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Abstract

:

Environmental and land-use changes put severe pressure on wild plant habitats. The present study aims to assess the biodiversity of wild plant habitats and the associated spatiotemporal environmental changes in the coastal region of Dakahlia Governorate following an integrated approach of remote sensing, GIS, and samples analysis. Thirty-seven stands were spatially identified and studied to represent the different habitats of wild plants in the Deltaic Mediterranean coastline region. Physical and chemical characteristics of soil samples were examined, while TWINSPAN classification was used to identify plant communities. Two free Landsat images (TM and OLI) acquired in 1999 and 2019 were processed to assess changes via the production of land use and cover maps (LULC). Moreover, NDSI, NDMI, and NDSI indices were used to identify wild plant habitats. The floristic composition indicated the existence of 57 species, belonging to 51 genera of 20 families. The largest families were Asteraceae, Poaceae, and Chenopodiaceae. The classification of vegetation led to the identification of four groups. Canonical Correspondence Analysis (CCA) revealed that electrical conductivity, cations, organic carbon, porosity, chlorides, and bicarbonates are the most effective soil variables influencing vegetation. The results of the spectral analysis indicated an annual coverage of bare lands (3.56 km2), which is strongly related to the annual increase in vegetation (1.91 km2), water bodies (1.22 km2), and urban areas (0.43 km2). The expansion of urban and agricultural regions subsequently increased water bodies and caused occupancy of bare land, resulting in the development of wild plant habitats, which are mostly represented by the sparse vegetation class as evaluated by NDVI. The increase in mean moisture values (NDMI) from 0.03 in 1999 to 0.15 in 2019 might be explained by the increase in total areas of wild plant habitats throughout the study period (1999–2019). This may improve the adequacy of environments for wild habitats, causing natural plant proliferation.
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1. Introduction


Habitat destruction is one of the major threats facing plant species conservation throughout the world. In the Nile Delta, urban crawling and seawater intrusion are the primary threat to the survival of wildlife [1]. When an ecosystem has been dramatically altered by human activities such as agriculture, oil and gas exploration, commercial development, or water diversion it may no longer be able to provide the food, water, cover, and places to raise young that wildlife needs to survive [2,3]. Egypt’s coasts run for almost 3500 km along the Mediterranean Sea, Red Sea, and Sinai Peninsula. Egypt’s Mediterranean coastline region has a narrow coastal strip that stretches for roughly 970 km from Sallum (on the Libyan border) eastward to Rafah (on the Palestinian border), with an average width of 20–25 km from north to south. [4]. In Egypt’s coastal zones, unplanned development, land subsidence, high erosion rates, waterlogging, saltwater intrusion, soil salinization, and ecosystem degradation are all major concerns.



Coastal areas are typically rich in natural resources, which provide excellent opportunities for economic activities, particularly resource-based economic activities such as agriculture, fisheries, tourism, oil and gas extraction, and maritime transportation, which all tend to be concentrated in these areas. Furthermore, coastal locations serve as important gathering points for a huge number of immigrants, with rising need for housing, energy, products, and services [5,6]. The flora of the Nile Delta coastal land is rich in many wild plant species, which seem to be economically promising. The Deltaic Mediterranean coast is distinguished into two divisions: (1) The coastal zone, which can be subdivided into sand dunes, sand flats, salt marshes, and sandy fertile lands; (2) The shorelines of the northeastern corner of Lake Manzala [4]. On the other hand, the cultivated land habitats can be divided into: (1) Winter crops, comprising clover, wheat, broad beans, flax, and winter vegetables; (2) Summer crops, comprising rice, cotton, maize, and summer vegetables; and (3) Orchards, comprising citrus, grapes, and bananas.



Monitoring habitat quality, according to Zlinszky et al. [7], necessitates a complex integration of numerous ecosystem variables, while standard terrestrial data-gathering methods have shown to be time-consuming and difficult to evaluate owing to inter-subjective variations. Furthermore, many important ecosystems are inaccessible. These issues need the development of systems that can swiftly and accurately provide repeatable outcomes on very large sizes [8,9]. Change detection research on native ecosystems is critical, as our metropolitan centers’ native plant diversity is rapidly dwindling. Such investigations may now be carried out without the need for personal involvement by using appropriate digital image-processing techniques on multispectral images [10,11,12]. Integrating GIS and RS (Remote Sensing) have evolved into powerful tools for variables acquisition and environmental vulnerability spatial distribution studies [13,14]. Normalized Difference Vegetation Index (NDVI) is highly correlated with parameters associated with plant health and productivity, such as vegetation density and cover [15,16], green leaf biomass [17], leaf area index [18], chlorophyll content [19], crop condition [20], and wild plant habitat [10,11].



As a result, the current study attempts to assess habitat characteristics in the coastal region of Dakahlia Governorate, as well as to conduct a comparative assessment of frequently used spectral indices for accuracy and applicability with Landsat 8 OLI and TM pictures. In addition, the study aims to establish a field survey and investigate innovative approaches for delivering current and accurate information on the location of wild plant habitats in the coastal region of the Dakahlia Governorate. The presence and vitality of the vegetation were identified using NDVI (Normalized Difference Vegetation Index) temporal patterns generated from a series of geometrically registered and radiometrically calibrated TM and OLI Landsat images spanning the years 1999 to 2019. Moreover, two factors influencing the environment along the Mediterranean coast impacted the NDVI: soil salinity NDSI (Normalized Difference Salinity Index) and waterlogging NDMI (Normalized Difference Moisture Index).




2. Materials and Methods


2.1. Study Area


The Mediterranean coastal area of the Dakahlia Governorate is located between latitude 30°35′10″ to 31°34′02″ N and longitude31°12′47″ to 32°07′25″ E, covering 3985.76 km2 of the Nile Delta region of Egypt [21]. According to a map showing the geographical distribution of dry regions [22], the Nile Delta’s climatic conditions are similar to those of northern Egypt; it is arid-to-semi-arid, with evaporation rates several times higher than precipitation rates. Ayyad and Floc’h [23] recognized that the Mediterranean coastal region lies in an attenuated arid province characterized by short dry periods, annual rainfall, warm summers, and mild winters. As a result, Dakahlia Governorate, which is part of the Deltaic Mediterranean coast, falls under the dry and/or semi-arid climatic zones of Egypt’s northern shoreline region [24]. The sampling stands were selected according to certain distribution to cover all physiographic variations in each habitat and to ensure sampling of a wide range of vegetation variations. The total number of stands was 37 samples from the coastal region of Dakahlia Governorate, as shown in Figure 1, and their details are described in Supplementary Materials Table S1.



The meteorological conditions on Egypt’s Deltaic Mediterranean coast are dry-to-semi-arid, with evaporation rates many times higher than precipitation rates [23] and temperatures in the hottest months of the summer reaching 30 °C on average. On the other hand, the mean monthly temperature value in the winter is above 10 °C. Although the climate of the Nile Delta coast is not so different from the climate of the western and eastern Mediterranean sections, its vegetation is different because of physicochemical properties of soil, presence of three natural lakes, and anthropogenic activities. Moreover, it is affected not only by seawater but also by the leakage water from the River Nile branches (Damietta and Rosetta branches), as well as the northern lakes [4].




2.2. Vegetation Analysis


Six field trips were conducted during the period 19 March–5 May 2019. During this period, 37 stands were selected randomly along the Mediterranean coastline (Dakahlia Governorate) to cover all physiographic variations in each habitat and to ensure sampling of a wide range of vegetation variations. Three quadrates (20 × 20 m each) were conducted in each stand, and the density and cover of each species were visually evaluated. Shukla and Chandel [25] were used to determine the density of each plant species; meanwhile, Canfield [26] was used to determine the plant cover of each species in the studied stands. For each plant species, relative values of density and cover were computed and averaged to generate an estimate of its importance value (IV) in each quadrate, which was then pooled for each stand. The taxonomic nomenclature, identification, and chorotype of plant species were assessed according to Boulos [27], Boulos [28], Boulos [29], and Täckholm [30]. Life forms, on the other hand, were recognized using Raunkięr [31] approach.




2.3. Soil Analysis


Within each quadrate, a georeferenced soil sample was collected and the three soil samples of the three quadrates were pooled as composite samples. The soil samples were packed in polyethylene bags and returned to the laboratory for further analysis. The samples were allowed to air-dry at room temperature, before being sieved through a 2 mm sieve to remove the roots and coarse debris, and then sealed in bags until further physical and chemical analysis. Piper [32] was used to measure soil particle size, water-holding capacity (WHC), organic carbon, and sulfate. Chlorides and calcium carbonate content, in addition to soil pH and electrical conductivity (EC), were measured in water suspension (1:2.5) as described by Jackson [33]. Titration with 0.1 N HCl was used to measure carbonates and bicarbonates [34]. According to McKell and Goodin [35], the extractable cations Na+ and K+ were evaluated using flame photometry (PHF 80B Biologie Spectrophotometer), whereas Ca+2 and Mg+2 were calculated using an atomic absorption spectrometer (A Perkin-Elmer, Model 2380, Wellesley, MA, USA).




2.4. Spectral Analysis


2.4.1. Satellite Image Acquisition and Preprocessing


Two free Landsat downloadable images of the sensors TM and OLI 8 acquired on the 6th of March 1999 and 19th of March 2019 were used. The study area was covered by two different scenes (i.e., path 176, rows 38 and 39) as row data (i.e., digital number; DN). Radiometric Calibration and Atmospheric Correction were applied on the Landsat images to eliminate atmospheric effects using ENVI V5.3. The study area was cropped from the georeferenced mosaic using a shape file of the Governorate administrative boundary.




2.4.2. Image Processing


To bring out visual features, image processing was used to transform and alter the original raw data [36]. ENVI 5.3 was used to build LULC maps using supervised classification using the maximum likelihood classifier (MLC). According to Table 1, three indices were calculated: NDVI, NDSI, and NDMI. In two years, LULC and spectral indices maps were used to track environmental changes in the research region (1999 and 2019). Field validation visits were planned to ensure that the classification was accurate.




2.4.3. Post-Classification Techniques


Post-classification comparisons of the retrieved thematic maps were used for simple change detection and for quantifying various types of change using ArcGIS 10.5. The degree of success and accuracy depends on the reliability of the resulting classification maps [40]. In a GIS environment, the classification raster maps were turned into thematic layers to facilitate examining temporal and geographical changes and the yearly rate of rise and decline among various classes. Statistics, including maximum, minimum, and the mean values for NDVI, NDMI, and NDSI were determined to detect the changes that occurred over the last two decades.





2.5. Data Analysis


The Community Analysis Package (version 1.2, Pisces Conservation Ltd., Lymington, UK, http://www.pisces-conservation.com/softcap.html, 30 May 1999) application was used to perform cluster analysis (two-way indicator species analysis, TWINSPAN) and ordination (detrended correspondence analysis, DCA) of stands according to Hill and Šmilauer [41]. However, Canonical Correspondence Analysis (CCA) was performed using the MVSP Program (version 3.2, Kovach Computing Services, Wales, UK, https://www.kovcomp.co.uk/index.html, 15 October 2021) [42]. Using the COSTAT 6.3 program (CoHort Software, Monterey, CA, USA, http://www.cohort.com, 1 April 2005), the soil variables for each community were submitted to one-way ANOVA and the mean values were separated based on Duncan’s test at the 0.05 probability level.





3. Results and Discussion


3.1. Floristic Composition


The floristic diversity of the study area includes 57 species (34 annual, 1 biennial, and 22 perennial species) through 37 sites in the north sector of Nile Delta (Dakahlia Governorate), belonging to 51 genera and 20 families. The sampling was carried during the rainy season. The wet season gives a greater opportunity for a large number of annuals to bloom. Asteraceae, Poaceae, and Chenopodiaceae had the most species (11, 13, and 6, respectively), while Brassicaceae and Caryophyllaceae had four species, each. Fabaceae, Aizoaceae, and Polygonaceae had three, two, and two species, respectively. These families constituted 78.95% of the documented species and represent most of the floristic structure in the study area, while the other 12 families were monospecific and shared 21.05% of the listed species. The wide ecological range of Asteraceae and Poaceae can be attributed to their adaptation to harsh conditions, as well as their effective dispersal of seeds or spores by the wind [43]. Plant species that belong to the Poaceae have some characteristics that allow them to tolerate grazing pressure and drought, and even profit from it. They have developed a dense surface root system that allows them to absorb moisture from the soil effectively [44]. The Asteraceae family is the largest and has the most widely distributed blooming plant species in the world [45,46]; however, it is not the only major family in Egypt’s flora [28,30,47].



Based on the presence percentage, the recorded species were categorized into three main classes: (1) Wide-range distribution class (presence > 50%), represented with five plant species, namely Senecio glaucus (86.49%), Rumex pictus (78.38%), Ifloga spicata (70.27%), Calligonum polygnoides (62.16%), and Lotus halophilus (51.35%); (2) Moderate distribution class (presence ranges from 50–25%), which encompasses 10 species, including Poa annua (45.95%), Silene vivianii (43.24%), Cutandia memphitica (37.84%), Mesembryanthemum nodiflorum (37.84%), and Echinopus spinosus (37.84%); (3) Narrow-range distribution class (presence < 25%), which made up the remaining 42 species, including Carthamus tenuis (18.92%), Chenopodium mural (16.22%), Lolium multiflorum (13.51%), Melilotus indicus (8.11%), and Pancratium maritimum (2.70%) (Supplementary Materials Table S2).



Therophytes made up the majority of the species found in this study (59.32%), followed by geophytes (11.86%), then hemicryptophytes (10.17%), nanophanerophytes (8.47%), and chamaephytes (6.78%) (Supplementary Materials Table S2). Therophytes’ dominance over other life forms appears to be a reaction to the hot, dry environment, topographical changes, and human and animal disturbance [48,49,50]. They are adapted to the region’s dryness and lack of rainfall because they spend their vegetative life as seeds [51,52]. These findings are consistent with the plant spectrum found in arid environments throughout the Middle East [53,54].




3.2. Chorological Affinities


Egypt is a crossroads for floristic components from at least four phytogeographical regions: African Sudano-Zambian, Asiatic Irano-Turanian, Afro-Asian Saharo-Sindian, and Euro-Afro-Asian Mediterranean [55]. The Saharo-Arabian zone of the Holarctic floristic region encompasses the whole nation. According to a chorological study of the surveyed flora, 39 species (68.42%) were pluri-, bi-, or mono-regional Mediterranean components (Supplementary Materials Table S3). Saharo-Sindian taxa account for 52.63% of the total number of species documented, and these taxa are either pluri-, bi-, or mono-regional. The ability of Saharo-Sindian and Mediterranean components to penetrate this region might explain the large percentages of this element in the research area, as well as the human effect. In addition, the plant species from the Saharo-Arabian region are species which are strongly adapted to desert conditions, whereas Mediterranean species indicate a more mesic environment [56,57].




3.3. Classification of Vegetation


TWINSPAN categorization was used to identify four vegetation groups based on the importance values of 57 plant species reported in 37 sampled stands in the study area (Figure 2 and Table 2). The detailed importance values of all recorded species were provided in Supplementary Materials Table S4. It should be noted that certain plant categories are representative of one or more of the sites surveyed. Groups I and III were distributed in the sand formation (sand flat) habitat, group II was distributed in sand formation and salt marsh habitats, whereas group IV was restricted to the salt marsh habitat (Table 2).



The community I consists of four stands dominated by E. spinosus (IV = 25.53), while the other important species (i.e., attaining relatively high importance values) in this group are Brassica tournefortii (IV = 20.29), Bromus diandrus (IV = 18.38), Acacia saligna (IV = 17.19) and Mesembryanthemum crystallinum (IV = 17.23). The indicator species in this group are B. tournefortii (IV = 20.29) and Zygophyllum aegyptium (IV = 1.86). The sites were characterized by high percentages of soil fraction (silt and clay), pH, Cl−, SO42−, SAR, and moderate contents of organic carbon (Table 3).



Community II includes 12 stands, co-dominated by Z. aegyptium (IV = 25.42) and C. polygnoides (IV = 23.14). The other important species in this group are S. glaucus (IV = 19.04), Cakile maritima (IV = 13.93), and B. diandrus (IV = 13.63). In this group, the indicator species are C. memphitica (IV = 7.72), C. maritima (IV = 13.93), and E. spinosus (IV = 12.76). This group’s stands were discovered on soil with high fine sand and clay content, porosity and WHC, and intermediate electrical conductivity, cations, and anions (Table 3).



Community III consists of 16 stands dominated by C. polygnoides (IV = 38.20). In this group, the other important species are I. spicata (IV = 18.84), S. glaucus (IV = 16.94), and L. halophilus (IV = 11.96). The indicator species are Halocnemum strobilaceum (IV = 7.21) and Aegilops bicornis (IV = 10.34). Most of the examined soil variables (sand, Na+, K+, Ca2+, Mg2+, HCO3-, CaCO3) attained their highest levels in the stands of this group (Table 3). Community IV consist of five stands co-dominated by halophytes; Arthrocnemum macrostachyum (IV = 32.99) and Sphenopus divaricatus (IV = 30.61). The other important species are I. spicata (IV = 17.08) and R. pictus (IV = 14.15). The indicator species in this group include A. macrostachyum (IV = 32.99) and S. divaricatus (IV = 30.61). The stands were found to have the highest levels of fine sand, electric conductivity, organic carbon, pH, as well as moderate contents of HCO3, CaCO3 (Table 3). El-Amier, et al. [49] reported that E. spinosus and C. polygnoides are found in the sand flats and mounds along the Mediterranean coast associated with B. tournefortii, B. diandrus, M. crystallinum, S. glaucus, C. maritima, I. spicata, and R. pictus. In the salt marshes of the Mediterranean coast, Zahran and El-Amier [58] found that A. macrostachyum, S. divaricatus, and Z. aegyptium are prevalent, along with I. spicata, S. glaucus, H. strobilaceum, Tamarix nilotica, Spergularia marina, S. divaricatus, and Stipagrostis lanata. This group is consistent with studies indicating that the vegetation of Mediterranean coastal strip is dominated by many herbs, shrubs, and some trees, and therefore has high species richness and plant cover [48,49,56,59].




3.4. Ordination of Sampling Sites


The ordination of sampled stands given by DCA is shown in Figure 3. The TWINSPAN vegetation groups were clearly distinguishable and had a comprehensible pattern of segregation on the ordination plane, with groups I and II separated at the upper part of the left zone of the DCA diagram, and group III separated at the middle part of the right zone, as well as a superimposed intercept with group II. Group IV is clearly separated in the lower part of the left zone of the DCA diagram. Along the DCA ordination axes, these groups were clearly differentiated. It’s worth noting that the strong parallels in floristic composition and natural habitats between the above-mentioned plant types may explain interspecific interactions [49,56].




3.5. Soil–Vegetation Relationships


The plant species diversity of natural communities can be influenced by soil texture, salinity, organic carbon, and nutrient availability [56,60]. The ordination diagram of the species–environment biplot obtained by Canonical Correspondence Analysis (CCA) depicts the relationship between the detected plant categories and soil properties. As indicated in Figure 4, the most important soil variables with strong significant correlations with the first and second axes are electrical conductivity, cations, organic carbon, porosity, potassium adsorption ratio (PAR), chlorides, and bicarbonates.



In the upper right side of the CCA diagram, Calligonum polygnoides (co-dominant species in community II and dominant in community III) showed a close correlation to soil cations (calcium, potassium, magnesium, and sodium), potassium adsorption ratio, and sand. On the other hand, the Arthrocnemum macrostachyum (dominant species of community IV), S. divaricatus (dominant species of community IV), and Senecio glaucus were plotted in the lower-right side of the CCA diagram, where they showed a correlation to organic matter content. On the same side, the Lotus spicatus, Lotus halophilus, and Tamarix nilotica showed a close correlation to bicarbonates and calcium carbonate content (Figure 4).



On the upper-left side of the CCA biplot, Mesembryanthemum crystallinum, Malva parviflora, Zygophyllum aegyptium (dominant in community II), and Echinopus spinosus (dominant in community I) showed a correlation to salinity and clay content. Meanwhile, on the lower-left side, Brassica tournefortii, Mesembryanthemum nodiflorum, and Cakile maritima were closely correlated to the water-holding capacity, pH, porosity, chloride, and sulfate.



The results of the CCA for soil variables are presented in Supplementary Materials Table S5. The three main axes of CCA explained 68.81%of the total variance based on eigenvalues (eigenvalue ˂ 1) (Supplementary Materials Table S5). The first CCA (axis 1) explains 13.16% of the total variance and consists of EC, HCO3, cations, and PAR. These metals are associated with the first component matrix (PC1), which shows high values in the first component. This finding might mean that electrical conductivity is directly proportional to cations and anions. The second CCA (Axis 2) explains 11.12% of the total variance and consists of cations, SAR, and PAR. The fact that these variables have higher loading factors in the first component suggests that the same sources, such as wastewater, industrial pollution, and anthropogenic activities, may be controlling the salinity.




3.6. Spectral Analysis


3.6.1. LULC analysis


The analysis of remotely sensed data to detect the changes in the LULC explains the impact of different anthropogenic activities such as industrialization, modernization, reclamation, urbanization, and other practices on the environmental resources. The total areas and the annual rates of increase/decrease for each class are illustrated in Figure 5.



It was found that the coastal region was subject to dramatic spatial and temporal changes during the investigated period. A clear decrease in the most dominant class was observed: Bare land class decreased from 222.47 km2 (77.02 %) in 1999 to 151.18 km2 (52.34%) in 2019. The second most dominant class was water bodies, occupying an area of 35.85 km2 (12.41%) and 60.24 km2 (20.86 %) in the years 1999 and 2019, respectively. In addition, the vegetation class increased by 21.86 km2 (7.57 %) in 1999 to 60.11 km2 (20.81%) in 2019. The urban class took the last position; however, it presented an increase of 8.65 km2 (3.00 %) to 17.29 km2 (5.99 %) between the years 1999 and 2019, as shown in Figure 5. From the analysis of the LULC data, it is clear that the huge decrease in the bare land class was in favor of the increase in the vegetation, water, and urban classes, taking into account that the increase in water class could be due to the expansion of pisciculture (fish culture) as well as the wetlands caused by seawater leaching [61]. Moreover, the scattering of the agricultural lands, thereby explaining the increase in the vegetation class including wild habitats spreading due to the existence of favorable conditions [62,63], to meet the resident needs, will positively affect the water represented in the water canals needed for this scattering.



Accordingly, investment in the construction of new residential areas, e.g., new Mansoura, may explain the increase in the urban class. Furthermore, in order to meet the needs of this urban crawling, bare land surrounding the new residential areas is being converted into agricultural land. In other words, along with the construction of new residential areas, there will be an increase in agriculture and water supplies to meet resident needs, which explains the increase in the urban, vegetation, and water class at the expense of the bare land class [64].




3.6.2. Spectral Indices Assessment


Change Detection in NDVI


Vegetation indices (VI), the most common of which is NDVI, are metrics that employ spectral reflectance relevant to plants. NDVI is a common approach for assessing the productivity of vegetation, or “greenness,” in a specified region, since it is sensitive to active photosynthetic compounds [17,65]. Regarding the coastal study area, the wild plant habitats were most accurately represented by the sparse vegetation class when compared to the other vegetation classes. The application of the NDVI was necessary to differentiate the vegetation classes and to detect the change over the last two decades in the wild plant habitats that are included in the sparse vegetation, which showed the highest increase from 21.23 km2 in 1999 to 77.44 km2 in 2019 with an annual increase detected of 2.81 km2. On the other hand, the dense vegetation class slightly increased from 0.46 km2 in 1999 to 2.97 km2 in 2019. Likewise, moderate vegetation occupied 10.27 km2 in 1999 and 41.77 km2 in 2019. Finally, no vegetation class showed a noticeable decrease from 254.83 km2 in 1999 to 164.64 km2 in 2019, which occurred as a result of the increase in the other three classes (Figure 6).



Moreover, this spread may be threatened in the future by urban crawling, which consequently changes the soil character, turning the habitat unfavorable for the flourishment of wild plants. Human activity endangers biodiversity in at least five main ways. The first, agricultural and industrial expansion, has led to the loss of over 85% of wetlands, altered 75% of the land surface, and impacted 66% of the ocean area, as described in IPCC [66]. A second powerful threat is the exploitation of plant species through overharvesting and logging. Third is pollution: habitats are being destroyed by untreated waste; by pollutants from industrial, mining, and agricultural activities; and by oil spills and toxic dumping. A fourth critical driver of biodiversity loss is the introduction of non-indigenous species that edge out native ones; this has increased by 40% globally over the same period. Fifth, climate change exacerbates nature’s loss, which in turn reduces nature’s resilience to climate change [66]. The moderate and dense vegetation class represented an increase in agricultural lands that accompanied urban crawling and residential services. Accordingly, this increase in the sparse, moderate, and dense vegetation classes is compensated by a decrease in the no vegetation class [67].




Change Detection in NDMI and NDSI


NDMI is used to monitor changes in the water content of leaves and was proposed by Gao [68]. The interpretation of the absolute value of the NDMI makes it possible to immediately recognize the areas of the farm or field with water stress problems. According to the data analysis, the NDMI fluctuated between −0.35 and 0.89 in 1999, with a mean value of 0.03. However, it later climbed in 2019 from −0.86 to 0.66, with a mean value of 0.15. (Figure 7). These findings are significantly connected to the rise in NDVI (sparse vegetation), which was previously described in the LULC assessment, and NDVI that corresponds with the LULC analysis [69]. Moisture elevation might be explained by an increase in moisture levels caused by the quantitative rise of wild plant species and their flourishment as a result of the low water stress in the study area, causing the MI mean value to clearly increase, as indicated by [68].



Soil salinization is a process of enriching the soil with soluble salts to deleterious levels at or near the soil surface, resulting in modification of biochemical features of soil [70]. Saline intrusion occurs when salts are dissolved in water to accumulate in the soil at a level that affects agricultural production, environment, and economics. NDSI has been proven to have high potential in the enhancement and extraction of soil salinity from remote sensing data [71]. In the present investigation, NDSI ranged from −0.78 to 0.46 with a mean of −0.10 in 1999, and decreased to a range from −0.77 to 0.65 with a mean of −0.27 in 2019 (Figure 8). The obvious decrease in the salinity index might be attributed to the previously reported increase in water levels in the LULC assessment, as shown in Figure 7, which produced dilution of the soil salinity levels. Furthermore, this drop favored the flourishing and growth in the NDVI (sparse vegetation) that represents wild habitats. This demonstrates the negative association between the NDSI and the NDVI in the current research region. Moreover, this could be an indicator of the reason why most of the wild plants presented in the wild habitats in the coastal region of Dakahlia Governorate are not adaptive to high salinity [72].







4. Conclusions


The Nile Delta Mediterranean coast of the Dakahlia Governorate indicated the presence of several communities, the majority of which were dominated by halophytes and sand dune plants. The plants primarily inhabiting the sand flats and salt marshes habitats flourished with increased soil fertility and oxygen levels. The strong, directly proportional relationship between an increase in NDVI and an increase in NDMI along the deltaic Mediterranean coast—which was not conditionally dependent on soil salinity levels (NDSI) but was primarily dependent on the detected species in the study area and which aided in their flourishing—was supported by this. Following the evaluation of the preceding indices, the NDVI indicated a significant increase in the total consumed surface by the sparse vegetation class from 21.24 in 1999 to 77.45 in 2019. Similarly, the mean moisture index increased from 0.03 to 0.15, while the salinity index decreased from −0.10 to −0.27. Finally, the development of waterlogging and fish farming resulted in a decrease in soil salinity throughout the deltaic Mediterranean shores, which promoted the ideal circumstances for the spread of wild plant habitats. It may be stated that remote sensing and geographic information systems (GIS) are becoming more popular technologies for evaluating and managing large volumes of regional data. In landscape design and area management planning, tracking changes in usage and showing the findings is critical.
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Figure 1. Map of Egypt showing Dakahlia Governorate and location of the studied sites (1–37) along the Nile Delta coast (Dakahlia Governorate). 
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Figure 2. TWINSPAN dendrogram of 37 stands based on the important value of plant species. The first three letters of both the genus and species names are an abbreviation of the indicator species names. Mes cry: Mesembryanthemum crystallinum, Tam nil: Tamarix nilotica, Bro dia: Bromus diandrus, Art mac: Arthrocnemum macrostachyum, Sph div: Sphenopus divaricatus, Bra tou: Brassica tournefortii, Zyg aeg: Zygophyllum aegyptium, Hal str: Halocnemum strobilaceum, Aeg bic: Aegilops bicornis, Cut mem: Cutandia memphitica, Cak mar: Cakile maritima, Ech spi: Echinopus spinosus. 
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Figure 3. Detrended Correspondence Analysis (DCA) ordination diagram of the 37 stands with vegetation groups of the Deltaic Mediterranean coastal area (Dakahlia Governorate). The stands were numbered from 1 to 37 and represented by “●”. 
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Figure 4. Canonical Correspondence Analysis (CCA) biplot of species–soil variable. EC: electrical conductivity, OC: organic carbon, SAR: sodium adsorption ratio, PAR: potassium adsorption ratio, WHC: water-holding capacity, Cme: Cutandia memphitica, Cpo: Calligonum polygnoides, Rpi: Rumex pictus, Lsp: Lotus spicatus, Lha: Lotus halophilus, Tni: Tamarix nilotica, Sgl: Senecio glaucus, Sdi: Sphenopus divaricatus, Ama: Arthrocnemum macrostachyum, Mno: Mesembryanthemum nodiflorum, Cma: Cakile maritima, Bto: Brassica tournefortii, Zae: Zygophyllum aegyptium, Esp: Echinopus spinosus, Pan: Poa annua, Bdi: Bromus diandrus, Mpa: Malva parviflora, Mcr: Mesembryanthemum crystallinum, Asa: Acacia saligna. 
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Figure 5. Areas in sq. km of LULC classification for Deltaic Mediterranean Coast of the study area (a) classification comparison from 1999 to 2019, (b) annual rate of change for each class, and (c) LULC distribution map. 
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Figure 6. Areas in sq. km of NDVI classification for Deltaic Mediterranean Coast of the study area; (a) classification comparison from 1999 to 2019, (b) annual rate of change for each class, and (c) NDVI distribution map. 
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Figure 7. (a) Spatial distribution maps of NDMI, (b) spatial distribution maps of NDSI; for Deltaic Mediterranean Coast of the study area. 
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Figure 8. Statistics of the spectral retrieved parameters for Deltaic Mediterranean Coast of the study area. 
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Table 1. Spectral indices formula and classes used in the present study.
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Index

	
Formula

	
Classes (Ranges)

	
References






	
Normalized Difference Vegetation Index (NDVI)

	
   NDVI =    (  NIR − Red  )     (  NIR + Red  )      

	
−1–0.25 No vegetation

	
[37,38]




	
0.25–0.5 Sparse vegetation




	
0.5–0.75 Moderate vegetation




	
0.75–1 Dense vegetation




	
Normalized Difference Salinity Index (NDSI)

	
   NDSI =    (  Red − NIR  )     (   Red  + NIR  )      

	
−1–0 Non saline

	
[39]




	
0–0.25 Slightly saline




	
0.25–0.5 Moderately saline




	
0.5–1 Highly saline




	
Normalized Difference Moisture Index (NDMI)

	
   NDMI =    (  NIR − SWIR  )     (  NIR + SWIR  )      

	
NDMI ˃ 0.1 High humidity

	
[37]




	
NDMI ˂ 0.1 Low humidity
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Table 2. Characteristics of the different communities (I–IV) from TWINSPAN classification of the studied area.
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Com.

	
Stand No.

	
Total Species

	
Habitats

	
Dominant Species (IV ± SD)

	
Other Important Species






	
I

	
4

	
25

	
SF

	
Echinopus spinosus (25.53 ± 0.79) *

	
Brassica tournefortii (20.29 ± 0.70)




	
Bromus diandrus (18.38 ± 0.79)




	
Acacia saligna (17.19 ± 2.00)




	
Mesembryanthemum crystallinum (17.23 ± 1.52)




	
Rumex pictus (13.26 ± 1.27)




	
Malva parviflora (10.62 ± 0.83)




	
II

	
12

	
43

	
SF, SM

	
Zygophyllum aegyptium (25.42 ± 0.60)

	
Senecio glaucus (19.04 ± 0.44)




	
Calligonum polygnoides (23.14 ± 2.00)

	
Cakile maritima (13.93 ± 1.01)




	

	
Bromus diandrus (13.63 ± 0.89)




	
Echinopus spinosus (12.76 ± 0.93)




	
Poa annua (11.37 ± 0.81)




	
Rumex pictus (10.51 ± 0.78)




	
III

	
16

	
41

	
SF

	
Calligonum polygnoides (38.20 ± 0.54)

	
Ifloga spicata (18.84 ± 0.63)




	
Senecio glaucus (16.94 ± 0.55)




	
Lotus halophilus (11.96 ± 0.72)




	
Rumex pictus (11.58 ± 0.59)




	
Tamarix nilotica (11.00 ± 0.88)




	
Cutandia memphitica (10.54 ± 1.53)




	
IV

	
5

	
24

	
SM

	
Arthrocnemum macrostachyum (32.99 ± 0.49)

	
Ifloga spicata (17.08 ± 1.00)




	
Sphenopus divaricatus (30.61 ± 0.49)

	
Rumex pictus (14.15 ± 0.62)




	

	
Senecio glaucus (13.59 ± 0.64)




	
Lotus halophilus (11.12 ± 0.92)




	
Tamarix nilotica (11.03 ± 1.40)








* values are average ± SD, SF: sand-flat, SM: salt marshes.
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Table 3. Soil physical and chemical analysis of the four identified vegetation groups (I–IV) of the study area.
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Sediment Variables

	
Mean (n = 24)

	
TWINSPAN Vegetation Groups

	
LSD0.05




	
I (n = 4)

	
II (n = 12)

	
III (n = 16)

	
IV (n = 5)

	






	
Sand (%)

	
89.76 ± 0.84 #

	
88.07 a ± 1.87

	
88.37 a ± 0.65

	
90.16 a ± 0.30

	
92.44 a ± 0.55

	
4.99 ns




	
Silt (%)

	
6.79 ± 0.52

	
7.12 a ± 0.91

	
7.75 a ± 0.43

	
6.98 a ± 0.27

	
5.29 b ± 0.45

	
1.22 **




	
Clay (%)

	
3.46 ± 0.36

	
4.81 a ± 0.97

	
3.88 ab ± 0.27

	
2.86 b ± 0.04

	
2.27 b ± 0.15

	
1.88 ns




	
Porosity (%)

	
38.27 ± 1.16

	
39.59 a ± 2.31

	
41.95 a ± 0.53

	
32.14 b ± 0.43

	
39.40 a ± 1.35

	
5.84 *




	
WHC (%)

	
35.98 ± 0.98

	
32.48 b ± 0.99

	
41.93 a ± 1.36

	
34.10 b ± 0.45

	
35.42 b ± 1.11

	
6.21 *




	
CaCO3 (%)

	
5.65 ± 0.43

	
5.42 a ± 0.61

	
5.08 a ± 0.22

	
6.42 a ± 0.21

	
5.67 a ± 0.68

	
1.92 ns




	
OC (%)

	
0.40 ± 0.04

	
0.35 a ± 0.07

	
0.34 a ± 0.02

	
0.34 a ± 0.02

	
0.55 a ± 0.06

	
0.41 ns




	
pH

	
8.36 ± 0.13

	
9.36 a ± 0.13

	
8.07 a ± 0.07

	
7.55 a ± 0.12

	
8.46 a ± 0.18

	
2.26 ns




	
EC (mS.cm−1)

	
0.95 ± 0.04

	
0.74 a ± 0.07

	
0.99 a ± 0.05

	
0.62 a ± 0.01

	
1.44 a ± 0.04

	
5.72 ns




	
Cl− (%)

	
0.53 ± 0.15

	
0.83 a ± 0.29

	
0.59 b ± 0.07

	
0.14 c ± 0.01

	
0.57 b ± 0.23

	
0.19 ***




	
SO42− (%)

	
0.52 ± 0.11

	
0.66 a ± 0.21

	
0.56 a ± 0.05

	
0.32 a ± 0.02

	
0.53 a ± 0.16

	
0.94 ns




	
HCO3− (%)

	
0.67 ± 0.10

	
0.21 d ± 0.01

	
0.54 c ± 0.08

	
1.15 a ± 0.09

	
0.77 b ± 0.21

	
0.06 ***




	
Na+ (mg/100g dry soil)

	
137.64 ± 12.52

	
91.75 c ± 3.62

	
150.32 b ± 12.74

	
237.75 a ± 18.75

	
70.75 d ± 14.97

	
10.17 ***




	
K+ (mg/100g dry soil)

	
45.42 ± 4.63

	
15.05 c ± 0.52

	
54.06 b ± 6.75

	
100.32 a ± 8.80

	
12.24 c ± 2.45

	
3.58 ***




	
Ca++ (mg/100g dry soil)

	
41.63 ± 3.74

	
23.21 c ± 1.00

	
47.83 b ± 4.75

	
81.08 a ± 6.55

	
14.40 d ± 2.64

	
7.15 ***




	
Mg++ (mg/100g dry soil)

	
52.01 ± 5.40

	
11.63 c ± 0.28

	
57.27 b ± 7.61

	
126.66 a ± 11.35

	
12.46 c ± 2.37

	
4.52 ***




	
SAR

	
19.27 ± 1.16

	
21.92 a ± 0.49

	
19.62 ab ± 0.71

	
19.69 ab ± 0.72

	
15.86 b ± 2.70

	
5.84 ns




	
PAR

	
4.50 ± 0.32

	
3.60 bc ± 0.06

	
4.97 ab ± 0.36

	
6.64 a ± 0.37

	
2.77 c ± 0.50

	
2.17 *








# Mean values ± standard error, WHC: Water-holding capacity, OC: organic carbon, EC: electric conductivity, SAR: sodium adsorption ratio, PAR: potassium adsorption ratio, superscript letter within each row shows significant variation at p < 0.05. ns: non-significant, * p < 0.05, ** p < 0.01, *** p < 0.001.
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