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Abstract

:

Land-use changes have huge impacts on natural vegetation, especially megaprojects, as the vegetation layer is destroyed in the course of construction works affecting the plant community composition and functionality. This large-scale disturbance might be a gateway for the establishment of invasive plant species, which can outcompete the natural flora. In contrast, species occurring in the area before the construction are not able to re-establish. In this study, we analyzed the impact of a pipeline construction on a wetland nature reserve located in northern Egypt. Therefore, we analyzed the plant species occurrence and abundance and measured each plant species’ traits before the construction in 2017 as well as on multiple occasions up to 2 years after the construction had finished on altogether five sampling events. We found that the construction activity led to the establishment of an invasive species which previously did not occur in the area, namely, Imperata cylindrica, whereas five species (Ipomoea carnea, Pluchea dioscoridis, Polygonum equisetiforme, Tamarix nilotica, and Typha domingensis) could not re-establish after the disturbance. The functionality of ecosystems assessed via the analysis of plant functional traits (plant height, specific leaf area, and leaf dry matter content) changed within species over all sampling events and within the community showing a tendency to approximate pre-construction values. Functional dispersion and Rao’s quadratic diversity were higher after the megaproject than before. These findings are important to capture possible re-establishment and recovery of natural vegetation after construction and raise awareness to the impact of megaprojects, especially in areas which are high priority for conservation.
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1. Introduction


Human activities in the form of changes in land use, such as the intensification of agriculture, fragmentations of natural habitats through extraction of natural resources, or construction works which lead to a widespread removal of natural vegetation, as well as sealing of surfaces, have contributed to a global decline in biodiversity [1,2,3]. A continuous land-use history with little changes in the degree of disturbance is not only important for the conservation of typical cultural landscapes [4,5] and the species within [6,7], but also for ecosystem services such as nutrient cycling, provision of stable habitat for individual species, and successful pollination of plants [8,9]. A decline of biodiversity in response to land-use changes is well documented [10,11]. The impact of agriculture has been the focus of many research projects, yet the direct impact of megaprojects [12] on natural vegetation has not been studied thoroughly. As human impact has a huge influence on vegetation composition and biodiversity via construction activities, the possibility of the return of naturally occurring vegetation to the original state after a megaproject remains unclear.



One of the most fundamental changes in natural vegetation in the course of megaprojects is the introduction of new species, which have not occurred in the area before. On the one hand, species get introduced to the area via the transportation of seeds by different seed dispersal methods. On the other hand, competition is reduced by the disturbance, and thus, new species already present in the area can successfully establish. Due to global trade and transportation, the spread of non-native species, which sometimes become invasive in their non-natural ranges, is getting more rapid. Such invasions by alien species can have major environmental and economic impacts [13,14]. The ability of non-native species to establish in new habitats outside their native ranges is often linked to reduced competition and the occupation of previously unoccupied niches. Most new arrivals have broader ecophysiological niches or experience a reduced herbivore pressure as compared to native species [14,15,16].



One easy tool for measuring plant properties is the assessment of plant functional traits which offer the possibility to analyze a species’ (eco-)physiological properties and its functions within the ecosystem [17,18,19,20,21]. Important parameters to assess these are maximum plant height (Hmax), which indicates the competitive strength of a species mainly for better light assessment [17,22,23], specific leaf area (SLA), as high SLA is linked to high growth rates, short leaf longevity and poor nutrient conservation strategies of a species [24,25,26,27], and leaf dry matter content (LDMC), a proxy of the investment in structural compounds which indicates tougher, long lived leaves and good defense [17]. Traits of the new arrivals are either dissimilar to native species allowing them to occupy different niches or similar if abiotic conditions are extreme and/or only a certain set of traits can give competitive advantages and allow a species to pass the environmental filter to be accepted in the local species pool [28,29,30,31,32]. Furthermore, the variability within species might change due to the huge disturbance and the necessary re-establishment. Thus, they have the power to change the overall ecosystem functioning and properties that can be defined by community-weighted mean values. For restoration and re-establishment of natural communities, establishing the functionality of natural communities, not so much the species composition, can be a conservation target [33,34]. It is not clear whether megaprojects and their consequences will not only change plant species abundance and occurrence but also alter the community trait values and thus the function of populations before and after construction work, and whether incoming invasive species can play a part in this.



To study the effects of a megaproject on the natural vegetation in both its composition and functioning, we studied the impact of a pipeline construction site. In this study, we focus on wetland landscapes, located at the border in between the sea and the land situated within the Lake Manzala protected area in the northern coastal part of Egypt. The vegetation there provides a corridor that has an important function for conservation [35,36], as it provides species refuges as well as feeding and breeding habitats for animals [37] and soil erosion control [38,39,40]. The area is facing major disturbances due to the construction of the pipeline which eliminated the whole vegetation of the area as the native soil has been removed, and not necessarily native soil with seeds foreign to the area were brought in at the end of the construction. More specifically, we have asked the following questions:




	
Are plant communities able to regenerate naturally and return to their initial re-establishment trajectory state in terms of species occurrence and abundance after pipeline construction and are there changes in the occurrence and abundance of species classified as invasive?



	
Are there any functional differences between the established vegetation and the original one before the megaproject?









2. Results


Natural Regeneration after the Construction


We identified a total of 14 plant species in our study, with 4 species being annuals, and the other 10 species were perennials. While the mean cover percentage for the plots before the pipeline construction was 90.4%, it was 3.1, 8, 55.4, and 83.9% in the four measurement events performed after the pipeline construction within the timeframe of the study (df = 206, F = 1014, p < 0.001) (Figure S2). Of the 14 species, 5 failed to reintroduce in the area after pipeline construction (namely, Ipomoea carnea Jacq., Pluchea dioscoridis (L.) DC., Polygonum equisetiforme Sibth. & Sm., Tamarix nilotica (Ehrenb.) Bunge, and Typha domingensis Pers.), 2 could not be found in the first year after construction but occurred in the second year (Halocnemum strobilaceum (Pall.) Bieb. and Zygophyllum aegyptium A. Hosny), whereas 1 species, namely, the invasive Imperata cylindrica (L.) P. Beauv., occurred only after the megaproject. Before the construction, there was only one species that was categorized as invasive, Ipomoea carnea, but it failed to regenerate after the project construction (for cover percentage on species level, see Figure S3).



Nonmetric multidimensional scaling ordination (NMDS) resulted in a 2-dimensional configuration that described 81% of the variation in the plot matrix in terms of species abundance (Figure 1A). NMDS analysis confirmed that plant species composition differed significantly between the pre- and post-pipeline construction (R2 = 0.34, p < 0.001; Figure 1A). However, the 2017 samples are unique in separating into two distinct clusters. The cluster characterized by Typha domingensis (i.e., with large positive loading on NMDS axis 1, Figure 1A) has not re-established in post-pipeline samples. Moreover, the hierarchical analysis of plots before and after the pipeline construction showed a distinct separation between 2019 and 2020 plots, with the 2020 plots being more similar to the state before the construction than the plots in 2019, the year after construction (Figure 1B).



The Sørensen pairwise dissimilarity (βsor) showed that the plots sampled in 2020 are less dissimilar in comparison to the plots sampled in 2019 (Figure 2).



Most of the species recorded during the surveys tend to decrease their Hmax and LDMC values immediately after the construction, followed by a steady increase over time back to (almost) pre-construction conditions (Figure S4, Table S1). In turn, SLA showed an opposite behavior as it sharply increased after the construction and then decreased (Figure S4, Table S1). Hmax increased in Arthrocnemum macrostachyum (Moric.) C. Koch., Cakile maritima Scop., and Ranunculus sceleratus L. back to their original values but not in in Fumaria densiflora DC., H. strobilaceum, Phragmites australis (Cav.) Trin. ex Steud., and Urtica urens L., which nevertheless show increased Hmax compared with immediately after the construction (Figure S4A). Zygophyllum aegyptium was even higher after pipeline construction than before. Imperata cylindrica constantly increased Hmax and LDMC after introduction. For statistical analysis, please see Table S1. For LDMC only, C. maritima reached its original values whereas the other species had lower values than before (Figure S4C, for statistical details see Table S1). The same behavior was noticed in the SLA, in which A. macrostachyum, R. sceleratus, and P. australis reached their original values, whereas U. urens and Z. aegyptium had lower values in comparison to values before the pipeline construction (Figure S4B, for statistical details see Table S1). Moreover, I. cylindrica constantly decreased in terms of SLA values after introduction.



The variability of the plant functional traits revealed that in both Hmax and LDMC the pre-pipeline plots were less variable when compared to the post-pipeline construction (Figure 3). On the contrary, for SLA, the pre-pipeline plots were more variable in comparison to the post-pipeline plots (Figure 3, for details see Table S2).



The community-weighted means were higher before and after the megaproject for Hmax (df = 206, F = 68.15, p < 0.001; Figure 4A) and LDMC (df = 206, F = 55.21, p < 0.001, Figure 4C), yet they were lower for SLA (df = 206, F = 27.36, p < 0.001, Figure 4B). However, minimum values of Hmax and LDMC were found immediately after the construction and increased over time. For SLA, however, it had higher values immediately after the construction and decreased afterwards.



For FDis (df = 206, F = 113.5, p < 0.001; Figure 5A) and RaoQ (df = 206, F = 79.05, p < 0.001; Figure 5B), we noticed an increase in both indices for the last sampling event (August 2020) in comparison to the initial sampling event that was conducted before the construction of the pipeline (April 2017). Again, the lowest values were found immediately after the construction, but a gradual increase could be detected.





3. Discussion


In this paper, we studied the consequences of a megaproject on the natural vegetation of a wetland site of high conservation priority. We evaluated the re-establishment trajectory of plant species after this major disturbance by analyzing their occurrence and abundance and the functional compositions of the plant communities before and after the construction. We found that not all plant species could re-establish after the megaproject within the first two years after the construction. By contrast, an invasive species (Imperata cylindrica) was introduced into the study system. On an intraspecific scale, we could detect that species changed their trait values but had the tendency to reach their original values in Hmax, SLA, and LDMC over time, which was also true for community-weighted means. FDis and RaoQ were even higher after the pipeline construction.



Regeneration of the natural vegetation was thus only partially possible after the major disturbance and happened slowly. The construction posed a major disruption of the natural conditions as the soil was dug up to 5 m deep and 5 m wide and partially soil which did not originate from the study area was introduced into the system, which was not sterilized. Therefore, seeds from outside the study region were distributed, facilitating the establishment of new species and maybe changing soil nutrient conditions. However, after the megaproject, we only observed eight species from the thirteen founded before the construction, which represents an overall species loss of 30.8% This is in line with other research which demonstrated species loss in areas with high changes in land-use regimes and huge disturbances [10,11]. However, temporal development in vegetation was apparent, where the composition of the plant communities of the 2020 sampling event went more toward the original communities of the 2017 sampling event (as in Figure 1B). Nevertheless, this similarity is limited because of the lack of re-establishment of communities associated with Typha domingensis and Polygonum equisetiforme (Figure 1A). The NMDS analysis showed that the communities were significantly different before and after the construction project, with the original vegetation before the construction forming two distinct types of vegetation. The newly established communities after the construction showed a development getting closer to the original vegetation over time. Yet, there was a clear difference between the two types of vegetation: the sites dominated by A. macrostachyum and Z. aegyptium almost returned to their natural state based on the NMDS, whereas the ones dominated by T. domingensis, P. australis, and I. carnea are preferred by migratory bird species. This vegetation type did not seem to be able to recover as the keystone species were not able to re-establish. As we analyzed the vegetation only a maximum of 20 months after the end of the megaproject, this might only be a snapshot in time of the initial re-establishment phase of vegetation, as further changes might occur due to the proximity of natural, undisturbed vegetation. Long-term monitoring of the restauration of seasonal wetlands showed that species accumulated and thus diversity strongly increased within the first 12 years after reflooding [41].



Note that because we used the 2017 vegetation community as our baseline, we are unable to account for any natural successional change that might have occurred over the period 2017–2020 and therefore assume all differences in composition are attributable to the impacts of pipeline construction.



The megaproject was a gateway to the introduction of alien plant species, as I. cylindrica could establish in the system in almost all plots studied after the construction. However, the invasive species I. carnea was lost from the local species pool after the megaproject. I. cylindrica is a perennial rhizomatous grass of the Poaceae family, which is highly flammable and mainly native to tropical and subtropical Asia [42]. It is considered a weedy pest in 73 countries worldwide. Commonly, most non-native species are drawn to disturbed and/or nutrient rich ecosystems. The introduction of I. cylindrica is a worrying development from a conservation perspective due to its spread by rhizome and due to its ability to outcompete smaller species it can form mono-species stands quite quickly [43,44,45]. Moreover, the potentially increased flammability of the study system could pose a problem for birds, especially breeding birds. I. cylindrica is a tall species and was only rivalled in height by A. macrostachyum and P. australis in our study system (Figure S4A), which illustrates its competitive strength [17]. It is quite similar in its trait composition to the already existing species as far as SLA and LDMC are concerned, and thus rather being already optimized to the harsh conditions such as low precipitation and high temperatures [28,29,30,31,32]. Normally, species, according to the limiting similarity hypothesis, need to be dissimilar enough from the already existing vegetation to avoid competition, which leads to trait divergence [34,46,47,48], yet this might have been counterbalanced by the major disturbance event which eradicated the direct competitors.



The comparably large height of I. cylindrica is partly a reason why Hmax, unlike SLA and LDMC of the community, did not change before and after the pipeline construction. However, the highest species of the plots, T. domingensis, was lost from the study system, and maybe even replaced in its ecological niche by I. cylindrica. While LDMC increased in every sampling event, SLA decreased but did not quite make it to pre-pipeline conditions on a community scale in the first 2 years after construction. This might be due to the fact that I. carnea, P. equisetiforme, T. nilotica, and T. domingensis were lost from the systems. These species are high in SLA and/or LDMC. The new species, I. cylindrica, is high in LDMC but low in SLA and thus not able to maintain the same level of SLA and LDMC on a community scale. Taking intraspecific variation into account, instead of just measuring plant functional traits once at full flowering as recommended by standardized protocols [17], allowed us to assess changes in community-weighted means, which were due to all plant traits showing a decreased value of Hmax and LDMC and increased SLA within each species directly after the pipeline construction, when individuals were not fully grown yet. It is well documented that plant traits change within the seasons [49] and respond to changes in abiotic conditions such as temperature [50]. Thus, part of the variation between plant traits sampled at the different sampling events is also due to differences in climate between sampling seasons and the two sampling years. The intraspecific trait variability might also be more important than absolute trait values for the successful recolonization of a given habitat. High variability is often linked to the high capability to adapt to changing environmental conditions [47,51,52]. It is shown here that the communities were much more variable in SLA as before the construction, maybe also indicating some new functional niches which did not exist previously.




4. Materials and Methods


4.1. Site Description


This study was conducted at the Lake Manzala coast (31°15′ N, 32°11′ E, 1148 m), located in the northern part of Egypt (Figure 6A). The area has a minimum annual temperature of 12.5 °C during January, while it increases gradually to reach a maximum of 30 °C in August with a total of 100 mm rainfall per year [53]. The relative humidity is fairly constant throughout the year and ranges between 60% and 75%.



The soil of the study area is characterized by its coarse texture with high amounts of sand and gravel due to the sea currents and waves coming from the lake which wash the fine parts away from the shore. It is also characterized by low pH due to the decay of the organic materials and the release of organic acids in soil, and high CaCO3 content due to the presence of large amount of shell remnants mixed with the soil and low nitrogen and phosphorus contents [54].



In 2018, three pipelines were built connecting an onshore well located in the Governorate of Kafr Elsheikh to the Abu Madi Plant (Eldakhli Governorate) and the El Gamil Plant (Port Said Governorate) passing through the Damieta Governorate in the Nile Delta region. The construction was finished by the end of the year 2018. The identified pipeline corridors mainly affect agricultural areas and fish farms as well as large water bodies. However, the pipelines cross several roads, canals, and rivers and, crucially, Lake Manzala, which is an area of high conservation value designated as an IBA (Important Bird Area) [45] and is in parts designated as a National Protected Area (NPA) [55] (Figure 6B). In 2019, the Egyptian Environmental Authorities modified the perimeter of the Ashtoum El-Gamil Protected Area (Prime Ministerial Decree 2433, 2019). The pipeline is now within the newly defined boundaries of the Protected Area (Figure 6).




4.2. Vegetation Surveys


To identify the impact of the newly constructed pipeline on the composition of the plant communities grown within the study area (in terms of plant occurrence and abundance as well as functionality), we have made botanical surveys of 50 plots with the size of 25 m2 each located on both sides of the pipeline (Figure 6C). These surveys took place five times, once before the pipeline construction (April 2017) and four after the construction of the pipeline capturing successional processes (April 2019, August 2019, April 2020, and August 2020, to mark the beginning and end of the growing season) to analyze the effects of the megaproject (for photos showing the plots at different sampling events, see Figure S1).



We designed our study to cover the ten kilometers of the pipeline construction site in the Ashtoum El-Gamil protected area (Figure 1). We spaced our plots evenly along these ten kilometers, with each plot having a size of 5 × 5 m (25 m2). Plots were placed along the transect every 250 m; in total, 50 plots were studied during the survey (Figure 1), which adds up to a total number of 250 vegetation plots. At each of the plots mentioned above and at every sampling event, we identified all plant species present, recorded the individual cover percentage of each plant grown, assessed the total vegetation cover percentage of the entire plot, and calculated the species richness thereof [56]. Moreover, we calculated the Sørensen pairwise dissimilarity (βsor) for each plot with itself at different sampling events (i.e., April 2017 and April 2019; April 2017 and August 2019; April 2017 and April 2020; and April 2017 and August 2020). Here, we assume that our baseline is the pre-pipeline construction (April 2017). We calculated the βsor using the following equation:


   β  s o r   =     b + c   2 a + b + c    



(1)




where βsor is Sørensen dissimilarity, a is the number of species present in both plots, b is the number of species present only in plot X, and c is the number of species present only in plot Y, such that a + b + c is the total number of species in the two plots [57].




4.3. Plant Functional Traits and Community Characteristics


Plant functional traits, community-weighted mean (CWM), and diversity parameters to characterize the functional composition of the communities were assessed on each plot on each of the sampling events. We performed plant functional trait measures on healthy, fully grown individuals in each plot on all occurring plant species. We measured Hmax, SLA, and LDMC on five individuals per species per plot. Hmax was determined as the shortest distance from ground level to the highest photosynthetic tissue using a meter. To measure SLA and LDMC, five healthy fully developed and sun-exposed leaves were collected for each of the five individuals and measured together as one pooled sample. We measured SLA, defined as the ratio of fresh leaf area (LA) to dry mass expressed as mm2 mg−1; the two leaf dimensions were measured manually using a ruler (mm), then these two dimensions were multiplied to obtain the LA (mm2), the leaves were oven-dried at 70 °C for 48 h, and subsequently weighed with a precision of 1 μg to obtain the leaf dry mass (mg). Finally, the LA was divided by the leaf dry matter to calculate SLA. In addition to that, we measured the leaf dry matter content (LDMC) as the oven-dry mass (mg) of a leaf, divided by its water-saturated fresh mass (g), expressed in mg g−1. All plant functional traits were measured based on the standard methods developed by [17]. To estimate the variability of the three selected traits between the sampling dates, we calculated the coefficient of variation (cv) for each species at each sampling event and expressed it as a percentage.



Functional properties of the individual species on every plot were then used to calculate several functional community values to compare the communities between the five measurement events (before and after the project implementation), namely, the community-weighted means (CWM), the functional dispersion (FDis), and Rao’s quadratic diversity (RaoQ). The CWMs for each of the traits was calculated separately [18,58,59] using the following equation:


  C W M =   ∑   i = 1  n   p i    t r a i  t i   



(2)




where n is the number of species in the community for every measurement event, pi is the species cover of the given species i in each plot and traiti is the mean of species-specific trait values (one value per trait, plot, and measurement event). We also calculated FDis, which describes the abundance-weighted mean distance of individual species to their group centroid in a multivariate trait space following the method described by Laliberté and Legendre [60]:


  c =  ∑   (   a j   x  i j    )  /  ∑   a j   



(3)




where c is the weighted centroid in the i-dimensional space, aj is the abundance of species j, and xij is the attribute of species j for trait i. FDis, the weighted mean distance z to the weighted centroid c, is then computed as


  F D i s =  ∑   (   a i   z j   )  /  ∑   a j   



(4)




where aj is the abundance of species j and zj is the distance of species j to the weighted centroid c. Additionally, we calculated the RaoQ [61], which is calculated as the sum of pairwise functional distances between species weighted by their relative abundances [62,63]:


  R a o Q =   ∑   i = 1  n    ∑   j = 1  n   p i   p j   p  i j    



(5)




where n is the number of species in the sample, pi is the relative abundance of species i, pj is the relative abundance of species j, and pij describes the functional dissimilarity between species i and j.




4.4. Statistical Analyses


To investigate how the community composition changed due to the pipeline construction, we used nonmetric multidimensional scaling (NMDS) ordination of abundance data for the species recorded in the 50 plots during the five measuring campaigns to visualize variation in the species composition before and after the pipeline construction [64].



To analyze the difference of functional traits before and after pipeline construction, we looked at the intraspecific scale assessing how plant species change their trait values (Hmax, SLA, LDMC) between the five sampling times as well as the variability of trait values assessed by the coefficient of variation (cv), which was performed by calculating the cv for each species at each sampling event for each trait. To assess changes in the functionality of the communities, we calculated CWMs of all traits, FDis and RaoQ for each sampling date and plot, and analyzed how that changed between sampling dates. To analyze the differences between sampling dates within species and the community scale, we used ANOVAs followed by Tukey’s HSD to test using the trait value or the community trait value as the dependent variable and the sampling event as the explanatory variable [65].



All these analyses were performed using R, version 4.0.2 [66]. The NMDS was undertaken using the package vegan [67]. The functional diversity (FDis and RaoQ) was calculated with the package FD [68]. The Sørensen pairwise dissimilarity (βsor) was calculated using betapart package [57]. Model requirements and assumptions were checked and fulfilled for all ANOVA analyses, as variances were homogeneous and residuals normally distributed.





5. Conclusions and Recommendations


We could demonstrate that the natural vegetation can only partially recover from major disturbance events such as megaprojects, at least within the first two years after construction. The introduction of I. cylindrica is a worrying development given the detrimental impact it had on previous ecosystems it invaded. However, the invasive species I. carnea was lost from the local species pool. From the two types of vegetation occurring in the area prior to the megaproject, only one could regenerate, whereas the other, which is important for breeding birds, could not be due to species loss, which means the regeneration of natural habitats using aided re-establishment via planting should be considered. Functionally, I. cylindrica seems to replace the tall species Typha domingensis and Phragmites australis, so the functionality of the ecosystem remains unchanged. Further observations on how the vegetation develops after a long time span are highly recommendable, though, to assess long-term effects and further species establishments.
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Figure 1. (A) NMDS ordination of plots at different sampling events (displayed by colors) and the species recorded during the surveys. (B) Hierarchical clustering of plots at different sampling events. 
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Figure 2. Sørensen pairwise dissimilarity (βsor) between pre-pipeline (April 2017) and after (April 2019, August 2019, April 2020, and August 2020) pipeline construction on functional traits at the species and community level. 
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Figure 3. Coefficient of variation (cv) of the maximum plant height (Hmax), specific leaf area (SLA), and leaf dry matter content (LDMC) at each of the five sampling events (before and after the project). Letters above the boxes indicate significant differences based on Tukey’s HSD at the p < 0.05 threshold. 
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Figure 4. Differences in the community-weighted means of the plant functional traits for the five sampling events (before and after the megaproject) in (A) maximum plant height (Hmax), (B) specific leaf area (SLA), and (C) leaf dry matter content (LDMC). Letters above the boxes indicate significant differences based on Tukey’s HSD at the p < 0.05 threshold. 
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Figure 5. Functional diversity indices for the five sampling events (before and after the project) in (A) functional dispersion (FDis) and (B) Rao’s quadratic entropy (RaoQ). Letters above the boxes indicate significant differences based on Tukey’s HSD at the p < 0.05 threshold. 
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Figure 6. (A) Location of the study area showing the Ashtoum El-Gamil protected area, (B) the fifty sampling plots over the megaproject, and (C) the sampling scheme for the pre- and post-pipeline construction. 
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