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Abstract

:

Arid central Asia (ACA) is dominated by mid-latitude westerlies and characterized by a climate optimum (a relatively humid climate that has supported the development of human culture) in clear contrast with the climate of monsoonal Asia during the Holocene. Significantly, whether the onset of the Holocene Climate Optimum (HCO) had an impact on cultural exchanges along the ancient Silk Road remains unknown. In this study, we compared the onset of the HCO in different parts of the vast ACA region by referring to a variety of previously established paleo-moisture/precipitation records. Intriguingly, we found significant differences in the onset of the HCO between the western and eastern parts of ACA. The onset of the HCO in the western part of ACA (i.e., to the west of the Tianshan Mountains) mainly occurred at ~8 ka BP (1 ka = 1000 cal yr BP). In contrast, the onset of the HCO occurred at ~6 ka in northern Xinjiang and even as late as ~5 ka in southern Xinjiang; this is a delay of 2–3 thousand years compared with the western part of ACA. These results likely indicate that the onset of the HCO occurred in a time-transgressive manner in ACA, namely, ‘early in the west but late in the east’. On the other hand, we found that the onset of the HCO in the western part of ACA may have resulted in the inception of wheat planting and the development of agricultural civilization and that the onset of the HCO in northern Xinjiang may have prompted the southward migration of Afanasievo culture after ~5 ka. Additionally, the initiation of the HCO in southern Xinjiang could provide an environmental basis for the spread and planting of wheat and millet in this area after ~4.5 ka. We speculate that the spatial differences in the onset of the HCO in ACA are mainly related to temporal changes in the intensity and position of the mid-latitude westerly jet. Although the increase in insolation and reduction in the global ice volume would have led to an increase in the water vapor feeding the western part of ACA around 8 ka, the climate in the eastern part of ACA (namely, the Xinjiang region) could have only become humid after 6 ka when the westerlies were intensified and became positioned in the south. Moreover, the delayed HCO in southern Xinjiang probably benefited from the stronger westerly winds that appeared around 5 ka, which could have overcome the influence of the tall topography of the Tianshan Mountains. Therefore, in addition to external forcing (i.e., insolation), the ocean–atmospheric teleconnection, the regional topography, and their connection to the climate system are important in determining the spatial differences in the time-transgressive onset of the HCO in ACA. Our findings contribute to understanding the spatio-temporal characteristics of the hydroclimate in regions with complex eco-environmental systems and a diverse history of human activity.
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1. Introduction


The Holocene (since ~11,700 yr BP) is a geological epoch that has seen the rapid development and prosperity of human civilization [1,2,3]. Previous studies have shown that the global or hemispheric temperature changes that have occurred since the Holocene are partly significant [4,5,6,7,8,9,10], but there are significant differences in the evolution patterns of humidity and precipitation in different regions, e.g., Europe [11], Africa [12], America [13], and Asia [14,15,16,17]. Generally, the Holocene has been characterized by a relatively warm and humid period, which is referred to as the Holocene Climate Optimum (HCO). During this period, the humidity/precipitation increased, and the climate was relatively stable, thus providing the basis for the rise and development of ancient cultures and civilizations [18,19,20,21]. Therefore, clarifying the onset and potential spatial differences in the HCO is essential for understanding the role of climate in the succession of human cultures and civilizations. Since the Holocene, it is possible that temperature changes have held a supra-regional pattern, but this continues to be intensely debated [22,23,24]; we prefer to discuss the onset and duration of the HCO from the perspective of humidity/precipitation evolution.



Mid-latitude arid central Asia (ACA) mainly includes the northeast of Iran, the five Central Asian countries, and the northwest of China. It is the largest non-zonal arid area in the world, possesses large areas of deserts, mountains, and a small number of oases, and has a fragile eco-environment system. Meanwhile, ACA also encompasses the main routes of the Silk Road, a passage that enables cultural exchange between the East and the West. The trade and cultural exchange that has materialized along the Silk Road not only reached unprecedented prosperity in modern times, but it also flourished several thousand years ago. The onset of the HCO in the ACA region remains an important topic of interest, as many studies have suggested that the climate evolution that occurred in the Holocene in ACA is remarkably inconsistent with that of monsoonal Asia [25,26,27]. It has been demonstrated that the ACA region was broadly characterized by a dry climate in the early Holocene, but it has been characterized by a wet climate since the mid-late Holocene [17,25,28]; however, the onset of the HCO in different parts of the ACA region has not been thoroughly addressed in previous studies. This is because ACA is a relatively broad region and is composed of different geomorphic units (basins, mountains, etc.), which lead to spatial differences in the hydroclimate changes that occur within this vast region. Furthermore, some studies have shown that cultural exchanges in ACA are characterized by evidently different stages [29,30], which may correspond to the stages of changes in the hydroclimate. Therefore, it is important to determine whether there are spatial differences in the onset of the HCO in the ACA region in order to establish the relationship between climate change and trans-Eurasian cultural exchange.



By referring to a variety of high-quality paleoclimate records that have been collected by scholars from lakes, loess sections, and cave stalagmites in recent years, we attempt to deepen our understanding of the pattern of evolution in the climate of the Holocene in the ACA region with regard to the spatial difference in the onset of the HCO. In total, we collected 37 records that were reconstructed from the study area; of these, 10 high-quality records were used to characterize the onset of the HCO. The spatial differences in the onset of the HCO were clearly observed, and its association with cultural exchange was further explored. We also explored the possible forcing mechanism that is responsible for the spatial asynchrony of the humid climate in different parts of the ACA region. Our findings can be used to understand the potential role of the regional climate in regulating cultural exchange along the ancient Silk Road, which could provide a reference for the adaptation of human strategies to future environmental changes.




2. Date and Methods


2.1. Study Area


ACA is located in the inland of the Eurasian continent, spanning approximately between 34.33°–55.45° N and 46.49°–107.29° E. It includes northeastern Iran, Kazakhstan, Uzbekistan, Turkmenistan, Kyrgyzstan, Tajikistan, and China’s Xinjiang Uygur Autonomous Region. With an average elevation of about 1000 m, the terrain gradually slopes higher in the southeast and lower in the northwest. The landscape is predominantly characterized by mountains and basins. Notably, basins are primarily distributed in the northwest of China, including the Tarim Basin and the Junggar Basin. Correspondingly, tall mountains and plateaus lie in the middle of the ACA, including the Tianshan Mountains and the Pamirs. These characteristics eventually constitute the unique topography of ACA.



Due to its special geographical location and complex terrain, the area is limited in its exposure to maritime airflow, further obstructed by the surrounding high mountain ranges, making it difficult for maritime airflow to penetrate. As a result, precipitation is relatively low [31]. Generally, the water vapor feeding this region is transported by the mid-latitude westerly jet from the North Atlantic Ocean, the Mediterranean Sea, and the Caspian Sea [32]. However, due to topographic barriers and airflow uplift, precipitation is predominantly concentrated in mountainous areas, with basins and plains receiving scant rainfall. The average annual precipitation across the entire region is less than 150 mm, with significant spatial disparities [33], exhibiting pronounced characteristics of temperate and continental climates [34].




2.2. Collection of Paleoclimatic Records


In recent years, researchers have established many paleoclimatic records in ACA using various geological documents, including those relating to lake sediments, loess–paleosol sections, peatbogs, and cave stalagmites. For instance, Chen et al. presented a compilation of 36 records regarding the moisture evolution during the Holocene in ACA that are supported by reliable chronologies, revealing an overall long-term trend of wetting (31 out of 36 records) during the Holocene [35]. In addition to Chen’s compilation dataset, we added a newly published quantitative reconstruction of regional precipitation (Pann) using pollen records from Tolbo Lake in the Mongolian Altai Mountains to further support our research [36]. Therefore, in this study, we can reliably investigate the onset of the HCO in the ACA region based on the 37 records primarily collected. High-quality paleoclimatic records were selected using the following criteria: (1) Firstly, the proxies had to be unambiguous indicators of changes in precipitation/moisture; otherwise, they were excluded. (2) The age control of the record had to be reliable, and the selected proxy records needed an average of at least one date per 1 kyr. (3) The duration of the record needed to be a minimum of two-thirds the length of the Holocene epoch. Ten proxy records met these criteria, and detailed information about them is presented in Table 1 and Figure 1. Meanwhile, it is worth noting that there are few studies that focus on the central part of ACA, which may have increased uncertainty regarding the evolution of the Holocene climate in this area.




2.3. Interpretations of Paleoclimatic Proxies


2.3.1. Lake Sediments (Mainly Pollen and Quantitatively Reconstructed Precipitation)


Pollen records from lake sediments are widely used to reconstruct vegetation and climate history, especially those verified by modern datasets to quantitatively reconstruct paleo-rainfall changes [16,36]. The climate characteristics of a region can determine the main types of vegetation to a certain extent. Therefore, the growth, development, prosperity, and decline in plants are closely related to the climate characteristics of the region [44,45]. For example, a warm and humid climate is conducive to the growth of palm trees and tropical rainforests, while a cold and dry climate is suitable for grasslands and coniferous forests [46]. Consequently, by comparing the distribution of spores and pollen types at different times and locations, the climate conditions of a region during different periods, such as humidity and precipitation, can be inferred.




2.3.2. Loess–Paleosoal Sections


Loess is a widely distributed sediment known for its good continuity, rapid deposition rate, and rich environmental information, making it an excellent carrier for recording Quaternary environments. In this study, proxies including δ13Corg, lightness (L*), and χfd from loess sections were used to reflect changes in paleo-moisture/precipitation. First, overlying vegetation is the main source of soil organic matter, so δ13Corg values largely depend on the overlying vegetation [47]. In dry conditions, C3 plants partially close their stomata, resulting in decreased stomatal conductance, increased CO2 concentration gradient inside and outside leaf cells, decreased Ci/Ca, and ultimately an increase in δ13Corg, and vice versa [48]. Therefore, in ecosystems dominated by C3 plants, δ13Corg values are negatively correlated with precipitation [49,50]. Second, lightness (L*) is closely related to the concentration of organic matter, mainly because soil organic matter is the primary factor causing the darkening of color [51]. In general, the smaller the organic matter content, the larger the L* value, indicating a drier climate [52]. Third, magnetic susceptibility is often used to represent the concentration of magnetic minerals in loess sediments, with χfd used to assess the contribution of superparamagnetic (SP) particles. Previous studies show that during loess deposition periods, weak pedogenesis leads to fewer magnetic particles, resulting in low magnetic susceptibility, whereas during the development of paleosols, strong pedogenesis leads to more superparamagnetic particles, resulting in high magnetic susceptibility [53,54]. Therefore, under humid climate conditions, strong pedogenesis leads to an increase in χfd values, whereas under arid climate conditions, weak pedogenesis leads to a decrease in χfd values. Furthermore, sedimentary facies of sedimentary profiles can also reflect regional paleoclimate changes. Sedimentary facies represent the material manifestation of sedimentary environments, with different sedimentary environments forming distinct sedimentary facies. Therefore, based on sedimentary facies characteristics such as bedding, structure, grain size, and color, the environmental conditions of the sediment at that time can be inferred [55]. For instance, river deposits typically exhibit horizontal bedding and coarse grain size, while sandy sedimentation presents a rough surface with possible wind erosion features [43]. Hence, sedimentary facies of sediment profiles can serve as another indicator of paleoclimate.




2.3.3. Speleothems


Cave stalagmites, as carriers for paleoclimate research, possess key advantages such as precise dating, high resolution, and wide distribution, making them the fourth pillar of paleoclimate research [39,56]. Modern observations and laboratory simulations indicate that the variation in trace elements (Sr/Ca) in stalagmites is primarily controlled by prior calcite precipitation (PCP) and water–rock interactions (WRIs) [57,58]. Specifically, under drier conditions, reduced recharge of the karst aquifer leads to intensified degassing of carbon dioxide from water into surface karst voids, as well as water infiltration into caves, resulting in a gradual enrichment in Sr relative to Ca in percolating water. Subsequently, this enrichment is reflected in stalagmites, leading to an increase in Sr/Ca ratios. In contrast, under wetter conditions, PCP is less pronounced, leading to a relatively lower Sr concentration in percolating water compared with Ca [59]. Consequently, we use trace elemental ratios (i.e., Sr/Ca) as reliable indicators of precipitation changes around the cave sites in this study.






3. Results and Discussion


3.1. The Spatial Difference in the Onsets of HCOs in ACA


There are significant differences in the onset of the HCO in ACA, as shown by the nine paleo-moisture/precipitation records (Figure 2). According to these records, ACA can be divided into three regions as follows: the western part of ACA (west of the Tianshan Mountains), northern Xinjiang, and southern Xinjiang, which is characterized by inconsistency in the onset of the HCO.



Firstly, the Caspian Sea pollen record in the western part of the ACA shows that the area was dominated by desert vegetation and that the climate was dry before 8 ka; meanwhile, after 8 ka, the number of trees gradually increased, and the climate began to become significantly more wet [37] (Figure 2a). Similarly, the stalagmite Sr/Ca ratio observed in the Ton cave in Uzbekistan shows notably high values before 8 ka [39] (Figure 2c). In general, the stalagmite Sr/Ca ratio has been regarded as a reliable indicator of regional changes in the precipitation/moisture at various timescales [28,39,60], with lower ratios reflecting a relatively elevated level of humidity around the cave site. Therefore, it can be seen that the onset of the HCO in the western ACA may have occurred at ~8 ka. In addition, two loess section records from the same area also support this proposed time point. The magnetic parameters of the YE profile in northeastern Iran showed low values at 10~8 ka, indicating that the climate was dry at this stage, the soil formation was weak, and no paleosol was formed [38] (Figure 2b). However, the magnetic parameters continue to increase after 8 ka. This is because, when the climate becomes humid, the soil formation is intensified, and secondary fine-grained magnetite minerals are formed during the development of paleosols, resulting in an increase in the magnetic parameters [53,54]. During the same period, the brightness index of the BSK profile was also low [40] (Figure 2d), indicating that the organic matter content and level of precipitation during this period were higher. Furthermore, the pollen record of Lake Van in the western Caspian Sea also supports this conclusion; this suggests that, after 8.2 ka, the effective water content in this area increased significantly and the deciduous oak forest expanded significantly [61]. The above-mentioned results indicate that the moisture/precipitation in the western part of ACA significantly increased around 8 ka, which demonstrates the onset of the HCO at around 8 ka.



Secondly, the onset of the HCO in Xinjiang is clearly later than that in the western part of ACA, and the area can be divided into two parts as follows: northern and southern Xinjiang. The value of the stalagmite Sr/Ca ratio of the Kesang cave in northern Xinjiang was high at 10–6 ka and began to decrease gradually after 6 ka [39] (Figure 2f), indicating that the climate in this area became wetter after 6 ka. Similarly, Wang et al. used the regional average method to reconstruct a synthesized humidity index to be applied to the lakes in northern Xinjiang [41]; the index was remarkably low during 10–6 ka, while it increased significantly after 6 ka (Figure 2g). In addition, the carbon isotope of organic matter and reconstructed precipitation in the LJW10 section in northern Xinjiang shows the time node at which the climate becomes wetter [42,62] (Figure 2h); this is consistent with the stalagmite Sr/Ca ratio and the synthesized humidity index. Lastly, the pollen-based quantitative annual precipitation reconstruction (Pann) record from Tolbo Lake in the Mongolian Altai Mountains also supports this conclusion, which demonstrates the expansion of forest vegetation and high and stable Pann after 6 ka [36]. These characteristics indicate that the onset of the HCO in northern Xinjiang occurred at 6 ka.



Thirdly, the stalagmite Sr/Ca ratio of the Baluk cave in southern Xinjiang was high during 10–5 ka, which suggests that there was a relatively dry climate before 5 ka and a humid climate afterward [28] (Figure 2i). In addition, the sedimentary facies and paleoenvironmental proxies of the nine sedimentary strata in the Taklimakan Desert in southern Xinjiang indicate that they experienced rivers, lakes, and still waters during 5–2 ka [43] (Figure 2j); this indicates that the climate of the southern Xinjiang region changed from dry to humid at ~5 ka. Therefore, it is likely that the onset of the HCO in southern Xinjiang occurred at 5 ka, which is ~1 ka later than in northern Xinjiang and ~3 ka later than in the western part of ACA.



In summary, there are significant differences in the onset of the HCO between the western and eastern parts of ACA. Specifically, the onset of the HCO in the western part of ACA (i.e., to the west of the Tianshan Mountains) mainly occurred at ~8 ka. In contrast, the HCO occurred at about 6 ka in northern Xinjiang and even as late as ~5 ka in southern Xinjiang; this is a delay of 2–3 thousand years compared with the western part of ACA. These results likely indicate that the onset of the HCO occurred in a time-transgressive manner in ACA, namely, ‘early in the west but late in the east’.




3.2. The Impact of the Time-Transgressive Onset of the HCO on Cultural Exchange


The Silk Road originally referred to a trade channel that spanned from Chang’an in the east to Central Asia, Iran, and other countries in the west, and finally, to Rome. It greatly promoted trade and cultural exchange between the East and the West and promoted the diversified development of Eastern and Western civilizations. However, before the birth of the Silk Road, various routes that promoted the exchange of prehistoric civilizations already existed [1,2,63,64], these are commonly known as the ancient Silk Road. Along these prehistoric paths, crops such as wheat that originated in the West were spread eastward, and crops such as millet that originated in the East were spread westward [29,65,66]. According to the existing archaeological records, wheat and millet were domesticated at about 10 ka in the Crescent Valley of Western Asia and the Yellow River Basin of Eastern Asia, where they began to be planted as a crop [67,68]. Since then, they have spread in opposite directions. According to their possible routes of propagation and frequency of occurrence in the ACA region (Figure 3), they can be roughly divided into two stages as follows: the spread of wheat was mainly limited to the west of ACA, while the spread of millet was mainly limited to the west of the Chinese Loess Plateau and the Hexi Corridor before 4.5 ka [69,70,71].



In contrast, the spread of wheat and millet to southern Xinjiang and the frequency of their occurrence increased significantly after 4.5 ka [71,72]. Although wheat was found to have existed in Tongtiandong in northern Xinjiang at around 5 ka [73], it is often considered to have reached northern Xinjiang via the Eurasian Steppe Road [74,75,76]. In the above process, wheat was confined to the west of ACA before 4.5 ka, which may be related to the humid environment in the area. More specifically, wheat spread to the eastern Caspian Sea at 7.5 ka [77] and to the western end of the Tianshan Mountains in Tajikistan at around 6 ka, to where it was confined for a long time [78]. This may be because the onset of the HCO in the western part of ACA occurred at 8 ka. After this, the precipitation increased, the amount of river water increased, and an earlier humid environment formed; this, in turn, provided the water required for wheat growth and suitable climatic conditions. During this period, the climate in Xinjiang was relatively arid, and it was not suitable for wheat planting. At the same time, the western region of ACA gradually transitioned from a hunting and gathering society to a farming society after entering the Neolithic Age [79]. During this period, agricultural civilizations, represented by the Dzheytun culture (8–6.2 ka) and Anau culture (6.2–5.5 ka), appeared successively [80]. Wheat has been found in the remains of both cultures, with agriculture being the main mode of production [77,79]. Therefore, the humid environment of ACA may have also played a crucial role in the birth and development of ACA’s early agricultural culture.



Subsequently, the onset of the HCO in southern Xinjiang may have played an important role in the spread and cultivation of wheat and millet in the region after 4.5 ka. According to previous research, the human migration and cultural exchange of ACA often occurred along the piedmont oasis [65,81,82,83]. Southern Xinjiang is primarily characterized by the Taklamakan Desert and numerous piedmont oases. After the onset of the HCO in this region at 5 ka, precipitation increased, and the climate became humid. This humid environment enabled the piedmont oases to continue to develop and extend, further expanding the scope of human activities and providing a basis for human migration. At the same time, the humid climate also provided suitable environmental conditions for crop planting. Therefore, wheat and millet spread to Xinjiang after 4.5 ka as human migration increased and the climate became suitable for planting.



In addition, a recent study revealed that the genomic data obtained from human remains in the Junggar Basin indicate that the ancestors of the region came from the Afanasievo culture population [84]. The Afanasievo culture was mainly distributed in the south-central part of Siberia and the Minusinsk Basin, with animal husbandry being its main mode of production. It spread southward to the Jungar Basin at around 5 ka, and there remains controversy over whether it continued to migrate southward to the Tarim Basin [84,85,86]. In this process, the onset of the HCO at 6 ka in northern Xinjiang may have promoted the southward migration of the Afanasievo culture. Northern Xinjiang is mainly composed of the Junggar Basin and the surrounding grasslands. The climate of this area gradually became humid after 6 ka, and the area and scope of the grasslands increased significantly after about 1 ka of development. Superior animal husbandry conditions may have attracted the Afanasievo population, prompting the Afanasievo population to start migrating to the south. The arrival of the Afanasievo population, which would have brought Indo-European languages and animal husbandry into the region, could be regarded as the beginning of China’s practice of animal husbandry.
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Figure 3. The relics of wheat and millet and the earliest time at which they appeared in the study area. 1. Jeitun (8.5~7.5 ka) [77]; 2. Anau (6.5~5 ka) [2]; 3. Sarazm (6.5~5 ka) [87]; 4. Begash (4.5~4 ka) [88]; 5. Tasbas (5~4.5 ka) [89]; 6. Xintala (4~3.5 ka) [90]; 7. Xiaohe cemetery (4~3.5 ka) [91]; 8. Gumugou cemetery (4~3.5 ka) [92]; 9. Dadiwan (4.5~4 ka) [93]; and 10. Mozuizi (8~4.5 ka) [69]. The yellow arrow indicates the possible propagation path of wheat. The orange arrow indicates the possible propagation path of millet, and the blue arrows indicate the direction of cultural migration. The question marks mean that the migration of wheat in this region is uncertain. 
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3.3. The Forcing Mechanism of the Time-Transgressive Onset of the HCO in ACA


The time-transgressive onset of the HCO in ACA could be attributed to the mechanism via which the water vapor carried by the mid-latitude westerly circulation is distributed. Specifically, this can be discussed from three aspects. First, on the orbital scale, the precipitation in ACA during the Holocene is mainly affected by the intensity of solar radiation. Since the mid-Holocene (approximately 8 ka), the solar radiation observed during winter has increased (Figure 4a); this has led to an increase in the evaporation of the Caspian Sea, the Mediterranean Sea, and the North Atlantic, which are the main sources of the water vapor transported by the westerly circulation [42]. In addition, the increase in insolation in the winter and the strong summer insolation that occurred during the early Holocene prompted the retreat of the Northern Hemisphere ice sheet, which increased the meltwater injected into the Pacific Ocean [94]. As a result, the westerly circulation carries more water vapor, which further increases the moisture/precipitation in the areas controlled by the westerly circulation; this has formed a large pattern of continuous wetting in ACA since the mid-Holocene. Second, on the suborbital scale, the moisture/precipitation of ACA is also regulated by the internal air–sea systems of the earth, such as the North Atlantic Oscillation (NAO) and circumglobal teleconnection (CGT) [42,95]. When the NAO is in the positive phase, the westerly circulation moves northward; otherwise, it moves southward. When the CGT changes from the positive phase to the negative phase, the evaporation of the Indian Ocean is strengthened, and the excess water vapor reaches Xinjiang along the northeast of the Qinghai–Tibet Plateau; this increases precipitation in the region [96,97]. Moreover, the North Sea Caspian Pattern (NCP) and the Indian Ocean Dipole (IOD) may also have an impact on precipitation in ACA. Specifically, when the NCP is in its positive (negative) phase, it may lead to increased northward (southward) circulation near the Caspian Sea [98,99], potentially affecting precipitation in ACA. Similarly, during the positive phase of the IOD, the stronger summer monsoon over the Indian Ocean could result in the transportation of more moisture from the Indian Ocean towards ACA, consequently leading to increased precipitation in that region [100,101]. Lastly, the influence of local topography on precipitation in ACA cannot be ignored [102,103,104]. The Tianshan Mountains, which are located within ACA and have an average altitude of more than 4000 m, can not only block the movement of water vapor from the westerly circulation but can also block the north–south airflow. Therefore, the Tianshan Mountains can not only divide ACA into the west of the Tianshan Mountains and the east of the Tianshan Mountains (Xinjiang) but also separate southern and northern Xinjiang.



Based on the above factors, we speculate that, at around 8 ka, the increase in the water vapor carried by the westerly circulation resulted in an increase in the moisture/precipitation in the west part of ACA and the climate became wet (indicated by the sites 1~4 in Figure 1). Therefore, the onset of the HCO in the west part of ACA occurred at ~8 ka. During this period, due to the barrier created by the tall Tianshan Mountains in Xinjiang, the water vapor carried by the westerly circulation could not reach the region (Figure 5a); thus, the climate remained dry. This pattern lasted until about 6~5 ka, when the NAO began to change into a negative phase (Figure 4f) and the westerly circulation intensified and became positioned to the south. Under such a situation, the water vapor carried by the westerly circulation overcame the block created by the northern Tianshan Mountains and was transported to the northern part of Xinjiang (Figure 5b). The moisture/precipitation began to increase (indicated by sites 5~8 in Figure 1), and the onset of the HCO in northern Xinjiang occurred at ~6 ka. The result of TraCE21 climate model simulation showed that the intensity of the westerly circulation increased sharply after 6 ka and that the boundary gradually expanded southward [105]. After that, until about 5 ka, with the continuous southward movement of the westerly circulation and the stronger intensity of the westerly circulation compared with 6 ka (Figure 4d), the water vapor crossed the southern Tianshan Mountains and reached southern Xinjiang (Figure 5c), resulting in climate humidification (indicated by sites 9 and 10 in Figure 1). The onset of the HCO in southern Xinjiang thus occurred at 5 ka. In addition, the CGT also transitioned from a positive phase to a negative phase between 6 and 5 ka (Figure 4b). This resulted in water vapor reaching Xinjiang along the northeastern Tibetan Plateau, thus contributing to increased precipitation in the region. This also prompted the onset of the HCO in Xinjiang at 6–5 ka.
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Figure 4. The possible mechanism implicated in the spatial difference in the onset of the HCO. (a) Northern Hemisphere winter insolation [106]; (b) the z-score of the simulated circumglobal teleconnection (CGT) index [97]; (c) the Holocene moisture evolution in the westerlies-dominated area. The blue curve represents the moisture change reflected by the environmental magnetic χARM/SIRM from the LJW10 loess section [42], and the grey curve represents the moisture change reflected by the summer precipitation reconstructed by the LJW10 loess section [62]; (d) pollen discrimination index (PDI) reflecting the intensity of the westerlies (dots and spline curve) from Lake Namco on the central Tibetan Plateau [107]; (e) latitudinal temperature gradient (LTG) in the Northern Hemisphere, calculated using three different methods, including regression across temperatures averaged into 20° zonal bands (black), regression on all records (red), and high latitudes minus low latitudes (purple) [108]; and (f) reconstruction of the NAO index based on flood activity [109]. 
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4. Conclusions and Perspectives


In this study, we compared the onset of the HCO in different parts of the vast ACA region by evaluating a variety of paleo-moisture/precipitation records. The results generally demonstrate that the onset of the HCO in ACA occurred in a time-transgressive manner, namely, ‘early in the west (~8 ka) but late in the east (6–5 ka)’. The onset of the HCO in Xinjiang was generally delayed by 2–3 thousand years compared with the western part of ACA. Intriguingly, we found that the onset of the HCO in ACA corresponded to the promotion of cultural exchange along the ancient Silk Road. Specifically, the onset of the HCO in the western part of ACA resulted in the formation of a humid environment in the region; this provided a prerequisite for wheat planting and the development of agricultural civilization. Similarly, with the onset of the HCO in northern Xinjiang at 6 ka, the humid climate led to an increase in the area and scope of grasslands, which subsequently prompted the migration of the Afanasievo culture to the south. The onset of the HCO in southern Xinjiang could have also led to the development of piedmont oases, which would have provided an environmental basis for the spread and planting of wheat and millet in this area after 4.5 ka. We speculate that the time-transgressive onset of the HCO in ACA may be attributed to the combined effects of solar radiation, air–sea internal systems, and the local topography. Here, the circulation of the westerlies and related water vapor transport would have played a primary role in the regulation of the spatial differences in the hydroclimate of ACA; meanwhile, the role of the regional topography cannot be ignored due to its connection with climate. Finally, our findings provide new evidence that enhances our understanding of the spatio-temporal characteristics and forcing mechanisms of the hydroclimate of ACA, which is characterized by complex eco-environmental systems and a diverse history of human activity.



Based on the available data, this paper analyzes the spatial differences in the onset of the wetting trend that was observed during the Holocene in the ACA region. However, there is still some uncertainty about the current results, especially due to the lack of high-quality records that have been derived from the central part of the ACA region (steppe route). We believe that the current research direction and objectives are clear; this is crucial for the establishment of the possible link between the phases of climate evolution and the phases of transcontinental cultural exchange. More research that focuses on cultural exchange and its correlation with climate evolution over time is needed. We suggest that further research should focus not only on the establishment of more high-quality climate records but also on cultural exchange and its correlation with climate evolution throughout the Holocene. Furthermore, we also noted the potential influence of seasonality on hydroclimate changes in the ACA region; however, the paleoclimate records currently used can hardly resolve seasonal changes. This remains a challenge in paleoclimate research, which should be addressed in future research.
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Figure 1. Map showing the study area and locations of the eight high-quality moisture/precipitation records in ACA that were used in this study. The arrows illustrate the main trajectories of the westerlies and the Indian summer monsoon (ISM). See Table 1 for details of these proxy records. 
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Figure 2. Spatial difference in the Holocene climatic optimum as reflected in various paleoclimatic records from arid central Asia. (a) Pollen record from the Caspian Sea [37]; (b) record of χfd of the YE loess section in NE Iran [38]; (c) stalagmite Sr/Ca record from Ton Cave, Uzbekistan [39]; (d) lightness record from the BSK loess section, Kyrgyz [40]; (e) pollen-based Pann record from Tolbo Lake, Altai Mountains [36]; (f) stalagmite Sr/Ca record from Kesang Cave [39]; (g) integrated moisture index from north Xinjiang [41]; (h) δ13Corg record of the LJW10 section [42]; (i) stalagmite Sr/Ca record from the Baluk Cave [28]; and (j) wet records reflected by nine sedimentary profiles from the Taklimakan Desert, with green rectangle indicating the humid climate [43]. 
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Figure 5. Schematic diagram of the main changes in the westerly circulation caused by the NAO phase changes at different times. (a) When NAO is in the positive phase between 8 and 6 ka, the westerly belt moves northward. (b) As the NAO changes to a negative phase between 6 and 5 ka, the westerlies are strengthened and move southward. (c) The westerly belt continues to move southward after 5 ka. The red dotted line indicates the possible influence of topography on the water vapor carried by the westerly circulation. The light-blue areas represent the humid environment, while the light-yellow areas indicate the dry environment. 
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Table 1. List of paleoclimatic records used in this study.
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	NO
	Site Name
	Location of Sites
	Log.

(° E)
	Lat.

(° N)
	Alt.

(m)
	Type of Sediment
	Type of Proxy
	Climatic

Indication
	Period

(ka BP)
	Resolution (yr)
	Dating Method
	Number of Dates
	Number of Dates during the HCO
	References





	1
	Caspian Sea
	Caspian Sea
	41.55
	51.10
	26.5
	Lake
	Pollen
	Moisture
	12–2.4
	110
	14C
	4
	2
	[37]



	2
	Yellibadragh (YE) section
	NE Iran
	37.35
	55.25
	383
	Loess
	χfd
	Moisture/precipitation
	11.8–0
	300
	OSL
	10
	4
	[38]



	3
	Tonnel’naya (Ton) cave
	Uzbekistan
	38.24
	67.14
	3226
	Speleothem
	Sr/Ca ratio
	Moisture/precipitation
	16–0
	40
	230Th
	16
	8
	[39]



	4
	Bishkek (BSK) section
	Kyrgyzstan
	42.42
	74.46
	1432
	Loess
	Lightness
	Moisture
	10–2
	350
	14C
	6
	2
	[40]



	5
	Tolbo Lake
	Altai Mountains
	48.33
	90.03
	2080
	Lake
	Pollen
	Annual precipitation
	13.7–0
	30
	14C
	17
	8
	[36]



	6
	Kesang cave
	Northern Xinjiang
	42.52
	81.45
	2000
	Speleothem
	Sr/Ca ratio
	Moisture/precipitation
	16–0
	50
	230Th
	17
	6
	[39]



	7
	Northern Xinjiang moisture index
	Northern Xinjiang
	-
	-
	-
	Lake
	Multi-proxy
	Synthesized moisture
	12–0
	-
	-
	-
	-
	[41]



	8
	Lujiaowan10 (LJW10)
	Northern Xinjiang
	43.58
	85.20
	1462
	Loess
	δ13Corg
	Moisture
	12–0
	100
	OSL
	7
	5
	[42]



	9
	Baluk cave
	Southern

Xinjiang
	42.26
	84.44
	2752
	Speleothem
	Sr/Ca ratio
	Moisture/precipitation
	9.4–0
	22.8
	230Th
	19
	12
	[28]



	10
	Taklamakan Desert
	Southern

Xinjiang
	39.04
	83.64
	1027
	Sedimentary sections
	Sedimentary facies
	Moisture
	10–0
	-
	OSL
	19
	10
	[43]
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