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b Laboratorio Biología Marina, Área de Investigación Biológica I + D + I del Acuario de Sevilla, Departamento de Zoología, Facultad de Biología, Universidad de Sevilla, 
Sevilla, Spain 
c Grupo Oceanografía Física, Instituto de Biotecnología y Desarrollo Azul (IBYDA), Universidad de Málaga, Málaga, Spain   

A R T I C L E  I N F O   

Keywords: 
Guadalquivir estuary 
Turbidity 
Suspended particulate matter 
Persistent hyperturbid events 
Light limitation 
Hypoxia 

A B S T R A C T   

The Guadalquivir estuary (SW Iberian Peninsula) is a mesotidal system within a Mediterranean climatic region. It 
experiences severe and persistent hyperturbid conditions during the wet and cold season, significantly impacting 
both the ecosystem and various economic activities. 

During an investigation of an extreme turbidity event, suspended particulate matter (SPM) concentrations 
exceeding 30 g/L were found near the salt intrusion limit, with a 45 km stretch showing a depth-averaged SPM 
concentration greater than 10 g/L. Throughout this event, the estuary can accumulate more than 900,000 tonnes 
of SPM, leading to severe surface light blockage, with the euphotic layer remaining shallower than 10 cm in most 
areas. Additionally, hypoxia develops in the zone of maximum turbidity, near the bottom. 

These extreme turbidity events are linked to short-duration freshets that discharge a large amount of sediment 
from a highly erodible catchment area, followed by a significant reduction in river flow, primarily due to strong 
water regulation. However, hyperturbid conditions never extend into the summer in this estuary, indicating a 
non-negligible capacity to clear the SPM. 

Considering these findings, several recommendations are proposed. First, establishing a monitoring pro-
gramme for extreme turbidity processes can aid in implementing necessary management actions. Second, it is 
crucial to develop an optimal protocol for water discharges from the network of dams to maximise sediment 
export to the sea, minimise plankton washout, and prevent excessive freshwater loss.   

1. Introduction 

Human activities have significantly impacted the hydrological pat-
terns of rivers, resulting in profound changes in sediment dynamics 
within estuaries. Various anthropogenic pressures, including land 
clearance, overgrazing, and agricultural practices, have led to soil 
erosion in river watersheds. Consequently, increased levels of suspended 
particulate matter (SPM) and turbidity have been observed (Wolanski, 
2004). Conversely, the construction of dams for flood control, water 
storage, and power generation has the potential to reduce sediment 
discharge into estuaries by trapping these sediments (Vörösmarty et al., 
2003). However, it is important to note that dam trapping primarily 
affects coarse sediments, and even in regulated watersheds, fine sedi-
ment can still find its way into estuaries, altering the composition of 

estuarine and coastal substrates from sand to mud and increasing 
turbidity (Wolanski, 2004). Moreover, the transport of fine sediment to 
the sea is closely associated with river forcing (Jay et al., 2007; Burchard 
et al., 2018), and the reduction in river flow caused by damming and 
water diversion hampers the effective flushing of SPM, which becomes 
more susceptible to entrapment within estuaries (Wolanski, 2004; Un-
cles et al., 2013; Jalón-Rojas et al., 2015). 

Several regulated European estuaries have been found to accumulate 
substantial amounts of SPM, leading to the development of hyperturbid 
conditions, often exceeding several grammes per litre. In particular, SPM 
accumulates in zones known as estuarine turbidity maxima (ETM). This 
can be observed in estuaries such as the Charente (Toublanc et al., 
2016), the Gironde (Jalón-Rojas et al., 2015), the Humber (Uncles et al., 
2006), the Seine (Grasso et al., 2018), among others. Elevated turbidity 
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levels in estuaries give rise to various environmental issues. For instance, 
the reduced light penetration in the water column limits primary pro-
duction and causes a shift in estuarine metabolism towards a more 
heterotrophic state (Ruiz et al., 2017). Additionally, high turbidity 
adversely affects water quality by decreasing oxygen concentration, 
primarily due to reduced photosynthetic activity and increased oxygen 
demand resulting from organic matter degradation (Schmidt et al., 
2019). Furthermore, the presence of high turbidity can have several 
impacts on biota, including alterations in predator-prey interactions and 
food webs, reduced food availability, compromised visibility, and 
negative health effects (Bruton, 1985; Hecht and van der Lingen, 1992; 
Utne-Palm, 2002; Bilotta and Brazier, 2008; González-Ortegón et al., 
2010). 

The accumulation of fine sediment and SPM within estuaries, as well 
as the formation of ETM, can be driven by various hydrodynamic pro-
cesses (Burchard et al., 2018). Density-driven estuarine circulation is 
one of the primary mechanisms, responsible for directing the residual 
current along the bottom, where the SPM concentration is higher, up the 
estuary. Additionally, tidal pumping, associated with flood-dominant 
conditions, leads to increased resuspension and transport of SPM dur-
ing floods, also contributing to the up-estuary movement (Uncles et al., 
2002; Mitchell, 2013; Burchard et al., 2018). These mechanisms are 
influenced by the intrinsic characteristics of the estuaries. Uncles et al. 
(2002) demonstrated that the concentration of SPM is influenced by 
factors such as tidal range and the length of tidal intrusion. Estuaries 
with longer lengths and greater tidal influence tend to exhibit longer 
residence times of water and solutes, higher resuspension capacity of 
fine sediments, and stronger tidal pumping capabilities. Human modi-
fications of estuaries, including canalisation, deepening, and extensive 
removal of intertidal areas, can also impact these mechanisms, resulting 
in upstream tidal amplification and increased transport of SPM upstream 
(Mitchell and Uncles, 2013; Winterwerp et al., 2013; Wang et al., 2014). 

These processes interact with other intrinsic characteristics of the 
watershed, including its size, topography, rainfall regime, geology, 
morphology, and erosivity. This interaction results in a distinct equi-
librium between sediment provision and removal of SPM that is specific 
to each estuary (Uncles et al., 2002; Milliman and Farnsworth, 2011). 

Most of the available information on sediment dynamics in European 
hyperturbid estuaries is primarily related to macrotidal systems or those 

in the transition between mesotidal and macrotidal environments, pre-
dominantly located in the cold temperate region (Uncles et al., 2006; 
Jalón-Rojas et al., 2015; Toublanc et al., 2016; Grasso et al., 2018). In 
this region, a distinct wet season is typically observed, characterised by 
sustained high river flow, which facilitates the export of SPM to the sea 
(Piton et al., 2020). Consequently, these estuaries often exhibit their 
highest levels of turbidity during the low river flow season when the 
sediment export capacity to the sea is reduced, causing the zone of fine 
sediment accumulation (ETM) to shift upstream (Uncles et al., 2002; 
Mitchell, 2013; Jalón-Rojas et al., 2017). 

The Guadalquivir estuary, located in the southwest of the Iberian 
Peninsula (Fig. 1), is a mesotidal system in a warm-temperate region 
characterised by a Mediterranean regime with Atlantic influence. This 
region experiences dry, hot, and extended summers, with rainfall below 
10 mm and maximum temperatures that can exceed 40 ◦C. Mild, wet 
winters and irregular, often torrential rainfall (annual average 630 mm) 
are also typical (Sabater et al., 2009). Information on sediment dy-
namics in such estuaries is relatively limited. Empirical observations and 
theoretical predictions suggest that mesotidal estuaries tend to have 
lower intrinsic levels of suspended particulate matter (SPM) compared 
to macrotidal and hypertidal estuaries (Uncles et al., 2002; Schoell-
hamer, 2011). However, the Guadalquivir estuary is a hyperturbid sys-
tem that has garnered international attention due to the recurrent 
formation of large turbidity plumes during flood events (evidenced, for 
example, at https://earthobservatory.nasa.gov/images/79677/sedime 
nt-plume-along-the-coast-of-spain). In fact, it has the largest and most 
turbid plume among the major rivers in the Iberian Peninsula, despite 
having the second smallest discharge (Fernández-Nóvoa et al., 2017). 
This estuary consistently exhibits high concentrations of SPM and 
regularly experiences extreme and persistent turbidity events 
(González-Ortegón et al., 2010), to the extent that it has been referred to 
as the second most turbid estuary in the world, after the Ganges (Ruiz 
et al., 2015, 2017). Such high turbidity and suspended sediment con-
centrations not only impact biological communities, as previously 
explained (González-Ortegón et al., 2010; Donázar-Aramendía et al., 
2018; Miró et al., 2022), but also pose significant challenges for activ-
ities such as aquaculture (as reported at https://www.elmundo.es/andal 
ucia/2021/12/02/61a91328fdddffdc528b4575.html). 

The Guadalquivir River basin has undergone significant 

Fig. 1. Study area. Numbers 1–15: sampling points for vertical profiles of physical-chemical variables and water samples. Km 0: the initial point of the estuary. Dam: 
Alcala del Río dam, the upstream limit of the estuary. 
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transformation and alteration, including intense damming (118 dams; 
García-Martínez and Rinaldi, 2022) and extensive water abstraction, 
mainly for agricultural purposes. These activities have resulted in a 
reduction of river discharges by over 50% (González-Ortegón et al., 
2010). The hydrological regime exhibits strong seasonality and marked 
extremes, and the basin has a high percentage of its surface dedicated to 
agriculture (Sabater et al., 2009). Consequently, the Guadalquivir River 
watershed has a high sediment yield, estimated to exceed 282 t km− 2 y− 1 

on average, with maximum values reaching up to 1415 t km− 2 y− 1 

(Buendia et al., 2016). Since 1795, the main channel of the Guadalquivir 
River has experienced multiple artificial meander cut-offs to facilitate 
navigation to Seville (Baena-Escudero et al., 2019). Furthermore, over 
70% of the adjacent marshlands have been transformed into cultivated 
fields for various purposes, including agriculture, aquaculture, and 
saltponds (Zorrilla-Miras et al., 2014; Ruiz et al., 2015). These alter-
ations have resulted in a significant reduction of the original intertidal 
area and, consequently, tidal flooding (Ruiz et al., 2015; Llope, 2017). 
The Guadalquivir estuary provides access to the only inland port on the 
Iberian Peninsula, the port of Seville, which requires regular dredging to 
maintain the depth of the navigation channel (Donázar-Aramendía 
et al., 2018; Miró et al., 2022). Despite these challenges, the Gua-
dalquivir estuary paradoxically serves as the main nursery ground, 
exhibiting higher productivity and a more complex and interconnected 
food web compared to other estuaries in the region (Donázar-Aramendía 
et al., 2019; Miró et al., 2020). 

This estuary serves as a convergence point for various social and 
economic interests, often conflicting with each other. These include 
nature conservation (including Doñana National Park, a World Heritage 
Site), commercial maritime traffic, rice and other crop farming, fresh-
water management, hydroelectric energy, coastal and eco-tourism, and 
aquaculture (Ruiz et al., 2015). The issue of excessive turbidity is a 
matter of concern in this context, which requires reliable observations of 
SPM and related parameters such as dissolved oxygen to gain a better 
understanding of their dynamics. This knowledge is crucial for devel-
oping management strategies that promote sustainable activities and 
improve estuary health (Schmidt et al., 2019). 

However, the available information on turbidity, SPM, and other 
variables remains partial. Most data come from near-surface measure-
ments, either from fixed sensors (Navarro et al., 2011; Díez-Minguito 
et al., 2014) or satellite observations (Carpintero et al., 2013; Caballero 
et al., 2014; Caballero and Navarro, 2016). Comprehensive 
depth-integrated information on these variables is still lacking. Addi-
tionally, the question of whether turbidity is primarily controlled by 
sediment supply or tidal forces is still a topic of discussion 
(González-Ortegón et al., 2010; Díez-Minguito et al., 2014; Ruiz et al., 
2017). Addressing this essential question is crucial when considering 
potential management approaches for these processes. 

During winter 2019–2020, the Guadalquivir estuary experienced an 
extreme turbidity event. This article aims to provide a comprehensive 
analysis of the spatial physicochemical characteristics throughout the 
water column during this event, including SPM, oxygen, light penetra-
tion, and salinity. The study covers a wide range, from several kilo-
metres nearshore to the estuary to its head, allowing for a detailed 
understanding of the conditions during this period. Furthermore, the 
paper also reviews existing information, discusses the origins and dy-
namics of these turbidity processes, and identifies potential areas of 
interest for future research. Further, the study explores possible man-
agement approaches to address this environmental issue. 

2. Material and methods 

To document this extreme turbidity event, vertical profiles of the 
main physicochemical variables were obtained on 2020-01-21, at 15 
stations along the main channel (Fig. 1). The first profile was taken 
immediately outside the river plume visually identified from the boat, 
the second profile was collected inside the river plume, and the 

following 13 profiles were performed at intervals, closer where more 
intense changes were expected (based on our previous experience), up to 
87 km from the river mouth (Fig. 1). In this study, we report data on 
salinity, SPM, oxygen saturation, and photosynthetically active radia-
tion (PAR), supplemented with relevant data on temperature and oxy-
gen concentration. To provide more standardised information and 
taking advantage of the tidal propagation period into the estuary, all 
stations were surveyed during flooding at approximately local high 
water (HW), following the criteria used by Uncles et al. (2006). To es-
timate the sampling time with respect to the tide, we used water level 
data from two tide gauges (https://www.puertos.es/en-us/oceanografi 
a/Pages/portus.aspx), one installed at the entrance of the estuary 
(Sanlucar de Barrameda, Fig. 1) and one approximately 80 km upstream, 
at the entrance of the Seville port (Seville, Fig. 1). 

Water samples were collected at all stations using a Van Dorn bottle, 
both in midwater and, in some stations, near the bed (bottom depth 
ranging from 6.3 to 11.2 m), to determine the SPM and establish a 
relationship between turbidity and SPM. Salinity, temperature, oxygen 
concentration, and saturation, as well as turbidity up to 3500 NTU 
(Nephelometric Turbidity Units), were measured in situ, from the boat, 
using a multiprobe (Eureka Manta 2; Eureka Water Probes, Austin, 
USA). This probe measures light scattered at an angle of 90◦ and has a 
range of 0–4000 NTU. Turbidity values higher than this limit were 
measured with a back-scatter turbidity probe (Analite NEP-5000 
Turbidity Meter; Observator Instruments, Ridderkerk, Netherlands) 
with a range of 0–30,000 NTU. Turbidity values lower than 3500 NTU 
were measured more precisely with the first probe. 

Water samples were filtered through precombusted (4 h, 500 ◦C) 
filters with a pore size of 0.7 μm (Whatman GF/F). The filters were then 
dried (24 h, 60 ◦C) and weighed to obtain the SPM concentration. Linear 
regression was used to fit the SPM concentration with the corresponding 
turbidity measures for values below 3500 NTU (p < 0.0001, R2 =
0.9732; Supplementary Fig. 1A). For higher turbidity values, a second- 
order polynomial regression was fitted using the backscatter sensor 
data and the corresponding SPM measures (p < 0.0001, R2 = 0.9871; 
Supplementary Fig. 1B). Vertical profiles of SPM for each station were 
obtained from NTU profiles using these models. Smoothing functions 
were fitted to the SPM and other variable profiles using an additive 
model with the mgcv package (v1.8-40, Wood, 2017) in R statistical 
software (R Core Team, 2022). Predictions from these models were 
represented in 2D figures using Ocean Data View (Schlitzer, 2021) and 
were also used to obtain depth-averaged values. Additionally, the 
average of modelled SPM in the top metre of the water column was used 
to replicate the results that could have been obtained from satellite or 
near-surface sensors, which could then be compared with published data 
for the Guadalquivir estuary. 

The water volume of the Guadalquivir estuary upstream of km 
0 (Fig. 1) is used to assess the total mass of SPM in the whole estuary. It 
has been computed from the bathymetric data collected by the Port 
Authority of Seville in years 2019 and 2021 for the non-navigable and 
navigable part of the estuary, respectively. The data was projected onto 
a rectangular grid along the river that covered the entire estuary. The 
number of grid cells is over 15,000, with a mean size of 97 × 44 m and an 
assigned depth given by the average of all data points within the cell. 
Since bathymetry refers to the mean sea level, this volume corresponds 
to the tidally averaged estuary. 

Scalar PAR irradiance at different depths [E0(z)] was measured as 
photon flux density (μmol s− 1 m− 2) using an underwater spherical 
sensor (LI-COR® LI-193). To account for variations in ambient light, the 
downwelling irradiance, measured in air with a 180◦ sensor (LI-COR® 
LI-190R), was used as a reference [Ed(ref)] (Pilgrim, 1987). To account 
for short-term variability in light intensity arriving at the sensor (Kirk, 
1994), each measurement was integrated over 15 s. When it was possible 
to obtain multiple measurements at different depths (see the section 
’Results’), the depth-mean PAR extinction coefficient (K0) was calcu-
lated from the slope of the -ln[E0(z)/Ed(ref)] profiles (Pilgrim 1987). 
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To provide a more comprehensive understanding of this extreme 
turbidity process, average daily rain (from 49 pluviometers throughout 
the catchment area), river discharge, and surface level data at the es-
tuary head were obtained from the Automatic Hydrological Information 
System (Confederación Hidrográfica del Guadalquivir: https://www.ch 
guadalquivir.es/saih/), and hourly significant wave height in the Gulf of 
Cádiz (6.96◦ W, 36.49◦ N) and water level at the mouth of the estuary 
from Puertos del Estado (https://portus.puertos.es/). 

3. Results 

During a short period of 16–21 December 2019, the catchment area 
experienced intense rain, particularly heavy during the three days be-
tween 19 and 21 December. This resulted in a discharge of 1105 m3/s 
(daily mean) on 22 December 2019 (Fig. 2A), and a notable increase in 
the water level in the estuary head during this time (Fig. 2B). 

On the ocean side of the estuary, meteorological conditions led to 
higher significant wave heights in the Gulf of Cadiz (Fig. 2B) and a 
meteorological tide that elevated the sea level at the mouth of the es-
tuary (Fig. 2A). Subsequently, there was a sharp reduction in dam 
discharge, which remained below 40 m3/s a few days after the flood and 
even below 30 m3/s during the initial days of 2020 at the start of the 
subsequent neap tide (Fig. 2A). 

On the day of sampling (21 January 2020), it was a neap tide with an 
average tidal range (± standard deviation) of 1.58 ± 0.07 m (Fig. 2A), 
measured by a tide gauge at the mouth of the estuary. 

Fig. 3 shows the evolution of the river plume during this period. 

3.1. Turbidity, SPM, and salinity 

The result was an event of extreme turbidity, with SPM concentra-
tions greater than 30 g/L (maximum measured concentration = 30,940 
mg/L; maximum estimated concentration = 31,217 mg/L) in the near- 
bed layer 70–75 km upstream of the river mouth (profile 12, Fig. 4A). 
The zone with maximum SPM concentration was located near the iso-
haline of 1 psu (Fig. 5A). Fig. 5A shows the salinity in the estuary 29 days 
after the freshet, which shows the vertically well-mixed structure. 

If we define an ETM based on the depth-averaged SPM concentration 
(daETM), it can be identified as a 45 km long stretch with a depth- 
averaged SPM concentration greater than 10,000 mg/L, extending 
from approximately km 25 (profile 7) to km 70 (profile 12) (Fig. 4B). 
The downstream limit of daETM (profile 8) had the maximum depth- 

averaged SPM concentration of 12,447 mg/L, and the stratification of 
SPM in the water column intensified progressively upstream, leading to 
higher concentrations near the bed and lower concentrations near the 
surface upstream of daETM (Fig. 4A). 

Furthermore, based on the maximum near-bed SPM concentration, a 
core ETM can be defined as a longitudinal region of approximately 35 
km, where the SPM concentration near the bed exceeds 20,000 mg/L, 
approximately between km 50 and km 85 (Fig. 4A). The landward limit 
of this core ETM exhibits near-bed SPM concentrations exceeding 
30,000 mg/L, primarily located upstream of the daETM (profiles 12, 13, 
and 14; Fig. 4A and B). Moreover, a separate secondary maximum can be 
observed around 65 km (profile 10) with slightly higher stratification 
and a near-bed SPM concentration exceeding 25,000 mg/L. 

The predictions of the additive model graphically represented in 
Fig. 4B allow us to calculate an average single value of SPM concen-
tration for the entire studied section of 3145 mg/L (depth-averaged and 
from km 0 to the upper sampling point, approximately km 87; Fig. 1). 
Using the bathymetry data provided by the Port Authority of Seville, we 
can approximate the total volume of the estuary to be close to 290 hm3. 
Based on the estimated average SPM concentration for the entire estu-
ary, the total mass of SPM during the sampling time would exceed 
900,000 tonnes. 

When focussing only on the data from the first metre (Fig. 4C), the 
maximum concentration of SPM would be 5461 mg/L, observed 25–30 
km from the river mouth. Moving upstream from this point, the SPM 
concentration would progressively decrease, together with an intensi-
fication of stratification in the water column (Fig. 4C). 

3.2. Light availability and oxygen 

On the sampling day, the weather was clear with only a few clouds, 
resulting in downwelling irradiances (PPFD) at the water surface 
ranging mainly between 1700–1200 μmol s− 1 m− 2, occasionally drop-
ping to 700-500 μmol s− 1 m− 2. Under these conditions, light penetration 
was limited and it was only detectable below − 1 m in the first profile 
outside the river plume. At 4 m depth in this profile, the irradiance 
measured 0.05 μmol s− 1 m− 2 and fell to 0 at deeper levels (Supple-
mentary Table 1). The calculated extinction coefficient K0 at this point 
was 2.28 m− 1, reaching the euphotic zone at − 2 m (Zeu). Within the river 
plume, in the first profile (profile 2), light was detectable up to − 1 m. 
The estimated K0 was 10.58 m− 1, and Zeu extended to about 40 cm deep. 
Moving upstream, light penetration gradually decreased and in profile 5 

Fig. 2. Temporal evolution of some environmental variables during the studied hyperturbid event in the Guadalquivir estuary. A: sea level in the entrance of the 
estuary (grey line), average daily rain in the catchment area (orange line), water discharge from the Alcalá del Río Dam (blue line); and B: water level just below the 
last dam (grey line), significant wave height in the Gulf of Cádiz (green line). Black point: Day of sampling. Red points: Days of satellite images from Fig. 3. 
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(approximately 13.5 km from the river mouth), scalar irradiance, from 
all directions, at the first depth of measure (approximately 10 cm deep) 
was 0.01 μmol s− 1 m− 2. As we proceed further upstream, light remained 
completely blocked at the surface until the last profile. Irradiances be-
tween 0.00 and 0.02 μmol s− 1 m− 2 were observed up to profile 9 
(approximately 44.5 km), and from profile 10–15, it increased to around 
1 μmol s− 1 m− 2 (Supplementary Table 1). 

In connection with this, hypoxia was observed near the bed in the 
core ETM and upstream from this point (Fig. 5B: oxygen saturation 
isolines of 20%, 30%, and 40% correspond approximately to oxygen 
concentrations of 2, 3, and 4 mg/L). Oxygen values below 3 mg/L and 
saturations below 30% were measured in the last metre of profiles 12, 
13, and 14. Approximately 75 km from the river mouth, in profile 12, a 
minimum oxygen concentration of 1.3 mg/L and a saturation of 12% 
were detected at the bottom. 

4. Discussion 

4.1. Turbidity and estuarine turbidity maximum 

Associated with stormy weather in the region, the observed event of 
extreme turbidity was the result of a short-lived peak of freshwater 
discharges from the watershed, followed by a sharp reduction in the 
discharge a few days after the flood. In fact, the vertically well-mixed 
structure of the estuary with respect to salinity, observed one month 
after the freshet, is typical of tidally dominated estuaries as a conse-
quence of strongly regulated flow (Ruiz et al., 2015). 

Like in many estuaries, the zone with the highest concentration of 
SPM near the bed, which we defined as the core ETM, was found near the 
limit of salinity intrusion (Burchard et al., 2018). In our study, the 
pattern of SPM distribution in the Guadalquivir estuary was similar to 
that described by Uncles et al. (2006) for the macrotidal Humber estuary 
in the UK. In this work, the ETM was defined as a 35 km longitudinal 
region where the concentration of SPM near the bed exceeds 16 g/L, 
with a considerable portion within this ETM where the SPM 

concentrations exceed twice this value (>32 g/L), reaching maximum 
values of 47 and 45 g/L during spring and neap tide, respectively. The 
head of this ETM was also situated near the isohaline of 1 psμ. 

In addition, we also defined an ETM based on the depth-averaged 
SPM concentration, which gives a better representation of the total 
sediment pool in a specific section of the estuary at a given time. The 
location of the core ETM, predominantly outside the daETM, indicates a 
lower total amount of sediment in the water column of this stretch, with 
a significant amount of this sediment concentrated in the deepest layers. 
This, together with the observed progressive intensification of SPM 
stratification within the daETM as we move upstream, indicates sedi-
ment settle in this section of the estuary. And, in fact, this zone is 
adjacent to the entrance to the port of Seville, where the Port Authority 
must dredge to maintain navigation depth with greater frequency and 
intensity (Díez-Minguito et al., 2012), as an indication of effective 
deposition of SPM on the bed. 

In previous studies of the Guadalquivir estuary, a primary ETM was 
also identified near the limit of salinity intrusion approximately 80 km 
from the river mouth, characterised by a maximum SPM concentration 
of around 1 g/L (Díez-Minguito et al., 2014). This was also at a neap tide 
as in the present study, but during a period of low river discharge. This 
classical ETM appears to occur under various circumstances in this es-
tuary. The position of the ETM can offer information on the dominant 
mechanisms responsible for its formation, and an ETM located at the 
landward limit of salt intrusion is often associated with estuarine cir-
culation (Mitchell, 2013; Burchard et al., 2018). However, Díe-
z-Minguito et al. (2014) noted that vertically sheared mean flows would 
represent a smaller contribution to the generation of turbidity maxima, 
while tidal pumping could play a more significant role. Understanding 
the dominant mechanisms behind the formation of ETM is crucial for the 
development of effective management strategies to address excessive 
turbidity. For example, in cases where tidal pumping is the main 
mechanism, stronger currents during spring tides could promote land-
ward transport of SPM, while sediment export to the sea could poten-
tially be increased during neap tides. Conversely, if estuarine circulation 

Fig. 3. Satellite images of the Guadalquivir estuary mouth in the studied period. Satellite images were all collected with Sentinel-2 at 11:21 UTC. Each image is 
referenced to the date of collection and the nearest high or low water (HW/LW) plus or minus the time in hours and minutes to 11:21 UTC. 
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prevails, the opposite trend could be observed (Burchard et al., 2018). In 
this regard, Contreras (2012) recommended maintaining a higher water 
flow during neaps to promote sediment export, instead of a homoge-
neous low flow, in agreement with the results of Díez-Minguito et al. 
(2014). 

These latter authors also identified two additional secondary ETMs at 
35 and 58 km (a few km downstream of our profiles 8 and 10 respec-
tively) with concentrations of up to 0.86 and 0.99 g/L, respectively. 
Other previous studies based on satellite remote sensing had also iden-
tified an ETM between 20 and 30 km from the estuary mouth (SPM 
concentration of 0.40–0.55 g/L), with this concentration decreasing 
when moving up the estuary (Caballero et al., 2014). The presence of 
multiple ETMs is common in estuaries, under the variable influence of 
tidal and fluvial forcing, estuarine circulation, topography, and aided by 
various mechanisms of flocculation (Jay et al., 2007; Burchard et al., 
2018; Vinh and Ouillon, 2021). In the Guadalquivir estuary, the for-
mation of these secondary ETMs has been associated with the effect of 
the tidal wave reflecting on the dam and propagating in the opposite 
direction to the incoming tide. This generates convergence zones be-
tween sections of net seaward SPM transport and sections of net land-
ward transport (Díez-Minguito et al., 2012, 2014). Furthermore, the 
lower secondary ETM is located near marked meanders with relatively 
low curvature radius, which enhances secondary flow and contributes to 
maintaining high turbidity levels (Ruiz et al., 2015). However, during 
the period of extreme turbidity studied here, the presence of these sec-
ondary ETMs has not been clearly identified, probably due to the sub-
stantial amount of SPM accumulated in the estuary. However, the 
observation of a secondary maximum near the bed in profile 10 could 
still indicate the influence of the hydrological processes documented by 
Díez-Minguito et al. (2014). 

Identification of the actual structure of the water column in relation 
to SPM and its concentration values can be challenging when relying 
solely on data collected near the surface, either sensors near the surface 
or satellite imagery. In our analysis of the SPM data within the first 
metre of the water column, we observed a scenario similar to that 
described by satellite imagery (Caballero et al., 2014). In this view, the 
secondary ETM near 20–30 km that these authors described is also 
visible, as well as the continuous decrease in SPM concentration up-
stream this point. Uncles et al. (2006) documented that apparent 
maximum values of SPM concentration on the surface occur during 
periods of maximum current speed and bed shear, leading to maximum 
SPM resuspension and water column homogenisation. However, the 
actual maximum values are more likely to occur in opposite conditions, 
near the bed during high water slack, when maximum column stratifi-
cation is present (Uncles et al., 2006; Mitchell, 2013). Comprehensive 
studies of the Guadalquivir estuary, which relied on a network of sensors 
collecting continuous data from the near surface over three years, 
including periods of extreme turbidity, reported maximum SPM values 
of 5388 mg/L (Ruiz et al., 2017). These values are comparable to those 
observed in our study when considering data from the first metre (5461 
mg/L). However, near-bed measurements showed concentrations that 
exceeded 5–6 times this value. Variability in near-surface SPM concen-
tration, both temporally and spatially, may be attributed to changes in 
the degree of stratification, making it challenging to distinguish from 
real changes in total SPM concentration due to effective deposition. 
While continuous monitoring using fixed sensors and easy access to data 
through remote satellite imagery are undeniably valuable, it would be 
advisable to complement these views with a more depth-integrative 
approach to obtain a more accurate representation of the characteris-
tics of the water column. 

Regarding the claim that the Guadalquivir estuary is the second most 
turbid in the world after the Ganges, even with the increased maximum 
SPM concentration observed in this study, other publications have re-
ported higher SPM concentrations in various estuaries [see, for instance, 
Uncles et al. (2002) and references therein]. While its exact position in 
the ranking of turbid estuaries may vary, the Guadalquivir estuary 

Fig. 4. The x axis is section distance, common for all 3 graphs. A) 2D profile of 
SPM concentration (isolines in mg/L). Sampling points where vertical profiles 
were performed are marked as vertical dotted lines. B) Depth averaged SPM 
concentration at every sampling point. Dashed line is a smoothing line repre-
senting the prediction of an additive model relating section distance and depth 
averaged SPM concentration. C) The same as B but using only data from the 
first metre. 

Fig. 5. 2D profile of A) salinity (isolines in practical salinity units) and B) 
oxygen saturation (isolines in %). Sampling points where vertical profiles were 
performed are marked as vertical dotted lines. The x axis is section distance, 
common for the 2 graphs. 
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possesses an important distinctive characteristic: it is a mesotidal sys-
tem. On the contrary, most other estuaries with higher or similar 
turbidity are macrotidal and, consequently, have a higher capacity of 
tidal resuspension and maintenance of SPM. This observation suggests 
that the focus for environmental improvement should perhaps shift to-
ward addressing the input of sediment from the highly erodible catch-
ment area, rather than mainly on tidal resuspension, as previously 
suggested (Díez-Minguito et al., 2014; Ruiz et al., 2015, 2017). 

4.2. The genesis of high turbidity periods 

In other rainier regions, periods of higher turbidity have often been 
associated with quiescent weather conditions and low sustained river 
discharges. This trend has been observed in temperate European mac-
rotidal estuaries such as the Humber in the UK (Uncles et al., 2006), the 
Gironde in France (Jalón-Rojas et al., 2015), the Loire in France 
(Jalón-Rojas et al., 2016), and the Charente in France (Modéran et al., 
2010). Similar patterns have also been documented in the monsoonal 
tropical mesotidal Cam Nam Trieu (Vinh and Ouillon, 2021) and the 
macrotidal Van Uc in Vietnam (Piton et al., 2020). During the wet sea-
son, with sustained high river flow, the ETM is typically advected 
downstream, leading to higher export of SPM (Piton et al., 2020). In 
contrast, when river flow decreases and sediment input diminishes, tidal 
resuspension and entrainment contribute to increased turbidity. In the 
short term, the variability in SPM concentration is associated with tides, 
with maximum levels occurring during spring tides when the tidal 
strength is at its peak (Uncles et al., 2006; Jalón-Rojas et al., 2016; 
Burchard et al., 2018). However, these maximum levels can be influ-
enced, to some extent, by the fluvial supply. For example, in an analysis 
of interannual variability in the Gironde and Loire, Jalón-Rojas et al. 
(2015, 2016) found that the concentration of SPM in the ETM during the 
dry period correlated well with the freshwater volume previously dis-
charged (during the previous high discharge period plus the period of 
presence of the ETM). In the driest years, less sediment is exported to the 
sea, it accumulates, resulting in a higher concentration of SPM within 
the ETM. The authors also established that floods from the watershed 
play a more significant role in the sediment flushing downstream than in 
increasing the concentration of ETM (Jalón-Rojas et al., 2015). On the 
other hand, it has been suggested that when the historically accumu-
lated pool of mobile sediment significantly exceeds the annual input 
from the watershed, SPM is not limited by fluvial supply and becomes 
more dependent on tidal energy (Schoellhamer, 2011; Burchard et al., 
2018). 

The Guadalquivir estuary exhibits an opposite trend, characterised 
by a highly turbid wet-cold season and a less turbid dry-hot season 
(Caballero et al., 2011; González-Ortegón and Drake, 2012; Ruiz et al., 
2017). Even during the wet season, low discharges into the estuary from 
the Guadalquivir River are the norm, typically less than 40 m3/seg. This 
is not only due to the rainfall regime in the region, but primarily due to 
strong water regulation practices (Díez-Minguito et al., 2012; Ruiz et al., 
2017). In this context, events similar to the one described in this study 
are common. These events are characterised by a short-duration freshet 
that discharges a substantial amount of sediment into the estuary, fol-
lowed by a significant reduction in river flow, which traps the SPM 
within the estuary, resulting in an extreme turbidity event. 

Upon examining the time series data provided by Ruiz et al. (2017) in 
their Fig. 5, it becomes evident that after a peak in river flow, when 
followed by a significant and sustained reduction in discharge (e.g., in 
2008–April and 2009–February), exceptionally high turbidity persists 
for months following the freshet. Similarly, González-Ortegón et al. 
(2010) also found, in the case of the Guadalquivir estuary, that persis-
tent events of high turbidity usually start after strong and sudden 
freshwater discharges, following relatively long periods of very low 
freshwater inflow, which is a common occurrence in this region. 
Furthermore, the data presented in Ruiz et al. (2017) indicate that 
during periods of sustained high discharges (e.g., 2009–December to 

2010–March, with average daily flow exceeding 1000 m3/seg), high 
turbidity does not extend beyond the duration of the freshet, suggesting 
that the sediment is efficiently exported to the sea. This observation is 
consistent with the recurrent formation of a large turbidity plume 
seaward of the mouth of the Guadalquivir River (e.g., Fig. 3 in this study 
and Figure 10 in Navarro et al., 2012). This plume serves as evidence of 
both substantial sediment input from the watershed and significant 
export capacity. 

However, sustained high river flows, which occur seasonally in other 
rainier regions (Vinh and Ouillon, 2021), are infrequent in the Gua-
dalquivir basin. These high flows are associated with occasional periods 
when precipitation is abundant and persistent enough to surpass the 
retention capacity of the dam network within the basin (Ruiz et al., 
2017). Furthermore, a crucial distinction from other European hyper-
turbid estuaries lies in the fact that extreme turbidity never reaches the 
summer months in the Guadalquivir estuary (Ruiz et al., 2017). This 
suggests that certain mechanisms are at work, removing SPM from the 
water column. Whether this removal is primarily due to the exportation 
of SPM to the sea, effective deposition on the estuary bed, or a combi-
nation of several mechanisms remains unclear. 

Nevertheless, the limited pool of resuspendable sediment remaining 
during summer prevents the formation of highly turbid conditions at 
that season. This highlights that the development of extreme and 
persistent turbidity events is closely linked to the input of sediment from 
the watershed, and that the maximum turbidity levels are controlled by 
the fluvial supply: the tidal strength does not change from the wet to dry 
season, but the turbidity does. While tidal resuspension of particulate 
matter plays a significant role in generating and maintaining turbidity in 
the Guadalquivir estuary, leading to cyclical variability (tidally, fort-
nightly; Díez-Minguito et al., 2014; Ruiz et al., 2017), the overall 
turbidity level achieved is dependent on the previous sediment input 
from the watershed. Despite the moderate tidal currents in the mesotidal 
Guadalquivir estuary having less resuspension capacity than macrotidal 
and hypertidal systems, the global turbidity level reached during 
extreme events is comparable to, or even higher than, many of these 
other estuaries. 

4.3. Light availability and oxygen 

Other critical variables strongly affected by turbidity are light and 
oxygen (Ruiz et al., 2017). Light limitation has been identified as an 
essential characteristic of the Guadalquivir estuary (Ruiz et al., 2015, 
2017). During this extreme turbidity event, light was virtually blocked 
at the surface throughout most of the estuary. In fact, considering that 
Zeu finishes where 1% of the incident PAR measured on the surface 
reaches (Pilgrim 1987), it was found to be shallower than 10 cm up-
stream of the isohaline of 15 psu. As a result, primary production in the 
water column, as well as biogenic oxygen production through photo-
synthesis, were severely restricted. 

The hypoxic conditions observed during this event indicate intense 
bacterial activity that is not compensated by biogenic oxygen produc-
tion or atmospheric oxygen diffusion (Uncles et al., 1998; Ruiz et al., 
2017). This process has been described as a recurrent phenomenon in 
the Guadalquivir estuary, particularly in its uppermost and less saline 
stretches (Ruiz et al., 2015, 2017). These authors argued that turbidity, 
rather than passive advection of less saline hypoxic water, is the primary 
driver of this process. This finding is supported here by the clear asso-
ciation between the minimum oxygen saturation and the maximum 
concentration of SPM, with oxygen levels increasing upstream where the 
salinity is equal to or lower than in the core ETM. During this event, 
extreme light limitation prevents the conventional eutrophication pro-
cess, in which excessive in situ phytoplankton production is not pro-
cessed by consumers and ultimately degraded by bacteria. Instead, this 
scenario points to the origin being the degradation of allochthonous 
riverine organic matter under light-limiting conditions. This mechanism 
is typical in the upper reaches of many turbid estuaries (Uncles et al., 
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1998) and aligns with the essential mechanism proposed for these pro-
cesses in the Guadalquivir estuary (Ruiz et al., 2015, 2017). 

4.4. Implications for management 

The available evidence highlights the critical importance of man-
aging water discharges from the last dam to mitigate extreme turbidity 
processes and their subsequent environmental consequences. These 
consequences encompass potential impacts on essential ecosystem ser-
vices, such as the estuary nursery function, filtering services, leisure use, 
and related industries, including fisheries, aquaculture, salt production, 
and tourism. To address this problem, several recommendations can be 
made. 

First, the establishment of a permanent monitoring programme for 
these processes is necessary, with a particular focus on extreme events. 
As explained earlier, these events can be predicted based on information 
provided by the water management administration (Confederación 
Hidrográfica del Guadalquivir, www.chguadalquivir.es: CHG) through 
their network of sensors across the watershed (Sistema Automático de 
Información Hidrológica, www.chguadalquivir.es/saih). Furthermore, 
satellite imagery, as shown in Fig. 2, can easily identify these extreme 
events. Implementing such a monitoring programme would enable 
timely management actions to be taken during extreme events. 

Second, it is crucial to incorporate the impact of water discharges 
into the decision-making process and dam management protocols, as 
recommended by previous authors (González-Ortegón et al., 2010). 
Considering the predicted and observed intensification of the hydro-
logical cycle and extreme rainfall events due to global climate change 
(Fischer and Knutti, 2015), it becomes imperative to adopt more suitable 
agricultural practices in catchment areas with Mediterranean climatic 
regimes. For example, techniques such as the introduction of vegetal 
covers to promote soil retention. However, given the extensive agri-
cultural land in the Guadalquivir River basin area, achieving this 
optimal mitigation approach may require a medium to long-term 
strategy. Meanwhile, the development of an effective water discharge 
protocol, taking into account factors such as the spring-neap cycle, wind, 
and other local climatic variables (Contreras, 2012), can be readily 
implemented. 

Considering the scarcity of freshwater, particularly in regions facing 
high water stress such as the southern Iberian Peninsula (Tockner et al., 
2009), and its essential role in agriculture and human consumption, a 
well-developed predictive model for water discharges is necessary. 
Hydrological models have already been developed for the Guadalquivir 
estuary (Siles-Ajamil et al., 2019), and the University of Málaga (J. 
García Lafuente, personal communication), in collaboration with the 
Port Authority of Seville, is currently calibrating an advanced model. 
This model has the potential to provide valuable information to explore 
alternative water discharge protocols, which should be validated and 
calibrated with field data. 

Furthermore, the impact of freshets on plankton assemblages of the 
Guadalquivir estuary has already been documented in the scientific 
literature (Drake et al., 2007; González-Ortegón et al., 2012; 
González-Ortegón and Drake, 2012). Additionally, ongoing research is 
currently analysing the effect of discharges with varying intensities 
(unpublished data). The insights gained from this research will play an 
important role in the development of effective management strategies. 

Therefore, the accumulation of robust information and expertise 
within multidisciplinary scientific teams has allowed the establishment 
of an optimal water discharge protocol for this estuary. This protocol 
should identify optimal periods, flows, and durations to maximise 
sediment export to the sea, minimise plankton washout, and prevent 
freshwater loss. This would result in a valuable short-to medium-term 
management tool, contributing significantly to the goals set forth by the 
EU Water Framework Directive (Chícharo et al., 2006). 

5. Conclusions 

The Guadalquivir estuary is one of the most turbid estuaries world-
wide, particularly during recurrent events of extreme turbidity. This 
characteristic is remarkable given its mesotidal nature, implying a lower 
capacity for sediment tidal resuspension compared to many other 
hyperturbid estuaries. And in fact, the development of these hyperturbid 
events is more closely associated with the input of sediment from the 
highly erodible catchment area rather than tidal resuspension. Conse-
quently, these events typically develop after short freshets followed by a 
sharp reduction in river flow due to strong regulation of water by the 
network of dams in the watershed. This process effectively traps sedi-
ment within the estuary, where it can remain accumulated for months. 

The negative environmental consequences of these extreme events 
include a severe restriction in light availability in most of the estuary 
and an associated reduction in oxygen concentration, reaching hypoxic 
conditions in the zones with higher concentration of SPM. However, it is 
essential to recognise that the estuary possesses a notable capacity to get 
rid of SPM, and the exceptionally high concentrations observed during 
wet periods within hyperturbid events do not persist into the summer 
months. This observation presents a significant research objective for 
exploring potential management strategies. 

Thus, directing attention towards addressing the input of sediment 
from the catchment area will allow short-term environmental manage-
ment of this issue. The accumulation of reliable information and 
expertise within multidisciplinary scientific teams has enabled the 
development of an optimal protocol for water discharges, which is the 
primary recommendation derived from the evidence presented here. 
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Hidrográfica del Guadalquivir (Ministerio para la Transición Ecológica y 
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González-Ortegón, E., Drake, P., 2012. Effects of freshwater inputs on the lower trophic 
levels of a temperate estuary: physical, physiological or trophic forcing? Aquat. Sci. 
74, 455–469. https://doi.org/10.1007/s00027-011-0240-5. 
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Modéran, J., Bouvais, P., David, V., le Noc, S., Simon-Bouhet, B., Niquil, N., 
Miramand, P., Fichet, D., 2010. Zooplankton community structure in a highly turbid 
environment (Charente estuary, France): spatio-temporal patterns and 
environmental control. Elsevier Ltd Estuar. Coast Shelf Sci. 88, 219–232. https://doi. 
org/10.1016/j.ecss.2010.04.002. 

Navarro, G., Gutiérrez, F.J., Díez-Minguito, M., Losada, M.A., Ruiz, J., 2011. Temporal 
and spatial variability in the Guadalquivir estuary: a challenge for real-time 
telemetry. Ocean Dynam. 61, 753–765. https://doi.org/10.1007/s10236-011-0379- 
6. 

Navarro, G., Huertas, I.E., Costas, E., Flecha, S., Díez-Minguito, M., Caballero, I., López- 
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Montes, C., 2014. Effects of land-use change on wetland ecosystem services: a case 
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