = 654 m’ s'), salinity remained low throughout the estuary with the
highest values (< 3) recorded up to 3 km inland from the river mouth, except in the most confined environments subject to greater evaporation.
In summer (average Q = 52 m’s™), the estuarine waters are better mixed and significant saltwater intrusion extends approximately 8 km inland.
The seasonal variation in surface water temperature was very high, with a difference of ca 14 © C in the maximum temperature recorded in
winter and summer.

A clear relationship between elevation (in relation to mean sea level) and organic matter, pH and particle size was observed. In the higher
areas of the marsh, where the hydrodynamics is attenuated, differential deposition of fine sediments promotes organic matter entrapment and
low pH. Sedimentary organic matter derives from a mixture of native aquatic and terrestrial sources. The mid-upper estuary areas and higher
zones of the saltmarsh in the lower estuary incorporate a greater terrestrial component, whereas the low-middle marsh areas of the lower estuary
experience a substantial contribution from indigenous aquatic sources.

The present data help to understand the present environmental condition of the Guadiana Estuary and contribute baseline data for future
climatic and environmental management studies based on sediment-dependent proxies.

Keywords: Guadiana Estuary; saltmarsh; sediments; granulometry; organic matter; pH; physico-chemical proprieties.

RESUMO

O presente estudo descreve a variabilidade espacial e sazonal das propriedades fisico-quimicas da dgua (salinidade, temperatura e
oxigénio) e dos sedimentos superficiais (granulometria, pH, COT, CIT, NT e C/N) da faixa intermareal do estudrio do rio Guadiana, SW
da Peninsula Ibérica durante o ano 2010. Os resultados indicam que as condigoes ambientais do estudrio estio fortemente dependentes
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dos padrdes espaciais e das oscilagdes sazonais na descarga de 4gua doce. Os sedimentos apresentaram-se geralmente mal calibrados e com
uma assimetria tendencialmente fina, de acordo com as condicoes de baixa energia tipicas de dreas de deposicao. As fortes chuvas sentidas
durante o inverno forcaram a descarga continua do maior reservatdrio artificial da Europa, o Alqueva, criando condi¢oes hidrodinimicas
excecionais, promovendo o aumento de sedimentos grosseiros no estudrio. A granulometria dos sedimentos ao longo da zona intertidal
tende a aumentar das zonas mais elevadas as zonas mais baixas. As zonas de sapal alto sio controladas pela enchente, promovendo a
acre¢do vertical de sedimentos lodosos, sobretudo siltes. As zonas mais baixas do sapal e zonas de planicie lodosa sio controladas pela
vazante, com exportagio mais eficiente de finos para a plataforma e reten¢io de areias, por vezes com contetido significativo em bioclastos.
No inverno (média Q = 654 m?s?), a salinidade manteve-se baixa ao longo de todo o estudrio, com os valores mais elevados (< 3)
registados até cerca de 3 km para montante a partir da foz do rio, exceto nos ambientes mais confinados, mais expostos a evaporagio. No
verdo (média Q = 52 m’s™), as dguas estuarinas apresentaram-se melhor misturadas e a intrusio salina estendeu-se até cerca de 8 km para
montante. A variagio sazonal da temperatura das dguas superficiais foi muito elevada, verificando-se uma diferenca de ca 14°C entre as

temperaturas mdximas registadas no Inverno e no Verio.

No estudrio, observou-se uma clara relagio entre a elevagio (relativa ao nivel médio do mar) e a quantidade de matéria orginica, o
tamanho do grao e o pH. Nas zonas mais elevadas do sapal, onde o hidrodinamismo ¢ atenuado, a deposicio diferencial de sedimentos
finos promove o aprisionamento de matéria organica e a diminuigio do pH.

A matéria orginica sedimentar deriva de uma mistura de matéria orginica aqudtica e terrestre de origem aut6ctone. As zonas do
estudrio médio-superior e as zonas mais elevadas do sapal do estudrio inferior incorporam uma maior componente organica de origem
terrestre, enquanto que as dreas de baixo-médio sapal do estudrio inferior experienciam uma contribuicao substancial proveniente de

fontes aqudticas de origem al6ctone.

A presente informagio contribui para o melhor entendimento da atual condi¢io ambiental do Estudrio do Rio Guadiana e fornece
dados de base para futuros estudos de gestao ambiental e evolugio climdtica que assentem em indicadores ambientais sedimentares.

Palavras-chave: Estudrio do Guadiana; sapal; sedimentos; granulometria; matéria orginica; pH; propriedades fisico-quimicas.

1. INTRODUCTION

During the past century, the dynamic equilibrium of
estuaries has been increasingly affected by anthropogenic
intervention. The particular environmental characteristics
of these coastal systems, as well as their high economic
potential, made them attractive to human activities that tend
to alter the fragile balance at the ocean/continent interface
(Viles and Spencer, 1995; Wolanski, 2007; Vargas er al.,
2008; Dias ez al., 2009). There is growing concern around
coastal zone development and management for sustainable
use of estuarine resources (Savenije, 2005). Mediterranean
estuaries, in particular, may be more vulnerable to impact
due to the additional fragility that comes from their extreme
characteristics, especially the long tidal flushing times,
clear skies, high insolation, and low humidity that occur
in summer (Hearn, 1998). The Guadiana system shares
characteristics of both Atlantic and Mediterranean estuaries,
experiencing a meso-tidal regime and frequent summer
drought. The Guadiana has the fourth largest drainage basin
of the Iberian Peninsula (see Dias ez a/., 2004) and its estuary
represents, at the European level, an area of high ecological
importance. The Lower Guadiana River is listed as a Wetland
of International Importance (Ramsar, s.2.) and is included
in the Natura 2000 Network. Its extensive marshlands were
declared a Natural Reserve in 1975 due to their high biological
and ecological value (ICNB, 2007). However, during the
last few decades, several anthropogenic disturbances have
changed the hydrodynamic and ecological balance of the
estuary. Pollution sources in the Guadiana basin — mainly
from increasing urbanization (sewage discharges), agriculture
(fertilizers, pesticides and herbicides), cattle breeding,
industries and the effects of intense mining in the past — have
adversely affected water quality (INAG, 2001; Wolanski
et al., 2006; Morais, 2008). The morphology of the estuary
mouth has changed dramatically since the construction of

two jetties, inhibiting longshore drift and reducing marine
sediment influx (Dias ez /., 2004). Dam construction in the
watershed is probably the most significant environmental
stressor affecting particulate and dissolved matter delivery to
the Guadiana Estuary and to the sea. It is estimated that the
Alqueva dam, which was commissioned in 2002, and dozens
of smaller dams retain approximately 80% of the sediment
in the catchment (Dias ez 4/, 2001; Rocha ez 2/, 2002).
The retention of those sediments has implications for the
sedimentary processes, such as coastal erosion and marine
sedimentation in the low estuary and in the nutrient balance
of the estuary (Morais, 2008).

Global climate changes occurring during recent decades,
resulting from both human activity and the natural variability
of climatic system, have led to an accelerated sea level rise
(SLR) during the past century (Church and White, 2006;
Domingues et al., 2008; Jevrejeva et al., 2008; Velicogna,
2009; Rignot et al., 2011; Gehrels and Woodworth, 2013;
Bromwich ez al., 2103). Its most striking effects are the
gradual inundation of wetlands and coastal lowlands,
erosion of beaches, more frequent and severe flooding, and
higher salinity in rivers, bays, aquifers, and wetlands (Vargas
et al., 2008; Sampath ez al., 2011). Increasing anthropogenic
influence in coastal zones and in the Guadiana Estuary in
particular, combined with the threats posed by predicted
sea-level rise, necessitates the acquisition of scientific
information about the estuary’s present condition and long-
term monitoring of changes in biochemical and geochemical
parameters (Dias ez a/., 2009).

Over the past decade, considerable scientific effort has
been concentrated on the Guadiana Estuary to build up
baseline knowledge about aquatic communities and water
quality (Chicharo et al, 2006a, b; Cravo er al, 2006;
Domingues ez al., 2005; 2007; 2012; Faria ez al., 2006;
Morais et al., 2009a; Rocha et al, 2002). However, the
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Guadiana’s intertidal margins, which host thriving biological
activity and exhibit a remarkable biodiversity (Gomes et al.,
2013), have not yet been treated in detail. Baseline data that
are essential for predicting future scenarios and performing
paleoenvironmental reconstructions are absent. To fill this
gap, the present work provides an analysis of the spatial
and seasonal variability of grain-size, pH and bulk organic
matter proxies in the superficial sediments of the Guadiana’s
intertidal zones and the physicochemical parameters of the
interstitial waters. Based on the integration of these data,
it is expected to identify the major forcing factors under
contrasting seasonal and hydrodynamic conditions. This
will improve understanding of the functioning of this highly
seasonal, regulated estuarine system, providing useful tools
in integrated coastal zone management in the southern
Iberian Peninsula.

2. STUDY AREA
2.1. Guadiana River Estuary

The Guadiana Estuary is one of the most important
mesotidal fluvio-marine systems of the south-western
Iberian Peninsula (Morales, 1997; Morales ez al., 2006). Its
basin has Mediterranean climatic characteristics, with hot,
dry summers, strong insolation and high evapotranspiration.
The winters are relatively rigorous in the more elevated
catchment zones (north, northeast) and become milder
downstream (INAG, 2001). The river headland is located
in Lagoas de Ruidera in Spain, at 1700 m altitude, and
runs 810 km until reaching the Atlantic Ocean between the
Portuguese town of Vila Real de Santo Anténio and Spanish
town of Ayamonte. The Portuguese stretch of the river is
260 km, of which 110 km delimit the border with Spain
(INAG, 2001) (Fig. 1). The Guadiana Estuary represents
a rich wetland zone, where saltmarshes dominate and salt
pans, lagoons, tidal creeks, intertidal flats, barrier islands and
sandy spits and many other habitats of high ecological value
are found (Boski er al., 2008). The wetland is noteworthy
for its halophytic saltmarsh communities (Ramsar, s.a.),
which carry out an essential role in the functioning and
maintenance of healthy ecosystem status (Simonson, 2007).
Before Alqueva Dam was commissioned, the hydrological
regime of the Guadiana River was characterized by irregular
discharges on both seasonal and inter-annual scales as a
consequence of its dry Mediterranean climate and the poor
permeability of its hydrological basin rocks. During periods
of intense rainfall (deluges), the Guadiana flow could exceed
10 000 m?/s, contrasting with negligible low during summer
(MARETEQC, s.4.). With artificial regulation, river flow is still
dependent on climatic variability, but the effects of wet years
are diminished (extreme flood episodes are controlled) and
the effects of drought years are exacerbated. Data for rainfall
and river discharges for the Guadiana River basin show a
strong link with North Adantic Oscillation (NAO) index
patterns (Dias ez al., 2004). The NAO is the dominant mode
of winter climate variability in the North Adantic region,
ranging from central North America to Europe and even
into northern Asia. A negative NAO index (dry conditions
in the northern latitudes) usually results in more rainfall in
the southern latitudes of Europe, and subsequent flooding in

the river basin during winter months (Dias ez a/., 2004).

Physically, the estuary extends some 79 km inland,
beginning 7 km upstream of the town of Mértola (Lopes ez
al., 2003). The estuary has a funnel shape, with an average
width of 200 m at Mértola, progressively increasing to 600 m
at the mouth (Lopes ez 4/., 2003), where it cuts into Pliocene
sands (Morales, 1995; Morales ez al, 2006). The estuarine
paleovalley is largely filled with sediments which accumulated
during the last 14 Kyrs (Boski ez al., 2008) and formed a delta
that has been accreting since the Mid-Holocene stabilization
of the sea-level (Morales ez /., 2006).

According to recent data (IH, 2012), the mean channel
depth varies from 7 m in the upper estuary to 6.8 m in the
middle part and 4.5 m in the lower part (Fig. 2).

Maximum turbidity is observed, depending on tides and
river inflow, between 20-38 km upstream of the mouth
(Dias et al., 2001; 2004; Morais et al., 2009a).

The combined effect of tides and freshwater inputs
control the vertical mixing and stratification at the Guadiana
Estuary. Its highly variable flow regime, together with the
constriction of the flow within the narrow estuarine channel,
promotes a high range in mixing conditions (Garel ez 4/,
2009). Well mixed (during spring tides) and partially
stratified conditions (during neap tides) alternate during
periods of low river flows; highly stratified conditions are
observed during periods of high freshwater inflows (Oliveira,
2006; Garel et al., 2009; Garel and Ferreira, 2011).

2.2. River and rainfall data

Daily river inflow was measured at Ponte Quintos
hydrometric station (26L/01G), downstream of the last dam
on the river’s main course. Monthly rainfall data are derived
from Reguengos meteorological station (23L/01G). Both
data sets were obtained from the Portuguese National Water
Institute’s public database (http://snirh.pt).

According to river inflow and rainfall data for 2010
(SNIRH, 1995-2014), the sampling year for the present
study, major discharges coincide with periods of higher
precipitation (Fig. 3). The 2010 winter was very wet, with
strong discharge periods (Q average 654 m®s™), especially
during March, when maximum discharge values of 2111.3
m’s” were registered in Ponte Quintos. Indeed, the winter
2009/2010 was notable for the record negative NAO index
in the 187-year record of Jones ez al. (1997) (cited in Osborn,
2001) indicating a very unusual nature of atmospheric
circulation over the Atantic/European region. The winter
2009/2010 (December to March average) value of the NAO
index (-2.54) is considerably more negative than the previous
four most negative index winters (1995/1996, 1962/1963,
1968/1969 and 1916/1917) which all had NAO indices
close to -1.7 (Osborn, 2011; 2014).

The NAO index for 2010’s summer period (June to
September) was also negative, although increasing to -1.7
(Osborn, 2014). That summer was typically dry, with low
precipitation verified only for June and September (Fig. 3)
and low, controlled, discharges (Q average 52 m’s™).
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Figure 1. Localization of the study area; A) Geographical context of the Guadiana River basin in the Iberian Peninsula
(Europe). Adapted from chguadiana.es (2012). Coordinate system: Datum ETRS89 UTM Zone 30N; B) Study area:
Map of Guadiana River Estuary with site location.
Figura 1. Localizagio da drea de estudo; A) Contexto geogrdfico da bacia do Rio Guadiana na Peninsula Ibérica (Europa).
Adaptado de chguadiana.es (2012). Sistema de coordenadas: Datum ETRS89 UTM Zona 30N; B) Area de estudo: mapa

do Estudrio do Rio Guadiana com a localizacio das estages de amostragem.
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Figure 3. Daily discharge values during 2010 registered at Ponte Quintos hydrographic station (26L/01H) and
monthly precipitation values during the same year at Reguengos meteorological station (23L/01G) (SNIRH, 1995-
2014).

Figura 3. Valores de descarga didria durante o ano de 2010, registados na estacio hidrogrdfica de Ponte de Quintos
(26L/01H) ¢ valores de precipitagio mensais durante o mesmo ano, medidos na estacdo meteoroldgica de Reguengos

(23L/01G) (SNIRH, 1995-2012).

3. MATERIAL AND METHODS
3.1. Sampling strategy

During 2010, two field campaigns were carried out, one
in winter and another in summer, in the most contrasting
environmental conditions. Sampling extended over 34 km,
from the river mouth upstream, to the locality of Alcoutim
(Fig. 1), thus covering the entire estuary in chemical sense
(significant saline intrusion) and an important part of the
estuary in physical sense (tidal physical effects). Geographic
coordinates for the twelve sampling locations appear in Table
Al, Appendix A.

In the middle and upper estuary, one sample was
collected at each site due to lack of saltmarsh zonation.
In the lower estuary, where the environmental zonation is
well-marked due to the stronger effect of the tidal range,
several sediment samples were collected along transects
aligned perpendicular to the river. The transects were placed
according to the vertical zonation of halophytic vegetation
from unvegetated mud-flats to the higher levels of the
marshlands (e.g., Fig. 4). From the twelve different sites, six
individual samples and six transects were collected, resulting
in a total of 50 samples (24 in winter and 26 in summer).
Sites AL and PI1 were not sampled in winter due to adverse
weather. The sampling points were georeferenced using a
differential Global Positioning System (d-GPS), a Trimble
5800 mobile unit, and a Nikon DTM 310 Total Station.
Elevation values were measured in relation to mean sea level
(MSL) (Fig. 4). The elevation gradient was divided in three
levels: upper marsh (samples collected at 1-2 m above MSL),
middle marsh (0—1 m above MSL), and lower marsh (-1-0 m
in relation to MSL). The longitudinal position with respect
to the estuarine channel was divided into lower, middle and
upper estuary (Fig. 1) (Boski ez al., 2006).

Sample collection and physicochemical measurements
were always performed during ebb tide. At each sampling

point, ca. 300 g of the uppermost 2-3 cm of sediment were
collected for bulk organic matter and sedimentological
analyses. Salinity (Sal), temperature (T) and dissolved oxygen
(DO) in the sediment interstitial water were measured in
situ using an Ysi 556 MPS handheld multiparameter probe.
Sediment pH (pHsed) was measured at the sediment surface
with a waterproof portable pH-meter, model spear, from

EUTECH.

3.2. Granulometry

Prior to granulometric analysis, organic matter content
was removed with H O, (33%). Size distribution of the fine
grained samples was measured with a Malvern Mastersizer
X laser particle-size analyzer. For mixed samples (containing
both fine and coarse sediments) ca. 100 g were weighed,
washed and separated using a 63 pm sieve, resulting in
coarser and finer fractions. The coarser fraction was dry
sieved through a set of stainless steel sieves (half-phi intervals)
in a sieve shaker (Retsch AS 200 base, for 10 minutes at
50% amplitude). Each dimensional component of the finer
fraction was determined based on its sedimentation velocity,
evaluated by aliquot pipette sampling, according to Stokes
law (Lewis and McConchie, 1994a, b).

Statistical analyses of grain size were performed in
GRADISTAT (Blott and Pye, 2001). The sediments were
divided into gravel, sand and mud (i.e. silt and clay) (Folk,
1954). Granulometric mean, sorting, skewness and kurtosis,
were also calculated for bulk sediment through the Folk and
Ward (1957) method, based in a Log-normal distribution
(geometrically) and expressed in metric units.

3.4. Elemental analysis

Total organic carbon (TOC), total inorganic carbon
(TIC) and total nitrogen (TN) from the bulk sediment were
analysed using gas chromatography. Prior to analysis samples
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Figure 4. Halophytic and topographic characterization of PI profile, one of the seven surveyed profiles.
Figura 4. Caracterizagio da topografia e da flora haldfita do perfil PI, um dos sete perfis estudados.

were lyophilized, then finely ground and homogenized in
an agate micromill. Two aliquots of about 20 mg were
packed into tin and silver cups. The aliquots packed in silver
cups were decarbonated using 25% HCI, prior to analysis
in an EA 1108 Carlo Erba C/H/N/S Elemental Analyzer
(Detection Limit of 10 ppm). The tin cup aliquots were
directly analyzed without any pre-treatment. TN and TOC
content were obtained from direct instrumental reading
of a decarbonated sample and TIC content was calculated
from the difference between the total carbon (TC) reading
of an untreated sample and TOC. In the present work, C/N
ratios are used as proxy of organic matter (OM) following
Meyers (1994). According to this author, C/N may be used
to distinguish between OM provenances in estuaries, since
autochthonous marine organisms rich in proteins have
much lower C/N values than terrestrial plants. The C/N
ratio ranges followed are those presented by Bordovskiy
(1965): 5.7 for actively growing marine phytoplankton; 6-9
are typically reported for autochthonous marine-derived
OM; whereas values greater than 12 are usually found in
terrestrially derived OM (vascular plant material).

3.5. Data analysis

The sediment type (mud, sand and gravel) was
represented graphically using ArcView software, according
to elevation relative to mean sea level (tidal exposure) and
latitudinal (distance to sea) gradients. The parameters were
cross-correlated to highlight their main relationships using
Pearson’s or Spearman’s coeflicients, depending on the

normality of the data, through STATISTICA, version 7.

4. RESULTS
4.1. Granulometry

A general, statistically significant (Table 1), trend of
increasing grain-size from higher to lower saltmarsh was
observed at each sampling location (Fig. 5).

With the exception of sample VRSA1, which comes
from a disturbed area of sandy sediment, the remaining
upper marsh samples are characterized by more than 90%
mud content, of which 63-80% are silt fractions (Tables
B.1 and B.2, Appendix B). The sediments were classified as
fine to medium silt and were poorly sorted, symmetrical and
trendily mesokurtic (Table 2).

At the other extreme, the lower saltmarsh zones had the
coarsest sediments, with 51-87% sand content (Tables B.1
and B.2, Appendix B). Bioclasts contribute to the gravel
fraction, representing up to 7% of the total sediment in
samples from the left (Spanish) side of the estuary (stations
EE and E2, Fig. 5). Sediments were classified as very coarse
silt to fine sand and were very poorly sorted. The sediment
distribution was very finely skewed and very leptokurtic
(Table 2).

Seaward sediment coarsening was observed in the 0—1 m
elevation interval (Fig. 5 and Tables B.1 and B.2, Appendix
B). Although statistically insignificant, a positive relationship
was found between latitude (distance to sea) and mud and
a negative relationship between latitude and sand and gravel

(Table 1).
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Table 1. Spearman’s Rank Correlation (R) or Pearson Correlation Coeflicient (#) between all spatial and physico-chemical
variables. According to the normality of the variable, (R) or (#) is indicated for each pairwise, and are significant for p < 0.01 (**)

and for p < 0.05 (*).

Tabela 1. Coeficientes de correlagio, Spearmanis Rank (R) ou Pearson (v), entre todas as varidveis espaciais e fisico-quimicas. De acordo
com a normalidade das varidveis, (R) ou (v) é indicado para cada conjunto de varidveis e é considerado significativo para p < 0.01

(*%) e para p < 0.05 (%)

Winter
TOC TIC TN C/N Sal DO T pH_, mud sand | gravel
Elev | 0.55** -0.01 0.47* 0.43* -0.32 0.50 -0.56* -0.21 0.62** | -0.60** | -0.15
Lat 0.10 -0.52** -0.01 0.71* | -0.74** | 0.33 -0.48 -0.21 0.37 -0.36 | -0.39
TOC - 0.32 0.75** 0.39 -0.09 0.12 -0.72%¢ | -0.52*% | 0.78**
TIC 0.32 - 0.33 -0.33 0.58* -0.52 0.11 0.03 0.04
™ 0.75% 0.33 - 0.21 0.05 -0.04 | -0.76** | -0.51* | 0.75**
C/N 0.39 -0.33 0.21 - -0.52 0.48 -0.24 -0.27 0.50%
Sal -0.09 0.58* 0.05 -0.52 - -0.17 0.15 0.22 -0.19
DO 0.12 -0.52 -0.04 0.48 -0.17 - -0.33 -0.14 0.29
T -0.72%* 0.11 -0.76** | -0.24 0.15 -0.33 - 0.59*% | -0.72**
pH_, | -0.52** 0.03 -0.51* -0.27 0.22 -0.14 0.59* - -0.53**
Summer
TOC TIC TN C/N Sal DO T pH_, mud sand | gravel
Elev 0.26 0.11 0.23 -0.04 0.03 -0.34 -0.22 0.18 0.65** | -0.64** | -0.15
Lat 0.06 -0.44* 0.04 0.19 | -0.85** | 0.50 -0.38 -0.23 0.19 -0.19 | -0.4*
TOC - 0.23 0.98** -0.19 0.02 -0.26 -0.56* | -0.40* | 0.60**
TIC 0.23 - 0.21 0.08 0.30 -0.33 -0.05 0.37 0.02
TN 0.98** 0.21 - -0.35 0.03 -0.29 -0.55* | -0.43* | 0.57**
C/N -0.19 0.08 -0.35 - -0.34 0.43 0.09 0.41* -0.24
Sal 0.02 0.30 0.03 -0.34 - -0.70** 0.23 0.19 -0.21
DO -0.26 -0.33 -0.29 0.43 | -0.70** - 0.02 -0.10 -0.08
T -0.56* -0.05 -0.55* 0.09 0.23 0.02 - -0.01 -0.53
pH_, | -0.40* 0.37 -0.43* 0.41* 0.19 -0.10 -0.01 - -0.56**
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Figure 5. Diagrams showing the variation of mud, sand and gravel content along a north/south and elevation
(relative to mean sea level) gradients of the Guadiana Estuary, during winter and summer.

Figura 5. Diagramas de variagio do conteiido em finos, areias e cascalho ao longo dos gradientes Norte/Sul e de
elevagio (em relacdo ao nivel médio relativo do mar) do Estudrio do Guadiana, durante o Inverno e Verio.
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Table 2. Synthesis of the main sedimentological parameters along the Guadiana Estuary’s margins. Elevation (Elev) is relative to mean
sea level (see text, section 3.1).
Tabela 2. Sintese dos principais paridmetros sedimentoldgicos das margens do Estudrio do Rio Guadiana. Elevagio (Elev) é medida em relagio

ao nivel médio do mar (ver texto, seccdo 3.1).

Season Winter Summer
Elev MSL (m) 1-2 0-1 -1-0 1-2 0-1 “1-0
Granulometric fine silt to fine silt to very fine sand fine silt to fine fine silt to fine  very coarse silt
mean (pm) medium sand medium sand to fine sand sand sand to fine sand
max 278.16 287.97 219.97 201.99 141.83 248.50
min 6.63 5.68 66.66 6.44 5.81 41.50
mean 46.23 42.30 125.41 31.68 29.17 138.65
SD 102.28 79.74 62.07 68.83 36.25 78.17
Sorting | poorlysored VPO veVPOOy ooy g YO Poorly  very poorly
max 4.32 9.32 8.93 4.27 7.27 6.82
min 1.90 1.98 2.31 1.70 2.54 2.58
mean 3.67 5.17 4.56 3.59 4.94 4.10
SD 0.81 1.72 2.57 0.82 1.21 1.67
very fine skewed
Skewness symmetrical to coarse very fine skewed | symmetrical fine skewed very fine skewed
skewed
max -0.01 0.19 0.16 -0.03 0.01 -0.01
min -0.11 -0.62 -0.64 -0.14 -0.61 -0.61
mean -0.06 -0.08 -0.35 -0.09 -0.21 -0.43
SD 0.03 0.21 0.35 0.04 0.22 0.24
Kurtosis leptokurtic mesokurtic very leptokurtic mesokurtic mesokurtic very leptokurtic
max 1.61 1.87 2.88 1.53 2.42 3.23
min 1 0.68 0.74 0.96 0.75 0.69
mean 1.12 1.02 1.87 1.07 1.04 1.80
SD 0.22 0.33 0.85 0.19 0.43 0.94

4.2. Elemental parameters

Sediment TOC values were highly variable (0.2-9%)
with no significant differences between winter and summer
(Table 3). Mean TOC content decreases from the upper
(3.6%) to the lower marshes (1.4%) (Tables 1 and 3). A
relatively strong positive correlation between TOC and mud
content was found in both seasons (Table 2). TN content
varied between 0.02 to 1.1% (Table 3) and was strongly
positively correlated with TOC in both seasons (R > 0.96).
TOC and TN tend to increase upstream (Table 3), although
no significant correlation was observed (Table 1).

C/N ratios are quite homogeneous along the estuary,

ranging from 6 to 12 in the majority of samples (Table 3).
Only a few samples had C/N values > 12, including FB1 in
winter with 15.3. The lowest C/N occurred at the E2 site in
winter, but may be unreliable as its TOC value is lower than
0.3%, the minimum necessary to reliably calculate C/N
(Meyers, 1997).

There was a decrease in C/N from the upper to lower
marshes in winter (Tables 1, 3). In summer this trend was
not evident. C/N had a positive, relatively strong correlation
with latitude in winter (R = 0.71), with the highest values
in the northernmost samples, but this trend was not evident
in summer.
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Table 3. Elemental and physico-chemical parameters of the sediment samples collected in winter and summer.
Tabela 3. Parimetros elementais e fisico-quimicos das amostras de sedimento colhidas no Inverno e no Verio.

winter summer
Sample £V S:/ISL) TOC | TIC i TN | C/N ipHsed| Sal i DO% i TC | TOC i TIC | TN | C/N ipHsed| Sal : DO% i T°C
AL 0.209 2.10 i 0.01 { 0.20 {10.70: 6.63 | 0.18 i 92.1 :24.78
LAR 0.311 1.98 : 021 { 0.17 {11.55¢ 7.19 { 0.25 i 104.5:12.62| 0.57 { 0.04 { 0.06 {10.02: 730 | 0.18 | 853 {25.66
FO 0.334 1.42 $ 0.08 i 0.16 { 8.65 i 739 { 0.13 : 89.1 {1431 895 : 0.64 i 0.69 {1299: 6.77 | 022 | 78.8 {2646
Aouro 0.532 2.00 { 0.06 | 0.16 {1258 7.38 { 0.23 {106.6 i 13.11| 1.16 : 0.19 { 0.13 | 9.17 { 7.69 | 043 | 734 i26.79
FB1 1.432 625 ;028 i 0.41 ;1531 6.96 236 i 042 { 030 | 7.85 i 6.58
FB2 0.752 232 030 0.22 {1047 6.95 221 : 0.09 i 027 | 831 i 6.42
FB3 0.471 3.12 1 0.21 :§ 0.27 {11.38; 6.84 { 0.24 { 85.3 :12.87| 324 : 0.22 | 030 {1081 ; 6.73 ; 2.81 i 76.4 |26.35
PI1 1.188 4.16 : 0.00 i 0.57 | 7.40 i 6.38
P12 1.198 3.09 | 0.15 :{ 0.36 ; 8.67 | 7.28 3.47 ¢ 0.09 { 037 { 947 : 6.00
PI3 0.614 2.10 { 0.18 { 0.27 { 7.87 i 7.73 235 {029 i 023 {10.03: 6.77
P14 0.011 1.83 ;{ 0.01 { 0.21 ;893 737 {024 {1113 :1246| 1.58 ; 0.03 | 0.18 { 891 ; 648 | 933 i 599 :28.75
LEZI 1317 | 7.16 | 0.61 { 0.74 | 9.63 | 7.69 594 | 051 | 0.58 {10.26 | 6.57
LEZ2 1.062 2.17 ;1 0.32 {1 0.26 ; 8.28 i 7.34 263 : 029 i 029 i 9.04 ; 7.02
LEZ3 0202 | 1.65 | 0.03 { 023 | 7.15 | 622 | 121 | 98.1 {12.36| 1.90 { 020 | 022 | 8.63 | 643 {24.13 | 57.2 ;2697
SCM 1.96 340 ; 048 : 0.31 {11.06: 7.01 {14.30:115.0:1243| 5.12 ;: 0.38 | 0.44 i 11.60; 698 ;26.10: 352 :20.18
VRSAL 121 | 096 | 0.57 { 0.15 | 6.58 ; 7.81 | 1.16 : 94.5 {13.06| 0.30 | 0.80 { 0.03 | 9.06 | 7.98 {3548 653 2735
VRSA2 1.03 5.64 { 043 | 0.56 {10.04; 6.95 0.70 : 0.18 { 0.08 | 8.65 i 6.50
VRSA3 029 | 1.17 { 0.02 { 0.14 | 8.37 | 6.86 0.63 | 0.03 | 0.10 | 6.60 | 6.67
VRSA4 -0.47 0.18 { 0.31 { 0.02 {832 i 743 {3.01 i 995 {1567 475 { 0.02 { 0.62 | 7.73 i 6.63 {28.04: 60.4 :26.38
EE -0.743 | 0.54 | 0.87 { 0.07 | 7.62 i 7.62 | 1.42 i 78.2 : 1432 048 | 0.33 | 0.04 { 12,55 7.44 | 4.03 | 65.0 ;26.84
El 0.574 030 { 0.01 { 0.04 { 7.80 { 7.70 { 0.48 :106.3 i14.87| 0.81 : 0.09 { 0.07 {1238 : 7.00 ;3561 68.6 ;28.23
E2 -0.066 | 022 | 0.83 | 0.04 | 5.89 | 7.53 031 | 0.77 | 0.03 |10.52 7.02
E3 -0.743 0.79 { 0.20 { 0.09 {844 : 7.76 { 1.61 i 913 {1472 0.67 : 0.14 { 0.06 {12.00: 698 ;2234 83.7 {29.57
LGl 0.397 8.17 1 2.00 i 1.05 { 7.78 | 6.44 6.66 : 1.21 { 090 | 7.37 i 6.50
LG2 0.167 6.03 { 0.71 { 0.83 { 7.27 | 6.86 566 : 0.87 { 0.77 | 7.33 i 6.74
LG3 -0.09 233 1060 {034 {686 i 742 i27.79: 69.0 {1393] 327 : 0.60 { 039 | 835 : 764 {3597} 444 {2520
Carbonate content and availability of CaCO, in the upper estuary, in which values remained lower than 1 for

Guadiana Estuary were inferred from TIC variations. TIC
values varied from 0 to 2%, with no major differences
between winter and summer. No TIC gradation was found
in relation to elevation (Tables 1 and 3). This is also in
accordance with microscopic observations (unpublished
results), which yielded low counts of autochthonous living
meiofauna in the upper and middle marshes, although some
of the samples of high marsh yielded significant numbers of
epifaunal organisms (gastropods). In the lower marshes, both
autochthonous meiofauna (live juvenile bivalves, ostracodes
and foraminifera) and reworked bioclasts contributed to TIC.
Middle marsh samples had the lowest TIC concentrations in
both seasons. TIC variation with latitude suggests a seaward
gradient, with the lowest values in the upper estuary (0.17%)
and the highest values in the lower estuary (0.39%) (Tables 1
and 3). A moderate positive correlation was found between
TIC and salinity (Table 1), only significant in winter.

4.3. Physicochemical parameters

Salinity values varied considerably between winter and
summer, especially in the lower estuary. In winter, salinity
was very low along the entire estuary (0.13 to 3, Fig. 6).
Only SCM (a saltworks pond) and LG3 (a tidal pond)
presented higher values, 14.3 and 27.8, respectively. In
summer, no major differences were found in the mid-

all samples. However, from the FB3 site towards the mouth,
salinity tended to increase gradually, reaching normal sea-
water values at the southernmost site LG3 (Fig. 6). All
the confined sites (SCM, VRSA1, E1 and LG3) exhibited
high salinities during summer, varying from 26 to 36, at
SCM and LG3, respectively. Site EE retained a low salinity
value (Table 3) due to continuous freshwater flow from the
Ayamonte Sewage Treatment Plant (ASTP). Wastewater
influx may influence salinity in the southern areas of the
estuary, since the E3 site also registers a lower salinity than
the sample immediately upstream.

The dissolved oxygen (DO) signal exhibited considerable
seasonal differences. In winter, DO values were higher,
varying from 69 to 115%, and lower in summer, varying
from 35 to 92% (Fig. 6 and Table 3). These differences were
more evident in the lower estuary. In both seasons there was
upstream increase in DO (Fig. 6). Thus, DO exhibits an
opposing trend to salinity that is more evident in summer
(R =-0.70).

Unsurprisingly, the temperature (T) signal is quite
different in winter and summer (Fig. 6). In winter the
values varied between 12.4 and 15.7° C, whereas in summer
values ranged from 20.2 to 29.6° C. A moderate negative
correlation was observed between T and elevation in both
seasons, significant only in winter (Table 1).
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Temperature correlated negatively with both TOC and
TN. These covaried and were positively correlated with
elevation and especially with mud content (Table 1). Despite
the strength of the relationship between T, TOC and TN,
it seems that these variables are independent and that
their inverse relationship stems from T relationships with
elevation, which in turn, control TOC and TN content.

Temperature exhibited a negative correlation with
latitude and positive with salinity, although not significant
in either seasons (Table 1). Temperature relationships with
DO differed in winter (negative) and summer (positive).

Although exhibiting similar ranges of variation in both
seasons, pH_, values were slightly higher in winter (Table
3). No 51gn1ﬁcant relationship was found between pH_, and
DO, although the negative correlation (Table 1). There was
no obvious pH_, gradient in relation to marsh elevation,
although the lowest values were always found in the mid-
upper marshes and the highest values in the lower marshes.
Again, the upper marsh sample VRSA1 was an outlier,
having the highest pH_, in both seasons.

During both seasons there was a negative correlation
between pH_, and mud content, TOC and TN (Table 1).

5. DISCUSSION
5.1. Physicochemical proxies

Except for pH_,, physicochemical parameters varied
strongly seasonally, especially in the lower estuary. Observed
salinity variations are in accordance with those of other
authors (Dias ez al, 2001; Garel ez al., 2009; Rocha et al.,
2002), who identified a salt wedge in the lower estuary
during winter and freshwater dominance during high flows.
During summer, river flows are negligible and the estuary is
tidally dominated, causing strong vertical mixing of salinity
during spring tides and strong saline intrusion during neap
tides (Rocha ez al., 2002). The extension of saline intrusion
depends on tidal phase (Dias ez al., 2001). In the present
work, significant saline intrusion (2.8) was observed until FB
site (Beliche Rivulet, = 8 km from the river mouth) during a
low spring-tide phase. For the same distance and same tide
phase, a similar value (= 3%0) was found by Michel and
Wollast (1978) prior to the construction of the biggest dams
(November, 1977). Their detailed measurements showed
that saline intrusion was still significant 3 km upstream of
the FB site.

Dissolved oxygen (DO) concentrations were higher in
winter and upstream. Temperature was higher in summer
but had no significant relationship with latitude. The
opposing trends observed between DO and temperature are
in agreement with Garel and Ferreira’s (2011) data, which
show opposite trends in the same tidal phase during different
seasons. In other words, during the ebb phase, T decreased
and oxygen increased in winter, whilst T increased and
oxygen decreased in summer.

The most extreme seasonal variations were observed in the
confined waterlogged areas in the high marsh zone. In winter,
when the contribution of river water and rainwater is higher,
low salinities, high oxygen values and low temperatures are
characteristic. In summer, when insolation and evaporation
are the most important factors, salinity increases, oxygen
decreases and temperature increases.

Sediment pH exhibited lower seasonal variation than
other proxies, with a slight increase in winter. Values were not
as high as would be expected for seawater (7.4 to 8.4), nor
as low as for river water (ca. 5) (Suguio, 2003). In sediment,
pH reflects a mixture of both saltwater and freshwater
inputs, as well as the quantity of organic matter present.
Marsh sediments are rich in organic matter, especially
from halophytic vegetation, which, along with bioactivity,
promotes reducing conditions (Suguio, 2003). Phleger and
Bradshaw (1966) found a positive relationship between
pH_, and oxygen in a diurnal cycle, being strongest during
daytime, when marsh plants are producing oxygen, and
during flood tide, when high pH, highly oxygenated water
is being introduced from the sea. In the present work, DO
values were highest during winter, although a negative, non-
significant relationship was found between pH_, and DO.
Garel and Ferreira (2011) found diurnal and tidal factors
are the major forcing factors linking water pH and oxygen.
However, this trend is invalided when river flow plays a part.
For periods of high freshwater (oxygen-saturated) discharge,
oxygen increases substantially and pH wvalues decrease
abruptly (Garel and Ferreira, 2011).

During both seasons there was a negative relationship
between elevation, TOC, TN and mud content with pH_.
This is expected due to the yield strength and viscosity of
cohesive sediments (Sornin, 1983), entrapping organic
matter that in turn is decomposed by microbial activity,
increasing reduction potential (Bale and Kenny, 2005).

The present study shows that the physicochemical
parameters are intrinsically related and that their variations
are strongly dependent in seasonal and spatial patterns.
Recent modeling predicts that summer drought scenarios
will be exacerbated (Santos er al, 2002). Under these
conditions, higher water temperature, higher salinities
and lower oxygen concentrations are expected, such as
was evident in our summer data set. Such strong seasonal
differentiation can affect biochemical processes and trophic
structure, with impacts on the abundance, biomass and
distribution of fish assemblages (Chicharo ez al., 2006b),
and general biodiversity changes, with some native species
being replaced by non-native species adapted to the low
flow, warmer conditions (Chicharo ez a/., 2009; Encarnaciao
et al., 2013; Morais, 2008; Morais et al., 2009b).

5.2. Sediment dynamics

The present data point to aslightincrease in the proportion
of coarser sediments in the estuary during winter, especially
in the lower estuary. In a bedrock-controlled estuary such
as the Guadiana, a seaward sediment-size gradient is to
be expected due to the energetic textural bipolarity (river
x tidal/sea energy), in which fluvial sediment is reworked
from the river to the sea by ebb currents and flood currents
introduce marine sediment into the estuary (Morales ez al.,
2006). During tidal cycles, fluvial sediments are mixed with
marine sediments in the lower estuarine channel, where
active sedimentation takes place on the lateral bars (Morales
et al., 1997; 2006). This process is most pronounced on the
left margin (Spanish side), where the channel is shallower
(probably with lower velocity currents) and overwash
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deposits are visible. This may explain the incidence of
gravel-bioclast deposits in samples from the Spanish side,
especially in summer when the hydrodynamic processes are
predominantly sea-dominated (Machado e# 4/., 2007). The
poor sorting of the sediments deposited in the marsh banks
is related to changes in energy resulting from different tidal
conditions as well as seasonal hydrodynamics (Dias e# al.,
2001), whereas skewness, which ranges between symmetrical
to very fine skewed, reflects the efficiency of fine-fraction
transport from the banks to the water.

The upper marsh zone (1-2 m) comprises muddy
sediments, composed mostly of silts, which are transported
in suspension by the river. Fine sediment is deposited
in the upper marsh (during the flood peak) where the
hydrodynamism is reduced and tidal currents and wind
waves are buffered by dense halophytic vegetation (Sen
Gupta, 1999). The upper marshes are then flood-dominated,
promoting vertical accretion and therefore decreasing the
export of fine sediment to the ocean. Since mud is quite
resistant to erosion due to its high yield strength and
viscosity (Sornin, 1983), continuous sedimentation during
tides that overtop the marsh banks contributes to extending
the muddy margins across the alluvial plain.

Mid and low marshes have an increasingly sandy
composition, meaning that they are ebb dominated with
efficient seaward export of fine sediments. Additionally, the
vegetation of these zones is sparse (mainly composed by
Spartina maritima) or absent, and therefore less effective in
dissipating current energy, which increases with the proximity
to the bypassing subtidal zone (Morales er al., 2006; Dias
et al., 2001). Coarser granulometry and exposure to tidal
currents combine to promote erosion rather than deposition
in this zone. Hydro-sedimentary processes within the estuary
are the consequence of the balance between freshwater
discharge (spring freshets), tidal currents and sediment
supply and can therefore be modified by climatic changes,
sea-level fluctuations and human action. Our observations
suggest that, during wet seasons, when larger amounts of
water carrying fluvial sediments are released into the estuary,
the dominant hydrodynamic conditions are not conducive
to sediment deposition and marsh accretion. On the other
hand, artificial regulation is preventing the occurrence of the
typical freshets responsible for the washing out of coarser
sediments into the continental shelf. Instead, these sediments
are accumulating at the mouth of the estuary. During the dry
season, although the low hydrodynamic conditions enable
sediment deposition due to the increased residence time of
the particles (Machado ez al., 2007), suspended sediment
input is low. Since the Alqueva Dam was commissioned,
freshwater discharge into the estuary has remained low
throughout the year (generally < 20 m®s™) (Garel and Ferreira,
2011). During the dry season this scenario is aggravated with
frequent nil discharges (SNIRH, 1995-2014) and negligible
fine sediment deposition in saltmarsh zones. During this
season the estuary is essentially dominated by tidal forcing,
with increment of fine (ilite) and coarser sediments (quartz)
related to the entrance of saline water during flood periods
(Machado ez al., 2007). Marsh erosion during flood events,
accumulation of coarser sediments in the river mouth (of
both fluvial and marine origin) and fine sediment starvation

contribute to a disequilibrium of both vertical and horizontal
deposition, changing the topography of the estuary and
its hydrodynamic processes, especially the velocity of the
ebb/flood tides (Healey er al., 1981) and the tidal prism
(D’Alpaos ez al., 20006). This effect causes, in turn, impact
on the ecological balance of the estuary. Sediment starvation
and erosion will alter the density and composition of the
halophytic vegetation which, consequently, plays an essential
role in the sedimentation process, retarding currents and
promoting retention of suspended sediments (Costa, 2001).
The expected long-term trend will be the disappearance of
marshes, with knock-on effects on ecosystems, economic
activities and tourism potential.

5.3. Sedimentary organic matter and carbonates

The origins, pathways and fates of sedimentary organic
material within an estuary can be useful in the reconstruction
of the paleo-hydrodynamic processes involved in the estuary
formation. Organic matter and sedimentological parameters
are often used as important proxies for saltmarsh evolution
(e.g., Boski et al., 2002, 2008; Drago ez al., 2004; Freitas ez
al., 2002; Gonzalez-Vila et al., 2003; Schuerch ez al., 2012).
Decreasing TOC content from upper to lower elevations
is strongly related to tidal circulation patterns (Suguio,
2003), which promote marked differences in vegetation
zonation, water circulation velocities and, consequently,
sediment granulometry. In the marginal sediments of the
Guadiana Estuary, the highest TOC values were observed
in the upper marshes, where hydrodynamics are reduced,
vegetation is abundant and the sediments are finer, cohesive,
less porous and consequently, less permeable. In the lower
marshes, higher sand content increases porosity, allowing
efficient water circulation and enabling resuspension and
oxidation of deposited organic matter. These relationships
between elevation, grain size and organic matter have also
been observed in other estuarine environments around the
world (CSIRO, 2000; Goni et al., 2003; Middelburg ez
al., 1997; Zhou ez al., 2007). In the Guadiana Estuary, the
relationship between TOC and elevation may be enhanced
during winter due to stronger hydrodynamics in the estuary,
promoting more efficient sorting of both organic matter and
sediments.

The homogeneous C/N ratios (usually between 6 and 12)
found along the estuary suggests that organic matter is largely
controlled by mixing of aquatic (autochthonous — C/N =
6-9) and terrestrial end members (C/N = 9-12). A higher
contribution was expected from saltmarsh vascular plants
as they are reported to be the dominant sources of organic
matter in these ecosystems (Canuel ezal., 1997). Nevertheless,
C/N values typical of marsh plants are much higher (Zhou
et al., 2006) than those found in the sediments of Guadiana
Estuary, suggesting that the contribution from marsh plants
is relatively low and that the main source of sedimentary
organic matter is aquatic. This trend had been ecarlier
observed by other authors (Boschker ez 4/, 1999; Canuel
et al., 1997; Ember et al., 1987). The inverse relationship
between C/N and elevation observed in both seasons can
be explained by the hydrodynamic conditions and sediment
properties. According to Meyers (1997), different sediment
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size-fractions typically have different C/N ratios, with coarse
sediment fractions containing a larger proportion of intact
land-plant debris than fine fractions, thereby having elevated
C/N ratios. Furthermore, fine sediment fractions contain a
larger proportion of clay minerals, which have large surface
areas and negative surface charges. Clays therefore adsorb
ammonia well, and this may depress their C/N ratios due
to the uptake of inorganic nitrogen (Meyers, 1997). In wet
seasons, the hydrodynamics are stronger, promoting more
efficient export of particulate organic matter from the
estuary (Oliveira et al, 2006). In dry seasons (summer),
hydrodynamic processes are weakened and the residence
time of the particulate organic detritus at lower elevations
is increased, leading to temporarily increased C/N ratios.
High values of C/N ratio in the Guadiana’s lower marshes
during summer could also be related to the proximity of
the ASTD, which could be contributing with cellulose-rich
allochthonous biomass.

C/N had a positive, relatively strong correlation with
latitude in winter (R = 0.71), with the highest values in the
northernmost samples, but the same relationship was not
evident in summer. Despite seasonal differences, a consistent
picture emerges of organic material being derived largely
from terrestrial sources in the mid-upper estuary and upper
marsh zones of the lower estuary, whereas a substantial input
of autochthonous aquatic material occurs in the mid-lower
marsh zones of the lower estuary.

Dyer (1990) showed that bioclastic materials in estuaries
have various origins, resulting from the local fauna or
sediment transport. In the present work, the highest TIC
values were found in the least hydrodynamic environments
(which are more suitable for fauna fixation and carbonate
particle accumulation) and at lower elevations (where
autochthonous infaunal organisms are found alongside
reworked bioclastic material, which accumulates in sorted
deposits under the moderate hydrodynamic conditions).

The highest TIC content is concentrated in the lower
estuary. This relationship is expected if pH differences in
river and sea waters are considered along a salinity gradient.
Carbonates, in particular calcite, precipitate in alkaline waters
(pH > 7, typical of seawater), whereas calcite dissolves in
acidic water (pH < 6, typical of freshwater) (Suguio, 2003).
Indeed, a moderate positive relationship was found between
TIC and salinity (Table 1), although only significant in
winter. Correlations between TIC, latitude and salinity may
be attenuated during summer due to higher availability of
CaCO, when temperature and salinity are higher along the
estuary (Buzas, 1989).

5.3.1. Comparison with previous studies

The sediments of saltmarsh ecosystems of the Guadiana
Estuary are poorly documented and little is known about
the origins of the sedimentary organic matter. Most previous
studies of estuarine systems in the Gulf of Cadiz have focused
on biogeochemistry in relation to heavy metals and other
sources of pollution (e.g., Borrego et al., 2002; Gonzalez ez
al., 2006; Delgado et al. 2010).

In the sediments of the Guadiana Estuary, TOC values
were highly variable and relatively high compared to

other estuaries and other coastal environments described
in literature (Table 4). The Guadiana values are, however,
similar to those found in other river dominated estuaries
(CSIRO, 2000; Goni et al., 2003) (Table 4). TN content,
which is considered indicative of the contribution of
aquatic flora (Gonzdlez-Vila ez al., 2003), was higher and
more variable than those found in other estuarine systems
(Table 4). The high variability in TOC and TN content
in Guadiana sediments reflects the great diversity of the
sampled sub-environments, which are subject to various
physicochemical conditions, among which hydrodynamics,
grain size and topography play major roles. Homogenous
C/N values suggest that the existing organic matter results
from an even contribution of terrestrial and autochthonous
aquatic (primary producers) sources. TOC and TN values
found in Guadiana sediments are very similar to those found
in the mesotrophic Huon Estuary (CSIRO, 2000). Brito
et al. (2012), who assessed the ecological status of several
Portuguese estuaries based on phytoplankton biomass
(chlorophyll ) and phytoplankton blooms (historical data
— 1992 to 2010), considered the Guadiana as the most
problematic estuary among the twelve studied, with waters
classified from High to Poor Ecological Status. However, in
a recent study concerning the period after Alqueva filling
(2004-2009), Domingues ez al. (2014) observed a decline in
chlorophyll 2 and phytoplankton, including cyanobacteria,
in relation to the periods before and during the dam filling
suggesting an oligotrophic tendency. The authors relate this
trend to river regulation causing higher and constant flows
during the productive period (summer). The studied year
(2010) had one of the highest flow summers since Alqueva
was commissioned (2005 to 2012), with a mean flow of 52
m?/s (station 26L/01H, SNIRH, 1995-2014). In drought
years, however, summer discharges are virtually nil (e.g., 2012,
SNIRH, 1995-2014). Under these low-flow conditions, the
risk of eutrophication is higher, i.e., chlorophyll #, green
algae and cyanobacterial abundance increases (Barbosa ez al.,
2010). Whilst nutrient concentrations are still considered
as the primary determinant of eutrophication in estuaries,
many other factors are recognized as important (Bricker
et al., 2003). Most diagnostic variables relate to water and
subtidal benthic environments and little attention has been
given to intertidal wetlands. The present data provide an
overall picture of the main sources of organic matter in the
Guadiana Estuary in a particularly wet year and alone are
not extensive enough to determine the trophic level of the
estuary. Further work would be required to fully understand
the differences between the trophic responses of sediments
in relation to water. Seasonal time-series are recommended,
with special attention to dry years, which resemble the most
critical future climate scenarios: longer and more frequent
droughts, reduced precipitation and, consequently, reduced
river runoff are all forecast for the area (Cunha ez 4/, 2002;
Miranda ez al., 2002). The study of stable isotopes and other
biomarkers should be considered in order to determine
the signatures of a wider range of potential organic matter
sources (e.g., the remains of living-in-sediment animals) and
to identify the links between water column and sediment
processes.
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Table 4. Comparison of TOC, TN and C/N values for the Guadiana intertidal margins and other coastal regions
worldwide (the high degree of variability in TOC within and between estuaries should be kept in mind when comparing
our results to those of previous studies).

Tabela 4. Comparagdo entre os valores de COT, NT e C/N das margens intermareais do Guadiana e de outras regioes costeiras
do mundo (0 elevado grau de variabilidade dos valores de COT dentro e entre estudrios deve ser considerado quando comparamos
os presentes dados com aqueles dos estudos anteriores).

Study area TOC (%) TN (%) CIN Reference
Guadiana saltmarshes, Portugal 0.2-9 0.02-1.1 | 59-153 This study
Land van iifﬁgﬁiﬁ;:hmmh“’ 336-421| 0.28-0.34 ; Nieuwenhuize et al., 1994
Pearl River Estuary, China 0.06-1.02 | 0.03-0.19 | 1.8-9.1 Hu et al., 2006
Yangtze salt-marshes, China 0.1-0.7 0.014 - 0.078 5.7-11.3 Zhou et al., 2007
Huon Estuary, Tasmania 02-96 | 001-074 | 29-31 CSIRO, 2000
Winyah Bay, SC, USA 0.05-7.62 | 0.01-04 - Goni et al., 2003
Other coastal environments 0.1-2.12 | 0.03-0.17 - Nieuwenhuize et al,, 1994

5. CONCLUSIONS

In the Guadiana Estuary, variation in geochemical and
sedimentological parameters was found to be very dependent
on distance to sea and elevation energy gradients, which in
turn are dependent on the different seasonal periods, with
riverine conditions prevailing during winter and marine
and tidal conditions prevailing during summer. Intertidal
sediments vary from fine silt to medium sand, with increasing
average grain-size from the upper marsh zones to lower zones.
Sediments are generally poorly sorted, with a symmetrical to
very finely skewed distribution, in accordance with the low-
energy conditions typical of the deposition areas. The 2010
winter was particularly rainy, forcing continuous discharge
from Alqueva dam, which contributed to increasingly coarse
sediment deposition in the estuary, particularly in the less
elevated stands.

In summer, the estuary waters were better mixed and
significant saltwater intrusion was detected 8 km upstream
the mouth.

Confined waterlogged areas were subject to extreme
seasonal variations in salinity and dissolved oxygen. In winter,
when the contribution of river and rainwater is higher, lower
salinities and higher oxygen concentration were observed.
Conversely, in summer when insolation and evaporation are
the most important factors, salinity increases and oxygen
decreases.

There was a dependent relationship between elevation
and organic matter, pH and particle size. In the higher marsh
zones, with lower hydrodynamics, differential deposition of
fine sediments occurs. These cohesive sediments trap organic
matter and its subsequent degradation lowers pH.

Sedimentary organic matter in the Guadiana is derived
from a mixture of native aquatic and terrestrial sources.
Organic material in the mid-upper estuary areas and higher
saltmarsh zones of the marine estuary incorporates more

terrestrial material, whereas a substantial contribution from
indigenous aquatic sources occurs at low-middle zones of the
marine estuary.

The present data provide the baseline environmental
characterization of a regulated estuarine system still
in ‘ecological control’. This information is useful for
paleoenvironmental studies, environmental monitoring and
for integrated coastal zone management in the southern
Iberian Peninsula, especially given the complex interactions
between estuarine sedimentation, coastal erosion, sea levels,
river regulation and human settlements in the Guadiana
Estuary. Although 2010 was an exceptionally wet year, with
summer discharges controlled by continuous water release,
the differences between environmental seasonal scenarios
are clearly marked, demonstrating the potential for major
changes if climate change predictions for this region are
fulfilled. Seasonal time-series studies are needed to better
understand the sources, pathways and fates of the sedimentary
organic matter and to establish the links between these
processes and water-column processes. These results should
be compared with those from other estuaries located at the
same climatic region to enhance the robustness of climate
predictive assessments.
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