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Abstract

The mangrove ecosystem stands out for the numerous environmental services it provides, in addition to being one of the most vul-
nerable ecosystems to climate change. Marismas Nacionales is located in northwestern Mexico and hosts one of the most extensive
areas of continuous mangrove ecosystem along the Pacific North coast of Mexico. Although vital, this mangrove ecosystem faces
multiple pressures and is shifting inland in response to climate change —making ongoing monitoring of its size and health essential.
Aiming for monitoring the health of mangrove and disturbed mangrove areas, a time series of monthly NDVI composites derived
from Sentinel-2 imagery (10 m spatial resolution) was analyzed for the period 2019-2024. At the pixel level, the Mann-Kendall test
was applied to determine significant trends. An inspection of the Z-statistic was conducted to identify gradual and relevant changes;
when possible, these changes were validated with field data and high-resolution imagery. The results revealed heterogeneity in the
behavior of pixel time series, reflected in the values of the Z-statistic. This heterogeneity is due to the fact that mangroves are
subject to different change factors depending on their spatial location. Among the key factors identified were hurricane-induced
damage, land-use change, inland colonization, recovery driven by restoration efforts, post-hurricane vegetation rebound, and losses
resulting from coastal erosion. Across the 80,959 hectares encompassed by the study area, 47.08% exhibited a significant negative
trend, 20.19% a non-significant negative trend, 18.07% a non-significant positive trend, and 14.66% a significant positive trend.
The analyzed data revealed the dynamic nature of the mangrove ecosystem in response to various change factors, and the proposed
method could serve as a foundation for integration into the national products generated by Mexico’s Mangrove Monitoring System.

1. Introduction water exchange processes essential for nutrient flow and oxy-
genation in mangrove ecosystems. Additionally, hurricanes can
break branches or damage the main trunks of mangrove trees

Mangroves are dynamic ecosystems dominated by tree-like
(Hao et al., 2024).

plant species known as mangles. They are typically found along
the coastal zones of tropical and subtropical regions worldwide;
in Mexico, they occur along both the Atlantic and Pacific coasts.
These ecosystems are critically important due to the wide range
of ecosystem services they provide—supporting, provisioning,
regulating, and cultural—including flood control, greenhouse
gas capture, nutrient supply to neighboring ecosystems such as
coral reefs, habitat and protection for various species, and de-
fense against hurricanes, (Veldzquez-Salazar et al., 2021). Man-
groves possess adaptations that allow them to thrive in chal-
lenging intertidal environments, enduring extreme conditions
such as strong tidal currents, tropical storms, and hurricanes
(Abu Bakar et al., 2024). Additionally, their root systems sta-
bilize sediments and mitigate the impact of strong winds and
wave action, (Ferreira et al., 2023).

In addition to facing the adverse effects of natural atmospheric
phenomena, mangroves are under constant pressure from vari-
ous human activities related to land-use change. The establish-
ment of aquaculture farms, urban expansion, and road construc-
tion are just a few examples that threaten their ecological integ-
rity and contribute to the growing list of change drivers. As-
sessing and monitoring these types of impacts is challenging
due to factors such as the vast extent and limited accessibility
of mangrove areas. Consequently, remote sensing techniques
have become an essential tool for tracking the condition of man-
groves. Through the use of satellite imagery, large-scale and
high-resolution data can be collected on the state of mangroves
during various change processes.

In this regard, the objective of the present study is to analyze

Despite their resilience and numerous adaptations that allow
them to withstand extreme climatic conditions, mangroves re-
main vulnerable to the adverse effects of natural atmospheric
phenomena such as hurricanes, which are characterized by
strong winds, torrential rains, and intense low-pressure systems
(Floriano et al., 2025). Hurricanes are classified according to
the Saffir-Simpson scale, ranging from Category 1 (119-153
km/h) to Category 5 (over 252 km/h) (Islam and Assal, 2023).
These events can obstruct tidal channels, thereby disrupting the

a time series of NDVI derived from Sentinel-2 imagery as a
foundation for the continuous monitoring of ecosystem stability
conditions, specifically in mangrove environments. As a case
study, we focus on the mangroves of Marismas Nacionales—a
complex lagoon system that contains the most extensive man-
grove coverage along Mexico’s Pacific coast. Our approach to
continuous monitoring relies on the application of computation-
ally efficient and robust statistical tools, such as trend analysis
based on the Mann-Kendall test, across the entire area of in-
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terest. As a complement, trends in specific zones of particu-
lar interest —identified a priori as having undergone gradual or
abrupt change— are classified according to characteristics of
natural regeneration or potential active restoration.

2. Methodology
2.1 Study area

Marismas Nacionales, see Figure 1, is the largest mangrove-
estuarine system on the eastern Pacific coast (170,000 ha) and
is located at the coordinates N21°53'99”, S20°36’, E103°43’
and W105°46’, (de la Lanza Espino et al., 2010), (Vizcaya-
Martinez et al., 2022). This wetland is formed by estuarines,
coastal lagoons, tidal channels and rivers, which are home to
a large number of endemic and migratory species of ecolo-
gical and conservation importance, (Valderrama-Landeros et
al., 2025).

2.2 Dataset

We have used monthly composites of the Normalized
Difference Vegetation Index (NDVI) from the Har-
monized Copernicus Sentinel-2 collection (“COPERNI-
CUS/S2_SR_HARMONIZED”), available through the Google
Earth Engine (GEE) platform. The period of study was January
2019 to December 2024. We recall that NDVI is defined as:

NDVI = (NIR — RED)/(NIR + RED),

where NIR and RED denote the infrared and red spectral bands,
respectively. It is well-known that for Sentinel-2 scenes, the
NIR and RED are located in the bands 8 and 4, respectively.
The monthly composite that we utilized was generated with the
following criteria: for any scene, at the pixel level, the max-
imum NDVI value was considered and subsequently, the arith-
metic mean of the images within the month was calculated. As
a quality filter we only considered scenes with less than 15% of
cloudiness.

2.3 Area of interest

A mangrove mask was created using mangrove and disturbed
mangrove coverage data from the years 2015 and 2020, gener-
ated by the National Commission for the Knowledge and Use of
Biodiversity (CONABIO). Disturbed mangrove areas include
wetlands with dead or regenerating mangrove stands, as well as
mangrove forest cover altered by tropical storms, hurricanes, or
anthropogenic infrastructure (e.g., hydraulic works, highways,
and roads). These criteria are based on classification categor-
ies defined within the descriptive framework of Mexico’s Man-
grove Monitoring System (SMMM), developed by CONABIO,
cf. (Valderrama et al., 2014).

These layers were intersected to produce a composite layer and
delimit the area of interest (AOI) of this study. A 10-meter buf-
fer was applied to the resulting layer to ensure a one-pixel mar-
gin of error. Subsequent processing was carried out using the
R programming language (R Core Team, 2023). A mosaic was
generated to merge the annual raster datasets, which had been
separated into chunks by GEE. Additionally, a mask was ap-
plied to these annual mosaics based on the AOIL.
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Figure 1. Study area and delimitation of the AOIL.

2.4 TATSSI

The time series comprised of monthly NDVI composites
from 2019 to 2024 was analyzed using the TATSSI platform
(Tecuapetla-Gémez et al., 2021). Within this platform, two stat-
istics were calculated to assess dataset quality: the percentage
of missing data and the number of consecutive missing values
(max-gap length) per time series at the pixel level. For time
series with missing data, gaps were filled using ordinary lin-
ear interpolation. Finally, the Mann-Kendall test was applied to
each time series to identify pixels exhibiting significant positive
or negative trends; the significance level used was a = 0.05.
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2.5 Additional trend classification

In order to improve our understanding of some dynamics occur-
ring at neighborhoods of points B and C in Figure 1, a further
trend classification was conducted in two data chips located in
these zones. These chips are subsets of the NDVI Sentinel-2
time series described above; for the vicinity of point B, the chip
is a rectangle of 16 rows by 19 columns, whereas for point C,
the corresponding chip is 7 x 8. Below are details of this ana-
lysis.

2.5.1 Imputation by climatology curve Due to the signi-
ficant loss of information in the analyzed time series, see Fig-
ure 4 below, a fully data-dependent gap-filling approach was
considered for data in these chips; by doing so, we intended
to let the data speak and allow for a gap-filling process that
borrows strength from the data itself. The method utilized here
consisted of taking a quantile of the so-called climatology curve
as an estimate/prediction/imputation of a missing value in a
time series (taken at the pixel level).
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Figure 2. Climatology curve for a pixel nearby C in Figure 1.

A climatology curve can be construed as a time-dependent se-
quence of boxplots. Within a climatology curve, each time-
point represents a data acquisition date; for instance, in this
study monthly composites were considered, so the acquisition
dates are months. At any acquisition date, the corresponding
boxplot is an approximation of the distribution of frequencies of
those NDVI values recorded at the same acquisition date across
the years/periods of the time series. Thus, it is expected that
general seasonal or phenological characteristics within the time
series are captured by the climatology curve.

Being based on boxplots (approximation to a probability distri-
bution), in essence, we could use any quantile of the NDVI’s
distribution and use it to fill those missing values occurring at a
given acquisition date. In this study, and aiming for comparison
of further results, 25%, 50% (also known as the median, in Fig-
ure 3 this quantile is marked at the horizontal black solid line)
and the 75% quantiles were considered to fill gaps in the time
series. We stress that this methods were only applied to chips B
and C of Figure 1.
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Figure 3. Imputation of missing values using different quantiles
of the climatology curve: A 25%, B 50%, C 75%. D linear
interpolation. Blue points show the original data in the time

series.

2.5.2 Trend classification Following (De Jong et al., 2013),
the R package bfast was applied to the NDVI time series in
order to determine the existence of a change-point in its trend,
cf. (Verbesselt et al., 2010). A subsequent application of the
function bfast01, allows us to classify these trends in one of
the following categories. Let T denote a change-point, then, we
have:

1. Greening: increasing linear global trend.
2. Browning: decreasing linear global trend.

3. Sustained greening: increasing linear local trend before
and after 7; at 7 the trend is upwards.

4. Sustained browning: decreasing linear local trend before
and after 7; at 7 the trend is downwards.

5. Delayed greening: increasing linear local trend before and
after 7; at 7 the trend is downwards.

6. Delayed browning: decreasing linear local trend before
and after 7; at 7 the trend is upwards.

7. Greening to browning: increasing local trend before
with a decreasing local trend after 7.

8. Browning to greening: decreasing local trend before 7
with an increasing local trend after 7.

Recently, (Tecuapetla-Gémez et al., 2025) proposed that pixels
classified as Browning, Sustained Browning, or Greening to
Browning should be considered candidates for potential restor-
ation. Conversely, pixels falling into the categories Delayed
Greening or Browning to Greening may indicate areas under-
going natural regeneration. These classification schemes offer
a valuable framework for the continuous monitoring of ecosys-
tem condition and resilience
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2.6 Validation

The results of the trend analyses (Z statistic and trend classi-
fication) were visually reviewed in the geographic information
system QGIS, and several sites showing either negative or posit-
ive trends were verified using field data collected between 2023
and 2024. High-resolution imagery available through Google
Earth was also used to support this verification.

3. Results and Discussion

The percentage of available data ranged from 60% to 82%
throughout the AOI. The northern zone exhibited the highest
data availability, while the lowest values were found in the
southern zone. In the central part of Marismas Nacionales,
availability remained between 70% and 75%, with clusters of
missing data due to cloud cover during certain months. Regard-
ing the number of consecutive missing data points (max-gap
length), values ranged from 2 to 6, with higher values in the
south and lower values in the north. The months with the least
data availability corresponded to the rainy season, between July
and September (Figure 4). From this figure, well-defined spa-
tial patterns in data absence are observed; these patterns may
be related to the visitation schedules of Sentinel satellites. For
the analysis across the entire area, gaps were filled using linear
interpolation —a computationally efficient and robust solution
(Colditz et al., 2008).
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Figure 4. A Percentage of available data. B Max gap length.

Figure 6 displays the spatial distribution of Z-statistic values
estimated from the pixel-level NDVI time series. In general,
negative values were observed in the central region of Maris-
mas Nacionales (highlighted in red), corresponding to man-
grove areas impacted by Hurricane Roslyn in 2022. The trend
classification described above was performed on chips located
in this area. In both chips the only significant change-point
was found in 2022. In the first chip (B in Figure 1) there is a
marked presence of the Delayed greening class, followed by the
Browning to greening class; a marginal presence of Greening
to browning is also acknowledge, see Figure 5. For the second
chip (C in Figure 1) there is only presence of the Browning
to greening class. These results are qualitatively similar inde-
pendently of the employed gap-filling method -imputation via
climatology curve (with any of the three quantiles considered
here) and linear interpolation.
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Figure 5. Trend classification during 2019-2024 for time series
located in a vicinity of B in Figure 1. Results are derived using
median-based imputation along the climatology curve.
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Figure 6. Mann-Kendall’s Z-statistic spatial distribution.

These defoliation effects were documented in greater detail by
(Veldzquez-Salazar et al., 2025), and the affected areas iden-
tified in that study coincide with those detected here. Al-
though (Veldzquez-Salazar et al., 2025) employed a different
methodology—based on interannual anomaly detection using
the CMRI index and a linear trend analysis during the post-
hurricane period —a correspondence was observed between the
hurricane-affected zones and the lowest Z-statistic values, as
well as significant negative trends.

This contribution has been peer-reviewed. The double-blind peer-review was conducted on the basis of the full paper.
https://doi.org/10.5194/isprs-annals-X-3-W3-2025-109-2026 | © Author(s) 2026. CC BY 4.0 License. 112



ISPRS Annals of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Volume X-3/W3-2025
Conference on Geoinformation 2025, 24—28 November, Mérida, Yucatan, México

In the northern zone of the AOI (Figure 6A), areas with high
positive Z-statistic values were identified, corresponding to
mangrove surfaces impacted by Hurricane Willa in 2018 that
have shown a recovery in greenness during the study period.
These values are corroborated by the time series (point id-1)
in Figure 7 below, which displays a gradual increase in green-
ness throughout the entire time series. This recovery aligns with
findings reported by (Vizcaya-Martinez et al., 2022).

Figure 6B presents two cases (point id-2 and id-3) that illus-
trate both loss and gain in vegetation greenness. Point 2 rep-
resents a decline in greenness within the mangrove coverage,
while point 3 indicates an increase in greenness due to inland
colonization by the species Avicennia germinans. In the case
of point 2, no apparent cause for the disturbance could be de-
termined, suggesting the need for further investigation. In con-
trast, high-resolution imagery revealed hydrological restoration
works near point 3, which may be fostering favorable condi-
tions for the species to thrive. This colonization process has
also been documented in other regions of the world (Godoy
and Lacerda, 2015), where rising mean sea levels have expan-
ded flood-prone areas, creating suitable conditions for the nat-
ural establishment of mangroves—provided no physical barri-
ers are present. Although such processes are typically assessed
by comparing mangrove coverage with historical data spanning
past decades, the present study offers only short-term evidence
of this effect, as it highlights increasing greenness in inland
zones indicative of emerging vegetation.
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Figure 7. Time series of points referred to in Figure 6 are
highlighted here.

Above Figure 6C presents case point id-4, which illustrates
mangrove loss due to coastal erosion along the Cuautla Canal.
The canal was opened in 1976 and has since expanded stead-
ily, disrupting the hydrology of the entire lagoon system
(Valderrama-Landeros et al., 2020). This case exemplifies how
the canal’s continued growth has resulted in at least 40 meters
of erosion on each side, directly affecting mangrove coverage.
As shown in Figure 7, NDVI values for point id-4 in recent
dates (at least since 2023) fall below zero, indicating the pres-
ence of open water. (Valderrama-Landeros et al., 2020) estim-
ated a loss of 805 hectares of beach deposits between 1970 and
2019 along the Cuautla Canal, based on coverage derived from
aerial photographs and satellite imagery (Landsat, Spot-5, and
Sentinel-2). Although their study concludes in 2019, the same

erosive process persists into the period analyzed in the present
study, suggesting that the system has yet to stabilize and may
continue to degrade in the coming years.
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Figure 8. Trend classification based on Mann-Kendall test
statistical significance; a p-value test below 0.05 defines a
significant pixel in this map.

This process of mangrove loss due to coastal erosion was also
observed in Figure 6D, where point id-5 represents an area of
declining greenness. (Valderrama-Landeros et al., 2020) de-
scribe this coastal erosion as resulting from changes in sediment
dynamics caused by upstream damming. Figure 6 (bottom row,
left) shows a photograph taken in May 2024, where the dead
mangrove front at point id-5 is clearly visible. Combining Fig-
ure 6 (bottom row, right) with Figure 7 point-id 6, it can be
seen that starting in November 2021, greenness rises and NDVI
values remain high through December 2024.

The area with the highest Z-statistic values was identified in
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the southern part of the AOI (point id-6, Figure 6E). This zone
was not impacted by hurricanes during the study period and
may be influenced by nutrient inputs from nearby shrimp farms.
Meanwhile, 2.5 km to the south, in the vicinity of the port of
San Blas (Figure 6E, point id-7), areas of loss were identified
due to land-use change. For both cases, Figure 7 shows the
NDVI values over time during the study period, with point id-6
standing out for having the highest values recorded among the
examples.

Across the 80,959 hectares encompassed by the study area,
47.08% exhibited a significant negative trend, 20.19% a non-
significant negative trend, 18.07% a non-significant positive
trend, and 14.66% a significant positive trend (Figure 8). These
data reveal the dynamic nature of the mangrove ecosystem in
response to various change drivers, its resilience to hydromet-
eorological disturbances, its sensitivity to coastal erosion, and
its capacity to colonize new areas at the expense of marshlands.

4. Conclusions

The methodologies applied for monitoring the mangrove eco-
system—based on a six-year NDVI time series (2019-2024) in
Marismas Nacionales—enabled the identification of diverse ve-
getation change processes specific to this region. These include
disturbance and recovery dynamics triggered by hydrometeoro-
logical events, inland colonization, coastal erosion losses, land-
use change, and restoration interventions. Collectively, these
patterns underscore the ecosystem’s dynamic behavior, its re-
silience, and its vulnerability to climate change. This continu-
ous monitoring framework holds promise for national-scale im-
plementation, offering a robust tool to detect ecological pro-
cesses across diverse regions. The resulting data could serve
as a foundational input for public policies aimed at mangrove
conservation and restoration.
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