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ABSTRACT
Climate change and anthropogenic activities represent a significant threat to the distribution of dugongs (Dugong dugon) and 
potentially result in shifts in range and population declines unless prompt and effective conservation strategies are implemented. 
Species distribution models (SDMs) are employed to evaluate the impacts of these threats on dugong habitat distribution in Egypt, 
aiming to map habitat suitability under both current and future scenarios, following the ‘middle path’ (SSP2-4.5) projections for 
the years 2050 and 2070. This study focused on identifying key refuges and evaluating the effectiveness of existing marine pro-
tected areas (MPAs) for dugong conservation. The analysis forecasts that climate change will result in a future decrease in suita-
ble habitats, with an estimated loss of approximately 11.8% of the current dugong distribution by 2050, increasing to 20% by 2070 
under the same scenario. The MPAs currently encompass merely 54.8% of the potential species' habitat. Projections suggest this 
figure may decrease to approximately 52.9% by 2050 and 52% by 2070. These MPAs are projected to encompass approximately 
31% of the habitats anticipated to be lost by 2050, with this figure expected to increase to 87% by 2070. This anticipated spatial 
change in dugong distribution due to climate change underscores the critical role of these MPAs in alleviating these effects. It 
should guide the formulation of conservation and adaptation management strategies. Such strategies must include a stringent 
prohibition on activities that could deteriorate these habitats soon. Consequently, it is essential to establish comprehensive man-
agement, monitoring and assessment protocols for suitable habitats beyond protected areas, engaging all relevant stakeholders in 
conservation initiatives. These initiatives will aid in developing effective adaptive conservation strategies to determine dugong 
protected areas (DPAs) in the Egyptian Red Sea.

1   |   Introduction

The dugong (Dugong dugon), the only existing species in the 
family Dugongidae, inhabits the coastal and insular waters in 
the tropical and subtropical boundaries of the Indo-Pacific re-
gion (Nishiwaki and Marsh 1985). On a global scale, dugongs 
are listed on the IUCN Red List as vulnerable (Marsh and 
Sobtzick  2019) and recently as critically endangered in East 

Africa (Trotzuk et al. 2022). Dugong habitat loss and degrada-
tion due to coastal development, decreased water quality, pollu-
tion, tourist disturbance, artisanal fishing, transport and capital 
capture further exacerbate their decline and increase the risk 
of extinction (Preen 1989; Marsh et al. 2002; Marsh et al. 2011; 
Dunic et  al.  2021; Shawky et  al.  2024). Additionally, climate 
change is anticipated to increase the frequency of tropical 
storms, flooding events, marine heatwaves and extreme weather 
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events, which will adversely impact dugongs and their seagrass 
communities (Marsh et al. 2011; Shawky 2019b, 2024; Shawky 
et al. 2016, 2017; Levy and Prizzia 2018; Cheng et al. 2019; Keith-
Diagne et al. 2022).

Climate change impacts have detrimental effects on marine 
organisms (Lewandowska et  al.  2014; Faillettaz et  al.  2019), 
especially marine mammals (Schumann et  al.  2013; Orgeret 
et al. 2022; Kuletz et al. 2024). It is a major determinant of ma-
rine mammal distribution, abundance and life history, there-
fore affecting biodiversity and community structures (e.g., 
Moore 2017; Silber et al. 2017; Avila et al. 2018; Nelms et al. 2021; 
van Weelden et al. 2021). Shifting in geographic distribution is 
a common response of marine mammals to temperature varia-
tions, which can influence species ranges (Kerosky et al. 2012; 
Evans and Bjørge 2013). Nevertheless, the major possible con-
sequences of ocean warming on marine mammals remain little 
understood, underscoring a knowledge gap on their worldwide 
sensitivity to climate change (Schumann et al. 2013; Evans and 
Bjørge 2013; Albouy et al. 2020).

Environmental and climatic factors, such as cyclones and 
floods, significantly influence the demographic characteristics 
of dugong populations, increased mobility potentially in search 
of seagrasses, loss of weight and fat reserves, delayed reproduc-
tive cycles and elevated mortality rates (Marsh 1989; Preen and 
Marsh 1995; Marsh and Kwan 2008; Marsh et al. 2011). Under 
all climate change scenarios (IPCC 2019), bleaching events are 
projected to occur more often, with the resultant changes to 
coral reefs affecting dugong habitats where seagrass habitats 
intersect with coral reefs (Cleguer et al. 2020). The most serious 
impact of marine heatwaves for sirenians is their impact on sea-
grass (e.g., Kendrick et al. 2019).

Mitigation of climate change potential impacts necessitates a 
response through management strategies, coordinated action 
plans, adaptive landscape management and international col-
laboration (Marsh and Sobtzick 2019; Omar 2023, 2024; Shawky 
et al. 2024). Management approaches must be adaptable and inte-
grated with a robust network of protected areas to maintain con-
nectivity among dugong populations (Dobbs et al. 2008; Cleguer 
et  al.  2015; Seal et  al.  2024). However, ensuring connectivity 
should not compromise the preservation of high-quality habitats 
(Hodgson et al. 2009). Nevertheless, the disparity between exist-
ing protected areas and the anticipated future ranges of species 
presents a significant risk (Coetzee et al. 2009). Implementing 
adaptive management in a dynamic environment poses chal-
lenges, and the efficacy of protected area networks remains un-
certain (Thomas et al. 2012). While protected areas play a role 
in alleviating the impacts of climate change at both species and 
community levels, it is crucial to engage in proactive manage-
ment and expand these areas (Thomas and Gillingham 2015).

Recent studies on the western coast of the Egyptian Red Sea 
have concentrated on the dugong population (UNEP  2001; 
Hanafy et al. 2006; El-Regal et al. 2012; Shawky 2019a, 2019b, 
2024; Shawky et  al.  2016, 2017, 2019, 2024; Nasr et  al.  2019). 
These studies mostly aimed to evaluate the dugong's habitat, 
distribution, population size, photo identification, behaviour, 
underwater laser photogrammetry, feeding ecology and threats 
(Schramm et al. 2024). The findings indicate a critical situation 

that necessitates collaborative efforts, enhanced field monitor-
ing, enforcement of existing regulations, mitigation of escalating 
human threats and increased environmental awareness among 
coastal communities (Shawky  2019a, 2024). Current distribu-
tion records indicate a limited presence in Southern Sinai, with 
only two documented sightings in 2023: the first within the 
Nabq Protected Area on the Gulf of Aqaba and the second in 
Ras Raya, south of El Tor City on the Gulf of Suez. Historically, 
recorded sightings remain infrequent, including a report of two 
calves in the Abu Galum Protected Area in 1997, and two in-
dividuals observed in the Nabq Protected Area between 1999 
and 2000. As a result, for continuous human-induced threats, 
Shawky et al.  (2024) found that approximately 34% of respon-
dents to dugong conservation status interviews believed that 
the overall dugong population was diminishing, and more than 
79% expressed concerns that dugongs could face extinction in 
the future which align with field studies that highlight substan-
tial habitat degradation for dugongs due to persistent human 
threats, in addition to natural challenges such as flooding.

With 30 declared protected areas covering about 14% of its total 
land area, Egypt has prioritized the development and effective 
management of protected areas, as well as the creation of new 
ones (Ministry of Environment  2014, 2016, 2019). To promote 
the conservation of marine biodiversity and habitats, Egypt has 
established seven coastal and marine protected areas (MPAs): in 
the Red Sea region (Elba, Red Sea Islands and Wadi El Gemal–
Hamata protected areas [PAs]) and Al-Aqaba Gulf region 
(Ras Mohamed, Nabq and Abu Galum). The only exception to 
this designation is the El Sallum PA, which is situated in the 
Mediterranean Sea (Ministry of Environment 2019). Despite all 
these efforts, the situation remains unclear regarding the effi-
ciency of these MPAs in preserving and managing conservation 
and protection programmes for marine mammals, especially in 
light of future climate change.

In this regard, the utilization of species distribution models 
(SDMs) can efficiently solve these problems because they are 
relational models that, independent of their scale, use available 
environmental and/or geographical data to understand bet-
ter the distribution patterns of species occurrence (Elith and 
Graham  2009). SDMs can predict species distributions across 
diverse temporal and spatial dimensions (Phillips et  al.  2006; 
Yue et al. 2019) and can predict future climatic niches of species 
using species presence data and environmental layers, particu-
larly climate change scenarios derived from Global Circulation 
Models (Basher and Costello 2016; Barewar et al. 2023). SDMs 
have been extensively used to examine climate change effects on 
species distributions, predict habitat shifts under varying sce-
narios (Zhang et al. 2020) and measure the effectiveness of the 
PA network (Willis et al. 2009; Vale et al. 2018; Mi et al. 2023; 
Xin et al. 2024). They enhance research efficiency by pinpoint-
ing suitable sampling areas beforehand, thereby optimizing re-
source allocation and informing monitoring and conservation 
initiatives (Baldwin 2009; Fois et al. 2015). Additionally, it helps 
rangers and policymakers develop, adapt and direct conser-
vation strategies to deal with range shifts and habitat changes 
(Hunter-Ayad et al. 2020).

Considering the very low population size (73–97 individuals; 
Shawky et  al.  2024) and the increasing tourism and fishing 
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activities in their habitat, this study aimed to reorient moni-
toring, planning and conservation efforts by accounting for 
potential climate change impacts along the Egyptian Red Sea 
coast. We investigated the effects of projected climate change 
on the distribution of suitable habitat for the threatened dugong 
(D. dugon) in Egypt using SDMs. Three main objectives guided 
the analysis: first, to identify and assess the suitability of current 
and future habitats for this species; second, to identify key cli-
matic refugia that are vital for its future conservation; and third, 
to evaluate the adequacy of Egypt's existing PAs in safeguard-
ing this species, particularly in light of potential distributional 
shifts due to global warming. This study, combined with prior 
research, aimed to enhance our understanding of the future 
dynamics of Egypt's threatened dugong population under cli-
mate change. Moreover, our findings offer essential insights for 
conservation planning in PAs, emphasizing the importance of 
incorporating potential distributional changes into strategy de-
velopment and effective management.

2   |   Materials and Methods

2.1   |   Study Area and Target Species

Egypt serves as the focal area of our study, located predomi-
nantly between the latitudes of 22° and 32° N and the longitudes 
of 25° and 35° E and encompassing an area of 1,001,450 km2. 
The country shares its borders with Sudan to the south, Libya 
to the west and the Gaza Strip to the north-east (Ministry of 
Environment 2014, 2016, 2019; Omar 2024). The marine habitat 

system covers an area of 269,204.63 km2 in the Mediterranean 
and the Red Sea (Harhash et  al.  2015). Egypt is positioned in 
the north-eastern region of Africa, with the Sinai Peninsula 
acting as a crucial connector between Africa and the Middle 
East. Our study area is located on the Egyptian Red Sea coast 
between the latitudes of 22° and 28° N and the longitudes of 33° 
and 36° E (Figure 1). The Red Sea has a brief rejuvenation pe-
riod and should react quickly to climate change (Belkin 2009). 
With regional patterns suggesting greater increases in the north, 
Raitsos et al. (2017) found a rapid increase in sea surface tem-
perature (SST) in the Red Sea. In line with Chaidez et al. (2017), 
the 0.25°C increase each decade seems more in the northern 
Red Sea part. Apart from variations in SST, Langodan et  al. 
(2014) noted a general declining trend in the total winds and cor-
responding wave heights. The observed patterns raise serious 
concerns about the functioning of Red Sea ecosystems and their 
future in the context of climate change (Carvalho et al. 2019).

The dugong (D. dugon—Müller 1776) represents the only 
herbivorous marine mammal and extant species within the 
order Sirenia and the family Dugongidae that feed on sea-
grass (Preen  1992; Marsh et  al.  2002; Rajamani  2009; Marsh 
et al. 2011; Bakker et al. 2016). Dugongs are a keystone species 
within tropical seagrass ecosystems in the Indo-Pacific region 
(Moore  2017) and are often regarded as charismatic (Cullen-
Unsworth et  al.  2018). The dugong inhabits the waters of 48 
countries, ranging from the tropical and subtropical shallow 
coastal environments of East Africa to the Red Sea and Arabian 
Gulf, extending eastward to the Indo-Pacific region, includ-
ing Australia (Nishiwaki and Marsh  1985; Marsh  2008). The 

FIGURE 1    |    Dugong distribution along the Egyptian Red Sea. Photo credit: Ahmed M. Shawky.
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distribution of dugong populations in the Red Sea is fragmented, 
primarily owing to the patchy distribution of suitable seagrass 
habitats. Consequently, dugongs typically occur as solitary indi-
viduals or in small, isolated groups. Recent assessments classify 
the status of dugongs in the Red Sea region as Data Deficient 
(Schramm et al. 2024).

2.2   |   SDM

2.2.1   |   Species Occurrence Coordinates

To compile the most comprehensive, spatially explicit and up-
to-date occurrence dataset for the target species, we employed 
a multisource data integration framework combining historical 
records, contemporary open-access biodiversity databases and 
systematically collected field observations. This approach was 
specifically designed to maximize spatial and temporal coverage 
while explicitly addressing temporal heterogeneity, positional 
uncertainty and sampling bias that are inherent in long-term 
species occurrence datasets.

Historical occurrence records were first extracted from pub-
lished literature documenting sightings or distributional in-
formation for the target species. These sources span more 
than seven decades and include Hill  (1945), Gohar  (1957), 
Kingdon (1971), Bertram and Bertram (1973), Husar (1975, 1978), 
Nair et al. (1975), Nishiwaki and Marsh (1985), Thornback and 
Jenkins (1982), Preen (1989), UNEP (2001), Hanafy et al. (2006), 
Marsh (2009), El-Regal et al. (2012), Marsh and Sobtzick (2019), 
Shawky et al.  (2016, 2017), Nasr et al.  (2019) and Ayad (2021). 
When geographic coordinates were not explicitly reported, 
occurrence locations were georeferenced from maps, local-
ity descriptions and textual references using standardized GIS 
procedures. Given the intrinsic imprecision of many historical 
records, these data were treated as presence-only observations 
with variable spatial uncertainty, which was explicitly consid-
ered during data filtering and subsequent species distribution 
modelling.

Contemporary occurrence data were obtained from multi-
ple open-access biodiversity databases, including the Global 
Biodiversity Information Facility (GBIF), iNaturalist, the 
World Register of Marine Species (WoRMS), the Ocean 
Biodiversity Information System (OBIS), observation.org, 
VertNet and the IUCN Red List assessment database. GPS co-
ordinates associated with verified records were extracted and 
subjected to quality control procedures, including the removal 
of duplicate entries, spatial outliers and records with im-
plausible locations. While these databases provide extensive 
geographic coverage, potential biases arising from uneven 
sampling effort and citizen-science reporting were explicitly 
acknowledged and mitigated through spatial filtering and 
bias-aware analytical techniques.

Primary field observations were additionally incorporated 
from systematic surveys conducted along the Egyptian Red 
Sea coast between 2014 and 2024. Dugong sightings were 
recorded using handheld GPS units during boat- and shore-
based surveys across coastal and nearshore habitats to depths 
of up to 45 m (Shawky et al.  2016, 2017, 2019, 2024; Shawky 

2019a, 2024; Shawky and Shabaka 2024). These field-derived 
records represent the most spatially accurate and temporally 
recent component of the dataset and provide critical contem-
porary validation for both historical and database-derived 
occurrences.

In total, 1350 occurrence records were initially compiled and 
subjected to a rigorous validation and preprocessing workflow. 
This process included the removal of duplicate records, entries 
with incomplete or inaccurate geographic coordinates and 
points identified as erroneous. Historical locations correspond-
ing to areas no longer suitable for dugong presence, such as 
heavily urbanized coastal cities, ports and resort developments, 
were excluded to reduce ecological and spatial mismatch. To 
further minimize spatial autocorrelation and overrepresenta-
tion of clustered records, a spatial thinning procedure was ap-
plied, retaining a single occurrence point per 200-m2 grid cell, 
corresponding to the resolution of the environmental predictor 
variables. Following these steps, 350 high-confidence occur-
rence points for the dugong (D. dugon) were retained for use in 
MaxEnt modelling (Figure 1).

All validated occurrence records were subsequently used to 
generate SDMs aimed at predicting potential habitat suitability 
under current conditions and future climate scenarios.

2.2.2   |   Environmental Variables

Following extensive desk-based analyses and field investiga-
tions, environmental predictor variables were selected based 
on their documented biological relevance to dugong (D. dugon) 
ecology and their demonstrated utility in previous habitat suit-
ability and distribution modelling studies conducted in the Red 
Sea region (Shawky 2019a, 2024; Shawky et al. 2016, 2017, 2019, 
2024) (Table 1). Variable selection was guided by ecological rele-
vance rather than statistical availability alone, thereby reducing 
the risk of spurious correlations and enhancing interpretability 
of model outputs.

Seagrass availability is a primary limiting factor for dugong 
distribution; however, comprehensive and spatially contin-
uous seagrass maps are currently unavailable for much of 
the study area. To address this knowledge gap, we employed 
a suite of ecologically meaningful proxy variables that are 
widely recognized as determinants of seagrass presence and 
productivity and consequently of dugong foraging habitat. 
These proxies included water depth (m), distance to the coast-
line (m), seafloor slope (°), solar radiation and topographic 
openness (degrees). Topographic openness represents the 
degree to which the seafloor is exposed to incoming solar 
radiation and was calculated as the mean of zenith angles 
across eight compass directions at a fixed radius (Yokoyama 
et al. 2002; Briscoe et al. 2014). Distance to the coastline was 
calculated using the Euclidean distance tool in ArcGIS 10.9, 
measuring the distance from the centre of each raster cell to 
the nearest shoreline (Omar 2023, 2024).

Consistent with established marine SDM practices (Tyberghein 
et al. 2012; Sbrocco and Barber 2013; Assis et al. 2024), phys-
ical, chemical, biological and topographic environmental 
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layers were obtained from the BIO-ORACLE (https://​bio-​or-
acle.​org/​) and MARSPEC (https://​marsp​ec.​weebly.​com/​moder​
n-​data.​html) databases. Predictor variables were compiled for 
present-day conditions (centred on 2020) and for future climate 
projections corresponding to mid-century (2050; 2041–2060) 
and late-century (2070; 2060–2080) periods (Table  4). These 
datasets integrate outputs from multiple global climate models 
and represent widely used, standardized inputs for marine hab-
itat modelling. While the occurrence records span 2014–2024, 
the environmental predictors utilized data from 2010 to 2020. 
The use of environmental layers (2010–2020) to model occur-
rence data (2014–2024) is consistent with established SDM 
practices where environmental variables are used to character-
ize the long-term ecological niche rather than transient, high-
frequency fluctuations (Peterson et al. 2011; Sánchez-Mercado 
et al. 2010). Given the ecological stability of the Red Sea's core 
benthic features during this period, these layers provide a rep-
resentative baseline for the habitat suitability of the Egyptian 
dugong population.

Future habitat suitability was projected under the Shared 
Socioeconomic Pathway SSP2-4.5 (‘Middle of the Road’) sce-
nario. This scenario was selected as it provides a balanced and 
policy-relevant representation of future greenhouse gas emis-
sions and socio-economic development trajectories. Recent 
assessments have highlighted that the SSP5-8.5 ‘worst-case’ 
scenario relies on increasingly implausible assumptions, par-
ticularly regarding sustained, large-scale global coal consump-
tion (Hausfather and Peters 2020; Scafetta 2024), limiting its 
applicability for realistic conservation planning. In contrast, 
SSP2-4.5 aligns more closely with current international mit-
igation commitments, including the Paris Agreement, and is 
therefore better suited for informing medium-term ecological 
forecasting and management strategies in climate-vulnerable 
regions such as Egypt and the wider MENA region.

Geophysical variables, including bathymetry, slope, aspect, curva-
ture and distance to shoreline, were derived from the SRTM30_
PLUS high-resolution (~1 km) bathymetric dataset. Climatic 
variables were sourced from NOAA's World Ocean Atlas and 
NASA's Ocean Color Web, providing long-term interannual aver-
ages, extremes and variability for SST and salinity (Sbrocco and 
Barber 2013). Biological (e.g., primary productivity) and chemical 
variables (e.g., nitrate and iron concentrations) were obtained from 
BIO-ORACLE at a spatial resolution of approximately 200 m2.

All environmental layers were resampled and standardized to a 
common spatial resolution of 200 m2 using the Resample tool in 
ArcGIS 10.9. This resolution was selected to maximize spatial pre-
cision within the complex coastal configuration of bays, islands 
and nearshore habitats characteristic of the Egyptian Red Sea. In 
total, 23 environmental variables were initially considered as can-
didate predictors of dugong habitat suitability. All datasets were 
projected using the WGS 84 coordinate reference system, and spa-
tial extraction was limited to the marine study area.

2.2.2.1   |   Multicollinearity and Regression Analysis.  A 
set of identified environmental variables was tested for collin-
earity using R version 4.2.1 and the ‘caret’ package. During this 
analysis, if Pearson's correlation coefficient between any pair 
of variables was greater than 0.75, one variable from that pair 
was excluded. When faced with a choice between two highly 
correlated variables, the one with greater biological or ecological 
significance to the species' known biology or habitat requirements 
is often retained. This methodology is consistent with studies by 
Elith et  al.  (2010) and Kalle et  al.  (2013). A correlation thresh-
old of |r| > 0.75 is commonly used to identify and remove highly 
collinear variables, balancing the need to eliminate redundancy 
(where variables share > 56% variance) with preserving ecolog-
ically relevant predictors. This threshold minimizes overfitting, 
enhances coefficient stability and improves projection reliability 

TABLE 1    |    Marine environmental variables used for the SDMs along with its description and source.

No. Variable Units Source

1 Ocean temperature °C Bio-ORACLE

2 Salinity — Bio-ORACLE

3 Sea water velocity m.s−1 Bio-ORACLE

4 Sea water direction ° Bio-ORACLE

5 Nitrate mmol.m−3 Bio-ORACLE

6 Iron mmol.m−3 Bio-ORACLE

7 Primary productivity mmol.m−3 Bio-ORACLE

8 pH — Bio-ORACLE

9 Bathymetry (0–2600) M Bio-ORACLE

10 Terrain ruggedness index — Bio-ORACLE

11 North/South aspect (cos(aspect in radians)) Radians MARSPEC

12 Profile curvature — MARSPEC

13 Distance to shore km MARSPEC

14 Bathymetric slope ° MARSPEC
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under future climate scenarios, without overly sacrificing model 
performance, as supported by studies like Dormann et al. (2013). 
Ultimately, a total of 14 variables were retained for the subse-
quent analysis (Table  1). A correlation-class heatmap was used 
to visually summarize collinearity patterns and identify highly 
correlated variable groups (|r| ≥ 0.75). A table summarizes the eco-
logical relevance and statistical rationale underlying the selection 
of 14 environmental variables retained for the final MaxEnt model 
following multicollinearity screening (Supporting Information).

2.2.3   |   Modelling Procedure

Species distribution modelling was conducted using presence-
only occurrence data and the Maximum Entropy (MaxEnt) 
algorithm, a widely applied and well-established approach for 
modelling species' potential distributions from incomplete or bi-
ased occurrence records (Elith et al. 2006; Ortega-Huerta and 
Peterson 2008; Omar and Elgamal 2021b). MaxEnt was selected 
due to its strong predictive performance under limited sample 
sizes and its capacity to handle complex, non-linear relation-
ships between species occurrences and environmental predic-
tors (Hernandez et al. 2006; Papeş and Gaubert 2007; Pearson 
et  al.  2007; Elith et  al.  2011; Lissovsky et  al.  2021; Omar and 
Elgamal 2021a).

Modelling was performed using MaxEnt software version 3.4.4. 
Habitat suitability outputs were generated as continuous logistic 
predictions ranging from 0 (unsuitable habitat) to 0.99 (highest 
suitability). To evaluate model performance, the occurrence 
dataset was randomly partitioned, with 80% of the records used 
for model training and the remaining 20% reserved for indepen-
dent testing of predictive accuracy.

Advanced model settings were adjusted to ensure adequate 
model convergence and diagnostic output. The maximum num-
ber of iterations was set to 500, and the convergence threshold 
was fixed at 0.00001. Additionally, the ‘write plot data’ option 
was enabled to facilitate detailed response curve analysis, 
while the ‘write background prediction’ option was activated 
under the experimental settings to allow for spatial interpreta-
tion of background environmental space. Based on the num-
ber of occurrence records available, the model incorporated 
linear, quadratic, product and hinge feature classes, consistent 
with recommended practices for medium-sized presence-only 
datasets.

To further ensure robust model convergence, a total of 1000 
iterations were permitted, allowing sufficient optimization of 
model parameters. The relative importance of environmental 
predictors was evaluated using the jackknife test and percent-
age contribution metrics. Following Pearson et al. (2007), these 
measures were selected due to their suitability for presence-only 
datasets and their reliability when working with limited sam-
ple sizes.

Species occurrence data were provided to the model as a CSV 
file containing geographic coordinates in decimal degrees, 
while environmental predictors were supplied as ASCII ras-
ter layers. All modelling procedures were conducted using 

standardized coordinate reference systems and consistent spa-
tial resolutions to ensure comparability across predictors and 
scenarios.

2.2.4   |   Model Validation

The evaluation of MaxEnt's performance was conducted using a 
threshold-independent receiver operating characteristic (ROC) 
analysis and area under the ROC curve (AUC) values, which 
range from 0.5 (indicating random discrimination) to 1 (indicat-
ing perfect discrimination) (Yi et al. 2016; Fois et al. 2018). True 
skill statistic (TSS) was also utilized; it is calculated as sensitiv-
ity plus specificity minus one, with values ranging from −1 to 1. 
Values exceeding zero signify superior model performance rela-
tive to chance (Allouche et al. 2006; Omar et al. 2025; Omar and 
Hamada 2026). From the MaxEnt results (maxentResults.csv), 
the maximum training sensitivity plus specificity (MTSS) was 
used to select the threshold selection method for evaluating 
binary classification models. This method aims to find a prob-
ability threshold that optimally balances the model's ability to 
correctly predict the presence of a species (sensitivity) and its 
ability to correctly predict the absence of a species (specificity) 
based on the training data. It combines sensitivity (the propor-
tion of correctly predicted presences) and specificity (the propor-
tion of correctly predicted absences): TSS = Sensitivity + Specifi
city − 1.

R version 4.2.1 was employed to calculate the TSS values, which 
ultimately span a range from −1 to +1 (Allouche et  al.  2006). 
A TSS of +1 indicates perfect agreement between the model's 
predictions and the observed species occurrences. A value of 0 
suggests that the model performs no better than random chance. 
Conversely, a TSS of −1 implies that the model's predictions are 
completely opposite to the actual observed pattern of species dis-
tribution. Mean AUC and TSS across the 10 replicates of each 
algorithm and across all species were used to assess model per-
formance. A total of 1000 iterations were chosen to allow suffi-
cient time for model convergence, with a threshold of 0.00001. 
We assessed the relative importance of each environmental 
predictor in the model by utilizing the percentage contribution 
from the jackknife test, which is considered the most appropri-
ate index for small sample sizes (Pearson et al. 2007).

2.2.5   |   Define Optimal Sites

The default logistic output format was selected to represent 
habitat suitability, with values ranging from 0 to 1. A total of 10 
replicates were considered for the analysis. From the MaxEnt 
text output, the average and standard deviation values for the 
training and test AUC, as well as the TSS for the 10 models, were 
extracted. The average model's ASCII output map for the target 
species was loaded into ArcGIS. The habitat suitability predic-
tion models were then divided into four distinct categories based 
on their probability scores: high probability: ≥ 0.71, moderate 
probability: 0.70–0.31, low probability: 0.30–0.11 and very low 
to unsuitable: ≤ 0.10. ArcGIS version 10.9 was used to calcu-
late the size of the area for each of these categories (Choudhury 
et al. 2016; Omar and Elgamal 2025).
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7 of 20Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

To further analyse spatial changes resulting from future cli-
mate change, we assessed distribution shifts between current 
suitable habitats and two future scenarios within the ArcGIS 
environment. Initially, based on the species' ecological char-
acteristics, the continuous model map was transformed into a 
binary map (1: suitable/0: unsuitable) by applying a threshold 
value of 0.48. This threshold was determined based on MTSS, 
ecological knowledge and the species' habitat requirements, 
and the conversion was performed using ArcGIS 10.9. Instead 
of relying solely on statistical criteria (such as maximizing a 
model evaluation metric) or arbitrary cut-offs, this approach 
incorporates ecological knowledge to make more informed 
decisions about what constitutes a ‘suitable’ habitat for the 
species, drawing upon long-term field experience. Then, the 
loss or gain in the suitability area was calculated, given the 
difference between the current and future climatically suit-
able areas (Omar and Elgamal  2021a, 2021b; Omar  2023). 
To determine the shift and spatial changes in species dis-
tribution under climate change, the analysis focuses on three 
primary metrics relative to the current baseline. The per-
centage loss, calculated as (Area_Lost/Area_Current) × 100, 
quantifies the vulnerability of existing populations by iden-
tifying the proportion of the current habitat that will become 
unsuitable. Conversely, the percentage gain, expressed as 
(Area_Gained/Area_Current) × 100, evaluates the potential 
for colonization or migration into newly suitable regions. 
Finally, the net change is derived by subtracting the total loss 
from the total gain (Gain − Loss), providing a definitive mea-
sure of the overall increase or decrease in the species' total 
suitable area.

2.3   |   Effectiveness of Current PA Network

To evaluate the representativeness and efficiency of the ex-
isting PA network, potential habitat suitability zones cat-
egorized into high, moderate, low and unsuitable classes 
were spatially intersected and extracted within current 
MPA boundaries. This analysis was extended to include pro-
jected temporal dynamics by identifying areas of future per-
sistence, gains and losses relative to the total national suitable 
distribution.

3   |   Results

3.1   |   Model Performance 
and Major Environmental Factors

The MaxEnt model demonstrated a high level of accuracy 
in predicting potentially suitable habitats, achieving a train-
ing AUC of 0.99 (0.99 − 0.99) ± 0.00 and a test AUC of 0.99 
(0.98 − 0.99) ± 0.00, along with a TSS of 0.80 (0.66 − 0.86) ± 0.06 
(refer to Table 2). An internal jackknife test of the model re-
vealed the average contributions of various variables, indicat-
ing that distance to shore (44.2%), water temperature (23.5%) 
and bathymetry (10.2%) were the most significant factors in-
fluencing the distribution of D. dugon in Egypt. Additional 
contribution percentages for other variables can be found in 
Table S2.

3.2   |   Potential Habitat Suitability Under Current 
Conditions

An average model was selected from the 10 replicates, and hab-
itat suitability rankings were established. Table 3 and Figure 2 
illustrate the different suitability rankings and elaborate on the 
probabilities and suitability areas. The results demonstrate that 
the potential distribution of D. dugon (≥ 0.31) covers an area 
of 24,804.6 km2, accounting for 9.4% of Egypt's total maritime 
area. This region is classified into three categories: 828.82 km2 
(0.32%) as high probability (≥ 0.71), 1324 km2 (0.5%) as moderate 
probability (0.70–0.31) and 3095.9 km2 (1.18%) as low probability 
(0.30–0.11). The unsuitable area is quantified at 237,858.4 km2, 
representing 90.56% (see Table 3).

The optimal suitability habitat ranges for D. dugon (≥ 0.49-MTSS 
threshold) are expected to be restricted predominantly within 
the Hurghada, Safaga, Qosseir, Marsa Allam, Wadi El Gemal–
Hamata, Berenice, Shalateen and Halayeb.

3.3   |   Potential Habitat Suitability Changes Under 
Future Conditions

The results indicated that there is almost no noticeable differ-
ence between current and future climatic distribution ranges. 
The data revealed a significant level of stability, with only slight 
alterations anticipated. For example, areas identified as having 
a high probability of occurrence are expected to decline from 
0.32% under present climate conditions to 0.30% in the future 
scenario SSP2 for 2050 and to 0.29% by 2070. Conversely, re-
gions with moderate probability are projected to be stable or rise 
from 0.50% currently to 0.51% in 2050 and remain at 0.51% by 

TABLE 2    |    Model performance for the target species.

Category AUC (training) AUC (test) TSS

Current

Minimum 0.99 0.98 0.66

Maximum 0.99 0.99 0.86

Average 0.99 0.99 0.80

St. Deviation 0.00 0.00 0.06

SSP2 ‘2050’

Minimum 0.99 0.98 0.65

Maximum 0.99 0.99 0.87

Average 0.99 0.99 0.82

St. Deviation 0.00 0.00 0.07

SSP2 ‘2070’

Minimum 0.99 0.98 0.65

Maximum 0.99 0.99 0.92

Average 0.99 0.99 0.81

St. Deviation 0.00 0.00 0.07
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8 of 20 Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

2070. Additionally, it was observed that suitable habitats (≥ 0.49) 
for D. dugon are likely to see a minor decrease, from 0.32% under 
current conditions to 0.30% in the future scenario SSP2 for 2050 
and to 0.29% by 2070 (refer to Table 3 and Figure 3).

Climate change impacts on species distribution and habitat 
suitability were extracted, and areas that were gained and lost, 
as well as regions exhibiting high stability, were described and 
recognized through a comparative analysis of suitable habitats 

(≥ 0.5) for D. dugon presence under both current and projected 
climate scenarios for the years 2050 and 2070. It is anticipated 
that species will experience an increase in area of approxi-
mately 62.5 km2 (7.5% of the current regions ≥ 0.5) by the year 
2050 under the SSP2 scenario and an increase of 96.3 km2 
(11.6%) by 2070. Conversely, the species is projected to lose 
around 98 km2 (11.8% of current regions ≥ 0.5) by 2050 and 
165 km2 (19.9%) by 2070 under the same scenario. Additionally, 
the area is expected to remain stable at approximately 824 km2 

TABLE 3    |    Area and percentage of each habitat suitability categories for the dugongs within Egypt under current and future climatic scenarios.

Ranks Current (km2) % 2050 (km2) % 2070 (km2) %

High ≥ 0.71 828.82 0.32 796.7 0.30 767.6 0.29

Moderate 0.70–0.31 1324.04 0.50 1334.33 0.51 1352.06 0.51

Low 0.30–0.11 3095.99 1.18 3054.56 1.16 3290.67 1.25

Unsuitable ≤ 0.10 237,858.43 90.56 237,921.69 90.58 237,696.95 90.50

Suitability (threshold 0.49) 828.82 0.32 796.70 0.30 767.60 0.29

FIGURE 2    |    Map of the current potential habitat and suitability for the dugong on the Egyptian Red Sea.
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9 of 20Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

(88.2%) for 2050 and 757 km2 (80.1%) for 2070. The findings in-
dicated that the change will be more pronounced and signifi-
cant by the year 2070 (Table 4 and Figure 4).

The findings of this study reveal relative stability in the future 
distribution and trends of the species, exhibiting only minor 
variations when compared with its current distribution. Under 
the climate change scenario SSP2, projected for the years 
2050 and 2070, it is anticipated that the species will incur a 
habitat loss of approximately 11.8% and 19.9%, respectively. 
This loss is particularly pronounced in the peripheral areas 
of Hurghada, Berenice, Shalateen and Ras Mohamed. The ob-
servation of the most significant increase in losses within the 
same regions by the year 2070 is noteworthy. Conversely, the 
species is projected to expand into new areas, gaining approx-
imately 7.5% and 11.6% of its current range, predominantly in 
Hurghada and Shalateen, with a higher expansion rate in 2070 
(refer to Figure 4). Despite the anticipated losses and gains in 
specific areas, the species is expected to exhibit a remarkable 
degree of stability, with over 80% of its current range remain-
ing unaffected.

3.4   |   Effectiveness of PA Network

The findings of this study reveal that Egyptian Red Sea MPAs 
currently encompass merely 54.8% of the potential species' 
habitat. Projections suggest this figure may decrease to ap-
proximately 52.9% by 2050 and 52% by 2070 (Table 5). These 
findings suggest that the current MPA network is under-
represented relative to the total current/future suitable avail-
able habitat.

Egyptian Red Sea MPAs, which encompass over 50% of both 
the current and anticipated future habitats for this species, are 
expected to contribute to conservation and management ef-
forts in the future significantly. This is particularly relevant for 
regions that are projected to be designated for protection. This 
research concluded that the anticipated spatial alterations in 
the distribution of the target species within PAs will result in 
these areas including roughly 36% of the distribution gains by 
the year 2050, with this figure projected to rise to about 95.4% 
by 2070. On the other hand, MPAs are predicted to account for 
approximately 31.5% of the potential distribution losses under 
existing conditions by 2050, with this proportion expected 
to increase to around 87% by 2070. Notably, these MPAs are 
projected to include approximately 61% of the stable regions of 
current distribution by 2050, decreasing to about 52% by 2070 
(refer to Table 5).

This major change in the future and the presence of more 
than 45% of the suitable habitats for dugongs outside the 
boundaries of current MPAs call for the development of rapid 
mitigation plans based on identifying monitoring and assess-
ment priorities and adjusting marine boundaries to include 

FIGURE 3    |    Map of the current and future potential habitats for the dugongs on the Egyptian Red Sea.

TABLE 4    |    Distribution of Dugong dugon: Areas and percentages of 
gain, loss and stability under the climate change scenario SSP2 for the 
years 2050 and 2070.

Category 2050 (km2) % 2070 (km2) %

Gain 62.5 7.5 96.3 11.6

Loss 98 11.8 165 19.9

Stable 824.1 88.2 757 80.1
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10 of 20 Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

potential habitats in the future (Figures 5 and 6). It was also 
noted that on the ground, more than 50% of field observa-
tions fall outside the coverage of declared MPAs (Table S1 and 
Figure S1).

4   |   Discussion

In this study, the MaxEnt model was utilized to assess habitat 
suitability for the dugongs in both current and projected climatic 

FIGURE 4    |    The projection of the potential distribution changes maps of the dugongs under future climate change.

TABLE 5    |    Areas and percentages of potential habitat suitability categories and spatial changes of the dugongs within the boundaries of the 
Egyptian Red Sea MPAs.

Ranks Current % 2050 % 2070 %

High ≥ 0.71 454.37 54.82 438.42 52.9 431.43 52.05

Moderate 0.70–0.31 764.04 57.71 754.41 56.98 747.22 56.43

Low 0.30–0.11 1733.17 55.98 1696.83 54.81 1701.42 54.96

Unsuitable ≤ 0.10 5670.13 2.38 5732.05 2.41 5741.64 2.41

Suitability ≥ 0.49 454.37 54.82 438.42 52.9 431.43 52.05

Gain — — 34.73 36.06 59.62 95.39

Loss — — 52.04 31.54 85.6 87.35

Stable — — 461.73 61 428.18 51.96
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11 of 20Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

scenarios. However, it is important to acknowledge that the limited 
availability of records constrained the model's efficacy for certain 
species. The models created for the target species, despite relying 
on a restricted number of unique coordinates, exhibited remark-
ably high accuracy during validation. The AUC values ranged 
from 0.98 to 0.99, signifying outstanding performance (with val-
ues exceeding 0.5 regarded as acceptable). TSS values fell between 
0.79 and 0.82, further indicating excellent results (as values above 

0 are considered acceptable). Therefore, our model estimated that 
the suitable area for D. dugon is covering about 828.8 km2 (0.32% 
of the country's marine area) at present. The optimal suitability 
habitat range (≥ 0.51) is expected to be restricted to the Red Sea 
and South Sinai coasts, predominantly within Hurghada, Safaga, 
Qosseir, Marsa Allam, Wadi El Gemal–Hamata, Shalateen and 
Halayeb in the Red Sea governorate and Sharm El-Sheikh, Nabq 
and Abu Galoum in the South Sinai governorate. These findings 

FIGURE 5    |    Spatial distribution changes because of climate change in the northern MPAs of the Egyptian Red Sea: (a) habitat probability and (b) 
habitat shift (gain–loss–stable).
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12 of 20 Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

align with earlier studies indicating that species are found in most 
of the predicted habitats or have historically inhabited these re-
gions (Husar 1975; Nair et al. 1975; UNEP 2001; Marsh et al. 2002; 
Hanafy et  al.  2006; El-Regal et  al.  2012; Shawky 2019a,  2024; 
Shawky et  al.  2016, 2017, 2019; Marsh and Sobtzick  2019; Nasr 
et al. 2019; and Ayad 2021).

The findings of our study indicated that the primary factors in-
fluencing the distribution of dugongs in Egypt are proximity to 
the shore, water depth and temperature. The data revealed that 
dugongs are predominantly found near the coast of the Red Sea 
and its adjacent islands. Additionally, the response curves demon-
strated a decline in the probability of the species' presence as depth, 
distance from the shore and topographical ruggedness increased. 
This observation is supported by earlier studies that indicate du-
gongs exhibit selective feeding behaviours in coastal seagrass eco-
systems (Bertram and Bertram 1973; Husar 1975; Nair et al. 1975; 
Preen  1995; Marsh et  al.  1982, 2002, 2003, 2012; UNEP  2001; 
Spiegelberger and Ganslosser 2005; Hanafy et al. 2006; Sheppard 
et  al.  2006; Rajamani  2009; El-Regal et  al.  2012; Shawky 
2019a,  2024; Shawky et  al.  2016, 2017, 2019, 2024; Marsh and 
Sobtzick 2019; Nasr et al. 2019; Ayad 2021; Khamis et al. 2022). A 
national investigation conducted by Shawky (2019a, 2024) along 

the Red Sea coastline, specifically in Wadi El Gemal, Elba and 
Red Sea Island PAs, revealed significant concentrations of sea-
grass communities in intertidal zones, with dugong feeding trails 
located within 1 km of the shoreline. Notwithstanding the varia-
tions in space and time, numerous seagrass communities flourish 
in shallow reef flats and sandy habitats, where light penetration is 
optimal, and water clarity is high (Short et al. 2007).

Research indicates a significant co-occurrence relationship be-
tween dugongs and seagrass ecosystems. Dugongs are integral to 
the dynamics of seagrass communities, affecting various aspects 
such as their structural integrity, spatial distribution, species di-
versity, productivity levels and nutrient availability (Aragones 
et al. 2006; Hines et al. 2012; Marsh et al. 2011; Collier et al. 2012; 
Ebrahim et al. 2014; Bessey et al. 2016; Hossain et al. 2016; Mizuno 
et al. 2017; Shawky and Shabaka 2024; Shawky 2019a, 2024). Their 
role is particularly vital in processes related to seed dispersal and 
reproductive success (Kendrick et al. 2012). In addition, the pres-
ence and density of suitable seagrass habitats are essential for the 
distribution, migratory patterns and population sizes of dugongs 
(Preen 1989). In the Red Sea and Gulf of Aden, seagrasses predom-
inantly thrive in soft-bottom substrates; however, their distribu-
tion in the northern Red Sea is constrained by adjacent coral reefs. 

FIGURE 6    |    Spatial distribution changes because of climate change in the southern MPAs of the Egyptian Red Sea: (a) habitat probability and (b) 
habitat shift (gain–loss–stable).
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13 of 20Aquatic Conservation: Marine and Freshwater Ecosystems, 2026

During low tide, dugongs tend to aggregate in seagrass areas char-
acterized by elevated nitrogen levels (Sheppard et al. 2010).

Numerous studies have previously measured the significant 
influence of climate change on the distribution patterns of 
D. dugon (e.g., UNEP 2001; Marsh et al. 2003, 2017, 2022; Hanafy 
et al. 2006; Lawler et al. 2007; El-Regal et al. 2012; Schumann 
et al. 2013; Ponnampalarm et al. 2015; Fuentes et al. 2016; Shawky 
et al. 2016, 2017, 2019; Marsh and Sobtzick 2019; Nasr et al. 2019; 
Shawky 2019a,  2024; Khalil et  al.  2022; Andriansyah  2023; 
Marsh and Cleguer 2024). These studies have addressed natu-
ral and human threats, as well as the effects of climate change 
on the distribution pattern and migration movements and the 
potential impacts on changes in the food chain status and dis-
tribution of seagrasses. In addition to dugong watching, tour-
ism has a direct negative impact on dugongs due to snorkelers 
who swim above them and speedboats that approach while they 
are surfing to breathe. This often causes dugongs to swim sud-
denly away and change direction, which is defined as fleeing 
behaviour (Shawky 2018). After fleeing, dugongs change their 
behaviour from fleeing to travelling by means of forward loco-
motion, during which their bodies and tails are kept horizontal, 
and their flippers are used to change direction, either to the left 
or right. They then increase their speed, swim away or dive to 
rest at the bottom for a few minutes. This behaviour has been 
observed consistently in the Marsa Alam area, particularly 
in Marsa Mobarak, Marsa Hermez and Marsa Abou Dabbab. 
When a dugong is unable to reach the water's surface to breathe 
due to the presence of snorkelers, it immediately lowers its head 
and swims a short distance in search of another exit (Figure S2). 
If these impacts are not addressed and managed effectively, they 
could lead to serious consequences, including species decline or 
even extinction. In this research, we specifically assessed poten-
tial changes and tracked rates of stability and change, focusing 
on the diminishing (lost) habitats of the dugong along the Red 
Sea coastline (Shawky 2018).

The findings of our model indicate that the distribution of 
dugongs along the Egyptian Red Sea coast is projected to un-
dergo spatial changes characterized by a partial contraction, 
with notable effects anticipated by the year 2070. The research 
indicates a substantial reduction in habitats considered suit-
able for dugongs, with an expected decline of 11.8% by 2050 
and 19.9% by 2070. These outcomes align with the conclusions 
and observations of numerous prior studies, which have pre-
dicted a decrease in suitable habitats for dugong as a conse-
quence of climate change (UNEP  2001; Hanafy et  al.  2006; 
Grech and Marsh  2007; Marsh  2009; El-Regal et  al.  2012; 
Rouphael et al. 2013; Al-Abdulrazzak and Pauly 2017; Shawky 
2019a, 2024; Shawky et al. 2016, 2017, 2019, 2024; Marsh and 
Sobtzick 2019).

The effects of climate change, as observed in this study, indicate 
that the region most susceptible to loss by 2050 will be Halaib 
and Breneice in the south-eastern part of Egypt. Furthermore, 
significant losses are projected for 2070, particularly affecting 
Sharm El-Sheikh, the northern islands, Breneice and Halayeb. 
While projections indicate that new territories may be gained 
at a rate of 7.5% by 2050, escalating to 11.6% by 2070, these 
gains will still fall short of the areas that are anticipated to 
be lost. Such rates are primarily attributed to the impacts of 

climate change, which, when compounded with persistent 
human activities, could have exacerbating and detrimental 
effects on existing populations. In particular, the Halayeb 
and Shalateen area is exposed to high-intensity fishing activ-
ities that have led to the death of dugongs caught in their nets 
(Rouphael et al. 2013; Shawky 2024), and this is likely to lead 
to local extinction with little possibility of population recovery 
if combined with the expected deterioration in the area as a 
result of climate change predicted in this study.

4.1   |   Conservation Implications and Adaptive 
Management Priorities

Dugongs (D. dugon) benefit from extensive international legal 
protection under several multilateral environmental agree-
ments, including the Convention on Biological Diversity (CBD), 
the Convention on the International Trade in Endangered 
Species of Wild Fauna and Flora (CITES; Appendix II), the 
Convention on Migratory Species of Wild Animals (CMS; 
Appendix I) and its associated Dugong Memorandum of 
Understanding, as well as the African Convention on the 
Conservation of Nature and Natural Resources (Caddell 2017; 
UNEP-WCMC  2015; Pramudianto et  al.  2018; Trotzuk 
et  al.  2022). At the national level, Egypt has designated 30 
PAs covering approximately 14% of terrestrial and 9.5% of 
marine environments. Although this represents a substan-
tial conservation effort, marine protection remains below the 
10%–20% coverage recommended by the IUCN and other au-
thorities (Ballantine  1991; Kelleher et  al.  1995; Roberts and 
Hawkins 2000; Sánchez Lizaso et al. 2000). Within this context, 
the present study demonstrates that the five declared MPAs in 
the Egyptian Red Sea currently exhibit low to moderate effec-
tiveness in safeguarding dugong habitats.

By quantifying these proportions against the species' overall 
potential range, the study evaluates current management effec-
tiveness in harbouring critical habitats. These findings estab-
lish a strategic framework for prioritizing future conservation 
efforts and facilitating the designation of DPAs within national 
parks. Consequently, this approach ensures that monitoring, 
enforcement and adaptive management are redirected towards 
high-value areas to effectively mitigate the impacts of projected 
habitat shifts (Omar 2017, 2023, 2024).

Model projections indicate that by 2050, these MPAs are 
expected to encompass approximately 61% of climatically 
suitable dugong habitat, declining to about 52% by 2070 as 
suitable areas shift spatially. More critically, the results reveal 
that nearly 31% of the suitable dugong habitat projected to be 
lost by 2050 lies within existing MPAs, increasing dramati-
cally to 87% by 2070. This alarming trend underscores that 
habitat degradation is likely to intensify over time, particu-
larly if anthropogenic pressures exacerbate the effects of cli-
mate change. Consequently, MPAs alone, without adaptive 
management and strict enforcement, may be insufficient to 
prevent substantial habitat loss. These findings emphasize the 
urgent need for precautionary conservation strategies, includ-
ing stringent prohibitions on activities that disrupt seagrass 
ecosystems and dugong movement corridors within and adja-
cent to MPAs.
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Despite these challenges, the five Red Sea MPAs remain central 
to dugong conservation and are likely to play a decisive role in 
reducing the risk of local extinction. Based on projected future 
habitat loss, conservation and monitoring priorities should be 
explicitly ranked, with primary focus directed towards Elba, 
followed by Ras Mohamed, Abu Galum, the Northern Islands 
and Wadi El Gemal. Prioritization of these areas enables more 
efficient allocation of limited conservation resources and facil-
itates targeted adaptive management interventions in the most 
vulnerable regions.

Importantly, the study shows that more than 50% of current 
suitable dugong habitats fall within existing Egyptian Red Sea 
MPAs, providing a strong foundation upon which climate-
adaptation strategies can be developed. Adaptive management 
should therefore focus on expanding PA coverage, enhancing 
connectivity and incorporating future habitat stability and gain 
zones into MPA design. At the national scale, modifying marine 
boundaries of existing MPAs represents a practical and effective 
adaptation measure. For example, extending the boundaries of 
Wadi El Gemal National Park (WGNP) to include a coastal ma-
rine strip approximately 10 miles offshore and 85 km northward 
from Marsa Alam to Marsa Sheikh Malik would substantially 
enhance protection of suitable future habitats. Similarly, ex-
panding protection north of the Elba PA to include Berenice, Ras 
Banas, the Seyal Islands and Shaab Saleh between Shalateen 
and Halayeb, extending up to 40 miles offshore, would encom-
pass extensive shallow continental shelf areas rich in seagrass 
beds that are currently highly suitable but projected to decline 
by 2050 and 2070.

Additional adaptive measures include the expansion of 
the Northern Islands PA through the establishment of 
1-nautical-mile buffer zones around key island groups, includ-
ing Gaysoom, Towaal and Shedwan north of Hurghada; Big 
Giftun and Magaweesh within the Hurghada area; and the 
Safaga, Tobya Arbaa and Tobya Hamraa islands, along with ad-
jacent shallow coastal waters. These areas are expected to retain 
or gain high habitat suitability in the future. Although dugongs 
are infrequently recorded in the Gulf of Suez and the Gulf of 
Aqaba, the designation of an environmental management area 
around El Tor in the Gulf of Suez would represent a precaution-
ary and forward-looking measure. All spatial adaptation actions 
must be accompanied by systematic monitoring and follow-up 
programmes that target areas of projected habitat loss, stabil-
ity and gain, while ensuring strict enforcement of regulations 
addressing human pressures, with strong community participa-
tion (Table S1 and Figure S1).

Building on previous SDM-based dugong studies, this work 
advances the field by integrating future habitat suitability tra-
jectories with spatially explicit adaptation measures, thereby 
shifting from static habitat mapping to actionable, forward-
looking conservation planning. A pragmatic prioritization 
framework emerges by classifying areas into zones of projected 
habitat loss, stability and gain and then assigning management 
responses accordingly: immediate protection and enforcement 
in high-suitability gain or persistence areas (e.g., proposed 
buffer zones around key island groups), precautionary man-
agement in marginal or data-poor regions (e.g., El Tor) and 
targeted monitoring and mitigation in areas of anticipated 

decline. This heuristic approach links ecological urgency with 
governance realities, enabling decision-makers to allocate lim-
ited resources efficiently while coupling spatial protection with 
long-term monitoring, strict regulation of human pressures 
and meaningful community participation. The areas currently 
situated outside the boundaries of existing MPAs align signifi-
cantly with the Egyptian Ministry of Environment's strategic 
priorities. Specifically, these zones are designated as high-
priority candidates for the upcoming declaration of the ‘Great 
Fringing Reef’ as a PA in the Red Sea. This initiative aims to 
ensure the comprehensive conservation of the Red Sea's unique 
coral ecosystems.

Immediate implementation of continuous monitoring and eval-
uation programmes is essential to track population size, habitat 
condition and trends in human-induced threats that have played 
a major role in dugong decline. Strengthening enforcement of ex-
isting legislation, enhancing regulatory frameworks and mitigat-
ing key threats, particularly those related to fishing activities, are 
critical for long-term species survival. Equally important is direct 
community engagement through awareness programmes, envi-
ronmental education and the promotion of alternative livelihoods 
for fishing-dependent communities. The outputs of this study shall 
be used as a risk-based indicator of habitat condition, supporting 
integrated assessments of population status and threats across 
temporal and spatial scales, informed by robust field surveys.

5   |   Model Limitations

Although the generated models are consistent with established 
species range maps and provide robust spatial predictions, sev-
eral limitations should be acknowledged. While the modelling 
framework incorporated a broad suite of physical, chemical, 
biological and topographic variables, important drivers such 
as coastal development intensity, species interactions, disper-
sal processes, fine-scale habitat structure and demographic 
parameters were not explicitly included. The integration of 
these factors would likely enhance predictive accuracy but re-
quires targeted ecological, behavioural and population-level 
research. Despite the availability of multiple field-based studies 
on dugongs in Egyptian waters, critical knowledge gaps persist 
regarding spatial population structure, demographic trends, 
habitat trajectories, threat magnitude and conservation priori-
tization. These uncertainties continue to constrain the effective 
formulation and implementation of conservation strategies both 
within and beyond PAs.

A key practical limitation of this study relates to the logistical 
and financial constraints associated with conducting compre-
hensive field surveys across the entire Red Sea corridor, particu-
larly in its most remote and inaccessible sectors. Such large-scale 
surveys necessitate sustained multisectoral coordination and 
long-term strategic funding that exceed the scope of the present 
project. To partially address these constraints, environmental 
simulations were employed to represent the principal drivers of 
seagrass distribution. Nevertheless, the SDM did not incorporate 
primary demographic, productivity or growth-rate data, which 
limits its capacity to fully capture population-level responses. In 
addition, although the relationship between climate sensitivity, 
seagrass dynamics and dugong foraging behaviour is central to 
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accurate habitat suitability assessments, the present analysis re-
lied on proxy variables to represent these interactions.

From a methodological perspective, the SDM was designed to 
evaluate potential spatial shifts driven exclusively by climate 
change scenarios. However, habitat degradation and species 
decline are rarely attributable to a single stressor. In reality, 
climatic pressures interact with anthropogenic drivers such as 
commercial fishing, maritime traffic and coastal development, 
which often produce cumulative or synergistic effects. These 
interactions may accelerate dugong population declines beyond 
those predicted by climate-only projections, underscoring the 
need for integrated multistressor modelling approaches.

Accordingly, while the results identify priority areas, high-risk 
zones and regions of potential future suitability, they should 
be interpreted as a baseline spatial assessment rather than a 
definitive ecological forecast. A comprehensive understand-
ing of long-term trends will require sustained, high-resolution 
empirical field studies capable of integrating bioclimatic, socio-
economic and human-induced variables across appropriate spa-
tial and temporal scales. Such longitudinal research is essential 
for strengthening adaptive marine management frameworks.

Despite these limitations, the study provides valuable spatial in-
dicators that can be progressively refined through the integra-
tion of species distribution modelling with spatial conservation 
prioritization approaches (Hannah  2008; Klorvuttimontara 
et  al.  2011; Omar and Elgamal  2021a, 2021b, 2021c, 2021d). 
Model-identified areas of high climatic suitability offer a 
scientifically grounded basis for directing targeted popula-
tion surveys and long-term monitoring efforts, particularly 
in locations likely to function as future refugia for D. dugon. 
Continued monitoring and iterative model refinement will en-
hance understanding of dugong ecology and support adaptive 
conservation planning under evolving climatic and anthropo-
genic pressures.

6   |   Conclusion

Findings suggest that the dugong will likely face considerable 
habitat alterations, potentially leading to the loss of suitable 
habitats over time. Specifically, the species is projected to lose 
approximately 11.8% of its current range by 2050, with this 
figure increasing to 20% by 2070. Marine regions in the Red 
Sea demonstrated medium to high effectiveness in conserving 
and managing this species, with over 61% of suitable habitats 
expected to decrease within PAs by 2050. However, this per-
centage is anticipated to decline to 52% by 2070. Concurrently, 
these PAs are projected to include about 31% of the habitats that 
will be lost by 2050, a figure that is expected to rise to 87% by 
2070. This situation raises significant concerns regarding the 
potential decline and trends in the populations of this species 
over time, underscoring the urgent need to prioritize conserva-
tion initiatives in Egypt, particularly in the context of ongoing 
and increasing human threats and the anticipated habitat loss 
due to climate change. It is essential to ensure that appropriate 
habitats, both within and beyond PAs, are managed compre-
hensively, accompanied by ongoing monitoring assessment and 

adaptive measures. This management should be integrated with 
conservation efforts that engage all relevant stakeholders. To 
gain a deeper insight into the environmental factors influencing 
these species, their habitats and the challenges they encounter, 
it is advisable to conduct regular field surveys across multiple 
seasons or years. Such initiatives will facilitate the formulation 
of effective conservation strategies both inside and outside the 
designated PAs.
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