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Lake-level reconstruction of inland enclosed lakes especially for monsoon-sensitive areas is of great significance to reveal regional climate changes. Daihai, a typical enclosed lake at the marginal of the East Asian summer monsoon (EASM) area in north China, is sensitive to climate changes due to its unique regional characteristics. There were a series of lakeshore terraces, highstand lacustrine sediments, and braided river deltas, providing sufficient geomorphologic and stratigraphic evidence for the reconstruction of lake-level fluctuations of Daihai. Reconstructed lake-level variations during the early and mid-Holocene were constructed based on 22 quartz optical stimulated luminescence (OSL) ages from six well-preserved profiles around Daihai Basin. Our results indicated Daihai showed a relatively low level at 10.2 ka, and a gradually increasing lake level following the enhanced monsoon precipitation during the mid-Holocene. Specifically, the high lake level began to develop at 8.1 ka and reached the maximum at 5.2 ka, with ∼40 m higher than present. At this time, the lake area expanded to ∼400 km2, approximately six times as large as that of present, corresponding to the maximum monsoon precipitation and intensity of EASM during the mid-Holocene. However, our stratigraphic records showed a part of the depositional records in the north and east of the Daihai was missed after 5.2 ka, probably indicating a sudden drop of the Daihai lake level. These rapid level fluctuations were likely to be interpreted by some local scenarios and need to be further investigated in the future. Overall, the lake-level fluctuation of Daihai during the early and mid-Holocene was slightly different from that observed in the previously published regional records. Possibly, the interaction of the EASM and regional feedback from topography, and hydrology factors might have contributed to the spatial complexity and distinction.
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INTRODUCTION
Exploring the evidence of the past global climate change in environment-sensitive regions and obtaining its underlying mechanisms are of great significance for the scientific prediction of future climate change (International Geosphere-Biosphere Programme, IGBP). There are large numbers of inland enclosed lakes near the East Asian monsoon margin of China which are highly sensitive to climate change due to its unique regional characteristics. Thus, their lake-level fluctuations are the most direct indicators of regional precipitation and moisture variability related to the intensity of monsoon activities and climate change (Liu et al., 2015; Li et al., 2020a). However, increasing high-resolution lacustrine deposit records have revealed that the lake-level fluctuations during the early and mid-Holocene in East Asian monsoon marginal regions were quite different; especially, the timing of the high lake level in different lakes was asynchronous, and even the same lake might be distinct based on the different dating methods or different materials and proxies.
Inner Mongolia is at the East Asian summer monsoon (EASM) fringe region, the arid/semiarid climate transition zone, and the ecosystem fragile zone in north China. The unique characteristics of the interlaced nomadic with agricultural civilization make it the most sensitive and typical region responding to global climate change. Daihai is a typical inland enclosed lake in Inner Mongolia, whose lake-level fluctuations are of great significance to indicate the regional climate change. A series of research works have focused on the lake-level fluctuations and climate change based on the deposit of lakeshores and drilling cores in Daihai, presenting many valuable literatures and some representative opinions (Wang et al., 1990; Xiao et al., 2004; Peng et al., 2005; Sun et al., 2006). However, there are still many discrepancies and arguments, even conflicts with regard to climate change patterns among them, especially on the timing of highstand records.
Sedimentary records based on the radiocarbon dating in Daihai revealed the high lake level during the early and mid-Holocene. For instance, core sediments and lacustrine sediments from the surrounding terraces revealed that the Holocene climate optimum in Daihai has already begun at 11.5 Cal ka B.P. (10 ka B.P.) and ended at ca. 5.2 Cal ka B.P. (4.5 ka B.P.), corresponding to the termination of the last high lake level (Wang et al., 1990). Lake terrace records indicated that the lake level has increased since 8.8 Cal ka B.P., followed by the highstands at 8.3–7.8 ka B.P. (Li et al., 1992). Meanwhile, monsoon precipitation in Daihai reached its maximum during the mid-Holocene, with an annual precipitation greater than 550 mm (Peng et al., 2005; Xu et al., 2010; Wang et al., 2013), and the warm and humid climate promoted the development of vegetation in Daihai Basin during the mid-Holocene (Jin et al., 2004; Sun and Xiao, 2006; Du et al., 2013). Whereas there was a cold and wet episode at 7.9–7.2 Cal. ka B.P. (Xiao et al., 2004; Xu et al., 2004), the lake level frequently fluctuated with a decreasing trend during 10.6–10.0, 9.6–9.0, 7.0–6.3, 5.8–5.2, and 4.5–3.7 Cal. ka B.P. inferred from nearshore grain size compositions (Xiao et al., 2013). Moreover, reconstructed lake-level fluctuations based on the 14C dating of lake terraces and sediment cores demonstrated a similar trend that the Daihai lake level expanded temporarily at 10–9 Cal. ka B.P. followed by a decreased lake level; thereafter, the lake expanded again during 7.3–3.2 Cal. ka B.P. with abundant effective precipitation and superior hydrothermal condition (Sun et al., 2009; Sun et al., 2010). The conclusions above based on the different research carriers are slightly distinct, but all of them presented the increased lake level of Daihai during the early Holocene, and then the development of the high lake level during the mid-Holocene or late mid-Holocene, indicating climate optimum. However, Jin et al. (2013) proposed a temporary expansion of Daihai at 7.5–7.0 Cal. ka B.P. and then reached a high lake level at 6.1–2.5 Cal. ka B.P. due to the increasing intensity of the monsoon, with a water depth of ∼65 m, 35–40 m higher than the present, revealing the development of highstands in Daihai during the late Holocene.
Similarly, the arguments and discrepancies on the occurrence of the high lake level also exist in other lakes in Inner Mongolia. Huangqihai Lake is also located in the middle-east of Inner Mongolia and only 50 km away from Daihai. Sedimentary records based on the 14C dating revealed the Huangqihai Lake developed the high lake level with >70 m higher than modern lake surface during the mid-Holocene (Li et al., 1992; Shen et al., 2006). However, the geological evidence combined with the high-resolution OSL geochronology indicated that warm and wet climate were prevalent during the early Holocene with a stable high lake level, reaching a peak elevation of ∼1,340 m, >77 m higher than that present (Zhang et al., 2011; Zhang et al., 2012; Zhang et al., 2016). Subsequently, the lake surface shrank sharply, and the Great Lakes period ended (Xu et al., 2012). Sedimentary records of Dali Lake in eastern Inner Mongolia showed that the high lake level developed in the early and mid-Holocene, with ∼60 m, increased of the lake level in 400 years and the triple annual precipitation, followed by the abrupt termination of Holocene humid conditions at 6.3 Cal ka B.P. (5.5 ka B.P.) with a declined lake level of approximately 35 m (Goldsmith et al., 2017). Another sediment core record also demonstrated Dali Lake developed a high lake level due to temperature rise, and glaciers melt during the early and mid-Holocene (11.5–7.6 Cal. ka B.P.) (Xiao et al., 2008; Xiao et al., 2009). However, reconstructed lake-level fluctuations based on the OSL dating of beach ridges of Dali Lake reflected the lower lake level related to the reduced monsoon precipitation from 12 to 7 ka and the high lake level with a maximum monsoon precipitation during 7–5 ka (Jiang et al., 2020). In addition, lakes in eastern Inner Mongolia also revealed the distinct timing of highstands. Depositional records of Hulun Lake located in northeastern Inner Mongolia demonstrated that Hulun Lake developed a high lake level during the deglacial and early Holocene (Zhang and Wang, 2000), and thereafter, the secondary high lake level developed again during the mid-Holocene (Liu et al., 2016). Reconstructed lake-level fluctuations in Chagan Nur, an enclosed lake located in eastern Inner Mongolia at the fringe of the modern EASM region, showed a lake highstand of 15–12 m higher than that present at 11–5 ka, with a maximum precipitation of 30–50% higher than that present at 8–6 ka (Li et al., 2020a). Similarly, the depositional records of Juyanze and Zhuyeze terminal lakes on the Alashan Plateau in western Mongolian plateau indicated that the high lake level developed in the early Holocene and gradually disintegrated at 7–5 Cal. ka B.P. (Chen et al., 2003), but on the contrary, based on topographic and geomorphological analyses, combined with OSL dating results, the high lake level of Zhuyeze Lake appeared in the 8–5 ka with 20 m higher than the modern lake level (Long et al., 2012).
Previous studies on lake-level reconstruction and the timing of the high lake level during the Holocene were distinct even with conflict based on the different research materials and carriers, combined with the different dating methods. They mostly emphasized the analysis of lake cores’ sediments to reconstruct the lake-level fluctuation, but there was a lack of the most direct geological and geomorphological evidence. Generally, the research of lake-level fluctuations mainly based on the lake drilling cores and the lakeshore deposition records. Core records can provide relatively continuous high-resolution sedimentary records and the details of lake surface fluctuations to a certain extent, but in terms of the high lake level, the lakeshores, spits, river deltas, and highstand lacustrine sediments retained around the lake are usually used as the good geomorphological evidence to directly indicate high lake-level variations (Wang et al., 1990; Yu et al., 2013). High lake level as a symbol of the peak period of lake evolution indicates the regional warm and humid climate environment, which can provide the basic chronological framework and information for climate change. Furthermore, most of the studies of water lake-level fluctuations were based on the limited dating techniques. Recently, optical stimulated luminescence (OSL) dating technology has been widely used in quaternary studies of dating lacustrine sediments (Long et al., 2011; Fan et al., 2012; Fu et al., 2017; Li et al., 2018b), fluvial/alluvial/delta deposits (Zhao et al., 2016; Guo et al., 2017; He et al., 2019; Nian et al., 2019), aeolian dunes (Cao et al., 2012; Costas et al., 2012; Yu and Lai, 2017), loess/paleosol (Roberts, 2008; Stevens et al., 2018; Li et al., 2018a; Wu et al., 2019; Li et al., 2020b), and so on. This technique was extensively used in the dating of lacustrine deposits in arid and semiarid China because of its advantages over radiocarbon dating, which is limited by the so-called reservoir effects. And among those areas with significant reservoir effects, the application of OSL dating also can be used to assess the reservoir effects and calibrate the radiocarbon dating results (Liu and Lai, 2012; Lai et al., 2014).
Consequently, here we investigated the timing of the high lake level during the early-to-mid Holocene based on the OSL dating from Daihai Lake in the margin of EASM in north China. Series of lakeshore terraces, highstand lacustrine deposits, and well-preserved river deltas around the Daihai Basin could provide sufficient sedimentary and geomorphological evidence for the reconstruction of lake-level fluctuations, which is of great significance to reveal the regional climate change. Based on 22 quartz OSL ages, we attempted to reconstruct lake-level fluctuations and figure out the timing of highstands during the early and mid-Holocene, and further discuss the underlying mechanisms of the lake-level fluctuation in Daihai and its response to the variability of EASM intensity during the early and mid-Holocene.
MATERIALS AND METHODS
Study Area
Daihai Basin is located in Liangcheng County of the southeastern Inner Mongolia Plateau, northern China, with complex landforms which are mainly composed of mountains and hilly areas (Figure 1A). Daihai Lake (40°29′27″ N–40°37′06″ N, 112°33′31″ E–112°46′40″ E, 1,220 m a.s.l.) is an ellipse-shaped enclosed lake at the lowest point of the basin. The water supply of Daihai mainly depends on atmospheric precipitation, rivers, and surface runoff. Daihai is fed by 22 rivers, most seasonal braided rivers developed on the northern shore, and only those in the western are meandering rivers; among them, five main rivers, Gongba River, Wuhao River, Tiancheng River, Buliang River, and Muhua River, flow into the lake (Shi et al., 2014) (Figure 1B). The lake area is 61.5 km2, with a drainage area of 2364.2 km2, a maximum depth of 11.5 m, and a mean depth of 6.67 m.
[image: Figure 1]FIGURE 1 | Geographical map of the study area showing (A) the location of the Daihai Lake Basin and atmospheric circulation systems of China [i.e., Indian summer monsoon (ISM), East Asian summer monsoon (EASM), Westerlies, and Siberian–Mongolian High winter monsoon], the red dash line represents the modern northern boundary of the EASM according to Chen et al. (2008), and (B) sampling sites around the Daihai lake basin based on the Map World (https://www.tianditu.gov.cn/).
Daihai located in the margin of EASM-influenced regions is mainly dominated by a semiarid moderate temperate continental monsoon climate (Figure 1A). Regional precipitation was mainly delivered via EASM transportation (Wang et al., 1990). The meteorological data analysis results of Liangcheng Station in Inner Mongolia from 1960 to 2017 AD demonstrate that the annual average temperature in Daihai Basin was approximately 5.6°C; the annual average precipitation was ∼410 mm and ca. 70%; annual precipitation decreased in July–September; the mean annual evaporation reached 1860 mm, four times higher than the annual precipitation; the average of the frost-free period was generally 120 days; Daihai Basin in winter is often affected by Mongolian–Siberian cold air and northwest wind with wind scale ranging from 5 to 8. The annual average wind speed was 2.6 m/s, and the maximum wind speed was up to 15 m/s. In recent decades, the semiarid climatic condition makes the precipitation of Daihai Basin a natural shortage, and then the anthropogenic-induced climate warming and agricultural activities make Daihai rapidly shrink (Liu et al., 2019; Chun et al., 2020).
Daihai Basin is an asymmetric closed rift basin. Because of the fault activities, the slope of the lake basin is different from that of the north and the south, which shows the characteristics of steepness in the north and gentle in the south. Since the formation, Daihai has experienced frequent lake-level fluctuations, and thus, there were many ancient relics left behind and well-preserved lake sedimentary profiles due to its long-term hydrologic closure state.
Sample Collection
Lakeshore terraces at different heights, highstand lacustrine deposits, fluvial terraces, and river deltas are widely distributed around the Daihai Basin (Wang et al., 1990; Sun et al., 2009; Yu et al., 2013). There are nine small deltas in the northern steep slope of Daihai Basin due to topographic characteristics, and fluvial and seasonal floods, such as Yuanzigou Delta; only two but big deltas were distributed in the southern gentle slope (Buliang River Delta and Tiancheng River Delta): the largest Muhua River (braided river) delta in the eastern Daihai and Gongba River (meandering river) delta in the western area (Yu et al., 2013). Thus, the braided river delta plains were formed on the north, south, and east coast of Daihai, while the meandering river delta plain only developed in the west. The formation of the braided river deltas was determined by the construction of the braided river plain entering the lake and the wave action of the lake. The basin tectonic activity, seasonal flood intensity, and lake-level fluctuations are the main factors to control its development, so braided river deltas can be used as the most intuitive indicator of lake-level fluctuations in Daihai (more details in Supplementary Material and Supplementary Figure S1).
By conducting field geomorphic investigations around the Daihai Basin, we collected OSL age samples at six sites from the west to east of Daihai Basin (Figure 1B). DH03 section is a fluvial terrace in Gongba River catchment, western Daihai. DH05 section is located in Yuanzigou Delta, northern Daihai. DH28, DH29, and DH30 sections are located in Muhua River Delta, eastern Daihai. The Yuanzigou delta is a braided river delta with the steep slope in a near-source transportation way, while the Muhua River Delta is far away from the source with fine grains of good abrasion. The way they entered the lake mainly depended on the seasonal floods and rainfalls. Differential global positioning system (DGPS) was used to measure elevations during field investigation, and the elevation of each section was further determined by a 1:50,000 topographic map of Liangcheng County combined with Google Earth.
Grain Size Pretreatment
Pretreatment of grain size was performed according to the method proposed in the study by Peng et al. (2005). Samples in beakers were treated with 10 ml of 30% H2O2 and 10 ml of 10% HCl to remove the organic matter and carbonate, respectively; the beakers were filled with deionized water, maintained for 24 h, and acidic ions were removed until the solution was nearly neutral (PH = 7); sample residues were deflocculated with 10 ml of 0.05 mol/L (NaPO3)6 with an ultrasonicator for 15 min to facilitate dispersion and eliminate the sample cementation. The grain size of prepared samples was measured and analyzed by Malvern Mastersizer 3000 analyzer with a measurement range of 0.01–3,500 μm. The repeated measurement error was less than 2%.
Optical Stimulated Luminescence Dating
A total of 22 OSL samples from six sections around Daihai Basin were taken from the freshly prepared vertical profiles by using light-tight steel tubes and were sealed on sites to prevent light exposure and moisture loss for luminescence dating. Sample preparations and measurements were performed in the Laboratory of Mongolian Plateau Environment and Global Change, Inner Mongolia Normal University. Under the subdued red light conditions, the outer materials at the ends of each tube were reserved for the measurement of water content and the environmental dose rate, and the unexposed materials at the middle part of the tubes were treated with 10% HCl and 30% H2O2 to remove carbonates and organic material, respectively. Samples were wet-sieved to select medium-grained (MG, 38–63 μm) or coarse-grained (CG, 63–90 μm or 90–125 μm) fractions and then separated using heavy liquids calibrated to the density of 2.72 and 2.62 g cm−3 to remove heavy minerals and extract quartz grains, respectively. Afterward, the CG quartz fractions were etched with 40% HF for 40 min to dissolve feldspars and the outer alpha-irradiated surface. The MG quartz fractions were etched with H2SiF6 for 1–2 weeks. The etched samples were rinsed with 1 mol/L HCl to remove fluoride precipitates, and then washed with distilled water. The purity of the isolated quartz was checked using the infrared light stimulation (IR checking), and samples with the OSL-IR depletion ratio deviated from 10% of unity were retreated again (Duller, 2003).
OSL measurements were performed using an automated Risø TL/OSL DA-20 reader, equipped with a calibrated 90Sr/90Y beta source (Botter-Jensen et al., 2010) with a dose rate of ∼0.115 Gy/s. We used blue light LED (λ = 470 ± 30 nm) stimulation for quartz and infrared LED (λ = 830 nm) stimulation for IR depletion ratio check. Quartz OSL signal was detected through a 7.5-mm Hoya U-340 filter. A standard single aliquot regenerative-dose (SAR) protocol was applied for pretests and equivalent dose (De) measurements (Supplementary Table S1) (Murray and Wintle, 2000; Wintle and Murray, 2006).
The concentration of radioactive nuclides (U, Th, and Rb) was measured by inductively coupled plasma mass spectrometry (ICP-MS; Thermo iCAP RQ), while the content of K (%) was determined by inductively coupled plasma optical emission spectrometry (ICP-OES; Thermo iCAP 7400). The environment external dose rate determination was based on the U, Th, K, and Rb concentrations from bulk samples. An alpha efficiency factor (α-value) of 0.035 ± 0.003 was used for the aging calculation of 38–63 μm quartz grains (Lai and Brueckner, 2008). The CG quartz fractions were etched to remove the outer alpha-irradiated layer, and thus circumvent the necessity to determine the alpha dose and alpha dose effectiveness. The attenuation factors of Brennan et al. (1991) and Guerin et al. (2012) were used to calculate the alpha and beta dose rates, respectively. The contribution of cosmic ray was calculated using the buried depth of the samples, altitude, and geomagnetic latitude following the reference (Prescott and Hutton, 1994). Based on the local deposited environment, previous research (Li et al., 2020a), and measured and saturated water content of these samples, the water content of 10 ± 5% was assumed in the aging calculation. The total dose rates were finally calculated using the functions defined by Aitken (1985); Aitken (1998).
RESULTS
De Determination, Luminescence Characteristics, and Geochronology
All the samples have a thermal luminescence (TL) peak at 110°C, and the IR-depletion ratio ranges between 0.9 and 1.1 (Supplementary Figures S2, S3), indicating the prevention of the measured signals of quartz grains from feldspar contamination, which meets test requirements (Thomsen et al., 2008). To select an appropriate thermal treatment, preheat plateau tests were carried out on both MG quartz (IM17062) and CG quartz (IM17066; unpublished in this article, but this sample was taken from the sampling site near the DH05) before the De measurement. The preheat plateau test was carried out by dividing the aliquots into six groups, with preheat temperatures ranging from 180 to 280°C with a 20°C increment. The observed De plateau from 180 to 280°C indicated that De values are rather insensitive to the preheat temperature; both samples present a good De plateau (Figure 2A). As shown in Figure 2B, constrained by acceptable range (0.9–1.1) of the recycling ratio and negligible recuperations (lower than 5%), the dose recovery ratio is consistent with unity within the 1 σ error for all the preheat temperatures (Murray and Olley, 2002). Finally, a preheat temperature of 240°C with a cut-heat of 200°C was chosen for the De measurements of all the samples of Daihai.
[image: Figure 2]FIGURE 2 | (A): Preheat temperature plateau of equivalent dose for samples IM17062 (medium-grained) and IM17066 (coarse-grained, unpublished in this article); (B) dose recovery test results for samples IM17062 and IM17066, respectively.
The decay curves obtained from sample MG quartz (IM17062) and CG quartz (IM18026) are shown in Figures 3A,C, with typical dose–response curves inset. The decay curves were decomposed into three components: fast component, medium component, and slow component by curve fitting (Figures 3B,D) (Bailey et al., 1997). As shown in Figure 3, the OSL signals rapidly decay to the background, indicating the domination of the fast component in the quartz signal, and the signal can be sufficiently bleached in a very short time, which can be seen in the same characteristics in all samples in this study. The average recycling ratio of 421 aliquots from 22 samples is 1.002 (Figure 3E), confirming that the sensitivity corrections work well, and the measurements following the laboratory irradiations are reproducible. The recuperations from 421 aliquots are all less than 2% (Figure 3F), showing the negligible thermal transfer effects (Wintle and Murray, 2006). The De distributions of both MG (IM17062) and CG (IM18026) quartz are quite narrow, with small over-dispersion (OD) values (4.7 ± 0.2 and 10.5 ± 0.5%, respectively) (Figure 4), indicating the samples were well bleached before burial (Arnold and Roberts, 2009). Almost all samples showed similar luminescence characteristics and the normal distributions for the De values. All above suggest the suitability of the SAR protocol in De determination of quartz OSL sedimentary samples in Daihai and the reliability of dating results.
[image: Figure 3]FIGURE 3 | Luminescence characteristics for quartz aliquots. (A) OSL decay curve for sample IM17062, and the inset shows the dose–response curve; (B) quartz signal decomposition for IM17062, and the inset shows the log for horizontal ordinate; (C) OSL decay curve for sample IM18026, and the inset shows the dose–response curve; (D) quartz signal decomposition for IM18026 and the inset shows the log for horizontal ordinate; (E) statistical distribution histogram of the recycling ratio for 421 aliquots from 22 OSL samples; (F) statistical distribution histogram of recuperations for 421 aliquots.
[image: Figure 4]FIGURE 4 | Statistical distribution histogram of De from (A) sample IM17062 and (C) sample IM18026. Abanico plots of measured doses are shown in (B) IM17062 and (D) IM18026, in each plot; the shaded region represents the expected burial dose.
The dating results of 22 OSL samples collected from six sections in this article are listed in Table 1. The stratigraphy and OSL sampling sites are illustrated in Figure 5. The dating ages are almost consistent with the deposition depth within the error range.
TABLE 1 | Summary of quartz OSL dating results from Daihai Basin.
[image: Table 1][image: Figure 5]FIGURE 5 | Stratigraphy, lithology, and chronology of sampling sections in Daihai. The log of Gravel represented the sandy bed with fine gravels.
Grain Size Characteristics and Sedimentary Environments of the Sedimentary Sections
Sediment grain size composition and distribution patterns can reflect the hydrodynamic conditions, the sedimentary environment, and depositional processes to some extent (Ding et al., 2001). The ternary diagram of grain size shows (Supplementary Figure S4) that sediments were mainly composed of silt (4–63 μm), whereas sand (>63 μm) accounted for a large proportion in some samples of the DH29 and DH30 sections, whose geochronology mainly ranges from 9 to 7 ka. The median size of sediments varied obviously in different deposition periods. At 6.5–5.2 ka, sediment compositions were dominated by fine silt (7.8–15.6 μm). The frequency distribution curves can provide more detailed information on the sedimentary environment. Consequently, combined with the stratigraphic field investigation and the previous research works (Xiao et al., 2013), we designed frequency distribution curves as three types in this article: (A) lacustrine deposits, (B) nearshore delta deposits, and (C) alluvial/fluvial deposits (Figure 6).
[image: Figure 6]FIGURE 6 | Representative frequency distribution curves of different sedimentary grains.
DH03 section is located in the west of Daihai (1,267 m a.s.l.) and was identified as typical fluvial deposition (Supplementary Figure S5A), and it mainly comprised fine silt accounting for 69.8–89.8%, and the frequency distribution curves show a single peak with positive skewness (Supplementary Figure S6A). During 6.4–5.6 ka, the Gongba River with stronger hydrodynamic force carried a large number of loess around and then deposited here with a high sedimentation rate, and with frequent alluvial transformations, which indicates humid climate and increased precipitation in the Daihai Basin at 6.4–5.6 ka.
The frequency distribution curves of samples in DH05 section are bimodal distribution with a main peak at the fine sand grains and the secondary peak at 859 μm at 7.62 ± 0.56 ka (Supplementary Figure S6B), which indicated the heavy rainfalls with alluvial deposits [Type (C) in Figure 6], carrying a massive of coarse grains from lakeshores into the lake. At 9.2–6.7 ka, the frequency curves present a single peak with leptokurtosis [Type (B) in Figure 6]. The main components of sediments were silt, and the delta front developed with small sandy mixed bedding (Supplementary Figure S5B).
The frequency distribution curves of samples in DH29 section (Supplementary Figures S5C, S6C) revealed the depositions of the delta front during 8–7 ka. Meanwhile, wave action with wind transported a large number of coarse grains into the lake. Thereafter, the lake began to expand at 6.96 ± 0.45 ka, and pro-delta developed, indicating a transition to the deep lake phase. The frequency distribution curves of samples in DH30 and Supplementary Figure S4 section (Supplementary Figures S6D,E) also indicated the delta front developed during 9–8 ka. Consequently, sections DH05, DH26, DH29, and DH30 were recognized as the braided river delta depositions to indicate the fluctuations of the lake level.
The frequency distribution curves of samples in DH28 section (Supplementary Figure S6F) displayed shallow lacustrine deposits with a secondary peak of coarse grains, which indicated highstand lacustrine deposits here with a relative high lake level at 8.77 ± 0.52 ka.
Lake-Level Reconstruction of Daihai During the Early-to-Mid Holocene
Based on the quartz OSL dating results and elevations of typical lakeshore/fluvial terraces and braided river deltas preserved in the sections around Daihai, we reconstructed the history of lake-level fluctuations during the early and mid-Holocene (Figure 7A). It is generally considered that the uppermost lacustrine sediments of the terraces were limited to represent the lower water level during that time (Sun et al., 2009). The uppermost delta front depositions could be used to indicate the highest water level once reached. The delta front is affected by the current lake shoreline and is a part of transforming into the delta plain, which can provide a conservative evidence to indicate lake-level fluctuations. Consequently, for the delta front depositions at the same time on different terraces, the highest elevation of the deposits was used to represent the lake level at that time. The pro-delta is regarded as a part of shallow lake, and thus the pro-delta deposits as same as the lacustrine sediments are also used to constrain the lower lake level.
[image: Figure 7]FIGURE 7 | Reconstruction of lake-level fluctuations in Daihai during the early and mid-Holocene and the comparison of lake-level fluctuations with the lakes in the marginal of EASM regions. (A) The lake-level fluctuations of Daihai in this study. The error bars represent the OSL ages. (B) The reconstructed lake-level fluctuation based on the 14C dating from cores and terraces in Daihai (Sun et al., 2009) (C) The reconstructed lake-level variations of Huangqihai Lake (Zhang et al., 2016). (D) The lake-level fluctuation in Dali Lake (Goldsmith et al., 2017). (E) High lake level and the largest lake area at 5.2 ka in Daihai. The solid lines denote the position of the lake level, while the dashed lines represent the possible lake-level fluctuation processes without a firmly determined the lake level. The shaded gray bars indicate periods of significant lake-level fluctuations in Daihai.
The reconstructed lake-level fluctuation curve showed a relatively low level at 10.2 ka. Thereafter, the lake level may present an upward trend during 10.2–9.2 ka, and then increased to a higher lake level at 9.2–8.8 ka. However, the lake level temporarily rapidly declined at ca. 9.0 ka. Subsequently, the lake level quickly increased to the former water level and remained at a relatively high lake level during 8.8–8.5 ka. While the lake level dropped significantly at 8.5–8.1 ka again, we assumed it was possibly a response to the 8.2 ka cold events (Matero et al., 2017). After the episode, the Daihai lake level gradually increased and remained at a higher lake level at 8.1–5.2 ka, and then reached the optimum at 5.2 ka with the ∼40 m higher than the modern lake level, and the lake area expanded to ∼400 km2, about six times as large as that of present (Figure 7E). At that time, Daihai Lake extended west to the Sandao Bay and east to the Wayao village, covering a large area of modern cropland. However, the depositional records showed that the lake-level fluctuations between 8.1 and 5 ka were more frequent, and the heavy rainfall events occurred at ca. 6.2 ka and ca. 7.6 ka when surface runoff and rivers carried massive coarse grains and gravel into the lake and then deposited. Our sedimentary records showed that a part of the depositional records in the northern and eastern Daihai (e.g., DH29 and Supplementary Figure S4) was missed after 5.2 ka, and the soil humus layer developed, which may indicate the sudden drop of the Daihai lake level. We inferred that another reason was that the upper lacustrine deposit layer or delta deposits may be eroded after the lake declined, and thus developed into the soil humus layer. Due to the lack of more evidence from the other geomorphic profiles, the specific reasons were largely unknown, but be worthy of further investigation in the future. Thus, here we do not discuss the lake-level fluctuations of Daihai after 5.2 ka.
DISCUSSION
Regional Comparison of Reconstructed Lake-Level Fluctuations at the Fringe of EASM-Influenced Areas
Here, we compared the reconstructed lake-level fluctuations of Daihai in this article with those of Daihai based on the different dating methods and proxies (Sun et al., 2009) (Figure 7B), and further compared with the reconstructed lake levels of Huangqihai Lake (Zhang et al., 2016) (Figure 7C), and Dali Lake (Goldsmith et al., 2017) (Figure 7D) located in the EASM margin regions during the early-to-mid Holocene. Results demonstrate that Daihai had a relatively lower level at 10.2 ka., which may be a response to Younger Dryas (YD) events. However, it was not recorded in Daihai based on the 14C dating but replaced with an inferred declined lake level. Subsequently, the Daihai lake level was prone to rise at 10.2–9.2 ka, which was also recorded in Figure 7B, and then reached a relatively higher lake level until 9.2–8.5 ka. Thereafter, the lake level underwent a decrease as a response to 8.2 ka cooling event, which crossed large parts of the Northern Hemisphere (Matero et al., 2017). After 8.2 ka cooling event, the Daihai lake level began to increase again and was maintained at a persistent and stable high lake level during 8.1–5.2 ka, except an inferred declined lake level at 7.5 ka. At 5.2 ka, the Daihai lake level reached its maximum, about 40 m higher than the modern lake level. Similar records in Figure 7B also revealed the high lake level during this time. However, our results showed that the high lake level developed at 5.2 ka, and then a sudden declined level occurred after 5.2 ka, while reconstruction results in Figure 7B indicated Daihai expanded on a large scale with the abundant monsoon effective precipitation and humid climate at 8.1 Cal ka B.P (7.3 ka B.P), and this persistent and stable high lake-level stage remained until 3.4 Cal ka B.P (3.2 ka B.P) (Sun et al., 2009). Overall, our reconstruction results filled the knowledge gap of lake-level variations of Daihai based on the 14C dating of cores and lakeshores.
Lake-level fluctuations displayed in Huangqihai Lake and Dali Lake were slightly distinct with Daihai (Figures 7C,D). Results showed that the Dali lake level was more than 60 m higher than present, with a two-fold increase in annual rainfall during the 8.8–6.3 Cal ka B.P. (8.0–5.5 ka B.P.). At ca. 6.3 Cal ka B.P. (5.5 ka B.P.), the lake level dropped about 35 m, indicating the termination of humid conditions, which triggered a large cultural collapse of Early Neolithic cultures in north China, and possibly promoted the emergence of complex societies of the Late Neolithic (Goldsmith et al., 2017). There were also sub-fluctuations at ca. 10.6–10, 9.6–9, 7–6.3, 5.8–5.2, 4.5–3.7, 3.2–2.7, 2.3–2, 1.7–1.4, and 1.1–0.2 Cal. ka B.P.; the precipitation decreased, and the lake level declined with the decreasing nearshore components of lake sediments (Xiao et al., 2013; Xiao et al., 2015). Lake-level fluctuations of Dali in the Holocene were not only related to the monsoon intensity but also affected by ice and ice melt. Thus, the beginning of the high lake level was slightly earlier than that of Daihai, and the terminal time was also slightly earlier. Lake-level reconstruction of Huangqihai Lake based on OSL dating (Figure 7C) revealed a peak elevation of ∼1,340 m (>77 m higher than the present) during the early Holocene, which remained such highstand from ∼10 to ∼8 ka and retreated toward the middle and late Holocene. The beginning and termination of the high lake level from Huangqihai Lake were both much earlier than those of Daihai Lake.
The Underlying Mechanism of lake-level fluctuations of Daihai During the Early and Mid-Holocene
We further compared various regional and global environmental signals to investigate the underlying mechanism of lake-level fluctuations of Daihai Lake or even lakes at the fringe of the EASM regions (Figures 8, 8A). The variation of tree pollen percentage from Daihai (Figure 8B) indicated woody plants showed an increasing trend during the early-to-mid Holocene, which may suggest the humidity gradually increased during 10.2–7.9 Cal. ka B.P., and then there was a large-scale coverage of mixed coniferous and broadleaved forests at 7.9–4.5 Cal. ka B.P., marking the warm and humid climate environment (Xiao et al., 2004). Precipitation variability in Daihai also indicated that the increasing precipitation at 7.9–3.1 Cal. ka B.P. and reached a higher level at 5.2 ka (Peng et al., 2005). Pollen-based annual precipitation (PANN) reconstructed from Daihai (Figure 8C) demonstrated that the period of 6.2–5.1 Cal ka B.P. was the wettest and warmest interval, with annual precipitation greater than 550 mm (Xu et al., 2010); cold-dry event at 8.2 Cal ka B.P. was also identified. Reconstructed annual precipitations based on the δ13C of black carbon in Daihai further revealed that the precipitation during the mid-Holocene ranged from less than 170 to 310 mm higher than that at the present. However, the annual precipitation in the early and late Holocene was 70 mm lower than the present (Wang et al., 2013). The content of total organic matter (TOC) also reflected similar results, indicating the high vegetation production and increasing effective precipitations (Sun et al., 2006). All the above records demonstrated the volatility decline after 5 ka. However, our reconstructed results showed that the sediment records missed after 5.2 ka, and the upper layer developed soil humus. We inferred that the upper lacustrine deposit layer may be eroded after the lake declined and the soil humus developed.
[image: Figure 8]FIGURE 8 | Regional comparison of Daihai lake-level fluctuations with various regional and global environmental signals. (A) The lake-level fluctuation curve for Daihai in this study with 65°N summer insolation (red line) (Berger and Loutre, 1991). The error bars represent the OSL ages. The shaded gray bars indicate periods of significant lake-level fluctuations in Daihai. (B) The variation of trees pollen percentage from Daihai (Xiao et al., 2004). (C) Pollen-based annual precipitation (PANN) reconstructed from Daihai (Xu et al., 2010). (D) Pollen-based annual precipitation (PANN) reconstructed from Gonghai Lake (Chen et al., 2015). (E) Synthesized Northern Hemisphere (30°–90°N) temperature record during the Holocene (Marcott et al., 2013).
Compared with the pollen-based annual precipitation reconstructed from Gonghai Lake located at the fringe of EASM areas controlled by the intensity of EASM (Chen et al., 2015) (Figure 8D), the annual precipitation of Gonghai Lake could represent the most areas of North China and be regarded as an ideal region to evaluate the EASM variability. The reconstructed results demonstrated a gradually intensifying monsoon from 14.7 to 7.0 ka, and a maximum monsoon from 7.8 to 5.3 ka with 30% higher monsoon precipitation than the present. These trends were punctuated by two millennial-scale weakening events which synchronously occurred with the YD event and at 9.5–8.5 ka, which further corresponded to the episodes at ca.10.2, 9, and 8.5–8.1 ka with the declined lake level from Daihai in this study. Since 3.3 ka, a sharp decline occurred in the annual precipitation of Gonghai Lake. Maximum annual precipitation at 7–5 ka during the mid-Holocene revealed the maximum intensity of EASM, which was strongly coupled with the development of Neolithic culture in northern China; for example, Yangshao culture during this period was more prosperous than other Neolithic cultures. Therefore, the strengthening of EASM brought high precipitation with a warm and humid climate, which provided a suitable climate environment for the development of human civilization. Lake-level fluctuations of Daihai corresponded to the EASM variability, which further indicated that the high lake level in Daihai during the Holocene was related to the enhancement of EASM. The evolution pattern of lake-level fluctuations in Daihai was also consistent with the 65°N summer solar insolation variation curve (Berger and Loutre, 1991) (Figure 8A, red line), which could be inferred that the lake-level fluctuation in Daihai was mainly controlled by the intensity of EASM driven by summer solar insolation. The synthesized Northern Hemisphere (30°–90°N) temperature record during the Holocene (Figure 8E) revealed early Holocene (10,000–5,000 years ago) warmth was followed by ∼0.7°C cooling through the middle-to-late Holocene (<5,000 years ago), culminating in the coolest temperatures of the Holocene during the Little Ice Age. The high lake level at 5.2 ka was corresponding to the high temperature. However, after 5.2 ka, the lake level declined sharply, while the temperature and annual precipitation variability always displayed a relatively slow descent, which indicated that the lake-level fluctuations nonlinearly responded to the climate change, and thus, stratigraphic boundaries may not always represent climatic boundaries.
Overall, the lake-level fluctuation of Daihai directly indicates climate change during the early and mid-Holocene. Comparing the lake-level fluctuations with different lakes in the margin of EASM areas and other various regional and global climate signals, we concluded the lake-level fluctuation of Daihai was a regional response to global climate change during the early and mid-Holocene when the climate change is mainly controlled by the EASM driven by solar insolation at high-latitude summer in the Northern Hemisphere. Especially, the high lake level with the high precipitation associated with an intense EASM during the mid-Holocene may have provided a suitable and favorable environment for cultural development, for example, the distribution of the Haishengbulang cultural sites around Daihai at 6.6–5.7 Cal ka B.P. (5.8–5 ka B.P.) with the elevation of 1,290–1,300 m a.s.l. from early to late periods, indicating the expanding lake surface. However, there were 200 years of cultural vacancy during 5.7–5.5 Cal ka B.P. (5.0–4.8 ka B.P.) after the termination of Haishengbulang culture, which might indicate the occurrence of a centennial scale dry event, followed by the emergence of the Laohushan culture. Laohushan culture was a developed primitive agricultural culture with local characteristics around the Daihai Basin, which mainly distributed in the ecotone of agriculture and animal husbandry. Its cultivation was mainly extensive with tools of grindstone knives. However, the sudden collapse of Laohushan culture at 4.8 Cal ka B.P. may be related to the cold events caused by monsoon intensity at the end of the Holocene optimum (Xiao et al., 2019). The decrease in temperature resulted in changes in the heat conditions of agricultural production and the inability to meet the needs of crop growth. People will change their original land-use patterns to adapt to changes in the natural environment, from agriculture-based to semi-agricultural and semi-pastoral or pure animal husbandry. Thus, the ecotone of agriculture and animal husbandry in Daihai basin was developed from then on. Correspondingly, this episode was consistent with the sudden drop of the Daihai lake level after 5.2 ka.
The EASM plays a key role in the evolution of the lake level of Daihai, which is largely consistent with the Gonghai Lake and Dali Lake controlled by the intensity of EASM as well. However, on the centennial scale, the lake-level changes were more complex, which is determined by the regional characteristics of the lake, so the response of different lakes to the EASM intensity could be distinct. For example, the high lake level in the early and mid-Holocene of Dali Lake was not only affected by the EASM driven by solar insolation but also depends on the supply of ice melt and snowmelt.
CONCLUSION
In this study, a series of lakeshore terraces with different heights and braided river deltas around Daihai providing direct geomorphic evidence were used to reconstruct the history of lake-level fluctuations based on the OSL dating method during the early and mid-Holocene. We concluded that the Daihai lake level was at a relative low level at 10.2 ka. Thereafter, the lake level began to rise at 10.2–8.1 ka, and stayed at a relatively highstand level at 8.1–5.2 ka. Furthermore, the lake level of Daihai reached optimum at 5.2 ka, with ∼40 m higher than the modern lake level, and the lake area expanded to about 400 km2, approximately six times larger than that of the present. However, the records of the depositional sections revealed that part of the depositional records in the north and east of the Daihai were missed after 5.2 ka, maybe indicating the sudden drop of the lake level of Daihai. The overall climate pattern of Daihai during the early and mid-Holocene shows that the lake level has gradually risen since the early Holocene, and thereafter reached its peak in the mid-Holocene, developing a high lake level, which indicates that the monsoon effective precipitation increased and the humid climate prevailed with the strengthen EASM. The lake-level fluctuations of Daihai during the early and mid-Holocene were mainly controlled by the intensity of EASM. While it is not always synchronous in responding to climate change, which is well confirmed by other lakes at the fringe of ESAM-influenced areas. The local and regional factors are responsible for the fluctuation of the water lake level as well.
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