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A B S T R A C T   

The rapid elongation of Culatra Island, a sandy barrier in the Ria Formosa chain (S. Portugal), since the mid- 
1940s led to the formation of three new embayments in its backbarrier that were gradually colonised by halo
phytic vegetation. This provided a rare opportunity to collect information and data on the very early stages of 
backbarrier marsh plant establishment and evolution. Sediment (surface and subsurface) sampling in two of the 
recently formed bays, combined with information extracted from vertical aerial photographs, allowed us to 
assess modern sedimentation characteristics and vertical accretion rates since the shift from a bare sandflat to a 
vegetated marsh platform. Present-day topography appears largely inherited by overwash or/and inlet-related 
tidal deposits that provided the necessary sediment pulse for the formation of an intertidal sandy substrate, 
suitable for colonisation. The variability in accretion rates, noted even within the same embayment, as well as 
the differences in accretion balance with similarly young backbarrier marshes, highlight the importance of local 
conditions (sediment import, distance to creeks and marsh edge, storm frequency and intensity) to marsh build- 
up, even during the very early stages. Variable accretion rates were also identified over intertidal seagrass 
patches, indicating similar influences. Organic deposition rates were very low in all vegetated intertidal habitats, 
indicating the dominance of mineral deposition to the vertical growth. A lag, ranging from roughly 10–30 years, 
was observed between the formation of the intertidal sandy platform and plant establishment in all embayments. 
The different timescales in the observed lag are likely linked to differences in hydrodynamic conditions, pro
moted by the embayment morphology (opening width). The lowest lag was observed in protected embayments, 
which could reflect a ‘typical’ delay for plant establishment in the system, while the highest lag was associated 
with higher energy backbarrier environments.   

1. Introduction 

Saltmarshes are unique coastal habitats of high ecologic and eco
nomic value that offer a plethora of important contributions, such as 
provision of detritus and nutrients to the coastal ocean, nursery grounds 
of shellfish and finfish, attenuation of storm surges and waves, pollutant 
assimilation (FitzGerald and Hughes, 2021) and carbon sequestration 
and storage (Sousa et al., 2017). At the same time, the complex in
teractions between biological, physical and morphodynamic processes 
that control their evolution at different timescales make them prime 
examples of ecological and geomorphological synergy (Belliard et al., 
2017). Even though these ecosystems are considered effective as sedi
ment sinks, the nature of this sediment sink function varies markedly 
between systems (French, 2019), with accretion and evolution 
depending on several factors, such as sediment availability, plant species 

and density, salt marsh platform elevation and local hydrodynamics 
(Pratolongo et al., 2019). Evidence of nonlinear marsh elevation 
adjustment to accelerating sea levels indicates that increased losses to 
subsidence can constrain elevation gains (Saintilan et al., 2022). Due to 
the complexity of interactions and processes and the underlying un
certainties, resolving all sediment fluxes in a marsh still remains a 
challenge to be addressed and one that is critical to its future resilience 
(Fagherazzi et al., 2020). 

Backbarrier marshes, developing at the lee of barrier islands and 
spits, are a marsh landform type with distinct geomorphological settings 
and interactions, typically characterised by coarser sediment of marine 
origin and potentially high dynamism (Carrasco et al., 2008). There is no 
clear relationship between tidal range and backbarrier marsh growth, 
indicating that other factors (e.g., elevation, suspended sediment, fre
quency and duration of tidal flooding, peat decomposition, and potential 
sediment delivery via storm surge, edge erosion or ice rafting) may 
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determine vertical build-up (FitzGerald and Hughes, 2019). Global data 
collected and analysed by Ouyang et al. (2022) support that backbarrier 
marshes have the lowest accretion rates among tidal marsh geomor
phological categories (e.g., fluvial, transitional and bluff-toe marshes 
showed higher rates by 1.6–1.8), mainly due to low sediment avail
ability. Even though global estimates might be of little use in terms of 
transferability and applicability in specific sites, this could still signify a 
higher vulnerability of backbarrier marshes to rising sea levels 
compared to other marsh types. Aside from the various ecosystem ser
vices attributed to salt marshes, backbarrier marshes also contribute 
significantly to the resilience of the barrier fronting it (Kombiadou et al., 
2019a, 2020), providing stabilisation and reducing landward migration 
rates (Hein et al., 2021; Walters et al., 2014). The resilience of the 
marsh-barrier unit is important beyond the scale of the unit itself, as 
potential perturbations (i.e., drowning) are likely to cascade to depen
dent systems, such as lagoon marshes located at their lee. 

Understanding the dynamics controlling change in backbarrier 
marshes is essential for assessing their ability to persist under changing 
environmental conditions, with the time aspect—how fast they form and 
what is their rate of change in position and morphology—being an 
important part of this understanding (Bartholdy et al., 2018). The main 
mechanism promoting the onset of backbarrier salt marsh growth is the 
introduction of new intertidal sand deposits at the lagoon side of bar
riers, like washovers and/or flood-tidal deltas (Carrasco et al., 2008; 
Matias et al., 2008; Rodriguez and McKee, 2021). The origin and 
geomorphological development of salt marshes can be rapid (e.g., less 
than 20 years; Carrasco et al. (2008)) in circumstances such as the 
creation of a relatively sheltered sandflat or mudflat from which a salt 
marsh could build vertically. This, for example, can be the result of the 
retreat of a major tidal channel away from a coast or the completion of a 
new terminal hook at the downdrift end of a barrier island or spit (Allen, 
2000). After establishment, tidal marshes accrete vertically by accu
mulating organic matter mostly from in-situ belowground plant pro
duction and by enhancing mineral sedimentation; the latter is the 
primary factor controlling accretionary process during the juvenile stage 
of marsh growth, while accretion in well-established marshes is pre
dominantly influenced by plant growth (Boyd and Sommerfield, 2016). 
There is evidence, however, that as the marsh builds up in height and 
high-marsh conditions are established, even though the site shifts to an 
organogenic functioning, relatively coarse sedimentation at the surface 
of the backbarrier marsh can still be a critical factor for maintaining 
accretion rates (Goslin et al., 2022). 

The relatively young backbarrier marshes of Culatra Island (Ria 
Formosa, South Portugal) are used to study backbarrier marsh genesis 
and early evolution through traditional methods, like mapping from 
aerial photos and surface and subsurface sediment analysis. More spe
cifically, the work aims to: a) identify present-day topography, plant 
zonation and recent sedimentation; b) assess long-term backbarrier 
marsh dynamics in terms of horizontal expansion, vertical growth and 
sediment composition since plant establishment; and c) identify the 
main controls, phases and related timescales during the early stages of 

backbarrier marsh development. 

2. Study area 

2.1. Location and characteristics 

The study focuses on Culatra Island, located at the east flank of the 
Ria Formosa barrier system (Fig. 1). The barrier chain harbours the most 
important wetland in South Portugal, declared a Natural Park since 
1987 and protected under the Ramsar convention and the EU Natura 
2000 network. The most recent (2014) mapping of intertidal habitats in 
Ria Formosa indicates a total extent of 2957.6 ha of salt marshes and 
1285.6 ha of seagrasses within the lagoon (Carrasco et al., 2021) and 
495.2 ha of backbarrier marshes in the 7 barriers of the system (Kom
biadou et al., 2019b). Backbarrier marshes presently develop in four 
embayments in the lagoon side of Culatra, hereon referred to as Culatra 
1 to 4 (numbering from west to east, as shown in Fig. 1c). Even though 
they represent a small portion of the total area of backbarrier marsh in 
the system (3.1%, versus 29.6% in neighbouring Armona Island; Fig. 1), 
these are rare instances of marshes having been formed in the very 
recent past (50–60 years). 

Culatra has been elongating alongshore since the middle of the 20th 
century, process that was triggered by the change in tidal prism balance 
within the lagoon after the artificial stabilisation of the updrift Faro- 
Olhão Inlet (opened in 1929, jetty stabilisation concluded in 1955; 
Vila-Concejo et al. (2002)). Pacheco et al. (2011) estimated that 75% of 
the tidal prism of downdrift Armona Inlet (Fig. 1), a natural and 
non-migrating inlet, which was the main inlet of the lagoon prior to the 
stabilisation, was transferred to Faro-Olhão by the early 2000s. After the 
intervention, the elongation rate of the island was enhanced, leading to a 
doubling of the island’s length between 1952 and 2014 (total increase of 
3.2 km; Fig. 1c) and respective narrowing of the Armona Inlet width 
(Kombiadou et al., 2019b). 

The growth was most likely sustained by the pre-existing, extensive, 
ebb shoals of the Armona Inlet (Pacheco et al., 2011) and took place in 
the form of recurved spits (Fig. 1b). Three new embayments were 
formed in-between the spits after the stabilisation (Fig. 1c): Culatra 2 
was formed sometime between 1930 and 1941 (Esaguy, 1984), Culatra 3 
between 1952 and 1958 and Culatra 4 between 1958 and 1969. 
Thereon, all three embayments gradually developed perched back
barrier marshes. In terms of plan view geometry, the bay entrance width 
is 100 m for Culatra 2, 250 m for Culatra 3 and 60 m for Culatra 4. 
Present-day indentation indexes (ratio of embayment depth to embay
ment entrance) of Culatra 2, 3 and 4 are 5.2, 0.5 and 1.8, classifying as 
very highly indented, low indented and medium-high indented, 
respectively (according to the classification of Bowman et al. (2014)). 

2.2. Backbarrier dynamics 

Ria Formosa is a mesotidal system, with diurnal astronomical tides 
and average tidal range of 1.3 m for neap tides and 2.8 m for spring tides, 
that can reach 3.5 m during equinox, and with no significant wave 
propagation inside the lagoon (Carrasco et al., 2018). Recent relative 
mean sea-level rate (SLR) estimates for the Portuguese coast range from 
2.1 to 2.5 mm/yr for the western coast (Antunes, 2019; Antunes and 
Taborda, 2009) to 1.5 ± 0.2 mm/yr for the south coast (Dias and 
Taborda, 1992) (Cascais and Lagos tide gauge data, respectively; loca
tion in Fig. 1a), while there is no significant fluvial influx to the system 
(Andrade et al., 2004). Subsidence in the area is negligible and the Ria 
Formosa basin can be considered stable (Lobo et al., 2001). 

Faro-Olhão (flood dominated) and Armona (ebb dominated) inlets 
are highly interconnected, with the residual flow along the Olhão 
channel (Fig. 1b) mainly directed from the former to the latter (Pacheco 
et al., 2010). As aforementioned, a large part of the tidal prism captured 
by Armona Inlet in the 1930s began to transfer to Faro-Olhão, after its 
stabilisation. Measurements from 2004 to 2007, showed that Faro-Olhão 

Abbreviations 

HM High Marsh 
LiM Limoniastrum monopetalum 
LM Low Marsh 
SaR Salicornia ramossisima 
SM Salt Marsh 
SpM Spartina maritima 
TF Tidal Flat 
ZoM Zostera marina 
ZoN Zostera noltei  
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Inlet captured 45% of the total neap tidal prism in the system and 
Armona Inlet captured 40%, with the prism balance for spring tides 
being at 61% and 23%, respectively (Pacheco et al., 2010). More recent 
measurements (2011-12) estimate the tidal prism balance at 59–71% for 
Faro-Olhão and at 37-25% for Armona, for neap to spring tide conditions 
(Rosa et al., 2019). The shifting tidal prism balance between the inlets 
on either side of Culatra and its elongation during this period indicates a 
gradual attenuation of tidal currents along the backbarrier, especially 
along the eastern part of the island. 

The offshore extent of the ebb tidal delta (at around 1.5–1.8 km) and 
the function of Armona Inlet as a net exporter of sediment were main
tained during its narrowing, with the bulk net sediment import taking 
place through Faro-Olhão (Pacheco et al., 2011; Salles et al., 2005). 

Regarding surface sediment composition, samples from Armona and 
Faro Olhão inlets show negligible mud content (0.03 ± 0.2% and 0.3 ±
0.4%) and a dominance of sands (94 ± 8.7% and 86 ± 18.4%), while 
samples from the Faro channel (Fig. 1a) show slightly higher mud 
content (3.1 ± 3.6%) (Costas et al., 2018). 

2.3. Human occupation and economic activities 

There are three settlements on the barrier, Culatra and Hangares that 
have permanent residents (the former being the main settlement of the 
island) and Farol that mainly holds touristic lodgings (Fig. 1c). The 
permanent population is mainly occupied in activities tightly linked to 
the natural system of Ria Formosa, like fishing and shellfish farming and 

Fig. 1. Digital Terrain Model (DTM; LiDAR, 2011, data from Direção Geral do Territorio) of the Ria Formosa barrier system (a; inset map shows location in Portugal 
and location of Cascais and Lagos tidal gauges -TG); locations from published works on saltmarsh dynamics are marked on the map (see legend). A zoomed view of 
the 2011 DTM over Culatra (marked in (a) with dashed polygon; same vertical scale) is given in (b), also showing the extension of licensed oyster and clam farms in 
the backbarrier (data from 2017; Agência Portuguesa do Ambiente). Selected coastlines of Culatra Island between 1916 and 2014, along with the location of the 4 
embayments (1–4) and settlements on the island, are shown in (c; 1916: mapped on the historical map ‘Costa Sul de Portugal entre o Cabo de Santa Maria e Vila Real. 
1915’; 1952–2014: see Kombiadou et al. (2019b) for ownership of vertical aerial photographs). 
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gathering (Pacheco et al., 2022). Shellfish (oysters and clams) farming 
takes place in leased farms in Culatra 1 (5.5 ha allotted to oyster units 
and 24 ha allotted for clam farming; data from 2017 from Agência 
Portuguesa do Ambiente; see Fig. 1b), while bivalve collection, activity 
during which harvesters manually dig and till the sediment, also takes 
place outside of farms, throughout the intertidal areas of the system. The 
density of the bivalve harvesters active in the intertidal zones along the 
backbarrier of Culatra per day is estimated at 54.8 per 100 ha during 
summer and 27.6 per 100 ha during winter (Cabral et al., 2019). The 
harvesting process has been linked with direct damage (uprooting or 
severing plants) and overall severe adverse effects for the Zostera noltei 
meadows of the system (Cabaço et al., 2005). 

Aside from traditional activities, the high touristic boom in the 
Algarve region and the increasing influx to the Ria Formosa region in 
recent years (i.e., 1991–2002: +35% in Ria Formosa, versus +29% in 
the Algarve region; Serpa et al. (2005)) may also have increased the 
environmental pressures to intertidal habitats. In Culatra 2, for example, 
an increasing number of moored boats within the bay was noted since 
the mid-1980s, likely due to its proximity to the Culatra settlement and 
its semi-enclosed morphology. The number of vessels (small boats-SB: 
5–6 m length; larger vessels-LV: 7–16 m length) present inside the bay 
in aerial photographs, typically captured during spring (before the peak 
of the summer touristic season), shows this trend: 10 (8 SB, 2 LV) in 
1986, 19 (4 SB, 15 LV) in 1996, and 86 (42 SB, 44 LV) in 2014. The 
entrance of the bay was closed off with poles in 2016, impeding access to 
vessels. 

3. Materials and methods 

3.1. Mapping and analysis of marsh evolution 

The backbarrier marshes of Culatra were mapped on vertical aerial 
photographs, available between 1952 and 2014 (variable flight in
tervals; see Kombiadou et al. (2019b) for coverage, resolution, raster 
ownership and mapping errors). The marshes were mapped as 
morphological units delimited by: a) the backbarrier coastline at the 
upper marsh limit (approximately at Mean Highest High-Water; 
MHHW), and b) the marsh edge boundary at the lagoon side (approxi
mately at Mean Sea Level; MSL). The backbarrier coastline was mapped 
tracing the upper marsh limit, either by marking the shift to bushy (more 
rugose, darker) vegetation in areas where the marsh transitioned to 
dune vegetation, or by marking the upper debris line in areas where the 
upper marsh bordered with bare sands. The lagoon-side marsh edge was 
mapped as the boundary between marsh and seagrass vegetation 
(identified by differences in colour and texture) in areas where the 
marsh adjoined a vegetated tidal flat, or as the edge of the low-marsh 
vegetation where it bordered an unvegetated tidal flat (bare sediment). 

Long-term (1952–2014) horizontal marsh edge change rates were 
assessed using the Digital Shoreline Analysis Tool (Thieler et al., 2009) 
along equidistantly spaced transects (every 4 m), cast vertically along 
curved reference baselines, drawn so as to cover the extension and form 
of the mapped marsh-edge lines as much as possible. Horizontal rates 
were analysed using Weighted Linear Regression (WLR) and setting the 
total error of each mapped boundary as the uncertainty value (see 
Kombiadou et al. (2019b) for errors), therefore nudging the regression 
toward more accurate coastline positions. The marsh area for each 
embayment was calculated from the shape enclosed within the two 
mapped boundaries in each flight. Additionally, the 2011 Digital Terrain 
Model (DTM, in Fig. 1b; horizontal resolution of 2 m and vertical error of 
0.15 m) was used to assess the available lateral accommodation space 
for marsh expansion in the area. 

3.2. Field data collection and analysis 

Two fieldwork campaigns were conducted to collect surface sedi
ment and core samples in Culatra 2 (June 2017) and Culatra 3 (May 

2018). The location of the surface sediment and core sampling stations is 
given in Fig. 2. Photographs were taken to identify vegetation, while a 
Trimble R6 RTK-DGPS (Real-Time Kinematic Differential Global Posi
tioning System) was used to collect topographic data. To assess the ac
curacy of the mapping criteria used for the backbarrier coastline, the 
upper limit of the marsh (approximately at MHHW; transition to dune 
vegetation) was mapped using the RTK-DGPS throughout Culatra 2 
(Fig. 2) and compared with the coastline mapped on the most recent 
raster dataset (2014). The distance between them was calculated using 
the Generate Near Table analysis from the proximity toolset of ArcGIS. 
Topographic transects were also recorded within the intertidal zone 
(Fig. A.1), to verify elevational ranges of dominant plants. 

In total, seven sediment cores were collected during the campaigns 
(three from Culatra 2 and four from Culatra 3; Cul2A-2C and Cul3A-3D 
in Fig. 2) using a 50 cm-long gauge auger (Cul2B, Cul2C and Cul3C) or a 
70 cm-long and 4.5 cm wide PVC pipe (Cul2A, Cul3A, Cul3B and Cul3D). 
Cores collected with the gauge auger were sectioned in the field (every 2 
cm in the top half and every 5 cm for the bottom half of the core) and 
samples were labelled and secured in plastic bags. PVC tubes were 
inserted in the soil until the top part was levelled with the surface, and 
then capped and removed with caution (see Fig. A.2a-c). The PVC core 
samples were frozen between sampling and analysis and were split 
lengthwise in the laboratory and sectioned using variable intervals, 
depending on the uniformity in sediment composition. 

Individual slices from all cores were analysed for granulometry and 
organic matter (OM) content. The samples were oven-dried to remove 
water (at 60 ◦C for 3 days) and then treated with hydrogen peroxide 
(H2O2) to determine OM. Samples were weighed prior to and after each 
step, with the water and the OM content determined by the weight loss 
after oven-drying and hydrogen peroxide treatment, respectively. After 
OM destruction, the grain-size distribution of the coarse fraction (≥63 
μm) was determined by dry-sieving at 1/2-phi size intervals and of the 
fine fraction (<63 μm) using a laser particle size analyser. Grain-size 
distribution parameters (mean diameter, sorting, skewness and kurto
sis) were calculated for all collected samples, using GRADISTAT v.8.0 
(Blott and Pye, 2001). The compaction of the sediment in the PVC cores 
during penetration was corrected distributing the total shortening of the 
core to the sampled slices, assuming that the compaction ratio varies 
linearly with mud content. The same laboratory work process (water 
extraction, OM destruction, sieving and laser granulometry) was applied 
to the surface samples. 

3.3. Vertical accretion rate assessment 

The results of the core sample analysis in Culatra 2 and 3 were 
combined with the available raster datasets to estimate vertical accre
tion rates, by: a) identifying the depth within each core where the 
transition from a non-vegetated to a vegetated platform occurred and b) 
indirectly ‘dating’ this surface by inferring the potential year range since 
plant establishment from the available raster datasets. Given that the 
growth of salt marsh plants is linked to increased fine-grained sediment 
trapping (Pedersen and Bartholdy, 2007) and that both mineral and 
organic inputs are important for marsh vertical accretion (Neubauer, 
2008; Rodriguez and McKee, 2021), the content in total fines (OM and 
mud, in %) was selected as a criterium that can account for both inputs. 
To identify the shift from a bare sandflat to a vegetated state, we 
assumed that a ‘critical value’ for total fines exists, below which the 
sediment can be considered as unvegetated sand with no significant 
organic and/or fine mineral deposition. 

To reduce the uncertainty that can be associated with using a single 
threshold value, we opted for applying a range in threshold values, thus 
obtaining a range in vertical accretion since vegetation establishment. 
The threshold range used was determined by the total fines values 
identified in surface samples from vegetated and non-vegetated inter
tidal sites in the field (see section 4.1). The year of vegetation estab
lishment was assessed as the period between the most recent flight in 
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which the core station appeared unvegetated and the oldest flight in 
which vegetation was visible. This period, along with the core collection 
year, provided the maximum and minimum possible age for the vege
tated intertidal habitat. From the range in vertical accretion height since 
plant establishment and the age range, a set of four vertical accretion 
rates was obtained, used to assess the average and standard deviation 
values in each location. The total, mineral and organic deposition rates 
(in gr/cm2/yr) were also calculated by the sum of the weight of total, 
inorganic and organic deposition since marsh establishment (consid
ering the average vertical accretion height), divided by the surface area 
of the core and the average age. 

4. Results 

4.1. Present-day distribution of plants and surface sediment properties 

Two types of seagrasses, Zostera noltei (ZoN) and Zostera marina 
(ZoM), were identified in the field, the former present in both embay
ments (Culatra 2 and 3) and the latter present in the deeper, northern 
part near the entrance of Culatra 2 (Fig. 2). In terms of marsh plants, 
both embayments show a succession from Spartina maritima (SpM) in the 
low marsh, to Salicornia ramosissima (SaR) in the high marsh, and to 
Limoniastrum monopetalum (LiM) along the upper marsh border and the 
transition to the dune (Fig. A.3). Species, such as Sarcocornia perennis 
and Limonium vulgare, were also present in the high marsh, but with 
lower abundance. Surface sediment samples were grouped either by the 
dominant plant in each station, or in the bare sediment (BS) group. The 
results of the elevation and sediment analysis are given in Fig. 3 

(spatially variable data for Culatra 2 are given in the Appendix, in 
Fig. A.1 and statistical metrics are given in Table A.1). 

The plant zonation in the system is clearly depicted in the topo
graphic data collected (Fig. 3a), with a transition from ZoM (sampled in 
Culatra 2) to ZoN (present in both bays) roughly at the low water neap 
tide level (MLWN). These elevational ranges are consistent with the 
different desiccation tolerance of the two seagrasses, restricting ZoM to 
the lower part of the intertidal zone (Leuschner et al., 1998), while ZoN 
typically exhibits exposure times of 6–8 h per semidiurnal tidal cycle 
(Silva and Santos, 2003). The transition from the tidal flat to the marsh 
(ZoN to SpM) takes place slightly above MSL (~0.1 m), while there is 
some mixing in species (SpM and SaR) at the transition between the two 
marsh zones (approximately at MHWN; Fig. 3a). 

Bare sediment areas (BS in Fig. 3) show high variability in elevation, 
as samples were collected from various parts of the system. Both mud 
content and OM are low (median values of 1.6% and 0.9% respectively) 
and the samples comprise moderately to poorly sorted medium to coarse 
sands. The total fines content over bare sediment (sum of mud and OM 
for BS) ranges from 0.1 to 10.3%, with an average value of 3.4 ± 2.6% 
(see also Table A.1). This variability was the basis for setting the range in 
threshold values for total fines, used for identifying the shift from a non- 
vegetated sandy platform to a vegetated state in the cores, at 5–10% (in 
section 4.2.2). 

Surface sediments collected from the ZoM meadow comprise very 
poorly sorted medium to coarse silt, with the lowest median diameter in 
the domain and the highest mud and OM (median values of 14.5 μm, 
18.6% and 72%, respectively; Fig. 3). The areas occupied by ZoN show 
high variability in granulometry, ranging from coarse silt and very fine 

Fig. 2. Sediment surface sample and core (Cul2A to Cul2C and Cul3A to Cul3D) stations in Culatra 2 and Culatra 3. Topographic data for the mapped trajectory of the 
upper marsh limit (approximately at MHHW) is also shown (base: 2014 orthophotographs). 
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Fig. 3. Boxplots of topographic elevation (a; in m) and surface sediment sample results for median diameter (b; D50), organic matter (c; OM) and mud content (d) for 
non-vegetated areas (BS: bare sediment), and zones occupied with Salicornia ramosissima (SaR), Spartina maritima (SpM), Zostera noltei (ZoN) and Zostera marina 
(ZoM); median (orange line), 25th and 75th percentiles (blue box), minimum and maximum values (black lines) and outliers (red crosses) are shown. The correlation 
of mud and OM content in all samples, grouped by vegetation, is given in (e) and the relation between elevation, tidal level and intertidal habitats in the domain is 
summarised in (f) (LiM: Limoniastrum monopetalum). 
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sand in inner parts of seagrass patches, to coarse sands in locations close 
to the patch edge. The OM content is also variable and correlates 
strongly with the mud content (Fig. 3e; R2 = 0.91). Over the low marsh 
(SpM), the surface sediment ranges from medium sands in regions 
bordering channels, to fine and very fine sands at elevations near the 
transition to the high marsh (D50 = 115–446 μm). Both mud and OM 
content distributions are right-skewed, showing high variability in 
values above the median (7.3% and 4.1%, respectively), with the two 

parameters positively correlated (Fig. 3e; R2 = 0.87). Surface samples in 
the high marsh (SaR) show slightly finer sediment (230 μm) and higher 
OM (9.8%) than the SpM zones and, again, a positive linear relationship 
between mud and OM (R2 = 0.8). 

Sediment samples were collected at elevations of up to 1 m from 
MSL, meaning that the upper band of the high marsh was not sampled, 
collecting only topographic data within this zone. LiM, indicative of the 
rarely inundated areas of the domain (Contreras-Cruzado et al., 2017), 

Table 1 
Accretion (average and standard deviation (StDev), in mm/yr) and deposition (total, organic and inorganic, in gr/cm2/yr) rates since plant establishment, derived from 
the cores; z denotes elevation and corresponds to the time of core sampling.  

Core Habitat z (cm) Accretion rate (mm/yr) Average deposition rate (gr/cm2/yr) 

Average StDev Total Organic Inorganic 

Cul2A TF − 22 3.0 1.8 0.15 0.01 0.14 
Cul2B LM 38 7.3 1.3 1.12 0.06 1.06 
Cul2C HM 92 1.3 0.3 0.23 0.03 0.21 
Cul3A TF 0 9.8 1.6 1.10 0.04 1.06 
Cul3B LM 23 4.5 2.5 0.55 0.01 0.54 
Cul3C LM 58 8.0 1.9 2.00 0.06 1.94 
Cul3D HM 63 5.5 1.2 0.68 0.04 0.64  

Fig. 4. Rates of marsh-edge boundary change in each embayment (Culatra 1 to 4: a to d, in m/yr, with reference to the colour-bar -blue to yellow colours denote 
progradation and orange to red colours denote retreat; value ranges and averages are noted in each plot), defined as WLR rates from all mapped marsh edge 
boundaries from the period 1952 to 2014; marsh polygons and the shoreline of 2014 are shown to assist interpretation. The boundaries of plots (a) to (d) on the island 
are shown in (e). 
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was used to identify the upper limit of the marsh in the field (transition 
from marsh to dune vegetation; see Fig. A.3); over non-vegetated areas 
the upper debris line was mapped, as indicator of MHHW level (mapped 
boundary shown in Fig. 2). The average elevation of the surveyed 
boundary was 1.5 ± 0.3 m, a value that is very close to the spring tidal 
amplitude in the system (Fig. 3f; MHWS to HAT: 1.4–1.75 m), verifying 
that LiM is a good indicator for the transitional marsh boundary. The 
average horizontal distance of the surveyed boundary and the back
barrier coastline mapped on the most recent orthophotograph (2014) 
was calculated at 1.6 ± 1.0 m. This relatively low error supports the 
accuracy of the visual criteria used to distinguish the upper boundary of 
the marsh in the raster dataset. 

4.2. Long-term marsh morphological evolution 

4.2.1. Horizontal rates and changes 
The long-term (1952–2014) weighted linear regression (WLR) rates 

of the marsh edge boundary lines in Culatra 1 (Fig. 4a) are mostly 
positive (i.e., progradation), showing overall lateral growth. Negative 
rates (i.e., retreat) are mostly concentrated around the middle of the 
bay, coinciding with the shellfish farming zones in the area (Fig. 1b). 
Even though these activities take place within the lower intertidal zone, 
marsh horizontal expansion can be affected directly, through mechani
cal erosion (e.g., noted in Culatra 1 between 1996 and 2001), or indi
rectly, by restricting lateral marsh expansion. Rates in Culatra 2 (Fig. 4b) 
show overall progradation, with marsh edge retreat restricted in the 
eastmost marsh patch of the bay. Even through the impact of shorter- 

term stressors, like trampling by visitors and shellfish harvesters, 
cannot be assessed at the scale of our analysis, such activities have been 
linked to damage of saltmarsh vegetation and risks of wider scale 
erosion (Boorman, 2003; Goldman Martone and Wasson, 2008) and 
have potentially affected saltmarsh evolution in Culatra 2 (increased 
touristic and clam picking loads due to proximity to main settlement). 
Culatra 3 (Fig. 4c) shows high variability in terms of values and spatial 
distribution, along with the highest average rate among the embay
ments. Rates in Culatra 4 (Fig. 4d) are mostly positive, with higher 
progradation in the northern part of the bay and with retreat concen
trated in the west inner part. 

In terms of marsh total area, all embayments show similar evolution, 
with an initial phase of faster horizontal growth and a subsequent phase 
of reduced rates (Fig. 5a). The western, oldest marsh of the barrier 
(Culatra 1) grew rapidly (1.37⋅103 m2/yr) up to 1986 and with very low 
rates thereafter (around 100 m2/yr). The same trend is observed in the 
second embayment (Culatra 2), with a rate of 791 m2/yr up to 1986 and 
of 76 m2/yr thereon. The marsh in Culatra 3 was expanding by an 
average of 1004 m2/yr between 1980 and 2008 and maintained a near- 
stable area between 2008 and 2014. Culatra 4, the smallest and ‘youn
gest’ perched marsh of the island, showed rates of 346 m2/yr up to 1986 
and of 39 m2/yr from then on. 

To allow direct comparison between embayments, marsh areas were 
nondimensionalised with the available lateral accommodation space in 
each embayment, estimated by the 2011 DTM as the area lagoonwards 
from the backbarrier coastline with elevations exceeding 0.1 m above 
MSL (lowest elevation of marsh plants in the field; Fig. 3a). A uniform 

Fig. 5. Backbarrier marsh area evolution (a, in 104 m2; note the break in the y axis) and percent march expansion (b, in %) for each of the four embayments (Culatra 
1 to 4) with time; marsh expansion was calculated assuming stable available lateral accommodation space (2011 DTM) and dashed lines correspond to the vertical 
error of the DTM (±15 cm). 
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value for the available lateral accommodation space was applied for the 
entire period, in lack of past elevation data. This simplified approxi
mation is solely intended to improve comparability of marsh growth 
between bay and not as an estimate of the actual marsh expansion 
timeseries, as it disregards eco-morphodynamic marsh evolution. The 
derived percentages are given in Fig. 5b (dashed lines account for the 
vertical error of the DTM; 0.15 m). Toward the end of the study period 
marsh expansion appears stabilised at values of 60–70% in all embay
ments. During the initial growth phase, the rates are rather similar for 
the younger perched marshes, with 2.3, 2.9 and 4.6 %/yr per year for 

Culatra 2, 3 and 4 (for 1958-86, 1986–2008 and 1976-86), respectively. 
Thereafter, growth slows down significantly in all embayments. The low 
rate of Culatra 1 until 1986 (1.2 %/yr) is attributed to the more mature 
state of the marsh, after which growth practically ceased. 

4.2.2. Vertical accretion rates 
The cores collected from Culatra 2 and 3 show that sediment tends to 

be finer and with higher OM and water content near the surface (Fig. 6), 
while there is high variability in sediment distribution between cores of 
similar elevation and habitat type. Coarser sediment (gravel) found in 

Fig. 6. Core granulometric composition as percentage of mud, sand and gravel content (stacked filled areas with reference to the top x-axis), median diameter (D50 
(μm); cyan line with reference to the bottom x-axis, uniformly scaled, except for Cul3B), organic matter (OM) and water content (in %; solid blue and orange dashed 
lines, with reference to the top x-axis); a to c: cores collected from Culatra 2 (Cul2A-C); d to h: cores collected from Culatra 3 (Cul3A-D) (elevation (z), habitat and 
dominant plants are mentioned in the legend). 
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the surface layers of the cores are due to the presence of shell fragments, 
aside from Cul3B, where the origin is mostly lithogenic. Overall, the OM 
content is positively correlated to both mud and water content. 

In Culatra 2, the core collected from the vegetated tidal flat (Cul2A; 
Fig. 6a) shows a surface layer (1–9 cm) of very coarse silt with high OM 
and water content, an intermediate layer (9–24 cm) of very fine to fine 
sands, with lower OM and water content, and a significantly coarser 
bottom layer (24–70 cm) comprising medium sands. The core from the 
low marsh (Cul2B; Fig. 6b) is more coarse-grained, comprising mainly 
fine (6–12 cm) to medium sands (0–4 cm and 14–50 cm). Considering 
the proximity of the core location to the border of the marsh platform 
(see Fig. 2), the coarser surface layer (0–4 cm) is likely due to a recent 
pulse in sand influx. The core collected from the high marsh (Cul2C; 
Fig. 6c) contains the finest sediment sampled in the bay, comprising a 4 
cm surface layer of very poorly sorted coarse silt with high OM and 
water content, overlying moderately to moderately well sorted, very fine 
(5–7 cm) to medium sands (7–50 cm). 

In Culatra 3, the core collected from the vegetated tidal flat (Cul3A; 
Fig. 6d) shows a wide surface layer (~44 cm) with high mud, OM and 
water content. The sediment in the upper 17 cm classifies as very coarse 
silt and the rest of the core as poorly to moderately well sorted medium 
sands. The low marsh core Cul3B (Fig. 6e) has a surprisingly high con
tent of coarser sediment, that classifies as coarse to very coarse sands 
(D50 = 0.55–1.5 mm). The layers of increased gravel content likely 
correspond to pulses of increased marine sediment influx. Still, the 
presence of fines in the core is not negligible, with mud content 
exceeding 5% up to a depth of 16 cm. The low marsh core Cul3C (Fig. 6f) 
mainly comprises medium sands, with higher mud and water content 
within the topmost 20 cm and low OM throughout. It is noted that the 
sample collected from Cul3C extends to a depth of only 30 cm, due to 
disturbance of the sample within the bottom 20 cm during retraction of 
the gauge auger in the field. The core collected from the high marsh 
(Cul3D; Fig. 6g) consists of two rather uniform layers, a top one (0–12 
cm) with higher mud, OM and water content and poorly to moderately 
sorted medium sands, and a base one (12–70 cm) comprising moder
ately well sorted medium sands, with low OM. 

The coevolution between OM and fine sediment (i.e., mud content), 
identified in the surface sediment and in the core samples, supports the 

decision to include both parameters in the criterium used to separate the 
sedimentary facies pre- and post-vegetation establishment. The distri
bution of total fines along the core transects in the two bays is given in 
Fig. 7. The threshold values of 5% and 10% (yellow and white dashed 
lines, respectively) and the year range of vegetation (marsh plants or 
seagrasses) establishment, determined from the raster datasets (see 
Fig. A.4 and Fig. A.5 for Culatra 2 and 3, respectively), are marked for 
each core. Based on the threshold range applied, the height of sediment 
accumulated since plant establishment in Culatra 2 was assessed at 8–24 
cm in Cul2A, 24–32.5 cm in Cul2B and 6–8 cm in Cul2C, while for 
Culatra 3 the values are 48–58 cm in Cul3A, 8.5–23 cm in Cul3B, 19–23 
cm in Cul3C and 9–12 cm in Cul3D. 

The derived age and height range for the layer deposited since the 
plant establishment, along with the sediment composition, were used to 
assess the vertical accretion and deposition rates since plant establish
ment, given in Table 1. The organic deposition rates are generally low, 
with the highest values recorded in the low marsh (Cul2B and Cul3C), 
indicating that mineral sedimentation produces the bulk of the accretion 
in all cores. The vertical accretion rates from cores from the same habitat 
were highly variable. The tidal flat core from Culatra 3 (Cul3A; 9.8 ±
1.6 mm/yr) showed 3 times faster accretion than the core from Culatra 2 
(Cul2A; 3 ± 1.8 mm/yr). Similar and very high accretion rates were 
assessed over the low marsh in Cul2B and Cul3C (7.3 ± 1.3 and 8.1 ±
1.9 mm/yr), whereas in Cul3B the rate was half (4.5 ± 2.5 mm/yr). High 
marsh accretion rates show stark differences between the two bays, with 
core Cul2C (1.3 ± 0.3 mm/yr) barely having kept pace with SLR (1.5 ±
0.2 mm/yr; Dias and Taborda (1992)), whereas core Cul3D, located 
lower within the tidal frame, showed fast accretion (5.5 ± 1.2 mm/yr). 

5. Discussion 

5.1. Marsh vertical rates and sediment composition 

Our results show higher vertical accretion in the low marsh (4.5–8 
mm/yr) than in the high marsh (1.3–5.5 mm/yr), a trend that has been 
documented in other tidal marshes (i.e., Pethick (1981)). According to 
FitzGerald et al. (2008), low intertidal marsh plant species are more 
productive and contribute to higher rates of vertical accretion (~6–8 

Fig. 7. Transects of total fines (mud and OM content; in %) in Culatra 2 and 3 (a and b; the vertical scale and the core width are exaggerated). Horizontal dashed lines 
on the cores denote the transition from bare sand flat to vegetated tidal flat/salt marsh (threshold value of 10% & 5% as white and yellow lines, respectively) and the 
plant establishment year range, assessed by the aerial photos, is noted next to each core. 
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mm/yr) than high marsh species (~2–3 mm/yr), with reduced inun
dation depths acting as a limiting factor on both tidal sedimentation and 
bioproductivity. This is also supported by the study of Kirwan et al. 
(2016), whose meta-analysis on data compiled from 179 unique mea
surements (USA, Canada, UK, France and Spain) suggests that, on 
average, low marshes accrete twice as fast as high marshes (mean rates 
of 6.9 mm/yr versus 3 mm/yr, respectively). Similar conclusions were 
drawn by accretion rates measured over low and high marsh sites in 
Narragansett Bay (USA), with high marshes tending to accrete at a rate 
close to the SLR due to their position within the tidal frame that limits 
flooding frequency (Bricker-Urso et al., 1989). Allen (2000) also affirms 
that the rate of vertical accretion in salt marshes is high at the first stage 
of their initiation and quickly slows down, as the marsh platform builds 
higher in the tidal frame. 

The accretion rates of backbarrier marshes in Culatra are comparable 
to low marsh accretion rates from backbarrier and fringing patches in 
the western part of Ria Formosa and exceed estimates from neighbour
ing lagoon marsh patches. More specifically, long-term (1963–2000) 
rates over SpM in the backbarrier marsh of Ancão Peninsula (point 
CDSA1 in Fig. 1a) were estimated at 9.5 mm/yr (Arnaud-Fassetta et al., 
2006), while short-term (over 1.5 years) accretion in a fringing marsh of 
the west part (point NC04 in Fig. 1a), also colonised by SpM, was 
assessed at 11.4 ± 2 mm/yr (Neumeier and Ciavola, 2004). Cores 
extracted from lagoon marsh patches near Faro-Olhão Inlet (points M22 
in Fig. 1a) indicate rates of 1.5–3.8 mm/yr for the low marsh (SpM) and 
1.6–4.3 mm/yr for the vegetated tidal flat (ZoN), with the lowest rates 
measured in the most exposed stations (Martins et al., 2022). 

In terms of OM content variability along the intertidal habitats 
analysed, the core samples collected (top 5 cm) show high content over 
the tidal flat (ZoN; 10–17%), a reduction over the low marsh (SpM; 
1.2–7.4%) and a subsequent increase in the high marsh (SaR; 8–20%); 
the same trend is reflected in the surface sediment samples (Fig. 3c; 
median values of 7.7, 4.1 and 9.8 for ZoN, SpM and SaR). Similar 
variability was reported by Contreras-Cruzado et al. (2017) along a 
transect in the mature backbarrier marsh of Tavira Island (point CC17 in 
Fig. 1a; 5 cm-height core samples), with the highest OM content in 
samples from the high marsh (>20%), followed by samples from low 
marsh habitats (13%). Studying the variability of OM stocks in the 
surface sediment in the lagoon intertidal habitats near the Faro-Olhão 
Inlet (points M22 in Fig. 1a), de los Santos et al. (2022) found that OM 
values decreased along the transition from the seagrass meadow (ZoN) 
to the low marsh (SpM) and that hydrodynamically exposed locations 
contained 1.5 times less OM than more protected areas. Hydrodynamic 
exposure could be related to the reduced OM content at the surface of 
the cores of Culatra 3, compared to Culatra 2 (by 1.6 times for ZoN and 
2.5–6 times for SpM). 

Overall, the contribution of organic deposition in the intertidal 
habitats of Culatra is very limited compared to the mineral part, sug
gesting that the accretionary process is still at a juvenile stage (Boyd and 
Sommerfield, 2016). The correlation of deposited organic matter since 
marsh establishment with accretion rate is significantly poorer than that 
of the inorganic stock (Fig. A.6; p = 1.2⋅10− 3 and p = 7.3⋅10− 5, 
respectively), indicating that abiotic factors are the main driver for 
marsh accretion and there is high disparity in the influence of biotic 
factors. The high influence of local factors is also supported by the 
variability in vertical rates identified. This influence may become less 
pronounced with time and distance from the marsh edge, as the marsh 
builds higher within the tidal frame (Allen, 2000; Stoddart et al., 1989). 
Still, the low organic deposition of the recently formed backbarrier 
marshes of Culatra poses questions on the accuracy and validity of 
largescale assessments of blue carbon storage potential based on plant 
mappings (e.g., from remotely sensed data). 

Young backbarrier marshes, like the ones in Culatra 2 and 3, would 
be expected to grow faster than older ones, as accretion rates generally 
reduce exponentially with time (Allen, 2000; De Groot et al., 2011). 
There is evidence however that contradicts this commonly accepted 

paradigm of decreasing sedimentation rates with increasing age of the 
marsh (Schuerch et al., 2018). A comparison of vertical growth rates 
since marsh establishment of Culatra with other recently (within the last 
century) established and similar in terms of dynamics backbarrier 
marshes (see Fig. A.7 for details on key drivers across relevant spatial 
scales in each site; methodology after Yando et al. (2023)) are given in 
Table 2. The accretion balance rates (accretion rate minus synchronous 
regional SLR; (Crosby et al., 2016)) from Culatra are toward the higher 
end of the range. The low marsh accretion balance rate at the Skallingen 
spit (Danish Wadden Sea; Nielsen and Nielsen (2002)) is comparable to 
the similarly young low marshes of Culatra. Over the high marsh sites of 
Skallingen, however, older marsh sites show higher vertical rates, 
indicating the influence of local conditions (e.g., sediment import 
through ice-rafting) and morphology (e.g., location of creeks) to vertical 
accretion. The low accretion balance throughout the backbarrier marsh 
transect in the barrier of Sylt (German Wadden Sea; Schuerch et al. 
(2012))indicates the importance of oceanic forcing (e.g., storm fre
quency and intensity, SLR) to backbarrier dynamics. Similarly, sediment 
delivery (e.g., distance to creek and marsh edge) appears more impor
tant in controlling marsh accretion balance than age in young (non-
subsiding) backbarrier marshes of the Dutch Wadden Sea (Terschelling 
and Schiermonnikoog; van Dobben et al. (2022)). Despite being older, 
the accumulation balance since low marsh establishment in the Ancão 
Peninsula of Ria Formosa (core CDSA1 in Table 2) exceeds the rates of 
Culatra. This enhanced accretion is due to the presence of washover and 
aeolian sand layers within the core posterior to the initial marsh 
establishment (Arnaud-Fassetta et al., 2006), indicating the importance 
of sand mineral deposition. These differences draw attention to the 
critical role that local factors may play during the early-stage marsh 
evolution. The success of projects using nature-based solutions, like the 
backbarrier saltmarsh construction to enhance future barrier resilience 
in Cedar Island (Virginia barrier chain, USA; Hein et al. (2021)), will 
depend heavily on the response of the implemented design to local 
conditions. 

5.2. Mechanisms of backbarrier marsh genesis and early-stage evolution 

Information on the geomorphological changes and major processes 
that led to the formation of the initial sandy platform prior to the 
establishment of marsh vegetation can be drawn from the available 
raster datasets. The earliest available aerial photograph of 1947 
(Fig. A.8a) shows that the present-day marsh platform at the southern 
part of Culatra 2 (e.g., Cul2C) appears to be on top of washover deposits. 
This event was likely associated to the cyclone of 1941, during which 
severe damage was reported in the island settlement (Garnier et al., 
2018). From the same aerial photo, it appears that elevations prior to 
plant establishment were already increasing from the tidal flat to the 
high marsh core (Cul2A to Cul2C). Culatra 3 was captured for the first 
time in the flight of 1958 (Fig. A.8b) and a large part of the current 
topography in Culatra 3 is the result of inlet morphodynamic processes 
(recurved spit formation and incorporation of flood shoals). Even 
though the phase when the eastern tip of Culatra was at the location of 
the cores (sometime between 1952 and 1958) is not captured in aerial 
photos, the inherited recurved spit deposits in the barrier directly sea
wards from the bay are still visible in the current topography (Fig. 1b & 
Fig. A.8c). In the 1958 aerial photo, the two highest cores (Cul3C and 
Cul3D) appear to be atop a spit end, the intermediate core (Cul3B) is at 
the edge of a posterior, presumably lower, spit end and the tidal flat core 
(Cul3A) is located at the edge of delta shoal deposits. It is important to 
note that, based on the location of the debris line in the rasters (1947 for 
Culatra 2 and 1958 for Culatra 3), and on the fact that the deposits at the 
location of the cores were subaerial during image capture, it can be 
deduced that the surface of the deposited sand was within the intertidal 
zone in all core locations. The elevation of the sandy platform within the 
cores (Fig. 7) also indicates that the sandy substrate created by these 
processes was adequate for plant (marsh plant/seagrass) colonisation. 
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Culatra 4 was also impacted by overwash, with aerial photos from 1969 
(and 1972 see Fig. A.8c) showing a washover fan over the southern part 
of the bay, where marshes subsequently developed. The event was likely 
associated with the 1961 and/or the 1969 storms that hit the area 
(Garcia et al., 2010). After the mid-1970s, overwash frequency in east 
Culatra reduced significantly (Garcia et al., 2010), indicating the 
gradual establishment of more stable backbarrier conditions. 

It follows that the present-day backbarrier marsh platforms in the 
three eastern bays of Culatra have been largely inherited by sediment 
deposits, introduced to the backbarrier environment during the rapid 
elongation phase of the island, either by incorporation of recurved spit 
and flood deltas (Pilkey et al., 1989), or during overwash of the newly 
formed low-lying barrier (Garcia et al., 2002; Matias et al., 2008). In
formation on bay formation and introduction of intertidal deposits 
within Culatra 2, 3 and 4 is compiled in Table 3. 

Following the introduction of backbarrier deposits and the formation 
of the sandy platform, a delay in the establishment of marsh vegetation 
was noted in all three bays, which is estimated by the photos at 22.5 ±
7.8, 33 ± 11.3 and 13 ± 8.5 years for Culatra 2, 3 and 4 (Table 3). Such 
delays have been observed in other systems, such as salt marsh resto
ration attempts in the Tijuana Estuary (California, USA), where limited 
seed dispersal was observed even 5 years after the reestablishment of 
tidal flushing (Morzaria-Luna and Zedler, 2007) and in the Blackwater 
Estuary (UK), where plant establishment delayed 7 years (Wolters et al., 
2005). A significantly longer lag of 200 years between sand platform 
formation and marsh establishment, noted in the Skallingen spit back
barrier, was attributed to a lack of fine sediment deposition and/or 
symbiotic fungi vital for plant colonisation (Bartholdy et al., 2018). 

Generally, a lag in marsh plant establishment occurs when coloni
sation is restricted by factors such as: a) connectivity and distance to the 
main seed sources, leading to insufficient seed arrival, and b) environ
mental factors (i.e., inundation regime, currents) inhibiting seedling 
emergence and survival (Lõhmus et al., 2020). Due to the proximity of 

Table 2 
Synthesis of backbarrier marsh age and vertical accretion rates since marsh establishment (fines layer thickness divided by average marsh age), Regional SLR (RSLR) 
rates and derived accretion balance rate (accretion minus RSLR rate; Crosby et al. (2016)) from the Frisian Islands and Ria Formosa (LM: Low Marsh, HM: High Marsh). 
RSLR rates (contemporaneous with accretion period, or uniform long-term values when reliable shorter-term estimates were unavailable) were obtained from the same 
publication, apart from the Dutch Wadden Sea (data from Keizer et al. (2023)) and Ria Formosa (data from Dias and Taborda (1992)).  

Barrier | Location (Reference) 

core station marsh age (yr) fines layer thickness (mm) RSLR (mm/yr) accretion rate (mm/yr) accretion balance (mm/yr) marsh habitat 

Skallingen | Danish Wadden Sea (Nielsen and Nielsen, 2002) 
inner marsh 58 165 1.3 2.8 1.6 HM 
inner wadden 48 100 1.2 2.1 0.9 HM 
outer marsh (west) 58 160 1.3 2.8 1.5 HM 
outer marsh (east) 98 290 1.1 3.0 1.9 HM 
outer marsh (east) 25 170 3.8 6.8 3.0 LM 
Sylt | German Wadden Sea (Schuerch et al., 2012) 
S1 68–88 85 2.1 1.1 − 1.0 HM 
S2 88–98 270 2.1 2.9 0.8 LM 
S3 13–20 45 2.1 2.7 0.6 LM 
Terschelling | Dutch Wadden Sea (van Dobben et al., 2022) 
TER_T3 64–77 150 2.1 2.1 0.0 HM 
TER_T4 77–90 247 2.0 3.0 0.9 LM 
Schiermonnikoog | Dutch Wadden Sea (van Dobben et al., 2022) 
SCH_T5 89–98 140 2.0 1.5 − 0.5 LM 
SCH_T3 32–47 97 2.3 2.5 0.2 LM 
SCH_T2 22–37 135 2.5 4.6 2.1 LM 
SCH_T1 22–37 65 2.5 2.2 − 0.3 LM 
SCH_T0 3–25 41 2.7 2.9 0.2 LM 
Ancão | Ria Formosa, Portugal (Arnaud-Fassetta et al., 2006) 
CDSA1 84–94 800* 1.5 9.0 7.5 LM 
* sands present: from 1 major washover (~10 cm) and 4 minor washover or aeolian deposits 
Culatra | Ria Formosa, Portugal (this study) 
Cul2B 37–41 283 1.5 7.3 5.8 LM 
Cul2C 48–59 70 1.5 1.3 − 0.2 HM 
Cul3B 32–38 158 1.5 4.5 3.0 LM 
Cul3C 22–32 210 1.5 8.0 6.5 LM 
Cul3D 17–22 105 1.5 5.5 4.0 HM  

Fig. 8. Summary of main phases and controls on backbarrier marsh evolution, 
derived from the data collected in Culatra (the graphic representation is 
inspired by the response of estuarine marshes to sediment pulses, shown in 
Mudd (2011)); zcrit is the elevation limit for the development of marsh vege
tation (approximately at MWL) and zmorpho/zeco-moprho denotes the shift in 
elevation from morphodynamic to eco-morphodynamic processes. 
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the embayments to lagoon marshes (Fig. 1a) and to pre-existing back
barrier marshes (in Culatra 1 and in nearby Armona Island), seed 
availability should not have been restricted in the area. On the other 
hand, the limiting influence of the inundation regime, if any, should 
largely be similar between embayments and cannot justify the 
decade-scale difference in lag between them (Table 3). Therefore, hy
drodynamics appears to be the only major controlling factor that could 
explain these differences in lag between bays. The covariation between 
lag and embayment opening (Table 3) leads us to assume that 
morphological differences promoted different hydrodynamic conditions 
within the bays. The wide opening of Culatra 3 indicates high exposure 
to hydrodynamics and therefore a stronger dependency on the tidal 
currents along the backbarrier. This suggests that favourable hydrody
namic conditions within Culatra 3 appeared only after the tidal prism 
balance of the neighbouring Armona Inlet had sufficiently reduced, 
causing a longer delay for plant establishment in the bay. Contrastingly, 
the narrow opening of Culatra 4 readily provided a lower-energy envi
ronment, allowing for earlier establishment of marsh plants. A similar 
lag (11 years) was observed at a narrow-opening embayment in the 
backbarrier of Cabanas Island (point K20 in Fig. 1a; Kombiadou et al. 
(2020)). Considering the low distance of this site to mainland and the 
low tidal flow along the backbarrier (evidenced by frequent dredging of 
the channel; Dias et al. (2003)), it appears that a lag of roughly a decade 
might be typical for backbarrier marsh establishment under low energy 
conditions within the Ria Formosa system. A decadal timescale is also 
reported for natural patch marsh formation in other backbarrier systems 
(e.g., Bogue Banks, USA; Rodriguez and McKee (2021)). The 20-year lag 
of Culatra 2 falls in-between the two, pointing to intermediate condi
tions. Based on the work of De Groot et al. (2011), the gradual transition 
from sandy to finer sediment in the cores of Culatra 2 and 3 (transition 
from sandy substrate to marsh Fig. 6), also points to energetic conditions 
during initial marsh formation in the two bays. 

Based on the analysis performed, three main phases can be identified 
during early backbarrier marsh establishment, summarised in Fig. 8. The 
initial phase, dominated by morphodynamic processes, is precondi
tioned by the need to build the sandy substrate sufficiently high within 
the intertidal zone to allow for marsh plant establishment (>zcrit, 
approximately at MWL). In backbarrier settings, this is often achieved by 
a sediment pulse from overwash or delta shoal incorporation. After the 
formation of an adequately elevated sandy platform, a lag for plant 
establishment is observed, with durations that can vary significantly, 
depending on local conditions: a decade-scale lag can be expected in 
areas of low energy (e.g., protected bays) and low distance from seed 
sources, while a multidecadal lag can occur in highly exposed areas (e. 
g., open bays). It would be logical to assume that these lags would be 
longer under conditions of low seed availability. After initial establish
ment, eco-geomorphodynamic processes begin to control vertical 

growth (dzeco-geomorpho) and lateral expansion, initially progressing 
rapidly and gradually slowing down, as plants expand and occupy the 
available accommodation space (Fig. 8). 

6. Concluding remarks 

The main conclusions drawn from the analysis are summarised as 
follows:  

• The disparity in accretion balance rates between values assessed for 
Culatra and values from similarly young backbarrier marshes 
(Frisian Islands) highlights the importance of local conditions 
(sediment import, distance to creeks and marsh edge, storm fre
quency and intensity) to marsh build-up, even during the early stage 
after plant establishment. The wide range in accretion rates assessed 
for the same intertidal vegetated habitat (high marsh: 1.3–5.5 mm/ 
yr, low marsh: 4.5–8.1 mm/yr, vegetated tidal flat: 3–9.8 mm/yr) 
indicates high spatial variability in the major drivers of growth, such 
as hydrodynamics and mineral sediment delivery, in the domain, 
even within the same backbarrier system and within the same 
embayment.  

• In backbarrier embayments with low fine sediment influx, like 
Culatra, the presence of marine sands is prevalent, even after the 
establishment of intertidal plants. The sediment is predominantly 
sandy, with low organic deposition, even near the marsh surface, 
indicating the dominance of mineral deposition to vertical accretion, 
especially for juvenile backbarrier marshes.  

• Recent backbarrier marsh genesis in Culatra was initiated by the 
introduction of intertidal deposits (through overwash or inlet shoals) 
that provided a sandy platform, suitable for marsh plant establish
ment. A lag of ca. 10–30 years was observed until colonisation was 
established, mainly driven by local hydrodynamic conditions. The 
lower end of the range was observed in protected embayments, 
which could indicate that it reflects a ‘typical’ lag for backbarriers in 
the system, while the upper end of the range was linked to higher 
energy embayments.  

• After plant establishment, backbarrier marsh horizontal growth at 
the macroscale of a bay appears conditioned by the form of the initial 
intertidal deposit, with reducing rates with time, as plants expand 
and occupy the available accommodation space. At a more detailed 
spatial scale, long-term horizontal rates of the lagoonside marsh edge 
are highly complex, with areas of chronic retreat likely related to 
human pressures (i.e., shellfish farming in Culatra 1 and boat 
mooring in Culatra 2) or to hydrodynamics (i.e., central part of 
Culatra 3). 

Table 3 
Synopsis of the characteristics and main events during the pre- and post-establishment of backbarrier vegetation (morphodynamic and eco-morphodynamic periods, 
respectively) in each bay.  

Dominant processes Event Type Embayment 

Culatra 2 Culatra 3 Culatra 4 

Morpho-dynamic Embayment Formationa 1930–1941 1952–1958 1958–1969 
Opening (m) 100 250 60 
Area (m2) 120,000 30,400 10,000 
Indentationb very high low medium-high 

Sediment pulse Year 1941 1952–1958 1961 and/or 1969 
Mechanism storm overwash inlet delta shoals storm overwash 

Eco-morpho-dynamic Marsh plant establishment Year 1958–1969 1980–1996c 1976–1980 
Lag (yr) 22.5 ± 7.8 33.0 ± 11.3 13.0 ± 8.5  

a Start of bay formation period: Last flight where the bay was inexistent. End of bay formation period: Storm (or most recent storm) responsible for the overwash 
sediment pulse in the backbarrier (Culatra 2 & 4) or first flight where the bay is documented for sediment pulse due to inlet delta shoals (Culatra 3; in this case, the bay 
formation and the sediment pulse periods are the same). 

b Classification after Bowman et al. (2014); related indentation indexes given in section 2.1. 
c 1986 is excluded due to the low expansion (Fig. 5a). 
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Kombiadou, K., Matias, A., Ferreira, Ó., Carrasco, A.R., Costas, S., Plomaritis, T., 2019b. 
Impacts of human interventions on the evolution of the Ria Formosa barrier island 
system (S. Portugal). Geomorphology 343, 129–144. https://doi.org/10.1016/j. 
geomorph.2019.07.006. 

Leuschner, C., Landwehr, S., Mehlig, U., 1998. Limitation of carbon assimilation of 
intertidal Zostera noltii and Z. marina by desiccation at low tide. Aquat. Bot. 62, 
171–176. https://doi.org/10.1016/S0304-3770(98)00091-6. 

Lobo, F.J., Hernández-Molina, F.J., Somoza, L., Díaz del Río, V., 2001. The sedimentary 
record of the post-glacial transgression on the Gulf of Cadiz continental shelf 
(Southwest Spain). Mar. Geol. 178, 171–195. https://doi.org/10.1016/S0025-3227 
(01)00176-1. 
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