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Abstract: Coastal wetlands play important environmental roles, but their hydrogeomorphological
dynamics remain poorly understood under extreme climatic events. This study aimed to characterize
the temporal and spatial variability of hydrogeomorphological attributes (vegetation, water, and soil)
in the wetlands of Lagoa do Peixe National Park, Brazil. The methodology involved applying
Principal Component Analysis in both temporal (T) and spatial (S) modes, and correlating
decomposed spectral indices (NDVI, MNDWI, BI2) for each attribute to identify variability patterns.
The results show that PCA highlighted the sensitivity of the Lagoon Terraces and the Lagoon Fringe,
where the low slope amplifies hydrological variations. The soil exhibited greater complexity,
reflecting its textural composition and distinct temporal response to the water balance. Vegetation
and water showed strong correlation, with seasonal dynamics influenced by ENSO events (El
Nifio/La Nifia). In the time series (2019-2024), precipitation and evapotranspiration exhibited distinct
seasonal patterns, influenced by an extended La Nifa period (2020-2023), characterized by water
deficit. The temporal variability in response to climate extremes has implications for the conservation
of these ecosystems, while spatial variability is more closely related to hydrogeomorphological
characteristics.

Keywords: hydrogeomorphological attributes; remote sensing; seasonal variability; coastal wetlands;
Principal Component Analysis; spectral indices

1. Introduction

Coastal wetlands play a fundamental role in providing habitats, mitigating floods [1-3], and in
carbon sequestration and storage [4-6], contributing approximately 12% to the global carbon stock
[7]. Moreover, they hold high economic value [8], making them essential ecosystems for both
environmental and economic sustainability.

Despite their recognized environmental importance, studies indicate a 30% loss of global
wetlands [9-11]. Between 1700 and 2020, wetland losses ranged from 21% to 35% [12]. From 1980 to
2014, 47% of Ramsar sites experienced suppression of associated wetlands [13]. Estimates of global
wetland area range from 0.54 to 21.26 million km?, but the specific spatial consistency of the wetland
class is less than 1% [14]. However, discrepancies between estimates may partly reflect differences in
wetland definitions. International treaties, such as the Ramsar Convention and the Kyoto Protocol,
highlight the need for wetland conservation [9]. Moreover, preserving these ecosystems is essential
for achieving the Sustainable Development Goals (SDGs) [15].

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Climate change compromises the functioning of coastal wetlands [16], leading to alterations in
hydrogeomorphology across multiple dimensions, such as changes in hydrological regimes, sea level
rise, freshwater inflow, and the input of sediments and nutrients [17], these changes affect
biodiversity [4], the biogeochemistry of these environments, and their capacity for carbon storage
[16]. Characterizing the water balance can serve as a key parameter for analyzing wetland variability,
while also providing valuable insights into the impacts of climate change on these
hydrogeomorphological systems [18].

Qualitative and quantitative indicators of the hydrogeomorphological characteristics of
wetlands, derived from optical sensors—such as spectral indices—enable the analysis of variability
patterns and change trends in hydrogeomorphological attributes that are essential to the ecological
health of these ecosystems [19].

Wetland variability patterns can be analyzed using multitemporal image transformations, such
as Principal Component Analysis (PCA). PCA has been employed to detect changes in the wetlands
of Zambia [20]; to identify spectral bands for differentiating wetland vegetation species in the Great
Lakes region, United States [21]; to assess degradation in the Goksu Delta, Mediterranean coast of
Turkey [22]; to identify spatiotemporal changes and monitor wetlands in the Yellow River Delta,
China [23,24]; in Nigeria, to evaluate impacts on vegetation [24]; in spectral mixture models to
quantify vegetation and water loss in the Andrade Mesa wetlands, on the U.S.—-Mexico border [25];
and in Brazil, to analyze the spatiotemporal variability of vegetation cover in the Pantanal [26]; s well
as to characterize the Taquari Megafan in the Pantanal [27].

Other authors have used PCA Orientation in T and S modes to identify recurring temporal and
spatial patterns over time. This approach was applied in the study of the Marismas Nacionales coastal
ecosystem (northwest Mexico) to identify patterns of variation in mangrove canopies [19]; and in
Poyang Lake, China, it was used to delineate dynamic cover types [28].

However, PCA applications have been nearly nonexistent in understanding the spatial and
temporal dynamics of hydrogeomorphological attributes in subtropical coastal wetlands. Based on
these considerations, the aim of this study is to characterize the temporal and spatial variability of
hydrogeomorphological attributes (vegetation, water, and soils) in the coastal wetlands of the Lagoa
do Peixe National Park, a significant Ramsar site in the southernmost region of Brazil.

2. Materials and Methods
2.1. Study Area

In Brazil, coastal wetlands are distributed along the entire coastline, spanning both tropical and
subtropical zones. They encompass a wide variety of ecosystems, including dunes, restingas, sandy
beaches, rocky shores, lagoons, estuaries, salt marshes, mangroves, and coral reefs [29]. Due to its
morphogenesis, the Coastal Plain of Rio Grande do Sul hosts the highest concentration of coastal
wetlands [30]. However, trends of ecosystem loss have been identified throughout the period from
1985 to 2021 [31].

The Coastal Plain of Rio Grande do Sul records four episodes of transgression and regression
during the Quaternary period, which gave rise to four depositional systems known as the Lagoon-
Barrier System. Three of these are of Pleistocene age (I, II, and III), and one is of Holocene age (IV)
[32-34].

The Lagoa do Peixe National Park is located in the central segment of the Coastal Plain of Rio
Grande do Sul, between the Lagoa dos Patos and the Atlantic Ocean, within the municipalities of
Tavares and Mostardas (Figure 1). It is a strictly protected Conservation Unit, established in 1986.
Due to its importance for the conservation of coastal ecosystems and migratory bird habitats, it was
designated as a Ramsar Site in 1993. Currently, it is part of the Atlantic Forest Biosphere Reserve and
the Western Hemisphere Shorebird Reserve Network [35,36]. Coastal wetlands within Lagoa do
Peixe National Park occupy 47% of the park’s area, and Lagoa do Peixe—the main water body —
periodically connects with the Atlantic Ocean [37].
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Figure 1. Study area location.

Within the park, five geological-geomorphological features are present: the Paleocliff of Barrier
III; Colluvial Deposits of Barrier III; Lagoon Terrace I; Lagoon Terrace II; and Aeolian Dunes of Barrier
IV [38]. The predominant soil type is Melanic Gleysol, a hydromorphic soil developed from recent,
unconsolidated Holocene sediments, with clayey, clayey-sandy, and sandy textures [39]. Nine
hydrogeomorphological compartments have been defined: Eolic Dunes, Lagoon Fringe, Lacustrine
Fringe, Lacustrine, Lagoon Estuarine, Lacustrine Terrace, Lagoon Terrace, Depression, and Slope
[40]. These areas are susceptible to flood pulses associated with extreme precipitation events.

Annual rainfall in the region ranges from 1,200 to 1,500 mm, with higher totals during winter
and spring, occasionally exceeding the historical average. Precipitation is primarily driven by frontal
systems resulting from the interaction between tropical maritime (mT) and polar maritime (mP) air
masses, as well as by anomalies associated with phenomena such as the El Nifio—Southern Oscillation
(ENSO) and the Southern Annular Mode (SAM) [39,40]. El Nifio events lead to above-average rainfall,
while La Nifia causes negative anomalies, significantly reducing water levels in Lagoa do Peixe [42—
45].

The vegetation cover consists of Pioneer Formations or Restinga [34], influenced by marine and
lacustrine conditions. Wet grasslands, swamp forests, marshes, tidal flats (marismas), and lagoonal
water bodies are also present. Areas of Pinus spp. silviculture—an invasive species —have spread over

the park’s sandy terrains [46], impacting the natural stability of dunes and contributing to the siltation
of wetlands [47].

d0i:10.20944/preprints202505.0663.v1
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2.2. Data and Procedures

This study adopted the following cartographic bases: (a) geomorphological compartments [38];
(b) hydrogeomorphological compartments [40]; (c) wetland mapping by the Zoobotanical
Foundation of Rio Grande do Sul [30]; (d) precipitation data from the Climate Hazards Group
InfraRed Precipitation with Stations (CHIRPS) product, using Java Script based code structures in the
Google Earth Engine (GEE) Code Editor platform; and, (e) evapotranspiration data from the Terra
Moderate Resolution Imaging Spectroradiometer (MODIS) product, MOD16A2GF, accessed via the
GEE platform.

Multispectral images from the Sentinel-2 satellite (MSI — Multispectral Instrument) were used,
covering the period from 2019 to 2024, with a spatial resolution of 10 m, obtained through Google
Earth Engine. One image per month was selected for each year of the time series, encompassing the
four climatic seasons and different phases of the El Nifio-Southern Oscillation (ENSO) variability (El
Nifio, La Nifia, and Neutral).

Spectral indices related to hydrogeomorphological attributes were calculated on the GEE
platform (Table 1): the Normalized Difference Vegetation Index (NDVI) for vegetation, the Modified
Normalized Difference Water Index (MNDWI) for water, and the Second Brightness Index (BI2) for
soil. The time series consisted of 72 images for each index.

Table 1. Spectral indices used in the study.

Hydrogeomorphological attribute / Variable Formula Reference
(red — green)

Normalized Difference Vegetation Index (NDVI) — [48]
(red + green)
. i ) (green — SWIR1)
Modified Normalized Difference Water Index (MNDWI) (green + SWIRD) [49]
2 2
Second Brightness Index (BI2) \/red + green” + Ni [50]

3

2.3. Principal Component Analysis (PCA)

The characterization of the spatial and temporal patterns of hydrogeomorphological attributes
was performed through the decomposition of the spectral index time series (2019-2024) using
Principal Component Analysis (PCA), normalized and non-centered, with orientations in the T-mode
(time) and S-mode (space).

In T-mode, the variables are temporal samples, allowing the identification of spatial patterns
that recur over time. In S-mode, the variables are spatial samples, enabling the identification of
temporal patterns that recur across space [27-51].

PCA was performed using the TerrSet Libera GIS software [54], Earth Trends Modeler (ETM)
Module, generating images of the principal components, variance, eigenvalues, and loadings for each
component in T-mode; in S-mode, the variance, loading images, and score profiles were obtained.
Four principal components were extracted: C1, C2, C3, and C4.

In order to understand and highlight the variability of hydrogeomorphological attributes
(vegetation, water, and soil), we chose to analyze only Principal Components 2, 3, and 4 of the PCA,
since Principal Component 1 (C1) represents the predominant pattern. The temporal and spatial
variations of interest in this study are better represented by the secondary components, which capture
contrasts and heterogeneities not explained by C1.

To assess the dependency relationship between hydrogeomorphological attributes, Simple
Linear Regression was applied to the loading values of Component 2 (C2) in T-mode and to the scores
in S-mode for each spectral index. The model construction involved correlation analysis using the
Pearson Correlation Coefficient. Data normality was assessed using the Kolmogorov-Smirnov test,
with p-values > 0.05 indicating the null hypothesis, meaning the data follow a normal distribution.
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Acceptance limits for the linear regression results were defined with a 95% confidence interval.
The estimated coefficients were obtained using the least squares method, aiming to minimize the
model residuals. The F-test was applied to assess statistical significance, with p > 0.05 established as
the relevance criterion. All statistical analyses were performed using PASW Statistics 18 software.
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Figure 2. Methodological framework of the study.

3. Results
3.1. Temporal and Spatial Variability

The PCA results in T-mode highlight spatial patterns of hydrogeomorphological attributes of
Coastal Wetlands recurring over time. The percentage of variance and eigenvalues (Figure 3) show
that the first component (C1) is dominant across all indices, contributing 91.79%, 89.25%, and 62.56%
of the variation in NDVI, MNDWI, and BI2, respectively, with high loading values (Figure 4). NDVI
and MNDWI exhibit a variance structure concentrated in C1, while BI2 shows a broader distribution
with C2, and the loading profile is distributed between C1 and C2 (Figure 4), indicating a temporal
dynamics with greater variability.
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Figure 3. Percentage of variance and eigenvalues associated with each Principal Component and
Hydrogeomorphological Attribute, T-Mode.

The loading profiles of NDVI (Figures 4a, 4b, and 4c), T-Mode, show variations in the time series
(2019-2024) and highlight distinct behaviors of vegetation cover, hydrological regime, and soil
characteristics. C2 stands out with positive peaks in winter (June to August) and negative peaks in
summer (December to March). C3 and C4 exhibit smaller amplitudes, with loading values ranging
between -0,2 and 0,2.
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Figure 4. Loading profiles by hydrogeomorphological attribute, T-Mode. The black, red, green, and blue lines
correspond to the temporal variation (C1, C2, C3, C4), respectively; and loading profiles (a) of NDVI; (b) of
MNDWTI; (c) of BI2.

The loading profile of MNDWI (Figure 4b) highlights hydrological variations. Although C2
represents less than 10% of the variance, it registers significant oscillations between -0,65 (February
2023) and 0,47 (June 2020). Positive peaks predominate in winter and spring (June to September),
while negative peaks occur in summer and autumn. C3 and C4 exhibit more discrete variations,
indicating intermediate hydrological patterns in areas with lower flooding frequency, with a water
balance regulated by processes such as infiltration, evapotranspiration, and subsurface storage.

The loading profile of BI2 (Figure 4c) highlights patterns in the interaction between soil
reflectance, moisture, land cover, and the hydrogeomorphological dynamics of the Coastal wetland.
In T-mode, C1 records negative values for most of the time series. C2 presents positive loading values
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ranging from 0,81 (January 2019) to 0,03 (April 2023). Associated with higher positive loads, C2 is
linked to areas of exposed soil and lower surface moisture, suggesting the capture of phenological
change events in vegetation cover or drought periods. C3 and C4, with subtler fluctuations, represent
intermediate patterns of moisture and soil exposure, associated with compartments with lower
seasonal fluctuations. BI2 proves sensitive to soil moisture dynamics and substrate exposure,
differentiating areas of exposed soil from areas with greater water variation.

The color composite images of components C2, C3, and C4 (Figure 5) show recurring spatial
patterns over time. In NDVI, C2 highlights areas of greater variability in vegetation, with distinct
patterns in the wetlands of the Lacustrine Fringe and the Lagoon Fringe, indicating the differentiated
response of vegetation to water influence. C3 and C4 emphasize secondary variations associated with
seasonal patterns, with a focus on transition areas between wet fields and lacustrine environments.

In MNDWI, C2 shows greater variability in areas of lagoons and marshes, which are wetlands
more sensitive to hydrological variations. In BI2, C2 emphasizes regions with higher soil reflectance,
while C3 and C4 display hybrid patterns that highlight the complex spectral response of areas
susceptible to temporary flooding and seasonal soil exposure.

Hydrogeomorphological Compartments / Wetland Tipology

1
2
3
4
5
6
7
8
9

- Depression / Marshes ]
- Slope / Wet Fields, Swamp Forest Study Area
- Lacustrine Fringe / Wet Fields I:I Hydrogeomorphological Compartments

- Lagoon Fringe / Wet Fields, Salt Marhes

- Lacustrine / Lagoons Pai Jodo, Veiana, southern water body
- Lagoon Estuarine / Peixe Lagoon, Salt Marshes

- Lacustrine Terrace

- Lagoon Terrace / Wet fields

- Eolic Dunes

Figure 5. Color composite of components C2, C3, and C4, T-Mode, in hydrogeomorphological compartments
and wetland typologies of study area. NDVI (A, B, C, D); MNDWI (E, F, G, H); BI2 (I, ], L, M).

The results of the PCA in S-mode highlight temporal patterns of the hydrogeomorphological
attributes of the Coastal wetland recurring in space. The percentage of variance and eigenvalues
show that C1 represents the dominant spatial pattern in all attributes, contributing 84,70%, 84,98%,
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and 73.41% of the variation in NDVI, MNDWI, and BI2, respectively, with proportionally high scores
(Figure 6).

In NDVI and MNDWI, C2, C3, and C4 capture smaller variations. C2 stands out as the second
largest variability, especially in BI2 (16,01%), contrasting with vegetation (NDVI 8,34%) and water
(MNDWTI 7,82%). The high score value of C2 in BI2 (302.584.66) reinforces its relevance in
discriminating secondary temporal patterns recurring in space. Components C3 and C4 represent
less than 2% variance in all attributes.
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Figure 6. Percentage of variance and eigenvalues associated with each Principal Component and

Hydrogeomorphological Attribute, S-Mode.

The scores (Figure 7) in S-Mode indicate that C1 exhibits a predominant and stable trend
throughout the temporal series for the three indices, reflecting the dominant spatial structure and
being less susceptible to seasonal variations. C3 and C4 show variations of smaller amplitude
compared to C1 and C2. The scores of these secondary components suggest short-term variations in
vegetation cover and less intense spectral response in vegetation.

C2 of NDVI (Figure 7a) shows significant oscillations, with notable positive peaks in the winter
months (June to August), with the highest recorded value being 1190.41 (August 2021),
corresponding to areas of higher vegetative vigor. In autumn and summer, recurrent negative scores
indicate that C2 captures disturbances in vegetation that are not apparent in C1. C3 and C4 show less
pronounced variations, reflecting short-duration processes and local changes, with opposing
fluctuations in the historical series.
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Figure 7. Score profiles, S-Mode by hydrogeomorphological attribute in the 2019-2024 time series. The black,
red, green, and blue lines represent C1, C2, C3, and C4, respectively; and loading profiles of (a) NDVI; (b)
MNDWT (c) BI2.

The C2 of the MNDWI (Figure 7b) displays score oscillations reflecting the influence of
hydrological events such as floods and droughts. The highest C2 scores occur during winter in all
years, while the negative peaks appear in summer, in autumn (2020, 2021, and 2022), and in spring
(2022).

The BI2 score profile stood out for presenting a distinct pattern, characterized by oscillations in
C1, seasonal variations in C2, stability in C3, and negative values in C4, suggesting a differentiated
soil dynamic. The C1 of BI2 (Figure 7c) shows positive score values in 60% of the time series, differing
from the T-Mode, which showed negative values. Negative peaks occur throughout the years, mainly
concentrated in certain months of summer, autumn, and spring. C2 displays less intense oscillations,
with a maximum peak of 1063.18 (June 2020) and the lowest recorded value of -522.32 (January 2023).
C3 shows loading values close to zero and predominantly positive; while C4 is mostly negative.

The recurrent temporal patterns of hydrogeomorphological attributes of the coastal wetlands, in
the false-color composites C2, C3, and C4 in S-Mode (Figure 8), reveal differences between
hydrogeomorphological compartments and wetland typologies. In the NDVI, C2 highlights areas of
greater contrast corresponding to wet fields and marshes in the Lagoon Terrace and Lagoon Fringe,
as well as palustrine vegetation in the Slope compartment —typologies with higher scores throughout
the time series.

The false-color composite of the MNDWI highlights flooded areas and water bodies within the
Estuarine Lagoon and Lacustrine compartments. C2 emphasizes the contrast between permanently
flooded areas and those that are temporarily saturated. C3 and C4 reveal the influence of seasonal
processes, such as water expansion and retraction, as well as the interference of suspended material,
particularly in Lagoa do Peixe.

BI2, an indicator of soil moisture and exposed soil presence, shows distinct sensitivity to
hydrological and geomorphological variations, with contrasts observed in the Lagoon Fringe,
Depression, and parts of the Lagoon Terrace and their corresponding wetlands. The C2 of BI2
emphasizes transitions between wetlands and dry areas, capturing fluctuations in water availability.
C3 reflects patterns associated with depositional processes related to flood events and water level
retraction.
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Figure 8. False-color composite of components C2, C3, and C4, S-Mode, in hydrogeomorphological
compartments and wetland typologies of study area. NDVI (N, O, P, Q); MNDWI (R, S, T, U); BI2 (V, X, Z, K).
3.2. Relationship Between Hydrogeomorphological Attributes

The Pearson correlation coefficients of the loading values of C2, T-Mode, and the scores, S-Mode,
demonstrate statistically significant associations (p < 0,001) between all analyzed combinations
(Tables 2 and 3).

Table 2. Pearson Correlation Matrix — C2, T-Mode.

NDVI MNDWI BI2
NDVI Pearson Correlation - - -
p value - - -
MNDWI  Pearson Correlation 0,862 - -
p value p<0,001 - -
BI2  Pearson Correlation 0,550 0,497 -
p value p<0,001 p <0,001 -
Table 3. Pearson Correlation Matrix — C2, S-Mode.
NDVI MNDWI BI2

NDVI Pearson Correlation - - _
p value - - -
MNDWI  Pearson Correlation 0,880 - -
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11
p value p <0,001 - -
BI2  Pearson Correlation 0,655 0,642 -
p value p <0,001 p < 0,001 -

The correlation between NDVI and MNDWI in T-Mode (p = 0.862) and S-Mode (p = 0.880) was
strong and positive, indicating an association between vegetation and water surface variability in the
compartments. The correlations between NDVI and BI2 (p = 0,550; 0,655) and between MNDWI and
BI2 (p = 0,497; 0,642) were moderate and positive, suggesting that soil brightness (BI2) also shares
part of the temporal and spatial variability.

The regression lines displayed positive linear trends between the analyzed variables (Figure 9,
Figure 10). Figure 9a shows that 74,2% of the NDVI variability can be explained by MNDWI
variations in T-Mode, and 77,4% in S-Mode (Figure 10a). In Figure 9b, in the regression between BI2
and MNDWI, only 24,7% of the BI2 variability is explained by MNDWI changes in T-Mode, and
41,2% in S-Mode (Figure 10b). Between NDVI and BI2 (Figure 9c), 30,3% of the temporal variability
of NDVI can be explained by the corresponding variations of BI2 in T-Mode, and 42,9% in S-Mode
(Figure 10c).
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Figure 9. Scatter diagrams of the hydrogeomorphological attributes, C2, T-Mode. (a): NDVI (dependent variable)
and MNDWI (predictor variable); (b) BI2 (dependent variable) and MNDWTI (predictor variable); (c¢) NDVI
(dependent variable) and BI2 (predictor variable).
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Figure 10. Scatter diagrams of the hydrogeomorphological attributes, C2, S-Mode. (a): NDVI (dependent
variable) and MNDWI (predictor variable); (b) BI2 (dependent variable) and MNDWI (predictor variable); (c)
NDVI (dependent variable) and BI2 (predictor variable).

3.3. Hydrogeomorphological Attributes and Water Balance

In the time series (2019-2024), precipitation and evapotranspiration exhibited distinct seasonal
patterns (Figures 11a, 11f), influenced by an extended La Nifia period (2020-2023), characterized by
water deficit. While precipitation showed greater variations associated with the influence of La Nina
and El Nino, evapotranspiration remained relatively stable, with moderate fluctuations. An inverse
relationship is observed, with stabilization or reduction of evapotranspiration during periods of
higher precipitation, and reduction or constancy during periods of lower precipitation. This dynamic
reflects the influence of the water balance in regulating water fluxes in the analyzed system.

The positive and negative peaks of the loading weights (T-Mode) and the scores of C2 (S-Mode)
for each attribute follow the variations of the hydrological regime (Figures 11a, 11f). The highest
values occur during periods of higher precipitation and positive water balance, while negative values
are related to phases of water deficit. It is noteworthy that the oscillatory behavior of C2 of BI2
(Figures 11c, 11f) differs from the others, showing a delay in response to the water balance. C2
appears to directly reflect water variations, suggesting a dynamic interaction between vegetation,
water availability, and soil structural conditions.
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Figure 11. Estimated values of precipitation, evapotranspiration, and water balance from 2019 to 2024.
Component 2 (C2) loadings and scores by hydrogeomorphological attribute, presented for both T-Mode and S-
Mode analyses. NDVI (a, d), MNDWI (b, e), BI2 (c, f).

4. Discussion

The characterization of the temporal and spatial variability of hydrogeomorphological attributes
(vegetation, water, and soils) in the wetlands of study area allowed for the identification of persistent
patterns over time, spatial differentiation, as well as seasonal or episodic fluctuations. Understanding
temporal and spatial behavior is essential for comprehending hydrogeomorphological dynamics and
guiding conservation strategies aimed at maintaining the environmental health of these systems. The
wetlands of the Park occupy interdunal areas between Barriers III and IV [38,40]. This compartment
is characterized by low altimetric variation [55] exposed, along with the wetlands, to coastal
dynamics, extreme climatic events [37], and anthropogenic impacts.

In this configuration, variability is predominantly determined by biophysical factors. Thus, the
method adopted in this analysis was aimed at characterizing and understanding the mechanisms that
regulate this variability.

Although PCA has been used in the investigation of inland wetlands [19-22,25-27,51,56], its
application in interpreting the variability of coastal wetlands is still underexplored. Moreover, PCA
has been predominantly applied in identifying dominant landscape patterns, detecting degradation,
and supporting image classification. It uses spectral bands as input variables [22,51], spectral mixture
[25], spectral indices such as NDVI and EVI related to vegetation’s biophysical atributes [27,37,57],
and MNDWI for water [27].

The analysis of vegetation and its degradation in wetlands using conventional PCA [22], based
on spectral bands as variables, showed limitations in distinguishing classes with similar spectral
signatures, such as marsh vegetation and agricultural crops. However, other studies using
conventional PCA and spectral indices (NDVI, MNDWI) proved suitable for analyzing changes in
the Taquari Fan wetland in Brazil [27]; and on the coast of Mexico, the use of a vegetation index
combined with PCA [19], was effective in identifying variation patterns in mangrove vegetation.

Our study employed multitemporal decomposition in both T (temporal) and S (spatial) modes,
along with the use of spectral indices. In component formation, PCA in T-mode emphasized those
components that stood out over time, while S-mode prioritized dominant spatial patterns. These two
approaches provided complementary insights into the temporal and spatial variability present in the
time series [52]. Radiometric indices of vegetation, water, and soil serve as predictor variables for the
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association of these attributes and the variability of coastal wetlands [58]. Applying PCA in both T
and S modes, along with vegetation radiometric indices in the Pantanal [26], proved effective in
investigating its temporal and spatial variability.

4.1. Temporal and Spatial Variability

Coastal wetlands exhibit high temporal and spatial complexity in their biophysical attributes
[59]. The interactions among topography, soils, water flow, and vegetation differ across each
hydrogeomorphological compartment [40], defining distinct functioning within each wetland
typology [60]. Seasonal and interannual variations in coastal wetlands influence the connectivity
processes of these environments [61,62]. Although these processes are essential for ecological
exchanges within these ecosystems, when considering the increase in emergent plants and water
levels, the relatively high soil moisture during extreme precipitation events can cause physiological
stress in plants, limiting their photosynthesis and autotrophic respiration [63,64].

The hydrological dynamics, morphology, surface cover, and vegetation interact
interdependently, modulating the temporal and spatial variability of hydrogeomorphological
atributes [60]. In the study area, hydrological variability is primarily driven by flood pulses associated
with extreme El Nifio-Southern Oscillation events and the Southern Hemisphere Annular Mode [65].

Climatological variables have been identified as drivers of environmental change in coastal
mangroves in Mexico [62], and in the phenology of the Pantanal in Brazil In the Pantanal, a strong
relationship was observed between precipitation variability and vegetation patterns [67], with the
seasonal hydrological pulse being the main determinant of plant productivity in flood-prone
compartments [68]. In addition to precipitation, flood responses vary according to geomorphology
and soil type, with sandy soils showing greater susceptibility to drought [26].

In both T-mode and S-mode analyses, vegetation, water, and soil in the Park wetlands showed
positive linear associations, with high and moderate correlations. The evidence of temporal
variability (T-mode) across space is linked to hydrological events such as flooding (El Nifio) and
droughts (La Nina), which directly affect the vigor and distribution of vegetation cover.

In S-mode, differences were identified among hydrogeomorphological compartments and
wetland typologies, particularly highlighting the contrasts among sectors of the Lagoon Terrace, the
Lagoon Fringe, and areas of marsh vegetation (in the Slope compartment).

4.2. Hydrogeomorphological Interactions

The strong linear association observed between NDVI and MNDWTI reinforces the functional
interdependence between vegetation and the presence of surface water in the Lagoa do Peixe
National Park wetlands. This pattern highlights that variations in moisture levels directly affect the
vigor and distribution of vegetation cover, both temporally and spatially.

On the other hand, the moderate correlations involving BI2 suggest that, although soil brightness
is related to hydroecological processes, its behavior is influenced by other environmental factors
beyond water availability or vegetation dynamics. The lower predictive capacity of the regressions
involving BI2 indicates a more complex and heterogeneous soil response to hydrological processes.

In the interdune area of study area, corresponding to Lagoon Terraces 1 and 2, hydromorphic
sandy-clayey soils predominate [40]. Under natural conditions, these hydromorphic soils remain
saturated with water either continuously or during certain periods of the year. They have limited
drainage and characteristics resulting from the influence of excessive moisture, whether permanent
or temporary, caused by the proximity of the water table to the surface during specific seasons [69].

The relationship between the water balance, loading values, and the scores of
hydrogeomorphological attributes revealed well-defined seasonal patterns between precipitation
and evapotranspiration, modulated by climatic events associated with the prolonged La Nifia period
(2020-2022). In contrast, the year 2019, under El Nino influence, was marked by regular rainfall,
which contributed to the stability of evapotranspiration observed during the following dry period.
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Evapotranspiration in wetlands can remain stable even during water deficit periods due to a
combination of ecohydrological factors, including physiological adaptations of vegetation,
groundwater storage, or soil moisture [70,71]. Coastal dynamics elements, such as winds and tides,
also modulate evapotranspiration behavior, as observed in the coastal wetlands of Chongming
Island, China [72], where coastal wind and tidal dynamics introduced complex patterns into
evapotranspiration behavior.

The oscillation of loading values (T-mode) and scores (S-mode) found in our study is consistent
with research that highlights the direct influence of water availability on wetland dynamics
[26,28,60,64-67,73], and the modulation of hydrogeomorphological processes [19,74-78].

In our study area, this oscillation is clearly expressed in the hydrogeomorphological
compartments of Lagoon Terraces 1 and 2, where the interaction between seasonal hydrological
dynamics and flat geomorphology intensifies the response of hydrogeomorphological attributes.
Characterized by hydromorphic soils and low slope, the Lagoon Terraces show high sensitivity to
fluctuations in the water table and to flood pulses, which explains the high loading values of
Component 2 (C2) in T-mode, associated with extreme events, as well as the contrasting S-mode
scores that distinguish permanently flooded areas from temporarily flooded ones.

This spatial compartmentalization highlights the role of geological characteristics in modulating
wetland resilience, with the Lagoon Terraces acting as critical transition zones between lacustrine
and palustrine environments. Small hydrological variations in these systems result in significant
impacts on vegetation and soil exposure, as indicated by BI2 loadings and scores.

The distinct temporal and spatial response of BI2 suggests the existence of resilience mechanisms
or delayed vegetation responses, possibly associated with factors such as rooting depth, soil water
storage capacity, or physiological adaptations [70,71,76].

Additionally, the influence of soil structural conditions may explain variations in temporal
response, as soil texture and porosity affect water retention and redistribution, thus modifying
vegetation responses to precipitation events [26,79,80].

The spectral behavior of sandy, fine-textured soils, as found in the study area, is another factor
explaining the temporal and spatial variability of this attribute, as detected by BI2. Sandy soils with
finer texture tend to retain more moisture during precipitation events, increasing radiant energy
absorption and reducing surface reflectance. This pattern is particularly evident in sandy soils with
sparse vegetation cover, as observed in Lagoon Terraces 1 and 2 of the Lagoa do Peixe National Park.

Vegetation variability was influenced by wetland geological characteristics in a study conducted
in the Pantanal [26], which identified early senescence of vegetation in areas dominated by sandy
soils. According to the authors, this pattern emphasizes the direct influence of soil composition on
vegetation dynamics, as sandy soils have lower water and nutrient retention capacity [26]. These
characteristics may intensify the impacts of extreme climatic events, such as drought periods, directly
affecting the ecological resilience of the ecosystem [79].

5. Conclusions

This study enabled the characterization of the temporal and spatial variability of
hydrogeomorphological attributes (vegetation, water, and soil) in the coastal wetlands of Lagoa do
Peixe National Park, contributing to the understanding of the dynamics and variability of this
ecosystem, a Ramsar site of global relevance. The methodological approach, based on multitemporal
analysis of spectral indices (NDVI, MNDW]I, and BI2) and Principal Component Analysis (PCA) in
both T-mode (temporal) and S-mode (spatial), proved effective in identifying recurring patterns and
seasonal fluctuations, highlighting contrasts among hydrogeomorphological compartments.

The results showed that vegetation (NDVI) and water (MNDWI) exhibit a strong positive
correlation, reinforcing the functional interdependence between these attributes. Vegetation cover
dynamics responded directly to hydrological variations, with peaks in vegetative vigor associated
with periods of higher precipitation and favorable water balance. In contrast, the response of soil
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(BI2) revealed greater complexity, indicating an influence not only of moisture but also of factors such
as texture, surface exposure, and depositional processes. This heterogeneity underscores the
importance of integrated analyses to understand the resilience of these ecosystems to climatic
extremes.

The influence of El Nifio and La Nifia events stood out in modulating hydrogeomorphological
variability, with water deficit periods (La Nifia) accentuating temporal and spatial contrasts.
Nevertheless, evapotranspiration remained relatively stable, suggesting adaptive vegetation
mechanisms and soil water retention. This behavior reinforces the self-regulating capacity of
wetlands, although more intense climate changes may challenge their long-term resilience.

From a spatial perspective, the Lagoon Fringe, Lagoon Terrace, and Hillslope areas showed the
greatest variations, reflecting geomorphological differences and hydrological connectivity. These
sectors are particularly sensitive to changes in precipitation regimes and extreme coastal events,
requiring targeted conservation strategies.

Implications for Conservation and Future Research

The findings of this study highlight the need for:

e  Continuous monitoring of coastal wetlands, integrating remote sensing and hydrological data
to anticipate responses to climate change;

o Differentiated protection by compartment, considering the higher sensitivity of areas such as the
Lagoon Fringe to hydrological variations;

e Investigation of subsurface processes, such as water storage and exchanges with the water table,
to better understand soil and vegetation resilience.

In summary, the identified variability reflects the complexity and interdependence of
hydrogeomorphological attributes in the Lagoa do Peixe National Park, reinforcing its role as a
dynamic and sensitive ecosystem. The approach employed can be adapted to other Ramsar sites,
contributing to the sustainable management of coastal wetlands facing increasing climatic and
anthropogenic pressures.
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