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Environmental conditions on the Tibetan Plateau (TP) during the last glacial maximum (LGM) are poorly known. Existing studies of environmental proxies and climate model simulations are contradictory, with interpretations varying between cold-dry and cold-wet environmental conditions which differentially influenced lake volumes, loess deposition and vegetation communities across the TP. Genetic and archaeological studies suggest anatomically modern paleolithic foragers initially occupied the TP between 60 and 30 ka, and may have seasonally occupied the TP during the LGM. Hence, a better understanding for LGM environmental conditions is needed in order to estimate whether paleolithic foragers could have survived on the TP during the extreme LGM cold stage. Here we report the investigation of lacustrine sediments and beach deposits within two paleoshorelines around Dagze Co on the southern TP, ∼22 and ∼42 m higher than the present lake level. Optical age estimates suggest the sediments were deposited during the LGM and mid-Holocene, respectively. TraCE-21 climate model simulation results suggest that net annual LGM precipitation in the Dagze Co basin was lower than the mid-Holocene, but about the same as that of the past 1,000 years. Combining the optical age estimates with TraCE-21 and CAM4 climate model simulation results, we deduce that increased summer precipitation and glacier meltwater supply, combined with decreased lake surface evaporation, produced LGM lake levels ∼22 m higher than present. We also synthesized paleoenvironmental records reported across the TP spanning the LGM. This synthesis suggests that the LGM climate in the northern TP was cold and dry, but that some of the southern TP was cold and wet. These relatively wetter LGM conditions in the southern TP may have favored the growth of cold-resistant plants which, in turn, may have supported larger herbivore populations, and provided food for paleolithic foragers. We conclude that seasonal or short-term human occupation of the TP during the LGM was thus more likely in the southern TP than in the north.
Keywords: tibetan plateau, last glacial maximum, high lake levels, climatic conditions, paleolithic foragers
INTRODUCTION
A recent study of a human mandible fossil found in Xiahe County, in the northeastern TP, indicates that Denisovans occupied the TP before 160 ka (during the penultimate glacial period), much earlier than contemporary Tibetans who arrived in the region much later (Chen et al., 2019; Zhang et al., 2020). Both genetic research (Lu et al., 2016) and archaeological investigations (Zhang et al., 2018a; Zhang et al., 2018b) suggest that anatomically modern human foragers conquered high elevations and at least seasonally colonized the Tibetan Plateau (TP) between 60 and 30 ka. Genetic research indicates there was some genetic continuity between initial Paleolithic people on the TP and modern Tibetans, with the former contributing ∼6% of the present Tibetan gene pool (Zhao et al., 2009; Lu et al., 2016). Research has further suggested that Paleolithic people successfully overcame the TP’s harsh climate during the last glacial maximum period (LGM, between ∼26 and ∼19 ka (Clark et al., 2009)) and made a genetic contribution (albeit limited) to contemporary inhabitants (Zhao et al., 2009). This is supported by archaeological evidence from the southern TP, including human handprints and footprints on hot spring travertine at Quesang and a fireplace remnant dated to within the LGM (Zhang and Li, 2002). At the Nwya Devu site stone artifacts within alluvial sands and gravels were mainly deposited from 40–30 ka, but extending to the LGM (Zhang et al., 2018b). However, optical dating and U-series dating of the travertine at the Quesang site is controversial (Meyer et al., 2017; Zhang and Li, 2017). Zhang et al. (2017) suggest that low temperatures, hypoxia and low bioproductivity would have impeded year-round hunter-gatherer occupation of the high TP until the development of agriculture after ∼5.2 ka, moreover, Dong et al. (2020) contend that hunter-gatherer groups in China may have adapted to climate change by mobility and subsistence strategy adjustments before 10,000 BP. At present, it appears that Paleolithic foragers first colonized the TP sometime before 30 ka. However, whether they stayed on the TP and adapted to the extremely cold LGM climate or needed to move down to surrounding low elevation regions during the LGM before reoccupying the TP again after the last deglacial (Madsen et al., 2006) is still unknown.
It is difficult to address these alternatives since environmental conditions on the TP during the LGM remain poorly known. Over the course of the past 30 years, extensive investigations of TP paleoenvironmental changes have been conducted by scientists within China and from abroad. However, most are focused on the last deglaciation and Holocene stages, with only a few records spanning the LGM (An et al., 2012; Liu et al., 2019; Chen et al., 2020 and references there in). Ice cores older than the Holocene are scarce on the TP, with only the Guliya ice cap records extending through the LGM (Thompson et al., 1997). Loess is widely distributed across the TP, but has only been continuously accumulated since the last deglacial (e.g., Lai et al., 2009; Qiang et al., 2013; Stauch, 2015; Qiang et al., 2016; Liu et al., 2017). There are more than one thousand lakes scattered across the TP, and lacustrine sediments are the most widely studied proxy records used to reconstruct paleoenvironmental changes. However, the majority of these studies only cover the last deglacial and Holocene periods (Chen et al., 2020 and the references there in). Existing paleoenviornmental records indicate that lakes on the TP shrank during the LGM, with some large lakes becoming almost completely desiccated (Madsen et al., 2008; An et al., 2012; Yan and Wünnemann, 2014; Jin et al., 2015; Liu et al., 2015; Zhu et al., 2015). Loess was eroded by strong westerly winds and the advancement of glaciers during the LGM (Liu et al., 2017; E et al., 2018). Ice wedge casts indicative of permafrost developed widely across the northern TP, and vegetational communities were substantially degraded (Pan and Chen, 1997; Liu and Lai, 2013). All these paleoenvironmental records suggest that the climate of the TP became very cold and dry during LGM. However, a global atmospheric general circulation model (GCM) and a regional climate model with detailed land surface process simulation results (RegCM2) suggest that TP climates were likely cold and wet during the LGM, mainly due to a decrease in evaporation and an increase of water vapor inflow through its south boundary (Yu et al., 2003). This would have resulted in an increase in runoff over the TP caused mainly by a decrease in evapotranspiration (Yu et al., 2003; Zheng et al., 2007). Recently, Li and Morrill (2013) compiled lake level information of monsoonal and arid Central Asia regions and compared them with Paleoclimate Modeling Intercomparison Project Phase 2 (PMIP2) simulated lake level variations during the LGM. They found that some parts of the southern and western TP had LGM lake levels higher than today, while the levels of eastern and northern TP lakes declined substantially. Kuhle (1998) reconstructed the glacial equilibrium line altitude (ELA) during the LGM, concluding the ELA was 1,200–1,500 m lower than today and proposed a 1,000–2,700 m thick ice sheet covered the whole Tibetan Plateau during the LGM. However, this interpretation has been widely disputed (Shi, 2004; Lai et al., 2009; Yan et al., 2018). In summary, controversies still exist about the climatic and environmental conditions on the TP during the LGM, in particular whether or not climatic conditions on the TP differed spatially. More research is needed to resolve these questions.
Closed-basin lakes in the TP are natural water reservoirs and are sensitive to hydrological changes. Understanding lake level fluctuations and the driving forces which cause them, can thus help clarify past hydrological changes in the TP. At a global scale, lake level variations between glacial and interglacial periods are primarily controlled by thermodynamics and dynamic changes deriving from large scale cooling or warming, land-sea and meridional temperature gradients, sea level, and ice sheet topography (McGee, 2020). Shoreline deposits and lacustrine sediments are often used to track past lake level variations in closed-basin lakes. Paleoshorelines can provide much clearer evidence of former lake size changes than can core records (Quade and Broecker, 2009) because lake surface areas and depths can be directly measured. These proxy variables adjust rapidly to prevailing hydrological changes and reflect shifts in the water budget for the lake basins as determined by the changing relationship between precipitation and evapotranspiration (McGee, 2020). A closed-basin lake receives water from river inflow, direct precipitation, and groundwater, and loses water primarily through evaporation since there are no river outlets. Lake highstands can occur when one of the following relationships are met:
(1) Win increase, EL increase, and ΔWin > ΔEL;
(2) Win increase, EL no change or EL decrease;
(3) Win no change or Win decrease, EL decrease, and ΔWin < ΔEL;
Where Win is the sum of water input to the lake (including river runoff, precipitation, and groundwater); EL is water evaporation from the lake surface; ΔWin and ΔEL are changes in Win and EL between beginning and ending time points. It is important to note that lake level fluctuations are not simply responses to precipitation changes, but are associated with basin-wide water budget changes.
Many lakes in the TP are ringed by conspicuous paleoshorelines, suggesting they were much larger in the past. These paleoshorelines were rarely studied before about 2 decades ago because they often lack organic materials for radiocarbon dating. As other dating methods, such as optically stimulated luminescence dating (OSL), U-series dating and cosmogenic nuclide exposure dating, have become increasingly reliable, the number of well-studied and well-dated lake shoreline sequences has increased dramatically. Here, we add to this body of data by reporting the investigation of Dagze Co in the south-central TP. We mapped and sampled paleoshorelines at the southern margin of the Dagze Co, and dated two paleoshorelines using OSL dating in order to determine when the highest paleoshorelines were formed and what the nature of lake surface fluctuations was during the last glacial and especially during the LGM.
The TP covers a wide range of latitudes from 25°N to 40°N. A number of studies of atmospheric water hydrogen and oxygen isotopes (Tian et al., 2001; Yao et al., 2013) suggest the TP can be divided into a westerly influenced northern part and an Indian summer monsoon (ISM) controlled southern part, with the two divided approximately at 33°N latitude. Here we divide the TP into these two sub-regions at 33°N latitude in order to compare shoreline histories of lakes in the two regions and investigate if they were influenced by different atmospheric circulations patterns and had different climate features during the late Quaternary.
SAMPLE COLLECTION AND METHODS
Dagze Co Location and Environmental Parameters
Dagze Co (31.82°–31.98°N, 87.36°–87.65°E, with a modern lake surface elevation of 4,480 m above sea level [asl], Figure 1) is now a brackish lake with a salinity of 19.1 g/L. The main anions are CO32−, SO42− and Cl−, and the main cations are Na+ and K+ (Supplementary Table S1). The modern lake area and maximum lake depth are ∼299 km2 and ∼38 m (Hou et al., 2017), respectively. The basin catchment area is 12845 km2 (Hou et al., 2017). Present inflow is mainly from the Bogcarg Zangbo River. The mean annual precipitation is ∼316 mm, and the mean annual temperature is ∼0.55°C in this region (Hou et al., 2017). About 15 paleoshorelines are well-preserved on the eastern and southern lake margin and can be identified on Google-Earth images and in the field (Figure 2A). These shorelines indicate dramatic past water budget changes. We investigated these paleoshorelines during the summers of 2017 and 2018, and collected OSL dating samples from sand and silt-rich portions of cleaned profiles. Here we focus on the highest paleoshoreline (S15) and on another medium height paleoshoreline [S10] (Figures 1, 2A). The surveyed elevation of the highest paleoshoreline is 4,521.6 m asl, consistent with a previous report that the highest paleoshoreline is 4,522 m asl (Qiao et al., 2010).
[image: Figure 1]FIGURE 1 | (A) Location of Dagze Co and other lakes mentioned in the text; Dagze Co-1, Dangqiong Co-2, Seling Co-3, Nam Co-4, Longmu Co-5, Hala Lake-6, Qinghai Lake-7, Dalianhai Lake-8. The green-line is the outline of the TP. (B) Enlargement showing Dagze Co. The blue and red lines are the outlines of the LGM and mid-Holocene lake margins, respectively. The black dot and square are the 17–10 and 18–1 sampling sites. S10 and S15 (the highest in the basin) are high stand paleoshorelines that are 22.4 and 41.6 m higher than present lake level, respectively. Satellite images are from Google-Earth.
[image: Figure 2]FIGURE 2 | (A) View of Dagze Co and the paleoshorelines located on the southern lake margin. (B) enlargement of the hollow square region outlined in yellow in (A), the yellow solid square represents the location of profile 17–10. (C) Profile 17–10 and associated OSL ages. The view is toward the east.
Sample Collection
Profile 17–10 (87.5628°E, 31.8119°N) is located on paleoshoreline S10, about 22.4 m above the modern lake level (ALL) (Figure 2). This shoreline is spectacular and can be easily identified in the field. However, it lacks beach gravels in the upper part of the profile (Figures 2C, 3), and we speculate surface morphological features of this shoreline may have been formed by wave action during the Holocene lake recessive phase. A thin layer of gravel pavement covers the surface of the shoreline, overlying interbedded fine sand, silt, and coarse sand layers that extend downward to 1.1 m depth (Figure 3). These fine sand, silt, and coarse sand layers all have ripple laminations or sub-horizontal bedding suggesting they are near shore lacustrine sediments deposited when lake levels were several meters above this section according to the empirical relationships between water depths and sediments obtained from Qinghai Lake (Liu et al., 2018). Fine sand layers alternate with varied thickness of red silt layers with no obvious bedding below 1.1 m (Figure 3; Supplementary Figure S1,2). Although the red silt layers may be of alluvial or fluvial origins, they were well sorted and look different from alluvial deposits that are composed of poorly sorted mixtures of gravels, sands and silts (Supplementary Figure S3). This suggests they were reworked by lake water sometimes after they were deposited, and that their OSL ages are related to the reworking processes. Two beach gravel layers are located at the lower part of the section. The upper beach gravel layer is 20 cm thick (2.0–2.2 m) and the lower beach gravel layer is only ∼5 cm thick (2.70–2.75 m) (Figure 3). The beach gravels are 3–5 cm in diameter, well sorted, moderately rounded, and no bedding can be observed (Figure 3; Supplementary Material S2). These gravel layers did not contain enough sand-sized sediments for OSL age estimates and could not be dated. OSL dating samples 17-10-1, 17-10-2, 17-10-3, 17-10-4, 17-10-5 and 17-10-6 were collected from sand lenses or sand rich layers at depths of 2.55, 1.95, 1.6, 1.3. 0.9, and 0.6 m (Figures 2C, 3), respectively. Another exposed section containing lacustrine sediments was found at approximately the same elevation of section 17–10 but ∼10 km to the east (Supplementary Figure S3). It is ∼1.7 m high and its sedimentary structures correlate well with the upper part of section 17–10. The upper 0.45 m consist of alluvial deposits composed of gravels, sands and silts. These are underlain by light greyish nearshore lacustrine fine sands extending downward to an unknown depth (Supplementary Figure S3). We therefore think that these nearshore lacustrine sediments are related to the expansion of Dagze Co. and are not lagoon or alluvial deposits. The sedimentary features and sediment compositions of section 17-10 are quite similar to those in a spectacular paleoshoreline located at the southern margin of Longmu Co. That paleoshoreline is ∼4 m high and composed of lacustrine sands lacking beach gravels, and is thought to have formed during the Holocene lake regression period (Supplementary Figure S4; Liu et al., 2016).
[image: Figure 3]FIGURE 3 | Sedimentary structure details and composition of the 17–10 locality. The entire section is shown in the middle of the figure, with enlarged portions shown on the left and right sides.
Profile 18–1 (87.4915° E, 31.8033° N) is on paleoshoreline S15, ∼41.6 m ALL. This shoreline is the highest visible paleoshoreline surrounding the lake and extends from the southern to eastern lake margin. The top 0.2 m of the profile consists mainly of aeolian deposits with scattered coarse sand and small gravel with no visible bedding (Figure 4). Beach gravels with oblique bedding and diameters ranging from 2 to 5 cm are deposited between 0.2 and 1.0 m depth. A layer of medium to coarse sand with sub-horizontal bedding is 1.0–1.1 m below the surface (Figure 4). This sand layer is underlain by alluvial deposits composed of poorly sorted angular gravels, sands and silts extending to an unknown depth. OSL dating sample (18-1A) was taken from the beach gravels in an area where there is a large sand component, and another sample (18-1B) was collected from the middle of the sand layer ∼1.05 m below the surface (Figure 4).
[image: Figure 4]FIGURE 4 | Paleoshoreline S15 and profile 18–1. This shoreline is the highest visible paleoshoreline surrounding the lake and extends from the southern to the eastern lake margin. OSL dating sample 18-1A was collected from the beach gravels where there is a large sand component. OSL dating sample 18-1B was collected from the middle part of the medium sand layer.
OSL Dating
Samples were transported to the Luminescence Dating Laboratory of the Qinghai Salt Lake Institute, Chinese Academy of Sciences, and were pretreated under red safe light. Carbonates and organic materials were removed from the raw samples using 10% HCl and 30% H2O2, respectively. Medium and coarse sands were then separated through dry sieving and subjected to heavy liquid separation to obtain purer quartz. More detailed pre-processing information can be found in Liu et al. (2015).
The equivalent dose (De) of purified quartz was determined using the single-aliquot regenerative-dose (SAR, Murray and Wintle, 2000). OSL measurements were carried out using an automated Risø TL/OSL DA-20 reader. The preheat and cutheat temperatures were determined by preheat plateau and dose recovery test experiments, set at 200°C and 160°C (Supplementary Figure S5), respectively. The De was then measured by luminescence response. Natural luminescence (Ln) was measured first, then numerous regenerative dose luminescences (Lx) were measured sequentially, and corrected for sensitivity changes by the luminescence response (Tx) to a constant test dose (TD) (Shi et al., 2017). The Lx/Tx ratios were used to construct the regeneration dose growth curve, and the Ln/Tx ratio (natural luminescence to test dose response luminescence ratio) was projected onto the growth curve to calculate the De (Figure S6, Murray and Wintle, 2000). Signals of the initial 0.64 s of stimulation were integrated for growth curve construction after subtraction of the last 10 s signals. Several samples show broad De distributions and have large over-dispersion values (Figure S7), suggesting they may have been heterogeneously bleached before deposition. In order to diminish the influence of partial bleaching on age estimation, the single-aliquot age selection model for De determination proposed by Arnold et al. (2007) was used to decide whether the 3-parameter minimum-age model (MAM-3) or the central-age model (CAM) was applied to calculate the Des. R-language based luminescence data analysis package “numOSL” was used to select the suitable age model to calculate the Des (Peng et al., 2013). Three out of 8 samples’ De were determined by using MAM-3, and the remaining 5 Des were determined by using CAM (Table 1).
TABLE 1 | Summary of shoreline codes, elevations, aliquot numbers, equivalent doses, age models, water contents, dose rates, ages and selected ages used in the context. Uncertainties of individual quartz ages contain both random and systematic components. “MAM-3” is the abbreviation of the 3-parameter minimum-age model, and “CAM” is the abbreviation of the central-age model (Arnold et al., 2007).
[image: Table 1]Concentrations of U, Th and K were measured by the neutron activation analysis of dried and ground bulk samples (Supplementary Table S2). The radionuclide contents were converted to α and β dose rates according to the conversion factors proposed by Guérin et al. (2011). The cosmic ray dose rate was determined as a function of sampling depth, altitude and geomagnetic latitude (Prescott and Hutton, 1994). The average water content for paleoshoreline sediments during the burial period may have varied which is hard to estimate. Some sampling positions were dry and some others were wet when we dug out fresh profiles. We therefore calculated ages using water contents of 10 ± 5, 15 ± 5 and 20 ± 5% for each sample, and then selected ages of 10 ± 5% water content for samples collected from relative dry strata and ages of 15 ± 5% water content for samples collected from wet strata as their best approximate ages (Table 1).
LGM Climate Simulations
Glaciers over the western and southern TP expanded substantially during the LGM, with the total glacial coverage possibly reaching 70 × 104 km2 according to a 1 km-resolution ice sheet model which assumes cooling of 6°C and a precipitation decrease of 50% over the TP (Yan et al., 2018). Recently, Liu et al. (2020) simulated the impact that glacier expansions over the western and southern TP had on Eurasian climate changes during the LGM using Community Atmosphere Model version 4 (CAM4). They discuss the influence of enlarged glaciers in the Himalayas and Pamir regions on local and regional temperature and precipitation changes during the LGM in contrast to areas where glaciers did not expand. Here, we use part of the simulation results of Liu et al. (2020) to investigate seasonal temperature and precipitation changes when glaciers expanded over the TP during the LGM.
The transient climate evolution of the last 22 ka (referred to as TraCE-21) with the Community Climate System Model 3 (CCSM3) simulation results were used to calculate the annual and seasonal precipitation amounts, net annual precipitation amounts, annual and seasonal temperature changes for three time periods (22–20, 8–6, 1–0 ka) over Qinghai Lake on the northeastern TP, Dagze Co on the southern TP and Longmu Co on the western TP. The TraCE-21 simulation is forced by realistic external forcing, including orbital insolation, greenhouse gases, ice sheets and freshwater fluxes (Liu et al., 2009). The model consists of four components (atmospheric-model, oceanic-model, land-model and sea ice-model) coupled together (Yan et al., 2020). The spatial resolution of the TraCE-21 simulation is 3.75°× 3.75° (Liu et al., 2009).
RESULTS
OSL dating results show that higher Dagze Co lake levels occurred at during the LGM and mid-Holocene (Table 1; Supplementary Figure S8). Nearshore lacustrine sediments at S10 (22.4 m ALL) were deposited between 23.8 and 21.6 ka (Figure 2C; Supplementary Figure S8). The sedimentary structure features (coarse sands with ripple laminations in the upper part of profile 17–10 and two beach gravel layers in the lower part) suggest they were deposited when lake levels were fluctuating a few meters above or near paleoshoreline S10 during the LGM (Figure 3). The typical shoreline morphological features near the surface of S10 suggest they formed during the Holocene by waves which transformed older lacustrine sediments during a rapid regression of the lake. The speed of this regression resulted in only a few beach gravels being deposited at the surface at some locations or none at all at others. The lake area during the LGM highstand period was ∼530 km2 (∼1.8 times the modern lake size). The high LGM lake level of Dagze Co, at an elevation of ∼4,500 m asl in the southern TP, confirms that an ice sheet covering the entire TP did not exist during the LGM.
The highest paleoshoreline (S15) is 41.6 m ALL. Two optical ages for samples collected from beach sediments and a sand layer are 6.1 ± 0.9 and 5.5 ± 0.6 ka, respectively, suggesting Dagze Co reached its highest lake level during the mid-Holocene (Figure 4; Supplementary Figure S8; Table 1). The lake greatly expanded at its highest lake level stage (Figure 1B), with the lake area reaching ∼839 km2, 2.8 times its present size. Dagze Co would have overflowed to the west into lower basins when it reached the highest level at S15 as evidenced by a remnant channel connecting Dagze Co with the western basins. The dividing crest between Dagze Co and the western basins is approximately the same elevation as paleoshoreline S15. Hence, water balance ratios in the Dagze Co basin were likely sufficient to sustain the lake at the same elevation of paleoshoreline S15 or slightly higher during the early Holocene ISM intensification stage when several other lakes on southern TP experienced their highest Holocene lake levels (Liu et al., 2016; Shi et al., 2017; Chen et al., 2020).
DISCUSSION
Asymmetrical Humidity Variations Between the Northern and Southern TP During the LGM
The Antarctic and Artic ice sheets expanded and mountain glaciers around the world also advanced as the global mean surface air temperature declined by ∼4°C during the LGM (Clark et al., 2009; Annan and Hargreaves, 2013). The reconstructed surface temperature over the TP and its adjacent regions was 5–8°C colder than today during the LGM (Xu et al., 2013; Zhang et al., 2020). Although there are several paleoenvironmental proxy records spanning the LGM in the northern TP (An et al., 2012; Yan and Wünnemann, 2014; Jin et al., 2015; Wu et al., 2020), most studies in the southern TP cover only the last deglacial and Holocene periods, with only a few extending to the latest stage of the LGM (Gasse et al., 1991; Zhu et al., 2015; Ma et al., 2019; Chen et al., 2020 and references cited there in).
During the LGM, the northern TP became colder, drier and windier, and lakes within this region were much reduced or even desiccated (An et al., 2012; Yan and Wünnemann, 2014; Wu et al., 2020). An intensified East Asian Winter Monsoon (EAWM) entered the western Qaidam Basin through several low altitude mountain passes and moved eastward to influence most areas of the northeastern TP, keeping the Asian summer monsoon (ASM) at bay and causing mean annual precipitation to decrease further (Yang et al., 2017). As a result, lakes in the northeastern TP significantly regressed; the water level of Hala Lake was ∼50 m lower than today (Figure 5A, Yan and Wünnemann, 2014), Qinghai Lake almost dried up due to a weakened ASM that caused a decrease in precipitation (Figure 5B, Madsen et al., 2008; Liu et al., 2015; Jin et al., 2015), and Dalianhai Lake was also substantially reduced during the LGM (Wu et al., 2020). Ice wedge casts widely developed across the northern TP in response to the sharp cooling (Pan and Chen, 1997; Madsen et al., 2008; Liu and Lai, 2013). Loess, which accumulated on the northeastern TP during and prior to the LGM, was largely eroded away by strong winds and expanded glaciers (Liu et al., 2017; E. et al., 2018). In the Qaidam Basin, extensive evaporite deposits in Qarhan salt-lake dating to after 25–24 ka resulted from an increasingly arid climate (Chen and Bowler, 1985). These evaporite depositions persisted until the early Holocene when the climate became humid again (Chen and Bowler, 1985). A recent study also suggests the westerly jet stream strengthened significantly during the LGM, the East Asian Summer Monsoon was weaker than during the interglacial, and temperatures and precipitation during the LGM were lower than those during the mid-Holocene in the northern QTP (Li et al., 2020).
[image: Figure 5]FIGURE 5 | (A) Reconstructed lake level variation curve of Hala Lake (Yan and Wünnemann, 2014). (B) Ca/Zr ratio of lacustrine sediments from Qinghai Lake, representing changes in lake hydrology. Higher values represent more runoff into the lake (Jin et al., 2015). (C) and (D) represent temperature and precipitation changes over Tengchong Qinghai, Yunnan province (Zhang et al., 2020). Precipitation is mainly related to the Indian summer monsoon. The LGM highstand paleoshoreline ages of Dagze Co (this study) ①, Nam Co (Zhou et al., 2020) ②, Dangqiong Co (Kong et al., 2011) ③ and Seling Co (Li et al., 2009) ④. Ages of the travertine layer containing embedded in human fingerprints and footprints at the Quesang archaeological site (Zhang and Li, 2002) ⑤ and ages of fluvial deposits containing paleolithic stone artifacts at the Nwya Devu archaeological site (Zhang et al., 2018b) ⑥. The light-yellow band represents the time range of the LGM.
Limited paleoenvironmental records from lacustrine sediments and aeolian sands in the southern TP extending to the end of the LGM also indicate a cold and dry climate with the Westerlies prevailed yearly round (Lai et al., 2009; Zhu et al., 2015; Ma et al., 2019). However, the Guliya ice core record from the western TP indicates that while dust concentrations were high during marine isotope stage 4, concentrations were only moderate during the LGM, suggesting the climate was cold and wet (Wu et al., 2004). Moreover, optical dating and cosmological nuclide dating ages of paleoshorelines indicate Seling Co, Dangqiong Co and Nam Co had LGM lake levels higher than present (Figure 5; Li et al., 2009; Kong et al., 2011; Zhou et al., 2020), consistent with an interpretation of a cold and wet climate. Our optical dating results from Dagze Co also show the lake enlarged during the LGM, with a lake level reaching ∼22 m above the present.
More than a decade ago, Yu et al. (2003) compiled paleolake data and used a global atmospheric general circulation model (GCM) coupled with a land surface process model to explore LGM climatic conditions for the whole China. They suggested a positive net annual precipitation (P-E) was produced by a decrease in evaporation and an increase in precipitation during the LGM, causing lakes in western China to substantially expand. Subsequently, Zheng et al. (2007) utilized a regional climate model (RegCM2) to simulate the climatic conditions in China at 21 and 6 ka. Their results indicate that the TP climate was wet-cold during the LGM, but wet-warm at 6 ka. Recently, Li and Morrill (2013) compiled lake level information for the monsoonal and arid regions of Central Asia and compared them with PMIP2 simulated LGM lake level variations. They found that the LGM lake levels were higher than today in some parts of southern and western TP, while lake levels in the eastern and northern TP declined substantially at the same time. Although only a few lake records in the southern TP reflect LGM high lake levels, they are consistent with these climate simulation results.
In summary, it is clear that climate conditions in the northern TP were cold and dry during the LGM, while the climate conditions were cold and wet in some parts of the southern TP. Why the entire TP was predominantly influenced by the Westerlies during the LGM, but had asymmetrical humidity variations in the northern and southern TP is discussed below.
Asymmetrical Forcing of Net Annual Precipitation during the LGM in the Northern and Southern TP
During the LGM, ice sheets and sea ice expanded in high latitude areas of the Northern Hemisphere, the annual average temperatures dropped dramatically, the latitudinal temperature gradient between the poles and the equator increased, the Intertropical Convergence Zone migrated southward, mid-latitude Westerlies were enhanced, and, most importantly, the ASM significantly weakened (Figure 5D; An et al., 2012; Deplazes et al., 2013). As a consequence, the TP was predominantly influenced by the Westerlies, and monsoonal precipitation markedly decreased (An et al., 2012; Zhu et al., 2015). Surface atmosphere temperatures over the TP were also 5–8°C colder than at present (Figure 5C, Xu et al., 2013; Zhang et al., 2020), and the annual freezing period was prolonged, factors which significantly reduced lake surface evaporation (Li and Morrill, 2013). There was a substantial expansion of glaciers over southern and western TP in response to this decline in the annual average temperature, but glacier expansion in the central and northern TP was much more limited (Yan et al., 2018; Yan et al., 2020). The expansion of glaciers in the southern TP not only supplied more meltwater to lower elevation lakes during the summer time, but also reduced atmospheric heating over the TP, in turn, weakening the ASM (Liu et al., 2020). The influence of glacial expansion over the TP on LGM climates was explored using the CAM4 climate model (Liu et al., 2020). Simulation results suggest that an expansion of glaciers over the southern and western TP would lead to a decrease in surface air temperatures during both the summer and winter seasons over most regions of the TP (Figures 6A,B). Summer precipitation rates in the western and southern TP would increase slightly, but decrease a little in the eastern and northeastern TP (Figure 6C). Winter precipitation rates would decrease slightly over most of the TP (Figure 6D). This slight increase in summer precipitation, coupled with the decline in summer temperatures and an increase in cold glacier meltwater supply together reduced lake surface evaporation, favoring the appearance of high lake levels in the southern TP. On the other hand, the slight decrease in summer precipitation coupled with the more limited glacier meltwater supply, caused a drier northern TP and a substantial regression of northern TP lakes. We therefore conclude that the differential development and expansion of the glaciers and associated climatic impacts is the major reason for the difference in net annual precipitation between the northern and southern TP during the LGM.
[image: Figure 6]FIGURE 6 | Changes in summer (June-August) and winter (December-February) surface temperatures (A and B) and precipitation rates (C and D) due to the glacier expansions over the TP during the LGM. The thin black line polygon is the region where glaciers expanded. Regions where the temperature or precipitation rate changed at the 0.05 level of significance are hatched. The black dot represents the location of Dagze Co on the southern TP, while the black triangle represents the location of Qinghai Lake on the northern TP. This figure is modified from Liu et al. (2020).
To further explore the spatial precipitation and evaporation changes over the TP during the LGM, we used the TraCE-21 model (Liu et al., 2009) simulation results to obtain annual and seasonal precipitation, net annual precipitation, and annual and seasonal surface atmosphere temperatures over the southern, western and northeastern TP at the LGM, the mid-Holocene (8–6 ka) and the past one thousand years. We selected spatial extents (3.75°× 3.75°) over the southern, western and northeastern TP regions to cover Dagze Co, Longmu Co and Qinghai Lake, respectively. Model results indicate that LGM annual precipitation, net annual precipitation, and seasonal precipitation over the southern TP were similar to the past 1 ka. The annual mean temperature was ∼4°C lower than the past thousand years, while summer and autumn temperatures were ∼5.5 and ∼4.5°C lower (Tables 2, 3), respectively. Hence, the increased net water budgets and higher lake levels over the southern TP were caused by enhanced recycling of local moisture, increased summer contributions of glacial meltwater and reduced summer and autumn lake surface evaporation. Summer and autumn precipitation over the northern TP were dramatically reduced during the LGM, and both the annual and summer mean temperatures dropped by ∼2 and ∼5°C relative to the past 1,000 years (Tables 2, 3), respectively. We therefore speculate that the large amplitude reduction of summer and autumn precipitation are the main reasons the northern TP became more arid compared to the southern TP. Moreover, limited glacial expansion over the northern and northeastern TP resulted in comparatively little meltwater reaching the lakes, adding to the marked LGM lake regressions in the region. Both the mean annual and seasonal precipitation over the western TP increased during the LGM, while the annual and summer mean temperatures dropped by ∼4 and ∼7°C relative to the past 1,000 years (Tables 2, 3), respectively. The increased annual precipitation and reduced annual and summer mean temperatures, favored the expansion of regional glaciers, consistent with the interpretation of large-scale glacier advances over the western TP during the LGM (Yan et al., 2018). Because the ASM weakened and it transported limited moisture to the TP during the LGM, the increased annual precipitation in the western TP may be related to the enhanced Westerlies that brought more moisture from the Atlantic Ocean, Europe and Central Asia.
TABLE 2 | Simulated annual precipitation, net annual precipitation and seasonal precipitation based on the TraCE-21 model. The data were downloaded from webpage http://202.195.239.65:8888/, then reanalyzed.
[image: Table 2]TABLE 3 | Simulated annual and seasonal surface atmosphere temperatures based on the TraCE-21 model. The data were downloaded from webpage http://202.195.239.65:8888/, then reanalyzed.
[image: Table 3]The simulated annual mean surface atmosphere temperatures for northern, southern and western TP during the mid-Holocene were all lower than the past 1,000 years. However, the summer season temperatures for all these regions were higher than the past 1,000 years (Table 3), suggesting that the seasonality was more significant over the TP during the mid-Holocene. Mid-Holocene summer and autumn precipitation was higher than both the LGM and the past 1,000 years in the northern and southern TP (Table 2), consistent with the highest paleoshoreline age at Dagze Co and the high lake levels recorded at several other lakes (Liu et al., 2016; Shi et al., 2017; Chen et al., 2020). However, the mid-Holocene winter and spring precipitation over the southern and northern TP was similar to the LGM and the past 1,000 years, suggesting that the Holocene high lake levels were caused by an intensified ASM that brought abundant rainfall during the growing season. In contrast, the western TP net annual and summer precipitation decreased substantially (Table 2), suggesting that the moisture of the western TP was related primarily to the Westerlies.
Implications for Paleolithic People Living on the Southern TP During the LGM
During the LGM, multiple proxies indicate that the climate of the northern TP was colder, drier and windier, while the southern TP, or at least parts of it, was colder and wetter. The finding of some genetic continuity between initial paleolithic foragers and modern Tibetans is not enough to infer that paleolithic people may have overcome the harsh LGM climate and occupied the high interior plateau regions of the TP as proposed by Zhao et al. (2009) since any exchange of genetic material may have occurred on the lower elevations TP margins. Two archaeological sites in the interior southern TP are dated to be within or spanning the LGM, providing some support for the inference from genetic research (Quesang and Nwya Devu sites) (Figure 5; Zhang and Li, 2002; Zhang et al., 2018b). Some other Upper Paleolithic archaeological sites on the TP have also been reported to have been occupied within or slightly earlier than LGM, such as Lenghu No. 1 (Brantingham et al., 2007), Xiao Qaidam (Huang et al., 1987) and Seling Co. (Yuan et al., 2007). However, reports of most of these sites only reflect Paleolithic tools from the ground surface, and buried and dated deposits were not identified, making the ages of these sites difficult to determine. More investigations are required to confirm Paleolithic people occupied the TP during climate harsher LGM.
The modern distribution of biotic communities across the TP, and thus the distribution of plant and animal resources on which past Tibetan populations depended, is directly related to a differential monsoon strength which is rapidly reduced from the southeast to northwest across the TP (Madsen et al., 2017; Guedes and Aldenderfer 2019). We here propose that this southeast to northwest difference was magnified during the LGM. While the extreme conditions of the colder, drier and windier LGM climate made it even more difficult than it is now for Upper Paleolithic foragers to live in the interior of the northern TP during the LGM, these hostile conditions also extended into the TP margins of the northeastern TP, such as around Qinghai Lake. Currently there are no known archaeological sites older than ∼15 ka above ∼3,000 m on the northeastern TP margins in areas where Holocene and modern agro-pastoralist sites are common (e.g., Madsen et al., 2006; Wang et al., 2020). Prehistoric foragers seem to have moved down to the surrounding lower elevational regions during the LGM and only moved up and re-occupied the interior northern TP again during the deglacial period when the climate started to become warmer and wetter (Madsen et al., 2017). However, Upper Paleolithic foragers may have seasonally occupied the interior regions of the southern TP since the relatively wetter LGM climate may have favored the growth of forage for large herbivores, which in turn provided major subsistence resources for prehistoric hunters that were absent or reduced in the northern TP. Moreover, sparsely distributed hot springs and caves on the southern TP may also have helped foragers overcome the cold weather. These speculations require substantial comprehensive investigations of LGM flora and fauna on the southern TP to be confirmed, but evidence of large mega-fauna, including mammoth and wooly rhinoceros fossils, has been found in lacustrine sediments around several early and middle Pleistocene paleolakes during cold and wet glacial periods (e.g., Zheng et al., 1985; Han et al., 2013). Moreover, recent research suggests archaic hominins may have occupied the TP in the Middle Pleistocene epoch (before 160 ka) and successfully adapted to high-altitude hypoxic environments long before the regional arrival of modern Homo sapiens (Chen et al., 2019). The questions of when and how people permanently settled the TP is complex and more studies are needed to get a comprehensive understanding of this process.
CONCLUSION
In this study, we report the dating of exposed highstand lacustrine sediments and beach sediments surrounding Dagze Co, and show that there were high levels of the lake during the LGM and mid-Holocene. The LGM high lake level (22.4 m ALL) was caused by intensified local moisture recycling, increased glacier meltwater and decreased lake surface evaporation in the context of extensive glacial expansions over the southern and western TP. Holocene highstands differed in that these lake level increases were mainly in response to an intensified ASM during the early-middle Holocene. We combined reported high lake level ages within the TP during the LGM with climate model simulation results, and find that LGM climatic conditions on the southern TP were cold and wet, providing an environment suitable for cold-resistant plant growth and the production of forage for herbivores. These large herbivores, in turn, provided food on which Paleolithic foragers could live. However, the northern TP was cold, dry and windy during the LGM, and these harsher climatic conditions made the human occupation of the interior northern TP much more difficult until after the last deglacial stage. Our results are preliminary and speculative, and more studies are needed to provide a more comprehensive understanding the southern TP environmental conditions and ecosystem compositions during the LGM.
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The eastern China coastal plain is an ideal area for studying the human–environment interaction during the Neolithic period as there are multiple Neolithic sites in this area. Located in the Ningshao Coastal Plain of the south bank of Hangzhou Bay in eastern China, the Hejia Site is part of the late Hemudu Culture sites and includes the late Hemudu Culture, the Liangzhu Culture, and the Qianshanyang Culture. Based on palynology, charcoal, X-ray fluorescence (XRF), and magnetic susceptibility (χ), combined with accelerator mass spectrometry 14C dating and analysis of the archaeological cultural layers, we explored the paleoenvironmental evolution and human activities at the Hejia Site. 1) Pollen records suggest that the vegetation type was evergreen and deciduous broad-leaved mixed forest during the Middle Holocene. Cr/Cu and low-frequency magnetic susceptibility (χlf) reveal that the climate underwent through warm and wet (Hemudu Culture Period IV)–cool and dry (Liangzhu Culture Period)–warm and wet (Qianshanyang Culture Period) periods. 2) During the Middle Holocene, the intensity of human activities, related to the transformation of the natural environment, increased obviously. The increasing Poaceae pollen (>37 μm) indicates that the ability of prehistoric humans in managing crop fields gradually increased from the late Hemudu Culture Period to the Liangzhu Culture Period. The charcoal concentration results suggest that the occurrence of high-intensity fire events during the late Hemudu Culture Period might be caused by the slash-and-burn operation, while those that occurred during the middle Liangzhu Culture Period might be caused by the increasing fire demand owing to the greater ancestors’ lives and production activities in the Liangzhu Culture Period.
Keywords: pollen, charcoal, XRF, paleoenvironment, human activities, Middle Holocene, Hejia Site
INTRODUCTION
The eastern China coastal plain contains a large amount of paleoenvironmental information, for its sensitivity to sea-level fluctuations and climate change. The Middle Holocene (8,200–4,200 cal a BP) experienced a significant deceleration, both in sea-level rise and climate warming (An et al., 2000; Xiong et al., 2020), which also witnessed the most prosperous cultural development and rapidest population growth in the eastern China coastal plain, including the Hemudu Culture (7,000–5,000 cal a BP), the Majiabang Culture (7,000–5,800 cal a BP), the Songze Culture (5,800–5,000 cal a BP), the Liangzhu Culture (5,000–4,300 cal a BP), the Qianshanyang Culture (4,300–4,100 cal a BP), and the Guangfulin Culture (4,100–3,900 cal a BP) (Stanley and Chen, 1996; Chen, 2006; Li et al., 2007a; Zong et al., 2007; Xu, 2015; Hou, 2016; He et al., 2020a).
Environmental archaeology studies specifically focus on the interplay between human activities and paleoenvironmental changes (Liu et al., 2018; Xia and Zhang, 2019). The Ningshao Coastal Plain, located on the south bank of Hangzhou Bay in eastern China, is considered as an ideal area for studying the prehistoric human–environment interaction. In the past few decades, multiple studies have been conducted on the Ningshao Coastal Plain, ranging from climate change and environmental evolution to the rise and fall of Neolithic Culture (Chen et al., 2005; Yu et al., 2010; Innes et al., 2014). Studies show that the Hemudu Culture was developed in the context of regression in the Ningshao Coastal Plain and then was affected by sea-level fluctuation and climate change (He et al., 2018, He et al., 2020b; Liu et al., 2020). He et al. (2020a) conclude that the Hemudu Culture diffused from the Yaojiang Valley northward to the Zhoushan Islands and southward to the Ningbo Plain owing to a transgression during 6,200–5,600 cal a BP. The remains of rice and farming tools in the Hemudu Culture sites indicate that rice was farmed in this period. The phytolith and pollen data of the Hemudu Culture sites show that rice domestication was completed by approximately 5,600 cal a BP (Li et al., 2010a; He et al., 2020a), and after that, at approximately 5,000 cal a BP, the Liangzhu Culture replaced the Hemedu Culture. Previous studies state that the Liangzhu Culture, as the paramount one of prehistoric cultures in the lower reaches of the Yangtze River (Wu et al., 2012), developed a mature rice farming system when the primitive society was disintegrating and the embryonic state of the country was forming (Li et al., 2010c; Wang et al., 2017). The Liangzhu Culture disappeared at approximately 4,300 cal a BP, and several studies attribute that it was caused by the catastrophic events, such as rapid climate cooling, transgression, and floods (Stanley and Chen, 1996; Innes et al., 2014; Kajita et al., 2018; Wang et al., 2018; Wang et al., 2020). Some studies also suggest that the demise of the Liangzhu Culture may be the result of social factors (Zong et al., 2011). It can be seen that the factors causing the disappearance of Liangzhu Culture are still controversial. The later Qianshanyang and Guangfulin Cultures were less organized and developed (Xu, 2015).
Archaeological sites are the ideal material for exploring human–environment interactions that occurred during the Neolithic period, as they record the activities of prehistoric human life and production as well as paleoenvironmental changes (Cai et al., 2017; Li et al., 2017; Xia and Zhang, 2019). Recently, studies on the human–environment interaction in the Ningshao Coastal Plain focus on the Hemudu Culture Period in the Yaojiang Valley (He et al., 2018; Liu et al., 2018; Liu et al., 2019). However, few studies focus on the Hemudu Culture and later cultural periods for other areas of the Ningshao Plain. The Hejia Site, excavated in 2017, is located in the Fenghua River basin, Ningshao Coastal Plain, the southern bank of Hangzhou Bay, eastern China. The sedimentary layer of this site covers the late Hemudu Culture, the Liangzhu Culture (early, middle, and late), the Qianshanyang Culture, and the Eastern Zhou Dynasty; thus, the Hejia Site is of great significance for the late Hemudu Culture study. On the other hand, the relatively complete stratum of the Hejia Site is an ideal material for studying human–environment interactions. Besides, we expect that cultural responses to paleoenvironmental changes during the Middle Holocene in the Ningshao Coastal Plain could be revealed. In this study, multi-proxy indicators including pollen, charcoal, X-ray fluorescence, and environmental magnetism from the profile of the Hejia Site were analyzed to explore the environmental evolution and human activities in the Middle Holocene on the Ningshao Coastal Plain in eastern China, which provides a more comprehensive understanding of the environmental background of the prehistoric culture and the cultural responses to the environmental changes.
GEOGRAPHICAL BACKGROUND AND SITE DESCRIPTION
The Ningshao Coastal Plain is located in the subtropical region of the south bank of Hangzhou Bay in eastern China and is under the influence of the East Asian Monsoon. The average annual temperature and average annual precipitation are approximately 16.3°C and 1,400 mm, respectively (Ningbo Chorography Codification Committee, 1995; Zheng et al., 2016). Regional vegetation is characterized by subtropical mixed forests of evergreen and deciduous trees, including Cyclobalanopsis, Castanopsis sclerophylla, Castanopsis, Liquidambar formosana, Quercus aliena, Quercus acutissima, and Pinus massoniana (Wu, 1980).
The Hejia Site (latitude 29°45′6″N and longitude 121°26′30″E) lies in the Hejia village beside the Fenghua River, in the Ningshao Coastal Plain, on the south bank of Hangzhou Bay in eastern China. The cultural layer of the Hejia Site was approximately 140 cm and divided into four cultural periods: the Hemudu Culture IV (5,500–5,000 cal a BP), the Liangzhu Culture (5,000–4,300 cal a BP), the Qianshanyang Culture (4,300–4,100 cal a BP), and the Eastern Zhou Dynasty (2,171–2,720 cal a BP) (Luo and Zhao, 2019; He et al., 2020a; Huang, et al., 2021; Hou, 2016; Luo et al., 2020).
MATERIAL AND METHODS
Material
We sampled from the north wall of unit T0103 (referred to as T0103N) of the Hejia Site using U-shaped pipes in the field, with a length of 140 cm divided into 7 cultural layers (Figure 1C). Then, the samples contained in U-shaped pipes were sent to the X-ray fluorescence (XRF) core scanning laboratory of the Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, for scanning it. After that, it was sent to the laboratory of Palynology and Paleocology of the School of Geography and Ocean Science, Nanjing University. The upper 55 cm combined historic and modern sediment included layers 1–3 (not collected). The lower 85 cm included layers 4–7 and was subsampled at 1 cm intervals. A total of 85 samples were collected.
[image: Figure 1]FIGURE 1 | Location maps and the photograph of the Hejia Site. (A) Location of the study area. (B) Location of the Hejia Site (red star) and the distribution of archaeological sites of the Hemudu Culture, Majiabang Culture, Songze Culture, Liangzhu Culture, and Qianshanyang Culture (Li et al., 2012; Liu et al., 2016; Luo and Zhao, 2019; He et al., 2020a). (C) The sampled profile in the north wall of unit T0103 of the Hejia Site. (D) Distribution of core and key archaeological sites of Hemudu Culture.
METHODS
Accelerator Mass Spectrometry 14C Dating
Four samples were collected from the north wall of the Hejia profile, and the plant residues or charcoal in the samples were selected as the dating materials. For samples from which plant residues or charcoal could not be recovered, we used HF treatment to process the pollen concentrate as the dating material (Li et al., 2007b). After pretreatment, the materials were sent to the Beta Analytic Laboratory (USA) for accelerator mass spectrometry (AMS) radiocarbon dating. The ages were calibrated using the IntCal13 data set (Reimer et al., 2013).
Magnetic Susceptibility
Magnetic susceptibility is an important proxy for the reconstruction of paleoclimate, especially the low-frequency magnetic susceptibility (χlf) (Han et al., 1996; Li and Yang, 2001). The samples were successively separated, oven-dried at 40°C for 24 h, and weighed. The values of the magnetic susceptibility (χ) were measured on 10 g samples. The χ of all 85 samples was measured at a low frequency (χlf) using a Bartington MS2 meter at the Earth Surface Process and Environmental Evolution Laboratory of the School of Geography and Ocean Science, Nanjing University.
X-Ray Fluorescence Scanning
Geochemical element analysis is an important method to study the environmental evolution and human activity information in sediments (Li et al., 2010b; Wu et al., 2017). Although the element intensity obtained by XRF scanning cannot obtain the absolute content of the element, it can well reflect the change of the relative content of the element (Yao, 2016). The samples were scanned with a Multi-Sensor Core Logger (MSCL-S) in the X-ray fluorescence (XRF) core scanning laboratory of the Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, at a resolution of 1 cm. The initial data were analyzed by using the bAxil Batch software to obtain the relative value of the element peak surface area that reflects the trends of the elements in the sediment of the Hejia Site.
Pollen and Charcoal Analysis
Studies reveal that the pollen assemblage from the natural sedimentary layers of archaeological sites can reflect the information of past vegetation evolution, and the pollen sources from the cultural layer can be used to reconstruct information about environmental changes and human activities of archaeological sites to a certain extent (Xu et al., 2002; Li et al., 2009). Pollen and charcoal samples were performed at approximately 6-intervals at depths of 55–103 cm, except for the 103–140 cm, at 3 cm, yielding 19 samples in total. Samples were processed according to the standard procedure developed by Moore et al. (1991). The identification of pollen and spores was performed under a 400× microscope regarding modern and Quaternary atlases (Institute of Botany and South China Institute of Botany, 1982; Wang et al., 1995; Tang et al., 2016). For each sample, 150–300 grains were counted because of the low concentration in some samples. The pollen concentration was calculated by adding Lycopodium spores to each sample as a marker. Pollen percentages for trees, shrubs, and upland herbs were calculated based on the terrestrial pollen taxa, and the pollen percentages for wetland herbs and fern spores were calculated based on the sums of all counted palynomorphs.
Poaceae pollen was divided into two size categories (<37 μm and >37 μm), and the larger size category (>37 μm) was identified as the cultivated crop (Tweddle et al., 2005). The pollen diagrams were constructed with Tilia 2.0 software. A stratigraphically constrained cluster analysis was applied by CONSISS incorporated in Tilia 2.0 to help pollen zonation, combined with the analysis of the archaeological cultural layers.
Charcoal in each sample was counted following the method of Millspaugh and Whitlock (1995). Two size categories, macro-charcoal (>125 μm) and micro-charcoal (<125 μm), were identified to indicate local and regional fires, respectively (Carcaillet et al., 2001).
RESULTS
Lithology and Chronology
We divided the lower 85 cm section of the Hejia profile into four parts according to the soil properties and cultural attributes of the strata, as determined by archaeological teams from Nanjing University and Ningbo Municipal Institute of Cultural Heritage Management. From the bottom to the top, zone 1 (140–103 cm) consists of white-gray silt clay and belongs to the late Hemudu Culture Period, zone 2 (103–95 cm) consists of red-brown clay silt that belongs to the early Liangzhu Culture Period, zone 3 (95–77 cm) consists of blue-gray silt clay belonging to the middle Liangzhu Culture Period, and zone 4 (77–55 cm) consists of black-brown clay silt that belonging to periods from the late Liangzhu Culture to the Qianshanyang Culture.
The 14C dating results are shown in Table 1 and Figure 2A. Two of the samples were charcoal, and the other two were pollen concentrates. There are many reasons for the notable deviation of the dating results, such as biological disturbance, cross-contamination of old carbon during sampling, erosion, and re-sedimentation (Stanley and Chen, 2000; Pederson et al., 2005; Liu and Deng, 2009; Liu et al., 2009). When compared with other sites in the vicinity and the archaeological cultural stratification, we observe that the dating results from the pollen concentrates were older, which was speculated to be the influence of “old charcoal” in the organic matter of the sediment. Besides, the problematic dating data might also be caused by human activities due to the archaeological site selected in this study.
TABLE 1 | AMS 14C dating results of the unit T0103 of the Hejia Site.
[image: Table 1][image: Figure 2]FIGURE 2 | Comparisons of the litho-chronostratigraphy and archaeological layers in this study area: (A) the Hejia Site (this study), (B) the profile T0602W of the Xiawangdu Site (He et al., 2020a), (C) the profile T0103W of the Xiawangdu Site (Huang et al., 2021), (D) the Tianluoshan Site (Zheng, et al., 2012), and (E) the Yushan Site (He et al., 2018). The marine intrusion or extreme event is displayed in blue shadow according to the references (Zheng, et al., 2012; He et al., 2018; He et al., 2020a; Huang et al., 2021).
Previous studies demonstrate that the late Hemudu Culture developed from 6,000 to 5,000 cal a BP, the Liangzhu Culture ranged from 5,000 to 4,300 cal a BP (Liu et al., 2016; He et al., 2020a), and the Qianshanyang Culture ranged from 4,300 to 4,100 cal a BP (Hou, 2016). Compared with the dating results of nearby sites in the study area, we find that the corresponding age of the strata all had the phenomenon of some errors or age inversion due to the difference in dating materials. But overall, the basic framework of the strata is correct. The dating results of the samples of HJ 100–101 and HJ 110–111 are 5,294–5,039 cal a BP and 5,088–4,960 cal a BP, respectively, and are consistent with the late Hemudu Culture. When compared with the strata of nearby sites and with the stratification of archaeological cultures (Figure 2), it can be observed that the Hejia Site belongs to the sedimentary strata of the Middle Holocene.
Pollen Assemblage
A total of 53 pollen taxa (genera and family) were identified including 30 arboreal taxa, 18 herbaceous taxa, and 5 fern taxa. No algae were found. The pollen assemblages of the Hejia profile can be divided into four pollen zones from the bottom to the top. The divisions are based on the sediment and cluster analysis of pollen using CONISS by Tilia 2.0 software and the chronological framework of the Hejia Site established by archaeological cultural dating (Figure 3).
[image: Figure 3]FIGURE 3 | Sporopollen percentage of the Hejia Site. ① the late Liangzhu Culture to the Qianshanyang Culture Period, ② the middle Liangzhu Culture Period, ③ the early Liangzhu Culture Period, and ④ the Hemudu Culture Period Ⅳ.
Zone I (140–103 cm, the Hemudu Culture Period IV): the trees and shrubs accounted for 35.7% (average) and were dominated by the evergreen Quercus (17.6%), Castanopsis (1.93%), deciduous Quercus (1.1%), and Pinus (4.85%). The proportion of upland herbs (64.3%) exceeded that of the trees and shrubs and was mainly composed of Poaceae, Artemisia, and Ranunculaceae. Poaceae was dominated by the smaller size category (<37 μm, 28%) and exhibited an increasing trend. The larger size category of Poaceae (>37 μm) accounted for 9.6%. Ranunculaceae accounted for 11.7%. Wetland herbs were mainly composed of Typha (17.6%), and the ferns were dominated by Polypodiaceae (23.6%).
Pollen zone II (103–95 cm, the early Liangzhu Culture Period): the proportion of trees and shrubs (34.2%) decreased. Evergreen Quercus, deciduous Quercus, and Pinus accounted for 18.7%, 0.9%, and 7.3%, respectively. Poaceae was the main species of upland herbs. Compared with Zone I, Poaceae (<37 μm and >37 μm) increased, accounting for 32.1% and 15.8%, respectively. Ranunculaceae decreased to 4.7%. Typha (9.2%) was the dominant wetland herb, and ferns (3.3%) accounted for a relatively small proportion.
Pollen zone III (95–77 cm, the middle Liangzhu Culture Period): trees and shrubs decreased by approximately 6.6% compared with the former zone. Evergreen Quercus and Pinus fell to 10.1% and 4.0%, respectively. Ulmus increased to 4.5%. The upland herbs (72.4%) were dominated by Poaceae, with a greater increase in smaller-sized Poaceae (<37 μm, 40.4%). Brassicaceae increased to 1.0%, and Ranunculaceae increased to 7.6%. The wetland herbs were mainly composed of Cyperaceae and Typha and accounted for 4.5% and 5.2%, respectively. Ferns were dominated by Polypodiaceae (5.4%).
Zone IV (77–55 cm, the late Liangzhu Culture to the Qianshanyang Culture Period): trees and shrubs (17.8%) decreased significantly and then increased. Evergreen Quercus showed an increasing trend. The proportion of upland herbs increased to 82.2%. Smaller-sized Poaceae (<37 μm) increased by 4%, while there was a downward trend in larger-sized Poaceae (>37 μm). Brassicaceae, Artemisia, and Ranunculaceae accounted for 1.1%, 2.7%, and 11.2%, respectively. Typha and Polypodiaceae accounted for 4.1% and 1.7%, respectively.
Magnetic Susceptibility, XRF, and Charcoal Analysis
Based on the variations in magnetic susceptibility, high-resolution XRF elemental records of Cr/Cu, Mn, Ca, P, and charcoal concentration, combined with archaeological and cultural stratification, the profile can be divided into four stages from the bottom to the top (Figure 4).
[image: Figure 4]FIGURE 4 | The low-frequency magnetic susceptibility (χlf), XRF scanning results (Cr/Cu, Mn, Ca, and P), concentrations of macro-charcoal and micro-charcoal in profile T0103 of the Hejia Site.
Stage I (140–103 cm, the Hemudu Culture Period IV): the χlf was initially at a low level of 7.76 × 10−8 m3/kg and then increased slightly. The Cr/Cu value was high (6.5) initially and then decreased where the relative values of Mn and P were 339 and 0 ppm, respectively. The Ca value fluctuated near the average value of 2,600 ppm and then experienced a small growth. The average value of the micro-charcoal concentration was 13,901 grains/g, with two successive peaks at 137 and 109 cm. The average value of the macro-charcoal concentration was 1,478 grains/g and gradually reached the highest point at 109 cm. The average value of the micro-charcoal concentration was 14,051 grains/g.
Stage II (103–95 cm, the early Liangzhu Culture Period): the average value of χlf was 8.4 × 10−8 m3/kg, with an upward trend. The values of Cr/Cu, Mn, and Ca fluctuated substantially. The relative value of P was 0 ppm. The average values of the micro-charcoal and macro-charcoal concentrations were 15,797 and 1,579 grains/g, respectively, and both of them displayed an overall upward trend.
Stage III (95–77 cm, the middle Liangzhu Culture Period): the value of χlf (9.8 × 10−8 m3/kg) was high. Cr/Cu was at a low value of 4.1. Mn and Ca values were 670 and 3,056 ppm, respectively, and both of them are relatively high. The peak P value was 551 ppm in the profile. The trends of the micro-charcoal and macro-charcoal concentrations were the same and simultaneously peaked at 85 cm.
Stage IV (77–55 cm, the late Liangzhu Culture to the Qianshanyang Culture Period): the value of χlf (10 × 10−8 m3/kg) was still high. Cr/Cu was 7.2. Mn and Ca values were 681 and 3,180 ppm, respectively. The P value was low. The micro-charcoal and macro-charcoal concentrations were 4,970 and 353 grains/g, respectively, both of which are low with minor fluctuations.
DISCUSSION
Vegetation and Climate Background of the Hejia Site During the Middle Holocene
Previous studies show that the transgression during the Hemudu Culture IV (5,000–5,500 cal a BP) subsided, and the Ningshao Plain was in a freshwater environment (Figure 2) (He et al., 2020a; Wang et al., 2020), which provided an inhabitable environment for the development of the Hemudu Culture. Pollen data from the Hejia Site show that terrestrial herbs were the overwhelmingly dominant species. In the palynological analysis, arboreal pollen is generally used to reconstruct regional vegetation, while herbaceous pollen can represent local ones (Shu, 2007). The sporopollen assemblage from the sites is characterized by a high proportion of herbs, which is suitable for the reconstruction of local vegetation and the living environment of prehistoric ancestors (Shu, 2007). The trees and shrubs in the Hejia Site were dominated by Quercus (E), Castanopsis, and Quercus (D), which reflects that the vegetation in the study area during the Hemudu Culture IV was evergreen and deciduous broad-leaved mixed forest, and the pollen composition of evergreen broad-leaved trees was higher. As the super-representation of Pinus pollen and the relatively long spreading distance pointed out via previous studies, the low percentage Pinus (<20%) in this study is insufficient to indicate the existence of pine forests around it (Xiao, 1996). After comparison, the natural core in the study area (without cultural layers), such as HMD Core where pollen of trees and shrubs was dominated by Quercus (E) and Quercus (D), also reveals that the regional vegetation was dominated by evergreen and deciduous broad-leaved mixed forest (Figure 5D) (Liu et al., 2016). During the early Hemudu Culture IV, the Poaceae pollen (<37 μm) at the Hejia Site was dominant, and the proportion of Typha and Polypodiaceae reached the peak. The sporopollen data of the sites near the Hejia Site show that Typha and Cyperaceae were relatively high (Figure 5). Furthermore, Huang et al. (2021) infer that the Neolithic Hemudu people at the Xiawangdu Site were located in the low-salinity backswamp based on the analysis of organic and alkaline-earth metal geochemistry of the Xiawangdu Site. The χlf value of this layer was at a low level (Figure 6). Balsam et al. (2011) reveal that on a worldwide basis, magnetic susceptibility (MS) of soils increases with increasing average annual precipitation (AAP) from about 200 mm to 1,100–1,200 mm, and it decreases as AAP increases up to about 1,200 mm. And, studies also show that magnetic susceptibility (MS) in the area south of the Yangtze River decreases as AAP increases up to about 1,100 mm, 12°C, respectively (Han et al., 1996; Gu et al., 2019). The correspondence between surface soil magnetic susceptibility and modern climate has been well applied to the paleoenvironment (Lu et al., 1994). According to Li and Yang’s (2001) research on the Xiashu loess profile, the MS value of the sediment was reduced under a hot and humid climate. The average annual temperature and AAP of the study area are approximately 16.3°C and 1,400 mm, respectively (Zheng et al., 2016). Therefore, the low value of χlf in this profile of the Hejia Site indicates a warm and humid climate rather than a cold and dry climate. The Cr/Cu value is the maximum value of the entire profile. Previous studies show that the change of Cr/Cu has universal significance as an indicator of the environment humidity changes, and the high value of Cr/Cu indicates a humid environment and vice versa (Li et al., 2008, Li et al., 2017). Therefore, the high value of Cr/Cu and the low value of χlf at the Hejia Site reflect the relatively humid environment in this period. We speculate that the study area may be in a freshwater marsh environment during this period, and the environment is relatively humid. During the late Hemudu Culture IV in the Hejia Site, Poaceae pollen (<37 μm) still possessed an advantage. Meanwhile, the proportions of Typha and Polypodiace declined rapidly, and the proportion of Poaceae pollen (>37 μm) and Artemisia increased significantly, which reflects that the environment of the Hejia Site may be transformed from a freshwater marsh to grassland in this period. At the same time, the Cr/Cu value decreased and χlf increased, suggesting that the climate became dry and cool during the late Hemudu Culture IV at the Hejia Site. The multiple indicators of the Hejia Site profile indicate that the study area has extensive vegetation coverage under the warmer and humid climate, with a shift to a cool and dry trend during the Hemudu Culture IV.
[image: Figure 5]FIGURE 5 | Pollen record comparisons from the nearby sites and core. (A) the Hejia Site (this study), (B) the Xiawangdu Site (He, et al., 2020a), (C) the Tianluoshan Site (Li et al., 2012), (D) HMD sediment core (Liu et al., 2016), and (E) the Yushan Site (He et al., 2018). Hemudu Culture IV is displayed in green shadow.
[image: Figure 6]FIGURE 6 | Records of the study area: (A) the climate fluctuation curve on the south bank of the Yangtze River Delta (Chen et al., 2005), (B) the relative sea-level change in the study area (Wang et al., 2018), and (C)–(L) χlf, Cr/Cu, Mn, Ca, P, micro-charcoal, macro-charcoal concentrations, Tree and Shrubs percentage, Poaceae (>37 μm) and Artemisia percentage, respectively (this study). (M)–(N) mean grain size (Mz) and Sr/Ba ratios in profile T0103W of the Xiawangdu Site (Huang et al., 2021). (O)–(P) the abundances of marine diatoms and the aerophilic freshwater diatom Hantzschia amphioxys in profile T0602W of the Xiawangdu Site (He et al., 2020a).
During the Liangzhu Culture Period (5,000–4,300 cal a BP), the trees and shrubs in the Hejia Site were still dominated by Quercus (E), Castanopsis, and Quercus (D). The proportion of them decreased significantly, yet the content of Pinus increased. The pollen records of the nearby sites and natural core during this period also reflect that Quercus (E) decreased as a whole during the early Liangzhu Culture (Figure 5). Also, pollen record from Chaohu Lake adjacent to the study area reveals the characteristics of climate cooling after 4,860 cal a BP (Wang et al., 2008). The changes in palynological content during this period reflect that the Liangzhu Culture was in the context of the overall cool climate. Compared with the former stage, the Cr/Cu value reduced, and the χlf value increased significantly, which together reflect that the climate turned dry during the Liangzhu Culture. Mn, which is mainly enriched in an oxidizing environment, was at a high level during this period. The well consistency between the oxide layer and the peak of Mn indicates the long-time exposure of the strata during the Liangzhu Culture Period (Yao, 2016; Huang et al., 2019). Statistic analysis shows that the number of water wells from the Yangtze River Delta reached its peak at about 134 during the Liangzhu Culture Period (Gao, 2003; Wu and Xu, 2009). This trend was in agreement with our study, reflecting the relatively low water level and relatively dry climate in the study area during the Liangzhu Culture.
From the late Liangzhu Culture to the Qianshanyang Culture when the rising sea-level rose (Figure 6B), the percentage of trees and shrubs at the Hejia Site decreased at first and then increased. The regional vegetation type was still evergreen and deciduous broad-leaved mixed forest, and the proportion of Quercus (E) generally increased. Quercus (E) from the nearby sites also increased, which reveals that the climate was warmer in the study area. Cr/Cu value increased sharply and then showed a downward trend, reflecting a gradual decrease after a sudden increase in humidity. Two valleys appeared in the χlf values fluctuating substantially, which suggests that the violent climate change to warm and humid. Furthermore, the high value of Sr/Ba and mean grain size (Mz) of profile T0103W of Xiawangdu profile indicate the occurrence of high-energy events during the late Liangzhu Culture (Figure 6), providing evidence for this study. No storm deposits during the late Liangzhu Culture are identified in profile T0602W of Xiawangdu profile, owing to its higher elevation at that time (Huang et al., 2021). The increasing frequency of natural disasters, as a result of sea-level rise in the late Liangzhu Culture Period, led to the demise of the Liangzhu civilization (Zhang et al., 2004; Zhu et al., 2011). We propose that the disappearance of the Liangzhu Culture was caused by sea-level rise and extreme weather events.
Human Activities in Relation to Environment Change at the Hejia Site during the Middle Holocene
During the Hemudu Culture IV, the influence of seawater in the Ningshao Plain subsided. Therefore, the study area was in a freshwater environment with a large amount of bare ground (Figure 2, 6B), providing a broader space for human activities. The Hemudu Culture's subsistence strategy transitioned from gathering and hunting to an agricultural economy (Zheng et al., 2019). The domestication of rice was completed during the late Hemudu Culture (He et al., 2020a; He et al., 2018). Established in the context of freshwater marsh, the Hejia Site is conducive to rice cultivation (Ma et al., 2020). Because the pollen structure of rice is similar to other grasses and hard to distinguish, there are differences from the perspective of identification, which also leads to different standards for the identification of the cultivated rice in the study of archaeological sites. Tweddle et al. (2005) evaluate and analyze the pollen in Yorkshire during the Holocene and conclude that Poaceae pollen (>37 μm) has a certain correlation with prehistoric agricultural activities. Charcoal, as a record of fire events, provides useful information for reconstructing human activities (Zhang and Lu, 2006; Scott, 2010; Liu et al., 2020). The increase in the charcoal concentration indicates intensified fire events and vice versa (Zhang and Lu, 2006). During the early Hemudu Culture IV, the proportion of Poaceae (>37 μm) and the concentration of the macro-charcoal of the Hejia Site were extremely low, which reveals the low intensity of human activity. Previous research reveals that an extreme storm event happened in the Xiawangdu Site during the early Hemudu Culture IV due to the peak value of Sr/Ba ratio coincident with the increase in marine diatoms and reduction in the abundance of Hantzschia amphioxys in the profile of the Xiawangdu Site (Figure 6) (He et al., 2020a; Huang et al., 2021). Therefore, we speculate that extreme storm events may impede the process of daily activities and rice cultivation of the prehistoric ancestors at the Hejia Site. During the late Hemudu Culture IV, the steep increase in the larger size Poaceae (>37 μm) corresponding to the increasing Artemisia, indicating that the area was in the vicinity of paddy fields (Ma et al., 2020). At around 5,230–5,150 cal a BP, the sedimentary record of the Xiawangdu Site showed a relatively short extreme storm event, but there was no relevant evidence in the Hejia Site. We suggest that the Hejia Site may be located relatively further from the river and was not been affected by it. The higher concentration of charcoal corresponding to the decreasing proportion of trees and shrubs also substantiates our assumption. The regular rice cultivation method in the Middle Holocene in the Yangtze River Delta was slash-and-burn (Zong et al., 2007; Shu et al., 2010). Because of the warm and humid climate during this period, the wildfire incidents were infrequent. Therefore, it could be the direct result of the slash-and-burn operation that the increase in charcoal concentration (micro and macro), the decreasing percentage of trees and shrubs, and the increasing percentage of Poaceae (>37 μm). Compared with the proportion of rice pollen in the nearby sites (Figure 5), the proportion of rice was generally not high. Besides, the Chenghu Site in the Taihu area is a Songze Culture site at the same time as the Hemudu Culture IV, and the discovery of the rice field at this site provides evidence for the prehistoric people in the Yangtze River Delta to master rice cultivation during that period (Ding and Zhang, 2004). We speculate that the Hemudu ancestors basically mastered rice cultivation, and rice was one of the food sources during the Hemudu Culture IV.
The early and middle Liangzhu Culture was the heyday of the Liangzhu Culture. Studies show that the prosperity occurred when the sea-level was lower and the climate was cool and dry (Chen et al., 2005; Wang et al., 2018). During this period, human beings gained a spacious living field, and the development of the Liangzhu Culture reached its peak. Poaceae was identified as the cultivated crop and accounted for an overall high pollen proportion in the area (Figure 5), which reveals that there was mature rice farming during the early and middle Liangzhu Culture (Li et al., 2012; He et al., 2018, He et al., 2020a). Additionally, studies show that the abnormally high P value in the paleostratigraphic deposits might be caused by the accumulation of kitchen debris and other residues that can be used to indicate the living areas of prehistoric humans or indicate that the site was proximal to the living area (Dong et al., 2007; Arrhenius, 2010). In the early and middle Liangzhu Culture, the Ca and P values indicating the intensity of human activities were high. Studies show that the high value of Ca in the stratum of the archaeological sites might be caused by human and animal bones and their excrement (Ma et al., 2006; Li et al., 2017). The P value, especially, suggests that this was a residential zone of the Liangzhu ancestors. Meanwhile, the macro-charcoal concentration reached its peak, revealing that the fire intensity related to the activities of human life and production was relatively high. Slash-and-burn was the common rice cultivation method in the Yangtze River Delta during the Middle Holocene (Zong et al., 2007), but it appears that the concentration of charcoal peaks at the same time when the percentage of Poaceae (>37 μm) reached the lowest point during the middle Liangzhu Culture speculated that those paddy fields were far from here due to the expansion of human residential areas in this period.
From the late Liangzhu Culture to the Qianshanyang Culture, the climate fluctuated obviously, and the sea-level began to rise (Figure 6), which may lead to frequent extreme events. The proportion of larger-sized Poaceae (>37 μm) pollen showed a downward trend, and the concentrations of micro-charcoal and macro-charcoal were lower. The trends suggest a lower intensity of human activities and further indicate that the organization and development of the Qianshanyang Culture were relatively lower than those of the Liangzhu Culture (Xu, 2015).
CONCLUSION
In this study, pollen, charcoal, XRF, and magnetic susceptibility analysis were carried out on the T0103 profile of the Hejia Site, and the conclusions are as follows:
A suitable natural environment laid the foundation for the development and the prosperity of the prehistoric culture in the Middle Holocene in the study area. The Middle Holocene vegetation mainly consisted of evergreen and deciduous broad-leaved mixed forests. The climate experienced the warm and wet (Hemudu Culture Period IV)–cool and dry (Liangzhu Culture Period)–warm and wet (Qianshanyang Culture) periods.
It is supported by combined human activity proxy indicators including Ca, P, larger-sized Poaceae (>37 μm) pollen, and charcoal concentrations that the enhanced ability of humans to manage crop fields from the late Hemudu Culture Period to the Liangzhu Culture Period. At the Hejia Site, the occurrence of high-intensity fire events during the late Hemudu Culture Period might be caused by slash-and-burn operations, while those that occurred during the middle Liangzhu Culture Period might be caused by the increasing fire demand owing to the greater ancestors’ lives and production activities.
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When droughts and floods struck ancient agrarian societies, complex networks of exchange and interaction channeled resources into affected settlements and migrant flows away from them. Did these networks evolve in part to connect populations living in differing climate regimes? Here, I examine this relationship with a long-term archaeological case study in the pre-Hispanic North American Southwest, analyzing 4.3 million artifacts from a 250-year period at nearly 500 archaeological sites. I use these artifacts to estimate how the flow of social information changed over time, and to measure how the intensity of social interaction between sites varied as a function of distance and several regional drought patterns. Social interaction decayed with distance, but ties between sites in differing oceanic and continental climate regimes were often stronger than expected by distance alone. Accounting for these different regional drivers of local climate variability will be crucial for understanding the social impacts of droughts and floods in the past and present.
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1 INTRODUCTION
Exchange networks are part of the broad toolkit of social and physical infrastructure humans use to manage environmental risk in social-ecological systems (Anderies, 2015). The environment can structure these exchange networks by influencing the costs and benefits of social interaction. Recent theoretical and empirical work highlights how spatial, social, and environmental factors interact with networks of exchange and interaction (Fafchamps and Gubert, 2007; Bloch et al., 2008; Nolin, 2010; Verdery et al., 2012; Freeman et al., 2014; Koster and Leckie, 2014; Hao et al., 2015; Schnegg, 2015). Distance is a key factor in such systems, making it difficult to monitor conditions in potential migration destinations (Anderies and Hegmon, 2011) and know the resources and reputation of potential interaction partners (Fafchamps and Gubert, 2007), as well as increasing the metabolic costs of transport (Drennan, 1984). For agricultural societies in water-limited environments, hydroclimate variability–changes in the balance of precipitation and evapotranspiration–may be another key factor. The benefits of interacting with others in different drought regimes can outweigh the costs of traveling longer distances. As a consequence, we might expect a greater “investment of social energy in the maintenance of social ties” between populations experiencing poorly or negatively correlated climate variability (Rautman, 1993). Norms and institutions that maintain ties between different climate regimes are likely to evolve (Durante, 2009). This process is difficult to measure in the present day due to the mismatch between the generational time scale on which cultural evolution occurs and the limited time horizons available to contemporary social sciences. Instead, we can turn to the archaeological record.
Archaeology focuses on the material correlates of human behavior and is unique in addressing how social and physical infrastructure modulate human interactions with the environment over long time spans. Not only do archaeologists catalog the remains of field systems, road networks, canals, and other components of hard infrastructure directly, but also the ceramics, raw materials, and luxury goods that are the material correlates of past networks of exchange and interaction. A powerful idea in archaeology is that, because of the interaction between societies and their biophysical environments, the spatial and temporal patterns of environmental variability can be used to predict “ideal” cultural responses and compared to archaeological observations (Halstead and O’Shea, 1989). Yet in practice it is often difficult to find archaeological data fit for purpose due to the incomplete nature of the archaeological record and the paucity of detailed paleoclimate data at the scales most relevant to human populations.
The North American Southwest is an exception. The climate of this region has been intensively studied by paleoclimatologists and climate modelers (Cook et al., 1999; Sheppard et al., 2002; McCabe et al., 2004; Herweijer et al., 2007; Cook et al., 2011; Bocinsky and Kohler, 2014; Coats et al., 2015; Routson et al., 2016; Ault et al., 2018). Its aridity aids archaeological site preservation and recovery, and nearly two centuries of survey and excavation have yielded extensive, high quality settlement pattern data (Hill et al., 2004). Detailed inventories of material culture at hundreds of archaeological sites provide an unparalleled view of the structure and dynamics of past social networks. This archaeological record attests to extensive exchange networks of durable goods such as ceramics and obsidian (Malville, 2001; Taliaferro et al., 2010; Mills et al., 2013a), and there is evidence for the long-distance transport of limited quantities of maize to the large regional center at Chaco Canyon (Benson et al., 2009; Benson, 2010). The populations of the Southwest also underwent massive social transformation, migration, and population decline in the late 13th century contemporaneous with one of the worst droughts in the last 1,000 years (Hill et al., 2004). Past work has suggested a relationship between the intensity of social interaction and patterns of drought variability, but has been limited by small sample sizes or sparse climate data (Rautman, 1993; Johnson, 1990; Cordell et al., 2007). The question is returning to the fore with the advent of high resolution climate observations and reconstructions, facilitating more detailed accounting of the spatial patterns of drought in the North American Southwest (Strawhacker et al., 2017; Strawhacker et al., 2020), and more detailed archaeological datasets (Borck et al., 2015). Simulations suggest that the precise nature of environmental variability is critical for exchange dynamics (Freeman et al., 2014). With these advances in our ability to map droughts in space and time comes the need to more precisely define what patterns of climate variability are actually important.
Here, I draw on hydroclimate data from the past and present to isolate specific reoccurring climate patterns, or modes of variability, in the American Southwest. I then compare these patterns to prehistoric social networks, inferred from a dataset of 4.3 million ceramic artifacts from nearly 500 archaeological sites, to examine the relationship between hydroclimate variability, distance, and social interaction over a 250-year span.
2 METHODS
2.1 Archaeological Interaction Networks
I analyzed data from nearly 500 archaeological sites in the Southwest Social Networks (SWSN) database, a compendium of material-culture data from well-dated sites west of the Continental Divide in Arizona and New Mexico (Mills et al., 2013a; Mills et al., 2013b; Peeples and Haas, 2013; Borck et al., 2015; Hill et al., 2015; Mills et al., 2015). Version 1.0 of the SWSN database cataloged nearly 4.3 million ceramic artifacts and nearly 5,000 obsidian artifacts, providing quantitative estimates of the topology of the region-wide social network during five 50-year time steps spanning the period 1200–1450 CE (Mills et al., 2013a; Mills et al., 2015). Raw site-level ceramic counts were allocated to each time step according to an apportioning procedure that combined the occupation span of each site and the production span of each ware type with a parametric assumption of the wares’ changing popularity through time (Mills et al., 2013a; Peeples and Haas, 2013).
I aggregated the point-based SWSN data into 10 km grid cells (Figure 1A) so that the network estimates were less sensitive to local settlement dispersal or aggregation as reflected in the assemblages at individual sites (Paliou and Bevan, 2016). The choice of 10 km grid cells reflects a day’s round-trip travel, bounding the area for farming and raw material collection around a site, so the procedure effectively smooths over the approximate area of each site’s resource catchment (Varien, 1999; Hill et al., 2015). Then I calculated a modified version of the Jensen-Shannon divergence (Masucci et al., 2011) between the empirical frequency distributions of 15 decorated ceramic wares at each of the grid cells as
[image: image]
where [image: image] is the divergence between the empirical frequency distributions of ceramic wares at sites i and j, [image: image] is a vector of the proportions of ceramic ware type k in the assemblage at site i, and [image: image] is the Shannon entropy of P measured in nats. This equation measures the similarity of two sites by the distributions of the ceramic types shared by both sites and the types exclusive to each. Analogous to the use of divergence measures in population genetics, divergence here is a (inverse) proxy for information flow. For visualization and analysis, I convert this divergence measure into a similarity metric by taking
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[image: Figure 1]FIGURE 1 | The Southwest Social Networks dataset, version 1.0 (Mills et al., 2013a). (A) Site locations for all time periods in the dataset, aggregated into 10 km patches to reduce biases from local settlement aggregation and dispersal. Site sizes are estimated from room counts. (B) Social networks reconstructed from ceramic assemblage similarity between each pair of sites. A similarity coefficient of one means that the sites share the same decorated ceramic wares in the exact same proportions, and a coefficient of zero means there is no overlap in the ceramic assemblages. The similarity network can be interpreted as the degree of social interaction and cultural transmission between sites, whether via migration, trade, or copying. Networks are shown over successive 50-year time spans, starting at 1200 CE.
The resulting cultural similarity network (Figure 1B) is similar to that resulting from other similarity measures such as the Brainerd-Robinson index (Mills et al., 2013a) save for different behavior in the tails of the distribution, but the Jensen-Shannon index provides a more natural interpretation as a measure of information flow. By focusing on a general measure of information flow, aggregate patterns of social interaction can be inferred regardless of the precise mechanisms of that interaction (e.g., trade, migration, shared history or raw materials). The index can thus be loosely interpreted as a probability of interaction between two sites, with identical patterns of ceramic discard at two sites indicating a higher probability of interaction than between sites that share no ware types in common.
2.2 Hydroclimate Variability
To estimate large-scale patterns of interannual drought and flood variability, I analyzed a 122-year record of the Standardized Precipitation-Evapotranspiration Index (SPEI) from across the US states of Arizona, New Mexico, Colorado, Utah, and California (Abatzoglou et al., 2017). The large spatial domain sampled variability across the western US climate zone, ensuring that estimated spatio-temporal climate patterns were not sensitive to the exact location and dimension of the archaeological study area. SPEI is the normalized deviation from the average climatic water balance for a given month on varying time scales (Vicente-Serrano et al., 2010). I focused on the 12-month SPEI calculated in the August of each year, which captures the water balance over the year leading up to each summer growing season. This index was calculated from 4 km temperature and precipitation grids interpolated from weather-station observations using the topographically-sensitive PRISM algorithm (Daly et al., 1997).
Weather can vary for many reasons across space and time, so it is important to separate climatic signal from random noise. Principal Components Analysis (PCA) of spatiotemporal data is a common tool for extracting “modes of variability” in the climate sciences (Lorenz, 1956; Hannachi et al., 2007), but its use for this purpose is rare in archaeology (though see (Weiss, 1982; Cordell et al., 2007)). PCA of a dataset’s space-time covariance matrix decomposes it into sets of orthogonal time series (principal components) and spatial patterns (eigenvectors), arranged by their contributions to the total observed variance (eigenvalues). The resulting modes of variability are an efficient means of representing a complex spatiotemporal field by a limited set of patterns.
After multiplying each grid cell by the cosine of its latitude to weight for differences cell area, I performed PCA on the stack of 122 annual SPEI maps via singular value decomposition. Then, I selected the leading modes of variability using both a scree test and North’s rule of thumb, which is a method to detect degenerate patterns caused by temporal autocorrelation in the observed data (North et al., 1982). I rotated the leading PC modes using a varimax rotation in order to relax the spatial orthogonality constraints of the PCA analysis and reveal coherent, physically meaningful patterns (Richman, 1986). The resulting eigenvectors were then multiplied by the square root of the corresponding eigenvalues to yield correlation coefficients and were mapped in space. I refer to these resulting spatial patterns as empirical orthogonal functions (EOFs), and their associated time series as principal components (PCs). The PC amplitude time series were then compared to the observational record, and the signs of the eigenvalues and vectors were reversed to match the historical record (so that a positive time series value corresponded to a positive SPEI and vice versa). To determine whether these patterns were robust over time, the observed EOFs were compared to the EOFs of a SPEI reconstruction over the past millennium (Steiger et al., 2018) (see SI for details).
2.3 Least-Cost Networks
Distance ultimately constrains social interaction, as the further one travels to interact with a partner the greater will be the cost in time, energy, and other resources. In order to control for the effect of distance on social interaction, I calculated the least-cost network between all sites in the SWSN network. The topography of the study area was represented using a 90 m SRTM DEM, resampled to 250 m to reduce computation time and smooth fine-scale topographic noise. A cost matrix was calculated containing, for each DEM cell, the amount of time in seconds it would take a foot traveler to move to each of the 16 neighboring cells. Time costs were calculated using a version of Tobler’s hiking function, which estimates walking speed from terrain slope. The function was modified to make it isotropic (i.e., averaging the uphill and downhill walking speeds) and adding an extra penalty to very steep slopes consistent with human cognitive biases (Pingel, 2010). This cost matrix (time) was then inverted to represent conductance (speed), facilitating a sparse matrix representation and estimation of least cost paths using efficient graph theoretic algorithms (van Etten, 2017). The resulting transition matrix was used to calculate all pairwise isotropic least cost paths between the centroids of each pair of 10 km grid cells containing archaeological materials.
2.4 Spatial Interaction Models
Spatial interaction models are used across the social and natural sciences (Wilson, 1971; Fotheringham and O’Kelly, 1989; Sen and Smith, 1995; Bavaud, 2008; Murphy et al., 2010; Head and Mayer, 2015). In a regression context, a spatial interaction model estimates the pairwise flow–of resources, migrants, or information–among entities as a multiplicative function of predictors influencing the production and attraction of flows as well as measures of their mutual separation or other generalized costs of moving. Archaeologists have used statistical spatial interaction models sparingly (Tobler and Wineburg, 1971; Hodder, 1974; Johnson, 1990) because of the rarity of archaeological data on social interaction strength, although the method is common in simulation studies where data quality is less of a restriction (Bevan and Wilson, 2013; Evans et al., 2011; Davies et al., 2014; Paliou and Bevan, 2016). The conceptual justification for the use of spatial interaction models on archaeological networks is similar to that used in molecular ecology (Murphy et al., 2010), with information flows among a spatially-structured metapopulation measured by the divergence of those populations (Mesoudi, 2018).
Data of this type have three features that make traditional statistical spatial interaction modeling difficult. These are: 1) the data are bounded between zero and one; 2) the measures are pairwise symmetric; 3) we have no exact functional expectations for the specific terms in the spatial interaction model because empirical work on this scale and type is rare. To address these issues, I used a generalized additive model (Wood, 2006), a semiparametric extension to generalized linear models useful for more complex spatial interaction models (Lebacher et al., 2018).
Specifically, I fit models of the form
[image: image]
where the logit function maps the data from [image: image] to [image: image], t is the time step, [image: image] is an arbitrary function estimated during model fitting using penalized cubic regression splines, [image: image] and [image: image] are time-varying random effects for the nodes incident on each edge, and ϵ is Gaussian error. This model assumes only that information flows are at equilibrium with settlement population, not that the populations themselves are at equilibrium (Wilson, 2008). The τ terms account for the non-independence of edges that share a node, and were estimated using a maximum likelihood population effects correlation structure appropriate for pairwise data (Clarke et al., 2002). I compared the AIC, BIC, and [image: image] of models fit using maximum likelihood with and without the EOF terms, and refit the best performing model using restricted maximum likelihood (Clarke et al., 2002; Shirk et al., 2018).
3 RESULTS
3.1 Six Drought Patterns Explain 83% of Observed Drought Variability in the American Southwest
I used PCA to decompose the 122-year gridded observational record of western US summer moisture availability into a reduced set of spatio-temporal patterns. The leading six principal component time series together explain 83% of the variance in the observational record. The PCs represent time series that are maximally representative of the entire data set (Figure 2). I rotated the six PCs before mapping, in order to capture more physically meaningful patterns and minimize statistical artifacts. PCs beyond the leading six were not retained for rotation and mapping, as they represent spatially and temporally incoherent variability and spurious correlations introduced by sampling error in the observational record. The same PC time series are also present in the coarse-resolution SPEI reconstruction, where they explain 96% of the reconstructed variance over the last millennium (Supplementary Figures S5, S12, S13).
[image: Figure 2]FIGURE 2 | Time series associated with the leading six PCs for the observational period, after varimax rotation. The y-axis corresponds to the 12-month Standardized Precipitation-Evapotranspiration Index (SPEI), the normalized deviation from the average climatic water balance for a given month on 12-month time scale. SPEI values can be interpreted as z-scores in a normal distribution (i.e., a value of 1 is one standard deviation wetter than average for that location, −1 is one standard deviation drier). 10-year moving averages superimposed over raw annual values.
3.2 Different Drought Patterns Are Associated With Different Zones of Oceanic or Continental Influence
To reveal the latent spatial structures associated with the temporal modes of variability, I mapped the spatial patterns associated with each of the leading six PCs (Figure 3). The results are robust, recurring patterns of spatially-coherent variability, and can be interpreted as the degree to which the 122-year record at each grid cell correlates with the associated rotated PC time series. These spatial patterns are known as the (rotated) empirical orthogonal functions (EOFs). The patterns are consistent across observations and reconstructions (Supplementary Figure S9) and regardless of the exact SPEI time scale used to calculate them, which supports their overall robustness. The spatial and temporal patterns associated with the leading six PCs allows us to trace the sources of each mode of variability back to the global climate system.
[image: Figure 3]FIGURE 3 | Leading six rotated empirical orthogonal functions (EOFs) associated with the respective PC time series in Figure 2, derived from gridded PRISM climate data (Daly et al., 2008; Abatzoglou et al., 2017). These regions represent different oceanic and atmospheric influences; people living in the same EOF will often experience dry and wet years at the same time as one another.
The origins of each drought pattern can be determined by examining the EOF maps, along with the correlations of the PCs to global sea surface temperatures and the timing of extreme dry and wet years. EOF1 reflects southwesterly flow from the tropical Pacific, bringing moisture across the low desert zones of California and Arizona. The pattern attenuates with elevation and as distance from the ocean increases. PC1 shows a broad drying trend to the present day, possibly related to increased evaporative demand due to recent warming, although the spatial pattern in the associated EOF is not itself anthropogenic. EOF2 similarly represents southeasterly flow from the Gulf of Mexico, centered on eastern New Mexico. As with EOF1, the pattern attenuates with increasing elevation and distance from the ocean due to orography and continentality, respectively. It represents cyclonic storms coming from the Gulf of Mexico, in turn influenced by variability in Atlantic sea surface temperatures. PC2 shows a major dry period centered on the Texas/New Mexico drought of 1956. EOF3 represents northerly flow associated with polar continental cold fronts, and its associated PC shows a wet peak in the 1983 Salt Lake City floods. EOF4 represents the influence of westerly flow off the Pacific Ocean and the orographic effect of the Sierra Nevada mountains intercepting this flow, and is associated with events such as the 1924 drought in California. EOF5 is centered over the great plains and attenuates across the Rocky Mountains, and was most strongly expressed during the Dust Bowl of the 1920s. EOF6 is centered on the Colorado Plateau, likely reflecting local circulation of hot continental air masses.
3.3 The Intensity of Social Interaction Decays Nonlinearly With Distance
I calculated the cost of moving between each pair of archaeological sites as the shortest amount of time it would take a foot traveler to move between them. I then used a nonlinear regression model to estimate the functional relationship between distance and interaction. The null model for the statistical network analysis was that distance alone explained the intensity of social interaction as measured by the similarity in the decorated ceramic assemblages at each pair of sites. This null model was sufficient to explain 37.8% of the variance in the ceramic similarity data. The empirical distance deterrence function estimated on all time periods using a penalized regression spline predicts a falloff in interaction at distances of more than 100 h (Figure 4). As expected, the resulting distance-based network predicts many strong interactions at close distances, and the residuals of the model show long-distance transitive ties.
[image: Figure 4]FIGURE 4 | Empirical distance deterrence function estimated with a generalized additive model, describing how the intensity of social interaction, defined as the information flow between two settlements and measured by the similarity in their decorated ceramic assemblages, decreases as a function of distance. Shaded area indicates the 95% confidence interval for the smooth function. Dashed lines indicate key thresholds in the function at 10 and 100 hours.
3.4 Hydroclimate Variability Explains a Moderate But Clear Proportion of the Intensity of Social Interaction
A model predicting information flow using distance and climatic dissimilarity, measured as the absolute difference between the EOF loadings of a pair of sites, explains 42.5% of the variance in the ceramic similarity data. The increase over the distance-only null model is moderate but statistically significant, and the EOF model is superior in all measures of parsimony and goodness-of-fit. This difference changes over time, and refitting each model on data from each time step individually reveals that the improvement in the explanatory power of the EOF model over the distance-only null is most pronounced at and after 1300 CE (see SI). The improvement in explanatory power over the null model is quite small in the 1200 and 1250 CE time steps. This pattern suggests that ties shaped in part by the EOF patterns are more common during and after the period of regional relocation around 1300 CE.
The smooth functions estimated in the EOF model are all close to piecewise linear on the scale of the linear predictor, but the intensity of these functional relationships varies smoothly over time and across EOFs (Figure 5). Increasing distance along a particular EOF sometimes increases the intensity of social interaction, as was expected ahead of time, but some EOFs (3, 6) appear to slightly reduce social interaction at larger differences. The smoothness penalty also selects some EOFs out of the model entirely by estimating functions close to a horizontal line, and almost all the functions are flat when the climate differences are less than 0.2. Surprisingly, the fluctuations in the effect size of a particular EOF have no clear association with the sign of the associated PC amplitude time series reconstructed for each period (Supplementary Figure S14). This suggests that additional dynamic processes, such as cultural memory or institutional growth and decay, are in effect on time scales longer than a single generation. These processes may explain why different sets of EOF patterns appear to influence social interaction before and after the period of drought and interregional migration ca. 1275–1300 CE.
[image: Figure 5]FIGURE 5 | Estimated smooth functions describing how the intensity of social interaction increases or decreases with increasing distance along each of six spatial drought patterns from Figure 3, compared over five time steps. As above, information flow is inferred from the similarity of the decorated ceramic assemblages at each pair of sites. Climatic difference is defined as the absolute difference between the EOF loadings of each pair of sites. Shaded regions correspond to the 95% confidence intervals for the smooth functions.
4 DISCUSSION AND CONCLUSION
The six spatial patterns of hydroclimate variability isolated here are consistent with the general mechanistic understanding of hydroclimate variability in the American Southwest. These patterns represent different zones of moisture transport, reflecting the influence of topography and marine or continental moisture sources (Liu et al., 2010; Hu et al., 2011). These spatial and temporal drought patterns, and their hypothesized drivers in the global climate system, are largely consistent with those from other studies using varied observational data and time windows (Comrie and Glenn, 1999; Cook et al., 1999; McCabe and Dettinger, 1999; McCabe et al., 2004; Ryu et al., 2010; Seager and Hoerling, 2014; Herrmann et al., 2016). These patterns from the observational period also appear in drought reconstructions spanning the past millennium, emphasizing the fact that these are robust, time invariant spatial modes.
Objective measures of hydroclimate variability, as opposed to point-to-point sample correlations, help isolate the most important drivers of that variability. Droughts and pluvials associated with tropical Pacific and Atlantic influences seem to have been most important for structuring social interaction, with ties connecting these regions greater than expected by chance and distance alone. Tropical Pacific sea surface temperatures are known to be the primary driver of variability in Southwest, with additional influences from moisture sources in the North Pacific and Atlantic (McCabe et al., 2004). A disruption in these patterns is thought to be one reason why droughts in this period led to such social transformation, as the networks of social infrastructure that had developed over previous centuries were unable to adapt fast enough to unusual conditions (Cordell et al., 2007).
In spite of the robustness of these spatial patterns, there remains considerable diversity in the functional responses of human social networks to these drought patterns. One possible explanation is that large-scale climate regimes influence the formation of ethnolinguistic groups. Quotidian interaction may have been biased toward groups of shared ethnolinguistic affiliation, as kinship and ethnicity both influence social exchanges (Nolin, 2010). At larger, regional scales, goods and information might also flow on sociopolitical hierarchies (Crumley, 1979). Populations in the late pre-Hispanic Southwest were also out of equilibrium (Hill et al., 2004). Strong social networks take time to form and effort to maintain and monitor. Free-riders who avoid that effort can damage this critical social infrastructure when it is most needed (Kohler and West, 1996). A simulation approach could better capture these processes and more clearly resolve social responses to interannual climate variability. Dynamic, as opposed to statistical, spatial interaction models can explicitly trace the coevolution of social and physical infrastructure networks (Bevan and Wilson, 2013). Simulations can also explore the biases that static archaeological data introduce in representing dynamic social processes (Crema et al., 2014, 2016).
The residuals of the statistical network models retain unexplained structure. These structures appear to represent cultural clusters, a common feature in social networks that is not accounted for by either distance or drought variability. One source of this error may be irrigation-dependent groups who relied on streamflow driven by remote precipitation and evapotranspiration and may thus have had more complex, indirect dependencies on the large-scale climate patterns isolated here (Nelson et al., 2010). At finer scales, the model residuals also display evidence of transitivity and triad closure, with more closed triangle structures than would be expected by chance. Although this feature is common in human social networks, it is also to be expected because the measure of cultural similarity is a metric subject to the triangle inequality. Statistical methods specifically designed for such structures will be useful in future work (Stillman et al., 2017). In addition, the archaeological data are not spatially extensive enough to sample the full range of hydroclimate variability. Given the relative spatial scales of the environmental and cultural data, there is a risk that many different correlated climate patterns will be indistinguishable at the scale of the cultural data. Correlations between competing hypotheses are a source of error in model selection using information criteria (Shirk et al., 2018). In spite of these concerns, these results highlight two key points: the need to use objective and physically meaningful measures of hydroclimate to assess the social impacts of climate variability in the past and the need to capture social dynamics out of equilibrium with the biophysical environment.
These results refine our understanding of the geography of human adaptation to climate and climate change, and emphasize the role of social interaction in increasing the robustness of human populations to environmental variability. Much of the world’s food is still grown on small farms, and these farmers rely on complex spatial networks of formal and informal arrangements in much the same way as their predecessors have for thousands of years. Prehistoric exchange infrastructure evolved in part in response to robust, time-invariant spatial climate patterns. But social adaptions to one mode of variability are fragile to changes in the nature of that variability (Janssen et al., 2007). Large-scale patterns of hydroclimate variability act as a dynamic selective environment in which societies evolve new norms and institutions for regulating social interaction. Tracing the flows of information and energy within these complex social-ecological systems is essential for understanding their long-term behavior, and leveraging our archaeological understanding of why such systems succeed or fail will be critical to anticipating the impact of impending climate changes on farming communities in the developing world.
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Dogs served in a variety of capacities in prehistory. After their domestication in Paleolithic hunter-gatherer societies, the emergence of agriculture shifted their partnerships with people. However, the associations between dogs and early farmers are not readily visible in the archaeological record. In the present study, dog coprolites, uncovered from two groups of early agricultural societies in China during the Neolithic Age, the early rice agricultural site of Tianluoshan in the lower Yangtze River, and three early millet-rice mixed agricultural sites of Shuangdun, Yuhuicun, and Houtieying along the middle Huai River, were examined based on the comparisons of lipid and palynological results to reveal different relationships of dogs and humans. The Tianluoshan dogs showed a plant-dominated diet with higher contents of plant sterols and fatty alcohols with longer chain lengths. Dogs may have lived on foraging or been provisioned with refuse for the cleanness purpose. On the contrary, dogs from the sites of Shuangdun, Yuhuicun, and Houtieying showed a meat-dominated diet with higher proportions of animal sterols and short-chain fatty alcohols. It most probably referred to their assistance in hunting and thus being provisioned with meat. Furthermore, activity areas of the dogs also reflect different deployment strategies and agricultural systems, evidenced by pollen spectra from the coprolites. Dogs at Tianluoshan mostly appeared in the rice field area, in correspondence with the labor-consuming rice cultivation as the main targeted resource, showing their participation in daily agricultural activities. On the other hand, high concentrations of pollen from forest and grassland revealed that hunting dogs played a regular role in the early millet-rice mixed farming societies, probably related to the importance of hunting activities in the daily subsistence.
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INTRODUCTION
As the first domestic animal, current archaeological and genetic evidence suggest that dogs emerged during the Late Pleistocene (Germonpré et al., 2009, Germonpre et al., 2012; Ovodov et al., 2011; Larson et al., 2012). Historical records revealed that dogs participated in every aspect of human societies, helping in hunting, waste disposal, protection of people and belongings, guarding, entertainment, sacrifice, and offering (Vigne and Guilaine, 2004; Digard, 2006; Méniel, 2006; Horard-Herbin et al., 2014). However, in spite of the various capacities of dogs, few are perceivable in archaeological evidence, thus often remaining ambiguous (Lupo, 2011). With regard to Paleolithic Age when dogs joined hunting-gathering people, most research heavily relied on ethnographic records and emphasized their role of assistance for hunting in Late Pleistocene times, which greatly enhanced hunting productivity and catalyzed human population growth and spread (Lupo, 2017; Morey and Jeger, 2017). When agriculture emerged in the Neolithic Age, human–dog relationships may have changed, but it has rarely been discussed due to the lack of direct evidence. It has been assumed that the different functions of dogs in societies are correlated with variations in human subsistence and the reliance on resource categories (Lupo, 2019). It thus raises the questions of whether dogs continued helping with hunting among agricultural people living in permanent villages, when hunting success was not a crucial part for subsistence, and whether dogs were treated variably in different agricultural systems.
Dog coprolites have been uncovered in many prehistoric dwellings (e.g., Toker et al., 2005; Tolar and Galik, 2019; Borry et al., 2020), which indicated that they shared the same habitats with humans. Compared with traditional isotope analysis providing a rough dietary measurement and a broad signal of the average lifetime diet (e.g., Guiry, 2012), coprolites have the potentials to contribute to reconstructing the detailed diet of dogs and provide multiple lines of supporting evidence. Their high temporal resolution enables us to explore patterns of yearly, monthly, or even daily variability in diets. Lipids that normally appear in feces such as sterols and bile acids have been used as species indicators, but together with other molecules, they have the potentials to be applied as dietary indicators (Shillito et al., 2020).
In agricultural societies, different farming systems and subsistence strategies may leave traces in the diets of dogs. Dog coprolites uncovered from the early rice agricultural site of Tianluoshan in the Lower Yangtze Region, and three early millet-rice mixed agricultural sites of Shuangdun, Yuhuicun, and Houtieying along the middle Huai River, have been analyzed in the previous studies (Zhang et al., 2019; Zhang et al., 2020). All of the four sites were dated back to Middle-Late Neolithic Age (ca. 7000–5000 B.P.), an important time frame with transformation from hunter-gatherers to early farmers in prehistoric China. Our preliminary results showed that distinct lipid and palynological signals from the dog coprolites at two groups of sites indicate different diets of dogs and their living environments. By summarizing and comparing the above data, in the present study we intend to integrate lipid and palynological data to reveal different human–dog interactions. The results may further provide evidence of their associated agricultural systems and subsistence strategies.
ARCHAEOLOGICAL BACKGROUND AND THE STUDY SITE
Rice Agriculture in the Lower Yangtze Region and the Tianluoshan Site
Lower Yangtze Region has been widely recognized as one of the subcenters of rice domestication (Fuller et al., 2009; Nakamura, 2010; Gross and Zhao, 2014), and the domestication began as early as 10,000 B.P. or so at Shangshan (Zheng et al., 2016; Zuo et al., 2017). During the Middle Neolithic Age, rice remains including a minority of domesticated forms were found at Kuahuqiao (8,200–7000 B.P.), although the hunting-gathering subsistence still dominated (Zong et al., 2007). At a later stage, Hemudu (7000–5000 B.P.) is the representative culture of the Late Neolithic Age. A huge number of plant remains have been recovered in 1970s due to waterlogged condition of the site, among which the most noticeable were rice.
During the same period, dog remains of domesticated type have been uncovered in the Lower Yangtze Region. Morphometric data of dog remains from Kuahuqiao showed shortened dentition lengths, suggesting the domestication process has begun (Yuan and Yang, 2004). The sizes of the Hemudu dogs were similar to the modern domestic dog specimens and significantly smaller than wolves (Zhang, 2015).
Tianluoshan, a typical site of the Hemudu Culture, has been thoroughly excavated and studied in multidiscipline since 2004. Artifacts and radiocarbon dating analysis indicated that the lowest layers (8th and 7th layers) were dated back to ca. 7000–6,500 cal. B.P., representing the early phase of the Hemudu Culture. The 6-5th and 4-3rd layers of the Tianluoshan site were dated ca. 6,500–6,000 cal. B.P. and ca. 6,000–5,500 cal. B.P., comparable to the Middle and Late Hemudu Culture (Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2007; Zhang, 2015).
An increased proportion of domesticated rice relative to wild gathered foods (Fuller et al., 2009) indicated the significance of rice domestication at Tianluoshan. Based on pollen, diatom, seed, and phytolith analysis, paddy fields reclaimed from wetlands provided suitable habitats for rice cultivation (Li et al., 2012; Zheng et al., 2012). Large amounts of acorns were uncovered from storage pits, indicating gathering activities in the mountain areas (Qin et al., 2010). It has also been speculated that forest edge was under human management through the analysis of wild fruits and seeds (Pan, 2011).
The analysis of the faunal remains pointed to the hunting of sika deer (Cervus nippon), sambar (Cervus unicolor), and muntjac (Muntiacus reevesi). Other mammal species including pig (Sus sp.), water buffalo (Bubalus mephistopheles), and a huge amount of freshwater fish (e.g., Carassius auratus, Channa argus) also provided meat income (Zhang, 2015). Dog is the only assured domestic animal at Tianluoshan, although it only accounted for 0.1%–0.2% of the identified specimens (Zhang, 2015).
Millet-Rice Mixed Farming Along the Huai River and the Shuangdun, Yuhuicun, and Houtieying Sites
The Huai River Valley, situated between the Yangtze and Yellow Rivers, is a core area for cultural exchange between northern and southern China. The interplay of rice and millet farming is the characteristic agricultural system in the Huai River Valley (Yang et al., 2016).
In the upper Huai River Valley, Jiahu (9,000–7800 B.P.) and Peiligang (9,000–7000 B.P.) are two representative cultures of the Middle Neolithic Age. The analyses of the plant and animal remains indicated that rice was the only crop that appeared in large quantity at Jiahu and that a hunter-gatherer subsistence still formed the major part of the Jiahu economy (Zhang and Hung, 2013). Intentionally buried dogs were uncovered at Jiahu in cemeteries and beside houses (Henan Province Institute of Relics and Archaeology, 1999), indicating a strong relationship between human and dogs. The shortened dentition length of dogs showed that domestication progressed (Yuan, 2001). Phytolith analysis showed a broomcorn millet and rice mixed farming in the Peiligang Culture from 7800 B.P. at Tanghu (Zhang et al., 2012).
In the middle and lower Huai River Valley, Shuangdun (7300–6800 B.P.) and Shunshanji (8,500–7000 B.P.) are two representative Middle-Late Neolithic cultures, respectively. In the Shuangdun cultural sites, the analyses of seeds and starch grains emphasized the gathering of wild tuberous plants and rice was cultivated on a small scale (Dong et al., 2014; Cheng et al., 2016). As no millet remains were found, Shunshanji is supposed to have relied on rice farming, although a wide range of plant resources was detected by starch grain analysis including, e.g., Coix lacryma-jobi, Triticeae, Oryza sativa, and Trichosanthes kirilowii, indicating that gathering was still the main strategy (Yang et al., 2016; Luo et al., 2020).
At a later stage, Dawenkou Culture Period was an important stage for subsistence transformation from low-level food production to prehistoric agriculture (Luan, 2013). During early Dawenkou Period, although few sites have been studied, phytoliths from Gongzhuang showed a rice-dominated agriculture (Luo et al., 2018). During late Dawenkou Period, the cultivation of millet and broomcorn millet developed along the Huai River, integrated with the rice farming tradition (Cheng, 2020).
The three study sites, Shuangdun, Yuhuicun, and Houtieying, are situated in Anhui Province, along the mainstream and tributary of the Huai River (Figure 1). Shuangdun is the representative site of the Shuangdun Culture. Radiocarbon dating and stratigraphy showed that the Shuangdun site was dated back to 7300–6800 B.P. (Anhui Provincial Institute of Cultural Relics and Archaeology and the Museum of Bengbu, 2008). Sherds with special symbols, stone tools, clay sculptures, and abundant animal bones were discovered during the excavation in 1991–1992 and 2014 (Institute of Archaeology of Chinese Academy of Social Sciences and Museum of Bengbu, 2016). Phytoliths extracted from the sediments revealed that rice was the most common crop, while broomcorn millet appeared occasionally (Luo et al., 2019). At Yuhuicun, cultural remains recognized as the Shuangdun Culture (ca. 7000 B.P.) were uncovered during the excavation in 2017. More than 90 pits filled with sherds, bones and burnt soil, 160 column holes, and large wall base and living floor were discovered, exposing the planning of settlement and large constructions during the Shuangdun Period. Based on pottery morphology, Houtieying was identified as a typical site of Early-Middle Dawenkou Culture Period (ca. 6,500–6000 B.P.). During 2015 and 2016, systematic excavations revealed houses and pits, verifying the location of the settlement. Zoological analysis showed that deer and wild boar hunting provided the meat income, accompanied with a small number of Lamellibranchia. Domestic pigs also appeared at the site, indicating an early stage of pig husbandry (Dai and Zhang, 2018). At the three study sites, more than 100 coprolites have been uncovered at Shuangdun; however, only very few suspicious dog bones have been found at Shuangdun and Houtieying.
[image: Figure 1]FIGURE 1 | Locations of the sites for study and other sites mentioned in the text (1. Shuangdun; 2. Yuhuicun; 3. Houtieying; 4. Tianluoshan; 5. Shangshan; 6. Kuahuqiao; 7. Hemudu; 8. Jiahu; 9. Tanghu; 10. Shunshanji; 11. Gongzhuang; black triangles indicate the sites for coprolite analysis in this study and black dots indicate the sites mentioned in the text).
MATERIALS AND METHODS
103 dog coprolites were uncovered at Tianluoshan, in the 8th and 7th layers of trenches 205, 206, 301, 304, 305, 306, 403, 404, 405, and 406, within the main residential area of the early occupation period (ca. 7000 and 6,500 cal B.P.) (Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2007). The coprolites were coded based on trench, layer, and sequential numbers (Supplementary Material). The palynological results have been published in Zhang et al. (2019) and in the present study all the lipid data were supplemented for comparative analysis.
The Yuhuicun and Houtieying coprolites originating from human and dogs were found in pits and excavated layers, usually accompanied with animal bones and dating back to the Shuangdun Cultural Period (ca. 7300–6800 B.P., Anhui Provincial Institute of Cultural Relics and Archaeology and the Museum of Bengbu, 2008) and the Early-Middle Dawenkou Culture Period (ca. 6,500–6000 B.P.), separately. All the pollen and lipid data from Yuhuicun and Houtieying have been published in Zhang et al. (2020). Here the results of dog coprolites from Yuhuicun and Houtieying were selected for comparison, including eight from Yuhuicun and four from Houtieying. Samples were named based on abbreviation of the site (Yuhuicun-YHC, Houtieying-HTY) and sequential numbers (Supplementary Material).
At Shuangdun, more than 100 coprolites were uncovered during the excavation. Most of them contain large bones with burnt inclusions. Based on morphology and contents, they have been identified as dog origin. However, probably because most coprolites have been burnt with animal bones and other objects, few pollen grains and lipid residues have been preserved. Therefore, in this paper only seven coprolites from Shuangdun were included to provide a general view and they were named based on abbreviation of the site (Shuangdun-SD) and sequential numbers (Supplementary Material).
To summarize the results and make the comparison, all the lipid and pollen data from the above sites were recalculated using new ratios to display the general pattern. All the new data from two groups of sites were compared and linked to their archaeological background for further interpretations in order to draw new conclusions.
Lipids
Fecal sterols in feces form from the gut through bacterial reduction of dietary sterols and have been widely used to distinguish the origins of the fecal materials. There are also potentials to assess the fecal lipids and other organic molecules as indicative of dietary preferences (Leeming et al., 1996; 1997). Through comparing the proportions of animal- and plant-derived sterols in the feces, it can give an indication of the relative inputs of meat and plants in the diets, which has been applied to the discussions of the diets of Neanderthals and nonhuman primates (Sistiaga et al., 2014; 2015). In dog feces, a special feature is the absence of 5β-stanols due to the lack of specific bifidobacteria inhibiting the production of 5β-stanols (Leeming et al., 1996). Therefore, fecal sterols in dog coprolites are less affected by biosynthesis processes during digestion and may directly represent the proportions of plant and animal intake from diets.
In the experimental procedures, all samples were ground with mortar and extracted with dichloromethane/methanol (DCM/MeOH) through Accelerated Solvent Extraction or ultrasonication. For the Tianluoshan coprolites, the extracts were gradient eluted using three separate solvents: hexane, hexane/DCM (4:1), and DCM/methanol (9:1). Alcohols and fatty acids were further fractionated with DCA/acetone (9:1) and 2% formic acid in DCM as elutions using an aminopropyl-coated stationary phase, and then the alcohol fraction was derivatized. To avoid loss, samples from Shuangdun, Yuhuicun, and Houtieying were directly derivatized by adding 50 µL of N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA) containing 1% trimethylchlorosilane (TMCS) and 50 µL hexane and heating at 70°C for 1 h. Gas chromatography mass spectrometry (GC/MS) analysis was conducted using an Agilent 7890A-5975C GC-MS equipped with HP-5MS column or a ThermoQuest TraceMS GC-MS equipped with DB5 column. N-alkanes, n-alcohols, and steroids were identified based on their mass spectra and the comparison of the retention times with standards.
Thirty-one coprolites from Tianluoshan and eight coprolites from Shuangdun, Yuhuicun, and Houtieying yielded detectable concentrations of lipids which were chosen for the comparison of lipid data. To summarize the proportions of plant- and animal-derived food in diets, the ratios of animal and plant sterols were calculated using the data from two groups of sites. The sum of animal sterols includes coprostanol, epicoprostanol, cholesterol, cholestanol, cholestan-3-one, and cholest-5-en-7-one. The sum of plant sterols includes 5β-stigmastanol, 5β-campestanol, sitosterol, and 5α-stigmastanol. As fatty alcohols were best preserved in the coprolites, average chain lengths of fatty alcohols were also calculated for each sample. T test was adopted to determine if there is significant difference in average chain lengths between two groups of sites. p value of 0.01 was used as criterion.
Pollen
Pollen contents of coprolites can provide valuable information on past vegetation and landscape (e.g., Yll et al., 2006; Wood et al., 2012; Taylor et al., 2020). It has been proposed that the dung pollen record may reflect the vegetation of the visiting areas of its producer or their prey (Carrión et al., 2001) and the range of habitats (Djamali et al., 2011). As an analogue, the palynological data from the coprolites of dogs in an archaeological context may also indicate the surrounding vegetations where they have visited.
In the experiments, extraction procedures for pollen grains followed Faegri et al. (1989), including KOH digestion, sieving (meshes 120 µm), bromoform-ethanol mixture (specific gravity 2) extraction, and acetolysis. To avoid any possible damage to the pollen grains, pretreatment procedures for the Shuangdun, Yuhuicun, and Houtieying coprolites only included digestion with 2 N HCl, sieving (meshes 355 µm), and zinc bromide (specific gravity 2) extraction. For each sample, a minimum of 300 pollen grains were identified and calculated as percentages. Considering the high frequencies of Typha pollen probably from local origin at Tianluoshan, Typha was excluded from the pollen sum for percentage calculations.
To compare the differences between two groups of sites, pollen data of eighty-two coprolites from Tianluoshan and ten coprolites from Yuhuicun and Houtieying that yielded enough pollen grains for counting were summarized into ecological groups based on the growth environment of the plants, i.e., wetland herbs, upland herbs, shrubs, and trees. In addition, large Poaceae (35–39 μm and >40 μm) pollen has been identified as criterion to represent the development of rice farming at Hemudu (Wang et al., 2010; Liu et al., 2016). Therefore, large Poaceae (35–39 μm and >40 μm) was selected to represent rice field vegetation and Poaceae (<35 μm) was categorized into upland herbs.
RESULTS
Lipids
Within the thirty-one coprolites analyzed from Tianluoshan, twenty-six show higher proportions of plant sterol, ranging from 53.13% to 96.63% (average 72.26%), and less animal sterol, ranging from 3.37% to 46.85% (average 27.74%). Only five samples contain animal sterol of more than 50%, ranging from 53.69% to 94.53%. On the contrary, six coprolites from Yuhuicun and Houtieying contain 100% of animal sterol. The other two samples from Houtieying show equal contents of animal and plant sterols, with the plant sterol slightly higher. In addition, only trace amount of cholesterol was detected in one coprolite from Shuangdun.
Similarly, coprolites from Tianluoshan exhibit similar average chain lengths, ranging from 19.34 to 23.84 (average 21.35, stdev 0.81). The average chain length values of samples from Shuangdun, Yuhuicun, and Houtieying range from 12.41 to 26.56 (average 20.57, stdev 4.96), relatively lower than that of the Tianluoshan coprolites (Figure 2). The large variations between samples (stdev 4.96) from Yuhuicun and Houtieying are in correspondence with the sterol profiles such that they are either dominated by animal sterol or show a mix of plant and animal sterols. Probably because of this variation, the p value of 0.55 indicates that there is no significant difference in average chain lengths between two groups of sites.
[image: Figure 2]FIGURE 2 | Proportions of plant- and animal-derived sterols in coprolites recovered from rice farming settlement and mixed farming settlements.
Pollen
Large Poaceae pollen is the prevalent pollen species in most samples from Tianluoshan. Fourty-nine coprolites show large Poaceae pollen with highest proportions, ranging from 28.30% to 85.07%. They are either predominated by large Poaceae or accompanied with relatively higher percentages of arbor and upland herbs. Arboreal pollen reaches highest frequencies in eighteen samples (26.46%–77.74%). Quercus usually shows highest values, with other species including Castanopsis, Liquidambar, Pinus, and Ulmus, and upland herbs usually also reach higher values. The other fifteen samples are dominated by shrub pollen (43.81%–94.16%), with abundant species including Rosaceae, Astragalus, Uncaria, Mallotus, and arboreal and large Poaceae pollen to a lesser extent. Generally, upland herbs and wetland herbs occur less frequently in all samples.
On the other hand, five coprolites from Yuhuicun and one from Houtieying are dominated by arboreal pollen (90.00%–96.00%). Quercus is the most abundant pollen taxon, with percentages between 85.71% and 95.67%. Pollen from upland herbs is in lower percentages and wetland herbs occur more sporadically. Other samples mainly contain pollen from upland herbs (42.00%–95.36%). Poaceae is generally abundant and Artemisia reaches the highest frequency in YHC-9. In YHC-7, wetland herbs dominated by Typha are prevalent (Figure 3).
[image: Figure 3]FIGURE 3 | Proportions of pollen groups in the spectrum of the coprolites for this study (note: twenty-one coprolites with extremely high contents of Typha pollen were excluded).
DISCUSSION
Implications of Dog Provisions and Their Role in Human Subsistence
Based on the sterol compounds, our results generally reflect a plant-dominated diet at Tianluoshan and a meat-dominated diet at Shuangdun, Yuhuicun, and Houtieying. Clusters of large undigested bone remains are present in the coprolites from the latter sites, also indicating the meat intake. At Tianluoshan, impressions of plant materials can be observed (Figure 4). The sterol profiles are in correspondence with the average chain lengths of fatty alcohols that the samples from Tianluoshan contain more fatty alcohols with long chain lengths from the input of leaf waxes. However, compared with the lipid data from Tianluoshan, results from Yuhuicun and Houtieying are more fluctuated, with samples either dominated by cholesterol and cholestanol or showing higher input of plant sterols and wider distributions of fatty alcohols.
[image: Figure 4]FIGURE 4 | Microscope photos of the cross sections of the coprolites. (A) Tianluoshan coprolite with incorporated plant materials. (B) Reticulate impressions of plant remains from the Tianluoshan coprolite. (C) Undigested bone fragments from the Yuhuicun coprolite. (D) Small bones (marked in red circle) incorporated in the Yuhuicun coprolite.
It has been assumed that there will be dietary variations between wild canine populations that subsist on a diversity of resources (including human refuse) and domestic dogs that rely on domestic waste and human provisioning (Lupo, 2019). Barton et al. (2009) classified the above two types of dogs appearing at Dadiwan, a Middle Neolithic site in northern China: 1) ‘‘camp followers’’ wild-foraging dogs that benefited from a close association with humans and 2) camp-fed, behaviorally domestic dogs that lived and hunted with humans. The second type of dogs consumed more animal products and millets than did wild-foraging dogs, implying the intentional provisioning by humans.
Using the above classifications, it can be distinguished that the dogs at Tianluoshan were more similar to the “camp followers” at Dadiwan that may have fed on domestic scraps. The sedentary and agricultural lifestyle at Tianluoshan may have supplied predictable and stable anthropogenic refuse for their diets to rely on scavenging discarded food waste. Caceotrophy, the consumption of feces commonly found in dogs, may have provided extra nutrients.
On the other hand, Shuangdun, Yuhuicun, and Houtieying dogs consumed higher proportions of meat, more similar to the camp-fed, behaviorally domestic dogs at Dadiwan. It is highly probable that they assisted with hunting because hunting dogs usually consume more meat, and the canine population used for hunting could only be sustained with intentional provisioning by humans. Otherwise, ethnographic records revealed that anthropogenic food refuse from small-sized villages could not establish or support an indigenous working dog population as canid scavengers (Lupo, 2019). The fluctuated diets may rely on the outcome of hunting and thus the feasibility of meat. At Houtieying, more plant input from dogs’ diets may also relate to the less dependence on hunting at a later stage. However, as only the coprolites left in the site were examined, the results could only represent the diets when dogs were wandering around the site. We cannot rule out the possibility that the Tianluoshan dogs may have participated in hunting activities but left the feces in other temporary camps, where they also had a meat-dominated diet.
Furthermore, the food of dogs is also in correspondence with human diet. Lipid analysis of pottery residues at Tianluoshan has revealed that the pottery was largely used for processing starchy plant foods, yet the evidence for processing fish was very limited (Shoda et al., 2018), similar to the dominated plant intake of dogs. On the contrary, animal bones were uncovered in large quantities at Shuangdun, Yuhuicun, and Houtieying, depicting the subsistence relying on animals. A similar phenomenon was observed at the early Neolithic site of Jiahu, where large amounts of suspected dog coprolites were found. Hunting tools account for 49.2% of the Jiahu artifacts, above fishing tools (24.8%) and agricultural tools (26%), indicating a meat-dominated lifestyle (Lai et al., 2009).
Comparing the diets of humans and dogs, it can be concluded that dogs at all sites were permitted to roam freely and scavenge domestic refuse, thus their diets highly overlapped with that of humans. However, different human–dog relationships still existed at two groups of sites. The Tianluoshan dogs may have relied on foraging of daily waste and used it for cleaning purpose, at least. Through consuming human waste, their existence in the food chain also accelerated the recycling of organic materials at the site. On the other hand, at Shuangdun, Yuhuicun, and Houtieying, hunting dogs may have been intentionally provided with meat, which maintained their role as the apex predator.
Activity Areas for Subsistence and Human–Dog Interactions Indicated by Pollen Data
Pollen spectra from dog coprolites are indicators of the places they have visited and also the frequencies. Comparing the pollen data from Tianluoshan and Shuangdun, Yuhuicun, and Houtieying, the results showed that the Tianluoshan dogs mostly appeared in the rice field area, and scarcely in shrub and forest areas, while the Yuhuicun and Houtieying dogs mainly visited the forest and upland grassland.
Considering the agricultural background at two groups of sites, the perennial wetland rice usually required more labor investment and intensive forms of management (Fuller and Qin, 2009). Therefore, wetland areas were heavily exploited at Tianluoshan, where dogs also spent most of their time. Moreover, the management of various wild plants has been recorded at Tianluoshan and shrub pollen also appeared in dog feces frequently, showing their similar activity area. Dogs may have accompanied humans for guarding or working in agricultural activities or even been raised for their products such as meat, skin, or bones.
On the contrary, at Yuhuicun and Houtieying, pollen data showed that forest and grassland were the main activity areas for dogs. Their appearance in the Quercus forest is in correspondence with the use of dogs as a hunting tool. At Yuhuicun, although rice and millets may have appeared, evidenced by the phytolith data at Shuangdun (Luo et al., 2019), our results show that hunting may still have been the main function of dogs. As fast-growing, warm-season crops, millets were grown as a low labor investment rain-fed summer crop (Miller et al., 2016). Therefore, compared with the single rice agricultural system at Tianluoshan, labors targeting at other resources in the forest were more available, and dogs may have continued their assistance in hunting. Stable isotope analysis at Dadiwan also suggested that broomcorn millet initially appeared in an economy that relied on hunting and dogs were likely the crucial tools in the hunting system of early millet-rice mixed farmers (Barton et al., 2009; Bettinger et al., 2010). At the later stage site of Houtieying, the high concentrations of miliacin and the presence of large Poaceae pollen all point to the existence of dogs in a more stable millet-rice mixed cultivation area, and their role may have transformed to the assistance in farming activities, similar to the domestic dogs at Tianluoshan.
CONCLUSION
Lipid and pollen data from dog coprolites uncovered from two groups of sites, i.e., Tianluoshan and Shuangdun, Yuhuicun, and Houtieying, were compared to reveal their different dietary components and associated human–dog relationships. The Tianluoshan dogs had more plant intake, indicating the foraging of domestic waste, while the Shuangdun, Yuhuicun, and Houtieying dogs consumed more meat, revealing human intentional provision. The results imply that the Shuangdun, Yuhuicun, and Houtieying dogs may have participated in hunting and the Tianluoshan dogs lived as “camp followers.” Furthermore, the activity areas of the Tianluoshan dogs were highly centered at the rice fields, while the Yuhuicun and Houtieying dogs mostly appeared in the forest and grassland. The results show that dogs were mainly used in the wetland-based early rice farming system at Tianluoshan and in the hunting-dominated subsistence at Yuhuicun. At a later stage, millet agriculture with low labor investment developed at Houtieying, but hunting still made up part of the food income. Compared with archaeological evidence from Paleolithic sites, our results showed that dogs were used for multifunctions in early farming societies. Dogs in early rice-millet mixed farming settlements continued participating in hunting, while in early rice agricultural settlement, dogs may have played regular role in farming habitats.
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Wetlands were important resources for the hunting–gathering and early farming communities in coastal areas in the Neolithic. However, the relationship between the development of the wetland environment and the human population remains unclear due to the lack of successive wetland environmental changes throughout the Holocene in coastal areas. Here, the summed probability distributions (SPD) of radiocarbon dates of peat were used as an indicator and combined with archaeological radiocarbon dates to reconstruct the wetland environmental and demographic changes during the Neolithic in the lower Yangtze region. The results showed that the shifts in demographic centers and population development were related to wetland environment with peat formation. The first shift of the demographic center was from the hilly regions to the coastal plain and occurred during ca. 8,300–8,000 cal yr BP, which might be caused by the attractiveness of survival resources offered by the coastal wetland environment and the 8.2 ka event. The second shift occurred from the Ningshao Plain to the Taihu region and might be attributed to the widespread waterlogged environment in the Ningshao Plain. The peak of demographic development coincided with the peak of peat formation during the middle Holocene in the lower Yangtze region, indicating that the wetland environment facilitated changes in human societies. The formation of peat might be related to the sea-level and El Niño-Southern Oscillation events; however, further studies are required for deep comprehension. The present study is an attempt at identifying the past impacts of the wetland environment on demographic development and can form the basis for a more comprehensive understanding of the interactions between the humans and their living environment.
Keywords: peat, archaeological radiocarbon dates, summed probability distributions, wetlands, demographic center shift, Holocene
INTRODUCTION
The lower Yangtze region is characterized as one of the flourish Neolithic cultural centers and early agricultural centers (Jiang and Liu, 2006; Liu et al., 2017; Zuo et al., 2017). Since ancient times, the region is strongly influenced by environmental changes such as climate changes, extreme climate events, and sea-level fluctuations (Innes et al., 2014; Patalano et al., 2015; He et al., 2018; Yang et al., 2020) as it is located in the boundary between the sea and the land. Studies on largescale environmental changes and human society developments aid the understanding of general rules about the evolution of human society through environmental changes. In addition, for specific sites, studying regional characteristic environmental changes and regional settlement shifts is also fundamental for comprehending human–climate–ecosystem interactions.
Wetlands are vital ecosystems in coastal areas, especially for prehistoric people, as they are valuable sources of food, and provide suitable conditions for farming (Ma et al., 2020; Zhang et al., 2020). Indeed, previous studies indicate that wetland environment attracted Neolithic people (Chen et al., 2008; Zong et al., 2011); however, the exact relationship between the evolution of the wetland environment and human activities remains unclear due to the lack of successive wetland environment reconstruction during the Holocene. In coastal areas, peat has been used as indicators of sea-level or floods in previous studies (Zhao et al., 1979; Törnqvist et al., 2004; Zhang et al., 2004; Zong, 2004; Zhang et al., 2005; Zhan and Wang, 2014; Brain et al., 2017; Hijma and Cohen, 2019). However, peat is one of wetlands products that is formed in flat terrain and relatively calm water environment (Chai, 1990; Lang et al., 1999; Mitsch and Gosselink, 2015). Furthermore, the exact time of peat formation can be directly dated as the primary organic element sources from in situ plant materials (Chai, 1990; Brain et al., 2017). The direct peat dating can refrain the anomalous radiocarbon dates caused by reworked sediments, which is a prevalent problem in the lower Yangtze region (Stanley and Chen, 2000; Li et al., 2014; Long et al., 2016).
In recent years, the summed probability distributions (SPD) of archaeological radiocarbon dates have been widely used to explore demographic changes (Shennan et al., 2013; Wang et al., 2014a; Goldberg et al., 2016; Bevan et al., 2017; Xu et al., 2019; Dong et al., 2020). In fact, not only the archaeological radiocarbon dates can reflect human population evolution, but also the temporal radiocarbon frequency distributions of environmental indicators are meaningful for environmental changes (Michczyńska et al., 2007; Wang et al., 2014b; Guo et al., 2018). Like the basis for SPD of archaeological radiocarbon dates to reflect the demographic changes, the high frequency of the environmental indicators always means good development and widespread of the corresponding environment. In previous studies, high probability distributions of radiocarbon dates of peat were used to indicate humid and moderate climate or the coaction of climate and sea-level changes (Michczyńska and Pazdur, 2004; Michczyńska et al., 2007; Dommain et al., 2011), whereas high SPD of peat directly indicates the large and contemporary formation of the corresponding wetland environment.
Here, we first attempt at using SPD of radiocarbon dates of peat to reconstruct successive wetland environmental changes and compare them with the demographic changes reflected by the SPD of archaeological radiocarbon dates to discuss the impacts of the regional wetland environmental changes on the development of the Neolithic human population in the lower Yangtze region. Further, we speculate the possible environmental backgrounds of peat formation to increase the predictability of coastal environment. The results provide a regional perspective on human-environment interactions that contribute to a deeper comprehension of human adaption to the environment, which may help generate sustainable human strategies pertaining to human development in the future.
NEOLITHIC ARCHEOLOGICAL BACKGROUND
The lower Yangtze region is one of the Chinese Neolithic cultural communities and an important origin center of Chinese civilization (Su and Yin, 1981; Yan, 1987). Shangshan Culture (11,000–8,500 years BP) is the earliest Neolithic culture in the lower Yangtze region, which is distributed primarily in the Jinqu Basin. Most sites of Shangshan Culture are in the center of the basin, close to the tributaries and before the hills, facilitating hunting and gathering in the region (Xu et al., 2016; Xu et al., 2020). Kuahuqiao Culture (8,300–7,200 years BP) is distributed primarily on the Qiantang River, which is the transition culture from mountain culture to river mouth culture (Jiang, 2014). The core area of Hemudu Culture (7,000–5,000 years BP) is the Ningshao Plain, a low-lying coastal plain. Research indicates that the Hemudu Culture is in the early period of rice cultivation, although the gathering and hunting economy still have their place (Fuller et al., 2009; Center for the Study of Chinese Archaeology, Peking University and Zhejiang Province Institute of Relics Archaeology, 2011). Majiabang Culture (7,000–5,800 years BP), Songze Culture (5,800–5,300 years BP), Liangzhu Culture (5,300–4,300 years BP), and Qianshanyang-Guangfulin Culture (4,300–3,900 years BP) are primarily distributed in the Taihu region, a coastal plain in the north of the Qiantang River (Institute of Archaeology, China Academy of Social Sciences, 2010; Cultural Relics and Archaeology Institute of Zhejiang Province, Huzhou Museum, 2014; Shanghai Museum, 2014; Zhejiang Provincial Institute of Cultural Relics and Archaeology, 2019) (Figure 1).
[image: Figure 1]FIGURE 1 | Temporal and spatial distribution of Neolithic culture, archaeological sites, and peat in the lower Yangtze region. (A) Main cultures in the Jinqu Basin, Ningshao Plain, and Taihu region. (B) Distribution of radiocarbon dates of archaeological sites and peat. Black arrows indicate the locations of the regions on the map. Digital elevation model (DEM) data are provided by the Geospatial Data Cloud site, Computer Network Information Center, and Chinese Academy of Sciences (http://www.gscloud.cn).
MATERIALS AND METHODS
We reviewed 647 published radiocarbon dates (including 68 archaeological sites) of the Neolithic archaeological culture in the lower Yangtze region, spanning ca. 10,000–2,000 years BP (Supplementary Table S1). Data selection and processing were performed according to Wang et al. (2014a) as follows: (1) Screening the uncalibrated 14C dates: sixty archaeological dates were rejected according to the selection criteria. (2) Combining redundant dates: the R_Combine command within OxCal 4.4 was used for combining the dates (Supplementary Table S2). (3) SPD calculation: we calculated SPD with the CALIB 8.1 program (Stuiver and Reimer, 1993) and the IntCal20 calibration curve (Reimer et al., 2020). (4) Taphonomic bias correction. (5) Data standardization. To investigate the temporal and spatial distribution of Neolithic demographic changes in the lower Yangtze region, we divided the lower Yangtze region into three subregions: Jinqu Basin, Ningshao Plain, and Taihu region (Figure 1). According to the distribution of the archaeological culture and sites, archaeological sites belonging to Shangshan Culture were placed into the Jinqu Basin category. The rest of the archaeological sites were categorized according to their relative position with respect to the Qiantang River; archaeological sites that were located south of the Qiantang River were placed into the Ningshao Plain category and those north of the Qiantang River were placed into the Taihu region category (including sites belonging to the Subei Plain). Thereafter, the SPD of each lower Yangtze region subdivision was calculated. The altitude of each archaeological site was extracted from 30 m Global Digital Elevation Model (GDEM) Version 2 (Supplementary Table S2) (http://www.gscloud.cn). The mean centers of archaeological dates per 1,000 years were calculated by the “Mean Center” tool in ArcGIS.
A total of 103 published radiocarbon dates of peat (including 60 peat sites) were reviewed for the lower Yangtze region, spanning the entire Holocene (Supplementary Table S3). Data selection and processing were as follows: 1) Screening the uncalibrated 14C dates: we eliminated the dates with high error bars (1σ standard deviation > 400 14C yr) and reverse dates and reserved only one date if many dates were available from the same depth of the same core or profile. According to the selection criteria, eight peat dates were rejected. 2) SPD calculation: we calculated SPD with the CALIB 8.1 program (Stuiver and Reimer, 1993) and the IntCal20 calibration curve (Reimer et al., 2020). 3) Data standardization. We divided the peat radiocarbon data into the aforementioned geographical areas; however, we excluded the Jinqu Basin because only little data from the mountain area were reported (Figure 1). Thereafter, the SPD of each lower Yangtze region subdivision was calculated. The altitude of peat was collected from the published data (Supplementary Table S3). The mean centers of radiocarbon dates of peat per 1,000 years were calculated by the “Mean Center” tool in ArcGIS.
RESULTS
Temporal and Spatial Distribution of the Radiocarbon Dates of Archaeological Sites and Peat
During the Neolithic, the mean centers of the archeological radiocarbon dates shifted from the mountain area to the coastal plain area and from the middle of the Ningshao Plain and the Taihu region to the Taihu region. Overall, the mean centers of peat shifted southward during the Holocene, although they shifted back and forth between the Taihu region and the Ningshao Plain after 7,000 cal yr BP (Figure 2). From ca. 11,000 to 6,000 cal yr BP, the radiocarbon dates of archeological sites and peat tended to be distributed closely and were observed to be further apart from ca. 6,000 to 3,000 cal yr BP according to distribution of sites and mean centers; meanwhile, their altitudes were gradually close to each other (Figures 2, 3).
[image: Figure 2]FIGURE 2 | Mean centers of radiocarbon dates of archaeological sites and peat per 1,000 years. Numbers in the circles indicate the upper time limits per 1,000 years of mean centers; e.g., 11 suggests 12,000–11,000 cal yr BP. Arrows indicate the shift directions of the mean centers. DEM data are provided by the Geospatial Data Cloud site, Computer Network Information Center, and Chinese Academy of Sciences (http://www.gscloud.cn).
[image: Figure 3]FIGURE 3 | Average altitude per 1,000 years of radiocarbon dates of the archaeological sites and peat.
Summed Probability Distributions of the Archaeological Radiocarbon Dates
Figure 4 shows the SPD curves of archaeological radiocarbon dates for the lower Yangtze region. The overall curve gradually increased from ca. 11,000 to ca. 5,000 cal yr BP, although there were small fluctuations in this period. During ca. 5,000–4,700 cal yr BP, the curve sharply increased initially followed by a sharp decrease. After ca. 4,700 cal yr BP, the curve tended to decrease. For the SPD of the archaeological radiocarbon dates, the peak periods of the subregions in the lower Yangtze region differed. The peak periods of the Jinqu Basin, Ningshao Plain, and Taihu region were ca. 9,200–8,300 cal yr BP, ca. 7,900–5,000 cal yr BP, and ca. 5,000–4,400 cal yr BP, respectively. The core areas of the Neolithic population shifted from the Jinqu Basin to the Ningshao Plain and then to the Taihu region at ca. 8,300–8,000 cal yr BP and 5,200–4,900 cal yr BP, respectively.
[image: Figure 4]FIGURE 4 | Summed probability distributions (SPD) of the archaeological radiocarbon dates in the lower Yangtze region. (A) Taihu region. (B) Ningshao Plain. (C) Jinqu Basin. (D) Lower Yangtze region. Dotted curves show the SPD results and solid lines show the 200-point-smoothing of the SPD results. Blue bands show the shift periods of core areas of population.
Summed Probability Distributions of the Radiocarbon Dates of Peat
The SPD curves of peat through the Holocene in the lower Yangtze region were constructed, and these showed a fluctuating trend. The more developed periods of peat formation were ca. 9,100–8,000 cal yr BP, ca. 7,600–6,200 cal yr BP, ca. 5,700–5,300 cal yr BP, ca. 5,000–4,400 cal yr BP, ca. 3,500–2,700 cal yr BP, and ca. 1,700–800 cal yr BP (Figure 5).
[image: Figure 5]FIGURE 5 | Summed probability distributions (SPD) of radiocarbon dates of peat in the lower Yangtze region. (A) Taihu region. (B) Ningshao Plain. (C) Lower Yangtze region. Dotted curves show the SPD results and solid lines show the 200-point-smoothing of the SPD results.
DISCUSSION
What Do the Summed Probability Distributions of Peat Mean in This Study
Peat is one of several wetland products (Chai, 1990; Lang et al., 1999; Mitsch and Gosselink, 2015). Necessary conditions for peat formation include the presence of organic matter and a relatively long-term and calm waterlogged environment. This means that the high SPD of peat in the lower Yangtze region indicates a widespread wetland environment characterized by abundant plant growth and relatively stable and excess water table. This type of wetland environment can provide abundant resources and suitable conditions for farming around this area. Whereas the mean centers are different from SPD, as mean centers identify the geographic centers of archaeological or peat dates distribution, calculated as the average x and y geographical coordinates of dates per 1,000 years (Scott and Janikas, 2010).
Impacts of Wetland Environment on Demographic Development
As indicated by previous studies, the resources and environmental characteristics of wetland environment made it attractive for ancient people (Chen et al., 2008; Zong et al., 2011; Beach et al., 2019). In this study, the mean altitude of archaeological dates sharply decreased after 8,000 cal yr BP (Figure 3), and the SPD of archaeological dates also revealed that the first transition of core areas of demographic distribution, from the hilly regions to the coastal areas, occurred at ca. 8,300–8,000 cal yr BP, when peat was widespread in the coastal areas (Figure 6). This suggested that the wetland environment might be responsible for this transition. Meanwhile, the 8.2 ka event might be another reason for the transition. Previous investigations reported that the 8.2 ka cold event led to the migration or collapse of human population (González-Sampériz et al., 2009; Wicks and Mithen, 2014). In the lower Yangtze region, paleobotany evidences indicated the cold and dry conditions around 8.2 ka (Song et al., 2017; Zuo et al., 2020). Thus, the reduced resources caused by vegetation changes in the hilly regions and the attractive coastal marshes might have caused the transition of the core areas of population in the lower Yangtze region.
[image: Figure 6]FIGURE 6 | Comparison between the SPD of radiocarbon dates of archaeological sites and peat. (A) SPD of archaeological radiocarbon dates in the Taihu region. (B) SPD of archaeological radiocarbon dates in the Ningshao Plain. (C) SPD of archaeological radiocarbon dates in the Jinqu Basin. (D) SPD of radiocarbon dates of peat in the lower Yangtze region. (E) SPD of archaeological radiocarbon dates in the lower Yangtze region. All these are 200-point-smoothing results. Orange bands show the peak periods of radiocarbon dates of archaeological sites and peat.
This type of wetland environment was not just attractive for ancient people, and it facilitated demographic development. Results of this study revealed that there were three periods of high SPD of peat dates during the middle Holocene, in the lower Yangtze region, ca. 7,600–6,200 cal yr BP, ca. 5,700–5,300 cal yr BP, and ca. 5,000–4,400 cal yr BP; these coincided with the flourishing of the Hemudu Culture and the Liangzhu Culture (Figure 6). Previous research in this area demonstrated that wetland food resources such as Typha, Euryale, and Trapa were a part of the diet of Kuahuqiao and Hemudu people (Zong et al., 2007; Fuller et al., 2009; Fuller and Qin, 2010; Zhang et al., 2020). The wetland environment was also suitable for rice farming (Chen et al., 2008; Zong et al., 2012; Ma et al., 2020). Hence, the formation and the reasonable resource utilization of the wetland environment might be the reason for the demographic development in the lower Yangtze region.
However, because of the long-term waterlogged conditions required for peat formation, such an area cannot be settled directly; this was reflected by the findings that the SPD peaks of human population and peat did not overlap in the same region and the mean centers of archaeological dates and peat dates finally kept apart in the lower Yangtze region (Figures 2, 7). Furthermore, when the peat layer overlapped with or was overlying on the cultural layer, that indicated the collapse of the culture in the sites area (Zheng et al., 2012; He et al., 2018). Meanwhile, the sudden appearance of the extensive waterlogged environment was indicative of the previous extreme climate events, such as floods and storms. Thus, the widespread waterlogged environment and previous extreme climate events reflected by the peak of SPD of radiocarbon dates of peat in the Ningshao Plain at ca. 6,600–6,200 cal yr BP might be the reason for the ubiquitous cultural interruption of Hemudu culture (He et al., 2018; Tang et al., 2019), and the high SPD of peat at ca. 5,000–4,400 cal yr BP may explain the decreasing population in this area (Figure 7).
[image: Figure 7]FIGURE 7 | Comparison between the SPD of radiocarbon dates of archaeological sites and peat in the Ningshao Plain and the Taihu region. (A) Taihu region. (B) Ningshao Plain. All these are 200-point-smoothing results. Red arrow indicates the shift of demographic centers.
Possible Environmental Backgrounds for Peat Formation in the Lower Yangtze Region
The reasons for peat formation were complex and included climatological, geological, and hydrological factors (Chai, 1990; Lang et al., 1999; Mitsch and Gosselink, 2015). In the lower Yangtze region, peat was used to reconstruct Holocene sea-level changes or floods (Zhao et al., 1979; Zhang et al., 2004; Zong, 2004; Zhang et al., 2005; Zhan and Wang, 2014). The altitudes of peat nearly fit the curve of sea-level changes in this study (Figure 8A). Additionally, through the comparison with El Niño-Southern Oscillation (ENSO) frequency (Moy et al., 2002), the results showed that the widening of the spread of peat coincided with the high frequency of ENSO events during the period of relatively stable sea-level (Figures 8B,C). A previous study by Jiang et al. (2006) indicated that high frequency of ENSO events was correlated with abundant precipitation in the middle and lower Yangtze region. The rising sea-level or the abundant precipitation contributed to saltwater intrusion or an increase in the relative water level in the low-lying plain, which raised the groundwater level and led to inundation (Alizadeh et al., 2015; Becker et al., 2020). Thus, the abundance of water might promote peat formation in the lower Yangtze region.
[image: Figure 8]FIGURE 8 | Environment backgrounds of peat formation. (A) Sea-level curves of east China (Zhao et al., 1979; Zong, 2004; Xiong et al., 2020) and altitude of peat in this study. (B) El Niño-Southern Oscillation (ENSO) events per 100 years (Moy et al., 2002). (C) SPD of radiocarbon dates of peat in the lower Yangtze region (200-point-smoothing result).
Higher precipitation caused by frequent ENSO events or rising sea-level were viewed as disasters for prehistoric coastal people. However, studies indicated ancient people could also benefit from El Niño floodwaters by converting them into productive water for agriculture (Caramanica et al., 2020). In addition, the increased sediment supply during the period of high sea-level resulted in the acceleration of coastal progradation and formation of livable flatlands (Ma et al., 2020). As in the lower Yangtze region, ENSO events or sea-level rising might facilitate human societies by promoting the formation of wetlands. As the data in this study are limited, more studies are required for a better understanding of coastal wetland environment and its relationship with human societies and climate changes.
CONCLUSION
This study was the first attempt to use peat as an indicator of the wetland environment in the lower Yangtze region, with the reconstruction of demographic development via archaeological radiocarbon dates. The data were used to investigate the impacts of wetland environment on Neolithic demographic evolution. The demographic centers of the lower Yangtze region transitioned from the hilly regions to the coastal plain at ca. 8,300–8,000 cal yr BP, which was likely influenced by the 8.2 ka event and the attraction of the wetland environment. Peat formation coincided with the development of the population during the middle Holocene in the lower Yangtze region, indicating that the wetland environment facilitated Neolithic demographic development. However, due to the long-term waterlogged environment requirement for peat formation, the region with widespread peat formation could not be settled directly. The widespread peat in the Ningshao Plain during ca. 5,000–4,400 cal yr BP might be the reason for the transition of the core area of the population.
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Understanding the human subsistence strategies and adaptations in the Lower Yangtze River Region during the prehistoric period is vital to reveal the human-environment interactions, the origin and development of rice agriculture, cultural development, and social complexity. No systematic analysis of isotopic data of human bones in the region has been undertaken within the environmental (sea level), spatiotemporal (site distribution), and economic (animal and plant resources) contexts yet, in order to provide the direct evidence of human diets and trajectory of human subsistence strategies and adaptations. In this paper, I collected the isotopic data in the region as many as possible and incorporated within the environmental, spatiotemporal, and economic information. The results show that humans rarely made use of marine resources when facing the situation of rising sea levels and having good accesses to marine environment during the eastward movement. Alternatively, humans consumed large amount of terrestrial resources and supplementary freshwater or wetland resources. Rice agriculture was still of low-level production and contributed less to human diets. The unique human subsistence strategies enhanced human adaptations to the fluctuation of sea level in the Holocene in eastern China and facilitated the increases of archaeological cultures and human population, challenging the traditional opinion that the developed agriculture is the necessary pathway to develop cultures and grow human population.
Keywords: the lower Yangtze River region, human-environment interaction, stable isotope analysis, subsistence strategy, adaptation
INTRODUCTION
In recent years, more and more archaeological evidence has shown that the Lower Yangtze River Region (LYRR), including the Ningshao Plain, the Hangjiahu Plain and areas around Taihu Lake, is not only the birthplace of rice agriculture but also one of the important places for the occurrence of Chinese civilization, paralleling to that in the Yellow River Valley (e.g., Renfrew and Liu, 2018). Different from those in the Yellow River Valley, human activities in the LYRR are quite sensitive to and highly influenced by the fluctuation of sea levels in the Holocene as the region is located in the east of China and close to the coastline. Understanding human subsistence strategies and adaptations in prehistoric periods is critical to reveal the human-environment interaction, the origin and development of rice agriculture, cultural developments, and the formation of social complexity.
So far, several methods have been applied to investigating human diets in the LYRR, such as paleobotanical analysis, archaeozoological analysis, residue analysis and stable isotope analysis. Among them, the analyses of animal and plant remains (carbonized plants and microfossils such as phytolith, pollen and starch grains) have been widely used to reveal the origin and development of rice agriculture and exploitation of animal resources (wild and domesticated animals) (e.g., Pan and Yuan, 2018; Pan and Yuan, 2019). The residues preserved in the prehistoric pottery have been preliminarily analyzed to identify the animal or plant resources (Shoda et al., 2018), providing another effective way to reveal human diets in short periods. In contrast, the stable isotope (δ13C, δ15N) analysis of human bones can offer the direct evidence of human diets during long-term periods before the individual’s death and has been increasingly used to reveal human subsistence strategies in China (e.g., Hu, 2018). Given the fact that human bones in the LYRR are generally not preserved well, the isotopic studies are not as popular as those in the Yellow River Valley. However, the accumulation of isotopic data in recent years makes it possible for us to trace back human diets and their diachronic shifts in the prehistoric periods. To our knowledge, no systematic analysis of isotopic data has been undertaken within the environmental (sea level), spatiotemporal (site distribution), economic (animal and plant resources) contexts yet.
In this paper, I collected the isotopic data of human bones in the LYRR as many as possible and focused on interpreting human diets and activities on the basis of reviewing the chronology of prehistoric cultures, the fluctuation of sea level, the distribution of sites, and the utilization of plant and animal resources. My aim was to reveal the interactions among sea levels, archaeological cultures, and human subsistence strategies in the LYRR and discuss the impacts of the fluctuation of sea levels on human activities and human adaptations to the unstable environment.
CONTEXTS
Chronological Context: Chronology of Prehistoric Cultures in the LYRR
Continuous archaeological excavations and studies have established the chronological framework of archaeological cultures in the LYRR. Here, I cited the chronology of prehistoric cultures outlined by Pan and Yuan (2018) and listed it in Table 1.
TABLE 1 | The chronology of cultures in the LYRR (revised from Pan and Yuan, 2018).
[image: Table 1]Environmental Context: The Fluctuation of Sea Levels in the LYRR
The LYRR is near the coastline in east China. Different from that in the Yellow River Valley, the most important climatic factor to influence cultural development and human activities in the LYRR during the Holocene is the fluctuation of sea levels after the Last Glacial Maximum and extreme environmental events such as sea transgression, sea flooding and storms (Wang et al., 2018). Thus, understanding of the fluctuation of sea levels and coastline is the prerequisite to understand the distribution of archaeological sites, human living environment and subsistence strategies.
The model of global sea level curve constructed by Lambeck et al. (2014), is regarded as one of the best and most reliable curves as it synthesized more than a thousand points data of sediment cores worldwide and incorporated global ice volume modeling (Zheng et al., 2018). It suggests that: 1) sea level rose rapidly since the Last Deglaciation by 10–15 m from 21 to 18 ka, and kept constant during the next 1.5 ka (18–16.5 ka); 2) during the period of 16.5–7.0 ka, sea level rose by about 120 m and reached to −5 to −3 m at 7.0 ka; 3) after 7 ka, the rise of sea level decelerated significantly and remained relatively stable (Lambeck et al., 2014).
There are several differences of sea level curve models on millennial scale reconstructed from various sediment cores along Chinese east coastline from the above model. Yang and Xie (1984) and Zhao et al. (1994) suggest that sea level was higher than today around 6 ka and fell to the present level gradually while Liu et al. (2004) propose that the sea level during 6.5–7.0 ka was higher than today. Song et al. (2013) claim that the high sea level was present around 5 ka and kept constant since then. Recent study indicates the sea level close to the present might occur c. 8.0–7.5 cal. ka BP and decline c. 7.6–7.5 cal. ka BP (Yan et al., 2020). Whereas, Xiong et al. (2020) think that the rise of sea level from c. −38.3 ± 1.6 m to the present height happened from c. 10000 cal. a BP to 7000 cal. a BP with the uneven average rate of sea-level rise and that the rise and fall of sea level also took place between 7000 and 4000 cal. a BP.
In summary, sea level in the east China coastline rose around 20000 BP and approached to the present height c. 7000 BP and might have fluctuated differently in varied areas of the LYRR along the coastline.
Spatiotemporal Context: The Spatial and Temporal Distribution of Archaeological Sites
The fluctuation of sea level in the Holocene has strong impact on humans to settle down in the prehistoric periods. The investigation of over 2000 sites dated to the prehistory and Shang and Zhou Dynasties using DEM and GIS methods (Zheng et al., 2018) provides the good opportunity for us to look at the spatial and temporal distribution of archaeological sites in the LYRR. During the period of 1000-8500 BP, the sites were sparsely in the basins and far from the sea (Zheng et al., 2018). During the period of 9000-7000 BP, the sea transgression occurred. About 7000 BP, the rise of sea level slowed down and sea level was close to the present height (Zheng et al., 2018). The decrease of sea level rise made the land exposed, which resulted in the lower Yangtze River delta (Zheng et al., 2018). The regression of coastline and expansion of lands eastwards offered a wide space for the development of Neolithic cultures. In this period, the number and size of sites increased dramatically and the distribution of sites went eastwards (Zheng et al., 2018). Around 4000 BP, the number of sites decreased greatly and only the sites belonging to the Guangfulin and Qianshanyang cultures existed.
In the meantime, the sea transgression or extreme environmental events had great influence on the disruption of the archaeological sites and cultures, which can also be uncovered in the sediment cores. The Kuahuqiao site might be inundated by the rise of sea level around 7400 cal. BP (Pan, 2020). The sea transgression at the Yaojiang-Ningbo Plain during the periods of 6300-6000 BP, 5400-5300 BP and 4500-3400 BP caused the lacking of continuous deposits of archaeological cultures (Tang et al., 2019). This phenomenon was also observed at sites dating to the Hemudu Culture (Ouyang et al., 2019; He et al., 2020). In particular, the coastal flooding occurring 4.5 cal. ka BP could have been a major reason accounting for the diminishment and abandonment of the Liangzhu Culture around 4.4 cal. ka BP (Wang et al., 2020). Besides, Ling et al. (2021) note that overbank flooding or storm surge events happened at the Liangzhu Ancient City area during the middle to late Holocene (after c. 7600 cal. BP).
In brief, human settlements and archaeological cultures in the LYRR were highly influenced by the fluctuation of sea level. The sea regression and transgression as well as extreme environmental events (flood, storm, typhoon, etc.) can be regarded as one of the important factors to influence the flourishment and abandonment of archaeological sites and cultures.
Economic Context: The Animal and Plant Resources Used by Humans in the LYRR
The fauna and flora assemblages collected at the archaeological sites in the LYRR create a good opportunity for us to understand the animal and plant resources used by humans. Here, I follow the summary proposed by Pan and Yuan (2018); Pan and Yuan (2019) to reveal the shift of animal and plant resources through time.
Pan and Yuan (2018); Pan and Yuan (2019) systematically summed up the main animal and plant remains from 57 archaeological sites and suggested the following trajectory of animal and plant resources utilized by humans (Table 2). During the period of 11000-8400 BP, representative of the Shangshan culture, humans greatly relied on the hunting, fishing and gathering and cultivated rice as supplement. During the period of 8200-5300 BP, represented by the Kuahuqiao, Hemudu, Majiabang, Songze cultures, humans relied mainly on hunting, fishing, and gathering (shells). The cultivation of rice, the animal husbandry (pigs and dogs) developed further and many kinds of freshwater plant resources were also utilized. During the period of 5300-4300 BP, typical of Liangzhu Culture, the rice agriculture was intensified and raising pigs became more popular with other plant resources (fruits) exploited. There might have been subsistence distinction between the central and suburb settlements. During the period of 4300-2300 BP, representative of the Guangfulin, Qianjiayang, Maqiao Cultures, the rice agriculture and animal husbandry decreased and millets came into this region in the Shang-Zhou dynasties.
TABLE 2 | The animal and plant species mainly used in different periods (modified from Pan and Yuan, 2019).
[image: Table 2]In Table 2 can infer that the marine resources had never been one of main food components in human menu in the LYRR even though they were found sparsely at several sites (Pan and Yuan, 2018; Pan and Yuan, 2019). In contrast, the terrestrial and freshwater resources were continuously made use of by humans in the prehistoric periods. The Jingtoushan site (Figure 1), the newly found earliest site (c. 8000 BP) near the coastline, could have been of an exception, where large quantity of marine foodstuff (shells) was found (He and Lv, 2017; http://kaogu.cssn.cn/zwb/kgyd/kgsb/202006/t20200609_5140596.shtml). Even though, terrestrial resources, such as rice and acorn, were also abundant at the site (He and Lv, 2017, suggesting that terrestrial resources were of necessary components in human foodways.
[image: Figure 1]FIGURE 1 | The geographic location of archaeological sites edited by Bing Yi. (A) The study area; (B) Locations of archaeological sites mentioned in the text. (C) Enlarged locations of archaeological sites in the Ningshao Plain.
In addition, the events of sea transgression in the Holocene hamper the successive development of rice domestication. Rice phytolith analysis from more than 10 archaeological sites dating to 10000-2000 BP indicated that the ratio of bulliform phytolith with the numbers of fish-scale decoration higher or equal to 9 (domesticated rice) to that with the numbers of fish-scale decoration less than 9 (wild rice) did not always increase through time (Lv, 2017). This suggests that rice domestication was not straightforward and fluctuated at times. The fall of rice domestication during the periods of 7900-7400 BP and 6500-5600 BP might have been caused by the marine transgression (He et al., 2020). Apparently, the marine transgression decreased the continuous rice domestication during the mid-Holocene in the LYRR (He et al., 2020; He et al., 2020; Liu et al., 2020; Ma et al., 2020) and humans had to rely on diverse terrestrial and freshwater resources before the Liangzhu Culture.
Isotopic (δ13C, δ15N) Analysis of Human Bones in the LYRR
The stable isotope analysis of human bones in China initiated in 1980s and only until the 21st century is it not paid attention to by Chinese scholars (Hu, 2018). Zhang et al. (2003) reported the first isotopic data (δ13C, δ15N) of human bones in the LYRR. Subsequently, Hu et al. (2007) carried on the stable isotope analysis of human bones at the Sanxincun site, Jiangsu. Since 2010, the isotopic studies in the LYRR have increased and relatively rich isotopic data from human and animals have been accumulated. Compared to the summary of isotopic data (Chen, 2017; Qin and Fuller, 2019; Liu et al., 2021), we collected more isotopic data (Table 3) including the previously published and unpublished data as well as two reference groups from South China, in order to better understand human subsistence strategies and adaptation within the environmental, spatiotemporal, economic contexts in the region. The information on the site name, site location (Figure 1), date, the isotopic data and references is listed in Table 3 and the error bar plot is shown in Figure 2.
TABLE 3 | Collections of isotopic data of human bones in the LYRR.
[image: Table 3][image: Figure 2]FIGURE 2 | The error bar plot of human bones in LYRR and South China.
According to Table 3 and Figure 2, we can draw the following inferences:
Hardly humans consumed marine resources except those at Hemudu consuming a few marine resources, and relied heavily on terrestrial and/or freshwater foods. The LYRR is located near the China east coast. After 7000 BP, with the regression of sea levels and the expansion of lands, humans moved eastwards and occupied large lands exposed and might have had great accesses to marine foods. In general, humans consuming large quantity of marine resources should have much positive δ13C values and high δ15N values such as those at Liyudun in Figure 4. It is so surprising for us to see that humans dating to 7000-5000 BP except those at Hemudu did not mainly consume marine foods during the process of population movements eastwards. In particular, humans at Tashan, closest to the coastline (Figure 1), did not consume any marine foods and mainly relied on terrestrial foods (Table 3; Figure 2). This unique dietary pattern of humans reflects that humans had conservative preference on terrestrial and/or freshwater resources even though they had great opportunity to obtain the seafoods. Our inference here is consistent with the opinion (Qin and Fuller, 2019) suggesting that the prehistoric humans in the LYRR were lack of the motives of exploiting marine resources.
Humans did not be mainly engaged in the hunting/fishing activities and consumed large quantity of terrestrial resources with some freshwater resources supplemented. In general, humans consuming a lot of freshwater fish have low δ13C and high δ15N values such as those at Dingsishan in South China (Figure 2). Compared to those at Dingsishan, humans in the LYRR in Figure 2 have higher δ13C and lower δ15N values, strongly indicating that their foods were deprived more from terrestrial surroundings and less from freshwater fish. This is in line with the archaeozoological finding (Table 2), indicating that fish was not one of important components in human diets even though they were present all the time. Instead, terrestrial animals (deer, pigs) or wetland plants with possible lower δ15N values (rice including domesticated rice or wild rice, gorgon fruit, water chestnut, etc.) could have been the necessary compositions in human diets.
Human diets were diverse and shifted diachronically. Humans at Hemudu might consume some marine foods while those at Tianluoshan ate many plant resources. They could be deprived from several types of wetland plants, like rice, gorgon fruit, water chestnut (Pan and Yuan, 2018; Pan and Yuan, 2019) and typha (Zhang et al., 2020). The consumption of starchy plants was also confirmed by the residue analysis (Shoda et al., 2018). Different from those at Tianluoshan, humans at Jiangjiashan consumed more freshwater resources such as fish; humans at Songze mainly inhabited on the terrestrial and freshwater environment; humans at Tashan obtained their foods mainly from terrestrial environment and seldom from freshwater resources; humans at Sanxincun intensified the utilization of freshwater resources such as shells. It seems that humans at Meirendi escaped from the wetland environment and consumed more animal protein from freshwater resources or domestic animals. Given the popularity of pig husbandry during the Liangzhu Culture (Table 2), domestic pigs could have contributed more to animal resources at the site.
The cultivation of rice and its contribution to human diets vary in the different areas and periods. As indicated in Table 2, the domestication of rice has developed quickly around 7000-6000BP and matured around 5000 BP. In principle, if rice would be more and more incorporated in human diets, the decrease of δ15N values from humans should have been expected as rice belongs to starchy plants with low nitrogen contents and has low δ15N values in general (Suzuki et al., 2008). However, large isotopic difference among human populations can be seen in Figure 2, even though the domesticated rice is present in different periods and areas. This could be caused by the consumption of diverse terrestrial or freshwater resources. Therefore, no matter what rice is wild or domesticated, rice production by humans should have been of low-level. Humans at Meirendi in the core area of Liangzhu Culture have a little higher δ13C and δ15N values than those in Tianluoshan (Figure 2) and the isotopic data don’t show decreasing pattern as expected if rice agriculture was intensified during the period. Nevertheless, we should caution that given the limited isotopic data available here the current discussion on the contribution of rice agriculture to human subsistence strategy is still preliminary. More isotopic data are needed to prove or refute it in the near future.
DISCUSSION
It is traditionally supposed that the occurrence and development of agriculture is the key to increase the food production and satisfy with the population growth and the rise of social complexity (e.g., Gignoux et al., 2011). However, recent study (Lewis, et al., 2020) challenges the above standpoint.
The global increase of sea levels in the Holocene has great impact on human activities worldwide (Dong et al., 2020) and makes humans easily approach the marine resources. A number of isotopic studies show that humans close to the coastline have intensively consumed marine foods in Europe (Richards and Hedges, 1999; Montgomery, et al., 2013; Schulting, 2018), Japan (Kusaka et al., 2010), and South Korea (Choy et al., 2012) before the transition to agriculture. The adaptation of sea level increase by humans greatly expands food choices in human menu and stimulates the cultural developments and population increase in Southern Scandinavia before the arrival of agriculture (Lewis et al., 2020).
Compared to humans in Southern Scandinavia, the humans in the LYRR, however, adopted a quite different strategy when facing the rise of sea level in the Holocene as well. The economic (Table 2) and isotopic (Table 3; Figure 2) evidence strongly suggests that humans rarely relied on marine resources and consumed large quantity of terrestrial and/or freshwater resources (plants) instead, even though they had good accesses to marine environment. Before the Liangzhu Culture, the rice had been in low-level food production and contributed less to human diets for a long time. On the other hand, humans subsisted mainly on the terrestrial and freshwater or wetland resources. This unique subsistence strategy could possibly have made humans well adapt to unstable environment and sea transgression at times, which expanded the settlements and population subsequently and resulted in the social complexity. Therefore, our comprehensive study here illustrates a novel pattern of human subsistence strategy and adaption to increasing human population in the condition of low-level agricultural production, challenging the traditional view that only developed agriculture can make human population grow and advance human society.
CONCLUSION
Based on the introduction to environmental, spatiotemporal and economic contexts, this paper summarized the isotopic data of human bones in the LYRR and drew several inferences on human subsistence strategies. The most striking finding is that humans hardly consumed marine resources even though they faced the coastline directly. Instead, they subsisted mainly on terrestrial and/or freshwater (wetland) resources and less on rice production. The specific subsistence strategies, long-term insistence, and adaptations to the unstable environment and frequent sea transgression make it possible for humans in the prehistoric period to meet the demands of settlement expansion and population increase. The uniqueness of human subsistence strategies in the LYRR expands our understanding of the means of increasing human population and social complexity.
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Buried underneath modern Zhengzhou city in Henan Province, China, lies the archeological remains of one of the ancient capital cities of the Shang dynasty (1766 – 1122 BCE). Although it is likely that people planned this Shang capital city according to the demands of the surrounding environment, there is no clear relationship between the current environment, such as the hydrology and topography, and the ancient city’s layout. To better understand the relationship between planning principles used during the Shang dynasty and the nearby environment at Zhengzhou, we measured and sampled stratigraphic exposures at excavation locations throughout Zhengzhou. Through these excavations we obtained both absolute and relative chronological data from each culture layer, enabling us to use geospatial interpolation and analysis methods to reconstruct the ancient landscape. The results show that ancient city’s different activity areas had a close relationship with their environmental context. For example, the Shang dynasty palace was located on high ground and workshops were located down below along the courses of ancient rivers. In conclusion, we argue that research that merges geomorphology and archeology is a necessary prerequisite for understanding the development of urban areas.

Keywords: Zhengzhou Shang City, landscape changes, ancient city arrangement, human-environmental interactions, geomorphic evolution


INTRODUCTION

Cities are the most complex form of human settlement and are usually a signal of increasing socio-political complexity. During the early Neolithic, societies shifted from a highly mobile, hunting and gathering, subsistence strategy to a lifeway more grounded in permanent settlement and agriculture. Based on evidence from archeological excavations, archeologists have uncovered a significant amount of evidence that the earliest settlements were not only small in size but also had limited functions and activity spaces (Trigger, 1989; Renfrew and Bahn, 1991; Liu, 2004; Lu et al., 2013). As population increased and settlements became more numerous, some of these settlements became “central places” as they developed into political, economic, and regional centers. Therefore, location and form of early cities is likely an outcome of a long term, regional, process of increasing socio-political complexity. The original layout of a city not only reflects the characteristics of the natural environment but also the cultural beliefs (Wheatley, 1971). The geographic position and spatial arrangement of early cities is a significant factor for understanding human-environment interactions.

A significant amount of research has examined the interconnection between the layout of early cities and their relationship to landscape evolution. For example, Assefa Getaneh et al. (2018) reconstructed the spatial distribution of some pre-Aksumite cultural structures like stone-based walls using magnetic reconnaissance survey in the Seglamen Site of northern Ethiopia. Schwerin et al. (2016) drew a more accurate archeological map in the Copan site of Honduras using LiDAR data. Gianna Ayala et al. (2017) reconstructed the alluvial landscape of Neolithic Çatalhoyük, central southern Turkey. Sun et al. (2017) reported the settlement structure of Neolithic Shimao which was believed as a regional political and ritual center on China’s north Loess Plateau. Wu et al. (2019) and Storozum et al. (2020)’s work examines the “city on top of a city’ phenomenon at Kaifeng from a geoarcheological perspective. Qian (2019) reconstructed the spatial pattern of North Wei (386-534 AD) Capital Luoyang City. Although this research has helped identify characteristics of the internal layout of several ancient cities, there is generally less discussion concerning human-environmental interaction from the perspective of landscape evolution. As a result, this research loses useful information concerning the development of early cities and the process of urbanization. Moreover, it is also difficult to identify the roles that the nearby environment plays in supporting a developing cityscape.

From 2011 to 2020, we conducted a multidisciplinary archeological research project at the early Shang dynasty capital of Zhengzhou, one of the oldest cities in the China in an attempt to recover the plan of the city’s original layout and examine this layout’s relationship to the contemporaneous geomorphological units. In general, our research at Zhengzhou attempts to use a geoarcheological investigation to answer several important questions:


• Why did the ancient Shang people build their capital there?

• How was its relationship with the regional terrain?

• What were the early landscape features like?

• How did the ancient landscape influence the city’s layout?





EARLY SHANG DYNASTY CAPITAL ZHENGZHOU

Zhengzhou Shang City is an important early capital city of China. The capital belonged to the early stage of Shang dynasty (ca. 1,600 BC) (Ren and Liu, 2019). This archeological site is located directly underneath the modern Zhengzhou city in central Henan Province and covers over 25 km2 (Chen, 1999). Here, archeologists have found remains of the ancient city, including massive city walls, a palace, and large bronze ritual vessels (Chen and Zeng, 1991; HICRA, 1993, 2001; HICRA and ZICRA, 1999; Yuan et al., 2004).

The area of the Shang dynasty city of Zhengzhou was located at the transitional zone between the Loess Plateau and the North China Plain. This makes the region high in the west and low in the east. Although the Yellow River is no more than 20 km to the north of the city, the city is actually located within the catchment of the Huai River (Figure 1). On the northern and southern edges of the Shang dynasty city is a small river called the Jinshui River. To the south of the Shang city is the Xiong’er River. Both rivers are tertiary tributaries of the Huai River. This region is located within a warm temperate continental monsoonal climate. The annual average temperature is 14°C and the annual precipitation is 600 mm (Shi, 1983).


[image: image]

FIGURE 1. Research area. (A) The location of Zhengzhou Shang city in Henan Province; (B) The layout of Zhengzhou Shang city. The excavation sites in Figure 3 are labeled on this map.


Over the past 60 years, archeologists have conducted a wide range of excavations in Zhengzhou Shang City (An, 1954; Zhao et al., 1957). In general, archeologists now understand the layout of the ancient city (Yuan and Zeng, 2004; Liu et al., 2010; Yuan, 2018). Archeologists have divided the city into three areas, the outer city, the inner city, and the palace city (Figure 1). Each of these areas is divided by walls. The walls of outer city were round and archeologists have only found the remains of these walls in the western and southern parts of the city (Yuan and Zeng, 2004; Jiang et al., 2009; Liu et al., 2010; Yuan, 2018). The walls of the inner city are approximately rectangular and there was a beveled edge at the northeast corner. The palace city was located at the northeastern part of the inner city. Several Shang dynasty palaces have been found there (An and Yang, 1983; Zeng et al., 2000). Other activity areas, like workshops, hoards, and sacrificial zones, are scattered throughout the site (Pan, 2010; Chang, 2018; Hou, 2018; Zhang, 2018). The northern and southern sides of the outer city are flanked by rivers, the Jinshui River in the north and the Xionger River in the south. The Jinshui River’s course still runs through the modern area where the inner city was located. To the east of the city was a large lake (Huang, 2011; Huang and Wang, 2014), but so far, no geological evidence demonstrate the lakes existence has been documented.



MATERIALS AND METHODS


Field Survey and Sampling

We conducted a detailed field survey around the Shang city and the surrounding areas. Before the survey, we drew a detailed geomorphic map of the region using the DEM, remote sensing images, as well as geological and topographic maps. We observed, measured, and analyzed exposed sections in different geomorphic settings around Zhengzhou. The color, depth, structure, sediment type, and the presence of absence of inclusions in every layer were recorded in detail. The stratigraphic profiles were drawn according to a fixed and standardized scale. From these field observations, we interpreted the approximate time of deposition and depositional environment.

Some of the most important sections and layers were sampled. Sediment samples were collected at equal intervals of 5 cm. There are two ways to collect samples for dating purposes. The 14C samples were collected from the carbon-rich strata. If the stratum did not contain much carbonized flecks, we collected OSL samples to date the layers. In total, we collected 583 sediment samples, 1 14C samples and 12 OSL samples.



Dating

Radiocarbon dating was done at Peking University. Radiocarbon samples were tested by the methods of Accelerator Mass Spectrometer (AMS). The half-life period of 14C is 5,568 years. BP is the radiocarbon years before present (Present = AD 1950). Tree rings enable the calibration of radiocarbon curves, known as IntCal13 (Reimer et al., 2013). We used OxCal to calibrate the radiocarbon dates.

The OSL samples were analyzed at the Institute of Geography, Henan Academy of Sciences, China. Samples pretreatment was carried out using fine particle methods. Calcium, carbonate and organic matter were removed from all samples using HCl and H2O2. The quartz particles in the 4-11 μm fraction were tested in the machine. Every sample was tested 8-12 sample slices. The method for measure is the Single Aliquot Regenerative-dose (SAR) protocol. The contents of U, TH, and K in the samples were determined by neutron activation method (NAA). We measured the measured moisture content and the absolute error was set at 5%. The aliquots num is the number of practical test pieces in the final calculation (Lai and Ou, 2013).



Particle Size Analysis

Particle size analysis was also carried out at the Institute of Geography, Henan Academy of Sciences. Organic matter and inorganic carbon were removed from the samples using diluted hydrochloric acid and hydrogen peroxide. Then 10 mL of 0.05 mol/L sodium hexametaphosphate was added to the sample. After the particles were well dispersed by heating the sample to a boil, each sample was analyzed using a laser particle size analyzer. The measuring range of particle diameter is 0.02-2000 μm.



Database and Terrain Simulation

Since 1984, there have been around 200 excavations at the Shang city underneath modern Zhengzhou. We collected all the stratigraphic information from each excavation report and used these data to build a GIS database. The data include geographic position, coordinates, altitude, depositional types, sediment characteristics and stratigraphic thickness. Using these data, we can precisely display the stratigraphic information on a map to conduct spatial analyses.

We used the Natural Neighbor method to simulation the landscape evolution for the area. First, this method creates a Voronoi polygon using the existing spatial data. The points waiting to be solved are also used to create a Voronoi polygon. The intersection of both polygons forms a pattern, from which, according to the area of each spot, we can determine the value of the unknown points. Using this method, we can obtain the stratigraphic thickness for a specific time period. Then, we calculated the DEM for each time period using the formula below:
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Whereas, DEMi is the DEM for a specific time period, DEMp is the DEM of the present topography, Ti is the stratigraphic thickness for each specific simulated time period using the Natural Neighbor analysis. We then used the DEM for each specific period to analyze how the terrain changed overtime.



RESULTS


The Geomorphic Location of Zhengzhou Shang City

There are many different kinds of geomorphic landforms located at the transition zone between the Loess Plateau and the North China Plain (Lu et al., 2014). According to the altitude, topographic relief, accumulation rates and sedimentary characteristics of different deposits in the area, Lu et al. (2021) divided the regional topography into several types of landforms, which include mountains, hills, tablelands and plains. At present, Zhengzhou is located in the plains. However, our field survey indicates that Zhengzhou was not always located on an alluvial plain. Under the cultural layers found in the excavations at Zhengzhou, there is a layer of loess, which OSL ages from T537, indicate were deposited during the late Pleistocene (Table 1). The result of particle size analysis showed this sediment is primarily silty sand (Figure 2). The probability accumulation curve of sample 28 (140 cm) showed the particle was thinner. The particle diameter is smaller than 4Φ, which is less than 10% of the saltation load. At 70%, particle diameters greater than 4Φ are part of the suspended load. The samples are poorly sorted as shown in the frequency distribution curve of sample 28 (Figure 2). These data indicate that the accumulation curves closely resemble those of aeolian loess deposits formed during the late Pleistocene (STCCG, 1978). This demonstrated that the loess tableland in the west extended into the area of Zhengzhou Shang city during the late Pleistocene.


TABLE 1. Dating results.
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FIGURE 2. Particle size analysis (A) The particle size component of T537 profile in No.34 courtyard. The OSL ages are marked on the stratigraphic section according to the depth. Although the three ages are inverted in the bottom, all of them fall into the Late Pleistocene, and their errors are also within the appropriate range. (B) The frequency distribution curve of sample 28 (140 cm) of T537. (C) The probability cumulative curve of sample 28 of T537. (D) The geomorphic position of Zhengzhou Shang City.


Although the area of Zhengzhou Shang city was part of the loessic tablelands during the late Pleistocene, the distribution of loess does not continue much farther to the east. Liu (1992) found a thick alluvial stratum at the Zhacheng Site, around 10 km east of Zhengzhou. These deposits date to the late Pleistocene (Liu, 1992). At the Dahecun site, the alluvial strata date back to 12,000 BP (Yu, 2016). The date of these alluvial sediments east of Zhengzhou extend back into the middle-late Holocene (Liu, 1992; Yu, 2016). This corresponded to a famous ancient lake, Putianze, which is recorded in Chinese historical documents (Huang and Wang, 2014).

From the above analysis, we argue that Zhengzhou Shang city was located at the transitional zone between the loess tablelands and alluvial plain. According to the recovered sediments, the site area should be at the front of the loess tableland, which extended into the alluvial plain (Figure 2). During the Shang dynasty, people decided to locate their early capital in this area because of it had high ground, flat terrain, and was nearby to fresh water.



The Depositional Characteristics of Site Area

Unlike archeological sites in the countryside, most of Zhengzhou Shang city is covered by modern Zhengzhou. This complicates archeological and geoarchaeological work and required that our field work visit each point in the city. The field survey revealed that the terrain was not level. The prevailing topography, as evidence by locations like Zijinshan (ZJS in the Figure 3) and Erligang (ELG in the Figure 3), are higher in the west and lower in the east. There is an elevation difference of more than 10 m between the highest and lowest points in the city. However, the central part of the city is around 94 m above sea level.
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FIGURE 3. Topographic and sedimentary features in the region of Shang City (A). North - South; (B). West - East. The locations of excavation sites are showed in Figure 1B. The OSL (red circle) and 14 C (blue circle) ages are marked on the graph.


According to the ceramic chronology and our dating results, the strata at Zhengzhou Shang city can be divided into four phases (Figure 3). The uppermost layer is the recently cultivated soil or a disturbed layer. There is usually a sort of dark gray clay underneath this soil layer. Most cultural material in this clay layer dates to the periods of the Tang Dynasty (AD 618-907) and Song Dynasty (AD 960-1279). The dating results of this layer are also concentrated at ca. 1,200 BP (Figure 3). Therefore, we called this layer the Tang-Song layer. The underlying stratum is a yellowish silt which mainly contains Shang dynasty material culture. This layer dates to ca. 3,200 BP (Figure 3), and we named this layer the Shang dynasty layer. The lowest part of the strata is the ate Pleistocene loess. The dating results returned an age of around 10 to 40 ka. Although the thickness of the strata often changes depending on its geomorphic position, these stratigraphic sequences constitute a general sedimentary framework for the area around Zhengzhou Shang City.



The Holocene Landscape Evolution of Site Area

According to the existing stratigraphic information and the regional depositions’ characteristics, we have simulated the topography of four periods, the late Pleistocene, the Shang Dynasty, the Tang-Song period, and the modern land surface of Zhengzhou (Figure 4). The results show that the general topographic features of the area have not significantly changed since the late Pleistocene. The area has always maintained a higher area in the southwest and lower area in the northeast. Due to the accumulation of sediment through both natural and human activities, the distribution of these elevated geomorphic units have continuously increased since the Shang Dynasty. These elevated geographic units are distributed in discontinuous patches across the plain and constrained the courses of the nearby rivers.
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FIGURE 4. The simulation of the ancient topography. (A) Late Pleistocene. The terrain was lower than present. The early course of the Xionger River is clearly shown in the south. (B) Shang Dynasty. The terrain was higher than late Pleistocene. People built the city walls according to the terrain. (C) Tang-Song Periods. Areas of high elevation continued to increase. People built some new walls in the middle of city. (D) Modern. The area has always maintained the topographic characteristics of a high area in the southwest and low area in the northeast since late Pleistocene. The Xionger River is artificially altered with the straighter watercourse.


Our map of the ancient topography clearly shows the early course of the Xionger River to the south of the city. The ancient river course is different from the modern river course which has many recent artificial modifications. Although the early course of the Jinshui River to the north of city is not shown on these maps, the straight modern channel indicates that it has been artificially modified. According to the topographic features, the early Jinshui River should be located farther to the north than the modern channel.

The topographic simulation also provided key information to better understand the regional landscape evolution of the area around Zhengzhou Shang City. During 12000-10000 BP, the area exhibited transitional characteristics from loess tableland to alluvial plain (Figure 5). During the middle Holocene periods (8000-4000 BP), the regional hydrological conditions were favorable under the background of a warm and humid climate (Chen et al., 2015; Tan et al., 2020) and river aggradation (Lu et al., 2021). There were many natural water areas like lakes and wetlands. Some ancient settlements like the Minzhulu site and Peng Gong Jie site have been found on the elevated geomorphic units (Yan, 2016). During the early Shang dynasty around 3,600 BP, people came here to build a grand capital city with three layers of walls between the Jinshui River and Xionger River. After the climate changed and rivers incised their channels, many areas that originally had water disappeared, with the exception of a few lakes, like Putianze in the east. This is also consistent with the declining intensity of the summer monsoon on the Loess Plateau, as recently reconstructed from stalagmite records (Tan et al., 2020). From 2,000 to 1,000 BP, the size of the city shrank after it was no longer a capital. People built a smaller city that used part of the Shang dynasty walls in the southeast. Modern Zhengzhou city is located on the former site of the Shang City. As a result, the regional landscape, like the terrain and the rivers, has experienced significant changes over the past century.
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FIGURE 5. The landscape evolution in the area of Zhengzhou Shang City (During 12,000-10,000 BP, the landform was changed to alluvial plain. During middle Holocene periods (8,000-4,000 BP), there were many natural water areas under a warm and humid climate and river aggradation (Chen et al., 2015; Tan et al., 2020; Lu et al., 2021). In 3,600 BP, the Shang city was built. During 2,000-1,000 BP, the city size was shrank and some watery areas disappeared, consistent with the declining intensity of the summer monsoon on the Loess Plateau (Tan et al., 2020). In the Modern, Zhengzhou city is located on the former site of the Shang City.




The Relationship Between Landscape and Function Layout During Shang Periods

When we overlaid the activity areas of Zhengzhou Shang City on a regional terrain map from the Shang period, the results showed a close relationship between the natural landscape and these activity areas (Figure 6). The entire inner city was distributed on flat terrain. The palace area was located on the elevated region of the northeastern portion of the inner city. The sacrificial area was located in the highest southwestern part of the inner city. The distribution of workshops, including pottery, copper and bone artifact working areas, is located close to the rivers. The hoards were also located on the elevated geomorphic units.
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FIGURE 6. The relationship between the topography and layout of Zhengzhou Shang City. The inner city was located in the flatter terrain. The palace, hoards and sacrifice area were arranged in the higher region. The workshops were close to the rivers.




DISCUSSION

Hou (2018) has argued that Zhengzhou Shang City went through three stages of urbanization. First, the palace city was built. Then, people constructed the inner city. Lastly, they constructed the outer city. During the early Shang dynasty, people built the palace and city walls on the higher and relatively flat geomorphic unit first. Afterward, they built the inner-city walls to protect key places like sacrificial sites. The highlands in the southwest are limited to the inner city. With the increase in settlement size, some of the workshops and hoards were placed outside the inner city to better use the terrain and water. Following this, people built the outer city walls around these workshops and hoards.

In many ways, the urbanization process of Zhengzhou Shang City occurred within the environmental context of the area. Favorable topographic and hydrological conditions in this transitional zone between loess tablelands and alluvial plains was an area well-suited for the construction of a capital city. As the city expanded in size, these topographic conditions began to affect the shape and structure of the ancient city. Both the hypotenuse of the northeast corner of the inner city and the nearly circular shape of outer city were influenced by the topography.

Although Zhengzhou Shang City gradually grew in size, the urban planning of the early city took into account the natural environmental context at that time. The key parts of the city were always arranged on the higher geomorphic units. The workshops were also distributed near the main water bodies. These locations reflect the fact that humans recognized and effectively used the natural environment during the early urbanization process (Tan et al., 2021).



CONCLUSION

In this study, we have analyzed the geomorphic location, terrain characteristics and types of landforms around the area of Zhengzhou Shang City. In this paper, we simulated and reconstructed the regional topographic and landscape evolution. We also discussed the relationship between the functional layouts of the early Shang period and the regional landscapes. The main conclusions are as follows:


(1) Zhengzhou Shang City was located in the transitional zone of loess tableland and plain. The geomorphic position belonged to part of the front of a loess platform extending into the alluvial plain.

(2) The regional topography of Zhengzhou Shang City was generally flat, but there have always been some areas with higher elevation in the area since the late Pleistocene. These units exhibit a distinctive patchy distribution in the plain and people have lived on them since the Neolithic.

(3) The urbanization of Zhengzhou Shang City went through a three phase developmental process, from palace city to inner city to outer city. Environmental factors played a key role in the process as the site selection were deeply influenced by topography, landform type and hydrology.

(4) The functional layout of Zhengzhou Shang City had a close relationship to the regional landscape. The key activity areas like the palace and sacrifice areas were always located on the higher elevated geomorphic units. Workshops were also distributed near the water. These cases reflect the fact that humans recognized and effectively used the natural environment during the process of early urbanization.
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Charcoal remains from archeological sites are used not only to reconstruct the historical composition of local woodlands but also to examine the history of the human use of wood. Nevertheless, key questions such as how and why people may have selected particular woody taxa from locations long distances from their habitat have rarely been addressed. In the present study, we analyze charcoal remains from the ancient Jingbaoer (JBR) jade mine in the Mazong Mountains (Mazong Shan) of Northwest China to explore patterns in the collection and use of wood by Iron Age people. Factors affecting the choice of wood collected at the JBR site are discussed by combining the results of pollen records and charcoal analysis. Our results suggest that tamarisk (Tamarix L.), a shrub dominant in the local area, was the main source of wood for JBR miners and was used as firewood depending upon its local availability. The miners may also have used wood from species sourced further away, such as Pinus L. and Picea L., because of the local scarcity of these trees in such a dry environment. The agropastoralist subsistence system practiced by the JBR miners supports the hypothesis of the collection of wood from distant locales. This study highlights diverse patterns of wood collection in an area scarce in woody plants and provides new evidence for understanding how Iron Age people adapted to extremely arid environments.
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INTRODUCTION

Past interactions between humans and environments have been a popular subject of research in disciplines as diverse as geography, archeological, history, and genetics (Cordaux et al., 2004; Kuper and Kröpelin, 2006; Kawahata et al., 2009; Chen et al., 2015; Bevan et al., 2017; Leipe et al., 2019; Chen N.B. et al., 2020; Kennett et al., 2020). As a source of energy and raw material for production, wood is an essential resource in daily life and has played a critical role in human environmental adaptation throughout history (Martín-Seijo et al., 2015; Medina-Alcaide et al., 2015; Li H. et al., 2017; Masi et al., 2017; Kabukcu, 2018; Liu et al., 2019a, b). Prehistoric humans usually collected locally available wood resources, following the “principle of least effort” (Renfrew and Bahn, 1991; Shackleton and Prins, 1992; Qing et al., 2010; Masi et al., 2017; Bouchaud et al., 2020). However, many studies in different regions of the world have challenged this model that assumes people were more selective in choosing wood for higher social productivity and expressed preferences for certain trees, thus likely requiring the use of wood sourced from trees located long distances from their living areas (Miller, 1985; Marston, 2009; Rubiales et al., 2011; Wang et al., 2011; Deforce et al., 2013; Pichler et al., 2013; An et al., 2014; Tolksdorf et al., 2015). Kabukcu and Chabal (2020) suggested that examining the strategy of wood collection by human communities in the past is inappropriate without considering the environmental contexts and human activity of past wood uses. Therefore, it is of great significance to select study regions exhibiting significant changes in environment and human activities in the past to carry out research on strategies of wood use to yield a nuanced understanding of the relationships among environment, human activity, and wood use strategies.

The western Hexi Corridor (Hexi Zoulang, also known as the Gansu Corridor) is a region that documents significant changes in past environments and human activities in China. It witnessed frequent transitions from agriculture to agropastoralism in human subsistence during the late Neolithic and historic periods (Yang et al., 2019). Human activities here also led to environmental changes, especially variation in woody vegetation, since the late Holocene. Previously published data have shown that wood used in the western Hexi Corridor was derived from local woodlands during the late Neolithic and early historic periods (Figure 1) and that large-scale settlements and metallurgical activities undertaken beginning ca. 2000 BCE accelerated the degradation of woody vegetation in the Hexi Corridor and led to the sparser distribution of trees (Li et al., 2011; Li H. M. et al., 2017; Zhou et al., 2012; Shen et al., 2018; Liu et al., 2019b). In the late Bronze and Iron Ages of the first millennium BCE, both the number of woody taxa and the percentage of xerophytes decreased in the western Hexi Corridor (Shen et al., 2018). However, during this period, people engaged in mining jade (sensu lato), an activity that must have been supported by the extensive use of wood resources (Chen G.K. et al., 2020). Given the region’s scarcity of woody vegetation, the way in which miners in this area collected and used wood for daily use needs to be examined.


[image: image]

FIGURE 1. Distribution of archeological sites yielding charcoal analyses and Shanma culture localities in the western Hexi Corridor. (1) JBR jade mine site. (2) Yingwushu. (3) Huoshaogou. (4) Zhaojiashuimo. (5) Xihetan. (6) Ganggangwa. (7) Huoshiliang. (8) Lucaogou 1. (9) Lucaogou 2. (10) Huishui. (11) Xisanjiao. (12) K749. (13) Juyan.


The focus of our study is the Iron Age Jingbaoer (JBR) jade mine site in the Mazong Mountains (Mazong Shan) in Northwest China. We used charcoal remains to examine patterns in the miners’ wood use strategy. A combination of charcoal analysis from nearby archeological sites, the results of pollen records from lake sediments, and historical documents was used to explore the impact of the local environment on miners’ strategies for wood collection and use. This study highlights the diverse patterns of prehistoric wood collection in arid environments.



REGIONAL SETTING AND ARCHEOLOGICAL BACKGROUND


Present Climate and Woody Vegetation

The western Hexi Corridor is located in China’s arid zone (Figure 1). According to data from the Jiuquan meteorological station located in the western Hexi Corridor, the mean annual temperature is 3.9–9.3°C. A remarkable decrease in annual precipitation is notable from the south to the north. The annual precipitation in the Qilian Mountains is 300 mm, and those at Jiuquan and the Mazong Mountains are 84 and 39 mm, respectively. However, annual evaporation amounts to approximately 2,000–4,000 mm.

Woody vegetation in the area displays a prominent spatial difference owing to spatial changes in regional precipitation (China Forest Editorial Committee, 1997). Conifers such as Picea crassifolia Kom., Sabina przewalskii Kom., Picea wilsonii Mast., and Pinus tabuliformis Carr. are distributed mainly in the Qilian Mountains, with broadleaved trees also present, including Ulmus pumila L., Betula L., and Salix L. Dry-tolerant shrubs, such as Calligonum L., Hippophae L., Sarcozygium Bunge., and Tamarix L., dominate the piedmont region, and broadleaved trees such as Populus L. mainly grow along the area’s principal rivers. The Mazong Shan are located in the northern part of the western Hexi Corridor, where woody vegetation is much less diverse than in other areas of the western Hexi Corridor and the wood assemblage is similar to that of the gallery forest along the main river (China Forest Editorial Committee, 1997). Farther north, the Gobi Desert contains few woody plants.



Composition of Woody Plant Communities During the Late Prehistoric and Historic Periods and the JBR Jade Mine Site

The archeological sites from which charcoal has been analyzed are distributed near the Qilian Mountains, along the Hei and Shule Rivers (Figure 1). These sites are dated from the Neolithic to the historic period, spanning roughly 2300 BCE–589 CE, including the Machang (2300–2000 BCE), Xichengyi (2000–1700 BCE), Siba (1700–1400 BCE), and Shanma (1000–100 BCE) cultures; the Han dynasty (202 BCE–220 CE); and the period of the Southern and Northern Wei-Jin dynasties (220–589 CE) (Li H. M. et al., 2017; Shen et al., 2018; Liu et al., 2019b). These results show remarkable spatial differences in the composition and distribution of local woody plants in this area during the late Neolithic and Iron Age. Evidence of coniferous trees, such as Picea L., S. przewalskii Kom., and Pinus L., was mostly discovered in archeological sites located near the Qilian Mountains; broadleaved trees with high relative percentages or frequencies were found in archeological contexts along the main rivers. The relative percentage of shrubs was much higher in the northern Hexi Corridor than that of arboreal taxa. This situation in the western Hexi Corridor that emerged since the late Neolithic suggests that the distribution of woody plants gradually decreased from the Qilian Mountains to the Gobi Desert in the north and the landscape featured coniferous forests, mixed vegetation, and oasis woodlands in succession, a scenario which is consistent with the composition and distribution of local woody plants at present.

The JBR ancient jade mine is located in the Mazong Mountains, where woody vegetation is much less diverse than in other areas of the western Hexi Corridor (Figures 2a,b). The site measures 5,400 m north–south and 1,400–1,850 m east–west, consisting of a defensive area, the mine itself, and a workshop precinct, and is considered one of the earliest jade mining sites thus far discovered in China (Gansu Provincial Institute of Cultural Relics and Archaeology, 2016). Recent archeological excavations have investigated a total of 33 houses, 31 military installations, and more than 290 mining pits. Most of the houses included remains of ash pits, hearths, worktops, and artifacts, including ceramics, objects made of jade, bronze projectile points, and various iron objects (Figures 2c,d; Gansu Provincial Institute of Cultural Relics and Archaeology, 2016). Carbonized plant remains were also recovered at JBR, including those of foxtail millet, broomcorn millet, wheat, and barley (Yang, 2017). Excavated ceramics suggest that they are the remains of the Shanma culture and the Han dynasty, ranging from the middle-to-late Warring States period and the early Han dynasty (ca. 400–100 BCE), an era in which people used iron tools extensively in China (Bai, 2005).
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FIGURE 2. Photos of the JBR jade mine site, excavated artifacts, and the distribution of vegetation around JBR. (a) Distribution of vegetation around JBR. (b) Excavation area at JBR. (c) Jade ores in JBR. (d) Shanma culture and Han dynasty ceramics from JBR.




Paleoeconomy During the Late Neolithic and Iron Age

Archeological investigations have revealed large-scale human settlements in the western Hexi Corridor beginning in the third millennium BCE (Dong et al., 2018). The Neolithic Majiayao culture (ca. 3300–2000 BCE) adopted a settled lifestyle and was principally engaged in cultivating millet and raising pigs, ovicaprids (sheep and goats), cattle, and dogs in the western Hexi Corridor. This strategy subsequently changed to semi-settled agropastoral production, based on the cultivation of millet, wheat, and barley, and included the utilization of ovicaprids, pigs, cattle, and dogs by the Xichengyi (ca. 2000–1700 BCE) and Siba (ca. 1700–1400 BCE) cultures (Yang et al., 2019). During the Iron Age, the Shanma culture (ca. 1000–100 BCE) occupied the western Hexi Corridor (Xie, 2002). Archeobotanical evidence suggests this culture was still engaged in crop cultivation, with barley, wheat, and millets forming the basis of their subsistence (Yang, 2017). Carbonized remains of these crops were also recovered from the JBR site (Yang, 2017). However, the faunal composition and strategies for feeding livestock in the Shanma culture were obviously oriented toward mobile pastoralism. Zooarcheological evidence reveals that dogs, ovicaprids, horses, cattle, and camels were maintained by the Shanma people, but with the notable absence of pigs (Yang et al., 2019). Livestock better suited as long-distance transport animals were widely used by the Iron Age inhabitants of the western Hexi Corridor, as recorded in historical texts such as the Shiji (Records of the Grand Historian) and Hanshu (Book of Han or History of the Former Han). Shanma culture artifacts unearthed at JBR indicate that the miners there may have also relied on agropastoral subsistence.



MATERIALS AND METHODS

Charcoal analysis was employed at JBR to explore how people inhabiting this arid zone collected and used woody plants during the Iron Age. Considering the diverse behavioral implications of the charcoal remains unearthed from different cultural contexts at the site, soil samples were collected from each feature, including 24 houses, eight ash pits, and 11 hearths. Flotation was used to collect charcoal. Soil samples were bucket-washed through an 80-mesh sieve (aperture size, 0.2 mm) to aggregate carbonized plant remains, which were dried in the shade and then sorted. We chose pieces of charcoal with a diameter of ≥2 mm using sieves with apertures of 4, 2, 1, 0.7, and 0.35 mm. The species of charcoal remains were determined according to descriptions of corresponding wood taxa in the Zhongguo Mucai Zhi (Wood Records of China) (Cheng et al., 1992). Microscopic features were examined, and taxonomic species determined using a metallurgical microscope in the MOE Key Laboratory of Western China’s Environmental Systems at Lanzhou University. Calculation of relative percentages and frequencies was carried out to explore patterns of wood use at JBR.

To compare differences in the woody plant assemblage between JBR and other sites in the western Hexi Corridor oasis zone and examine the sources of wood used by the JBR miners, the results of charcoal analysis, including percentages of trees and shrubs and those of different arboreal taxa from JBR and other oasis archeological sites in the western Hexi Corridor, were examined using principal component analysis (PCA). PCA makes each new variable (called the principal component) a linear combination of the original variables. Its aim is to compress the original hyperspace into a new principal component space of reduced dimensionality, while retaining as much of the data variation as possible, and to conveniently allow direct comparison of similarities or differences among sample groups. This statistical method has been widely used in discussions of past human–land interactions (e.g., Cui et al., 2015; Zhang et al., 2017). In this study, the R environment software was used to analyze our data (R Core Team, 2019, R version 3.6.3).



RESULTS

Through flotation, 1,940 pieces of charcoal were identified from 87 JBR soil samples, including 1,412 pieces of charcoal from 65 soil samples from houses, 238 pieces from 12 hearth soil samples, and 290 pieces from 10 ash pit soil samples (Supplementary Table 1). A total of 14 woody taxa, including conifers, broadleaved trees, and shrubs, were identified. The coniferous taxa included only Picea L. and Pinus L.; the deciduous trees were represented by Quercus, Betula, Carpinus cordata Bl., Acer L., Populus, and Salix; and the shrubs included Tamarix L., Caragana sinica (Buc’hoz) Rehder., and Elaeagnus angustifolia L. Three specimens that could not be taxonomically identified were labeled Unknown 1, Unknown 2, and Unknown 3. Microstructural characteristics of these unknown taxa suggest that they may represent broadleaved woody plants. Scanning electron microscopy (SEM) photos of some of the carbonized woody plants are shown in Figure 3. The specific identification results of charcoal remains recovered from houses, hearths, and ash pits are as follows.
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FIGURE 3. Charcoal remains identified at JBR. (a1,a2,a3) Pinus L.; (b1,b2,b3) Betula; (c1,c2,c3) Quercus; (d1,d2,d3) Carpinus cordata Bl.; (e1,e2,e3) Tamarix L. (a) Transverse section of charcoal; (b) radial section of charcoal; (c) tangential section of charcoal.


A total of 65 soil samples were collected from 24 houses, and 1,412 pieces of charcoal were identified. Among them, 12 different species were identified, namely, Picea L., Pinus L., Quercus, Betula, C. cordata Bl., Acer L., Populus, Salix, Tamarix L., C. sinica (Buc’hoz) Rehder., E. angustifolia L., and Unknown 3. Twelve soil samples collected from 10 hearths yielded 238 pieces of charcoal representing nine woody plant taxa. Compared with analytical results from excavated houses, Quercus, Acer L., E. angustifolia L., and Unknown 3 were not identified in the hearth samples. Only one piece (Unknown 2) was discovered. A total of 290 pieces of charcoal from 10 soil samples representing eight ash pits were identified, including 11 taxa. The ash pit samples did not include Acer L., Unknown 2, and Unknown 3, and only three pieces of Unknown 1 were discovered there. The relative percentages and frequencies of the arboreal taxa identified in different cultural units at JBR are presented in Table 1 and Figures 4, 5.


TABLE 1. Relative percentages and frequencies of woody taxa identified at the Iron Age JBR jade mine site in the western Hexi Corridor.
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FIGURE 4. Relative percentages of woody taxa in different cultural contexts at JBR.
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FIGURE 5. Frequencies of woody taxa in different cultural contexts at JBR.


A score plot of the first two principal components for the data is shown in Figure 6. The data are derived from the results of charcoal analysis in archeological sites located in the western Hexi Corridor oasis and the JBR jade mining site. Independent PCAs were carried out, including percentages of trees and shrubs in Figure 6A and those of different arboreal taxa in Figure 6B. There is no obvious cluster identified in terms of the percentages of trees and shrubs in the results of charcoal analysis between the oasis archeological sites and the JBR site (Figure 6A). However, two main clusters were identified, respectively, in terms of the percentages of different tree taxa in the results of charcoal analysis between the oasis archeological sites and the JBR site (Figure 6B). The results of the percentages of different arboreal taxa identified through charcoal analysis from six oasis archeological sites appear as a cluster characterized by negative Dim1 values. Only the analytical results of the JBR site appear as another cluster, characterized by positive Dim1 values.
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FIGURE 6. PCA score of the first two principal components for the results of the charcoal analysis at JBR and archeological sites in the western Hexi Corridor oases. The red color represents results from JBR, and the orange color archeological sites in the oasis zone. (A) Comparisons of percentages of trees and shrubs between JBR and archeological sites in the oasis zone. (B) Comparisons of the percentages of different arboreal taxa between JBR and archeological sites in the oasis zone.




DISCUSSION


Use of Wood at the JBR Jade Mine During the Iron Age

Wood has long played a significant role in human livelihoods and social organization as a raw material for construction, cooking, fire making, heating, and artifact production (Rubiales et al., 2011; Salavert and Dufraisse, 2014; Wang et al., 2014a, b; Medina-Alcaide et al., 2015; Kabukcu, 2018). Charcoal remains derived from cultural features with clear functional attributes are the result of conscious choice and can reflect information on wood use and the patterns of its collection in the past (Li et al., 2012; Marcos and Ortega, 2014; Wang et al., 2014a; Rhode, 2016; Hazell et al., 2017; Kováčik and Cummings, 2017; Mafferra, 2017; Mota and Scheel-Ybert, 2019; Kabukcu and Chabal, 2020). Tamarix L. was the most abundant taxon in houses, hearths, and ash pits at JBR. Because the tamarisk shrub usually grows on alluvial and silty plains in arid and semi-arid areas of Northwest China, its branches are ideal for making agricultural implements and fences, as well as for fuel. Archeobotanical evidence suggests the universal use of Tamarix L. in archeological sites in the western Hexi Corridor during both prehistoric and early historical periods (Li et al., 2011; Wang et al., 2014a; Liu et al., 2019a, b). The highest relative percentage and frequency of Tamarix L. occurred in hearths and ash pits, indicating that it was at least used as firewood at JBR (Figures 4, 5). The shrubby C. sinica (Buc’hoz) Rehder and E. angustifolia L. are widely distributed in arid areas and were also used at JBR. However, the lower relative percentages and frequencies of these two taxa in house and ash pit samples and the absence of E. angustifolia L. in hearths indicate that they were probably not used as fuel, perhaps due to their relatively high economic value (Flora of China Editorial Committee, 2004).

In addition to shrubs, some arboreal taxa were also identified. Despite low relative percentages, their higher frequencies indicate that trees were also used by Iron Age miners. All the arboreal taxa except Acer L. were found in both hearths and ash pits, suggesting that they were used as fuel. Remains of maple (Acer L.) were found only in houses. Due to the absence of post holes in habitation structures, the potential use of Acer L. as a building material for house construction requires further investigation.

The use of wood in the Hexi Corridor has a long history. The expansion of millet cultivation in the third millennium BCE promoted wood use for residential construction, as fuel in ceramic kilns, and, later, for smelting (Xie, 2002; Li et al., 2011; Yang et al., 2016; Zhang et al., 2017; Dong et al., 2018). Based on the results of charcoal analysis in archeological sites, it is clear that the wood taxa used by people were not diverse and generally did not exceed five categories in each ancient site located in the western Hexi Corridor (Li et al., 2011; Shen et al., 2018). The relatively simple composition of woody taxa used is likely the result of the gradual emergence of a cold-and-dry climate as well as increasing social complexification since the late Neolithic (Li et al., 2011; Zhou et al., 2012). However, our results suggest that the JBR jade mine site preserves a remarkably diverse range of woody taxa, considerably different from that of other archeological sites in the western Hexi Corridor (Figures 4, 5). Therefore, we asked where the JBR miners collected their wood.



Strategy of Wood Collection at the JBR Jade Mine Site and Its Relation to the Iron Age Environment of Northwest China

Preferences in the choice and use of firewood by early human groups have attracted more and more attention in archeobotanical research. The “principle of least effort” that supposedly determined early wood collection strategies has been challenged by many case studies suggesting that selective choices in the collection of woody plants from trees located long distances from people’s living areas due to certain environmental factors were common (Rubiales et al., 2011; Wang et al., 2011; Deforce et al., 2013; Pichler et al., 2013; An et al., 2014; Tolksdorf et al., 2015). Our results indicate that Tamarix L. appears in all samples and maintains high percentages in the houses, hearths, and ash pits, which may be closely related to the ecology and environment at JBR.

The Mazong Mountains, where the JBR site is located, lie in the northern expanse of the western Hexi Corridor and have harbored an oasis woodland ecology since the late Holocene due to low annual precipitation, confirming the deduction based upon PCA that yields a similar composition of woody plants in the Mazong Mountains and the oasis gallery forests bordering rivers in the western Hexi Corridor (Figure 6A). Tamarix L. as well as C. sinica (Buc’hoz) Rehder and E. angustifolia L. shrubs usually grow on alluvial and silty plains in arid and semi-arid areas and often in oases along the main rivers in the western Hexi Corridor (China Forest Editorial Committee, 1997). Thus, it can be concluded that the shrubs used by miners at JBR may have been collected in the vicinity of the site.

On the other hand, the number and composition of arboreal taxa at JBR are significantly different from those in the western Hexi Corridor oases (Figure 6B). We compared the use of wood at JBR with archeological sites in the western Hexi Corridor, including the percentages of trees and shrubs as well as the number of arboreal taxa identified. Figure 7 reveals that no more than five taxa of woody plants were discovered at each site in the western Hexi Corridor since the late Holocene (Shen et al., 2018). A clear contrast can be seen with JBR where at least eight tree taxa were identified (Figure 7). The percentages of trees and shrubs identified at JBR were similar with those in the western Hexi Corridor oases (Figure 7), while the assemblage of arboreal taxa reflected a different forest composition. The composition of tree taxa revealed by our charcoal analysis reflects a mixed forest and a relatively cold and humid environment around the JBR site. However, low annual precipitation in the Mazong Shan did not support the growth of arboreal taxa, especially Picea L. and Pinus L., and this also conflicted with the assumed dominant use of Tamarix L. by the miners. Therefore, the tree taxa discovered at JBR were likely distributed only sparsely in the Mazong Mountains during the Iron Age (Figure 7). Based on extant paleoenvironmental records, the Hexi Corridor experienced obvious degradation of woody vegetation and desertification since the late Holocene, both due to the drier climate and human metallurgical activities (Zhou et al., 2012). The use of diverse woody plants by people in the Hexi Corridor decreased during the late Bronze Age (Shen et al., 2018). By the Iron Age, the number of arboreal taxa was no more than five in all known archeological sites, indicating that the diversity and distribution of woody plants may have been far less than those during the Bronze Age. However, the pre-industrial exploitation of jade must have been supported by large amounts of wood resources. Compared with shrubs, trees are more suitable for the sort of construction associated with mining jade, housing and military installations, and durable toolmaking. The local arid ecology likely constrained the diversity of tree communities in the Iron Age; thus, the trees used by the JBR miners were probably not collected in the immediate vicinity of the site due to this prevailing arid environment. Therefore, it is important to ask where the trees used at JBR came from.


[image: image]

FIGURE 7. Comparison of the uses of wood at JBR and archeological sites in the western Hexi Corridor, including percentages of trees and shrubs as well as the number of arboreal taxa identified in archeological sites. Varying sizes of circles reflect the number of arboreal taxa identified at each site, and “n” represents the number of tree species identified. The Arabic numerals in the circles represent the relevant archeological site: (1) JBR jade mine. (2) Yingwushu. (3) Huoshaogou. (4) Zhaojiashuimo. (5) Xihetan. (6) Ganggangwa. (7) Huoshiliang. (8) Lucaogou 1. (9) Lucaogou 2. (10) Huishui. (11) Xisanjiao. (12) K749. (13) Juyan.




Wood Collection Far From Living Areas and Its Relationship to the Subsistence Strategy of the JBR Jade Miners

Constraints imposed by the dry environment on the arboreal community identified in our research suggest that the trees used by the JBR miners were not collected locally. To examine the possible source of those trees, understanding the regional vegetation and its historical changes plays a critical role (Pickarski et al., 2015; Schiferl et al., 2017; Xu et al., 2017; Lézine et al., 2019; Park et al., 2019; Zhao et al., 2020). Pollen analysis of natural sediments has recently been used to outline the evolution of vegetation and explore the relationship between human activities and environmental changes in the past (Hou et al., 2015; Huang et al., 2017, 2018; Pini et al., 2017; Cheng et al., 2018; Novenko et al., 2018; Qiu et al., 2020). Palynological analysis of lacustrine cores from the western Hexi Corridor, that of Lake Tian’e in the western Qilian Range in particular, reveals the presence of Picea L. and Betula in the late Bronze and Iron Ages (Zhang et al., 2018). Picea L., Pinus L., Betula, Salix, and Ulmus appeared during the same period in the pollen records from Eastern Lake Juyan (also known as Sogo Nuur) on the lower reach of the Heihe River and Lake Balikun in the eastern Tianshan Mountains (Herzschuh et al., 2004; Tao et al., 2010). In the eastern Hexi Corridor, the presence of Picea L., Pinus, and Sabina also in the late Bronze and Iron Ages has been noted in pollen profiles from the Sanjiaocheng section, and such broadleaved trees as Betula, Quercus, Corylus, and Ulmus have been identified there (Chen et al., 2006). The pollen records from lakes and stratigraphic sections seem to suggest a diverse arboreal community in mountain areas in the Hexi Corridor. Most tree taxa identified at JBR were also observed in pollen records from these lakes and sedimentary sections, indicating that trees destined for the jade mine were collected from surrounding mountainous areas located far from habitation areas.

Our results indicate that wood used at JBR was collected at some significant distance from the site’s living areas, which is at variance with other archeological sites in the Hexi Corridor and, more broadly, eastern China (Wang et al., 2013; Li et al., 2014; Li H. M. et al., 2017; Yan et al., 2017; Shen et al., 2018; Liu et al., 2019a, b). Archeological evidence suggests that a critical transformation occurred in the pattern of wood collection in the past, from dead wood collected in the Paleolithic to fresh wood utilized in the Neolithic (Rubiales et al., 2011; Wang et al., 2016; Allué et al., 2017; Vidal-Matutano et al., 2017; Mota and Scheel-Ybert, 2019). This transformation in wood acquisition was presumably closely related to changes in people’s subsistence strategies and their increasingly sophisticated technologies. These differences occurred at JBR also owing to changes in subsistence strategies that took place during the late Bronze Age and Iron Age.

Larger-scale human settlements in the western Hexi Corridor can be traced back to the third millennium BCE (Dong et al., 2018). Suitable climatic conditions promoted the westward diffusion of the Neolithic Majiayao culture (ca. 3000–2000 BCE), and an agricultural economy based on millet cultivation was established in the Hexi Corridor at this time (Dong et al., 2013). With the gradual enhancement of cultural exchange between the East and the West during the second millennium BCE, domesticated wheat and barley, sheep, and metallurgical technology were introduced to the Hexi Corridor, where they transformed human subsistence strategies in the region from reliance on agriculture to agropastoralism (Yang et al., 2019). During this period, people mainly settled in oases and used shrubs such as Tamarix L. as fuel for metallurgical activities like smelting (Li et al., 2011). When the physical and chemical properties of the main coniferous and broadleaved trees or shrubby taxa are compared, the caloric value of conifers is significantly higher than that of broadleaved arboreal species and shrubs, making them more suitable for metallurgical activities. However, conifers were only widely used by people who settled near mountainous areas (Figure 7). This is likely related to the fact that large livestock species, such as horses, cattle, and camels which can be used to transport resources over long distances, were not yet widely used during this period. In the late first millennium BCE, a prevailing cold-and-dry climate led to less intense patterns of human settlement but promoted the establishment of agropastoralism across Eurasia (Kuz’mina, 2008). Archeological evidence suggests a rapid growth of agropastoralism along the Great Wall of China, including the Hexi Corridor (Han, 2008; Yang et al., 2019). Bones of pigs (Sus scrofa domesticus) are absent from archeological sites of this period in the Hexi Corridor, where they appear to have been replaced by grazing livestock, such as horses, cattle, sheep, and camels, indicating the establishment of agropastoralism (Yang et al., 2019). Horses and camels can be used for long-distance transportation, an advantage that can significantly expand the resource catchment area for people to exploit and obtain resources for production and daily life, including wood (Wu, 2002; Guo, 2012; Li et al., 2020). Recent data reveal that agropastoralism was much more common in the western Hexi Corridor during the Iron Age, e.g., the Shanma culture (Yang et al., 2019); thus, it is logical to assume that the JBR miners or other local people used traction animals to transport wood over long distances.



CONCLUSION

This study analyzed charcoal remains from an ancient jade mining site at JBR, Gansu, to explore the history of wood use in the western Hexi Corridor during the Iron Age. By combining these results with pollen records obtained from nearby lakes and sedimentary sections, we identified the pattern of wood collection at this site and the ways in which it was different from that of other broadly contemporary archeological sites in the Hexi Corridor. Our results indicate that Tamarix L. was the principal source of firewood for Iron Age miners at JBR. Some arboreal taxa were also used as fuel but were not collected locally due to the extremely arid environment of the Mazong Range that did not support the growth of such trees. The pollen records indicate that tree taxa present at the site were likely collected from mountainous areas far from the site. The pattern of wood collection exhibited by the JBR miners was closely related to their pastoral subsistence mode. This study provides information on the diversity and particularity of wood collection and use in arid areas in the past and reflects on important local environmental impacts on human adaptations.
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The study of human dietary structures is an effective means of elucidating the subsistence patterns of our prehistoric ancestors and can highlight the processes through which humans interacted with the environment. We conducted stable isotope and archeobotanical analyses of human, animal, and plant remains at the Jiangxifen site, dated to ~900–400 BC, to explore human paleodiets and determine the environmental adaptation strategies adopted by humans in the middle valley of the Jinshajiang River in Yunnan Province. Humans predominantly consumed C4 foods (e.g., millet) and C4 food-fed animal protein sources, with smaller contributions from C3 food plants (e.g., rice) and C3 food-fed animal protein sources. We argued that the local dry-hot environment was the reason for the accessibility of C4 plants in the studied area. A comparison of our results with previously published archeobotanical data and isotopic evidence from human bones in other Bronze Age sites in Yunnan Province revealed high spatial variability in diets of human and subsistence strategies during this period. These differences were caused by the highly varying living environment of each region, which was related to fragmentation resulting from the geomorphological features of Yunnan Province.

Keywords: living environment, Bronze Age, subsistence strategy, human-land relationship, Jinshajiang River Valley


INTRODUCTION

In Eurasia, major changes in subsistence took place during the transition from the Neolithic to the Bronze Age (Dong et al., 2017; Hanks et al., 2018), changes that were profoundly impacted by the emergence and intensification of early trans-Eurasian exchanges (Svyatko et al., 2013; Dong et al., 2020). In East Asia, the transformation of human subsistence strategies was asynchronous during the Bronze Age. Exotic crops (wheat and barley) and livestock (sheep, cattle, etc.) encompassed the dominant forms of human subsistence in northwest China during the second millennium BC (Chen et al., 2015; Zhou et al., 2016; Dong et al., 2021), whereas indigenous millet cultivation dominated in the Central Plains of North China until the late first millennium BC (Li et al., 2020). However, the spatial pattern of means of human livelihood in Yunnan Province in Southwest China, another important region for transcontinental exchange during the Bronze Age (Gao et al., 2020), remains unclear.

Archeobotanical, zooarcheological, and stable isotope analyses are effective methods for studying human subsistence strategies during prehistoric periods (d'Alpoim Guedes et al., 2014; Ma et al., 2016; Ren et al., 2020). Archeobotany and zooarcheology encompass systematic studies aimed at elucidating animal and plant exploitation strategies (Isaakidou and Halstead, 2018). However, the acidic soils in Yunnan Province are unsuitable for macro-fossil preservation, and the animals buried in tombs might not be representative of the prevalent fauna (Yuan, 2015; Hou et al., 2019); this prevents the study of prehistoric subsistence strategies in this area. Stable isotope analysis can be used to reconstruct the diet structure of humans and animals (Kohn, 1999; Richards, 2015), but it only yields C3/C4 signals, rather than elucidating specific food types. Therefore, it is necessary to combine a variety of methods to comprehensively reconstruct human subsistence strategies in prehistoric times. Archeobotanical and stable isotope analyses for Bronze Age sites in Yunnan are particularly scarce, with only limited evidence from a small number of sites, such as Dayingzhuang (Dal Martello et al., 2021), Haimenkou (Xue, 2010), Shilinggang (Li et al., 2016; Ren et al., 2017), Jinlianshan–Xueshan (Zhang, 2011; Wang, 2014), and Mayutian (Zhang et al., 2014). Therefore, our current understanding of subsistence during the Bronze Age in this region is limited. Yunnan province is geographically highly diverse and is characterized by the presence of large mountain chains and deeply cut rivers in the eastern margin of the Tibetan Plateau. Deep river valleys which include the valleys of the Lancangjiang, Nujiang, and Jinshajiang Rivers, and large lakes characterize this landscape.

In the present study, we analyzed the stable carbon (C) and nitrogen (N) isotopes of human and animal bones and identified plant remains from the Jiangxifen Bronze Age site, which is located in the Jinshajiang River Valley. We also conducted radiocarbon dating at the site to reconstruct the diets of ancient locals. These results were also compared with previously published data from contemporaneous sites in Yunnan Province to explore the spatial patterning in ancient human diets and their relationship with the local environment. Our study findings contribute to our understanding of past human-land relationships in Southwest China during the Bronze Age before the region was controlled by a unified regime.



STUDY AREA

Yunnan province is located in the low latitude plateau, and it is mainly dominated by the Indian summer monsoon and East Asian summer monsoon (Cao et al., 2012). The temperature in January is about 9–11°C, and in July is about 22°C. The annual mean precipitation is 1,100–1,600 mm (Shi and Chen, 2018). However, the local climate in Yunnan is diverse owing to the presence of many rivers and high mountains. In different valleys, rain shadows can lead to drier and hotter conditions.

The Jiangxifen site (26.18°N and 102.23°E) is located in Jiyi town, Wuding County, Yunnan Province (Figure 1). The site is in the Jinshajiang River Valley with dry and mega-thermal climate, the annual average temperature and the ≥ 10°C accumulated temperature are 21.5°C and 7,400°C, respectively, and the annual precipitation is ≤ 630 mm (Yang, 2006). Shrubs and the Savanna shrubs dominate below 1,700 m in this valley (Jin and Ou, 2000; Zhang et al., 2005), and the coniferous forest is mainly distributed above 1,700 m. The Jinshajiang River flows through the study area from southwest to northeast, and the site is located on the second fluvial terrace at the south bank of the Jinshajiang River with an altitude of 900 m. The terrain of the region is complex and highly fragmented due to geomorphic uplift and erosion (Nie et al., 2008). High mountains flank the east and west sides of the river. Red sandstone is exposed and geological disasters occur frequently. Modern plant vegetation surveys (Cao and Jin, 1989; Ou, 1994; Jin, 1999; Li et al., 2009) have indicated that a large amount of C4 vegetation is distributed in the dry-hot valley of the Jinshajiang River. Analyses of pollen assemblages (Xiao et al., 2014, 2018, 2020; Zheng et al., 2014) and the stable C isotopes (δ13C) of long-chain n-alkanes from sediments (Cui et al., 2015, 2019) indicated the existence of a forest in Yunnan Province during the late Holocene (after 3,300 BP).


[image: Figure 1]
FIGURE 1. Location of the Jiangxifen site.


In total, 530 tombs were identified during the excavation of the Jiangxifen site in the period from November 2018 to April 2019. The characteristics of the unearthed cultural relics and funeral objects from the site are indicative of the Bronze Age (Yunnan Institute of Cultural Relics and Archaeology, 2019).



MATERIALS AND METHODS


Collagen Preparation and Isotope Analysis

In total, 74 human and 35 animal bone samples were collected from the Jiangxifen site. Of these, 68 human and three animal bone collagen samples were extracted (Supplementary Table 1).

Bone collagen was extracted at the Key Laboratory of Western China's Environmental Systems (MOE), Lanzhou University, Gansu Province, China. Based on the method described by Richards and Hedges (1999), we placed 0.5–1.5 g of bones in 0.5 mol/L HCl and 0.125 mol/L NaOH to remove inorganic matter and humic acids, respectively. The bones were then placed in a weakly acidic solution (pH = 3) for acidification and subsequently filtered and freeze-dried to obtain collagen.

The C and N percentages in the five collagen samples were measured using the Elementar Vario EL Cube elemental analyzer (Elementar Analysensysteme GmbH, Germany) at the State Key Laboratory of Applied Organic Chemistry, Lanzhou University. Isotope analysis was conducted using the Thermo Fisher Flash EA1112–MAT253 mass spectrometer (Thermo Fisher Scientific, Germany) at the Key Laboratory of Western China's Environmental Systems (MOE), Lanzhou University. Sixty-six collagen samples were examined using an IsoPrime-100 IRMS mass spectrometer combined with a vario PYRO cube elemental analyzer (Elementar, Germany) at the archaeological stable isotope laboratory, the University of Chinese Academy of Sciences. The C and N isotope ratios were expressed as δ13C and δ15N, relative to the international standards V-PDB and AIR, respectively. The isotopic analytical precision was 0.2‰.



Radiocarbon Dating

Seven human and two animal collagen samples were selected for accelerated mass spectrometry radiocarbon dating at Peking University, Beijing; and at Beta Analytic Inc., Florida, United States (Table 1). The 14C dates were calibrated using Oxcal version 4.4.2 (Ramsey, 2017) with the IntCal20 curve (Reimer et al., 2020) and reported as “cal BC.”


Table 1. Radiocarbon dates at the Jiangxifen site.
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Plant Remains

About 17 samples of plant remains were collected via flotation sampling from soil (a total of 194 L). Three flotation samples were collected from the ash pits, and 14 flotation samples were collected from the cultural layers. Plant identification was carried out at the key laboratory of Western China's environmental systems (MOE), Lanzhou University.




RESULTS


Chronology

The radiocarbon dating results are presented in Table 1. The Jiangxifen site was dated to 899–422 cal BC, with a range of 95.4%. This period covers the middle Western Zhou Dynasty (1,046–771 BCE) to the early Warring States Period (475–221 BC) in the Central Plains.



Isotope Analysis

The isotope data for human and animal bone collagen are presented in Supplementary Table 1, Table 2, Figure 2. The collagen of C:N ratios ranged from 3.1 to 5.7, with yields of 0.1–4.7%. Three human collagen samples were poorly preserved and excluded from further analyses, as their C:N ratios were outside the range of 2.9–3.6 (DeNiro, 1985; Ambrose, 1990). In addition, samples with a yield <1% and with C:N ratios between 2.9 and 3.6 were considered to be well-preserved and conformed to the analytic standard.


Table 2. Summary of results of C and N isotopes for humans and animals at the Jiangxifen site.
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FIGURE 2. Scatter diagram of carbon (C) and nitrogen (N) isotopes values for human and animal bone collagen.


The δ13C and δ15N values of human collagen (n = 65) ranged from −18.6 to −9.4‰ (mean = −14.2 ± 1.6‰) and from 5.9 to 12.4‰ (mean = 9.8 ± 1.0‰), respectively. The δ13C and δ15N values of pig collagen (n = 2) ranged from −21.1 to −17.8‰ (mean = −19.5 ± 2.3‰) and from 5.1 to 7.3‰ (mean = 6.2 ± 1.6‰), respectively. Only one bovid bone collagen was extracted, and its δ13C and δ15N values were −8.1‰ and 4.6‰, respectively (Table 2).



Plant Remains

Although we collected a total of 17 flotation samples, only a few plant macrofossils were identified from the ash pits. In total, 203 charred plant seeds were identified. The identified crop remains included eight caryopses of foxtail millet (Setaria italica), three caryopses of common millets (Panicum miliaceum), 83 whole rice seeds (Oryza sativa), and 107 broken rice seeds, as shown in Table 3, Figure 3. We also identified the remains of two wild plant species: the three-horned bedstraw (Galium tricornutum) and lambsquarters (Chenopodium album L.).


Table 3. Number of identified samples of charred seeds from the flotations at the Jiangxifen site.
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FIGURE 3. Remains of crops identified at the Jiangxifen site.





DISCUSSION


Human Diets and Subsistence at the Jiangxifen Site During the Period ~900–400 BC

Natural vegetation surveys (Cao and Jin, 1989; Ou, 1994; Jin, 1999; Ward et al., 1999; Nelson et al., 2004; Li et al., 2009) and analyses of δ13C values in the Holocene sediments (Cui et al., 2015, 2019) indicated that C4 plants have an advantage in the hot and dry climate of the Jinshajiang River Valley in both modern times and throughout the Holocene. In contrast, C3 vegetation dominates the higher altitude. Therefore, we urge caution in the interpretation of the C4 signal in humans and animals in this region, even though in North China, C3 food resources in human diets are typically associated with wheat and rice, whereas C4 resources are typically associated with millet (Zhang et al., 2015; Zhou and Garvie-Lok, 2015; Ma et al., 2016; Cheung et al., 2019). Evidence from charred plants at the Baiyangcun site revealed that the earliest rice and foxtail millet remains in Yunnan were dated between 2,624–2,475 cal BC and 2,868–2,573 cal BC, respectively (Dal Martello et al., 2018). In Yunnan, wheat was cultivated later, with the earliest occurrence dated to 3,125 ± 30 BP, as determined in the second phase of the Haimenkou site (Xue, 2010). However, both rice and millet accounted for a certain proportion of plant food sources in the dry-hot valley of the Jinshajiang River during the prehistoric period; this is supported by evidence from unearthed plant remains from the Dadunzi and Baiyangcun sites (Jin et al., 2014; Dal Martello et al., 2018), as well as those from the Jiangxifen site in the present study (Figure 3).

Animal isotope data are typically used to explain human isotope values for the reconstruction of human diets. In the present study, the average δ13C value for the two pigs (−19.5 ± 2.3‰) indicated a predominately C3 food-based diet, which suggested either that the pigs foraged or were captured in the high-altitude forests or that humans fed them C3 food (e.g., C3 plants, rice by-products etc.; Table 2, Figure 2). The δ13C value for single bovid (−8.1‰) indicated a C4 plant-based diet, which suggested that the bovid might have been fed C4 plants by humans, as the natural vegetation in the dry-hot valley included both C3 and C4 vegetation (Table 2, Figure 2).

The δ13C and δ15N values for humans (n = 65) ranged from −18.6 to −9.4‰ (mean = −14.2 ± 1.6‰) and from 5.9 to 12.4‰ (mean = 9.8 ± 1.0‰), respectively, indicating a range of C4, mixed C3/C4, and mainly C4 diets (Table 2, Figure 2). The wide range of human δ13C values implies the use of highly varying food resources. However, the δ13C values for most individuals (60 out of 65) demonstrated mixed C3/C4 diets, implying the predominant consumption of both C3 and C4 foods. Furthermore, the average human δ13C value (−14.2 ± 1.6‰) indicated a preference for C4 foods; however, a single individual consumed a significant amount of C3 foods. Moreover, the δ13C values for four individuals indicated a predominance of C4 foods. As the plant remains from this and other sites in the region indicated that millet and rice were the staple plant foods during the Bronze Age, we assumed that the C3-consuming humans mainly relied on rice and C3 food-fed animal protein, and so on, whereas the C4-consuming humans mainly relied on millet and C4 food-fed animal protein, and so on. Consumers of both C3 and C4 foods likely relied on both C3 (rice, C3 food-fed animal protein, etc.) and C4 (millet, C4 food-fed animal protein, etc.) foods. Undoubtedly, all humans likely foraged for both C3 and C4 plant foods in the wild, but wild plant consumption was probably limited owing to the prevalence of mixed millet and rice agriculture in Jiangxifen. Overall, humans at the Jiangxifen site might have preferred to consume C4 foods, implying the predominance of millet agriculture.

The occurrence of mixed millet and rice agriculture in the region suggested the potential adaptation of humans to the specific environment of the dry-hot valley. The river valley is suitable for rice agriculture because this crop requires considerable amounts of water. In contrast, the hillside far away from the river is suitable for millet agriculture, as dry conditions are preferable for the cultivation of this crop. Furthermore, ancient humans likely relied on millet agriculture because the Jinshajiang River Valley was predominantly hot and dry, with only a limited area on the waterfront suitable for rice production.

Nitrogen isotopes are typically used to measure protein consumption (Hu et al., 2008; Ma et al., 2015; Cheung et al., 2017). The δ15N value for humans at the Jiangxifen site ranged from 5.9 to 12.4‰, indicating diverse protein sources. The shift of 5.2‰ in the mean δ15N value between humans and herbivores suggested that humans may have consumed a large amount of animal protein, including fish from the Jinshajiang River. However, only one bovid collagen sample was available to assess the human consumption of animal protein in the present study; therefore, future studies should also assess herbivore δ15N values to confirm our findings.



Spatial Pattern of Human Subsistence Strategies and Influencing Factors Thereof in Yunnan Province During the Bronze Age

To study the spatial pattern of human subsistence strategies in different environments of Yunnan, we compared the isotopic evidence at the Shilinggang, Jinlianshan, and Jiangxifen sites, all of which have similar chronologies (Zhang, 2011; Liu, 2016; Ren et al., 2017). The average δ13C value for human bones at the Shilinggang site (−18.7 ± 0.9‰) was significantly more negative than that at the Jiangxifen site (p = 0.000, Table 4), indicating a higher consumption of C3 foods. According to the archeobotanical studies carried out at Shilinggang (Li et al., 2016; Zhang et al., 2017), humans cultivated both rice and millets, as well as some plants with underground storage organs, such as tubers, roots, and rhizomes. The annual average temperature and precipitation at the Shilinggang site are ~21°C and 1,100–1,200 mm, respectively (Li et al., 2016); thus, the climate of this site is wetter and cooler than that of Jiangxifen. Accordingly, humans mainly consumed C3 foods, with a little supplement from C4 foods (likely millets). The age of the Jinlianshan site overlaps with that of the Jiangxifen site (Jiang and Wu, 2011). The δ13C value for the human bone collagen at the Jinlianshan site was found to range from −19.3 to 18.2‰, suggesting that humans mainly consumed C3 foods. This finding is significantly different from the findings at the Jiangxifen site (p = 0.000, Table 4). Unearthed plant remains from the Xueshan site (which is located near the Jinlianshan site and has a similar chronology) indicated that humans cultivated wheat, rice, barley, and millets in that area (Wang, 2014). Wheat and rice were the main crops at the Jinlianshan site. The δ13C values obtained from enamel samples at the Shamaoshan site, a contemporaneous site near the Jinlianshan site, also suggested that humans mainly consumed C3 foods in this area (Wu et al., 2019). In contrast to the hot-dry valley of the Jinshajiang River, the Jinlianshan and Shamaoshan sites are located in lake basins and are therefore more humid, indicating that there were sufficient water sources for wheat and rice cultivation.


Table 4. Comparison of results of the human bone collagen isotope from archaeological sites in Yunnan.
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Previous archeobotanical research has revealed differences in agricultural practices among various regions of Yunnan (Figure 4). The number of wheat seeds identified during the third phase of the Haimenkou site accounted for 73% of the total number of seeds from unearthed crops (Xue, 2010). In contrast, no wheat seeds were unearthed at the Jiangxifen, Shilinggang, and Yubeidi sites during the same period. Rivers and lakes with abundant water were convenient for imported wheat agriculture (Xue, 2010). Moreover, the high mountains and deep valleys in Yunnan may have hindered human migration and cultural exchanges among different regions during the Bronze Age. This may have been the main reason for the lack of wheat remains at the Jiangxifen and Shilinggang sites. Wheat and rice were the main crops in the sites around Dian and Fuxian lakes (Figure 4). The terrain around Dian and Fuxian lakes is flat, and the water resources are sufficient for wheat and rice cultivation.
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FIGURE 4. Comparison of human C isotope values and frequency index of the crop remains at the Jiangxifen site and other contemporaneous sites in Yunnan (Xue, 2010; Zhang, 2011; Wang, 2014; Yao et al., 2015; Li and Liu, 2016; Li et al., 2016; Liu, 2016; Yang, 2016; Ren et al., 2017; Dal Martello et al., 2021) and the Central Plains (Pei et al., 2008; Ling et al., 2010a,b; Chen, 2012; Hou et al., 2012; Dong et al., 2017; Lan, 2017; Zhou et al., 2017; Tang et al., 2018; Sun, 2019; Li et al., 2020): (1) Shilinggang; (2) Haimenkou; (3) Jiangxifen; (4) Yubeidi; (5) sites around Dian and Fuxianhu Lake (including Dayingzhuang, Hebosuo, Anjiang, Xiaogucheng, Guangfentou, and Xueshan); (6) Jinlianshan; (7) Jianhe; (8) Sunjianantou; (9) Zaoshugounao; (10) Liangdaicun; (11) Neiyangyuan; (12) Hengshui; (13) Shenmingpu; (14) Xiaonanzhuang; (15) Xinancheng; (16) Changxinyuan; and (17) Xiyasi.


Furthermore, tomb types and artifact assemblages unearthed from the Bronze Age sites in different regions of Yunnan Province exhibited different characteristics (Fan, 2007). These characteristics can be used to divide Yunnan into multiple cultural regions (He, 2003; Ao, 2015), further highlighting the effect of the fragmented landscape on cultural evolution (including dietary patterns) of humans during the Bronze Age. Casting processes, vessel types, and patterns of bronze ware differed among cultural regions (Fan, 2007). For example, the bronze wares unearthed in the sites around Dian Lake have complex casting techniques and diverse patterns, whereas the bronze wares from the Erhai Lake have simple casting techniques and fewer patterns. The bronze wares unearthed in northwest Yunnan have a considerable relationship with North China (Fan, 2007). In addition, the tomb type at the Wanjiaba site, which is a site near Dian Lake, is completely different from the tomb type in northwest Yunnan (He, 2003).

In contrast to the spatial heterogeneity of human livelihoods in Yunnan, the Zhou Dynasty sites in the Central Plains (~1,046–256 BC) are revealed by isotopic evidence to have homogenous spatial characteristics in terms of human diet and subsistence (Figure 4). Millet crops were generally the dominant food source, whereas other crops, including wheat, rice, and soybean, were complementary food sources (Zhao, 2014; Zhou et al., 2017; Tao et al., 2020). As shown in Figure 4, the C isotopes of human bones from Zhou Dynasty sites in the Central Plains indicated that most individuals consumed C4 foods (likely millets and their by-products), with only a small number of individuals consuming mixed C4 and C3 foods. The differences in human dietary patterns between Yunnan and the Central Plains might have been caused by the diversity of geomorphological features. Yunnan is located on the Yunnan–Guizhou Plateau; this terrain is high in the northwestern part and low in the southeastern part, with great undulations. The presence of large rivers, alternating mountains, and valleys is the reason for the high terrain fragmentation in Yunnan (Nie et al., 2008). Geomorphological features in the Central Plains are significantly different from those in Yunnan Province. Although the landform types in the Central Plains are complex, with high mountains and large plains, archeological sites are mostly distributed in the flat river valley areas (Figure 4). Stream networks in the middle reaches of the Yellow River facilitated human migration and cultural communication among different geographical units, and the area was controlled by a nominally unified regime (the Zhou Imperial Court). For this reason, human subsistence practice was based primarily on millet cultivation. The same social phenomenon did not occur in Yunnan until more recent historical periods; however, it is unclear whether the spatial pattern of subsistence also transformed synchronously. Therefore, this topic should be investigated further in future studies.




CONCLUSIONS

Based on C and N isotopic results and archeobotanical evidence, we concluded that humans in the Jiangxifen site consumed both C3-based (rice and C3 food-fed animal protein) and C4-based food (millet and C4 food-fed animal protein) during the period of ~900–400 BC, with a preference for C4-based food. The local environment in the dry-hot valley of the Jinshajiang River provided favorable conditions for millet and rice growth, which was the primary factor influencing food choice in this valley. When we compared our results with previously published isotopic data and archeobotanical evidence in contemporaneous sites of Yunnan Province, we were able to identify notable spatial discrepancies in human livelihoods in the Bronze Age in Yunnan. In this period, various crops and livestock were introduced to Yunnan Province; however, the highly fragmented geomorphological setting of the region significantly hindered trans-regional exchange. Therefore, prior to the development of a strong transportation network, local environmental settings (especially hydrothermal conditions) had a significant impact on local human diets and livelihoods in different parts of Yunnan Province.
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In northern China, the Yangshao cultural period (5000–3000 BC) was a critical timespan in the establishment of agricultural economies and the emergence of social complexity. We present the results of archeobotanical analysis from 58 soil samples collected from 12 recently investigated sites located in the Luoyang Basin, and recovered 5290 carbonized plant remains from 9 sites dating to the Late Yangshao period. We compared our novel dataset with previous archeobotanical date, compiling a total of 196 samples from 58 sites in central and western Henan Province. During the Early Yangshao period (5000–4200 BC), a nascent, extensive agricultural economy based primarily on broomcorn millet, with lesser foxtail millet and rice, was developing in small settlements (<0.2 km2) in the loess tablelands and valleys of western Henan province. However, the population pressure—rather than environmental degradation—drove the “foxtail millet-broomcorn millet substitution” during the Middle Yangshao period (4200–3500BC). The intensive agriculture based mainly on foxtail millet facilitated the development of social complexity in the region, as demonstrated by the emergence of size-graded agricultural settlements of medium (0.2–0.6 km2) and large (> 0.6 km2) scale. Notably, millets tend to be less ubiquitous in these larger settlements compared to smaller ones, with differences in millet ubiquity between sites increasing over time. The local surface hydrology influenced by paleoclimatic changes prompted the spread of agriculture from higher loess tablelands and valleys during the early Yangshao period into more marginal loess tablelands and plains by the Middle and Late Yangshao periods. Rice cultivation is concentrated in valley areas and appears to have been closely tied to environments with better hydrothermal conditions. Our research shows that climatic conditions during the Holocene fostered the development of agriculture during the Yangshao Culture period and that the distribution of settlements throughout this time was influenced by highly localized geomorphologic environments delimiting the distribution of crops. The rise of agriculture promoted the formation of complex and stratified economies in the Yangshao Culture period and it was the intensification and elaboration of these new economic and social systems that led to later transformation in agricultural structures and settlement sizes.

Keywords: central and western Henan Province, Yangshao Culture, foxtail millet-broomcorn millet substitution, Valley-Rice Planting, paleoenvironment, social complexity


INTRODUCTION

The emergence of social complexity—or the process by which a society transitions from relatively simple to more complex forms of economic and social organization—has long been a subject of considerable interest and debate among archaeologists. Socially complex societies are generally associated with large and dense populations, urbanism, socio-economic specialization, and the appearance of social hierarchies and inequality (Adams, 2001; Smith, 2009; Feinman, 2011). Almost simultaneously, around 3500 BC dramatic changes to social and economic organization were occurring in many regions of the world (Sandweiss et al., 1999; Brooks, 2006; Liu and Chen, 2012; Luan, 2012) and archeological evidence of pronounced cultural differentiation as well as enhanced inter-community communication and exchange (Han, 2015) attest to similar transformations underway in China, with indications of increasing social complexity becoming more and more obvious through time (Zhao, 2001; Chen et al., 2003; Liu, 2005; Liu and Chen, 2012; Dai, 2012).

Characterized by a significant increase in settlements and the advent of mature millet cultivation practices in the Loess Plateau (Barton et al., 2009), the Yangshao Culture period (5000–3000 BC) is recognized as a critical timespan for understanding the rise of complex and socially stratified agricultural societies in Neolithic northern China (Zhao, 2001; Chen et al., 2003; Liu, 2005; Dai, 2012; Luan, 2012; Wagner et al., 2013). The critical interval of rapid cultural development and population growth that marks the initial rise and expansion of the Yangshao Culture in the Neolithic is often attributed to the warm and humid climatic conditions of the mid-Holocene Megathermal period—also termed the “Yangshao Warm Period” (Shi et al., 1992; Xia et al., 2001)—which is hypothesized to have facilitated the emergence of agricultural economies at this time (Wang J. H., 2005; Wang X. G., 2005; Gao, 2009; Zhao, 2014; Han, 2015).

In Henan province, social development has been characterized as a transition from initially egalitarian organization during the Early period (5000–4200 BC) that gradually becomes more complex, eventually transforming into a stratified society by the Middle and Late Yangshao periods (4200–3000 BC) (Zhao, 2001; Dai, 2012). Concurrent with these striking social changes was a transition away from hunting and gathering and the establishment of a subsistence economy based on the cultivation of domestic crops. This transition is demonstrated by a growing number of archeobotanical studies using both macro and micro-botanical plant remains that provide evidence for increasing dependence on foxtail (Setaria italica) and broomcorn (Panicum miliaceum) millets throughout the Yangshao cultural period, culminating with these small domesticated grains becoming the foundation for Yangshao food production systems and representing the early formation of a mature agricultural system based on domestic millets (Lee et al., 2007; Zhao, 2014, 2017; Zhang et al., 2014; Wang, 2016; Zhong et al., 2020; Yang et al., 2020).

Social complexity has long been considered to be directly related to economic production systems (Tylor, 1958; Service, 1962; Mogan, 1963; Fried, 1967). For example, case studies from Southern Levant (Kuijt and Goring-Morris, 2002), Northern Negev of Israel (Winter-Livneh et al., 2010), and southwestern Asia (Algaze, 2001) have demonstrated the intimate connection between agriculture and social complexity. While the development of agriculture has been recognized as having a profound impact on complexification processes during the Yangshao Culture period (Yan, 1989; Gao, 2009; Cao, 2013; Han, 2015; Dai, 2016), discussions of how this is evinced in archeobotanical evidence from this period have been lacking in detail.

Additionally, factors constraining or facilitating the development of the agricultural practices associated with these social transformations are complex, which have been proposed by scholars as climatic changes (Dong et al., 2012; Yang et al., 2018), social complexification (Wang J. H., 2005; Gao, 2009; Zhong et al., 2020), or developments in agricultural technology (Fan, 1988; Gao, 2009; Zhao, 2018). Climate change is supposed to have a greater impact on agriculture at large spatial scales, but geomorphologic condition will be more influential at smaller, more local scales (Robert et al., 1989). Restricted by geomorphologic conditions, the distribution of prehistoric agriculture often changes with time. Studies in the Near East, for example, have shown that agriculture originates from marginal piedmont grasslands and transfers to valleys and lowlands (Binford, 1968; Flannery, 1973); Liu et al. (2009) and Ren et al. (2016) provided evidence that the distribution of both early millet in northern China and rice in southern China shifted from the foothills to the valleys. Despite a great deal of discussion surrounding the relationship between ancient agricultural developments and climate change (Jia et al., 2013; Yang et al., 2018; Zhang et al., 2018), there have been fewer studies of the relationship between agriculture and geomorphologic environments at different stages in prehistoric China (Zhang et al., 2014; Li and Zhang, 2020).

Furthermore, we know relatively little about changes regarding the agricultural economic structure or planting patterns as they occurred throughout the Yangshao period—ultimately hindering our understanding of economic conditions at this time and their relationship to cultural changes and the paleoenvironment. Situated within this gap in our understanding is ongoing debate about whether or not foxtail millet substituted broomcorn millet as the dominant staple crop across the Yangshao Culture area, and the role such a substitution would have played in the establishment of an agricultural economy (Liu et al., 2008; Han, 2015; Wang et al., 2015; Wang, 2016; Lu, 2017; Zhong et al., 2020). Foxtail millet and broomcorn millet constitute the earliest domesticated crops in northern China, dating back to more than 8,000 years ago (Zhao, 2014). Archeobotanical research has shown that initially, during the early stages of millet domestication prior to 5000 BC, broomcorn millet was the prevailing crop (Liu et al., 2008; Lu et al., 2009; Zhao, 2011, 2014). Recent evidence from charred plant remains suggests that after 5000 BC—at the onset of the Yangshao culture—foxtail millet came to replace broomcorn millet as the primary domesticated crop (Wei, 2014; Zhao, 2014, 2017; Zhong et al., 2020). This shift, however, research on phytoliths has provided evidence for the continued dominance of broomcorn millet over foxtail millet throughout the Yangshao period in northern China, complicating interpretations (Wang et al., 2015, 2019a,b; Xia et al., 2016). Why Yangshao peoples would have shifted away from broomcorn millet and focused instead on foxtail millet is a complicated question that merits further discussion and investigation. One starting point toward comprehensively addressing this question is the implementation of systematic archeobotanical research on carbonized plant macro-fossils from multiple sites representing as many temporal phases belonging to the Yangshao Culture as possible.

Based on new archeobotanical analysis of 12 sites in the Luoyang Basin, in combination with a comprehensive dataset of macro-fossil remains from central and western of Henan Province compiled from previous research, we present a comprehensive picture of agricultural development as it occurred throughout the Yangshao culture period in northern China. Using these data, we discuss structural and geographical changes in the distribution of foxtail millet, broomcorn millet, and rice as they relate to (1) paleoclimatic changes, (2) geomorphologic conditions, (3) settlement sizes, and (4) social complexity.



STUDY AREA


Environmental Settings

Our research area consists of central and western Henan Province (110°21’ 114°39′ E, 33°31′ 35°05′) and is located at the transition between warm-temperate and subtropical ecozones, exhibiting a continental monsoon climate. The research area includes the Sanmenxia area, the Luoyang and Yiluo River basins, and Ying River basin (Figure 1).


[image: image]

FIGURE 1. Sites in central and western Henan Province from which remains of carbonized plants belonging to the Yangshao Culture were collected for this study. Weizhuang; 2. Weizhuang south bank of southwest River; 3. Xiqijiayao; 4. south of Yulinzhuang; 5. Zhaocheng; 6. southwest of Zhaocheng; 7. Wuluo Reservior; 8. Shangzhuang; 9. Tianpo; 10. north of Huacheng River; 11. Peicun; 12. Sanggou; 13. Nanwayao; 14. Jiuliugou Reservoir; 15. Bucun; 16. Beizhai; 17. Gongjiayao; 18. Fuxitai; 19. Tidong; 20. Longgudui; 21. Laozhouzhai; 22. Dongguanmao; 23. Xishiqiao; 24. Gaoya; 25. west of Gaoya; 26. Yulinzhuang; 27. Jingyanggang; 28. Huizui; 29. Tunzhai; 30. Waizhuang; 31. Zhaiwan; 32. Jinzhongsi; 33. Mazhai; 34. Jueshan; 35. Fujiazhai; 36. Bangou; 37. Shuanghuaishu; 38. Wanggou; 39. Yangcun; 40. Yuanqiao; 41. Yuancun; 42. Shiyangguan; 43. Didong; 44. Xiaowu; 45. Nanjiaokou; 46. Xipo; 47. Chengyan; 48. Dongqiao; 49. Dongshe; 50. Duzhong; 51. Lucun; 52. Mengcun; 53. Nanyuan; 54. Renmazhai; 55. Shangmotou; 56. Sigeda; 57. Yanzhuang; 58. Yangshao).


The Sanmenxia area is located in western Henan Province, and has complex terrain consisting of mountains, loess plateaus, hills, rivers, and valleys. In addition to the Yellow River, the Luo, Hongnongjian, Qinglongjian, and Canglongjian rivers also have large tributary systems in this region. Average annual temperature is 13.9°C with annual precipitation around 550–800 mm. Soils of the Sanmenxia area are typified by obvious vertical and horizontal stratification. Fluvo-aquic soil, cinnamon soil, yellow-brown soil, and brown soil are vertically distributed sequentially from the banks of the Yellow River down to the southern mountains (LCCSC, 1997; HPICRA, 2009).

The Luoyang Basin is located in the central part of Henan Province. In terms of geomorphology, moving from north to south the Luoyang Basin consists of the loessic Mangshan Mountains and the alluvial plain of the Yiluo River Valley to the north and eroded shallow loess piedmonts to the south. The hydrological system of the Luoyang Basin is the Yi, Luo, Jian and Chan rivers. Average annual temperatures is between 12.7 and 14.6°C, with annual precipitation of about 500–650 mm (IACASS and SAACATYRV, 2019). The soils here mainly include yellow-brown soil, brown soil, cinnamon soil, carbonate cinnamon soil, fluvio-aquic soil, and mountain meadow soil (Wang, 1999).

The Ying River Basin belongs to the central part of Henan Province, which consists of mountains, hills, basins, valleys and plains. The Ying River is the largest river in this region and has a highly developed tributary system. Average annual temperature is 14°C, with average annual precipitation about 600–700 mm (HPICRA et al., 2008). The soils in this area include brown loam, leaching cinnamon, carbonate cinnamon, cinnamon, aquic cinnamon and fluvio-aquic soil (Li, 1995).

Overall, the central and western Henan Province consist of a diverse array of landforms and soil types. The climate, topography, and geomorphology of the area make it suitable for the cultivation of a variety of thermophilic crops. River terraces in this area are generally flat with abundant water resources and abundant yellow fluvio-aquic soil that is rich in organic matter, allowing for the cultivation of wheat, rice, and maize. The gently sloping loess plateau area provides for sufficient water resources and adequate drainage and consists of a porous cinnamon-colored soil that facilitates modern wheat and corn-based agriculture. In contrast, the hilly piedmont areas have limited access to water and are characterized by cinnamon-colored and carbonate soils that are nutrient poor. Modern crop production in this area consists of mainly wheat, maize, and millet (Wang, 1999).



Archeological Settings

Chinese archeology began with excavations taking place in Yangshao, Mianchi County, Henan Province in 1921 (Andersson, 2011), making this region one of the earliest centers for archeological excavations and research on Neolithic China. After several generations of archeological inquiry, the Neolithic chronology for central and western Henan province was established, beginning with the Peiligang culture, followed by theYangshao culture, and then the second phase of the Miaodigou culture—all of which made active contributions to the Neolithic archeological cultural system of Central China (Wei, 2014).

This article is concerned with agricultural developments during the Yangshao cultural period which lasted from approximately 5000 BC until 3000 BC. This can be further divided into three stages: Early Yangshao (5000–4200 BC) (Yan, 1989; Han, 2015), Middle Yangshao (4200–3500 BC) (Gao, 2009), and Late Yangshao (3500–3000 BC) (Yan, 1989; Gao, 2009; Han, 2015).



MATERIALS AND METHODS


Materials

In 2016, we carried out our field survey of carbonized archeobotanical remains belonging to the Yangshao period and collected samples from sites located around the Yiluo River Valley within the Luoyang Basin, including from localities near the Liujian River, Majian River, Gangou River, and other tributaries within the basin. From the exposed sections of each site, a trowel was used in the field to search for ash pits and cultural layers with a thickness of greater than 50 cm. Samples for flotation were then collected from bulk soil samples taken from these central part of ash pit deposits. On the basis of the established typology for this region, pottery recovered from these ash pits allowed us to make preliminary determinations of the cultural period that these deposits belonged to.

Our field sampling followed three principles: First, we selected as many sites as possible from different geomorphologic locations and different cultural ages. Second, in order to accurately determine where in the chronology of the Yangshao culture our samples derived from we only sampled ash pits with clear stratigraphic boundaries. Thirdly, we sampled only those pits without mixed assemblages containing material cultural remains from older or more recent periods (Zhang et al., 2014). Soil samples were taken from a total of 12 different sites: Peicun, Gaoya, Fujiazhai, Sanggou, Mazhai, Jueshan, Huizui, Zhaiwan, Jinzhongsi (Figure 1), Miaowan, Wutun, and Zhangcun. Altogether we sampled 28 ash pits from these sites, collecting 2–3 bags of soil samples (6–13 L/one bag) from each individual pit for a total of 58 bags of soil samples, and all used for flotation.

In addition to this original data, we also compiled the results of previous systematic archeobotanical research programs in this area (Supplementary Table 1), including the results of flotation studies from the Yiluo River Valley and on the regional plant remains of the Luoyang Basin (Zhang et al., 2014; IACASS and SAACATYRV, 2019). Archeological data was also extracted from previously published reports of plant remains from Yangshao sites located in Sanmenxia City (Zhao, 2011; Wei, 2014; Yang et al., 2020) as well as in the Yinghe River Basin in the Songshan region (AMPU and HPICRA, 2007; Zhong, 2016, 2018). The archeological sites discussed in this article are shown in Figure 1.



Methods

Flotation was performed on the collected soil samples with the use of a flotation station. Carbonized materials were collected using a 0.2 mm mesh sieve and were then set aside to dry. Once the materials were dry, they were sorted on the basis of size in the laboratory using 0.45, 0.75, 1, and 2 mm standard mesh sieves. Samples with particle sizes greater than 0.45 mm were selected and then sorted into preliminary categories with the aid of an optical stereo microscope. Carbonized samples and seeds were separated and put into sealed bags for analysis. Final taxonomic identification to the level of species of the archeobotanical samples separated at the previous step was carried out in the Archeobotany Laboratory at the Institute of Archeology, Chinese Academy of Social Sciences in Beijing. Each sample was then photographed and counted at this stage. Finally, we weighed and counted any charcoal, snail shell, and bone present in the samples.

As discussed previously, for each sample collected the relative age and archeological culture were assigned during field sampling on the basis of stratigraphic and typological material cultural evidence present in the ash pit from which the individual sample was collected. To confirm these chronological assignations nine individual charred plant seeds of foxtail millet and rice were selected and sent to Beta Analytic for direct AMS 14C dating.
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To analyze the carbonized archeobotanical samples we calculated (1) ubiquity, (2) the ratio of broomcorn to foxtail millet, according to abundance, denoted as R(n); and (3) the ratio of broomcorn to foxtail millet in terms of weight, denoted as R(w).

Ubiquity refers to the probability that an individual plant species will be recovered from an archeological site and reflects the distribution of plant remains (Zhao and He, 2006). The ubiquity index is calculated as a percentage of the number of samples containing specimens of a given plant species relative to the total number of samples collected. In order to compare with other sites of systematic excavation, this paper separately calculated the three regional surveys in Luoyang Basin (Zhang et al., 2014; IACASS and SAACATYRV, 2019; this study) and the regional survey in Sanmenxia (Yang et al., 2020).

The second measure, R(n), refers to the ratio of the absolute number of broomcorn millet specimens to the number of foxtail millet specimens. The third and final measure, R(w), similarly refers to the ratio of broomcorn to foxtail millet but uses the relative weight of carbonized seeds for each species rather than the absolute number.

The average weight of 1,000 grains of broomcorn millet is 2.26 times the weight of 1000 grains of foxtail millet, meaning that the average number of individual grains in 1 g of foxtail millet is 2.26 times that of the average number of grains in 1 g of broomcorn millet (Zhang et al., 2010). The formulas for calculating both the ratio of broomcorn to foxtail millet by abundance—R(n)—as well as the ratio of broomcorn to foxtail millet by weight—R(w)—are presented below, where N(bm) stands for the number of broomcorn millet specimens and N(fm) stands for the number of foxtail millet specimens.



RESULTS


Radiocarbon Ages

The radiocarbon ages obtained are listed in Table 1. Huizui, Sanggou, Jinzhongsi, Mazhai, and Zhaiwan yielded corrected dates of between 3314 and 2891 cal BC, corresponding to the Late Yangshao period (3500–3000 BC). These radiocarbon dates are consistent with relative dates for the archeological cultures as determined by ceramic typologies and can thus be considered reliable. The radiocarbon ages of the Miaowan, Wutun, and Zhangcun sites are not dated to the Yangshao period. In addition, based on analysis of texture and stylistic traits of pottery sherds recovered from each site, Peicun, Gaoya, Fujiazhai, and Jueshan can also be attributed to the Late Yangshao period. So our study provides new evidence for the remains of carbonized plants from nine late Yangshao Culture sites in the Luoyang Basin.


TABLE 1. Calibrated radiocarbon dates from sites investigated in Luoyang Basin (this study).
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Crop Assemblages in This Survey

We obtained a total of 40 soil samples, collected from 9 sites belonging to the Yangshao culture, which included approximately 5290 carbonized seeds (Table 2). In total, 4,484 foxtail millet seeds(S. italica), 90 broomcorn millet seeds (P. miliaceum), 704 rice (O. sativa) seeds, and a single soybean (Glycine max) were identified (Figure 2). Remains of weedy species recovered include milkvetch (Astragalus membranaceus), Manchu tubergourd (Thladiantha dubia), and green bristlegrass (also called green or wild foxtail millet) (Setaria viridis).


TABLE 2. Counts of crop seeds remains in the flotation samples from the Late Yangshao period archaeological sites in Luoyang basin (our study).
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FIGURE 2. Carbonized crop seeds recovered from Yangshao Culture sites in the Luoyang Basin (Scale bar: 1 mm). (a) Foxtail millet (S. italica) from Huizui (H2-1); (b) Broomcorn Millet (P. miliaceum) from Huizui (H2-1); (c) Rice (O. sativa) from Zhaiwan (H1-1); (d) Soybean (G. max) from Gaoya (H-1).


Regarding the archeobotanical remains of domestic crop species, foxtail millet comprises the largest part of the assemblages with 84.96% and is followed by rice at 13.33%. Broomcorn millet made up only 1.7% of the domestic crop assemblage and soybeans accounted for a meager 0.01%. Furthermore, foxtail millet had the greatest ubiquity rate at 54.76%, followed by 31.25% for broomcorn millet, and 4.17% for rice.

The large number of macrobotanical remains of foxtail millet (4,424) and rice (704) form the Zhaiwan site is especially notable. Zhaiwan is the only site where rice was recovered and at all other sites where the remains of crop plants were collected totals are relatively small, never exceeding 100 grains.



Crop Assemblages From Previous Studies

The results of previous analyses on carbonized archeobotanical species from other sites in central and western Henan province are summarized in Supplementary Table 1. These have been included in our analysis below.



DATA ANALYSIS

Due to the very small quantity of other seeds recovered, this article focuses on changes in the quantities of foxtail millet, broomcorn millet, and rice.


Overall Characteristics and Trends in the Development of Agricultural Practices During the Yangshao Period

According to the results of this paper in combination with those from previous studies (Table 2 and Supplementary Table 1), for each individual site we calculated: (1) the ubiquity of millet and rice, (2) the ratio of broomcorn to foxtail millet (in terms of ubiquity, abundance and weight) (Supplementary Table 2). Results of analysis are available in Supplementary Table 2 and are shown in Figures 3, 4.
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FIGURE 3. Trends in the ubiquity of broomcorn millet and foxtail millet throughout the Yangshao Culture in eastern and western Henan Province.
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FIGURE 4. Climate, three ratios of broomcorn millet to foxtail millet, population density curve. (A) Synthesized Northern Hemisphere (30°–90°N) temperature record during the Holocene55 (Shakun et al., 2012; Marcott et al., 2013). (B) Pollen-based annual precipitation (PANN) reconstructed from Gonghai Lake (Chen et al., 2015). (C) Weight ratio of broomcorn millet to foxtail millet from sites examined in this study. (D) Abundance ratio of broomcorn millet to foxtail millet from sites examined in this study. (E) Ubiquity ratio of broomcorn millet to foxtail millet from sites examined in this study. (F) Population density in central and western Henan Province (Wang J. H., 2005).


In general, archeological sites with archeobotanical remains of domestic crops attributed to the Early Yangshao period (5000–4200 BC) are distributed within the Sanmenxia area (Supplementary Table 2 and Figure 3). In terms of ubiquity, these Early period sites yield the highest ubiquity for broomcorn millet—ranging from 37.5 to 75%, with an overall average of 54.9%. At the Didong and North Didong sites—which belong to the first phase of the Early Yangshao period (5000–4500 BC)—the ubiquity of broomcorn millet is especially high with more than 60%. Foxtail millet is less ubiquitous at Early Yangshao sites, with an average of 36.8%. The probability of recovering foxtail, however, is never below 12.5% at any site from this period. Rice was recovered at rather high rates (ubiquity indices of around 50%) at the North Didong and Nanjiaokou sites, but was not found at any other sites at present, yielding an overall average ubiquity index of 16.7% for the Early Yangshao.

From 4200 to 3500 BC, during the Middle Yangshao period, sites with archeobotanical remains of crop species are found both in the area of Sanmenxia as well as within in Luoyang Basin (Supplementary Table 2 and Figure 3). At these sites, the likelihood of recovering foxtail millet was the highest of among all crop species in our analysis, having an overall average ubiquity index of 66.7% and a range of between 50 and 70%. The rate of recovery for broomcorn millet comes second with an average of 36.5% and a range of between 22 and 50%. Rice was recovered only from Middle Yangshao contexts at Nanjiaokou and Xipo, with a range of 2.3–37.5%. Overall ubiquity for rice also decreases slightly through time, going from an overall average of 16.7% in the Early Yangshao to only 13.3% in the Middle period.

By the Late Yangshao period from 3500 to 3000BC, most sites with archeobotanical remains are located in the Luoyang Basin and Songshan area (Supplementary Table 2 and Figure 3). As was the case in the Middle Yangshao, foxtail millet had the highest ubiquity indices, with the site of Shuanghuaishu yielding the lowest index at 23.7% and all other sites having rates above 50% and as high 100%. Overall ubiquity indices for foxtail during the Late Yangshao are higher than they were in previous periods as well, reaching an average of 74.6%. Broomcorn millet once again occupies a secondary position with 37.9% on average and a range of 13.2–81.8%. Except for the L2 (64.2%) and BG (55.6%) sites, broomcorn millet ubiquity indices consistently fall below 40% in this period. In this period we also observe an increase in the number of sites with rice, although the average ubiquity index remains low at 12.1% and the range was between 3.2 and 36%, with only Xipo and sites from the Sanmenxia survey producing indices higher than 12%.



Analysis of Changes of Foxtail and Broomcorn Millet

In the early Yangshao ubiquity ratios are in almost all cases above 1.0, with an average of 1.83—indicating a consistently greater likelihood of recovering broomcorn over foxtail at this time (Figure 4E). Except for at the sites of North Didong and Nanjiakou—where foxtail millet cultivation was emphasized over broomcorn millet —this trends is echoed in the other two ratios for abundance and weight with averages of 1.67 and 3.7, respectively (Figures 4C,D).

Ratios of broomcorn millet to foxtail millet in terms of ubiquity, abundance, and weight for sites from the Middle and Late periods are roughly equivalent in terms of both ranges (Middle: 0.54–0.17; Late: 0.56–0.17) and averages (Middle: 0.36; Late: 0.40) (Figures 4C–E). Notably, all of these ratios drop to below 1.0, decreasing significantly from those calculated for the Early Yangshao and indicating the prevalence of foxtail over broomcorn millet in these later periods.



A Comparison of Crop Remains From Sites With Different Surface Areas

We also analyzed the composition of the agricultural structure—on the basis of ubiquity and abundance indices—apparent at sites of different sizes (Figure 5). Information was available about the size of 34 of the archeological sites examined in this study. For each period of the Yangshao Culture we divided these into (1) small sites with an area of less than 0.2 km2, (2) medium sites with areas of between 0.2 and 0.6 km2, and (3) large sites of over 0.6 km2.
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FIGURE 5. Histograms of the ubiquity and abundance of broomcorn millet, foxtail millet, and rice according to site size in the (A) Early, (B) Middle, and (C) Late Yangshao.


For sites from the Early Yangshao period with available data (Figure 5A), all four sites with carbonized crop seeds are classified as small. Across these four sites, broomcorn millet, foxtail millet, and rice had average ubiquity ratios of 69.45, 49.6, and 15.5%, respectively. In terms of relative abundance, broomcorn millet comprised 51.35% of assemblages on average, followed by foxtail millet (45.03%) and rice (3.62%).

For the Middle Yangshao (Figure 5B), the six sites with archeobotanical assemblages containing domestic crops are evenly distributed between small (n = 3) and medium (n = 3) sized sites. Average ubiquity indices and relative abundances, respectively in small sites for this period were: 45.8 and 9.03% for broomcorn millet, 92 and 90.9% for foxtail millet, and 12.5 and 0.07% for rice. Average ubiquity indices and relative abundances in medium sites for this period were: 18.4 and 12% for broomcorn millet, 44.4 and 82.87% for foxtail millet, and 0.08 and 5.13% for rice.

The Late Yangshao provided the largest number of sites (n = 28) with macro-botanical remains of crops (Figure 5C). The majority of these (67.8%) are small sites, where broomcorn millet, foxtail millet, and rice, respectively yielded average ubiquity ratios of 47, 75.1, and 5.7%, and comprised 13.17, 84.77, and 0.96% of these assemblages, respectively, on average abundance ratios. Medium sized sites are the next most abundant making up 25% of the Late Yangshao sites for which we have data. Both ubiquity and relative abundances are fairly similar to those for small sites (average ubiquity and abundance: broomcorn: 42.9 and 9.44%, foxtail: 85.8 and 90.47%, and rice: 5.1 and 0.09%). Large sites are less abundant than either small or medium sized sites during the Late Yangshao, comprising only 7.1%. Ubiquity is similar to contemporary medium and small sized sites for rice (Large: 5.1%), but the average ubiquity as well as abundance of both broomcorn (15.2, 24.06%) and foxtail (44.6, 66.82%) millets is much smaller at the Large sized sites.



DISCUSSION


Foxtail Millet-Broomcorn Millet Substitution

Results from our analysis of archeobotanical remains from Yangshao sites in Henan demonstrate that throughout the Early Yangshao period broomcorn millet represented the primary crop within the Yangshao agricultural system, while foxtail millet made up a smaller, although not insignificant, part of Yangshao foodways at this time. In the Middle and Late Yangshao periods ubiquity, relative abundance, and relative weight measurements present an opposing trend, with foxtail millet superseding broomcorn millet for dominance in Yangshao food production systems. Our results are in line with evidence from a number of previous archeobotanical studies of Yangshao sites in the Henan province and surrounding areas where systematic flotation was conducted—including Yangguanzhai, Xipo, Didong, and Nanjiaokou (Wei, 2014; Zhong et al., 2020)—which demonstrate a shift from broomcorn millet toward foxtail millet during these latter two periods of the Yangshao culture.

Climate change played a critical role in the selection of millet species for domestication during different periods in North China (Lu, 2017; Yang et al., 2018). However, geological records, including eolian deposits, lake sediments and soils, have shown that during the Yangshao Warm Period climatic conditions in Henan Province were much more favorable for cultivation than those seen today (Shakun et al., 2012; Marcott et al., 2013; Chen et al., 2015; Figures 4A,B). Environmental records from the Sihenan site in Luoyang Basin show that the lakes and marshes present during the Early and Middle Yangshao—between 5000 and 3500 BC—were less saline and supported a greater number of flora and fauna preferring warm and humid environments (Sun and Xia, 2005). Furthermore, zooarcheological studies from Xishan in Zhengzhou reporting the presence of an abundance of heat-loving terrestrial and aquatic animal species strongly suggests that a warm and wet climate continued into the Late Yangshao (Chen, 2006). Therefore, we think that climate change during the Yangshao period would not have been severe enough to result in the changes we see to agricultural systems during this time—especially because agricultural production was centered around highly adaptable, heat and drought-tolerant millets.

The Early Yangshao period represents an early stage of agricultural development in Northern China, characterized by underdeveloped crop cultivation practices and predominantly extensive production (Zhao, 2017). In this context, the dominance of broomcorn millet in the agricultural structure of the Early Yangshao was driven by a preference for this species, owing to its adaptability to various (and poor) environments, ease of cultivation, and low requirements in terms of land management and inputs (SCGR, 1994; Dong and Zheng, 2006; Zhao, 2018).

Archeological studies have shown that the Dongzhuang-Miaodigou culture type emerged in western Henan and rapidly expanded into surrounding areas during the Middle Yangshao period (Han, 2015) and the population density in the study area increased sharply during this period (Wang J. H., 2005; Figure 4F). In this stage, agricultural economy establishes principal position (Zhao, 2014; Li, 2018; Zhong et al., 2020). Agricultural modes of production at this time changed from “extensive” to “intensive” strategies in order to cope with ensuing resource depression brought on by population increases (Fan, 1988; Gao, 2009; Zhao, 2014, 2018; Han, 2015). Broomcorn millet can have unstable yields because its grains fall off easily after the plant reaches maturity and are difficult to harvest (Dong and Zheng, 2006; Zhang, 2016). Foxtail millet has the advantage of a short growth period along with high yields (e.g., 1950’s production of foxtail millet: 750 kg/hm2vs. broomcorn millet 670 kg/hm2), and the grains also provide for better flavor and superior storage stability (SCGR, 1994; Dong and Zheng, 2006; Liu et al., 2008). Therefore, with investments in soil and land management strategies—including nutrient inputs, weeding, and pest controls (SCGR, 1994; Dong and Zheng, 2006; Liu et al., 2008)—Yangshao farmers would have preferred to plant foxtail millet over broomcorn, leading to the shift from broomcorn to foxtail millet evident in the Middle Yangshao period.

As such, we assert that the substitution of broomcorn millet for foxtail millet in Henan Province during the Middle Yangshao was propelled by social development and demographic expansion, rather than by environmental factors. This conclusion is also supported by research conducted at the wider regional level. Comparing the agricultural characteristics of areas surrounding Henan province, Zhong et al. (2020) proposed that foxtail millet was far more important in the agricultural systems of Henan Province than it was within other traditional dry-land farming areas in neighboring regions such as Haidai and Shanxi. He further speculates that higher numbers of sites, sites of larger size, and other evidence for higher population density within the core Miaodigou Culture area resulted in a greater demand for the higher-yielding foxtail millet (Zhong et al., 2020).

It should be noted that evidence from phytoliths is suggestive of broomcorn millet, and not foxtail, serving as the main agricultural crop in the Zhengzhou region of central Henan throughout the Yangshao Culture, with no evidence of replacement in either the Middle or Late periods (Wang et al., 2015, 2019a,b; Wang, 2016). However, remains from sites such as Lajia (Zhao, 2003; Wang et al., 2015), as well as others in the Guanzhong Basin (Zhang et al., 2010; Liu et al., 2013; Zhong et al., 2015) have shown that the results of analysis of phytoliths vs. carbonized macro-botanical remains can present conflicting results—owing to the fact that phytoliths and carbonized macrobotanical remains are studied in different ways. And the variety of preservation conditions (Renfrew, 1973) and carbonization temperature (Yang et al., 2011; Wang and Lu, 2020) both affect the carbonization rate of millet. So it is difficult to compare results based on phytoliths and carbonized remains in practice, and our study depends on examination of the latter, the discussion in this paper is mainly based on evidence from carbonized remains.



Valley-Rice Planting and Palaeogeomorphologic Evolution

Domesticated rice originated in China’s Yangtze River basin (Jones and Liu, 2009; Zhao, 2014), and spread northwards into the Central Plains region to the middle reaches of the Yellow River around 8000–7000 a B.P. (Zhang et al., 2012; Wang, 2016; Lu, 2017; Wang et al., 2017), becoming an important dietary supplement to prehistoric people. The warm and humid climate of the Yangshao period was crucial for the development of rice cultivation in this region (Shi et al., 1992; Xia et al., 2001). However, the cultivation of rice in northern China relies on particular geomophologic and environmental conditions, especially in terms of water availability (Li and Zhang, 2020). Sites where rice has been observed are located near rivers and lakes, where aquatic resources were conveniently available (Zhong et al., 2020). Thus, in northern China the potential for rice cultivation at a given site was not determined by climate or latitude, but rather by proximity to an abundant water source.

Of the archeobotanical assemblages in our analysis that yielded remains of rice (Figure 6D), 10 sites are located in river valleys, and none were found in plains. In the Early Yangshao period, the North Didong and Nanjiaokou sites are situated on platforms along the valleys of the Xiyu and Qinglong rivers in western Henan Province. Middle Yangshao sites with rice, such as Nanjiaokou and Xipo, are similarly located within the river valleys of the Qinglong and Sha Rivers in western Henan. This trend continues into the late Yangshao period, with sites in both western and central Henan province once again found in river valleys of the Sha, Hongnong, Yihe, Luo, Yiluo, and Ying rivers.


[image: image]

FIGURE 6. Map of the structure of agricultural systems of the Yangshao Culture (A) Early Yangshao (5000–4200 BC), (B) Middle Yangshao (4200–3500 BC), (C) Late Yangshao (2500–3000 BC), (D) rice distribution through time). Structure of agricultural systems = are represented in pie charts including broomcorn millet, foxtail millet, and rice. Different areas of a site are shown with different circle sizes.


The valley area refers to the relatively high altitude, complex and topographically variable terrain found to either side of the valley formed by the loess plateau and river terraces of the upper reaches of the Ying River (Zhang et al., 2014). For example, in the Songshan area, the western loess area experienced several fluvial deposition-erosional cycles since the terminal Late Pleistocene. A large-scale alluvial aggradation took place in the Middle Holocene, resulting in the formation of lakes, marshes and wetlands (Lu et al., 2020). And in the Luoyang Basin, during the late-middle Holocene (5300/5010∼2130/1870 BC), the loess tablelands and gullies experienced erosion of mountain slopes, resulting in increased accumulation in valleys and the formation of clay-rich and water-filled depressions. A fine sand and gravel layer from the Huizui site penetrates a layer of clay sediments, suggesting the formation of seasonal marshes and waterlogging (Rosen, 2008). This evidence indicates that during the Yangshao period, conditions in the valley areas were humid, creating an abundance of moist depressions suitable for paddy fields and providing optimal conditions for rice cultivation.

The alluvial plains area refers to the flood plain on both sides of the Yiluo River (Zhang et al., 2014) and the eastern Songshan Mountain plains, where the terrain is low and flat with less landform diversity and fertile soils. The floodplain on both sides of the Yiluo River in the central Luoyang Basin was cut down around 7,000 years ago, forming a vast area of dry and stable T1 terraces (Zhang et al., 2019). In the low-lying area the eastern Songshan plains, some of these lakes converged into large water areas and lasted throughout the Late Pleistocene and Early- Middle Holocene period (Lu et al., 2020). In short, the plain terraces of Luoyang Basin are generally dry, and the eastern Songshan plain was full of lakes and marshes, with both areas lacking stable, lowland environments allowing for rice cultivation. Therefore, we propose that the absence of rice remains from sites located in alluvial plains in central and western Henan Province dated to the Yangshao period is best explained by differences in local geomorphologic environments.



Agricultural Distribution, Paleoenvironment, and Social Complexity

A diachronic shift is evident in the distribution of sites associated with agricultural practices between the Early and Late Yangshao periods. Early period sites are primarily in the western part of Henan Province, but by the Late Yangshao sites primarily in Central Henan resulting in a more balanced representation of geomorphologic regions in site locations (Figure 6).


The Early Yangshao Culture Period (5000–4200 BC)

During the Early Yangshao Culture period, the Mid-Holocene Megathermal Period established a climate that was warm and humid in this region (Sun and Xia, 2005). Numerous lakes developed in the central and western areas of Henan Province (Dong et al., 2006; Zhai et al., 2011; Li et al., 2014), and in central Henan, the area around Zhengzhou especially experienced vast lake development (Li et al., 2014; Lu et al., 2020). Archeological evidence shows that settlements from this time period are mainly distributed in the areas of higher elevation, such as loess tablelands and river terraces (Zhao, 2001; HPICRA, 2009; Liao et al., 2019; Lu et al., 2020). In comparison, western Henan is generally higher in elevation than central regions, with a more diverse array of geomorphologic features. Here, ancient people similarly established settlements on the loess tablelands and terraces (HPICRA, 2009). During this period, hunting and gathering constituted a large proportion of economic and food procuring activities (Kong et al., 1998, 1999; Zhao, 2014, 2017; Li, 2018), which were facilitated in western Henan by the abundant mountainous areas rich with animal and plant resources. This situation helps to explain why sites with carbonized remains from the early Yangshao period are primarily found in western Henan Province (Figure 6A).

Social stratification was low or absent during the Early Yangshao period and society was likely organized around simple kin-based networks (HPICRA, 2009; Dai, 2012). Settlements from this period are small and there is no evidence for any kind of settlement hierarchy (Zhao, 2001). The lithic industry included stone spades, blades, saddle-querns, and rollers and was predominantly based on groundstone tools (ZMIA, 2001), and population densities were low (Wang J. H., 2005; Figure 4F). Our study provides evidence of the presence of mixed cropping systems (based on both types of millet and, in some cases, also rice) from Early Yangshao sites (Figures 5, 6A), reflecting relatively undeveloped and extensive agricultural activities adapted to simple forms of social organization.



The Middle Yangshao Culture Period (4200–3500 BC)

A stable warm and wet climate during the Middle Yangshao period (Shakun et al., 2012; Marcott et al., 2013; Chen et al., 2015; Hou et al., 2019), and the presence of loess soils suitable for rain-fed dry-land farming practices in the central and western Henan Province (HPICRA, 2009), provided improved conditions for early agricultural reclamation and crop sowing. In this period, settlements increase in size and scale and can now be found at the edge of tableland areas. For example, the Nanjiaokou site is located along secondary terraces and along the slope of the middle and lower part of the southern loess tableland (HPICRA, 2009). At this time, the Dongzhuang-Miaodigou type of the Yangshao Culture emerged rapidly in western Henan and expanded vigorously into surrounding areas (Han, 2015). This expansion is also confirmed by the distribution of crop remains, which display a wider and more balanced area of distribution from sites located on terraces, in tableland areas, and along tableland edges during the Middle Yangshao (Figure 6B).

Although the number of carbonized seeds recovered from Middle Yangshao sites is relatively small, the dominance of foxtail millet in these agricultural assemblages is obvious, with broomcorn millet and rice as secondary crops in small and medium sites in the central and western Henan Province (Figure 5B). We speculate that these differences between settlements of different sizes can be explained by the establishment of stratified social organization during this period. As mentioned above, the substitution of broomcorn millet for foxtail millet that occurred during the Middle Yangshao period created a new agricultural system that was now dominated by the higher yielding millet species, which in turn promoted dramatic agricultural developments. Subsequently, differentiation within and between settlements (HPICRA, 2009; Dai, 2012; Luan, 2012; Zhao, 2014; Han, 2015), distinctions between tombs and grave goods (IACASS and HPICRA, 2010) and other phenomena suggesting intensified social stratification were becoming increasingly obvious, marking a period of novel social tensions and relationships between people (Liu, 2005; Wang J. H., 2005; Dai, 2012; Han, 2015).

In this context, economic specialization resulted in the emergence of handicraft activities separate from agricultural production, including specialized lithic, ceramic, and jade working industries, as well as an increase in trade between settlements in commodities and other economic goods (Dai, 2004, 2012, 2016; Jin, 2005; Gao, 2009; Han, 2010). The small size and populations of small settlements meant they functioned primarily as agricultural settlements, whereas the larger populations and more complex economic structures of medium-sized settlements allowed for the emergence of specialized industries with a lesser emphasis on agriculture, explaining the lower probability of recovering crop remains at these sites.



The Late Yangshao Culture Period (3500–3000 BC)

Climatic conditions in these latter periods do appear to fluctuate, including a period of cooling as well as drought from 5.5 to 5 ka BP (Jiang et al., 2006; Chen et al., 2015; Dong et al., 2015; Goldsmith et al., 2017). Climatic fluctuations resulted in changes to surface hydrology, which included a decrease in surface water levels and the subsidence of lake marshes (Sun and Xia, 2005; Dong et al., 2006; Bi et al., 2016). Archeological investigation shows that settlements were being established at lower elevations in this area, with site locations expanding into the lower-lying areas such as river terraces and plains (Zhao, 2001; HPICRA, 2009; Liao et al., 2019; Lu et al., 2020).

Our data show that Late Yangshao period remains are found both along tableland valleys as well as in plains in the central and western Henan Province, with a more balanced the distribution across the landscape (Figure 6C). This was a result of a decline in the level of surface water runoff as well as an increase of arable land in the plains, which provided additional land suitable for agricultural production. During this period, an influx of foreign cultural influences appeared to have caused Yangshao culture in the former western core to decline; Central Henan thus became a place of cultural convergence and a unique cultural system developed in the newly populated region (Luan, 1996; Zhang, 2010; Dai, 2012; Han, 2015). Agricultural activities during this period were therefore more concentrated in central Henan than they were in western regions.

In the late Yangshao period, the average ubiquity of millet and rice, and the average abundance of foxtail millet in large sites was smaller than those in medium and small sites (Figure 5C). At this stage, differentiation between settlements of different scales was more obvious, and differences between settlement areas of different levels was more pronounced (Zhao, 2001; Gao, 2009; HPICRA, 2009). Massive rammed-earth wall structures and weapons found at the Xishan site in Zhengzhou (Yang, 1997) reflect a time period of violent conflict and social tension (Dai, 2012). Concentrated and intensive handicraft production at a large scale is apparent at large and central settlements of this period, and the range and amount of products evident at these sites indicates that these materials were produced to fulfill non-local demands beyond the settlement itself (Dai, 2012, 2016). It is thus likely that this resulted in the more diversified economic structure evident in larger-sized settlements, further evinced by a lower proportion of agricultural remains from these sites compared to smaller settlements.



CONCLUSION

Our study provides new evidence for the remains of carbonized plants from nine late Yangshao sites in the Luoyang Basin. In addition to millet, the hundreds of rice fragments found at the site of Zhaiwan represent the largest assemblage of rice from the Late Yangshao period found in the Luoyang Basin. Combining new data with previous evidence of carbonized plants from the Yangshao period in central and western Henan Province, this paper explores the relationship between agriculture, the environment, and social complexity.

The stable, warm and humid climate in the Mid-Holocene Warm Period provided an optimal environmental background promoting the development of agriculture in the Yangshao Culture, which subsequently became the foundation for further sustainable agricultural developments and the intensification of social complexity throughout this period. Climatic fluctuations affecting surface water levels and runoff distribution and resulting in geomorphologic changes, are associated with the spread of agricultural practices initially located in the loess tableland valley areas at higher elevations during the Early Yangshao and expanding into marginal areas and plains during the Middle and Late Yangshao periods. These low-lying lands—with better hydrothermal conditions in valley areas—meant that these areas were more suitable for rice cultivation than the plains were. Changes in the structure of crop assemblages further affected the distribution of site clusters and changes in cultural areas.

Furthermore, using carbonized macrobotanical remains we obtained key evidence of the substitution of broomcorn millet with foxtail millet by the Late Yangshao, providing a direct contrast to results from this region using phytoliths. We believe that this substitution was primarily driven by population pressure, rather than environmental degradation. The establishment of a highly efficient, foxtail millet-based agricultural system—which had its apex during the Middle Yangshao—promoted population growth, economic and social differentiation, and social stratification, resulting in a period of intensified social complexity.

Finally, our study provides an example of how processes of social complexity can affect the structure and scale of agricultural practices at different types of archeological settlements. In the Middle and Late periods, the average ubiquity and abundance of agricultural crops is lower at larger settlements than in smaller ones—Middle Yangshao period: medium < small; Later Yangshao period: large < medium and small—and this appears to be related to a reduced emphasis on agricultural production at larger settlements, due in part to their more complex economic structures and specialized handicraft production systems.

It should be noted that the imbalance of the number of sites found in western Henan and central Henan during the Yangshao period may have an effect on the distribution of foxtail millet, broomcorn millet and rice, which needs to be verified by systematic analysis of assemblages from more and newly excavated sites in this region.
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Bronze Age Shang China is characterized by its large-scale production system and distinctive ritual world. Both are vividly materialized by a large number of bronze ritual vessels with added lead. Whilst a remarkable amount of research effort has been channeled into the trace elemental and lead isotopic analysis of these ritual vessels, and successfully revealed some important fingerprints such as highly radiogenic lead (HRL), there is as yet no consensus on the metal source(s) which supplied the entire bronze production during the Shang period. In addition to the traditional method to look for matching and mismatching between ores and objects, we propose that environmental archaeological studies can provide crucial clues to address some long-standing questions in archaeometallurgy. In the first part of the paper, we attempt to illustrate the potential and complexity of combining these two subjects together. The second part of the paper offers a case study by reviewing the debate on Yunnan as the source of HRL. Synthesis of various lines of evidence published by most recent studies on environmental archaeology, archaeometallurgy, field reports and radiocarbon dating suggests that this hypothesis appears much less likely than previously suspected.
Keywords: environmental archaeology, archaeometallurgy, Yunnan, highly radiogenic lead, metal pollution
INTRODUCTION
Archaeometallurgy and environmental archaeology have become increasingly important in the study Bronze Age China in recent years (Xu et al., 2011; Zhang et al., 2017; Qiu et al., 2019; Storozum et al., 2020). In fact, these two subjects share a variety of research interests and objectives (Nriagu, 1972; Abbott and Wolfe, 2003; Thevenon et al., 2011; Iles, 2016; McConnell et al., 2018). Archaeometallurgy is primarily focused on all the archaeological records related to metallurgy (Rehren and Pernicka, 2008; Roberts and Thornton, 2014). Metallurgical production is a highly complex process, encompassing mining, ore crushing and selection, smelting, mould-making, casting and recycling. Each of these processes can certainly leave some markers which are detectable by environmental research. However, in the current literature we find very little attempt to correlate these two branches of archaeology in Chinese prehistoric studies. In this paper, we argue that there is great potential for archaeometallurgists and environmental scientists to work together and resolve many critical questions in both disciplines. To exemplify this, we choose to revisit the long-standing issue of highly radiogenic lead (HRL) in Chinese Bronze Age archaeology by integrating the most recent work on archaeometallurgy, environmental science and archaeological excavations. Synthesis of these various lines of information implies increasingly less possibility for Yunnan to be the source of HRL used in Bronze Age Shang China (ca. 1500–1045 BC).
Two features of metallurgical production in Bronze Age China make it particularly relevant for environmental research. The first one is the large scale of production (Ledderose, 2000; Pollard et al., 2017a; Rawson, 2017a). Since the early Shang period, especially from the upper Erligang phase (ca. 1500–1450 BC), one starts to see strong evidence of mass production of bronzes in the Central Plains (Chen, 2016; Rawson, 2017b; Xu, 2020). Although the major part of Shang Zhengzhou is still underneath the present-day Zhengzhou city, the three bronze hoards demonstrate the remarkable skills of bronze casting and the high volume of raw metal accessible to the early Shang power (Henan Institute of Archaeology, 2001). More crucially, they have also provided us with the first robust evidence for bronze ritual vessels being used in sets, which was central to ritual practice throughout the Chinese Bronze Age, and is well-documented in later Eastern Zhou period (ca. 770–256 BC) (Bagley, 1999; Rawson, 1999; Zhang, 2014). This becomes even more prominent in the Anyang period (ca. 1300–1045 BC) where thousands of elite tombs were discovered containing bronze objects. In the tomb of Fu Hao, the only intact royal tomb so far excavated at Anyang, archaeologists recovered 1.6 tonnes of bronze objects (The Institute of Archaeology, 1980; Bagley, 1999). Another good example of the large-scale of bronze production at Anyang is the famous Houmuwu Ding, containing over 830 kg of metal. Both Fu Hao’s metal assemblage and the Houmuwu Ding mean that craftspeople had to process probably tens or even hundreds of tons of ores and slags, depending on the type and quality of the ores. It is important to note that although Anyang was probably the largest bronze consumer during the late Shang dynasty, it is nevertheless located in the Central Plains with the least abundant nearby metal resources (Liu and Chen, 2009; Li, 2014; Liu, 2016). The majority of metal resources in China are distributed in the middle and lower Yangtze river valley, Yunnan, the Hexi Corridor and Northeast China. Therefore, apart from the workshop practice, more labor was certainly necessary for mining, smelting and transporting metals from other places to the Central Plains. Moreover, metal production in the entire Chinese Bronze Age was based on ceramic piece-mould casting. Preparing the ceramic molds obviously required more fuel (i.e., charcoal), leading to the expectation that intensive markers would be left in various environmental records (e.g., deforestation, pollution or other anthropogenic proxies, see below).
The second feature of metal production for Bronze Age China is the addition of lead (Pollard et al., 2017a; Pollard et al., 2017b). Although metallurgy was introduced into the Central Plains from the steppe (Roberts et al., 2009; Linduff and Mei, 2014), with specific timing and route(s) still to be ascertained, the prevailing alloying recipes on the steppe are tin bronze, arsenical copper and arsenical bronze (Chernykh, 1992; Mei, 2009; Hsu, 2016). In contrast, it was only in the Central Plains that lead became a major alloying element. It is so far still impossible to illustrate when exactly lead started to be deliberately added to copper. Some evidence derives from the range of lead percentages in the objects. Since Erlitou Phase IV, one can see an increasing number of copper-alloyed objects containing lead over 5% (Jin, 2008; IA; CASS, 2014). This is undoubtedly beyond the general level of impurity in coper ores and can therefore be considered as a deliberate addition. Further evidence comes from Anyang. In the top-elite tomb M1046 (dated to Anyang Phase IV), the nine ritual vessels show a remarkably high percentage of lead, but with very narrow variation (between 30 and 35% Pb), suggesting a well-controlled alloying practice for lead (Zhao et al., 2008; Liu et al., 2020b).
Both large-scale production and the widespread use of lead could exert profound impacts on the environment. However, there is considerable complexity involved in integrating archaeometallurgy with environmental records (Figure 1). The most characteristic environmental marker left by metallurgical production is probably the increased levels of metallic elements, such as copper, tin, lead, arsenic, nickel, zinc in the environment. Each step of metallurgical production can significantly increase the concentrations of metallic elements in the atmosphere or biosphere. Therefore, the rise and fall of metallurgy in one region is often used as a reason to explain metal variations in the environmental records, such as ice cores, lake sediments and excavation profiles (Abbott and Wolfe, 2003; Zhang et al., 2017; McConnell et al., 2018). This is particularly true if regional metallurgical production can be linked to state expansion or warfare, when more metal objects (i.e., weapons) became widely needed. The Greenland ice core shows various rises and falls in the level of lead since ca. 1000 BC, which were ultimately sourced to the lead pollution in Europe by the atmospheric circulation modeling. Further archaeological and historical evidence back up such linkages. Based on a refined high-resolution chronology (ca. 1–10 years), McConnell et al. (2018) were able to correlate the changing levels of lead in the ice core to a variety of human factors that affected the production of silver in Europe, such as the Phoenician expansion, new silver mines being opened, along with Roman expansion and plagues that destroyed local mining industries. Silver is generally extracted from argentiferous lead ores, so the increased production of silver gives rise to increased levels of lead in the atmosphere. Similar examples can be also found in the silver extraction in Potosi, South America from the 16th century CE. The patterns of metallic elements (Pb, Sb, Ag, Bi and Sn) reveal critical information on not only the scale of local silver production (approximated by the lead spikes in the lake sediments), but also the technological changes brought about by local people or early Spanish arrival. The rapid disappearance of spikes for Ag, Bi and Sn were caused by the improved capability of local smelters to control these volatile elements. However, the new Spanish smelting technology used stone furnaces to overheat the ores, which not only failed to extract their targeted silver, but also triggered higher metallic pollution in atmosphere, which was also registered in the lake sediment. It was only in 1572 CE when mercury amalgamation was introduced into Bolivia from Mexico which allowed people to extract low-grade ores more efficiently and reduce these atmospheric fluxes (Abbott and Wolfe, 2003).
[image: Figure 1]FIGURE 1 | Potential environmental changes caused by metallurgical production.
The ultimate reason for the complexity of combining archaeometallurgy and environmental data is that, apart from metallurgy, a range of different anthropogenic activities and natural factors can also result in the rise of metallic concentrations in sediments. One vivid example comes from four Neanderthal cave sites in the Iberian Peninsula. Scholars have discovered a substantial elevation in the concentrations of copper, zinc, nickel and lead in the profile of the cave sites, which were clearly unrelated to metallurgy. Copper, zinc and nickel are crucial micronutrients for plant growth, and therefore the resultant wood ash after combustion may well concentrate these metallic elements in cave deposits. For some samples, guano (bird or bat droppings) is also an important source for zinc and copper. Lead is slightly different in this case, as it is more likely to be derived from galena (or lead ornaments) leaching down from upper layers (Monge et al., 2015). The scope of catchment is another key issue in interpreting metal pollution and other environmental markers. For some environmental records such as the Greenland ice cores, the lead pollution was mainly transported from continental Europe by air movement (macro-scale) (McConnell et al., 2018). In other cases, local sources and activities can be more significant, particularly for lakes which were linked to local rivers associated with metallurgical activities (mining or smelting). Other issues are related to chronological resolution. Whilst it is sometimes possible to use isotopic analysis to source metal pollution, in most cases scholars have to rely on chronology (e.g., synchronicity) to 1) establish correlation between metallurgy and environmental changes and 2) deduce underlying causality. The exact sequence of events is therefore of uttermost importance but due to the lack of good-quality materials for dating, the chronological resolution for environmental or archaeological records could be more than one hundred years for some key periods, making it less useful to interpret potential cause and effect between different events in Bronze Age.
THE CURRENT STATE OF DEBATE
The Current State of Debate on Highly Radiogenic Lead
In Chinese archaeology, highly radiogenic lead, or HRL, refers to a specific type of lead characterized by higher values of the lead isotopic signature (e.g., 206Pb/204Pb > 19, 207Pb/204Pb > 15.75 and 208Pb/204Pb > 39.0) (Jin, 2008; Liu et al., 2015; Jin et al., 2017). These higher isotopic ratios are ultimately derived from excessive amounts of uranium and/or thorium in the geological environment (Russell and Farquhar, 1960; Pollard et al., 2017c). It was first discovered in the bronzes at Anyang, the last capital of the Shang dynasty (ca. 1300 BC–1050 BC), by Prof Jin Zhengyao and his Chinese and Japanese colleagues (Jin, 1987). This soon rose to world-wide academic attention because HRL has to be formed through a very unique geological history, in which uranium and thorium have to be mobilized together (Prof D. Killick pers. comm). This is easier for uranium which can be dissolved in water and incorporated with other minerals. But thorium is insoluble and thus requires a different geological mechanism to be emplaced in the deposits (Chen et al., 2020; Liu et al., 2021). Several surveys of the geological literature show that the number of metallic deposits which can yield HRL is far less than those giving common lead (Jin et al., 2017; Hsu and Sabatini, 2019; Hsu et al., 2021).
Decades of effort in tracking HRL have produced a comprehensive illustration of the spatial-temporal pattern of HRL during the Shang period (ca. 1500–1050 BC). The current consensus is that HRL firstly came in to use around the Erligang Lower Phase (Jin, 2008), though one bronze fragment at Erlitou is also highly radiogenic (Jin et al., 2001; Liu et al., 2021b). It soon came to dominate the supply of metal during the Erligang period. Not only at Erligang, now known as Zhengzhou, one of the capitals for the early Shang dynasty, but also at Panlongcheng along the Yangtze River, at Hanzhong along the Han River and at Mogou in the east Hexi Corridor exist a considerable number of objects been discovered with HRL. It became even more widely distributed during the Anyang period, covering northeast China, the Central Plains, middle and lower Yangtze River Valley, Hanzhong Basin and Sichuan Basin. However, the use of HRL suddenly ceased after the Shang dynasty. To be more specific, at Anyang, it once dominated over 75% of metal supply in Phase II and 50% in Phase III, but virtually disappeared in Phase IV. So far, the latest site which was heavily dependent on radiogenic lead is Jinsha in the Sichuan basin, dated to the early Western Zhou dynasty (for more details see Jin et al., 2017 and Liu et al., 2021).
The provenance of HRL has been a matter of intense debate since Jin and colleagues discovered this signal in Shang bronzes in the 1980s. It is of critical importance for reconstructing the flow of metal during the Shang period and the organization of mass bronze production that underpinned the ritual world across the Yellow and Yangtze River. Based on a comparison of lead isotopic ratios between the Shang bronzes and geological data (ores such as galena), Jin proposed that Northeast Yunnan was where the “best match can be found between the Shang bronzes and local ores”, although he admitted himself that they are not completely the same (NE Yunnan is much less radiogenic than the Shang bronzes, see Jin, 2008: 21). This stimulated an extensive debate between archaeologists and geochemists. No other archaeological evidence has been found to support such long-distance communication between Yunnan and the Central Plains in the Bronze Age. Moreover, the earliest metallurgical evidence at Yunnan can only be traced to ca. 1000 BC (see below for updated chronology). The archaeological sites discovered after this pioneering isotopic work at Anyang, such as Sanxingdui, Jinsha, Xin’gan and Hanzhong, all subsequently yielded a significant proportion of bronzes with HRL. The finding of HRL at Sanxingdui and Jinshan in the Sichuan Basin, which is obviously closer to Yunnan than the other sites, seem to support the argument of a Yunnan provenance for this metal. Jin further proposed two routes via which metal could be moved from Yunnan to the Central Plains (Figure 2; Jin, 2008: 59–60, 147,285–289). The southern route was more favored as it takes advantage of the river system and also explains the wide distribution of HRL along the middle and lower range of the Yangtze River.
[image: Figure 2]FIGURE 2 | Key archaeological sites mentioned in the text and the proposed northern and southern routes of highly radiogenic lead (HRL) from Yunnan to the Central Plains.
A Yunnan provenance has, however, been challenged by new data from both geologists and archaeologists. More and more lead isotopic data has been published for lead ores in China, showing that a variety of regions can produce HRL, including not only Yunnan, but also the Zhongtiao Mountains (Tong, 2012; Qin et al., 2020), the Qinling Mountains (Chen et al., 2019; Zhangsun et al., 2021), metallic deposits along the Yangtze River (Peng et al., 1999), Northeast China (Wang et al., 2020), the Hexi Corridor (Chen et al., 2020; Liu et al., 2021b: Hexi type HRL) and Xinjiang (Liu et al., 2020a). Recently, even South Africa has been listed as one potential source of HRL for Chinese bronzes (Sun et al., 2016; Liu et al., 2018b; Liu et al., 2018c; Sun et al., 2018). Liu et al. (2018a) reviewed lead isotopic data for a wider range of lead-bearing materials (e.g., copper-based objects, glaze, glass, and pigments) and pointed out that HRL sources of lead were explored across Chinese antiquity. It is highly unlikely that one specific source of HRL could have been repetitively exploited over such a long period. However, what remains uncertain is how many sources were used within the chronological range of the Shang dynasty. Sources such as Zhongtiao, the middle and lower Yangtze and Qinling are favored by archaeologists as they already showed clear evidence for a mining industry during the Shang period. Data accumulated in the last ten years from environmental archaeology, field archaeology and archaeometallurgy allows us to revisit this debate from a fresh perspective and perhaps allows us to exclude some possible sources previously discussed.
New Evidence From Environmental Archaeology
Much research effort has been devoted to reconstructing the human-environment relationship in prehistoric Yunnan. The analytical data from the cores taken from the lakes of Erhai in Northwest Yunnan, Dian and Xingyun in Central Yunnan, are particularly interesting as their environmental data include the key metal concentrations (e.g., copper, lead, silver and zinc, Figure 3) (Dearing et al., 2008; Hillman et al., 2014; Hillman et al., 2015; Hillman et al., 2019). Dearing et al. (2008) discovered that in the core of Erhai the copper concentration started to rise around 1400 BC, and linked this to the metallurgical production around the Erhai Lake. The earliest evidence for metallurgical production in Yunnan comes from Haimenkou and Yinsuodao, which fall in the catchment area of Erhai Lake (see Earliest Archaeological Evidence at Yunnan Metallurgy). However, lead in the core remained at a rather low level until AD 400. Its rapid increase in the later period was probably due to local silver production, in which cupellation was employed to extract silver from lead ores, and lead was the major by-product released into the atmosphere. Hillman et al. (2015) present similar results for Erhai, showing a clear rise in copper concentration, from 26.8 ± 1 μg/g (2500–2000 BC) to 51.1 μg/g (ca. 1500 BC) but very low levels of lead. They also confirm a synchronous rise of lead and silver starting at around AD 200, which is earlier than the period proposed by Dearing et al. (2008). The Xingyun lake is located in central Yunnan and thus represents a different area of catchment. Although the chronology of the core data only extends to 1BC/AD, it still presents some useful data to infer the earlier metallurgy. The lead concentration remains at a very low level (ca. 10 μg/g) until the rise of the Nanzhao Kingdom (AD 738–AD 902), which was probably also due to an increasing scale of silver smelting. The low level of lead pollution in the Xingyun lake in the earlier stage might suggest the absence or very limited scale of metallurgical activities around the eastern part of Yunnan. This assumption is further confirmed by the most recent data from the Dian lake, which is around 60–80 km to the northwest of the Xingyu lake. It also shows a consistently low and stable level of lead pollution (ca. 10 μg/g) between 2000–1 BC/AD (Hillman et al., 2019).
[image: Figure 3]FIGURE 3 | Synthesis of metal pollution data in ancient Yunnan (modified from Hillman et al. (2019); Hillman et al. (2015); Hillman et al. (2014); Dearing et al. (2008)).
In addition to metal pollution, the other major environmental impact which could be caused by large-scale prehistoric metallurgy is deforestation, since both smelting, casting and mold-making (clay), sometimes also mining (use of fire to crack the rocks), required large amounts of charcoal as fuel. This is nevertheless not completely inevitable, depending on the scale of wood exploitation, and on the forest management practices such as coppicing. Charcoal cannot be made from large trunks, so charcoal production is usually associated with coppicing to manage the trees to produce small branches. Figure 4 summarizes the variation of pollen data from four lake cores. There appears no evident decrease in the tree pollen data around 2000–500 BC, suggesting the absence of large-scale deforestation in Yunnan. This implies that the possibility of discovering very large-scale metallurgical production in Yunnan dating to this period is very low. The data from the Erhai lake however shows a visible decrease in tree pollen data after 500 BC as well as an increase in poaceae pollen, suggesting stronger human activities probably due to expansion of settlement and agriculture. Whilst textual records in the Eastern Zhou and later periods do testify to metallurgical activities in Yunnan, it is also important to bear in mind that settlement and agricultural production could also result in a similar pattern in the pollen record.
[image: Figure 4]FIGURE 4 | Summary of pollen data for ancient Yunnan (Green lines: tree pollen percentage; Blue lines: poaceae pollen percentage; data source: Shen et al. (2006); Chen et al. (2014); Xiao et al. (2014); Wu et al. (2015); Xiao et al. (2015)).
Earliest Archaeological Evidence at Yunnan Metallurgy
The date of the earliest metallurgical production in Yunnan has been debated for decades. Although Jianchuan Haimenkou is widely regarded as the site with the earliest metallurgical evidence, the lack of systematic excavation and high-quality radiocarbon dates has prevented scholars from engaging in further discussion. Two small-scale excavations were carried out at Haimenkou in the years 1957 and 1978, respectively, but only two radiocarbon dates were published. Moreover, a huge chronological discrepancy of 500 years is indicated by these two dates, leading to deep confusion among archaeologists as to which period the archaeological records should be assigned (Min, 2013; Li and Min, 2016).
Local archaeologists decided to perform a much larger and more systematic excavation from 2008. A series of well-defined stratigraphies and high-quality radiocarbon dates are now published, allowing a much more detailed investigation into the development of metallurgy at Haimenkou. The local metal objects are markedly different from those bronze ritual vessels in the Central Plains or the standing figures and human heads at Sanxingdui. At Haimenkou, the objects are all in small sizes, including a bell, knives, chisels, awls, arrows and bracelets. A piece of stone mold has also been discovered, indicating a different metallurgical tradition to that elsewhere in China. The new excavation identified ten stratigraphic layers in total, and the evidence of metallurgy (one bell, one copper tube, one needle, one chisel, one copper block, one awl and one knife) starts in layer VI. Surprisingly, two iron objects were also recovered from the same layer (Min, 2009).
Defining the chronology of the layer VI is however not an easy task. Li and Min (2016) argue that the metal objects in layer VI were most likely dated after the Western Zhou, with the Spring and Autumn Period (ca. 770–475 BC) as the terminus post quem and the early Warring States (ca. 475–221 BC) as the terminus ante quem. Their argument is primarily based on the iron pieces (one small iron circle and one small iron bracelet), the “alloying technology” of the copper objects and one specific radiocarbon date. Metallographic analysis shows that the iron objects were smelted iron rather than meteoritic, and a similar cast iron technology was encountered at the Guo state cemetery at Sanmenxia, which can be safely dated to the early Western Zhou at the earliest (ca.11th–10th century BC). The copper block contains 5.3% antimony, which is rare compared to the prevailing tin-bronze (Cu-Sn) or leaded bronze (Cu-Sn-Pb) elsewhere in China. They argue that such “alloying technology” is more likely to be dated to later periods such as the Warring States, with no further evidence being provided. Moreover, one millet grain discovered in layer VI is radiocarbon dated to the early Warring States (730 BC–410 BC, 68.2% probability; 760 BC–400 BC, 95.4% probability).
The occurrence of Cu-Sb should not be considered on its own as evidence for dating. As Li and Min (2016) pointed out, smelting of some natural mixed copper ores such as tetrahedrite Cu12Sb4S13 could also result in such an unusual chemical composition. The word “alloying technology” is sometimes used too casually in archaeometallurgical literature, which is ultimately rooted in the modern industrial metallurgy in which many archaeometallurgists were trained. It is a common assumption in the Chinese literature that any element beyond 2% in the metal can be considered as an intentional addition to copper (thus an alloying element), added in order to modify the physical properties of the finished objects. This is potentially meaningful if one is dealing with a large number of analyses, but should by no means be treated as a golden rule when applied to a single object. A similar case can be found in the early Shang metal assemblage at Hanzhong, where a variety of rare chemical combinations (Cu-As, Cu-Sb, Cu-As-Ni) can be found (Chen et al., 2009; Mei et al., 2009; Chen et al., 2016). This is almost certainly to do with local types of ores rather than artificial alloying. A more detailed discussion of alloying technology/practice can be found in Pollard et al., 2018, Pollard et al., 2019 (chapter 3 and 2019).
The radiocarbon date from the millet seems to be the most compelling evidence. However, three other radiocarbon dates from the same layer suggest a rather earlier chronology of around 1300–1100 BC. Figure 5 shows a new Bayesian model for the Haimenkou chronology, which integrates not only the radiocarbon dates but also the stratigraphy. Given the fact that two samples are charcoal from unknown species (therefore of unknown ring position relative to the outer ring), we chose to apply Charcoal Plus Outlier Model to these samples, in order to minimize the potential effect of inbuilt-age (Dee and Bronk Ramsey, 2014). For the other samples, we have applied a General_Outlier model to reveal possible outliers due to laboratory analysis or erroneous stratigraphy (Bronk Ramsey, 2009). It is rather obvious that the posterior range of the date from the layer VI millet (BA081097) is far later than the other three dates and is completely inconsistent with the stratigraphic sequence (Figure 5B). Bayesian analysis also confirms that the probability for this sample to be an outlier is extremely high (ca. 88%). As all the samples followed the same analytical protocol, it is highly unlikely that this offset is due to laboratory analysis. We think it is most likely to be an intrusion from upper layers, therefore giving a much later date. In this light, it is also necessary to reconsider whether or not the two iron pieces were also intrusions.
[image: Figure 5]FIGURE 5 | Remodeling of the radiocarbon dates from Haimenkou ((A). the modeled start and end date for each stratigraphic layer at Haimenkou; (B). the four radiocarbon dates assigned to the Layer VI; (C). some metal objects recovered at Haimenkou; data source: Li and Min (2016)).
After careful investigation into the complexity associated with chronology, it is reasonable to argue that so far the earliest metallurgical production at Haimenkou can be dated to around 1200 BC. This is still approximately three hundred years later than the first use of HRL in the Central Plains. The most recent excavation shows a scale of metallurgical activity at Haimenkou that is far from being equivalent to any major metal producers or consumers along the Yangtze or the Yellow River. All the recovered metal objects are small in size, designed for daily use or personal ornaments. No evidence of large metal production/consumption has been found. This raises the question that, if Yunnan was the producer of HRL which supported the metal production at Zhengzhou, Anyang, Sanxingdui, Hanzhong, Panlongcheng, Xin’gan and many others, why the contemporary metal production within Yunnan was still so primitive.
The alloying pattern can also throw some extra light on to this issue. Figure 6 compares the distribution of lead and tin of the objects from Haimenkou (Cui and Wu, 2008; Li and Min, 2016), Zhengzhou and Anyang. Approximately 90% of Haimenkou objects (dated to all periods from ca. 1200 BC to 200 BC) contain lead at no more than 3%. The majority of objects are tin-bronzes. However, almost all the objects at Zhengzhou and Anyang are leaded bronze, except for those of Anyang Phase II, which is well-known for high-tin bronze (Zhao, 2004). There has been a long-standing question concerning the radiogenic lead, namely, whether the highly radiogenic signal derives from the lead or the copper. Some objects without added lead, for instance, less than 1–2%, do have HRL, so they may come from a copper source containing HRL lead, the majority have added lead which must be HRL (Jin, 2008; Jin et al., 2017; Liu et al., 2020c). If HRL did indeed originate from Yunnan, it is then hard to comprehend why lead was not used to alloy local objects.
[image: Figure 6]FIGURE 6 | Alloying pattern in Haimenkou, Zhengzhou and Anyang.
Whilst a large number of publications have focused on comparative studies of lead isotopic data among various metal assemblages, there is still very little attention paid to the bronzes from Southeast Asia, which are arguably more relevant to interpret the Yunnan bronzes (Higham et al., 2011; Higham et al., 2020; Yao et al., 2020; Higham and Cawte, 2021). Yunnan and Southeast Asia bear a range of resemblances in terms of material culture. Both regions lie in the crunch area of Himalaya, which is very active in geological history, leading to many folds therefore rich metal deposits such as copper, tin and lead (Zaw et al., 2014; Cheng et al., 2016). Thanks to the decades of research made by Pryce and his colleagues (Pryce et al., 2011; Pryce et al., 2014; Pryce et al., 2018), 466 sets of lead isotopic ratios have been published for the metal assemblages excavated in Southeast Asia, ranging from 1000 BC to 700 AD. Figure 7 summarizes almost all the lead isotopic data for bronzes from Bronze Age Southeast Asia and China, with Yunnan being highlighted. It is important to observe that Yunnan bronzes and those from Southeast Asia are directly comparable in terms of both typology and lead isotopic ratios, reflecting mutual exchange of metal and similar geological background. Nonetheless, neither of them can be matched to HRL. Intriguingly, one copper adze from the site of Wangjiadun in Yunnan (around 1200–1050 BC) shows a typical Shang HRL (Cui and Wu, 2008). Without further information, it is difficult to tell whether this was made from recycling of objects in other regions.
[image: Figure 7]FIGURE 7 | Comparison of lead isotopic data from copper-based artifacts from Yunnan and SE Asia (data from https://flame.arch.ox.ac.uk/, see also Perucchetti et al. (2021)).
CONCLUSION AND FUTURE PERSPECTIVES
The discovery of HRL is one of the most crucial keys to reconstructing the supply network and management system of the metal resources during the Shang period. However, its unresolved issue of provenance makes the whole discussion like a floating chronology, which still lacks an absolute chronological point to be anchored to the real calendar years. In addition to the commonly used archaeometallurgical approaches, evidence produced by environmental archaeology can be equally thought-provoking. Metallurgical production should reshape as well as adapt to the local environment. Both environmental archaeology and archaeometallurgical research in China have made marked progress in their own field in the last two decades or so. Each discipline has produced crucial and stimulating results of interest to the other. It becomes increasingly meaningful and practical for scholars to carry out more cross-disciplinary cooperation to resolve many shared issues that combine environmental studies and archaeometallurgy. Reviewing the recent published environmental records, together with new excavation results, radiocarbon chronology and alloying practice, reveals no further evidence to support Yunnan as the source of HRL. Rather, environmental archaeology suggests no large-scale metallurgical activities at Yunnan until the historical period. Cooperation between environmental archaeology and archaeometallurgy in China is still surrounded by various issues. It is imperative to establish systematic theoretical framework in order to trigger more dynamic dialogue between the two subjects and more environmental records should be collected and analyzed for more specific questions in archaeometallurgy.
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The processes and mechanisms of cultural evolution provide helpful insights into the origin and development of civilizations. This study analyses data from the national archaeological survey using kernel density analysis, a geospatial tool provided by ArcGIS10 software, to explore the spatiotemporal pattern of cultural evolution from the beginning of the Yangshao cultural period to the Bronze Age in the Yellow River basin. Agricultural development and the environmental background of this region were reconstructed using published flotation materials and high-resolution paleoclimate records. The results indicate that cultural expansion and differentiation from Yangshao (7000–5000 BP) to Longshan period (4600–4000 BP) are responding to the establishment and strengthening of millet-based agriculture and the appearance of multiple subsistence strategies in the context of environmental deterioration. To the Bronze Age, the center of sites accumulates to the Central Plains and Shandong, in contrast to the continuous cultural expansion and differentiation. The opposite circumstance may result from early urbanization along with the formation of a social system with high centralization of power.
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INTRODUCTION
The process and influencing factors of cultural evolution have been widely studied (Weiss et al., 1993; DeMenocal et al., 2001; Dong et al., 2012; Dong et al.2013; Kennett et al., 2012; Medina-Elizalde and Rohling, 2012; Cui et al., 2018). The Neolithic is one of the most pivotal periods to examine cultural evolution because of the major changes associated with the development of food-producing economies and growing population unseen in prior periods. By studying the spatiotemporal pattern of cultural evolution and its influencing factors, we can better understand the origin and changing mechanisms of a civilization.
Much attention is given to the study of Chinese civilization. The Yellow River basin is the cradle of Chinese civilization. The earliest Neolithic sites are distributed along the Yellow River basin from east to west, including the Houli site in Shandong Province, the Donghulin site in Beijing, the Cishan site in Hebei Province, the Peiligang site in Henan Province, the Laoguantai site in Shaanxi Province, and the Dadiwan site in Gansu Province. The modern Chinese civilization however was established during the Bronze Age as seen by the founding of several dynasties during this period, including the Xia, Shang, and Zhou. These dynasties were centered in the middle and lower reaches of the Yellow River basin.
Neolithic culture in the Yellow River basin (Figure 1) can be broadly divided into three periods: pre-Yangshao period (9000–7000 BP), Yangshao period (7000–5000 BP), and post-Yangshao period (5000–4000 BP). During pre-Yangshao period, cultural groups include, Xiaohexi culture (9000–8200 BP), Houli culture (8500–7500 BP), Xinglongwa culture (8200–7400 BP), Cishan culture (8000–7000 BP), Peiligang culture (8500–7000 BP), Laoguantai culture (8200–7000 BP),and Dadiwan culture (7800–7300 BP). Several cultures including Banpo (7000–5900 BP), Miaodigou (6000–5500 BP), Xiwangcun (5600–5000 BP), Qinwangzhai (5600–5000 BP), early Dahecun (5900–5500 BP), Beixin (7300–6200 BP), early to mid Dawenkou (6300–5000 BP), and early Majiayao (5300–4800 BP) belong to the Yangshao period. The post-Yangshao period in the Neolithic is also known as the Longshan period and includes the Shandong Longshan (4600–4000 BP), Miaodigou Ⅱ (4900–4300 BP), Wangwan Ⅲ (4500–3900 BP), Keshengzhuang Ⅱ (4500–4000 BP), Hougang Ⅱ (4600–4000 BP), Taosi (4600–400 BP), Caiyuan (4800–4200 BP), and early Qijia (4300–4000 BP) cultural sites which are found in a different area of the Yellow River basin during this period. Different cultural sites of the Bronze Age have begun to be parsed in other parts of the Yellow River basin. Several cultural sites such as Siba (3700–3200 BP), Xindian (3600–2500 BP), Kayue (3600–2500 BP), Siwa (3400–2400 BP), and Shajing (2700–2100 BP) have been discovered in the upper Yellow River basin. Other Bronze Age cultural sites including Erlitou–Erligang (3900–3000 BP), Yueshi (3800–3400 BP), and Lower Xiajiadian (4300–3600 BP) are found in the middle and lower reaches of the Yellow River basin. At the same time, many archaeological remains associated with the Shang and Zhou dynasties have been found in this area. It should be noted that cultures what we talked about are material culture complexes and not genetic groups or political formations.
[image: Figure 1]FIGURE 1 | Culture sequence in the Yellow River basin and surrounding regions.
According to the second national relic survey (Bureau of National Cultural Relics, 1991; Bureau of National Cultural Relics, 1996; Bureau of National Cultural Relics, 1998; Bureau of National Cultural Relics, 2002; Bureau of National Cultural Relics, 2003; Bureau of National Cultural Relics, 2006; Bureau of National Cultural Relics, 2009; Bureau of National Cultural Relics, 2010; Bureau of National Cultural Relics, 2011a; Bureau of National Cultural Relics, 2011b; Bureau of National Cultural Relics, 2013; Mei and Kong, 2008), approximately 147 pre-Yangshao period sites have been identified in the Yellow River basin and its surrounding region. These sites are relatively small and usually consist of less than a 1000 square meters. Most of these sites appear to be dispersed and exhibit mutual independence from each other, although there may be some evidence of faint links among the Peiligang, Laoguantai, Cishan, and Houli cultures, as shown by Han (2015). This study examines the spatiotemporal pattern of sites from the Yangshao period, Longshan period, and Bronze Age in the Yellow River basin with the use of kernel density analysis, a geospatial software tool. In addition, this study simultaneously compares two methods of inputting data into this analysis tool and the usefulness of the results. These results are discussed by reviewing previous evidence from archaeological excavations in the region to highlight the results’ potential connection to agricultural development and geopolitics.
STUDY AREA
The study area (95.8°E–122.7°E, 32.1°N–41.8°N) covers the Yellow River drainage basin and its surrounding regions in northern China, stretching approximately 2300 km from the Hexi Corridor in the west to the Shandong Peninsula in the east. This area encompasses all of Ningxia, Shaanxi, Shanxi, Henan, Tianjin, Beijing, and Shandong provinces and part of Qinghai, Gansu, Inner Mongolia, Hebei, and Liaoning provinces. The Yellow River and its two main tributaries (the Weihe River and the Fenhe River), the Luanhe River, and the Haihe River flow through these regions (Figure 2). The Yellow River is approximately 5464 km long, with its drainage basin covering 795,000 km2 and its altitude decreasing 4480 m from west to east. The mean annual temperature ranges from −4 to 14°C, and the mean annual precipitation ranges from 80 to 1200 mm. As the cradle of Chinese civilization, the Yellow River basin was the cultural and economic center of ancient China until the dynasties of South Song and Yuan. Several prehistoric sites are distributed within this study area, including 5920 Yangshao sites, 7788 Longshan sites, and 18682 Bronze Age sites (Figure 3, Bureau of National Cultural Relics, 1991; Bureau of National Cultural Relics, 1996; Bureau of National Cultural Relics, 1998; Bureau of National Cultural Relics, 2002; Bureau of National Cultural Relics, 2003; Bureau of National Cultural Relics, 2006; Bureau of National Cultural Relics, 2009; Bureau of National Cultural Relics, 2010; Bureau of National Cultural Relics, 2011a; Bureau of National Cultural Relics, 2011b; Bureau of National Cultural Relics, 2013; Mei and Kong, 2008). Several typical sites belonging to these three cultural periods display along the Yellow River basin and surrounding regions; among them, Beixin, Dawenkou, Miaodigou, Banpo, Fulinbu are classified as Yangshao period sites (Figure2, pink points); Zhaogezhuang, Hougang, Wangwan, Taosi, Caiyuan, and Lajia belong to Longshan period sites (Figure2, dark squares); and Beichengzi, Yinxu, Zhengzhou Shang, Dongxiafeng, Xindian, and Shaguoliang are considered as Bronze Age sites (Figure2, green triangles).
[image: Figure 2]FIGURE 2 | Study area.
[image: Figure 3]FIGURE 3 | Distribution of sites from pre-Yangshao period to the Bronze Age in the Yellow River basin and surrounding regions.
MATERIAL AND METHODS
Material
The archaeological site information is collected from published “Atlas of Chinese Relics” of 10 provinces and two municipalities (Bureau of National Cultural Relics, 1991; Bureau of National Cultural Relics, 1996; Bureau of National Cultural Relics, 1998; Bureau of National Cultural Relics, 2002; Bureau of National Cultural Relics, 2003; Bureau of National Cultural Relics, 2006; Bureau of National Cultural Relics, 2009; Bureau of National Cultural Relics, 2010; Bureau of National Cultural Relics, 2011a; Bureau of National Cultural Relics, 2011b; Bureau of National Cultural Relics, 2013; Mei and Kong, 2008). The information (including site location, area, and cultural attribute) is used to indicate the distributional pattern of site in north China. This “Atlas of Chinese Relics” was published after the second national archaeological survey conducted in 1981–1985, which was organized by the Provincial Administration for Cultural Heritage. The data shown in the “Atlas of Chinese Relics” use a unified format and mapping standard. We digitized these atlases to collect the geographic coordinates, cultural attributes, and site size data in order to investigate kernel density.
Methods
By using the kernel density tool provided by ArcGIS10, the site distribution patterns of the three phases are tested and compared. As a method of converting a group of points into gratings, kernel density calculates the density of point elements around each output grating cell. In this process, a smooth surface is fitted at each point. The surface value is highest at the point and decreases as the distance from the point gets larger. It reaches zero at the distance from the search radius of the point. The kernel function is used to determine how the curvature decreases. In this case, we use the quartic kernel function. The volume under the surface is equal to the fill field value of the point, or 1 if no value is specified. Then, the density of each output grating cell is calculated by adding the values of all the core surfaces covering the center of the grating cell. In our example, the population field is specified by the site size to reasonably increase the weight of large sites. Without considering the influence of the site size, we also generate the kernel density without specifying the population field representing the distribution pattern. Conceptually, each site is like a hilltop surrounded by decreasing altitude values, and the nuclear density is used to restore a continuous surface. The search radius (or bandwidth) determines the smoothness of the surface: the larger the search radius, the wider the accumulation on the smooth surface; the smaller the search radius, the narrower the accumulation on the concave convex surface. The default search radius recommended by ArcGIS is calculated by dividing the smaller of the width or height of the input range by 30, which in our case is about 35 km. Considering the large sample area, the method of twice the default value of 70 km is used to distinguish the three-phase distribution pattern. To ensure the comparability of the final results, the uniform search radius is specified to analyze all the nuclear densities, and the highest peak value is adjusted reasonably to keep the high consistency of the results represented by ArcScene (Figure 4).
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(Silverman, 1986)
[image: Figure 4]FIGURE 4 | Results of kernel density (with and without specifying weight). (A) Site number density of Yangshao sites. (B) Site number density of Longshan sites. (C) Site number density of the Bronze Age site. (D) Area density of Yangshao sites. (E) Area density of Longshan sites. (F) Area density of Bronze Age sites.
RESULT
Kernel Density Analyses Without Specifying Weight (or Site Number Density)
A spatial pattern of the relative site density for each period was created using kernel density analysis without specifying a weight (or in this case without considering site size). These results are shown in Figure 4. Most Yangshao sites are distributed in the valleys of the upper and middle Yellow River and its main tributaries including, the Weihe River, the Fenhe River, the Taohe River, and the Huangshui River. The largest clustering of sites appears to be centered in the Guanzhong basin, Shaanxi Province (Figure 4A).
During the Longshan period, site density on the landscape changes and expands to several regions along the Yellow River basin. Numerous Qijia cultural sites dating to this period are found in the Huangshui River and Taohe River valleys. Miaodigou II, Wangwan III, Keshengzhuang II, Hougang II, Taosi, and Caiyuan cultural sites have been found widely distributed on both sides of the middle Yellow River. Shandong Longshan cultural sites are known from the region downstream of the Yellow River. In addition to being distributed along the river valley, Longshan period sites are also found in higher elevations among the foothills and mountains surrounding the Yellow River basin including sites found in north Shaanxi, northeast Henan, southwest Shandong, and north Shanxi provinces (Bureau of National Cultural Relics, 1991; Bureau of National Cultural Relics, 1998; Bureau of National Cultural Relics, 2006; Bureau of National Cultural Relics, 2011a; Bureau of National Cultural Relics, 2013). Site density during the Longshan period differs from the Yangshao period, instead of high site density being found in one central location on the landscape, and multiple centers begin to appear located in east Gansu, south and central Shaanxi, south Shanxi, and west Shandong provinces (Figure 4B).
The number of sites in this region continues to expand during the Bronze Age. While site densities are higher, they appear to aggregate in many of the same locations as they did during the Longshan period, with the exception of new clusters found in the Haihe and Luanhe River valleys (Figure 4C).
Kernel Density Analyses With Specified Weight (or Area Density)
The results of kernel density with specified weight (or area density) show practical unanimity. A spatial pattern of relative site density was again created for each time period but utilizing the second method, kernel density with specified weight (taking into consideration site size using total area).
In the Yangshao period, the result of size density shows practical unanimity with that of site number density. The center of gravity located in the valleys of the upper and middle Yellow River and its main tributaries (Figure 4D).To the Longshan period, the center of gravity has an eastward and northward transfer to west Henan and north Shanxi provinces, when compared with the Yangshao period. And several sites with a large area appeared in west Shandong Province during this period (Figure 4E).During the Bronze Age, this is what the map shows very different when compared with the Longshan period. The gravity in the middle reach of the Yellow River has a southward transfer to Henan Province, the same as the Yangshao period. Othewise, there are sites with a huge area distributed in west Shandong Province, and it makes a really high peak lift in there (Figure 4F).
DISCUSSION
Limitations of Using Atlas of Cultural Relics as Data Source
As we mentioned before, the archaeological site information is collected from published “Atlas of Chinese Relics” of 10 provinces and two municipalities (Bureau of National Cultural Relics, 1991; Bureau of National Cultural Relics, 1996; Bureau of National Cultural Relics, 1998; Bureau of National Cultural Relics, 2002; Bureau of National Cultural Relics, 2003; Bureau of National Cultural Relics, 2006; Bureau of National Cultural Relics, 2009; Bureau of National Cultural Relics, 2010; Bureau of National Cultural Relics, 2011a; Bureau of National Cultural Relics, 2011b; Bureau of National Cultural Relics, 2013). The survey was conducted in 1981–1985, and in the process of investigation, the criteria for judging the basic information of the site are not detailed in the publications, which will cause some doubts about the scientific validity of the data sources (Jaffe et al., 2020). For example, the Shimao site, which is a super large center settlement site that has been continuously excavated in recent years. The site area on the cultural relics atlas is 900000 square meters, and the latest information shows that the site area is more than four million square meters (Sun et al., 2020). In the process of digitizing, we also recorded some abnormal data possibly due to clerical errors in Atlas of Cultural Relics. For example, there are more than 10 sites in Shandong Province, each covering an area of more than 10 million square meters in the Bronze Age. Among them, there are even two sites with an area over 48 million square meters (Goutou site with 78 million square meters and Xigeng site with 48 million square meters). Meanwhile, in the Central Plains, there are only two sites with an area of more than 10 million square meters (Yinxu ruin with 30 million square meters and a Zhenghangucheng site with 23 million square meters). When verifying the accuracy of the site area information, we found that the two aforementioned sites with an extremely large size in Shandong Province were resurveyed in 2009, and the sizes were only recorded as 2400 and 15000 square meters on the website of Dongying Museum (http://www.dymuseum.cn/). Therefore, the abnormal peak of area density of Bronze Age sites observed in Shandong Province may be biased due to those clerical errors (Figure 4F). To avoid biased data revision and keep the standard unified, we kept all the records from the original Atlas of Cultural Relics when mapping them. The settlement distribution characteristics in problematic area like Shandong can be further discussed when the latest and more accurate data of the third cultural relics census are published in the future.
Despite the existing accuracy problems, our work based on enormous samples (more than 30,000) is still meaningful. Different from other smaller scale regional studies, our work focuses on summarizing the evolutional site distributional pattern from a macroscopic spatiotemporal scale. Considering topics like agricultural diversification and climate change also happens in a similar spatiotemporal scale, and the corresponding cultural response is more suitable to be examined from a macroscopic perspective. Meanwhile, other regional studies could be more accurate on dataset and superior in manifesting cultural response to regional events like micro-landform change and rapid environmental incidents (e.g., An et al., 2005; Li et al., 2017; Liu et al., 2019; Drennan et al., 2014).
A Comparison of the Results Between Site Number Density and Area Density Analyses
If we consider that large peaks on the map equal core areas of occupation, we believe the comparison of the two results (with or without the population field specified by the site size) will indicate when and where significant site size hierarchy (or early urbanization) appears through intuitive cartographic representation.
Using the first method, we see that there is one core area located there (east Shaanxi and Henan provinces) with occupation, and it becomes less dense as we spread outward during Yangshao period. This single core area shifts to two core areas in the Longshan period, and we see core areas in the east (west Shandong Province) and west (east Gansu Province), while the previous core area shifts to a less dense occupation. During the Bronze Age, we find an expansion of core areas across the landscape (“multi-core” distribution along the Yellow River basin from west to east).
Using the second method, we see that there is one core area located there (east Shaanxi, Henan Provinces) with occupation, and it becomes less dense as we spread outward during the Yangshao period. This is similar to what we saw in the first method. This single core area shifts to two core areas in the Longshan period, similar to what we saw with first method, but the location of the core areas are different (Henan and Shanxi provinces) and the core area from the previous period appears to shift northeast. The Bronze Age shows a vastly different core area using this model. There are two main core areas, one is located in the Central Plains and the other one located in the east (west Shandong Province), and other previous core areas of occupations show a less dense occupation.
Considering model 1 through time, it shows a single core which shifts to two different cores at opposite ends of the landscape and then results in many core areas of occupation during the Bronze Age. Conversely, model 2 through time suggests a single core area shift to multiple core areas in the same region and then results in one center of occupation in the east, demonstrating an eastward propagation toward Shanxi Province through the periods. When comparing the two models, the results correspond to the Yangshao period (Figures 4A,D). While considering the Longshan period, the results changed and centralization trend strengthened in the Central Plains, and many marginal small peaks appear in Figure 4E when compared with those in Figure 4B. Considering the Bronze Age, several marginal high peaks replaced by small peaks and a more strong center appeared when ignoring the abnormal peak in Shandong Province (the reason behind appearance of this abnormal peak is discussed in the previous part).
By taking into consideration the size information (or area) of sites, area density analysis not only represents the distribution of sites but is able to reveal the regional settlement pattern (Liu, 2007; Ma et al., 2012), further adding to our understanding of social complexity (Drennan and Uribe, 1987). Large settlement sites with areas larger than a million square meters corresponding to town sites have been found, during both the Yangshao and Longshan periods; however, the ratio of large settlements and town sites is still very low when compared to the number of smaller sites (Qian, 2001). Using the site number density analysis obscures this information because it does not consider where larger sites are on the landscape. During the Bronze Age, several large town sites appeared in the Central Plains of China, of them Yinxu ruin is the most famous town site. This transfers the center of sites from west and east sides to the central part of the study area. The appearance of many large town sites has consanguineous relationship with the establishment of Shang and Zhou dynasties in the Central Plains of China. The establishment of dynasties reflects the formation of a social system with high centralization of power and leads to the Central Plains becoming the core area of north China.
Possible Influencing Factors to the Spatiotemporal Pattern of Cultural Evolution From the Yangshao Period to the Bronze Age in the Yellow River Basin
The results of the site number density analysis and area density analysis provide a clearer picture of the spatiotemporal pattern of cultural evolution during the Yangshao, Longshan, and Bronze Age periods in the Yellow River basin. The number of sites and their density on the landscape expand through time, while the core areas of occupation change from a single location to multiple locations after the Yangshao period.
The strengthening of agriculture is considered as the most important impetus of cultural expansions during the prehistoric period (Diamond and Bellwood, 2003; An et al., 2005, An et al., 2010; Barton et al., 2009; Kennett et al., 2012; Dong et al., 2016a), and it provides convenience for prehistoric people to expand their active area (Chen F. H. et al., 2015a). Archaeobotanical studies of macro- and micro-plant remains found in several pre-Yangshao sites indicate that millet-based agriculture originated in the Yellow River around 10,000 BP (Lee et al., 2007; Lu et al., 2009; Yang et al., 2012; Zhao, 2011; Zhao, 2014) and dated the establishment of millet-based agriculture in the Loess Plateau (Zhao, 2011; Zhao, 2014) to the early Yangshao period and Shandong area to the Beixin period (8200–7800 BP). After this time period, millet-based agriculture rapidly expanded to the Yellow River basin (Zhao, 2014; Chen F. H. et al., 2015a; Han, 2015). A small number of charred rice seeds were identified using flotation at the Yuhuazhai site which dates to the early Yangshao period (Zhao, 2014). The number of recovered rice remains increased in several late Yangshao sites, including Nanjiaokou, Xinjie, and Baligang (Wei et al., 2000; Deng and Gao, 2012; Zhong et al., 2015). Millet is a type of a dry farming crop, whose output is highly influenced by precipitation (Yang and Li, 2015). The Yangshao period experienced a relatively wet climate according to the reconstructed mean annual precipitation determined using Gonghai Lake sediments (Chen F. et al., 2015b). Suitable climate conditions can provide a wider space for human survival, which is conducive to increase the yield of crop cultivation, and also increase population and promote the prosperity of culture (Dong et al., 2012). The warm and humid climate of the Yangshao culture ensured the broad and flat loess platform in the Yellow River Valley, which was suitable for millet agriculture. Millet-based agriculture became the most important subsistence strategy in most areas of the Yellow River basin in the Yangshao period, which promoted the Yangshao culture to become the most influential mainstream culture in the Neolithic Age of north China (Dong et al., 2016b).
During the Longshan period, obvious regional differentiation of culture is demonstrated by the appearance of multi-core zones of sites densities (Figures 2, 4). Archaeobotanical evidence from the flotation at 31 Longshan period sites allows for a greater understanding of plant utilization during this period (Supplementary Table S1). Millet-based agriculture was still the main subsistence strategy, and rice agriculture is further developed. Wheat also appeared in a few late Longshan period sites including Dongpan, Liangchengzhen, Xijincheng, and Yuhuicun. The temperature and precipitation during the early Longshan period (5000–4500 BP) decreased significantly according to the northern hemisphere (30–90°N) temperature record compared to 1961–1990 instrumental mean temperature (Marcott et al., 2013) and reconstructed mean annual precipitation based on Gonghai Lake sediments (Chen F. et al., 2015b). The development of rice agriculture, further strengthening of millet-based agriculture, and the appearance of wheat during the late Longshan period indicate that agriculture subsistence strategies diversified to confront the deteriorating climate. The deterioration of climate compelled the farmers to change their subsistence strategies (Dong et al., 2013). The transformation of human diets from simplification to diversification is reflected in the results of stable carbon isotope studies in human bones as well (Ma et al., 2014).
Regional differentiation of culture and areas of occupation continue to expand into the Bronze Age according to the site number density analysis. (Figure 4C). However, the area density analysis suggests that the core of Bronze Age sites are concentrated in the Central Plains because of the appearance of several large town sites (Figure 4F). Influenced by the long-distance exchange of plants across Eurasia during the second millennium BC (Dodson et al., 2013; Spengler et al., 2014; Dong et al., 2017), agriculture subsistence strategies diversified in local contexts. With the introduction of wheat, domesticated in Southwest Asia, reliance on millet-based changed to a greater reliance on wheat, barley, and millet or a mixed agriculture in the upper Yellow River valley and its adjacent areas during the Bronze Age (Liu et al., 2014; Miller et al., 2014; Ma et al., 2016). However, there is also evidence for increasing reliance on animal husbandry during this period (An et al., 2003; An et al., 2005). On the Central Plains, millet-based agriculture was still the main subsistence strategy of farmers during Erlitou, Erligang, Shang, and Zhou periods. Archaeobotanical evidence suggests that there was a decrease in the use of rice, and wheat-based agriculture increased (Chen et al., 2012; An et al., 2014; Wu et al., 2014; Yang et al., 2017). The climate became much colder and drier after 4000 BP (Cai et al., 2010; Zhou et al., 2010; Duan et al., 2012; Marcott et al., 2013), which may suggest that the adjustment of subsistence strategies in different regions are in response to the further deteriorating climate. The changing location of core occupation on the landscape may not relate directly to climate change during this period. It is possible that the changing core concentrations of occupation through the three periods indicates the beginning of urbanization in north China as vast numbers of large town sites emerged along with the formation of dynasties or social systems with high centralization of power.
CONCLUSION
In the past, the study of settlement evolution mostly used the method of site number density analysis. In this study, by comparing site number density and area density made possible by the kernel density tool and by placing the results in context of the archaeological evidence, we can provide preliminary insights into the spatiotemporal pattern of cultural evolution taking place in China during its formative periods. Comprehensive consideration of the number and area of sites can better express the characteristics of settlement evolution. Conducive climate and the establishment and strengthening of millet-based agriculture contributed to the success of Yangshao cultures in the Yellow River basin. During the Longshan period, climatic conditions deteriorated. Differential cultural responses were found to be regionally based and subsistence strategies appear to have diversified. Site numbers on the landscape continue to expand, yet the number of larger sites become increasingly centered in the Central Plains and Shandong during the Bronze Age. This transition to a more centralize core area with larger sites seen in the results of the area density analysis may be highlighting the beginning of urbanization in China that is linked to this period.
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The development and adoption of agriculture has been investigated for decades, and remains a central topic within archaeology. However, most previous studies focus on the crop’s domestication centers, leading to gaps in knowledge, particularly in transitional zones between these centers. This paper reviews published archaeobotanical evidence and historical documents to reconstruct the trajectory of agricultural systems in Holocene Jiangsu Province. Comparing these new results to paleoclimate information, historical documents, and archaeological data enables us to better understand the underlying influences of past agricultural development. Our results indicate that a warm and wet climate may have promoted ancient peoples to first settle in Jiangsu between 8,500 and 6,000 BP and adopt rice farming. The continuous warm and wet climate may have facilitated the rapid development and expansion of rice agriculture, ultimately contributing to large-scale human settlement in 6,000–4,000 BP in Jiangsu Province. Between 4,000 and 2,300 BP during a cooler and drier climate millet agriculture diffused southward, facilitating a mixed rice and millet agricultural system. This mixed farming supported a continuesd widespread settlement and population growth in Jiangsu. After 2,300 BP, political instability in north China resulted in further southeastward migration, advanced planting technology was brought about to south China, facilitating highly developed agricultural systems and rapid population expansion in Jiangsu. Population growth led to the establishment of Jiangnan as the regional economic center, where people chose high-yielding rice and wheat rather than millet.
Keywords: archaeobotany, rice, millet, wheat, Yangtze River, Huai River, climate change
INTRODUCTION
The transition to entrenched agricultural systems is a critical topic relevant to modern economics, politics, international security, and climate change and adaptation. Environmental factors such as climate, landform, hydrology, and soil are critical variables impacting changing agricultural systems (Zhang et al., 2014; Chen et al., 2015; Ren et al., 2016; Wang et al., 2017; Liao et al., 2019). Climactic change is regarded as a key factor for prehistoric agriculture changes and cultural evolution (e.g., Dalfes et al., 1997; Bawden and Reycraft, 2002; Staubwasser et al., 2003; An et al., 2005; Jia et al., 2013, Jia et al., 2016; Dong et al., 2019, Dong et al., 2021). It is argued that a warm and humid climate was critical in promoting the large-scale development of millet farming on the Loess Plateau after 6,000 BP (An et al., 2004; Sheng et al., 2018; Dong et al., 2019). While a cold and dry climate supported the widespread cultivation of barley and wheat in the Hexi Corridor and northeast Tibetan Plateau around 4,000 BP (Chen et al., 2015; Zhou et al., 2016; Li and Dong, 2018). Other researchers have argued that geomorphic and hydrological conditions constrained agricultural systems (Wang et al., 2017). Wang et al. (2017) posit that two modes of farming existed along the middle reaches of the Yellow River Basin during the Peiligang period (8,500–7,000 BP): millet-based agriculture in hilly areas and mixed rice-millet farming on the plains. In addition to human innovation and adaptation, cultural and political factors played pivotal roles in subsistence systems (Kearns, 2010; Zhang et al., 2015; Pei et al., 2019), as did people’s preference for certain crops change agricultural systems (Zhou et al., 2016; Xhauflair et al., 2017; Overton and Barry, 2018). To anticipate potential future agricultural risks, it is necessary to understand the many complex variables impacting changing ancient agricultural systems, particularly in transitional areas between regions.
The widespread adoption of agriculture is regarded as one of the most significant events in human history (Zohary et al., 2012; Barker and Goucher, 2015). Around 10,000 BP, crops were almost simultaneously domesticated in six discrete centers across the world (Mannion, 1999; Lev–Yadun et al., 2000; Zohary and Hopf, 2000; Diamond and Bellwood, 2003; Nakamura, 2010; Price and Bar-Yosef, 2011). This strategy has improved the ability of human beings to adapt to their surrounding environment, increasing worldwide population dramatically (Gignoux et al., 2011). Newly domesticated crops spread from centers of domestication alongside Neolithic peoples, initiating agricultural production in new areas (Gignoux et al., 2011). Many scholars have conducted studies of agricultural exchanges between centers of domestication, including the spread of wheat and barley from Western Asia to China, and of millet from the Yellow River basin to Western Asia (Sherratt, 2006; Frachetti et al., 2010; d’Alpoim Guedes, 2011; Jones et al., 2011; Spengler et al., 2014; Jones et al., 2016; Stevens et al., 2016; Dong et al., 2017, Dong et al., 2018; Liu et al., 2019; Dai et al., 2021). However, the spread of agricultural systems is often ignored in the transitional areas between adjacent centers of domestication. This is likely due to the complexity and difficulty of understanding the relationships within these processes.
In East Asia, millets and rice were domesticated in the Yellow River Basin and the mid-lower reaches of the Yangtze river around 10,000 BP, changing human lifeways and subsistence in these two areas, then spreading (Fuller et al., 2009; Lu et al., 2009; Zhao Y., 2011, Qin, 2012; Zhao, 2014; Yang et al., 2012). Located in the center of Eastern China, Jiangsu Province lies between a center of dry-land agriculture, Shandong Province to the north and a center of rice agriculture, Zhejiang Province to the south (Fuller et al., 2009; Crawford et al., 2016; Jin et al., 2016; Zhao, 2020). Therefore, Jiangsu Province is a transitional area where the north dry-land agriculture spread southward and the southern wet rice agriculture spread northward. However, the changing impact of these agricultural systems on local people’s subsistence strategies in Jiangsu remain unclear. Sporadic archaeobotanical data indicates that rice farming first appeared in Jiangsu Province around 8,500 BP (Lin et al., 2014; Yang et al., 2016; Qiu et al., 2018), with millet farming introduced around 6,000 BP (Cheng et al., 2020), and wheat and soybean identified after 4,000 BP (Wu et al., 2019). These studies indicate the timeline and potential routes of millet and rice agriculture into Jiangsu Province, but have not paid much attention to the transformations in agricultural systems after their introduction. Further complicating our understanding is that Jiangsu is densely covered with lakes and rivers, with a variety of landforms, with a complex and changeable ecology.
To address these complications, this paper reconstructs the trajectories of agricultural systems in Holocene Jiangsu through published prehistoric archaeobotanical data and historical agricultural records. In addition, paleoclimate information, historical documents, and other archaeological data influences on agricultural change in Jiangsu Province are also explored. This study contributes to our understanding of changes in areas of converging agricultural systems and human adaptation within those ecologically diverse regions.
Regional Settings and Data Sources
Jiangsu Province (30°45’–35°20’ N, 116°18’–121°57’ E) is located in the center of Eastern China between Shandong Province in the north and Zhejiang Province in the south (Figure 1). Its total land area is 10.72 × 104 km, accounting for 1.12% of China’s total. The primary landforms include low hills, alluvial plains, and water areas. Easily traversable flat terrain spans most of the plains area of Jiangsu Province, providing convenient communication and access between the north and south of the province. The Yangtze River runs across the south of Jiangsu, while the Huai River runs through central Jiangsu. These two rivers divide Jiangsu into three areas, from north to south: the northern Jiangsu Plain, the Jianghuai area and the southern Jiangsu area (Zhou and Han, 2008; Zhao Z., 2011). There are significant environmental differences between the southern Jiangsu area and the northern Jiangsu Plain, with the Jianghuai region transitioning between them. The climate of Jiangsu province is impacted by a transitional monsoon climate, and is split between a subtropical humid monsoon climate in the south and warm temperate humid monsoon climate in the north (Jiang et al., 2006; Xia et al., 2015). The average annual precipitation in Jiangsu Province is 660–1,617 mm (Xu, 2016), and the average annual temperature is 13–14°C in the north, 14–15°C in the Jianghuai, and 15–16 C in the south. The principle modern crops in the region are rice, wheat, corn, and potatoes, and the main livestock are pigs, cattle, and sheep.
[image: Figure 1]FIGURE 1 | Map of Jiangsu and sites mentioned in this study. 1) Shunshanji; 2) Hanjing; 3) Longqiuzhuang; 4) Xuecheng; 5) Shendun; 6) Zuohu; 7) Xixi; 8) Luotuodun; 9) Weidun; 10) Yangjia; 11) Qitoushan; 12) Dongshancun; 13) Guangfucun; 14) Caoxieshan; 15) Chuodun; 16) Jiangli; 17) Dadunzi; 18) Wanbei; 19) Miaoshan; 20) Beiyinyangying; 21) Dingshadi; 22) Sijiaodun; 23) Sanxingcun; 24) Nanlou; 25) Qingdun; 26) Chenghu; 27) Xiaodanyang; 28) Chengtoushan; 29) Mopanshan; 30) Jiangzhuang; 31) Sidun; 32) Longnan; 33) Zhumucun; 34) Shaoqingshan; 35) Tenghualuo; 36) Miaotaizi; 37) Niutougang; 38) Longshan; 39) Dianjiangtai; 40) Lishuixian; 41) Fushanguoyuan; 42) Dingjiacun; 43) Fenghuangshan; 44) Luzhuang.
Forty-five published archaeobotanical records from Jiangsu are presented here, including macrobotanical seeds, phytoliths, and starch grains samples. Information from twenty historical documents about crops in Jiangsu are summarized and presented. For the presented chronology, we used direct radiocarbon dating on macrobotanical crop remains when available, followed by carbonized charcoal from the related contexts. Four relative chronological intervals were selected based on artifact assemblage and are combined with prehistorical archaeological culture and historical periods: 8,500–6,000, 6,000–4,000, 4,000–2,300 BP, and <2,300 BP. The locations of these sites are shown in Figure 1, and detailed information can be obtained from published archives (Table 1 and Supplementary Table S1).
TABLE 1 | Botanical evidence of major crops in Holocene in Jiangsu Province, Eastern China.
[image: Table 1]RESULTS AND DISCUSSION
The History of Agricultural Processes in Holocene Jiangsu Province
Based on previous archaeobotanical studies, rice farming appeared around 8,500 BP in Jiangsu Province. Starch grains and phytoliths of rice were identified from the Shunshanji and Hanjing sites, respectively, from the Shunshanji Culture (8,500–7,000 BP) in Suqian, northern Jiangsu Plain (Yang et al., 2016; Qiu et al., 2018). Charred rice was also recovered at the Shunshanji and Hanjing sites, and directly radiocarbon dated to 7,869 ± 74 and 8,284 ± 88 cal yr BP, respectively, (Lin et al., 2014; National Museum of China et al., 2018). While rice remains were identified from thirteen Majiabang cultural (7,000–6,000 BP) sites in southern Jiangsu (Figure 1; Table 1). Rice agriculture was clearly present in Jiangsu Province around 8,500–6,000, however, there are differences in the timing of appearance. Rice farming appeared earlier on the northern Jiangsu plains than in southern Jiangsu (Table 1; Figure 1). It must be emphasized that it is very possible that rice management was a supplement to a primarily hunting and gathering economy. For example, the ubiquity and proportion of wild plant remains such as Coix lacryma-jobi and Trichosanthes kirilowii dominate the microfossil assemblages (phytoliths and starch grains) at the Shunshanji and Hanjing sites (Yang et al., 2016; Wu et al., 2017a; Qiu et al., 2018). Further wild plant remains such as Euryale ferox and water chestnut account for more than 80% of the macrofossil remains (charred seeds) in the Longqiuzhuang site in Gaoyou (Tang and Zhang, 1996; Tang, 1999; Wang, 1999), 93.33% in the Jiangli site in Kunshan (Qiu et al., 2013), and 71.6% in the Yangjia site in Wuxi (Qiu et al., 2016). While rice was planted by people in Jiangsu Province between 8,500 and 6,000 BP, it was likely a supplementary component of hunting and gathering subsistence.
Rice agriculture was established and developed rapidly between 6,000 and 4,000 BP. The number of archaeological sites with rice remains (25) nearly doubled during this time (Table 1; Figure 1). Systematic archaeobotanical work demonstrates that charred rice dominates the macrobotanical seed assemblages between 6,000 and 4,000 BP. For example, the proportion of rice grains increases from 20% in 7,000–6,300 BP to 80% in 6,300–5,500 BP at the Longqiuchuang site, while proportions of the Euryale ferox and water caltrop fell from more than 80% to around 20% (Tang, 1999; Tang and Zhang, 1996; Wang, 1999). Next, the number of rice grains was also much higher than that of other weeds in the subsequent Liangzhu period (5,300–4,000 BP), including the Jiangzhuang site in Taizhou (Wu et al., 2019), Jiangli site in Wuxi (Qiu et al., 2013; Qiu Z. W. et al., 2014), and Zhumucun site in Kunshan (Qiu Z. et al., 2014). Extensive cultivation of rice was also confirmed by excavated rice paddy fields at many Liangzhu period sites, including the Tenghualuo site in Lianyungang (Lin and Zhang, 2005), the Jiangli site in Wuxi (Qiu et al., 2013; Qiu Z. W. et al., 2014), the Zhumucun and Chuodun sites in Kunshan (Cao et al., 2007; Qiu Z. et al., 2014), the Chenghu site in Suzhou (Fuller, 2011; Qin, 2011), and the Luotuodun site in Yixin (Lin et al., 2003). During this time, millet farming also spread southeastward from the Haidai or Central Plains culture area to the northern Jiangsu Plain. 19 carbonized foxtail millets, 17 carbonized broomcorn millets, and 407 carbonized rice seeds were identified at the Wanbei site in Shuyang during the Dawenkou period (6,000–4,600 BP) (Cheng et al., 2020). However, millet agriculture seems to be blocked by the Huai River as there are no millet remains in the Jianghuai and southern Jiangsu area. We conclude that between 6,000 and 4,000 BP rice agriculture developed rapidly and was firmly established in Jiangsu Province, while millet agriculture was introduced on the northern Jiangsu plain.
Millet farming began to expand southward to the Jianghuai and southern Jiangsu areas between 4,000 and 2,300 BP. Simultaneously wheat crops originating in western Asia were introduced to southern China. Between 4,000 and 2,300 BP a mixed agricultural system had formed in Jiangsu Province including the integrated farming of millets, rice, wheat, barley, and soybean. Charred foxtail millet, broomcorn millet, wheat, rice, and soybean seeds were found together in the Shang and Zhou cultural layers (3,600–2,256 BP) at Miaotaizi site in Xuzhou (Wu et al., 2021, in press). Charred foxtail millet, broomcorn millet, rice, wheat, and barley were also unearthed from the Shang cultural layers (3,600–3,046 BP) at Wanbei site in Shuyang (Cheng et al., 2020). The co-existence of foxtail millet, broomcorn millet, wheat, rice, and soybean were also recovered from the Hushu culture layer (3,600–2,400 BP) at Dingjiacun site in Zhengjiang (Wu et al., 2017b). Notably, in spite of the integration, the most ubiquitous crops were different at these three sites. The ratio and ubiquity of crop remains reveal that foxtail millet, rice, and wheat were the dominant crops in the Miaotaizi site, Wanbei site, and Dingjiacun site, respectively, (Wu et al., 2017b; Cheng et al., 2020; Wu et al., 2021, in press).
Agricultural systems shifted in Jiangsu Province once more after 2300 BP. Due to little archaeobotanical research covering this period (Li et al., 2006; Wu et al., 2021, in press), we draw on historical documents to inform agricultural systems during the imperial period. Particular crops were often recorded by multiple historic documents in the region, indicating that it was widespread and common. The Chinese character “稻” (rice plant body) and “米” (rice caryopsis) were recorded in many Jiangsu historical documents, such as the “Shi Ji, Huo Zhi Biography”, “Records of the Three Kingdoms, Wei shu”, “Jiang Nan Cui Geng Ke Dao Bian” etc (Table 1; Supplementary Table S1). These records indicate that rice was common in Jiangsu Province from the Qin (221–207 BC) to Qing (AD 1636–AD 1912) dynasties (Table 1).The Chinese character “麦” (wheat) was also recorded in many historical documents in Jiangsu, such as the “Song Shu, Biography of Emperor Xiaowu”, “Song History, Monograph on Food and Currency”, “Tao Shan Ji” etc (Table 1; Supplementary Table S1), suggesting that wheat was also commonly found in Jiangsu Province. Millet and soybean had withdrawn from much of Jiangsu Province, and only were planted in some relatively dry areas in Jiangnan, Zhejiang, Jinghu and similar areas, recorded by the “Song History, Monograph on Food and Currency”. From this evidence, after 2,300 BP people were primarily engaged in the production of rice and wheat after in Jiangsu, and millet and soybeans only planted sporadically in some drylands.
In summary, rice farming first emerged in Jiangsu Province around 8,500 BP, and dominated subsistence strategies between 6,000 and 4,000 BP. With the introduction of millet, mixed agriculture was practiced between 4,000 and 2,300 BP, including rice, millet, wheat and soybean. Agricultural practices shifted after 2,300 BP, when rice and wheat were predominately grown, while sporadic millet agriculture remained in a few dry areas. It is worth noting that the existence of differences in subsistence from the north and south of the Huai River. Rice agriculture emerged around 8,500 BP in the north of the Huai River, which was 1,500 years earlier than its appearance south of the Huai River. Millet was introduced north of the Huai River between 6,000 and 4,000 BP, and was introduced with wheat south of the Huai River only between 4,000 and 2,300 BP. After 2,300 BP, a mixed cropping pattern continued north of the Huai River in Jiangsu Province including rice, foxtail millet, broomcorn millet, wheat, and soybean, while millet farming disappeared. South of the Huai river, rice, and wheat agriculture remained the dominant agricultural subsistence.
Influential Factors on Human Settlement and Agricultural Systems in Holocene in Jiangsu Province
The beginning of plant domestication is often argued to be related to the warm climate transformations of the early Holocene (Zeder, 2008; Willcox et al., 2009; d’Alpoim Guedes and Bocinsky, 2018). Similarly, the emergence of agriculture is also often argued to be a result of a warm climate during the Holocene Optimum (Richerson et al., 2001; Feynman and Ruzmaikin, 2007; Atahan et al., 2008). Many previous paleoclimate studies indicated that a warmer and wetter climate was present between 8,500 and 4,000 BP in the lower Yangtze River (Wang et al., 1996; Qu et al., 2000; Wang and Gong, 2000; Hori et al., 2001; Tao et al., 2006; Atahan et al., 2008; Chen et al., 2009; Ma et al., 2009; Qiu et al., 2020). The emergence of rice farming likely benefited from the warm climate between 8,500 and 6,000 BP in its original centers of domestication. A recent study showed that the increase of rice pollen in the Tai Lake Basin may be related to the emergence of rice agriculture during the warm and wet climate between 8,500 and 6,000 BP (Qiu et al., 2020). Similarly, the warm and wet climate potentially supported the emergence and adoption of rice farming in Jiangsu between 8,500 and 6,000 BP, with increasing food production facilitating a growing population. In this time people settled far from the current coastline of Yellow Sea (Figure 2A) owing to the amount of land covered by the sea during this period (Li et al., 2008; Li et al., 2009).
[image: Figure 2]FIGURE 2 | The distribution of archaeological sites since in Holocene in Jiangsu Province.
Formal agriculture was established in China by 6,500–6,000 BP, likely benefiting from the warm and wet Holocene Optimum (Fuller et al., 2009; Zhao Y., 2011; Qin, 2012; Zhao, 2014). The favorable climate conditions likely promoted the adoption of agriculture with a resulting population expansion in northern China in this time. The population expansion on the Central Plains of China is likely mirrored, the migration and expansion of the Yangshao culture southeastward (An et al., 2004). Southeastward migration brought millet farming to the northern Jiangsu plain, verified by archaeobotanical evidence (36 charred millets) at Wanbei site in Shuyang County during the Dawenkou period (6,000–4,600 BP) (Cheng et al., 2020). Therefore, the warm and wet climate promoted the establishment of rice agriculture in Jiangsu between 6,000 and 4,000 BP, and indirectly facilitated the development of millet agriculture on the northern Jiangsu plain. Some scholars have argued that the marine regression process increased available land for human activities in the Liangzhu cultural period. This would further encourage rapid development and establishment of rice agriculture in Jiangsu Province (Zhang et al., 2004; Zhang, 2005; Li et al., 2008, Li et al., 2009). The establishment of agricultural systems likely led to populations increasing in Jiangsu Province during 6,000–4,000 BP, where the number of archaeological sites increased from 86 in 8,500–6,000 BP to 213 in 6,000–4,000 BP (Figures 2A,B).
Around 4,200 BP, the “Holocene Event 3”, an extreme cold and dry climate event, commenced, impacting climate across the world (Bond et al., 1993; Bond et al., 2001; DeMenocal, 2001). This event has been argued to lead to the demise of some ancient states, such as the Akkad Empire and the Harappa civilization (Weiss et al., 1993; Kerr, 1998; Cullen et al., 2000; Staubwasser et al., 2003). This event also played a significant impact on the transformation of civilization in China (Wu and Liu, 2001, Wu and Liu, 2004; Sun et al., 2019), and is argued to have led to significant culture change and transformations of subsistence strategies in China (Wu and Liu, 2001, Wu and Liu, 2004; Wang, 2004; Chen et al., 2015; Jia et al., 2016). In particular, the collapse of the Liangzhu Culture is considered a result of this event in southeastern China (Stanley et al., 1999; Li et al., 2010; Sun et al., 2019). This climate event potentially caused southward human migration, bringing millet and wheat dry-land farming to Jiangsu Province. During this time mixed agriculture was prevalent in Jiangsu Province, verified by the archaeobotanical evidence from the Miaotaizi site in Xuzhou (Wu et al., 2021, in press), the Wanbei site in Suqian (Cheng et al., 2020), the Datongpu site in Yancheng (Liu et al., 2021; Under review) and the Dingjiacun site in Zhenjiang (Wu et al., 2017b) (Table 1). Mixed agriculture potentially increased food production, and indirectly improved the human ability to respond the environmental risks. Concurrent with these changes between 4,000 and 2,300 BP is the transition in Chinese societies from the late Neolithic, to Bronze Age, and to the Iron Age. This transformation is confirmed by bronze-iron implements obtained from the archaeological excavation in various cemeteries during 4,000–2,300 BP in Jiangsu Province (Liao, 1982; Liang, 1986; Wu, 2011). Productivity and grain production were greatly improved by the widespread utilization of bronze-iron implements. Therefore, mixed agriculture and the revolutionary implements jointly increased food resources in Jiangsu Province, leading to widespread population growth between 4,000 and 2,300 BP, illustrated by multiple archaeological sites (616) (Figure 2C).
Human settlement peaked after 2,300 BP in Jiangsu Province (Figure 2D). According to the “Zizhi Tongjian”, “Xin Tang Shu”, and “Song Shi”, the increasing population was considered a result of the shifting of the provincial economic center from the Central Plain to the Jiangnan area (southern Jiangsu) (Zheng, 2003; Cheng, 2004). Over time recurrent wars in northern China led to a large scale of migration southward, such as the Yongjia rebellion (AD 311), the rebellion of An Lushan (AD 757), and the Jingkang rebellion (AD 1127) (Zhang, 2008; Sun and Liu, 2011; You, 2018). Some scholars further argue that two cold climatic events compelled human migration southward from northern China during the Tang Dynasty (AD 710–750 and AD 780–860) (Fang, 1989; Man, 2009; Ge et al., 2014). With the human migration southward, revolutionary tools and technology were introduced into southern China. A variety of advanced agricultural tools such as “lóu chē” (a sowing tool), two advanced crop planting techniques such as “lí–pá–lóu” (a kind of soil preparation technology) and “sōu zhòng fǎ” (a sowing technology) (Min, 1986; Zeng, 2005; Wang et al., 2019). According to the “Leisi Jing,” the advanced farming tools and techniques were introduced from the northern China into the southern Jiangsu Province during the late Tang dynasty, and led to people discarding extensive farming practices, leading to the era of intensive farming. With the introduction of new tools and technologies, larger areas of land were cultivated in southern China, leading to agricultural production increasing and a doubling of income. According to the Xin Tang Shu, Song Shi, Nung Sang Chi Yao, and Agricultural Administration book, the government also carried out a series of policies to increase agricultural production in south China, such as draining lakes, building terraces, and “wéi tián” (low-lying paddy fields surrounded with dikes). The state’s economic center gradually shifted to the Jiangnan Area (southern Jiangsu area) after the dredging on Beijing-Hangzhou Grand Canal in the Sui-Dynasty (AD 581–AD 618). With an increasing population, crops with higher productive yields were preferred in Jiangsu Province after 2,300 BP, such as rice and wheat, while millet and other crops were gradually abandoned owing to their relatively low yield.
In summary, the warm and wet climate encouraged the emergence of rice agriculture after 8,500 BP, facilitating human settlement in Jiangsu Province. Between 6,000 and 4,000 BP rice agriculture was firmly established, encouraged by the continuous warm and humid climate and marine regression process, and ultimately contributing to large-scale human settlement in Jiangsu. Millet agriculture was also brought into northern Jiangsu plains in this time. This is indirectly attributed to the warm and humid climate conditions in northern China, increasing food production supported by a favorable climate led to greater population growth and migration. Dry-farming was introduced into Jiangsu after 4,000 BP, which was likely the result of human migration southeastward from northern China from the “Holocene event 3”. Mixed agriculture and the revolutionary implements jointly increased food production in Jiangsu Province, leading to higher population increases between 4,000 and 2,300 BP. After 2,300 BP, frequent wars in northern China caused large migrations southward to Jiangsu Province, facilitating the introduction of new agricultural tools and farming innovations into southern China. Rice and wheat replaced millet as the principle crops owing to their low yield in southern China. These transformations led to the enhancement of agricultural productivity and yield in southern China, ultimately shifting the national economic center southward.
CONCLUSION
Rice agriculture first appeared in Jiangsu Province around 8,500 BP, and was firmly established between 6,000 and 4,000 BP. Millet agriculture was brought to the northern Jiangsu plain around 6,000 BP, with millet and wheat introduced into southern Jiangsu after 4,000 BP. After 2,300 BP, millet agriculture disappears from Jiangsu Province, while a mixed rice and wheat agricultural system remained.
The warm and wet climate promoted the emergence of rice agriculture and settlement after 8,500 BP in Jiangsu Province. Benefiting from a continually warm and wet climate between 6,000 and 4,000 BP, rice agriculture was firmly established and spread rapidly, supporting greater human settlement in Jiangsu Province. The introduction of millet after 6,000 BP to the northern Jiangsu plain may also be a result of the southward migration of northern people caused by the warm and wet climate. Between 4,000 and 2,300 BP, a mixed agricultural system formed in Jiangsu Province due to the introduction of dry farming from northern China. Meanwhile, the introduction of bronze and iron farming tools improved human productivity and expanded the scale of human settlement. In the end, the new agricultural tools and farming techniques were brought southward after 2,300 BP, and led to the overall increase of the agricultural productive yield in the South, and finally promoted the scale of human settlement to the peak.
In addition, the difference of agricultural patterns was simple and rough in several different geographical units owing to the lack of systematic archaeobotanical research in Jiangsu Province. With further long term systematic archaeobotanical work, our understanding of these long-term transformations will be enriched.
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The Liangwangcheng site, located in Pizhou County, Xuzhou City, northern Jiangsu Province, is one of the most important Neolithic Dawenkou Culture archeological sites in the Haidai area of China’s eastern seaboard. In recent years, archaeobotanical studies in the Haidai area, mainly focusing on Shandong Province, have yielded fruitful results, while relatively few such studies have been undertaken in northern Jiangsu Province. Here, we report the results of dental residue analysis conducted on 31 individual human skulls unearthed from the Late Dawenkou Culture Liangwangcheng site. The starch granules extracted from these residue samples indicate that foxtail and broomcorn millet, rice, roots and tubers, and legumes comprised the vegetal diet of Liangwangcheng’s occupants. Evidence suggests that mixed rice–millet agriculture played a definite role, with the coexistence of gathering as an economic element. According to archaeobotanical evidence from surrounding cotemporaneous sites, the Late Neolithic human groups that lived in the lower Huang-Huai River drainage shared similar subsistence patterns. Our results provide new evidence for a more comprehensive understanding of plant resource utilization and agricultural development in northern Jiangsu during the Dawenkou period.
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INTRODUCTION

The Haidai Cultural Region (abbreviated Haidai) refers to prehistoric cultural groups that include a continuous and rich sequence of Neolithic and Bronze Age archeological cultures, covering Shandong, northern Jiangsu and Anhui, eastern Henan, and the southern Liaodong Peninsula in eastern China (Gao and Shao, 1984; Luan, 1997; Figure 1). This region plays a significant role in the Neolithic archeology of China by providing a long, continuous cultural sequence, exhibiting regional characteristics that distinguish it from other parts of China, and by preserving extensive deposits of ancient human occupations. This area’s prehistoric human activity peaked during the Dawenkou (ca. 4100–2600 BCE) and Longshan (ca. 2600–1900 BCE) Neolithic periods, then declined, gradually vanishing during the Yueshi period (ca. 1900–1500 BCE). Thus, Dawenkou and Longshan cultural remains in the Haidai area provide key evidence for understanding the evolution of social behavior and subsistence transformations during the Middle and Late Neolithic. Based on Neolithic archeological discoveries made in China thus far, the Haidai Culture is considered a distinct local cultural entity, differing from cotemporaneous prehistoric complexes on the Chinese Central Plain in Shanxi, Henan, and Shaanxi provinces. Therefore, it is necessary to pursue a comprehensive study of Haidai Culture, especially during the Dawenkou stage, when prehistoric populations expanded over a much more extensive geographical range in comparison with the preceding Houli (ca. 6500–5500 BCE) and Beixin (ca. 5300–4100 BCE) periods.


[image: image]

FIGURE 1. Geographic location of Liangwangcheng and other Dawenkou Culture sites mentioned in this paper. (1, Jiaojia site; 2, Jianxin site; 3, Yangpu site; and 4, Yuchisi site).


Ancient human subsistence patterns have been considered one of the most important issues in the scientific study of Neolithic adaptations, including the analysis of ancient diets, productivity, human social structures, and human–environment interaction, which are collectively extremely useful in the reconstruction of prehistoric societies. Among these subjects, the utilization of plant resources and the origin of agriculture in the Haidai region have been widely addressed, especially with respect to the appearance of rice–millet mixed agriculture (Jin et al., 2014; Wu et al., 2014; Guedes et al., 2015; Wu, 2019). It is thought that the development of Neolithic cultures in this region was related to diachronic climatic and paleoenvironmental changes (Jin and Wang, 2010a, b). The region’s warm and humid climate present ca. 8000–6000 years ago (i.e., the postglacial hypsithermal) provided suitable natural conditions for the development and florescence of the Houli and Beixin cultures and the development of early agriculture. From 5500 to 5000 years ago, continuous fluctuations between relatively warm and relatively cool climatic conditions forced the Dawenkou people to respond to consequent environmental changes, triggering significant alterations in their subsistence systems and social structures (Dong et al., 2021). In addition, during this stage, ancient populations in the Haidai region were distributed across multiple varied landforms (e.g., coastal, in proximity to mountains, and near rivers), which offered different natural and ecological conditions, resulting in a plethora of economic adaptations. For example, during the late Neolithic Longshan period (ca. 2600–1900 BCE), populations inhabiting coastal areas of southeast Shandong took advantage of local hydrothermal conditions to intensively cultivate rice.

Contemporaneously, people occupying inland areas of northwest Shandong principally developed dry farming agricultural techniques (Jin et al., 2010; Guedes et al., 2015). Marine transgressions occurred several times during the early Dawenkou period (ca. 4100–2600 BCE) on the northern Jiangsu Plain and in Jiaozhou Bay (Huang, 1998), frequently altering the coastline, which had a dramatic impact on human settlement and subsistence activities. The overall number of archeological sites in this area decreased during the early Dawenkou period, and more shell mounds are found in coastal areas dating to this stage. Artifacts associated with fishing and hunting and remains of marine animals have been unearthed in such shell middens, and aggregate evidence from such contexts suggests a poorly developed agricultural economy which was quite different from the subsistence systems apparent at contemporaneous inland sites (Shandong, 1973; Yan and Zhang, 1987; Wang and Wu, 1992). It is clear that marine transgressions had a considerable impact on ancient people’s subsistence practices in this area.

Recent research indicates that in the Haidai area, mainly in Shandong Province, incipient agricultural practices were initiated by the Houli Culture about 8000 cal BP, based on the discovery of morphologically cultivated millet plants from that context (Jin, 2012). Carbonized rice remains were discovered at the late Houli period Yuezhuang site and 14C dated to 7050 ± 80 BP (Gary et al., 2006, 2013). However, during the Houli period, foxtail millet-based farming was not dominant, and a hunting–gathering–foraging economy still prevailed (Wu, 2019). Rice, foxtail millet, and broomcorn millet have been discovered at several sites dating to the following Beixin Culture period (5300–4100 BCE) (Chen, 2007; Wang H. et al., 2011; Wang and Jin, 2013; Jin et al., 2016, 2020), indicating the initiation of a rice–millet mixed agricultural economy. In addition, during this period, the proportion of agriculture as a component of the overall economy increased in comparison with the Houli. During the Dawenkou period (4100–2600 BCE), which followed the Beixin, agricultural economies continued to develop and accounted for a greater proportion of the subsistence system than previously. Based on the analysis of carbonized plant remains, however, broomcorn millet replaced foxtail millet in the agricultural repertoire at the beginning of the Dawenkou period (Jin et al., 2016).

Located on the margin of the Haidai Cultural region, northern Jiangsu Province shares a similar climate with southern Shandong but seems to have been less intensively occupied during the Neolithic than other parts of the Haidai. There, archeological sites are thinly distributed and have been the subject of very few chronological studies, leading to a lack of systematic understanding of Neolithic cultural development and subsistence patterns of the later Stone Age occupants of Jiangsu. Zooarchaeological and archaeobotanical studies were not systematically conducted at most early-excavated sites, thus the reconstruction of prehistoric economic forms has been limited by a lack of substantive evidence. The Liangwangcheng site is one of the most potentially valuable prehistoric sites uncovered thus far in northern Jiangsu Province and is widely considered an important archeological discovery (Nanjing et al., 2013), thus providing the opportunity and materials to explore prehistoric social constructs in this area. However, since flotation has not been conducted at the site, there are no macrobotanical remains available to support the discussion of scientific issues relating to plants or incipient agriculture. Plant micro-remains open the window for us to reconstruct plant utilization at Liangwangcheng and assist the interpretation of subsistence patterns in the Haidai area.



SITE AND ENVIRONMENT

The Liangwangcheng site (34°30′713″N, 117°47′629″E, 23–28 m above mean sea level) is located in Pizhou County, Xuzhou City, northern Jiangsu Province, on the east bank of the Beijing–Hangzhou Canal (Nanjing et al., 2013). From 2004 to 2009, the Nanjing Museum carried out fieldwork at this site. The cultural components of the Liangwangcheng site are multiple and diverse, including prehistoric remains from the Dawenkou Neolithic period to the historic era. Numerous Dawenkou period settlement remains were unearthed. Houses, pits, and 139 human interments representing more than 140 individuals were discovered, including adults and juveniles. According to Dong Yu’s study (Dong et al., 2019), Carbon-14 dating suggests that these humans were interred between 4055 ± 20 BP (4425–4780 cal BP, 95.4% probability) and 4175 ± 25 BP (4586–4833 cal BP, 95.4% probability) [modeled in OxCal v.4.4, using IntCal20 calibration curve (Bronk Ramsey, 2009; Heaton et al., 2020; Reimer et al., 2020)]. In addition, based upon the burials and mortuary evidence and the results of stable isotope analysis of human bones, Dong and her colleagues suggested that social complexity was great and competition and differentiation between human groups and social classes were becoming more and more intense during the Dawenkou period. People began to choose various expressive forms to define and signal their identities, such as the number of funerary objects included in burials and the like. Therefore, during the Dawenkou period, the occupants of Liangwangcheng were likely undergoing fundamental transformations of their social complexity.

Northern Jiangsu, located in eastern China on the lower reaches of the Yellow River and the northern Huai River region, currently has a warm, temperate climate characterized by moderate rainfall and abundant sunshine. At present, a humid and semi-humid monsoon climate prevails (Köppen climate classification Cfa). Natural climatic conditions in this area are similar to those in southern Shandong. Northern Jiangsu is part of the transition zone between the Huanghuai Plain and Jianghuai Plain, bordering the mountainous area in southern Shandong Province to the north, with high terrain in the northwest and low topography in the southeast. The region is part of the Yi River, Shu River, and Sishui River basins, and the inland riverine network is densely distributed. The local vegetation is luxuriant, mainly composed of deciduous broad-leaved forests (Zhao, 2015). Paleoenvironmental studies suggest that the Holocene vegetation type in this area was mainly deciduous broad-leaved forest (Tang et al., 1993). Members of the Poaceae and Compositae dominated the community of herbaceous plants. The pollen record and trace element studies indicate that the climate in this region fluctuated several times 5000–4000 years ago, generally trending toward warm and dry (Jin, 1990; Zhao et al., 2014) with warmer average temperatures than at present. The environment of the late Neolithic in the Haidai area provided suitable conditions for human communities to survive and develop and significantly encouraged the Dawenkou Culture’s prosperity.



MATERIALS AND METHODS


Human Dental Residue Analysis

Plant microfossil residue analysis has gained increasing popularity in archeology (McGovern et al., 2017; Prebble et al., 2019; Wang et al., 2019; Barber, 2020). Among such studies, dental residue analysis provides direct evidence of human diet and thus becomes an effective avenue for exploring ancient human subsistence, rather than indirect evidence obtained from artifacts or archeological sedimentary deposits. This method was begun in the 1970s, when scholars observed microbotanical remains in both dental calculus and invisible tooth residues, initiating pioneer achievements for research plant residues preserved on fossil teeth. Researchers also extracted plant residues for species identification by processing the residuum collected from tooth surfaces. In the 1970s, Lustmann employed a scanning electron microscope to study the morphological structure of anorganic dental calculus and found that calculus was composed of two components with different patterns of calcification (Lustmann et al., 1976). Dobney and colleagues also used a scanning electron microscope to analyze ancient dental calculus and were the first to discover plant microfossils such as phytoliths and starch granules embedded in dental calculus (Dobney and Brothwell, 1988; Olsen, 1988). Since then, this method has increasingly attracted the attention of scholars, globally. At the beginning of the 21st century, Piperno and Dillehay (2008) applied this method to the question of agricultural origins in Central America and achieved positive results. Based on this work, researchers identified plant species reflected by residues preserved in dental calculus and were able to distinguish wild versus cultivated attributes of plant remains, which played a crucial role in determining the timing of the rise of cultivation in Central America.

Nava et al. (2021) studied microfossils in mineralized dental plaque, and comprehensively analyzed buccal microwear and oral pathology, revealing dietary differences between the last foragers and first farmers at Grotta Continenza in central Italy. This method has subsequently been widely applied in China with great potential. Li et al. (2010) extracted and identified starch grains from dental calculus of Qijia Culture (ca. 4000 BP) people in Gansu Province and discovered that diversified dry farming was the primary subsistence strategy at that time (Li et al., 2010). Tao (2018) used this method to explore human diet at the Peiligang site in Xinzheng County, Henan Province, discovering starch granules from Quercus, members of the Fabaceae, tubers, and millets. Tao et al. (2020) also combined stable isotope analysis of human bones and the study of starch granules in human dental calculus from the Laodaojing Cemetery to further investigate the dietary role of wheat and the Eastern Zhou (770–256 BCE) agricultural economy on the Chinese Central Plains (Tao et al., 2020). This method has great potential for elucidating how prehistoric humans utilized plant resources and consequently broaden our insight into the structure of ancient societies and enhance our understanding of our ancestors’ subsistence strategies and the process of agricultural development and intensification.

For the Liangwangcheng project, teeth were selected from 31 humans unearthed from 31 Dawenkou Culture graves (Layer 9 in the Liangwangcheng excavation report) for dental residue analysis (Table 1). We collected residue samples according to protocols established by Pearsall et al. (2004) and Guan et al. (2014). The residue samples comprise three levels: Level I, sediment attached to the surface of teeth; Level II, a liquid sample obtained by washing the tooth surface with distilled water; Level III, liquid samples derived by ultrasonic cleansing of teeth. A total of 72 residue samples were obtained and processed in the Key Laboratory of Vertebrate Evolution and Human Origins of the Chinese Academy of Sciences in Beijing. The experimental process followed that of Guan et al. (2010), integrating several laboratory operations (Chandler-Ezell and Pearsall, 2003; Pearsall et al., 2004). Processing included the following steps: concentration, deflocculation, and heavy liquid flotation. Starch granule and phytolith extraction slides were scanned with a Nikon Ni-E biological polarizing microscope. One hundred percent of glycerol was used as a mounting medium for starch and phytolith extractions. NIS-Elements D3.2 software was applied to perform two-dimensional (2D) measurements and other examinations. Both phytolith and starch slides were scanned at 200× magnification and photographed at 400× magnification.


TABLE 1. Liangwangcheng residue sample information.
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Methodology of Geometric Morphometric Analysis of Starch Granules

Starch granule identification is challenging due to the biological attributes of those bodies. For starch granule analysis, researchers have employed an image comparison method, rendering taxonomic identification according to shape, location of the hilum, granule diameter, etc. As part of the development of this method, many modern starch images have been published providing significant comparative reference points for future study. At present, however, researchers have become dissatisfied with such identification techniques and are trying various quantitative methods to reliably identify unknown starch granules (Torrence et al., 2004; Liu et al., 2014; Coster and Field, 2015; Arráiz et al., 2016). The traditional measurement method cannot convey information concerning geometric structure, and radial measurement cannot adequately explain changes in organism shapes.

Geometric morphology, however, avoids the shortcomings of varying data sources, non-repeatability, and size and shape can be calculated altogether (Chen, 2017), which is beneficial to the further study of morphological differences in starch granules. Geometric morphometry analysis has been widely used recently in entomology, aquatic biology, medical science, and archeology (Slice, 2007; Mitteroecker and Gunz, 2009; Addis et al., 2010; Webster and Sheets, 2010; Adams and Otárola-Castillo, 2013; Park et al., 2013; McNulty and Vinyard, 2015; Savriama, 2018). However, it has not thus far been applied in starch granule analysis. For these reasons, we chose to apply geometric morphometry in our study. Thirty-five landmarks were identified for a single starch granule (Figure 2). TpsDig2 software was used to obtain landmark 2D coordinate data on starch granules and generating a thin plate spline (TPS) file for each species or unknown group. The plant species name is used as the classifier, and the landmark x and y value are used as variables in the matrix, constituting a grid with 71 columns. Data for one individual starch granule is recorded as one observation, i.e., one row in the data matrix. The TPS file then is imported into MorphoJ statistical software (Klingenberg, 2011) for general procrustes analysis (GPA) and canonical variate analysis (CVA).
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FIGURE 2. Definition of the 35 landmarks on starch granule. (A) Extinction cross with no bend; (B) each arm with one bend; (C) each arm with two bends; and (D), each arm with three bends.


General procrustes analysis is a straightforward approach to determining shape correspondence. Additionally, GPA is a multivariate exploratory technique that involves transformations of individual data matrices to provide optimal comparability. This technique scales and rotates each configuration of landmarks so that shape information can be extracted and compared among samples. CVA is used to identify shape features that best distinguish among multiple groups of specimens (Klingenberg, 2011) and is one of the most widespread analytical approaches in morphometrics. In our work, a CVA of the covariance matrix was conducted on the GPA transformed coordinates to reduce dimensionality for further analyses. We imported the TPS files into MorphoJ software for new Procrustes fit and to generate a covariance matrix. CVA assumes that the covariance structure within all groups is the same, therefore, a pooled within-group covariance matrix is used throughout for CVA and for computing Mahalanobis distances between pairs of groups. The Mahalanobis distance matrix and Procrustes distance matrix may help explain group similarities and differences.

Our study also applied a supervised machine learning method for model training to modern starch geometric morphometric data. The supporting vector machine (SVM) algorithm was used for model training. SVM is a supervised learning model and related learning algorithm for analyzing data in classification and regression analysis. This algorithm maximizes the margin between class boundaries and is often used in data mining projects (Boser et al., 1992; Steinwart and Christmann, 2008). At present, this method is widely used in the deep learning field, such as in image classification. The geometrical morphometric data on modern starch is thus trained by SVM to yield more precise identifications of unknown starch granules. The species name is used as the classifier, 35 coordinates of x and y, i.e., 70 values constitute the variables. R programming language (version 3.6.2) (R Core Team, 2020) is used for the SVM computing.

Species identification, and classification of unknown archeologically derived starch granules were based mainly on comparison with a modern starch database established by our laboratory team and with reference to the recent published record. We have thus far compiled a modern reference database of more than 67 Chinese starch-producing species/varietals (see Figure 3) including both domesticated and wild taxa. Some plants such as certain species of Colocasia, produce extremely small (<5 μm) starch granules, thus inappropriate for the acquisition of geometric morphometric data. In this case, TPS files were acquired from 41 species/varietals. Phytolith comparisons were based completely on published resources (Yang et al., 2009, 2013; Liu et al., 2011, 2014, 2019; Wan et al., 2011a, b, 2016; Wang S. et al., 2011; Wang et al., 2013; Yang and Perry, 2013; Ma et al., 2019; Li et al., 2020). Plant anatomy references were used to identify other plant organ fragments (Zheng and Wang, 1983).
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FIGURE 3. Modern plant starch references included in this paper. [1–2, Oryza sativa; 3, Panicum miliaceum; 4, Setaria italica; 5, Triticum aestivum; 6, Dioscorea opposita; 7, Vigna vexillata; 8, Smilax china; 9, Bolbostemma paniculatum; 10, Trapa bispinosa; 11, Nelumbo nucifera (root); and 12, Pinellia ternate].





RESULTS

A total of 1241 starch granules were recovered from all the three levels of residue samples. All teeth yielded starch granules except those from M143. Among these starch granules, 533 were recovered from Level I samples, 335 from Level II samples, and 373 from Level III samples (see Supplementary Table). Among these starch remains, 1031 granules (83.07% of the total) are identifiable by comparison with our reference database. The residue samples were taken by levels for several reasons. Level I samples are thought to reflect micro-residue originating in soil, while Level II samples, which are obtained by wet brushing, are thought to contain micro-residues from both soil and the surface of the sampled specimens. The main aim of the wet brushing is to isolate Levels I and III samples, to avoid cross-contamination from Levels I to III samples to the greatest extent possible. In this case, Level I samples are equally as important as Level III samples since both could provide valid indications, while Level II samples are difficult to analyze because they are, by definition, mixtures with multiple points of origination. Therefore, micro-residues from Level II samples are not discussed in our work.

We compared starch granules yielded by Level I samples with those recovered from Level III samples by direct image comparison and geometric morphology. In the images, different morpho-types could be observed between starch granules from Levels I and III. CVA results revealed substantial differences between Levels I and III samples, reflected by the peak values of canonical variates appearing in different positions (Figure 4). The Mahalanobis distance also showed apparent differences between the groups (P < 0.001). As a result, we conclude that the starch granules contained in Level III samples are not contaminated by layer deposits and can be regarded as direct evidence of the Liangwangcheng ancient human’s plant utilization.
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FIGURE 4. Canonical variable frequency bar chart of Levels I and III samples.


In addition to starch granules, phytolith remains were also discovered, although in a much smaller proportion, and were mostly not diagnostic to the species level. A small number of unidentifiable plant fibers, pollen grains, and fungi were observed.


Typology of Starch Granules

Archeological starch granules were classified into five types according to the system established by Guan et al. (2020) based on morphology and size (Figure 5):
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FIGURE 5. Starch granules from Level III Liangwangcheng dental residue samples. (a,j,m,s,u: starch granule from M125; b,r: starch granule from M121; c: starch granule from M127; d,h,k,l,n,p,q: starch granule from M147; e: starch granule from M226; f: starch granule from M129; g,i: starch granule from M144; o: starch granule from M251; t: starch granule from M111).


Type 1, polyhedral body, possibly produced by foxtail millet (Setaria italica) (Figure 3: 4), broomcorn millet (Panicum miliaceum) (Figure 3: 3), or rice (Oryza sativa). The 2D shapes are mostly polygonal or spherical, with invisible lamellae and centric to slightly eccentric hila. Furthermore, many granules classified in this type exhibit pronounced fissures. Among these polyhedron bodies, ones with smaller diameters and sharper edges are likely to derive from rice according to our reference database (Figure 3: 1–2) and the published literature (Liu et al., 2011; Wang S. et al., 2011).

Type 2, lenticular body, probably produced by members of the tribe Triticeae. The 2D shapes of these starch granules are nearly round, elliptical, or lenticular, with closed and centrally located hila and fuzzy lamellae. Fissures are absent in most individual grains and the extinction crosses are primarily straight. It should be noted that the Triticeae tribe includes more than 10 genera in China, and both domesticated and wild species. These starch granules resemble the morphology of modern specimens from Aegilops, Roegneria, Secale, and Triticum according to our reference database (Figure 3: 5) and published literature (Wei et al., 2007; Hart, 2014; Wan et al., 2016, 2020).

Type 3, ellipsoidal, semi-ellipsoidal and elongated ellipsoidal body, maybe produced by plant underground storage organs, and probably including members of the Nymphaeaceae (water lilies), Trapaceae (water chestnuts), and Araceae families such as lotus root (Nelumbo nucifera), water caltrop (Trapa bispinosa), and banxia or crow-dipper (Pinellia ternata), the latter used in Traditional Chinese Medicine and identified by comparison with our reference database (Figure 3: 6, 8–12). This type exhibits primarily fuzzy lamellae and eccentric hila, and the extinction crosses are mostly bent, making it easier to distinguish.

Type 4, kidney bean shaped body, which includes starch from legumes (Family Fabaceae) according to our reference database (Figure 3: 7) and published literature (Wang et al., 2013). Most exhibit visible fissures and lamellae, but the hila are mostly invisible. The center of the extinction crosses appears as a dark linear area.

Type 5, includes compound and damaged starch granules. Compound granules are not separated, and damaged starch granules are broken or incomplete; therefore, we were unable to specify their morphological characteristics and identify them to the species level.



Phytolith Remains

A total of 79 phytoliths were extracted from the Level III residue samples (Figure 6). These phytoliths could be classified into six types based upon criteria provided by Lu et al. (2006) including Elongate, Saddle, Bilobate short cells, Bulliform cells, Dendriform phytoliths from hulls and short cells. Bilobate short cells appeared most frequently. The small number of foxtail and broomcorn millet husk phytoliths nonetheless suggest that these millet varieties were used by the Neolithic occupants of Liangwangcheng.
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FIGURE 6. Phytoliths recovered from Liangwangcheng dental residues. (A–F, Bulliform cells; G–L, Bilobate short cells; M, broomcorn millet husk; N–P, foxtail millet husk; Q, Wavy–trapezoid; R, short cell; S, Rondel; T–V, Elongate; W, Bilobate short cells).




Other Plant Organ Fragments and Remains of Fungi

Bordered pits, fibers, cells of unknown biological origin, and other fragments were discovered in all the residue samples, including Level I, Level II, and Level III. However, these organ fragments lack biological attributes and are, thus, not identifiable. In addition, these remains are extremely fragmentary, and were recovered in only minor quantities, therefore, such fragments were not included in this paper.

One discovery is particularly noteworthy. In addition to starch granules, phytoliths, and other tissue fragments, we also observed some biological granules. These smaller granules are spheroidal, oval, and radial in shape and display extinction crosses under polarized light. Initially, these granules were identified as damaged starch. However, after comparison with relevant published data (Haslam, 2006; Torrence, 2006; Krull et al., 2013; Atsatt and Whiteside, 2014; Walsh et al., 2018; Shen et al., 2019), we consider these granules to be molds; even hyphae were observed in some individual specimens. These mold granules have smaller average diameters than regular starch granules; generally <10 μm. Their extinction crosses caused initial misidentification, further emphasizing the importance of ensuring the precision of plant starch identification.

In Level III samples, 19 such mold bodies were observed. These fungi remains can be classified into three types based on their morphological features (Figure 7). Because of the integrity of their spore structure, we believe these fungi are generated later in the samples. However, it is a difficult issue to adequately evaluate. We hope that a more comprehensive examination can be made in the future to facilitate discussion of the origin of these fungi.


[image: image]

FIGURE 7. Fungi remains recovered from Liangwangcheng dental residues.




Results of Geometric Morphometric Analysis of Starch Granules

The Liangwangcheng CVA procedure identified eight significant canonical variates. Eigenvalues indicate that canonical variable (CV) 1 accounted for 45.83%, 34.04% for CV2, and 10.91% for CV3, representing 90.78% of the total variations. According to the CVA scatter plot, Liangwangcheng starch overlaps with about eight control groups. Among these control groups, O. sativa, S. italica, and P. miliaceum are closer to the Liangwangcheng group and the other four groups are more distant (Figure 8). In other words, the CVA shows that starch granules from Liangwangcheng derive mainly from rice, foxtail millet and broomcorn millet, and a small portion derives from legumes, members of the Triticeae tribe, roots and tubers, and some aquatic plant fruits. Figure 9 displays the confidence ellipses (probability = 0.9) for each group. Moreover, the Mahalanobis distances (Table 2) and Procrustes distances (Table 3) further describe the canonical variate scores and support our conclusion.
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FIGURE 8. Canonical variate scatter plot of CV1, CV2, and CV3 accounting for approximately 90% of variation.



[image: image]

FIGURE 9. Confidence ellipses (probability = 0.9) based on canonical variate scatter plot of CV1 and CV2.



TABLE 2. Mahalanobis distance matrix of Liangwangcheng and control groups.
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TABLE 3. Procrustes distance matrix of Liangwangcheng and control groups.
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SVM Prediction of Geometric Morphometric Data

The SVM model suggests that the Liangwangcheng starch granules (n = 301) possibly derive from several plant species. Table 4 displays predicted data groups with percentages >2%. This prediction suggests that cereal crops (millets and rice) (37.21%), roots and tubers (33.56%), aquatic plant fruit (7.64%), and legumes (4.32%) are present in the Liangwangcheng starch remains.


TABLE 4. Prediction result in Liangwangcheng starch granule dataset.

[image: Table 4]



DISCUSSION


Plant Resources Revealed by Residue Analysis

In this study, starch granules and other plant microfossils extracted from human dental remains inform vital issues concerning human diets and the development of agriculture-based subsistence. Plant starch and phytolith residues indicate that the Neolithic inhabitants of the Liangwangcheng site cultivated millet and rice as the primary source of their vegetal food and simultaneously exploited a variety of edible wild plants including legumes, the fruit of aquatic plants, and underground storage organs. In the Haidai region, rice, foxtail millet, and broomcorn millet coexisted since the Houli period (ca. 6500–5500 BCE), indicated by carbonized plant remains recovered at the Yuezhuang site (Gary et al., 2013), and a relatively stable rice–millet mixed agricultural pattern was established during the Middle and Late Dawenkou periods (ca. 3500–2600 BCE) (Zhao, 2020). The rice and millet starch and millet phytoliths extracted from Liangwangcheng dental residues further supports this perspective, and has helped fill in the blanks of late Stone Age subsistence studies in northern Jiangsu. The total proportion of cereal starch within the whole assemblage is much greater than those of other plant types, indicating that the Liangwangcheng people probably carried out large-scale farming activities. In other words, agricultural production may have become an increasingly stable means for them to acquire edible plant resources. Cultivated crops played a vital role in the Liangwangcheng subsistence base, and occupied a dominant position in the diet of the site’s Neolithic inhabitants.

Although comprising a secondary and auxiliary role, wild plant resources were also crucial to the prehistoric occupants of Liangwangcheng, who gathered and utilized wild plant resources such as roots and tubers, legumes and aquatic plants, indicating the extensive use of diverse plant resources. Roots and tubers are generally easy to gather and process, and contain rich energy, thus they are considered one of the most common food resources in both prehistory and the present. Legumes include various species and are widely distributed. Due to their high protein content, they have comprised a part of the human diet for eons (Wang et al., 2009). Beans are still an indispensable component of the daily diet in northern Jiangsu today. Aquatic plants such as water chestnut and lotus root, widely distributed in the North Temperate and Subtropical Zones, are nutritiously rich. Our analyses suggest that the hydrothermal conditions and natural environment of the Liangwangcheng area fostered a level of biodiversity that gave the region’s ancient inhabitants ready access to diverse food sources.



Human–Environment Interaction in the Liangwangcheng Area

Flotation work has not been conducted thus far at the Liangwangcheng site, considerably limiting our understanding of the subsistence pattern preserved at this site. Therefore, our study provides crucial evidence facilitating discussion of which plant species were utilized and consumed by the site’s inhabitants. Specifically, dental residues provide direct and conclusive evidence essential for reconstructing the diet of Liangwangcheng’s prehistoric inhabitants. Routine and sustainable cultivation of cereal plants may provide a stable dietary source. The selection of long-term edible plant resources was closely related to the natural environment and the subsistence productivity developed by ancient humans. According to published paleoenvironment data for the site, in the Late Dawenkou period, the climate in this area was warm and humid, and herbaceous and woody plants flourished. Prehistoric humans seized upon those climatic advantages and actively engaged in agricultural production (Zhao et al., 2014). Many residential houses, a pottery production complex, and a road paved with clay were exposed during excavations at Liangwangcheng (Nanjing et al., 2013) and well-established pottery typologies and evidence of the production of tools made of bone and stone illuminated. These artifacts suggest large-scale settlement during the Dawenkou period, which encouraged residents to engage in reliable agricultural production to support their burgeoning population. Anthropological analyses also indicate that skeletal lesions apparent on human bones were likely caused by heavy agricultural labor activities (Zhu et al., 2013). It seems that Liangwangcheng had favorable social and natural conditions for developing an agricultural economy in the Late Dawenkou period. Environmental conditions at the time were sufficient to support a rich and diverse array of foodstuffs, establishing a subsistence system based on agriculture while retaining a gathering and foraging economy as supplemental.

The rice–millet mixed agriculture pattern was a unique configuration in the Haidai area (Zhao, 2020), in which the cultivation of both rice and two varieties of millet were established and developed by ancient humans due to salubrious local environmental conditions. In the late Neolithic, agricultural patterns were generally consistent over the whole Haidai area; however, due to differences in geographical locations and environmental fluctuations, specific agricultural adaptations were also adjusted according to the local circumstances, thus temporal and regional differences emerged. No rice remains were found in the Jianxin (He and Liu, 1996) or Jiaojia sites (Wu, 2018) which apparently practiced typical dry farming, being located in inland areas and at higher latitudes north of Liangwangcheng. On the other hand, the Yuchisi (Institute of Archaeology, 2007) and Yangpu sites (Wu, 2018), located in Anhui at a lower latitude, practiced mixed rice–millet farming. The Liangwangcheng site is located on the lower reaches of the Huai River, as are Yuchisi and Yangpu in terms of hydrothermal and environmental conditions, with low-relief terrain and a dense fluvial network. Compared with Jianxin and Jiaojia, this region provides more abundant sources for irrigation and, thus, more suitable environmental conditions for propagating and cultivating rice.

The plant macrofossil and microfossil remains could present what specific plant foods were available to a community, while stable isotopic analytical data directly reflect a long-term configuration of which species had been consumed over many decades, which creates an efficient method for scholars to establish a fuller picture of dietary practices in ancient China (Liu et al., 2020). According to Dong’s radiocarbon dating and stable isotopic studies (Dong, 2013), the Liangwangcheng, Fujia, and Huating sites are contemporaneous, and the contemporaneity of these sites make synchronic comparisons of diet composition possible. The stable isotopic evidence also suggests that the diet of different contemporary sites in the Haidai area were not precisely the same. At Fujia, human diets were dominated by millets and millet-fed pigs, while at Huating and Liangwangcheng, people had more diverse diets, including many C3 plants such as rice and aquatic resources. Liangwangcheng and Huating are located in northern Jiangsu, further south than the Fujia site in Shandong province. In brief, millet is a plant resource that existed widely in the subsistence pattern of the Haidai area and has been relied upon for millennia. On the other hand, the rice and other C3 plants consumed by ancient humans were dramatically impacted by the natural environment, especially prevailing hydrothermal conditions.




CONCLUSION

In this study, we detected several species of starch granules in residue samples from 31 Late Dawenkou Culture burials, providing evidence of plant foods consumed by the Neolithic inhabitants of Liangwangcheng, Jiangsu. Geometric morphometric analysis indicates that a portion of these starch grains may be derived from domesticated cereal crops such as foxtail millet, broomcorn millet and rice; and part of them may derive from roots and tubers, legumes and aquatic plant fruits. Based upon CVA results, millets and rice are present in dental samples at the highest percentages. Millet and rice likely became the major consumed crop food sources beginning in middle Neolithic times in the Haidai area. Underground storage organs, aquatic plant fruits, and beans are also present at Liangwangcheng, but are represented at quantitatively lower levels.

Our study indicates that agricultural production was the primary means by which the Neolithic inhabitants of Liangwangcheng obtained plant-sourced foods, supplemented by gathering wild plant resources, and that the composition of the plant food spectrum was broad and diverse. The prehistoric inhabitants of Liangwangcheng would have employed locally appropriate subsistence strategies. Based on archaeobotanical research conducted at surrounding sites in the Haidai area, we conclude that in the late Neolithic period, the subsistence economy in northern Jiangsu was dominated by mixed rice–millet agriculture, and that a foraging and gathering economy persisted in a supplemental role. The plant microfossils discovered at this site provide essential information about the utilization of plant species and the development and florescence of agriculture in the late Neolithic of northern Jiangsu. This is of great significance in reconstructing prehistoric subsistence patterns in the middle and lower reaches of the Huai River, and for exploring interactions between prehistoric human activities and the paleoenvironmental context in which they were situated. These results also contribute to our understanding of crop diversity and the level of agricultural development attained in the late Neolithic period in the Haidai region of China’s Pacific seaboard.
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While Eastern Polynesian archaeologists rarely recover archaeological remains of canoes (va‘a), ethnohistoric texts document how such vessels played a central role in the daily lives of commoners and chiefs alike. Here, we refocus discussions of va‘a in Polynesian societies through synthesizing proxy information (archaeological data, evidence from ethnographic and ethnohistoric sources, ecological modeling, human-centered interaction networks) on canoe use in the Society Islands of French Polynesia. While all communities who initially settled Eastern Polynesia archipelagoes must have done so with large double-hulled canoes, their use was absent in some societies by the time of European contact. We question why some Eastern Polynesian societies retained the use of large ocean-going canoes, while others did not. For high island archipelagoes like the Society Islands, sources document how large double-hulled canoes facilitated and supported elite intra-archipelago voyaging, warfare, and exchange with near and remote hinterlands up until European contact in the mid-eighteenth century. While smaller canoes were used by commoners on a daily basis for subsistence fishing and island-wide transport, larger ocean-going canoes were strictly the purview of high-ranking elites. Our human-centered interaction network models help us to identify how social processes put constraints on the manufacture and continued use of large ocean-going va‘a in Eastern Polynesian contexts. We deploy such data to outline steps in the production, use, and re-use of canoes. We employ network science to better understand the relationships between animal and plant species used by the Mā‘ohi in canoe manufacture, quantifying the number of resources used, the number of social personae involved, and the amount of labor/energy involved in their manufacture. Finally, we use Mo‘orea settlement pattern data, as well as landscape and elevation data, to visually model the extent to which local ecologies or habitats constrained access to long-lived hard wood trees, key raw materials in the construction of ocean-going vessels. We consider the additional variables of soil pH and tree regrowth rates in our modeling of the ecological limits of preferred va‘a species. We then query differential patterns of continued use of ocean-going vessels in two Eastern Polynesian archipelagoes: the Gambier archipelago and the Society Islands. Utilizing these multiple sources of data, we return to the age-old question of what roles social and natural processes played in the resiliency of the socio-political systems of Polynesian chiefdoms. We view ocean-going canoes as critical social tools in terms of resilience, as use of these water craft reduced island isolation and allowed for contact with near, and sometimes far, neighbors who served as critical buffering agents, particularly in times of ecological crises, such as drought, famine, or tsunamis.

Keywords: Eastern Polynesia, canoe societies, resilience, ecology and habitat modeling, ethnohistory, prestige goods, human-centered interaction network, archaeoecology

“This people are very ingenious in building their Proes, or Canoes, and seek to take as much care of them having large shades of houses to put them in built for the purpose and in these houses they likewise build and repair them and in this they shew a great deal of ingenuity, far more than one an expect: they are built full bellied. In these Pahee’s…these people sail in those seas from Island to Island for several hundred Leagues ……” (Cook in Beaglehole, 1955/1961/1967, pp. 153–154).


INTRODUCTION

As the quote above from Captain Cook’s first voyage to the Society Islands between 1768 and 1771 attests, large ocean-worthy canoes played a key role in Mā‘ohi society at the time of European contact. Yet Eastern Polynesian archaeologists rarely recover archaeological remains of canoes, despite ethnohistoric texts documenting how large ocean-going watercraft and smaller everyday vessels played a central role in the lives of commoners and chiefs. Arguably, only one archaeological example of a truly ocean-going canoe has been recovered in Eastern Polynesia (from New Zealand). Here, we refocus discussions of va‘a (canoes) in Eastern Polynesian societies through synthesizing varied forms of proxy information (archaeological data, ethnographic and ethnohistoric data). We then harness these data to simulate models (human-centered interaction networks and spatial patterns of ecological limits) on canoe use in the Society Islands of French Polynesia. While all communities who initially settled Eastern Polynesia must have done so with large double-hulled canoes, their use was absent in some societies by the time of European contact. We question why did some Eastern Polynesian societies retain the use of large ocean-going canoes, while others did not?

Such questions are intertwined with human-environmental relations, as anthropogenic deforestation has been seen as a causal factor in the loss of timber for canoe manufacture and subsequently, the loss of the ability for ocean-going voyaging (Van Tilburg, 1994; Weisler, 1994, pp. 98–99; Rolett, 2002). The size of Eastern Polynesian canoes was largely based on the availability of large trees, with ocean-going canoes requiring the largest of trees to craft immense hulls (Ranney, 2018, p. 30). Thus, we privilege the ability of certain islands to grow large hardwood trees as a necessary condition for continued ocean-going voyaging capabilities in pre-contact Eastern Polynesia or at a minimum, access to canoes manufactured within such island’s

long-distance trade networks. Historically, Tongan political influence over the Lau island group in Fiji for extraction of Intsia bijuga provides a good example for the latter in Western Polynesia (Banack and Cox, 1987), while in our Eastern Polynesian case study, the Society Island-Mehetia-Tuamotu interaction sphere provides a good example of such a practice in Eastern Polynesia.

We launch our canoe-centric study by synthesizing ethnographic and ethnohistoric data on canoe use in the Society Islands and more broadly in Eastern Polynesia at the time of European contact. For high island archipelagoes like the Society Islands, sources document how large double-hulled canoes facilitated and supported elite intra-archipelago voyaging, the waging of war, and exchange with near and remote hinterlands up until European contact in the mid-eighteenth century. While smaller canoes were used by (mainly male) commoners on a daily basis for subsistence fishing and island-wide transport, larger ocean-going canoes were strictly the purview of high-ranking elites (again, mainly male). In the most complex of Polynesian chiefdoms, like the Society Islands, ocean-going canoes were highly valued functional items, but also symbolic items, as the size of a canoe materially expressed chiefly status. Only high-ranking chiefs had the wealth required to support the manufacture of such va‘a by craft specialists. As such, we can identify large double-hulled royal canoes and war canoes as highly prized and restricted elite prestige items.

Our human-centered interaction network research helps us to identify how social processes put constraints on the manufacture and continued use of large ocean-going va‘a in Eastern Polynesian contexts. We deploy such data to outline steps in the production, use, and re-use of canoes. We quantify the number of resources used, the number of social personae involved, and the amount of labor/energy involved in their manufacture. Finally, we use Mo‘orea settlement pattern data, landscape data on elevation, and modern botanical survey data to visually model the extent to which local ecologies or habitats constrained access to long-lived hardwood trees, key raw materials in the construction of ocean-going vessels. We then query differential patterns of continued use of ocean-going vessels in two Eastern Polynesian archipelagoes: the Gambier archipelago and the Society Islands. Utilizing these multiple sources of data, we return to the age-old question of what role both social and natural processes, working in tandem, played in the resilience of the socio-political systems of Polynesian chiefdoms. Here we follow a perspective viewing ocean-going canoes as critical tools in terms of resilience. Use of these watercraft reduced island isolation and allowed for contact with near, and sometimes far, neighbors who served as critical buffering agents, particularly in times of ecological crises, like drought, famine, or tsunamis, otherwise known as the “rescue effect.” As such, our work has broad relevance for studies of other pre-contact “canoe cultures,” like those found in the Caribbean (Shearn, 2020) and the Northwest Coast (Mathews and Turner, 2017).


Eastern Polynesia as a Study Area and the Society and Gambier Case Studies

Eastern Polynesia is comprised of five main Central Eastern Polynesian archipelagoes (Cook, Society, Marquesas, Gambier, Tuamotu), in addition to the Pitcairn Group, Equatorial Islands, Kermadecs, Chatham Island, and the remote Eastern Polynesia islands (Hawaiian Islands, New Zealand, and Easter Island) (Figure 1). This area stretches over a vast ocean, spanning tropical to sub-tropical climates. All Eastern Polynesian islands are characterized by isolation and limited size (Kirch, 1984, p. 20), yet these are relative, as are differential physical resources given island type, age, and height. Geologically young high island archipelagoes, like the Hawaiian Islands and the Societies, offered the largest land masses, well-watered valleys with permanent streams, and moderate to well-developed lagoons (Kirch, 2010; Hommon, 2013; Kahn, in press), thus affording new settlers with the richest landscapes in terms of natural resources. While not the largest, youngest, or tallest island in the Society chain (this would be Tahiti at 1,045 km2 in size, 0.3–1.3 myr in age, 2,241 m in elevation), Mo‘orea is a geologically young island of moderate size and elevation (134 km2 in size, 1.3–1.8 myr in age, 1,207 m in elevation). In contrast, the geologically older islands in the Gambier chain are both much smaller in size and much lower in elevation than Mo‘orea (see Table 1). Geologically older archipelagoes, like the Gambiers, were more impoverished in terms of available natural resources. Their old age and small island size limited their terrestrial biodiversity, however, this was offset by enormous lagoons and rich marine resources (Conte and Kirch, 2004), in addition to the plants and animals introduced as canoe species (“Polynesian Introductions”). The Gambier Islands’ reduced elevations resulted in a local context where only the largest valleys had permanent watercourses (Conte and Kirch, 2004, pp. 18–19).
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FIGURE 1. Map of Eastern Polynesia and location of the Society Islands and Gambier Islands (Mangareva).



TABLE 1. Environmental and cultural characteristics of the Society Islands and the Gambier Islands (after Conte and Kirch, 2004; Kahn, 2018, in press).
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As seen in Table 1, the geologically young high island archipelago of the Society Islands benefits from higher elevations that generate orographically induced rainfall. Their low degree of isolation provided colonizing communities with relatively high biodiversity of terrestrial and marine flora and fauna. It likewise situated Mā‘ohi communities to exploit nearby islands, islets, and atolls in sometimes an extractive fashion (as with the uninhabited Fenua‘ura Islands) and sometimes as mutually beneficial exchange (as with Mehetia and the western Tuamotus) (see Figure 2; Hermann et al., 2019; Molle et al., 2019; Kahn, 2020). In contrast, the more isolated Gambiers, situated in a cooler tropical climate, suffered from lower biodiversity in terms of plants and animals as well as from having lower annual rainfall. When coupled with their higher degree of isolation, such physical characteristics likely constrained social efforts of Gambier’s pre-contact communities to buffer environmental shifts, whether natural or the result of anthropogenic causes.
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FIGURE 2. Visual map of the Society Islands as the principal agent in Fenua-Ura resource extraction and as a key node in the Society Island-Mehetia-Tuamotu. Phrases followed by (?) denote possible interpretations that we have less solid foundation for regional interaction sphere.


Culturally, all Eastern Polynesian societies can be considered one phylogenetic unit, as each derives from the same set of ancestral cultures found in the Western Polynesian homeland (Kirch and Green, 2001). However, once each island or archipelago was colonized, new settlers adapted to local environments and resource bases, effectively leading to changes in material culture, subsistence intensification, hierarchy, and social relations (Kirch, 1984; Kahn, 2018). At first contact in the late eighteenth century, Eastern Polynesia exhibited a diversity of social-environmental systems. These ranged from hierarchically structured polities in the Society Islands with high population densities and intensive agricultural landscapes, to islands such as the Gambiers, which lacked centralized political authority and whose terrestrial landscapes were markedly degraded (Sahlins, 1958; Goldman, 1970; Kirch, 1984; Conte and Kirch, 2004, p. 21–22; Kahn, in press). In terms of cultural evolution, Sahlins (1958) was the first to suggest a correlation between resource availability, degree of social complexity, and instability of climate/natural resources in Eastern Polynesia (see also Kirch, 1984). We explore these variables with relation to the Society Islands and the Gambier Islands to examine the degree to which differing island size, slope, precipitation, and soil pH affected islander’s abilities to manufacture large ocean-going canoes. Finally, we explore to what extent isolation derived from the lack of ocean-going canoes, and hence intra-archipelago interaction, constrained some Polynesian communities’ choices vis-à-vis long-term sociopolitical resilience.




MATERIALS AND METHODS


Textual Sources

As we argue, the dearth of direct archaeological evidence for canoe technologies has contributed to an under-representation of the processes surrounding the manufacture and voyaging of canoes and their impact on the structure of Eastern Polynesian settlement patterns, social hierarchies, and economic interactions as well as intra-archipelago interactions involving the exchange of material goods and ideas. Thus, understanding canoe cultures in Eastern Polynesia, as well as which societies lacked large ocean-going canoes at contact, requires the use of proxy data. Following this, we gathered data concerning pre-contact Eastern Polynesian canoe manufacture, use, and re-use from 43 published textual sources ranging from botanical articles/books; archaeological, anthropological, and linguistic works; traditional myths and oral traditions; and European explorer, missionary, and later historic accounts.



Presence and Absence of Ocean-Going Canoes at Contact

Several scholars have identified historical references to Eastern Polynesian societies at European contact who lacked ocean-going canoes (Mulloy, 1975; Weisler, 1994; Rolett, 2002); generally, this is seen as the de-evolution of more formally complex canoe technologies, although alternative views do exist (Anderson, 2008, 2017). We gathered data about the presence and absence of Ocean-going canoes in Eastern Polynesian societies at the time of European contact from both primary (European explorers and missionaries, early Tahitian dictionary) and secondary sources (later published syntheses). Generally, ocean-going canoes are defined as large double-hulled canoes used outside the lagoon, in contrast to smaller single-hulled canoes with or without outriggers used inside the lagoon (Finney, 2006, p. 113).



Human-Centered Interaction Network and Human-Centered Canoe Web

As part of the ArchaeoEcology Project1, we developed a use web coding uses of all plants and animals recovered in Society Island archaeological sites. For each taxon present in archaeological sites, we recorded use data as reported in textual sources (European explorer texts, later historic accounts, ethnographies, botanical and ethnobotanical sources and surveys; the Tahitian dictionary, oral traditions, and genealogies). Our objective was to understand “human-centered interaction networks” (HCIN), including how relationships between pre-contact Mā‘ohi communities and island flora and fauna were organized, what these relationships can tell us about diachronic shifts in human-environmental interactions, and how such network approaches can identify changes in socio-economic systems (see Verhagen et al., 2021, p. 2). From our larger HCIN database, we developed a human-centered canoe-web database, intending to define the number of steps in the life cycles of canoes; which animals, plants, and tools were used in such steps; and which social personae were involved in each step.


Social Personae

We define social personae as social roles that are present in specific interactions in a society and which are recognized by other members of the social group as responsibilities of that individual. Broadly within Eastern Polynesia, social personae might include chiefs, commoners, and occupational specialists; the latter can be broken down into craft specialists (e.g., canoe manufacturer, adze manufacturer), other experts with specific knowledge (sea expert, navigator, expert fishermen), and ritual specialists (priests) (Kirch and Green, 2001, pp. 221–2279, Tables 8.7, 8.9; see Kahn, 2005 for the Society Islands, Taomia, 2000 for the Cook Islands). Social personae mentioned specifically in terms of Society Island canoe manufacture and use included chiefs, ahi-tu (the assistants of a canoe builder, canoe builders for chiefs on temple grounds), and tahu‘a tari va‘a and tahu‘a tari pāhi (specialized canoemakers). These Tahitian glosses are derived from the first Tahitian dictionary published in 1851 (Davies, 1991).



Life Cycles

We classified canoe life cycles according to four generalized categories: construction, launching, sailing, re-use. Construction was broken down into two sub-categories, extraction of raw materials used and processing of the raw materials used. Within each of these, we likewise coded for tools used (e.g., adze, auger, chisel, fire) and activity (hollowing out the hull, boring holes). The launching category was broken down into the physical act of launching and ceremonies surrounding this event. Sailing was coded along three sub-categories: navigation (otherwise known as wayfinding), sailing, and voyaging (the latter refers to open ocean voyaging). The re-use category recorded data related to secondary repurposing events. Importantly, ritual activities were coded as sub-categories of each of the four life-cycles whenever ceremonial activities were deemed present, such as rubbing rigging cords on the stones of temples to determine the fate of the canoe before launching.

For each life-cycle category, we recorded which tools or items were used for which specific activity within each life-cycle, such as a wind compass used to determine the direction of the prevailing winds or an amulet offered to the sea gods upon safe arrival back to shore. Wherever possible we recorded the specific nature and names of social personae involved in life cycle events and ritual activities, as with ahi-tu, the builders of sacred canoes who lived consecrated lives and who would not cut their hair until a canoe was complete. We likewise recorded the specific places where events in the life-cycle took place (e.g., special huts near temples where the canoe was constructed).



Species Used

Based on work developing our HCIN database (Kahn et al., forthcoming), we reduced the ocean-going canoe body element category (associated with the hull elements) to two species: Calophyllum inophyllum (glossed in Tahitian as Tamanu) and Neonauclea forsteri (Mara); these species have known historic preference for use in double-hulled canoe manufacture in the Society Islands, Mangareva, or both. We recorded use across 12 categories: food, structural, ritual, health, clothing, fuel, housing, ornamental, artifact, companions, cosmology, and trade (for category definitions see Supplementary Table 1).

For our canoe database (available online, see Kahn and Escue, 2021), we captured which particular plant and animal taxa were used across five categories: structure, purpose, vessel, maintenance, and use. Here, the structure category is defined as species used to create the original canoe structure excluding removable parts like paddles, sails, and masts. It has five sub-fields, including ornamentation, processing, body elements, extraction, and general, with sub-categories including tools and ritual. Ornamentation refers generally to aesthetic, social, or spiritual elements of the canoe, like carved figureheads or shell inlays or other sorts of decoration of the hull, rather than functional elements of the canoe, such as the shape of the mast or the hull (see Rogers and Ehrlich, 2008). The purpose category relates to particular use-events recorded around canoes, with the five-sub-fields of trade (use of canoes to transport trade items or to transport people with items to trade), hunting/fishing, ritual, cosmology, and navigation. Hunting of marine mammals like dolphins and whales is differentiated from fishing which includes capture of fish or shellfish. Ritual relates to generalized ceremonial activities, while cosmology relates specifically to beliefs or activities related to origin myths and world-views. Navigation relates to any practice linked with wayfinding. Sub-categories of the purpose category include vessel (items related to the physical canoe), equipment (auxiliary items not part of the actual canoe like masts, paddles), sacrificial (transportation of items like human bodies, pigs), and general (unspecified use).

The vessel category relates to specific mention of canoe type, whether single-hulled, double-hulled, or general (type unspecified). The double-hulled category has three sub-fields, canoes for use in war, those for use in voyaging, and those for use in ritual. The maintenance category relates to post-manufacture refabrication practices, with sub-categories of repair (practices to prolong use), recycling (practices to refabricate materials for other use), ritual (a species used for ritual to repair a canoe, but these were lacking in our study), and general (maintenance activity unspecified). The use elements category relates to the raw materials used for specific canoe elements, with the sub-categories of sail, mast, paddles, and general (unspecified). Wherever possible, use data was reported at the species level, yet some entries only provided data to the genus level.



Social Network Modeling

We generated a useweb model of the canoe production system by subsetting the larger HCIN dataset described in the previous section. Our first subset limited the species for construction to those categorized as used in constructing double-hulled canoes, namely Tamanu and Mara. We then converted this dataset into nodes (species, objects, personae, and events, n = 105) and links (processes, n = 1,493) to generate a human-centered interaction network model; as part of our supplementary data we include the R code file and the Excel data file so users can examine the canoe networks reported herein (see Supplementary Tables 2, 3). The nodes were further classified as ornamentation, construction, general, body elements, launching, sailing, and ritual, and the links were classified as extraction, processing, construction, and ritual. We used these data to generate an igraph in R Studio 3.6.3. We then quantified this network model by summarizing the number of links per node using the degree function, which results in a list of centralization scores.



Archaeological Data

We coded data from textual sources whenever physical materials recovered in archaeological sites or housed in museums mentioned particular plant and animal taxa used in constructing canoe types (vessel, single-hulled, double-hulled), canoe elements (sail, mast, paddles, and general), or mentioned particular plant and animal taxa used to fabricate tools used in canoe manufacture, use, maintenance, and recycling events. The transportation of stone architectural elements and tools, particularly adzes, away from islands serving as their source of origin likewise provides indirect proxy data for intra-island, inter-island, and intra-archipelago voyaging; the latter two in many, if not most cases, required large ocean-going canoes.



Ecology and Landscape Data and Habitat Modeling

To test how island settlement densities, agricultural development, and demographic processes would impact access to species used in canoe hull manufacture, we generated habitat suitability maps in ArcMap 10.4 for the island of Mo‘orea. Mo‘orea was chosen as a test case, as it has a relatively rich biota (300 native and endemic taxa) and has high-resolution settlement data, particularly from the ‘Opunohu Valley.

Our first habitat model focuses on settlement densities by elevation. Knowledge of site densities across the island were gathered from published and unpublished sources2, with modern data on 53 archaeological sites, a high concentration of which derive from the ‘Opunohu valley (n = 41). These data derive from 10 archaeological survey and excavation projects directed by Kahn over the last two decades. Such data were used to generate three zones of site density: high, moderate, and low. We must note that the low site density category often occurs in high altitude contexts, many of which, but not all, have very rare instances of known archaeological sites.

Our second and third habitat models illustrate erosional data and elevational limits of species known to have been used in constructing the hulls of double-hulled canoes, Tamanu and Mara. The depth of erosional deposits were derived from all known excavated archaeological contexts with available data (Green et al., 1967; Lepofsky, 1994; Kahn, 2005, 2010, 2012; Kahn and Kirch, 2011, 2014; Kahn et al., 2015). We theorized that soil erosion from the interior onto the coastal plain, which appears to have generally ceased around 1250–1400 CE (Lepofsky and Kahn, 2011; Kahn et al., 2015), impacted the regrowth potential of large, slow-growing, hardwood trees preferred for ocean-going va‘a hulls. Tamanu and Mara have specific elevational limits (425 and 1,000 m, respectively) and require specific growing conditions like pH and soil type (4.0–7.4 pH respectively, in sandy well-draining soils for Tamanu and hydrophilic forests with well-draining soils for Mara). At the outer limits of these boundaries, trees may be viable, but growth potential may be impacted, resulting in smaller stature trees. To map these constraints, we used the Raster Calculation tool to produce overlays for Tamanu and Mara limits by elevation. We traced the erosion values based on the data derived from the excavation units.





RESULTS

The methods that we use can be replicated easily and extrapolated to other regions. In Supplementary Table 1 we include our code and network analysis datasets, while in Kahn and Escue (2021) we publish the canoe dataset used in this publication. While our methods could be used with our data to replicate our findings, more importantly, our methods are open access and can be used to understand other regions where habitat growth could have negative impacts on critical species.

Our model results suggest that there were varying abilities to regrow large trees required for double-hulled ocean-going canoes. Erosion would have been a primary concern for Polynesians, potentially creating a snowball effect that would be difficult to ameliorate. Removing large trees for ocean-going canoes would decrease the resilience of the soil, and only through reforestation—a long and lengthy process—could Polynesians regrow the essential resources. As our models show, pH changes in areas of deforestation suggest that some islands would have a difficult time rebounding to early conditions.

Our use web models suggest the critical nature of many organic materials for the function of Polynesian societies. As availability of these resources became strained, Eastern Polynesians would have needed to rely on their larger networks, if they could.


Use Webs and Human-Centered Interaction Networks: How Do Social Processes Constrain Canoe Manufacture and Use?


General Use Categories

In considering the greater impacts of tree availability, it is key to understand the range of uses for large tree taxa like Tamanu and Mara, as canoe manufacture is likely not their only realm of human use. Our HCIN databases documented the number of concurrent uses reported for these taxa in the Society Islands and Mangareva. Both trees and their elements are highly used in the Societies. Seven to eight uses are reported, with Tamanu used for artifact, cosmology, food, fuel, health, structural, and transportation and Mara used quite similarly for artifact, cosmology, health, ornamental, structural, trade, and transportation. In Mangareva, Tamanu is also highly used3, having four use categories (fuel, housing, artifact, transportation), while Mara is absent from the archipelagoes’ native flora. Mangareva shares 75% of Tamanu use categories with the Societies, yet lacks Mara.

In terms of the ability to resource switch, Mangareva’s more depauperate flora reduced access to the species for large canoe building. In the Societies, the use of parts of the living tree of Tamanu for food and medicine may have put additional constraints on the availability of parts of this tree, but likely would not have affected the actual size of the trunk. The Mā‘ohi also had the benefit of being able to resource switch to use Mara in canoe construction if Tamanu became scarce or smaller in size due to over-harvesting or erosion. Because of this, Tamanu’s concurrent uses in Mangareva likely created heavier constraints on long-term harvesting potential there than in the Societies. This is especially true given that Tamanu’s 7–8 year growth cycle, which may have led to harvesting trunks before their full size and thus impeding the construction of large ocean-going hulls.



Canoe Use Categories and Complex Life Cycles

In our canoe use network, we had a total of 1,385 links relating to activities occurring during canoe life cycles. In terms of life cycles, the construction category had the most links (n = 722, 53%), while sailing had the least (n = 59, 4%). The presence of a four-part use-life to large double-hulled canoes signals complex stages of construction, from felling the tree, hollowing out the hull, smoothing the side planks, ritualized movement of the canoe to the water and ceremonies involved in first launching and sailing of the canoe, in addition to ritualized re-use episodes. For example, the fact that old canoe parts were placed on altars before launching new canoes and were used to create sacred fires at temple sites illustrates how in all their four life stages, canoes and their constituent material parts were considered sacred.

In terms of the structure category, or species used to create the original canoe structure excluding removable parts like paddles, sails, and masts, the node with the highest number of links is Mara (n = 84). Tamanu has the second highest number of links along with clothing worn by canoe building specialists (n = 72). That Tamanu and Mara are among the nodes with the most links in the entire network shows their integral use in constructing diverse aspects of the main hull and canoe structure. That canoes were multi-component technologies is clearly illustrated in the presence of 16 named body elements, ranging from the projecting bow, the hull, the side board, the outrigger, and the pegs on the outrigger, etc.

In the processing sub-category of construction, coral (n = 55) and stingray (n = 48) were the nodes with the highest number of use links, illustrating the importance of tools made from these raw materials in the processing of canoe parts. Such tools were likely used to polish and burnish canoe surfaces in preparation for other ornamental treatments. Tool use across all four use-life categories (construction, launching, sailing, re-use) involved 25 items, ranging from simple tools like coral rasps and whetstones (the latter were used to sharpen stone adzes), to complex multi-component tools, like paint comprised of numerous elements, or sennit cord (twined and braided organic cordage used as rigging), which itself had several stages in its time-consuming manufacture. Because some of the materials used in canoe construction and use themselves had time-consuming production rates, we can view the staged construction of large-ocean growing canoes as substantial, both in terms of the raw materials needed and the time need to process them.

In the ornamentation sub-category of canoe structure, the nodes with the highest number of use links include candlenut (Aleurites moluccana) and Chamaecyse celastroides (a flowering shrub) (n = 20). Candlenut ornamental use included extraction of liquid from its inner bark to color cloth and mats and for use as an element in canoe paint (Butaud, 297; Medeiros et al., n.d.). Chamaecyse celastroides was also used as an ingredient in canoe paint (Medeiros et al., n.d.). Forms of ornamentation were found across the first three of the four use-life categories (construction, launching, sailing), ranging from painting the canoe hull black, hanging white tapa cloth on canoes carrying sacrifices, placing small wooden figures representing the gods in canoe sterns, and placing ornate sculptures on canoes prows as figureheads. These data highlight how canoes were more than just functional tools to transport people and things, as they were used in vibrant social displays in varied social contexts (warfare, canoe/visiting elites’ arrival ceremonies, presentation of tribute, etc.).

Ritual activities are well-represented (n = 17) across the four stages of the canoe life cycle, demonstrating the ceremonial importance of all steps in canoe production. It is then no surprise that in the ritual sub-grouping of each life-cycle, feasting (n = 65) and sleeping rituals for stone adzes used in canoe construction (ha‘amoe ra‘a to‘i) (n = 53) have the highest number of use links. Such high linkage in the network for different types of rituals supports how canoe production was performed under highly circumscribed ritual practices. Importantly, ritualized production occurred from the outset of construction. Stone adzes used to fell the tree trunk cut for the hull and later used in hull carving were “put to sleep” at night (ha‘amoe ra‘a to‘i) in temple walls by canoe specialists. Priests decided which tree to fell in the forest and recited prayers during tree felling. The launching life-cycle category, referring to ceremonies surrounding use and first use of the canoe, is particularly replete with rituals, like rubbing sennit cord on the stones of temples to determine the fate of the canoe before launching, using feathers to invoke spirits and as presentation to the gods at launching feasts, and fa‘ainuraa i te va‘a, making the canoe drink to consecrate the boat. Furthermore, in the sailing group, amulets (n = 13), and drums (n = 14), items used in ceremonies performed to ensure successful voyages or successful acts of war, are the nodes with the highest number of links.

That in the launching category, pig (Sus scrofa) (n = 19), feathers (n = 19), and offerings (n = 19) are the nodes having the highest number of links is telling. These data not only illustrate the importance of canoes in transporting high prestige items as tribute to Mā‘ohi socio-ritual elites, but the significant use of highly valued prestige items as offerings made to the gods during the ritual life-cycles of canoes. Pigs and red feathers were among the most highly prized goods in elite Mā‘ohi society. Of Mā‘ohi staple goods, pigs were the most highly valued prestige items, figuring prominently in sociopolitical and ritual life. They served as frequent items of gift exchange and intra-island exchange (Kahn, in press). Feathers were raw materials integral to items of wealth finance, like the to‘o, or feathered god figures. In the pre-contact Society Islands, feathers (black, yellow, and especially red) and feathered objects were not just highly valued objects, but were symbols of power, fecundity, and the divine (Kahn, in press). Pigs and red feathers were also ritual symbols associated with the ‘Oro state religion and the ‘arioi cult, members of which were frequent passengers in double-hulled canoes voyaging between islands in the archipelago. Here again we see how ritual, ideology, and sacred power were bundled together with the symbolic and economic uses of ocean-going canoes. This is underscored by results from the social personae category, where the ahi-tu node, canoe builders for chiefs on temple grounds, has 75 links, and the tahu‘a tarai va‘a node, specialist canoe builders, likewise has a high number of links (n = 72). Highly ritually prescribed stages of craft production are more likely to be carried out by highly skilled and highly specialized craft specialists than more mundane tasks.

Our network visualization (Figure 3) shows the links between the three dominant life stages (construction, launching, sailing), and sub-categories therein (structure-body elements, ornamentation, processing), as well as all links related to ritual. We split out activities related to chiefs vs. activities related to other social personae (specialist canoe builders). There are several pertinent points to highlight. First, processing shares many taxa with construction, suggesting that this life-stage may be better conceived of as a sub-set of a more generalized construction life cycle. Second, ritual forms important nodes in all three life stages. As an example, the amulet links the ritual and launching group to the sailing group. Third, specialized canoe builders (depicted in white as personae) play a significant role in the first three life stages of the canoe, as they form nodes linking construction, launching, sailing, and ritual events. Finally, chiefs (represented by red) serve as an important node with 37 links, connecting launching and ritual to construction, as well as the sets of tools used in the construction of the hulls. Other patterns that can be observed include two clusters of construction suggestive of potential sub-categories to this life cycle and some partitioning of ornamentation events that might suggest that canoe ornamentation perhaps was carried out by different craft specialists than hull construction, although these secondary patterns are more speculative and need further testing.
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FIGURE 3. Network visualization for the canoe use web.






DISCUSSION


Ethnohistoric and Linguistic Data and Eastern Polynesian Canoes

Polynesian historical linguistics studies have clearly reconstructed a Proto-Polynesian term for double-hulled canoe, in addition to terms for large ocean-going sailing canoes, smaller single outrigger canoes, and dugout canoes (see Kirch and Green, 2001, pp. 197–198, Table 7.8). By the time of European contact, several European Explorers noted how some Eastern Polynesian islands and archipelagoes, such as Easter Island, the Gambier Islands, and some of the Tuamotu Islands, lacked large ocean-going canoes, relying instead on single-hulled canoes or other types of water craft for near shore travel and fishing (Supplementary Table 4). The Gambiers represent an extreme example, as at the time of contact, rafts fashioned from tree bark twines lashed together were the only style of watercraft seen. Similarly, Easter Island lacked true ocean-going canoes, as Europeans described only small single-hulled canoes that heavily leaked (Roggeveen, 1908, p. 19; Haddon and Hornell, 1936, pp. 96–97).

Some shifts in Eastern Polynesian canoe design likely represented adaptions to long-term isolation post-colonization. In New Zealand, watercraft shifted from double-hulled colonization canoes to single-hulled canoes and war canoes (waka taua) better adapted to intra-island voyaging and marine combat (Irwin et al., 2017, p. 32). As Irwin et al. (2017, p. 32) argue, Māori canoe technology adapted to “the changing cultural and geographical context of communications.” Others have argued that a reduction in Māori voyaging in the pre-contact era derived from local conditions (unpredictable winds) and a large landmass that dampened demographic pressures to out-migrate (Biggs, 2006). There likely were varied reasons why Eastern Polynesian canoe societies modified the form and size of their watercraft after initial island colonization.

While there are suggestions that some shifts to smaller single-hull or plank canoes in Eastern Polynesian cultures may have been linked to social factors, other data indicate changing ecological conditions were a forcing factor. Indeed, Irwin and Flay (2015, p. 437–438) have argued that the adoption of “complex plank canoes with internal frames” served as an ecological adaptation on Polynesian islands lacking large trees. As Supplementary Table 4 illustrates, there is a tendency for smaller islands and archipelagoes with low elevation and high isolation to have lacked double-hulled voyaging canoe manufacture and use at European contact. Several studies have linked this trend to higher levels of deforestation on smaller, low, and isolated islands (Weisler, 1994; Rolett, 2002; Diamond, 2014), while others have noted that some islands, like Easter Island, likely never had high numbers of large trees needed to build ocean-going canoes (Finney, 1993). As Rolett (2002) rightly highlights, deforestation as a limiting factor would have intensified through time, yet so too would have socio-political factors, like human population pressure supporting out-migration, expansionist chiefs requiring double-hulled war canoes for military campaigns, or atoll communities needing to maintain links to neighboring high islands. So what, we might ask, were the primary reasons for the loss of double-hulled canoes in some Eastern Polynesian societies? Namely, did social hierarchies (i.e., powerful chiefs) promulgate their continued production or use? Or did certain ecological contexts permit their continued production or use? Or is the answer somewhere in between?



Archaeological Data and Eastern Polynesian Canoes

The wet, tropical environments of Eastern Polynesia create challenging conditions for the preservation of the organic materials used in canoe production. Yet Sinoto’s excavations at the waterlogged Vaito‘otia and Fa‘ahia sites on Huahine (Society Islands) yielded exceptionally well-preserved wooden artifacts he interpreted as canoes parts and canoe accessories like paddles and bailers (Sinoto and McCoy, 1975; Sinoto and Han, 1985; Sinoto, 1988)4. At Fa‘ahia, Sinoto argued that two long wooden objects of similar length (c. 7 m) and shape were platform planks from a double-hulled canoe measuring c. 26 m in length (Sinoto, 1979, p. 13, Figure 1). Anderson et al.’s (2019, pp. 6–7) re-excavation of Fa‘ahia cast some doubt on this interpretation, noting that the two planks lack many features commonly found in hull pieces of large canoes, notably curvature, ribs, or lashing holes associated with fitted ribs. While Anderson et al. (2019) concur that some canoe construction likely took place at the site, they reason that whether the recovered canoe pieces belonged to a single, large, ocean-going canoe cannot be established given the lack of published stratigraphic details for the finds and the lack of direct chronometric dating.

At Anaweka Bay on the South Island of New Zealand, a large section of a complex composite canoe was discovered and radiocarbon dated to c. A.D. 1400 (Johns et al., 2014). The recovered section represents part of a hull measuring 6.08 m long and carved from a single timber. Given the vessels’ hull form, size (thought to be at a minimum 12 m long), and sophistication, Johns et al. (2014, p. 14729) interpreted the Anaweka vessel as most likely part of a double-hulled ocean-going sailing canoe. The presence of a carved sea turtle motif on the outer portion of the canoe’s hull supports our earlier assessment that Eastern Polynesian canoes often had symbolic association. Despite several finds of other canoe pieces in New Zealand, the Anaweka find represented the only example of a “truly-ocean going canoe” (Irwin et al., 2017, p. 42). While few archaeological traces of Eastern Polynesian voyaging canoes have been recovered, current finds suggests the presence of moderate-sized voyaging canoes similar to Mā‘ohi tipaerua.



Society Islands Case Study: High Island Archipelago With Complex Chiefdoms

Since the Society Islands have some of the richest ethnohistoric references to double-hulled canoes at the time of European contact, it provides an excellent in-depth case study of a highly complex chiefdom retaining such vessels. The Mā‘ohi voyaged in specialized sea-going vessels termed pāhi. These vessels were differentiated in size and form from single-hulled canoes (va‘a, pu ho‘e) used for everyday fishing and local travel by commoners (Corney, 1913/1914/1918 (I), p. 334; Guiot, 2001, p. 4). Pāhi were immense double-hulled canoes (up to 30+ m) with double masts and composite plank keels who carried small shelters on their platforms (Forster, 1778, pp. 459–460; Cook, 1893, p. 98; Banks, 1896, pp. 115–116, 159; Oliver, 1974, pp. 195–196, 173; Corney, 1913/1914/1918 (I), p. 358; (II), p. 82). Other moderately sized craft (20–26 m) termed tipaerua were also used by the Mā‘ohi in open sea voyaging.

Mā‘ohi war canoes were large (up to 32 m+) double-hulled vessels with up curved sterns (see Figure 4; Oliver, 1974, pp. 400–401). On their fore part, a fighting stage was installed. On Cook’s second voyage, George Forster and Sparrman viewed a large double-hulled war canoe under construction. This vessel was 27 m long, with room for 144 paddlers to sit on the beams and 8–10 steersmen (Salmond, 2009; Thomas et al., 2016). Its fighting stage was 7 m × 3 m; the edges of this stage as well as the prow and stern were intricately carved with anthropomorphic figures. Europeans commented on how the manufacture of canoes cost communities “infinite labor,” no doubt why their access and storage were highly controlled. Communities must have invested great time and effort to produce chiefs’ war fleets. While ethnohistoric sources at times conflate pāhi with large war canoes, it seems as if all moderately large (6–9 m) to large (>9–30 m) double-hulled canoes were valuable chiefly prestige items chiefs (Ellis, 1829(I), p. 170).
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FIGURE 4. Engraving of large double-hulled canoes amassed on the coast of Tahiti waiting to launch and wage war on Mo‘orea. “The Fleet of Otaheite assembled at Oparee,” 1776. Artist William Hodges, courtesy of National Maritime Museum, Greenwich, London (BHC2395).


Varied historic sources document how Mā‘ohi high chiefs (ari‘i nui, ari‘i rahi) controlled the production of long-distance canoes and war canoes. Pāhi manufacture was considered a “public work” carried out by specialized canoe makers under the control of high chiefs and financed through corvée labor, tribute, and other means (Ellis, 1829(I), p. 175; Henry, 1928, pp. 180–182; Morrison, 1935, pp. 165, 205–206; see Guiot, 2006). High chiefs likewise underwrote the construction of war canoes. Priests would inform the chiefs of the god’s request for canoes; chiefs subsequently extracted tribute from the greater community to hold a series of feasts, to gather foodstuffs to support the ritual and craft specialists during the period of canoe manufacture, and to procure a human sacrifice for the launching event (Morrison, 1935, pp. 205–206).

Multiple lines of evidence speak to the highly ritualized nature of Mā‘ohi ocean-going canoes, both in terms of their manufacture and use. Pāhi and war canoes were manufactured on temple grounds or near the coast in specialized structures under formalized rules of ritualized production (Wilson, 1799, pp. 190, 377; Henry, 1928, pp. 146–147, 180–182; Orliac, 1982, p. 99); when finished they were launched with elaborate rituals and feasting. Traditional Mā‘ohi chants and ethnohistoric texts frequently reference expert canoe makers. Henry (1928) proposes that there were two classes of canoe builders, those for the general public (tahu‘a papai va‘a, tahu‘a tarai va‘a) and those who worked for the chiefs building sacred canoes on temple grounds (ahi-tu). Specialist canoe-builders had their own temples or shrines in which they made offerings and prayers to their patron deities (Henry, 1928, pp. 146–148). High chiefs’ royal compounds, associated with national marae (temples) and formal meeting places and assembly grounds (tahua), also housed fare va‘a, storage structures for the immense double-hulled royal canoes used to travel between the islands (Corney, 1913/1914/1918(I), pp. 334, 336, 1915(II), p. 56; Orliac, 2000). Like royal insignia such as feathered girdles, that pāhi and war canoes were manufactured under prescribed rules indicates their role as highly valued wealth items, similar to war canoes (Henry, 1928, p. 189). That high-ranking chiefs could demand canoes as a form of tribute, particularly as a preparation for war (Oliver, 1974, pp. 998–999), reflects some direct control over the political economy.

Why were large ocean-going canoes and war canoes so highly valued in Mā‘ohi society? Such canoes were instrumental in facilitating island-to-island exchange within the archipelago. They were likewise critical for ocean-going voyages of inter-archipelago exchange between the Society Islands and their far hinterland neighbors, the Tuamotu atolls, similar to practices seen in the Western Pacific (the sawei system in Micronesia, see Hunter-Anderson and Zan, 1996). They also made possible resource extraction trips to the Society Island’s near hinterlands, Fenua-Ura (Figure 2). So from a purely economic and mobility perspective, ocean-going canoes were key transport vessels.

Yet, if we broaden our perspective to include social processes, canoes served as key elements in this realm of life as well. In fact, access to large ocean-going canoes was instrumental in the expansion of the late pre-contact ‘Oro war cult out of Ra‘iātea and its spread to the rest of the islands in the archipelago, primarily through members of the ‘arioi, a high-status fertility cult linked to ‘Oro worship. Grand groups of traveling ‘arioi, high priests, and chiefs, with canoes laden with material goods, play prominent mention in European Explorers’ accounts (G. Forster in Salmond, 2009). When the ‘Oro god figures traveled for ceremonies, these royal sacra were transported in their own canoe (te va‘a a roa i te mata‘i, the long canoe in the wind), with a special chamber for the god house and bunches of red feathers and decorative wooden sculptures on the prow (Henry, 1928, pp. 136, 190). In Mā‘ohi oral traditions, famed canoes carrying male chiefs and high priests between islands were named and regaled, such as Manuatere, Tainui, and Te-apori. Such data support the functional import of long-distance voyaging canoes in pre-contact Mā‘ohi culture and their association with the movement of elites (largely male elites), and the adoption of the ‘Oro war cult (Ellis, 1829 (I), pp. 168–170; Salmon, 1910; Henry, 1928, p. 459). Indeed, the advent of the ‘Oro war cult likely spurred specialized production of pāhi, given that ‘arioi had to frequently travel from island to island during the ritual calendar. European explorers describe ‘arioi in flotillas of 60–70 canoes carrying some 700 persons; others suggest even higher numbers, with 150 boats carrying a group of 4,500–6,000 persons (Oliver, 1974, p. 918, f 25).

Large ocean-going canoes likewise played a key role in Mā‘ohi high chiefs’ abilities to control the political economy. Large canoes commonly transported immense amounts of staple goods and prestige goods, moving such tribute from the populace to the chiefs during rites de passage, during the construction of specialized and monumental architecture, and during the ritual cycle. A case from Huahine describing a public work serves as an example:

The people from different parts are assembling in our neighborhood in order to thatch the big house called Nanu which is built at great public expense. The people of both Huahines…brought their several divisions of thatch and also a great quantity of food for the Chiefs consisting of baked hogs, mahe, Yams, Taro, Cocoanuts, pia, plantains, Xc. There are in all about 120 Canoes come, each of which had with his division of food either a hog or baked fish, about 100 hogs of different sizes all baked were heaped up on the beach today with the baskets of Yams, Taro, Mahe & delivered up to the Chiefs with great ceremony (Davies, cited in Oliver, 1974, pp. 997–998).

The term tavau glosses a fleet of canoes bringing items to the principal chief in the form of tribute; such events moved substantial foodstuffs and wealth items such as red feathers, feathered breastplates, feathered headdresses, canoes, and large bundles of mats and barkcloth from commoner communities to ruling chiefs (Oliver, 1974, pp. 1003–1005). Annual Parara‘a Matahiti ceremonies likewise involved the movement of people and things. Such ceremonies began with the arrival of ‘arioi cult members in district canoes with public offerings of staple goods (pigs, dogs, fish, breadfruit, bananas, mountain banana, fermented coconut sauce) and wealth finance objects (mats, canoes, tapa) to high ranking chiefs at national marae (Moerenhout, 1837(I), pp. 518–521; Oliver, 1974, pp. 260–261; Babadzan, 1993, p. 244). In this way, large ocean-going canoes facilitated the movement of elites and vast amounts of goods following the annual and ritual calendars, thereby forming key elements of elite power-building strategies (Kahn, in press). They likewise permitted exploitation of near hinterlands like Fenua-Ura for the extraction of bird feathers, some of which were used in elite regalia and costumes, in addition to facilitating the continuation of regional exchange networks between the Society Islands, Mehetia, and the Tuamotu Islands. Such regional exchange networks were key to Tuamotuan Islander efforts to buffer the negative impacts of living on resource poor atolls. Yet, this regional exchange network likewise filtered important resources into the Societies, such as Tuamotuan expert boatbuilder knowledge (Klem, 2017)5 and white dog’s hair used in fabricating taumi, the elite breastplates worn as a sign of upper-class male status.

It also seems clear that Mā‘ohi chiefly access to war canoe production and use consolidated their control over military campaigns. Oral traditions and historic accounts illustrate that at the time of European contact, the Society Islands were characterized by endemic and institutionalized warfare between independent chiefdoms or confederations thereof. In the Society Islands, naval battles were the dominant form of warfare prior to European contact (Moerenhout, 1837(II), p. 40). Such skirmishes involved large double-hulled war canoes manned by large numbers of paddlers and fighters in addition to battle shapers and exhorters (Morrison, 1935, p. 175; Moerenhout, 1837(II), p. 40, see Oliver, 1974, pp. 401–405). Thus, we can view war canoes as key avenues by which Paramount chiefs amassed military might.

Warfare undoubtedly served numerous roles, here we want to emphasize its economic, political, and ideological impacts. Victors in war had access to the spoils of war and the ability to wreak havoc on their enemies’ varied sources of power. Victors not only could seize land and other highly valued wealth items such as pigs, they could also take one’s royal sacra (god idols, feathered loin cloths) by force. Long-lasting reduction of an opponent’s economic power and ideological power could be had by burning agricultural fields and the pole and thatch structures on their ritual sites (Salmond, 2009). Thus, control over warfare via control over the manufacture and use of war canoes gave Mā‘ohi high chiefs access to widespread sources of power. Given that the ‘Oro war cult of the mid-eighteenth century ushered in a period whereby the highest ranking socio-ritual elites actively and often effectively used coercive force as a means to grow and consolidate their sacred and secular sources of power, the key role of war canoes in late pre-contact Mā‘ohi society cannot be overstated.

Yet the symbolic association of the ‘Oro war cult, high-status chiefs, and canoes likely had as great an import as the functional associations of ocean-going canoes with transport, tribute, and warfare. That large royal canoes in the Society Islands were named and had memories connected to them suggests they served as inalienable objects. That royal canoes and ‘Oro canoes were decorated to be visually stunning and that their size required great labor investments indicates that such vessels served as highly visible symbols of elite wealth and sanctity. For example, like the ‘Oro god figures, high status chiefs had “state canoes” called anuanua, glossed as the rainbow (Henry, 1928, p. 39; Handy, 1930, pp. 120, 190; see also Oliver, 1974, p. 787), reflecting the chiefs’ close association with the gods who lived in the skies. Given their symbolic power, it is thus unsurprising that many steps in the manufacture of royal or ‘Oro state canoes were highly ritualized (Henry, 1928, p. 119).

In sum, ethnohistoric and linguistic data demonstrate how the Society Islands, like other societies of Eastern Polynesia, used canoes as powerful metaphors for daily social relations, ritual practices, and cosmological worldviews. Equally important, the manufacture and use of large double-hulled canoes in many archipelagoes indexed clear socio-economic boundaries related to social hierarchy (chief vs. commoner), gender (male vs. female), and occupational specialization (fisher/farmer vs. craft specialists, specialized fisherman, priests, ‘arioi, warriors, etc.). In the most complex of Eastern Polynesian chiefdoms, such as the Society Islands, and archaic states, such as the Hawaiian Islands, large double-hulled canoes were prestige items expressly under the control of Paramount chiefs and Divine kings, used for both intra-archipelago elite travel and for military campaigns. Such data speaks to large ocean-going canoes having multi-faceted importance and to their role as highly valued prestige goods. Now we must turn to other proxy data concerning factors limiting the availability of large timber for large double-hulled canoe construction.



Settlement Pattern Densities, Landscape Elevation, Erosion, and Local Ecologies as Constraining Factors

As previously discussed, in Eastern Polynesia timber accessibility is key to canoe form, as the size of a canoe is based on the availability of large trees. This is all the more important when constructing a double-hulled canoe, as vessels for ocean-going voyaging were large in size. Given that certain islands and archipelagoes only had a few key tree species conducive to the manufacture of large double-hulled canoes, we can query to what extent island ecology and habitat, in addition to localized settlement patterns and settlement densities, put constraints on the production of ocean-going canoes.

Figure 5 provides a visualization of Mo‘orea pre-contact settlement densities as mapped onto island elevation. Three categories are represented. High settlement density extends from c. 2 msl from the coast to lower to mid-valley reaches c. 100 msl. Moderately high settlement densities are found in the upper slopes of interior valleys c. 101–200 msl, where slope tends to be more severe and where land has to be more highly terraformed for ritual, residential, or agricultural use. Finally, the highest portions of the upper valley (c. 201–300 msl) have the lowest settlement densities, yet sometimes ritual mortuary, agricultural, and fortified sites are found in these upper elevations and rarely at even higher elevations (Kahn, 2005). If we assume that the Gambiers and the Societies had similar pre-contact settlement densities, the fact that Mangareva, the most elevated island in the Gambiers at 441 m, is one-quarter the height of Mo‘orea is significant. As human populations increased on Mangareva, they had less vertical room to expand. This likely led to a situation where upper valley reaches in the Gambiers were more heavily settled and cultivated than those in the Societies.
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FIGURE 5. Visualization of archaeological site densities and elevation for the Island of Mo‘orea.


Figures 6A,B visually model the ecological range of Tamanu and Mara, slow-growing hardwood trees used by the Mā‘ohi to fashion large double-hulled canoes. It also depicts areas on Mo‘orea island with high erosion, as derived from data reported in excavated archaeological sites. In some locations, excavations revealed significant volumes of colluvium overlaying prior living surfaces (ranging from 0.03 m in the upper limits of the ‘Opunohu valley to 2.75 m in the bottom-most slopes of the valley), supplying evidence for the heavy impact of swidden agriculture during the first few centuries following island settlement (c. 950 CE). We theorized that this process, which appears to have generally ceased around 1250–1400 CE, would have impacted the regrowth potential of large trees preferred for va‘a hulls. This is because in addition to elevational limits for these trees (425 m for Tamanu, 1,000 m for Mara), there are also pH and soil type limits (4.0–7.4 in sandy well-draining soils for Tamanu and hydrophilic forests with well-drained soils for Mara). At the ecological limits for these trees, even if trees are viable, their growth potential may be impacted resulting in smaller statured trees. Tamanu in particular is a fairly slow-growing tree, which takes seven to eight years to mature, meaning harvesting the tree too early can result in lower re-seeding potential.
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FIGURE 6. (A) Visual habitat suitability model for Tamanu on the Island of Mo‘orea; (B) visual habitat suitability model for Mara on the island of Mo‘orea.


As can be seen in Figures 6A,B, Tamanu grows best at lower elevations than Mara. On Mo‘orea, Tamanu habitats more closely overlap with areas of moderate settlement density, while Mara habitats are found at higher elevations associated with low-density settlement. The latter is well-illustrated in Figure 7, which provides results from a recent botanical survey in the Middle sector of the ‘Opunohu Valley (see JACG, 2011). Areas with the densest remnant Mara-Nahe (fern) forest are situated in upper elevations at the back of the valley (c. 200 msl), yet Mara trees are found growing as isolates at lower elevations. When comparing erosion patterns, settlement density, and preferred tree habitats, we can infer that it is highly likely that anthropogenically caused erosion impacted Tamanu growth rates on Mo‘orea in the pre-contact era. In contrast, suitable habitats for Mara were likely less impacted, both by human-induced erosion and human settlement. As previously mentioned, Mangareva lacks Mara trees. Given the island’s lower elevation, Tamanu growth on this island was likely more severely impacted by human-induced erosion and human settlement, likely contributing to generalized deforestation and the inability to sustain large double-hulled canoe manufacture.
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FIGURE 7. Modern botanical survey of the middle sector of the ‘Opunohu Valley with Mara-Nahe forest elevational distribution and Mara isolates.





CONCLUSION

Our canoe use web illustrates that in terms of technology, we should view ocean-going canoes as one of the most, if not the most, complex technologies found in Eastern Polynesia. In the Society Islands, such canoe construction and use required considerable raw material resources, expert knowledge for their construction, use, and maintenance, and the provisioning of expert boat builders and other community members during the course of their work. Clearly, social, economic, symbolic, and ritual actions were entangled in double-hull canoe manufacture, maintenance, use, and repair. Conventional narratives viewing ocean-going canoes as solely economic vessels used in voyaging, transport, and exchange fail to see their important use as wealth and prestige items of the elite class. Furthermore, we cannot ignore that their sustained production and use was a result of significant communal and specialized labor, nor that their symbolic links to the gods was one aspect of Mā‘ohi chiefs’ social and ritual power.

Following this, in the complex chiefdoms of the Society Islands we view the continued construction and use of double-hulled canoes at European contact as implicated in critical facets of chiefly economic, sociopolitical, and ideological power. While use of canoes as proxies for chiefly symbolic power may have positioned Mā‘ohi communities to better safeguard the specific tree species used in their manufacture, island ecology and habitats in the geologically youthful high islands of the Society archipelago likewise positioned its residents to having more resilient habitats for long growing hard wood trees used in ocean-going canoe construction. In contrast, in the Open chiefdoms of Mangareva, local topography and ecology worked against sustainable harvesting of canoe species over the long term. We might also query whether double-hulled canoes never reached quite the same apogee of use as visual symbols of chiefly ideological and economic power in this archipelago, thereby negating some of the social forcing factors sustaining ocean-going canoe use in the Society Islands.

Since the 1970s, Polynesian societies have been deeply engaged in reviving their long-distance canoe cultures as a means of invigorating their cultural identity and pride. These efforts also serve as a means of returning to sustainable non-fossil fuel sea transport in the modern era (Nuttall, 2012), key issues in sea transport policy and financing in the region (Newell et al., 2017). By proxy, archaeologists have long established that the construction and use of large double-hulled voyaging canoes was directly responsible for supporting human population dispersals into Eastern Polynesia from a homeland in Western Polynesia. Likewise, a Central Eastern Polynesia interaction sphere lasting some 400–500 years after initial colonization of the region depended on the use of large ocean-going canoes. Yet, while Weisler (2002) documented a Mangarevan-Pitcairn group interaction sphere undoubtedly supported by ocean-going canoes, these networks of trade were abandoned in the fifteenth century. As we and others have argued, deforestation on Mangareva and a lack of timber for ocean-going canoe construction appears to have had regional impacts beyond Mangareva, likely serving as one cause leading to the abandonment of Pitcairn and Henderson islands (Weisler, 2002). Thus, we must view ocean-going canoes as critical items in the maintenance of pre-contact intra-archipelago social networks in Eastern Polynesia, all the more important as archipelagoes here are further distant from each other than in Western Polynesia, thus leading to greater island isolation.

As we argue, the dearth of direct archaeological evidence for canoe technologies has contributed to an under-representation of the processes surrounding the manufacture and voyaging of canoes and their impact on the structure of Eastern Polynesian settlement patterns, social hierarchies, and economic interactions as well as intra-archipelago interactions involving the exchange of material goods and ideas over eight centuries of pre-contact settlement. As we have demonstrated, ethnohistoric and linguistic data illustrate how some archipelagoes of Eastern Polynesia, like the Society Islands, used canoes as powerful metaphors for daily social relations, ritual practices, and cosmological worldviews. Equally important, the manufacture and use of large double-hulled canoes indexed clear socio-economic boundaries related to social hierarchy (chief vs. commoner), gender (male vs. female), and occupational specialization (fisher/farmer vs. craft specialists, specialized fisherman, priests, warriors, etc.). Like our ethnohistoric analysis, our canoe use webs illustrate how in the most complex of Eastern Polynesian chiefdoms, as with the Society Islands, large-double-hulled canoes were prestige items expressly under the control of Paramount chiefs, used for both intra-archipelago elite travel, military campaigns, and the amassing of tribute. Our network analysis reveals a highly connected set of interactions among elite social personae like chiefs and canoe builders for the chiefs, plants, and animals in the process of manufacturing and using large double-hulled-canoes. This is consonant with expectations for highly valued prestige items.

In returning to our larger question of why did some Eastern Polynesian societies retain the use of large ocean-going canoes, while others did not, we argue there are complex issues when managing forests today, as in the past (Vogt, 2006). Varied factors, like island height and isolation, island-wide settlement pattern densities, erosion patterns, and suitable habitats for canoe timber likely all played a role in the maintenance, or lack thereof, of double-hulled canoe technologies. As such, we posit that social processes as well as environmental factors constrained canoe manufacture and use in some Eastern Polynesian contexts, yet permitted double-hulled canoe manufacture in others. We end by acknowledging that future studies might investigate suitable habitats for other tree species used to fashion other types of canoes, such as Artocarpus altilis (breadfruit), and Terminalia sp. Furthermore, other aspects of canoe use, like the labor and skill needed for their production as derived from modern experimental studies, might be incorporated into future models examining large ocean-going canoes as wealth items in Eastern Polynesia.
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FOOTNOTES

1http://www.archsynth.org/the-archaeoecology-project.html (accessed 7/15/2021)

2Kahn, J. G. (unpublished data). Mo’orea Field Notebooks, 1999–2017.

3Mangarevan flora, in general, have lower use rates than in the Societies. The highest use rate for Mangarevan plants is across six categories, whereas in the Societies it is across 11 categories. Thus, while seven to eight use categories in the Societies is substantial, four use categories in Mangareva is comparatively substantial.

4Anderson et al. (2019) have recently argued that Sinoto’s purported remains of a large ocean-going canoe were, in fact, pieces that could date to different time periods or could represent parts of different canoes. Based on form, they argue Sinoto’s probable canoe planks likely had other functions and perhaps derived from domestic or ritual structures. They likewise argue that Sinoto’s purported canoe mast may represent a piece of unmodified driftwood, examples of which were common across the site. Based on their reading, Anderson et al. (2019) argue that the construction of canoe parts may have taken place on the site but that there is no definitive evidence for the recovery of a large ocean-going canoe.

5Klem (2017, pp. 4–5, 7–8) provides a discussion of ethnohistoric sources recounting how Tuamotuans were revered for their expertise in canoe building and may have had residence in the Society Islands as expert boat builders. Historic sources from which such descriptions derive all date to the post-contact period. Given historic sources document the presence of the Society-Mehetia-Tuamotua interaction sphere in the pre-contact era, there is some likelihood that expert Tuamotuan boat-builders resided in the Societies in pre-contact times.
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Land use modelling is increasingly used by archaeologists and palaeoecologists seeking to quantify and compare the changing influence of humans on the environment. In Southeast Asia, the intensification of rice agriculture and the arrival of European colonizers have both been seen as major catalysts for deforestation, soil erosion, and biodiversity change. Here we consider the Tuwali-Ifugao people of the Cordillera Central (Luzon, Philippines), who resisted Spanish colonial subjugation from the 16th to the mid-nineteenth century, in part through the development of a world-renowned system of intensive wet-rice terrace agriculture. To quantify changes in how the Tuwali-Ifugao used their environment, we model land use in Old Kiyyangan Village, a long-inhabited settlement, at two timepoints: circa 1570 CE, prior to the Spanish arrival in Luzon, and circa 1800 CE, before the village was sacked by Spanish military expeditions. Our model demonstrates that between 1570 and 1800 the adoption of rice as a staple and the corresponding expansion in terrace agriculture, along with a general diversification of diet and land use, enabled the village’s population to double without increasing total land use area. Further, this major intensification led to the solidification of social hierarchies and occurred without a proportional increase in deforestation.
Keywords: ifugao, circle diagrams, land use modelling, pericolonialism, Philippines, socio-ecology
INTRODUCTION
There is growing recognition that past human societies may have modified tropical landscapes, with implications for vegetation cover and local and regional climates that have left legacies lasting into the present (Willis et al., 2004; Roberts et al., 2018; Koch et al., 2019). In tropical Southeast Asia, an area of immense endemic biodiversity, a key driver of past land use change was rice agriculture, and the expansion of this crop—as well as other intensively grown grains around the world—has been linked to major deforestation and significant changes in methane emissions as early as the middle Holocene (Fuller et al., 2011; Ma et al., 2020; Zheng et al., 2021). Additionally, in Southeast Asia more specifically, the arrival of European colonial administrations, settlement patterns, and economic strategies from the 16th century CE may have had considerable impacts on tropical forests in the form of deforestation, the marginalization of Indigenous land use, and the introduction of exotic plants and animals (Amano et al., 2020; Hamilton et al., 2020).
These major transformations heavily impacted the Philippine Archipelago, whose 7,100 islands are all characterized by significant ecological, ethno-linguistic, and cultural diversity. The islands contain river valleys, littoral plains, and mountain chains, with the lattermost creating highly variable microclimates (Wernstedt and Spencer, 1967) as well as distinctive forests replete with endemic species (Olson and Dinerstein, 2002; Dinerstein et al., 2017). This varied geography, as well as historic migrations, not only shaped pre-colonial socio-ecologies (Bankoff, 2013; Amano et al., 2020) but also helped to create non-uniform experiences of colonialism during the Spanish, American, and Japanese periods (Costa, 1967; Phelan, 1967; Newson, 2009). As a result, the Philippines today harbors a wide variety of unique land use strategies iconic of the archipelago’s Indigenous peoples. Perhaps the most well-known are the rice terraces of the Ifugao peoples, whose eponymous modern administrative province is located in the southeast Cordillera (Figure 1).
[image: Figure 1]FIGURE 1 | Maps of Northern Luzon detailing (A) topography and the extent of Spanish colonization circa 1780 CE and (B) the outline of modern Ifugao province, the three ecotypes of Northern Luzon, and water catchments. Old Kiyyangan Village (OKV) is identified in both maps. The extent of Spanish colonization in the 18th century, shown in panel A, is reproduced from Conklin (1980, 98).
These terraced highland landscapes, now recognized as a UNESCO world heritage site (UNESCO, 1995), were initially assumed by scholars to be two-thousand to three-thousand years old (Barton, 1919; Barton, 1922; Beyer, 1955) and to represent a vivid example of the sweeping impact of past intensive agriculture on tropical forest environments, particularly in montane areas. However, post-1950s research in ethnography (Keesing, 1962; Scott, 1966), linguistics (Reid, 1994), oral tradition (Lambrecht, 1967; Conklin, 1980), and archaeology (Maher, 1973; Conklin, 1980; Acabado S. B. 2012; Acabado S. 2012; Acabado, 2017; Acabado, 2018) all suggest the terraces are relatively young (see Supplementary Material). Rather than being millennia old, they were likely constructed between the 16th and 18th centuries after the Spanish first conquered northern Luzon’s lowlands in 1572–74 CE (Blair and Robertson, 1909). Acabado (2017) has argued that the terraces allowed the Ifugao to function as a “pericolonial society,” as a people influenced by Spain’s conquest of the Luzon lowlands who nonetheless maintained their independence, grew in number, and developed more rigid social hierarchies outside of the colonial system. Furthermore, key to this pericolonial society’s growth, ethnographic and palaeoecological research suggests, was a highly integrated agroforestry system that employed carefully managed woodlots (muyong), swidden fields (uma), and wet-field terraces (payo) that enabled long-term, sustainable cultivation of rice, root crops, and usable tree species. Woodlots were fully incorporated into the Ifugao peoples’ agricultural system, guaranteeing forests were preserved or possibly expanded alongside the intensively cultivated rice terraces (Sajor, 1999; Hayama, 2003; Serrano and Cadaweng, 2005).
Modelling Ifugao land use in the Philippines’ pre-colonial and colonial periods is an opportunity to apply multidisciplinary data to visualize how a burgeoning system of rice agriculture, and its associated population growth, affected local forest cover and how Indigenous socio-ecodynamics responded to a neighboring, aggressive colonizer. Scholars’ capacity to quantify the land use and demographic changes that occurred during this period, however, has historically been limited by a lack of written documents describing the region. The first written sources to mention the terraces were composed in the 19th century, and the earliest academic studies on the region transpired in the 20th. Comprehending past land use strategies in Ifugao therefore requires an interdisciplinary approach that draws upon history, ethnography, archaeology, anthropology, linguistics, ecology, and geography (Wilson, 1998; Izdebski et al., 2016; Rick and Sandweiss, 2020). Recently, an interdisciplinary community effort has emerged (Kay and Kaplan, 2015; Morrison et al., 2018; Kay et al., 2019; Morrison et al., 2021) to synthesize and quantify the longstanding interconnectivity of human and climate history first expounded by Ladurie (1971) and Lamb (1997; see also Harrison et al., 2018; Gaillard et al., 2018; Widgren, 2018).
Here, we quantify historic land use change in the Ifugao region using a simple spreadsheet-modeling approach, which we then visualize through “circle diagrams” (described in Kay and Kaplan, 2015; Hughes et al., 2018). To create these models, we calculate the land required for a settlement with a predetermined population (based on the available archaeological and historical data) to subsist for a single year, presuming no atypical disruptions (i.e. severe natural hazards or invasions), and classify different types of land use according to their intensity. We quantify land use for a principal settlement of the Tuwali-Ifugao people, Old Kiyyangan Village (OKV), which was inhabited from 900 CE until the mid-nineteenth century when it was razed by a Spanish military expedition. We design our models according to Acabado’s (2017) pericolonialism hypothesis, which states that lowland migrants avoiding Spanish dominion swelled the Cordillera’s population, leading to the rapid expansion of rice terraces and the adoption of wet-rice as one of Ifugao’s primary starches. This enables us to explore the potential ramifications of rice intensification and demographic growth. We model OKV land use at two timepoints. The first timepoint, 1570 CE, depicts OKV prior to the Spaniards’ subjugation of parts of Luzon’s lowlands. The second timepoint, 1800 CE, describes OKV just before the first Spanish accounts of the village and its terraces (Scott, 1974). We also present models demonstrating the typical land use of Ifugao’s two predominant social tiers: the kadangyan (elite who frequently consumed rice) and the nawotwot (the poor, whose name literally translates to “root eaters”; Acabado, 2017).
METHODOLOGY
Models in Ifugao: The History and Socio-Ecology of the Region
The shift from taro (Colocasia esculenta) to rice (Oryza sativa) cultivation and consumption between 1570 CE and 1800 CE was a remarkable transformation in Ifugao’s socio-ecology. To convey the scope of this transformation, this section offers a brief history of Ifugao province and OKV during the Spanish colonial period. It then describes Ifugao society circa 1570 and 1800, focusing on the emergence of Ifugao’s distinctive agroforestry complex, which emerged as a response to both Ifugao’s geography and the Spanish occupation of the surrounding lowlands. We refer to this as the muyong-uma-payo complex (see Table 1).
TABLE 1 | Ifugao land use terminology as it applies to our land use modelling. The leftmost column names seven types of land use typical to Ifugao. The middle column provides the Tuwali-Ifugao (Kiangan Region) terms for these forms of land use (Acabado and Martin, 2016). The rightmost column assigns each form of land use to an Intensity Tier, reflecting how transformative of the landscape that activity is relative to others. These Intensity Tiers determine where each form of land use is depicted on a circle diagram. This table is inspired by similar tables presented in Conklin’s Ethnographic Atlas of Ifugao (1980) and uses his terms, “Grassland” and “Caneland,” to describe fields overtaken by primary and secondary growth.
[image: Table 1]Contemporary Ifugao province, which approximates the Ifugao cultural region, is enclosed by the Magat River to its south and the Cordillera Gran’s steepest mountains to its north and west (Wernstedt and Spencer, 1967; Conklin, 1980; see Figure 1). As a result, the province’s topography is defined by deep river valleys where rice cannot grow except in constructed environments like terraces. Terraced rice is able to grow up to 1,600 m above sea level (m ASL), and, not coincidentally, the average elevation of the province’s inhabited regions ranges from 1,000 to 1,500 m ASL (Conklin, 1980). The region above 1500 m ASL comprises broadleaved montane forest interdigitated with Benguet pine- (Pinus kesiya Royle ex Gordon) dominated coniferous forests on steep slopes and ridges as well as in frequently burnt zones (Kowal, 1966; Jain, 1992; Olson et al., 2001; Rabena et al., 2015; Lamoreax, 2021). We refer to this holistically as coniferous montane forest for brevity. Land use in Ifugao settlements—the payo, but also the uma and muyong—take full advantage of this complex geography and the transitional zone (ecotone) from mid-to high-elevation (Figure 2).
[image: Figure 2]FIGURE 2 | A drawing of OKV and its associated land use, with labels. The forms of land use are arranged as they exist in 20th and 21st century Ifugao settlements.
Spanish colonizers became aware of the Ifugao region after establishing control over lowland Luzon in a series of campaigns between 1572 and 1574 CE. Cash-strapped colonial administrators and Spain’s kings were attracted by rumors of gold mines in the western and southern Cordillera, but Ifugao lacked these precious metals (Blair and Robertson, vol. 20, 1909; Morga, 1971; Scott, 1974). As a result, regular contact between the Spanish and Ifugao peoples did not take place until the mid-eighteenth century with the establishment of Ituy and Paniqui provinces (Antolin and Scott, 1970; see Figure 1). Works from that period by friars Antolin in 1789 (see ibid) and Molano in 1801 (cited in Scott, 1974) offer some of the earliest written descriptions of Ifugao. Molano’s account is of special interest since he was the first Westerner to visit OKV, the largest settlement of the Tuwali-Ifugao, and to describe Ifugao’s unique rice terraces (see Figure 2).
Although Molano may not have been aware, OKV held mythic significance to the Tuwali-Ifugao and was an unusually large settlement with fertile land. Oral tradition indicates OKV was the birthplace of rice terrace farming and its associated rituals (Maher, 1984). Writing of the village in the late 20th century, Maher said, “What remains of it can be found there in the Barangay Bullaga surrounded by pond fields on the flood plain of the Ibulao River. The surface is flat, requiring no terracing, and water is abundant and accessible” (p. 119). This corresponds with Antolin’s 1789 descriptions of “Kiangan (Kiyyangan)” and Tuwali-Ifugao lands as fertile compared to other parts of the Cordillera (Antolin and Scott, 1970, 237). However, the village’s size also made it a target. In 1832 CE, a Spanish expedition led by Commander Galvey sacked the village and much of the region. By the 1860s, the village was abandoned (Scott, 1974; Scott, 1982).
OKV’s relative prominence in Spanish documents and its mythological importance to the Ifugao make it an ideal site for land use modelling. Multiple Spanish interactions with the village mean it is relatively well-documented compared to other Ifugao settlements. Furthermore, because of the village’s mythological importance, it has been thoroughly investigated by the Ifugao Archaeological Project (IAP, see1) and is one of the best-researched sites in the province. It therefore is one of the few sites in Ifugao province where historic land use modelling may be attempted, although the village’s exceptional size and fertility mean it is not necessarily a template for the whole province. Nonetheless it is the supposed birthplace of the terrace-based rice cultivation that radically transformed Ifugao between 1570 (pre-Spanish) and 1800 (pre-conquest), and it is therefore an important site for understanding Ifugao agriculture.
Based on Molano’s written accounts (see Scott, 1974), the pre-conquest socio-ecology of OKV was defined by the payo. The payo, though, were only the most visible aspect of a highly integrated agroforestry system, the muyong-uma-payo complex (see Figure 2). The payo were also a basis for social differentiation among the Ifugao (see Table 1). They were constructed in the absence of a central administrative state, but gave rise to a “petty plutocracy” (Scott, 1982, p. 135) where communal labor maintained and expanded terraces owned by the kadangyan, whose regular consumption of difficult-to-grow rice was a primary signifier of their elite status. Complementing the payo were the muyong, carefully managed woodlots that contained as many as 200 plant species that were used for food, construction, fuel, and medicine (Sajor, 1999). Located uphill of terraces, muyong supported rice cultivation by hindering runoff and erosion, simultaneously protecting the terraces and ensuring regular access to water. Finally, kadangyan who did not own many terraces as well as Ifugao who did not own terraces, the nawotwot, consumed root crops such as iuktu (ubi, purple yams, Dioscorea alata) or, more recently, gattuk (camote, sweet potatoes, Ipomoea batatas) grown in uma (swidden fields). Uma were typically located near muyong uphill of payo on arable land unsuitable for rice cultivation (Conklin, 1980; Sajor, 1999).
Less is known about the pre-Spanish socio-ecology of Ifugao. Palaeobotanical evidence suggests rice was entirely absent, that taro and root crops were OKV’s primary starches before 1570, and that these crops were grown in less-extensive terraces and swidden fields (Acabado S. B. 2012; Acabado S. 2012; Horrocks et al., 2018). Studies employing radiocarbon dating indicate terracing substantially increased in the 17th and early 18th centuries, after the Spanish arrived in the Philippines (Maher, 1973; Conklin, 1980; Acabado et al., 2019). Based on research performed by the IAP in OKV, Acabado theorizes that increased terracing was attributable to population growth partially caused by an influx of migrants from the lowlands where rice cultivation was practiced. This population increase catalyzed both the rapid expansion of pre-existing terraces and the adoption of rice, a more productive staple, amongst social elites (Bray, 1994; Acabado S. B. 2012; Acabado S. 2012; Eusebio et al., 2015; Acabado, 2017). The shift to wet rice cultivation, Acabado asserts, provided the basis for pronounced social differentiation amongst the Ifugao, helped them resist multiple Spanish incursions and ultimately helped create a pericolonial society (Acabado, 2017; Acabado, 2018).
The Historical Land Use Model
We use a historical land use model to quantify the amount and type of land used by the residents of OKV. The model, first conceptualized by Gregg (1988) and elaborated in subsequent studies (Kay and Kaplan, 2015; Weiberg et al., 2019), posits that land use is a function of the properties of the physical environment and the socio-cultural characteristics of the people who use the land. The former includes topography, climate, soils, and vegetation and can be reconstructed for the past based on modern survey and paleoenvironmental proxies. The latter consists of the most significant components of a population’s diet and their methods of agriculture, agroforestry, animal husbandry, hunting and gathering, pottery production, and metallurgy. Reconstructing the socio-cultural characteristics of past societies draws upon published archaeological, ethnographic, and anthropological research.
Hughes et al. (2018) describe the past land use modeling process in detail, and term the socio-cultural characteristics “livelihoods”. These livelihoods describe the human inputs to food production that, along with the properties of the physical environment, are used to determine the yield of the principle food crops and animal products. With an initial estimate of the size of the human population, the land use model is used to approximate the amount of land required for a settlement to subsist for a single year.
Here, our model quantifies land use for an imagined year where no significant demographic change, famine, or abnormal disruptions transpire. Since natural hazards are frequent in the Philippines, our model assumes moderate damage from typhoons and earthquakes, and therefore expanded land use associated with repairs, was part of a typical year (Bankoff, 2009). However, since statistics on all but the most exceptional historic typhoons and earthquakes are rare, particularly in the Cordillera region, we are forced to make generalized assumptions about the damage they caused every year (see Bankoff, 2003). It is also essential to note that our model attempts to quantify land use at specific points in time, but does not make any assumption on how or when change transpired. As a result, our models of OKV at two timepoints only identify changes that happened in intervening years, not their cause or tempo.
Following Kay and Kaplan (2015), we recognize that different forms of land use lead to different transformations of the physical environment. For example, a village or garden would represent an obvious anthropogenic modification of the natural landscape, while a forest in which hunting and gathering takes place might only be appreciated by someone intimately familiar with the local environment. Thus, land use leads to a hierarchy of impacts on the landscape. For Ifugao, we pre-define the types of land use calculated by the model and their relative intensities (Table 1).
The land use model is coded in an Excel spreadsheet and contains user-definable parameters describing both livelihood and properties of the physical environment that can be adjusted based on uncertainties in diet, inputs, climate, population size, etc. The model output consists of a table of the area in hectares required for each type of land use.
In order to aid in the rapid interpretation of the model results and facilitate comparison between outputs using varying underlying assumptions or for different periods, we use the circle diagram (Kay and Kaplan, 2015; Hughes et al., 2018). A circle diagram presents the land use model output as a series of colored concentric rings, where each ring represents a specific land use at a certain hierarchical level (Table 1). Where two or more land uses have the same relative intensity, both are shown as distinct sectors in the ring at that level. The integrated area of each ring/sector represents the area required for that particular land use. We use a custom script for the Generic Mapping Tools software (Wessel et al., 2019) to take the tabular output from the land use model and plot the circle diagrams. The full plotting code and model output used in this paper are published on Zenodo (Kaplan, 2022).
Model Calculations for OKV
Our models for OKV in 1800 rely on 20th century ethnographic research supplemented by palaeoecological and archaeological research in Ifugao, especially the on-site investigations at the OKV by the IAP. We assume 20th century ethnographic research is useable for the 1800 timepoint based on archaeological evidence and Ifugao oral tradition, which indicate the terraces and their associated social institutions are at least ten generations old (Lambrecht, 1967; Maher, 1973; Conklin, 1980; Acabado, 2017). We acknowledge that relying on ethnographic evidence assembled in the previous century is potentially problematic as Ifugao society was and is dynamic. However, the lack of regular historic documentation of Ifugao forces us to make these assumptions. For the 1570 timepoint, for which no written historical documents exist, we rely exclusively on archaeological and palaeoecological evidence and assert that OKV in 1570 CE grew taro as its primary subsistence crop to support a smaller population. As a result, both our pre-Spanish and pre-conquest models are built upon several informed assumptions, which are a source of uncertainty in our models. To explore how these uncertainties can produce significant variations in our model results, we also run a series of simulations (or “sensitivity tests”) covering a range of input values.
The remainder of this Methodology section is dedicated to describing the information we use to assemble our model calculations with a focus on our template or initial models. These models represent what we believe to be the probable land use of OKV at our two timepoints. This section is organized according to the three broad categories of data used in land use modelling: population, “livelihood,” and yields and nutrition. Throughout, we summarize the data we gathered and the assumptions we made. When necessary, more detailed descriptions of our data are included in the Supplementary Material. We also allude to points of uncertainty in our templates and how we test the potential error introduced by these uncertainties. These are discussed in detail in the Supplementary Material, where we demonstrate they do not alter our primary conclusion: that intensification, particularly expanded terracing, and the initiation of widespread rice cultivation allowed OKV to have lower per capita land use in 1800 than in 1570, even though the village’s population in 1800 was double what it was in 1570.
Population and Boble (Settled Area) at OKV
There is no census or comparable document describing OKV in 1800 CE or 1570 CE, nor are there any surviving, precise descriptions of OKV’s size at either of these times. Further, because the Ifugao peoples’ settlement patterns are intricately linked to their payo, one cannot determine per capita land use and from that extrapolate the settlement’s size based on empirically observed relationships between population and settlement size (see Ortman et al., 2014). As a result of these complicating factors, how we determine the settlement’s size is inextricably connected to what we expect OKV’s population was. A full explanation of how we derived the estimates for population and settlement size that we provide below can be found in our Supplementary Material.
For the 1800 timepoint, we estimated the population and size of the settled area using a combination of Molano’s 1801 account of OKV (Scott, 1974), Maher’s (1973) observations on how payo can be repurposed as “settlement terraces,” Conklin’s (1980) observations on the Ifugao hamlet of Buble, and Acabado (2017) and the IAP’s research fieldwork at OKV. We presume OKV contained 284 houses (Scott, 1974), with the majority occupying a 3.39 ha nucleated settlement and the others dispersed throughout the payo (see section 3.3.2). Assuming that bale (houses) held on average 3–4 individuals, we expect OKV’s population in 1800 was at minimum 852 and at maximum 1,136. We use the maximum expected population in our templates. Given population densities reported by Conklin (1980) that were also supported by Barton (1922), and using Molano’s description of OKV’s satellite villages as a guide (Scott, 1974), we calculate that OKV in 1800 would have required ∼5.55 ha of “settled area” for 1,136 people.
For the 1570 timepoint, there are no contemporaneous written accounts that indicate the full extent or population of OKV. However, as per the pericolonialism theory and research led by the IAP and Acabado, it is known that the nucleated settlement was 1.70 ha, half the size it would be in 1800 (Acabado, 2017). It is also known that taro, a less productive crop than rice or sweet potatoes, was the primary staple that was grown in both swidden field and terraces (Acabado S. B. 2012; Acabado S. 2012). So, because we expect Ifugao settlements were dispersed in 1570 as well, we conclude that OKV’s settled area in 1570 was half of its size in 1800: ∼2.78 ha. Since we lack any information on OKV’s population in 1570, we assume OKV’s population was also half its future maximum size and contained 568 people. Again, because we assume OKV’s settled area included various dispersed hamlets, we do not use Ortman et al.’s (2014) observed relationship between nucleated settlement size and population. However, we must emphasize that this estimate for total population is a rough estimate and cannot be proven or disproven based on existing evidence from the OKV site.
Payo (Terraces)
Despite the labor expended on rice cultivation and its cultural significance, rice only met approximately 25–33% of OKV’s carbohydrate requirements circa 1800 CE (Barton, 1922; Acabado et al., 2018). Because rice and a small quantity of taro were grown in payo, we determine the area terraced for rice cultivation by calculating how much rice the village’s population would have required to produce a surplus, to be used either in trade or as a precaution against hazards. We then add on the amount of land required to grow the small amount of taro consumed annually.
For the 1570 CE timepoint, since terrace agriculture was less extensive than in 1800 and was primarily used for taro cultivation, which can occur in either wet or dry fields, we presume a much smaller amount of land was terraced. Given the labor requirements of payo, the size of OKV in 1570, and the premises of the pericolonialism hypothesis, we expect ∼13.4 ha of land were terraced for growing taro in OKV in 1570 (see Supplementary Material section 3.3.1).
Before continuing, we should note that terraces were routinely damaged and repaired. However, these repairs do not contribute to land use in our model for three reasons. First, a high proportion of terrace walls in the Tuwali-Ifugao are built of earth, not stone. Second, the sandstone used in stone walls was often gathered from cleared uma, muyong, or other sites uphill of the terraces, which permitted villagers to move these heavy materials downhill with water. If no stones were available uphill, the villagers of OKV would have used stones and boulders from the nearby Ibulao River instead. Third, Ifugao quarrying, when it did transpire, was not especially transformative of the landscape; boulders were not dug up, but instead were gathered, broken apart using other rocks, and then hauled to the terraces. For these reasons, we do not measure quarrying in our models and presume terrace repair had a negligible effect on land use (Conklin, 1980).
Uma (Swidden Fields)
In contemporary Ifugao, swidden fields are positioned on fertile land unsuitable for terracing, are often close to muyong, and are relatively distant from villages and hamlets. Today, swidden farming is used to primarily grow sweet potatoes, though taro can also be grown in wetter years. Swidden fields are prepared during the dry season by first cutting cane or woodland and enacting a controlled burn; wood or cane that does not burn fully can be saved for fuel (Conklin, 1980). A swidden plot is cultivated for 2–3 years, with each year experiencing successively smaller yields. It is then left to lie fallow for 5–6 years, at which point primary growth is cleared again or the field is cultivated as a woodlot. In years when rice harvests are expected to be poor, swidden agriculture can be rapidly expanded into unclaimed forests or fields (Conklin, 1980).
Ethnohistorical accounts by Antolin indicate gattuk (sweet potato), aba (taro), and iuktu (purple yams) were grown in swidden fields circa 1800 CE (Antolin and Scott, 1970), and Barton indicates that, by the 20th century, sweet potato had entirely replaced yams in Ifugao diets. Given this information, we assume gattuk and iuktu were grown simultaneously in uma circa 1800, with a small amount of aba also being grown. In our template diagram, we presume iuktu and gattuk were equal components of OKV’s diet.
For 1570 CE, swidden crops, particularly aba and iuktu, are presumed to have been OKV’s primary source of energy based on archaeobotanical and archaeological evidence (Acabado S. B. 2012; Moran, 2015). For both timepoints, we expect vegetables such as squash, were also grown in swidden fields or along the bunding atop terrace walls (Antolin and Scott, 1970; Conklin, 1980; Amano et al., 2020). In 1800, we assume the most common squash was kalabasa (Cucurbita maxima). However, since kalabasa was first introduced to the Philippines from the Americas during the Spanish period, it would not have been present in OKV in 1570. Instead, similar vegetables such as squashes indigenous to East and Southeast Asia would have been grown. Our models assume these vegetables had similar productivity to kalabasa.
Muyong (Private Forests)
Historically, edible plants grown in muyong included mangoes and bananas, with the latter being the most prevalent (Antolin and Scott, 1970). It is also possible, though not confirmed, that breadfruit was cultivated in woodlots (Acabado et al., 2018). Tobacco, a plant originally imported from the Americas, may also have been cultivated in personal gardens, muyong, or uma in 1800 CE, though we do not discuss its cultivation in our models.
In 1800, kadangyan and nawotwot alike obtained their fuel and resources from kadangyans’ muyong. Typically, nawotwot were permitted to gather dead branches and even chop down dead trees in exchange for laboring to maintain kadangyans’ muyong (Conklin, 1980; Hayama, 2003; Serrano and Cadaweng, 2005). These muyong would have contained hardwoods for bale (house) construction (Scott, 1966), which we find did not significantly contribute to land use (see Supplementary Material).
We have little information on forestry practices in 1570, prior to increased terrace building. As terraces were still present, we assume managed forests were also maintained uphill of those terraces and their size was primarily determined by the village’s food and fuel requirements (see Kay and Kaplan, 2015).
Domesticated Animals
In contemporary Ifugao, domesticated animals including carabao (water-buffalo, Bubalus bubalis), pigs, and chickens are sacrificed at various stages of rice cultivation. Notably, only domesticated animals are considered suitable for sacrifice (Lapeña and Acabado, 2017). Chickens are most frequently sacrificed, followed by pigs, and then carabao, which are only sacrificed during the harvest period (Conklin, 1980; Conklin, 2002). Among these animals, pigs and especially carabao are prestige animals. They are owned by kadangyan, and they are sacrificed and distributed during communal feasts (Conklin, 1980; Brosius, 1988; Lapeña and Acabado, 2017). However, carabao are only shared among other kadangyan, while pig parts are more widely distributed with various parts considered more prestigious gifts than others. By contrast, chickens and their eggs are an easily accessible source of protein and are commonly raised throughout settlements (Conklin, 2002). When chickens are ritualistically sacrificed, they are consumed by the ritual leader (mumbaki), but the meat is not distributed (Barretto-Tesoro, 2007).
For 1800 CE, zooarchaeological evidence from OKV indicates four domesticated animals were common: dogs (Canis familiaris), chickens (Gallus gallus), pigs (Sus scofra), and water buffalo or carabao (Ledesma et al., 2015). Although no remains were found, it is also possible goats were present in OKV, presumably in small numbers (Amano et al., 2020). While our template diagram does not account for goats, we do discuss what effects they might have had in our Supplementary Material.
Of the animals confirmed to be present in 1800 CE, carabao—these are large grazing animals averaging over 400 kg in size—would have had the most significant effect per animal on land use. It is unclear, though, whether very small carabao herds were kept or if these animals were purchased from the lowlands (Ledesma et al., 2015). For our template models, we assume a small herd of ∼22 animals was kept at OKV, and we detail other possible herd sizes in our Supplementary Material.
Domestic pigs were the most common large animal, though ethnographic evidence indicates they had a very small effect on land use in OKV. This is because pigs, like chickens, were raised within settlement terraces near homes. Further, pigs’ caloric needs could have been met with plant and animal waste generated from farming and hunting as well as from human waste (Conklin, 1980; Gregg, 1988; Conklin, 2002; Huynh et al., 2007). Nevertheless, for nutritional reasons, we assume 10% of pigs’ caloric needs were met by browsing in forests. Browsing occurred in muyong or public forests between the rice harvest and the reseeding of the terraces (Conklin, 1980).
The same suite of domestic animals was present in 1570 CE, except possibly carabao (Acabado, 2017). Based on existing zooarchaeological evidence we expect that fewer domestic pigs and no carabao were present (Ledesma et al., 2015; Acabado, 2017). Therefore, we calculate animal-associated land use in 1570 was significantly less than it was in 1800.
Hunting, Foraging, and Fishing
Zooarchaeological evidence indicates that, in both 1570 and 1800 CE, a substantial portion of OKV’s dietary needs were met through hunting and gathering. According to Antolin, Ifugao and other highland peoples hunted in the foothills of the Cordillera, particularly in wooded regions where larger mammals proliferated (Antolin and Scott, 1970). Zooarchaeological reconstructions of faunal assemblages (Number of Identified Specimens-NISP, Minimum Number of Individuals-MNI) undertaken by Ledesma et al. (2015) indicate wild deer (Rusa marianna) were the most consumed animal in Ifugao, followed by wild pigs (Sus philippensis). Various bones attributed to different small game were also preserved at OKV. Lastly, a small percentage of bones at OKV were attributed to mudfish (Channa striata), a freshwater fish common in the Ibulao River (Ledesma et al., 2015). In modern times, this fish and various shellfish from the river are often introduced and maintained in terraces, where they promote soil fertility and are an easily obtained source of protein (Conklin, 1980).
Given the known biases of NISP and MNI counts against small animal bones and fish bones as well as the relative dearth of studies undertaken at OKV, we suspect small game and mudfish and other freshwater life comprised a larger fraction of historic diets than suggested by Ledesma et al. (2015; see also Barton, 1922; Conklin, 1980). Additionally, for both 1800 and 1570 CE, we assume residents of OKV consumed wild game more frequently than domesticated animals, and large animals like wild deer and pigs were shared among families and villages once slaughtered.
Fuel and Resource Extraction
Ethnographic evidence suggests the primary fuel source for the Cordillera and parts of Ifugao was Benguet Pine, which could be gathered in muyong or while clearing swidden fields (Antolin and Scott, 1970; Scott, 1975; Conklin, 1980; Manuta, 1993; Jang and Salcedo, 2013). However, Benguet Pines grow best at elevations between 1,000 and 2,500 m ASL and likely would have been interspersed with tropical montane oaks and other broadleaved trees in OKV’s muyong (Dinerstein et al., 2017; Lamoreax, 2021). Since most societies do not limit themselves to one type of tree, but instead gather wood from various species as long as they lack religious or cultural significance, we assume Ifugao peoples in both 1570 and 1800 CE relied on several tree species for fuel (Picornell-Gelabert, 2020). The species they selected would likely have included Benguet Pines, molave oaks, and species that released as little smoke as possible. Given these criteria and the species available near OKV, our model postulates that local fuel-woods had an average energy content of approximately 20 MJ/kg (Bhatt and Tomar, 2002; Kay and Kaplan, 2015).
For both 1570 and 1800 CE, we calculate that OKV’s annual fuel consumption was approximately 476 kg per capita (Donovan, 1981; de S. Wijesinghe, 1984; Kay and Kaplan, 2015). Because individuals who did not own a muyong were often permitted to gather fallen trees for firewood by kadangyan in exchange for their labor (Manuta, 1993; Hayama, 2003), we expect kadangyan and nawotwot alike gathered fuel exclusively from muyong in 1800. In 1570, we likewise presume firewood was gathered from managed woodlots.
Pottery and metallurgy can significantly increase the demand for fuel and other resources. Pottery production in Ifugao, according to Acabado et al. (2018), did not experience substantial change and remained decentralized (occurring in each household as per a family’s need) between 1570 and 1800. We therefore assume pottery requirements for each person in 1570 were near identical to those in 1800 (Lauer and Acabado, 2015). Critically, Ifugao traditional pottery is fired by filling the earthenware pot with twigs and grasses that are then combusted with the container doubling as a heat trap (Maher, 1984). Therefore, we conclude neither the gathering of clays nor fuel for firing had a significant effect on land use.
Ifugao, unlike all other regions of the southern Cordillera, did not practice extensive mining in 1570 or in 1800. However, Antolin noted that the Ifugao frequently purchased iron waste from lowlanders, which they would then melt to create new tools and weapons (Antolin and Scott, 1970). As a result, we conclude gathering ore in Ifugao required no significant land use. Friar Antolin also observed highlanders from neighboring regions (Benguet) using hollowed tree stumps as furnaces to melt and reshape the metal, suggesting fuel-use for these furnaces would have been significant (Antolin and Scott, 1970). To calculate annual fuel-use associated with iron for both timepoints, we employ the procedure designed by Kay and Kaplan (2015): we assume each individual person, regardless of age, required 1.5 kg of iron per year on average, which necessitated 492 kg of fuel per year per capita.
Commerce
Antolin reported that the Ifugao would primarily trade rice with lowlanders in exchange for worked iron pieces and various animals, including domesticated pigs and carabao (Antolin and Scott, 1970). Furthermore, recent research undertaken by the IAP indicates prestige goods, such as Chinese ceramics, were desired by kadangyan (Yakal, 2017). Since we do not know the extent of this commerce, we cannot precisely calculate its effect on land use. However, we presume commerce was primarily undertaken by (or for the sake of) kadangyan and that a surplus of rice was produced most years—set to 30% in our models, an amount that would permit poorer harvests to not affect kadangyan diets—of which a portion was used for trade. The land dedicated to surplus rice production would therefore also be the most significant form of land use associated with commerce.
It must be noted that our model does not describe tobacco production in OKV. The Galvey expedition of 1832 CE was, in part, triggered by the sale of Ifugao tobacco in the lowland Philippines (Scott, 1974). At the time, the Spanish were attempting to enforce a tobacco monopoly, established in the late-eighteenth century, to increase the Philippine colony’s profitability (de Jesus, 1998) and begrudged the Ifugao for undermining that monopoly. Unfortunately, estimating the amount of tobacco grown in OKV and sold in the lowlands as contraband circa 1800 CE is exceedingly difficult. Based on anecdotal evidence and the severity of the colonial administration’s 19th century expeditions to Ifugao, we can assume the amount of tobacco grown was not insubstantial (Scott, 1974). However, we lack sufficient data to make an informed estimate at this time.
Agricultural Productivity and Nutritional Value
Extensive records of historic crop productivity do not exist for Ifugao prior to the 20th century, so we instead rely on agricultural research performed in the province and the Philippines in the past 6 decades, which often discusses traditional yields in comparison to high productivity crops (see Tulin, 2014). Using such material, we assemble a range of viable historic yields for each crop, and then employ the average yield in our models. If a reliable historic range cannot be established for a specific crop, we instead establish a range of modern yields for that crop and assume the minimum corresponds to the historic average production (see Supplementary Material). Furthermore, we assume yields for all crops did not change between 1570 and 1800 CE. In this way, we establish probable historic productivities based on the limited evidence available, and we utilize these productivities in our template models. We discuss yield as a source of uncertainty in our Supplementary Material.
Similar to historic yields, there is no accurate account of foods’ historic nutritional value in Ifugao. We instead rely on analysis performed by the CINE group at McGill University (Centre for Indigenous People’s Nutrition and Environment) on the diets of the Aetas of Morong, Bataan in Luzon (Santos-Acuin et al., 1997; Kuhnlein et al., 2006), supplemented by publicly available nutritional values published by the United States Department of Agriculture (USDA). Unlike productivity, it can be safely assumed that the caloric content of species found in Bataan and Ifugao do not significantly differ. We expect no significant change in foods’ nutritional and caloric content between 1570 and 1800.
Dietary Proportions
Our model does not currently explicitly enforce a balanced diet, only a minimum total caloric intake. Therefore, to ensure realistic dietary proportions, we assume Ifugao peoples in both 1570 and 1800 CE consumed starches, proteins, and vitamins in similar ratios to those observed by Barton (1922) and Conklin (1980). Of the two, we prioritize Barton, whose quantitative descriptions of Kiangan, Ifugao diets are among the earliest available. However, there is no guarantee diets did not change between 1800 and the 20th century, and the peri-colonialism hypothesis asserts diets changed profoundly between 1570 and 1800 (Moran, 2015). Therefore, the dietary proportions we use in our template models are informed estimates, reflecting what we believe is a probable scenario for past diets (the inherent uncertainty of this approach is discussed in the Supplementary Material).
In our template models for both timepoints, we suggest starches constituted approximately 76% of annual diets with all other foods comprising the remaining 24%. This remaining percentage, we posit, was primarily comprised of vegetables and fruits, fish, and hunted game (especially small game). We expect domesticated animals did not account for more than 4% of annual diets. Variations in the consumption of various plants and animals between 1570 and 1800 transpire within these constraints, which reflect Conklin and Barton’s observations.
RESULTS
Our results are presented in three sections. The first presents our template diagram for 1800 CE. This diagram presents what we maintain is a probable pattern of land use, given existing evidence. The second section offers a similar template diagram for 1570 CE. The final section presents the imagined land use of a hypothetical kadangyan family that only consumed rice as a starch and a hypothetical nawotwot family that only consumed tubers as starches. In all three sections, we present our results using circle diagrams, a series of concentric circles representing different types of land use differentiated by intensity. The settlement is plotted as the centermost circle. Surrounding the settlement are five rings. They contain, in order of descending intensity: terraces; active swidden fields; fallow swidden fields and pastureland; agroforestry and woodlots; forested land for pigs to browse and hunting space.
1800
Our template diagram for OKV in 1800 CE is presented in Figure 3. We assume the village contained 284 houses and 1,136 individuals, the maximum population we allowed for in Population and Boble (Settled Area) at OKV. As per our Methodology (Section 3.3), we expect that iuktu (purple yam) and gattuk (sweet potato) comprised equal portions of diets at OKV; that a small herd of carabao (∼22 animals) were present in the village; and that goats were absent from the village. Lastly, for the sake of clarity, all land use numbers presented here, excepting the Settlement, are approximations. For more precise numbers, see the datasheets included in the Supplementary Material.
[image: Figure 3]FIGURE 3 | Template circle diagrams for OKV in 1800 (Panel A) and in 1570 (Panel B). The figure also includes a legend (Panel C) with a scale. The legend lists all types of land use and their intensity relative to one another. In each panel, the number in the upper right corner represents the population whose land use is being modelled.
We calculate that a village of this size, operating within the constraints listed above, would require ∼2,113 ha of land to subsist for a single year, with the majority of this land being hunting land. Hunting would require 1,390 ha, while all other forms of land use would require ∼723 ha of land. Assuming that the historic yield of rice was 1650 kg ha−1; that historic taro’s yield was 2000 kg ha−1; and that the village produced 30% more rice than required for subsistence, the village would have required ∼112 ha for payo (terraces). Of this terraced land, ∼15 ha would have been required to grow taro, despite it only comprising 2.2% of annual diets in our template model (compared to rice, which represented 32% of annual diets).
Furthermore, we expect houses and hamlets were scattered among these terraces (see section 3.3.1), so the 5.55 ha of land comprising the settlement circle was not consolidated around a single nucleus. This lowered population density and maximized individual access to the terrace paths and bunding, so the whole village’s kalabasa (squash) and other garden vegetables could have been grown in personal gardens or along terrace bunding and pathways (Conklin, 1980). In this way, kalabasa or garden vegetables were fully integrated into other forms of land use.
In addition to the payo, our model asserts that OKV required ∼120 ha of active uma (swidden fields) to grow iuktu and gattuk each year, as well as ∼240 ha of fallow land. Additionally, as discussed in section 3.1, supporting the payo and uma were the muyong, the indispensable managed forests. We calculate that OKV would have required ∼6 ha of muyong for fruits and another ∼85 ha for fuel and other essential resources. Therefore, the village as a whole would have required ∼91 ha of muyong in total to support 1,136 individuals circa 1800.
Based on the community of 1,136 individuals’ caloric needs as well as the physical requirements and breeding habits of pigs and carabao, we expect OKV would have contained ∼391 pigs and ∼22 carabao. The carabao, as grazing animals, would have required ∼93 ha of pastureland (Conklin, 1980). We expect pigs, as foraging omnivores, were primarily fed agricultural waste—failed tubers and the green material from various crops—and human waste products (Gregg, 1988; Conklin, 2002). The 10% of their diet derived from forest browse would have required ∼61 ha annually. Conklin’s (1980) research on ritual sacrifice suggests these herds would have been too small to meet OKV’s ceremonial obligations, and therefore commerce with the lowlands to obtain additional pigs and carabao was essential, which agrees with all ethnohistorical evidence (Scott, 1966; Scott, 1974; Scott, 1982).
1570
By using Acabado’s pericolonialism theory to argue that wide-spread terracing transpired only after the Spanish arrived in Luzon, we can create a feasible model for OKV in 1570 CE. This model describes a configuration of pre-Spanish land use in Ifugao that can be tested in future research. Our template diagram for OKV in 1570 is presented in Figure 3. This diagram assumes the population was 568, and the settlement circle was ∼2.7 ha, half the size of the settlement in 1800, and no rice was grown in the village as per the pericolonialism hypothesis (see also Horrocks et al., 2018). Instead, terraces were used to grow a portion of OKV’s taro. We assume taro constituted 32% of annual diets, while yams comprised 44.3% of annual diets (sweet potatoes not having been introduced yet constituted 0% of diets). We expect 12% of taro was grown in terraces while the remaining taro and all yams were grown in swidden fields. This would require ∼177 ha of active fields, ∼354 ha of fallow fields, and ∼13.3 ha of terraces (meaning the agricultural and residential terraces together amounted to ∼16 ha of land). Additionally, our model calculations predict half as much highly managed forest would have been needed for a population of 568, so OKV in 1570 would have required ∼46 ha of muyong (3.02 ha for fruits, 42.60 ha for fuel). And lastly, our model expects ∼30 ha of unmanaged forests were used for pigs to browse.
Zooarchaeological evidence is inconclusive on whether OKV in 1570 possessed or consumed carabao. For this model, as per Acabado’s hypothesis (2017), we assume carabao were not consumed or raised in OKV in 1570. We do expect OKV raised and consumed domesticated chickens and pigs as well as hunted game in similar proportions to OKV in 1800. However, because the Ifugao region’s population density would have been lower (half what it was in 1800, based on our models’ existing assumptions), the amount of land available for hunting would have been greater in 1570 than in 1800.
In total, our model concludes OKV circa 1570 would have required ∼2,013 ha of land. Of this land, 623 ha of land would have been dedicated to all activities except hunting. This is in contrast to OKV in 1800, which required ∼2,113 ha of land, of which only ∼723 ha were dedicated to all activities aside from hunting. Therefore, our models suggest increased terracing and the switch from taro to rice, as well as the introduction of sweet potato, permitted OKV’s population to double without greatly increasing the amount of land devoted to starch production. Further, even the addition of grazing animals like carabao by 1800 does not change or challenge this conclusion. This minimization of high intensity agricultural activity undoubtedly helped OKV preserve wild deer and pigs’ habitats and therefore continue to practice widespread hunting. This, and the highly sustainable muyong-uma-payo system of integrated agriculture all indicate historic Ifugao society was premised on a stable pattern of land use that, when bolstered by commerce with the lowlands, permitted large populations to survive and maintain independence in the Cordillera.
The points of uncertainty in our model, discussed in the methodology, do not challenge this conclusion. In the Supplementary Material, we model scenarios for the 1800 CE timepoint with the potential to change our conclusion. We do not model for 1570 because less palaeoecological data is available for this timepoint, and our model for it is primarily based upon the pericolonialism hypothesis. Our scenarios for the 1800 timepoint include: varying the population of OKV; varying the daily caloric intake of individuals at OKV; varying the amount of gattuk and iuktu grown at OKV; removing the carabao herd at OKV; adding a goat herd to OKV; modelling a failed rice harvest at OKV caused by a strong typhoon or similar natural hazard; and modelling how hunting ranges could be affected by Ifugao’s historic population density. These scenarios confirm the amount of land used for all activities except hunting varied from 543 ha at minimum to ∼998 ha at maximum. All confirm intensive land use would not have increased proportionally with population, suggesting Ifugao land use in 1800 was markedly more consolidated than in 1570; was remarkably efficient; and did not rely on extensive deforestation but instead maintained muyong as well as public forests and hunting grounds.
Exploring Social Difference: Kadangyan and Nawotwot Land Use in 1800
The land used to feed a family of kadangyan was distinct from the land used to feed a family of nawotwot, and the land use model calculations can reflect this (Hughes et al., 2018). In Figure 4, we present two circle diagrams depicting the land use associated with two families of four individuals. Panel A depicts kadangyan land use and panel B depicts nawotwot land use. For this diagram, we gave each family an idealized diet, representing the wealthiest kadangyan family possible and the poorest nawotwot family possible. The kadangyan in this diagram are imagined to have consumed only rice and taro as starches, while the nawotwot consumed only yams and sweet potatoes as starches. Both imagined families, however, are presumed to consume the same proportion of starches annually (∼76.2% of their total diet). Additionally, the kadangyan in our scenario consumed carabao and a larger proportion of domesticated pigs than the nawotwot, who would have owned and sacrificed fewer pigs and no carabao (see section 3.3.5).
[image: Figure 4]FIGURE 4 | Circle diagrams describing the hypothetical land use of a kadangyan family of 4 (Panel A) and a nawotwot family of 4 (Panel B). As with Figure 3, a legend with a scale is also included (Panel C). In each panel, the number in the upper right corner represents the population whose land use is being modelled.
Our models indicate that a kadangyan family of four, given these parameters, would require 6.62 ha of land to subsist for a year. That land would be divided as follows: 0.02 ha for living space, 0.84 ha for terraces, 0.33 ha for pastureland, 0.32 ha for muyong, 0.21 ha of forest for pigs to browse, and 4.89 ha for hunting. By contrast, the nawotwot family would require the same amount of land for hunting, muyong, and living space, but no land for terraces or pasture for carabao. Instead, they would require 0.77 ha of active uma, 1.55 ha of fallow uma, and 0.13 ha forest for pigs to browse. Altogether then, the nawotwot family would need 2.79 ha of actively modified land per year to subsist, while the kadangyan family of the same size would require 1.73 ha of land.
The diagrams presented in Figure 4 help explain how land use in the 1800 timepoint did not double from 1570, despite the population doubling. Payo, a hallmark of the kadangyan class, use less land than uma. In a village like OKV, which evidence suggests was more suitable to rice agriculture than most of Ifugao (Barton, 1922), this means a high proportion of the population could have utilized payo, and their consumption of rice would have helped decrease land use even as the population grew. Nonetheless, it should be noted that a kadangyan family of four could not exist in a vacuum. While terrace construction does not require generations of laborers as once supposed (Acabado et al., 2019), building and maintaining them does take a village. As Conklin (1980) observed, a hectare of highland terrace requires 630 human days of labor per year to maintain, while a swidden field of the same size only requires 250 days. Therefore, without a large population, the Ifugao terraces would not be viable. The same principal applies to hunting for both kadangyan and nawotwot. Hunting was not undertaken by family units but instead was a community endeavor. Again, the hypothetical families we model here did not exist in a vacuum, but were instead part of a community that enabled them to enact this specific land use pattern.
DISCUSSION
In this study, we modelled land use in OKV in 1570 and 1800 CE. Using data gathered from ethnography, anthropology, archaeology, and history, our model calculations quantify how population growth and social differentiation affected land use in OKV circa 1800 CE, reaffirming that land use modelling can be used successfully to quantify how social status affects a society’s ecological impact (Hughes et al., 2018). Furthermore, by applying the pericolonialism hypothesis advanced by Acabado (2017), we were able to estimate land use in OKV circa 1570 CE. Our calculations show that the adoption of intensive rice agriculture and widespread terracing, as well as the adoption of sweet potato, could have permitted OKV’s population in 1800 to be double what it was in 1570 without experiencing a proportional increase in intensive land use and deforestation.
Our models confirm, as several earlier studies suggested, that the muyong-uma-payo complex was a highly efficient and sustainable land use system. It is often assumed that societies will abandon extensive agriculture (i.e., swidden techniques) for intensive agriculture (i.e., terracing) as their populations increase (for examples, see Geertz, 1963; Boserup, 1965; Chrisholm, 2007) and that this in turn, will have deleterious impacts on the landscape in the form of forest clearance, biodiversity declines, and soil nutrient losses. Historic Ifugao’s tandem agriculture not only contradicts this theory but also developed in a non-state society where status was derived from prestige crops and feasting. Our model calculations instead confirm the value of an agricultural system reliant on both terracing and swidden techniques. Ifugao’s distinctive agroforestry system also sustained OKV and the Tuwali-Ifugao during their prolonged resistance to imperial subjugation by maintaining widespread forests that provided essential resources and a habitat for wild game. The necessity of extensive muyong and public forests suggests population increase would not have led inexorably to deforestation or the denuding of mountain sides. Further, unlike lowland paddy fields, rice terraces would not have contributed to soil degradation due to a combination of traditional “green fertilizer” (mulch) and the rigorously maintained irrigation system used to replenish the ponds’ water and soil (Sione et al., 2017). Instead, the effects of increased population were likely more subtle and could have included the deliberate or unintended favoring of trees that grew faster at higher elevations (e.g., pioneer forest taxa) or the increased growth of usable tree species. Alternatively, certain utilizable species might have been depleted faster, causing them to become rarer in the Ifugao highlands, similar to how deforestation progressed in the Spanish-colonized lowlands (Bankoff, 2013). Our models, which do not model specific trees, cannot discern which outcome was more likely.
Ultimately, then, the muyong-uma-payo complex provided the basis for an alternative lifestyle to the colonial lowlands, which were increasingly subject to commercialized, extractive world systems in the 19th century (Wallerstein, 1989; Acabado et al., 2019). Instead, labor-intensive rice production provided a physical basis for social cohesion (Acabado, 2018; Acabado et al., 2019) that was also integrated with Ifugao spirituality and myth (Eliade et al., 1959; Conklin, 1980), ultimately providing a venue for Ifugao society to produce and reproduce itself through annual cultivation and terracing (Merchant, 1980). Our model calculations cannot explain how the Ifugao peoples resisted conquest for centuries, but they do elucidate the underlying socio-ecological regime that permitted this pericolonial society to thrive. Its apparent success, especially in a highland environment often imagined as less productive than lowland plains, evokes comparisons to the Indigenous Maya milpa system (Ford and Nigh, 2015), the Inka of the Andes (Chepstow-Lusty and Jonsson, 2000), and swidden farmers in the highlands of mainland Southeast Asia (especially the Zomia region denoted by Scott, 2009; see also Hamilton et al., 2020). Like the Ifugao, Indigenous populations in these areas practiced, and still practice, highly innovative, sustainable, and integrated forms of agriculture and agroforestry that contrast strongly with modern techniques that emphasize high productivity and clearance.
The limitations in our calculations suggest ways historical land use models might be improved in the future. First, they could better incorporate nutritional data and thereby incorporate research from historical ecology and associated fields (see, for instance, Moran, 2015). Second, our models do not account for commerce, even though it was Ifugao’s production and trade in tobacco that ultimately precipitated Galvey’s expedition (Scott, 1974). Providing a more in-depth account of trade will be essential, then, to improving these models and applying them to less well-studied Philippine societies and provinces where dietary proportions are not known. Lastly, our models may be further developed using GIS to map our diagrams onto physical landscapes to create complete land use maps that visualize how specific villages and towns could have developed over time. Alternatively, an adjusted form of this model might be applied through GIS to chart the impact of anthropogenic land use on forest cover throughout Ifugao and the southeast Cordillera, akin to work performed by Kay et al. (2019) and the LandCover6k project (Morrison et al., 2021).
As these lacunae are filled, it will be possible to generate historical land use model calculations for other Philippine provinces, both in the pre-Spanish period and during the colonial eras (1565–1946). This quantification, especially once validated by palaeoecological and archival records, will facilitate comparisons between different ethno-linguistic groups’ land use strategies and help illustrate historic differences between Philippine societies, such as: customs regarding ownership of land and animals, status differentiation, apportionment of labor, and the penetration of regional market and commercial pressures into Philippine villages in the 18th and 19th centuries (Larkin, 1982). Furthermore, land use models applied to specific landscapes can inform research into historic deforestation, especially in provinces where written records are scarce. Such diagrams could serve as a launching point for historic and anthropological investigations, archaeological fieldwork, and historical ecology and geography, ultimately furthering research into regional and global estimates of past human impacts on landscapes (Pongratz et al., 2008; Kaplan et al., 2009; Kaplan et al. 2011; Kaplan et al. 2012; Kaplan et al. 2017; Klein Goldjewijk et al., 2011; Mahli et al., 2014; Kay et al., 2019). Last of all, if diagrams akin to the ones presented in this paper were expanded to cover even the remainder of the Cordillera, they could help visualize for the first time the diverse socio-ecological histories of numerous peoples as well as the spatial scales of human-environment interactions in this part of the tropics.
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Liangwangcheng Nelumbo Oryza sativa Panicum Pinellia Setaria italica Trapa Triticum Vigna

nucifera miliaceum ternata bispinosa aestivum umbellata
Nelumbo nucifera 7.7988 0
Oryza sativa 2.2237 8.2928 0
Panicum miliaceum 2.1603 8.6368 1.9248 0
Pinellia ternata 4.3466 71142 4.6282 5.1825 0
Setaria italica 1.9577 8.6145 2.1293 1.7366 5.0945 0
Trapa bispinosa 4.7390 6.5699 5.1041 5.5989 2.1658 5.5206 0
Triticum aestivum 5.8538 9.4249 6.4180 6.5914 5.3110 6.6476 5.3937 0
Vigna umbellata 4.8272 8.5861 5.2456 5.5567 4.6709 5.5536 4.9076 2.8238 0

The P-values from permutation tests (10,000 permutation rounds) for Mahalanobis distances among groups are all <0.0001; P-values < 0.0001 indicate that all groups are significantly different.
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~900~400 BC
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9

313G (%)
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Lab no.

Beta-547362
Beta-544140
L7U19287
Beta-544139
Beta-544141
1ZU19288
Beta-547363
Beta-544137
LZU19289

Context

2018YnJM205-1
2018YnJM230
2018YnJM199
2018YnJM207
2018YnIM270
2018YnJM204-1
2018YnJM249
2018YnIM217
T3503(7)

Sample no.

R-15
R-34
R-12
R-17
R-62
R-13
R-45
D-37
D-27

Species

Human bone
Human bone
Human bone
Human bone
Human bone
Human bone
Human bone
Bovid bone
Pig bone

14C date BP

2,660 = 30
2,560 + 30
2,560 + 30
2,550 £ 30
2,540 & 30
2,530 + 30
2,520 £ 30
2,480 + 30
2,470 £ 30

Calibrated age BC/AD (95.4% prob.)

899 cal BC ~ 790 cal BC
805 cal BC ~ 563 cal BC
805 cal BC ~ 563 cal BC
801 cal BC ~ 550 cal BC
796 cal BC ~ 547 cal BC
794 cal BC ~ 544 cal BC
789 cal BC ~ 544 cal BC
772 cal BC ~ 476 cal BC
766 cal BC ~ 422 cal BC
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Sites/region Rice Millets Wheat Culture References

Phase | (8,500-6,000 BP)

Shunshanji PSC - —  Shunshanji (8,500-7,500 BF) Lin et al. (2014); Yang et al. (2016); Luo et al. (2016)

Hanjing PCD - —  Shunshanj (8,500-7,500 BF) National Museum of China et al. (2018); Qiu et l. (2018)

Longgjuzhuang PcC - —  Early Longgiuzhuang (7,000-6300 BP) Tang and Zhang, (1996); Tang, (1999); Wang, (1982)

Zuohu P - —  Meajiabang (7,000-6,000 BP) Lin and Wang, (2000)

Dongshancun PC - — Majiabang (7,000-6000 BF) Wang and Ding, (1999); Qin, (2016)

Qitoushan D - ~  Majiabang (7,000-6,000 BP) Zhu et al. (2009)

Weidun D - ~  Meajiabang (7,000-6,000 BP) You, (2001); Chen, (1995)

Xuecheng P - —  Meajiabang (7,000-6,000 BP) Wang et al. (2013)

Shendun P - ~  Majiabang (7,000-6,000 BP) Wang, (2007); Tang, (2016)

Xix o - —  Meajiabang (7,000-6,000 BP) Tian et al. (2009)

Yangia PC - —  Majiabang (7,000-6000 BF) Qiu et al. (2016)

Luotuodun D - —  Meajiabang (7,000-6,000 BP) Lin et al. (2003); Lin and Tian, (2009); Zhang and Lin,
(2008); Li et al. (2008)

Chuodun PCD - —  Meajiabang (7,000-6,000 BP) Ding, (2004); Qin, (2011); Fulker, (2011) Cao et al. (2007)

Caoxieshan PC - —  Meajiabang (7,000-6,000 BP) Gu etal. (1998); Udatsu et al. (1998); Tang et al. (1999)

Jangii PC - —  Meajiabang (7,000-6,000 BP) Qiu et al. (2013), Quu et al. (20142)

Guangfucun P - ~  Majiabang (7,000-6,000 BP) Wang and Ding, (2001)

Phase Il (6,000-4,000 BP)

Longgiuzhuang PC - —  Late Longdiuzhuang (6,300-5500 BP) Tang and Zhang, (1996); Tang, (1999); Wang, (1982)
Wanbei c c —  Early Dawenkou (6,200-6600 BP) Cheng et al. (2020)
Dadunzi D D —  Dawerkou (6,200-4600 BP) Yin et al. (1964)
Qingdun P - —  Songze (6,000-5300 BP) Guo, (2000)
Miaoshan D - —  Beiyinyangying (6,000-5300 BP) Chen, (2013)
Dingshadi D - —  Beiyinyangying (6,000-5,300 BP) Chen, (2013)
Sijaodun P - —  Beiyinyangying (6,000-5,300 BP) Chen, (2013)
Beiyinyangying P - - Beiyinyangying (6,000-5,300 BP) Chen, (2013)
Naniou D - —  Songze (6,000-5,300 BF) Fan, (2011); Wang, (2007)
Sanxingcun D - —  Beiyinyangying (6,000-5,300 BP) Wang and Zhang, (2004)
Chuodun PC - —  Songze (6.000-5,300 BP) Ding, (2004); Qin, (2011) Fuler, (2011)
Caoxieshan PC - —  Songze (6,000-5,300 BP) Gu et al. (1998); Udatsu et al. (1998); Tang et al. (1999)
Xuecheng P - —  Songze (6,000-5,300 BP) Wang et al. (2013)
Luotuodun W - —  Songze (6,000-5,300 BP) Lin et al. (2003); Lin and Tian, (2009); Zhang and Lin,
(2009); Li et al. (2008)
Jangl PC - Songze (6,000-5,300 BP) Qiu et al. (2013), Quu etal,, 2014a
Chenghu PC - —  Songze (6.000-5,300 BP) Qin, (2011) Fuler, (2011); Ding and Zhang, (2004)
Wanbei c [ —  Middle and late Dawenkou (5,600-4,600 BP)  Cheng et al. (2020)
Jiangzhuang c c —  Liangzhu (5,300-4,000 BP) Wu et al. (2019)
Mopandun D - —  Liangzhu (5,300-4,000 BP) Chen, (2013)
Chengtoushan D - —  Liangzhu (5,300-4,000 BP) Min, (1986)
Sidun D - —  Liangzhu (5,300-4,000 BP) Wang et al. (1984)
Xiaodanyang D - —  Liangzhu (5,300-4,000 BP) Yi, (1988); Chen, (2013)
Zhumuoun PC - —  Liangzhu (5,300-4,000 BP) Qiu et al. (2014b)
Shaogingshan PO - —  Liangzhu (5,300-4,000 BP) Xi, (2003); Wang and Ding, (2000)
Jiangii PC - —  Liangzhu (5,300-4,000 BP) Quu etal., 2013, Qiu et al. (2014a)
Tenghualuo PC - —  Longshan (4,500-4,000 BP) Lin and Zhang, (2005); Nanjing Museum and
Lianyungang Museum, (2015)
Longnan PO - —  Liangzhu (5,300-4,000 BP) Zheng and Chen, (2006); Qian et al. (2006); Zheng et l.
(1994); Tang et al. (1992)
Phase Ill (4,000-2300 BP)
Chuodun P - —  Magiao (4,000-3,400 BP) Ding, (2004); Qin, (2011) Fuler, (2011) Gao et al. (2007)
Migotaizi [ c G Shang and Zhou (3,600-2,256 BP) Wu et al. (2021), in press
Wanbei c c G Shang and Zhou (3,600-2,256 BP) Cheng et al. (2020)
Beiyinyangying P - —  Shang and Zhou (3,600-2,256 BP) Chen, (2013)
Luzhuang D - —  Hushu (3,600-2,400 BP) Shen, (2009)
Dianjiangtai D - —  Hushu (3,600-2,400 BP) Zhong, (1987)
Dingjiacun c c G Hushu (3,600-2,400 BP) Wu et al. (2017a)
Niutougang D - —  Hushu (3,600-2,400 BP) Han, (1997)
Longshan D - —  Hushu (3,600-2,400 BP) Chen, (2013)
Fenghuangshan D - —  Hushu (3,600-2,400 BP) Wang et al. (2002)
Fushanguoyuan D - —  Hushu (3,600-2,400 BP) Zhenjiang Museum, (1979)
Xiaodanyang D - —  Hushu (3,600-2,400 BP) Yi, (1988); Chen, (2013)
Lishuixian D - —  Hushu (3,600-2,400 BP) Han, (1997)
Phase IV (<2,300 BP)
Migotaizi c c C Han dynasty (202 BC-220 AD) Wu et al. (2021), in press
Chu and Yue + - —  Qinand Han dynasties (221 BC-AD 202) Shi Ji, Shiuozhi
Jangnan + - —  Qinand Han dynasties (221 BC-AD 202) The Geographical Records of the Han Shu
Wu Country + - —  Three Kingdoms (AD 220-AD 280) Records of the Three Kingdoms, Wu shu
Dongjing Jun - - +  Wei,Jinand the southern and northem dynasties ~ Song Shu, Biography of Emperor Xiaowu
(AD 220-AD 589)
Hailingxian + - —  Wei, Jinandthe southern and northem dynasties  Naturalis Historia
(AD 220-AD 589)
Xiaoxian and Sugjan + - —  Wei, Jinandthe southern and northem dynasties  Records of the Three Kingdoms, Wei shu
(AD 220-AD 589)
Jianghuai + - —  Sui and Tang dynasties (AD 581-AD 907) Xin Tang Shu, Monograph on Food and Currency
Yangzhou + - —  Sui and Tang dynasties (AD 581-AD 907) Xin Tang Shu, Biography of Emperor Xuanzong
Znenjiang - - +  Suiand Tang dynasties (AD 581-AD 907) Pentasyllabic reguiated verse Xian Ju Meng Xia Ji Shi
Chuodun P - —  Song dynasty (AD 960-AD 1279) Ding, (2004); Qin, (2011) Fuler, (2011) Gao et al. (2007)
Jiangoei + - +  Song and Yuan dynasties (AD 960-AD 1368)  Song History, Monograph on Food and Gurrency
Jiangnan + - —  Song and Yuan dynasties (AD 960-AD 1368)  Song History, Monograph on Food and Currency
Janghuai + - —  Song and Yuan dynasties (AD 960-AD 1368)  Song History, Monograph on Food and Currency
Liangzhe + — —  Song and Yuan dynasties (AD 960-AD 1368)  Song History, Monograph on Food and Currency
Kunshan + - +  Song and Yuan dynasties (AD 960-AD 1368)  Wu Jun Zhi Tao Shan Ji
Hailng + - +  Song and Yuan dynasties (AD 960-AD 1368)  Wu Jun Tu Jing Xu Ji
Wuzhong + o +  North Song dynasty (AD 960-AD 1127) Dao Pin
Suzhou + - +  Ming dynasty (AD 1,368-AD 1,644) Bu Nong Shu Jiao Shi
Jangnan + - +  Ming dynasty (AD 1,368-AD 1,644) Jiang Nan Cui Geng Ke Dao Bian
Wujun + = +  Qing dynasty (AD 1,636-AD 1,912) Jiang Nan Cui Geng Ke Dao Bian
Jiangnan + - +  Qing dynasty (AD 1,636-AD 1,912)

P, phytolith; C, charred seeds collected by system archaeobotanicalwork; D, discovered plant remians during the archaeological excavation; S, starch grains; “ + " represent the crop was
recorded in historical documents See ESM 1 for more detaied information.
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Lab code

Beta563927
Beta509289
Beta509290
Beta516923

Sample number

HJ76-77
HJ100-101
HJ110-111
HJ139-140

Depth (cm)

76-77
100-101
110-111
139-140

Material

Polien concentrate
Charcoal
Charcoal
Pollen concentrate

195G (%)

-224
-26.7
-285
-20.7

Conventional
age (a BP)

4,440 £ 30
4,490 + 30
4,450 + 30
5,140 + 30

Calibrated age (20)
(cal. a BP)

5,076-4,956
5,294-5,039
5,088-4,960
5,945-5,879

Medium age
(cal. a BP)

5016
5167
5024
5912
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Lake name

Dagze Co

Longmu Co

Qinghai lake

Age (ka BP)

22-20

1-0
22-20

1-0
22-20

1-0

Surface Atmosphere Temperature (C)

Annual

-10.46 + 0.09
-743+£0.12
-5.97 £ 0.45
~7.39 + 0.06
-377+0.16
-284 021
-4.70 £ 0.13
-245+0.14
-1.64 £ 0.07

Spring (MAM)

-1431 £ 024
-12.75 + 0.16
-1028 £ 0.79
-10.72£0.25
-8.67 £ 0.13
-6.18 + 0.54
-2.36 + 0.24
-2.47 £ 0.13
-0.64 + 0.17

Summer (JJA)

3.84 £ 0.40
9.64 +0.37
9.43 £+ 0.51

6.62 £+ 0.29
14.49 + 0.46
12.82 +0.19
5.24 £+ 0.09
1062 +0.22
9.11 £+0.08

Autumn (SON)

-7.07 £ 0.30
-3.92 + 0.49
-247 £0.29
-4.92 + 0.30
-1.42 £ 046
-0.73 £ 0.16
-3.76 £ 0.25
-1.53 £ 0.35
-0.96 + 0.14

Winter (DJF)

-24.33 £ 0.28
-22.70 +0.24
-20.56 + 0.41
-20.53 + 0.20
-19.49 + 0.36
-17.26 £ 0.25
-17.93 £ 0.33
-16.45 + 0.31
-14.07 £ 0.17
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Site Sample code Landscape Volume of soil Foxtail millet Broomcorn millet Rice Soybean  Milkvetch Manchu Green Unknown

area sample (L) tubergourd bristlegrass
Whole broken agglomerate Whole broken Whole broken
Huizui east H1-1 Valley 10 4 3
H1-2 13
H2-1 13 22 4 4 1
H2-2 13 14 1 12 1
H3-1 13 3 2 3
H3-2 13 3 1 1
Peicun A southeast H1-1 Valley 6
A southeast H1-2 10
A southeast H2-1 6 2
A southeast H2-2 10 1 1 1
C southeast H-1 8
C southeast H-2 10 1 1
Gaoya Northwest H-1 Plain 6 5
Northwest H-2 6
Northeast H-1 6 ih! 1 1 1
Northeast H-2 6 1 1
East H-1 6 3 1
Fujiazhai North H-1 Valley 6
Northeast H1-1 6 4 2
Northeast H1-2 6
Northeast H2-1 10
Northeast H2-2 12 1
Sanggou southeast H1-1 Valley 8 21 5
H1-2 8 22 ih! 13 6
H2-1 10 9 4
H2-2 8 4 2
Jinzhongsi H1-1 Plain 8
H1-2 8 13 4 1
H2-1 10 1
H2-2 6 4 3
Mazhai west H1-1 Valley 8 6 ] 1
H1-2 8 ]
H2-1 6 13 4
H2-2 8 56 2
Zhaiwan Southeast H1-1 Valley 8 1530 700 20 3 350+ 3
Southeast H1-2 8 1210 784 1 350+ 1 2
Northeast H2-1 10
Northeast H2-2 8
Jueshan northeast H-1 Valley 10
H-2 12

Amount 2953 1631 1 75 15 4 700+ 1 1 1 1 4
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The Early Yangshao

The Middle Yangshao

The Late Yangshao

Percentage of sites of
different areas

The average ubiquity of broomcorn millet,
foxtail millet and rice seeds in different areas of sites

The average abundance of broomcorn millet,
foxtail millet and rice seeds in different areas of sites
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Radiocarbon Lab no. Site Sample Cultural Conventional 14C Calibrated age (cal. BC)
period age BC (+ 10)
10 (68.2%) 20 (95.4%)
Beta—480949 Huizui East, Foxtail The late 2371 4+ 30 (54.2%) 2934-2893 (95.4%) 3014-2891
H2-1 millet Yangshao (14%) 3008-2987
Beta-480951 Sanggou Foxtail The late 2381 £+ 30 (45.9%) 2940-2899 (95.4%) 3019-2894
southeast, millet Yangshao (22.3%) 3010-2980
H1-2
Beta—480952 Jinzhongsi, Foxtail The late 2430 + 30 (68.2%) 3020-2926 (80.3%) 3036-2913
H1-2 millet Yangshao (156.1%) 3090-3045
Beta—480953 Mazhai, Foxtail The late 2441 4+ 30 (61.1%) 3026-2928 (95.4%)3092-2918
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