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Abstract

Mangrove ecosystems along arid and semi-arid coastlines are susceptible
to climate variability and hydrodynamic change. Here, we present the first
comprehensive multi-decadal assessment of mangrove canopy dynamics in
the Red Sea-Gulf of Aden over the period 1987-2022. Canopy condition
was assessed using NDVI as a proxy, while mangrove cover was derived
from supervised classification of satellite imagery. NDVI reached a
minimum of 0.21 during the 2009 drought and increasing to 0.45 by 2022
during wet years. A multi-decadal mangrove cover record revealed a 30.5%
loss in mangrove cover between 1987-2012 followed by partial recovery
(+25.3%) between 2015-2022. Correlation analyses show significant
relations between sea level anomaly and mangrove cover (r = 0.62, p <
0.001), and between rainfall and NDVI (r = 0.48, p < 0.01). Using
detrended anomaly-based multiple regression, we show that mangrove
dynamics are primarily controlled by sea level anomaly, rainfall, and
temperature. Sea level anomaly emerges as the dominant driver of
mangrove extent, while vegetation greenness reflects combined
hydroclimatic influences, highlighting distinct controls on structural and
physiological ecosystem responses. Our findings underscore the
importance of hydrological processes in shaping mangrove resilience in the
Red Sea-Gulf of Aden.

Keywords: Mangroves; dieback; normalized difference vegetation index;

sea level anomaly; Gulf of Aden



1. Introduction

Mangroves are among the most productive ecosystems on Earth and
provide a wide range of ecosystem services, including carbon
sequestration!2, shoreline stabilization34, protection from storm surges
and tsunamis®6, sediment trapping’, natural remediation of coastal
environments®, and essential nursery habitats for invertebrates and
juvenile fish%. Mangrove systems occurring in dry ecoregions such as the
Red Sea and the Gulf of Aden are typically less structurally complex than
tropical mangrove systems, but perform similar ecological functionsO.
Within these arid environments, mangroves are additionally subject to
anthropogenic pressures such as over-cutting!!, grazing!213 and
pollutionl4. Extensive damage has already been documented at many sites,
and only stands located on remote or protected islets where camels do not
have access appear to remain relatively intact!S. Mass mortality of
mangrove trees has been reported along the scuthern coasts of Yemen and
Sudan, and on the Gulf of Aden coast of Djibouti, where extensive areas

have disappeared!>.

Climatic variables such as sea surface temperature, air temperature,
rainfall, and wind patterns are shaped by ocean-atmosphere interactions?6.
Numerous climatic drivers are recognized as important factors influencing
mangrove dynamics at local and regional scales!’-19, While the climatic
drivers can include a variety of factors, temperature, salinity, and rainfall
consistently emerge as the most important abiotic factors affecting
mangrove distribution and condition in mangrove forests. Alterations in
these abiotic factors can disrupt ecosystem services, and climate change
has therefore emerged as a major driver of stress and degradation in
mangrove ecosystems20. These pressures have been made worse by
reduced rainfall and runoff, which compromise the vegetation’s ability to
trap sediments?!. The El Nifo-Southern Oscillation (ENSO) represents a
dominant mode of interannual climate variability across East Africa,
influencing sea level, rainfall, and temperature regimes22-24, The Indian

Ocean Dipole (IOD) can further modulate regional rainfall, wind regimes,



and ocean conditions. In vulnerable systems, relatively small changes in
sea level or freshwater input, can result in pronounced shifts in mangrove
persistence or failurel?925.26, Understanding these teleconnections is
important for developing predictions and expectations for ecosystem
responses and management and restoration of climatically vulnerable
coastlines. Furthermore, extreme climate events such as the 1997-1998 El
Nino have been associated with substantial sediment redistribution and
widespread mangrove mortality in the region as reported by the Regional
Organization for the Conservation of the Environment of the Red Sea and
Gulf of Aden!®. Extreme sea surface temperature anomalies during El Nifio
events may further alter hydrodynamic conditions (e.g., anomalously low
sea levels), increasing exposure of mangrove pneumatophores to

desiccation.

Mapping and monitoring the spatial distribution and dynamics of the
canopy of mangrove forests, and quantifying their loss and regrowth
through time are important for conserving and sustainably managing
mangrove forests?’. However, in Djibouti and the broader Red Sea-Gulf of
Aden region, long-term and site-specific assessment programs have been
slow to develop. Few studies have investigated the long-term, systematic
change in mangrove canopy through time under arid zone settings28-30,
Recent advances in remote sensing now allow mangrove ecosystems to be
monitored and managed3l. In particular, Landsat imagery provides a
consistent and continuous multi-decadal record that can be assessed
against available environmental datasets to evaluate change32. The distinct
spectral properties of mangroves enable not only the mapping of their
spatial extent, but also the characterization of canopy structure and
condition33.34, Nevertheless, much of the existing literature has focused on
localized areas or single disturbance events, failing to capture prolonged
trajectories of dieback and recovery related to climatic drivers (rainfall,

temperature, sea level, etc...)3°

To address this knowledge gap for mangroves at the arid margin which

remains understudied despite its high vulnerability to climate variability,



this study presents the first multi-decadal assessment of mangrove
dynamics at the Godorya Marine Protected Area, providing regional
context for mangrove change. Using three decades (1987-2022) of Landsat
satellite images, we assessed the Normalized Difference Vegetation Index
(NDVI) as a proxy for canopy condition to detect spatial and temporal
variations. Accordingly, this study was designed with three objectives: (i)
to quantify long-term changes in mangrove canopy cover, (ii) to assess
patterns of degradation and regrowth using NDVI and spatial clustering
approaches, and (iii) to examine relationships between mangrove metrics

and climatic variables.
2. Methods
2.1 Site Study

The Godorya mangrove ecosystem (Figure 1), located in the northern
coastal plain of the Obock region (Republic of Djibouti) along the Red Sea
near the Bab El-Mandeb Strait, represents one of the most arid and
marginal mangrove ecosystems in the Western Indian Ocean36. The site is
characterized by a tropical arid climate, with annual rainfall averaging
around 130 mm and extreme temperatures ranging from 22-30 °C in
winter to 33-45 °C in summer, conditions that drive high
evapotranspiration and salinity stress. The geomorphology consists of a
shallow sandy-muddy substrate interspersed with elevated coral platforms
and halomorphic soils which supports a mosaic of hydromorphic
depressions, salt-encrusted tannes, and tidal channels that are submerged
by approximately 15-20 cm of water during spring tides!®. Vegetation
cover is dominated by Avicennia marina, which occupies the landward
fringe. While Rhizophora mucronata, Ceriops tagal, and Bruguiera
gymnorhiza are confined to the tidal channels and inner canopy zones3’.
The surrounding terrestrial matrix consists of halophytic shrubs (Suaeda
fructicosa), sparse Acacia steppe, and dune vegetation, which is heavily
degraded by overgrazing. Ecologically, the Godorya mangroves provide

critical nursery habitat for fishes and crustaceans3®, and host diverse



avifauna3949, including migratory waders and piscivorous raptors?!, while

supporting local artisanal fisheries and pastoral livelihoods.
2.2 Datasets

Data were compiled into a multi-decadal archive of 73 cloud-free
multispectral satellite scenes from 1987 to 2022 acquired by Landsat 5 TM,
Landsat 7 ETM+, and Landsat 8 OLI sensors (Path 166, Row 52). All
datasets were obtained from the USGS Earth Explorer and were Level-2
surface reflectance products derived from LEDAPS for TM/ETM+ and
LaSRC for OLI (WGS84 UTM Zone 38N). To minimize cloud and
phenological noise, all scene identifiers, sensor types (TM, ETM+, OLI),
months, and years are listed in Table SI1. Images were primarily acquired
during late summer (July-September), minimizing cloud contamination and

ensuring comparable seasonal conditions.

Monthly rainfall was retrieved from the Climate Hazards group InfraRed
Rainfall and Station data (CHIRPS) dataset, which merges satellite
observations with in-situ gauge records at 0.05° (~5 km) spatial resolution,
from 1981 to the present. Rainfall data were extracted from CHIRPS pixels
centered on Obock and Djibouti City, a long-term national reference

station?3.

Sea level anomaly (SLA) data were acquired from multi-mission satellite
altimetry products beginning in 1992 (TOPEX/Poseidon, Jason-1 to Jason-
3, Sentinel-6MF, Envisat) and distributed by NOAA’s Laboratory for
Satellite Altimetry. The SLA was then barometrically corrected using the
inverted barometer method, which adjusts for variations in atmospheric
pressure. Air temperature metrics (2 m minimum, mean, and maximum
temperatures) were extracted from the ERAS5 reanalysis, representing

monthly estimates of atmospheric variables at 0.25° spatial resolution?®.

Indices of large-scale climate variability were sourced from the NOAA
Physical Sciences Laboratory. The Nino 3.4 and the Dipole Mode Index
were used to represent the El Nino-Southern Oscillation and Indian Ocean

Dipole respectively?S.



2.3 Methodology

Normalized Difference Vegetation Index (NDVI) was defined using surface
reflectance values, as NDVI = (NIR-R) / (NIR+R) 2. NDVI was computed
for Landsat 5 TM and 7 ETM* using the red (Band 3: 0.63-0.69 pm) and
NIR (Band 4: 0.78-0.90 pym) channels, and for Landsat 8 OLI using the red
(Band 4: 0.64-0.67 ym) and NIR (Band 5: 0.85-0.88 pym) channels (Table
SI2). For Landsat 8 OLI, the index was derived from the red (Band 4: 0.64-
0.67 pm) and near-infrared (Band 5: 0.85-0.88 pm) bands. In order to
ensure temporal consistency, we adjusted Landsat 5 TM and 7 ETM* data

to Landsat 8 OLI using the conversion coefficients reported by Roy, et al.
42

Landsat pixels in arid mangrove settings often represent mixed surfaces
(vegetation, salt crusts, sediment, shallow water). All data were produced
using Level-2 surface reflectance datasets (LEDAPS and LaSRC) and NDVI
was calculated using consistent mangrove masks for the specific bands in
order to prevent inter-sensor discontinuities. A sustained high NDVI (=
0.45) was interpreted as areas of relatively high and stable canopy
greenness. Low mean NDVI wvalues (= 0.25) were interpreted as
persistently low canopy greenness consistent with degraded or sparse

canopy conditions or dynamic fringe zones.

The two-step approach to create a mangrove canopy map included a
supervised land cover classification that identified mangrove vegetation in
relation to water and bare or salt-affected substrates based on satellite
imagery#°. The classifier used was a Maximum Likelihood Classifier (MLC),
with sample data collected for the three land-cover classes. The second
step identified the mangrove canopy density by calculating the NDVI. This
was used to distinguish areas of low-density or stressed mangrove canopies
from those with higher density and health. The NDVI classifications were
not separate land cover categories but rather indicator of the mangrove

internal condition.

Training sets were adjusted to be consistent with temporal patterns of

phenology and spectral characteristics to account for variability among



sensors (TM, ETM+, and OLI), thus classification accuracy was assessed
using reference data that are independent of the Landsat satellite imagery
(Google Earth) and/or in situ GPS control points established by the field
survey. The use of these control points was limited to assessment of
classification accuracy, as all Landsat scenes were orthorectified Level-2
surface reflectance products. An illustrative example of the supervised
classification and validation procedure 1is provided in Figure
SI1.Classification accuracy was assessed using independent high-
resolution imagery (e.g., Google Earth) and in situ GPS validation points
(10 points per class) collected during field surveys, referenced to the three
land-cover classes (mangrove, water, bare substrate)#6. Accuracy
measures included overall accuracy and Kappa coefficients, which ranged
from 87.5% to 94.4% and always exceeded 0.81 (Table SI3). Omission and
commission errors were considered acceptable error rates for long-term
mangrove monitoring, although omission error was higher in years with

extreme stress (2002-2003) impacting sparsely canopied counts?23.

We performed a non-parametric trend analysis, namely Mann-Kendall and
Sen’s slope tests on NDVI, mangrove cover and climate variables with
statistical significance evaluated at p = 0.05. NDVI anomalies were
computed as the deviation of annual mean NDVI from the long-term mean
NDVI ((ANDVI), 1987-2022) divided by the standard deviation within the
annual mangrove mask, while minimizing contamination due to mixed
pixels containing non-mangrove vegetation. Local Moran’s I, following
Bera and Das Chatterjee 47, was computed on ANDVI to identify spatial
clustering of canopy stress and recovery. We then determined the level of
statistical significance and categorized pixels in one of four standard LISA

categories (high-high; low-low; high-low; low-high; not significant).

Mangrove cover and NDVI were assessed using Pearson correlations with
selected climate variables (Nifio 3.4, IOD, rainfall and temperature) to
quantify linear associations (p = 0.05). All climate-mangrove relationships

were evaluated at the annual scale using common years (1992 to 2022).



To assess the independent effects of hydroclimatic drivers on vegetation
dynamics, a multiple linear regression framework was applied to
detrended time series. Variables were first detrended and expressed as
standardized anomalies, it isolates interannual variability and allows for a
more robust evaluation of the relationships between environmental drivers
and vegetation response. Two separate regression models were developed
to analyze (i) vegetation greenness (NDVI) and (ii) mangrove area as

follows:

NDVI' or Mangrove area = B + kiBq + kaBy + «ovveee. + knBn + €

where NDV|'and Mangrove Area represent detrended anomaly time series,
Bis the intercept, kjare regression coefficients, and €is the residual error

term. The predictors B; correspond to detrended anomalies such as rainfall,
mean air temperature, and sea level anomaly, respectively. Model
performance was evaluated using the coefficient of determination (R2),
adjusted R2?, and the statistical significance of regression coefficients.
Multicollinearity among predictors was assessed using the Variance
Inflation Factor (VIF), and only variables with acceptable collinearity levels

were retained in the final immodels.
3. Results
3.1 Mangrove cover dynamics

Using supervised classification of the multi-decadal Landsat imagery, we
identified pronounced fluctuations in mangrove extent within the Godorya
Marine Protected Area (MPA) over the period 1987 to 2022. The temporal
evolution of mangrove cover is reported in Figure 2 with two statistically
significant breakpoints (p =0.05) in 1997 and 2014 indicating a major shift
in ecosystem dynamics. The trajectory is distinctly nonlinear and can be
partitioned into three phases is observed, a gradual decline (1987-2003),
a plateau where there was partial dieback (2003-2012), and a regrowth
phase (after 2015). The most pronounced decline in mangrove extent
occurred around 2001, corresponding to the minimum recorded mangrove

area. The non-parametric trend analysis of mangrove cover was conducted



and reported in Table SI4, results indicate a statistically significant
statistically significant long-term increase in mangrove extent over the
entire time period (t=0.27, p=0.04) and a positive rate of change per year
of + 1.76 ha yr—1.

Spatial patterns of mangrove cover change in the Godorya Marine
Protected Area for decadal thresholds are reported in Figure 3. During
the first decade, (1987-1997; Figure 3a) changes were limited, with 17 ha
of gain and 9 ha of loss corresponding to 5.3% gain and -2.8% loss relative
to the initial mangrove extent. The majority of the mangrove cover
remained unchanged (296 ha; 91.9 %), this stability suggests a relatively
resilient mangrove cover. In contrast, the second decade (1997-2007)
represented in Figure 3b shows a substantial decline, with 54 ha loss (-
20.9%) compared to only 20 ha (7.8%) of gain. The unchanged area
decreased to 204 ha (71%) significantly compared to period 1987-1997
indicating a widespread spatial reorganization. The third decade (2007-
2017) reported in Figure 3c and reflects a growth period; with a total of
93 hectares of increase and only 11 hectares of decrease, corresponding
to 36.5% gain and -4.3% loss relative to the mangrove extent. With 212 ha
(59.2%) unchanged cover corresponding to rapid regrowth dynamics.
Finally, the last phase (2017-2022; Figure 3d) is characterized by relative
stability, with 19 ha of growth and only a very small decline of around 6 ha,
equivalent to 7.4% gain and -2.3% loss. The majority of the mangrove units
(239 ha; 90.7%) remained unchanged, suggesting consolidation of the

recovery phase.
3.2 Mangrove canopy condition dynamics (NDVI)

In contrast to structural changes in mangrove extent, the NDVI time series
derived from the classified mangrove extent showed clear interannual
fluctuations in canopy greenness over the multi-decadal record (Figure 2).
Non-parametric trend analysis using the Mann-Kendall test indicates no
significant monotonic trend over the 1987-2022 period (t=0.02, p=0.88)

suggesting that canopy condition follows fluctuates over time.



During the period of 1997-2009, average NDVI values declined from 0.46
in 1997 to a minimum of 0.21 in 2001, likely reflecting environmental stress
associated with extreme climatic events, potentially linked to the 1997-
1998 El Nino. This time period corresponds to the lowest NDVI values
recorded, consistent with reduced photosynthetic activity under prolonged
drought and low sea level conditions. These NDVI values approached the
lower range commonly reported for sparse arid Avicennia marina stands.
Accordingly, NDVI < 0.25 was treated here as an operational proxy for very
low photosynthetic activity rather than a physiological mortality
threshold!!.

To illustrate temporal changes in canopy condition, we used a Sankey
diagram (see Figure SI2) to synthesize transitions among canopy
condition classes based on NDVI values. Between 1997 and 2012, canopy
degradation was dominated by transitions from mnioderate to low NDVI
classes (109.1 ha), whereas recovery between 2012 and 2016 was
characterized by transitions from low to high NDVI. The breakpoint
identified in 2014 marks a transition toward recovery, after which NDVI
values increase and stabilize (0.45-0.50) thereafter, indicating improved
canopy condition. During 2016-2022, an increase in class persistence was
observed, characterized by numerous transitions within the same High-
High condition as well as many transitions within the same Low-Low

condition.

Despite the absence of a significant trend at the aggregated scale (mean
NDVI); however, there is considerable spatial variability in NDVI at the
pixel level (see Figure 4). Sen’s slope estimates (Figure 4a) reveal that
68% of all mangrove pixels exhibited positive NDVI trends, while the
remaining 32% exhibited negative or near-stable trends. The Mann-Kendall
test (Figure 4b) further indicated that approximately one-third of all pixels
had a statistically significant positive trend (p<0.05). Positive trends
corresponding to greening were largely confined to the north and center
sectors, indicating coordinated canopy recovery. In contrast, negative

trends were found in the southern zone, which indicates persistent



mangrove health degradation in these areas. The Local Moran’s I analysis
(Figure 4c-4d) provides additional insight into the spatial organization of
canopy condition during contrasting ecosystem states. During the
degradation regime (2012, Figure 4c), extensive low-low clusters were
observed in the southern portion of the study area indicating spatially
coherent areas experiencing low NDVI values and persistent canopy
condition stress. Conversely, during the recovery regime (2022, Figure 4d),
extensive high-high clusters were observed in both the northern and
central sectors of the study area indicating spatially coherent areas with
high NDVI values associated with canopy condition recovery. The
comparison between these two years (2012, 2022; Figure SI3) highlights
a transition from spatially structured degradation to clustered recovery,

consistent with the regime shifts identified in the NDVI time series.

3.3 Relationships with hydroclimatic drivers

To contextualize the climate-mangrcove relationships, Figure 5 illustrates
temporal variability over key ciimatic and oceanic drivers. SLA showed a
marked increase after 2005 (Figure 5a) consistent with non-parametric
trend analysis (Table SI4) indicating a strong positive monotonic trend in
sea level anomaly (t = 0.56, p = 0.0001; Sen’s slope = 0.0037 yr—!). Mean
air temperature (Figure 5b) shows a statistically significant upward trend
over 1987-2022 (Mann-Kendall T = 0.60, p = 0.0001), with a positive Sen’s
slope of +0.04 °C-yr—%, indicating progressive warming. In contrast, Nino
3.4 illustrated in Figure 5c exhibits no significant monotonic trend (t =
—0.13, p = 0.34), supporting its interpretation as a highly oscillatory
climate mode rather than a directional driver. Annual cumulative rainfall
in Obock is represented in Figure 5d and shows no significant monotonic
trend (t = —0.011, p = 0.95), indicating strong interannual variability with

wetter years post-2015.

Correlation analyses summarized in Table 1, reveal the relative influences
of climatic and oceanic drivers on mangrove cover and vegetation

greenness from 1992 to 2022. For vegetation greenness (NDVI), the



strongest correlation was observed with rainfall measured at Obock (r =
0.479, p = 0.01), whereas rainfall measured at Djibouti was weaker and
non-significant (r = 0.27, p = 0.17). SLA showed a weak, non-significant
positive correlation (r = 0.354, p = 0.08). Mean temperature exhibited a
modest negative association with NDVI (r = —0.30, p = 0.03), while
minimum and maximum temperatures were non-significant. Nino 3.4 and
IOD indices had no significant correlations with NDVI. For mangrove
cover, SLA had the strongest and most significant relationship (r = 0.62, p
< 0.001) indicating that higher sea levels corresponded to increased
mangrove area. Obock rainfall showed a weak, marginally positive
relationship (r = 0.28, p = 0.05) with mangrove cover, whereas rainfall
measured at Djibouti was non-significant (r = 0.17, p = 0.39). All
temperature metrics (minimum, maximum, and mean), Nifio 3.4 and IOD

indices had no significant relationships with mangrove canopy cover.

Overall, Obock rainfall and sea level anomaly were the primary
hydroclimatic drivers of the Godorya mangrove dynamics. While rainfall
showed a stronger association with NDVI variability, SLA had a dominant

role in determining the total area of mangroves.

Multiple linear regression (MLR) was performed for NDVI and mangrove
cover using detrended anomalies and reported in Table 2. The final model
accounted for 50.7% of the year-to-year variation in NDVI. The overall fit
was statistically very significant with an R-squared of 0.51, an adjusted R-
squared of 0.45, an F-statistic of 9.3, and a probability value less than .001.
The final model's residuals passed both diagnostic tests (p=0.39 for
Shapiro-Wilk test; DW statistic = 1.88) confirming there were no violations
of normality and/or autocorrelation. The standardized regression
coefficient for SLA ($=0.49, p<.0001) provided the most direct evidence
that SLA positively affects NDVI. Standardized regression coefficients also
demonstrated that Obock rainfall (5=0.42, p=0.0006) has a positive

relationship with NDVI. The final standardized regression equation is:

NDV|' = 0.49Sea Level Anomaly' + 0.490bock Rainfall’



The regression model produced better fits for mangrove area than for
NDVI. More specifically, for mangrove area the model provided an
explanation for a greater amount of year-to-year variation (adjusted R? =
0.64; F = 12.9; p < 0.001) and thus had more explanatory power. In
addition, sea level anomaly (p < 0.001) was the most important predictor
(B = 0.7), as it accounted for the largest share of the explained variance.
As such, it appears that coastal hydrodynamics has the greatest influence
on mangrove extent. A positive association existed between Obock rainfall
(p = 0.008) and mangrove area while an association with lower magnitude
appeared to exist for mean air temperature (p = 0.025). The final

regression equation is:

Mangrove area’

= 0.7Sea Level Anomaly + 0.39 Rainfall - 0.27Mean Temperature'
Discussion

The time-sequenced trajectories of the Codorya mangrove show a non-
linear pattern, characterized by an extensive dieback phase (1987-2012)
followed by a slight recovery post-2015. Similar non-linear responses have
been reported in northern Australia, where the 2015-2016 El Nino event
was responsible for a major global mangrove dieback*8-49, Given the coarse
spatial resolution of the climate datasets relative to the spatial extent of
the Godorya mangrove, patch climatic variables are interpreted here as
providing regional-scale context, while recognizing that local
hydrogeomorphic and anthropogenic processes likely modulate within-site
variability. However, in both cases, the significant declines in the canopy
were associated with anomalously low sea levels combined with drought
conditions, demonstrating the relative vulnerability of arid mangroves to
compounded hydroclimatic stress. NDVI values of < 0.25 were therefore
used as an operational proxy for "very low" photosynthetic activity at a
landscape level in this arid mangrove environment, rather than as a
physiological mortality threshold. Stressful canopy drought responses with
defoliation patterns similar to those described here have been documented

in other arid to semi-arid mangrove environments (i.e. Iran and Kenya)>20.51,



Continuous in situ field observations were not available for the 35-year
datasets, precluding direct measurements of physiological stress
parameters. The recovery of NDVI and mangrove cover was delayed after
the decline phase. The absence of a significant monotonic trend in NDVI
over the full 1987-2022 period reflects the phase-structured, non-linear
trajectory of the system, characterized by a prolonged decline followed by
partial recovery rather than a single directional trend. Recovery may be
delayed due to physiological recovery processes, the availability of
propagules, and the time required for geomorphic conditions to become
favorable for forest regeneration®2.°3, This sharp decline around 2001 likely
reflects the impact of extreme climatic conditions, potentially associated
with the 1997-1998 El Nino event and subsequent environmental stress.
As reported for East African mangrove systems, ENSO-associated
disturbances can be followed by recovery trajectories spanning a decade
or more°%+55, At Godorya, site-level responses may therefore be partially
decoupled from basin-scale indices due to local hydrogeomorphic
constraints, time lags, and the coarse resolution of available climate
products relative to the mangrove patch. Thus, hydroclimatic parameters
are interpreted as providing regional-scale forcing context while
hydrogeomorphic configuration and anthropogenic pressure control small-

scale mangrove responses within the Godorya system.

Spatial clustering analysis showed that canopy recovery was clustered in
the northern depositional areas, while the southern depressions remained
persistently degraded. This spatial mosaic illustrates that resilience in
Godorya is not spatially uniform, but is mediated by the geomorphic
setting. Given established patterns reported for propagation retention and
recolonization in the northern intertidal flats of the Gulf of Carpentaria®8,
it is plausible that the northern intertidal flats benefited from tidal flushing
and sediment accretion. The southern basin, however, where tidal
exchange is poor and hypersaline depressions remain, exhibited Low-Low
NDVI clusters. Low-Low NDVI clusters may represent ecological traps
where natural regeneration is unlikely without active hydrological

remediation.



These findings underscore the significance of hydrogeomorphology in
mangrove resilience. As recent reviews point out, mangroves at the arid
margin are particularly reliant upon sediment supply and tidal connectivity
to buffer climatic extremes'®. In the case of Godorya, where there is no
freshwater inflow and negligible sediment supply, the geomorphic position
enhances the effects of climatic variability that prevent some areas from

meaningfully recovering.

Hydroclimatic drivers are interpreted here as providing regional scale
forcing context rather than direct causal controls on mangrove dynamics.
In particular, In the case of ENSO (Nino 3.4), it can be considered as a
basic form of climate variability that affects the regional hydroclimatic
environment; however, there is no statistically significant positive
correlation between mangrove cover at Godorya and ENSO or NDVI. Sea-
level anomalies and local hydrological conditions instead emerge as the
dominant controls on mangrove extent, whereas rainfall primarily
modulates short-term canopy greenness through the alleviation of salinity
stress. These relationships suggest lagged ecosystem responses to large-
scale climate indices. Dieback and recovery may therefore occur when
hydrological = connectivity = and  geomorphic  conditions  allow

regeneration?8.56,

This concurs with Mafi-Gholami et al.5%, who found rain pulses could relieve
hypersaline stress, but not chronic freshwater depletion. The impact of
temperature and 10D were weak, demonstrating that hydrology and sea
level anomalies supersede thermal extremes per se, in this hyper-arid
environment. The interaction between global (SLA), regional (IOD,
rainfall), and local (geomorphology, tidal exchange) influences show that

there are multiple scales of mangrove resilience.

These results provide a new understanding of how arid zone systems
function at their ecological limits and are consistent with emerging global
evidence that extreme climate events will increasingly drive mangrove
persistence8.53, Northern depositional areas show signs of spontaneous

recovery, suggesting that passive or assisted natural regeneration may be



effective where tidal connectivity and sediment dynamics remain
functional. Persistently degraded southern depressions are likely
constrained by poor hydrological exchange, indicating that recovery in
these areas may require targeted hydrological remediation rather than
replanting alone. The strong sensitivity of mangrove cover and canopy
condition to sea level variability and rainfall pulses further supports the
use of arid mangrove systems as sentinels of hydroclimatic stress in the
Red Sea-Gulf of Aden region. While this study offers the first long-term
analysis of mangrove canopy dynamics in the Godorya MPA, several

limitations remain.
4. Limitations

The study relies on NDVI and canopy classification produced by Landsat
satellite imagery enable decadal-scale monitoring, which enable multi-
decadal monitoring but cannot capture many of the fine-scale physical
structure changes in mangroves systems. Mixed-pixel effects are expected
to be most pronounced in hypersaline and tidally dynamic zones due to
both sensor limitations and environmental heterogeneity. While these
factors likely result in conservative NDVI estimates, they do not affect the
relative temporal or spatial patterns of mangrove dieback and recovery
identified in this study. Future studies should consider temporally
consistent classitication approaches or trajectory-based methods to reduce
false change detection. Additionally, anthropogenic stressors are
acknowledged to be a major source of stress in Godorya. However,
consistent data quantifying the amount of these stresses during the period
of 1987-2022 were not available; therefore, they could not be used as a
quantitative predictor and are addressed qualitatively. Finally, the
geomorphic setting of Godorya differs significantly from many systems
found within the Red Sea-Gulf of Aden; therefore, caution is warranted
when applying the results of this study to other mangrove systems. Linear
models may not capture nonlinear dynamics, threshold effects, or spatial
heterogeneity inherent to mangrove ecosystem responses in arid coastal

environments.



Figure captions

Figure 1. Topographical context of the Republic of Djibouti with a
highlight (red) on geomorphological and hydrological features of the
Godorya Marine Protected Area (GMPA). The map was created by the
authors using QGIS version 3.40.11 (QGIS Development Team, 2024;
https://ggis.org) from publicly available geospatial datasets.

Figure 2. Long-term trends in total mangrove area (red triangles; left axis)
and annual mean NDVI (green circles; right axis) in the Godorya MPA
(1987-2022).

Figure 3. Decadal spatiotemporal dynamics of mangrove cover change in
the Godorya Marine Protected Area. Panels (a-d) illustrate transitions in
mapped mangrove extent between successive periods: (a) 1987-1997, (b)
1997-2007, (c) 2007-2017, and (d) 2017-2022. Green indicates mangrove
expansion (growth), red indicates mangrove loss (decline), and grey
represents unchanged areas. The map was created by the authors using
QGIS version 3.40.11 (QGIS Development Team, 2024; https://qgis.orq).

Figure 4. Spatial patterns of NDVI trends (Sen’s slope, Mann-Kendall) and
Local Moran’s I clustering in the Godorya mangrove system. Panel (A)
shows Sen'’s slope of annual NDVI for 1987-2022, indicating the direction
and magnitude of long-term canopy change at the pixel level. Panel (B)
presents the Mann-Kendall Z statistic, highlighting the strength and
significance of monotonic trends. Panels (C) and (D) display Local Moran’s
I (LISA) cluster maps for 2012 and 2022, respectively, representing
degraded and recovery phases. LISA categories include High-High
(clusters of high NDVI values), Low-Low (clusters of low NDVI values),

High-Low and Low-High (spatial outliers), and non-significant areas.

Figure 5. Temporal variability of key hydroclimatic drivers used in the
climate-mangrove analysis (1992-2022). (a) sea level anomaly, (b) Air
temperature, (c) El Nino-Southern Oscillation, and (d) Obock rainfall. Blue
area represents the drought period using the standardized precipitation

index 97.
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Table 1: Correlation between mangrove canopy, NDVI and climate drivers
(p-value in brackets).

Mangrove
Variable Canopy (NDVI)
Minimum Temperature 0.2 (0.26) -0.23 (0.2)
Maximum temperature -0.15 (0.38) -0.23 (0.19)
Mean Temperature 0.02 (0.9) -0.3 (0.03)
Nino 3.4 index 0.18 (0.3) 0.22 (0.19)

Indian Ocean Dipole

(I0D) 0.07 (0.67) -0.08 (0.63)
Sea level anomaly 0.62 (s(!,Di)_ 0.35 (0.05)
Rainfall (Obock) 0.28 (0.05) 0.48 (0.01)

Rainfall (Djibouti) 0.17 (0.39) 0.27 (0.17)




Table 2. Variability of NDVI and canopy cover detredended anomalies
using multiple linear regression analyses in relation to hydroclimatic
drivers

Predicto Coefficien Standar Standardize p-

r t(B) d error d coefficient value
(B)
Intercept 4.15 1.01 — 0.0003
Sea Level 1.23 0.23 0.49 <0.000
anomaly 1
NDVI Obock 0.0029 0.0007 0.42 0.0006
rainfall
anomaly
Intercept 1305.94 407.82 — 0.0040
SLA 831.41  170.82 0.6 <0.0001
anomaly
Obock
Mangrov .
e cover rainfall 1.25 0.32 0.39 0.0008
anomaly 7’
Mean air
temperatur -36.06 13.20 -0.27 0.012
e anomaly &
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