

  sustainability-14-05417




sustainability-14-05417







Sustainability 2022, 14(9), 5417; doi:10.3390/su14095417




Article



Spatiotemporal Distribution and Geographical Impact Factors of Barley and Wheat during the Late Neolithic and Bronze Age (4000–2300 cal. a BP) in the Gansu–Qinghai Region, Northwest China



Zhikun Ma 1,2, Jincheng Song 1,2, Xiaohui Wu 3,4, Guangliang Hou 5,* and Xiujia Huan 6,*





1



Key Laboratory of Cultural Heritage Research and Conservation (Ministry of Education), School of Cultural Heritage, Northwest University, Xi’an 710127, China






2



China-Central Asia Belt and Road Joint Laboratory on Human and Environment Research, School of Cultural Heritage, Northwest University, Xi’an 710127, China






3



State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences, Xi’an 710061, China






4



University of Chinese Academy of Sciences, Beijing 100049, China






5



Academy of Plateau Science and Sustainability, Qinghai Normal University, Xining 810008, China






6



Key Laboratory of Cenozoic Geology and Environment, Institute of Geology and Geophysics, Chinese Academy of Sciences, Beijing 100029, China









*



Correspondence: hgl20@163.com (G.H.); huanxiujia@mail.iggcas.ac.cn (X.H.); Tel.: +86-0971-6307-616 (G.H.)







Academic Editors: Xin Jia and Harry F. Lee



Received: 30 March 2022 / Accepted: 27 April 2022 / Published: 30 April 2022



Abstract

:

During the Late Neolithic and Bronze Age, the spread of Triticeae crops gradually transformed local millet agriculture in the Gansu–Qinghai region. However, few studies focused on the distribution characteristics and geographical factors influencing Triticeae agriculture. Here, geographical data from 65 sites with barley (Hordeum vulgare) and wheat (Triticum aestivum) remains in Gansu–Qinghai region were studied by spatial analysis in ArcGIS. The results showed that spatiotemporal distribution of barley and wheat exhibited three stages: firstly appeared in the central Hexi Corridor at ~4000 cal. a BP, then spread throughout the Hexi Corridor and Qinghai Lake area during 3600–3200 cal. a BP, and continued to move southward to the Hehuang Valley and Weihe River Basin during 3200–2300 cal. a BP. The studied sites were mainly distributed along rivers and certain altitude with suitable climatic conditions. The average distance to the nearest river was ~8 km, with wheat sites ~300 m closer than barley’s. The average elevation was 3500–1500 m, with wheat sites ~200 m lower than barley’s. The variations in spatiotemporal distribution were attributed to greater environmental tolerance of barley. These findings provide important environmental insights into the spatiotemporal distribution and transmission routes of barley and wheat in northwest China.
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1. Introduction


The origin, domestication, and dispersal of barley (Hordeum vulgare) and wheat (Triticum aestivum), which are staple food crops in the Triticeae botanical tribe, have attracted widespread attention [1,2,3,4,5,6,7,8]. Through archaeobotanical analysis combined with radiocarbon dating, the world’s oldest barley and wheat remains (10,500–9050 cal. a BP) were discovered in the ‘Fertile Crescent’ of the Levant, Anatolia, and Zagros foothills in western Asia [9,10], and the earliest remains of wheat and naked barley (Hordeum vulgare var. nudum) in China (5200 cal. a BP) were recovered from the Tongtiandong site in Xinjiang Province, northwest China [11]. Evidence indicates that barley and wheat gradually became widespread in northern China in 4000 BP [1,2,12,13,14,15,16,17], with three major routes for the dispersal of Triticeae crops in China: the Eurasian steppe route, the oases route, and the maritime route [3,8]. A major reason for their diverse distribution is that the growth cycle of Triticeae crops is limited by climate conditions [16,17]. Barley and wheat originated from western Asia, whose climate is temperate and Mediterranean, with hot, dry summers and cool winters with variable rainfall. In contrast, the climate of northwest China is notably different, with precipitation and accumulated temperature characteristics [16,17] that affect the growth, distribution, and dispersal routes of barley and wheat.



The Gansu–Qinghai region of northwest China is thought to be an important area of the oases route in the dispersal of Triticeae crops in China [3,7,8]. This region is located in a high-elevation area of the eastern Qinghai–Tibet Plateau, in the transitional zone between arid and semi-arid climates, and represents a vital link between western and eastern civilizations since the Paleolithic period. The history of cultural exchange in the Gansu–Qinghai region reached a peak around 4000 BP [17], with an increase of the long-distance human migration across Eurasia evidently between 4500 and 3500 BP [18,19]. Under this era background, there were frequent cultural interactions in the Gansu–Qinghai region between the Qijia culture (4200–3800 BP), Xichengyi culture (4000–3700 BP), Siba culture (3900–3500 BP), Kayue culture (3600–2800 BP), Nuomuhong culture (3400–2700 BP), Xindian culture (3365–2600 BP), and Siwa culture (3300–2500 BP) during the Late Neolithic to Bronze Age. Cultural exchange facilitated convergence and the mixed utilization of western and eastern Asian crops across eastern Central Asia and northwest China [17]. According to archaeobotanical research, humans in the Gansu–Qinghai region mainly consumed millet crops during the Late Neolithic and Bronze Age, and gradually consumed more wheat crops after the Bronze Age [16,19,20,21]. In addition, the earliest charred wheat and barley (~4000 cal. a BP) crops from the Gansu–Qinghai region were discovered in the Hexi Corridor, which makes this a key location for studying the distribution and dispersal routes of prehistorical Triticeae crops in northwest China [8,16,17,20,21,22,23,24,25]. The geographical factors of the Gansu–Qinghai region, which differs from the western Asia, limit the growth and development of Triticeae crops, and affect their spread. Fortunately, subsequent research has suggested that the spread of Triticeae crops is correlated with environmental factors of the Gansu–Qinghai region. For example, Chen et al. [16] analyzed the connection between charred barley and the elevation of archaeological sites in areas of human occupation in the northeastern Qinghai–Tibet Plateau, revealing that the farming of ancient barley was an important factor for humans settling at high elevation. However, few studies have investigated the role of geographical factors on the spatiotemporal distribution of Triticeae in this region.



In this study, we collected the data of barley and wheat remains along with their radiocarbon date and elevation from 65 archaeological sites in the Gansu–Qinghai region, including the Xiasunjiazhai site. Then the ArcGIS spatial analysis was used to explore the distribution pattern, dispersal routes, distance to the nearest rivers, and geographical characteristics of Triticeae crops in this region. After that the geographical factors were further analyzed to determine how it affects the spatiotemporal distribution of barley and wheat during the Late Neolithic to Bronze Age in the Gansu–Qinghai region, northwest China.




2. Study Area


The Gansu–Qinghai region in northwest China (Figure 1) covers the northeastern margin of the Qinghai–Tibet Plateau, the Hexi Corridor, the Tsaidam Basin, the western Loess Plateau, and other natural geographical units, including the upper Yellow River, Huangshui River, Datong River, Heishui River, Daxia River, and Qinghai Lake. This region is located in the transition zone between the eastern monsoon region, the Qinghai–Tibet alpine tundra, and the northwest arid region. The spatiotemporal distribution of precipitation in this region is uneven, with rainfall concentrated in summer and less frequent in spring and autumn [26,27]. From east to west, the climate changes from semi-humid to semi-arid and arid, and the dominant vegetation changes from steppe to desert [28]. River valleys and terraces dominate the southeastern part of the study area, with annual precipitation of 250 to 500 mm. Deserts and oases are located in the northwestern part of the study area, which belongs to the hinterland of the Asian continent and has a typical continental climate [29]. The northeast of the Qinghai–Tibet Plateau is located in the southwestern part of this study area, which belongs to the alpine climate region. The northeastern part of this study area is connected to the Loess Plateau, which belongs to the temperate continental climate. To date, most of the northeastern side is a frigid zone characterized by nomadic living, except for the lower northeastern margin, which is suitable for agriculture.



The Xiasunjiazhai site (36.74° N, 101.75° E; 2340 m; Figure 1) is located in Datong County, Xining City, Qinghai Province, in the eastern Gansu–Qinghai region. The site is located 11 km from the Huangshui River Valley, and the Beichuan River, which is a tributary of the Huangshui River, lies to the east of this site. According to survey reports from the National Cultural Heritage Administration, the total area of the Xiasunjiazhai site is approximately 60,000 m2, and the cultural layer is 0.5 to 1.2 m deep, which includes frog-pattern pottery shards and four-circle-pattern clay pottery fragments of the Machang-type Majiayao culture, as well as red pottery shards from the Qijia culture [30].




3. Materials and Methods


3.1. Samples


Flotation samples from the Xiasunjiazhai site: Ash pits in the Qijia cultural layer of the Xiasunjiazhai site were simply cleaned to a depth of 0.95–4.30 m, and flotation samples were collected systematically using the profile sampling method [31]. Based on the concentration of charcoal fragments visible to the naked eye, four soil samples with an average volume of 11 L (total volume of 44 L) were collected for flotation. Carbonized plant remains were collected using an 80-mesh sieve (aperture size 0.2 mm), then dried in the shade and sorted. Flotation was performed according to the bucket method [31] at the School of Geographical Sciences, Qinghai Normal University. Subsequently, the remains were sorted using mesh sieves with aperture sizes of 2, 1, 0.7, and 0.5 mm at the Laboratory of Plant Archaeology, School of Archaeology and Museology, Peking University. Remains with a particle size larger than 0.5 mm were selected, classified, and photographed under a stereo microscope; other remains were excluded from the analysis. Identification was based on modern plant specimens, ancient charred plant specimens, plant seed illustrations, and published documents [31,32,33,34]. Charred barley seeds from the Qijia cultural layer of the Xiasunjiazhai site were previously dated to 3340 ± 30 cal. a BP [21]. Therefore, in this study, only the charred wheat remains obtained by flotation were sent to Beta Analytic (United States) for AMS 14C dating.



Remains of Triticeae crops in the Gansu–Qinghai region: Previously published data on the locations, elevations, and AMS 14C dates of archaeological sites with barley or wheat from the Late Neolithic to Bronze Age in the Gansu–Qinghai region were also collected in this study. We selected the direct radiocarbon ages of individual barley and wheat grains themselves, rather than the ages of material from the associated archaeological contexts. These data were then unified according to the calendar year and corrected using the calibration curve for Northern Hemisphere atmospheric samples (IntCal20; https://c14.arch.ox.ac.uk, accessed on 25 July 2019; Supplementary Table S1).




3.2. Methods


3.2.1. Kernel Density Analysis


Kernel density analysis in ArcGIS is typically used to estimate spatial distribution and spatial aggregation areas [35]. The distance decay law in geography states that a larger weight assigned at a closer distance can be used to depict the spatial density features of a study area statistically and visually [36]. Therefore, the spatial distribution and aggregation areas of barley and wheat in the Gansu–Qinghai region were computed and graphically expressed using kernel density analysis and the distance decay law. The calculation formula is as follows.


  f  (  x , y  )  =  1  n  h 2      ∑   i = 1  n  k  (     d i   n   )   








where k is the kernel function, h is the bandwidth (km), n is the number of sites in the Gansu–Qinghai region, and di is the distance (km) between the valuation point and the observed location i. The value of h (search radius) directly affects the visualization results. After multiple attempts, a search radius of 10 km was chosen for a larger visual output grid to obtain kernel density distribution maps of barley and wheat in the Gansu–Qinghai region.




3.2.2. Interpolation Analysis


The spatial aggregation characteristics of Triticeae remains were obtained in the Gansu–Qinghai region by analyzing geographic location data via kernel density analysis. However, this analysis cannot reveal the distribution of Triticeae crops over time. Spatial interpolation in ArcGIS can simulate the predicted values of unknown regions based on the measured values of the sampled points, and has been widely used to analyze environments, soils, and digital surfaces [37,38,39]. In this study, seven interpolation methods (IDW, TSA, OK, EBK, DIB, LPI, and RBF) were used to investigate the characteristics of Triticeae crops in the Gansu–Qinghai region during the Late Neolithic to Bronze Age.



Specifically, to test the application of the above seven methods, we took barley remains from the Gansu–Qinghai region as an example. First, according to the AMS 14C dating results (Supplementary Table S1) of barley remains in the study area, the weight coefficient of the neighborhood cell increased as the age increased and decreased as the age decreased. Then, the distance between known and unknown points was processed with smoothing to assign values to unknown points and obtain the temporal change characteristics of barley remains. Second, we assessed the accuracy of different interpolation methods by calculating the error between the interpolation-predicted values and known values, and used the coefficient of determination (R2) and root mean square error (RMSE) as accuracy indicators. During the evaluation process, the R2 values were compared as a priority; the closer they were to 1, the better the interpolation result. For RMSE, the lower the value, the better the interpolation accuracy.
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Here, n is the number of points, and T(xi) and P(xi) are the real and interpolated predicted ages of xi, respectively. Finally, we chose the most accurate of the seven methods to analyze barley and wheat remains and acquire their characteristics over time.




3.2.3. Surface and Hydrology Analysis


To determine the geographic characteristics of Triticeae crops in the Gansu–Qinghai region, buffer analysis in ArcGIS was used to process the landscape features based on the elevation of Triticeae remains. We also calculated the distance between Triticeae remains and the nearest river. Considering the low probability of diversion of the middle and upper reaches of the ancient Yellow River [40,41], we used the Euclidean distance from sites to present day rivers. DEM data with a resolution of 90 m, the 1:250,000 scale China river classification dataset, and the 1:100,000 scale China lake dataset were extracted from the mirror site conducted and published by the Computer Network Information Center, Chinese Academy of Science (http://www.gscloud.cn, accessed on 22 June 2020), and used for analysis in this study. The longitude and latitude of the archaeological sites were obtained from literature records, references, or replaced by those of the sampling points. The Euclidean distance method was used to calculate the distances between archaeological sites and rivers to determine the shortest distance from the sampling point of each site to the nearest water source. The principle was as follows: assuming that the coordinates of the archaeological site are (x1, y1), the coordinates of the nearest river are (x2, y2) and the shortest distance between the two is    ρ    =      (   x 2  −      x   1   )   2  +    (   y 2  −      y   1   )   2     .






4. Results


4.1. The Morphology and Age of Triticeae Remains in the Gansu–Qinghai Region


Morphological observations were conducted on the charred remains of Triticeae crops obtained from the flotation of the Qijia cultural layer at the Xiasunjiazhai site. According to standard identification characteristics [34], the upper and lower ends of the charred barley grains were relatively symmetrical, the grains were spindle-shaped, and there was an oblong embryo at the bottom on the back of the grain and a relatively flat groin on the ventral surface (Figure 2a). The charred wheat grains were full, the upper end was relatively large and the lower end was small, the embryo on the back was round and located at the bottom of the grain, the side of the embryo was similar in shape to an irregular triangle with square bulges toward the back, and deep ventral grooves were observed on the ventral surface (Figure 2b). The upper and lower ends of the grains of naked barley were relatively symmetrical, the grains were fusiform but rounder than barley grains, and there were obvious dimples at the upper end, oblong embryos at the bottom of the back of the grain, and deep concave ventral cracks on the ventral surface (Figure 2c). The charred Triticeae remains comprised barley (18, 75%), wheat (7, 50%), and naked barley (5, 50%) (Table 1). Furthermore, the remains also included 29 carbonized foxtail millet seeds (Setaria italica, Figure 2d) and 12 carbonized broomcorn millet seeds (Panicum milliaceum, Figure 2e) with 100% ubiquity. There were also non–crop remains, including Panicoideae, Lamiaceae, and Polygonum (Table 1, Figure 2f–i).



The radiocarbon dating results of charred wheat from the Xiasunjiazhai site was 3400 ± 30 cal. a BP (sample number: Beta-464983), and the calibrated age revised by OxCal IntCal20 was 3718–3564 cal. a BP. To ensure the accuracy of the age of Triticeae remains in the Gansu–Qinghai region, all ages were obtained by carbon-14 dating and all materials were either charred wheat or barley. According to the statistical results, 39 archaeological sites in the Gansu–Qinghai region contained barley remains from the Late Neolithic to Bronze Age (Supplementary Table S1), with a calibrated age range of 4086–2305 cal. a BP, whereas 26 contained wheat remains, with a calibrated age range of 3994–2355 cal. a BP (Supplementary Table S1).




4.2. The Spatiotemporal Distribution of Triticeae Remains in the Gansu–Qinghai Region


According to the kernel density analysis, the aggregation areas of barley and wheat in the exhibited substantial overlap, with three primary distribution areas. Hehuang Valley had the densest distribution of barley and wheat, followed by the Hexi Corridor and the Weihe River Basin (Figure 3). Wheat exhibited spatial aggregation greater than barley, with barley predominantly concentrated in the Hehuang Valley. We then analyzed and verified the temporal interpolation of barley remains using seven methods in ArcGIS, as shown in Figure 4. The analysis results indicated that the distribution of barley remains in the Gansu–Qinghai region shifted from northwest to southeast over the study period.



To determine the accuracy of the visualization analysis results, we determined the R2 and RMSE values. Among the seven methods, IDW had the highest R2 (0.978) and smallest RMSE (68.65), followed by RBF (R2 = 0.909; RMSE = 111.24); the R2 values of the other five interpolation methods were all less than 0.4 (Figure 5). Thus, all methods exhibited less than ideal accuracy, with the R2 values decreasing in the following order: IDW > RBF > LPI > EBK > OK > TSA > DIB. In summary, IDW was the best method for visualizing the temporal distribution of barley in the Gansu–Qinghai region, so it was used for the spatial interpolation of radiocarbon dating of sites with barley and wheat. The study period was divided into three major stages and six minor stages according to the results (Figure 6a,b). Triticeae crops in the Gansu–Qinghai region exhibited a southward trajectory over time. At approximately 4000 BP, barley and wheat appeared almost simultaneously in the Hexi Corridor in the eastern Gansu–Qinghai region, which represented the main distribution area at this time. Over time, barley and wheat gradually expanded to the southern and eastern parts of the Gansu–Qinghai region. During 3600–3200 cal. a BP, barley and wheat remains were discovered in most areas of the Gansu–Qinghai region, primarily in the Hehuang Valley and Weihe River Basin. However, more archaeological sites with barley that were less than 3000 BP were observed in the eastern part of Qinghai Province.




4.3. Geographical Characteristics of Sites with Barley and Wheat


Euclidean distance analysis in ArcGIS was used to analyze the correlation between the spatial distribution of sites with barley and wheat in the Gansu–Qinghai region and the locations of the nearest rivers. As shown in Figure 7a, most sites were scattered along the course of rivers, in a linear or forked pattern, and near tributaries or lakes. Early Triticeae remains were primarily distributed around the inner waters of the Hexi Corridor, before spreading to the Yellow River and Huangshui River in eastern Qinghai Province. Late Triticeae were found further south, toward the Weihe River Basin. Sites that were located far from a river, such as the Huidui and Xihuishang sites, were predominantly located on the edge of oases of the seasonal pluvial fan, which were fed by melting ice in the summer and characterized by frequent precipitation. Most archaeological sites (46.2%) were within a 5-km radius of the nearest river (Table 2). The number of sites decreased steadily with distance from the nearest river, and only 5.1% of sites were located over 20 km from the nearest river. According to the spatial distribution of the study sites, most of sites were near the Hehuang Valley, which is the confluence between the Yellow River and the Huangshui River, followed by the Weihe River Basin, which is a tributary of the Yellow River. The average distance between sites with barley and the nearest river was 7.998 km, whereas that for wheat was 7.656 km, indicating a difference of approximately 300 m.



For every 100-m increase in elevation, the temperature decreases by 0.6 °C [42], which affects the accumulated temperature, as well as the growth cycle and distribution of Triticeae crops. As shown in Figure 7b, we extracted the elevation of each site using the latitude and longitude of sites in ArcGIS. Among the 39 sites with barley remains, the highest elevation was 3506 m (Jiaoridang site from the Kayue culture) and the lowest elevation was 1218 m (Ruiji site from the Siwa culture), with an average elevation of 2220.0 m. Most sites had elevations below 3000 m (87.2%) and below 2000 m (41.0%). Among the 26 sites with wheat remains, the highest elevation was 3064 m (Xiariyamakebu site from the Nuomuhong culture) and the lowest elevation was 1218 m (Ruiji site from the Siwa culture), with an average elevation of 2013.3 m. The proportion of sites with elevations below 3000 m and 2000 m was 96.2% and 57.7%, respectively. The average elevation of sites with barley was 2220.0 m, whereas that of sites with wheat was 2013.3 m, indicating a difference of approximately 200 m.



To comprehensively analyze the relationship between the sites with Triticeae remains, site elevation, and distance to the nearest river, we entered these data to the MATLAB software and used a normal fit distribution and p-value test to process the data (Figure 8). There was a non-normal distribution between sites with Triticeae remains and distance from the river (p < 0.05). The distance from the river was predominantly less than 5 km, which was likely related to the water requirements of farming or other daily activities. As shown in Figure 8b, there was a substantial normal distribution between Triticeae remains and elevation (p > 0.05). Triticeae remains were primarily distributed between 1500 m and 3000 m above sea level, and the number of sites decreasing with elevation. In other words, Triticeae remains were not randomly distributed in the study area but were concentrated in intermediate- and low-elevation areas. The main reason for this result may also be related to water resources and other human activities.





5. Discussion


In recent years, abundant remains of Triticeae have been obtained from the Gansu–Qinghai region by flotation [16,20,21,22,23,25], which has greatly enhanced our knowledge of the distribution of Triticeae crops in this region from the Late Neolithic to the Bronze Age.



5.1. Spatial Distribution Characteristics


First, the spatial distribution of the Triticeae remains in the Gansu–Qinghai region revealed that the Hexi Corridor, the Hehuang Valley, and Weihe River Basin were the three main aggregation areas for Triticeae crops. According to the spatial interpolation results of 39 sites with barley and 26 sites with wheat, these crop sites exhibited a similar age and spatial distribution. However, barley remains showed a higher concentration, mainly in the Hehuang Valley. The number of archaeological sites with barley was 1.5 times than that of wheat, with the former exhibiting a wider distribution, even as far as the Tsaidam Basin, which result from the shorter growth cycle and greater environmental tolerance of barley [43].



Second, we compared seven interpolation methods to select the most appropriate method for reflecting the temporal change characteristics of Triticeae remains in the study area. Although our results showed that IDW was the most accurate method, it still exhibited some limitations. For example, the IDW results were overly sensitive to extreme value points, and the bullseye effect was evident in local areas. The other six interpolation methods showed higher smoothness but lower accuracy. In particular, the TSA interpolation results showed apparent striping and distortion. These findings are important for future research on the spatial distribution of Triticeae remains.



According to the age interpolation results of 65 archaeological sites with Triticeae remains in the Gansu–Qinghai region, Triticeae crops first appeared at the Huangniangniangtai site of Qijia culture and the Huoshiliang site of Xichengyi culture in the central Hexi Corridor during the Late Neolithic period, approximately 4000 BP. The subsequent spread of Triticeae crops in the Gansu–Qinghai region differed both temporally and spatially (Figure 6 and Supplementary Table S1). During 4000–3600 cal. a BP, nine archaeological sites contained Triticeae. Except for the Gongshijia and Xiasunjiazhai sites of Qijia culture, these sites were all distributed in the narrow strip of the Hexi Corridor. During 3600–3200 cal. a BP, of the 11 archaeological sites with Triticeae remains, eight sites were in the Hehuang Valley and three sites were in the Qinghai Lake or the Tsaidam Basin. During 3200–2300 cal. a BP, Triticeae remains were unearthed from 19 archaeological sites, including one site in the Hexi Corridor, 13 sites in Hehuang Valley, and 5 sites in the Weihe River Basin in the southernmost Gansu–Qinghai region. Furthermore, Triticeae remains dating back to 5200 and 4011 cal. a BP were discovered at the Tongtiandong site and the Xiaohe cemetery in Xinjiang Province, which lie to the north of the Gansu–Qinghai region [11,44], implying that the Hexi Corridor was likely the first area with Triticeae crops in the Gansu–Qinghai region, with Hehuang Valley and the Weihe River Basin also serving as major channels for their subsequent dispersal. In addition, during 4000–3600 cal. a BP, ancient settlers in the Hehuang Valley still predominantly consumed C4 crops including foxtail millet (Setaria italica) and broomcorn millet (Panicum milliaceum), with zero or rare consumption of C3 crops. After 3600 cal. a BP, the bone isotope in the Hehuang Valley showed a mixed signal of C3/C4, indicating that ancient people consumed Triticeae crops [45]. Notably, the Hexi Corridor, Hehuang Valley, and Weihe River Basin are still modern agricultural areas that supply essential food crops for human consumption in the Gansu–Qinghai region.



According to the spatial distribution characteristics of Triticeae crops and the development of local archaeological culture, the spatiotemporal evolution of Triticeae crops in the Gansu–Qinghai region was divided into three phases (4000–3600, 3600–3200, and 3200–2300 cal. a BP) and concentrated in the Hexi Corridor, Hehuang Valley, and Weihe River Basin, which are relatively suitable for agriculture. Moreover, wheat rachilla has been recovered from the Xichengyi, Shuangerdongping, and Lakashewan sites in the Gansu–Qinghai region [21,46], and its emergence was accompanied by a reduced proportion of weeds [5]. This evidence suggests that ancient humans in the Gansu–Qinghai region cultivated Triticeae crops and used field weed management practices, rather than simple commerce.



In summary, according to the spatial distribution characteristics of the barley and wheat remains, the earliest Triticeae crops recovered from the study area appeared as early as 4000 cal. a BP. The geographical expansion of these crops varied both spatially and temporally and was strongly related to the Hexi Corridor, Hehuang Valley, and Weihe River Basin. However, the results of this part only show the spatiotemporal distribution of barley and wheat in the Gansu-Qinghai region, but the geographical reasons for this phenomenon are unclear.




5.2. Influence of Geographical Factors


Regarding the geographical factors affecting Triticeae crop distribution, barley and wheat remains were found near rivers, with an average distance of approximately 8.0 km from the nearest river, which could be related to the large water requirements during the growth cycle of Triticeae crops. The growth cycle of barley and wheat can be divided into tillering, elongation, heading, and maturation stages [47,48,49], with the elongation and heading stages representing growth peaks with the highest water consumption [50]. Modern agricultural research shows that irrigation is a key requirement for the cultivation of Triticeae crops in the arid climate of the Gansu–Qinghai region [51,52]. Similarly, our previous research [53] showed that normal cultivation required artificial irrigation of prehistoric sites at around 4000 cal. a BP in the Gansu–Qinghai region, when the annual precipitation was less than 400 mm. Because the average annual precipitation in most areas of the study area is less than 400 mm, the need for frequent irrigation during Triticeae crop cultivation was likely the primary reason for the distribution of Triticeae sites along rivers. Moreover, wheat has an environmental tolerance lower than barley [43], which could explain why wheat was typically found closer to rivers.



The elevation of the sites affects the temperature, which influences the suitability of Triticeae crops. According to our statistical analysis, Triticeae remains in the Gansu–Qinghai region were mostly distributed below 3000 m above sea level, where the terrain slopes gently and is ideal for living and farming. As the elevation increased, the number of sites decreased. Figure 9 shows the elevation of the sites according to their radiocarbon age. The elevation of sites with Triticeae gradually decreased over time, indicating that Triticeae crops expanded into warmer, lower elevation areas over time.



In addition, accumulated temperature is an important factor that affects the growth cycle and the distribution range of crops. Because the accumulated temperature decreases with increasing elevation, the distribution of Triticeae crops was limited at various elevations. The Triticeae remains in this study date from 4000 to 2300 cal. a BP; however, it is difficult to determine the temperature fluctuations in different parts of the study area over the last 4000 years. According to climate reconstruction data for the Delingha area of the eastern Qinghai–Tibet Plateau [54], the temperature was similar between 3700–2300 cal. a BP and 1900–2000 AD. According to Climate Research Unit time-series (CRU TS) data (Version 4.05) from the School of Environmental Sciences, University of East Anglia, United Kingdom (https://catalogue.ceda.ac.uk/uuid/c26a65020a5e4b80b20018f148556681, accessed on 2 July 2021), we calculated the mean temperature for 1900–2000 AD in the Gansu–Qinghai region. Subsequently, the mean temperature was used to assess the interpolation values between the ancient accumulated temperature and Triticeae remains. Because of the difficulty in analyzing the entire raster layer, a random scatter function in ArcGIS was used to investigate the relationship between elevation, temperature, and AMS 14C ages of sites with Triticeae remains. In total, 64 points were selected throughout the Gansu–Qinghai region (Figure 10), and their temperatures and elevations were extracted from CRU TS data and mirror sites published by the Computer Network Information Center, Chinese Academy of Science, respectively. These data were then analyzed by MATLAB with chronological interpolation of the sites with barley and wheat (Figure 6).



The results in Figure 11a,b indicate that there was a general negative correlation between temperature and elevation, with the temperature decreasing as elevation increases, which would have affected the suitability of Triticeae crops. The higher the elevation, the later Triticeae remained (Figure 11c), indicating that Triticeae crops spread along areas of lower elevations and higher temperature over time. The regression analysis between the temperature and the radiocarbon age of Triticeae remains revealed a negative correlation (Figure 11d), indicating that Triticeae appeared later as the temperature increased. Although only 64 random points were chosen for this study, the results of the analysis also demonstrated that elevation and temperature both affect the temporal distribution of Triticeae crops in this region. However, barley and wheat have different response mechanisms to accumulated temperature. Agronomic studies have shown that barley has a shorter growth cycle and stronger environmental tolerance than wheat [55]. The Photoperiod-H1 (Ppd-H1) gene involved in flowering time was identified for the first time by Turner et al. [56]. Mutations in the Ppd-H1 gene lead to the closure of the photoperiodic response of barley, so that barley can grow in various seasonal patterns and adapt to the cold climate at extreme latitudes and high elevations [56,57,58]. Tolerance and gene mutation during barley domestication may be the major reasons why barley remains had a higher and wider distribution than wheat remains in the Gansu–Qinghai region from the Late Neolithic to the Bronze Age.



In summary, according to the geographical factors of the barley and wheat remains, the distribution and spread of the Triticeae remains in the Gansu–Qinghai region was probably influenced by the location of the nearest river, the accumulated temperature, and regional climatic change. Furthermore, compared to wheat, barley had a wider distribution area due to the better environmental tolerance.





6. Conclusions


From the Late Neolithic to the Bronze Age, cultural interactions were frequent in the Gansu–Qinghai region. Because of cultural collision, exchange, and integration, barley and wheat originating from western Asia entered and spread gradually throughout this region. In this study, 65 sites with charred barley and wheat remains were studied to explore the spatiotemporal distribution of Triticeae crops and the geographic factors controlling their distribution in the Gansu–Qinghai region. According to our results and previous archaeological data, we demonstrate that: (1) from the Late Neolithic Age to the Bronze Age, Triticeae remains unearthed in the Gansu–Qinghai region showed temporal and spatial variations. The spatiotemporal evolution of Triticeae crops can be divided into three phases: primarily in the Hexi Corridor from 4000 to 3600 cal. a BP, primarily in Hehuang Valley and Qinghai Lake from 3600 to 3200 cal. a BP, and primarily in the Hehuang Valley and the Weihe River Basin from 3200 to 2300 cal. a BP. (2) The distribution and spread of Triticeae remains in the Gansu–Qinghai region was likely influenced by the location of the nearest river, the accumulated temperature, and regional climatic change. This study provides insights into the agricultural activities, social structure, cultural communication, and socioeconomic factors related to prehistoric Triticeae crops in the Gansu–Qinghai region of northwest China.
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Figure 1. Map of the study area showing the location of archaeological sites with barley and wheat in the Gansu–Qinghai region, northwest China. 1. Huoshiliang; 2. Huangniangniangtai; 3. Gongshijia; 4. Ganggangwa; 5. Donghuishan; 6. Jinchankou; 7. Shaguoliang; 8. Xiasunjiazhai; 9. Xichengyi; 10. Xihuishan; 11. Lijiaping; 12. Jiaoridang; 13. Talitalihasi; 14. Xiariyamakebu; 15. Luowalinchang; 16. Qiezha; 17. Huidui; 18. Lagalawaerma; 19. Shuangerdongping; 20. Lakashishuwan; 21. Tuanjie; 22. Erfang; 23. Weijiabao; 24. Wenjia; 25. Yaoshang; 26. Bayan; 27. Shangcaodalianhuxi; 28. Longshan; 29. Longxixihetan; 30. Yingpandi; 31. Xiawatai; 32. Lalongwa; 33. Lamuzui; 34. Qinjiaping; 35. Huoshaogou; 36. Yangou; 37. Ruji; 38. Laoyeshan; 39. Shawuang. 
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Figure 2. Photographs of plant macro–remains from Xiasunjiazhai site. (a) Barley (Hordeum vulgare) (b) Wheat (Triticum aestivum) (c) Naked barley (Hordeum vulgare var. Nudum) (d) Foxtail millet (Setaria italica) (e) Broomcorn millet (Panicum miliaceum) (f) Panicoideae (g) Kochia (Kochia scoparia) (h) Lamiaceae (i) Polygonum. (a–c) the ventral side, lateral side, backside and apex of wheat, barley and naked barley from left to right. (d–h) the ventral side and backside of foxtail millet, broomcorn millet, Panicoideae, Kochia and Lamiaceae from left to right. 
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Figure 3. Kernel density analysis of sites with (a) wheat and (b) barley in the Gansu–Qinghai region. The gray part of the map indicates there were no sites with wheat or barley in this region. The blue part of the map indicates sparse sites with wheat or barley were gathering in this region. The brown part of the map indicates plentiful sites with wheat or barley were gathering in this region. 
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Figure 4. Temporal interpolation results of sites with barley in the Gansu–Qinghai region based on seven interpolation methods. 
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Figure 5. Comparison of the temporal interpolation accuracy of seven interpolation methods for sites with barley in the Gansu–Qinghai region. 
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Figure 6. Spatiotemporal distribution of sites with (a) barley and (b) wheat in the Gansu–Qinghai region. 
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Figure 7. (a) Distance from nearest river and (b) elevation of sites with barley and wheat in the Gansu–Qinghai region. 
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Figure 8. The normal distribution fitted plot for the relationship between the sites with Triticeae remains in the Gansu–Qinghai region and (a) the distance from the nearest river (p = 0.003, <0.05); (b) the elevation (p = 0.429, >0.05). 
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Figure 9. Scatter plot of the elevation and radiocarbon age of Triticeae remains in the Gansu–Qinghai region. The red arrow indicates the elevation of the sites with wheat or barley decreased gradually as time goes on in this region. 






Figure 9. Scatter plot of the elevation and radiocarbon age of Triticeae remains in the Gansu–Qinghai region. The red arrow indicates the elevation of the sites with wheat or barley decreased gradually as time goes on in this region.



[image: Sustainability 14 05417 g009]







[image: Sustainability 14 05417 g010 550] 





Figure 10. Random points (n = 64) in the Gansu–Qinghai region. 
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Figure 11. (a) Regional temperature, (b) regional elevation, and (c) radiocarbon age of sites with barley and wheat recovered from chronological interpolation in this study, (d) regression analysis of radiocarbon age and temperature. 
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Table 1. Identification results of plant macro-remains from Xiasunjiazhai site.
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Sample No.

	
Depth (m)

	
Soil Volume (L)

	
Foxtail Millet

	
Broomcorn Millet

	
Wheat

	
Barley

	
Naked Barley

	
Triticeae Fragments

	
Panicoideae

	
Lamiaceae

	
Kochia

	
Polygonum

	
Unidentifiable

	
Unknown

	
Sum






	
XSJZ①

	
0.95–1.10

	
12

	
16

	
2

	
1

	
0

	
2

	
2

	
28

	
1

	
0

	
4

	
19

	
16

	
91




	
XSJZ②

	
1.45–1.60

	
10

	
4

	
2

	
0

	
0

	
0

	
0

	
9

	
0

	
0

	
1

	
4

	
0

	
20




	
XSJZ③

	
2.70–2.90

	
11

	
3

	
3

	
4

	
17

	
3

	
21

	
15

	
1

	
0

	
0

	
19

	
0

	
86




	
XSJZ④

	
3.60–4.30

	
11

	
6

	
5

	
2

	
1

	
0

	
2

	
20

	
0

	
1

	
5

	
10

	
0

	
52




	
Sum

	
44

	
29

	
12

	
7

	
18

	
5

	
25

	
72

	
2

	
1

	
10

	
52

	
16

	
249








Note: ‘Triticeae fragments’ refer to parts of barley, wheat, or naked barley that cannot be more accurately identified because of their poor state of preservation. ‘Unidentifiable’ remains included less than half of the section or were highly broken; thus, the species could not be identified. ‘Unknown’ remains were well preserved but the species has not yet been identified.
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Table 2. Distance from river for sites with barley and wheat in the Gansu–Qinghai region.






Table 2. Distance from river for sites with barley and wheat in the Gansu–Qinghai region.





	Distance (km)
	Site Number
	Proportion (%)





	0–1
	6
	15.4



	1–3
	9
	23.1



	3–5
	3
	7.7



	5–10
	6
	15.4



	10–15
	6
	15.4



	15–20
	7
	17.9



	>20
	2
	5.1
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