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Abstract

:

Egypt is characterized by its hyper-arid desert environment with high temperature, scanty rainfall, high evapotranspiration rate, and patchy scattered precipitation-dependent vegetation. Located in this peculiar ecosystem, the northeastern part of the eastern desert occupies vast areas where this study was conducted. Despite some protection in this area, destruction of plant cover, soil erosion, and degradation of natural habitat are still occurring. Among the complex array of anthropogenic disturbances that directly affect species diversity, over-grazing, road construction, over-collection of plants, salinization, over-cutting, military activities, urbanization, and industrialization were encountered. The aim of this study was to assess the effect on long-lasting anthropopressure on the current floristic and ecological status of the unprotected area in comparison to the protected one. Two areas were chosen for detailed studies: protected (Wadi Degla; WD) and unprotected (Cairo-Suez road, SR). Fourteen soil variables were used to assess the soil–vegetation relationships in the two areas. An assessment of seven human activities (over-grazing, over-collection, introduced species, land degradation, urbanization, solid wastes, and military activities) was carried out at four levels of disturbance intensities. A floristic presence/absence data set of 25 plots × 56 species, including 14 plots for SR and 11 plots for WD, was employed in the analyses. The application of multivariate analysis techniques such as cluster analysis (for classification), indicator species analysis (ISA) and the multi-response permutation procedure (MRPP), canonical correspondence analysis (CCA), and redundancy analysis (RDA) for ordination were performed in the data analysis. Generally, a total of 85 plant species belonging to 68 genera and 30 families was recorded. Asteraceae, Chenopodiaceae, Fabaceae, Zygophyllaceae, Poaceae, Brassicaceae, and Geraniaceae were the largest families, constituting more than 50% of the total flora. Chamaephytes, therophytes, hemicryptophytes, and phanerophytes prevail in the life form spectrum. Chorological analysis showed that the Saharo-Arabian element, whether pure or combined with other chorotypes, dominated the current flora, whereas the Mediterranean chorotype was very poorly represented. Application of cluster analysis yielded eight vegetation groups: I–IV for the Cairo-Suez road, and V–VIII for Wadi Degla. This study indicated the disappearance of several plant communities that were previously of common occurrence such as Retama raetam, Anabasis articulata, Ephedra alata, Artemisia monosperma, Zygophyllum decumbens, Lasiurus hirsutus, and Panicum turgidum. Partial CCA (pCCA) for the unprotected area revealed that most of the variance (45.7%) was attributed to the anthropogenic variables more than soil factors (14.5%). Like what was revealed in other unprotected areas, a clear relationship between anthropogenic pressure and habitat fragmentation was observed. Long-term, intensive human activities caused vegetation degradation, species loss, and a decline in plant richness. Hence, the highest species richness value was recorded in the protected area. Over-grazing, land degradation, and military activities were not correlated with the diversity indices, whereas over-collection of plant species, urbanization, and solid wastes were significantly negatively correlated with both α-diversity and the Shannon–Wiener index. Suitable protection measures should be taken to reduce the anthropogenic pressures in this ecosystem as well as some conservation programs and management plans should be implemented to save biodiversity.
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1. Introduction


More than 25% of the world’s population will be directly affected by land degradation through external stresses such as climate change and human disturbances [1]. In arid and semi-arid environments, anthropogenic activities such as urbanization, industrialization, over-grazing, salinization, solid wastes, military activities, over-cutting of woody plants, road construction, and establishing new settlements are the main drivers of change, transformation, and loss of natural habitats; decline in floristic composition; and dramatic changes in vegetation structure [2,3,4,5].Enright et al. [6] inferred the spatial distribution patterns of plant communities and species diversity in desert environments to three main factors: physical environmental variables affecting water availability, soil chemistry, and anthropogenic disturbance. Besides the harsh environmental conditions that prevail in the desert, such as high temperatures, erratic precipitation, high evaporation rate, low fertility of soil, and high winds [7], its slow recovery and rehabilitation after disturbances are anticipated. Hence, once the human impacts on the natural environment decline, the process of recovery becomes more possible [8,9]. Anthropogenic disturbances critically affect the biodiversity and the structural characteristics of the community [10,11]. Studies on the impacts of anthropogenic activities on the floristic composition and vegetation were undertaken in Chile [8], Poland [9], Kuwait [10], and Tunisia [11]. Preservation and maintenance of such valuable natural or semi-natural ecosystems were undertaken, for example, in the arid pseudo-savanna of Acacia tortilis subsp. raddiana in Tunisia where after 13 years of its protection against human activities, an increase in the total cover of 58.3%, 21.7% in plant density, 7% in species richness, and 9.5% in species diversity were observed [12]. In addition, after 30 years of protection in Thumamah National Park of Saudi Arabia [13], recreational and grazing activities were minimized, and the plant species diversity was increased. For this reason, protected areas (PAs) were established to conserve biological diversity in the natural habitats and maintain the ecological integrity of ecosystems. Due to global climate change, several parts of this ecosystem were recently subjected to continuous desertification and land degradation, which directly affect the total plant cover and species diversity [14]. In Egypt, protected areas have been expanded over the past three decades in both number and area [15]. By 2013, 30 protected areas were established, covering about 146,000 km2 or about 15% of the total surface area, which is about one million km2 [15].



The combined variations in topography, physiography, and geography, together with different aspects of other anthropogenic activities, were significantly affecting the floristic composition of the natural vegetation along roadsides [16]. Its role in the destruction of the existing habitats and creating new ones with special characteristics is well documented [17,18,19].



The desert ecosystem occupies approximately 95% of Egypt’s total area [4]. This ecosystem has unique and characteristic xerophytic vegetation that sustains the human population with essential goods and services [10]. Despite these benefits, threats to its species and habitats have been recorded in recent history [19]. All threats are caused by human mismanagement for biological resources in addition to the aridity of the climate [14]. Desert degradation and fragmentation caused by human misuse and severe environmental changes are one of the major causes of decline in global biodiversity and have become a critical environmental problem [14]. Therefore, in many areas, reconstruction of disturbed ecosystems is being taken up on a priority basis for biodiversity conservation and maintaining landscape productivity [20].



The Egyptian desert represents the most eastern part of the Sahara, the world’s largest desert. Kassas and Batanouny [21] delineated three zones of arid environments: hyper-arid, arid, and semiarid; the former constitutes 4.2% of the total world’s land area. Apart from a few scattered shrubs, the hyper-arid zone includes dryland areas without vegetation. Precipitation is low (<100 mm−1), infrequent, irregular, and unpredictable in both space and time, and sometimes rainless for several years [19]. According to Abd El-Ghani et al. [22], the Eastern Desert of Egypt is defined as hyper-arid, with a mean annual rainfall of less than 30 mm and long dry periods. Rainfall is not the only factor influencing the vegetation, but topography, soil variables, temperature, and human disturbances are also important [22]. Topographically, three major types of habitats can be recognized: open desert habitat, mountain habitat, and wadi habitat, in addition to small patchy and scattered habitats in the oases and salt marshes [23]. Different arrays of floristic and ecological investigations (phytogeographical affinities, correlations between diverse edaphic factors, vegetation analysis, and species diversity) in various microhabitats using multivariate analysis techniques were achieved in the arid desert of Egypt [22,24], Saudi Arabia [25], Negev Desert of Israel [26], China [27], Pakistan [28], Sonoran Desert of the USA [29], and Iran [30]. The application of advanced multivariate statistical techniques in vegetation–environment studies is important to obtain a real picture of the available plant resources in any area. Such studies play a paramount role in the development of future conservation and management plans.



A “wadi” designates a dried riverbed in a desert area that may be transformed into a temporary water course after heavy rain. It represents one of the main ecosystems in deserts with physical and biological features including a characteristic plant cover. It has the great merit of being a drainage system, collecting water from an extensive catchment area. The water supply of a wadi is many times the recorded rainfall [31]. The richness of wadi vegetation is attributed to the amount of water percolating the soil, forming ground water [32]. This advantage is counterbalanced by two destructive agencies: torrents and grazing. Few studies on human impacts to the biotic and physical components of the Egyptian desert have been conducted [33,34]. Understanding disturbance effects on species diversity is fundamental to conservation planning [35]. Assessments of plant diversity and vegetation composition of fragmented habitats are necessary for understanding the impacts of human disturbance and the vulnerability of desert habitats to habitat fragmentation.



We hypothesize that vegetation structure and floristic diversity in the unprotected desert wadis are drivers of prolonged uncontrolled human activities, and that protected areas harbor more species. A correlation between anthropogenic activities and species richness is expected. Therefore, this work was aimed at studying the current status of floristic and vegetation composition along the Cairo-Suez road (SR), as a part of the Eastern Egyptian Desert as an unprotected area, and compared the resulting data with those of the protected area of Wadi Degla (WD). The main objectives were (1) to recognize the actual vegetation diversity in this desert ecosystem, (2) to determine the relationships between vegetation diversity and soil and anthropogenic factors, (3) to assess the floristic similarities between protected and unprotected areas, (4) to record the reasons for the vegetation changes, and (5) to suggest some recommendations to improve/save the present vegetation status.




2. Materials and Methods


2.1. The Study Areas


Two areas were chosen for the present study: (1) the Cairo-Suez desert road represented the unprotected area (SR), and (2) Wadi Degla represented the protected area (WD). The former (SR) is located between Cairo and Suez cities, extending for about 125 km and bounded by longitudes 31°13′–32°50′ E and latitudes 29°06′–30°02′ N. It lies within the northern section of the Eastern Desert of Egypt, east of the Nile Delta (Figure 1). To the south, it is bounded by the fringe of the limestone plateau of the Eastern Desert (lat. 30° N) and to the north by fringes of the cultivated land of the Ismailia irrigation canal. Detailed studies on the geology, geomorphology, topography, and lithology have been described and documented [36,37,38].



Located in the Cairo metropolitan area and in the northern part of the Eastern Desert of Egypt, Wadi Degla (WD; 31°19′ to 31°37′ E and 29°53′ to 29°57′ N) is one among six geological protected areas of Egypt. In 1999, 15 km of the 30 km-long wadi and 60 km2 of its adjoining areas were declared protected areas [39]. This wadi passes through the limestone rocks that remained in the marine environment during the Pleistocene and formed the so-called Canyon Degla, which resembles the Grand Canyon in the USA [40,41].



The climate of this desert is classified as the Saharan-Mediterranean type by Emberger [42] and lies within the hyper-arid desert climate with very low rainfall, high temperature, and high evaporation rate. In the northern coastal parts of this desert, rainfall may reach 30 mm, whereas its southern part is usually known as the rainless part of the globe [22,38]. According to the climatic averages (2007–2016) at Katameya Meteorological Station (the nearest station to the Cairo-Suez road), the mean annual air temperature was 21.2 °C; the average minimum monthly temperature was 18.4 °C in January and 35.2 °C in August. Rainfall occurred in the winter months with an annual average rainfall of 2.1 mm. According to the available climatic records of Wadi Degla for 2016 and 2017 (Helwan Meteorological Station), the mean maximum temperature varied between 18.8 °C in January and 35.3 °C in July, and the mean minimum temperature ranged from 8.6 °C in January and 21.8 °C in August. The average of rainfall was low and amounted to 6.7 mm.




2.2. Data Collection and Floristic Analysis


The field work was conducted between February 2016 and March 2017 along the Cairo-Suez desert road (SR) and Wadi Degla protected area (WD). A total of 25 sampled plots were established (14 along the Cairo-Suez road and 11 in the Wadi Degla protected area) to detect a wide spectrum of vegetation as well as the effect of anthropogenic activity. This was applied to perform comparisons of protected and open unprotected desert areas. In each plot (20m × 20m), the presence or absence of each species was recorded and their frequencies (f%) were calculated.



Human disturbance data were visually estimated for each of the sample plots. Each species was designated to one, usually the most notable, of the seven observed anthropogenic attributes included: over-grazing (OG), over-collection (OC), introduced species (IS; i.e., alien weeds escaped from cultivation), land degradation (LD), urbanization (UR), solid wastes (SW), and military activities (MA). The assessment of human activities was carried out at four levels [43]. Therefore, in each sample plot, 4 visually estimated levels of disturbance intensities were used: 0 = absent, 1 = low, 2 = moderate, and 3 = high. Voucher specimens for each species were collected and identified at the herbarium of Cairo University (CAI). Taxonomic nomenclature was according to Boulos [44,45,46,47,48,49]. The plant life-form categories were identified according to Raunkiaer’s system of classification [50], where it displays an obvious relationship to key environmental factors and provides the basic structural components of vegetation.




2.3. Soil Sampling and Analysis


For each sampled plot, three soil samples were collected in the dry season from profiles of 0–60 cm depth, pooled together to form one composite sample, air-dried, thoroughly mixed and passed through a 2 mm sieve to remove gravel and debris, then packed in paper bags in order to conduct further analyses. Soil texture was determined with the pipette method [51], providing quantitative data on the percent of sand, silt, and clay. Soil–water extract (1:5) w/v was prepared for the determination of electrical conductivity (EC; mS cm−1) using a conductivity meter (Model Corning, Thermo Fisher Scientific, Waltham, MA, USA) and pH using a pH meter (Model Lutron pH 206, Lutron, Harrisburg, PA, USA), whereas the estimation of chlorides was carried out by titration methods using 0.05 N AgNO3 [52]. Carbonates and bicarbonates were determined by titration against 0.1 N HCl [53]. Contents of sulfates were determined by a turbidimetric technique with barium chloride and acidic sodium chloride solution using a spectrophotometer (Model 1200), and organic matter content (OM) was determined in the soil by the dichromate oxidation method [51]. Calcium and magnesium contents were determined volumetrically by the titration method using 0.01 N EDTA [54]. Sodium and potassium contents were determined by a flame photometer (Model Carl-Zeiss DR LANGE M7D, Carl-Zeiss AG, Jena, Germany).




2.4. Vegetation Data Analysis


After the removal of species occurred in one sample plot (singletons), a floristic presence/absence data set of 25 plots × 56 species, including 14 plots for the Cairo-Suez road (SR) and 11 plots for the Wadi Degla protected area (WD), was subjected to classification by cluster analysis with the software PC-Ord version 5 for Windows [55] using a squared Euclidean distance dissimilarity matrix with minimum variance (also called Ward’s method) as the agglomeration criterion [56]. The significant differences among cluster groups were applied using the multi-response permutation procedure (MRPP) with the Sørensen (Bray–Curtis) distance measure on a matrix of 14 soil variables (sand, silt, clay, OM, pH, EC, Na, K, Ca, Mg, Cl, HCO3, CO3, and SO4,), and two statistical tests were calculated. The significance of the null hypothesis of no differences among groups was assessed by a Monte Carlo permutation procedure with 4999 permutations. An indicator species analysis (ISA) [57] was used to identify species that distinguished vegetation groups, and a Monte Carlo test was used to evaluate the statistical significance of the maximum indicator value recorded for a given species. Both the MRPP and ISA tests were performed using PC-Ord version 5 for Windows [55].



The computer program CANOCO version 4.5 [58] was used for all ordination analyses, whereas the computer program SPSS version 10.0 [59] was used for all the statistical treatments. Detrended correspondence analysis (DCA) was used to identify the main gradients that influenced species distribution [60]. In the present study, DCA estimated the compositional gradient in the vegetation data of the Wadi Degla protected area as 2.12 SD units for the first axis, whereas for the Cairo-Suez road it was 3.21 SD units for the first axis. Thus, redundancy analysis (RDA) was the appropriate ordination method to perform direct gradient analysis for the former, and canonical correspondence analysis (CCA) for the latter [58,61,62,63].



Before analysis, soil variables shown in percentages (sand, silt, clay, and OM) were transformed to their arcsines, and appropriate transformations for other soil variables were applied [64]. To provide the best set of 14 soil variables and to avoid multicollinearity problems among them, their number was reduced with the forward selection option in CANOCO [65] using unrestricted Monte Carlo permutation under the reduced model for test each variable for significance (with 499 random permutations). Therefore, 10 soil attributes (sand, silt, clay, OM, pH, K, Cl, Mg, CO3, and SO4) and 7 anthropogenic variables (over-grazing, over-collection, introduced species, land degradation, urbanization, solid wastes, and military activities) were used in this analysis. All the default settings were used for CCA and RDA, and a Monte Carlo permutation test (499 permutations; [66]) was used to test for significance of the eigenvalues of the first canonical axis. Inter-set correlations were used to assess the importance of the soil and anthropogenic variables.



It was possible to measure the fraction of the variation in the dependent variables explained by each set of environmental variables alone as well as the fraction of the variation shared by the sets of variables by using partial CCA (pCCA). The pCCA is an extension of CCA, which allows for testing for effects of one set of explanatory variables, while at the same time partialling out effects of a second set of explanatory variables [67]. Estimation of variance partitioning was performed to evaluate the relative influence of soil and anthropogenic factors and their combined effects.




2.5. Species Diversity


Three indices were calculated: (1) species richness, i.e., both total number of species and average number of species per plot was calculated for each vegetation group (α-diversity) as well as for the entire study site (γ-diversity). (2) The Shannon–Wiener diversity index [68,69] was also calculated using the following equation: H’= −∑ pi ln pi, where pi = the frequency (f%) of (ith) species. These diversity indices are commonly used in ecological investigations [70,71]. (3) The plant species turnover (βw-diversity) for each study area was calculated as the ratio between the total number of species and mean species richness [72] according to the following equation: βw = (S/α) − 1, where S = total number of species recorded in the entire transect, and α = mean species richness.





3. Results


3.1. Characteristics of the Flora


In total, 85 species representing 68 genera from 30 families were recorded in this study: 47 species from the unprotected area (SR) and 58 species from the protected area (WD). Members of seven families constituted 57.6% of the total flora: Asteraceae (14 species) followed by Chenopodiaceae, Fabaceae, and Zygophyllaceae (seven species for each); Poaceae (six species); and Brassicaceae and Geraniaceae (four species for each). Fifteen families were represented by a single species (e.g., Asclepiadaceae, Cleomaceae, Nitrariaceae, Orobanchaceae, and Plumbaginaceae). Monogeneric families (15) represented by one species constituted the remaining flora (Table S1). The genera with the highest number of species (three for each) were Capparis, Erodium, Fagonia, Launaea, and Zygophyllum, whereas two species from each of Anabasis, Astragalus, Atriplex, Deverra, Diplotaxis, and Heliotropium were recorded. Generally, perennial species were dominant (53 species) in the protected area (WD), whereas annuals were dominant (13 species) in the unprotected area (SR). The overall life-form spectrum showed that chamaephytes (40 species), therophytes (16 species), hemicryptophytes (13 species), and phanerophytes (10) were the dominant life forms. The distribution of different life forms in the study areas (Figure 2) showed that phanerophytes and therophytes were more represented in the unprotected area (SR), whereas chamaephytes and hemicryptophytes were dominant in the protected area (WD), and other life forms were less represented.



Haloxylon salicornicum had its highest frequency value (f = 79%) in the unprotected area (SR), and Zilla spinosa and Zygophyllum coccineum were the dominant species with the highest frequency values in both areas (Table S1). Eight dominant species (f = 91–100%) were consistent in the WD. Twenty-nine species (34% of the recorded flora) were considered singletons as they were recorded in one sample plot. Chorologically, the Saharo-Arabian chorotype, whether pure or combined with others (Mediterranean, Sudano-Zanbezian and Irano-Turanian), dominated the current flora of both the Cairo-Suez road (44.6%) and the Wadi Degla protected area (60%). The Mediterranean chorotype was very poorly represented in both study areas: 3.5% in (SR) and 2.3% in (WD).




3.2. Floristic Changes over the Past Five Decades


3.2.1. Cairo-Suez Road (Unprotected Area)


Over the past 55 years (1962–2017; Table 1A), the floristic comparison between the recorded species along the Cairo-Suez road revealed a considerable decline in the numbers of recorded species: The highest peak (235 species) was reached in 1987 and the lowest (47 species) was found in this study. Twenty-five species (9%) out of a total of 277 were common in the past and are still common for half a century later. Therefore, they are rarely absent from vegetation plots, and include Acacia tortilis subsp. raddiana, Aerva javanica, Anabasis articulata, Haloxylon salicornicum, Calotropis procera, Ochradenus baccatus, Panicum turgidum, and Retama raetam. On the contrary, 11 species have not been observed since 1962, indicating their disappearance (e.g., Andrachne aspera, Hyparrhenia hirta, Scrophularia hypericifolia, and Taverniera aegyptiaca). Whereas Abd El-Ghani et al. [73] added 13 species, mostly weeds of arable lands, to the flora of the Cairo-Suez road (e.g., Amaranthus viridis, Chenopodium album, Conyza bonariensis, and Cichorium pumilum), the present study added another seven new species (e.g., Anagallis arvensis var. arvensis, Polypogon monspeliensis, and Astragalus alexandrinus). The Sørensen index of similarity between the recorded species in the previous studies indicated low similarities between the recorded species in this study and Kassas and El-Abyad [37], Hassan [74], and Abd El-Ghani et al. [73]: 39%, 27%, and 42%, respectively. More than 50% similarity was estimated between the other three studies.




3.2.2. Wadi Degla Protected Area


The earlier botanical exploration of Wadi Degla dated back to Tadros [75]. Ever since, more ecological and floristic studies have been carried out. A comparison of the floristic composition of Wadi Degla over the past 81 years (1936–2017; Table 1B) revealed an increase in the total number of species from 17 [75] to 88 [76], then decreased to 58 species in this study. Altogether, 115 species were recorded from Wadi Degla, of which 10 species were frequently recorded (e.g., Agathophora alopecuroides, Deverra tortuosa, Echinops spinosus, Gymnocarpos decandrus, Reaumeria hirtella, Zilla spinosa, and Zygophyllum coccineum). Tadros [75] recorded Citrullus colocynthis, Limonium tubiflorum, and Pulicaria undulata, which were not recorded until the current study. Over the past 17 years (2000–2017), 18 species constantly occurred (e.g., Anabasis articulate, Cistanche phelypaea, Cocculus pendulus, Deverra triradiata, Fagonia bruguieri, Retama raetam, Scrophularia deserti, Ochradenus baccatus, and Limonium pruinosum). This study added another four new species: Atriplex dimorphostegia, Capparis deciduas, Forsskaolea tenacissima, and Suaeda monoica. El-Adawy [76] enumerated 21 species that were not recorded in any other study, and included, amongst others, Anchusa hispida, Calotropis procera, Ephedra aphylla, Juncus rigidus, Pteranthus dichotomus, Capparis deciduas, and Forsskaolea tenacissima. Higher values of Sørensen’s index of similarity occurred between the recorded species in the present study and those of El-Adawy [76] and Hassan [39].



Sørensen’s index of similarity (Table 1A,B) between the floristic composition of the unprotected area (SR) and the protected area (WD) was low (34.6%).





3.3. Classification, Indicator Species Analysis, and Description of Vegetation Groups


Eight vegetation groups were recognized after the application of cluster analysis (I–VIII; Figure 3). Obviously, the four groups (I–IV) of the unprotected area of the Cairo-Suez road (SR) were separated from the other four groups (V–VIII) of the Wadi Degla protected area (WD).



The multi-response permutation procedure (MRPP) revealed that there were significant differences between these groups in the environmental matrix (chance-corrected within-group agreement A = 0.538; p<0.0001), suggesting that these communities are distinct species assemblages. The average within-group distance ranged between 0.16 and 0.45, indicating relatively high dispersion. The T statistic was −8.836, indicating relatively high dissimilarity in plant communities (vegetation groups) among the studied areas. Pairwise comparisons revealed significant differences between the groups (Table S2). The application of indicator species analysis (ISA) showed that each vegetation group was characterized by a different indicator species (Table 2). Sixteen species (18.8% of the total flora) exhibited correlations with the vegetation groups based on their IVs. Significant differences in the examined environmental attributes within the separated vegetation groups were noticed (Table 2).




3.4. Description of Vegetation Groups


3.4.1. Cairo-Suez Road Unprotected Area


Figure 3A showed the cluster analysis resulting from the classification of the vegetation along the Cairo-Suez road using a presence/absence data set of 14 plots × 47 species. Four vegetation groups (I–IV) were identified. Whereas contents of silt, pH, and chlorides showed significant variations of soil features among the vegetation groups, over-collection was the only anthropogenic disturbance factor with significant variation (p = 0.03). Group I was indicated by Calotropis procera, Phragmites australis, and Pulicaria undulata. This group inhabited soil with the highest content of silt and the lowest concentrations of organic matter and potassium (Table 3). Regarding factors of anthropogenic disturbances, this group was affected by moderate levels of introduced species (IS) and urbanization (UR), and lower levels of the others (OC, OG, LD, SW, and MA). Group II was the least diversified (1.7 ± 1.2 species plot−1) and indicated by Haloxylon salicornicum occupying sandy fertile soil with the highest contents of most soil attributes. It was affected by higher levels of solid wastes and moderate levels of land degradation, but the others had lower levels. Group III was indicated by Ochradenus baccatus and Zygophyllum coccineum that was found in soils comparable to those of group II with moderate contents of all attributes. Despite all other human-mediated factors having lower levels, military activities were the highest. Group IV was the most diversified (11.7 ± 1.3 species plot−1), which was indicated by Acacia tortilis subsp. raddiana, Panicum turgidum and Launaea spinosa. It occupied muddy soil with the lowest contents of most of the examined soil attributed. This group was highly affected by over-collection and over-grazing, moderately affected by the introduced species, and least affected by the other anthropogenic activities.




3.4.2. Wadi Degla Protected Area


After the application of cluster analysis on the floristic presence/absence data set (11 plots × 40 species), four vegetation groups (V–VIII) were identified and are illustrated in Figure 3B. Soil contents of calcium and chloride ions showed significant differences among groups (Table 4). Group V was the least diversified (26.3 ± 1.5 species plot−1) and was characterized by Artemisia judaica and Reaumeria hirtella occupying muddy soil with moderate contents of organic matter and calcium and chloride ions. Group VI was the most diversified (31.0 ± 1.4 species plot−1), which indicated by Heliotropium bacciferum found in muddy fertile soils with a high pH rich in contents of organic matter and magnesium ions, and lower contents of silt, calcium ions, and bicarbonates. Group VII was indicated by Lasiurus scindicus and Nitraria retusa occupying soil with high contents of fine deposits and low contents of nutrients (Na, K, Cl, Mg, and SO4) and salinity. Group VIII was indicated by Orobanche cernua and Fagonia bruguieri inhabiting soils rich in nutrient contents and poor in organic matter and clay (Table 4). Xero-halophytic species such as Limonium pruinosum, Zygophyllum album, Tamarix nilotica, Suaeda monoica, and Atriplex halimus were found. Other Psammo-xerophytic species such as Anabasis articulata, Echinops spinosus, Deverra tortiosa, Ochradenus baccatus, and Retama raetam were recorded. None of the measured diversity indices had significant differences among groups.





3.5. Correlations between Soil Factors and Anthropogenic Variables


The seven degrees of disturbances varied in the four identified vegetation groups of the Cairo-Suez road (SR). Over-collecting, over-grazing, introduced species, and urbanization showed significant differences among vegetation groups (Table 3). With the examined soil parameters, over-collection, over-grazing, and introduced species showed significant correlations (Table S3). Negative significant correlations occurred between pH, EC, Na, Ca, Cl, and HCO3 and over-collection of plants, whereas increasing soil fertility (OM) corresponded to a decrease in species introduction (IS). On the other hand, a negative significant correlation was found between over-collection of plants and an accumulation of solid wastes (SW), and urbanization (UR) was highly positively correlated with species introduction.




3.6. Vegetation–Soil–Anthropogenic Correlations


3.6.1. Cairo-Suez Road (Unprotected Area)


The association between vegetation, the measured soil factors, and the anthropogenic variables among the 14 plots within their vegetation groups is depicted in the CCA diagram (Table S4, Figure 4A). The soil variables and the anthropogenic variables are represented by solid arrows (for the former) and dotted arrows (for the latter) pointing in the direction of maximum variation, with their length proportional to the rate of change [77]. The species–environmental correlations were higher for the first two canonical axes, explaining 55.0% of the total cumulative variance. These results indicated that the examined soil factors were suitable for identifying the influential environmental factors presented in the CCA diagram. A Monte Carlo permutation test indicated that all the canonical axes were significant (p<0.03). The results of the inter-set correlations of environmental factors with the first two CCA ordination axes (Table S4) showed that the first CCA ordination can be defined as gradients of silt-SW (positive end), and K-MA (negative end), whereas the second CCA axis can be defined as OM-LD (positive end), and K-MA (negative end).



The identified vegetation groups were also separated along the first CCA axes (Figure 4A). Certain groups were either not linked to any of the studied types of variables (group II), or weakly correlated to certain variables (group III). Sample plots of group (I) were affected by silt, clay, SO4, pH, SW, UR, and IS. The species composition of this group was characterized by Fagonia arabica, Calotropis procera, Pluchea dioscoridis, Zygophyllum simplex, Pulicaria undulata, and Launaea nudicaulis. Samples of group (IV) were linked to OM, OC, and OG. The floristic composition was characterized by Launaea spinosa, Panicum turgidum, Echinops spinosus, Ochradenus baccatus, and Retama raetam. A test for significance with an unrestricted Monte Carlo permutation test found the F-ratio for the eigenvalue of CCA axis 1 and the trace statistics to be significant (p = 0.01).




3.6.2. Wadi Degla Protected Area


From the inter-set correlations of the environmental variables and the first two axes of RDA (Table S4), it can be inferred that RDA axis 1 was positively correlated with Cl−, and negatively with clay. This axis can be defined as clay-Cl− gradient. RDA axis 2 was positively correlated with silt, and negatively correlated with Cl−. Therefore, RDA axis 2 can be defined as a silt−Cl− gradient. This fact becomes evident in the ordination biplot (Figure 4B). A test for significance with an unrestricted Monte Carlo permutation test found the F-ratio for the eigenvalue of RDA axis 1 and the trace statistics to be significant (p = 0.003), indicating that the observed patterns did not arise by chance. The species composition of group V was dominated by Artemisia judaica, Reaumeria hirtella, Deverra tortuosa, and Zygophyllum simplex inhabiting fertile soil rich in contents of OM, Ca++, silt, and clay. The sample plots of group VI occurred on clayey soil rich in Mg contents and were characterized by Heliotropium bacciferum, Diplotaxis acris, and Cynodon dactylon. The floristic composition of group VII included certain species that can tolerate high soil contents of Na+ and EC, such as Nitraria retusa, Suaeda monoica, Zygophyllum album, and Atriplex dimorphestegia. The sandy soil of group VIII favored the growth of parasitic plants (Orobanche cernua, Cuscuta pedicellata, and Cistanche phelypaea) and annuals (Centaurea aegyptiaca, Erodium laciniatum, Trigonella stellata, and Reichardia tingitana).




3.6.3. Impact of Anthropogenic Variables (pCCA)


The results of the partial CCA (pCCA) for the unprotected area of the Cairo-Suez road (SR) revealed that most of the variance (45.7%) was attributed to the anthropogenic variables (F = 1.8, p = 0.03), whereas site soil factors were explained by 14.5% (F = 2.7, p = 0.01) of the variance, which suggests that the species composition was highly affected by the anthropogenic variables. The amount of variance shared between the soil and the anthropogenic factors was 31.2%. The combined effect of both groups of variables was represented by 91.4% of the total variability.





3.7. Correlations between Species Diversity, Soil Factors, and Anthropogenic Variables


Despite the diversity indices showing high significant variations among the vegetation groups of SR, they showed insignificant variations among groups of WD. The results in Table S3 indicate that soil contents of organic matter (OM), potassium (K), and sulfates (SO4) were not significantly correlated to the measured α-diversity or H’ indices. The remaining soil factors showed significant negative correlations. A correlation between the anthropogenic activities and the species richness existed. Among the anthropogenic activities, over-grazing, land degradation, and military activities were not correlated with these indices. However, over-collection of plant species, urbanization, and solid wastes were significantly negatively correlated with both α-diversity and the Shannon–Wiener index (Table S3).





4. Discussion


4.1. Floristic Composition, Biological Spectrum, and Chorological Affinities


The overall floristic analysis of the study areas showed that the majority (48.2%) of the recorded flora belonged to five plant families: Asteraceae, Chenopodiaceae, Fabaceae, Zygophyllaceae, and Poaceae. This result was also consistent with those in adjacent areas in the arid region, e.g., El-Ghanem et al. [78], Alatar et al. [25], Shaheen et al. [79], Zhang et al. [71], Salama et al. [80], and Croce et al. [81] in Kuwait, Saudi Arabia, Pakistan, China, Egypt, and southern Italy, respectively. According to Pielou [68] and Magurran [69], the taxonomic range is higher in an area in which species are distributed among several genera than in which the most species belong to the same genus. In this study, among the 30 families, 15 (50%) were represented by one species per family. A common characteristic of desert flora, which is considered a signal of plant adaptation to a xeric condition, is that only a few species of the largest plant families can adapt and survive compared to other species that do not survive and become extinct [22]. The shrub species (including shrubs and sub-shrubs) and herbaceous species (including annual and perennial herbaceous plants) in the study area were mainly xerophytes or super-xerophytes. The latter affects the structure of the plant communities as well as the functions of the ecosystems in the study areas.



Divergent distribution patterns of annuals and perennials in the two areas under investigation were encountered. The protected area of Wadi Degla (WD) had more perennial species, whereas the unprotected area of the Cairo-Suez road (SR) had the highest number of annuals. McIntyre et al. [82] and Sternberg and Shoshany [83] inferred that a high proportion of annual plants in a system indicate a higher level of disturbance. The permanent characteristic of the vegetation in a desert ecosystem is determined by the dominance of perennial species. This may be attributed to the rather low rainfall, which is not adequate for the growth of many annuals. On the other hand, the rainy season provides a better opportunity for the appearance of a significant number of annuals, which then offers a characteristic physiognomy to the vegetation [84,85,86]. The short life cycles, high allocation of resources to the reproductive organs, and productivity of flowers early in their lifespan to ensure seed output in a short time may explain the higher contribution and better performance of annuals [87].



In hyper-arid deserts, the plant life is principally triggered by rain and thus is as scarce and unpredictable as the precipitation itself, whereas vegetation is restricted to habitats receiving runoff water including wadis, channels, and depressions with deeps in contracted desert [88]. Over the past 55 years, the floristic comparison between the recorded species along the Cairo-Suez road (SR) revealed a considerable decline in their numbers: from 235 in 1987 to 47 in this study. In this context, over the past 81 years, the floristic comparisons of the Wadi Degla protected area (WD) revealed an increase from 17 [75] to 88 [76], then decreased to 58 species in this study. We detected that changes in the total numbers of recorded species corresponded to sudden torrential rains that occurred during these periods along the Cairo-Suez road (SR) (Figure 5). The decreased numbers of annuals in the study areas can be related to climatic aridity, which plays a principal role in reducing vegetation density [85,89]. Rainstorms do not follow precise annual patterns and there are frequently decades between storm events [22,38]. Obviously, in 1987 the amount of rainfall was the highest (7.7 mm), then decreased to the minimum reached in 2017 (2.1 mm). Similar trend can be found in the temporal dynamics of the flora of Wadi Degla (WD) for the decreased numbers of species, especially in 2017. Comparing the species composition in the two studied areas with those recorded in earlier works, low similarities were detected, indicating remarkable changes in floristic structure. Similar results were reported in other wadis of the Eastern Desert of Egypt [33].



Analysis of the biological spectrum of the floristic composition in the study areas indicated the dominance of chamaephytes (40 species) and therophytes (16 species) over the other life forms, which reflects the hot, dry climate, and human and animal interferences. Therophytes are highly adaptable to mild, moist winters and hot, dry summers, and can also appear particularly in the rainy season. These findings are in line with the spectra of vegetation of arid desert habitats in Egypt [73,90], Kuwait [10], Saudi Arabia [25,91], China [92], Mexico and the USA [93], Libya [94], and Algeria [95]. Additionally, the preponderance of phanerophytes and therophytes in the unprotected area (SR) is an indicator of anthropogenic activities, a hot, dry climate, and topographical variation [96,97].



From the phytogeographical point of view, the areas under study are situated within the Saharo-Arabian phytogeographical zone [98,99]. The largest floristic group in the current study areas was the Saharo-Arabian elements and belongs to the Saharo-Sindian phytogeographical region. The Saharo-Arabian element, whether pure or combined with others (Mediterranea, Sudano-Zambezia, and Irano-Turanian), dominated the current flora (approximately 81% of the total species). The location of the Egyptian desert within the Saharo-Arabian region of the Holarctic Kingdom on the one hand, and the fact that their plants are tolerant to harsh desert environmental conditions on the other, may explain their dominance. In contrast, the slight representation of the Mediterranean element (5.8%) in both study areas referred to change in desert habitats due to anthropogenic and climatic factors, which provide the chance for some alien species to migrate to nearby regions [85,100].




4.2. Classification of the Vegetation


In the earlier study by Kassas and El-Abyad [37] along the Cairo-Suez road (SR), 14 plant communities were recognized. The seven most common species were associated in all of them: Deverra tortuosa, Zygophyllum decumbens, Zilla spinosa, Farsetia aegyptia, Echinops spinosus, Linaria aegyptiaca, and Centaurea aegyptiaca. In terms of classification of the vegetation, the present study recognized four distinct vegetation groups (plant communities), which were indicated by Calotropis procera, Phragmites australis, and Pulicaria undulata (group I); Haloxylon salicornicum (group II); Ochradenus baccatus and Zygophyllum coccineum (group III); and Acacia tortilis subsp. raddiana, Panicum turgidum, and Launaea spinosa (group IV). Differences in plant communities between the two investigations were noticeable, and may be attributed to the used sampling design and the application of multivariate analyses techniques such as cluster analysis, indicator species analysis (ISA) and the multi-response permutation procedure (MRPP). According to Legendre and Legendre [101], the results of hierarchical clustering must be validated, as the latter method will always reveal groups even when the dataset is essentially unstructured [102,103]. The results of MRPP revealed significant differences between these groups in the environmental matrix. This study also indicated the disappearance of several plant communities that were previously of common occurrence, such as Retama raetam, Anabasis articulata, Ephedra alata, Artemisia monosperma, Zygophyllum decumbens, Lasiurus hirsutus, and Panicum turgidum. Most of the identified vegetation groups have analogues with others recorded in some wadis of the Eastern Desert [73,104], Western Desert [88,105], along the western Mediterranean region [106], in the South Sinai region [107,108], and in northwestern Negev, Israel [109]. This result can be directly related to the severe uncontrolled human disturbances (especially urbanization) along both sides of this road (Figure 6), where the vegetation is removed from nearly half of its length.



The earlier ecological work of Kassas and Imam [31] was carried out to study the formations of the wadi bed ecosystem, including Wadi Degla (WD), among others in the Eastern Desert. Apart from the investigation of El-Adawy [76], which primarily focused on the plant phenological patterns of 20 species dominating Wadi Degla, the prevailing plant communities were not described. Hassan [39] identified five main habitats in Wadi Degla: (1) rocky habitats, (2) cliffs, (3) terraces, (4) Degla canyon, and (5) wadi bed channels. Seven characteristic species were recorded: Atriplex halimus, Zilla spinosa, Zygophyllum coccineum, Iphiona mucronata, Gymnocarpos decandrum, Deverra tortuosa, and Farsetia aegyptia. However, phytosociological studies were not performed. In the present study, the application of classification to the floristic data of the Wadi Degla protected area (WD) yielded four vegetation groups (plant communities): Group V was characterized by Artemisia judaica and Reaumeria hirtella, group VI was indicated by Heliotropium bacciferum, group VII was indicated by Lasiurus scindicus and Nitraria retusa, and group VIII was indicated by Orobanche cernua and Fagonia bruguieri. Based on this classification, however, many other species were recorded as associates in the previous works. This study is the first to quantify the vegetation structure and identify the plant communities in the Wadi Degla protected area (WD). It also presents baseline information for future biodiversity and conservation studies.




4.3. Soil–Vegetation Relationships


The hyper-arid conditions prevailing in the Egyptian Eastern Desert correspond very well to Noy-Meir’s [110] definition of the desert ecosystem as a “water-controlled ecosystem with infrequent, discrete, and largely unpredictable water input.” Vegetation is confined to wadis and controlled by water availability (moisture in soil) in the study system (a classic végétation contractée community). The ecological response of a species along an environmental gradient can be affected by an array of factors (biotic and/or abiotic ones). Epstein et al. [111] reported the importance these gradients, which might be related to either climatic or physico-chemical soil resources. On the other hand, at regional scales, distribution of vegetation are significantly controlled by soil, topographic, and human factors that climate did [112,113]. In arid desert ecosystems, as in this study, the role of physico-chemical soil properties in species distribution and community structure is pronounced and documented [22,25,114,115,116].



Along the Cairo-Suez road (SR), the results of inter-set correlations of environmental factors with the first two CCA ordination axes (Table S4) showed that the first CCA axis ordination can be defined as gradients of silt-K, whereas the second CCA axis was connected with fertility which can be defined as an OM-K gradient. In the Wadi Degla protected area (WD), the first RDA axis was defined as a clay-Cl− gradient, whereas axis 2 was inferred as a gradient of silt-Cl−. The growth of plant species in drier habitats is restricted by coarse-textured soil with lower soil moisture, and species can thus coexist in close proximity without directly competing for resources [117]. The importance of percentages of surface sediments of different size classes in determining the spatial distribution of soil moisture was indicated in other relevant studies on arid ecosystems [107,118,119]. Beside soil texture, soil fertility was also found to have a significant correlations with distributions of plant species. He et al. [120] and Zuo et al. [121] reported the significant contribution of soil fertility, especially organic matter, which affected the vegetation distribution in the Alxa Plateau (China). Soil organic matter can be a factor of equal importance controlling species composition in some sampling plots, as it can improve soil aggregate stability, increase soil fertility, enhance plant water availability, and facilitate the soil mineralization process. On the other hand, Huerta-Martínez et al. [122] showed that high levels of K+ in soils could be related to strong microbiological activity, which increases the availability of phosphorus and potassium for plants.




4.4. Anthropogenic Factors and Their Contribution


Disturbance is an important factor that has an impact on all plant communities in the current study. Among the resulting vegetation groups, four anthropogenic factors were significantly different; each had a specific degree of disturbance within the plant clusters and contributed to their floristic composition. Based on their averages among clusters, these disturbances could be ranked as follows: urbanization, over-grazing, over-collection, and introduced species. This result was partly in agreement with others from a wide range of regions: Abdelaal [33] in Wadi Hagul, an affluent of the Cairo-Suez road (Egypt); Abd El-Wahab [10] in the Western Arabian Gulf of Kuwait; and Neji et al. [11] in the Southern Mediterranean (Tunisia).



The results of CCA (Figure 4A, Table S4) defined gradients of anthropogenic disturbances along the first and second axes: SW-MA for the former and LD-MA for the latter. In addition, partial CCA (pCCA) revealed that most of the variance (45.7%) was attributed to anthropogenic variables more than soil factors (14.5%). This proved the importance of human activities in shaping the floristic composition of the unprotected disturbed Cairo-Suez road (SR). The human-induced threats, i.e., over-collection, over-grazing, mining, rock crusher machines, industrialization, solid wastes, air pollution, military activities, and urbanization (e.g., new settlements, infrastructure, water and petroleum pipelines, power station, digging new wells, and highways) give rise to alterations in habitat conditions with consequent alteration in vegetation structure and the destruction of macro- and micro-vegetation elements [4,5]. As a result of long-term disturbance, perennial species of the original vegetation will disappear, causing a decrease in biodiversity. Therefore, disturbing arid, open habitats can not only reduce biodiversity, but also act as a threat to vegetation. In terms of anthropogenic activities related to human and animal interferences, destruction of desert scrublands (e.g., Acacia raddiana (sensu lato) and Tamarix nilotica) due to cutting and lumbering for the fuel and charcoal industry were also considered and indicated by Kassas and El-Abyad [37]. On the other hand, Panicum turgidum, a perennial herb, was not abundantly recorded as in earlier works [37,123]. Intensive and uncontrolled grazing were the pronounced agencies in soil erosion and modification of the whole ecosystem. This is an important aspect that should be considered in the conservation management of arid desert ecosystems.



Some of the recorded species were known among the common weeds of arable lands in the agroecosystem of Egypt, such as Cynodon dactylon, Orobanche cernua, Anagallis arvensis L. var. arvensis, Emex spinosa, Polypogon monspeliensis, and Senecio glaucus, and in the habitats of new urbanized desert cities [124,125]. The presence of such species may be attributed to the capabilities of their seeds for dispersal from their habitats with wind, transported soil, or water. Forman and Alexander [126] indicated an increase in weed species due to an increase of roads in an area. Davis et al. [127] added that human disturbances improve resource availability and create disturbed habitats more susceptible to invasion. Artemisia judaica, Achillea fragrantissima, Agathophora alopecuroides var. alopecuroides, Atriplex dimorphostegia, Cynodon dactylon, Erodium oxyrrhynchum, Heliotropium bacciferum, and Atriplex halimus were recorded with the highest frequency in WD, but were absent from SR; hence, these species continuously have suffered from over-grazing and over-collection for research, fuel, local trade, and medicinal and other uses by herbalists and inhabitants continuously [38].




4.5. Plant Diversity and Its Significance


Huerta-Martínez et al. [128] and Zuo et al. [129] explained the spatial variations of plant species diversity on the bases of several climatic, edaphic, and topographic factors. In our study, climatic factors in such small size areas were disregarded. Similar results were also obtained in other studies [91,130,131]. The high value of β-diversity may reflect rapid ecologically significant changes in highly disturbed habitats [132]. Higher beta-diversity can also be related to warmer and sunny climates and more nutrient-rich soil conditions [133]. Our results revealed that the Cairo-Suez road (SR), which has been subjected to various types of human disturbances, attained higher values of β-diversity than Wadi Degla (WD). As expected, our results indicated negative correlations between anthropogenic activities and species diversity. Over-grazing, land degradation, and military activities were not correlated with the measured diversity indices. However, over-collection of plant species, urbanization, and solid wastes were significantly negatively correlated with both α-diversity and the Shannon–Wiener index.





5. Conclusions


This study was carried out in the northeastern desert of Egypt to investigate floristic composition and vegetation structure in the Wadi Degla protected area compared to that along the Cairo-Suez road, which has been under human pressure for many years as an unprotected area, where negative impacts persist. Harsh environmental conditions, scanty unpredicted rainfall in space and time, and the location of the studied areas in the hyper-arid desert ecosystem may affect their floristic and vegetation diversity. The notable biodiversity, especially in the protected area, highlights the importance of the two studied regions. Desert ecosystems are negatively affected by uncontrolled human activities that seriously threat the indigenous populations in those habitats. Hence, the anthropogenic pressure should be reduced and some conservation programs and management plans should be implemented to save biodiversity strategies. Plant-cover recovery may take from 50 to 300 years, whereas recovery of the complete ecosystem may require more than 3000 years. Because of the sensitivity of desert habitats to disturbance and their slow rate of natural recovery, the management option is to limit the intensity of threatening impacts as much as possible. In the context of heavily altered habitats, the institution of preserved areas is crucial to protect the last fragments of threatened ecosystems. In this scenario, our findings could be useful to detect flora changes, establish habitat protection priorities, and improve efforts for conserving natural landscapes.
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Figure 1. Location map showing the Cairo-Suez road and Wadi Degla protected area (shaded in brown). 






Figure 1. Location map showing the Cairo-Suez road and Wadi Degla protected area (shaded in brown).



[image: Diversity 13 00157 g001]







[image: Diversity 13 00157 g002 550] 





Figure 2. Spectrum of life forms in the studied areas. Ch = chamaephytes, H = hemicryptophytes, Ph = phanerophytes, Th = therophytes, Pa = parasites, Cr = cryptophytes, G = geophytes. 
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Figure 3. Cluster analysis of the vegetation of the Cairo-Suez road (A) and Wadi Degla protected area (B), with their vegetation groups (I–VIII). 
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Figure 4. Ordination diagrams of CCA for the Cairo-Suez road (A) and RDA for the Wadi Degla protected area (B), together with the soil factors (solid arrows), anthropogenic variables (dotted arrows), species (Latin name abbreviations), and vegetation groups (I–VIII). Species abbreviations (A and B): D har = Diplotaxis harra, P aus = Phragmites australis, P und = Pulicaria undulata, Z sim = Zygophyllum simplex, C pro = Calotropis procera, L nud = Launaea nudicaulis, P dio = Pluchea dioscoridis, T nil = Tamarix nilotica, F ara = Fagonia arabica, A art = Anabasis articulata, H sal = Haloxylon salicornicum, Z coc = Zygophyllum coccineum, D tor = Deverra tortuosa, Z spi = Zilla spinosa, F aeg = Farsetia aegyptia, O bac = Ochradenus baccatus, A tor = Acacia tortilis, R rae = Retama raetam, L spi = Launaea spinosa, E ala = Ephedra alata, I muc = Iphiona mucronata, L pru = Limonium pruinosum, F mol = Fagonia mollis, F. bru = Fagonia brugieri, A jud = Artemisia judaica, E oxy = Erodium oxyrrhynchum, H bac = Heliotropium bacciferum, R hir = Reaumuria hirtella, C dac = Cynodon dactylon, S mon = Suaeda monoica, S aeg = Stachys aegyptiaca, E spi = Echinops spinosus, C phe = Cistanche phelypaea, G cap = Gypsophila capillaris, C spi = Capparis spinosa, A dim = Atriplex dimorphostegia, L hir = Lasiurus hisutus (= L. scindicus), T afr = Trichodesma africanum, Z alb = Zygophyllum album, S des = Scrophularia deserti, O cer = Orobanche cernua. Anthropogenic variables abbreviations: OC = over-collection, LD = land degradation, OG = over-grazing, MA = military activities, IS = introduced species, UR = urbanization, SW = solid wastes. 
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Figure 5. The changes in the numbers of annual and perennial species over the past 55 years (1962–2017) affected by the amount of rainfall (mm). 
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Figure 6. Satellite images of the Cairo-Suez desert road comparing occupations along its sides in 1990 (A) and in 2017 (B) due to various human activities, especially urban sprawl. 






Figure 6. Satellite images of the Cairo-Suez desert road comparing occupations along its sides in 1990 (A) and in 2017 (B) due to various human activities, especially urban sprawl.



[image: Diversity 13 00157 g006]







[image: Table] 





Table 1. Comparison between the numbers of species recorded and Sørensen’s similarity indices between the current and earlier studies in the two areas under investigation.
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(A) Cairo-Suez road (SR)




	
Authors of Earlier Studies

	
Kassas and El-Abyad (1962)

	
Hassan (1987)

	
Abd El-Ghani et al. (2014)

	
Number of Species




	
Kassas and El-Abyad (1962)

	

	

	

	
102




	
Hassan (1987)

	
53

	

	

	
235




	
Abd El-Ghani et al. (2014)

	
52

	
53

	

	
113




	
Current study (2017)

	
39

	
27

	
42

	
47




	
(B) Wadi Degla protected area (WD)




	
Authors of Earlier Studies

	
Tadros (1936)

	
Imam and Kassas (1954)

	
Hassan (2002)

	
El-Adawy (2011)

	
Number of Species




	
Tadros (1936)

	

	

	

	

	
17




	
Imam and Kassas (1954)

	
37

	

	

	

	
37




	
Hassan (2002)

	
30

	
5

	

	

	
75




	
El-Adawy (2011)

	
27

	
44

	
77

	

	
88




	
Current study (2017)

	
38

	
53

	
73

	
63

	
58
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Table 2. Summary of indicator species analysis (ISA) showing the most significant indicator species per vegetation group (I–VIII). Figures are indicator values (IV% of perfect indication based on combining values for relative abundance and relative frequency, and p-values of most significant indicator species per vegetation group. p-value = Monte Carlo test of significance of the observed maximum indicator value for each species, based on 999 randomizations). The highest indicator values are in bold type.
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Vegetation Group

	
I

	
II

	
III

	
IV

	
V

	
VI

	
VII

	
VIII

	
p-Value

	
Species Abbreviations




	
Number of Sample Plots

	
3

	
3

	
4

	
4

	
3

	
2

	
4

	
2






	
Group I (3 significant indicator species)

	




	
Calotropis procera (Aiton) W.T. Aiton

	
67

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0.040

	
C pro




	
Phragmites australis (Cav.) Trin.ex Steud.

	
67

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0.040

	
P aus




	
Pulicariaundulata (Lam.) DC.

	
67

	
0

	
0

	
0

	
0

	
0

	
0

	
0

	
0.037

	
P und




	
Group II (1 significant indicator species)

	

	

	

	

	

	

	

	

	

	




	
Haloxylon salicornicum (Moq.) Bunge

	
27

	
67

	
2

	
27

	
0

	
0

	
0

	
7

	
0.022

	
H sal




	
Group III (2 significant indicator species)

	

	

	

	

	

	

	

	

	

	




	
Ochradenus baccatus Delile

	
0

	
0

	
55

	
17

	
17

	
7

	
17

	
27

	
0.014

	
O bac




	
Zygophyllum coccineum L.

	
0

	
0

	
71

	
22

	
12

	
0

	
17

	
22

	
0.041

	
Z coc




	
Group IV (3 significant indicator species)

	

	

	

	

	

	

	

	

	

	




	
Acacia tortilis (Forssk.) Hayne subsp. raddiana (Savi) Brenan

	
0

	
0

	
6

	
56

	
0

	
0

	
0

	
0

	
0.046

	
A tor




	
Panicum turgidum Forssk.

	
0

	
10

	
0

	
52

	
0

	
0

	
0

	
0

	
0.050

	
P tur




	
Launaea spinosa (Forssk.) Sch. Bip. ex Kuntze

	
0

	
0

	
0

	
75

	
0

	
0

	
0

	
0

	
0.025

	
L spi




	
Group V (2 significant indicator species)

	

	

	

	

	

	

	

	

	

	




	
Artemisia judaica L.

	
0

	
0

	
0

	
0

	
38

	
21

	
0

	
0

	
0.016

	
A jud




	
Reaumuria hirtella Jaub. and Spach

	
0

	
0

	
0

	
0

	
36

	
17

	
20

	
0

	
0.022

	
R hir




	
Group VI (1 significant indicator species)

	

	

	

	

	

	

	

	

	

	




	
Heliotropium bacciferum Forssk.

	
0

	
0

	
0

	
0

	
0

	
80

	
5

	
0

	
0.013

	
H bac




	
Group VII (2 significant indicator species)

	

	

	

	

	

	

	

	

	

	




	
Lasiurus scindicus Henrard

	
0

	
0

	
0

	
0

	
4

	
9

	
71

	
35

	
0.038

	
L sci




	
Nitraria retusa (Forssk.) Asch.

	
0

	
0

	
0

	
0

	
0

	
0

	
50

	
0

	
0.044

	
N ret




	
Group VIII (2 significant indicator species)

	

	

	

	

	

	

	

	

	

	




	
Orobanche cernua Loefl.

	
0

	
0

	
0

	
0

	
0

	
0

	
5

	
80

	
0.021

	
O cer




	
Fagonia bruguieri DC.

	
0

	
0

	
0

	
0

	
6

	
14

	
0

	
55

	
0.049

	
F bru
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Table 3. Mean values, standard deviations (±SD) and ANOVA F-values of the soil variables, anthropogenic factors, and diversity indices in the sample plots representing the four vegetation groups obtained by cluster analysis of the Cairo-Suez road unprotected area (SR). Abbreviations of soil factors: OM = organic matter, pH = soil reaction, EC = electrical conductivity. Significant differences: * p ≤ 0.05, ** p ≤ 0.01. Categories of anthropogenic activities: H = high, M = moderate, L = low.
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Total Mean

	
Vegetation Groups

	
F-Ratio

	
p-Value




	
I

	
II

	
III

	
IV




	
Total Number of Sample Plots

	
3

	
3

	
4

	
4






	
Soil Variables




	
Sand (%)

	
93.1 ± 1.5

	
92.3 ± 2.1

	
94.0 ± 0.5

	
93.7 ± 0.9

	
92.4 ± 2.0

	
3.06

	
0.08




	
Silt (%)

	
1.5 ± 0.2

	
1.8 ± 0.3

	
1.3 ± 0.1

	
1.4 ± 0.1

	
1.6 ± 0.1

	
4.06 *

	
0.04




	
Clay (%)

	
5.3 ± 1.5

	
5.8 ± 2.0

	
4.6 ± 0.4

	
4.9 ± 0.8

	
6.0 ± 2.1

	
2.65

	
0.10




	
OM (%)

	
0.4 ± 0.2

	
0.23 ± 0.1

	
0.7 ± 0.2

	
0.4 ± 0.1

	
0.3 ± 0.2

	
3.33

	
0.06




	
pH

	
7.6 ± 0.3

	
7.7 ± 0.1

	
8.0 ± 0.03

	
7.6 ± 0.1

	
7.4 ± 0.4

	
18.17 **

	
0.001




	
EC (dS m−1)

	
2.0 ± 0.9

	
1.7 ± 1.1

	
3.0 ± 0.2

	
2.03 ± 0.3

	
1.5 ± 0.9

	
2.12

	
0.16




	
Na+ (meq L−1)

	
8.7 ± 3.8

	
7.1 ± 4.12

	
13.6 ± 2.3

	
8.5 ± 1.0

	
6.31 ± 3.5

	
2.73

	
0.09




	
K+ (meq L−1)

	
1.4 ± 0.7

	
0.9 ± 1.0

	
1.8 ± 0.4

	
1.6 ± 0.4

	
1.2 ± 0.8

	
0.76

	
0.57




	
Ca2+ (meq L−1)

	
5.4 ± 2.2

	
4.8 ± 3.0

	
7.8 ± 0.3

	
5.4 ± 0.5

	
3.9 ± 2.3

	
1.84

	
0.20




	
Mg2+ (meq L−1)

	
4.3 ± 2.0

	
3.7 ± 2.7

	
6.4 ± 0.3

	
4.9 ± 0.9

	
3.1 ± 2.2

	
1.55

	
0.27




	
Cl− (meq L−1)

	
11.5 ± 5.2

	
8.4 ± 5.1

	
18.5 ± 2.6

	
11.7 ± 1.6

	
8.4 ± 4.7

	
3.46 *

	
0.05




	
HCO3−(meq L−1)

	
5.6 ± 2.2

	
5.0 ± 3.0

	
7.7 ± 0.3

	
5.8 ± 0.7

	
4.1 ± 2.6

	
1.33

	
0.33




	
CO32− (meq L−1)

	
0.3 ± 0.4

	
0.2 ± 0.3

	
0.5 ± 0.5

	
0.3 ± 0.4

	
0.2 ± 0.3

	
0.54

	
0.71




	
SO42− (meq L−1)

	
2.6 ± 1.4

	
3.02 ± 2.6

	
3.5 ± 0.7

	
2.1 ± 0.3

	
2.0 ± 1.5

	
0.73

	
0.59




	
Anthropogenic Factors




	
Over-collection (OC)

	
1.93 ± 0.6

	
1.00 ± 0.0 (L)

	
1.0 ± 0.5 (L)

	
1.3 ± 0.6 (L)

	
2.5 ± 0.6 (H)

	
3.07 *

	
0.03




	
Over-grazing (OG)

	
1.36 ± 0.7

	
1.00 ± 0.0 (L)

	
1.0 ±0.0 (L)

	
1.2 ± 0.5 (L)

	
2.0 ± 1.2 (H)

	
4.50 *

	
0.01




	
Introduced species (IS)

	
1.21 ± 1.0

	
1.67 ± 1.2 (M)

	
0.7 ±1.2 (L)

	
1.0 ± 0.8 (L)

	
1.7 ± 1.3 (M)

	
2.21 *

	
0.04




	
Land degradation (LD)

	
1.50 ± 0.9

	
1.00 ± 0.0 (L)

	
1.7 ± 1.2 (M)

	
1.2 ± 0.5 (L)

	
0.7 ± 1.0 (L)

	
1.26

	
0.17




	
Urbanization (UR)

	
1.43 ± 1.1

	
1.50 ± 1.2 (M)

	
1.3 ± 1.2 (L)

	
1.2 ± 1.5 (L)

	
1.7 ± 1.0 (M)

	
6.10 **

	
0.009




	
Solid wastes (SW)

	
1.36 ± 1.1

	
1.00 ± 1.0 (L)

	
2.3 ± 1.2 (H)

	
0.7 ± 1.0 (L)

	
0.7 ± 1.0 (L)

	
1.59

	
0.40




	
Military activities (MA)

	
1.29 ± 1.1

	
0.33 ± 0.6 (L)

	
1.2 ± 1.5 (L)

	
2.5 ± 0.6 (H)

	
1.0 ± 1.3 (L)

	
1.76

	
0.22




	
Diversity Indices




	
Species richness (α-diversity)

	
6.9 ± 4.5

	
9.7 ± 2.5

	
1.7 ± 1.2

	
4.0 ± 1.4

	
11.7 ± 1.3

	
29.76 **

	
0.001




	
Shannon–Wiener index (H’)

	
1.6 ± 0.9

	
2.2 ± 0.3

	
0.4 ± 0.6

	
1.3 ± 0.3

	
2.4 ± 0.1

	
22.81 **

	
0.002
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Table 4. Mean values, standard deviations (±SD), and ANOVA F-values of the soil variables and diversity indices in the sample plots representing the four vegetation groups obtained by cluster analysis of the Wadi Degla protected area (WD). Abbreviations of soil factors: OM = organic matter, pH = soil reaction, EC = electrical conductivity. Significant differences: * p < 0.05.
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Total Mean

	
Vegetation Groups

	
F-Ratio

	
p-Value




	
V

	
VI

	
VII

	
VIII




	
Total Number of Sample Plots

	
3

	
2

	
4

	
2






	
Soil Factors




	
Sand (%)

	
94.8 ± 1.5

	
94.6 ± 2.3

	
94.7 ± 0.7

	
94.36 ± 1.5

	
96.35 ± 0.4

	
0.750

	
0.56




	
Silt (%)

	
2.03 ± 0.8

	
1.8 ± 0.4

	
1.5 ± 0.4

	
2.56 ± 1.2

	
1.84 ± 0.1

	
0.975

	
0.46




	
Clay (%)

	
3.1 ± 1.2

	
3.6 ± 2.1

	
3.8 ± 0.3

	
3.09 ± 0.6

	
1.81 ± 0.5

	
1.164

	
0.39




	
OM (%)

	
0.4 ± 0.2

	
0.5 ± 0.3

	
0.5 ± 0.2

	
0.27 ± 0.2

	
0.19 ± 0.03

	
1.111

	
0.41




	
pH

	
7.7 ± 0.1

	
7.8 ± 0.1

	
8.0 ± 0.1

	
7.89 ± 0.03

	
7.84 ± 0.02

	
2.002

	
0.20




	
EC (dS m−1)

	
2.9 ± 1.2

	
3.0 ± 0.7

	
3.0 ± 1.9

	
2.36 ± 0.7

	
3.94 ± 2.1

	
0.745

	
0.56




	
Na+ (meq L−1)

	
6.3 ± 6.4

	
4.9 ± 2.1

	
9.3 ± 1.1

	
4.31 ± 4.4

	
9.68 ± 1.2

	
0.422

	
0.74




	
K+ (meq L−1)

	
1.2 ± 0.4

	
1.2 ± 0.5

	
1.3 ± 0.8

	
1.12 ± 0.2

	
1.52 ± 0.5

	
0.331

	
0.80




	
Ca2+ (meq L−1)

	
16.7 ± 6.1

	
19.3 ± 6.6

	
13.2 ± 4.0

	
13.75 ± 2.1

	
22.50 ± 10.6

	
1.497

	
0.048 *




	
Mg2+ (meq L−1)

	
5.0 ± 2.0

	
4.8 ± 2.4

	
6.1 ± 2.6

	
4.40 ± 1.9

	
5.65 ± 2.3

	
0.336

	
0.80




	
Cl− (meq L−1)

	
11.6 ± 7.5

	
12.7 ± 5.5

	
10.5 ± 9.2

	
8.25 ± 3.6

	
18.00 ± 15.6

	
0.727

	
0.036 *




	
HCO3− (meq L−1)

	
0.5 ± 0.1

	
0.5 ± 0.1

	
0.4 ± 0.0

	
0.50 ± 0.1

	
0.50 ± 0.1

	
0.604

	
0.63




	
SO42− (meq L−1)

	
17.3 ± 5.1

	
16.9 ± 3.3

	
19.1 ± 9.5

	
14.83 ± 4.5

	
20.85 ± 5.4

	
0.654

	
0.61




	
Diversity Indices




	
Species richness α-diversity)

	
28.8 ± 2.4

	
26.3 ± 1.5

	
31.0 ± 1.4

	
28.7 ± 2.1

	
30.5 ± 2.1

	
3.29

	
0.088




	
Shannon–Wiener index (H’)

	
3.4 ± 0.1

	
3.3 ± 0.1

	
3.4 ± 0.04

	
3.4 ± 0.1

	
3.4 ± 0.1

	
3.37

	
0.084
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