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Abstract: Salt marshes are among the most valuable ecosystems on earth; however, previous research
has reported global losses in their extent accompanied by an impairment of their ecological processes.
Nonetheless, investigations on salt marsh vegetation ecology are still lacking in many sites, including
in Ria de Aveiro. As such, this study aimed to (1) monitor, characterize, and understand the evolution
of salt marsh vegetation communities at three different study sites with different environmental
conditions and stages of degradation, where we also sought to (2) identify the main delimiting
abiotic factors associated with the distribution of the main species. To do so, a multidisciplinary
approach that involved the survey of vegetation from permanent transects and the collection of
ecological, physicochemical, and hydrodynamic data at sampling points within the monospecific
stands of the main species was reported. The results showed that, of the abiotic factors deemed as the
main delimiting forces of salt marsh vegetation, the soil elevation and hydroperiod were the most
restrictive factors, as they ultimately influenced species composition at the different study sites and
explained most of the variation observed between the studied monospecific stands.

Keywords: ecological interactions; halophytes; hydrodynamics; spatial distribution; soil elevation

1. Introduction

Salt marshes are unique coastal ecosystems that arise in sea-to-land interfaces, usually
in low-energy tidal environments [1,2] that collectively support abundant habitats and
provide countless valuable ecosystem services [3]. For instance, as exceedingly productive
ecosystems, salt marshes are of extreme importance for coastal web foods [3] and partake
a major role in climate regulation as they act as carbon reservoirs [4–6]. Moreover, they
also bear a vital role both in water quality improvement and nutrient cycling as they
are able to retain and filter several components of the ecological chain, such as excess
nutrients, contaminants, and microbes [3,7,8]. Additionally, they assure important coastal
protection [3,9] due to their ability to effectively provide wave/floodwater attenuation and
shoreline stabilization [10–12].

However, over the last decades, coastal marshes’ ecological processes have been
severely impaired [3,8]. Salt marsh area has been and still is being reduced at alarming rates,
mostly as a repercussion of ongoing detrimental human pressures and activities [2,3,13] to
which, more recently, major concerns over salt marshes’ vulnerability to climate change
have been added [14,15]. Given their lower elevations and regular exposure to the action
of tidal waves, many argue that salt marshes are particularly threatened by the current
accelerated sea level rise (SLR) rates, which often reach values greater than those under
which they developed [13,14,16,17].

Indeed, salt marsh ecology is strongly tied to tidal dynamics. Tides influence nearly
every aspect of these ecosystems, from the initial stages of colonization by biofilms and
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microphytobenthos [1,2,18] to the determination of suitable conditions for the establishment
of pioneer vascular plants [1,2,19], to even habitat delimitation and maintenance [2,20–22].
Additionally, tidal flow, along with freshwater runoff and groundwater inputs, command the
supply of water, sediments, and nutrients, in addition to the regulation of salinity and oxygen
gradients, ultimately impacting plant settlement, composition, and productivity [1,8,13,23].

Similarly, vascular plants, once established, also undertake a vital role in salt marsh
dynamics as they improve environmental conditions that further promote the growth of
denser vegetation that continuously stimulates the feedback of more accretion, aeration,
dampening, stabilization, and the establishment of new less tolerant species [8,24,25]. Soon
enough, pioneer species start giving place to others, following an ecological successional
course in the early stages [8,18]. As the salt marsh matures, zonation patterns parallel to the
shore start to unravel, splitting the salt marsh into low, mid, and upper regions [2,26,27],
as plant communities assemble in patches following a gradient of zonation from low to
higher marsh zones [1,8,28].

Broad zonation patterns have been observed and described globally [29], most of
them revealing past succession events defined by physical processes and environmental
gradients [2,3,18,28,30]. The clear influence of hydrology on salt marshes’ habitat delimi-
tation has led some authors to consider this mechanism as the primary factor regulating
salt marshes’ composition and function [14]. However, in recent decades, several studies
demonstrated that community structure may also reflect the influence of biotic factors
and that ecological interactions, such as competition and/or facilitation, bear a key role in
zonation as well [3,8,31].

Alternatively, a new line of thought emerged, bringing consensus to a more flexible
perspective that endorses different zonation constraints at different spatial levels. As re-
viewed by Lee and Kim [32], abiotic factors regulating zonation at lower borders can consist
of (1) elevation; (2) frequency of flooding; (3) salinity; (4) redox potential; (5) ionic compo-
sition and soil pH; (6) soil moisture content; (7) topography; (8) latitude; and (9) climate.
The biotic factors involved in zonation at upper boundaries might include (1) competi-
tion; (2) facilitation; (3) competition and facilitation trade-off; (4) physiological adjustment;
(5) seedling recruitment; (6) invasion; (7) grazing; and (8) herbivory [32]. As such, it is
now recognized that both abiotic and biotic factors interact within bio–geo–morphological
feedback. Although still not fully disclosed, they are believed to be responsible for salt
marsh plants’ distribution as a whole [8,31,32].

The research was conducted at Ria de Aveiro lagoon, a coastal system that, just
like many salt marshes around the globe, has been experiencing a decline in salt marsh
areas [33] and where there is an overall lack of studies focused on the investigation of salt
marsh vegetation communities’ ecology. Accordingly, this study intended to monitor and
characterize salt marsh areas that have been reduced over the course of the last decades
and explore to what extent the floristic communities have changed or if they have been
changing at all, and also to explore the interplay between the distribution of the main
species with the main involved delimiting factors, with the ultimate goal of identifying the
best course of action to the conservation of these ecosystems.

In more detail, this study aimed to (1) assess the variability in vegetation cover plant
communities within and between salt marshes with distinct topographic profiles and tidal
conditions in the context of periodic monitoring performed over the last two decades;
(2) understand how some of the most delimiting environmental, physicochemical, and
hydrodynamic parameters of salt marsh vegetation fluctuate, how they may relate with
one another, and how they influence the distribution of the most dominant species. As
an outcome of this yearlong investigation, we learned that salt marshes’ topography and
the influence of the tides were the most restrictive factors influencing the structuring and
functioning of the floristic salt marsh communities at Ria de Aveiro, communities that
differed within areas with distinct settings of degradation.
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2. Materials and Methods
2.1. Study Area

Ria de Aveiro (Figure 1) is a mesotidal lagoon of complex geometry located on the
northwest coast of Portugal and connected to the Atlantic Ocean through an artificial
inlet [34]. The lagoon encompasses an extensive system with a length and width of 45 and
10 km, respectively, and salt marshes occupy about 50 km2 of the lagoon area [33].

Figure 1. Map of Ria de Aveiro depicting the main channels with panoramas of the studied
salt marshes.

The lagoon’s hydrodynamics is tidally dominated and is primarily regulated by a
semidiurnal tide, exhibiting a mean amplitude of 2 m in the entrance, ranging from 0.46
to 3.52 m at neap and spring tides, respectively [35–37]. The hydrology differs for each
channel based on different tidal prisms and freshwater inputs [38]. The tidal prism for each
of the main channels relative to its value at the lagoon mouth is approximately 45%, 25%,
13%, and 9% for the São Jacinto, Espinheiro, Ílhavo, and Mira channels, respectively [39,40].

From its intricate configuration emerges a highly dynamic system both in terms of
physical as well as biogeochemical processes [39] and thus, to obtain a broader sample of
the different conditions, this study took place in three salt marshes, each located at different
main channels: Mira, São Jacinto, and Ílhavo (Figure 1).

2.2. Field Data Collection and Laboratory and Numerical Analysis

A multidisciplinary approach was employed to achieve the goals of this study, re-
sorting to robust and consistent direct field measurements. A plan was outlined for the
execution of field campaigns at each of the selected salt marshes of the 3 main channels.
The field sampling was conducted monthly, between October 2021 and September 2022, at
low water spring tides to ensure more accessibility and manipulation time.

In the days following the fieldwork, the collected samples were analyzed in the labo-
ratory, and hydrodynamic variables were determined using a numerical model (Table 1).
The research design was divided into two complementary analyses: initial characterization
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and inventorying of the salt marshes, followed by a study of the environmental, physic-
ochemical, and hydrodynamic parameters associated with their respective main species’
monospecific patches (Table 1).

Table 1. Summary table of the different methodologies employed.

Strategy Variables Frequency Analysis Description

Transect

Elevation (z) Once

Field

Measured directly with
a GPS-RTK on average every 0.6 m

Cover
abundance

Every month

All species were identified and
had their occupied area in an m2

registered along the transect using
a 1 × 1 m quadrat

Species
diversity

Main species
monospecific stands (n = 5)

Elevation (z)

Every month

Field

Measured directly with
a GPS-RTK

Redox
potential (Eh)

Measured directly with a WTW
pH 330/mV meter at 4 cm depth

for 10 min

pH

Laboratory

Measured with a WTW pH
330/mV meter in the porewater

obtained from
sediment centrifugation 1

Salinity (PSU)

Measured with a WTW Cond 3110
SET 1

in the porewater obtained from
sediment centrifugation 1

Water
content (WC)

Determined by drying 50 g of the
collected sediment at 105 ◦C until
a constant weight was obtained

Water depth (WD)

Every month Numerical model

Determined using a
hydrodynamic model developed

and calibrated for the
Ria de Aveiro lagoon [41] 2

Frequency of
flooding (F)

Mean flood
duration (FD)

1 Centrifugation performed in a Thermo Scientific Heraeus Megafuge 16R Centrifuge, at 10,000 rpm for 5 min, at
room temperature (about 21 ◦C). 2 Using numeric simulations regarding the annual period in which the campaigns
took place (1 October 2021–31 September 2022).

2.2.1. Characterization and Inventorying of the Transects

In the first stage, a single permanent transect perpendicular to the main channel was
established in the most extensive areas that presented adequate terrestrial accessibility
(as they had to be surveyed by foot) and with the most overall coverage at each site in
accordance with the previous field assessments in the context of this investigation, which
was also based on a predefined permanent transect in Mira that we meant to monitor.
The transects’ topographic profile, z(m), was then registered using the Trimble R8s GNSS
system (Table 1) and the soil elevation data was later used to determine hydrodynamic
variables according to the procedure explained in Section 2.2.3.

Quadrats were initially placed at the very beginning of the transects (at their highest
elevation points as delimited by upward roads, at the furthest end from the water channel)
and moved forward a meter at a time with its right side aligned with the soil elevation
points that were measured. A total of 120, 50, and 70 m2 were surveyed every month
in Mira, São Jacinto, and Ílhavo, respectively. Each species was identified and had its
cover-abundance determined according to the Braun-Blanquet (B-B) cover-abundance scale
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(+ to 5) [42] and as a complement, the average coverage (AC) values attained by each
species within the total sampled area of the transects were also calculated [43]:

AC(%) =
Total cover

Total sampled area

Once gathered, species distribution data were then used to calculate an elevation-
dependent Shannon’s entropy, S(z), for intervals within the full range of elevation of all
three salt marsh transects [28]:

S(z) = −
N

∑
i=1

Pi(z)ln Pi (z)

where N is the total number of species in the salt marsh and Pi(z) is the probability that the
ith species be in the established elevation interval.

2.2.2. A Study of the Main Species Monospecific Stands

To better understand the interaction between abiotic variables and species distribu-
tion, we selected lower areas of monospecific patches of the three most dominant main
shared species between the three salt marshes and performed monthly measurements of
environmental, physicochemical, and hydrodynamic variables at five arbitrary sampling
points at least 1 m apart (Table 1).

Measurements of the physicochemical parameters were either taken directly in situ
(redox potential) or obtained through the collection of sediment samples near the roots
of the main species that later went under laboratory analysis (porewater salinity/pH and
water content) (Table 1).

2.2.3. Numerical Analysis

A numerical model previously developed and calibrated for the Ria de Aveiro la-
goon [43] was used to determine hydrodynamic variables relevant to the establishment
of halophytic vegetation (Table 1). A numerical simulation covering the annual period in
which the campaigns took place, from 1 October 2021 to 31 September 2022, was performed,
and sea surface elevation time series outputted at the nearest point of each salt marsh were
considered. In detail, sea surface elevation and soil elevation were combined to identify
when each point emerged or submerged, and to determine the hydrodynamic variables:

1. The mean flood duration (FD), which denotes the time in hours during which the
sampling point is flooded [28], was calculated:

FD =
n

∑
i=1

di/n

where di is the duration of a single flood and n is the number of floods.

2. The frequency of flooding (F), which estimates the average number of floods that
occurred during a reference interval of time [28], was determined:

F = n/Tτ × 100

where n represents the number of floods and Tτ is the time elapsed between surveys.

3. The water depth (WD), defined as the difference between the level of mean high water
(MHW) and soil elevation, z, was calculated [44]:

WD = MHW − z

The hydrodynamic variables were determined every month for the monospecific
stands considering the sea surface elevation covering the time between each campaign,
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while for the topographic profile, the hydrodynamic variables were calculated considering
the sea surface elevation annual time series. The annual time series were also used to
determine several tidal levels for each salt marsh, namely the highest tidal level (HL), the
mean high water springs (MHWS), the mean high water (MHW), the mean high water
neaps (MHWN), and the mean sea level (MSL).

2.3. Statistical and Data Analysis

Collected data about the topographic profiles, the tidal levels, and the vegetation
survey of the chosen transects were compiled to determine the ranges of soil elevation
and hydroperiod variables in which the different salt marsh species were preferentially
distributed. To determine the influence of the environmental, physicochemical, and hydro-
dynamic data collected, a principal component analysis (PCA) was performed with their
normalized values using the “ggbiplot” [45] and “ggfortify” [46] packages in RStudio (Ver-
sions 4.1.3 and 4.2.2). The data were then complemented with a permutational multivariate
analysis of variance (PERMANOVA) using Euclidean distances as a measure of resemblance
on PRIMER (version 7). Differences were considered significant at a p-value of <0.05.

3. Results
3.1. Species Distribution along the Transects

Of the salt marshes studied, Mira’s salt marsh was the most distinctive in all its dimen-
sions. As shown in Figures 2–4 this site presented the most typical zonation configuration,
with distinct low, middle, and high marsh regions. Moreover, with Mira’s channel being
the closest to the inlet, the selected transect at this site was the most influenced by the tides,
which induced up to 1.79 m of sea surface elevation (Figure 2).

Figure 2. Topographic profile of Mira’s salt marsh transect ranging from its upper limit at land to
its lower border near water (black line) and its respective tidal levels, along with the vegetation
distribution for November through the transect length.
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Figure 3. Topographic profile of São Jacinto’s salt marsh transect ranging from its upper limit at land
to its lower border near water (black line) and its respective tidal levels, along with the vegetation
distribution for November through the transect length.

Figure 4. Topographic profile of Ílhavo’s salt marsh transect ranging from its upper limit at land
to its lower border near water (black line) and its respective tidal levels, along with the vegetation
distribution for November through the transect length. The gaps in the topographic profile illustrate
the presence of either creeks or ditches without vegetation.
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The wider range of elevations and greater length of Mira’s transect was matched by a
broader array of species—thirteen in total over the year (See Appendix A, Table A1)—ranging
from sub-shrubby halophytic species, such as Atriplex portulacoides L., Salicornia perennis
Mill., to several herbaceous species, such as Juncus maritimus Lam., Sporobolus versicolor
(E.Fabre) P.M.Peterson and Saarela, Puccinellia maritima (Huds.) Parl., and Elymus repens
(L.) Gould, and even invasive species, such as Carpobrotus edulis (L.) N.E.Br.

São Jacinto’s salt marsh displayed a broad topographic profile like Mira’s, though with
less noticeable boundaries (Figure 3); however, it attained far fewer species, a total of seven
along the different seasons, an amount closer to the eight species identified at Ílhavo, where
the transect was marked by several creeks and small-scale elevation fluctuations and was
largely confined to the levels of MHWN and MHW. (Figure 4) (See Appendix A, Table A1).

When monitoring these communities, almost no changes in species composition
were observed throughout the sampled months (hence, the choice of only representing
November’s survey), with the most noticeable differences conveying the appearance and
subsequent disappearance of annuals, such as Salicornia europaea L., Atriplex patula L., and
Briza maxima L., or the occasional expansion of neighboring species into the sampled areas,
namely Phragmites australis (Cav.) Trin. ex Steud.

All three locations (Figures 2–4) were mainly dominated by patches of A. portulacoides,
S. perennis, and J. maritimus from elevated to lower marsh zones, and patches of S. maritimus
in the intermediate and lower areas (except at Ílhavo’s salt marsh, where this species
occurred sparingly).

Likewise, the species cover-abundance (Table 2) showed a pattern concomitant to a
wider distribution. For all three salt marshes, species that showed broader distributions,
namely S. perennis., J. maritimus, A. portulacoides, and S. maritimus, were also the ones with
higher coverage and abundance values.

Table 2. Summary table of seasonal cover-abundance Braun-Blanquet (B-B) and average cover (AC)
mean values attained by the main species. Autumn (November); winter (February); spring (May);
summer (August). The symbol “+” refers to low coverage with few individuals.

Cover-Abundance

Salt Marsh Month
S. perennis J. maritimus A. portulacoides S. maritimus

B-B AC (%) B-B AC (%) B-B AC (%) B-B AC (%)

Mira

November 3.26 13.89 3.04 24.43 2.59 32.49 3.50 22.43

February 3.03 14.80 2.98 25.53 2.82 33.33 3.86 21.09

May 3.50 16.58 3.19 25.41 3.06 34.58 3.46 18.33

August 3.30 19.36 3.15 26.88 3.11 37.40 3.18 19.50

São Jacinto

November 3.37 20.18 2.26 16.40 4.00 78.60 3.33 2.84

February 3.11 20.74 2.52 19.10 4.02 78.16 2.75 2.94

May 3.00 18.20 2.19 17.28 4.16 78.42 2.25 2.48

August 3.21 19.50 2.42 16.70 4.48 79.10 2.75 2.72

Ílhavo

November 3.94 16.94 3.04 16.00 3.48 39.30 1.00 0.61

February 4.00 17.09 3.57 17.36 3.22 39.30 1.00 0.60

May 3.75 13.01 3.55 15.16 3.77 41.46 1.00 0.59

August 3.86 16.33 3.86 16.76 3.60 39.46 + 0.46

Of these four main species (Table 2), A. portulacoides was the most exuberant species, es-
pecially in São Jacinto’s salt marsh, where it covered a big portion of the transect (up to 79.10%
of the 50 m2 surveyed). This species is not only abundant but also showed marked dominance,
as evidenced by the highest mean Braun-Blanquet scale scores (e.g., 4.48 in São Jacinto).
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For the most part, species at São Jacinto and Ílhavo exhibited higher Braun-Blanquet
scores due to a greater dominance and the formation of larger almost monospecific stands,
contrasting with Mira’s marsh communities, which generally presented lower Braun-
Blanquet scores (Table 2) because although this latter marsh had the greatest extent, its
species were often found in multispecific stands.

Accordingly, as observed in Figure 5, entropy displayed higher values at mid-elevation
intervals in all three studied locations, but especially at Mira’s salt marsh. Overall, com-
munities were more diverse at intermediate levels of altitudes of each salt marsh. It is
interesting to note that the maximum Shannon Entropy values are reached at 1.45 m eleva-
tion in Mira and Ílhavo (which coincides with the level of MHSW), and this value decreases
to 0.9 in Ílhavo coinciding with the level of MHWN.

Figure 5. Elevation-dependent Shannon’s entropy, S(z), for the studied salt marshes.

Lastly, a closer look into the main species distribution along the transects (Figure 6)
showed that A. portulacoides was the species found in the broadest range of soil elevation at
elevations ranging from 0.45 to 1.94 m. It prevailed in intervals varying from 1 to 1.3 m of
elevation at Ílhavo and São Jacinto, and from 1.6 to 1.9 m in Mira. Regarding S. perennis
and J. maritimus, these species were found in a lesser extent of soil elevation ranges, mainly
in the low to mid ranges (0.7 to 1.9 m), and S. maritimus was mostly settled in even lower
areas with minor soil elevation (0.4 to 0.7 m).

3.2. Main Species Distribution

According to the PCA analysis, the first two components contain 68.70% of the global
variation. The first component accounts for 53.86% of the global variation, while the second
explains only 14.84%. As illustrated in Figure 7, Axis 1 has a strong positive loading for the
soil elevation and soil water content variables, and strong negative loadings for the mean
flood duration, frequency of flooding, and water depth, whereas Axis 2 is influenced by
strong positive loadings for salinity and inversely by the redox potential. As a result, this
analysis points toward a negative correlation between the hydrodynamic variables, soil
elevation, and water content, and similarly, between the redox potential and salinity.
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Figure 6. Relative frequency distribution of the main species over different soil elevation z(m)
intervals for each studied salt marshes.

Figure 7. Principal component analysis (PCA) grouped by species for physicochemical and hy-
drodynamic variables. Mean flood duration (FD); frequency of flooding (F); water depth (WD);
water content (WC); soil elevation (z); pH; salinity (PSU); and redox potential (Eh). The data are
representative of a period of 10 months, from December 2021 to September 2022.

A further assessment of this analysis, in conjugation with the complementary PER-
MANOVA analysis, revealed significative differences in variance between species, salt
marshes, and most of their joint interaction (p-value < 0.05; Table 3). The data suggests
a marked distinction between the distribution of S. maritimus and the other two studied
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species. Although, within a broad range of values, S. maritimus tended to be in lower areas
subjected to a higher frequency of flooding, extended mean flood duration, and deeper
water depth, typically, with reduced soil water content and slightly more reduced redox po-
tential. S. perennis, on the other hand, inhabited regions with intermediate values of altitude
subjected to the widest variance in most of the examined parameters. Lastly, in opposition
to the other species under investigation, the studied variables linked to A. portulacoides
exhibited a reduced range of variation, and the variability that occurred appeared to be
more correlated to seasonal changes in salinity and redox potential.

Table 3. Permutational multivariate analysis of variance (PERMANOVA) of monthly (Mo) changes
in physicochemical and hydrodynamic variables under patches belonging to the most dominant
observed species (Sp) at the different studied salt marshes (Sa).

PERMANOVA Table of Results

Source df SS MS Pseudo-F P (Perm) Unique Perms

Sp 2 990.13 495.06 169.34 0.001 * 998

Sa 2 476.63 238.31 81.515 0.001 * 999

Mo 9 232.15 25.795 8.8231 0.001 * 997

SpxSa ** 3 214.84 71.615 24.496 0.001 * 999

SpxMo 18 61.64 3.4244 1.1713 0.106 998

SaxMo 18 177.01 9.8337 3.3636 0.001 * 996

SpxSaxMo ** 27 89.979 3.3326 1.1399 0.103 993

Res 320 935.54 2.9236

Total 399 3192
* Statistically significant. ** Term has one or more empty cells.

4. Discussion
4.1. Salt Marsh Monitoring and Characterization

In the study of the three different transects, we found that the selected salt marshes
shared a core set of flora comprised S. perennis, A. portulacoides, J. maritimus, and S. maritimus
(Figures 2–4). The observed communities were consonant with the halophytic-rich ones
commonly found at temperate latitudes, where there is usually a prominent dominance of
herbaceous species [1,47,48], and although less common in northern salt marshes, the dom-
inance of sub-shrubby species such as A. portulacoides and S. perennis is also in agreement
with earlier findings at the lower limit of the temperate floristic cluster where our study
area is situated [1,48].

Overall, the floristic communities at the study sites evidenced very few changes over
the year, and the changes that occurred were related either to the emergence and subsequent
disappearance of annual species or coverage adjustments seemingly related to flowering
periods of certain species. Notice that higher cover-abundance values of the main species
overlapped with their respective flowering period, ranging from August to November
for A. portulacoides and S. perennis, July to September for S. maritimus, and May to July for
J. maritimus, as shown in Figures A1–A3.

Likewise, when set against previous data collected from salt marshes at Mira’s channel
(December 1995 to December 1996) [49] and with other unpublished data (May 2010 and
January 2011) collected by us, our results showed that although this region has been sub-
jected to degradation, changes in vegetation cover, and loss of area [33], there has been only
some slight changes in its communities composition over the past two decades. Overall,
the main differences between the four sampled periods illustrated the disappearance of
S. europaea beyond the years sampled by Silva [49] (though understandably so given this
species’ pioneer status and annual character) and the observed emergence of S. versicolor in
2010 and E. repens and C. edulis in 2021. Moreover, just like in this investigation, S. perennis,
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A. portulacoides, J. maritimus, and S. maritimus were the most abundant species (although
not always following the same proportions).

We also found that communities were more even, diverse, and less dominated by
a particular species at the intermediate levels of altitude of each salt marsh (Figure 5),
where intermediate values of inundation periods and frequency, as well as water depth,
were typically found, possibly because these latter hydrodynamic parameters could have
ultimately acted as disruptive forces—since they are usually associated with salinity and
oxidative stresses and the deposition of potentially damaging debris [1,50]—especially in
lower elevations where they were more prominent (as illustrated by Figures 6 and A4–A6),
but any further considerations about this possibility should ideally be investigated in the
future within more sampling sites.

Similarly, as illustrated in Figure 5, diversity was particularly higher at Mira’s salt
marsh; however, this study site was located in one of the least deteriorated areas of Ria de
Aveiro [33], and as such, it presented a greater length as well as greater ranges of elevation,
which conceivably promoted new opportunities for the establishment of additional species
(Figure 2) not as adapted to the more restrictive environmental conditions found within the
other salt marshes that were degraded and characterized by less soil elevation and more
inundation (Figures 1, 3 and 4).

Furthermore, at Mira, S. perennis, A. portulacoides, and J. maritimus were found at
slightly higher elevation intervals (Figure 6), while S. maritimus was compelled to even
lower more stressful surroundings despite the greatest elevation ranges found in this
study site (Figure 2). The preceding strongly suggests that the occurrence of the different
new species likely changed the dynamic between species competition and/or facilitation
interactions, which are known to be frequent in disturbed environments [51,52].

Such competitive interactions at salt marshes are usually associated with a trade-off
between competition and physiological tolerances, which posits that more elevated and
less stressful intertidal zones are typically occupied by stronger competitors who ultimately
limit the upper boundaries of the weak competitors to lower stressful physical environ-
ments [27,30,50,53,54]. Therefore, it is reasonable to determine that from the observed core
species, A. portulacoides was the most competitively dominant species and S. maritimus
the least. This assertion is further supported by one other investigation [55], where the
authors, while following both a young and a mature salt marsh, verified that A. portulacoides
largely colonizes and dominates most of the middle marsh areas, displacing species such
as S. perennis and S. maritimus (common to our study) to lower elevations.

The observed dominance of A. portulacoides was most certainly related to its ability to
form denser stands that make it difficult to coexist with other species [56]. However, as
evidenced in our results and in [55], not even the robust morphology of this species could
prevent the later invasion of taller and much more competitive species when the conditions
become favorable. Eventually, plants with C4 photosynthetic pathways, such as E. repens
and S. versicolor (found in Mira), outcompete C3 species, such as A. portulacoides and S. peren-
nis, that have slower rates of biomass production and thus a more limited ability to grow
rapidly and are usually less efficient in the use of available nitrogen and water [1,57,58].

4.2. Biotic and Abiotic Factors versus Vegetation Monospecific Stands

Although Juncus maritimus was one of the four species common to all three salt
marshes, it was rarely found in patches like the other three: Atripex portulacoides, Sporobolus
maritimus, and Salicornia perennis, but was rather characterized by many solitary specimens
often found mixed with other species. As a result, this species was omitted from the smaller-
scale study of monospecific stands, as there was no viable way of obtaining the intended
environmental, physicochemical, and hydrodynamic variables in exclusive association
with Juncus maritimus.

Nevertheless, the analysis of the available monospecific stands of the other main
species further highlighted the occurrence of a possible competition/tolerance trade-off.
Even in a smaller scale of elevation ranges, the differences in species distribution and
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along the several measured variables were significantly distinct (Table 3). A. portulacoides,
which does not develop aerenchyma [59], favored higher elevations and areas closer to
creekbanks, likely as a response to better conditions of aeration and nitrogen availability
at such sites, as was later evidenced by the typically higher redox values of sediment in
which this species was found. As a better competitor, A. portulacoides ultimately compelled
the other main species into lower elevations with greater instability and more stressful
conditions (Figure 7).

Furthermore, the PCA analysis suggested that the inundation variables were within
what would be predictable at the different elevation ranges [1], as the highest flood dura-
tions, frequencies, and water depths were effectively found at sampling points with lower
altitudes (Figure 7). However, contrarily to previous assessments, lower redox values, al-
though concurrent to lower elevations subjected to greater influence by the tides [30,60,61],
did not necessarily match more waterlogged sediments (Figure 7) that are usually expected
to have less oxygen available [20,62].

The observed greater waterlogging at upper elevations could either have resulted
from better drainage at lower sites closer to the edge [63], especially at Mira’s salt marsh
where sediment was sandier and more permeable [64], or essentially portrayed the crucial
influence exerted by vascular plants on their surroundings [8]. It has become clear that the
redox potential can be effected by different root systems/anatomies and/or metabolic activi-
ties [65–67]. For instance, greater metabolic activity of grasses (such as S. maritimus) coupled
with elevated evapotranspiration rates has been linked to sediment oxidation [68,69] and
thus may explain these observations.

Lastly, although recognized as some of the major delimiting factors of vegetation estab-
lishment [1], pH and salinity did not appear to substantially influence species distribution
where monospecific stands were more prominent, as most of the data variation stemmed
from differences in topography and hydrodynamics (Figure 7).

5. Conclusions

Our results showed that, of the abiotic factors deemed as the main delimiting forces of
salt marsh vegetation, the soil elevation and hydroperiod were the most restrictive factors
influencing the structuring of the floristic communities of Ria de Aveiro’s salt marshes, as
they ultimately influenced the biotic interactions and accounted for most of the variation
observed between the studied monospecific stands.

Although the authors recognize that this study would have benefited from more
sampling areas, based on the monitoring of the chosen study sites, it can be stated that
species composition is typically more diversified and can remain unchanged for long
periods of time in areas with slower degradation and loss of area, while areas with more
degradation and/or less extension presented less coverage and less diversity of species.

As such, since the topography and hydroperiod displayed such a big impact on habitat
delimitation and vegetation composition, we suggest that in the future, when attempting
to identify areas with greater potential for salt marsh restoration and/or conservation,
researchers should start by identifying areas with favorable topographic and hydrodynamic
settings or areas that at least have the potential to be expanded in length and/or altitude.

Lastly, it would be relevant to complement this investigation with future research
on the factors that ultimately influence salt marsh elevation and hydroperiods, such as
accretion and changes in mean sea level, so that, in conjunction with the obtained results
on species distribution, better predictions regarding the adaptation of marshes to climate
change could be made.
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Appendix A

The initial plan was to collect and analyze data from October 2021 to September 2022,
but due to some mishaps along the way with some methodologies and measuring instru-
ments, some of the physicochemical and hydrodynamic variables ended up incomplete.
For that reason, the data used for the PCA and PERMANOVA statistical analysis ended up
referring only to the last ten months of the studied period, extending from December 2021
to September 2022.

Table A1. Summary table with the mean overall coverage-abundance Braun-Blanquet (B-B) and
average cover (AC) values attained by all the species encountered throughout the year (and their
respective standard deviation). Scientific names according to POWO (https://powo.science.kew.org/,
accessed on 25 January 2023). The symbol “+” refers to low coverage with few individuals.

Species

Cover-Abundance

Mira São Jacinto Ílhavo

Months B-B AC Months B-B AC Months B-B AC

Salicornia perennis Oct–Aug 3.33 ± 1.02 15.97 ± 2.24 Oct–Aug 3.24 ± 1.09 19.63 ± 1.13 Oct–Aug 3.86 ± 1.01 15.99 ± 1.33

Juncus maritimus Oct–Aug 3.12 ± 0.97 25.33 ± 1.00 Oct–Aug 2.33 ± 0.94 17.42 ± 0.84 Oct–Aug 3.49 ± 0.92 15.99 ± 1.62

Atriplex
portulacoides Oct–Aug 2.86 ± 1.07 33.64 ± 2.71 Oct–Aug 4.22 ± 0.83 78.31 ± 0.50 Oct–Aug 3.48 ± 1.11 39.7 ± 1.50

Sporobolus
maritimus Oct–Aug 3.41 ± 0.87 20.75 ± 1.52 Oct–Aug 2.99 ± 0.68 2.66 ± 0.60 Oct–Aug + 0.61 ± 0.16

Sporobolus
versicolor Oct–Aug 2.90 ± 1.14 13.95 ± 2.84

Elymus repens Oct–Aug 3.23 ± 1.25 18.91 ± 4.06

Carpobrotus edulis Oct–Aug 3.45 ± 0.70 2.41 ± 0.50

Limbarda
crithmoides Oct–Aug 1.96 ± 0.51 0.61 ± 0.23

Puccinellia
maritima Nov–Aug 2.54 ± 0.89 2.37 ± 1.13

Spergularia marina Nov–Aug + 0.12 ± 0.06

Tripolium
pannonicum Oct–May + 0.20 ± 0.15

Limonium vulgare May–Aug + 0.04 ± 0.01

Avena sp. Oct–Aug 3.56 ± 0.00 0.72 ± 0.35 Oct–Aug 3.41 ± 0.54 3.47 ± 0.29

Briza maxima May–Aug + 0.17 ± 0.04

Triglochin
maritima Nov–Aug 3.46 ± 0.41 1.02 ± 0.23 Apr–May 3.00 ± 0.00 0.36 ± 0.02

Salicornia europaea Oct–Nov
Jul–Aug 3.5 ± 0.00 0.13 ± 0.04

https://powo.science.kew.org/
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Table A1. Cont.

Species

Cover-Abundance

Mira São Jacinto Ílhavo

Months B-B AC Months B-B AC Months B-B AC

Atriplex patula Nov 3.00 ± 0.00 0.06 ± 0.00

Phragmites
australis

Oct
Jul–Aug 3.00 ± 0.00 0.30 ± 0.19

Figure A1. Topographic profile of Mira´s salt marsh and its respective tidal levels. HL (highest tidal
level), MHWS (mean high water springs), MHW (mean high water), MHWN (mean high water neaps),
MSL (mean sea level). Representation of vegetation distribution through the length of the transept
(autumn: November, winter: February, spring: May, summer: August).
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Figure A2. Topographic profile of São Jacinto´s saltmarsh and its respective tidal levels. HL (highest
tidal level), MHWS (mean high water springs), MHW (mean high water), (mean high water neaps),
MSL (mean sea level). Representation of vegetation distribution through the length of the transept
(autumn: November, winter: February, spring: May, summer: August).
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Figure A3. Topographic profile of Ílhavo´s salt marsh and its respective tidal levels. HL (highest
tidal level), MHWS (mean high water springs), MHW (mean high water), MHWN (mean high water
neaps), MSL (mean sea level). Representation of vegetation distribution through the length of the
transept (autumn: November, winter: February, spring: May, summer: August).
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Figure A4. Mean flood duration (FD (hours)). Relative frequency distribution of the main species
regarding the mean flood duration for each of the studied marshes.

Figure A5. Water depth (WD (m)). Relative frequency distribution of the main species regarding the
water depth for each of the studied marshes.
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Figure A6. Frequency of flooding (F (%)). Relative frequency distribution of the main species
regarding the frequency of flooding percentage for each of the studied marshes.
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