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ABSTRACT

Adaptation in and around estuaries, to ensure the future resilience of both the natural
environment and the communities that are located alongside is an increasingly pressing
need. As part of an adaptation planning program for the Basque estuaries (northern
Spain, south-eastern Bay of Biscay), a modelling system to simulate the morphological
response of the Oka estuary to climate change has been developed. Existing knowledge
was used as the basis to frame this pilot modelling examining both the short-term
change (storm, seasonal, annual) and the longer-term changes (decades to eons). In this
paper, we focus on the long-term response and consideration of the output from the
process model is limited to the data that was extracted to help parameterize the long-
term model. The latter was then used to examine the response of the estuary to the past
changes over a historical time scale, where observations from foraminiferal analysis and
saltmarsh response were used to establish the predictive validity of the model.

Forcing the model with a linear rate of sea level rise representative of the 20" century,
the estuary keeps pace with sea level rise in agreement with the observations. An 18.6-
year periodic variability was identified over the saltmarshes, by including the effect of
the nodal tide, with the last deposition maximum occurring in 2020.

The effect of the opening of a saltmarsh that was drained at the beginning of the 18"
century was investigated using a simplified schematization and showed sedimentation
rates of up to one order of magnitude larger than in natural marsh, in general agreement
with the rates obtained in previous studies.

To predict the future response of the estuary, simulations with an exponential sea level
rise were performed using scenarios obtained from the latest IPCC projections. The

estuary fails to keep pace with sea level rise in any of the scenarios considered. The
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attendant increase in the hydroperiod over the saltmarshes is also likely impact to
saltmarsh species productivity and distribution.

Despite the simplifications inherent to the model, and the simplifications made in the
representation of the estuary and forcing conditions, the methods presented here provide
additional insights into long-term behaviour that complement information obtained from
more detailed, but short-term, process models. The combined modelling approach

allows adaptation measures to climate change to be considered over longer timescales.

Keywords
Estuarine morphodynamics, Saltmarsh, Sea level rise, Adaptation to Climate Change,

Delft3D, ASMITA.
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1 INTRODUCTION
Climate change poses an increasing and unavoidable threat to estuaries around the
world (Elliott et al, 2019). The Intergovernmental Panel on Climate Change (IPCC,
2021), highlighted scenarios of global sea level rise higher than previous assessment
reports. In the coming decades, coastal systems and low-lying areas will increasingly
experience adverse climate-related impacts (IPCC, 2021) exacerbated by increasing
human-induced pressures (Wong et al., 2014) and by the historic alteration and
degradation (Halpern et al., 2019). Concern about the negative repercussions derived
from the loss of biodiversity and ecosystem functions of these habitats has triggered the
development of conservation frameworks worldwide (IPBES, 2019). Under this
context, assessing progressive adaptation strategies to ensure the future resilience of the
both the natural environment and the communities that are located alongside the
estuaries, has become an increasingly pressing need (Hall et al, 2019; Townend et al,
2021). To address these issues, local adaptation planning is needed but it is still in its
infancy (Reiblich et al., 2019). In northern Spain, the Basque Government has initiated
a research programme to develop an approach that can be applied to all the estuaries in
the Basque country. To this end, the Oka estuary was selected as the pilot site because
of its importance as a UNESCO Biosphere Reserve and the body of data that already
exists from previous studies (Monge-Ganuzas et al., 2019). The requirement was to
identify a work programme that can provide a robust evidence base (Shaxson, 2005) to

support future adaptation planning and management of these estuaries.

The focus of the study was to simulate the morphological response of the Oka estuary to
climate change. This would then be used to assess how habitats and communities

around the estuary might be impacted over the coming century. An initial phase focused
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on synthesizing the existing knowledge and evaluating various data sets to develop a
conceptual model of the short-term processes that underpin the long-term changes (up
to Holocene timescale) that have been recorded using an array of different techniques
(Townend, 2004). This understanding was then used as the basis for framing a
modelling exercise to provide further insight into both the short-term change (storm,
seasonal, annual) and the longer-term changes (decades to eons). In selecting the
models, careful consideration was given to the primary time-scale of the model and its
suitability for the time and space scales of interest (Murray, 2007, 2013; Larsen et al,
2016; French et al, 2016, van Maanan, 2016). There are many process-based models
available to study the influence of waves, winds, tides, salinity, and the associated
morphological response that have been demonstrated to work well over relatively short
timescales (Roelvink and Reniers, 2012, Monge-Ganuzas et al., 2017) but also been
applied to examine decadal scale change (van dee Wegen & Roelvink, 2012; Dam et al,

2016). In this study we make use of the Delft3D modelling suite (Lesser et al, 2004).

An alternative approach has been to use models that aggregate the short-term processes
to capture the long-term change. One such model tracks the exchange of sediment
between morphological elements, relative to an equilibrium condition, and any response
to perturbations in system forcing conditions. The concept referred to as the ASMITA
model (Aggregated Scale Morphological Interaction between Tidal basin and Adjacent
coast, Stive et al, 1998) has been shown to be entirely consistent with more detailed
process models in terms of the underlying physics but with an integration timescale that
IS more consistent with long-term change (decades and longer, Wang et al, 2020).
Recent extensions of the model also mean that processes such as littoral drift and

riverine fluxes can be accounted for. In addition, the introduction of a simple bio-
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morphological model to represent saltmarsh behaviour has extended the range of
geomorphological elements that can be included, greatly improving the ability to
represent the sort of conceptual model that frequently characterizes temperate latitude
estuaries (Townend et al., 2016a). The estuaries of the Basque country are characterized
by ebb and flood deltas linked by channels and flanked by extensive delta flats, with an
inner estuary comprising both flats and saltmarshes either side of the main tidal channel

that extends up valley to the riverine input.

Following a summary of the study site and the existing conceptual understanding of the
dynamics at a range of timescales, we outline the two models that underpin the
examination of morphological change. In this paper, we focus on the long-term
response and consideration of the output from the process model is limited to the data
that was extracted to help parameterize the long-term model. The latter was then used to
examine the response of the estuary to the past changes over a historical time scale,
where observations from foraminiferal analysis and saltmarsh response were used to
establish the predictive validity of the model. This provided a robust basis for assessing
the response of the estuary to projected sea level rise and inform the adaptation planning

work.

2 STUDY SITE
The Oka estuary is located in the south-eastern Bay of Biscay in the Spanish Basque
Country and belongs to the Urdaibai Biosphere Reserve declared by UNESCO in 1984
(Fig. 1). The estuary is a drowned fluvial valley composed by shallow intertidal sandy
and muddy flats and saltmarshes and is tidally dominated (Monge-Ganuzas et al., 2019).

Waves are a dominant influence on the enclosing spit and the ebb tidal delta. The spit is
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the Laida beach, which regularly faces erosion problems and lack of available supratidal
beach area (Monge-Ganuzas et al., 2017; Gainza et al., 2019). The ebb delta is formed
by the Mundaka sand bar, a worldwide recognized surfing spot, whose morphology is
the result of the morphodynamic interactions between the beach, the inlet, and the inner
estuary. In particular, it has been seen that a perturbation to the estuary system can
affect the shape and stability of its morphological elements, and can have bad
repercussions on the quality of the Mundaka waves (Monge-Ganuzas et al., 2008; Liria
et al., 2009). The processes that govern the morphological changes of the Oka estuary
are complex and are influenced by the combined effects of tides, waves, river and wind.
Moreover, several elements that have different response times interact. Predicting the
response of the estuary to the future climate is a challenge that should start from the

understanding of the present and past dynamics.

Sedimentary studies have shown that the estuary has progressively infilled and migrated
landward over the Holocene (Cearreta & Monge-Ganuzas, 2013). At the same time, the
inner saltmarshes have built up (Benito & Onaindia, 1991) due to the fluvial sediment
supply (Prego et al., 2008, Peraza-Castro et al., 2015). Foraminiferal analysis and dating
from sediment cores provide information on the rate of sediment deposition over the
saltmarshes at Holocene (Cearreta & Monge-Ganuzas, 2013) and historic (Cearreta et
al., 2013) time scales. Thanks to these studies, data of long-term morphological
evolution of the Oka estuary are available, allowing the effect of past climate changes
on the estuary to be examined (Garcia-Artola et al., 2015). Moreover, the effect of
human interventions in the middle and upper estuary can be quantified. Most of the
saltmarshes were drained at the beginning of the 18™ century for agricultural purposes

and malaria eradication and subsequently abandoned during the middle of the 20%
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century due to rural migration to the cities (Cearreta et al., 2002). Borehole analysis
allows us to determine the rate of accretion for natural saltmarshes (Garcia-Artola et al.,
2015), but also for saltmarshes that are in the process of regeneration and have
experienced rates of up to one order of magnitude larger than natural saltmarshes

(Cearreta et al., 2013, Garcia-Artola et al., 2015).

The observed rates of sedimentation over the saltmarshes of the Oka estuary provides a
source of information to calibrate and validate morphological evolution models. Up to
now, the existing modelling studies of the Oka estuary have focused on the
hydrodynamics (Monge-Ganuzas et al., 2008, 2013, 2015; Liria et al., 2009), and the
short-term morphological evolution: including the response to changing sea level
conditions (Valle et al., 2014), and the evolution at daily or monthly scale (Monge-
Ganuzas et al., 2017; Gainza et al., 2019) to understand the effect of dredging/dumping
in isolated elements of the estuary. These studies were performed with 2DH hydro-
sedimentary numerical models that have shown their limitation to simulate long-term
evolution and to aggregate elements that behave with different time scales (Coco et al.,

2013).
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3 MATERIALS AND METHODS

3.1 Macro-scale morphological model

3.1.1 Model concept

The model used to simulate the morphological evolution of the estuary is the macro-
scale (scale-aggregated) numerical model ASMITA (Aggregated Scale Morphological
Interaction between Tidal basin and Adjacent coast). This is an equilibrium-based
model that was first proposed by Stive et al. (1998) for the study of estuary and inlet
response to sea-level rise and extended to complex estuarine systems with more realistic
forcing by various authors (Townend et al., 2016a,b). We used ASMITA version 1.5
(Townend, 2021), that is an extension of the model presented by Townend et al.
(2016a). The most rudimentary estuary model has three elements to represent the
channel, tidal flats and delta, and is forced by sea level rise (as in the model of Stive et
al., 1998). As part of the more recent development of the model, additional types of
elements and the ability to incorporate littoral drift have been added. These elements
now provide for saltmarsh and storage (e.g., managed realignment sites), and a
breakdown of the estuary mouth to include flood and ebb delta, and delta flats. In
particular, the present model includes the implementation of an improved representation
of drift on the open coast.

The modelling approach consists of a schematization of an estuary with its main
morphological elements viewed at an aggregated scale. The main assumption is that,
under constant hydrodynamic forcing, each element tends towards a morphological
equilibrium which can be defined as a function of hydrodynamic forcing and basin
properties. Each element is described in terms of its surface area, volume, and the
horizontal and vertical rates of exchange. To introduce the main variables and

parameters, a simplified equation for a single element model can be written as:
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dV. 1 w8CgS [(Ve()\"
E_aa+w5l(V(t)) _1]+SR’ ()

where V is the element volume, Ve is the element equilibrium volume that depends on
the tidal prism, and S is the element area (van Goor et al, 2003). For some features, V
and Ve are water volumes (channels, saltmarshes, storages), for others they are sediment
volumes (ebb delta) and for some they can be either (flood delta, flats, see Section
3.1.2).

The calibration parameters are cp, the concentration of the bed that depends on the bed
porosity, w, the vertical exchange coefficient, ¢, the horizontal exchange coefficient and
n, the transport coefficient. Ce is the equilibrium concentration of the system (usually
taken as the open boundary value) and determines the morphological response time and
so is generally used as the main calibration coefficient. Moreover, the model requires
calibration parameters for the littoral and fluvial drift (g), and for the saltmarsh model
(see Sections 3.1.4, and 3.1.5, respectively). Some parameters apply to the whole
system (Cg), or to specific elements (n, w, cp), whilst other parameters depend on the
exchange between two elements (6, or ). The main forcing, R, is given by the rate of
sea level rise (in mm/year). A long-term variation in tidal range (e.g. lunar nodal tidal
cycle, period of ~18.6 years) that affects the tidal prism, but not R, can also be
considered in the model (Townend et al., 2007).

3.1.2 Geometric characterization

Each element is represented by an initial volume (V) and surface plan area (S). V can be
a water or a sediment volume (Wang et al., 2008; Rossington et al., 2011). The channels
are identified with a water volume. They are defined using the low water area and
volume below this surface. The tidal flats (considered here as water volume elements)
are defined as the area between high and low water and the volume below high water
and over the flats (i.e., excluding the part of the tidal prism that is over the channel).

11
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The saltmarsh element is defined by its plan area and the water volume over the
saltmarsh. Sediment volumes are defined as the volume of sediment above an
undisturbed coastal bed. For instance, the ebb delta can be represented by the sediment
volume above the depth of closure, and its corresponding area. In addition, the cross-
sectional area for the interface between elements is needed. For tidal flats, this is
derived from the reach length and the mean tidal range, and for channels this is defined
based on the cross-sectional area of the transect (vertical surface) between two adjacent

elements.

3.1.3 Parameterization of the global equilibrium concentration, transport
coefficient and vertical exchanges

The value of the global equilibrium concentration (Cg, in kg/m®) is the concentration
that would exist throughout the system when it is in equilibrium. Conceptually this
should be the concentration of the background environment — in this case the open sea
condition. However, this overlooks processes that can lead to higher concentrations
within the estuary at equilibrium, such as tidal pumping (Scully and Friedrichs, 2007)
and a mean concentration may be more representative. There is no rule to determine Cg,
and its value is generally used to calibrate the morphological response time of the
estuaries based on observations (Wang et al., 2008). Typical values used in previous
studies range from 0.2-0.64 kg/m3 (Townend et al., 2016b).

The transport coefficient (n) is the concentration transport exponent and is akin to the
power in a power-law sediment transport formula. On this basis, a value of around 3 is
suitable when suspended sediment transport is dominant, whereas a value of 5 is more

appropriate when bed load dominates, and these values should vary depending on the

12
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types of sediment in the estuary. Note that positive values are used for water volume
elements while negative values are used for sediment volume elements.

The vertical sediment exchanges (w, in m/s) refer to the rates of exchange between the
bed and the water column and the same rate is applied for exchanges in either direction.
It can be approximated to the sediment fall velocity, that depends on the sediment grain

size and on the sediment density.

3.1.4 Parameterization of the horizontal sediment exchanges, littoral drift, and
river discharge
The horizontal sediment exchange (6, in m®/s) depends on the cross-sectional area of the
interface between adjacent elements and the tidal excursion distance which is estimated
from peak tidal velocities across the interface. The latter can be estimated from flow
modelling. Different relationships are used depending on whether the exchange occurs
(1) between two channels, or between a channel and a delta, or between two delta
elements, or (2) between the channel and an element that is tidal flat or saltmarsh

(Townend, 2021). The following formulas are used:

6= (7T/ Tp) u (HA/w), between two channels, or with deltas
6= (n/ Tp)2 (tr/2) (V/w), between channel and flats or saltmarshes ’

)
where Ty is the tidal period in seconds, u is the peak velocity obtained from numerical
modelling, H is the hydraulic depth (we consider that H=V/S), A is the cross-sectional
area of the interface between the elements, w is the vertical sediment exchange rate, and
tr is the mean tidal range.

The littoral drift (sediment drift advection) is included in ASMITA in the same way as

the river discharge (river flow advection). By considering the single element equation

(1), where the contribution of sea level rise has been removed for the sake of simplicity,

13
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the sediment flux entering (gin) and exiting (qout) @ given element can be implemented as

follows (Townend et al., 2016b):

dav 1 wCgS e()
dt ¢, 8 +wS [( Gout) V(t)> _(6+ql'“)]' (3)

The drift is specified for each linkage as littoral drift (i.e. a volume of sediment per year
— md/year). It can be estimated from a previous littoral dynamic study, based on
observations of bathymetry evolution, sediment transport measurements, or hydro-
sedimentary modelling. In keeping with the aggregated-scale of the model, the drift
representation is simplified. The sediment fluxes entering and exiting the different
littoral elements, as well as the whole estuarine system are difficult to estimate.
Consequently, the flux rates should be calibrated and/or sensitivity analyses used to
assess the how the fluxes contribute to model uncertainty. The advection through the
model due to the river discharge is more straightforward (at least for a single channel
system) because a mass balance must be maintained and the flux entering and exiting

the channel elements is computed as a function of the river water flux, in m%/s.

3.1.5 Salt-marsh parameterization

The implementation of the saltmarsh model in ASMITA was introduced by Knaapen et
al. (2009) and based on the study of Morris et al. (2002) who derived a saltmarsh
surface elevation evolution equation by considering the rate of sediment loading due to
vegetation decomposition and the efficiency of the vegetation as a sediment trap. The
volume change in the saltmarsh can be represented by the following equation that has
been obtained from the single element equation (1), where the contribution of changes

in sea level has been omitted (Townend et al., 2016b):

14
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dv 1 w'SCeS[ (V1) ”_1 I

dt ¢, 5§ +wS [(V(t)> ] Z( niB)V.. ®
In this equation w" is the modified fall velocity that reflects the additional dissipation of
the Kkinetic energy due to the vegetation and the influence of trapping that depends on
the fall velocity and the total biomass. The second right hand term represents the
volume changes produced by the species (represented by the index i), where each
species is represented by its biomass (Bi, in kg/m?), and by a rate of productivity (Kb, in
m?/kg/year).
The biomass of each species depends on its geometrical characteristics and on the
global equilibrium depth of the saltmarshes (D), that depends not only on the species
characteristics but also on the rate of sea level rise and on the sediment concentration
(Morris et al., 2002). The ASMITA graphical interface allows the user to apply the
Morris et al., 2002 method to calibrate the saltmarsh species productivity (ky,), as a
function of the maximum biomass (Bimax), and the minimum, and the maximum depth
(Di,min, Dimax) Of each species, in order to obtain the desired marsh equilibrium depth, D.
Assuming that the current saltmarsh system is in equilibrium, D can be seen as the mean
depth of the salt-marsh platform with respect to a reference high water level. In this

formulation, the depth is a surrogate for the hydroperiod of the saltmarsh.

3.2 Process-based hydrodynamic model

The Delft3D process-based model (Roelvink & Van Banning, 1995) including wave
driver, shallow water equations and sediment transport, has been used in its
hydrodynamic (fixed bed) depth-averaged (2DH) mode, to provide current velocities
and sediment transport data along the estuary. We used the parameterization presented

by Monge-Ganuzas et al. (2017), with a calibration based on data collected from current
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meters and pressure sensors during 2015 campaigns with instruments deployed in
subtidal and intertidal areas of the outer estuary. A double mesh is used for the wave
model: a coarse regular mesh (resolution of 1 km) to propagate the waves from the
Bilbao-Vizcaya wave buoy to the estuary and a finer curvilinear mesh (resolution of up
to 10 m) to obtain the detailed wave patterns in the estuary inlet. A similar curvilinear
mesh is used for the flow model to obtain the current velocities and the sediment
transport. The model has been forced by mean wave conditions and the results used for

the parameterization of the sediment exchanges in ASMITA, for spring tide conditions.

3.3 Data

3.3.1 Hydrodynamic forcing

The primary forcing condition is tidal, based on the tidal range and mean sea level,
coupled with a rate of sea level change. The semi-diurnal tides are defined using mean
tidal elevations and tidal constituents (M2 and S2) near the mouth of the estuary.
Furthermore, the long-term variations in tidal amplitude due to the lunar nodal tidal
cycle (period of ~18.6 years) are also included in the modelling. This information is
obtained from the data of the Bilbao tidal gauges (Puertos del Estado,
http://www.puertos.es, longitude: 3.05W, latitude: 43.35N, 1992-2021). These data are
also used to characterize the mean sea levels needed to obtain the initial conditions of

ASMITA (element volumes and surfaces, saltmarsh species properties).

The past, present, and future rates of sea level change considered here are obtained from
borehole data analysis undertaken in the Oka estuary (Garcia-Artola et al., 2015; 2018,
hindcast data), from the current trends in sea level changes for the Bay of Biscay

reported by Chust et al. (2022), and from the last projections of global mean sea level
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presented in the Sixth Assessment Report of the Intergovernmental Panel on Climate

Change (ARG, IPCC, Fox-Kemper et al., 2021).

Wave data are used to obtain mean forcing conditions for the process-based modelling
as well as to investigate possible trends in the mean wave forcing to be considered for
future projections. We used the data of the Bilbao-Vizcaya wave buoy (Puertos del
Estado, http://www.puertos.es, longitude: 3.08W, latitude: 43.63N, 1990-2021) to
compute the mean wave regime. The mean wave regime has been considered as
constant for the forecast simulations in agreement with the results obtained by Chust et

al. (2022).

3.3.2 Morphology and vegetation

Bathymetric and topographic data have been used to compute the initial volume and
surface of the morphological elements, as well as to perform the process-based
modelling (Fig. 1B). Bathymetric data from deep water were needed to propagate the
waves from the Bilbao-Vizcaya wave buoy up to the estuary offshore boundary. Recent
high resolution topo-bathymetric data were needed for the hydro-sedimentary modelling
and to obtain the hypsometry of the estuary and of all the aggregated elements. For
these purposes, we used the 942 Spanish nautical charts for the offshore bathymetry
(Instituto Hidrografico de la Marina), a 20 m resolution bathymetry from 100 m depth
to the coast (Basque Government, year 2009), a 1 m resolution topo-bathymetry for the
estuary mouth (MAGRAMA, Spanish Government, May 2015), and a 1 m resolution

topo-bathymetry for the lower and upper estuary (Basque Government, year 2009).
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The saltmarsh species distribution is obtained from the data presented in the study of
Chust et al. (2013) and Valle et al. (2015). The data have been used to identify the
species properties needed to run the saltmarsh model. The information of the previous
foraminiferal analysis from sediment cores taken in the Oka estuary has also been used
in order to validate the results of the morphological simulations for both natural
saltmarshes and for saltmarsh regeneration (Cearreta & Monge-Ganuzas, 2013; Garcia-

Artola et al., 2018).

3.4 Experimental procedure

3.4.1 Morphological model setup

The steps to define the elements and their respective properties were as follows:

1) Schematisation of morphological elements. Different approaches can be considered,
depending on the dominant processes shaping the estuary (Rossington et al., 2011). We
defined the morphological elements of the estuary/reach and its connections to represent
an established conceptual behaviour model.

i) Geometric characterisation. A GIS (Geographic Information System) analysis of the
topo-bathymetry of the estuary was used. Polygons covering each estuary reach, with
associated flat/delta and channel, were digitized and used to generate hypsometric
curves, from which the geometric characteristics of the elements were defined.

iii) Parameterization of the global equilibrium concentration, transport coefficient and
vertical exchanges. A first guess of the global equilibrium concentration was made
based on previous ASMITA studies, and the transport coefficient and vertical sediment
exchanges were determined based on the sediment characteristics of the estuary.

iv) Parameterization of the horizontal sediment exchanges, littoral drift, and river
discharge. The horizontal sediment exchanges are a function of peak velocities and were

obtained from a process-based numerical model. Littoral drifts were obtained from
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sediment mass balance estimates, and river discharge was defined by the mean river
flow. ASMITA has the possibility of considering variable river flow conditions but this
was not included.

v) Salt-marsh parameterization. Data describing the saltmarsh species distribution, was
used to define the main species properties and the species productivity was treated as a

calibration parameter (Morris et al., 2002).

3.4.2 Morphological model simulations

Two types of simulation were undertaken, namely:

i) Hindcast simulations. Hindcast simulations were performed to calibrate and validate
the model. Hindcasting over a historical timescale was used to compare with changes
estimated from the available bathymetric data and foraminifera analysis (core).
Hindcasting over a geological timescale was used to compare with rates of infilling
estimated from the available borehole data. Calibration was undertaken following the
guidance on parameter setting provided by Wang et al., (2008). The hindcast
simulations were used to investigate:

- the response of the estuary to past sea level rise

- the effects of the lunar nodal tidal cycle in the morphological evolution of the estuary

- the morphological evolution of natural saltmarshes, drowned saltmarshes, and
saltmarshes in regeneration.

ii) Projections for a range of future climate scenarios. Simulations were made by forcing
the model with an exponential sea level rise based on IPCC scenarios and compared

with simulations of linear sea level rise.
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4 MORPHOLOGICAL MODEL SETUP

4.1 Morphological element definitions

The Oka estuary has been divided into nine morphological elements (Fig. 1D) based on
the conceptual models presented by Liria et al. (2009) and Monge-Ganuzas et al.
(2015). They explore the mechanisms driving the sediment exchanges, both in the outer
estuary, which is strongly influenced by waves, and between the outer estuary and the
sheltered inner estuary, where the dynamics is dominated by tidal and riverine sediment
transport. The outer estuary is formed by the estuary inlet, composed by the ebb delta
(which includes the Mundaka sand bar), the delta flats (which includes the Laida
beach), and the delta channel that makes the link to the inner estuary together with the
flood delta (Fig. 1C,D). The inner estuary is divided into two reaches. The first reach
(reach 1) is essentially sandy and formed by the outer flats and the outer channel. The
second reach (reach 2) includes saltmarshes (inner flat marshes) connected to the inner
channel through the inner flats that is composed of muddy sediment. In this study the
part of the estuary at the upstream end of the artificial channel is not considered. It is
composed of reclaimed areas, comprising saltmarshes, and a relict channel. The storage
area next to reach 2 (indicated with the dashed line in Fig. 1C) is not included either.
Including these elements would not change the results presented here, however, they are

elements that can be added as potential adaptation options.

4.2 Geometric characterisation

The initial volume (V) and surface plan area (S) of the elements have been obtained
from the hypsometry curves of different reaches of the estuary (Table 1). All the
elements except the ebb delta are defined using water volumes. For all these elements,

we used the mean low water level (MLW=0.95 m, with respect to the Bilbao port
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datum) and the mean high water level (MHW=3.75 m) as reference. For the
saltmarshes, the reference high water level is the level of the mean high water springs
(MHWS=4.35 m). For the ebb delta. the undisturbed coastal bed level is at 10 m below

the low water level that corresponds approximately to the closure depth.
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Table 1. Main properties of the morphological elements of the Oka estuary used as
initial conditions for the ASMITA modelling: volume (V, m®), surface (S, m?), length

(m), vertical exchange (w, m/s), transport coefficient (n), and bed concentration (cb)

Morphological element Volume Surface Length w n cp

(108 m?3) (108 m?) (m) (m/s)

Delta channel 1.780 0.412 2850 002 5 0.385
Outer channel 0.465 0.136 900 002 5 0.385
Inner channel 0.920 0.246 4000 002 5 0.385
Outer flats 0.492 0.258 900 0.003 5 0.200
Inner flats 1.580 1.304 4000 0.003 5 0.200
Saltmarshes 1.234 1.151 4000 0.003 5 0.200
Ebb delta 3.504 0.405 600 0.02 -5 0.385
Flood delta 0.927 0.551 1500 002 5 0.38
Delta flats 0.891 0.466 750 002 5 0.38

4.3 Parameterization of the global equilibrium concentration, transport
coefficient and vertical exchanges

Here, we used an intermediate value for the global equilibrium concentration of

Ce=0.318 kg/m?3, based on previous ASMITA studies (Townend et al., 2016a), given

that the dynamics of the estuary is governed by a mixed wave and tidal influence

depending on the reach considered. This must be considered as a first guess value, as Ce

is the final calibration parameter used to fit the model to the observed timescales of

changes, once all of the other parameters have been set.
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Concerning the transport coefficient (n), in keeping with the aggregated philosophy of
the model, a representative value of +/- 5 was used for all elements (Table 1). As all
elements, except the ebb delta, were defined as water volumes, these take a value of +5,

whereas n=-5 was used for the ebb delta.

The vertical sediment exchanges (w) is approximated to the sediment fall velocity
(Table 1). For the outer estuary and for the estuary channel, it was taken from the study
of Al-Ragum et al. (2014), who obtained values of median grain size of dso=0.1-0.3 mm
in the outer estuary. For the inner estuary, we use typical values for muddy sediments
that make up the flats and saltmarshes. A similar distinction is made for the bed
concentration (c») which depends on the bed density. We use typical values for sandy

beds for the inlet and main channels, and cohesive beds for the flats and saltmarshes.

4.4 Parameterization of the horizontal sediment exchanges, littoral drift, and
river discharge
The parameterization of the horizontal sediment exchanges due to tidal dispersion (o)
was obtained from the results of the process-based modelling, which provided a
representative value of the peak velocity (u, Equation 2) for each element, for typical
wave and tide conditions. The results for mean wave conditions and for spring tides are
presented in Fig. 2 (A and B). The waves were propagated from the vicinity of the
Bilbao-Vizcaya wave buoy and the mean offshore conditions offshore are characterized
by a significant wave height of Hs=1.6 m, a peak wave period of Tp=10 s, and a mean
direction of 300°(W/NW). The maximum velocities are obtained in the delta channel
(up to 1.8 m/s) and the minimum velocities are obtained in the upper estuary. The peak
velocity u for each element has been obtained from the 95" percentile of the maximum

current velocity magnitude obtained during a spring tide cycle (Fig. 2A), within the
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element shape. The corresponding horizontal sediment exchange rates ¢ are indicated in
Fig. 2C.

The parameterization of the littoral drift (g) has been obtained from representative
values of sediment transport based on observation of the estuary mouth evolution
(Monge-Ganuzas et al., 2013; Gainza et al., 2019), but there is a large uncertainty in
quantifying both the exchanges between elements, and the sediment input and output to
the system. The main parameter that has been set is the exchange between the ebb-delta
and the delta flats that has been estimated to ¢~100.000 m®/year (Fig. 2D). This
corresponds to the approximate volume of sediment mobilized during the yearly
onshore migration of the longshore bar and its eventual welding to the shore (Gainza et
al., 2019). Furthermore, we can state that the orders of magnitude of the exchanges
between the ebb-delta, the delta flats and the delta channel are similar. Finally, we
considered a small sediment input, and an even smaller sediment output consistent with
the observed transgression of the estuarine system. The values of the sediment transport
used were best estimates based on the data available and could be further calibrated
using more detailed observations of the inlet. In the present study, because the whole
estuary is assumed to be in equilibrium (at the reference time), and we consider constant
wave forcing and sediment input/output, changes in these parameters do not affect the
results. Further investigation would be needed to calibrate the fluxes for time varying
conditions, due, for example, to climatic variations in wave conditions, but this was
beyond the scope of the present study.

An option to determine the sediment transport exchange coefficient is to use a process-
based model. For this study, the process model was run using the default sediment
transport formulations, and results of mean sediment transport, resolved in and out of

the estuary, were obtained for the same spring tidal cycle and for the same mean wave
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conditions as presented above (Fig. 2B). This provided a characteristic estimate and
more realistic results could be obtained from multiple simulations and statistical
techniques to propagate the historic wave series. However, the results indicate a
maximum offshore transport in the delta channel, and a maximum onshore transport at
the interface ebb-delta / delta flats, with the same order of magnitude (g~100.000
m3/year, was obtained by integrating the mean sediment transport in m3/m/year over the
interface cross-section).

Finally, the river discharge was introduced in all the channel elements and was assumed
to be constant, and in balance in all the elements. The mean river flow was obtained

from the study of Peraza-Castro et al. (2018), and is Qriver = 0.63 m®/s.
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Fig. 2. Results of the simulations of the process-based model and horizontal sediment
exchanges. A: maximum current velocity magnitude obtained during a spring tide tidal
cycle (in m/s) for mean wave conditions. B: mean sediment transport obtained during a
spring tide tidal cycle (in m3/m/year) for mean wave conditions, positive values (red)
indicate offshore transport, negative values (blue) indicate onshore transport. C: tidal
dispersion connectivity and horizontal sediment exchange coefficients (6, in m%/s). D:
sediment drift advection (littoral drift) and sediment transport coefficients (g, in
m3/year).

4.5 Salt-marsh parameterization

The vertical distribution of three saltmarsh species were included in the model (Fig. 3):
(1) a pioneering saltmarsh species composed by Spartina maritima, (2) a mid saltmarsh
species composed by Halimione portulacoide and Puccinellia maritima, and (3) a high
saltmarsh species dominated by Juncus maritimus, as well as the distribution of Zostera
noltei seagrass observed on the intertidal flats. These results allowed us to obtain the
minimum and maximum depth (Dimin and Dimax) Of the different species that are used as
input parameter in ASMITA (Table 2). They are defined based on the 5" and 95"
percentile of the vertical distribution, with respect to the level of the mean high water
springs (MHWS). The maximum biomass values (Bimax, Table 2) were obtained from
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the study of Benito and Onaindia (1991) and used to calibrate the species productivity
(ko) in order to obtain an initial equilibrium depth of the saltmarsh D=0.6 m. It is
defined as the depth of the main saltmarsh platform, that is located approximately at the
level of the mean high water. The adjustment of the rates of productivity (Table 2) was

obtained following the method of Morris et al. (2002) using the ASMITA graphical

interface.
6—-\ I\/ 6
E4— \,\VL - | a1 ] ——
= Vv r = B
N 24 2 1
—— MHWS
MHWN
01 — MHW 0+
0 200 400 600 800 1000 1200 1400 1600 juncus  Mid  Spartina Zostera

x (m) marsh

Fig. 3. Saltmarsh species distribution in the Oka estuary. Left: example of a topo-
bathymetric section in the Busturia area (Yurm= 4,802,500 m) with the indication of the
levels of the mean high water springs (MHWS, blue line), the mean high water (MHW,
green line) and the mean high water neaps (MHWN, orange line). Right: species
distribution along the vertical range: high saltmarsh (Juncus maritimus), mid saltmarsh
(Halimione portulacoides, Puccinellia maritima), pioneering saltmarsh (Spartina
maritima) and Zostera noltei meadows. The boxes indicate the 5" and 95" percentile of
the vertical distribution, the black bar the minimum and maximum height and the

orange bar the median height.
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Table 2. Results of the saltmarsh model calibration. Properties of the main species used
as input in the ASMITA model. For each species, minimum and maximum depth of the
saltmarsh with respect to the level of the mean high water springs (Dimin and Dimax),

maximum biomass (Bimax), and rate of productivity (kb,i).

Species Di,min Di,max Bimax Kb

(m) (m) (kg/m?)  (m?/kglyear)
Spartina 0.78 1.31 0.5 0.15
Halimione - Puccinellia 0.32 0.96 2 0.015
Juncus -0.12 0.59 2 0.015

5 MORPHOLOGICAL MODEL SIMULATIONS

5.1 Response of the estuary to past sea level rise

The results of detailed borehole analysis have allowed chronologies of relative sea level
rise to be prepared for several sites on the Atlantic coast (Garcia-Artola et al, 2018), one
of which is the Oka. These equate to timelines of the sedimentation that have taken
place over the last 10-12,000 years, and they suggest a rate of relative sea level rise over
the last 1-2,000 years of between 0.3 and 0.7 mm/year. In addition, the analysis of
sediment cores, taken from the saltmarsh in the Oka, has much greater resolution over
the last 2-300 years and provides evidence of a more recent acceleration in the rate of
sea level rise (Garcia-Artola et al, 2015). Given the confined nature of the antecedent
river valley, it is reasonable to assume that the plan area has remained approximately
constant at about 5x10° m?. With the projected sea level rise, this suggests that between
1,500 and 3,500 m®/year of sediment were imported to maintain the estuary system

relative to the rising tidal frame. Simulating the last 2000 years in the ASMITA model,
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gives comparable rates of infilling namely 1,550 and 3,560 m®/year respectively. Using
a slightly higher rate of 1 mm/year, the model infills at a rate of 5,070 m®/year, with no
evidence that any of the elements are unable to keep pace, suggesting that the adaptation

capacity of the system is higher than demanded by past rates of sea level rise.

The next set of simulations considers a linear sea level rise based on a rate of R=1.7
mm/year representative of observations for the last century (Garcia-Artola et al., 2015).
The astronomical tide parameters considered for these simulations have been obtained
from the harmonic analysis of the Bilbao tidal gauge and are the mean tidal range
(tr=2.8 m), and the M2 and S2 constituents (M2=1.31 m, S2=0.45 m). Results are given
for the time period 2000-2100 and have to be considered as a baseline study to be
compared to projections based on climatic studies (see Section 5.4) and as a
representation of the morphological changes observed in the past. It should be reminded
that current sea level rises observed in the Bay of Biscay are higher (R=1.5-3.5
mm/year, Chust et al., 2022), as well as the rates obtained from projections (R=5-10
mm/year in the Bay of Biscay, Chust et al., 2010), and even higher rates are obtained

from the last IPCC global results (Fox-Kemper et al., 2021, see Section 5.4).

For this linear sea level rise, the different morphological elements of the estuary have
the same behaviour (Fig. 4). The fixed volume of all the elements, except of the ebb
delta, decreases in time. It is defined as the volume below a fixed initial surface (the
initial water level), so that it ignores any changes in the water level and it therefore
represents the sedimentation/erosion volume occurring in the elements. Because these
elements are defined using water volumes, a decrease of the fixed volume means that

there is sediment deposition over the element. Similarly, an increase of the fixed volume
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of the ebb delta (the element defined with a sediment volume) implies that there is also
sediment deposition over the delta. In contrast, the moving volume includes both the
morphological changes, and the water volume changes, and is equivalent to the total
change in the water/sediment volume. For all the elements, the moving volume is
approximately constant. This means that all the elements keep pace with the sea level
rise: there is sedimentation in all the elements, at the same rate as sea level rise. This
result agrees with the hypothesis outlined in earlier studies (Cearreta & Monge-
Ganuzas, 2013; Garcia-Artola et al., 2018). It should be noticed that one implication of

this result is that the tidal prism of the estuary is constant for these conditions of linear

sea level rise.
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Fig. 4. Response of the Oka estuary to a linear sea level rise. Time evolution of the
fixed volume (solid line) and of the moving volume (dashed line) for the different
morphological elements represented in ASMITA. Notes: (i) scale on y-axis varies; (ii)
the dashed line are horizontal - this means that the estuary keeps pace with the sea level

rise and that a similar sedimentation is obtained in all elements; and (iii) an increase in
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sediment volume (ebb delta) is equivalent to a decrease in water volume (the other

elements).

5.2 Effects of the lunar nodal tidal cycle in the morphological evolution of the
estuary
The results obtained here are highly simplified. This is inherent in the concept of the
macro-scale ASMITA model, plus, we consider a constant input of sediment from the
shoreface and from the rivers, a constant forcing (a linear sea level rise), and a constant
parameterization (current velocities and sediment transport based on mean conditions),
the objective of these simulations being to understand how the estuary will evolve in
idealized conditions. We therefore focus on long term changes observed during the last
centuries. Over shorter time scales, and when trying to relate the results to historic
changes, shorter-term perturbations, such as the lunar nodal cycle can also be important
(Townend et al, 2007; Wang and Townend, 2012). An analysis of the time series of the
yearly mean tidal range obtained from the 40 years of sea level data of the Bilbao tidal
gauge shows a clear oscillation with a period of 18.6 years corresponding to the lunar
nodal tidal cycle (Fig. 5). A harmonic analysis determined the amplitude of the nodal

oscillation to be 9 cm.

By including the effect of the nodal tidal cycle, i.e., by considering a varying tidal range
at the same time as the mean sea level increases linearly, the simulated bed perturbation
(h) does not increase linearly (i.e., as in the previous simulation, Fig. 4, or blue lines in
Fig. 5). By looking at the saltmarsh element (Fig. 5), the bed perturbation oscillates
around a mean position that corresponds to the case without nodal tide (linear increase).

The oscillation has the period of the nodal tide (18.6 years), but it has a positive phase
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shift with respect to the tidal range signal (~+5 years), implying that the highest yearly
mean tidal range observed in the last two decades that occurred in 2015 caused a
maximum deposition in the saltmarsh in 2020. Consequently, the model predicts a local
maximum deposition in the saltmarsh every 18.6 years due to the nodal tidal cycle.
Therefore, the effect of the nodal tide causes an increasing and decreasing rate of bed
deposition (dh/dt) relative to the constant rate of 1.7 mm/year obtained in the previous
simulation (without nodal tide). In particular, the rates vary between -3.3 mm/year (this
means that, at these times, the depth over the saltmarsh increases more than the sea level
rises) and 5.4 mm/year (maximum deposition rate, the sediment deposition is faster than
the sea level rise), implying that there is a deviation of between -5 mm/year and +3.7
mm/year in the saltmarsh deposition rates due to the nodal tidal cycle. These maximum
and minimum deposition rates are approximatively in phase with the maximum and
minimum values of the yearly mean tidal range, meaning that the maximum sediment
deposition rates obtained in the saltmarsh occurred in 2015, and this rate will occur

every 18.6 years (when considering a linear sea level rise).
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Fig. 5. Effects of the lunar nodal tidal cycle in the morphological evolution of the Oka
estuary. Top: yearly mean tidal range obtained from the sea level data of the Bilbao tidal
gauge (1992-2021, black circles), and harmonic reconstruction of the tidal range until
2100 (green line). Middle: simulated time evolution of the bed perturbation (h, in m)
over the saltmarsh element by including (green line) and excluding (blue line) the nodal
tidal cycle. Bottom: simulated time evolution of the rate of bed deposition (dh/dt, in

mm/year) by including (green line) and excluding (blue line) the nodal tidal cycle.

5.3 Morphological evolution of natural saltmarshes, drowned saltmarshes, and
saltmarshes in regeneration.

The saltmarsh model takes due account of the biological contribution to sedimentation

and the effect of sedimentation on biology. In particular, the saltmarshes contribute to

the sedimentation of the estuary, as, if multiple species can coexist, the increasing sea

level will be associated to an increasing biomass and therefore to sediment trapping and

33



686

687

688

689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

biological production. To quantify this effect, new simulations were performed by
comparing results with and without the bioproduction of saltmarshes (Fig. 6A). This is
equivalent to a hypothetic case of drowned saltmarshes, where saltmarshes would
behave as tidal flats without vegetation. As expected, the results indicate less deposition
over the drowned saltmarshes and show the importance of the saltmarsh bioproduction
for the sedimentation of the estuary. In particular, the sedimentation rate decreases from
1.7 mm/year when bioproduction is included (default model parameterization, case of
natural saltmarsh) to almost 1 mm/year when the bioproduction is omitted (case of
drowned saltmarsh). In this latter case, the system does not keep pace with the linear

rate sea level rise.

Previous studies have shown that the sedimentation in saltmarsh that are in the process
of regeneration following a period of enclosure (i.e., saltmarshes previously reclaimed
that have been re-opened), can be much faster than in natural saltmarshes (Cearreta et
al., 2002; Cearreta et al., 2013; Sainz de Murieta, 2016; Garcia-Artola et al., 2015). The
effect of saltmarsh re-opening was investigated by perturbing the saltmarsh from its
equilibrium depth. To do this, the disequilibrium depth was estimated by considering
the loss of accretion over the period when the saltmarsh was inactive due to enclosure,
relative to a saltmarsh that was open and able to accrete. The difference defined an
excess-depth which was used to estimate the disequilibrium volume that defines the

initial condition when the saltmarsh is re-opened.

The simulations of a saltmarsh re-opening in the year 2000 considered an occupation
time of 300 years, with a disequilibrium depth of 51 cm (sedimentation rate of 1.7

mm/year), are shown in Fig. 6B. A higher sedimentation is obtained in the case of the
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regenerating saltmarsh than in the natural saltmarsh case. In agreement with previous
studies, the sedimentation rate is stronger during the first years after the opening. The
maximum deposition rate is 20 mm/year just after the opening and is more than one
order of magnitude larger than for the natural saltmarsh during the first decade.
Although this case is hypothetical and highly simplified compared to a real opening, the
order of magnitude of the deposition rates obtained agrees with the observation based
on foraminifera studies. They obtain rates of 16 mm/year during the first 10 years after
the opening (Cearreta et al., 2013), and rates even higher are obtained in some locations

(Garcia-Artola, 2013).
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Fig. 6. Morphological evolution of natural saltmarshes, drowned saltmarshes, and
saltmarshes in regeneration. Simulated time evolution of the bed perturbation (h, in m,
top plots) and of the bed deposition rate (dh/dt, in mm/year, bottom plots). A:
Simulations including (blue line, natural saltmarsh) and excluding (purple line, drowned
saltmarsh) the saltmarsh bioproduction. B: Simulations for a natural saltmarsh (blue
line) and a saltmarsh in regeneration (saltmarsh opening, orange line, opening date:

2000).

5.4 Response of the estuary to projected sea level rise

The previous results indicate that the estuary keeps pace with a linear rate of sea level
rise of R=1.7 mm/year, given that sediment deposition occurs in all the morphological
elements at a similar rate. The response of the estuary to an exponentially increasing
rate of sea level rise was investigated because this potentially more closely represents

the current rate of change and future projections. The forcing considered is the
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exponentially increasing sea level and for the sake of simplicity, only the case of the
natural saltmarsh is shown, disregarding the effect of the nodal tidal oscillations that

would produce a periodic variability to the results without changing the conclusions.

The first sea level conditions have been obtained from the exponential fit of the relative
sea level data obtained from the foraminifera study of Garcia-Artola et al. (2015) (Fig.
7A, the data are indicated with the black circles, and the exponential fit is the black
line). The other sea level forcing conditions are obtained from the global mean values
published in the AR6 IPCC report (Fox-Kemper et al., 2021). Each exponential sea
level projection used in the model was obtained from the results of projected rates of sea
level for 2050 and 2090 (in mm/year), and of the value of the projected sea level for
2100 (in m). We considered two SSP scenarios as defined in the latest IPCC report, the
medium-low emission scenario SSP2-4.5, and the high emission scenario SSP5-8.5.
Median values and likely (171-83" percentile) range values have been used to obtain
the median exponential sea level rise (thick colour lines), and the confidence interval

(shaded colour bands, Fig. 7A,B).

The first result obtained from the exponential fitting of the relative sea level values is
the similarity between the exponential fit of the foraminifera data with the IPCC
projection values, precisely with the median values of the SSP5-8.5 scenario (Fig. 7A).
In both cases, the predicted sea level rise for the year 2100 is between 0.7 m and 0.8 m,
relative to year 2000 (in the IPCC study, results are given relative to a baseline of 1995-
2014). In the worst of the scenarios considered in the present study, the maximum
relative sea level is about 1 m (83 percentile of the SSP5-8.5 scenario), and, in the best

scenario, the relative sea level obtained in 2100 is something less than 0.5 m (13™
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percentile of the SSP2-4.5 scenario), that is almost three times the relative sea level
considered in the previous simulations for 2100 with the linear sea level rise of 1.7

mm/year.

Simulations performed for the foraminifera exponential sea level curve as well as for
the exponential sea levels of the IPCC report are shown for saltmarsh mobile volume
change in Fig. 7B. The results indicate that for all the exponential sea level rises
considered, the estuary does not keep pace with sea level rise, contrary to what
happened when using a linear rate of sea level rise. When the morphological elements
keep pace with sea level rise, the mobile water volume is constant (see for instance the
case of linear sea level rise in Fig. 4), so in this case there is no volume change (0%)
during the evolution. With the exponential sea level rise, the water volume increases
over the saltmarsh. In 2100, the water volume will increase by 2% (1%-3%, likely
range) in the medium-low emission scenario (SSP2-4.5), and by 6% (4%-12%, likely
range) in the high emission scenario (SSP5-8.5). These increases mean that the
sediment will deposit at a slower rate than the sea level rises in the saltmarshes. In other
words, the saltmarsh depth will increase (one of the hypotheses of the model is that the
water volume over the saltmarsh and the saltmarsh depth are proportional), that implies
that the hydroperiod will increase with the exponential sea level rise. Therefore, this 1%
to 12% increase of the saltmarsh depth predicted for the year 2100 may have
implications for the survival of individual saltmarsh species, and on the future extent of
the saltmarshes. Concurrently, the increase of the hydroperiod might provide new
suitable habitat to Zostera noltei seagrass meadows, since this species, contrary to
saltmarshes, is not affected by submersion, being able to survive if submerged

permanently.
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A similar result is obtained for the other morphological elements of the estuary except
for the ebb delta (Fig. 7C). The channel elements, the tidal flats, and the flood delta do
not keep pace with the exponential sea level rise as the water volume above these
elements increases in time. The ebb delta behaves differently: the sediment deposition is
faster than the sea level rise. This can be seen in Fig. 7C where the thickness of the ebb
delta strip decreases in time (dark blue strip). The displayed quantity is an adjusted
water volume over the ebb delta. The ebb delta is therefore the only element where
sediment deposits faster than sea level rises, but this is remains insufficient to
compensate for the sediment deficit in the other elements (the cumulative water volume

increases).
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Fig. 7. Response of the estuary to the projected sea level rise. A: relative sea level (RSL,
in m), the black circles indicate the data obtained from the foraminifera study of Garcia-
Artola et al. (2015), the black line is the exponential fit, the coloured lines are the
exponential relative sea level increase based on the global IPCC projections (Fox-
Kemper et al., 2021): scenarios SSP2-4.5 (orange line) and SSP5-8.5 (blue line). The
lighter colour bands represent the 171-83" percentile range. B: time evolution of the
increasing water volume over the saltmarsh (as a % of the initial water volume). C: time
evolution of the cumulative water volume (in m®) over the estuary, the coloured strips

indicate the change in water volume of each element over time.

6 MODELLING LIMITATIONS AND FURTHER RESEARCH FOR THE

DESIGN OF ADAPTATION MEASURES

6.1 Modelling limitations

The model simulations exhibit a general qualitative agreement with the past
observations at an historical time scale. The model validation could be improved by
studying the effect of past human interventions in detail. Here, we studied a case of
saltmarsh opening, as a hypothetical schematization, where the entire saltmarsh area
was reclaimed and then released. A more detailed analysis could be performed by
dividing the saltmarsh area into several saltmarshes (also including the upstream
saltmarsh), and endeavouring to hindcast a realistic opening chronology. Such an
exercise might also include the effect of other past interventions, such as the land
reclamation and saltmarsh draining. This analysis could also be extended to the
geological time scale (Holocene time scale), similar to the work of Townend et al.,
2007, using detailed borehole reconstruction to identify the pre-Holocene surface and

the rate of infilling over the Holocene, as for example undertaken for the Humber
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estuary (Rees, 2006). The simple estimates made as part of the model validation
(Section 5.1) show that for the recent Holocene (last 2000 years) during which the sea
level rise has been relatively benign, with a rate estimated at between 03 and 0.7
mm/year (Garcia-Artola et al, 2018), the estuary would keep pace with sea level rise

(assuming no reduction of sediment input in the system).

The present study could be improved by including more realistic (varying) forcing
conditions and changes in sediment input to the system; observed or in the future. A
constant wave forcing has been considered for hindcasting and forecasting in agreement
with climate studies that did not find significant trends in the mean wave regimes based
on wave buoy data (Chust et al., 2022), or on projections (Camus et al., 2017), but
including intra-year wave variability would merit further investigation. Moreover, in the
present study, the sediment input from the shoreface and adjacent beaches, and from the
rivers was assumed to be constant. At the time-scale of our analysis (order of 100
years), and when comparing the simulation to past events, these assumptions seem
reasonable, as the accretion rates observed in the saltmarshes have been correctly
reproduced. However, a more detailed sediment mass balance study (Peraza-Castro et
al., 2018; Amos et al., 2020), coupled with an accurate monitoring programme in
different parts of the estuary (French & Burningham, 2003; Liria et al., 2021) would
enable more detailed validation of model performance and may provide further insight.
At the same time, the sensitivity of the model simulations to changes in riverine and
marine sediment input need to be tested. The quantity of fine sediments contributed by
the rivers is relatively small and future variations in catchment run-off, and hence
supply, is unlikely to have any significant impact. In contrast, the marine supply has

been significant throughout the Holocene but future availability of sandy sediments is
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more uncertain and any decline would have a significant impact on the future evolution

of the Oka.

6.2 Further research needs

Human impacts increase the fixity of the estuary margins, also known as coastal
squeeze (Dennis et al., 2000; Pontee, 2017). This has an impact on the results presented
here. In particular, one of the assumptions of the present modelling is that the surface
area of the elements is constant during the morphological evolution. This means that the
estuary, with a well-documented history of marine transgression (Cearreta & Monge-
Ganuzas, 2013; Garcia-Artola et al., 2018), is assumed to infill and the elements would
migrate landward keeping a similar surface area. However, the extent and rate of
transgression are likely to vary, implying changes in the extent of tidal flat and
saltmarsh surface in response to changes in the accommodation space of the estuary.
The transgression of the estuary as function of the accommodation space, obtained from
the shape of the pre-Holocene valley and equilibrium estuary form has been explored
theoretically by Townend et al. (2021). Such response is predicted on the estuary being
able to translate inwards within the valley landscape. This is however constrained by the
presence of walls. The results presented in the present study can be considered as an
optimistic situation where the volume of saltmarsh is not affected by a possible
reduction of the saltmarsh area. Further research is needed to include the effect of

coastal squeeze in the morphological evolution of the estuary.

Another aspect to consider for future projections is the biological implications of the
results presented here. The increasing volume of water over the saltmarsh is equivalent

to an increase of the hydroperiod, and this can affect the survival of the species and
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have an impact on both saltmarsh development and accretion rates. On the other hand,
modelled morphological changes and their consequences (such as the increase of the
hydroperiod in saltmarsh areas) might provide new areas for Zostera noltei seagrass
meadows in those areas where saltmarshes are currently present. However, other factors
such as changes in the mean or extreme temperatures may affect the saltmarsh and
seagrass species. Modelling their distribution and projecting it under future climate
changes scenarios, which consider the modelled morphological changes, will help
understanding future status of these ecosystems and suggesting adaptation measures to

ensure their conservation.

6.3 Design of adaptation measures

Despite the simplifications inherent in the model, and the simplifications made in the
discretization of the estuary and in the forcing conditions, the tools presented are able to
provide information and insights that can be used to improve flood risk assessment
studies and to design adaptation measures to climate change. First, the volume changes
of each element of the estuary can be projected at a given date. This could be used to
relax the rigid bed approximation typically made in flooding projections (del Campo et
al.,, 2021). On the other hand, the simulations of saltmarsh opening have shown
sedimentation rates in agreement with observations, enabling specific adaption options

to now be examined.

The model is also able to investigate the effect of dredging/dumping interventions, that
can be also studied as possible measures of adaptation. Experiments have been
performed to reproduce the effect of past interventions. It was found that, in all the

cases, the estuary system returned to its previous equilibrium state (the one without
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intervention), but the response times of such interventions were larger than the observed
times, as the geometric details of the interventions were substantially smaller than the
model elements used in the schematization of the estuary. In addition, the numerical
time steps of the model are of the order of months, which is similar to the time-scale of
the response time that is being represented. For these reasons, a more detailed
schematization, or a higher-resolution process-based modelling study is required to
anticipate the behaviour of the estuary after such interventions, like the work of Monge-
Ganuzas et al. (2017) and of Gainza et al. (2019), and should be used to complement a
long-term equilibrium study.
7  SUMMARY AND CONCLUSIONS

The morphological response of the Oka estuary to climate change has been investigated
by means of the behaviour-oriented aggregated-scale numerical model ASMITA. The
model simulates the morphological interactions between different elements of the
estuary and the adjacent coast and indicates their volumetric evolution. The outer and
inner estuary were discretized into nine morphological elements. The outer estuary,
where the mouth is strongly influenced by the effect of waves, comprised the ebb delta,
the delta flats, the flood delta, and the delta channel. The inner estuary was divided into
two reaches. The first reach was defined as essentially sandy and formed by the outer
flats and the outer channel. The second reach included the saltmarshes connected to the

inner channel through the inner flats composed of muddy sediments.

The model was parameterized based on previous sedimentary studies of the Oka estuary
and previous studies using ASMITA. Some model parameters depend on the whole
system, or on a specific element, other parameters depend on the sedimentary exchanges

between two elements. The horizontal sediment exchange rates due to tidal dispersion
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over the full estuary and the sediment transport fluxes due to sediment drift advection
over the estuary mouth have been estimated based on results of the hydro-sedimentary
process-based numerical model Delft3D that has been run for mean wave conditions
during spring tides. The saltmarsh model that includes the influence of sediment
trapping, the sedimentation due to biological production, and the competition between

saltmarsh species, has been parameterized based on data of species distribution.

By forcing the model with a linear rate sea level rise of 1.7 mm/year, a rate that is
consistent with the representative rate for the last century obtained from previous
foraminifera analysis, the estuary keeps pace with sea level rise, in agreement with
observations. An 18.6-year periodic variability of between -5 mm/year and +3.7
mm/year was identified over the saltmarshes due to the effect of the nodal tide, with the
last maximum in deposition occurring in 2020. The effect of the opening of a saltmarsh,
that was drained at the beginning of the 18" century, has been investigated using a
simplified schematization. The modelling results showed strong sedimentation rates of
up to 20 mmlyear, in general agreement with the rates obtained from previous

foraminifera analysis.

To predict the future response of the estuary, simulations with an exponential sea level
rise were obtained from the exponential fitting of relative sea level data from
foraminiferal analysis, and from the last IPCC projections for the medium-low emission
scenario SSP2-4.5 and for the high emission scenario SSP5-8.5. We see that the estuary
fails to keep pace with sea level rise in any of the scenarios considered. In particular, the

sediment deposits at a slower rate than the rate of sea level rise in the saltmarshes,
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resulting in an increase in hydroperiod, that could have a negative impact on species

survival.

Despite the simplifications inherent in the model, and the simplifications made in the
discretization of the estuary and in the forcing conditions, the tools presented are able to
provide information and insights that can be used to improve flood risk assessment
studies and to design adaptation measures to climate change. Using this aggregated
model in conjunction with a more detailed process model, served to reduce the
uncertainty in model parameterization and supplement understanding of the important
short-term processes that influence longer-term morphological evolution. As only
volumetric changes and information on the equilibrium of the estuary are given by
ASMITA, the higher-resolution process-based model again acts as a powerful adjunct,
enabling potential changes in the more detailed hydro-sedimentary processes to be
investigated for future epochs, or in response to specific possible interventions or

adaptation measures.
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