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The magnitude and rate of the expansion of the East Asian summer monsoon (EASM) rain belt under future climatic warming are unclear. Appropriate ecological proxy data may provide an improved understanding of the spatial extension of the EASM during past warming intervals. We reconstructed the spatiotemporal pattern of the extension of the EASM since the Last Glacial Maximum (LGM), using six well-dated mollusk fossil sequences from Chinese loess sections located on the modern northern edge of the EASM. The abundance of typical dominant mollusk species indicative of EASM intensity shows a delayed response, from ∼17 ka in the southeastern sections to ∼9 ka in the northwestern sections, during the last deglacial warming. Isoline plots based on a mollusk data synthesis show that the mollusk EASM indicators have a northeast–southwest zonal distribution for both the present-day, the cold LGM, and the warm mid-Holocene, which is consistent with the spatial pattern of modern precipitation. The resulting estimated expansion rate of EASM intensity accelerated during ∼12–9 ka (∼50 km/ka), which corresponds to the early Holocene interval of rapid climatic warming, a northwestward shift of ∼150 km compared to today. This implies that the northern fringe of the EASM in northern China will become wetter in the coming century, under moderate warming scenarios.
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INTRODUCTION
The East Asian summer monsoon (EASM) serves as an interhemispheric heat transfer mechanism and is the main mechanism of moisture transport to East Asia (Webster et al., 1998; Ding, 2004). In recent decades, the summer monsoon rain belt has retreated southward, increasing the incidence of droughts in northern China and flooding in southern China (Wang, 2001; Chase et al., 2003; Ding et al., 2008). Several researchers have linked these monsoon migrations to recent global warming (Li et al., 2010), and argue that as the world warms, dry regions will become drier and wet regions will become wetter (Held and Soden, 2006). However, this scenario, which is based on limited decadal-scale observational data, has made it difficult to establish a long-term linkage between monsoon rainfall and climatic warming and has been challenged by paleo-records of the monsoon (Yang and Ding, 2008; Yang et al., 2015; Huang et al., 2019; Cheng et al., 2020).
Current paleoclimate records reflecting the variability of EASM rainfall intensity come mainly from oxygen isotopic records from cave deposits (Wang Y. J. et al., 2001; Cheng et al., 2006; Cheng et al., 2009), and physical and geochemical proxies (e.g., magnetic susceptibility, δ13C of organic matter) from loess deposits and lake sediments (Lu et al., 2007; Peterse et al., 2011; Lu et al., 2013; Chen et al., 2015; Goldsmith et al., 2017; Wen et al., 2017). These studies addressing the response of the EASM to past warming focus on two main aspects: 1) Reconstructing the history of EASM rainfall intensity and exploring its relationship with the external drivers of climate forcing. Based on well-documented speleothems oxygen isotopic records, the debate over whether the EASM reached its maximum intensity in the early Holocene (Wang Y. J. et al., 2001; Cheng et al., 2006; Cheng et al., 2009) or the mid-Holocene (Lu et al., 2013; Chen et al., 2015) still challenges our understanding of the response of EASM intensity to summer insolation and the associated temperature fluctuations. 2) Spatial characterization of the magnitude of shifts in the EASM rain belt during past warming intervals, especially on the sensitive northern fringe, which is of particular eco-environmental concern. Recent paleorecords based on the spatial distribution of C4 plant biomass and loess grain size suggest that the EASM moved northwestward by ∼300 km from the cold Last Glacial Maximum (LGM) to the warm mid-Holocene (∼6 ka) (Yang and Ding, 2008; Yang et al., 2015). This northward shift in the EASM rainfall belt would have increased the precipitation in the semi-arid region of northern China, which is supported by PlioMIP climate simulations (Huang et al., 2019; Cheng et al., 2020).
Although these paleo-records and climate simulations indicate the same trend of northwestward migration of the northern extent of the EASM, the spatial estimates show only two time-slice scenarios (a warm mid-Holocene and a cold LGM). However, the rate and spatial extent of the movement of the EASM rain belt since the last deglaciation, and their relationship with warming rates, remain unclear. Since the validity of Chinese cave isotope-based reconstructions of EASM precipitation intensity has been questioned (Tan, 2009; Maher and Thompson, 2012; Liu et al., 2015), and other geological evidence is mainly from a few records from single sites, the extent to which the spatial migration of the EASM rain belt fluctuated under past climatic warming requires further investigation. Absent from the debate are multi-site records of ecological indicators sensitive to summer monsoon precipitation amount.
Terrestrial mollusks are one of the most diverse and abundant invertebrates inhabiting various environments of the East Asian monsoon regions (Nekola, 2003; Dong et al., 2019). They are abundantly preserved as fossils, for example in loess sediments (Rousseau and Wu, 1997; Wu et al., 2002; Sümegi et al., 2015; Horsák et al., 2018; Richter et al., 2019). Previous studies have shown that mollusks are sensitive to the advance and retreat of the East Asian monsoon, and several mollusks have been identified as indicator species of the EASM, such as Punctum orphana and Macrochlamys angigyra (Rousseau and Wu, 1997; Wu et al., 2002). These characteristics make mollusks a unique model taxon for exploring spatiotemporal changes in the EASM and their linkage with climatic warming.
Here we present the first modern distribution of terrestrial mollusks in northern China, together with six high-resolution mollusk fossil sequences spanning the interval from 25 ka (in the LGM) to the Holocene, along environmental gradients in the Chinese Loess Plateau (CLP), located in the northwestern part of the EASM region (Figure 1). The peripheral location of these loess sections with respect to the monsoon region provides an excellent opportunity to examine the magnitude of the spatial expansion of the EASM in response to climate change. The temperature of the Holocene climatic optimum (∼8–4 ka) was ∼2°C higher than today in the Northern Hemisphere (Wang S. et al., 2001; Shakun et al., 2012), which is equivalent to predicted warming. Our aims were to estimate the shift of the monsoon rain belt associated with past global warming and to predict future hydroclimatic trends in the region.
[image: Figure 1]FIGURE 1 | Locations of the studied sections (solid red triangles) along climatic gradients from the northwest to southeast across the Chinese Loess Plateau (A). The inset map shows the location of the study area and the modern northern edge of the EASM region. The arrows indicate the direction of the summer monsoonal winds. Brown squares and red circles denote locations of the loess sites and palynological sites referenced in the text. The isohyets (in mm; gray lines) and isotherms (in °C; brown dashed lines) are 50-years averages (Lin et al., 2002). (B) Ensembles of backward air-parcel trajectories (Draxler and Hess, 1997) of the source moisture for the Yaoxian loess site. Grey lines indicate daily backward (144 h) moisture trajectories of rainfall events (>0 mm/day) from January 2005 to December 2011, at the height of 1,000 m above ground level. Three primary moisture transport paths to the Yaoxian loess site were generated using cluster analysis of moisture trajectories. The green paths denote the Westerlies; the green paths denote the eastern branch of the East Asian summer monsoon; the red path denotes southern branches of the East Asian summer monsoon. The data for backward trajectories analysis were downloaded from (ftp://arlftp.arlhq.noaa.gov/pub/archives/reanalysis/).
MATERIALS AND METHODS
Study Area and Sites
The six studied loess-palaeosol sections are Linxia (35°38′N, 103°09′E, H = 2,179 m), Huanxian (36°32′N, 107°20′E, H = 1,232 m), Shuozhou (39°23′N, 112°09′E, H = 1,579 m), Jingchuan (35°15′N, 107°43′E, H = 1,244 m), Jixian (36°06′N, 110°38′E, H = 995 m), and Yaoxian (34°53′N, 108°58′E, H = 673 m). They are located along a northwest–southeast transect across the CLP (Figure 1A). The northernmost sites (Linxia, Huanxian) are currently located near the northwestern limit of the EASM domain. The modern mean annual temperature (MAT) of these sites increases from ∼6 to ∼13°C, and the mean annual precipitation (MAP) from ∼300 to ∼650 mm, from northwest to southeast (Figure 1A). Daily backward moisture trajectories of rainfall events in the central CLP show that the moisture transported by the EASM accounts for ∼85% of the annual rainfall (Figure 1B). About 70% of the precipitation falls in the summer and autumn seasons when the EASM circulation transports tropical and subtropical moisture inland (Qian, 1991).
Modern mollusk species distributions are from Li et al. (2016), Dong et al. (2019), Dong et al. (2020a). The dataset comprises 356 samples collected from surface soils across an ∼800 km climatic gradient across northern China. This extensive dataset of modern mollusk samples covering all fossil sites ensures a comprehensive survey of species distributions.
Loess Sequences and Chronology
The six profiles are geographically located in “Yuan” areas (flat-topped loess highlands, covered with thick loess deposits), one of the major topographic units in the CLP (Liu, 1985). Sampling was undertaken on 1) the upper part of loess unit L1 (L1-1) which was deposited since marine isotope stage 2 (MIS2); and 2) the lower part of the Holocene paleosol unit (S0) (Supplementary Figure S1). The chronology of the six loess-paleosol sequences is based on high-resolution optically stimulated luminescence (OSL) dating for the Linxia, Huanxian, Jingchuan and Yaoxian sections (Lai and Wintle, 2006; Dong et al., 2015), and on the 14C ages of mollusk shells from the Jixian (Dong et al., 2021a) and Shuozhou sections (Supplementary Figure S2). The age-depth models were constructed by polynomial fits through a number of successive absolute dates. The age-depth models for the loess sequence show that most of the loess profiles span the past 25 ka, including the Last Glacial Maximum (LGM), the Last deglacial, and the Holocene (Supplementary Figure S2).
Mollusk Samples
A total of 522 mollusk samples were taken from the L1 and S0 strata in six loess sections spanning the last 22 ka. A sampling of each loess section was conducted at the equal intervals which equates to an average temporal resolution of ∼200–600 years for each sample (Supplementary Figure S1). The mollusk data for the Yaoxian, Jingchuan, Linxia and Jixian loess profiles are from Dong et al. (2020a, 2020b, 2021b). Each sample comprised ∼15 kg of soil material, and all samples were washed and sieved in the field using a 0.5-mm mesh sieve to remove fine soil. The mollusk shells were then picked and identified under a binocular microscope; the identification procedures followed Yen (1939) and Chen and Gao (1987). All mollusk taxa in the deposits were identified and the abundance of summer monsoon indicator species was determined at each site.
Spatial Analysis
Compared with the long geological period, the morphological and ecological characteristics of terrestrial mollusks, from the study area in northern China, have not changed since the LGM (Li et al., 2006), indicating that the range of potential evolutive variations remains very tight and negligible. This allows therefore to apply the present ecological requirements of the studied mollusk species to the Late glacial and Holocene malacofauna to assess the spatial dynamics of their distribution.
Interpolation analysis was used to produce a map of the spatial abundance of typical mollusk species for the whole study area. There are many spatial interpolation methods, such as Inverse Distance Weighted interpolation, Kriging interpolation algorithm and Natural Neighbor interpolation method (Sibson, 1981; Isaaks and Srivastava, 1989), used to predict the distribution of variables in different disciplines. Among them, Kriging interpolation, a geostatistical method, has been widely used to predict many environmental and ecological variables, such as annual rainfall and species richness, as long as the data are spatially dependent (Isaaks and Srivastava, 1989; Webster and Oliver, 2001). The Kriging interpolation involves a process of semi-variogram to model the spatial autocorrelation of the data to assign weights, which can result in better interpolations under an appropriate sampling design. In this study, this method was used for spatial analysis of the distribution of the mollusk species.
RESULTS
Mollusk Taxa Indicative of EASM Intensity
P. orphana and M. angigyra were two of the most abundant thermo-humidiphilous taxa, both in the modern mollusk samples and in the loess-paleosol sequences. Modern surveys based on the 356 surface mollusk samples (Li et al., 2016; Dong et al., 2019, 2020a) show that P. orphana has a mean abundance of ∼5.3% in the CLP, with a maximum of ∼46% (Figure 2A). The P. orphana isolines using the Kriging interpolation show a northeast–southwest trend (Figure 2A), which is consistent with the modern climatic pattern: i.e., a northeast–southwest trend (Figure 1). Its modern distribution is mainly in the southeastern CLP where the MAP ranges from ∼450 to 860 mm, an area presently dominated by the summer monsoon.
[image: Figure 2]FIGURE 2 | Maps of the abundance of P. orphana (A) and M. angigyra (B) based on modern surveys (Li et al., 2016; Dong et al., 2019, 2020a), together with modern mean annual precipitation over the past 50 years. Red dotted lines show the reference values of the 4.5%, 2.5% isolines of P. orphana and M. angigyra, respectively.
M. angigyra, another typical thermo-humidiphilous species, requires a higher temperature and wetter conditions than P. orphana (Chen and Gao, 1987). Although its distribution is more southerly than that of P. orphana, they both show a similar spatial abundance pattern. From northwest to southeast, the abundance of M. angigyra increases substantially, reaching ∼85%, and with an average of ∼4.9% (Figure 2B). The abundance of these two mollusk species increases linearly with the increase in MAP in the CLP. Their spatial distribution shows that their abundance is sensitive to the hydrothermal regime in northern China and thus they reflect fluctuations in EASM intensity. Their occurrence on the northern fringe of EASM is regarded as a proxy of EASM strength and an indicator of the northward migration of the warm and wet summer monsoon into the Loess Plateau (Wu et al., 1996, 1999, 2002; Rousseau and Wu, 1997).
Spatial Patterns of Mollusk Abundance Since the LGM
Considering the sensitivity of the two mollusk species to the summer monsoon, and the fact that they are the dominant thermo-humidiphilous species in the entire mollusk assemblage, we now examine their spatiotemporal distribution since the LGM. The abundances of the two mollusk species show a striking and regular pattern of variability within the six loess sequences. In the southern region of the CLP (Yaoxian), P. orphana is abundant throughout the time series (Figure 3A). Large fluctuations in abundance occurred during 25–9 ka, but the species generally maintained a high level of abundance, with the average number of individuals remaining at ∼30/15 kg (Figure 3A). The number of individuals of P. orphana was significantly reduced in the eastern and central CLP (Jixian, Jingchuan), and was almost absent before and during the LGM. The species began to be continuously distributed at ∼20 ka at the Jixian site, and reached its maximum abundance during the early to middle Holocene. In the northern part of the CLP, the continuous presence of P. orphana in the Huanxian and Shuozhou sections was delayed by ∼16 ka and 12.5 ka, respectively. In the far northwest Linxia section, the numbers of this species were even lower, and it did not appear until ∼9 ka, although it increased substantially during the mid-Holocene (Figure 3A). At most of the sites P. orphana reached its maximum abundance between ∼8 ka and ∼4 ka, although there was a slight variability between the sites. Continuously declining abundances occurred during ∼4–3 ka. In general, the sites in the northern CLP had a substantially lower abundance of P. orphana compared to the southern and eastern sites. During the last deglacial warming, the continuous occurrence of P. orphana was gradually delayed from southeast to northwest across the CLP.
[image: Figure 3]FIGURE 3 | Abundance of P. orphana (A) and M. angigyra (B) in the six loess sections from southeast to northwest across the Chinese Loess Plateau, and correlation with the Greenland NGRIP ice-core δ18O record (Huber et al., 2006) and Northern Hemisphere average temperature (Nor. Tem) (°C) (Shakun et al., 2012). The Holocene, Younger Dryas (YD) and LGM intervals are indicated. The shaded zones indicate the Holocene soil layer.
The spatial abundance of M. angigyra is similar to that of P. orphana. Sites from the southern to the eastern CLP (Yaoxian, Jixian) contained more M. angigyra than most of the northern sites (Jingchuan, Huanxian, Shuozhou and Linxia) (Figure 3B). All of the sites had a low abundance of M. angigyra during the cold LGM. Between ∼17 and 15 ka, there was a rapidly increasing abundance at sites in the eastern and southern CLP (Jixian, Yaoxian). Different from P. orphana, the northern boundary of the distribution of M. angigyra is much more southerly, being rare or nearly absent from the central and northern areas, such as Jingchuan, Huanxian, Shuozhou and Linxia, during the entire Holocene.
Migration of the EASM Rain Belt From the LGM to the Middle Holocene
In order to characterize the spatial variation of the abundance of typical summer monsoon-sensitive mollusk species and to evaluate the extent of the summer monsoon, we plotted contour maps of their abundance based on a synthesis of the data from the present study and published fossil mollusk records (Wu et al., 1996, 1999, 2000, 2001, 2002, 2007; Rousseau and Wu, 1997; Rousseau et al., 2000, 2009). The isolines of the abundance of the two indicator mollusks all show a northeast–southwest zonal distribution during both the cold LGM, the warm Holocene, and at the present day (Figure 4). This pattern is consistent with the northeast–southwest trend of modern annual isohyets. Therefore, changes in the zonal distribution of indicator mollusk abundance in the CLP can serve as a useful analog for shifts in the EASM rain belt. Since the 4.5% isoline of P. orphana abundance is close to the current northern limit of the EASM, we can use it as a reference value to estimate the spatial migration of the EASM margin since the LGM. Correspondingly, there is an estimated 350-km migration distance between the LGM and the mid-Holocene, and a minimum 150-km northwestward migration of the monsoon rain belt during the warm Holocene, compared with the present day (Figure 4). Similarly, using an M. angigyra abundance of 2.5% as a reference, we estimate a northwesterly monsoon rain belt advance of ∼300 km for the warm Holocene compared with the cold LGM, and a ∼100-km northwestward migration compared with the present day (Figure 5). We estimate that the distributions of mollusk species shifted to the northwestern sites at average rates of ∼30 km/ka during ∼15–12 ka (from the onset of the deglacial warming) and ∼50 km/ka during ∼12–9 ka (roughly corresponding to the early Holocene).
[image: Figure 4]FIGURE 4 | Contour maps of the abundance of P. orphana and M. angigyra for the time slices of ∼6 ka (A, F), ∼ 9 ka (B, G), ∼12 ka (C, H), ∼15 ka (D, I), and ∼18 ka (E, J) since the last deglaciation. The modern mean annual precipitation distribution over the past 50 years is also shown. Red dotted lines show the reference values of the 4.5 and 2.5% isolines of P. orphana and M. angigyra, respectively.
[image: Figure 5]FIGURE 5 | Migration of the East Asian summer monsoon rain belt since the last deglaciation (∼18 ka, ∼15 ka, ∼12 ka, ∼9 ka, and ∼6 ka) reconstructed using the abundance isolines for P. orphana (purple dotted line) and M. angigyra (orange dotted line).
DISCUSSION
Precipitation and related humidity conditions are important first-order factors affecting mollusk communities at large regional scale, especially on the northern margin of the EASM in northern China (Chen and Gao, 1987; Wu et al., 2018; Dong et al., 2019). Previous studies have shown that the two mollusk species are highly sensitive to monsoonal precipitation, which is supported by our surveys of modern mollusk abundance, and their abundance in Chinese loess deposits has been widely used to reconstruct changes in EASM intensity during the Quaternary (Wu et al., 2002; Wu et al., 2018). Our records show that the abundance of these mollusks increased substantially with climatic warming during the last deglaciation, reaching a maximum during ∼8–4 ka. The maximum timing of EASM intensity indicated by the mollusk records during the mid-Holocene is consistent with that documented by climatically-sensitive records of magnetic susceptibility, organic matter content and carbon isotopes from Chinese loess deposits (Lu et al., 2013). It is also supported by pollen-based precipitation reconstructions from lake deposits in northern China (Chen et al., 2015; Zhou et al., 2016; Wen et al., 2017; Cheng et al., 2020), indicating that the maximum summer monsoon precipitation on the northern EASM margin occurred in the mid-Holocene, rather than during the early Holocene, as inferred from speleothem oxygen isotope records.
The northern margin of the EASM rain belt, as inferred from the two mollusk indicator species, shifted from northwest to southeast, consistent with records of loess grain-size and C4 plant biomass records (Yang and Ding, 2008; Yang et al., 2015). Previous studies have presented only two time slices and did not demonstrate a statistical linkage between spatial shifts of the rain belt and climatic warming. We found that observed spatial shifts were significantly greater during intervals of high-amplitude warming. Specifically, a pronounced extension of the EASM rain belt occurred at ∼16 ka, corresponding to the beginning of the last deglaciation. The estimated maximum advance rate reached ∼50 km/ka during ∼12–9 ka, corresponding to the interval of rapid warming from the last deglaciation to the Holocene. These results indicate that the rate and extent of EASM rainfall expansion were strongly related to the concurrent level of warming since the last deglaciation.
It is noteworthy that the ecological requirements of the two EASM indicator mollusk species are not the same. The distribution of the maximum abundance and extension of the two species differ slightly due mainly to the different optimum ranges of hydrothermal conditions. M. angigyra requires warmer and wetter conditions for its survival and growth and tends to be located in the south with higher precipitation. As shown in our fossil record, their fossils are only distributed at a few sites in the southeastern Loess Plateau, such as at Weinan during the cold LGM (Wu et al., 2002). The most obvious expansion (characterized by continuous occurrence and 3–5% abundance isolines) of M. angigyra has been from the southern CLP to the central CLP since deglaciation, while P. orphana can extend northwestward from the central CLP to the northwest. Thus, the extension rate and amplitude of the EASM rain belt indicative of their reference abundance value may deviate slightly, but the path and direction of their expansion still coincide with the modern precipitation pattern. Both two mollusks indicate a roughly 300-km northwestward migration of the monsoon rain belt for the warm Holocene compared with the cold LGM. Although our reconstruction would be improved by a higher temporal resolution, better chronological accuracy, and more fossil sites, our data provide the best estimates of extension rates and is an improvement over previous study.
Our estimated migration distance is similar to that of the desert margin from the LGM to the mid-Holocene inferred from loess grain-size records (Yang and Ding, 2008). This estimate is also consistent with the 300-km northwestward migration of the monsoon rain belt inferred from the spatial distribution of C4 plant biomass in the CLP (Yang et al., 2015). Although the migration distance estimated by different proxies may vary due to proxy sensitivity and the accuracy of the chronology, the same northwestward trend provides firm evidence of the extension of the EASM rain belt based on both ecological and geochemical proxies.
Our data, together with previous geological records, confirm that increased global temperatures strengthened the EASM and resulted in at least 150 km concomitant northward advance of the monsoon rain belt during the mid-Holocene compared to today. This long-term linkage between climatic warming and monsoon rainfall extent is supported by recent climate models, namely the coincidence of the increased land-ocean thermal contrast with the Asian monsoon domain, which was forced mainly by Earth orbital parameters and atmospheric CO2 content, since the last deglaciation (Cheng et al., 2020). This evidence supports the scenario proposed by Broecker and Putnam (2013) that the Northern Hemisphere warms more rapidly than the Southern Hemisphere oceans. This leads to an increase in the interhemispheric temperature contrast which induces a northward shift of the thermal equator (ITCZ), ultimately leading to increased precipitation on the northern margin of monsoonal Asia. These scenarios occurred during earlier warm periods, such as the mid-Pliocene (Huang et al., 2019). As a result, northern China may become wetter over the next century as global warming continues. We, therefore, suggest that the drying trend in northern China, which has already lasted for several decades, will eventually reverse with ongoing global warming.
CONCLUSION
Based on 356 surface-soil mollusk assemblages we demonstrate that two dominant mollusk species, Punctum orphana and Macrochlamys angigyra, can be used as an indicator of the movement of the EASM rain belt. Based on this, we present changes in the abundance of the two species from six loess sections across the Chinese Loess Plateau, and examine spatiotemporal changes in the EASM rain belt during the interval from the cold LGM to the warm Holocene. The spatial distribution of the abundances of the two mollusk species shows a northeast-southwest zonal distribution for both the present-day, the cold LGM, and the warm mid-Holocene, which is consistent with the northeast-southwest trend of modern precipitation. Therefore, the northeast-southwest zonal distribution pattern of mollusk abundance in the CLP is a robust analog for the EASM rain belt. The occurrence of the two EASM indicator species shows a lag from the relatively warm, wet southeast to the relatively cold, dry northwest since the LGM, with their abundance reaching a maximum during the mid-Holocene. Using the 3–5% mollusk abundance isolines as a reference, we estimate that the EASM rain belt during the warm Holocene penetrated 150-km further northwestward compared to today. Our results provide long-term biological evidence suggesting that the northern monsoonal marginal region in China may become wetter as the climate warms, and thus that the observed drought trend of recent decades may be reversed with ongoing global warming.
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