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Fires play a significant role in ecosystems, exerting a profound influence on climate, vegetation, and geochemical cycles, while being reciprocally affected by these factors. The reconstruction of past fire events serves as a valuable window into understanding environmental changes over time. To investigate the history of ancient fires on the Eastern Coast of China, we conducted the first charcoal analysis on a loess profile of Shengshan Island (East China Sea). Along with other biological and geochemical proxies, we successfully reconstructed the ancient fire dynamics and elucidated their driving mechanisms in this region since the Late Pleistocene. Our initial findings revealed a peak in charcoal concentration during the 60-50 ka period, but after calibrating for sedimentation rate, the concentration significantly decreased. Fire activities remained weak during 50-30 ka, likely due to the scarcity of combustible materials. Between 30-12 ka, fires were frequent in the early period, while gradually diminishing during the later stage. Dry climate and dense vegetation likely attributed to frequent fires in early period, while some extreme events (e.g., sudden change in temperature) may have decreased the fire frequency in later period. The Holocene (began ~12 ka) evidenced the most frequent fire events as a high charcoal concentration was recorded, likely caused by human activities. After comparing our findings with other paleoecological records from surrounding areas, we confirmed the accuracy of our reconstruction of ancient fires. This reconstruction captures not only local shifts but also broader regional changes. Overall, our study highlights the importance of calibrating sedimentation rate in charcoal profiles, while also contributing to an enhanced understanding of environmental changes along the Eastern Coast of China since the Late Pleistocene.
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1 Introduction

Fires not only threaten human life and safety but also exert strong influences on global ecosystem patterns and processes, including vegetation distribution and structure, carbon cycles, and climate feedbacks (Scott and Glasspool, 2006; Bowman et al., 2009). They produce gases and aerosols that influence climate, burn vegetation, as well as alter geochemical cycles (Ramanathan et al., 2001; Santín et al., 2016). Meanwhile, the occurrence of fires is also influenced by changes in climate (temperature and humidity), vegetation (type and density), and geochemical cycling in return (Haberle et al., 2001; Cui et al., 2013; Leys and Carcaillet, 2016; Bobek et al., 2018; Leys et al., 2018; Lian, 2019; Min et al., 2020; Molinari et al., 2020). Therefore, studying fire dynamics and their driving mechanisms over geological timescale is an important tool to reconstruct ancient climate and vegetation changes, and it can provide a reference for future ecological conservation and sustainable development (Power et al., 2008; Xue et al., 2018).

Fire activities can be measured via different parameters, such as intensity, frequency, extent, and type (Gill, 1977; Bond and Keeley, 2005). There are various types of indicators available for fire reconstruction, such as tree–ring fire scar, charcoal, black carbon, polycyclic aromatic hydrocarbons and levoglucosan (MacDonald et al., 1991; Millspaugh and Whitlock, 1995; Daniau et al., 2010). Among these indicators, charcoal, a carbonaceous material produced by incomplete combustion of organic matters (Patterson et al., 1987; Whitlock et al., 2003), is often well-preserved in sediments over long periods and thus serves as a reliable proxy of ancient fire events (Patterson et al., 1987; Lv et al., 2002; Hu et al., 2019). In recent years, charcoal has been widely applied in reconstructing fire events spanning extensive spatial and temporal scales (MacDonald et al., 1991; Hoetzel et al., 2013; Miao et al., 2016; Shi et al., 2020; Hui et al., 2021; Moore et al., 2022). These studies primarily use charcoal concentration, particle size, and morphology to indicate the frequency of fire events (Clark, 1988; Umbanhowar and Mcgrath, 1998). Charcoal concentration serves as an indicator of fire frequency: elevated charcoal concentrations correspond to more frequent occurrences (Guo et al., 2011; Xin and Yiyin, 2015). Charcoal particle size can help indicate the fire event proximity: larger particles often indicate local fire events, while smaller particles likely suggest regional events (McElwain, 1998; Moore et al., 2022). Lastly, charcoal morphology can provide insights into the fuels, especially the types of vegetation burnt (Jensen et al., 2007; Pereboom et al., 2020). For instance, the length:width ratio of the charcoal particles is a common measurement to distinguish whether the fuels originate from woody or herbaceous sources (Enache and Cumming, 2006; Crawford and Belcher, 2014; Leys et al., 2017).

Situated in the East China Sea, Shengshan Island (SSD) stands as one of the outermost islands within the Zhoushan Islands (Figure 1), and the loess on SSD marks the easternmost aeolian dust landscape in China (Wu et al., 2023). Unlike the extensively studied Loess Plateau loess, SSD loess is shaped by not only East Asian monsoon but also sea level changes. This dual influence underscores its significance as a vital component in reconstructing the paleoenvironment of Eastern China. Prior research has analyzed the SSD loess profile regarding its sedimentology (Zheng and Liu, 2006; Ren et al., 2018), geochemistry (Qian et al., 2018), micropaleontology (Zheng, 2002), magnetic properties (Liu et al., 2020), and geochronology (Wu et al., 2023). However, there exists a significant knowledge gap regarding ancient fire history on SSD.




Figure 1 | (A) Loess distribution in China, with red points showing the locations of relevant paleoecological studies (compared with our results): Lake Biwa (Inoue et al., 2018), Core YZ07 (Ye et al., 2024), HML (Zhang et al., 2020), Middle Okinawa Trough (Zheng et al., 2011), KCES-1 (Chen et al., 2017); (B) Location of Shengshan Island loess profile in eastern China; (C) Sampling points of Shengshan Island loess profiles.



In this study, we provide the first analysis on charcoal records of SSD to reconstruct the fire events in this region since the late Pleistocene. Combined with biological proxies (TOC and δ13Corg) and geochemical indicators (magnetic susceptibility and Rb/Sr ratio), we inferred past changes in vegetation and climate. We identified sedimentation rate to be an important factor affecting the charcoal concentration and calibrated its impact. Further, we gathered environmental data from other studies, including solar radiation (July, 30°N) (Ding and Liu, 1998), global CO2 concentration (Monnin et al., 2001; Pépin et al., 2001; Siegenthaler et al., 2005), and Sulu Sea deep-sea oxygen isotope (δ18O) (Linsley, 1996), aiming to identify the driving forces behind the changes in charcoal concentration. Additionally, to demonstrate the accuracy of our results, we compared our findings with other paleoecological records derived from surrounding areas, including Lake Biwa (Inoue et al., 2018), Core YZ07 (Ye et al., 2024), HML (Zhang et al., 2020), Middle Okinawa Trough (Zheng et al., 2011), KCES-1 (Chen et al., 2017). In the end, we assessed and discussed the interactions between fire events, vegetation, climate, and human activities. Overall, our study contributes to an enhanced understanding of environmental changes along the Eastern Coast of China since the Late Pleistocene.




2 Study area

Shengshan Island (30.44°N, 122.49°E), located at the estuary of Yangtze River, is the eastern most island in the China Eastern Sea (Figure 1). Spanning 3.3 km from south to north and 2.6 km from east to west, it covers a total surface area of 4.22 km², boasting a coastline extending 19.26 km. Shengshan Island is mainly composed of granite, with most areas having bedrock directly exposed on the surface. The island topography is characterized by low mountains and hills, with the highest peak, Mount Chenqian, reaching an elevation of 213 m above sea level (Figure 1C).

Shengshan Island has a subtropical monsoon climate. In summer, it is influenced by the southeast monsoon and typhoons, resulting in high temperature and abundant rainfall. In winter, it is affected by the Mongolian-Siberian high-pressure system and the northwest monsoon, leading to a cold and dry climate. The annual average temperature is ~ 16.4°C, while annual average precipitation is ~ 1072.5 mm.

The island is mainly covered by evergreen broadleaved trees, including Commersonia, Quercus, and Ilex. Neighboring islands are mainly covered by herbaceous trees and grass (e.g., Ficus erecta), as well as some deciduous broadleaved trees (e.g., Paulownia tomentosa) and patches of coniferous trees such as Pinus and Cunninghamia (Zheng and Liu, 2006; Ren et al., 2018). Overall, Shengshan Island and its surrounding islands have a high vegetation coverage.

Currently, the permanent population on Shengsi Island is about 10,000 people, with a long history of development. According to cultural relics and historical records (shengsi.gov.cn, n.d.), humans have inhabited the area since the Neolithic era (10,000-3,500 BCE).




3 Materials and methods



3.1 Sample collection

A loess profile from Shengshan Island was collected from the northeastern slope of Mountain Chenqian (the highest peak on the island) at ~150 m a.s.l. (30.730°N, 122.817°E, Figure 1C). The loess spans ~280 cm in depth and displays three distinct layers (Table 1) based on visual assessment on site (Figure 2). Considering the potential impact of recent human activities, we collected samples starting from 10 cm below the surface. Subsampling was done at each 1-cm interval, and in total 270 samples were collected.


Table 1 | Layer description of the Shengshan Island loess profile.






Figure 2 | Left: Shengshan Island loess profile photo and profile description, with red marks showing the sampling points of OSL dating. Right: OSL age versus sediment depth of the Shengshan Island loess profile, with sediment accumulation rate (cm/ka) indicated.






3.2 Optically stimulated luminescence dating

Optically stimulated luminescence (OSL) dating was used to estimate the age of loess deposits. OSL dating samples were gathered at depths of 10 cm, 100 cm, 150 cm, and 250 cm (Figure 2). The samples were stored in stainless steel tubes measuring 20 cm in length and 5 cm in diameter. Both ends of the tubes were covered with black plastic bags to prevent exposure to light during collection, transportation, storage, and experimental processes. Moisture within the samples was also effectively preserved.

OSL measurements were conducted in a dark room with red light available, using a Riso TL/OSL automated luminescence meter (model DA-20-C/D). Samples potentially exposed to light were removed. The remaining samples underwent sequential soaking in 10% HCL and 30% H2O2 to eliminate carbonates and organic matter. Wet sieving was performed to extract 90-150 μm quartz particles, followed by a 40-minute treatment with 40% HF to remove feldspar. Infrared inspection ensured the absence of feldspar contamination in the quartz. Finally, the sample was dry-sieved to obtain pure quartz particles (Lai, 2006). Then an equivalent dose (De) of the extracted quartz was then determined following the Single Aliquot Regenerative-Dose (SAR) protocol (Murray and Wintle, 2000). Radioactive isotope concentrations (U, Th, and K) in the samples were measured via a neutron activation analysis (NAA). The cosmic ray dose rate was calculated using parameters provided by Prescott and Hutton, and the dose rate was finally calculated using Aitken’s formula and parameters. The “DRACv1.2” online program was used to calculate the final ages (Durcan et al., 2015).




3.3 Charcoal extraction and analysis

27 samples, spaced at intervals of 10 cm, were collected for charcoal extraction and analysis. All samples were treated according to the modified protocol palynological methods: acid digestion followed heavy liquid flotation (Nakagawa et al., 1998; Tan et al., 2011). In brief, about 30 g of air-dried sample was added with two pellets of Lycopodium clavatum spores (10,315 spores per pellet (Stockmarr, 1971; Maher, 1981). Then each sample was treated with ~ 200 ml of 10% HCl, and after thorough reaction, they were washed by distilled water to reach a neutral pH. Subsequently, the samples were dried by heating them in a water bath at 80°C. Following this, ~ 300 ml of 40% HF were added to each sample, once again undergoing thorough reaction and subsequent washing to neutrality. After acid digestions, heavy liquid (density: 1.98 g/cm3) equivalent to three times the volume of the remaining sample, was added to each sample. Prior to centrifugation (at 3,000 xg for 5 minutes), the samples were thoroughly mixed. Then, the supernatant was processed through a 200-μm metal sieve and a 10 μm nylon mesh to concentrate the charcoal particles, and collected in the storage tube. Lastly, the extracted charcoal samples were mounted on microscopic slides for observation.

Charcoal particles were enumerated using a light microscope at 40X magnification (Olympus BX43), and their diameters were measured utilizing an eyepiece graticule. Charcoal particles are typically distinguished by their opacity and angularity, appearing as jet-black, opaque, and angular entities (Figure 3). In contrast, other opaques, such as mineral fragments, insect cuticles, and undigested plant fragments, typically manifest as clear or brown amorphous weakly structured particles or possess a distinct shape. Therefore, differentiation between charcoal and other opaques is often feasible based on their color and shape (Patterson et al., 1987). At least 300 charcoal particles with the diameter >10 μm were counted per sample (Wang et al., 2020). Charcoals were classified to two particle sizes based on the length of the long axis: <125 μm and >125 μm. When counting charcoal, the number of Lycopodium spores was also recorded for calculating charcoal concentration. The formula for calculating charcoal concentration (grains/g) is as follows (Clark and Hussey, 1996):




Figure 3 | Microscope images (40X magnification) of different shapes of charcoal from the Shengshan Island loess profile.



	

Where: W = Charcoal concentration (grains/g); A = Number of counted charcoal fragments (grains); B = Number of counted Lycopodium spores (grains); C = Number of added Lycopodium spores (20,630 spores); G = Sample weight (g).

In order to distinguish the sources of fuels (woody vs. herbaceous plants) and the fire event ranges (region vs. local), two distinct charcoal shapes were classified in the identification process by calculating to the ratio of length (major axis) to width (minor axis). If the value was >2.5, the charcoal was classified as sub-long (L) and if the value was <2.5, as sub-round (R) (Figure 3).




3.4 Biological proxies

135 samples, spaced at intervals of 2 cm, were analyzed for biological proxies: total organic carbon (TOC) and organic carbon isotopes (δ13Corg). Approximately 2 g loess per sample, and placed in 80 mL polypropylene centrifuge tubes. In each tube, 20 mL of 2M hydrochloric acid was added, followed by a thorough mixing. After allowing the samples to settle for 24 hours, acid above the sample was discarded by aspiration and distilled water was used for multiple rinses until a neutral pH was achieved. The samples were then placed in an oven and dried at 45°C. Once dried, they were homogenized by grinding with a mortar (Yang et al., 2021) and weighed.

TOC concentration was determined using a Vario EL elemental analyzer, which provides an analytical accuracy of ± 2%. δ13Corg value was analyzed using a MAT253 isotope mass spectrometer (Thermo Fisher Scientific Company). For calibration, blank controls, glutamic acid (USGS-40), and carbon black (GBW04407) were employed. The testing error was maintained below 5%, and the sample recovery rate ranged between 98% and 105%.

Relative abundances of C3 and C4 plants were estimated based on the δ13Corg values using an end-member mixed model (Balesdent and Mariotti, 1996). The calculation formula is as follows: C3 (%) = [(δ13Corg-δ13Corg3)/(δ13Corg4-δ13Corg3)]*100, where δ13Corg represents the total organic carbon isotopic composition of soil, δ13Corg3 represents the organic carbon isotope composition of C3 plants, and δ13Corg4 represents the organic carbon isotopic composition of C4 plants. The average δ13Corg values of C3 and C4 plants is often used to calculate their relative abundance directly. The most common δ13Corg value for C3 plants is around -26‰, while for C4, it is around -14‰ (Deines, 1980). However, considering the isotopic fractionation (ranging from 1‰ to 3‰), during the process of plant remains forming soil organic matter, we selected -27‰ and -13‰ as the respective δ13Corg values for estimating the relative abundance of C4 and C3 plants in the Shengshan Island loess profile.




3.5 Geochemical proxies

Geochemical proxies were collected at each 1-cm interval, totaling 270 samples. Magnetic susceptibility was measured using MS2 magnetic susceptibility meter (Bartington Instrument Company, United Kingdom). The concentrations of Rb and Sr were determined by an x-ray fluorescence spectrophotometer (XRF-1800, made by Shimadzu Company, Japan). Measurement error was less than 5%. The resulting elemental composition is expressed as ppm.





4 Results



4.1 Geochronology

The dating results of the four selected intervals are shown in Table 2. The age of SSD loess profile was estimated to range from 51.67 ± 4 ka (depth: 250 cm) to 0.4 ± 0.1 ka (depth: 10 cm). An age-depth model, illustrating the age at each interval, is depicted in Figure 2, along with the calculated sedimentation rate. Specifically, the sedimentation rate from 51.67 ± 4 ka to 42.41 ± 4 ka (depth 250 to 150 cm) was calculated to be approximately 0.093 cm·ka−1. Subsequently, it increased to over ~ 0.148 cm·ka−1 between 42.41 ± 4 ka and 35.03 ± 3 ka (depth 150 to 100 cm). Further, between 35.03 ± 3 ka and 0.40 ± 0.1 ka (depth 100 to 10 cm), the rate escalated to ~ 0.385 cm·ka−1. Loess profiles collected from SSD, including ours, exhibited uniform texture, with no discernible stratigraphic inversions or sedimentation discontinuities (Zheng, 2002; Ren et al., 2022; Wu et al., 2023). Thus, we posit that the profile examined in this study represents continuous deposition, likely occurring during the last glacial period.


Table 2 | OSL (optically stimulated luminescence) dating results of the loess in Shengshan Island.






4.2 Changes in fire events: evidence from charcoal, biological, and geochemical proxies



4.2.1 Charcoal concentration, particle size, and morphology

Charcoal concentration analysis (Figure 4A) shows that the total charcoal concentration ranged from 2088.8 to 35539.9 grains/g (average: 11282.9 grains/g). Two peaks occured at depths of 20 cm and 270 cm, with values of 31415.7 grains/g and 35539.9 grains/g, respectively. Between these two peaks, the charcoal concentration was much lower (average: 6834 grains/g). The lowest charcoal concentration was 2088.8 grains/g, observed at a depth of 80 cm. The concentration of sub-round charcoal particles ranged from 1860.4 to 327226.7 grains/g (average: 9801.8 grains/g) (Figure 4B), while the concentration of sub-long charcoal particles ranged from 228.4 to 6958.5 grains/g (average: 1489.9 grains/g) (Figure 4C). The trends in total charcoal concentration, as well as concentrations of sub-round and sub-long charcoal particles, were generally consistent, with maximum and minimum values occurring at the same depths.




Figure 4 | Concentration of charcoal in different morphologies of the Shengshan Island loess profile: (A) total, (B) sub-round, (C) sub-long, and (D) the sub-round to sub-long ratio. (E) δ13Corg and (F) TOC values are also indicated.



Regarding charcoal morphology, sub-round charcoal particles dominated throughout the profile (Figure 4B), with an average concentration approximately five times that of sub-long charcoal particles (Figures 4C, 5A). The ratio of sub-round to sub-long charcoal particles ranged from 3.51 to 17, and it showed a generally decreasing trend over time (Figure 4D).




Figure 5 | Concentration of charcoal in different particle sizes of the Shengshan Island loess profile. Bar graphs (light color: sub-round charcoal; dark color: sub-long charcoal): (A) total, (B) <125 μm, and (C) >125 μm. Trends: (D) <125 μm, (E) >125 μm, and (F) <125 μm to <125 μm ratio.



In terms of particle size, the concentration of <125 μm sub-round particle ranged from 1820.1 to 32539.1 grains/g (average: 9661.8 grains/g) (Figure 5B), while >125 μm sub-round particle ranged from 0 to 385.6 grains/g (average: 94.9 grains/g) (Figure 5C). On the other hand, the concentration of <125 μm sub-long particle ranged from 228.3 to 6856.2 grains/g (average: 1478.3 grains/g) (Figure 5B), while >125 μm sub-long particle ranged from 0 to 102.3 grains/g (average: 6.8 grains/g) (Figure 5C). Overall, the total concentration of <125 μm particle ranged from 2048.4 to 35352.3 grains/g (average: 11140.2 grains/g) (Figure 5D). The total concentration of >125μm particle ranged from 14.3 to 409.3 grains/g (average: 120.9 grains/g) (Figure 5E). The trends in charcoal concentration across these two sizes were generally similar to that of the total charcoal concentration (Figure 5A).




4.2.2 Ancient fire dynamics based on the charcoal records

We reconstructed the ancient fire dynamics in the SSD region by analyzing changes in charcoal concentration, particle size, and morphology. We divided the fire history into four distinct zones dating back to the Late Pleistocene. For each zone, we described the frequency of fire events, the vegetation abundance and composition, as well as the geographic extents of these fires.



4.2.2.1 Zone 1 (280-240 cm, 60-50 ka): an epoch of intense fires

Zone 1, corresponding to the mid-Late Pleistocene, was marked by a substantial peak in overall charcoal concentration (Figure 4A), signifying a prevalence of fire incidents during this period. The ratio of <125μm to >125μm was relatively low, suggesting a high frequency of localized fire activities during this stage, with a relatively lower frequency of regional fire activities. Additionally, regarding charcoal morphology, there was a notable peak in the concentration of sub-round charcoal particles (Figure 4B), along with a simultaneous increase in the ratio of sub-round to sub-long charcoal particles (Figure 4D). Since sub-round charcoal particles are indicative of the presence of woody plants (Enache and Cumming, 2006; Thevenon and Anselmetti, 2007; Daniau et al., 2013; Crawford and Belcher, 2014; Leys et al., 2015, Leys et al., 2017), it is likely that the fires mostly combusted woody vegetation during this period.




4.2.2.2 Zone 2 (240-80 cm, 50-30 ka): reduced fire activity

Zone 2, corresponding to the late-Late Pleistocene, exhibited an overall low charcoal concentration (Figure 4A), indicative of fewer fire incidents. The ratio of <125 μm to >125 μm increased compared to Zone 1, with two peaks appearing at 230 cm and 100 cm, respectively. The rise in the ratio signifies a rise in regional fire activities coupled with a decline in localized fire activities. At the same time, notable fluctuations in the ratio imply ongoing variations in the frequencies of both regional and localized fire activities (Figure 5F). According to the charcoal morphology analysis (Figure 4D), the ratio of sub-round to sub-long charcoal particles displayed a fluctuating decreasing trend, suggesting that the relative abundance of herbaceous fuels increased in comparison to zone 1.




4.2.2.3 Zone 3 (80-35 cm, 30-12 ka): increasing fire frequency followed by a sudden decrease

Zone 3, still corresponding to the late-Late Pleistocene, revealed a gradual increase in charcoal concentration followed by a sudden decrease (Figure 4A), indicating a fluctuating fire frequency during this period. The ratio of <125 μm to >125 μm was relatively low, and it remained stable during this stage (Figure 5F). This indicates that there was a higher proportion of localized activities compared to regional activities, suggesting that during this stage, fire activities on Shengshan Island were primarily localized. In the analysis of charcoal morphology (Figure 4D), the ratio of sub-round to sub-long charcoal particles further decreased, indicating a continued shift towards increased burning of herbaceous vegetation.




4.2.2.4 Zone 4 (35-10 cm, 12 ka – present): 2nd surge in fire incidents

Zone 4, corresponding to the Holocene era was marked by a second peak in charcoal concentration (Figure 4A), signifying a resurgence in fire activity. The ratio of <125 μm to >125 μm experienced a slight increase, indicating a rise in regional fire activities during this stage (Figure 5F). In terms of morphology (Figure 4D), the ratio of sub-round to sub-long charcoal particles reached its minimum, suggesting a further increase in the burning of herbaceous vegetation.






4.3 Biological proxies: δ13Corg and TOC

δ13Corg values ranged between -22.82~ -18.39 ‰, with an average of -20.55 ‰. These values (Figure 4E) showed a generally increasing trend: they were lower at the bottom intervals (~ 240-270 cm depth, 60-50 ka), with fluctuations becoming more pronounced in the midsection (~ 240-80 cm depth, 50-30 ka). Subsequently, there was an upward trend in δ13Corg values, persisting until the ~20 cm interval (0.4 ± 0.1 ka), followed by a slight decline in the uppermost layers. TOC levels (Figure 4F) remained relatively stable in most parts of the loess profile, ranging from 0.11 to 1.29%, with an average of 0.31%. Approximately 30 ka ago (~ 80 cm depth), a significant increase began, culminating in the highest TOC concentration at the topmost layer.




4.4 Geochemical proxies: Rb/Sr ratio and magnetic susceptibility

The Rb/Sr ratio (Figure 6E) exhibited an increase trend until reaching ~ 120 cm, experienced a slight declining until ~ 80 cm, and then resumed its descending trend. Magnetic susceptibility (Figure 7F) showed a fluctuating and increasing trend, reaching the minimum and maximum values at ~ 40 cm and ~ 180 cm respectively. The change trend was basically consistent with Rb/Sr.




Figure 6 | Comparison of Shengshan Island loess profile with other global paleoclimatic records: (A) charcoal total concentration, (B) charcoal flux, (C) TOC concentration, (D) δ13Corg concentration, (E) Rb/Sr ratio, (F) magnetic susceptibility, (G) carbon dioxide concentration (Monnin et al., 2001; Pépin et al., 2001), (H) 30°N July solar radiation (Ding and Liu, 1998), (I) deep sea oxygenisotopes (Linsley, 1996), and (J) relative sea level (Lambeck et al., 2014).






Figure 7 | Shengshan Island loess profile (A: charcoal total concentration, B: charcoal flux) compared with other paleoecological records: (C) Lake Biwa (Inoue et al., 2018), (D) Shengshan Island Profile-2, (E) Core YZ07 (Ye et al., 2024), (F) HML (Zhang et al., 2020), (G) Middle Okinawa Trough (Zheng et al., 2011), and (H) KCES-1 (Chen et al., 2017).







5 Discussion



5.1 Factors affecting charcoal concentration and particle type

The concentration of charcoal in sediments can be affected by various factors including sedimentation rate, transportation and preservation conditions, and the availability of fuel sources. Hence, it is essential to first assess the potential impact of these factors on charcoal concentration in our SSD loess profile.



5.1.1 Sedimentation rate

Sedimentation rate is negatively related to charcoal concentration: as sedimentation rate increases, charcoal concentration decreases (Vachula and Cheung, 2021; Vachula et al., 2022). In our analysis, we took into account the influence of sedimentation rate on charcoal concentration. Specifically, we adjusted the trend line of charcoal concentration across the entire profile by multiplying it with the sedimentation rate to get the charcoal flux.

Charcoal flux (grains·cm/g·ka) = charcoal concentration (grains/g) * sedimentation rate (cm/ka).

The results (Figure 6B) indicated that the sedimentation rate has a discernible impact on charcoal concentration, particularly in zone 1. Originally, zone 1 was thought to have the highest fire frequency, but now it is the 2nd lowest. The trend, after calibration, aligns more closely with other indicators.




5.1.2 Transportation and preservation

Apart from local vegetation combustion, charcoal accumulation can result from water or aeolian transport from nearby regions (Moore et al., 2022). In the transport process, one scenario involves charcoal particles being deposited in the vicinity before being flushed out and transported into low-lying areas by a river, reflecting characteristics of the drainage basin. In the second scenario, particles are carried by strong winds during or after combustion, potentially originating from sources outside the drainage basin. Nevertheless, considering the relationship between the particle size and source distance, the relative transport distance can be assessed: smaller particles are more likely to be transported further by wind or water (Herring, 1985; Clark, 1988; Huang et al., 2006; Turner et al., 2008; Miao et al., 2016, Miao et al., 2017, Miao et al., 2019), regardless of whether they stay within their original drainage basin. The loess profile on SSD has been shown to accumulate through aeolian transportation since the Late Pleistocene (Zheng and Liu, 2006). During that period, the sea level was low (Figure 6J), and the continental shelf was exposed, connecting SSD to the mainland. This implies that wind is the primary factor influencing charcoal accumulation, while the impact of water was negligible.

Charcoal, classified as inertinite, exhibits relative resistance to chemical and microbial decomposition (Eshet et al., 1994; Traverse, 1994; Verardo, 1997; Hockaday et al., 2006; Quénéa et al., 2006). Studies have indicated that preservation does not significantly impact the abundance of charcoal particles in sediments (Moore et al., 2022). During our charcoal extraction process, we observed no discernible relationship between the abundance of charcoal particles and pollen spores, suggesting that preservation was not likely a critical factor influencing charcoal concentration in this analysis.




5.1.3 Fuel sources

Vegetation serves as the primary fuel for fires. Two major photosynthetic mechanisms of terrestrial higher plants are well-documented: the C3 and C4 pathways, which generate different carbon isotopic signatures (O’Leary, 1981; Farquhar et al., 1989). C3 plants include almost all trees and most shrubs, leading to a carbon isotopic composition range between -35‰ and -20 ‰ with an average of about - 26 ‰ (Deines, 1980). The C4 pathway is characteristic of many savanna grasses and sedges, and produces a carbon isotopic signature range from -16 ‰ to -10 ‰ with an average of -13 ‰ (Deines, 1980).

In our analysis, the δ13Corg results (Figure 4E) exhibited an opposite trend compared to the sub-round to sub-long ratio (Figure 4D): both trends indicate a decrease in the proportion of woody plant combustion over time, with herbaceous plant combustion becoming dominant. This further suggests that the variation in vegetation types (i.e., differences in fuel sources) contributes to changes in charcoal particles and, having a certain impact on fires.





5.2 Driving mechanisms of ancient fire dynamics



5.2.1 Links between fire events, climate, vegetation, and human activities

Climate plays a crucial role in influencing fire events, primarily through variations in temperature and precipitation. To comprehend how climate has impacted fire occurrences in the SSD region, it is essential to choose reliable indicators that reflect past climate changes. For example, previous studies have demonstrated that a high Rb/Sr ratio is linked to a robust pedogenesis process, suggesting a warm and wet environment (McIntyre et al., 1966). Magnetic susceptibility values can also indicate variations in temperature and precipitation, with higher values typically associated with elevated temperature and precipitation levels (Borradaile, 1988). δ18O values and solar radiation can also reflect changes in climate: δ18O values are often negatively related to precipitation (Linsley, 1996), and solar radiation is normally positively associated with temperature (Ding and Liu, 1998).

Vegetation, serving as the essential fuel source for fires, constitutes a significant factor influencing fire events, as elaborated in Section 5.1.3. Research has shown that the δ13Corg value of C3 plants is often negatively correlated with precipitation (Ehleringer and Cooper, 1988; Diefendorf et al., 2010), indicating that lower δ13Corg values suggest wetter conditions. The TOC content reflects variations in the intensity of bio-pedogenesis during the accumulation of dust and the formation of soil throughout the profile (Gu et al., 1999).

Furthermore, in the last few thousand years, human activities have increasingly impacted fire events. In addition to charcoal particle concentration, CO2 content is another parameter that directly reflects the extent of fire events. In the following sections, we explore potential interactions between fires, climate, vegetation, and human activities within each of the four phases delineated in the SSD loess profile.



5.2.1.1 Zone 1 (280-240 cm, 60-50 ka): reduced fire frequency after calibration

After calibration, the charcoal concentration of zone 1 became much lower, only slightly higher than that of zone 2, suggesting a low fire frequency. Regarding climate, Rb/Sr ratio, magnetic susceptibility, and solar radiation exhibited relatively high values, while CO2 and δ18O values were relatively low (Figure 6), indicating a relatively warm and humid climate. The δ13Corg value during this period was at the lower end, further supporting the humid climate.

Furthermore, the δ13Corg values in this zone fluctuated within the range of -22‰ to -20‰ (average: -21.42 ‰, Figure 6D), likely suggesting the prevalence of C3 plants (i.e., woody plants) during this mid-Late Pleistocene era on SSD. This aligns with the findings derived from charcoal analysis, which shows a high sub-round to sub-long charcoal particle ratio, indicating the dominance of woody plant combustion (Figure 4D). Additionally, TOC values were generally low during this period, with an average of 0.15% (Figure 6C), suggesting a low biomass and vegetation coverage during this period. Overall, due to the humid climate and scarcity of vegetation, this period experienced a low fire frequency.




5.2.1.2 Zone 2 (240-80 cm, 50-30 ka): remaining low fire frequency

During this period, Rb/Sr ratio and magnetic susceptibility initially decreased and then increased, while solar radiation and δ18O values fluctuated but remained relatively unchanged (Figure 6), suggesting that the climate was unstable during this period. TOC levels remained low, with an average of ~0.20% (Figure 6C), indicating that the vegetation cover was still limited, likely insufficient to provide substantial fuels for fires. δ13Corg fluctuated dramatically within the range of -21‰ to -19‰ (Figure 6D), suggesting an unstable vegetation assemblage and the fuels were alternating between woody and herbaceous sources, likely caused by the unstable climate. Dramatic changes in temperature and climate induced the alternating status between two different vegetation types, and so the fuels were relatively limited, and reduced the possibility of fire events. The low CO2 concentration (Figure 6G) further confirms that fire frequency was still low in this period.




5.2.1.3 Zone 3 (80-35 cm, 30-12 ka): increasing fire frequency followed by a sudden decrease

In Zone 3, we observed a rapid decline in Rb/Sr ratio and magnetic susceptibility values, while solar radiation fluctuated and δ18O values were higher than zone 2 (Figure 6), suggesting a relatively cool and dry climate. Meanwhile, TOC content increased, with an average of 0.39% (Figure 6C), suggesting an increase in biomass. δ13Corg concentration also increased, with an average of -19‰ (Figure 6D), suggesting that the fuel sources were mainly herbaceous plants, consistent with the signal observed in charcoal morphology (Figure 4G). A dry climate with easily combustible herbaceous plants likely induced the elevated fire frequency. CO2 concentration further confirms that fire events were frequent in this period (Figure 6G).

As for the later period until around 12,000 years ago, there was a sudden decrease in charcoal concentration, and corresponding changes were observed in the climate-indicative vegetation. We speculate that this might be related to certain extreme climate events, with the Younger Dryas (YD) event being the most typical during this period. Therefore, we suspect that events like YD led to a rapid drop in temperature, thereby reducing the fire frequency. However, we cannot rule out the possibility of other contributing factors.




5.2.1.4 Zone 4 (35-10 cm, 12 ka – present): 2nd surge in fire incidents

The Rb/Sr ratio and magnetic susceptibility values exhibited a slight increase, while solar radiation and δ18O values decreased (Figure 6), indicating a shift to a wetter and warmer climate upon entering the Holocene. There was a substantial increase in the TOC concentration (Figure 6C), with the average rising from 0.39% to 0.97%, suggesting a significant expansion of biomass. Concurrently, δ13Corg values increased (Figure 6D), indicative of herbaceous plant dominance in the vegetation. Historical records (shengsi.gov.cn, n.d.) indicate human inhabitation on SSD since the Neolithic. While specific records of crops during the Neolithic era on Shengshan Island are not available, the Yangtze River Delta in its proximity is renowned as one of the most fertile regions for agriculture in China. The Neolithic era in the Yangtze River Delta and its surrounding areas marked the beginning of crop cultivation, with rice being among the earliest crops cultivated (Kajita et al., 2018; Okazaki et al., 2021). The surge in regional fires (Figure 5F) in this zone likely confirms the increasing impact of human activities from the surrounding areas.

Meanwhile, evidence of early human use of fire emerged in this region during the Neolithic Age: primary functions of fire during this period included providing warmth, cooking food, repelling wild animals, and fulfilling other survival needs (Hu et al., 2013). Thus, in the context of SSD, we suspect that logging activities for construction and living materials may have contributed to a notable decline in woody plant abundance first. The expansion of agriculture (e.g., rice cultivation) likely led to an increase in herbaceous plant abundance. Throughout this timeframe, the concentration of charcoal experienced sharp rise followed by a subsequent decline, potentially influenced by changes in human activities such as shifts in production practices, lifestyle, and population migration.





5.2.2 Comparison with paleoecological studies from surrounding areas

The source of fuels (i.e., vegetation) is a direct factor causing fires. After charcoal and pollen extraction (done simultaneously), we first tried enumerating the pollens to obtain the vegetation data. However, due to issues such as pollen preservation and the amount of sample used for extraction, the pollen quantity was insufficient to meet statistical standards, resulting in the inability to obtain pollen results. Fortunately, in a recent study conducted in the nearby area of our research (Figure 1C-Profile-2), we increased the sample quantity and successfully conducted pollen analysis. Although, due to differences in profile location and thickness, layers of the same age were only present from 270-150cm, we drew insights from this part of the results (Figure 7D). From the results in Figure 7D, the overall trend in Zone 2 was consistent with the changes in charcoal, indicating the influence of local vegetation type (i.e., fuel) to some extent.

Despite occasionally higher incidence of localized fires on SSD, the main pattern was still characterized by regional fires (i.e., a high proportion of small particles throughout the profile, Figure 5). This suggests that the Shengshan Island loess profile contains information about regional fires, and the partial lack of local vegetation data on Shengshan Island does not seem to have a significant impact on our interpretation of regional fire dynamics.

To further validate the accuracy of our findings, we compared them with results from surrounding areas, including Lake Biwa (Inoue et al., 2018), Core YZ07 (Ye et al., 2024), HML (Zhang et al., 2020), Middle Okinawa Trough (Zheng et al., 2011), KCES-1 (Chen et al., 2017) (Figure 1A, Figure 7). The charcoal concentration curve of Lake Biwa (Figure 7C) is generally consistent with the overall trend of our study’s profile. Core YZ07 (Figure 7E), HML (Figure 7F), Middle Okinawa Trough (Figure 7G), KCES-1 (Figure 7H) are woody plant data (relative abundance of broadleaved trees) from pollen analysis conducted in surrounding areas. During Zone 1, the SSD calibrated charcoal concentration curve aligns well with the charcoal concentration curve from Lake Biwa. Additionally, it corresponds to the curve representing the proportion of woody material extracted from the other profile on Shengshan Island (Figure 1C-Profile-2), suggesting that the predominant fuel source was likely woody materials during this period. Zone 2 has the longest duration, and the trends of charcoal concentration across studies showed fluctuations with a generally similar pattern. The woody plant data fluctuated greatly during this stage, and the results for Shengshan Island also indicated a mix of woody and herbaceous fuels. In Zone 3, different studies displayed varying changes, with Core YZ07 showing a decrease in the proportion of woody plants, consistent with our findings. However, other studies showed an increase in the proportion of woody plants, indicating that in regional comparisons, sampling locations closer together have more reference value. In Zone 4, all studies showed a sharp decrease in the proportion of woody plants, in accordance with our finding.





5.3 Connecting the pieces: ancient fire history in the SSD region

During the mid-late Pleistocene (60-50 ka), the SSD region experienced a warm and humid climate with relatively low vegetation coverage, resulting in a low frequency of fires. In the late-Late Pleistocene (50-30 ka), the climate conditions became unstable, with significant temperature and precipitation variations. The drastic climate changes created harsh conditions for plants, contributing to a substantial turnover in plant assemblages and likely a reduction in vegetation coverage. Consequently, this led to limited availability of usable fuel and a lower occurrence of fires during this period.

At the end of the late-Late Pleistocene (30-12 ka), the SSD region experienced reduced precipitation, and the dominant vegetation type shifted to herbaceous plants. The combination of a dry environment and flammable herbaceous plants increased the frequency of fires, and regional fires remained predominant. Towards the end of this period, around 12 ka, there was a sudden decrease in charcoal concentration, corresponding to changes in vegetation proxies indicative of climatic shifts. We speculate that this could be related to extreme climate events (e.g., YD event) that led to a rapid drop in temperature, reducing the occurrence of fires.

Since the beginning of the Holocene (12 ka to the present), the SSD region experienced rising temperatures, and herbaceous plants remained the dominant vegetation type. We suspect that human activities, such as deforestation for construction and living materials, have significantly reduced woody plants. The large-scale cultivation of crops (e.g., rice) altered the composition of vegetation types. During this period, there was a drastic increase and subsequent decrease in charcoal concentration. The reasons for this could be attributed to changes in human production and lifestyle, as well as factors related to population migration. Additionally, there was an increase in regional fires, suggesting the influence of human activities from surrounding areas.

Overall, we successfully reconstructed the ancient fire history in the SSD region over the past millennia and explored the connections between these fires, changes in vegetation, climate, and human activities. Our study contributes to an improved understanding of environmental changes along the Eastern Coast of China since the Late Pleistocene.
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