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a b s t r a c t

In the context of rapid sea-level rise in the 21st century, the reduction of fluvial sediment supply due to
the regulation of river discharge represents a major challenge for the management of estuarine eco-
systems. Therefore, the present study aims to assess the cumulative impacts of the reduction of river
discharge and projected sea-level rise on the morphological evolution of the Guadiana estuary during the
21st century. The assessment was based on a set of analytical solutions to simplified equations of tidal
wave propagation in shallow waters and empirical knowledge of the system. As methods applied to
estimate environmental flows do not take into consideration the fluvial discharge required to maintain
saltmarsh habitats and the impact of sea-level rise, simulations were carried out for ten cases in terms of
base river flow and sea-level rise so as to understand their sensitivity on the deepening of saltmarsh
platforms.

Results suggest saltmarsh habitats may not be affected severely in response to lower limit scenarios of
sea-level rise and sedimentation. A similar behaviour can be expected even due to the upper limit
scenarios until 2050, but with a significant submergence afterwards. In the case of the upper limit
scenarios under scrutiny, there was a net erosion of sediment from the estuary. Multiplications of am-
plitudes of the base flow function by factors 1.5, 2, and 5 result in reduction of the estimated net eroded
sediment volume by 25, 40, and 80%, respectively, with respect to the net eroded volume for observed
river discharge. The results also indicate that defining the minimum environmental flow as a percentage
of dry season flow (as done presently) should be updated to include the full spectrum of natural flows,
incorporating temporal variability to better anticipate scenarios of sea-level rise during this century. As
permanent submergence of intertidal habitats can be significant after 2050, due to the projected 79 cm
rise of sea-level by the year 2100, a multi-dimensional approach should be adopted to mitigate the
consequences of sea-level rise and strong flow regulations on the ecosystem of the Guadiana Estuary.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Estuarine ecosystemsdincluding saltmarshesdprovide eco-
nomic, social, and environmental benefits, including distinctive
biodiversity and important ecosystem services such as coastal
defence, fishery support, and nutrient cycling (Veiga et al., 2006).
Saltmarshes are built on the fine-grained sediment substratum of
the intertidal zone and are among the most fragile coastal habitats
whose equilibrium depends on a variety of anthropogenic and
natural processes (Dijkema, 1987). Saltmarshes are vulnerable to
rising sea levels, coastal developments, pollution due to
ampath).
urbanization, farming and aquaculture (Boorman et al., 2002), and
any decrease in river discharge forced by damming, and intensive
irrigation upstream (Wolanski et al., 2006). Since numerous ob-
servations have established climate change driven rapid sea-level
rise (SLR) with increased ice sheet melting during the 21st cen-
tury (Paolo et al., 2015; Seo et al., 2015; IPCC, 2014), saltmarshes can
be exposed to increased hydroperiod, erosion, and long-term sub-
mergence (French, 2006).

Saltmarshes develop naturally when intertidal mud flats accu-
mulate fine sediments to a level at which pioneer saltmarsh plant
species can colonize, if conditions are suitable for their germination
and establishment (Boorman et al., 2002). Development of salt-
marshes and their long-term survival will therefore depend on the
hydroperiod, which is ultimately controlled by the rising sea level
(Day et al., 2000) and both allochthonous and autochthonous
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sedimentation (French, 2006). In contrast to the Holocene period of
high sediment input, which supported a depositional coastal
response to SLR, coastal systems such as saltmarshes retreat under
future SLR, with reduced river flow and terrestrial sediment input
due to increased damming (Plater and Kirby, 2006). In the case of
the Guadiana estuary saltmarshes, fine-grained sediment is mainly
derived from fluvial sources; thus river discharge is critical for
sustaining saltmarsh habitats. Influence of wind waves is insignif-
icant in saltmarshes as waves are typically attenuated by littoral
spits or barrier islands (Morales et al., 2006) and vegetation canopy
(M€oller and Spencer, 2002).

The environment of an estuarine system can be degraded when
the system is poorly flushed due to reduced freshwater inflows
during periods of drought or flow regulations by dams (Mateus
et al., 2008). The discharge of the Guadiana River is regulated by
more than 100 dams, including the Alqueva dam, which was
completed in 2002 and now forms the largest fresh-water reservoir
in Europe (Dias et al., 2004). Low river discharge (<20 m3/sec) and
pulse-like, unseasonal river flows are characteristic of the post-dam
phase of the Guadiana River (Wolanski et al., 2006). These dams
effectively trap sediments eroded in the catchment instead of being
transported to the coastal system. The present area of the saltmarsh
habitat is less than themid-late Holocene period (Boski et al., 2008)
when, following the maximum post-glacial transgression, a pro-
gressive infilling of the estuarine embayment occurred.

The most widely used strategy to mitigate the negative conse-
quences of river runoff regulations is based on defining environ-
mental flows (EF), which are the minimumwater requirements left
in a river systemdor released into itdfor the specific purpose of
managing the conditions and functioning of that ecosystem (King
et al., 2003). The objective of EF is to mimic components of the
river's natural flow variability, including the magnitude, frequency,
timing, duration and rate of change, and predictability of flow
events (Arthington et al., 2006). The main types of flow-assessment
approaches are: (1) hydrological; (2) hydraulic rating; (3) habitat
rating; and (4) holistic (Tharme, 2003). The first approach is based
on long-term hydrological time-series data and the utilization of a
summary of flow statisticsdwhich may or may not be ecologically
relevantdto define suitable flows, often for fish habitats (Gopal,
2013). Probably because of the time-scale of the phenomena con-
cerned, no EF assessment methods focus on the fluvial discharge
required to maintain saltmarshes and do not consider impacts of
SLR.

The adequacy of the approach that determines EF for rivers in
Portugal has been challenged (e.g., Galv~ao et al., 2012; Chícharo
et al., 2009). For the Guadiana River, EF is 2 m3/sec, during the
dry season (Wolanski et al., 2006). Thus, the Guadiana estuarine
system is likely to be affected by an increased rate of sea level and
starved fluvial sediment due to the construction of large dams
(Sampath et al., 2015). Therefore, this study is focused on a model-
based assessment of the role of river discharge in maintaining the
depth of the intertidal zone where the saltmarshes can thrive. The
main objectives of this study are twofold: (1) to simulate the
morphological evolution of the Guadiana estuary under the upda-
ted (Hunter, 2010) 5% and 95% limit time-series of the A1FI SLR
scenario (IPCC, 2007) and reduced river discharge due to dams; and
(2) to assess the sensitivity of the base flow of the river discharge to
morphological evolution, as a preliminary estimation method of
the EF within the holistic approach (King et al., 2003).

2. Study area

2.1. Hydrological and hydrodynamic setting

The Guadiana estuary (Fig. 1) is located along the southwestern
border of Portugal and Spain, in a semi-arid region with a Medi-
terranean climate (Faria et al., 2006). According to Garel et al.
(2009), the river inputs that flow into the Guadiana estuary are
highly variable; at a seasonal and inter-annual scale, they produce
severe droughts and episodic floods in the river basin (Fig. 2a). The
monthly river discharge ranged from<10m3/sec to 4660m3/sec for
the period of 1947e2001, with 50% of the recorded values were less
than 110 m3/sec (Garel et al., 2009). The mean river flow measured
at Pulo do Lobo (ca. 85 km upstream from the river mouth) during
the summer reached 20e25 m3/s during 1997 and 1998, before
closing of the Alqueva Dam, and decreased to below 10m3/sec from
1999 to 2003, during the Alqueva Dam's construction and filling
Galv~ao et al. (2012). Following the dam's completion, summer river
flow increased to 10e15 m3/s during 2004 and 2005, reached
20e25 m3/s during 2007 and 2008 and declined back below 10 m3/
sec during 2008 and 2009 (Fig. 2b). Currents observed in the es-
tuary result from tides and river flow (Fortunato and Oliveira, 2004)
and, because the system has few tidal flats (Fortunato et al., 2002),
it is notably flood-dominated. The estuary exhibits a semi-diurnal,
meso-tidal regime with a mean range of approximately 2.5 m. The
mean neap tidal range is 1.22 m and the mean spring tidal range is
2.82 m (Garel et al., 2009), with a maximum spring tidal range of
3.5 m (Fortunato and Oliveira, 2004). Tidal waves in the estuary
generates currents with velocities exceeding 0.5 m/s (Morales,
1997).

2.2. Sediment transportation

On the Portuguese margin, saltmarshes are sheltered by an ebb-
tidal delta that drains into the estuarine channel, while the eastern
margin is a mosaic of barrier islands and spits separated by
extensive saltmarshes that mainly drain to the sea through the
Carreras tidal inlet (Morales et al., 2006). According to the overall
sediment budget of the Guadiana estuary, estimated bed load and
suspended load are about 43.96 and 57.9 � 104 m3/yr, respectively
(Morales, 1997). The estuary may have trapped approximately 10%
of the total fluvial sediment contribution (0.5e1.5 � 106 t/yr) to the
littoral zone from 1980 to 2000 (Portela, 2006). Sediments trans-
ported during an exceptional flood contained higher inorganic
fraction and the construction of the Alqueva dam will attenuate
these flood events, decreasing the amount of sediment supplied by
the river to the coastal zone in the future (Caetano et al., 2006).
Under low flow conditions (QR < 50 m3/sec), the Guadiana Estuary
can be considered well-mixed in salinity (Fortunato et al., 2002)
and the suspended sediment concentration (SSC) is 10 mg/L at the
mouth and about 100mg/L in themiddle estuary; wheremaximum
turbidity is observed (Garel et al., 2009). Suspended sediment is
predominantly composed of phyllosilicates, represented principally
by illite (>50%), kaolinite, and chlorite (Machado et al., 2007). The
fluvial sediments exported from the estuary mix in the proximity of
the river mouth with sediments transported by longshore drift
(Gonzalez et al., 2004). Tidal currents carry this sediment back into
the estuarine system (Boski et al., 2008).

2.3. Bed sediment types

Well sorted medium sand (quartz, feldspar, bioclasts, plus lithic
components of diverse origin) lies at the lower estuary (Lobo et al.,
2004). Only about 7 km of the channel from themouth is composed
of soft sediment (Garel et al., 2009). Channel bottom sediments are
predominantly sands, except in the intertidal zone flanks, which
are covered by muds (Fortunato and Oliveira, 2004). Morales et al.
(2014) distinguished four types of beds in the lower estuary
(Table 1). The distribution of sediment grain size (Fig. 3) within the
study area is based on data provided by Boski et al. (2002, 2008)



Fig. 1. The Guadiana Estuary and the topo-bathymetry of the lower estuary.
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and Morales et al. (2006). However, grain size distribution in the
intertidal zone was derived using a limited number of samples.

3. Methodology

For the purpose of this study we have chosen an approach based
on a hybrid model. This model was developed from a set of
morphological expressions derived by Prandle (2004, 2009) and
supported by empirical knowledge of the system. Sampath et al.
(2015) provide comprehensive details of the mathematical basis
underlying the long-termmodel, which was validated in twoways:
(1) by comparing the observed present-day bathymetry of the
Guadiana River Estuary with the corresponding simulated ba-
thymetries for nine control sections across the estuary, and (2) by
applying the age model based on 16 radiocarbon ages obtained
from five boreholes in the estuary. The short term, decadal
morphological evolution model was validated using bathymetric
data from 2000 to 2014 (Sampath, 2016).

The estuarine, sediment surface aggradation model of Allen
(1995) can be simplified and the rate of relative elevation change



Fig. 2. The Guadiana River discharge: (a) the observed river flow rate from 1946 to 2000, and (b) the observed and modelled river discharge of the Guadiana River from 2000 to
2014 May (Source: http://snirh.inag.pt/).

Table 1
Bed sediment types in the lower estuary (Morales et al., 2014).

Type Distribution Mean grain types Characteristics

1 From mouth to 3 km Coarse sand (Primary) medium sand Moderate sorting,
Mesokurtic shape
Positive skewness

2 Central channel from 3 to 4 km Medium sand (Primary) coarse and fine sands Moderate sorting,
Leptokurtic shape
Positive skewness

3 Portuguese margin and in the central channel above 4.5 km from the mouth Very fine sediment Extremely poor sorting
Platykurtic shape
Negative skewness

4 Spanish margin and in the central channel from 4 to 4.5 km from the mouth Similar to the second type but with more fines. Transition between the types 1 and 2
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(dZ/dt) at a given point of the estuary bed represented in terms of
mineral sedimentation rate (dSMin/dt), erosion rate (dE/dt) and SLR
rate (dMMSL/dt); (Eq. (1)).

dZ
dt

¼ dSMin
dt

� dMMSL

dt
� dE

dt
(1)

This simplified expression is fully applicable to the Guadiana
Estuary case, where deep subsidence is found to be negligible (Lobo
et al., 2003) and where sediment organic fraction (Gonzalez Vila
et al., 2003) and auto-compaction (Santos and Boski, 2000) are
also insignificant for the purpose of long-term simulation of
morphological evolution (Sampath et al., 2015). Elevation change
(DZ) at a given initial depth (h) over Dt time-step can be derived by
integrating mineral deposition and erosion over each tidal cycle
over several years with m tidal cycles, where a ¼ 1 (around the
slack period) or 0 if there is accretion or erosion, respectively, over
the time period considered (Eq. (2)).
DZ at a given location ¼
Xm
j¼1

��
a
dSMin
dt

� ð1� aÞdE
dt

�
Dt
�

(2)

We assumed that the deposition and erosion processes occur
alternately, i.e., deposition taking place from the start of slack water
periods until it reaches a certain critical current velocity. For the
sake of simplicity, the rest of the tidal cycle is assumed to corre-
spond to erosion. Thus, two time-series were defined to represent
the depositional and erosional phases, based on the pre-
determined critical velocity for deposition. The sediment deposi-
tion rate (m/sec) can be represented in terms of settling velocity
(Ws), sediment concentration near the bed (Cb), and bulk density of
sediment (Prandle, 2009).

dS
dt

¼ WsCb
rsed

(3)

http://snirh.inag.pt/


Fig. 3. The distribution of the sediment diameter (D50) in the Guadiana estuary system, based on the data of Boski et al. (2002, 2008) and Morales et al. (2006).

D.M.R. Sampath, T. Boski / Estuarine, Coastal and Shelf Science 183 (2016) 314e326318
The settling velocity of fine-to-medium sand particles was
estimated from average grain size diameter (D50) and the kinematic
viscosity of water (Hallermeier, 1981). The settling velocity of very
fine materials in the intertidal zone was estimated using the
expression of Prandle (2009). Cb can be related to average sediment
concentration (Prandle, 2009). Morales (1995) proposed an
empirical model for estimating the depth-averaged sediment
concentration in the Guadiana Estuary in terms of river discharge
QR (m3/sec).

C ¼
�

QR

0:03

�0:5

(4)

The short-term erosion rate in an estuary can be approximated
using Prandle's (2004) simple formula, where g is the sediment
erosion coefficient, f is the friction factor, rw is the density of water,
and Ut is current velocity (Eq. (5)).

dE
dt

¼
gGrwðUtÞ2

rSed
(5)

Current velocity was estimated using the set of solutions
derived by Prandle (2004, 2009). We used the expression derived
by Johns (1983) to estimate the bed friction in terms of bed
roughness, which relates to the average sediment diameter at each
cell of the bathymetry. The coefficient, g, is given in Sampath et al.
(2015). As in Stolper's (1996) estuarine sedimentation model, the
long-term net accretion rate coefficients for each cell were derived
as follows (Eq. (6)).
Long� term net accretion rate coefficient ¼
DS
Dt

����
at a given location

DS
Dt

����
Max

(6)

Thus, the long-term net accretion rate, at a given depth below
the low-tide level, can be expressed in terms of representative
sedimentation rate (scenario or observed value) (Fig. 4a) and the
long-term net accretion rate coefficient (Eq. (7)).

DSNet
DT

¼ SRep
 DS

Dt

����
at a given location

DS
Dt

����
Max

!
(7)

The recent sea-level change trend along the Portuguese conti-
nental margin was attributed to global causes (Dias and Taborda,
1992). Therefore, the decadal-timescale forecasting of morpholog-
ical evolution for different river discharge functions was based on
the updated IPCC (2007) projections of 5%, and 95% limit-time se-
ries of the A1FI SLR scenario (Fig. 4b). Hunter (2010) updated IPCC
(2007) projections to include the influence of ice-sheet melting
during this century.

Other physical parameters, including tidal constituents (Pinto,
2003) and SSC (Garel et al., 2009; Machado et al., 2007), were
obtained from previous research. The theoretical framework of
tidal propagation is based on the analytical solutions of the one-



Fig. 4. Scenarios: (a) Representative sedimentation rate functions corresponding to SLR scenario (A1FI 5% and 95%) and for modelled river discharge, where (Fac_1) were
approximated to the observed river discharge pattern of the Guadiana River from 2000 to 2014 and then the base flow was multiplied by a factor from 1.5 to 5 with a 0.5 interval
(Fac_1.5 to Fac_5); (b) updated SLR and rate scenarios of IPCC (2007) relative to year 2000; (c) the modelled average river discharge without peaks (<150 m3/sec) and with peaks
from 2000 to 2014 May; and (d) forecasted percentage increase of average SSC.
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dimensional and cross-sectionally averaged shallow-water wave
equations (Prandle, 2009). Equations were simplified for the first-
order tidal simulations by neglecting the convective terms and
linearizing the quadratic friction terms and assuming triangular-
shaped synchronous estuaries (Prandle, 2003). The later
assumption is considered for the Guadiana Estuary (Garel et al.,
2009).

The river discharge time-series is based on observed river
discharge at the Pulo do Lobo hydrological gauge station (Source:
http://snirh.inag.pt/), which represents 91% of the Guadiana ba-
sin's runoff (Garel et al., 2009). The river discharge in the model
consists of a base flow and pulses (Fig. 2b). The base flow repre-
sents the usual river discharge throughout the year, and pulses
represent the instantaneous increase of river discharge due to
heavy rain or dam flushing. The base flow of the Guadiana River
discharge after the closure of the Alqueva Dam is approximated as
a combination of trigonometric functions. Amplitudes of the trig-
onometric functions were 35, 25, 10 and 8 m3/sec. The observed
average river discharge without peaks (<150 m3/sec) from 2000 to
2014 (only up to May) is 22.4 m3/sec, while it is 25.6 m3/sec using
the trigonometric approximation. For sensitivity analysis, the
amplitudes of the trigonometric functions of base flow were
multiplied by a factor of 1.5e5, with 0.5 intervals, while keeping
the peaks from 2000 to 2014. For each factor, the modelled average
river discharge values with and without peaks from 2000 to 2014
are given in Fig. 4c. The percentage increase of the SSC is given in
Fig. 4d. Spatial analysis was carried out using the ESRI ArcGIS
software. The time-steps for hydrodynamic simulations were
20 min, and long-term morphodynamic simulations were carried
out with a 1-year time step.
4. Results

4.1. Translations of habitats in the Guadiana estuarine system due
to SLR

In a situation of uninhibited supply of sediment from the
catchment, as occurred during the Holocene period (Delgado et al.,
2012), an increase of sedimentation rate should occur following the
increase of accommodation space, created by SLR. But due to
sediment starvation as a result of flow regulations (Factor 1), there
would be a contrasting behaviours of sediment deposition/erosion
in the intertidal zone area in response to the projected SLR of A1FI
(both lower and upper limit scenarios). In the Portuguese and the
Spanish margins, Fig. 5a and c indicate an insignificant increase of
the intertidal zone area due to the lower limit scenarios. However,
under the upper limit scenarios, the intertidal zone area increases
slowly until 2050. Then rapid expansion of landward limits of the
intertidal zone can be expected over the flat terrains above bank
slopes (Fig. 5b and d). This behaviour is prominent on the Spanish
margin, which governs the total behaviour (Fig. 5f).

The landward translation of intertidal zone boundaries may be
observed mainly in areas associated with secondary channels on
the Portuguesemargin. On the Spanishmargin, the submergence of
the intertidal zone is mainly associated with areas where there is a
complex tidal channel network. A significant transgression of mean
sea level can be observed in the upper-reach bend of the main
channel after 2050. The upper limit of A1FI SLR projection and
sediment supply reduction result in a significant increase of erosion
in the intertidal zone. This consequently results in an increased
water depth throughout the estuary (Fig. 6).

http://snirh.inag.pt/


Fig. 5. Decadal changes of area of habitats in the intertidal zone of the Guadiana estuary due to updated A1FI sea level rise projections (Hunter, 2010) and reduced river discharge as
observed from 2000 to 2014 May (Factor 1): (a, c, and e) evolution due to lower limit scenarios (P ¼ 5%); and (b, d, and f) evolution due to upper limit scenarios (P ¼ 95%).
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4.2. Change in water depth due to SLR while base flow is increased

The survival of the saltmarsh system facing SLR depends on its
ability to compensate the increased water depth (Dh) by increasing
the sedimentation rate (Boski et al., 2015). The reduction of fluvial
sediment supply will create an additional pressure on the func-
tionality of the marsh system. If the present river flow pattern is
maintained during this century (Factor 1), water depth in the
intertidal zone would increase by up to 0.86 m (Fig. 7a). If base flow
is multiplied by a factor of 1.5 (Fig. 7b) or 2 (Fig. 7c), the maximum
water depth change in the intertidal zone will be 0.84 m and
0.82 m, respectively. If the amplitude of the base flow function is
multiplied by a factor 4 or more (impractical), a significant decrease
in erosion in the intertidal zones can be expected (Fig. 7g, h, and i).
That does not suggest the need of a dam bypassing mechanism for
sediment to be delivered to the estuarine system to avoid deep-
ening of saltmarsh platforms due to SLR.
4.3. Decadal behaviour of the cumulative volume of sediment
deposition and erosion

Despite the base flow is being increased by applying a multi-
plication factor of 1.5e5, there is a net erosion from the Guadiana
estuarine system due to SLR and sediment supply reduction sce-
narios during the studied period (Fig. 8). For the same conditions,
the net eroded sediment volume could be reduced by 25% and 40%,
respectively, with respect to the net eroded volume given by factor
1 (Table 2). Given that the Guadiana Estuary is at the terminal stage
of the sediment infilling (Boski et al., 2008), and dominance of ebb
currents (Garel and Ferreira, 2012), a net erosion of sediment can be
expected due to SLR over this century.

The analysis of habitat translation due to the upper limit sce-
nario of SLR and hypothetically increased base flow by a factor of 1.5
and 2 shows that the expansion of the intertidal zone areas is very
similar to the expansion of area for factor 1 (Table 3). This is because
the tidal influence is more dominant in determining intertidal zone
expansion, resulting in 12 km2 of new tidal inundation compared to
the hypothetical increase of fluvial sediment supply. In the worst-
case SLR scenario, the entire existing low marshes will become
mudflats while forcing all saltmarshes to translate into a new
zones. Only a small part of high marsh will maintain the position
observed in the year 2000. However, such migration of saltmarshes
may actually occur if the properties of the new substratum are
suitable for the successful translation of the halophytic habitats
pushed by the SLR.
5. Discussion

5.1. Implications of impacts due to SLR and river regulations

There is conclusive evidence of accelerated SLR during this
century (IPCC, 2014). Consequently, coastal managers and scientists
are increasingly concerned about the future survival of saltmarshes
(Kirwan et al., 2010). According to Mudd (2011), a morphological
translation of marsh platforms to an elevation lower than mean
high tide, either due to reduced sedimentation or an increased rate
of SLR, will cause the demise of the halophytic marsh flora. Ac-
cording to Kirwan et al. (2010), availability of fluvial sediment is the
critical factor in determining the health of a saltmarsh ecosystem. If
these two conditions are superimposed, the vulnerability of the
saltmarshes is very high, which wouldmost likely be the case in the
Guadiana estuarine system. The feedback effect (not considered in
this study) of vanishing marsh systems increases erosion of barren
sediment surfaces (Fagherazzi et al., 2006) leading to accelerated
coastal erosion.

The holistic approach of estimating EF requirements is a pro-
cess that allows scientists from many disciplines to integrate data
and knowledge derived using methods of their choice to develop
an understanding of floweecosystem relationships. These scien-
tists then work with the other team members, within the



Fig. 6. Bathymetry of the Guadiana estuary as (a) observed in 2000 and the simulated bathymetries for (b) 2020, (c) 2050, (d) 2070, and (e) 2100 in response to the upper limit of
A1FI SLR scenario and modelled river discharge (Factor 1: equivalent to the observed river discharge pattern at the Pulo do Lobo gauge station).
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overarching process of the holistic approach, to reach consensus
on the magnitude and periodicity of EFs (King et al., 2003). For
instance, a study by Chicharo et al. (2006) shows that a day
discharge of 50 m3/s, every week during dry periods, could be
enough to avoid cyanobacteria blooms. When deciding EF re-
quirements for the Guadiana River, negative impacts on nutrient



Fig. 7. The change in water depth (Dh) of the Guadiana Estuary and its intertidal zone region, due to the upper limit of A1FI SLR and sedimentation scenarios: (a) is approximately
equivalent to the observed river discharge pattern from 2000 to 2014; and (b to i) the base flow of the modelled river discharge multiplied by a factor of 1.5e5 with 0.5 intervals,
respectively.
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biogeochemical cycles and productivity in the coastal zone due to
reduced water supply during possible dry spells in an era of
climate change have to be taken into account (Cravo et al., 2006).
Similarly, the present study suggests that the estimation of EF in
terms of simplified physical processes would be the first step to
determine flow requirements to sustain saltmarshes.

If the fine sediment supply is reduced by significant human
interference in the catchment, vegetation-sedimentation feedbacks
can become limited, negatively affecting the accretion in salt-
marshes (Kirwan and Temmerman, 2009). If natural translation of
habitats are severely constrained by ‘coastal squeeze’ the present
study indicates that saltmarshes are at an increasingly high risk of
extinction due to SLR. Therefore, remedial measures should be
adopted to minimize the effects of SLR and the reduction of fluvial
sediment supply to the estuarine system. Holistic management of
water resources in the Guadiana River catchment is a complex
transboundary problem for Portugal and Spain (Galv~ao et al., 2012).
Hence, a multi-dimensional and integrated approach has to be
adopted to mitigate negative consequences on the estuarine eco-
systems, including the saltmarsh habitats. As a first step, the EF of
the river should be defined following a holistic approach (King
et al., 2003). Since all major abiotic and biotic components are in-
tegral parts of the system to bemanaged, the full spectrum of flows,
and their temporal and spatial variability should be taken into
consideration. Aquatic scientists and engineers from many disci-
plines should use methods of their specific choice to develop an
understanding of floweecosystem relationships, and then integrate
new knowledge through a system-wide approach (King et al.,
2003).

Plater and Kirby (2006) suggested that, under a scenario of
reduced terrestrial sediment input (i.e., post-Alqueva Dam) and
rapid SLR, the potential for back-barrier perimarine wetland
development in the Guadiana estuary is greatly enhanced. Thus, the
feasibility of developing perimarine wetlands at the interface of the
sea and land has to be investigated using advanced cost-benefit
analysis techniques. Moreover, as a part of managed realignment
approach, an effective drainage system can be established as
allowing the free tidal propagation does not automatically lead to
the early reestablishment of the draining creek system (Boorman
et al., 2002). Acceleration of the sedimentation rate can be
enhanced by a number of techniques, like the so-called Schleswig-
Holstein method (Turner and Streever, 2002).

Managed realigned marsh systems may not have the same
species richness as in natural systems (Mossman et al., 2012). Thus,
transplanting of Spartina species may be a viable alternative to
natural migration, despite difficulties when applied to relatively
high-energy systems (Colenutt, 2001). Considering the inherent
variation in natural saltmarshes and projected environmental



Fig. 8. Decadal volume of sediment erosion and accretion and net erosion from the Guadiana Estuary due to the A1FI SLR scenario (95%) and sedimentation scenario is: (a)
approximately equivalent to the observed river discharge pattern from 2000 to 2014; and (b to i) the base flow of the modelled river discharge multiplied by a factor of 1.5e5 with
0.5 intervals, respectively.

Table 2
Net sedimentation rate over 100 years in response to increased base flow of the modelled river discharge by a factor of 1.5e5 with 0.5 intervals, respectively.

Multiplication factor of the base flow rate of the
Guadiana river (x)

Net erosion rate (m3/yr) at the end of the
21st century
Y ¼ 1785 ln (x)�3561

Percentage of reduction of net erosion volume rate compared to the
factor 1 (Observed) %

1 (Observed) 3749 -
1.5 2780 25
2 2223 40
2.5 1787 52
3 1497 60
3.5 1303 65
4 1114 70
4.5 957 74
5 811 78
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change, these additional management interventions of planting of
marsh species, while manipulating topographic heterogeneity, can
be applied to achieve at least the minimum levels of ecosystem
functioning (Mossman et al., 2012).
5.2. Limitations of the model

Functioning of estuarine ecosystems, including saltmarshes, is
determined by a complex interaction and feedback loops created by
physical, biological, geological, and chemical processes, involving a
number of important variables (Balls, 1994). However, for realistic
predictions of their long-term fate, simplifications and generaliza-
tions of processes and inputs are unavoidable (De Vriend et al.,
1993). For instance, the flocculation processes control the sedi-
mentation of silt- and clay-sized sediments. Flocs have a lower
settling velocity than individual particles of the same size, but a
higher settling velocity than individual constituent particles
(Christiansen et al., 2000). Such a process can enhance sedimen-
tation in the intertidal zone. However, flocculation of fine sediment
was not included in this model. For simplicity of the model, the
sedimentation process was assumed to be defined by the limits
associated with slack water periods. Such an assumption may be
appropriate for the deposition of fine sediments with low settling
velocities (Orme, 1990). Current velocity within saltmarshes de-
creases to zero during slack water periods (Allen, 2000) and it
enhances the settlement of fine-grain sediment within the inter-
tidal zone (Pratolongo et al., 2009).

In general, allochthonous (mineral) and autochthonous
(organic) sedimentation and shallow compaction are dominant
processes in saltmarsh areas. In the case of the Guadiana estuary,



Table 3
Predicted areas of likely habitat types in the intertidal zone of the Guadiana Estuary due to upper-limits of SLR and sedimentation scenarios by the year 2100.

Habitat types (likely) Area e km2 (2000) Occupied from the original habitat types of Area of likely habitats in margins by 2100
(km2)

A1FI A1FI A1FI

(P ¼ 95%) (P ¼ 95%) (P ¼ 95%)

Factor 1 Factor 1.5 Factor 2

Mud flats (�2e0 m) 11.14 Mud flat 6.67 6.68 6.69
Low marsh 4.16 4.16 4.16
Mid marsh 3.52 3.48 3.45
Total 14.35 14.32 14.3
Expansion (%) (28.9) (28.6) (28.3)

Low-marsh (0e0.5 m) 4.16 Low marsh 0 0 0
Mid marsh 2.51 2.55 2.58
High marsh 4.59 4.54 4.50
Total 7.10 7.09 7.08
Expansion (%) (70.9) (70.5) (70.2)

Mid-marsh (0.5e1 m) 6.03 Mid marsh 0 0 0
High marsh 8.08 8.11 8.14
Total 8.08 8.11 8.14
Expansion (%) (34.0) (34.6) (35.1)

High-marsh (1e1.8 m) 13.98 High marsh 1.31 1.33 1.34
Newly inundated land 11.98 11.98 11.98
Total 13.29 13.31 13.32
Expansion (%) (¡4.9) (¡4.7) (¡4.7)

Intertidal zone (Total) (�2e1.8 m) 35.31 Existing intertidal zone 30.84 30.85 30.86
Newly inundated land 11.98 11.98 11.98
Total 42.82 42.83 42.84
Expansion (%) (21.26) (21.3) (21.32)
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however, organic sediment deposition and auto compaction are
also insignificant for long-term simulation of the morphological
evolution (Sampath et al., 2015). This is due to intensive anaerobic
respiration related to sulphate reduction that prevents the in situ
preservation of organic material significantly (Boski et al., 2008).
Due to the lack of peat layers and low content of organic carbon
(Gonzalez Vila et al., 2003), compressibility of the sediments is
limited (Santos and Boski, 2000). Moreover, shallow compaction in
the Guadiana estuary can be neglected because of the increased
supply of coarse sand into the estuary due to marine dominance
during the 21st century. Highly regulated rivers can become
marine-dominated with rapid SLR. As the estuary always try to
maintain an equilibrium volume, they will start importing sedi-
ment from offshore regions (Ranasinghe et al., 2013). This will
result in coarsening of sediment. Such conditions may force the
saltmarsh to evolve differently. Similarly, if it is possible to establish
a back-barrier perimarine wetlanddas Plater and Kirby (2006)
suggested that rapid SLR and reduced sediment supply are suit-
able for such developmentsdthere would be an enhancement of
biological productivity of the marsh systems leading to a different
response. In this context, the present model can be viewed as a
simple tool for preliminary estimation of the EF within the holistic
approach, to reach consensus on river water discharge from the
Alqueva Dam (King et al., 2003).
5.3. Possible improvements to the approach

This simple model can be further improved by integrating
biogeochemical, demographic and ecohydrological models (e.g.,
Simas et al., 2001; Wolanski et al., 2006) with the present
morphological model to include changes to the physical and bio-
logical settings due to reduced water supply. As suggested by
Chicharo et al. (2006), further studies may be required to under-
stand the relationships between the spectrum of EF, including its
periodicity and magnitude of inflow pulse events and the estuarine
ecosystem structure for developing a holistic management tool for
the entire ecosystem. Settling of sediment by means of flocculation
can be incorporated in an improved model by establishing the
relationship between settling velocity and floc diameter (Sternberg
et al., 1999). Furthermore, grain-size distribution has to be
decomposed into three components: sediment that settled as flocs;
sediment that settled as single grains; and, if present, sediment that
has been remobilized after initial deposition (Christiansen et al.,
2000). The later component may not have a significant influence
for long-term simulation of marsh platform evolution caused by
high wave attenuation over vegetation canopy in marsh environ-
ments. Wave heights and secondary currents within the Guadiana
estuary are almost insignificant due to the sheltered nature of the
area (Boski et al., 2008).
6. Conclusions and recommendations

The present study focuses on assessing the sensitivity of the
base flow of the Guadiana River on morphological evolution in the
estuary and saltmarshes in response to projected SLR and reduced
sediment supply due to strong flow regulations by a large number
of dams constructed over the past 50 years. Simulations were car-
ried out for ten cases: (i and ii) base flow approximately equivalent
to the observed base flow component of the Guadiana River and
both 5% and 95% limit time-series of the A1FI SLR scenario; and (iii
to x) amplitudes of base flow functionweremultiplied by a factor of
1.5e5, with 0.5 intervals and only 95% limit time-series of the A1FI
SLR scenario. The assessment was based on a set of analytical so-
lutions to simplified equations of tidal wave motion in synchronous
estuaries and empirical knowledge of the study area.

According to the results, saltmarsh habitats may not be affected
severely in response to lower-limit SLR and sedimentation sce-
narios. Even under upper-limit scenarios, a similar situation can be
expected until 2050 and then rapid submergence over flat terrains
beyond the bank slopes. However, the expansion of areas under
tidal inundation and rising sea levels as per the upper limit sce-
narios is very prominent near secondary channels on the
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Portuguese margin. The expansion of intertidal zone limits on the
Spanish margin is visible adjacent to the secondary tidal channels
of the Carreras Inlet. A significant increase of the mud-flat area is a
concern due to its low biodiversity. Under the worst sea-level rise
scenario, low, mid and marshes could migrate into a new upwards
setting, if the biogeochemical conditions for halophytic plant
development are appropriate and there are no anthropogenic
physical constraints. The available area for high saltmarshes will
shrink when compared to the situation observed in the year 2000.
A simple increase of base flow is not sufficient to overcome the risks
of habitat extinction and this points to the deficiencies of defining
the EF as a percentage of dry season flow.

Despite the simplicity of the model, its application to the
Guadiana estuarine system leads to the understanding that
drowning of saltmarshes due to SLR and sediment starvation has to
be managed by implementing a multi-dimensional and integrated
approach that may consist of: (1) Determination of EF based on a
full spectrum of natural flows, in terms of temporal and spatial
variability (holistic approach); (2) Bypassing dams to allow the fine
fluvial sediment needed to sustain the marshes to be delivered to
the estuarine system; (3) Managed realignment to enhance the
natural sedimentation within the system; and (4) Possible trans-
planting of saltmarsh species or development of back-barrier per-
imarine wetlands.
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