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Abstract

:

Acacia encompasses a keystone genus across the Middle Eastern and African drylands. This study assesses the dynamics of Acacia populations in two ephemeral stream channels (Nahal Naomi and Nahal Yael) in the hyper-arid Arava region following the establishment of a dam in the upstream channel of Nahal Yael and a long-term regional drought episode. The assessments were conducted at the individual and population levels, for a period of 45 years (during 1972, 1994 and 2017). In Nahal Naomi, the population increased by 35% during 1972–1994 (a relatively rainy period) and experienced low mortality (net change of +1.6% year−1). However, following a regional drought episode between 1995 and 2009, this population decreased by 57% (net change of −2.5% year−1). In Nahal Yael, the acacia population declined by 66% during 1972–1994 (net change of −1.6% year−1). Between 1994–2017, this population was co-affected by dam and drought, with no recruitment, and declined by 70% (net change of −2.0% year−1). By examining the tree’s specific location, species, age and state of preservation of dead individuals, we identified factors that influence tree mortality, and highlighted the adverse impacts of natural and anthropogenic disturbances on Acacia populations in hyper-arid environments.
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1. Introduction


Acacia is the dominant tree genus throughout the drylands of the Middle Eastern and Africa. Acacias have significant ecological and spiritual roles in these dryland ecosystems: it is a major food source for herbivores (wild and domestic), provides nesting habitats, shade, fills a central role in nutrient cycling, used as fuelwood and encompasses important cultural roles in traditional desert societies [1,2,3,4,5,6,7,8,9,10]. Therefore, Acacia is defined as a ‘keystone genus’ both ecologically and culturally [7,9].



Acacia populations are facing significant challenges that may affect their demographic patterns. Climatic change in drylands can intensify desertification and increase frequency and magnitude of drought periods [11]. In addition to natural changes, misuse of the acacia by local communities may threaten its populations [3]. Studies assessing acacia populations in southern Israel showed that interferences related to changes in the natural hydrological system put the acacia populations at risk [12,13,14]. Geographic characteristics, such as latitude [15], mesotopography [15,16,17], and lithology [18] also affect distribution of Acacia populations.



In order to assess the effects of natural changes and anthropogenic disturbances on the acacias, the long-term dynamics in their population must be investigated. In several studies, acacias’ mortality rates (i.e., % mortalities of the entire population) over time were assessed using aerial photos and field surveys [3,13,14,16,19].



Various factors make it difficult to assess the dynamics of acacia populations. Acacia are slow growing and long living trees, with low recruitment rates [20,21,22,23,24]. Also, dead individuals often remain standing for decades [12,13,25]. In some cases, individuals that appear to be dead are in fact alive, and regenerate following the next rainy episode. In many Middle Eastern and African regions, acacias are used as a food source for livestock, charcoal production, or other uses [2,3,26,27]. In such cases, dead trees do not remain on-site, and demographic changes cannot be fully determined.



A prolonged drought period that occurred across the Arava Valley (in southern Israel) between 1995 and 2009 significantly reduced the frequency and magnitude of flashfloods [28,29]. Decreased annual rainfall and increased anthropogenic disturbances have raised concerns regarding the state of acacia populations across the region [12,13,15,16,25,30,31,32]. Despite previous studies, the combined effect of natural and anthropogenic stressors on mortality and recruitment rates of acacia in hyper arid regions is not yet well understood.



The main objective of the present study was to assess the effect of long-term drought and anthropogenic disturbances on mortality and recruitment rates of acacias in the hyper-arid southern Arava region. We assessed changes that took place at the individual and population levels by using data that was obtained in three surveys conducted in 1972, 1994 and 2017. We assessed the trees’ location, species, age, and the state of preservation of dead trees. We hypothesized that compared to only natural stresses, the combination of natural and anthropogenic stresses increases mortality rates of acacias.




2. Materials and Methods


2.1. Regional Settings


Nahal Yael and Nahal Naomi are two adjacent wadis (ephemeral streambeds), tributaries of Nahal Roded, located ca. 4 km north of the Gulf of Aqaba (Figure 1). The catchment areas of these two alluvial fans are quite small and are comparable in size (Yael basin ca. 613,400 m2, fan ca. 27,770 m2; Naomi basin ca. 186,400 m2, fan ca. 33,100 m2). The relief and lithological characteristics of the two catchment basins are similar, composed mainly of magmatic and metamorphic rocks with a high percentage of exposed rocky surfaces on the hillslopes (see Enzel et al. [33] for detailed description). As part of a long-term hydrological research project initiated in 1977, a dam was established in Nahal Yael, in the transition zone between the upstream catchment section and the fan [34]. Since then, the dam has prevented runoff from reaching the alluvial fan, adversely affecting the downstream vegetation [14]. Photographs taken from the dammed wadi in 1994 and 2017 demonstrate the structure and the size of the alluvial fan, as well as the condition of the nearby Acacia trees (Figure 2). The nearby catchment basin of Nahal Naomi, which has not been modified by anthropogenic activities, was selected as a reference site. The perennial vegetation across the region is restricted to the stream channels. The two dominant tree species in the area are Acacia raddiana Savi (recently renamed Vachellia tortilis subsp. raddiana (Savi) Kyal. & Boatwr) and Acacia tortilis (recently renamed Vachellia tortilis; subsp. tortilis (Forssk.) Galasso & Banfi) [35]. The largest native herbivores are ibex (Capra nubiana) and gazelle (Gazella dorcas), which both feed on acacia leaves and pods. No livestock graze throughout the region. Acacias are protected by law and any anthropogenic use is illegal, even after their death. The region’s climate is characterized by high temperatures (mean daily temperatures of 32 °C in July and 16 °C in December), low relative humidity (24% in July and 47% in December), and high potential evapotranspiration (13.6 and 4.2 mm day−1 in July and December, respectively; summarized by Stavi et al. [15]). Mean annual rainfall across the region is characterized by high temporal and spatial variability [36,37], averaging 26.6 mm year−1 between 1949 and 2020 (ranging between 2–97 mm year−1). Between 1995 and 2009, a severe drought episode across the southern Arava Valley substantially decreased annual rainfall, flood frequency and magnitude [25,28,29]. Katz et al. [29], who monitored floods entering the Gulf of Aqaba from the Kinnet Canal (that drains Nahal Roded), reported only one flood event between 1995 and 2009, which occurred in 1997. The next flood event in the region occurred in 2010. This flood event stopped the sequence of drought years.




2.2. Field Work and Data Analysis


Long-term precipitation data (measured in Eilat, 4 km from the study site) was obtained from the Israel Meteorological Service [36]. We analyzed changes in precipitation levels during three periods, including 1972–1994 (before the long-term drought episode commenced), 1995–2009 (the drought episode), and 2010–2020 (following the end of the drought episode).



Long-term dynamics in the acacia population were determined by assessing individual trees in 1972, 1994, and 2017, and by summing up 45 years of changes at individual and population levels. Data collection in 1972 and 1994 was conducted and published by Bendavid-Novak and Schick [14]. We collected data in the field during 2017 and analyzed the entire data for the three temporal sets. In 1972, the state of acacia trees was assessed using aerial photos (with an approximate resolution of 1:1000) five years prior to dam construction. In 1994, the Acacia population was surveyed in the field, examining mortality and recruitment rates 17 years after dam establishment in Nahal Yael [14]. The findings of Bendavid-Novak and Schick [14] study indicate that the construction of the dam caused mortality of Acacia in Nahal Yael alluvial fan. In 2017, Acacia populations in Nahal Yael and Nahal Naomi were monitored to assess the effects of drought and dam construction. Combining the results obtained in 2017 with those obtained in 1972 and 1994 by Bendavid-Novak and Schick [14] allowed us to assess changes at the individual and population levels over a 45-year period (1972–2017).



Between November 2017 and March 2018, we conducted a field survey in the alluvial fans of Nahal Yael and Nahal Naomi, and monitored all existing acacia individuals, whether alive or dead (the smallest tree, 0.2 m high, 1 m canopy diameter, is estimated to be at least two years old). The surveyed area was restricted to the area assessed by Bendavid-Novak and Schick [14]. For each individual, we recorded the location both with GPS (to resolution level of one meter) and manually with high resolution aerial photo, species (A. raddiana vs. A. tortilis), and dimensions (canopy’s diameter and height). Dead trees were assigned a relative value for their state of preservation: 0 for a fallen tree; 1 for a standing tree with a broken canopy; and 2 for a standing tree with well-preserved canopy. acacia distance from the mountain toeslopes was also measured (using measure tape). Bendavid-Novak and Schick [14] suggested that the



Spatial data analysis was performed using GIS tools (ArcGIS10) and detailed examination on site. Three maps were compared to build a life history schema for each individual: (i) the distribution map published in Bendavid-Novak and Schick (Figure 4 in [14]); (ii) the original aerial photo taken in 1972; and (iii) an aerial photo containing tree location and conditions at 2017. After identifying the location of each tree, the results were validated in the field.



The life history for each individual tree included the year the tree was first reported, and in the event of death, the year death was reported. In addition, we divided the entire population into six groups, according to the following categories: (1) trees reported live both in the 1972 and 2017 surveys; (2) trees reported live in 1972 and dead in 2017; (3) trees reported live in 1972 and dead in 1994; (4) trees reported live in 1994 and live in 2017; (5) trees reported live in 1994 and dead in 2017; and (6) trees first reported live in 2017 survey (Figure 4a in [14]). After dividing the entire population into groups of individuals with a similar life history, we calculated the total and the average yearly percentage of mortality and recruitment, in Nahal Naomi and Nahal Yael during the two periods of 1972–1994 and 1994–2017. Using data on yearly mortality and recruitment rates, we calculated the net change per year (mortality rate + recruitment rate = net change (% year−1)), aimed at calculating the approximate change in population size over time.



All trees recorded in 1997 (dead and alive) were found at different levels of conservation. In addition, new recruits that were added to the population after 1994 were also found in 2017. We found and recorded all individuals that were documented in 1994 by Bendavid-Novak and Schick [14]. We found a small discrepancy between the results reported by Bendavid-Novak and Schick [14] in Figure 4, p. 346 (distribution map of live and dead trees on the alluvial fans in 1994) and their Table 1, p. 345 (summary data of Acacia population survey in the alluvial fans). We used the data shown in Bendavid-Novak and Schick’s Figure 4.



Statistical analysis were carried out using the Statistica 13® statistical software (Statsoft Inc, Tulsa, OK, USA). ‘Annual rainfall’ and ‘tree distances from the slopes’ datasets were first tested for normality (Kolmogorov–Smirnov test) and homogeneity of variances (Levene’s test). For this parametric data, differences were tested using one-way ANOVA (annual rainfall), two-way ANOVA (tree distances from the slopes) and a Tukey HSD test for post hoc comparisons. Differences of dead, alive, recruited trees, and species counting between the sites and years were tested by 2 × 2 contingency table using Fisher’s exact test (two tailed).





3. Results


Mean annual rainfall between 1972 and 2020 was 24.1 mm year−1 (Figure 3), however annual variability was high and ranged between 2–58 mm year−1. Between 1972–1994, before the drought period, the mean annual rainfall was 28.9 ± 2.8 mm year−1 (mean ± SE). In the drought period of 1995–2009, the mean decreased to 13.9 ± 2.5 mm year−1. Between 2010–2020, the mean increased to 28.2 ± 5.6 mm year−1. Analysis of rainfall data for these three periods revealed a significant (p = 0.0052) difference, with values being significantly greater for 1972–1994 (p = 0.006) and 2010–2020 (p = 0.032) than for 1995–2009.



The survey conducted during 2017 revealed high mortalities both in Nahal Naomi and Nahal Yael. In Nahal Naomi, 52 acacia trees were recorded, including 18 live and 34 dead individuals (65% mortality). In Nahal Yael, 27 acacia trees were found, of which eight were alive and 19 dead (70% mortality). Although these numbers seem to show a similar trend of decline, unique patterns can be detected for the two wadis when looking at higher temporal resolution, which takes the drought episode that occurred between 1995–2009 into account (Figure 4a,b).



When examining the mortality changes in the two sites (Figure 4b) during 1972–1994 (the relatively rainy period), it is evident the acacia population in Nahal Yael (also affected by the dam construction) had higher mortalities (p = 0.034) than the nearby Nahal Naomi population, with 11 deaths in Nahal Yael (out of 24) compared to five deaths in Nahal Naomi (out of 31). Between 1994–2017 (during and following the drought episode), the populations of Yael and Naomi experienced similar mortality ratios, with no significant difference between the two sites. Looking at the changes before and after the drought period in each site, mortalities in Nahal Naomi increased significantly (p < 0.0001) from 5 deaths (out of 31, during 1972–1994) to 32 deaths (out of 42, during 1994–2017). In Nahal Yael, mortalities remained high both before (a 33.3% decrease) and after (a 50% decrease) the drought period (p = 1).



Although both populations experienced high mortality, recruitment of new individuals were detected at both sites (Figure 4b). During the rainy period (1972–1994), populations in Nahal Naomi increased by 35.5% (from 31 to 42 live individuals), of which 16 were new recruits. During and following the drought period (1994–2017), this population had 8 new recruits, with an average height of 0.9 ± 0.2 m (Table 1). Overall, the number of recruits was similar during these two periods (p = 0.77). In Nahal Yael, recruitment was found to be very low. During the rainy period (1972–1994), three new recruits were recorded, while during and following the drought period (1994–2017), this population had no recruitment at all. The number of recruits at Nahal Naomi and Nahal Yael was not significantly different during the rainy period. During and following the drought period (1994–2017), Nahal Yael had significantly less recruits than Nahal Naomi (p = 0.03).



The three recruited individuals recorded in 1994 in Nahal Yael were found alive in 2017, i.e., they survived the drought period (Figure 4b). Also, seven out of the sixteen new recruits recorded in 1994 in Nahal Naomi survived the drought period and were found alive in 2017. Altogether, young trees in Nahal Yael and Nahal Naomi survived the drought period in higher numbers (p = 0.02) than older trees that were recorded alive in 1972 in the alluvial fans.



We noticed that many of the remaining living trees in Nahal Yael and Nahal Naomi grow near the mountains’ rocky toeslope (Figure 4a). Speculating that the proximity to toeslopes gives an advantage to trees during drought periods, we tested the distance from the slopes of living and dead trees at both alluvial fans and found that living trees are significantly closer to the slopes than the dead trees (p = 0.018). In Nahal Naomi, the distance of living and dead trees from the toeslopes is 11.7 ± 2 (n = 18) and 17.2 ± 2.8 (n = 29), respectively. In Nahal Yael, the distance was 8 ± 2.3 (n = 6) for living and 24.6 ± 5.7 (n = 18) for dead trees, respectively. In this analysis, we excluded two individuals that are not located directly on the alluvial fan. One located directly on rocky slope and the second on boundary line between Nahal Yael alluvial fan and Nahal Roded channel.



Due to variations in preservation state of dead trees, we succeeded in identifying Acacia species for ca. 70% (N = 56) of the trees. Overall, 75% of acacia are A. tortilis and 25% are A. raddiana, evenly distributed between the sites. Among these individuals, 64% of the A. tortilis and 57% of the A. raddiana were found dead during 2017 (with no significant variation between them, p = 0.75). All individuals recorded as dead in 1994 were found again in 2017; 37.5% of them were still standing and had some canopy (see Figure 5a), 18.8% were standing without canopy, and 43.8% were fallen trees at various levels of decay.



The total percentage of mortality and recruitment in Nahal Naomi and Nahal Yael during 1972–1994 and 1994–2017 was used to calculate the average percentage rates of mortality and recruitment per year (summarize in Table 2). Calculating the average rate of mortality and recruitment per year enabled us to standardize the total percentage with respect to the duration of the measurement. Overall, between 1972–1994, the acacia population in Nahal Naomi increased by 35.5%, with low mortality (17%, or 0.7% year−1, Table 2) and high recruitment (51%, or 2.3% year−1) rates. The relatively fast recruitment, coupled with low mortality, increased population size over that period. Between 1994–2017, the population suffered high mortality (76%, 3.2% year−1) and lower recruitment (19%, 0.8% year−1) rates, compared to the pre-drought period (Table 2), decreasing population size.



In the Nahal Yael alluvial fan, the acacia population has faced constant decline. Between 1972 and 1994, mortality rates reached 46% (2% year−1, Table 2) and only three Acacia recruits were recorded (12% recruitments, or 0.6% year−1). Between 1994 and 2017, the population experienced an additional decline, with 50% mortality (2% year−1) and no recruitment.



Using data on mortality and recruitment rates (as calculated in Table 2; % year−1), we further calculated the net change per year (mortality rate + recruitment rate = net change (% year−1)). When mortality rate is higher than the recruitment rate, this value is negative, and when recruitment rate is higher than mortality rate, this value is positive. Accordingly, the net change in Nahal Naomi was 1.6% year−1 in the pre-drought period (1972–1994) and −2.5% year−1 between 1994 and 2017, which pertains to the long-term drought period. In Nahal Yael, the net change between 1972 and 1994 was −1.4% year−1. During the period of 1994–2017, the net change further decreased to −2.0% year−1, due to the combined effect of the dam (that was constructed in 1977) and drought.



We then calculated the approximate change in population size, given a net change ranging between +1.5% to −2.5% year−1, after 10, 20 and 30 years (Table 3). Given a net change of −2.5% year−1 (as calculated in Nahal Naomi between 1994 and 2017), the population would decrease to 75% of its original size after 10 years, and to 50% after 20 years. In case of population growth such as measured in Nahal Naomi between 1972–1994 (ca. 1.5% year−1), the population would increase to 115% of its original size after 10 years, and to 130% after 20 years.




4. Discussion


Assessment of acacia distribution and health throughout the Arava region revealed that acacia populations are affected by climatic changes [25]. Yet, it has been proposed that anthropogenic activities have also significantly impacted these acacia populations [3,12,13,30]. Despite these studies, the combined effect of natural and anthropogenic stressors on mortality and recruitment rates of acacia populations is not well understood.



The general mortality ratio of acacia populations in the pre-drought period (1972–1994)—measured in seven undisturbed sites in the southern Arava Valley—was 12.3 ± 7% (see Table 4). This value is similar to the mortality ratio in the undisturbed Nahal Naomi (11.9%). The much higher mortality ratio (40.7%) in Nahal Yael during this period is attributed to the dam’s construction and exemplifies the anthropogenic impact. The effect of dams is similar to that of berms (that are widely used to protect infrastructures from runoff), and therefore has broader implications (e.g., [12]). In both cases, the anthropogenic disturbances interfere with the natural hydrological system and prevent runoff from reaching downstream vegetation. When analyzing available data for the post-drought period (2010–2017) in other sites across the region, an increase in mean mortality ratios compared to the pre-drought period is evident (44.2 ± 18%, N = 7; Table 4). The mortality ratio in Nahal Naomi is quite high (65.4%), but not much different from data published for the adjacent Nahal Roded (55–60%), nor from other sites located northward in the Arava (e.g., 72% in Nahal Ketura; [15]). Overall, our results are in agreement with other data from the region (Table 4).



Inter-site variability in acacia mortality reported for the Arava Valley is affected by several factors, such as soil properties [39,40], fluvial processes [20,25,40], latitude [15], and anthropogenic disturbances [12,13,14,30,32]. While the effect of watershed size is still unclear [22,25], very few mortalities were documented in the Arava Sabkhas (discharge playas), probably due to their characteristic high groundwater level [25]. Tree mortality assessments in the field indicate the current state of a population and are easily visible. However, actual changes in population size are difficult to evaluate. Because dead trees remain standing on-site for a long period of time, the mortality percentage increases constantly, obscuring true changes in population dynamics. In the present work, we were able to better quantify population dynamics by monitoring the same individuals over a period of 45 years. In addition, we were able to quantify recruitment rates, a more challenging measurement.



Finally, we determined a useful term that takes into account both mortality and annual rates of recruitment– the annual net change. Our results indicate that the net change in Acacia population in the southern Arava ranged between +1.5% to −2.5% year−1 (Table 2). This range of average net changes provides an estimation of the expected change in population sized over long periods (Table 3). This calculation can be used as a tool that helps to predict an approximate change in population size over time for populations located at ephemeral channels and alluvial fans. Since mortality and recruitment are not linear processes but occur in waves, the average net change is more applicable in understanding processes over long periods.



Assessments of acacia populations dynamics in Nahal Naomi over 45 years (1972–2017) revealed the severe impact of the drought period between 1995–2009. The alluvial fan of Nahal Naomi is located in a nature reserve and has experienced minimal human impact. Changes in acacia mortality over the temporal axis fit well with the regional rainfall records (Figure 3). Between 1972–1994, the average annual rainfall was above average, and the population size increased, with low mortality and high recruitment (Table 2). Between 1994–2017, during and following the drought period, the population reduced in size due to high mortality. In the nearby Nahal Roded, Isaacson [25] reported on annual mortality rate of 3.8% year−1 between 2001–2016 (during and after the drought), which is similar to the mortality rate in Nahal Naomi during 1994–2017 (3.2% year−1) (Table 2). Of the 31 alive trees in Nahal Naomi in 1972, only three survived until 2017. Since acacia is a long-living tree genus that can live 200–600 years [20,21], this mass mortality seems highly exceptional. The high mortality during the drought was followed by high recruitment. The average small size of the individuals recruited in Nahal Naomi between 1994–2017 (Table 1) indicate that they emerged after the drought episode ended (2010).



In the alluvial fan of Nahal Yael, the acacia population has faced constant decline since the wadi outlet was dammed in 1977. Between 1972–1994 (the relatively rainy period) the population experienced high mortality and low recruitment. Between 1994–2017, mortality remained high and no recruitment took place. In Nahal Yael, the acacia population has been therefore co-affected by decreased precipitations and anthropogenic disturbance.



The new recruited individuals in Nahal Naomi and Nahal Yael had higher survival rates during the drought period than the older trees. This indicates that in terms of survivability, new recruits have an advantage over older trees. A possible explanation that needs to be further addressed is that new recruits settle near recent and relatively active ephemeral stream channels. It has been shown that the dynamic nature of the alluvial fans’ braided system decreases the frequency of floods in other parts of the alluvial fans, where older trees exist [17].



As suggested by Bendavid-Novak and Schick [14] during drought periods, the close proximity of acacia trees to rocky toeslopes seems to be an advantage, and acacia located near the toeslopes have higher survival rates than trees located in the middle of the alluvial fan (Figure 4a). This is explained by the potentially higher runoff ratio during small rain events that do not form a flash floods but do generate runoff from the rocky hillslopes.



A close look at the acacia distribution map (Figure 4a) shows that a live tree in the alluvial fan of Nahal Yael is adjacent to the dam. This individual tree extends its roots to the reservoir upstream of the dam (as shown in Figure 5b). This observation is in accord with Peled [13], who reported that acacia roots in the southern Arava wadis extend their roots towards water sources, usually upstream. It is therefore can be assumed that trees can reach a nearby water source.



Indications of population recovery in Nahal Naomi, as opposed to the constant population decline in Nahal Yael, support the growing consent that acacia trees in ephemeral channels and alluvial fans rely on surface water and on moisture found in relatively shallow soil layers, which originate from floods and not from underground aquifers [14,32,41,42].



Another worthy observation is the significance of the long standing period of dead acacias. The trunks of all the recorded dead acacia in 1994 [14] were still standing in 2017. Out of these trees, 37.5% preserved their canopy for at least 25 years (Figure 5a). Ward and Rohner [12] estimated that acacias in the Arava region remain standing for an average of 10 years after death. Our findings suggest that this is an underestimation. Our findings are closer to those of Isaacson [25], who reported that acacia can stand for at least 15 years after death in the Arava Valley.




5. Conclusions


This study evaluated the dynamics in acacia populations during a period of 45 years (1972–2017) in two small alluvial fans in the hyper-arid Arava Valley. The results quantified the combined effects of natural change (a long-term drought period) and anthropogenic disturbance (dam construction) on acacia mortality and recruitment. Overall, both populations experienced a sharp decline in numbers during the drought. Yet, since the drought ended, the population located in a nature reserve rapidly began to recover, while the population experiencing anthropogenic interferences has not shown signs of recovery, and new recruits have not emerged. By examining tree characteristics such as location, species, age, and state of preservation of dead trees, we were able to identify factors that influence tree mortality. Trees that better survived the drought periods are the younger individuals and those in closer proximity to mountains’ rocky toeslopes.
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Figure 1. The study area; (a) The study site (marked by black square) is in the southern Negev of Israel, between the Arabian Peninsula and the deserts of northeastern Africa; (b) Nahal Naomi and Nahal Yael (boxed area) are tributaries of Nahal Roded north of the city of Eilat and the Gulf of Aqaba; (c) The catchment areas of these two tributaries are small, and their alluvial fans are comparable in size (gray area). 
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Figure 2. Nahal Yael’s alluvial fan as shown in photographs taken from the dam, looking northwest: (a) Nahal Yael alluvial fan as seen in 1994, after Bendavid-Novak and Schick [14] with permission; (b) Photograph of the same location taken in 2017. Nahal Roded’s main channel is seen in the distance (black arrow). 






Figure 2. Nahal Yael’s alluvial fan as shown in photographs taken from the dam, looking northwest: (a) Nahal Yael alluvial fan as seen in 1994, after Bendavid-Novak and Schick [14] with permission; (b) Photograph of the same location taken in 2017. Nahal Roded’s main channel is seen in the distance (black arrow).



[image: Soilsystems 05 00023 g002]







[image: Soilsystems 05 00023 g003 550] 





Figure 3. Annual rainfall in Eilat according to the Israel Meteorological Service [36]: (a) Throughout the duration of the study (the drought period is marked in gray); and (b) Mean (±SE) of three periods, 1972–1994 (before the commence of the long-term drought episode), 1995–2009 (the drought episode) and 2010–2020 (following the end of the drought episode). The letters above the bars represent significant differences (p < 0.05) between the years. Black arrows indicate the years in which the tree surveys were conducted. 
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Figure 4. Population dynamics of acacia: (a) Distribution map of trees on the alluvial fans of Nahal Naomi (on the left) and Nahal Yael (on the right). Each tree is marked by symbols according to its life history schema; (b) Flowchart summarizes the number of trees with a similar life history schema. The symbols in panels a and b represent: (1) trees reported live both in the 1972 and 2017 surveys (black circle); (2) trees reported live in 1972 and dead in 2017 (gray circle); (3) trees reported live in 1972 and dead in 1994 (white circle); (4) trees reported live in 1994 and live in 2017 (black triangle); (5) trees reported live in 1994 and dead in 2017 (gray triangle); and (6) trees first reported live in 2017 survey (black square). 
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Figure 5. Acacia on the alluvial fan of Nahal Yael: (a) Well-preserved dead acacia reported to be dead in 1994, standing more than 25 years after death with a preserved canopy; (b) acacia roots (white arrow) penetrate the dam at Nahal Yael (black arrow) toward the reservoir area. 
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Table 1. Acacia size (average height and canopy area ± SE) in 2017 survey according to three age groups (from both sites): trees reported alive both in the 1972 and 2017 surveys (>45 year old), trees reported alive in 1994 and 2017 (22–45 year old trees), trees first reported alive in 2017 survey (<22 year old).
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>45 Years Old

	
45–22 Years Old

	
<22 Years Old




	
(N = 8)

	
(N = 10)

	
(N = 8)






	
Average height (m)

	
4.1 ± 0.5

	
2.7 ± 0.4

	
0.9 ± 0.2




	
Average canopy area (m2)

	
23.7 ± 7.6

	
15.6 ± 7.3

	
1.8 ± 0.7
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Table 2. Mortalities and recruitment in Nahal Naomi and Nahal Yael during 1972–1994 and 1994–2017, as a total percentage, percentage per year, and net change per year.
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Nahal Naomi

	
Nahal Yael




	

	

	
Mortality

	
Recruitment

	
Mortality

	
Recruitment






	
1972–1994

	
Total percentage

	
17%

	
51%

	
46%

	
12%




	
Bendavid-Novak and Schick [14]

	
Percentage per year

	
0.7% y−1

	
2.3% y−1

	
2% y−1

	
0.5% y−1




	
Net change per year

	
1.5% y−1

	
−1.5% y−1




	
1994–2017

	
Total percentage

	
76%

	
19%

	
50%

	
0%




	

	
Percentage per year

	
3.2% y−1

	
0.8% y−1

	
2% y−1

	
0% y−1




	

	
Net change per year

	
−2.4% y−1

	
−2% y−1
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Table 3. Expected change in population size under different net change values. Rate of change measured in Nahal Naomi and Nahal Yael are marked in asterisks (*).
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Rate of Change (% year−1)

	
−2.5 *

	
−2 *

	
−1.5 *

	
−1

	
−0.5

	
0

	
0.5

	
1

	
1.5 *






	
Change in population size (%)

	
After 10 y

	
75

	
80

	
85

	
90

	
95

	
100

	
105

	
110

	
115




	
After 20 y

	
50

	
60

	
70

	
80

	
90

	
100

	
110

	
120

	
130




	
After 30 y

	
25

	
40

	
55

	
70

	
85

	
100

	
115

	
130

	
145
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Table 4. Acacia mortality in different sites across the Eilat region, before and after the drought episode of 1995–2009 (% of dead individuals out of the total number of trees).
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Mortality Ratio

	




	

	
Date of

Survey

	
Sites not Affected by

Anthropogenic Disturbances

	
Site Affected by Anthropogenic Disturbances

	
Ref.




	
Timna

	
Raham

	
Roded

	
Shlomo

	
Naomi

	
Yael






	
Pre-drought

	
1981

	
16.7% (N = 174)

	
22.1% (N = 149)

	
16.6% (N = 217)

	
0% (N = 66)

	

	

	
Peled [13]




	
1994

	

	

	

	

	
11.9% (N = 42)

	
40.7% (N = 27)

	
Bendavid-Novak and Schick [14]




	
1995

	
10% (N?)

	

	
9% (N?)

	

	

	

	
Ward and Rohner [12]




	

	
Mean mortality ratio across the Eilat region in the pre-drought period (1972–1994): 12.3 ± 7% (mean ± SD, N = 7)




	
Pre-drought

	
2011

	

	

	

	
54.1% (N = 159)

	

	

	
Ogen [38]




	

	
25% (N = 180)

	
60% (N = 180)

	
22% (N = 180)

	

	

	
Stavi et al., [15]




	
2016

	

	

	
55% (N = 48)

	
28% (N = 77)

	

	

	
Isaacson [25]




	
2017

	

	

	

	

	
65.4% (N = 52)

	
70.4% (N = 27)

	
This study




	

	
Mean mortality ratio across the Eilat region over the post-drought period (2010–2017): 44.2 ± 18% (mean ± SD, N = 7)
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