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Abstract

:

Two zoogenic deposits from the central part of the Negev Desert (Israel) were investigated by stable isotopes (carbon 13C/12C and nitrogen 15N/14N) and pollen analyses. The merger of these data and results of radiocarbon dating of Atzmaut and Ramon I deposits enabled us to reconstruct climate and vegetation changes in the Negev Desert over the past 8500 years. Decrease of the δ13C value in plant remains is a sensitive indicator of paleoclimatic conditions in the region. The decline of the δ13C value over the past 8500 years almost fully coincides with an increase of the total pollen concentration, the proportion of Poaceae pollen in the profile of zoogenic deposits and wetter periods. Thus, four humid periods are identified, from the middle of the 4th millennium to the end of 3rd millennium BC, the 1st half of the 2nd millennium BC, from the 2nd half of the 1st millennium BC to the 1st half of the 1st millennium AD and the middle of the 2nd millennium AD. The δ15N value of plant remains is a less sensitive indicator of climate dynamics and represents the most significant change of precipitation in the region by the end of the 3rd millennium BC.
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1. Introduction


Vegetation is an essential component of most terrestrial ecosystems. It changes under the influence of various factors, the main factors of which are climatic and anthropogenic. In arid areas, the relationship of vegetation dynamics with the history of settlement and climatic changes is the closest; therefore, the study of changes in the vegetation cover of deserts in the Holocene is extremely interesting and important.



The main method of vegetation reconstruction is pollen analysis. One of the first works on the study of the desert vegetation history using pollen analysis was carried out in the late 1950s–1960s of the twentieth century in the Sahara (for example [1]) and in the southwestern United States (for example [2]). However, it was only since the 1980s that palynologists began to study deserts systematically. The main problem associated with the study of the arid ecosystems’ history is the small number of preserved biological remains and, in this regard, a small number of sources of palaeoinformation. Lake and marine sediments, palaeosoils in archaeological sites and zoogenic deposits can be such sources. But the use of lake and marine sediments to reconstruct vegetation in arid conditions is not always possible due to the frequent absence of the latter. In addition, the pollen spectra of such deposits in treeless regions reflect the vegetation of a large area, and the proportion of the desert pollen spectrum may be only a small part of them. This is due to the low pollen productivity of desert vegetation because of the sparse vegetation cover and the high proportion of insect-pollinated species. It should also be noted that pollen transport in open areas is hundreds of kilometers [3]. The study of palaeosoils for the reconstruction of vegetation dynamics in the desert is also a difficult task. The pollen concentration in such soils is very low and does not persist as well as in soils of temperate latitudes [3].



One of the most promising lines of palaeoenvironmental investigation is research of zoogenic deposits accumulated at the bottom of rock shelters, niches and caves over thousands of years. They are mainly formed by activities of different animal species. When shelters are used by herbivores, deposits consist mainly of dung. Research on such deposits is still less common for reconstruction of the palaeoenvironment than analysis of lake deposits and peat bogs. But these sediments are unique material for the study of the dynamics of various ecosystems, particularly in areas where there are no other sources of palaeoinformation.



Pollen and macrofossils analyses are one of the main methods for studying plant remains from herbivore dung. However, for about 20 years, stable isotope (especially carbon and nitrogen isotopes) analysis has also been used by researchers to study dung [4,5,6,7]. Carbon and nitrogen are two of six the main components of biological organisms. Stable isotopes of these elements in natural objects are present in different proportions that allow the use of stable isotope analysis in ecological and palaeoecological investigations.



Enrichment in the carbon-isotope ratio (13C/12C) with each trophic level is minimal (0–2‰) [8,9], but the isotopic fractionation between diet and faeces is consistent regardless of the carbon isotopic content of the food and the relative digestibility [7]. Thus, variations in the δ13C values of herbivore animals dung deposits potentially can reflect diet of these animals and also indicate vegetation changes that may have occurred over thousands of years [4]. This is possible because there are three different types of photosynthesis in higher plants: C3, C4 and CAM. The δ13C values of modern C3 plants range from about −37‰ to −20‰. In C4 species, most values are concentrated in a narrow band between −11 and −14‰, with a global average of −12.5‰ [10,11,12,13,14]. CAM plants have isotope values ranging between those of C3 and C4 plants. Moreover, ecologists have identified clear isotopic signatures based not only on different photosynthetic pathways but also on ecophysiological differences, such as photosynthetic water-use efficiency [15]. Stable carbon isotope concentrations in C3 plants are influenced by environmental factors like temperature, evaporation and precipitation. B.M. Chase with co-authors [16,17] established that the δ13C records from dung deposits (hyrax middens) in C3 ecosystems may provide an independent proxy for past hydrologic conditions.



There is a little research on the study of 15N abundance in dung deposits of herbivore animals. Their dung is enriched with 15N relative to the vegetation the animals had been feeding on. This presumably occurs due to fractionation in the animals’ digestive system where 14N is preferentially assimilated in the feeding animal tissues, while the heavier, 15N-enriched organic waste (i.e., dung) is excreted [18]. On the other hand, the dung of herbivorous animals contains undigested plants. The isotopic compositions of the light elements of these remains are not subject to change under the influence of metabolism. The latter allows reconstructing of the climate based on the knowledge of the change in the plants’ isotopic composition in dry and wet conditions. The natural ratio of 15N/14N isotopes in plants is not as well established as that of C isotope ratios. Many studies have determined that the isotopic composition of plants’ nitrogen is determined by the complex influence of a number of factors, such as the contributions of various N sources to plant N uptake in the field, including symbiotic nitrogen fixation and atmospheric deposition, the role of mycorrhizal infection, the uptake of dissolved N and the interpretation of δ15N profiles in the soils [15]. However, in spite of these difficulties, some work on hyrax middens have shown that plants’ foliar δ15N is positively correlated with faecal δ15N [19], and 15N abundance in dung deposits is influenced by climate and may provide an estimation of past water availability [16,17,20,21,22,23,24,25,26,27,28].



The results of the most recent studies indicate negative correlations between both carbon and nitrogen isotope values and rainfall in C3 plant communities on global [29,30,31,32] and regional scales, especially in arid and semi-arid conditions [33,34,35,36,37,38].



There are a large number of climate reconstructions for Israel. But the main part of the objects is located in the north of Israel due to a small number of possible palaeoinformation sources in the desert. Recent work on dung deposits from central part of the Negev Desert may provide an estimation of water availability directly in this area. The focus of this study is stable isotopes (carbon 13C/12C and nitrogen 15N/14N) analyses of two zoogenic deposits: Atzmaut (N 30°36′27,48″ E 34°48′26,28″ 820 masl) and Ramon I (N 30°35′1,32″ E 34°44′0,36″ 850 masl). They are formed in rock shelters. The deposits are disclosed in central part of the Negev Desert at the top of the northern cliff erosion crater known as Makhtesh Ramon (Figure 1) [39]. The rock shelters are located close to each other (about 5 km) under the same climatic conditions: the average annual precipitation is about 100 mm [40]. The central part of the Negev Desert is covered with sparse vegetation. Artemisia herba-alba (Asteraceae), Zigophyllum dumosum (Zigophyllaceae) and Reaumuria negevensis (Tamaricaceae) are abundant on the slopes, while Anabasis siriaca and Hammada scoparia (Amaranthaceae) dominate in the valleys [41].



The main purpose of this research is to reconstruct past water availability in the central Negev Desert by δ13C, δ15N of Ramon I and Atzmaut dung deposits compared to pollen and climate records and to assess the possibility of using isotope analysis for sheep and goat dung to study climate dynamics.



When comparing δ13C and δ15N records with the dynamics of the climate in Israel, it is necessary to consider the published palaeoclimatic data. The sources of palaeoinformation are a wide range of natural objects: the sediments of the Mediterranean, the Red Sea, the Dead Sea and the Sea of Galilee [42,43,44,45,46,47,48,49,50,51,52], palaeosoils [53], speleothems [54,55,56], land snail shells [57], corals [58], cave deposits [59], wood, which is preserved in the archaeological sites and caves [60,61] and the rings of juniperus [62]. According to this literature, the climate in Israel was not stable. Four main humid periods (I—the middle of the 4th millennium–the end of the 3rd millennium BC, II—the 1st half of the 2nd millennium BC, III—the 2nd half of the 1st millennium BC–the 1st half of the 1st millennium AD and IV—the middle of the 2nd millennium AD) and some driest events can be distinguished on the basis of palaeoclimatic data over the past 8500 years (at about 6200, 5700, 2200–1900, 1500, 200 cal yr BC and 500 and 800 cal yr AD and nowdays).




2. Materials and Methods


The niche Atzmaut was destroyed during the construction of a road through the Makhtesh Ramon erosion crater in the 1950s of the last century, so its size is unknown (Figure 2). Only a small part of the zoogenic deposits has been preserved. The Ramon I niche is 20 m long and 2 m wide (Figure 2). The studied deposits are about one meter in depth. They consist mainly of alternating pressed dung, ash and mineral layers [39]. In arid conditions, dung keeps very well and may appear in the deposit as unbroken faeces, and it even sometimes retains a specific smell. Identification of the preserved faeces showed that ibexes (Capra ibex) as well as domestic sheep and goats used the rock shelters [63].



Usually, the depth of the layers is measured starting from the deposit surface. If the surface is uneven, a zero level should be defined for convenience in sampling. The zero levels for the Ramon I and Atzmaut deposits were taken to be 7 and 17 cm (respectively) above their upper boundary. Samples from the studied zoogenic deposits were taken layer by layer and used for radiocarbon dating, pollen and stable isotope analysis. The thickness of the samples depends upon how friable the material is, and it usually lies between 1–5 cm. Samples are taken in an uninterrupted column.



The plant remains and charcoal from the samples were treated with 5% HCl for radiocarbon dating. The radiocarbon was measured in the Group of Historical Ecology (IEE, RAS). The dating was obtained using the scintillation method.



Dung deposits can have rather complex stratigraphy due to the intricate history of their accumulation. Thus, the same cave or niche could at times have been used by ancient shepherds as a shelter for their stock, by wild animals in other periods, as campsites in some periods, and have also undergone periods of abandonment. The deposits would thus consist of alternating layers of different origin, rapidly accrued layers of domestic animals’ dung, less dense deposits that more slowly accumulated from wild animals, and complex deposits from the other uses. To make things even more complicated, shepherds frequently used fire, resulting in the formation of ash layers. Such layers indicate not only the presence of hearths; people often burned or cleared out accumulated dung deposits in order to clean the shelter floor. These events could cause the interruption of sedimentation processes or (and) the formation of thick ash layers [39,64]. Many other circumstances may also affect the accumulation rate of dung deposits and result in their complex stratigraphy and non-uniform growth. That is why the robust absolute chronology of dung deposits can be constructed only with adequate age-depth models.



Age-depth models of zoogenic deposits were constructed with the Bchron 4.7.6 program [65], using the Intcal20 calibration curve [66]. The package Bchron is based only on the assumption that the upper layers are more recent than the lower ones. While modeling a growth of a deposit, it generates a curve restricted by calibrated radiocarbon dates attributed to certain depths during each of the multiple iterations. The set of generated curves constitutes a range covered by the age-depth model. The algorithm implemented in the Bchron program can be applied to all types of deposits [67].



Materials (25 samples from Atzmaut and 18 samples from Ramon I) were sampled for pollen and stable isotope analyses. Standard pollen concentration methods were used according to laboratory methods suggested in Faegri K. and Iversen J. [68]. One of the samples from the Atzmaut deposit was lost during preparation (45–51 cm). The minimum count was 500 pollen grains per sample. Sample weights were recorded and Lycopodium clavatum spores (batch # 938934) added as markers to facilitate absolute counting [69] at ×400 or ×1000 magnification. Pollen diagrams were drawn, and a subdivision of pollen sequences into zones was conducted with computer programs TILIA 2.6.1 [70].



The sampled materials for stable isotope analysis were subjected to chemical treatment. Samples were boiled in hydrochloric acid (5% HCl) to remove the carbonate and then thoroughly rinsed with distilled water. After that, samples were washed through a fine sieve (0.25 mm) to remove the mineral grains and large plant remains. A small fraction of plant remains is the best averaged material. Thus, the results reflect the content of the stable isotopes directly in the homogenized samples of plant remains. Further, the acid insoluble fraction was dried. A large fraction of plant remains was homogenized using a pestle, and it was also used for nitrogen isotopic analysis. The isotopic composition of the samples was determined at the common data center “Instrumental methods in ecology» (A.N. Severtsov Institute of Ecology and Evolution of RAS, Moscow, Russia) using a Thermo-Finnigan Delta V Plus («Thermo Electron», Bremen, Germany) continuous-flow IRMS coupled to an elemental analyzer (Thermo Flash 1112). Two replicates of each sample were analyzed. The N and C isotopic composition was measured in one run (using IRMS “jump”). The mass of analyzed samples for C and N isotopes was about 1500 μg for dung samples and from 2500 to 4900 μg for others. Weighted samples were wrapped in tin capsules. Carbon and nitrogen ratios were calibrated relative to Vienna Pee Dee Belemnite (VPDB) and atmospheric nitrogen international standards (respectively). The analytical measurement error (standard deviation of the laboratory standard, n = 4–8) was <0.2% for δ13C and <0.25% for δ15N.



The Shapiro–Wilk test was used to examine the normality distribution of 15N records of small (<0.25 mm) and large (>0.25 mm) fractions of the Atzmaut samples. The same records were checked by Wilcoxon Matched Pairs Test (p < 0.05) [71].




3. Results


3.1. Chronology


Ten radiocarbon dates were obtained for Atzmaut and four for Ramon I deposits (Table 1). The Atzmaut and Ramon I deposits have accumulated for about the last 6000 and 8500 years, respectively (Figure 3). The models allow us to determine the age and accumulation duration of each sample and to build graphs taking into consideration these parameters. The bottom layers of the Ramon I deposit were formed about 2500 years earlier than those of Atzmaut. The merger of the results of analysis of the two deposits enable us to reconstruct the palaeoenvironment of the region for the last 8500 years.



Only four samples from the bottom part (approximately 6400–4700 cal yr BC) and four samples from the upper part (approximately 400–the mid-20th century cal yr AD) of Ramon I deposit were used for pollen analyses. And only five samples (from the bottom parts, approximately 6400–4200 cal yr BC) were used for stable isotope analysis. The middle part of the Ramon I deposit consists of burned layers without enough organic materials for analysis. There were not enough pollen grains there (10 samples) because of burning [72]. The thickness of the samples was 4–6 cm, so the material in them was very averaged. The upper dated part was accumulated from about the last fifteen hundred years. From this part, only four samples were taken; therefore, each sample contains information from about 350 years. The bottom five samples are averaged even more, each having been accumulated for about five hundred years. For this reason, the data obtained from the Ramon I deposit can only be considered as additional data.




3.2. Pollen Analysis


The results of the pollen analysis have already been presented in detail in the articles [73,74]. In this paper, the data are presented briefly in order to be able to compare the results of the isotope analysis with them. The following palynomorphs are dominant in spectra of both deposits: Amaranthaceae, Asteraceae, Poaceae and Artemisia (Figure 4). The bottom parts of the Ramon I and Atzmaut (zone A) deposits are characterized by larger proportions of Liliaceae and Poaceae than the upper layers. The total pollen concentration (TPC) varies greatly. It is high in dung layers (140 thousand–4.3 million grains/cm3) and low in ash and gravel layers (7–230 thousand grains/cm3).



Ramon I: bottom part (97–74 cm, approximately 6400–4700 cal yr BC). These layers are characterized by a high proportion of Brassicaceae and Asteraceae pollen (Figure 4a). Although Brassicaceae pollen decreases towards the end of the part, its share still remains high (20%). Near the top of the bottom part, Poaceae and Liliaceae pollen increases, and Amaranthaceae pollen decreases. The TPC varies slightly from 69 to 83 thousand grains/cm3.



Ramon I: upper part (23–7 cm, approximately 400–the mid-20th century cal yr AD). Artemisia pollen dominates in three samples (33–42%), but the proportion of Brassicaceae pollen increases towards the top of these layers (48%). The share of Poaceae pollen is low. The Amaranthaceae pollen varies to the top from 10 to 3%. The TPC is low (10–20 thousand grains/cm3), but towards the top, it reaches maximum values (300 thousand grains/cm3).



Atzmaut: Zone A (125–89 cm, approximately 3900–2000 cal yr BC). The palynological spectra of the lowest layers (subzone A1, 125–104 cm, 3900–2300 cal yr BC) are dominated by the pollen of Brassicaceae (22–47%) and Amaranthaceae (27–31%) (Figure 4b). Poaceae is more abundant in the layers 104–101 cm (subzone A2, 2300–2200 cal yr BC) than in the succeeding subzones. The TPC also reaches its highest value here (4.3 million grains/cm3), but towards the end of the zone (subzone A2, 101–89 cm, 2200–2000 BC), it, as well as Poaceae and Liliaceae pollen, rapidly decreases. Artemisia pollen is dominant in the upper part of this zone.



Atzmaut: Zone B (89–17 cm, approximately 2000 cal yr BC–the mid-20th century cal yr AD). Zone B was divided into three subzones. In the bottom part (subzone B1, 89–67 cm, 2000–1500 cal yr BC), Artemisia and Amaranthaceae pollen are prevalent. The proportions of Poaceae are low except for one layer (75–79 cm, 1900–1800 cal yr BC). The TPC sharply increases in the 16th–18th centuries BC (67–71 cm, 1530–1770 BC). The relative content of Asteraceae pollen became higher, and by the middle of the second millennium BC, its share reaches 48%. In subzone B2 (67–31 cm, 1500 cal yr BC–1700 cal yr AD, as in subzone B1, Artemisia and Amaranthaceae pollen are dominant. The proportion of Asteraceae pollen gradually decreased throughout the corresponding period. Brassicaceae and Poaceae pollen are low, but the last one shows an increase in the layers of 45–40 cm (300–900 cal yr AD) and 36–31 cm (1400–1700 cal yr AD) to 12 and 9%, respectively. The TPC does not exceed 85 thousand grains/cm3. Subzone B3 (31–17 cm, 1700–the mid-20th century cal yr AD) is marked by a relatively lower share of Asteraceae and Poaceae pollen. Artemisia and Brassicaceae are dominant. The proportion of Amaranthaceae pollen decreases, whereas the TPC increases by the end of this period.




3.3. Stable Isotope Analysis


The stable isotope analyses of dung deposits demonstrate that sheep and goats’ diets are dominated by C3 vegetation. The δ13C value varies from −24.6 to −20.8 ‰ (Table 2). A decrease of the δ13C value is observed in the following periods: approximately 3300–2200 cal yr BC, 1700–1500 cal yr BC, 300–900 cal yr AD and 1400–1700 cal yr AD.



The Shapiro–Wilk test showed that 15N records of small fraction do not have a normal distribution (p = 0.04). The Wilcoxon Pairs Test indicated that the δ15N value in different fractions is similar (p-level 0.13). In this regard, the mean values were used to plot it. The nitrogen isotope signature of the Ramon I and Atzmaut zoogenic deposits has a wide range (from 8.92 to 20.65‰) and reaches maximum values in the lowest layers of the Atzmaut deposit that formed before 2200 cal yr BC. The δ15N value decreased from this time until the 20th century AD, except for the increase in nitrogen isotope signatures in 1700–1800 cal yr AD. The 15N of the top layers of the Atzmaut deposit are similar to the modern vegetation [37,38].





4. Discussion


The results of the zoogenic deposits study should be interpreted carefully due to the difficulty of forming the latter. To date, only hyrax dung deposits have been studied using isotope analysis to reconstruct climate dynamics. The isotope analysis of ibexes (Capra ibex) and domestic sheep and goats’ dung for this purpose is being carried out for the first time. In this regard, to assess the possibility of using this analysis, it is necessary to compare the data obtained with the results of analysis done on the same samples. Since plant residues extracted from animal dung were used for isotope analysis, it should be necessary to at least briefly consider the vegetation changes of the central Negev Desert, features of using rock shelters and the dynamics of some taxa on pollen diagrams.



The proportion of pollen in the spectra does not always reflect the role of a particular family in the vegetation. This is especially evident when studying dung deposits. Herbivore faeces contain both the pollen of plants eaten by the animals and the pollen coming from the atmosphere. Their palynological spectra can reflect the vegetation composition of the animals’ habitat (or larger region), dietary composition or a combination of both [75,76,77]. To reconstruct the dynamics of vegetation in the central Negev Desert from palynological data from the zoogenic deposit, it is necessary to reveal which spectra are largely indicated the composition of ungulates’ diets and which are not.



The majority of Brassicaceae, Liliaceae and Asteraceae are entomophilous and produce small amount of pollen, compared to wind-pollinated (anemophilous) species of Amaranthaceae, Poaceae and Artemisia. Most species of the Poaceae, Brassicaceae, Asteraceae and Liliaceae growing in the Negev Desert bloom between February and May, whereas the Amaranthaceae and Artemisia bloom between May and November [78,79,80]. Thus, the palynological spectra rich in the pollen of the entomophilous species indicate that the corresponding layers were formed mainly from winter–spring, while the prevalence of the anemophilous species pollen in a certain layer is indicative of its year-round formation.



High proportions (40–72%) of the pollen of entomophilous species coincide with the peaks of pasture disturbance indicators (Plantago and Thymelaea pollen), layers of ash and rapidly accumulating dung in deposits and with the presence of pastoralists in the central part of the Negev Desert. A significant share of Brassicaceae, Liliaceae and Asteraceae (excluding Artemisia) pollen in the spectra apparently largely reflects the composition of livestock feed [73,74].



Wind-pollinated Poaceae, Artemisia and Amaranthaceae in winter–spring palynological spectra account for only 10–30%, but these taxa are the basis of the central Negev Desert vegetation. During three periods, Amaranthaceae dominated the vegetation of the desert: the approximately 6400–2300 cal yr BC, 1900–300 cal yr BC and 1400–1700 cal yr AD. For only about one hundred years (2300–2200 cal yr BC), grasses (Poaceae) played a major role in the vegetation of the desert. As in the last 350 years, (Artemisia) dominated in other periods (Figure 4).



Poaceae pollen is the main sensitive indicator of moisture in the arid ecosystems [3,81]. The lower layers of the two dung deposits differ from the upper ones by a greater proportion of grasses (Poaceae); therefore, the results obtained suggest wetter conditions in the central Negev Desert from 6400 until 2200 cal yr BC than after that. This does not contradict climatic reconstructions [49,51]. The period after the first dry event (6200 cal yr 325 BC until 3600 cal yr BC) was unstable and dry but wetter than nowadays. Wetter conditions lasted for about fifteen hundred years (3600–2200 cal yr BC). Poaceae in the Atzmaut pollen diagram increases in approximately 2600–2200 cal yr BC, 1900–1800 cal yr BC, 300–900 cal yr AD and 1400–1700 cal yr AD, which coincided with humid periods (Figure 5). Unfortunately, dry events are not well reflected in the dynamics of Poaceae pollen due to insufficiently frequent sampling, especially in the Ramon I deposit.



The changes of the δ13C value over the past 8500 years largely coincide with the pollen and palaeoclimatic data. The results of stable isotope analysis of the Ramon I dung deposit and the lowest layers of Atzmaut deposit (Figure 6) allow us to suggest that climatic conditions for about three thousand years (6400–3600 cal yr BC) were unstable (during this period wetter and drier conditions alternated), but it was comparatively drier than the next period. The δ13C value varies between −22.52 and −21.13‰. These data do not contradict the palaeoclimatic data [52].



The periods of δ13C value decreasing closely correspond with increase of the total pollen concentration within the uniform dung layers (two peaks: approximately 3300–2200 and 1800–1500 cal yr BC) and the proportion of the Poaceae pollen (approximately 2600–2200, 1900–1800 cal yr BC, 300–900 and 1400–1700 cal yr AD) in the profile of the Atzmaut zoogenic deposit and with wetter conditions (Figure 5 and Figure 6). The minimum values of δ13C were achieved in the layers of sediment, which were accumulated over the 3rd millennium BC before 2200 cal yr BC. At the same time, the proportion of the Poaceae pollen and total pollen concentration in the Atzmaut zoogenic deposit are the highest. The considered data correspond closely with the first period of the more humid conditions in the region (Figure 5) [52,54,73,82]. However, perhaps the pollen profile hints at the possibility of episodes of not only higher precipitation but summer precipitation for which we have no analogues in modern times, when rain falls exclusively in the winter months. The TPC and proportion of Poaceae pollen is 14 and 26 times higher than the concentration and grasses pollen in the similar dung layers (not burnt) of the deposits’ upper part. Grasses and other annuals with a short growing spring season have low pollen production due to reproductive strategies related to the dry summer climate. Plants, which bloom during summer, have much higher pollen production [81]. Therefore, the observed changes in the vegetation may be related not only to changes in the precipitation amount but also to the seasonal shift. Note that the results of study corals (Porites spp.) in the north of the Gulf of Eilat showed the presence of summer precipitation and wetter climatic conditions at least during to the Middle Holocene [58]. At the same time, precipitation in southern Israel came from the north, as the influence of the Afro-Asian monsoon did not reach the northern Red Sea and thus the territory of Israel [50]. Lake data from the Mediterranean region also indicate that precipitation over the Early and the Middle Holocene could have occurred during the summer months. The transition from such conditions to modern ones in the Mediterranean region occurred in a short period by about 2000 BC [83].



A sharp increase in the δ13C value, a decrease in the total pollen concentration and the proportion of the Poaceae pollen (Figure 5 and Figure 6) at about 2200–1900 cal yr BC indicate climate aridization, which is confirmed by palaeoclimatic data: the amount of precipitation in the region decreased in this period by 20–30% [52,54]. These climatic changes were not local but occurred in many regions of the Mediterranean, Asia and Africa [84,85]. A sharp decrease in precipitation entailed significant changes in the plant cover.



The decline of dung deposits 13C in the 1st half of the 2nd millennium BC (to −23.6‰) corresponds to the increase of the total pollen concentration and the proportion of the Poaceae pollen (Figure 5) and to a wet period [52]. The same climatic changes were also evident in the Levant region [86].



The 13C record and palynological spectra of samples formed over the past 3000 years are characterized by a high δ13C value and a low total pollen concentration, which is indicative of more stable climatic conditions. The climate of the region became arid, similar to the present-day climate [52,83,87]. Changes in humidity during the last 3000 years have been less significant than in previous periods [52,54].



Two periods of δ13C value decrease and Poaceae pollen increase (approximately 300–900 cal yr AD, 1400–1700 cal yr AD) correspond closely with wet conditions (Figure 5 and Figure 6). The last changes in the 2nd millennium AD may reflect the Little Ice Age [54,62,88].



Interpretation of the nitrogen isotope signature of the Ramon I and Atzmaut zoogenic deposits has been a more difficult problem. Changes of the δ 15N value in profiles would seem to contradict the results of most studies about the negative correlation between nitrogen isotope values and rainfall. Thus, the δ15N value reaches a maximum in the lower layers of the Atzmaut deposit that formed before the end of the 3rd millennium BC, when the climatic conditions in the region were more humid [52,54,82]. After that, the δ 15N value sharply decreases during an aridization event (Figure 6).



One of the reasons for the 15N enrichment in the low layers of the Atzmaut dung deposit may be related to the old age of the layers and a result of a greater degree of microbial organic matter decomposition [89]. However, the study of the older layers of the Ramon I deposit, which are preservation similar, have lower value of δ15N. Moreover, 15N enrichments may be greater in small than large fractions due to isotopic fractionation during microbial nitrogen transformations [90,91]. However, the result of the Wilcoxon Test indicates no differences between nitrogen isotope signatures of small and large fractions. Therefore, it can be concluded that 15N enrichment in the low layers of the Atzmaut deposit is not related to organic matter decomposition. We can assume that the maximum δ15N values may reflect wet climatic conditions. J. Aranibar [35] with co-authors showed that the 15N enrichment with aridity really could be enhanced during wet years. The authors suggest that the unusually high-water availability could have enhanced soil microbial activity, such as N mineralization of old, heavy organic N pools and gaseous emissions by denitrification. All these processes result in more 15N-enriched soil nitrogen, which could have been absorbed by C3 plants [35].



The negative correlation between nitrogen isotope values and rainfall is observed only in the last millennium. The δ15N value decreases in the 2nd millennium AD during more humid period [54,62,88] and increases in the 18th century AD with dry conditions [92].




5. Conclusions


Zoogenic deposits are unique palaeoclimatic and palaeoenvironmental archives. They are of particular value in arid zones, where there are almost no classical objects (lakes and peat bogs) for research. The palynological analysis of the Ramon I and the Atzmaut zoogenic deposits allowed us to determine the seasonality in the use of these rock shelters, reconstruct the dynamics of vegetation over the past 8500 years and reveal the effect of climatic changes and livestock grazing on the vegetation of the central Negev Desert [39,73,74]. Amaranthaceae and Artemisia were dominant almost throughout this period, yielding this status to Poaceae only between 2600–2200 cal yr BC. The proportion of Poaceae pollen is a very good indicator of wet conditions in arid zones. The total pollen concentration can be used as an additional indicator of moisture. The highest values of pollen concentration and Poaceae pollen most likely reflect vegetation changes associated with summer precipitation in the central Negev Desert.



The stable carbon (13C/12C) and nitrogen (15N/14N) isotope analysis of zoogenic (dung) deposits has been first conducted for the Negev Desert. The δ13C values of the studied deposits show an inverse relation between δ13C and precipitation. The decrease of δ13C values over the past 8500 years almost fully coincides with more humid conditions and an increase in the total pollen concentration and Poaceae pollen in profile, which happened approximately 3300–2200 cal yr BC, 1700–1500 cal yr BC, 300–900 cal yr AD and 1400–1700 cal yr AD. The relation between the δ15N value and the climatic conditions is indicated only in some cases. This relationship can be not only negative but also positive. The δ15N value well represents the most significant changes of precipitation in the region in the 3rd millennium BC.



The carbon and nitrogen isotopes’ signature of the zoogenic deposits from the Negev Desert coincides with the palaeoclimatic data of the region. Thus, the zoogenic deposits are an important source of unique information for palaeoecological reconstruction in arid regions where there are no other sources of palaeoinformation. Therefore, the sampling of zoogenic deposits should be done as fractionally as possible. The thickness of one sample should not exceed 2–3 cm to avoid the large averaging of data and, consequently, the loss of information.
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Figure 1. The central part of the Negev Desert and the location of rock shelters. 






Figure 1. The central part of the Negev Desert and the location of rock shelters.



[image: Quaternary 07 00045 g001]







[image: Quaternary 07 00045 g002] 





Figure 2. The Ramon I rock shelter (a) and the Atzmaut zoogenic deposit (b) with sampling (c). 
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Figure 3. Sediment accumulation models of the Ramon I (a) and the Atzmaut (b) zoogenic deposits. 
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Figure 4. The profile and the pollen diagram of the Ramon I (a) and Atzmaut (b) zoogenic deposits (+ specified percentage of taxa ≤ 1%). Layers: 1—pressed dung; 2—friable ash; 3—burned dung with inclusions of charcoal; 4—consolidated sediment of gravel and dung; 5—consolidated sediment of gravel and fine-grained sediments; 6—gravel layer; 7—consolidated sediment of ash and gravel; 8—gravel with ash and charcoal. 
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Figure 5. Changes in the total pollen concentration of Ramon I (1) and Atzmaut (2) and Poaceae pollen proportions in the Ramon I (3) and Atzmaut (4) dung deposits relative to periods with moist conditions in the study region (I–IV). 
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Figure 6. The δ15N value of Ramon I (1) and Atzmaut (2) and the δ13C value of the Ramon I (3) and Atzmaut (4) zoogenic deposits. I–IV—periods with moist conditions in the study region. 
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Table 1. Conventional radiocarbon dates of the Atzmaut and Ramon I zoogenic deposits, Israel.






Table 1. Conventional radiocarbon dates of the Atzmaut and Ramon I zoogenic deposits, Israel.












	Lab No.
	Depth (cm)
	14C Age (BP)
	Cal. Ages, 1σ
	Dated Material





	
	
	Atzmaut
	
	



	IEMAE-1331
	17–20
	101.9 ± 0.9%
	1955–2018 AD
	Plant remains



	IEMAE-1330
	20–23
	100.5 ± 0.9%
	1690–… AD
	Plant remains



	IEMAE-1329
	23–27
	180 ± 40
	1660–… AD
	Plant remains



	IEMAE-1348
	31–36
	155 ± 40
	1670–1945 AD
	Plant remains



	IEMAE-1342
	45–51
	2040 ± 90
	170 BC–75 AD
	Plant remains



	IEMAE-1328
	67–71
	3545 ± 90
	2020–1750 BC
	Plant remains



	IEMAE-1327
	75–79
	3490 ± 110
	1945–1645 BC
	Plant remains



	IEMAE-1326
	102–104
	3865 ± 70
	2460–2210 BC
	Plant remains



	IEMAE-1325
	104–107
	3780 ± 120
	2430–2030 BC
	Plant remains



	IEMAE-1298
	116–123
	4870 ± 100
	3770–3530 BC
	Humic acid



	
	
	Ramon I
	
	



	IEMAE-1402
	7–9
	114.95 ± 2.35%
	1960–1990 AD
	Plant remains



	IEMAE-1352
	18–23
	1400 ± 90
	560–770 AD
	Plant remains



	IEMAE-1401
	74–80
	6190 ± 180
	5320–4905 BC
	Plant remains



	IEMAE-1358
	92–97
	7210 ± 80
	6220–5990 BC
	Plant remains










 





Table 2. δ13C and δ15N of Atzmaut and Ramon I zoogenic deposits, Israel.
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	Depth (cm)
	Cal. Ages,

BC/AD *
	δ13C, ‰
	δ15N (<0.25 mm

Fraction), ‰
	δ15N (>0.25 mm

Fraction), ‰
	δ15N (Mean Values), ‰





	
	
	
	Atzmaut
	
	



	17–20
	1950–1900 AD
	−22.45
	9.09
	8.74
	8.92



	20–23
	1900–1850 AD
	−23.06
	10.09
	9.07
	9.58



	23–27
	1850–1780 AD
	−22.74
	11.62
	11.39
	11.51



	27–31
	1780–1730 AD
	−23.26
	11.6
	11.52
	11.56



	31–36
	1730–1400 AD
	−23.40
	9.23
	9.15
	9.19



	36–40
	1400–915 AD
	−21.03
	9.49
	10.1
	9.8



	40–45
	915–330 AD
	−21.47
	10.94
	11.49
	11.23



	51–58
	290–850 BC
	−20.88
	11.9
	10.65
	11.28



	58–67
	850–1530 BC
	−20.77
	11.73
	15.47
	13.6



	67–71
	1530–1770 BC
	−23.64
	14.81
	14.4
	14.61



	71–75
	1770–1860 BC
	−20.10
	15.23
	14.76
	15



	75–79
	1860–1950 BC
	−20.80
	15.34
	14.33
	14.83



	79–86
	1950–2050 BC
	−23.01
	16.02
	15.02
	15.52



	86–89
	2050–2090 BC
	−22.23
	17.85
	16.67
	17.26



	89–95
	2090–2150 BC
	−22.87
	19.11
	18.61
	18.86



	95–101
	2150–2240 BC
	−23.66
	17.54
	19.2
	18.37



	101–102
	2240–2260 BC
	−24.25
	17.85
	18.05
	17.95



	102–104
	2260–2360 BC
	−24.32
	18.23
	18.33
	18.28



	104–107
	2360–2610 BC
	−23.02
	20.1
	19.8
	19.95



	107–111
	2610–2935 BC
	−24.57
	17.91
	17.63
	17.77



	111–113
	2935–3095 BC
	−23.27
	17.45
	15.79
	16.62



	113–116
	3095–3330 BC
	−24.23
	17.37
	17.75
	17.56



	116–123
	3330–3765 BC
	−21.55
	21.02
	20.29
	20.65



	123–125
	3765–3850 BC
	−21.87
	17.86
	-
	-



	
	
	
	Ramon I
	
	



	69–74
	4180–4720 BC
	−21.13
	17.65
	-
	-



	74–80
	4720–5250 BC
	−22.11
	18.46
	-
	-



	80–85
	5250–5520 BC
	−22.31
	16.54
	-
	-



	85–92
	5520–5930 BC
	−22.31
	16.34
	-
	-



	92–97
	5930–6380 BC
	−22.52
	15.87
	-
	-







* The dates of each sample were calculated using the sediment accumulation models in the Bchron 4.7.6 program.
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