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ARTICLE INFO ABSTRACT
Guest Editor: Helena Calado During the last decades many salt marshes worldwide have suffered important losses in their extent and associated
ecosystem services. The salt marshes of San Vicente de la Barquera estuary (N Spain) are a clear example of this,
Keywords: with a drastic reduction in vegetation surface over the last 60 years. This paper provides insights into the main factors
]Saalt m_arSheS controlling salt marsh functioning in sheltered estuarine areas. Regional and local factors have been disaggregated to
stuaries identify the main drivers controlling the functioning of the salt marsh to develop appropriate management measures
Eco-geomorphology g . Lo . . -
Resilience according to the evolution of the system. These factors have been studied in their spatial context through detailed

maps of change in vegetation cover combined with topographic data obtained from UAV and RTK-DGPS surveys.
The results demonstrate that in this estuary the salt marsh area is declining following a fragmentation process. No
clear pattern of vegetation loss/gain with elevation has been identified. However, the results point to increased hydro-
dynamic stress in the area, with stronger currents inside the estuary. This is probably the major factor responsible for the
decline of the salt marshes in the San Vicente de la Barquera estuary. Furthermore, several human interventions during
the 20th century (local drivers) have also probably contributed to a lower resilience against SLR (regional driver). This
work demonstrates that both natural and human drivers of change need to be considered when characterizing the evo-
lution of salt marshes, wherever efficient management strategies need to be designed.

Nature-based solutions

1. Introduction

* Corresponding author. Salt marshes are highly complex systems of great importance for
E-mail address: maria.aranda@uca.es (M. Aranda). their ecological value and the abundant ecosystem services they provide
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(e.g. buffer against energetic events, nurseries for consumers, or carbon
and sediment storage on a geological time scale; Barbier et al., 2011;
Bouma et al., 2014; Donatelli et al., 2018). These systems are strongly
relevant for their role as a natural coastal defence against coastal
hazards (Arkema et al., 2017; Ganju, 2019; Kirwan and Megonigal,
2013). The services provided by salt marshes are considered part of
the so-called nature-based solutions (NbS). Despite their great impor-
tance, in the last decades numerous salt marshes worldwide have
suffered major losses in extent and, therefore, in their associated ecosys-
tem services. It is therefore important to quantify long-term changes to
understand the processes and timescales driving the evolution of the salt
marshes (Sturdivant et al., 2017), in order to recover or conserve the
ecosystem services they provide. The conservation and restoration of
salt marshes should be a priority for the management of coastal adapta-
tion to climate change (Ganju, 2019; Temmerman et al., 2013).

The threat to salt marshes is widely outlined. Recent studies have fo-
cused on the quantification of changes over time (Laengner et al., 2019;
and references therein), and others also on the associated drivers of
change. Some authors' conclusions are that salt marshes drown with
sea-level rise (SLR) effects (Bartholdy et al., 2004; Bouma et al., 2016;
Kirwan and Temmerman, 2009; Kirwan et al., 2010) if the sediment ac-
cretion rates are lower than the rates of SLR (Kirwan and Megonigal,
2013). This process could lead to a progressive transformation of salt
marshes into bare mudflats or partially vegetated by seagrasses and
macroalgae. Kirwan et al. (2016) concluded that salt marshes will be
able to adapt to future SLR rates only if there is a balanced sediment
input. However, other studies indicate that the main SLR threat is not
the risk of drowning, but the lateral erosion of the salt marsh edges
(Marani et al., 2011; Mariotti et al., 2020; Mariotti and Fagherazzi,
2010). Besides natural processes, changes derived from anthropogenic
actions play a crucial role in their evolution and require monitoring,
since the combination of both natural and anthropogenic pressures
may be responsible for salt marsh deterioration and disappearance
(Mcowen et al., 2017). Human pressure and impact on estuaries are
very high, including the increasing urbanization concentrated in
the coastal zone (Barragan and de Andrés, 2015). Three of the most
described anthropogenic actions in estuarine areas are dredging, dam-
ming and land claim. Channel deepening for navigation is particularly
relevant in large estuaries near important human settlements and
ports, but it is also common in smaller estuaries for local activities. All
these interventions can strongly modify the estuarine morphodynamics
by altering the tidal regime (Donazar-Aramendia et al., 2020), but also
the biological and biochemical properties of the intertidal zone. Never-
theless, one of the most described impacts is the effect of dumping the
dredged material, which increases turbidity and changes the structure
of the sediment, directly affecting the benthic environment. Dredging
decreases shallow areas with low hydrodynamics (e.g. mudflats and shal-
low water, with low physical stress) and increases areas with strong hydro-
dynamics (e.g. deep water and sand flats, with high physical stress; Gallego
Fernandez and Garcia Novo, 2007). Therefore, it is an important activity to
monitor when facing coastal management plans (e.g., van der Wal et al.,
2011). Some studies have focused on the extent and time of the impact
these actions have on the system, and most concluded that the adverse
impact is noted nearby and in the short term (a few hundreds of meters
and <5 years in most cases; Fredette and French, 2004).

Intertidal habitats are also often affected by dike construction. They
protect the land from coastal impacts or prevent local flooding (Coops
and Van Geest, 2007), but often result in a significant reduction of intertidal
areas. Besides, the dike construction at the river mouths hinders the free lat-
eral migration of the beach-dune systems in estuaries (barrier systems),
channelizing the fluxes and often accelerating them. The effects of dikes
are also widely described and can be summarized in: (1) reduction of
flood area and reduction of the tidal prism, (2) slower tidal current veloci-
ties, (3) fewer possibilities of channels to migrate, and (4) higher water
levels inside the estuary due to an increase in tidal amplification (Pye and
Blott, 2014).
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The study of the resilience of salt marshes requires an understanding of
the dynamic processes associated with them, as well as the pressures they
suffer, at a landscape level (Mariotti and Fagherazzi, 2010; van de Koppel
et al., 2005). Keeping this in mind, this paper presents a detailed study of
60-year changes in the salt marshes of the San Vicente de la Barquera estu-
ary and evaluates their potential causes. San Vicente de la Barquera (SVB
hereinafter) is an estuary in the North of Spain (Gulf of Biscay) with a
small catchment area that has suffered a strong decline in the salt marshes
during the last decades (Aranda et al., 2020). This study aims to quantify
(1) the changes and (2) the fragmentation level in the tidal flat area, and
(3) to attribute potential causes to these changes. Furthermore, spatial pat-
terns related to feedback interactions between salt marshes and their abi-
otic environment are also evaluated. Discussion on the potential causes of
salt marsh decline will be evaluated at different spatial scales, considering
three hypotheses: (H1) effects of regional factors, i.e. SLR; (H2) effects of
local factors, such as dredging and construction works; and (H3) a combina-
tion of both regional and local factors.

2. Study area

The study site is located on the Cantabrian coast, the North-Atlantic re-
gion of the Iberian Peninsula, at the confluence of two minor rivers. In the
Eastern zone, the Escudo River contributes to the development of extensive
tidal flats (Fig. 1; approx. 200 ha, 4.38°W-43.37°N), with salt marshes and
mudflats (bare and colonized by seagrasses); the Western zone is influenced
by the smaller Gandarilla River — which is not included in the present work.

The pioneer vegetation (i.e. first horizon of vegetation in the salt marsh
colonizing the lowest areas) is mainly dominated by the perennial small
cordgrass (Spartina maritima) and the annual glasswort Sarcocornia spp.
The upper salt marsh is colonized by perennial vegetation composed mainly
of scrub (Aster tripolium, Arthrocnemum macrostachyum, Halimione
portulacoides, Limonium humile and Suaeda spp. — if present). In addition,
some points of the upper salt marsh also exhibited small patches of the ex-
otic invasive species Spartina densiflora.

2.1. Hydrodynamic forcing

The SVB is a tide-dominated estuary (Flor-Blanco et al., 2015), whose
hydrodynamic regime belongs to the totally-mixed estuary type, i.e. the sys-
tem has enough energy to mix the entire water column, breaking down the
vertical salinity stratification (Cavalcante, 2016; Dalrymple et al., 1992). It
islocated on a mesotidal-semidiurnal coast with a Mean Spring Tidal Range
(MSTR) of 3.94 m and a Highest Astronomical Tide (HAT) that reaches
4.85 m (Santander tide gauge, Fig. 1; National Port Authority, 2019).
Regarding tidal wave propagation along the estuary, both the salt wedge
and tidal wave reach similar distances from the mouth, 5.8 km and
6.4 km respectively (Flor-Blanco, 2007). The mouth of the estuary was
channelled by two jetties, which affected its morphodynamics and sedi-
mentary characteristics (Flor-Blanco et al., 2015). The sediment input in
this estuary is low, with a limited river contribution and an external contri-
bution also limited due to the configuration of the coast.

2.2. San Vicente de la Barquera estuarine management

The SVB estuary underwent land reclamation from the mid-20th century
with consequences for the hydrodynamic pattern within the estuary, which
was partially interrupted by >2500 m of retaining walls (Hoyos Cordero,
2018). The SVB estuary is part of the Oyambre Natural park (1988), and de-
clared Natura 2000 site in 1997. As a consequence, since 2016 retaining
walls are being gradually removed to renaturalize the area (Fig. S1). The
past drying process, almost a century ago, and the actual recovery of the
tidal regime (renaturalization), were (and are) expected to generate strong
structural changes in the hydrodynamic functioning of the system. In addi-
tion, repeated dredging of the main channel for navigation is also expected
to have affected tidal wave propagation throughout the system, suffering al-
most 30 dredging works since 1933 (Fig. S2; Gobierno de Cantabria, 2018).
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Fig. 1. Location of San Vicente de la Barquera estuary (N Spain) and location of the Santander tide gauge (yellow triangle). An orthomosaic of the estuary with the location of
the main features named in this study is shown. Studied features are in red. Defined transects are also indicated (T1,T2, T3).

According to Flor-Blanco (2007), the main effect of these changes is the
increase in tidal wave height. This effect has been attributed to the com-
bination of a resonance effect after the reduction in depth, and the
hydrodynamic changes caused by the construction of the main bridge
that crosses the estuary (Fig. 1).

The river Escudo has small anthropogenic pressures, both in number and
magnitude. The main pressure is the channelization in urban areas
upstream, which retains the supply of fluvial sediments, altering the local
hydrodynamics and the sedimentary dynamics of the system (Hoyos
Cordero, 2018) and, therefore, the dynamics of the marshes.

3. Methods

The cause and extent of salt marsh decline in the SVB estuary have been
evaluated over the last 60 years with the development of 7 geomorphologi-
cal diachronic maps. These maps were produced based on orthophotographs
taken in 1956, 1988, 1997, 2003, 2010, 2014 and 2017; specifications on
the image sources and classification methods can be found in Aranda et al.
(2020). The analyses carried out for the processing of the different data
sources can be divided into two blocks: (1) the analysis of changes in tidal
flats over the last 60 years and (2) the identification of the drivers of the
changes.

3.1. Changes in tidal flats over the last 60 years

Changes in SVB salt marshes were quantified based on the geomorpho-
logical maps described in Aranda et al. (2020). In the present study, the
geomorphological maps were converted into binary rasters using the Map
Algebra tool in ArcGIS (Fig. 2. a). Subsequently, change maps were gener-
ated by overlapping these binary rasters. The changes were categorized
into 4 defined classes: (1) stable vegetation areas (No change in vegetation;
green), (2) Vegetation gain areas (yellow), (3) Vegetation loss areas (red),
and (4) Mudflats (grey). Following the methodology from van der Wal
et al. (2008), the analysis highlights the qualitative changes, showing
them directly on the maps, and provides the corresponding quantitative

values, by calculating the total extent of changes that occur in different
periods in each defined class.

Moreover, the change maps were combined with a digital terrain model
(DTM) to identify changes in the elevation of vegetation classes over the
years. The DTM was obtained from a UAV flight conducted in this area in
2018, with a maximum vertical error of 0.18 m. As there was no previous
elevation data available for this area (with an acceptable error), the eleva-
tion of the DTM was considered a fixed elevation. The DTM values were fil-
tered between — 2 and 3 m (reference MSL in Alicante, Spanish reference
datum), as the lowest limit of the mudflats is 2 m below MSL and the
highest limit of the salt marsh is always under 3 m above MSL. The eleva-
tion of each pixel was extracted by merging every layer of the correspond-
ing change map with the DTM (Fig. 2. b). The final outputs were databases
(one for each time interval between two consecutive orthophotos), where
the rows are pixels and the columns correspond to class and elevation.

To characterize the elevation of each class and the evolution throughout
the study period, the probability density function of the elevations was cal-
culated for each class and every defined time interval. This process requires
the calculation of the histograms of each class in every time interval
(the bin-width was fixed at 0.1 m), in order to obtain the frequency counts
of observations. From this frequency, the probability density was estimated
according to the Kernel Density Estimation (KDE, Eq. 1). The KDE is a non-
parametric way to estimate the probability density function (pdf). It esti-
mates the probability density based on the Kernel normal function and
evaluates equally spaced points, creating a smooth curve given a set of

data (Baxter et al., 1997).

oo = =Lk (5 (1)

where x;, X, ..., X, are the samples in the distribution, n is the sample size,
K is the smoothed Kernel function and h is the bin-width, which is analo-
gous to the bin-width of the histogram, and affects the smoothness of the re-
sulting curve. This process provides the density curves of frequencies for
each class concerning the elevation (Fig. 2. e). The median of these curves
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Fig. 2. Implemented workflow to obtain the change maps with elevation per pixel. (a) Combination of geomorphological maps of the tidal flat in two consecutive time
intervals to obtain the change maps (salt marshes: green; mudflats: grey); (b) Combination of the change map, from the previous step, with the DTM; (c) Results: data
base with the class and elevation of every pixel; (d) Example of the histogram for period 1 for the Vegetation loss class using data from step (c); (e) Example of the

density curves for period 1 using data from step (d) for each defined class.

was used as a proxy to quantify the change in elevation for each class during
the study period.

3.1.1. Landscape metrics analysis

To better understand the causes of salt marsh degradation, the evolution
of the four defined classes was studied using landscape metrics. This proce-
dure is frequently used in landscape analyses (Modica et al., 2012), using
the patch as the minimum spatial unit, which is defined as a homogeneous
area (polygon in GIS) that differs from its surroundings (Forman, 1995). To
this end, the dynamics of the landscape and class levels were analysed in
each change map using FRAGSTATS v.4.0 (McGarigal, 2015). To enable
the synoptic analyses over the past 60 years (1956-2017) with a
FRAGSTATS environment, the change maps (raster format) were converted
to grids with the same pixel size (7.5 x 7.5 m). The changes in the land-
scape structure were evaluated by using independent metrics (Cushman
et al., 2008), which included the Number of patches (NP), Patch Density
(PD), Shannon's Diversity Index (SHDI) and Mean patch size (Area_MN).
The SHDI describes the landscape diversity, i.e., the heterogeneity in

the distribution of patches of the different classes through the years
(McGarigal, 2015).

Once the landscape distribution was analysed, the patch size distribu-
tion was used to get information on the spatial structure of the vegetation
patches and detect causes for the degradation of the salt marshes. Accord-
ing to Bouma et al. (2016), salt marshes are controlled by two-way pro-
cesses, namely biological (vegetation growth) and physical processes
(sediment transport), that when combined form the biogeomorphic feed-
backs. Biogeomorphic feedback leads to complex spatial self-organized sys-
tems with different responses to environmental forcing (Balke et al., 2014;
Marani et al., 2010; van de Koppel et al., 2005). Based on this concept,
numerous ecological studies describe how spatial self-organized patterns
may be an indicator of stress (van der Heide et al., 2010), as an increase
in patchiness (i.e. smaller patches) could be a proxy of ecological transition
(Kéfi et al., 2007), to a new state of the system. To identify possible self-
organized processes in the estuary, an evaluation was made as to whether
the patch distribution could be explained by a power law distribution
(Taramelli et al., 2018; Zhao et al., 2019), since this pattern can be
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interpreted as a symptom of the consistent trend of large patch fragmenta-
tion (Kéfi et al., 2014). The fit to the power law function was performed
through the ‘poweRlaw’ package (R v. 3.6).

3.2. Causes of change

Studying variations in plant communities is a useful approach to link
habitat degradation to possible regional causes (i.e. SLR), or local causes
in the area (i.e. anthropogenic effects). Therefore, both factors are evalu-
ated here.

3.2.1. Regional factors

As a consequence of the low sediment input in the estuary, the SVB salt
marshes have limited vertical accretion (Flor-Blanco et al., 2015), pointing
to the changes in tidal dynamics inside the estuary and the SLR as the pos-
sible main factors involved in the fragmentation of the salt marsh. A way to
assess this factor is by evaluating the temporal displacement of the pioneer
saltmarsh areas. According to Balke et al. (2016), pioneer plants only colo-
nize areas that emerge during the tidal cycle. The longer the emersion time,
the more likely these areas are occupied by salt marsh plants, as long as the
equilibrium requirement between sediment supply and water level is met.
Based on this, the spatio-temporal trend of the availability of the pioneer
zone can be evaluated by determining maps of inundation duration (%)
and exposure frequency (%). These maps were based on time series of sea
level according to the nearest tide gauge (Santander's gauge; Fig. 1), and

- Period 2:
1988 - 1997

Period 1:
1956 - 1988

Period 4:
2003 - 2010

- Period 5:
-+ 2010-2014

. No change in vegetation
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the DTM of the area. For each elevation and time interval, the number of
flood events was estimated and divided by the number of tidal cycles that
occurred (Balke et al., 2016).

Inundation duration and exposure frequency maps were complemented
with in situ topographic surveys (11/2018, 04/2019 and 09/2019). The in
situ evaluation was based on three transects perpendicular to the main
channel (Fig. 1), measured with a DGPS-RTK (vertical errors <0.04 m),
where species composition was visually evaluated. The presence and spe-
cies identification of plants were recorded every 1 m, approx., to character-
ize marsh zonation and the corresponding elevation ranges (Table S1).

3.2.2. Local factors

Quantification of local factors requires the availability of databases on
dredging, drying or renaturalization works for the area. Unfortunately,
this information is not available for SVB estuary and required some deep
searching on grey literature, most of the time from sources lacking scientific
rigour. Therefore, the effects of the potential local drivers were only evalu-
ated qualitatively. The review of local factors included searches in Google
Scholar and ResearchGate databases, and the compilation of both regional
and national reports from authorities possessing competences in the study
area. The search of documents was based on keywords, including location
and work type. Location keywords included (1) San Vicente de la Barquera,
(2) N Spain, (3) Cantabrian coast, and (4) north Spain estuaries, whereas work
type keywords included (5) dredging, (6) drying, (7) retaining walls, and
(8) renaturalization works. Any document including the combination of

Period 3:
1997 - 2003

Period 6:
2014 -2017

Vegetation gain . Vegetation loss - Mudflats

Fig. 3. Change maps for the San Vicente de la Barquera tidal flats in each time interval studied. Dotted lines delimit the boundaries of the study area.
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the smaller values.

any location keyword with any work type keyword was reviewed, as well as
any competent authority report into anthropogenic activities on the area.

4. Results
4.1. Changes in the tidal flats over the last 60 years

Over the last 60 years, the salt marshes in the SVB estuary have suffered
a surface reduction of almost 20 % from the surface in 1956 (corresponding
to approximately 85 ha; Fig. S3). The lost area has gradually turned into
mudflats (Fig. 3).

The greatest change in habitat distribution occurred at the beginning of
the study period (1956-1988), with the loss of large areas of salt marsh veg-
etation (Fig. 3, red patches). Nevertheless, in these early periods, large areas
of No change (green patches) and Vegetation gain (yellow patches) classes were
also observed. Another major change occurred in periods 4 and 5, when most
patches of the salt marsh turned into Mudflat (grey patches), being extremely
low in the abundance of Vegetation gain patches during period 5.

The analysis of the median values of density curves (Fig. 4) reveals the
topographic sequence for the pattern observed in Fig. 3. Firstly, most vege-
tation losses were observed at the lowest elevations (red line in Fig. 4), and
this loss continued to move upwards through the study periods, as far as

period 4 (2003 —2010) with a sharp increase in the elevation of patches
with vegetation loss, after which a decrease in the affected elevation was
observed for the last 2 periods (2010-2014 and 2014-2017). The distribu-
tion of Vegetation gain and No change in vegetation patches (yellow and green
lines in Fig. 4, respectively) showed a similar temporal pattern, the eleva-
tions increasing where they occur with time. On the contrary, the elevation
of the mudflats showed a quite constant median over time, taking place at
lower elevations through the study period (according to mean values in
Fig. 4). Although the loss of vegetation appears to be the dominant process
over time (Fig. 3), it is not until period 4 (2003-2010) that the elevation of
Vegetation loss patches exceeded those of Vegetation gain and No Change in
vegetation patches. Therefore, for period 4, vegetation was lost at higher
elevations than gained or maintained. Contrary to expectations, in periods
4 and 5 (2003-2010 and 2010-2014, respectively), the elevation patterns
in Vegetation loss, Vegetation gain and No change in vegetation patches did
not tally with the other periods, when the losses concentrated at the lowest
elevations. Mudflats' patches increased in density and occupied lower eleva-
tions throughout the entire study period (Fig. 3 and Fig. 4). In the last
period (2014-2017), the loss of vegetation occurred at its lowest elevation
(Fig. 4), even lower than the areas occupied by mudflats, again denoting
that vegetation disappears at low elevations or that zones previously
recolonized are eroding.

Table 1
Values of landscape metrics for all time intervals under investigation. NP: Number of Patches; PD: Patch Density; SHDI: Shannon's Diversity Index; Area_MN: Mean Patch
Size (ha).
Metric Period 1: Period 2: Period 3: Period 4: Period 5: Period 6:
1956-1988 1988-1997 1997-2003 2003-2010 2010-2014 2014-2017
NP 1291 1236 814 602 551 1031
PD 854.9 828.8 524 375.8 318.4 647.1
SHDI 1.28 1.24 1.16 0.97 0.57 0.63
Area_ MN 0.12 0.12 0.19 0.27 0.31 0.15
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4.1.1. Metrics analysis at landscape and class levels

The landscape metrics captured the ongoing fragmentation process of
the SVB tidal flats (Table 1). At the landscape level and throughout the stud-
ied periods, the decrease in the number of patches (NP) was constant, with
the exception of an upturn at the final interval. The reduction in NP seems
to correlate well with the increase in mudflat surfaces over the years, with
patches of mudflat with time. This trend is also supported by patch density
(PD), which decreased from 855 to 647 patches/ha. However, the best met-
ric capturing the trend of patches in the SVB estuary was the SHDI. This
index decreased sequentially from 1.28 to 0.57 over defined time intervals,
as a consequence of a decrease in patch heterogeneity over the years, i.e.
low density of very large patches of mudflats and very abundant,
but much smaller patches from other classes. Finally, the Area MN was
the most stable metric, with a quite constant value for mean patch
size (0.12 at the initial period and 0.15 at the end), as a result of the de-
crease in patch size for vegetation classes and the increase in patch size of
mudflats.

When focusing the analysis on the evolution and fragmentation of the
surface at the class level (Fig. 5. a), it can be observed that the salt marsh
loss rate was highest in the first interval (1956-1988), decreasing with
time and total available area. The number of patches (NP) decreased
along the studied period independently of the considered class, with excep-
tion of the final period, when a remarkable increase in NP was noted. The
final increase in NP was especially large for Vegetation loss and Gain classes,
reaching values similar to the initial ones, but with a much smaller patch
size (Fig. 5. a). Finally, the pattern of the Mudflats class, with an increase
in total surface and a decrease in the number of patches, is consistent
with a reduction in fragmentation with time.

4.1.2. Patch size distribution

The distribution of patch sizes does not fit a power law in most cases
(see p-values in Fig. 6; main stats are specified in Table S2). In general,
when comparing the patch size distribution for the initial and final periods,
the results show that the frequency of occurrence decreases with size for
Vegetation loss, Vegetation gain and No change in vegetation classes. However,
for classes of vegetation in period 6, the fit is generally steeper than in pre-
vious periods, increasing the quality of the fit. A steeper fit implies a rapid
decrease in large patches (a large number of smaller patches), which is con-
trary to the pattern observed for Mudflats patches, showing an increase over
time in the frequency of large patches.

4.2. Causes of changes

The existence of changes in the duration of inundation and the exposure
frequency affecting the SVB salt marsh was evaluated over the last 25 years,
using the time series of the Santander tidal gauge (1993-2018). Both vari-
ables showed small changes over time (Fig. S4), slightly larger for the expo-
sure frequency. The complete time series reveals that there is an oscillation
(i.e. the curve movement is oscillatory, as expected for these types of sea
level data series). However, there is a net displacement to the right,
which means that for the same elevation, the inundation duration is higher,
i.e. this specific elevation is less time-exposed than before. The direct con-
sequence of this change is that the elevation necessary for vegetation to col-
onize mudflats increases, approx. 10 cm in the last 25 years (initial and final
years of the time series, Fig. S4, zoomed area).

The combination of inundation duration and exposure frequency data
with the DTM (2018) of the estuary allows to transform the curves
(Fig. S4) into a map of exposure frequency (Fig. 7. a; based on MDT of
2018). The map shows the zones where saltmarsh vegetation can establish
itself (areas with a minimum of 35 % exposure frequency in Fig. 7. a),
matching with observations made in the field. The exposure frequency
map can be used as a proxy for saltmarsh expansion probability, where
warmer areas are prone to be colonized by salt marsh species. The lowest
limit of vegetation presence observed in the field, i.e. the pioneer zone,
was around 0.46 m above MSL. At this elevation, the exposure frequency
is around 7 %. For the upper marsh, however, the limit was not that
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clear, with remarkable differences across the in situ transects (Fig. 7. b, c
and d; transect location is indicated in Fig. 1).

The combination of field distribution with the corresponding exposure
frequency reveals that there is no clear zonation pattern in the SVB salt
marsh, since the pioneer zone and the upper marsh can occur in almost
the same elevation range (Fig. S5). The only difference is observed in the
lowest limit of the distribution, where the pioneer zone (0.46-1.70 m
above MSL; Table S1) extends circa 10 cm lower than the upper salt
marsh (0.53-1.77 m above MSL; Table S1). Moreover, the presence of
micro-cliffs on the edges of the vegetation patches (Fig. 7. b, ¢ and
d) suggests an erosive environment that makes the establishment of plants
difficult for both pioneer and upper-zone horizons.

5. Discussion

According to the results presented, the estuary of San Vicente de la
Barquera is suffering a decline in the area covered by salt marsh vegetation.
Change maps and landscape metric analysis (Fig. 3 and Fig. 4) reveal vege-
tation loss at low elevations, as expected, but also at high elevations. The
elevation of the areas affected by vegetation loss has increased over time,
except in the most recent periods in which a reverse trend is observed
(Periods 5 and 6 in Fig. 4). The process of plant colonization (Fig. 4,
Gain class) increased in elevation over time. This pattern could be
related to the increase in flood elevation (Fig. S4), as a 3 % exposure fre-
quency seems to be the lowest limit of plant colonization in this estuary.
In SVB, the limit between salt marsh and mudflats seems to be around
0.5 m above MSL, and coincides with Balke et al. (2016) in that exposure
frequency, rather than inundation duration, is the best variable to define
the lowest limit for the establishment of pioneer vegetation. With these
boundary conditions, only a small area of the entire intertidal surface
seems currently suitable for plant colonization and, therefore, for salt
marsh vegetation recovering (West yellow tones in Fig. 7). Around the
main bridge (Fig. 1), the ground elevation has increased in recent years
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due to sand deposition as a consequence of increased energy in coastal
storms, but also due to the remobilization of dredging works, which redis-
tribute the sand to this part of the estuary (Flor-Blanco et al., 2015). Strong
energy events can remobilize sediment from the ebb-tidal delta (Fig. 1) and
transport it into the estuary via tidal currents. This is also noticeable in the
topographic transects that show a slight increase in the elevation of the
highest areas of the transects throughout the three field campaigns
(Fig. S6). These data illustrate the relevance of sediment mass budget on
SVB salt marsh (Ganju et al., 2020), and suggest effects of small
temporal-scale processes on SVB salt marsh behaviour. As a consequence,
seasonality is expected to have significant effects and consideration of the
temporal sequence of the data (orthophotographs and in situ data) will be
important in interpreting the results. Without a doubt, the interpretation
of salt marsh processes depends heavily on the quality of the elevation
data. In the case of SVB, no previous DTM was available, therefore in this
study the estimated DTM was used as a constant condition over the time in-
terval. The assumption of constant elevation introduces uncertainties in the
analysis of changes in coastal wetlands. Salt marshes are highly dynamic
systems (Fitzgerald and Hughes, 2019) fed by external factors (physical,
geomorphological and biological), such as tides, sedimentation, erosion
and progradation (Adam, 1990). Therefore, considering a constant DTM
is similar to assuming drivers of change, like sedimentation, to be static.
This assumption has been used in previous studies, arguing the need
for computational and interpretative simplifications (Murray et al.,
2014; Rahbani, 2011). In intertidal areas where access and measure-
ment difficulties translate into data paucity, as in the study case
presented here, simplification is the only way (Aranda, 2021). To com-
pensate for simplification, some authors combine several models to pro-
vide a more general perspective of marsh functioning (Mariotti, 2020).
Nevertheless, understanding salt marsh evolution requires quantifying

vertical ground changes in future works (briefly shown in Fig. S6 only
on three transects in the estuary), which are likely to be partly responsi-
ble for changes in vegetation.

The dynamic of estuarine pioneer areas can be evaluated by the behav-
iour of the patch-size distribution (van Wesenbeeck et al., 2008). It has been
previously demonstrated that a power law fit distribution of vegetation
patches suggests the existence of self-organizing processes controlled by
biogeomorphic feedback mechanisms (Rietkerk and van de Koppel, 2008;
Taramelli et al., 2018). According to van de Koppel et al. (2005), self-
organizing processes improve the functioning of salt marshes over short
time scales. However, it also increases physical stress on vegetation edges
over longer time scales, favouring habitat change and fragmentation
(Fig. 3). In SVB, the spatial pattern of vegetation patches is unclear, as
their distribution fits a power law only in some periods (Fig. 6).

Ecosystem functioning also depends on landscape connectivity (Taylor
et al., 1993). Characterizing changes in landscape connectivity requires
two perspectives: structural and functional connectedness. Structural con-
nectedness refers to the physical continuity of patches within the landscape
(i.e. large patches instead of small ones), whereas functional connectedness
comprises ecological processes within habitats. In this sense, the SVB salt
marshes show an evident decline in structural connectedness (Table 1
and Fig. 5), while functional connectedness could be stressed by self-
organizing processes in the long term (Fig. 6).

The decline of SVB salt marshes cannot be attributed to a single cause,
but to multiple factors including regional and local ones, often interacting
simultaneously (Kirwan and Megonigal, 2013; Thorslund et al., 2017). Nev-
ertheless, in this particular system, local factors seem to be more relevant
than regional ones, since there have been anthropogenic pressures acting
for a long time (mainly dredging works) that have probably strongly dete-
riorated the resilience of the salt marsh. The consequences of deepening
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channels to facilitate maritime transport have been described in other
estuaries worldwide, e.g. Westerschelde and Scheldt estuaries in the
Netherlands and the Elbe estuary in Germany, among others (Meire et al.,
2005; Kerner, 2007). Overcoming differences in spatial scale, these previ-
ous works support the conclusion that local pressures have major effects
on estuarine functioning, affecting the inner dynamics and processes of es-
tuaries. In SVB, dredging works have decreased since the 1990s and, de-
spite the general negative trend, this may have contributed to a partial
recovery of the sheltered and marginal parts of the salt marsh. Topographic
aggradation was only detected near the bridge. However, the topographic
profiles also exhibited clear symptoms of erosion with the presence of
micro-cliffs (Fig. S6), which could be explained by the stronger hydrody-
namic conditions described near the bridge due mainly to resonance effects,
forming a standing wave, with the node at the bridge and the antinode in
the inner part (Flor-Blanco et al., 2015). The particular hydrodynamic con-
ditions near the bridge support the conditions for simultaneous erosional
(micro-cliffs) and sedimentary (aggradation) processes in a small space.
This pattern is also supported by an irregular plant zonation pattern only
explainable by adjacent areas of erosion and recolonization (Singh
Chauhan, 2009; van der Wal and Pye, 2004).

Regarding the land reclamation areas, the renaturalization of river
flood-plain systems is being widely implemented in Europe at both large
and small scales (for instance, river Cole and Skerne in the UK, Brede in
Denmark, Danube delta, river Elbe, river Severn or Zeeschelde; Stelk
et al., 2017). The removal around 2016 of the retaining walls in the SVB
estuary (Fig. S1) has returned the tidal regime to land reclaimed from the
sea. Currently, the recovered area is partially renatured, but was previously
occupied by a Eucalyptus forest. Eucalyptus are considered invasive alien
species (IAS) and were intentionally introduced into Spain in the XIX cen-
tury (Silva-Pando and Pino-Pérez, 2016). Therefore, the recovery of the

tidal regime has double benefits: the recovery of the previous functioning
of the estuary, but also the regulation of an IAS. The recovery of tidal re-
gimes has been practised in other estuaries of the Cantabrian coast since
1959. These experiences have demonstrated that the tidal regime facilitates
the reestablishment of ecological functions, e.g. Santofia, Plentzia and
Urdaibai (Garcia-Artola et al., 2017). However, in previous cases, the recov-
ery of the functioning was also supported by high sedimentation rates
(average 15 mm yr '), enough to allow the recovery of the vegetation of
the salt marshes in periods of <10 years, currently found almost completely
in a natural state (Cearreta et al., 2013).

Accelerating salt marsh decline has been widely described, for both
North American and European estuaries (Kirwan et al., 2008). Based
on previous studies along the US coast, Ganju et al. (2015) described
how healthy functioning marshes tend to retain sediment, while de-
graded ones export it. Thus, the loss of plant biomass leads to a loss of
soil elevation, since the system capacity to trap sediment is reduced,
but compaction processes are maintained (Belliard et al., 2017;
Donatelli et al., 2020; van der Wal et al., 2008). It seems evident that
salt marshes will persist only if they can grow vertically or migrate hor-
izontally upland to adjust to the local SLR rates (Day et al., 2008; Kirwan
and Megonigal, 2013; Morris et al., 2002). The SLR rates described for
adjacent areas to SVB (Muskiz, in the Basque Country) are 0.26 m and
0.59 m for the years 2050 and 2100, respectively, under the RCP 4.5 sce-
nario of SLR; and 0.29 m (2050) and 0.75 m (2100), under RCP 8.5
(Sainz de Murieta et al., 2018). Merging these trends on SLR with the
current functioning of the SVB estuary and the anthropogenic pressures
above-described, the loss of the SVB salt marsh is expected to accelerate,
with the total disappearance of vegetation in 15-20 years (Fig. S3). In
this particular case, the presence of rigid infrastructures and geological
constraints make landward migration of the salt marsh impossible,
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creating conditions for a coastal squeeze process (Bouma et al., 2016).
The loss of the vegetation would generate a loss of functionality and
therefore the loss of ecosystem services.

Understanding the vulnerability of the salt marsh in response to the SLR
also requires understanding the dynamics of marsh edges (Marani et al.,
2011), essential for the lateral expansion/contraction of tidal marshes. De-
spite the extensive literature describing the loss of wetlands around the
world (Boorman, 2003; Donatelli et al., 2020; Farris et al., 2019;
Laengner et al., 2019; Wasson et al., 2019; among others), the uncertainty
on expected SLR effects is still very high, mainly due to the lack of knowl-
edge on the interactions between hydrodynamic conditions and eco-
geomorphological processes over time (Rodriguez et al., 2017). In short, a
deep study is still required on processes favouring/inhibiting the lateral
expansion of the tidal salt marshes (Bouma et al., 2016).

Management plans for the adaptation of wetlands to accelerated SLR must
take into account eco-geomorphological and hydrodynamic knowledge. The
goals of this type of project must be clear, as well as the appropriate methods
for measuring the temporal progress. Thus, restoration plans should involve
the recovery of prevailing ecological interactions, by allowing the self-
organizing systems to rebuild (Gallego Ferndndez and Garcia Novo, 2007).

6. Conclusions

The causes of the SVB fragmentation process have been assessed at re-
gional and local scales. Local pressures seem to be the most direct causes
of change in the SVB salt marshes, modifying the coastal and riverine dy-
namics and, therefore, diminishing the resilience of the system to future
threats at the regional level, such as the SLR. Main local pressures in the
SVB estuary include the scarcity of sediment input and the repeated dredg-
ing of the navigation channel. Thus, although data are not fully conclusive
as to the ultimate causes of degradation and loss, the present work suggests
that the most relevant factors in SVB salt marsh decline are local, helping to
focus future research efforts. Assessment of SVB estuary responses to tidal
recovery or future climate change scenarios still requires additional efforts
to be mad towards understanding long-term erosion/accretion patterns.
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