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Urban mangroves, i.e., forests in and around cities are increasingly threatened, particularly for 
biodiversity conservation and sustainable use. A field study on the spatial pattern of Avicennia 
marina populations and satellite radiometric indices data analysis was carried out in different 
habitat types of Nabq protected area, Egypt. This study aims to assess A. marina populations and 
their spatial distribution pattern based on synchronized remote sensing image analysis and Ripley’s 
k-function. The intertidal and shoreline habitats exhibited higher densities and healthier mangrove 
stands compared to the salt flats and sand mound habitats. The spatial pattern of A. marina tends 
to be aggregated for the populations established in almost all the study habitat types. Individuals 
in the sand mound and salt flat populations are more widely distributed than in the shoreline and 
intertidal populations. Two levels of aggregation are recognized: at fine scale (<1.5 m), and at 
coarse scale (>3.5 m). The seedlings and juveniles showed positive associations with the large-size 
individuals. The integration of remote sensing multiple indices and analyzing spatial and temporal 
patterns is an important tool for assessing and monitoring the overall health of mangrove forests 
for conservation and sustainable use.  
Keywords: Population health, radiometric indices, Ripley’s k-function, size classes, seedlings, 
pneumatophores 
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INTRODUCTION 

Mangrove forests are mainly found on the coasts and 
islands of the tropical and subtropical regions and 
provide goods and support invaluable biological, 
ecological, and economic services for people. Besides 
the coastal protection, mangrove ecosystems provide 
important coastal carbon sink amounted to five times 
higher than the total carbon storage per unit area 
basis in temperate, boreal, and tropical terrestrial 
forests (Daniel et al., 2011; Howard et al., 2017). As a 
conservation demand to ensure sustainable provision 
of goods and services, it is important to understand 
the variations of mangrove vegetation and 
populations across the landscape and habitat types to 
successfully manage the ecosystem resources (Wood 
et al., 2018).  

Coastal wetlands in South Sinai are susceptible to sea-
level rise and are considered a critical step in the 
leveling and filling of coastal depressions. In the Nabq 
protected area, the existence of mangrove habitat 
types depends on the balance between sea level and 
tidal sediment accumulation, which is governed by 
tidal exposure. The expected sea-level rise may result 
in mangrove retreat towards the shoreline and 
landward due to inundation. This scenario is reflected 
in population demography and spatial patterns. 

Urban mangroves, i.e., forests in and around cities 
(senso Chow, 2018) are increasingly regarded as 
emerging environmental issues, particularly for 
biodiversity conservation and sustainable use 
(Branoff, 2017; Tuholske et al., 2017), supporting 
capture fisheries activities and traditional cultural 
functions such as recreation, inspiration, and 
education (Friess et al., 2019). In south Sinai, the 
natural mangrove ecosystem is found in the Nabq 
protected area and Ras Mohamed is close to Sharm 
El-Sheikh city and is threatened by the intensity of 
urbanization and the changing landscape due to the 
establishment of sea-side resorts and tourism 
activities. Accordingly, it is important to assess the 
soil, vegetation, and water radiometric indices and 
spatial patterns  of Avicennia marina that support the 
conservation and development plans in the region to 
ensure the continued provision of mangrove goods 
and services in this multifunctional ecosystem. 

Satellite remote sensing is low-cost, accurate, and 
rapid method to produce mangrove forest maps 
(Friess et al., 2019), remote sensors can directly 
measure land cover, land surface reflectance, land 
surface temperature, vegetation properties, and soil 
characteristics (Elhag, 2016). In literature, ongoing 
efforts are reported on the development of new 
algorithms that rely on satellite remote sensing data 
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and image processing techniques to estimate soil, 
water, and vegetation variables (Boegh et al., 2004; 
Panda et al., 2010). The remote sensing data as 
derived for natural vegetation resource management 
include biomass accumulation and plant growth (Ines 
et al., 2006), crop water parameters (Blaes and 
Defourny, 2003) and crop coefficients, and water 
productivity indicators (Karatas et al., 2009). 

This study aims to assess the characteristics of 
mangrove populations and to identify the spatial 
distribution of Avicennia marina populations in 
different habitat types based on synchronized remote 
sensing image analysis and Ripley’s k-function for 
studying the spatial pattern. The application of 
Remote Sensing and GIS technology for monitoring 
the mangrove populations and vegetation provides 
useful information for planning conservation and the 
rehabilitation of mangrove ecosystems. 

MATERIAL AND METHODS 
Study area 

The study area is in Nabq protectorate, Gulf of Aqaba, 
south-east Sinai Peninsula, Egypt (Marae and Hegazy, 
et al. 2024). Mangrove stands situated on the seaward 
ends of Wadi Kid and Wadi Um A’dawy. Four main 
sites occur in the region, viz., Gharquana, Abu Zabad, 
Rowaisseya, and Monquatea which represent the 
most northern limit for mangrove distribution in the 
Red Sea and Indian Ocean. Four habitat types are 
found in the study area where mangrove vegetation is 
established: Shoreline, intertidal, sand mounds, and 
salt plain. The elevated patches in the salt plain and 
sand mounds support scattered A. marina plant 
growth. 

The mountain ranges on the eastern and western 
sides of the Red Sea extending from south to north 
parallel to the coast have created a climatic tropical 
corridor that facilitates the migration of some tropical 
species to the subtropical region of south Sinai 
Peninsula (Hegazy and Amer, 2003). South Sinai 
region is positioned at the point of intersections of 
four biogeographical regions: Mediterranean, Irano-
Turanean, Saharo-arabian, and Sudanian regions. This 
is reflected in its habitat and floristic diversity where 
many tropical species escaped and established in the 
region including Avicennia marina, Moringa perigrina, 
Salvadora persica, Acacia tortilis, Suaeda monoica, 
and Hyphaene thebaica. 

Mangrove vegetation occurs as mono-specific stands 
of the grey mangrove, Avicennia marina (Forssk.) 
Vierh., growing on Pliocene fossil reefs (3.4-5.2 million 

years ago) and associated deposits, as well as on 
recent sub-fossil coral reefs (Evenari et al., 1985; 
Mashaly et al., 2012). Soil salinity in the study area 
may reach as high as 4.7% and the average air 
temperature is variable with values ranging between 
15-19oC in winter and 20-32oC in winter. The annual 
average air temperature is 26 oC (Mashaly et al., 
2012). 

Field Work 

Plant populations in different sites and habitat types 
were monitored for different functional traits. The 
adult plant density in every population was estimated 
as a number per square 100-meter, the density of 
seedlings as a number per square meter, the average 
tree height in meters, and the percentage of plant 
cover as estimated by the line intersect method, The 
number of respiratory roots (pneumatophores) as 
number per square meter, the root length in 
centimeters, and percentage of root deformations 
were estimated. 

Spatial pattern analysis   

 Ripley’s k-function was used to study the spatial 
pattern of A. marina populations (univariate analysis) 
and the spatial relationship between pairs of size 
classes (bivariate analysis) in the four study 
populations (Haase, 1995; Hegazy and Kabiel, 2007). 
The spatial pattern analysis was estimated by using a 
computer program (SPPA) following Haase (2002) and 
Hegazy et al. (2014). 

K-function [k(d)] is a function of the mean number of 
neighbors over all individuals at the distance 
d; k(d) = n−2 A∑ ∑ wij · Id( i, j)n

j=1
n
i=1 , i ≠ j, where n 

is the number of individuals in the area A, wij is a 
weighting factor used to reduce the problem of the 
edge effect. Id takes the value 1 if the distance 
between i and j is less than d, and the value 0 
otherwise. The L-function; L(d) = �k(d) π⁄ − d, is 
used by normalizing the K-function for simpler 
interpretation. In a univariate analysis, values of L(d) 
> 0 indicate a clumped pattern i.e., a greater number 
of individuals than would be expected if the 
individuals were randomly distributed. L(d) < 0 
indicates a regular pattern i.e., fewer individuals 
within a scale than would be expected if the 
individuals were randomly distributed. In a bivariate 
analysis, L(d) > 0, the two size classes are aggregated 
and L(d) < 0 indicates that the two size classes are 
segregated within the scale d. Monte Carlo 
simulations were performed to estimate the 
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confidence intervals of the L-function for a 0.05 
significance level. 

Remote Sensing data  

A synchronized image to the field data collection date 
(March 16th, 2021) was acquired from the European 
Space Agency hub to download a full-resolution 
Sentinel-2 image. Sentinel-2 image is composed of 13 
spectral bands with spatial resolution ranges from 10 
to 60m; most of these bands were used in the current 
study to estimate the different radiometric indices. 
The downloaded scene is corrected radiometrically 
and atmospherically from the source, so there was no 
need to perform any additional image correction 
techniques (Aljahdali and Elhag, 2020).  

Soil Radiometric Indices 

Brightness Index (BI), which is a sensitive algorithm to 
the soil’s brightness based on soil surface salt 
accumulation. The BI can be estimated according to 
Escadafal, (1989) as follows:  

𝐵𝐵𝐵𝐵 =  𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (((𝑟𝑟𝑟𝑟𝑟𝑟_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑟𝑟𝑟𝑟𝑟𝑟 ∗  𝑟𝑟𝑟𝑟𝑟𝑟_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗
 𝑟𝑟𝑟𝑟𝑟𝑟)  + (𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗
 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔)) / 2)   

Redness Index (RI), which is an algorithm developed 
by Pouget et al. (1990) to detect soil color variations.  
The RI can be estimated as follows: 

𝑅𝑅𝑅𝑅 =  (𝑟𝑟𝑟𝑟𝑟𝑟_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑟𝑟𝑟𝑟𝑟𝑟 ∗  𝑟𝑟𝑟𝑟𝑟𝑟_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑟𝑟𝑟𝑟𝑟𝑟) /
 (𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 ∗
 𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔)  

Vegetation Radiometric Indices 

The red-Edge Inflection Point Index (REIPI), which is a 
Nitrogen uptake sensitive algorithm as an indication 
of vegetation health, it was introduced by Baret and 
Guyot, (1991). The REIPI was estimated as follows: 

𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 = 705 + 35 ∗ (𝐵𝐵4 + 𝐵𝐵7)/2 − 𝐵𝐵5) / (𝐵𝐵6 − 𝐵𝐵5).  

Weighted Difference Vegetation Index (WDVI) is an 
unrestricted range of the Perpendicular Vegetation 
Index that is very sensitive to atmospheric variations. 
WDVI can be estimated according to Clevers (1988) as 
follows:  

𝑊𝑊𝑊𝑊𝑊𝑊𝑊𝑊 =  (𝐼𝐼𝐼𝐼_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛_𝐼𝐼𝐼𝐼 −  𝑔𝑔 ∗  𝑟𝑟𝑟𝑟𝑟𝑟_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗
 𝑟𝑟𝑟𝑟𝑟𝑟)  

Water Radiometric Indices 

Normalized Difference Water Index (NDWI), which is 
a sensitive algorithm to detect water in vegetational 
canopies with less atmospheric interference. The 
NDWI was initially developed by Gao (1996), and can 
be estimated as follows:  

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  (𝐼𝐼𝐼𝐼_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛_𝐼𝐼𝐼𝐼 −  𝑚𝑚𝑚𝑚𝑚𝑚_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗
 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝐼𝐼𝐼𝐼) / (𝐼𝐼𝐼𝐼_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑛𝑛𝑛𝑛𝑛𝑛𝑛𝑛_𝐼𝐼𝐼𝐼 +  𝑚𝑚𝑚𝑚𝑚𝑚_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗
 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝐼𝐼𝐼𝐼)  

Modified Normalized Difference Water Index 
(MNDWI), which is an advanced version of the NDWI 
developed to suppress the effect of the surrounding 
vegetation and soils. The MNDWI was developed by 
Xu, (2006), and can be estimated as follows: 

𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀 =  (𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 −  𝑚𝑚𝑚𝑚𝑚𝑚_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗
 𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝐼𝐼𝐼𝐼) / (𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔𝑔 +
 𝑚𝑚𝑚𝑚𝑚𝑚_𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓𝑓 ∗  𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚_𝐼𝐼𝐼𝐼)  

RESULTS 
Spatial pattern 
whole population pattern 

In each of the four study populations, the whole 
pattern of A. marina tended to be aggregated at least 
at one distance scale, in alternation with random 
distribution (Figure 1). Clumped pattern was detected 
at 0.6-1.2m and 3.8m in the shoreline population 
(Figure 1a). In the intertidal population, the clumped 
pattern could be observed at 3.6m and most 
pronounced at greater than 4m (Figure 1b). The sand 
dune population showed significant aggregation at 
1.1-1.4m (Figure 1c). The salt march population 
aggregation at 4.1-4.2m (Figure 1d). The minimum 
separation distance (MSD), where [(L(d)= -d, means 
no individuals occurred], between individuals 
increased from 0.2m and 0.1m in the shoreline and 
intertidal populations respectively (Figure 1a and b), 
to 0.4m in the sand dune and salt march populations. 
This indicates more widely distributed individuals in 
the latter populations. 

Patterns within adult-size classes 

In the shoreline population (Figure 2a-c), the 
medium-sized individuals were closer to each other 
(MSD = 0.4m) as compared to small and large-sized 
classes (MSD= 0.8 and 1.0m respectively). Individuals 
in the medium size class showed aggregation at 0.8-
1.7m, compared to marginal aggregation at 1m in the 
small size class, and random distribution at all scales 
in the large size class. 

For the intertidal population (Figure 2d-f), individuals 
in the small, medium, and large size classes were 
randomly distributed at all scales. Individuals in the 
small size class are closer to each other with an MSD 
of 0.1m compared to MSDs of 0.3 and 2.0m in 
individuals in medium and large size classes 
respectively. 
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Figure 1. The statistics L(d) testing the spatial pattern of Avicennia 
marina at the individual level in shoreline (a), intertidal (b), sand 
dunes (c) and salt plain (d) zones. 
 

Random distributions in all size classes were observed 
at all scales for the sand dune (Figure 2g-i) and salt 
march populations (Figure 2k-m), except for a 
marginal aggregation of medium-size class individuals 
at 3.2-3.8m (Figure 2h). The highest MSDs (3.8 and 
4.4m) were observed in the sand dune and salt march 
populations (Figure 2i-m). In the sand dune 
population, the MSD decreased from 1.9m in the 
small size class to 0.9m in the medium size class 
(Figure 2g, h). While in the salt march population, the 
MSD increased from 0.4 m in the small size class to 
0.6m in the medium size class (Figure 2k, l). 

Pattern between adult-size classes 

An overall random distribution was observed 
between pairs of size classes in the shoreline 
population (Figure 3a-c), except for a positive 

association between small and large individuals at 
1.2m scale (Figure 3b). The small and medium 
individuals were closer to each other (MSD= 0.5m) 
than to large individuals with MSD of 1m between 
small and large individuals and 0.7m between 
medium and large individuals (Figure 3a, c). 

As appears in the intertidal population (Figure 3d-f), 
small and medium individuals showed positive 
association at 0.8m and are closer to each other 
(MSD= 3m) compared to 1.0m between small and 
large individuals and 0.9m between medium and 
large individuals respectively. On the other hand, 
medium individuals showed a positive association 
with large individuals at 2.3 and 4.4m (Figure 3f).  

The sand dune population showed a positive 
association between small and medium-size 
individuals at 1.1-1.2m and 4.1m with an MSD of 0.5m 
(Figure 3g). Small and large individuals, and medium 
and large individuals were more spaced with MSDs of 
1.0 and 1.8m respectively (Figure 3h, i). The small 
individuals were closer to large individuals (positive 
association at 1.2m) than do medium individuals 
(Figure 3h). 

In the salt march population, medium and large-size 
individuals were positively associated at 3.9-4m and 
showed the least MSD (0.7m) compared to 2.8m 
between small and large individuals and 0.7m 
between medium and large individuals (Figure 3k-m). 
An MSD of 2.8m between small and large individuals 
indicates a comparatively maximum separation 
distance between pairs of size classes or within size 
class in the study populations. 

Pattern within seedlings and juveniles 

Seedlings and juveniles were recorded only in the 
shoreline and intertidal populations. Seedlings were 
randomly distributed in both populations with small 
numbers: only 2 seedlings/10m2 in the shoreline 
population and 3 seedlings/10m2 in the intertidal 
population. For this, the MSD was found to be greater 
than the maximum scale used (5m) in the shore zone. 
In the intertidal population, the MSD within seedlings 
amounted to 3.1m (Figure 4a, b).  

The juveniles were closer together in the shoreline 
population (MSD= 0.2m) compared to the intertidal 
population with an MSD of 1.0m (Figure 4c, d). They 
were clumped at 0.3-1.0m in the shoreline population 
and showed random distribution in the intertidal 
population. The spatial relationships between 
seedlings and juveniles were random with an MSD of 
1.6 m in both populations (Figure 4e, f). 
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Figure 2. The spatial distribution of Avicennia Marina adult trees at the within size class level in shoreline (a, b, c), intertidal (d, e, f), sand dunes 
(g, h, i) and salt plain (k, l, m) zones. 

 
Pattern between seedlings and juveniles and adult-
size classes  

Seedlings showed no association with small and 
medium size individuals in the shoreline and intertidal 
populations (Figure 5a-d). The MSD between 
seedlings and small size class increased from 0.7m in 
the shoreline populations to 1.4m in the intertidal 
populations (Figure 5a,b). Similarly, the MSD between 
seedlings and medium size class increased from 0.4m 
in the shoreline populations to 0.7m in the intertidal 
populations (Figure 5c, d). The seedlings showed 
positive associations with large individuals in both 
shoreline and intertidal populations at scales of 1.1-
1.2m and 0.5m respectively (Figure 5e,f). The MSDs 
were comparatively smaller: 0.5 and 0.4m in the 
shoreline and intertidal populations, respectively. 
These findings indicate maximum association 
between seedlings and large individuals compared to 
the other size classes. 

Juveniles showed positive associations with all size 
classes in all populations (Figure 5g-m), except for the 
relationship with small individuals in the shoreline 
population where random distribution was observed 
with an MSD of 1.4m (Figure 5g). Juvenile and small 
individuals in the intertidal population were positively 
associated at 1.6-1.9m and 2.3-2.7m (Figure 5h). 
Juveniles and medium individuals are aggregated at 
3.4-3.9m and 4.1-4.2m in the shoreline populations 
and at 4.6m in the intertidal population with the 
closer association in the latter population with smaller 
MSD (0.2m) compared to 0.5m in the former 
population (Figure 5i, k). Juveniles and large 
individuals are aggregated at 0.6-1m in the shoreline 
populations and at 0.8-0.9m in the intertidal 
population with closer association in the latter 
population, with smaller MSD (0.3m) compared to 
0.4m in the former population (Figure 5i,k). 
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Figure 3. The spatial distribution of Avicennia marina adult trees at the between size class level in shoreline (a, b, c), intertidal (d, e, f), sand dunes 
(g, h, i) and salt plain (k, l, m) zones. 
 
Remote sensing 

Remote sensing data acquired from the Sentienl-2 
sensor showed different regression analyses tested 
against the root deformation (%) and root length (cm). 
Three different radiometric indices (Soil, Vegetation, 
and Water Radiometric Indices) were derived from 
the remote sensing data to envisage the regression 
coefficient established between the remote sensing 
data and the tree health parameters of the examined 
mangrove stands.  For each radiometric index, two 
different algorithms were used to realize the index. 
Brightness and Redness indices (Figure 6) as soil 
radiometric indices showed weak regressions (R2= 
0.69 and 0.58 respectively) with the mangrove 
deformation.  

Vegetation radiometric indices showed better results 
than the soil indices (Figure 7). Specifically, the 
Weighted Difference Vegetation Index expressed in R2 
value of 0.814 which is the best inverted linear 
regression fit to represent the root deformation of 

mangrove. The response of the Red Edge Inflection 
Point Index and the mangrove root deformation was 
insignificantly correlated (R2= 0.62).   

Mangrove habitats are usually sited along the 
intertidal shorelines; therefore, the quest for Water 
Radiometric Indices realization is essential to envisage 
the association between the mangrove health 
parameters and the remotely sensed derivatives. The 
classic NDWI (Figure 8) failed to establish a consistent 
association with the tested mangrove root 
deformation (R2= 0.48). On the other hand, the 
MNDWI proves its reliability to be used as an index to 
understand the linear regression between the Water 
Radiometric Index and the mangrove root 
deformation (R2= 0.72).    

The root length as a health parameter of the tested 
mangrove stands showed a stronger association with 
the different indices derived from the remote sensing 
data.  Soil Redness Index (Figure 9) expressed a 
signification of a linear regression fit with R2 value of  
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Figure 4. The spatial distribution of Avicennia marina seedling and juvenile individuals at the within and between size class level in shoreline and 
intertidal zones. The seedlings (a, b), juveniles (c, d), and seedlings and juveniles (e, f). 
 
0.98, which is the best index to represent the 
mangrove health parameter and the scrutinized 
remote sensing derivative. The weighted difference 
vegetation index (MDVI) showed a significant 
correlation (Figure 10) with the root length (P value of 
0.96). 

Following the same pattern, Water Radiometric 
Indices (Figure 11) showed reliable associations with 
the mangrove root length rather than the root 
deformation. The classical NDWI expressed an 
insignificant difference between the R2 value and the 
R2 value of MNDWI, where the R2 values of the NDWI 
and the MNDWI were counted as 0.94 and 0.93 
respectively.     

The person Correlation Coefficient with a P value of 
0.95 significance was tested to study the correlation 
strength among the realized remote sensing indices 
and the mangrove health parameters. The root 
deformation correlation with the different 
radiometric indices showed a significant P value of 
0.95 between the root deformation and the soil 

brightness index. The soil brightness index showed a 
significant correlation with the MNDWI.  

The mangrove root length parameter showed 
different correlation behavior with the remote 
sensing data, where the WDVI was significantly 
correlated with the root length with P values of 0.96. 
The BI and the MNDWI are significantly correlated 
with a P value of 0.96.   

The thematic mapping of the different radiometric 
indices implemented in this study (Figure 12) showed 
the location of the four mangrove stands, where the 
values of each radiometric group consider the soil, 
vegetation, and water radiometric indices. 

Soil indices: The Brightness Index (BI) as shown in 
Figure 12a, is used to assess soil condition. The red 
brightness color is linked with soil humidity and the 
presence of salts in the soil, with a BI value of 0 
indicating these conditions. The blue brightness 
indicates water bodies, with a maximum BI value. 
Figure 12b shows the Redness Index (RI), which also 
provides information about soil condition.  
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Figure 5. The spatial distribution of Avicennia marina seedlings and juvenile individuals at the between-size class level with large, medium, and 
small-size classes of adult individuals in shoreline and intertidal zones. The seedlings and small size class (a, b), seedlings and medium size class 
(c, d), seedling and large size class (e, f), juveniles and small size class (g, h), juveniles and medium size class (i, k), and juveniles and large size class 
(l, m). 
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Figure 6. Regression analysis of soil brightness and redness 
radiometric indices against root deformation. 
 

 

 
Figure 7. Regression analysis of vegetation red edge inflection point 
and weighed difference radiometric indices against root 
deformation. 

 

 
Figure 8. Regression analysis of normalized difference and modified 
normalized difference of water radiometric indices against root 
deformation. 
 

 

 
Figure 9. Regression analysis of soil brightness and redness 
radiometric indices against root length. 
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Figure 10. Regression analysis of vegetation red edge inflection 
point and weighed difference radiometric indices and root length. 
 

The index ranges from 1 to -1, where 1 is the red 
brightness color that is linked with no soil color 
variation (i.e., a water body in the current study). The 
blue brightness towards -1 indicates the shallow 
shoreline. 

Vegetation Indices: The Weighted Difference 
Vegetation Index (WDVI), which is used to assess 
vegetation conditions (Figure 12c), ranges from 
negative infinity (blue color) to positive infinity (red 
color), with the yellow tone indicating the algorithm's 
sensitivity to the current mangrove forests within the 
study area. Figure 12d shows the Red Edge Inflection 
Point Index (REIPI), which is another metric for 
evaluating vegetation conditions. The index ranges 
from -700 (blue color) to +700 (red color), where the 
blue color indicates nitrogen (N) uptake activities, and 
the red color suggests no nitrogen (N) uptake is 
possible. 

 

  

 
Figure 11. Regression analysis of normalized difference and 
modified difference water radiometric indices against root length. 
 

Water Indices: The Normalized Difference Water 
Index (NDWI), which is used to assess canopy water 
content (Figure 12e), ranges from -1 (blue color for 
mostly dried vegetation) to +1 (red color that 
indicates the presence of water bodies). Figure 12f 
presents the Modified Normalized Difference Water 
Index (MNDWI), which is an enhancement of the 
NDWI. The MNDWI follows a similar color pattern to 
the NDWI, but it is designed to suppress built-up land 
noise as well as soil noise, leading to a more 
homogenous tone of red and blue brightnesses. 
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Figure 12. Maps of radiometric indices realization for mangrove health parameter assessment. a= soil brightness index (BI), b= soil redness index 
(RI), c= weighted difference vegetation index (WDVI), d= red edge inflexion points index (REIPI), e= normalized difference water index (NDWI), f= 
modified normalized difference water index (MNDWI) 
 
DISCUSSION 

Mangrove ecosystems supply multiple goods and 
services with trade-offs common between 
provisioning and regulating services (Castro et al., 
2014; Raudsepp-Hearne et al., 2010). Managing 

multi-functionality, i.e., the capacity of an ecosystem 
to simultaneously produce multiple ecosystem 
services (Manning et al., 2018; Mastrangelo et al., 
2014) may therefore be challenging if there are trade-
offs in the supply of ecosystem services and the 
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spatial distribution of plant species (Villamagna et al., 
2013). In the strict sense, trade-offs occur when the 
production of one service excludes or reduces the 
production of another service (Bennett et al., 2009). 
This is assessed by tree health and characteristics of 
the natural resources in the ecosystem (Alharthi et al. 
2020). As commonly used in the wider ecosystem 
services literature, we use trade-off and synergy to 
refer to the directional relationship between pairs of 
co-occurring services, which may not be causally 
linked or may not respond to the same drivers. That 
is, tradeoffs occur when ecosystem services inversely 
co-vary with each other in space or time; and synergy 
occurs when ecosystem services co-vary in the same 
direction (Raudsepp-Hearne et al., 2010). In practice, 
these relationships are often conveyed as “ecosystem 
service bundles”, which describe the overall pattern of 
interactions among multiple ecosystem services that 
spatially cluster in the landscape (e.g. Queiroz et al., 
2015; Raudsepp-Hearne et al., 2010). 

Spatial pattern 

The spatial pattern of A. marina distribution tends to 
be aggregated for the populations established in the 
different habitat types of South Sinai, two levels of 
aggregation are recognized at; fine scale (<1.5 m), and 
at coarse scale (>3.5 m). This pattern reflected the 
facilitation offered by mother plants and could be 
rendered to the dispersal pattern of the species in the 
vicinity of the mother plant (Osunkoya and 
Creese1997, Baskin and Baskin 2001, Al-Qthanin, and 
Alharbi 2020, Alsamadany, et al. 2020). In the same 
context, seedlings and juveniles showed positive 
associations with the large-size individuals as 
compared to other medium- and small-size classes. 

Individuals in the sand dune and salt march 
populations are more widely distributed than in the 
shoreline and intertidal populations. This could be 
rendered in part to the absence of seedlings and 
juveniles in the latter populations. The presence of 
suitable sites within a mosaic structure of abiotic 
resources, or restricted dispersal are probable 
reasons (Hegazy and Kabiel 2007, Schulze et al. 2019). 
Furthermore, the intensity of the clumped pattern 
(L(d) values) was greater in sand dunes and salt plain 
zones. The greater stress in the latter habitats, as 
compared to the shoreline and intertidal zones, could 
be a possible explanation for the facilitation (Qing et 
al., 2021). 

The within-size class analysis indicated that medium-
class individuals were comparatively closer to each 
other in the shoreline population, while individuals in 

the small-size class were closer to each other in the 
intertidal population. Alternatively, the among-size 
class analysis indicated that small and large 
individuals were closer to each other in the shoreline 
population, while small and medium individuals were 
closer to each other in the intertidal population. In 
both populations, the within-size class association 
was more powerful, indicating mass dispersal and 
germination, and successful recruitment in the 
vicinity of the mother plant in these habitats (Abo El-
Nil 2001, Purnobasuki and Utami 2016). Seedlings and 
juveniles were found only in the shoreline and 
intertidal populations and represented by low 
numbers, 2-3 seedlings/10 m2. The absence of 
seedlings and juveniles in the sand dune and salt plain 
populations reflected the stress of habitat conditions. 

Remote sensing 

Remote sensing radiometric indices are widely used 
in assessing the health and characteristics of various 
natural resources, including soil, vegetation, and 
water bodies. These indices provide valuable 
information about these resources' physical and 
biochemical properties, allowing researchers and 
environmental professionals to monitor and analyze 
their health and changes over time (Alharthi et al., 
2020). When it comes to mangrove forests, remote 
sensing radiometric indices play a crucial role in 
assessing their health parameters (Elhag et al., 
2021a). 

Soil Indices: Remote sensing provides valuable 
insights into soil properties and characteristics using 
radiometric indices. One commonly used index is the 
Brightness Index (BI). BI considers the background soil 
reflectance and corrects it, making it suitable for areas 
with high soil brightness (Elhag et al., 2022). It helps 
in quantifying vegetation vigor and can be used to 
monitor soil degradation, erosion, and nutrient 
content in mangrove forests. Additionally, the 
Redness Index (RI) is another index that can be used 
to assess soil moisture content, which is vital for 
understanding the water availability and waterlogging 
issues in mangrove ecosystems. Soil Moisture and 
Nutrient Content can provide insights into soil 
moisture content and nutrient levels in mangrove 
forests. Changes in these indices can help identify soil 
degradation, erosion, or nutrient deficiencies (Elhag 
et al., 2020). 

Vegetation Indices: Vegetation indices are widely 
used to assess the health, biomass, and productivity 
of vegetation, including mangrove forests. One of the 
most used vegetation indices is the Weighted 
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Difference Vegetation Index (WDVI). WDVI measures 
the difference between the reflectance in the near-
infrared (NIR) and red spectral bands and provides an 
estimate of vegetation greenness and density. In 
mangrove forests, WDVI can be used to monitor 
changes in vegetation cover, identify stressed or 
damaged vegetation, and assess the overall health of 
the mangrove ecosystem (Hategekimana et al., 2020). 
Another important vegetation index is the Red Edge 
Inflection Point Index (REIPI), which improves the 
sensitivity to vegetation cover and reduces the 
atmospheric and background noise effects compared 
to NDVI. REIPI is particularly useful for mangrove 
forests with dense canopies, as it provides a more 
accurate measure of vegetation biomass and 
productivity (Shahbandeh and Elhag, 2023). 
Vegetation indices can be used to assess the density 
and coverage of mangrove vegetation. Decreased 
values of these indices may indicate stress, damage, 
or deforestation in the mangrove ecosystem. 
Vegetation indices can also provide estimates of 
biomass and productivity in mangrove forests. 
Changes in these indices over time can indicate 
variations in mangrove growth, primary productivity, 
or disturbances such as logging or pollution (Elhag et 
al., 2021b). 

Water Indices: Remote sensing radiometric indices 
are also valuable in assessing water bodies, including 
mangrove wetlands. One of the commonly used 
water indices is the Normalized Difference Water 
Index (NDWI). NDWI measures the difference 
between the reflectance in the green and near-
infrared spectral bands, allowing for the detection of 
water content. It can be used to monitor changes in 
water availability, identify waterlogged areas, and 
track the extent of flooding or drought stress in 
mangrove forests (Bahrawi et al., 2021). Furthermore, 
the Modified Normalized Difference Water Index 
(MNDWI) is another index specifically designed to 
highlight open water bodies while suppressing the 
influence of vegetation (Hussain et al., 2022a). 
MNDWI is useful in mangrove forests where water 
bodies are interspersed with dense vegetation cover. 
Water indices can help in monitoring water 
availability and identifying waterlogged areas within 
mangrove ecosystems. Reductions in water 
availability can indicate drought stress or alterations 
in hydrological regimes (Hussain et al., 2022b). By 
integrating multiple indices and analyzing their spatial 
and temporal patterns, it is possible to assess the 
overall health of mangrove forests.  

Sudden changes or anomalies in these indices can 
indicate disturbances such as pollution, deforestation, 
or natural disasters (Kharazmi et al., 2023). The 
integration of remote sensing data with field surveys 
provided a comprehensive understanding of the 
mangrove ecosystem and its dynamics. The study 
highlighted the potential of remote sensing 
techniques for monitoring and assessing mangrove 
habitats on a larger scale, contributing to the 
development of effective conservation and 
sustainable use strategies.  

The findings of the study revealed valuable insights 
into the spatial patterns of A. marina populations in 
the different habitat types. The intertidal and 
shoreline areas exhibited higher densities and 
healthier mangrove stands compared to the salt flats 
and sand mound habitats. Some factors, such as 
salinity, soil moisture, and tidal inundation played a 
role in shaping the local distribution patterns of A. 
marina populations. Further studies on integrating 
remote sensing and spatial pattern data are required 
to support the conservation and sustainable use of 
mangrove ecosystems in arid and semiarid 
subtropical regions. 
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