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Editorial on the Research Topic 


Paleolimnology: insights from sedimentary archives


In the past century, global changes characterized by warming and intense human activities have led to unprecedented changes in lake and wetland ecosystems worldwide (Smol et al., 2005). The series of ecological and environmental issues that have arisen have attracted widespread attention from governments and the scientific community in various countries. Scientifically assessing the impact of climate change and human activities on lake and wetland ecosystems has become one of the important scientific topics that are currently being prioritized (Long et al., 2021). It is also the key content of research in related disciplines such as paleolimnology, Quaternary science and past global changes (PAGES).

The study of paleolimnology interprets lake and wetland sedimentary profiles which are terrestrial archives that can record natural and human-induced changes in the environment, preserved in biological, sedimentological, and geochemical components of the sediment (Frey, 1988). The global occurrence, high accumulation rates and a wealth of microfossils and biogeochemical tracers of lake and wetland sediments allow developing the past environmental change history of sub-decadal to millennial scales. This can place the present-day observed change into the context of long-term natural environmental variability, and provides a potential means for the investigation of the interactions between past climatic dynamics and anthropogenic activities, in the absence of long-term instrumental monitoring programmes (Moser et al., 2019; Bao et al., 2023).

Over the past 40 years, the field of paleolimnology has made significant progress in contributing to our knowledge of long-term climate change (i.e., Villacis et al., 2023), altered biogeochemical cycles (i.e., Bao et al., 2021), environmental pollution (i.e., Kissinger et al., 2023), variations in dust composition and deposition (i.e., Chen et al., 2020), and species invasions and biodiversity (i.e., Cuenca-Cambronero et al., 2022). An overview of the importance of sediment records from continental aquatic ecosystems, especially lakes, was given out to provide long-term insights needed to ensure the maintenance of ecological products and services by adapting to current and future environmental changes (Saulnier-Talbot, 2016). Recently there are series of Research Topics on paleolimnology to be published in different journals. In 2020 Lake and Reservoir Management presented a Research Topic on paleolimnology and lake management which includes studies from lakes across North America and shows the value of paleolimnology in making decisions regarding aquatic ecosystem restoration and management approaches (Paterson et al., 2020). In 2022 the Research Topic, entitled”Paleolimnology and Paleoecology in a Rapidly Changing Asia”, was publish on Journal of Paleolimnology and summarized the key advances in the fields of lake development, ecological shifts and anthropogenic forcing in the different parts of East Asia (Chen et al., 2022). In 2023, Tunno et al. provided an overview of new methodologies recently applied to the field of paleoecology which was published on Frontiers in Ecology and Evolution. These all show a flourishing paleolimnology decipline, with continuously increasing numbers of paleolimnological investigations and updating proxy analysis technologies. However, paleolimnological studies in the tropics still lag far behind efforts at higher latitudes, and there will now be calls to encourage more paleolimnological research at low latitudes (Escobar et al., 2020).

Therefore, the objective of this Research Topic is to further address key aspects of global paleolimnological research in dealing with lakes and wetlands records of climate change and anthropogenic impacts and to facilitate knowledge dissemination. A total of 12 papers is presented in this Research Topic. The papers cover multiple themes, including chronological techniques and model applications, comprehensive interpretation of multiple alternative indicators, historical reconstructions of the past climatic, environmental and ecological evolution throughout the Holocene, and the human traces for the global Anthropocene definition. Geographically, these case studies include a variety of lakes and wetlands from 83°N to 34°S and from 170°E to 120°W. They are of mountain lakes and peatlands as higher up to 4000 m above the sea level, arctic lakes and ponds, and coastal wetlands.

Accurate and precise dating of sediments and peats is fundamental for to provide quantitative measurements of change rates, which require a relatively large number of dates to build a chronology of sufficient resolution for proxy interpretation and paleolimnological records comparison between sites. In this Research Topic, all studies used the radiocarbon dating to understand the Holocene environmental changes and the 210Pb and 137Cs dating to reconstruct the history of Anthropocene environmental changes. It is quite crucial to ensure a certain abundance of different sources of carbon that can be extracted from sediments for radiocarbon dating analysis. A pilot study was conducted at two contrasting lake basins on the eastern side of the Sierra Nevada (California) to present an improved method for extracting, sorting and dating pollen from lake sediment cores (Tunno et al.). This new technique combines an optimized pollen extraction protocol (without using strong chemicals, e.g., hydrofluoric acid), sorting by flow cytometry, and standard graphitization and AMS radiocarbon measurement methods. This is a very valuable contribution to the chronological methodology for the paleolimnology.

The basic paradigm of combining the past and the modern in the paleolimnology study is to use the past pattern to discuss the modern situation and to use the modern process to prove the past change. With the development of the paleolimnology, there is an increasingly urgent to the integration of modern environment/ecology into paleoenvironment/paleoecology (Goodenough and Webb, 2022). Modern processes mainly include the regional environmental factors survey and typical lakes and wetlands ecological monitoring. In this Research Topic, 3 papers explored surface-sediment taxa-environment relationships and their spatial changes of pollen in East Siberia (Geng et al.), diatom along the ice-free margin of Greenland (Weckström et al.) and zooplankton Bosminidae in the middle and lower reaches of the Yangtze River (Cheng et al.). These modern spatio-environmental studies of different proxies are an essential part of the paleolimnological approach, which is helpful for the quantitative reconstruction of the past environmental changes.

The Holocene is a typical interglacial period and generally characterized by a relatively warm and stable climate, but it is constantly interrupted by a series of rapid (or extreme) climate change events, threatening the development of human civilization. As a result, the Holocene climate and environmental changes history has always been keynotes of the paleolimnology and well comparatively documented by comprehensive interpretation of multiple alternative indicators. The sedimentary environment and hydroclimate evolution since the last glacial maximum were reconstructed from a mountain peat core of the southern margin of the Sichuan Basin based on concentrations in major and trace elements, total organic carbon (TOC), total nitrogen (TN) and the stable carbon isotope composition of organics (δ13Corg) (Huang et al.). Another high-altitude lacustrine record in the semiarid Andes (29°S) was reconstructed from a multiproxy approach including organic/inorganic matter content and trace elements along with biological proxies such as pollen, diatoms and chironomids, which illustrated the climate-driven changes at millennial to sub-centennial timescales during the past 2400 years in the semiarid Andes of central Chile (Martel-Cea et al.). In addition, two paleolimnological studies from estuarine environments in China (Ling et al.) and in South Africa (Kirsten et al.) interpreted the observed changes in the geomorphic settings in the context of sea-level rise and anthropogenic factors since the mid-Holocene. Both studies obtained a series of sediment cores representing contrasting estuarine habitats and applied for multiple proxy analyses including a range of physicochemical characteristics (organic matter content, magnetic susceptibility, particle size, organic δ13C and selected elements) and paleoecological parameters (pollen, Dinoflagellate, and Foraminiferal organic linings).

To understand fully current trajectories of the Earth system driven by the Great Acceleration since the mid-20th century (Steffen et al., 2018), we need to increasing studies trying to provide more evidence for better understanding of the global definition of the Anthropocene and the decipher of human-climate interaction. Recent developments in multi-proxy paleolimnological approaches and short-time-scale chronological methods (i.e., 210Pb and 137Cs) have substantially advanced our ability to make robust inferences about past century’s environment change. In this Research Topic, a representative subalpine lake (Cuoqia Lake) in the southeast of Tibetan Plateau was chosen as a monitor of regional environmental and ecological changes over the past two centuries based on 210Pb and 137Cs dates and multiproxy data including brGDGTs, n-alkane, and fatty acids (Yan et al.) and geochemistry, stable isotopes and sedimentary pigments (Zhang et al.). Statistical analyses and scenario ecosystem process-based modelling quantified the synergistic impacts of climate warming and anthropogenic activities on the algal proliferation and community succession in remote alpine lakes on the Tibetan Plateau (Zhang et al.). Multi-proxies records (black carbon, 16 priorities of PAHs and δ13C) from a 210Pb dated peat profile in Altay Mountain of northwest China indicated an increase of black carbon emission in 1950–1980 probably due to the agricultural exploration and a decrease after 1980 probably related to the increasing environmental protection (Luo et al.). In addition, Jaque et al. used different proxies (magnetic properties, geochemical analysis, loss on ignition, satellite image processing, and reflectance spectrum) on a reservoir sediment record in the Aconcagua River Valley to unravel the environmental and/or climatic history in central Chile between 1975 and 2019, and thus to evaluate the effects of climate drought events and regional polluting industrial activities.

In summary, the articles collected in this Research Topic provide insight into some of the most recent advances in dating methods, contemporary ecological processes, Holocene climate change and Anthropocene environmental pollution. They underlined the importance of the application of new tools and multiply proxies, and thus a comprehensive understanding of paleoenvironmental changes and their interactions with human-climate system. Paleolimnological studies are presenting a thriving development trend and provide a broad suite of information on the occurrence of ecological conditions, climate events and anthropogenic disturbances, especially for missing long-term monitoring data in remote regions. We hope that the data, insights, and recommendations offered in the present Research Topic will be of use to our readers and to paleolimnological communities at large.
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High-resolution chronologies are crucial for paleoenvironmental reconstructions, and are particularly challenging for lacustrine records of terrestrial paleoclimate. Accelerator Mass Spectrometry (AMS) radiocarbon measurement of terrestrial macrofossils is the most common technique for building age models for lake sediment cores, but relies on the presence of terrestrial macrofossils in sediments. In the absence of sufficient macrofossils, pollen concentrates represent a valuable source of dates for building high-resolution chronologies. However, pollen isolation and dating may present several challenges, as has been reported by different authors in previous work over the last few decades. Here we present an improved method for extracting, purifying and radiocarbon-dating pollen concentrates using flow cytometry to improve the extraction efficiency and the purity of the pollen concentrates. Overall, the nature of the sediments and the abundance of the pollen represent major considerations in obtaining enough pollen grains and, consequently, enough carbon to be dated. Further, the complete separation of pollen from other forms of organic matter is required to ensure the accuracy of the dates. We apply the method to surface samples and sediment cores recovered from two contrasting lake basins on the eastern side of the Sierra Nevada (California), and describe the variations that may be used to optimize pollen preparation from a variety of sediments.

Keywords: radiocarbon, AMS, pollen separation, flow cytometry, high-resolution chronology, lake sediment, Sierra Nevada


INTRODUCTION

Lakes are archives that can record natural and human-induced changes in the environment, preserved in biological, sedimentological, and geochemical components of the sediment. In order to interpret and compare paleorecords between sites, a reliable chronology is fundamental for each paleorecord, and a relatively large number of dates may be required to build a chronology of sufficient resolution for proxy interpretation (Blaauw et al., 2018; Zimmerman and Wahl, 2020). Among the techniques for building chronologies, AMS radiocarbon-based age-depth models are the most widely used for sediment cores recording the last ∼35,000 years. The selection of the organic material for dating is extremely important in order to obtain reliable radiocarbon dates and build an accurate age model. The optimal organic materials that can be measured for 14C are short-lived terrestrial plant macrofossils, such as leaves, needles, and twigs. Such macrofossils are often not abundant in lake-sediment cores, and this has been viewed as forcing reliance on bulk-sediment measurements, which can lead to age models of uncertain accuracy. AMS measurements on bulk sediments may include samples where different types of organic matter have been homogenized and dated together. Such material can often include carbon recycled by aquatic plants and algae from dissolved organic and inorganic carbon sources.

In cases when terrestrial macrofossils are rare or absent, pollen may be a valuable resource for building a high-resolution age model. In addition, in cases where precise dating of a significant shift in a proxy is desired, pollen dates can allow close bracketing of the event. Pollen is formed by terrestrial plants from atmospheric CO2, and is often abundant in sediment cores, and so radiocarbon chronologies based on pollen can help to reduce the uncertainties related to the presence of very few macrofossils in a core. Previous studies demonstrated that pollen concentrates can be dated through AMS measurements (Brown et al., 1989, 1992; Newnham et al., 2006; Fletcher et al., 2017), but two main challenges remain: separating sufficient pollen for a radiocarbon date and isolating the pollen from other carbon-bearing material. Through the last three decades, several studies have developed methods to separate and concentrate the pollen including heavy-liquid separation (Barss and Williams, 1973; Regnéll and Everitt, 1996), sieving (Brown et al., 1989), micromanipulator (Long et al., 1992), and mouth pipetting (Mensing and Southon, 1999). The purity of the pollen concentrates remains a key for obtaining reliable dates, as it has been reported that radiocarbon measurements on pollen resulted in dates too old in comparison with independent estimations of the sediment age (e.g., Kilian et al., 2002; Piotrowska et al., 2004).

Recently, flow cytometry sorting has been tested as a technique to isolate pollen from other possible sources of contamination (Byrne et al., 2003; Tennant et al., 2013; Zimmerman et al., 2018). These pilot studies identified the main challenge of pollen AMS dating as maximizing the amount of pollen in a sample to reduce analytical uncertainties, while at the same time minimizing the time (and thus expense) required for sorting by producing the cleanest possible pollen extract. Here we present an improved method for extracting, sorting and dating pollen from lake-sediment cores, which combines an optimized pollen extraction protocol (without using strong chemicals, e.g., hydrofluoric acid), sorting by flow cytometry, and standard graphitization and AMS radiocarbon measurement methods.



STUDY AREAS


Mono Lake

Mono Lake (ML) is a hydrologically closed lake located on the eastern side of the central Sierra Nevada (38.00°N, 119.00°W), at ∼1945.5 m elevation (Figure 1). The average depth of the water is 17 m (maximum = ∼48 m) and the surface area is 183 km2. The main water source is provided by meltwater from the snowpack in the Sierra Nevada, which form the western side of the lake basin. The modern lake is an evaporative remnant of a much deeper glacial-age lake (Zimmerman et al., 2011), and consequently is highly saline (88 g/L) and alkaline (pH = 10). The watershed of the lake is ∼2070 km2, and spans an elevation range of >1800 m. The lake is surrounded by desert shrubs such as bitterbrush (Purshia tridentata), sagebrush (Artemisia tridentata), greasewood (Sarcobatus vermiculatus), and desert peach (Prunus andersonii). The mountains are dominated by pinyon-juniper woodland (Pinus monophylla, Juniperus osteosperma) on the western side of the basin and Jeffrey pine forest (Pinus jeffreyi) on the southern side of the basin. The north and the east sides are dominated by the alkali sink plant communities, mostly represented by the above-mentioned desert shrubs.
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FIGURE 1. (A) Map of California, United States, showing the locations of the Mono Lake, Fallen Leaf Lake, and Livermore sites. (B) Google Earth image of Mono Lake, showing the exposed glacial-age lake bed surrounding the modern lake, and the stream canyons supplying mountain snowmelt from the Sierra Nevada to Mono Lake. (C) Detail of (B) showing transect #8 (T8), with green markers show the sampling points along the transect. Samples T8-2 and T8-3 were taken at the same coordinates, with T8-2 taken at the lake shore, and T8-3 slightly inland. The location of Lee Vining Creek is shown roughly by the blue line; all sampling locations were on the north side of the creek. The east entrance to Yosemite National Park is indicated for reference (YNP).




Fallen Leaf Lake

Fallen Leaf Lake (FLL) is a small (5.7 km2 surface area) and deep (>120 m maximum depth) subalpine lake in the northern Sierra (38.9024° N, 120.0615° W) located ∼2 km south of Lake Tahoe (Figure 1). The lake elevation is 1942 m, 45 m above Lake Tahoe; the watershed is 42 km2. The principal inflow is Alpine Creek from the south, while surface outflow in Taylor Creek and groundwater flow through recessional end moraines connect FLL to Lake Tahoe to the north (Kleppe et al., 2011; Maloney et al., 2013). FLL is a freshwater, meso-oligotrophic organic- and diatom-rich lake with circumneutral pH (Noble et al., 2013, 2016). The surrounding vegetation is dominated by pine (Pinus jeffreyi and Pinus ponderosa) and by quaking aspen (Populus tremuloides) along the creeks.



FOSSIL AND MODERN POLLEN MATERIALS

Pinus pollen type was the main target during the pollen extraction, because it is the most abundant pollen in both lakes. Pine is in fact an ideal pollen type for radiocarbon dating: it is produced in large quantities and efficiently transported by wind. For these reasons, pine is often very abundant in sediments, especially in the western U.S., where the vegetation is dominated by several pine species.


Sediment-Core Samples

Samples for pollen extraction were collected from the Holocene sections of three sediment cores. UWI-MONO15-1C and -1D (Hodelka et al., 2020) were collected in 2015 from the western embayment of Mono Lake, in ∼18 m water depth, and BINGO-MONO10-4A in 2010 from the western embayment in 2.8 m water depth (Zimmerman et al., 2020), from a location very close to that of the core analyzed by Davis (1999). The BOLLY-FLL10-1A and -2D cores were recovered from the center of the southern basin of Fallen Leaf Lake in 2015 (Noble et al., 2016). As a test of the potential fidelity of pollen-based radiocarbon ages, the depths of the Fallen Leaf Lake pollen samples were chosen to be paired with macrofossil dates used by Noble et al. (2016) to develop the age model for the Fallen Leaf Lake cores. In two cases the pollen sample was separated from the centimeter just above the level of the macrofossil. All the cores are archived at the National Lacustrine Core Repository at the University of Minnesota (LacCore) and were sampled there. The samples were stored in polyethylene containers and kept at 5°C until extraction at the Center for Accelerator Mass Spectrometry (CAMS) of Lawrence Livermore National Laboratory.

The main differences between the sediments from the two lakes are their heterogeneity and their pollen concentration, stemming from the contrasting watersheds and lake chemistries. Fallen Leaf Lake sediments are dominated by olive to dark-gray diatom-rich clay throughout the Holocene, with homogeneous, laminated, and mottled textures, and characterized by high content of organic matter and diatoms (Noble et al., 2016). Pollen concentration in the BOLLY-FLL10 cores varies between 170,000 and 1,420,000 grains/cm3 (Noble, pers. comm., 2017), consisting mostly of pine pollen. The sediments of the two Mono Lake cores are quite heterogeneous, composed of sand- and silt-sized sediment, laminated dark-brown and olive-colored mud, interbedded tephra layers and variable amounts and forms of authigenic carbonate. In the pollen analysis of Davis (1999), pine also dominated, but pollen concentration was reported to vary between 1,200 grains/cm3 and 180,000 grains/cm3 over the Holocene. Pollen analysis is underway for the UWI-MONO15 cores. The heterogeneity of the sediments between the two lakes and along the Mono Lake cores required processing modifications during the pollen extraction.

Pollen was initially extracted from samples of 1–2 cc. The volume of the sediment used was increased up to 4 cc when necessary to obtain enough carbon for the AMS measurements. The extraction was performed on 20 samples from BOLLY-FLL10, 26 samples from UWI-MONO15 and 18 from BINGO-MONO10. Of the 64 core samples extracted, 12 were not sorted because the pollen concentration was too low (all from BINGO-MONO10); consequently only 52 samples appear in Table 1. In general, the lower limit for reportable 14C measurements at CAMS is 0.020 mg C and samples smaller than that size did not produce a 14C result (Tables 1, 2).


TABLE 1. Fossil samples from Mono Lake and Fallen Leaf Lake.
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TABLE 2. Modern samples from surface transect T8 (Figure 1) and fresh pinecones.
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Surface Samples

In June 2017, 38 surface samples were collected along six transects from the shore of Mono Lake toward the mountains, following the main creeks present in the basin (Figure 1C). Due to an exceptionally wet winter, the tributary creeks were unusually high, and the surface samples consisted of surficial (1–2 cm depth) soil (above creek level) or sediment (alongside the creek bed) collected within a few meters of the creek, and they vary widely in organic matter content and grain size. The samples were collected in 250 ml Nalgene bottles for the sediments and in 118 ml Nasco Whirl-Pack bags for the soil, sealed and stored at 5°C until the extraction. Because the surface samples presented variable organic content and grain size, different amounts (4–8 cc) of sediment were used for each pollen extraction. The results from transect #8 (T8) are presented here. Eleven samples were collected along this transect between the lake shoreline at Lee Vining Creek (T8-1, 1944 m elevation) and the proximity of Ellery Lake, along Route 120 (T8-11, 2921 m elevation) (Table 2).



Modern Pine Samples

Fresh male cones were collected from two pine trees (Pinus cf. contorta) growing in Livermore CA, in June 2017 and March 2018. Cones were collected from the trees, sealed in plastic bags and stored at –20°C until the pollen extraction. A total of nine samples from fresh cones were extracted, sorted, and dated (Table 2).



POLLEN EXTRACTION PROTOCOL


Core- and Surface-Sediment Samples

The pollen extraction protocol applied for radiocarbon dating is different from the standard extraction method for pollen analysis (Faegri and Iversen, 1985) because the goal is to yield the largest amount of carbon for dating, without regard for preserving the varieties of pollen present and their proportions, and without adding carbon during the processing. The optimal pollen extraction will also eliminate most of the non-pollen organic and inorganic particles, as a cleaner sample minimizes the sorting time and consequently the cost of the flow cytometry process. The main steps are summarized in Figure 2, with sieving and heavy-liquid separation using non-toxic sodium polytungstate (low-carbon SPT – SPT-O, Geoliquids, Inc.) being two important steps in separating pollen from the non-pollen matter. The use of any carbon-based chemical was avoided to prevent contamination. For this reason, acetolysis, commonly performed during standard extraction for pollen analysis, was not performed. Sieving was performed with sieves of different materials (metal and nylon) and sizes. Both nylon mesh and SPT were discarded after use, to prevent contamination between samples. All steps involving the centrifuge were performed at 2,500 rpm (=3800 RCF using a Thermo Scientific Sorvall ST 8 compact centrifuge). Soft brake function for slow acceleration and braking was applied for the SPT and sodium hypochlorite steps to avoid the resuspending of the sediment and the sinking of the pollen due to the regular brake of the centrifuge.
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FIGURE 2. Main steps of the pollen extraction protocol before flow cytometry, including base, acid, bleach, and heavy-liquid steps. Water rinses are indicated by ovals; note that there is no water rinse between the base and acid steps. Size of meshes used for the various steps must be tested and modified depending on the sample and pollen types and other material included in the samples; in every case, the size fractions should be examined to determine into what fraction the pollen appears.


All samples were first transferred to labeled 50 ml test tubes, rinsed and centrifuged for 2.5 min, and then a series of chemical and physical separation techniques were applied following the final protocol below described. Description of the various tests performed to improve the method, including SPT specific gravities and sieve mesh sizes, is given in Section “Discussion.”


Pollen Extraction Protocol

(1) About 30 ml of 10% (by weight) potassium hydroxide (KOH, prepared mixing 59 g of KOH – 86% KOH by weight of dry pellets) and 461 ml MilliQ (MQ) water was added to each test tube and heated at 90°C for 10 min. This was repeated until the supernatant was clear or light-yellow colored.

(2) After the KOH was poured off, about 30 ml of 3 N hydrochloric acid (HCl) was added to each tube to dissolve carbonates, with no water rinses between the KOH and HCl steps. The samples were heated at 90°C for 30 min or until the reaction stopped, and then rinsed of the HCl with MQ water.

(3) Samples were sieved to eliminate the coarser fraction of the sediments without losing pollen grains; 125, 80, and 63 μm sieves were used during this step, depending on the size of the coarser debris. The <125, <80, and <63 μm fractions were kept for the further steps; the coarser fractions were stored in weakly acidified MQ water to preserve the samples in case further analyses were needed.

(4) A 2.5% sodium hypochlorite (NaOCl) solution was added to each sample and heated at 90°C for 3 min to disaggregate and remove the organic material left in the samples. This solution was obtained by diluting an 8% NaOCl unscented commercial bleach. The samples were rinsed with water and centrifuged two times.

(5) After carefully pouring off as much as water possible without disturbing the settled material, about 20 ml of low-carbon 1.9 specific gravity SPT were added to each sample, followed by centrifuging for 20 min to separate the inorganic material. At this stage, the inorganic material sank, and the pollen floated. The supernatant containing the pollen was separated, diluted with water, and centrifuged again; in this lower specific-gravity solution, the pollen completely sank to the bottom of the test tubes. Several water rinses were then performed in order to eliminate the residual SPT from the samples. The tests that led to choosing the value of 1.9 specific gravity for the SPT are discussed in section “Density Separation.”

(6) The samples were sieved with either 37 or 20 μm nylon mesh supported by a modified lidded plastic container. The smaller fraction was discarded, after checking under the microscope to be sure no pollen was included in that fraction. The largest fraction was checked under a microscope for purity, collected and concentrated into 2 ml Nalgene vials and shipped to the Flow Cytometry Core Facility, Indiana University, Bloomington to be sorted using flow cytometry.



Modern Pine Samples

Three batches were prepared using 15 and 50 ml test tubes and 50 ml Falcon plastic tubes. The cones were ground with mortar and pestle and sieved at the beginning with a 125 μm sieve to eliminate the coarse fragments of cone. For the first two batches the pollen was extracted following the same protocol applied to the sediment samples, to test for any possible contamination from the chemicals, the plastic tubes, and the processing. The last batch was extracted as follows: approximately 10 ml 3N HCl was added to the solution containing the <125 μm fraction of pollen concentrates to facilitate the precipitation of the grains during the initial centrifuging steps; ∼10 ml for the 15 ml tubes and ∼ 25 ml for the 50 ml tube 10% (by weight) KOH was then added to the sample and heated at 90°C for 10 min; this step was performed twice, until the supernatant was light-yellow colored. A rinse with 3N HCl at 90°C for 30 min followed this step. Then, after a water rinse, the sample was sieved with 80 μm nylon mesh and the >80 μm fraction was discarded to eliminate the coarse organic fraction, mostly represented by bigger fragments of cone. After one rinse with MQ water, 2.5% sodium hypochlorite (NaOCl) solution was added and heated at 90°C for 3 min. Following a water rinse, the sample was finally sieved with 37 μm nylon mesh; the >37 μm fraction was allowed to settle and excess water was removed, and then the sample was shipped to the flow cytometry facility in Indiana. Based on observation of the previous batches, there was no advantage in performing the heavy-liquid separation due to the absence of inorganic material in the sample.



Flow Cytometry Analysis and Pollen Sorting

Flow cytometry sorting was performed using a COPAS SELECT large-particle sorter (Union Biometrica) with Advanced Acquisition Package, using a 488 nm laser excitation source. The COPAS was specifically selected for its ability to separate larger particles, but it is possible to use different instruments such as the FACSAria to sort pollen smaller than pine (e.g., Quercus spps., Alnus spps., etc.). Flow cytometry is used to detect both light-scatter and fluorescence characteristics of particles using laser excitation in a fluidics-based system. These characteristics (scatter and fluorescence) are used to separate the pollen (autofluorescent) portion of the sample from other materials (non-fluorescent). Following the protocol established by Zimmerman et al. (2018) to check for possible radiocarbon contamination, the instrument was swiped before each batch of pollen sorting, and AMS measurements were performed on the swipes before the pollen samples were handled at CAMS. No elevated-14C contamination has been detected on any swipes from the IUB facility.

Concentrated samples were first diluted with MQ water at a final volume of 10 ml per sample. Samples were briefly analyzed by light microscopy to judge the proportion of pollen versus other material in the sample. If many small particles (<30 micron) were seen, the sample was also filtered through a 30 μm CellTrics filter (Sysmex) and the >30 μm particles collected for analysis and sorting. Sample was then added to MQ water in a 250 ml sample cup and analyzed by the sorter. Particles were selected as pollen by first using a gate region on a plot of TOF (Time Of Flight, relative length) vs. EXT (Extinction, relative structure) parameters (Figure 3). Particles falling within that gate were selected based upon autofluorescence, which is detected in the RED parameter at an emission of 610/20 nm, versus TOF (Figure 3). A test sort was performed to check that ten particles sorted as pollen were indeed pollen (confirmed by light microscopy). Samples were sorted in aliquots based on machine conditions and the selected fractions were collected into sterile petri dishes. These were transferred to 15 ml Falcon tubes and allowed to settle, then fractions of a single sample were re-combined and transferred to a sterile cryogenic tube. To minimize potential contamination from atmospheric carbon, approximately 20 μl of 1N HCl was added to each sorted sample; the samples were then frozen and shipped to CAMS on dry ice and stored at−20°C until pretreatment for AMS was begun.
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FIGURE 3. Flow cytometry plots of sample 1D-5U-2-46, as an example of the gates used to separate the pollen grains. The gates are the black polygons, showing the selected areas in which the ideal particles are included; each dot represents a particle that traveled through the COPAS laser. The gates are drawn by the operator based on optical density (Ext = extinction), size (Tof, time of flight), and fluorescence (Red). Photograph below shows the 1D-5U-2-46 sample after extraction and before sorting. The blue arrows indicate some examples of pollen grains, while the red arrows point out non-pollen particles, such as diatoms and organic fragments, that survived chemical digestion and sieving during pollen extraction.


Over the course of the project, the particles that were not selected by the sorter were periodically collected in the recovery cup and checked under the microscope to verify that the rejected fraction did not contain undesirably large fractions of pollen.



Graphitization and AMS Measurement

In order to be combusted to carbon dioxide (CO2), the pollen samples needed to be concentrated, dried and weighed into quartz tubes. The sorted samples were allowed to thaw completely at room temperature at CAMS and to settle undisturbed for 24 h, and then as much liquid as possible was pipetted out from the cryo-tubes without disturbing the pollen settled at bottom of each vial. In all cases, no more than 1 ml of solution, containing the pollen concentrate, was transferred by pipetting from the cryo-vial to the standard quartz tube used for graphitization at CAMS (inner diameter = 6 mm). The time required for drying the samples varied depending on the amount of solution transferred into the quartz tube and the technique used for drying. Three different approaches were used: heat block and oven, lyophilizer, and Jouan concentrator centrifuge (model Jouan RC 10.10 – heated/under-vacuum centrifuge). For the first approach, the tubes were placed on a heating block at ∼80°C and then transferred to a 40°C oven to complete the desiccation process, which required 2–3 days to be completed. For the lyophilizer, the quartz tubes containing the pollen concentrates were frozen in liquid nitrogen and freeze-dried for ∼24 h. Finally, for the third approach, the Jouan was used to dry the samples. In this case the quartz tubes were centrifuged at 65°C until the samples were completely dried. This step required approximately 2–6 h. Based on several tests conducted using these three different methods, the Jouan gave the most reliable sample handling, and greatly reduced the drying time compared to both the lyophilizer and the heat-block methods. Consequently, most of the samples were processed with the Jouan.

Copper oxide (CuO) and silver powder (Ag) were added to each tube after the sample was completely dry. The samples were then sealed under vacuum with an H2/O2 torch and combusted at 900°C for 4 h to oxidize the carbon of the purified pollen to CO2. The CO2 was then reduced to elemental carbon in the presence of a low-carbon, reduced-Fe catalyst and a stoichiometric excess of ultrapure hydrogen, similar to the methodology described in Vogel et al. (1984, 1987).

For these samples, which were anticipated to be of suboptimal masses (i.e., 20–40 μg C), the amount of Fe catalyst was decreased compared to larger (>100 μg C) samples, to 2.5 mg (compared to 5.7 mg for larger samples). Radiocarbon data are corrected for the contribution of modern and dead carbon added during combustion and graphitization following Brown and Southon (1997). Coal backgrounds and modern (OX2) standards were handled similarly and analyzed in order to determine the modern (0.3 ± 0.1 μgC) and dead (0.15 ± 0.1 μgC) contributions, respectively. Due to the small size of the pollen samples and static charge, in most cases it was not possible to measure the mass of the samples accurately, even on a high-precision balance. While this prevented estimation of the % carbon content of many of the purified pollen samples, the sample carbon masses needed for the above-mentioned corrections were obtained from known-volume pressure measurements of the CO2 gas during the graphitization process.

After graphitization, all samples were pressed into sample holders designed for the CAMS high-intensity sputter source and the samples’ 14C contents were measured during routine radiocarbon runs. Due to the very small size of some of the samples, the ion source parameters were modified to extend the length of time small samples could be sputtered.

Between July 2017 and September 2019, 102 final samples were extracted from fresh cones, surface transect and sediment-core samples. AMS measurements were conducted on 56 samples, 44 of which produced reliable dates (Tables 1, 2).



DISCUSSION


Pollen Extraction

The density separation and the sieving were the main steps during the pollen extraction to separate the pollen grains from other organic particles that may represent a contamination source for AMS analysis (Figure 2). The pollen concentrates were mostly pine pollen together with some organic particles, such as charcoal, micro plant remains and diatoms in different amounts, depending on the characteristics of the sediment samples (Figure 4). Occasionally, different types of pollen (e.g., Artemisia type) were observed in the final concentrates.
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FIGURE 4. Photos of pollen separates under 100x magnification before and after cytometric sorting. (A) Fossil sample before the sorting, with dark gray arrows highlighting organic particles that survived chemical digestion and physical sieving during pollen extraction. (B) Fossil sample after sorting, illustrating the greatly increased purity of the sample. (C) Modern pinecone sample before the sorting, illustrating the general purity of the sample, even with reduced preparation steps.


The samples were initially processed in 50 ml glass and polypropylene (Falcon) centrifuge test tubes because of suspicion that the chemical steps might leach petroleum-based (i.e., 14C-dead) carbon out of the plastic. Comparison of the 14C Fraction Modern of the fresh pine pollen processed in glass and polypropylene tubes (4x each) showed no contamination from the polypropylene during our processing. Therefore, 50 ml Falcon tubes were preferred to glass tubes because they were easier to handle in the centrifuge.

The first critical goal during the pollen extraction is to obtain enough pollen to have a sufficient amount of C to date. This step may represent a major challenge if pollen concentrations in the different layers of the core are not known. This information is very helpful to determine the adequate amount of sediment for the extraction. For all the samples (ML, FLL and surface-transect samples) about 2–4 cc of sediment was processed during the pollen separation, providing extremely variable results (Table 1, columns 4–6). As expected from the preliminary pollen analysis, FLL samples showed a very high pollen concentration, and it was relatively easy to separate abundant pollen in all the samples that were extracted. For the ML cores the pollen concentrations were not available and, due in part to the heterogeneity of the cores, it was often difficult or impossible to extract sufficient pollen for dating. Based on the results obtained in this study, 4 cc of raw sediment per sample was the preferable volume to produce a minimum amount of ∼30,000 grains of pollen, with an optimum of 50,000 grains desired. The amount of pollen required for AMS analysis and the amount of sediment required to yield that amount of pollen will vary based on the sediment and pollen type.

The first pollen extractions attempted on many modern samples did not provide the expected results, mainly due to the diverse nature and composition of the sediment. The modified and improved extraction protocol given in Section “Core and Surface Sediment Samples” was applied and reliably produced a pollen concentrate that could be easily dated from most samples. The composition of the sediment of some modern samples did not provide enough pollen grains for dating even with the improved method, leading to the conclusion that certain sediment does not preserve or hold pollen like other types (e.g., coarse or sandy versus fine or clayey sediment, Table 2, Column 3).

In general, for samples dominated by a single pollen type (as our samples were), there should be a strong linear correlation between the number of grains sorted and the mg of carbon in the AMS sample. Our results show a weak linear correlation between the number of pollen grains and the C amount for samples dried in the Jouan (Figure 5 and Table 1). Deviation from this trend may result from several parts of the process. To begin with, handling thousands of pollen grains through the many steps required introduces opportunities for loss of grains, until a workable protocol is developed for each lab and handler. Further, the number of “pollen grains” is in reality a number of events identified by the sorter as fitting the gates established by the operator (discussed below in Section “Flow Cytometry Sorting”), and there may be variations in size and condition of the pollen grains. Finally, there may be small but real differences in the amount of carbon contained in each grain, due to the size of the grains, thickness of the exine, and presence or absence of cytoplasm in the grain (especially for fresh pollen).
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FIGURE 5. Amount of carbon (mg C) vs. pollen grains in sample, showing only the samples that have been successfully dated. Symbols in gray show the samples that were processed with the lyophilizer, illustrating the significant loss of pollen after sorting and before graphitization. The amount of carbon (mg C) is calculated from the amount of CO2 after the sorted pollen sample was combusted for graphitization, and the number of pollen grains is the number of “accepted” events counted by the sorter during sorting of the sample.




Chemical Treatment

The base treatment (KOH) is applied to remove as much organic material and humic acid as possible from the sediment. In a standard extraction for pollen analysis, acetolysis is usually used for this particularly important step, but it is not appropriate for AMS measurement due to carbon contamination from the chemicals. Instead, 10% KOH solution was applied. The main concern of using basic solutions during the chemical digestion for radiocarbon dating is the possible contamination by absorption of modern carbon from atmospheric CO2 by the KOH. To avoid this contamination, the following precautions were followed: (i) the 10% KOH solution was freshly prepared and stored in a screw-top bottle for no longer than a month; (ii) multiple rinses with a shorter exposure to the base were preferred to a prolonged exposure (e.g., three times 10 min with fresh solution instead of a single time for 30 min); (iii) the base treatment was followed by the acid treatment with HCl without water rinses in between the two steps.

To remove as much organic matter as possible NaOCl was used in place of the acetolysis; exposure to NaOCl was limited to 3 min at 90°C because prolonged exposure may result in damage to the pollen grain walls. Other chemicals can be used in place of NaOCl, such as nitric acid (HNO3) (Tennant et al., 2013) or sulfuric acid (H2SO4) (Piotrowska et al., 2004), but in this study NaOCl was preferred because it is easily accessible, less hazardous and equally effective. The 2.5% solution was freshly prepared and stored tightly closed for no longer than a month to maintain the effectiveness of the solution.

The sediments from Fallen Leaf Lake and Mono Lake presented substantially different characteristics that required modification and adjustments during the pollen extraction. The significant organic component required a prolonged base treatment for FLL. All the samples from the core BOLLY-FLL10 required 3 KOH rinses to obtain a light-yellow colored supernatant, starting from a dark-brown initial color. In contrast, ML samples showed very little reaction to the KOH and only 1 base rinse was necessary for most of the samples.

The second remarkable difference between the samples from the two lakes was the HCl reaction. ML samples strongly reacted to the acid treatment due to the high presence of carbonates in the cores. A prolonged acid treatment was required for several samples until the end of the reaction (40–60 min). FLL sediment did not present any visible reaction with HCl (bubbling), consistent with the low presence of carbonates in the core. For FLL the samples were treated with HCl with the standard duration of 30 min at 90°C.



Physical Separation

The physical separation of the pollen grains from other particles that survived the chemical treatment is crucial to obtain a sample as clean as possible and to reduce the time and the cost of the sorting process. The most appropriate size of the meshes to use is determined by the size of the targeted pollen type. In this study pine pollen was the most abundant in both cores and consequently the desired fraction based on our various experiments was >37 μm and <80 μm. Every fraction was checked under the microscope to avoid a loss of pollen grains.

Sieving was performed with metal sieves (125 and 63 μm) and nylon mesh (80, 37, and 20 μm), targeting pine pollen. Sieving at 125 μm was not necessary for the sediment core samples but was crucial for the modern samples (pinecones and surface transects) to eliminate larger organic debris and small rocks. The 80 and 63 μm sieved samples were cleaner and lacked big fragments that were detected under the microscope in the 125 μm sieved samples. To eliminate smaller particles, initially the final sieving was performed with a 20 μm nylon mesh. However, because of the low percentages of sorted pollen in some batches (Tables 1, 2), the samples were re-sieved at 37 μm. Microscope examination showed that the 20–37 μm fraction contained a large amount of non-pollen material and very little pollen. Thus, the final sieving step was changed from 20 to 37 μm, resulting in higher percent sorted pollen in later batches (Tables 1, 2). For the same reason, the 80 μm mesh was preferred to the 63 μm. Such checks will be required to determine the most efficient mesh sizes for a particular sediment and pollen type.

In an experiment to optimize the sieving process, 10 samples from FLL were sieved in an ultrasonic bath. The use of the sonicator sped up the sieving steps significantly, but, based on the results (Table 1, columns 4–6 and Figure 5, gray symbols), the effect on pollen grains is unclear at this point.



Density Separation

The heavy liquid separation was performed with SPT to separate the organic from the inorganic material. This step can be alternatively performed with hydrofluoric acid (HF), but we preferred SPT in this study, as it is significantly less hazardous to use and dispose of, and is still highly effective.

A specific gravity of 2.1 for SPT is recommended for pollen analysis extraction (e.g., Munsterman and Kerstholt, 1996; Vandergoes and Prior, 2003); however, it allows small organic particles to separate with pollen grains, which should be avoided in preparation for AMS measurements. Several tests were performed using different specific gravities (1.9, 2.0, 2.1, 2.2) in order to eliminate non-pollen particles in the floating layer. The floating material was decanted in a new, clean tube. Adding water to this solution allowed the pollen grains and the organic particles to settle at bottom of the tube. If the organic material separated with the pollen grains was excessive, the specific gravity was reduced. The purity of the pollen concentrates increased significantly with a lower specific gravity and 1.9 was shown to be the most effective specific gravity for using SPT to separate pollen from other organic material without losing pollen in the settled fraction. Specific gravities >1.9 allowed a significant amount of other organic particles to separate with the pollen grains. A minimum of 3–4 rinses was required to clean the samples from the SPT, although this step appeared to be different for each batch of samples. The heavy liquid separation was not required for the pinecones due to the absence of inorganic material in the samples.

A heavy liquid with low-C content is required to avoid C contamination, and for this reason the SPT-O (from Geoliquids, Inc.) was preferred. The heavy liquid can be challenging to eliminate and for this reason only the necessary amount of SPT was added to the samples, which for the 50 ml test tubes was found to be ∼20 ml. To avoid cross-contamination between samples, the SPT was not reused.

The density separation was effectively applied for all the fossil and modern surface samples, allowing the pollen grains to float and the inorganic particles to sink. Thus, no further steps were required to separate the organic and inorganic matter. However, in FLL samples a considerable number of diatoms fragments were detected in the floating section during the heavy liquid separation for a few samples. Diatoms frustules are composed of silica and do not represent a source of contamination for AMS measurements, but a high abundance of diatoms may increase the time and cost for the sorting process. In the case of high concentration of diatoms, a HF rinse would dissolve the frustules, and thus it may be preferred for some samples. In spite of the presence of the diatoms, the sorting time for FLL was efficient and remained under 4.5 h (Table 1, Column 5). Thus, the use of the HF was not necessary in our study.



Flow Cytometry Sorting

The highest percentage of pollen sorted by the flow cytometer (COPAS) was ∼74% of the total particles introduced to the sorter, from fresh cone samples and some FLL fossil samples (Tables 1, 2). This percentage does not seem particularly high, especially as the samples extracted from the fresh cones were characterized by extremely high purity. As we initially expected results closer to 100% for the fresh cones, we examined the sorting process to determine the source of the discrepancy.

The COPAS allows the recovery of the material rejected by the sorter, after the sorting into the recovery cup and before the disposal into the waste container. Several samples were collected during this step and analyzed by light microscopy. The light-microscopic observation revealed that a considerable amount of pollen was rejected during sorting. Most of this pollen was clusters of several grains, or broken or folded grains; however, a few whole, regular-shaped grains were detected as well. These might have been included in the final sample if the gates had been larger; however, larger gates would also increase the likelihood that non-pollen material would be included in the final sample. By selecting a smaller gate, a larger number of pollen grains may be excluded during the sorting (Figure 3), but the purity of the sample is improved. The gated region thus has a major role in the results of the pollen percentage and purity, and additional tests of this component of the preparation are planned.



Handling Sorted-Pollen Concentrates

After the sorting by flow cytometry, the samples were transferred into 3.5 ml cryo-tubes and the supernatant was allowed to settle for at least 2 h to overnight. The samples were then frozen at –18°C and shipped with dry ice to CAMS. Freezing the samples is important to preserve the samples undisturbed as much as possible, to reduce possible loss of pollen grains that may get attached the lid or the internal walls of the vials.

Before proceeding with combustion and graphitization, the samples were allowed to thaw at room temperature and settle overnight, as thawing induces the resuspension of the pollen grains in the solution. Once the pollen had settled, as much of the liquid as possible was removed by pipetting without disturbing the pollen concentrates at the bottom of the vials. The samples were then transferred into quartz tubes and then placed in the Jouan to dry. The Jouan was preferred to the lyophilizer after comparison of the AMS results showed better preservation of pollen concentrates (as indicated by higher C amount in the samples during the graphitization process (Table 2, Column 7 and Figure 5). This identified a likely loss of pollen during the drying process in the lyophilizer. No additional rinsing or pretreatment was necessary due to the extensive pollen extraction process, and post-sorting storage in slightly acidic water.



COMPARISON OF POLLEN AND MACROFOSSIL DATES FROM FALLEN LEAF LAKE

For 12 of the 15 pollen-macrofossil pairs from the Fallen Leaf Lake cores, the macrofossil and pollen ages agree within the combined 2-sigma uncertainty, and within 1-sigma for ten of the pairs (Table 3 and Figure 6). Of the remaining three pairs, the pollen date for sample 2D-1K-8-7 (CAMS 181806) is 145 years older than the macrofossil, just outside the 130-year combined uncertainty. For samples 2D-1K-3-25 and 2D-1K-6-50, the pollen dates (CAMS 181802, 181804) are significantly younger than the macrofossil dates, by 345 and 285 years, respectively. Although there could be several reasons for the disagreement, one possibility is that the macrofossils were pre-aged on the landscape; in such a case, the pollen dates might be a more accurate representation of the age of the sediment. In this case, the macrofossil material dated at 2D-1K-3-25 was a leaf, making pre-aging a somewhat unlikely possibility for that sample. Finding similar disagreement between pollen and leaf dates from Lake Sugeitsu, Tennant et al. (2013) suggested that the small size (0.4 mg) of the pollen sample might be the cause; however, here, the two ‘young’ dates are 0.26–0.27 mg, the same as the other FLL pollen samples and well within the range of the routine small-sample correction at CAMS. Overall, these pollen-macrofossil pairs indicate that dating of pollen separates can produce dates with equal accuracy as macrofossils. However, we acknowledge that Fallen Leaf Lake is an ideal case, where pollen dates are unlikely to be needed except where very high precision is required (e.g., during the extreme climatic swings of the last deglaciation).


TABLE 3. Comparison between macrofossils and pollen dates on FLL core samples.
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FIGURE 6. Comparison between macrofossil and pollen dates from FLL sediment core. Samples names refer to the core section and the section depth of the sample.




CONCLUSION

In the absence of sufficient macrofossils for radiocarbon dating in sediment cores, purified pollen represents a potentially valuable source for obtaining a reliable and high-resolution chronology based on radiocarbon measurements. Completely isolating enough pollen grains in order to have enough carbon for the AMS measurements is the dominant challenge, along with preventing adsorption or addition of carbon during the processing. The method for extraction and concentration of pollen that we present here demonstrates that pine pollen can be successfully and reliably extracted, purified and dated from widely varying sediment types.

Pollen concentrations may vary along the cores; thus, having additional information on the type of pollen and characteristics of the sediments can be important for improving the efficiency and the timing of the extraction and sorting method. Pollen concentration in the sediments depends on the characteristics of the sediments and lake basin, and the grain size, organic matter type and concentration, and carbonate content directly impact the variations required to execute the entire process successfully. If available, a pollen analysis is extremely helpful in identifying the dominant pollen type and the amount of raw sediment required to provide sufficient pollen for dating. Further, the dominant pollen type will determine the size of the meshes to be used during the sieving process, in particular during the last sieving step in which the smaller particles are discarded before the cytometric sorting.

The content of organic matter/humic acid and carbonates affects the number of KOH rises and the duration of the HCl treatment for each sample. Organic-rich sediments may require several rinses with KOH that should be performed until the supernatant appears light-yellowish colored. Carbonate-rich sediments may require a prolonged or multiple HCl treatments, based on the observation of the reaction of the samples to the chemicals.

Reducing the potential carbon contamination is crucial for the reliability of the AMS measurements; thus, it is important to identify and limit the potential sources of carbon contamination. In this context, it is recommended to store the KOH in a bottle with a tight lid and store the solution for no longer than a month to reduce the absorption of modern carbon from the atmosphere. After that time, the solution should be discarded, and a fresh bottle prepared. For the same reason, performing the HCl treatment after KOH without a rinse between is highly recommended. A low-carbon heavy liquid is required to prevent contamination related to the presence of carbon in the chemical. Although somewhat expensive, the heavy liquid and the nylon meshes should be disposed of and not reused for multiple samples.

Limiting the loss of pollen grains after the sorting is crucial to having the largest sample possible. Checking the discarded solutions after the sieving steps and the SPT is highly recommended to assure that the pollen has been isolated in the desired fraction. These checks should be included in the preparation whenever sediment from a new site or time period is being prepared, as the types of pollen may be quite different, and when new chemical or physical methods are introduced into an established protocol. Shipping the samples frozen and letting the samples thaw upright reduces the chance of pollen grains being lost in the vial. In addition, settling after thawing reduce the chances of losing pollen grains before the graphitization.

Excellent agreement between purified pollen dates and macrofossils from the Holocene section of Fallen Leaf Lake shows that pollen dates can be used, at least in some cases, interchangeably and confidently with macrofossil dates. Overall, the method of separating pollen for AMS dating presented here shows that pollen can be reliably separated from a wide variety of lacustrine and surface samples, the first step toward using pollen radiocarbon dates for building high-resolution chronologies for lake-sediment records.



OUTLOOK FOR THE FUTURE

Although we have successfully applied the method and variations presented here on a wide variety of sediment types and demonstrated fidelity between pollen and macrofossil dates at Fallen Leaf Lake, additional work remains to establish purified pollen dating as a routine technique.

First, pollen materials of known age need to be established to monitor for addition of modern and radiocarbon-dead carbon during the processing of pollen, as has been done for wood, shell, bone and other materials. While most labs or investigators should be able to establish a modern pollen reference material by sampling modern vegetation of a relevant type, the development of a radiocarbon-dead pollen material to monitor for addition of modern carbon is more difficult. The ideal pollen must be unequivocally too old to contain original radiocarbon; no more difficult to separate from the geological matrix than most samples of interest; and available in large enough quantities that it can be measured routinely for many years. The first two qualifications were met by ∼90 ka pollen prepared as background by Howarth et al. (2013), but the restricted amount available in a core is less than ideal.

We have focused on pine pollen in this study because it is large and abundant in our study area, but additional work must be done to establish working parameters for deposits dominated by other types of pollen. The size and shape of different pollen types will require different mesh sizes, and affect the number of grains needed to successfully date a sample. Whereas for pine grains we found that 40,000–50,000 grains were ample for a radiocarbon date, for smaller pollen types (e.g., Betula, Alnus, Quercus) the work of Tennant et al. (2013) suggests that an order of magnitude more grains may be necessary to achieve the amount of carbon measured on the FLL samples in this study. In the case of the smaller pollen grains, a sorter such as the Aria II instrument used by Tennant et al. (2013) and also available in the core facility at IUB is more suitable.

Additional testing of the parameters used for gating the events on the flow cytometer is needed to find if different pollen fractions can be separated by the cytometer. For example, Tennant et al. (2013) demonstrated the gate locations of different genera of pollen sorted on the Aria II, but the samples used were modern pollen collected separately; thus far, this separation has not been demonstrated on sediment samples. This would be extremely useful in situations where the sources of material to the pollen fraction are variable, such as where erosion supplies materials with differential preservation in soils (Howarth et al., 2013), and from distinct assemblages from the surrounding watershed (Nambudiri et al., 1980). Perhaps more difficult, but equally useful in some situations, would be the ability to distinguish reworked pollen of the same type as the dominant type, such as pine grains that are torn, crumpled, or otherwise degraded by reworking from an older deposit.

Further, if the application of pollen dating to development of chronologies is to become available to interested paleo scientists, good three-way communication is necessary to successfully move samples from raw mud to a radiocarbon measurement. At least in the United States, flow cytometers tend to be housed in university core facilities that accept outside samples, and are operated by cytometry experts. As the number of AMS facilities and flow cytometry facilities is relatively small compared to the number of chemical laboratories able to chemically concentrate pollen, it seems likely that a key relationship can be established between those two facilities, streamlining the process for investigators wanting to apply pollen dating to their studies.

Finally, as pollen dating is applied more widely, there will be a need to explore the occurrence of pollen in many different kinds of lake systems. While some lakes may present relatively simple results (e.g., Tennant et al., 2013 and the FLL results in Figure 6), in other lakes complications may arise that are specific to the dynamics in that particular basin. Basins where regression has exposed old lake sediments (Zimmerman et al., 2018), where deep soils develop and are periodically eroded into the lake (Howarth et al., 2013); and where the potential for unusual carbon dynamics exists (Schiller et al., 2021) demonstrate the need to understand each lake basin as an individual, until enough lakes have been characterized to understand the variety of locations where pollen dating is likely to be successful.
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Modern pollen–vegetation–climate relationships underpin palaeovegetation and palaeoclimate reconstructions from fossil pollen records. East Siberia is an ideal area for investigating the relationships between modern pollen assemblages and near natural vegetation under cold continental climate conditions. Reliable pollen-based quantitative vegetation and climate reconstructions are still scarce due to the limited number of modern pollen datasets. Furthermore, differences in pollen representation of samples from lake sediments and soils are not well understood. Here, we present a new pollen dataset of 48 moss/soil and 24 lake surface-sediment samples collected in Chukotka and central Yakutia in East Siberia. The pollen–vegetation–climate relationships were investigated by ordination analyses. Generally, tundra and taiga vegetation types can be well distinguished in the surface pollen assemblages. Moss/soil and lake samples contain generally similar pollen assemblages as revealed by a Procrustes comparison with some exceptions. Overall, modern pollen assemblages reflect the temperature and precipitation gradients in the study areas as revealed by constrained ordination analysis. We estimate the relative pollen productivity (RPP) of major taxa and the relevant source area of pollen (RSAP) for moss/soil samples from Chukotka and central Yakutia using Extended R-Value (ERV) analysis. The RSAP of the tundra-forest transition area in Chukotka and taiga area in central Yakutia are ca. 1300 and 360 m, respectively. For Chukotka, RPPs relative to both Poaceae and Ericaceae were estimated while RPPs for central Yakutia were relative only to Ericaceae. Relative to Ericaceae (reference taxon, RPP = 1), Larix, Betula, Picea, and Pinus are overrepresented while Alnus, Cyperaceae, Poaceae, and Salix are underrepresented in the pollen spectra. Our estimates are in general agreement with previously published values and provide the basis for reliable quantitative reconstructions of East Siberian vegetation.

Keywords: modern pollen assemblages, pollen-vegetation-climate relationships, East Siberia, tundra, taiga, relative pollen productivity, quantitative vegetation reconstruction


INTRODUCTION

Palaeoenvironmental studies in Siberia are important to understand climate and vegetation changes in the Northern Hemisphere. Pollen is the most widely used proxy for quantitative reconstructions of vegetation and climate in the past (Abraham et al., 2017; Sun et al., 2019; Chevalier et al., 2020; Liang et al., 2020). However, the number of quantitative climate and vegetation reconstructions available from Siberia is still low (e.g., Andreev and Klimanov, 2000, 2001; Andreev et al., 2001, 2004, 2011, 2014; Andreev and Tarasov, 2013; Tarasov et al., 2013; Klemm et al., 2016; Kobe et al., 2020), partly because of a lack of modern pollen assemblages that provide the basis for the application of the modern analog technique or the generation of pollen–climate transfer functions (Overpeck et al., 1985; Magyari et al., 2014; Birks and Berglund, 2018). The relative pollen productivity (RPP) is an estimated value of pollen productivity relative to a reference taxon, which calibrates the relationship between vegetation cover and pollen data. Therefore, missing RPP estimates affect the ability of models such as the Landscape Reconstruction Algorithm (LRA; Sugita, 2007a,b) and the Multiple Scenario Approach (MSA; Bunting and Middleton, 2009) to make reasonable vegetation reconstructions.

Modern pollen datasets in Siberia have been published in previous studies (Tarasov et al., 2007, 2011; Müller et al., 2010; Klemm et al., 2016) and databases such as Eurasian Modern Pollen Database (Davis et al., 2020). However, compared to other Northern Hemisphere regions, studies on surface pollen are still rare for some regions such as Chukotka and central Yakutia. Moreover, only a few studies of modern pollen assemblages in arctic Siberia (Pisaric et al., 2001; Müller et al., 2010; Klemm et al., 2013, 2016) and southern Siberia (Pelánková et al., 2008) have been carried out that explore the relationships between pollen assemblages and vegetation or establish pollen–climate transfer functions.

Different pollen source areas and taphonomies can cause inconsistency in the pollen signals from different types of archives (Prentice, 1985; Minckley and Whitlock, 2000; Wilmshurst and McGlone, 2005; Klemm et al., 2013). As fossil pollen records in Siberia are mainly obtained from lake sediments, the quantitative reconstructions remain uncertain because the modern pollen datasets underpinning the reconstructions mostly originate from soils (e.g., Pelánková et al., 2008; Zhang et al., 2018; Cui et al., 2019; Geng et al., 2019). Modern pollen assemblages from lake sediments are less abundant (e.g., Clayden et al., 1996; Pisaric et al., 2001; Klemm et al., 2013, 2016; Niemeyer et al., 2015, 2017) despite commonly being used as palaeoenvironmental archives. Since RPP estimates can vary between regions, the vast area of Siberia is still in need of RPP estimates to make better quantitative vegetation reconstructions. Hitherto, only Niemeyer et al. (2015) have provided RPP estimates for common taxa of the Siberian Arctic and investigated the differences between moss and lake pollen. However, Siberia covers a large area and RPP information from forested boreal areas in eastern Siberia and the Far East tundra–taiga transition area in Chukotka are completely lacking. The bias with archive type might be particularly strong in areas where taxa with strongly different transportation characteristics dominate, such as in Siberia. For instance, Larix, the dominant tree in East Siberian forests, is rare in pollen assemblages, probably because it is produced in low numbers, is poorly preserved, and poorly transported, while Alnus on the other hand is strongly overrepresented in pollen spectra (Niemeyer et al., 2015). The abundance and representation of Poaceae and Cyperaceae are also complex due to their diverse habitats (Bush, 2002; Semeniuk et al., 2006).

Here, we present the results of a pollen analysis of 48 moss/soil and 24 lake samples collected from East Siberia and RPP estimates for major plant taxa based on moss/soil samples in Chukotka and central Yakutia. The main objectives of this work are: (1) to assess how modern pollen assemblages reflect regional vegetation and climate conditions; (2) to compare and understand possible differences of pollen assemblages from lake sediments and surface soils; and (3) to obtain the relevant source area of pollen (RSAP) and RPP estimates of major taxa in East Siberia for future plant cover reconstructions.



MATERIALS AND METHODS


Study Area

The study areas, Chukotka (65.8–68.5°N, 163.4–168.8°E) and central Yakutia (59.9–63.9°N, 112.9–129.7°E), are situated in eastern Siberia (Figure 1). The elevations of the sampling sites range from 94 to 843 m above sea level. The climate is characterized by a mean annual temperature (MAT) of -14.3 to –11.7°C in Chukotka and –9.5 to –5.1°C in central Yakutia, with the lowest temperatures in January and the highest in July. The mean annual precipitation (MAP) ranges from 183 to 274 mm in Chukotka and from 240 to 477 mm in central Yakutia (Matsuura and Willmott, 2018a,b).
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FIGURE 1. Vegetation map (after Stone and Schlesinger, 2004) and locations of sampling sites in north-eastern and central Siberia.


The main vegetation types are tundra–taiga transition in Chukotka and taiga in central Yakutia. The tundra is covered by mosses, sedges, and lichens with some prostrate and hemi-prostrate low shrubs (Salix, Dryas, Betula nana L., and different ericaceous taxa). Open larch (Larix gmelinii [Rupr.] Kuzen., Larix cajanderi Mayr) and spruce–larch (Larix gmelinii [Rupr.] Kuzen., Picea obovata Ledeb.) forests predominate in the taiga zone of central Yakutia. Larch (Larix cajanderi Mayr) forests and pine (Pinus pumila [Pall.] Regel) shrubs occupy the Chukotka study regions, while forests with Abies sibirica Ledeb., Pinus sylvestris L., P. sibirica Du Tour, and Larix gmelinii (Rupr.) Kuzen. occupy the study area in Yakutia (Safronova and Yurkovsksya, 2019).



Sample Collection

A total of 72 surface samples were collected from both study areas: 30 moss/soil samples and 16 lake surface samples from Chukotka and 18 moss/soil samples and 8 lake surface samples from central Yakutia in July 2016 (Overduin et al., 2017) and in July and August 2018 (Kruse et al., 2019). Coordinates of the sampling sites were obtained by a hand-held Global Positioning System (GPS). Vegetation and major plant taxa were described in the field. Ecoregions, including Floodplain and Anthropogenic Meadows, Mountain Tundra, Open Woodlands, and Middle Taiga, for each sampling site were extracted from a 1:4 million scale vegetation map for the land area of the former Soviet Union. (Stone and Schlesinger, 2004) using ArcGIS 10.3. Detailed information of the 72 sites is presented in Table 1.


TABLE 1. Information about the 72 sampling sites in East Siberia.
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Pollen Analysis

Pollen samples were taken from the first centimeter of the soil/moss polster below the plant litter, while the lake sediment samples were taken from the uppermost centimeter of the lake cores. The samples were weighed (approximately 1–2 g for moss/soil samples and 3 g for lake samples), and a tablet with Lycopodium spores was added to the sample for the estimation of pollen concentrations (Stockmarr, 1971). Each sample was sieved to remove moss/plant residues and coarse particles, and was processed following a modified acetolysis procedure (Faegri et al., 2000), including HCl, NaOH, HF, and acetolysis treatments. The residue was then sieved through a 10 μm mesh. Water-free glycerol was used for sample storage and preparation of the microscopic slides.

At least 300 terrestrial pollen grains were counted and identified in each sample under a microscope at 400X magnification using published pollen atlases and identification keys (Reille, 1992, 1995, 1998; Wang, 1995). Pollen percentages were calculated based on the total number of terrestrial pollen grains. Tilia software (Grimm, 2004) was used to plot the results as a pollen percentage diagram (Figure 2).
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FIGURE 2. Pollen diagram of the main taxa from 72 surface samples, grouped according to location. Suffix V signifies samples from vegetation plots, i.e., moss/soil samples and suffix L signifies lake sediment samples. Samples in each group are sorted by latitude in descending order.




Vegetation Survey

For the moss/soil samples collected in 2018 (n = 48), a vegetation survey around the sampling point was carried out following the steps below. The vegetation within 0-2 m was surveyed in concentric rings of 0.5 m increments. Plant taxa composition was estimated as total cover in percentage. To investigate the vegetation within 2–100 m, vegetation plots were overflown with a consumer grade drone and Survey Red Green Blue (RGB) and Red Green Near Infrared (RGN) cameras to obtain spatially mapped detailed vegetation information in 2 and 3 dimensions (2D, 3D) besides the 2018 field vegetation inventories (Kruse et al., 2019; van Geffen et al., 2021a,b). The aerial imagery covered a minimum areal extent of 50 m × 50 m over the vegetation plots. RGB and RGN Structure for Motion (SFM) point clouds were constructed with Agisoft PhotoScan Professional (Agisoft, 2018) according to methods described in Brieger et al. (2019). From each full RGB and RGN point cloud and overhead photo images orthomosaics were created (Kruse et al., 2021). The distribution of plant communities was mapped by a maximum likelihood classification of the layers using the superClass function in the “RStoolbox” package (Leutner et al., 2019) in R (R Core Team, 2019). The training dataset and cover of plant taxa for each community was visually selected and estimated in the field using 2 m × 2 m quadrats. The cover of major taxa was extracted by concentric rings of 1 m increments within the first 25 m and extrapolated to 100 m radius by the averaged taxa cover.

The vegetation within 100–3000 m was inferred from a land-cover classification at a 20 m resolution based on Sentinel-2 satellite image data (European Space Agency, ESA). The training dataset of land-cover types was created based on the 2018 vegetation plots (van Geffen et al., 2021a,b). Plant cover data within the different radii were extracted from these vegetation class maps within a 3000 m radius of each sampling site. Plant taxa composition in each land-cover type was estimated based on the taxa cover extracted from the drone-based orthomosaics. For Chukotka, the classification of the Sentinel-2 satellite data was performed with machine learning algorithms in Python from the SciKit-Learn library (Pedregosa et al., 2011). Several algorithms were trained, including Random Forest, Decision Tree, and Gaussian Naive Bayes, and the best performing algorithms were selected per region based on the mean accuracy over all the classes. For all 35 vegetation plots in Chukotka the vegetation classes were all classified together with an accuracy score of 82% and the K- Nearest Neighbours algorithm. For the vegetation plots in central Yakutia, class variety was more diverse with not enough vegetation plots of the same class for a robust classification. Instead of a supervised trained classification we defined the value ranges of the Normalized Difference Vegetation Index NDVI (Near Infrared – red/Near Infrared + red) and the relative absorption depth (Murphy, 1995) of the red Chlorophyll absorption band (green + Near Infrared/2 × Red) (European Space Agency, 2015) of each of the vegetation classes for assigning classes from the NDVI and pigment absorption depth maps.

To create vegetation input files for the Extended R-Value (ERV) models, the mean absolute cover (in m2 m–2) of the plant taxa for ERV analysis was calculated for each chosen distance increment. In this study, we used different increments within different distances (1 m increment for the first 25 m radius, 5 m increment for between 20 and 100 m, 10 m increment for 100 to 1000 m, and 50 m increment for 1000–3000 m). We assume homogeneous vegetation cover in each concentric ring, as it is the assumption for data analysis using ERV models and related pollen-dispersal functions.



Climate Data

MAT, MAP, mean summer temperature (MST), mean winter temperature (MWT), mean summer precipitation (MSP), and mean winter precipitation (MWP) over 30 years (1987–2017) and 100 years (1917–2017) were interpolated using the weighted mean method from Terrestrial Air Temperature: 1900–2017 Gridded Monthly Time Series Version 5.01 (Matsuura and Willmott, 2018a) and Terrestrial Precipitation: 1900–2017 Gridded Monthly Time Series Version 5.01 (Matsuura and Willmott, 2018b) in R software.



Numerical Analysis

Taxa that occurred in at least three samples were used in the numerical analysis. A square root transformation of all the data was performed before all the numerical analyses to normalize skewed distributions and reduce the effect of extreme values.

Ordination analyses were used to investigate the main structure in the pollen data and its relation to vegetation type and environmental variables. A detrended correspondence analysis (DCA) was initially performed to estimate the underlying linearity of the data. The results of the DCA showed that the gradient lengths of the first four axes were less than 2.1 standard deviation units, suggesting linear underlying responses. Accordingly, the linear methods Principal Component Analysis (PCA) and Redundancy Analysis (RDA) were chosen to assess how well the pollen assemblages characterize the different vegetation types (Ter Braak and Prentice, 1988). The correlations between pollen assemblages and climate variables are explored in the RDA. Analyses were implemented using the “vegan” package in R (Oksanen et al., 2019).

PROCRUSTES rotation analysis (Peres-Neto and Jackson, 2001) was performed to compare the species scores of the PCA results for pollen data from different sample types using the “vegan” package in R (Oksanen et al., 2019). This analysis was to investigate the similarity and correlation between pollen data from moss/soil and lake samples. The non-randomness (significance) between the tested datasets was assessed by PROTEST (Jackson, 1995; Niemeyer et al., 2017).



Extended R-Value Analysis

Besides pollen and vegetation data, other input data required to run the ERV model are fall speed of pollen (FSP) and wind speed. We used a constant wind speed of 2.1 m s–1, which is the mean wind speed calculated from the Global Surface Hourly dataset (1988–2018, Noaa National Centers for Environmental Information, 2001) based on selected weather stations in study area. FSP for the selected taxa (Table 2) were taken from the literature (Eisenhut, 1961; Gregory, 1973; Sugita et al., 1999; Broström et al., 2004; Li et al., 2015).


TABLE 2. Fall speed of major taxa used to estimate relative pollen productivity (RPP) in this study.
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ERV.Analysis.v1.3.1. Program (Sugita, unpublished) was used to estimate RPP for the selected taxa in Chukotka and central Yakutia. This program provided 4 pollen dispersal models including Prentice-Sutton distance-weighting method (Prentice’s model) which was chosen as the best fit for this study. We ran the ERV analyses using selected moss/soil sampling sites from Chukotka (14 sites) and central Yakutia (17 sites). We selected taxa that occurred sufficiently frequently in both the pollen and vegetation data for most sites and are characterized by between-sample variation in pollen percentages and vegetation abundances (Li et al., 2017). Ericaceae was present at adequate quantities in the pollen assemblages and vegetation of most sites with a wide variation in abundance between sites in both areas. Poaceae is the most common reference taxon in studies of RPPs. Therefore, Ericaceae (Chukotka, Yakutia) and Poaceae (Chukotka) were selected as the reference taxa to run the ERV model and pollen productivity for the other taxa was estimated relative to the productivity of these reference taxa. We ran the ERV model using all sites with available vegetation and pollen data to assess the log-likelihood curves to identify the RSAP and evaluate the pollen–vegetation relationships. The taxa with non-linear relationships and the site outliers in terms of regional vegetation composition and structure were excluded and then a second ERV analysis was conducted. We also explored the effects of including different numbers of taxa in the ERV analysis, repeating calculations with 6, 7, or 8 taxa, and found that the results from the analysis of 6 taxa (Betula, Cyperaceae, Ericaceae, Larix, Poaceae, Salix) for Chukotka and 7 taxa (Alnus, Betula, Cyperaceae, Ericaceae, Larix, Picea, Pinus) for central Yakutia are most reasonable.

All three sub-models of the ERV model were tried in the analysis. The input pollen and vegetation datasets for ERV sub-models 1 and 2 were percentages while sub-model 3 used vegetation datasets expressed as absolute abundance (m2/m2). ERV sub-model 1 and 2 assumes the background pollen as a constant percentage (Parsons and Prentice, 1981) and a constant proportion of total plant abundance (Prentice and Parsons, 1983). Sub-model 3 assumes that the background pollen comes from beyond RSAP. The RSAP was defined visually from a log-likelihood curve where the values increased with distance and reached an asymptote. The RPP of each taxon was estimated as the average value with all distances greater than the RSAP.




RESULTS


Pollen Assemblages

A total of 46 pollen and spore taxa were identified in the 72 surface samples, 31 of which occurred in at least three samples. The overall dominant taxa are Alnus, Artemisia, Betula, Cyperaceae, Ericaceae, Larix, Poaceae, Pinus, and Salix.

Pollen assemblages from Chukotka are characterized by high percentages of prostrate and hemi-prostrate low shrub taxa (36–94%), with Betula ranging from 7.3 to 64.0% and median value 32.2%, Ericaceae (0.3–66.7%, 9.4%, henceforth median value), Alnus (1.0–58.6%, 11.2%), and Salix (0.0–7.8%, 1.5%). Herb pollen taxa such as Cyperaceae (0.0–42.8%, 9.1%), Poaceae (0.0–20.7%, 2.4%), and Artemisia (0.0–18.7%, 1.4%) are also relatively common in some samples. The main tree pollen taxa are Larix (0.0–12.0%; 1.0%) and Pinus (0.6–65.2%, 5.8%).

Pollen assemblages from central Yakutia are characterized by high proportions of tree taxa (50–99%) especially conifers such as Pinus (12.8–84.3%, 43.2%), Picea (0.0–42.7%, 3.8%), and Larix (0.5–15.2%, 1.5%). Pollen of Betula (1.3–44.3%, 22.2%), Ericaceae (0.0–46.0%, 0.3%), Alnus (0.3–14.8%, 5.5%), Cyperaceae (0.0–18.3%, 1.0%), and Poaceae (0.0–14.6%, 0.4%) are also common but less abundant than in pollen assemblages from Chukotka.



Vegetation Data

A total of 46 harmonized taxa (some taxa were combined in order to correspond to pollen types) was recorded in the field survey. In the final vegetation dataset employed for the ERV-modeling, 11 land-cover types were included in the application (Table 3). For the Chukotka area, graminoid tundra, forest and shrub tundra, and prostrate herb tundra were adopted. The vegetation types of open canopy pine and larch with lichen, open canopy pine, closed canopy pine, open canopy mixed forest, closed canopy mixed forest, open canopy larch, closed canopy larch, and closed canopy spruce were classified in central Yakutia (see example of maps with classifications in Figure 3).


TABLE 3. Land-cover types from Sentinel-2 data and their major taxa composition in this study.
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FIGURE 3. Examples of (A) Red Green Blue true-color orthoimage derived from the RGB drone camera with a 15 m radius circle, (B) classified vegetation map from orthoimage (barren in blue and shrub tundra in red) with a 15 m radius circle, and (C) land-cover map created from Sentinel-2 images with a 3000 m radius circle. The land-cover type IDs are described in Table 3: 0 – water body, 6 – Closed canopy pine, 7 – Open canopy mixed forest, 9 – Open canopy larch, 11 – Closed canopy spruce.




Pollen-Vegetation-Climate Relationships of Different Sediment Types

In order to explore the relationships between pollen assemblages, vegetation types, and climate variables, RDA was performed with climate variables as constraining variables (RDA in Figure 4). The first two RDA axes explain 50.46% (axis 1: 43.75%, axis 2: 6.709%) of the total variance observed in the pollen assemblages from moss/soil samples while the first two axes of the RDA based on lake samples explain 64.11% (axis 1: 50.29%, axis 2: 13.82%) of the total variance.
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FIGURE 4. Triplots of redundancy analysis (RDA) based on surface pollen data from (A) moss/soil samples and (B) lake samples. Climate variables are projected as red arrows in the plots (MAP, mean annual precipitation; MAT, mean annual temperature).


The first axes of the lake and moss/soil datasets separate the samples from Chukotka and central Yakutia. The taxa scores of axis 1 reflect the pollen contents of the main taxa for different vegetation types, i.e., Pinus, Picea, and Larix (positive RDA scores) and Ericaceae, Betula, Alnus, Salix, and Cyperaceae (negative RDA scores) in both analyses with different scores.

All climate variables are positively related to axis 1 with high scores. RDA1 scores of constraining variables are 0.9426 and 0.9327 (MAT) and 0.8948 and 0.9083 (MAP) for moss/soil and lake datasets, respectively. MAT and MAP are shown in the RDA plots (Figure 4). The first RDA axis apparently reflects temperature and moisture gradients as shown by the projections in both plots. The RDA plot of moss/soil samples indicates that temperature is the main controlling factor of the changes in pollen assemblages as the arrow of MAT is parallel to the first axis (Figure 4). Moreover, the relationship between the climate variables and pollen assemblages of lake samples is stronger than for the moss/soil samples since the first two RDA axes of lake samples explain more of the total variance (64.11%) than the moss/soil samples (50.46%). In general, the samples from Chukotka are associated with lower temperature and precipitation, whereas the samples from central Yakutia are strongly related to higher temperature and precipitation.

PROCRUSTES rotation analyses and PROTEST were performed to find the best fit in a statistical sense between PCA taxa scores of moss/soil and lake samples (Figure 5). The results indicate a significant accordance in pollen data between the PCA taxa scores of different sample types. The PROCRUSTES rotation sum of squares(m12) is 0.378 and the root mean square error (RMSE) is 0.1104. Correlation between the two ordination results (r = 0.7887) is high. Pollen taxa residuals of Rumex, Poaceae, Alnus, Larix, and Asteraceae between different sample types are above 0.15 (Figure 5) showing a lack of consistency for these taxa in the tested datasets.
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FIGURE 5. PROCRUSTES residuals plot of comparison between principal component analysis (PCA) taxa scores of moss/soil samples and lake samples (ordered according to the residual scores). Dashed and solid lines are the first, second, and third quartiles. The p-value indicates the likelihood of the relationship occurring by chance and the r-value reflects the correlation between the two ordination results. Taxa used in ERV model were highlighted in red rectangle.




Relevant Source Area of Pollen and Relative Pollen Productivity Estimates


Chukotka

Out of the three sub-models, sub-model 1 was excluded at first based on the plots of log-likelihood against distance (Figure 6). The RSAP is ca. 500 m with sub-model 3 and ca. 1300 m with sub-model 2 since the log-likelihood approached an asymptote (Figure 6A). Ericaceae and Betula exhibit a relationship that is closest to an ideal linear relationship in ERV adjusted pollen proportions and vegetation proportions using sub-model 2 (Supplementary Figure 1A).
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FIGURE 6. Plots of the log-likelihood against distance from the sampling point using three ERV sub-models for (A) Chukotka and (B) Yakutia, based on pollen data from moss/soil samples and vegetation data within a 3000 m radius.


The RPP estimates relative to both Poaceae and Ericaceae for 6 taxa and their standard deviations (SDs) were calculated using two ERV sub-models (Table 4). ERV sub-model 2 mostly produces higher RPPs than sub-model 3 except for Cyperaceae. The ranking of the RPPs is the same for both ERV sub-models: Betula > Larix > Ericaceae > Poaceae > Salix > Cyperaceae with Ericaceae having a RPP of 1 (Figure 7). Cyperaceae and Salix have very low RPPs but their large standard deviations suggest that they may not be credible values.


TABLE 4. Relative pollen productivity (RPP) estimates and standard deviations (SDs) for selected taxa in Chukotka and central Yakutia.
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FIGURE 7. Relative pollen productivity estimates and errors for selected taxa, using plant cover data weighted by two ERV sub-models.




Central Yakutia

Out of the three sub-models, sub-model 1 was excluded at first based on the plots of log-likelihood against distance (Figure 6). The RSAP is ca. 250 m with sub-model 3 and ca. 360 m with sub-model 2 since the log-likelihood approached an asymptote (Figure 6B). Picea and Pinus exhibit a relationship that is closest to an ideal linear relationship in ERV adjusted pollen proportions and vegetation proportions using sub-model 2 (Supplementary Figure 1B).

The RPP estimates relative to Ericaceae for 7 taxa and their standard deviations (SDs) were calculated using two ERV sub-models (Table 4). ERV sub-models 2 and 3 produce similar but varying RPPs. The ranking of the RPPs is the same for both ERV sub-models: Pinus > Larix > Picea > Ericaceae > Betula > Alnus > Cyperaceae with Ericaceae having a RPP of 1 (Figure 7). Cyperaceae and Alnus have very low RPPs but their large standard deviations suggest that they may not be credible values. Betula also has a very large standard deviation.





DISCUSSION


Pollen-Vegetation-Climate Relationship

Our surface pollen assemblages reflect the vegetation types well in terms of dominant taxa in the study regions. Furthermore, pollen spectra from Middle Taiga and Mountain Tundra are unique as revealed by RDA. Pinus and Picea have positive RDA scores (Figure 4), as do most samples from central Yakutia, reflecting the Middle Taiga ecoregion. Ericaceae, Betula, Alnus, Salix, and Cyperaceae have negative RDA scores, reflecting the ecoregion of Mountain Tundra from Chukotka. The samples from Open Woodlands are scattered around the center of the RDA plots, which is reasonable since this represents a spatially and ecologically transitional vegetation type between tundra and taiga. There are only two sites that are inconsistent with this pattern: EN18008 and EN18065. The vegetation survey of EN18008 found Pinus pumila shrubs, which has resulted in a high proportion of Pinus in the pollen data and may explain why it was distributed among the samples from central Yakutia in the RDA plot. Our ordination results are similar to other studies. For example, Pelánková and Chytrý (2009) compare proportions of plant species in actual vegetation and their pollen types in surface pollen spectra along transects in the steppe, forest, and tundra of the valleys of the Russian Altai Mountains and conclude that pollen taxa abundances of Betula nana, Larix, Picea, and Salix are significantly correlated to the surrounding vegetation. In a PCA of modern pollen spectra in north-eastern Siberia from Klemm et al. (2013), regional differences between tundra and taiga are reflected.

Betula and Ericaceae in Chukotka and Picea and Pinus in central Yakutia exhibit relationships that are closest to a perfect linear relationship (Supplementary Figure 1). It is common in RPP studies that only a few taxa can fit the theoretical ERV-model linear relationship. A non-perfect relationship might be due to the discrepancy between pollen productivity and pollen dispersion, leading to unevenness in the pollen data and vegetation data (e.g., Alnus, Salix, Cyperaceae). Other factors influencing the pollen–vegetation relationship may be stochastic pollen dispersal processes, for example by insects rather than wind transport, or pollen transported in clumps rather than as single grains (Tufto et al., 1997; Theuerkauf et al., 2013; Li et al., 2017).

Pollen composition is numerically related to temperature and precipitation (Figure 4). Pinus and Picea are characteristic of the samples from central Yakutia with relatively high MAT, whereas Betula, Cyperaceae, and Ericaceae, are indicator taxa in samples from Chukotka and dominate under low MAT. This is in accordance with results from previous studies of Siberian surface pollen spectra (e.g., Pelánková and Chytrý, 2009; Klemm et al., 2013). It suggests that the relationship between pollen assemblages and climate variables is rather tight, and that palaeoclimates can be reasonably accurately reconstructed from fossil pollen records.

Although these correlations may provide climate indicators, the relationships between climate variables and a single taxon can be different in different areas. For example, Pelánková et al. (2008), based on their studies in southern Siberia, suggest that a high proportion of Pinus pollen indicates low summer temperatures and higher precipitation and the occurrence of Larix pollen indicates low winter temperatures and low precipitation, which contrasts with the positive correlation between MAT and Pinus and the insignificant correlation between Larix and temperature in this study. This contrast can be attributed to the range of climate variables and vegetation types in geographically different areas.



Pollen Assemblages in Different Sediment Types

PROCRUSTES analysis of PCA taxa scores reveals that pollen data from moss/soil and lake samples have a similar distribution (m12 = 0.378, r = 0.7887). However, there are some differences in the representation of several pollen taxa originating from different sediment types as indicated by, for example, the high PROCRUSTES residuals of Poaceae, Alnus, Larix, and Salix (Figure 5). The pollen percentages of Larix in lake samples from central Yakutia are generally larger than those from the moss/soil samples (Supplementary Figure 2). This finding is in accordance with the RPP estimates from moss surface and lacustrine surface-sediment samples in arctic Siberia (Niemeyer et al., 2015). The pollen percentages of Ericaceae from different sample types varied apparently in terms of mean value and variation range (Supplementary Figure 2). The variation of pollen assemblages in different sediment types may be attributed to the size of the source area which depends on the diameter of a sampling site (Sugita, 1993, 1994). Pollen data from large lakes show little site-to-site variation even if vegetation is highly heterogeneous compared with pollen data from smaller source area (Sugita, 2007a,b). Therefore, the majority of the pollen in moss/soil samples is likely to originate from local plants, while the lake surface-sediments contain pollen from a larger source area (Bunting, 2002; Zhao et al., 2009). Lisitsyna et al. (2012) state that lake sediment samples from mountain birch woodland tend to overestimate pine and underestimate birch while those from pine forest tend to have higher birch percentages than moss samples, which aligns with our results.

The vegetation type of the sampling sites from central Yakutia is Middle Taiga with more trees and less herbs than the Mountain Tundra and Open Woodlands of sampling sites from Chukotka. Lake samples are characterized by higher amounts of Poaceae and Cyperaceae, especially in samples from central Yakutia (Supplementary Figure 2). This might be explained by the higher presence of sedges around the lakes. The Poaceae family includes a number of plant species with very different ecological tolerances. As most fossil pollen records are collected from wet settings, it is difficult but critically important that palynologists recognize whether Poaceae pollen is derived from meadow and marshes that surround their coring site. Interpretations of the pollen signals of Poaceae are likely to overstate “dry” episodes (Bush, 2002).



Relative Pollen Productivity Estimates and Relevant Source Area of Pollen

Based on the plots of log-likelihood against distance from the sampling point (Figure 6), sub-model 2 provided a more satisfactory curve and reached an asymptote with the most relatively constant values for both regions. Therefore, sub-model 2 is the most appropriate model to estimate the RSAPs and RPPs for Chukotka and central Yakutia. Estimated RSAPs for moss/soil samples are respectively 1300 and 360 m for the Chukotka tundra and central Yakutia taiga, and are similar to other estimates (see Table 5). Several studies (Sugita et al., 1999; Bunting et al., 2004; Broström et al., 2005) suggest that different RSAPs are caused by the distribution and size of the vegetation patches when the basin size is constant. Larger patches and grids will lead to an increase in RSAP (Qin et al., 2020). Other factors such as the taxa included in the analysis and the method used to select sample locations can also influence the estimated RSAP (Broström et al., 2005; Nielsen and Sugita, 2005). Differences in RSAPs may also be due to the number of taxa included and the plant characteristics of the studied landscape (Li et al., 2017). Mixed herb-tree vegetation may have a larger RSAP than all-herb or all-tree vegetation (Bunting and Hjelle, 2010). In our case, taxa included in the ERV analysis of sites from Chukotka are fewer than those from central Yakutia and the vegetation type in Chukotka is mostly tundra with mixed herb and tree taxa while the vegetation in central Yakutia is mainly different types of forest. Moreover, large patch size and the openness can also lead to a relatively larger RSAP in Chukotka.


TABLE 5. Relative pollen productivity (RPP) estimates rescaled relative to Ericaceae (RPPs from Changbai Mt. and Germany were rescaled based on the relationship between their original reference taxa and Ericaceae in this study) in previously published studies for selected taxa that are compared with this study.
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Our RPPs of Larix (RPPchukotka: 1.40 ± 0.24, RPPyakutia: 4.23 ± 2.24), Betula (RPPchukotka: 1.80 ± 0.15, RPPyakutia: 1.02 ± 3.76), Picea (RPPyakutia: 2.18 ± 0.53), and Pinus (RPPyakutia: 10.38 ± 3.75) suggested that they are overrepresented in the pollen spectra, while Alnus (RPPyakutia: 0.54 ± 0.97), Cyperaceae (RPPchukotka: 0.00001 ± 0.00430, RPPyakutia: 0.01 ± 3.04), Poaceae (RPPchukotka:0.64 ± 0.18), and Salix (RPPchukotka:0.14 ± 0.07) are underrepresented. The RPPs for most taxa in this study compare reasonably well with published studies except Alnus, Cyperaceae, and Salix.

Even for the same taxa such as Betula (RPPchukotka: 1.80 ± 0.15, RPPyakutia: 1.02 ± 3.76) and Larix (RPPchukotka: 1.40 ± 0.24, RPPyakutia: 4.23 ± 2.24), the RPP estimates show variation. The reliability of RPP estimates can be assessed by their standard deviations. If the SD is larger than the RPP value, it implies that the estimated RPP is not different from zero and should be considered as unreliable (Li et al., 2017). In our study, the large standard deviations for Alnus (RPPyakutia: 0.54 ± 0.97) and Betula (RPPyakutia: 1.02 ± 3.76) for Yakutia and for Cyperaceae (RPPchukotka: 0.00001 ± 0.00430, RPPyakutia: 0.01 ± 3.04) for both areas suggest that they may not be credible values. We can also compare the results from sub-model 2 with sub-model 3. Sub-model 2 (Prentice and Parsons, 1983) was developed for datasets where both pollen and vegetation data are available as percentages while sub-model 3 (Sugita, 1994) can be used if absolute vegetation abundance (m–2 m2) is known. Sub-model 2 assumes that the background pollen of each taxon is a constant proportion of total plant abundance (Prentice and Parsons, 1983) and sub-model 3 assumes that the background pollen comes from beyond the RSAP. Large variation in total plant abundance among sites may result in less good estimates from sub-model 2 (Prentice and Parsons, 1983). The taxa with similar RPPs are Betula, Larix, and Poaceae for Chukotka and Larix, Picea, and Pinus for central Yakutia. The RPP of Salix (0.14, 0.0006) is significantly different with both sub-models, hence its use should be treated with care.

To compare our results with other studies, RPP estimates in previously published studies were rescaled relative to Ericaceae for major taxa (Table 5 and Figure 8). The large differences between RPP estimates may be due to different species and vegetation types between regions. Differences in methodology for vegetation data collection (Bunting and Hjelle, 2010) and fall speed of pollen can also influence the result of RPP estimates. Our RPP estimates for Betula (RPPchukotka: 1.80 ± 0.15, RPPyakutia: 1.02 ± 3.76) and Poaceae (RPPchukotka: 0.64 ± 0.18) are relatively small while our RPP estimates for Picea (RPPyakutia: 2.18 ± 0.53) and Pinus (RPPyakutia: 10.38 ± 3.75) are relatively large compared with other studies. Even though Larix is normally regarded as a very underrepresented taxon, according to our results, the RPP for Larix is not as low as the value from moss/soil samples in Niemeyer et al. (2015) and is similar to other studies (e.g., Matthias et al., 2012; Zhang et al., 2017). Besides, RPP estimates for Larix (RPPchukotka: 1.40 ± 0.24, RPPyakutia: 4.23 ± 2.24) vary not only in our own study but also in other studies. Nevertheless, most RPP estimates of selected taxa in this study are comparable with published studies except Alnus, Cyperaceae, and Salix. The large standard deviations and/or the dissimilar values returned by the different sub-models may indicate that our results for these taxa are of limited reliability. Estimates of RPP values can be tested by using them in pollen-based reconstructions of modern or palaeovegetation.
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FIGURE 8. Relative pollen productivity (RPP) estimates of seven selected taxa (Alnus and Cyperaceae were excluded because of high standard deviations) compared to RPPs from other studies (Northern Finland and lake samples from Siberian Arctic were excluded as outliers).





CONCLUSION

Our study reveals that the surface pollen assemblages from Chukotka and central Yakutia numerically reflect the main vegetation types as well as the climate, particularly temperature.

Pollen data from moss/soil and lake samples have a generally similar distribution and significant consistency. Still, for some pollen taxa differences are observed: we find a high abundance of Poaceae and Cyperaceae in lake samples, which at least partly originates from overrepresented wetland taxa in the direct vicinity of the lakes. In contrast to expectation, Larix has higher abundances in lake samples than in moss/soil samples. Furthermore, pollen percentages of major taxa in moss/soil samples show a higher variability compared to lake samples.

The RSAP of the tundra-forest transition area in Chukotka and the taiga area in central Yakutia are ca. 1300 and 360 m, respectively. For Chukotka, RPPs relative to both Poaceae and Ericaceae have been estimated while RPPs for central Yakutia are relative to Ericaceae. Larix, Betula, Picea, and Pinus are overrepresented while Alnus, Cyperaceae, Poaceae, and Salix are underrepresented in the pollen spectra. The RPPs for Alnus, Cyperaceae, and Salix should be used with caution. Our estimates are in general agreement with previously published values and provide a base for a reliable quantitative reconstruction of East Siberian vegetation.

Our new modern pollen data contribute to the existing modern pollen databases (Davis et al., 2020) and can be used as analogs of tundra and taiga under cold climate conditions. Our results have implications for the interpretation of fossil pollen records and the quantitative reconstruction of past vegetation and climate.
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Knowledge of the hydroclimatic changes in Southwest China since the Last Glacial Maximum (LGM) is crucial for disentangling the long-term evolution of the Asia Monsoon and predicting the future fate of the mountain peat deposit in the Asia Monsoon region. In this study, we obtained a 530-cm-long peat core from the Ganchi wetland in Southwest China and analyzed its geochemical indices, including total nitrogen (TN), total organic carbon (TOC), stable carbon isotope composition of organics (δ13Corg), and the concentration of several major elements, to investigate the sedimentary and hydroclimate evolution since the LGM. We found that the peat strata in the Ganchi wetland have developed gradually from 13.7 cal kyr BP, which is likely ascribed to the warm climate during the Bølling-Allerød (B/A) period. TOC, δ13Corg, K/Ti, and Fe/Mn records showed notable paleoclimate shifts since the last deglaciation. The first warming period after the LGM was observed starting at 18.2 cal kyr BP, which is consistent with other records from Southwest China. The reconstruction results show that the western margin of the Sichuan Basin during the last deglaciation was most affected by the East Asia summer monsoon (EASM), and less affected by the Indian summer monsoon (ISM). The climate of the early Holocene (11.2–7.5 cal kyr BP) was affected by both the ISM and EASM, resulting in more complex local climatic features. The Holocene Megathermal period observed from 7.5 to 3.5 cal kyr BP, is consistent with the timing detected in other records of Southwest China.
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Introduction

Southwest China is one of the most susceptible areas to climate changes owing to its diverse geomorphology that is adjacent to the Qinghai-Tibetan Plateau (QTP) and influenced by the East Asia summer monsoon (EASM) and the Indian summer monsoon (ISM) (Zhang, 1988; Zheng and Li, 1990; Zhang et al., 2015b; Liu, 2016). The climate of Southwest China, being superimposed by a series of abrupt warming/cooling events at a millennial to centennial timescale, has undergone long-term warming since the Last Glacial Maximum (LGM) (Alley and Clark, 1999; Shakun and Carlson, 2010). Many studies have focused on exploring the duration and mechanisms of warm and cold changes since LGM (Clark et al., 2009; Denton et al., 2010). However, the mechanism of abrupt climate changes in Southwest China since the LGM remains poorly explored due to the low number of geological archives. For instance, it is still debated whether Heinrich 1 (H1), Bøllinge-Allerød (B/A), and Younger Dryas (YD) events have been adequately detected in the paleoclimatic records in Southwest China (Shen and Xiao, 2018). Thus, more archives that cover the LGM from Southwest China are desired for a better understanding of the long-term hydroclimatic changes and driving mechanisms in this region.

Sichuan Basin in Southwest China, located on the southwestern margin of the QTP and adjacent to the Yunnan-Guizhou Plateau, has a population of over 100 million and was the cradle of many ancient Chinese civilizations such as the Sanxingdui culture and the Baodun culture (Huo, 2022). However, most of the paleoclimate reconstructions in Southwest China are concentrated in the Yunnan-Guizhou Plateau. While the majority of these researches were based on lake sediments (Cook et al., 2012; Wang et al., 2014; Xiao et al., 2014a; Wu et al., 2015; Zhang et al., 2015a; Zhang et al., 2017, 2018) and cave stalagmites (Dykoski et al., 2005), studies on peat core records are still minimum (Zhu et al., 2010; Gong et al., 2019; Liu et al., 2022). Besides, most of these researches only cover the last deglaciation or Holocene period, and studies on the LGM are relatively scarce (Devry, 1993; Hong et al., 2014; Peng et al., 2021). The relationship between monsoon evolution and paleoclimatic variability since the LGM in this area is still unclear both temporally and spatially.

Organic matter in peat is mainly derived from the continuous and stable stratigraphic accumulation of local plant residues. Since the vegetation combination varies in response to climate variability, it is thus expected that the development of peatland and its succession processes have recorded changes in the surrounding environment, regional climate, and dominant vegetation (Blackford, 2000; Chambers and Charman, 2004; Xu et al., 2006; Zhao et al., 2011, 2016; Chambers et al., 2012; Zhou et al., 2002). Alpine peat and lake sediment records in the southwest Sichuan Basin have shown several abrupt changes that may associate with the climate changes in the high northern latitudes (Hong et al., 2014; Peng et al., 2021). However, the locations of these records are a bit far away from the Sichuan Basin and are often affected by the local climate of Hengduan Mountain. To investigate the complexity of the climate in the Sichuan Basin since the LGM, more archives that are adjacent to or within the Sichuan basin are needed. Here we present a study of the stable carbon isotope composition of organics (δ13Corg), total nitrogen (TN), total organic carbon (TOC), and element geochemistry of a 26,200 years old peat archive from Dawa Mountain, which is located at the west margin of Sichuan Basin. The objectives of this study are (1) to investigate the environmental evolution of peatland near the Sichuan Basin since the LGM, (2) to reconstruct the LGM hydroclimate of the Sichuan Basin, and (3) to explore the links between abrupt environmental/climate changes and historical civilizations in Southwest China.



Materials and methods


Coring and sampling

Dawa Mountain, located in the southern part of Sichuan Province, China, is situated in the transition zone between the southwest margin of the Sichuan Basin and the Yunnan-Guizhou Plateau. The landform of this region is dominated by scattered karst landforms, such as karst basins and corrosion lakes. The Dawa Mountain region has gentle topographical relief and is not significantly affected by runoff erosion (Luo, 2003; Wang and Chen, 2014). The Ganchi wetland (29°23′ 69The Gan°1′ 54The Ganchi wet1,805 m) was formed due to this topography and its high precipitation. The peat strata in Ganchi of Dawa Mountain was formed by the paludification of karst wetland, with no riverine input from its surrounding (Figure 1).
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FIGURE 1
Locations of the research area and the related research sites. (A) Map of the research area indicating the location of the peat site (black triangle) at the intersection between the Sichuan Basin, Yunnan-Guizhou Plateau, and QTP. The red circles indicate the location of related research sites cited in this study: (1) Core SK218 in the Indian Ocean (Govil and Divakar Naidu, 2011); (2) core NC08/01 in Nam Co Lake on the QTP (Zhu et al., 2015); (3) core LG08 in Lugu Lake, Yunnan Province (Zhang et al., 2018); (4) core TCYL1 in Tiancai Lake, Yunnan Province (Xiao et al., 2014b); (5) core TCK1 in Qinghai Lake, Tengchong County, Yunnan Province (Xiao et al., 2015); (6) core XY08A in Xingyun Lake, Yunnan Province (Wu et al., 2015); (7) core from Yilong Lake, Yunnan Province (Li et al., 2018); (8) Baoan peat core in Sichuan Province (Hong et al., 2018); (9) peat borehole NT03 in Caohai, Guizhou Province (Gong et al., 2019); and (10) stalagmites in Dongge Cave, Guizhou Province (Dykoski et al., 2005). (B) Aerial photo of the Ganchi wetland with the location of the GC core shown as a solid white circle; and (C) a physical picture shows the geomorphic environment around the sampling site.


A 530-cm-long peat core (GC) was collected from the middle of Ganchi wetland using a Russian peat corer. The 50-cm long peat cores were packaged into PVC tubes and transported to the laboratory. These peat cores were sliced into 1-cm intervals, resulting in a total of 530 samples. The strata were divided into five layers based on the sedimentary characteristics: (1) 0–10 cm: dark- brown peat topsoil with abundant grass roots; (2) 10–230 cm: dark-brown peat containing a large number of undecomposed plant roots; (3) 230–380 cm: dark-gray peat with a small number of plant roots; (4) 380–505 cm: gray-black peat mixed with clay; (5) 505–530 cm: Light gray clay mixed with sand and gravel (the bottom of this layer was close to the bedrock).



Methods


Dating

Both plant fragments and pollen residues were extracted from the peat samples for radiocarbon dating. A total of 14 samples were selected from different depths of the GC core for AMS14C dating based on the stratum lithology. Eleven and three samples were tested at the Xi’an Accelerator Mass Spectrometry Center, Institute of Earth Environment, Chinese Academy of Sciences, and Beta analytic Inc., respectively. The age data was then calibrated to calendar ages using Calib7.0.4 (Reimer et al., 2013). The winbacon2.2 R package (Blaauw and Christen, 2011) based on the Bayes formula was used to establish an accurate and complete age-depth model for the GC core and to calculate the deposition rate (Figure 2).
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FIGURE 2
Stratigraphy and age-depth model of the GC core.




Elemental geochemistry

After being transported to the lab, the GC core was first tested using the non-destructive X-ray fluorescence (XRF) core scanning technic, which is a widely used in stratigraphic comparison and paleoclimate research across different depositional environments (Haug et al., 2001; Kido et al., 2006; Cuven et al., 2010; Cheng et al., 2011; Hennekam and de Lange, 2012; Liang et al., 2012; Peros et al., 2017). Major element compositions in the GC core were measured by an Avaa-tech system in the Key Laboratory of Surficial Geochemistry, Ministry of Education, Nanjing University. During the analysis, scanning voltages of 10 KV and 30 KV were selected at a resolution of 1 cm, and the samples were scanned for 10 s to obtain the counts of Ti, K, Si, Al, Fe, Mn, Sr, Zr, Ca, S, and Cl. The elemental concentration results were considered semi-quantitative due to the influence of core water content, grain size, cracks, and surface flatness on the X-ray (Weltje and Tjallingii, 2008).



Total organic carbon, total nitrogen, and δ13Corg analysis

A total of 265 samples were selected at 2-cm intervals for the TOC, TN, and δ13Corg analysis. The pretreatment and measuring were conducted in the Key Laboratory of Surficial Geochemistry, Ministry of Education, Nanjing University. The selected samples were firstly oven-dried, and then grounded and sieved using an 80-mesh sieve. The samples were then treated with 10% HCl for 24 h to remove carbonates. Subsequently, the samples were washed with distilled water to achieve neutrality and dried at low temperature. For TOC and TN measurements, 50 mg of the pre-treated samples were weighed and then tightly wrapped in tin foil and then loaded into the VarioMacro-CHNS elemental analyzer. Phenylalanine was used as the standard sample, and a national standard (GBW04408) was analyzed after 5 samples for quality control of the instrument. The instrument had an analytical accuracy of 0.5%. The ratio of TOC to TN (C/N) was calculated based on the contents of TOC and TN. δ13Corg was determined using a Picarro laser spectrum carbon isotope analyzer (G2131-i). The carbon isotope results are expressed as the per mil (‰) deviation from Vienna Pee Dee Belemnite (VPDB), with a precision of less than 0.3%.





Results


Chronology and sedimentation rate

The AMS14C data of the GC core are shown in Table 1, and the age-depth model and sedimentation rate are shown in Figure 2. The sedimentation rate of the GC core varied greatly at different depths. The average sedimentation rate of the whole core was 27 cm/kyr. The maximum deposition rate (average of 48 cm/kyr) occurred at 107–226 cm depth, and the minimum deposition rate (average of 8.9 cm/kyr) occurred at 282–365 cm depth. Overall, the sedimentation rate varied significantly during the Holocene, but showed little variability from the LGM to the Holocene.


TABLE 1    AMS14C dating results of the GC core.
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Scanning X-ray fluorescence results

As shown in Figure 3, the variation trends in Al, Ti, and Fe concentrations were similar, while the trends of Si and Mn showed low variability. The changes in these elements and the Al/Si ratio can be divided into three stages. The first stage is the LGM (26.2–18.2 cal kyr BP, 530–372 cm), which can be divided into two sub-stages: Stage I-1 (26.2–25.2 cal kyr BP, 530–505 cm) and Stage I-2 (25.2–18.2 cal kyr BP, 505–372 cm). In Stage I-1, all indexes fluctuated sharply, and in stage I-2, Al, Ti, Mn, and Cl are relatively stable, while other elements and ratios fluctuated slightly. In stage II (18.2–11.2 cal kyr BP, 372–310 cm), Si and Mn remained stable, the strength of other elements was significantly enhanced, and the Si/Al value gradually increased. In stage III (since 11.2 cal kyr BP, 310–0 cm), the element strength remained relatively stable, but showed great fluctuations at time nodes such as 9.0 kyr BP and 6.0 kyr BP. The Si/Al ratio reaches the maximum value of the profile at this stage.
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FIGURE 3
Scanning intensity and chromaticity curves of elements from the GC core.


The correlations between the analyzed elements are shown in Table 2. The correlations between Zr, Sr, Si, Fe, K, Ti, Mn, and Al were generally high, and the correlation coefficients of Zr, Sr, Si, Fe, K, and Ti are above 0.6. While S, Cl, and Ca showed low correlation with other elements, Cl was the only element that negatively correlated with the other elements. The factor analysis results identified three principal components controlling the deposition of chemical elements, with a cumulative contribution rate of 83.5% to the total variance (Figure 4). Factor 1 contributed 57.0% to the total variance and was therefore the main influencing factor in the GC core. Factor 2 and Factor 3 contributed 17.4 and 9.1% to the total variance, respectively. S and Fe had a high common factor load in Factor 2, while Ca and Cl had a high common factor load in Factor 3.


TABLE 2    Correlation coefficients between elements in the GC core.
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FIGURE 4
Factor analysis component loads of elements in the GC core.




Total organic carbon, total nitrogen, and δ13Corg

The GC record can be divided into the same three stages as Figure 3 based on the various characteristics of TOC, TN, C/N, and δ13Corg (Figure 5). In Stage I-1 (26.2–25.2 cal kyr BP, 530–505 cm), the indicators fluctuated sharply, with average TN and TOC values being 0.3 and 4.2%, respectively. The average values of C/N and δ13Corg were 22.7 and –18.6‰, respectively, which were the maximum values in the core. At Stage I-2 (25.2–18.2 cal kyr BP, 505–372 cm), TN was relatively stable, with an average value of 1.1%. TOC and C/N values showed an increasing trend but remained relatively low, with average values of 15.1% and 13.8, respectively. In addition, δ13Corg showed an increasing trend throughout the entire stage, with an average value of –23.4‰.
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FIGURE 5
δ13Corg, TN, TOC, and C/N curves in the GC core.


Stage II represents the last deglaciation (18.2–11.2 cal kyr BP, 372–310 cm), during which the TN, TOC, and C/N values showed an overall increasing trend with average values of 1.3%, 28.7%, and 21.1, respectively. The δ13Corg values were generally more negative with an average value of –27‰.

Stage III was the Holocene (since 11.2 cal kyr BP, 310–0 cm), during which the average values of TN, TOC, and C/N were 2%, 47%, and 23.7, respectively; the δ13Corg values were more negative, with an average value of –28.4‰.




Discussion


Sediment and organic matter sources

Lake and wetland sediments have two dominant sources: (1) Exogenous components via erosion in the basin, and (2) endogenous precipitation produced by chemical and biological processes in the lake (Hakanson and Jansson, 2002; Shen, 2013). The correlation between elements is controlled by their geochemical behavior in the supergene environment. The source of substances can therefore be distinguished by the correlation between different elements, where a high correlation indicates similar occurrence conditions and sources of elements (Loring and Asmund, 1996; Ma et al., 2014). Factor analysis can also determine the source and contribution of geochemical elements in the sediments (Lawrence and Upchurch, 1982; Yang and Li, 1999; Zhang et al., 2015c). The loading values of, Al, Mn, Si, K, Ti, and Zr in Factor 1 in the GC core were relatively high, which is consistent with the results of the correlation analysis (Figure 4). These elements are rock-forming elements that are mostly transported and deposited in lakes by runoff in the form of terrigenous debris (Cheng et al., 2011; Wu et al., 2011). Therefore, exogenous detritus was likely the main source of the GC core sediments.

TOC generally indicates the level of organic matter in wetland sediments. Moreover, TOC can indicate the productivity of wetlands and their preservation ability in sediments (Meyers and Lallier-Vergès, 1999). TOC sources can be divided into exogenous terrestrial plants and endogenous aquatic plants, which can be roughly determined by the C/N ratio. C/N ratio that is smaller than 10 suggests that organic matter was mainly derived from algae and planktonic organisms and submerged and emergent plants in lakes (Meyers, 1997; Meyers and Lallier-Vergès, 1999); A C/N ratio greater than 20 suggests that the main organic matter source was terrestrial higher plants (Meyers, 1994; Talbot and Laerdal, 2000; Lamb et al., 2006; Morrill et al., 2006; Díaz et al., 2017). Our record higher than 20 for most samples shows that terrestrial higher plants are the dominant source of TOC in the Ganchi wetland.

Different plants exhibit different δ13Corg values. For example, C3 plants exhibit a δ13Corg value between –32 and –20‰, with the highest frequency being –27‰; meanwhile, C4 plants exhibit a δ13Corg value between –15 and –9‰, with the highest frequency being –13‰ (O’Leary, 1981, 1988; Zhou et al., 2016). The δ13Corg values of submerged plants range from –20 to –12‰, with an average of –15%, which is close to the average δ13Corg value of C4 plants (–14‰). Finally, the δ13Corg values of emergent plants are between –30 and –24‰ (Lei et al., 2014). The δ13Corg value in sediments is therefore sensitive to the changes in organic matter sources and vegetation.

The δ13Corg value during the LGM Stage 1–1 (26.2–25.2 cal kyr BP) was relatively higher values (average value of –18.6‰, Figure 6), inferring the dominance of submerged plants. The δ13Corg values of the other stages were relatively more negative (average value of –28.1‰), which is consistent with the sediment isotope values in Caohai (Gong et al., 2019) and Lugu Lake (Zhang et al., 2018). The vegetation features in these areas are dominated by C3 plants, which suggests that the vegetation in Ganchi expands to C3 plants after 25.2 cal kyr BP. The average C/N of the GC core was > 10, especially after ∼13.7 cal kyr BP (∼23.6), which suggests that terrestrial plants were the dominant source of sedimentary organic matter. This also indicates the transition from a lake to a swamp environment in Ganchi after 13.7 cal kyr BP.
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FIGURE 6
Comparison of paleoenvironmental indicators since the LGM in the GC core.


The above findings are in good agreement with the results of the major element concentrations. After ∼13.7 cal kyr BP, the intensity of Ti, Zr, and other elements related to exogenous output in Factor 1 gradually decreased (Figure 3). Due to the difference in the redox conditions between Fe and Mn, the Fe/Mn ratio can be used to evaluate the redox conditions of sediments. A higher Fe/Mn value indicates an unfavorable redox environment for oxidation, reflecting a deeper water environment. In contrast, a lower value indicates oxidation environments of shallower water levels (Wersin et al., 1991; Meng et al., 2018). We observed a high Fe/Mn ratio before 13.7 cal kyr BP (Figure 6), which then decreased sharply, reflecting a significant decline in the water level at approximately 13.7 cal kyr BP. Ti is a representative element of exogenous clastic sediments. The strength of the Ti element also began to decrease significantly during this stage (Figure 3), which may be ascribed to the decreased contribution of exogenous clastic sediments after the drying of the lake basin.

As Ganchi has a relatively closed topography without any notable river input, the presence of exogenous clastic sediments in the GC core was likely caused by the fluctuation of the lake water level, which transported exogenous clastic sediments to the coring site. After gradual paludification, the exogenous clastic sediments were likely transported to Ganchi by temporary sheet flow or surface runoff.



Response of total organic carbon and δ13Corg to paleoclimatic changes

In the monsoon climate region, climate changes significantly influence the formation and development of peat. Previous studies have shown that the monsoon and sunlight are important factors affecting the expansion of peatlands in the Hengduan Mountains (Liu et al., 2020), and the humid monsoon climate is also conducive to peatland expansion (Xing et al., 2015). TOC content in peatland sediments is closely related to the accumulation of organic matter, which can reflect the development of peatlands. The TOC records from the Dajiuhu peatland at a latitude similar to Ganchi indicated the close relationship between TOC and EASM strength, with higher TOC correlating with stronger EASM (Zhang, 2017). The TOC records of the Zoige and Hongyuan peatlands in the southeastern margin of the Tibetan Plateau also reflected the Holocene monsoonal changes (Zhou et al., 2002; Wang et al., 2010). The Ganchi sedimentary environment transitioned from a lake to a wetland at ∼13.7 cal kyr BP, resulting in the gradual development of peat, which is consistent with the initial peak timing (14.5–13.0 cal kyr BP) of peat development in the Hengduan Mountain area due to the Bølling-Allerød warm climate (Liu et al., 2022). The variation trend of TOC in the GC core during the last deglaciation is consistent with the variation trend of monsoon intensity, as reflected by sunlight and stalagmite oxygen isotope records from Dongge and Hulu cave (Wang et al., 2001; Figure 7C). Therefore, the TOC variation in this study can be used as an indicator of the strength of the monsoon and the resulting paleoclimatic changes.
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FIGURE 7
Comparison of the paleoenvironmental records in the GC core with that of other areas since the LGM. (a) Principal component1 (PC1) scores of the pollen in the GC core (orange curve, Deng et al., 2022), this curve can be used as temperature index, the higher the temperature, the smaller the value. TOC percentage content (green curve) of the GC core (this study); (b) δ13Corg records of the Baoan peat (Blue curve, Hong et al., 2018), (c) δ18O stalagmite record from Dongge Cave (red curve, Dykoski et al., 2005) and Hulu Cave (purple curve, Wang et al., 2001); (d) TOC percentage in sediment core NC08/01 from NamCo Lake, QTP (black curve, Zhu et al., 2015) and the PC1 scores of pollen in core TCK1 from Qinghai Lake, Tengchong (green curve, Xiao et al., 2015); (e) sea surface δ18O record from core SK218 in the Indian Ocean (blue curve, Govil and Divakar Naidu, 2011) and δ13Corg record in sediment core LG08 from Lugu Lake, Yunnan Province (black curve, Zhang et al., 2018); (f) 30° N summer insolation curve (red dotted line, Berger and Loutr, 1991) and δ18O record from the GISP2 ice core in Greenland (black curve, Stuiver and Grootes, 2000). The black dotted line indicates the first warming period after the LGM at different locations; the blue band indicates the H1 and YD cold events; and the pink band indicates the B/A warm period. The orange band indicates the Holocene Megathermal.


After 13.7 cal kyr BP, the TOC changes in the GC core were negatively correlated with Ti/Ca, Fe/Mn ratios and terrigenous clastic sediments, but positively correlated with a sedimentation rate (Figure 6). During the warm periods of 13.7–12.0 cal kyr BP and 7.5–3.5 cal kyr BP, the TOC and vegetation coverage increased, and the peat accumulation and deposition rates were more rapid (Liu et al., 2020). As the soil and water were effectively conserved, the amount of exogenous clastic sediments entering the dry pool via water inflow decreased. During the cold and dry periods of 12.0–11.2 cal kyr BP, 9.0 cal kyr BP, and 6.0 cal kyr BP, the vegetation coverage, TOC, peat accumulation rate, and deposition rate all decreased. During these cold and dry stages, the increase in detrital sediments in Ganchi may be related to the loss of soil and water and the increase of atmospheric dust deposition (Peng et al., 2021).

The δ13Corg values in wetland sediment core reflect both vegetation evolution and paleoclimatic changes. Moreover, the organic carbon isotope composition of plants reflects the type of photosynthesis, atmospheric CO2 concentrations (Francey and Farquhar, 1982; Meyers and Ishiwatari, 1993), and climatic conditions (Hong et al., 2010; Xue et al., 2014). Therefore, the environmental signal reflected by the δ13Corg value is complex. In this study, the δ13Corg value was generally more negative during the last deglaciation, which is consistent with the variations in TOC and oxygen isotopes derived from Dongge cave and Hulu cave stalagmites, and with the δ13Corg trend from Baoan peatland, which reflects the variation in the Asian monsoon (Figure 7). Therefore, the δ13Corg trend and TOC record in the GC core likely reflect monsoon intensity and the subsequent paleoclimate changes. The paleoenvironmental indicators in this study are consistent with the paleoclimate changes recorded by the GC core high-resolution pollen (Deng et al., 2022; Figure 7A).



Depositional environmental and vegetation evolution since the Last Glacial Maximum in Ganchi

According to the changes in the paleoenvironmental proxies, the evolution of the depositional environment since the LGM (recorded in the GC core) in Ganchi can be divided into three stages (Figure 6): (1) the LGM (26.2–18.2 cal kyr BP), (2) last deglaciation (18.2–11.2 cal kyr BP), and (3) Holocene (since 11.2 cal kyr BP).


Last Glacial Maximum (26.2–18.2 cal kyr BP)

Figure 6 shows that the LGM stage can be divided into two sub-stages. During 26.2–25.2 cal kyr BP, the mean values of TOC, C/N, and δ13Corg were 4.2%, 22.7, and –18.6‰. Organic matter accumulation in the study area was less, mainly in terrestrial higher plants and submerged plants. During 25.2–18.2 cal kyr BP, the TOC value increased, the δ13Corg value reached –23.4‰, and the C/N value was between 10 and 20, which reflected the change of vegetation type in the study area., The contribution of C3 plants gradually increased and become dominant from this stage, but there were also some aquatic plants. The high Fe/Mn ratios indicate a wetland environment. The concentration of Ti, Zr, and other elements indicate the small fluctuation of exogenous clastic sediments, which infers a relatively stable sedimentary environment, with a low and less variable deposition rate.



Last deglaciation (18.2–11.2 cal kyr BP)

In this stage, δ13Corg values showed a more negative trend (mean –27.0u), and TOC and C/N values exhibited increased fluctuations. Particularly from 13.7 cal kyr BP, the average C/N value was greater than 20, TOC increased significantly, and the intensities of Ti and Zr decreased significantly (Figures 3, 6). This indicates that since 13.7 cal kyr BP, the exogenous clastic sediments in the study area decreased significantly; Terrestrial higher vegetation represented by C3 plants further increased, and various algae, phytoplankton, submerged macrophytes, and emergent macrophytes gradually decreased. The Fe/Mn ratio gradually decreased from 13.7 cal kyr BP, indicating a decreasing water level in Ganchi and the transition of the sedimentary environment from wetland to peatland. This is consistent with previous research results on the timing of peat development in the southern Hengduan Mountains, which mostly occurred before the Holocene (Liu et al., 2020).



Holocene (since 11.2 cal kyr BP)

During the Holocene, the intensities of Si, Fe, K, and Ti were relatively low, indicating the lower transport of exogenous clastic sediments to the study area. TOC and C/N increased to maximum levels, and the δ13Corg (mean –28.4 ‰) was more negative, which suggests that terrestrial C3 plants were the dominant organic matter sources and that the Ganchi wetland had completely evolved into peatland.




Paleoclimate evolution and driving mechanisms since the Last Glacial Maximum in the southern margin of the Sichuan Basin


First warming period after the Last Glacial Maximum

Studies (Wang et al., 2014; Xiao et al., 2014a; Jin et al., 2015; Zhu et al., 2015; Li et al., 2018) have shown that the LGM climate in Southwest China was generally cold and dry, and the first period of warming after the LGM occurred between 19 and 17 kyr BP (Cook et al., 2012; Wu et al., 2015; Zhang et al., 2018). Similar paleoclimatic changes were recorded in the GC core. During the LGM, due to the cold and dry climate, the organic matter accumulation is less, the TOC was relatively low, and δ13Corg was relatively higher values. Since 18.2 cal kyr BP, the TOC increased significantly, and δ13Corg showed an obvious more negative trend, indicating a warming climate. Therefore, the timing of the first warming period after the LGM in Ganchi (the southern margin of the Sichuan Basin) was 18.2 cal kyr BP, which is consistent with the timing of the first warming period in Southwest China. However, the timing of the first warming in Southwest China notably differed from that recorded in the Northern Hemisphere high latitudes (Johnsen et al., 1992) and the EASM region (Wang et al., 2001), but was similar to that recorded in the Indian Ocean region (Govil and Divakar Naidu, 2011; Figure 7E). This suggests that the first warming in Southwest China was not controlled by the changes in the high-latitude ice sheets of the Northern Hemisphere but was likely related to the strengthening of the ISM caused by increasing solar radiation in 30°N since 21 kyr BP (Figure 7F), which further affected Southwest China (Shen and Xiao, 2018).



Climate changes during the last deglaciation

The climate was generally warm in the study area during the last deglaciation (18.2–10.9 cal kyr BP), which was superimposed by several abrupt climate change events.

The most notable climate fluctuation occurred during 13.7–12.0 cal kyr BP and 12.0–11.2 cal kyr BP (Figure 6). The study area belongs to the carbonatite area. The K, Ca and other soluble elements in the carbonatite are easily leached and migrated, resulting in a relative loss of content, while the Ti element is relatively stable. Therefore, the K/Ti ratio can reflect the chemical weathering intensity of the study area, thus indicating climate change (Qu and Huang, 2019). During 13.7–12.0 cal kyr BP, the TOC increased significantly and the K/Ti ratio decreased, reflecting the warm climate and strong chemical weathering during this period, which likely indicates the Bølling-Allerød warm period in this region.

During the period of 16.5–13.7 cal kyr BP and 12–11.2 cal kyr BP, TOC and δ13Corg were decreased and biased, especially during the period of 12–11.2 cal kyr BP. The K/Ti ratio also increased significantly during 12–11.2 cal kyr BP. The changes in the above indicators reflect that there were relatively obvious climate cooling events in these two periods, which may correspond to H1 and YD events, respectively. Al/Si ratio can be used as an indicator of sediment particle size. In general, with higher Al/Si ratio indicating finer grain size (Bloemsma et al., 2012; Babek et al., 2015). In the above two periods, the Al/Si ratio showed obvious low values, which may mean that the cold and dry climate in these two periods, due to the low vegetation cover, flowing water erosion brought more coarse-grained sediments. These millennial-scale fluctuations are consistent with the δ18O records of the GISP2 ice core in Greenland (Stuiver and Grootes, 2000; Figure 7F), the SK218/1 core in the Bay of Bengal (Govil and Divakar Naidu, 2011; Figure 7E), and the Hulu cave stalagmite in eastern China (Wang et al., 2001; Figure 7C). The significant weakening of the ISM during the H1 and YD periods was also recorded in other lake sediments (Wang et al., 2014; Xiao et al., 2014b; Zhang et al., 2015a) and stalagmites (Dykoski et al., 2005) in Southwest China.

The climate change recorded in the GC core is similar to that observed in the records of Southwest China, except for the precise start and end time of the climate intervals and the degree of change. These differences may be related to the sensitivity of the different regions to climate change as well as the possible uncertainties in chronology (Shen and Xiao, 2018). In addition, due to the topography of the QTP, the climate of different regions in the southwest may be more complex and diverse. For example, the peat records of Caohai, south of the QTP, indicate that the region was sensitive to the B/A warm period but not to the H1 and YD cold events (Gong et al., 2019), which may be more affected by the ISM. However, the signals for H1, YD, and B/A recorded by the pollen of Xingyun Lake, located in the east of the Qinghai Tibet Plateau were relatively weak, which may be more affected by the ISM and EASM (Shen and Xiao, 2018). Therefore, the southwest of the Sichuan Basin may be more affected by the EASM, especially when the ISM is relatively weak.

The gradual temperature rises during the last deglaciation may have been predominantly affected by the gradual increase in low-latitude summer solar radiation since ∼21 kyr BP (Figure 7E), which in turn led to the strengthening of the ISM (Shen and Xiao, 2018). The millennial-scale cooling events (H1 and YD) may have been related to the weakening of the monsoon in response to the weakening of the Atlantic Meridional Overturning Circulation (AMOC), which would have changed the sea surface temperature (Broecker, 2003; Mohtadi et al., 2014, 2016; An et al., 2015). The monsoon began to increase significantly during the B/A, and the emergence of the B/A warm period may be related to the significant increase in radiative forcing produced by greenhouse gases dominated by CO2 during this period (Clark et al., 2012; Hong et al., 2014).



Holocene climate characteristics

The climate of the Holocene (since 11.2 cal kyr BP) was generally warm and humid, with intensified climate fluctuations. It can be seen from Figure 6 that TOC increases first and then decreases between 11.2 and 7.5 cal kyr BP, the δ13Corg value showed a gradually higher trend, and the Al/Si ratio fluctuated rapidly, especially reaching the minimum value of about 9.0 cal kyr BP. These changes reflect the climate generally cooled and showed significant fluctuations during the early Holocene (11.2–7.5 cal kyr BP); this is in contrast to the slow and early temperature increase in the Holocene that is reflected by the sporopollen records of Qinghai and Lugu Lake, Yunnan (Xiao et al., 2015; Shen and Xiao, 2018), and to the rapid rise in temperature in the Holocene reflected by the sporopollen records of Wuxu Lake, which is closer to the EASM area (Zhang et al., 2016). Several paleoenvironmental records (Chen et al., 2015; Jia et al., 2015; Zhang, 2017; Kang et al., 2020) in the EASM area indicate a generally warm and humid climate of the early Holocene, which is likely related to the relatively strong EASM during this period. The difference in early Holocene climate characteristics in Southwest China may be related to the relatively strong EASM and the fact that some areas were simultaneously affected by both the EASM and ISM. Therefore, climate change during this period shows regional and complex characteristics.

The Holocene Megathermal is from 7.5 to 3.5 cal kyr BP in the GC records. During this period, the climate was the warmest and wettest, but the climate fluctuation intensified. The environmental indicators in Figure 6 have obvious responses to climate change in this period. Especially at ∼6.0 cal kyr BP, TOC, δ13Corg, Al/Si, and K/Ti ratio showed the most obvious fluctuations since the Holocene, suggesting that this was the most serious climate fluctuation event during the Holocene Megathermal, which is consistent with the results of the Baoan peat records (Hong et al., 2018; Figure 7B) in the adjacent area. The climate cooling in the Middle Holocene is also believed to be closely related to the origin and development of civilization in the Chengdu Plain area in the western Sichuan Basin. Under this climate background, some ancient people from the upper reaches of the Minjiang River migrated to the Chengdu Plain and gave birth to Baodun culture (Huang et al., 2019). The peat records in the east of the QTP also indicate that the 6.0 cal kyr BP climate cooling event is more significant than the 8.2 ka event, which is likely related to the sudden weakening of the EASM around 6.2 kyr BP (Yu et al., 2006). The paleoclimate records of the GC core suggest that the Holocene Megathermal mainly occurred during the mid-Holocene (Figure 7), which is consistent with the timing observed in other records of the surrounding ISM areas (Xiao et al., 2015; Zhang et al., 2018; Figures 7C,E). The Holocene Megathermal timing in our record also lagged that of most EASM areas, which appeared to have started in the early Holocene (Dykoski et al., 2005; Chen et al., 2015; Figure 7B). The Holocene evolution of the EASM and ISM was mainly controlled by the changes in the equatorial Intertropical Convergence Zone (ITCZ), which gradually migrated southward under the control of summer solar insolation in the Northern Hemisphere (Dong et al., 2006). Since the Holocene, the summer solar insolation in the Northern Hemisphere has continually decreased. However, the Holocene Megathermal in Southwest China lags behind the peak solar radiation, which may be related to the continuous melting of glaciers after the solar radiation peak, resulting in a rise in the sea level (Griffiths et al., 2009) and sea surface temperatures (Overpeck et al., 1996). In addition, the research (Yan, 2022) shows that the enhancement of glacier ablation caused by the temperature rise in the middle Holocene exceeded the increase of glacier accumulation caused by the increase of precipitation, which led to the significant retreat of glaciers in Asia’s alpine regions during this period. Therefore, during the Holocene Megathermal, the western Sichuan Basin became wetter due to the melting of glaciers on the QTP.

The research area experienced a cooling period in the late Holocene after 3.5 cal kyr BP. TOC and δ13Corg in the GC core recorded a strong cooling event at ∼1.0 cal kyr BP, which was also recorded in the Baoan peatland and Qinghai Lake (Figure 7). However, the GC core did not significantly respond to the 4.2 cal kyr BP cooling event, which is the most detected late-Holocene cooling event globally.





Conclusion

The sedimentary environment and hydroclimate evolution of the southern margin of the Sichuan Basin since the LGM were reconstructed from the Ganchi wetland core based on concentrations in major and trace elements, TOC, and δ13Corg. During LGM(26.2–18.2 cal kyr BP), the climate is cold and dry, and the study area was a wetland sedimentary environment. Except for some aquatic plants, C3 vegetation began to dominate from this stage. Since the last deglaciation (18.2–10.9 cal kyr BP), the sedimentary environment of Ganchi transitioned from wetland to peatland, and the C3 vegetation further increased, while the aquatic plants decreased. Peat started to develop in Ganchi at ∼13.7 cal kyr BP, which coincided with the first peak of peat development in the Hengduan Mountains. During the last deglaciation, the climate in the study area was generally warm but was affected by several abrupt climate events. Similarly, the climate of the Holocene (since 11.2 cal kyr BP) was generally warm and humid, with intensified climate fluctuations.

The hydroclimate in the southwest Sichuan Basin since the LGM showed similar regional evolution characteristics to that observed in Southwest China from the LGM to the Holocene, but exhibited local and more complex climatic characteristics during the Holocene. The climate of the LGM was cold and dry, and the first warming period after the LGM occurred at 18.2 cal kyr BP, which was consistent with the timing of the first warming period in other records of Southwest China. The climate warmed during the last deglaciation, and the abrupt cooling during H1, B/A, and YD was detected in the GC core. Affected by the topography of the QTP, The climate change pattern during the last deglaciation in the southwestern margin of the Sichuan Basin is mainly affected by the EASM and less affected by the ISM. During the Holocene, the climate was generally warm and humid, but the climate fluctuation intensified. The early Holocene climate may have been affected by both the ISM and the EASM, resulting in more complex local climate characteristics. The timing of the Holocene Megathermal (7.5–3.5 cal kyr BP) in our record was consistent with its timing in other records of the ISM region. The climatic cooling event during this period was closely related to the beginning of Baodun Culture in the Chengdu Plain. The research area then entered a cold period during the late Holocene.
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Black carbon (BC) is an important inert carbon component in the cycling process of surface carbon. Polycyclic aromatic hydrocarbons (PAHs) are a kind of thick cyclic organic compounds with carcinogenic, teratogenic, and mutagenic effects. The incomplete burning process of biomass and carbolic fuel is the important source of their co-occurrence. This study collected a 60-cm peat core from the Jiadengyu (JDY), Altay Mountain. The core was dated using the 210Pb and 137Cs methods. The results showed BC, total organic carbon, and PAHs of the JDY peat core to be 1.14–72.6 mg g−1, 17.09–47.2%, and 260.58–1,610.77 ng·g−1, respectively. δ13CBC was between −31.5 and − 29.4‰ (mean of −30.56‰). The results of scanning electron microscopy (SEM) indicated irregular or lumpy peat BC particles, retaining a plant fiber structure. δ13CBC, ratios of PAHs, and the SEM revealed that the BC to be the dominant source of biomass combustion in the peatland. BC showed an increasing trend between 1950 and 1980, after which it decreased. The discrepancy between the change in BC and δ13CBC from the national pattern of BC emission likely reflects the effect of local agricultural exploration, and thus an increase in crop burning.
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Introduction

Black carbon (BC) is produced by incomplete combustion of fossil fuels or biomass in environment and plays an important role in the carbon biogeochemical process of ecosystem (Hammes et al., 2007; Ambade and Sankar, 2021; Ambade et al., 2021a). Total global BC can be broken down into residues of vegetation fires of 50–270 Tg C year −1 (Kuhlbusch, 1995) and from the consumption of fossil fuel of 4.4 Tg C a−1, showing a linear increasing trend (Bond et al., 2007). In recent years, the increased industrial and agricultural activities have significantly changed the global carbon cycle through the emission of greenhouse gases and BC particles (Kuhlbusch, 1995; Hu et al., 2020). For example, atmospheric contents of BC reached as high as 2 μg C m−3 in Shanghai and Beijing (China), exceeding that in Gosan (Korea) by a factor of almost 2.5 (Chen et al., 2013).

The identification of BC sources can improve understanding of the relative effects of anthropogenic activities and regional climate change on fluxes of BC fluxes (Lehndorff et al., 2015; Sun et al., 2017).The formation and morphological structure of BC is related to the type of fuel, the temperature and duration of combustion (Preston and Schmidt, 2006). Previous methods for identifying soil BC sources included potassium dichromic oxidation, 375°C thermal oxidation, Thermal-light transmission carbon analyzer (TOT), and Thermoscopic carbon analyzer (TOT/RT), ratio between BC and total organic carbon (TOC) analysis, stable carbon isotope analysis (δ13CBC), and scanning electron microscope observation (SEM; Gao et al., 2014; Li et al., 2019; Neupane et al., 2020). The δ13CBC analysis technology has been widely used in soil BC traceability analysis (Chen et al., 2013; Qi and Wang, 2019), because terrestrial plants have different stable δ13C compositions, −- > between −20 and − 32‰ for C3 plants, and between −10 and − 17‰ for C4 plants (Bird and Ascough, 2012; Kawashima and Haneishi, 2012) due to their different photosynthesis pathways of C3, C4, and CAM (Sage and Wedin, 1999). In addition, polycyclic aromatic hydrocarbons (PAHs) were usually used to identify burning sources and then indicate pyrolysis carbon sources of BC due to their co-emission from burning process (Pontevedra-Pombal et al., 2012; Ba et al., 2021). PAH ratios can act as indicators of PAH sources, with the dominant ratios being Ant/(Ant+Phe) and Fla./(Fla + Pyr), Flt/pyr (Yunker et al., 2002; Gao et al., 2018).

Black carbon is capable of absorbing and transporting PAHs, and thus forms a potential pollution source (Lohmann and Lammel, 2004; Ambade et al., 2021b). Recently, fluxes of PAHs and BC in sediment archives (e.g., peat bog and lake sediment) have been commonly utilized to reconstruct the history of regional environmental pollution and for assessing the contributions of anthropogenic and natural sources (Gao et al., 2014; Ruppel et al., 2015; Shen et al., 2020). Altay Mountain is located in the mid-high latitudes in the Alpine region, where the peat resources are abundant due to the cold and wet climate. This region is sensitive to climate change and it is gradually affected by human activities, especially with the increasing tourism. However, the research on anthropogenic impact on the wetland environment is quite limited.

The present study dated a 30-cm peat profile from Jiadengyu (JDY), Altay Mountain using the 210Pb and 137Cs methods, and multi-proxies including BC, 16 priorities of PAHs and δ13CBC were measured. The main objectives are: (1) to characterize the history of BC and PAHs fluxes in the JDY peat core; (2) to primarily reveal the main sources of BC fluxes in the Altay Mountain in China.



Materials and methods


Site description and sampling

The JDY peatland (48°30′18.72″, 87°8′27.59″; 1,600 m above the sea level) is located in the Altay Mountains Kanas Nature Reserve of the northwestern Xinjiang Uygur Autonomous Region, China (Figure 1). It is an intermontane depression with an area of about 3 km2, and is characterized by poor drainage. It belongs to the temperate continental cold climate, with annual average temperature of −0.2°C and annual precipitation of 1065.4 mm (Zhang et al., 2018). The mountain intercepts a lot of moist air transported by westerly winds originating from the North Atlantic Ocean. The peatland receives water predominantly from glacial surface runoff and snowmelt, with a minor contribution from rainfall. Modern vegetation on the peatland is dominated by Carex and Sphagnum spp. The current vegetation of the study area has a meadow steppe and taiga composition and structure, respectively, and vegetation is at an altitude of between 1,500 and 2,600 m in the Altay Mountains. Picea obovate (spruce) and Larix sibirica (larch) are the dominant plant species in the taiga belt, whereas sedges and mixed grass dominate the meadow steppe belt (Forestry Bureau of Altay Mountains in Xinjiang, 2003).

[image: Figure 1]

FIGURE 1
 (A) China map showing the location of Jiadengyu in Northwest China and the Asian Monsoon and the Westerly; (B) Satellite image of the Jiadengyu valley (Google Earth) showing the location of JDY peatland (Red five pointed star) and of a car park and gas station; (C) Geographical map showing the sampling site in Altay Mountains, northwest China; and (D) Photo showing the summer scene in the studied peatland (photo in August 2019). Please refer to the Online version for the color figure.


In August 2019, a large block was dug up in the Jiadengyu peatland (marked as JDY). We sectioned in-site at 1-cm intervals by stainless steel knife, wrapped the sample separately with aluminum foil, and placed it in a separate polyethylene bag and then brought back to the laboratory for cryopreservation.



Physicochemical analysis


Dry bulk density, water content, and ash content analyses

The peat samples were put into the aluminum box of fixed volume, dried at 105°C over 12 h, and then weighed to obtain the water content (WC, %) and dry bulk density (DBD, g·cm−3). The dry samples were transferred into muffle furnace at 550°C over 4 h for complete combustion. The ash content (Ash, %) was calculated through the loss on ignition method. These physicochemical measurements and the geochemical analyses below were conducted in the Analysis and Test Center of Northeast Institute of Geography and Agroecology, Chinese Academy of Sciences (CAS).



Total organic carbon

About 1 g of dry peat samples were ground to pass 200 meshes and were digested sufficiently by 3 mol/l of HCl to fully remove the carbonate. Then, they were washed to neutral with deionized water, and dried after centrifugation. The dry samples were ground and weighed for TOC analysis by the element analyzer (Italy Euro Vector Company, EA 3000 type).



210Pb and 137Cs dating

Approximate 5 g dry samples of each slice were 210Pb- and 137Cs- dated by a γ-ray spectrometer with a low-background and high pure Ge semiconductor (ORTEC Instruments Ltd., United States). The dating was conducted at the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, CAS. Bao et al. (2010) provides a detailed explanation of the techniques of radiometric dating and equations used for calculating the peat accumulation rate (PAR) and sedimentation rate (SR).



Black carbon, δ13CBC, and SEM- ENERGY spectrum analysis

About 1 g dry samples were treated in 10-ml HCl (1 mol/L) for 20 h to remove inorganic carbon. Then, the contents were centrifuged and the residue was digested for 20 h with 10 ml acid mixture (3 mol/L HCl + 22 mol/L HF, volumetric ratio = 1:2). Then, after centrifuging samples, the residue was soaked for 10 h in 10-ml HCl. The residue is regarded to consist of organic matter, kerogen, and BC. NaOH (30 ml, 0.1 mol/L) was applied twice for 12 h, to remove humid acid, whereas kerogen was removed by a mixed solution of 0.1 mol/L K2Cr2O7 and 2 mol/L H2SO4 applied for 60 h, during which the color of the mixture was maintained as yellow. A 55°C bath was used in all steps. Residual carbon as δ13C and BC was quantified using a continuous-flow isotope ratios mass spectrometer (CF-IRMS), comprising an EA (Flash, 2000 series) combined with a mass spectrometer (Finnigan MAT 253; Gao et al., 2014). Measurements of BC were verified against BC reference material (charred wood) manufactured by the Department of Geography, University of Zurich (Hammes et al., 2006) was used to verify the BC measurement. The particle size, morphology, and porous structure of BC were analyzed by JSM–IT 500 HR microscope (Hitachi, Tokyo, Japan), which can perfectly combine the large field optical CCD images and SEM images until the smooth operation of high magnification observation, real-time analysis, and integration of SEM and EDS. Before the observation, it is necessary to remove the carbonate and silicate in the sample (Zhan et al., 2016; Liu et al., 2019).



PAHs analysis

A 5-g sample mixed with Na2SO4 (20 g) was extracted using 200-ml hexane acetone (1:1, v/v) through ultra-sonication at a temperature of 35°C. Then, after concentrating the extract, the solvent was exchanged with hexane using a rotary evaporator. Separation was conducted using a Na2SO4-silica gel-Na2SO4 column under leaching of 40-mL pentane solvent. After removing aliphatic ethers with pentane, hexane dichloromethane (2:3, v/v) was used to elute PAHs. Concentration of the elution solution was repeated, the solvent was exchanged with hexane, and the solution was increased to 1 ml. The analyses were conducted using GC/MS (QP5050A). The present study adopted the standard samples of 16 priority PAHs standard mixtures of the of the SEPA Institute as external standards for quantitative analysis, and rates of recovery rates of 80–110% were achieved (Cong et al., 2016). In order to guarantee of data quality, we have evaluated blank evolution. The mean value of Flt is 9.49 and Ant mean value is 15.48, the other 14 kinds of PAHs were not detected.




Statistical analyses

The present study calculated averages, standard deviations, and ranges of peat variables. Moreover, linear regression analysis was used to investigate the relationship between BC content in JDY peat core and TOC, PAHs, respectively. All statistical analyses were conducted in SPSS 22. p < 0.05 was assumed to indicate statistical significance.




Results


Physicochemical properties of peat samples

The DBD and Ash showed similar variation with depth. They had a major peak in 7–11 cm section. The WC and TOC were correlated and their depth variations were contrast with the DBD and Ash (Figure 2). The DBD value varied from 0.12 to 0.29 g cm−3, and the mean value was 0.17 g cm−3 of the whole peat core. The DBD at 18–60 cm (mean: 0.16 g cm−3) were lower than those at 1–11 cm (mean: 0.21 g cm−3). The Ash ranged between 11.9 and 65.31%, with an average of 33.73% of the whole peat core. In addition, Ash (mean: 28.96%) at 18–60 cm were lower than those at 1–11 cm (mean: 55.45%). The TOC of whole peat core ranged from 17.09 to 47.2%, with an average value of 35.3% and the highest value was 47.2% at 18 cm and the lowest value (17.09%) at 11 cm. The WC ranged between 47.09 and 72.95% and the average was 62.51% of the whole peat core.
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FIGURE 2
 The depth profiles of dry bulk density (A), water content (B), ash content (C), TOC (D) and the core section of the peat column (E) in the JDY peat core in Altay Mountains, NW China.




Lithological characteristics of peat section and main plant residues

According to the change of peat color, residue type, and decomposition degree, the 60 cm continuous peat core lithology was roughly divided into three layers from top to bottom as follows. The first layer is grass cortex at 0–7 cm, with vegetation coverage of about 80%. The grass roots are dense and contain green plants. The second is humus layer (7–18 cm), which is characterized by the poor decomposition, mainly in the incomplete decomposition of liverworts and mosses, modern plants with dense roots, dark brown loam soil, granular structure, loose, more roots. The third is the peat layer: 18–30 cm, dark brown, loamy to clay, granular or blocky, with more capillarity; 30–48 cm, dark brown silty clay, slightly compact, less root system; and below 48 cm, brown clay, and almost no roots.



Peat chronology

The 210Pb activity decreased with depth in JDY peat profile (Figure 3). Rates of sedimentation and sediment ages were calculated utilizing the CRS Model in MATLAB 2012a. The activities of 210Pb decreased with depth downward. The peat record extended back by 134 years to A.D. 1883. The mean SR was 0.15 cm y−1 and the PAR is 0.025 g·cm−2 y−1.
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FIGURE 3
 Radioactivity results for 210Pb (A), and the CRS calculated age (B), of the JDY peat core in Altay Mountains, NW China.




Temporal variation of BC, δ13CBC, and PAHs

The average BC content was 25.55 mg g−1, with a range of 1.14–72.6 mg g−1 in the JDY peat core. The range of δ13CBC was from −31.5 to −29.4‰ with a mean of −30.6‰. During 1880–1950, the BC and δ13CBC consistently showed a trend of fluctuation change with first increase and then decrease (Figures 4A,B). From 1950 to 1980, the BC and δ13CBC showed an obviously decrease trend.
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FIGURE 4
 The contents of BC (A), δ13CBC (B), ratios, and the total PAHs content (C), in the core of JDY.


During the period of 1980–2000, the BC and δ13CBC showed an obviously increase trend. After 2000, the BC decreased obviously with time but the δ13CBC did not show consistent variation with the BC. The total PAHs in JDY peat core were 260.59–1610.77 ng g−1, and showed similar variation trend with the BC (Figures 4A,C). After 2000, the PAHs showed a decreased trend.



PAHs composition

The PAHs was mainly composed of low molecular weight compounds (2–3 rings), and the content of Nap, Any, Flu, and Phe content was the highest (Figure 5). In general, the period of 1950–1980 had the highest values. The content of Nap, Phe, Flu, and Any prior to the 1950 (n = 10) was lower than that during 1950–1980 (n = 16), and the content of Nap and Any was the lowest after 1980 (n = 34). The concentration of high molecular weight PAHs (IcP, BaP, and DhA) prior to the 1950 (n = 10) was lower than the periods 1950–1980 (n = 16), after 1980 (n = 34), the content was the lowest. For middle molecular weight PAHs (BaA, Chr), BaA value was the lowest in the three periods, and Chr value was the highest in the period from 1950 to 1980. whereas for the Flt and Pyr higher content during 1950–1980 was compared to those before 1950 and after 1980.
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FIGURE 5
 Profiles of PAHs in sediments from the JDY peat core, grouped according to the three periods. Nap, Naphthalene; Any, Acenaphthylene; Ana, Acenaphthene; Flu, Fluorene; Phe, Phenanthrene; Ant, Anthracene; Flt, Fluoranthene; Pyr, Pyrene; Chr, Chrysene; BaA, Benzo(a) anthracene; BbF, Benzo(b)fluoranthene; BkF, Benzo(k)fluoranthene; BeP, Benzo(e)pyrene; BaP, Benzo(a)pyrene; DhA, Dibenz[a,h] anthracene; and IcP, Ideno(1,2,3-cd) pyrene.





Discussion


Comparison of black carbon over the world

The mean BC content in the JDY peat profile was 21.06 mg g−1, which was similar with the average BC content of 24.85 mg g−1 in Tuqiang peat in Great Hinggan Mountains, China (Cong et al., 2016). In order to better explain the deposition characteristics and sources of BC we compared to other soils (e.g., forest soil and loess) and sediments (e.g., lake sediment and coastal sediment), contents of BC in the peats were the highest (Table 1), and represented a key stable part of the Earth’s soil carbon pool. The BC content in Nam Co Lake region (Tibetan Plateau, China) was most likely influenced by economic development in South Asia (Wang et al., 2005). In Changbai Mountain (Northeastern of China), local BC emission strongly influences the level and gradient of BC in the snowpack. Peatland, with slow degradation in anaerobic environment and continuous deposition process, is an ideal archive for recording the BC deposition history. Historical anthropogenic sources (e.g., residential and biomass burning) and natural sources (e.g., wildfire) caused more BC emitted and raised BC deposition fluxes. While, land drained and smoldering might lead BC modified in peat soils. It is necessary to study historical BC deposition progress and its influence factors in peatland, while, few studies had been reported.



TABLE 1 The black carbon contents (mg g−1) for different deposition archives.
[image: Table1]



Black carbon source identified by multi-proxies

The δ13CBC values of C3 plant combustion are generally lower than −27‰, and those of fossil fuel combustion range from −23 to −26‰ (Bird and Ascough, 2012; Saiz et al., 2015) and the δ13C values in automobile exhaust gas range from −22 to −25‰ (Glaser et al., 2005). Here the δ13CBC in the JDY peat core varied from −29.4 to −31.5‰, with an average of −30.52‰, which is in the range of C3 plant burning type (−27 to −33‰). Therefore, the BC in the JDY peatland is dominantly from C3 plants burning.

The same pyrolysis sources always concurrently emit PAHs and BC. Therefore, the proportion contributions of different sources of PAHs can be utilized to calculate the proportion of BC sources (Yunker et al., 2002; Bucheli et al., 2004; Cao et al., 2020). It can be obtained from Table 2, the ratios of Flt/Pyr > 1, Fla./(Fla + Pyr) > 0.5, and Ant/(Ant+Phe) > 0.1 indicate that PAHs are mainly from biomass combustion (Yunker et al., 2002; Gao et al., 2018). In this study, the Flt/Pyr ratio, Fla./(Fla + Pyr), and Ant/(Ant+Phe) averages were 1.73, 0.56, and 0.13, respectively (Figure 6). Therefore, the main source of PAHs is biomass combustion in JDY profile, which is consistent with the main source revealed by the δ13CBC values.



TABLE 2 Source discrimination indicators of PAHs in Jiadengyu peatlands in the Altay Mountains.
[image: Table2]
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FIGURE 6
 Variation of ratios of Flt/Pyr, Fla/(Fla + Pyr), and Ant/(Ant + Phe) in JDY peat core. The dashed lines indicated the boundaries for source assignments of PAHs after (Yunker et al., 2002).


Previous studies found that the BC particles emitted by diesel vehicle combustion were less than 50 nm and spherical in shape, with an agglomeration and long chain (Accardidey, 2003; Wang et al., 2015). The particle size and morphology of BC particles derived from gasoline vehicles are similar to those of diesel vehicles, but the polymerization is more obvious. BC particles emitted by coal burning are generally porous and not spherical in shape (Zhan et al., 2016). BC particles from biomass combustion releases have an irregular or lumpy shape and retain a plant fiber structure (porous or tubular; Masiello, 2004). The BC of samples at depths of 18 and 28 cm was lumpy or irregular in shape, which retained the structure of plant fibers (porous or tubular; Figure 7A,B), and indicated the effects of biomass combustion.

[image: Figure 7]

FIGURE 7
 SEM images of BC examples from different samples. All scale bars represent 50 μm. (A) represents BC from biomass burning particles (BBP); (B) represents wood burning.




Black carbon temporal variation

Compared with the regional background of China’s BC emissions (Gao et al., 2014), this study attempts to analyze the BC emission pattern in the Altay region during the last 150 years. The concentration of BC emissions in China has been increasing, especially after 1980, which is mainly controlled by the increase of industrial emissions (Figure 8A; Gao et al., 2014). However, the changes of BC content and BC flux in JDY show an increasing trend before 1980 but a decreasing trend after 1980 (Figure 8B). This is because the BC in JDY peat profile is mainly from biomass combustion, as discussed above. It was reported that the cultivated land area in 1949 from 9.43 km2 increased to 115.29 km2 in 1980 in Altay area (Statistics XUARBo, 2018). As a result, BC content in the JDY peatland significantly increased from 1950 to 1980. The decrease in the BC record in the peat is probably a response to the increasing regional environmental protection.

[image: Figure 8]

FIGURE 8
 (A) Variation of China BC emission from different period, (B) BC content and BC flux from 1860 to 2019 in JDY peat core.





Conclusion

The average accumulation rate of BC in JDY peatland was 0.025 g·cm−2 year−1 since the 1880s. The range of δ13CBC was from 31.5 to −29.4‰. The results of SEM, δ13CBC, and the ratios of PAHs indicated that the dominant source of BC was the burning of C3 plants. The historical variations in BC content and flux were different from the national BC emission pattern in China. The JDY peat recorded an increase of BC emission in 1950–1980 probably due to the agricultural exploration and thus increasing crop burning. The decrease in the peat BC record after 1980 would be related to the increasing environmental protection.
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Alpine lakes on the Tibetan Plateau are highly sensitive to global change and have been recognized as the sentinel of climate warming. However, anthropogenic impacts in populated area are migrating to these remote areas via transporting particulate nutrients by atmospheric deposition. Whether warming and nutrient deposition would impose additive or synergistic effects on the lake ecosystem remains largely unknown. Here, we present multi-proxy (sediment pigment and geochemistry) records during the past two centuries at the Cuoqia Lake in the southeast Tibetan Plateau. We found that the lake exhibited rapid ecological changes since 1980 AD characterized by an increase in primary productivity due to algal proliferation, with more rapid growth of green algae and diatoms. These findings are in concert with many other lakes (e.g., Moon Lake and Shade Co) in the same area, suggesting a consistent pattern of ecosystem evolution at the region scale. Statistical analyses suggested that nutrient deposition and climate warming were strongly associated with the variations in primary productivity and algae composition, exerting both individual and interactive effects. In addition, scenario analyses with a well-established process-based ecosystem model further revealed that the two factors not only individually, but also synergistically promoted the algal proliferation and community succession. Such synergy is evident in that the effect of lake warming would be more pronounced under higher nutrient deposition scenario, which is potentially due to higher temperature-driven mineralization in warmer conditions, and higher efficiency of nutrient utilization under enhanced light availability attributing to declining ice thickness and duration in cold seasons. Overall, our study proposes the existence and quantifies the synergistic impacts of climate warming and anthropogenic activities in driving the ecological changes in remote alpine lakes on the Tibetan Plateau. The lake ecological consequences driven by individual factor would be worsen by such synergy, so that we cannot predict the lake ecosystem trajectory in the future based on each factor separately, and more efforts than previously expected would be needed for the lake restoration and management.

KEYWORDS
 lacustrine ecosystem, climate warming, atmospheric deposition, paleolimnology, ecosystem modeling


1. Introduction

The Tibetan Plateau, as the “Third Pole” of the Earth (Qiu, 2008), is one of the most sensitive areas to climate changes at a rate twice warming than the global average from meteorological observations (Immerzeel et al., 2020). Lakes are sentinel of global changes and sensitive to unprecedented climate warming and pervasive human activities (Adrian et al., 2009). Evidence from paleolimnological investigations suggests that aquatic ecosystems of montane lakes have correspondingly experienced rapid and pronounce changes in recent decades on the plateau (Hu et al., 2014, 2017). Climate warming can stimulate changes in primary producer communities through directly heating surface lake water, shortening the duration, thinning the ice-cover, and altering thermal stratification, or indirectly affects ecological changes by interaction with nutrient recycling (Catalan et al., 2013; Woolway et al., 2020). Recent studies indicate algal communities and diatom compositions display a trend towards long-term warming over the past century (Hu et al., 2017; Kong, L. et al., 2017). Specifically, reduced ice cover and enhanced thermal stratification caused by climate warming induce the diatom shifts from benthic Fragilaria taxa to planktonic Cyclotella with a preference of warm condition (Smol et al., 2005; Hu et al., 2014; Rühland et al., 2015).

Anthropogenic impacts in populated area are migrating to these remote areas via transporting particulate nutrients by atmospheric deposition (Wolfe et al., 2003). Tibetan Plateau region is now a hotpot of atmospheric nitrogen (N) deposition, transporting from lower latitude southeast Asia by monsoon circulation, with the N deposition rate of up to 20–40 kg ha−1 yr.−1 (Chen et al., 2004; Zhang et al., 2012). Furthermore, nitrate concentration recorded in Himalayan ice cores revealed a long-term increase in N pollution since 1850 AD (Thompson et al., 2000). Previous study suggests that increased N deposition is indeed an important nutrient source, promoting primary productivity and driving ecological changes when N deposition rate exceeds ~10 kg ha−1 yr.−1 at remote montane lakes (Bergstrom and Jansson, 2006; Hu et al., 2014). Such a high N deposition rate in the southeast of Tibetan Plateau should be close to or above the estimated critical load for ecological changes (Liu et al., 2011; Zhang et al., 2012). Furthermore, lake primary productivity enhancement and phytoplankton composition alternation driven by N deposition are also reported especially for N-limited alpine lakes in the Tibetan Plateau region (Hu et al., 2014).

Ecological dynamics of aquatic system are not only driven by a single stressor such as climate change, human activity, or nutrient supply, but more often by multiple stressors (Birk et al., 2020), which have been increasingly recognized as the joint drivers of lake ecological changes (Ormerod et al., 2010). A recent study from 33 freshwater mesocosm experiments indicates that more than 60% of the cases are subject to additive effects and interactive (synergistic or reversal) effects by the paired-stressor combinations (Birk et al., 2020). Furthermore, a modern survey based on more than 1,000 lakes in U.S. suggests that the synergistic effects of climate changes and nutrients supply are indeed widespread in determining lake primary productivity and algal community shifts, especially for eutrophic lakes (Rigosi et al., 2014). In addition, in situ experiments in Rocky Mountain lakes also reveal small planktonic species respond to lake thermal structure changes only with adequate nutrient availability, which also supports the interactive effects of lake warming and nutrient availability for mesotrophic-oligotrophic alpine lakes (Saros et al., 2012). However, whether warming and atmospheric deposition would impose additive or even synergistic effects on the lake ecosystem in the Tibetan Plateau region are rarely investigated and remains unknown. Therefore, in-depth research on the synergistic effects of multiple stressors is warranted for improved understanding the response mechanisms of lake ecosystem on the Tibetan Plateau.

The long-term perspective is crucial for understanding the nature and timing of the lake ecological evolution, and its feedback mechanism responding to external multiple stressors (Smol, 2010). Paleolimnological approaches are widely used to reconstruct the long-term dynamics of environmental changes and ecological evolution based on multi-proxy data over decadal to centennial timescales (Zhang et al., 2019; Fordham et al., 2020), exemplified by numerous studies in European, North American, Arctic, and Tibetan Plateau region (Smol et al., 2005; Rühland et al., 2015). For example, fossil pigment proxy can reflect the pelagic algal community succession of the lake, and the tempting outcomes from sediment pigment shed lights on exploring the phytoplankton community exemplified from our study and others in more eutrophic lakes (Leavitt et al., 1997; Leavitt and Hodgson, 2002; McGowan, 2013). However, the key drivers and underlying mechanisms of such dynamics remains difficult to quantify based on the sediment records alone. On the other hand, process-based ecosystem modelling offers the opportunity to hindcast the lake evolution history and to identify the key drivers (climate and human activities). Yet such approach is constantly restricted by lack of external forcing (climate, nutrient loading etc.,) and field data, particularly in those understudied lakes without a routine monitoring program (Kong, X. et al., 2017). Combining the modelling and paleolimnological approach is therefore promising to improve our understanding of the long-term lake evolution, which calls for more investigations including the Tibetan Plateau region (Seddon et al., 2014).

In this study, a representative subalpine lake (Cuoqia Lake) in the southeast of Tibetan Plateau was chosen as a monitor of regional environmental and ecological changes. We use high-resolution paleolimnological records to (1) investigate the regional environmental changes and lake ecological evolution (primary productivity and algal biomass) over the past two centuries based on 210Pb/137Cs dated multiproxy data including geochemistry, stable isotopes and sedimentary pigments, (2) disentangle its response mechanisms to climate warming and atmospheric nutrient deposition using ecosystem modelling, and (3) explore the synergistic effects of multiple external stressors in regulating primary productivity and algae abundance changes through statistical analyses and comparative scenario modelling.



2. Study site

Cuoqia Lake (CQ Lake, 27°24′ N, 99°46′ E, 3960 m a.s.l.) is located in the hinderland of Hengduan Mountains in the southeast margin of Tibetan Plateau, ~20 km southwest of Shangri-la country, Yunnan province (Figure 1A). It is a small subalpine ice-scour lake with the maximum water depth and average water depth of ~26.4 m and ~ 13.2 m, respectively. CQ Lake have a surface area of ~0.07 km2 and a catchment area of ~0.44 km2 with a small catchment and lake area ratio of 6.3 (Figures 1B,C). It is a semi-closed lake without visible surface inflows and outflows, and is mainly fed by seasonal rainfall and snowmelt water. The lake is surrounded by forest vegetation on three sides and steep rock walls on one side. There are no visible aquatic plants in lake water with a pH of ~6.7 and dissolved organic carbon (DOC) of 5.15 mg/l in May 2014. The watercolor is close to sauce-brown with a Secchi depth of 3.7 m. Field survey indicates that it is an oligo-trophic lake with total phosphorus (TP) and total nitrogen (TN) of ~10 μg L−1 and ~80 μg L−1, and is N-limited with TN:TP of ~8 (Hu et al., 2017; Li et al., 2021).
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FIGURE 1
 Location and setting. (A) Map showing the location of the study site Cuoqia Lake (CQ Lake, red dots) and nearby Moon Lake and Shade Co (gray dots) in the southeast Tibetan Plateau. (B) topography and catchment (circled by yellow line) of CQ Lake, base map from Google Earth [modified from Li et al. (2021)]. (C) Bathymetry of the CQ Lake and locations of the sediment cores (red asterisks). (D) Mean monthly temperature and precipitation at the Shangri-la Meteorological Station, Yunnan Province, China (data retrieved from the Meteorological Administration of China, http://data.cma.cn/).


Currently, the study site belongs to highland humid monsoon climate region, and has distinct rainy and dry seasons with wet in summer and dry in winter. It is mainly influenced by the interaction of Indian summer monsoon, the southern branch of the Westerly wind, and local Tibetan Plateau climate (Zhang et al., 2022). There is no weather station around the lake, and the nearest Shangri-la meteorological station (3276.7 m a.s.l.) shows that the mean annual precipitation (MAP) is ~651.1 mm with more than 81.3% of precipitation falling during monsoon season from April to September over the period of 1958–2020. The mean annual temperature (MAT) ~6.3°C with a maximum monthly mean of ~13.9°C in July and a minimum of ~ − 2.3°C in January, and the relative humidity is ~68% (Figure 1D). At present, the lake lies below the tree line and surrounded by forest vegetation on three sides and steep rock walls on one side. Primary vegetation around the lake appears to be undisturbed in the historic past, dominated by cold temperate conifer forest such as Abies and Picea, shrub such as azalea, Yunnan wormwood such as Kobresia yunnanensis and miscellaneous grass meadow (Xiao et al., 2014; Li et al., 2021).



3. Materials and methods


3.1. Sample collection and age control

In May 2014, two parallel sediment cores (CQ1: 37 cm and CQ2: 30 cm) through the sediment–water interface, were retrieved from the deepest site of the lake at a water depth of ~26 m using a gravity corer (Figure 1C; Chai et al., 2018; Zhang et al., 2022). In the field, both sediment cores were sub-sectioned by extruding vertically at every 0.5-cm interval immediately and the sedimentary lithology is mainly dominated by humus black clay. The sediment samples were transported to the laboratory and stored in the freezer before freeze-drying. The CQ2 is used for dating analysis and the CQ1 for proxy analysis including sedimentary pigment, total organic carbon (TOC), TN, carbon isotope (δ13C), nitrogen isotope (δ15N), and TP. The chronology is determined by 210Pb and 137CS activities analysis using a gamma spectrometer (Hyperpure Ge detector) at 46.5 KeV and 661.6 KeV, respectively. Chronology of CQ2 were established based on 210Pb and 226Ra activities using the constant rate of supply (CRS) model and the chronology of core CQ1 was obtained from core CQ2 through the correlation of loss-on-ignition profiles (Chai et al., 2018).



3.2. Proxy analysis

Sedimentary pigments (0.2–0.5 g dry sample) were extracted using organic solvents of acetone: methanol: water (80:15:5, v/v/v) by leaving in a-20°C freezer for 24 h. Extracts were filtered with a 0.22 μm-pore PTFE filter, concentrated to dry with N2 gas, and re-dissolved with organic solvents of acetone: ion-pairing reagent: methanol (70:25:5, v/v/v; Chen et al., 2001). Note that sedimentary pigments were measured at 0.5-cm resolution for upper 10 cm and 1-cm resolution for the lower. Pigments were measured via an Agilent 1200 series high performance liquid chromatography unit (HPLC, Agilent, United States) with quaternary pump, autosampler, 120EC-C18 Hypersil column (3.0 × 150 mm; 2.7 μm particle size), and photo-diode array detector (PAD). Pigments were identified and quantified based on the retention time and absorption spectra and authentic standards (DHI, Denmark; Leavitt and Hodgson, 2002; McGowan, 2013). The identified pigments included all algae (Chl α, pheophytin α), chlorophytes (Chl b, pheophytin b, lutein), siliceous algae (diatoxanthin), and cyanobacteria (canthaxanthin). The concentration of all pigments was expressed in nmol g TOC−1. TOC, TN and TP were previously published in Chai et al. (2018). δ13C and δ15N were measured at 0.5-cm resolution using a Thermo Scientific MAT253 Delta V mass spectrometer coupled with a Flash elemental analyzer (Thermo Fisher, United States). The δ13C and δ15N is presented in δ notation as the per mil deviation (‰) from standards relative to Vienna PeeDee Belemnite (VPDB) and atmospheric N2, respectively. Replicate analyses indicate that the analytical precision was better than 0.1‰ for the δ13C and 0.3‰ for the δ15N.



3.3. Data analysis

Principal components analysis (PCA) was used to summarise the major ecological trends of primary producer communities inferred from sedimentary pigment dataset. Redundancy analysis (RDA) was conducted to reveal the correlations between primary producer communities and multiple environmental factors. The response variables are sedimentary pigment concentration of the total algal community and specific algal group including chlorophytes, siliceous algae, and cyanobacteria. The explanatory variables include nutrient factors (TOC, TN, C/N, and TP), climate factors (temperature and precipitation), and atmospheric N deposition factors (δ15N and N2O emission). Note that N2O emission in the study region was obtained from grid monitoring data from EDGAR-Emissions Database for Global Atmospheric Research1. In addition, variation partitioning analyses was further performed to investigate the synergistic effect of two main forcing factors on algal community dynamics. The climate changes (temperature) and atmospheric N deposition (δ15N) were selected as driving variables, while sedimentary pigment concentration of the total algal community and specific taxonomic groups as the response variables. All the variables were log-transformed prior to analysis, performed by the program Canoco 5 (Šmilauer and Lepš, 2014).



3.4. Lake ecosystem modelling configuration

We further implemented a process-based lake ecosystem modeling approach for CQ Lake for a mechanistic understanding of the long-term ecological dynamics. Here we used the GOTM-WET model (Schnedler-Meyer et al., 2022), which included both General Ocean Turbulence Model (GOTM) and Water Ecosystem Tool (WET) for lake hydrodynamic and ecological modeling, respectively. GOTM is originally a 1D hydrodynamic model for ocean and its lake branch includes the hypsographic structure of the lake water and sediment, so that the model could simulate water temperature, ice cover, turbulence and mixing along the lake vertical dimension (Umlauf and Lemmin, 2005). WET is developed from the PCLake model (Janse et al., 2010), and can simulate the mass-balanced closed nutrient cycling and ecological processes with a customizable food web structure. Here we focused on the phytoplankton community and applied the ‘default’ setting that which includes three algae groups (diatoms, green algae, cyanobacteria) that are the dominant groups in CQ Lake. The model can simulate the lake dynamics at hourly basis. Considering that we primarily investigated the long-term lake ecosystem dynamic, we aggregated the model outputs from hourly to annually basis to better compare with the sedimentary data which are in annual time-resolution.

We collected the meteorological data (including wind speed, wind direction, air pressure, air temperature, relative humidity, cloud cover, solar radiation and precipitation) at hourly basis from the ERA5 global meteorological reanalysis data (from European Centre for Medium-Range Weather Forecasts, ECMWF) at the grid cell of CQ Lake (Supplementary Figure S2). In addition, we collected daily air temperature at the national meteorology station (CMA) ‘Shangrila’ (3,277 m a.s.l., ~20 km northeast of CQ Lake) from 1957 to 2020 AD, which is elevation-corrected with a reduction of ~5.2°C for CQ Lake. The Shangrila data is used for bias-correction of the ERA5 data (Supplementary Figure S3). Furthermore, the meteorological data without anthropogenic climate change were provided by the Inter-Sectoral Impact Model Inter-comparison Project (ISI-MIP) database as the ‘piControl’ scenario (Supplementary Figure S4), which were projected by four Global Climate Models (GCMs; Warszawski et al., 2014). The ISIMIP data were downscaled from daily to hourly basis following the method by Shatwell et al. (2019), except for wind speed and direction which were provided along the Eastward and Northward direction at sub-daily resolution (Frieler et al., 2017).

The annual discharge to the lake was estimated using the SCS-CN model (Kong et al., 2015) driven by annual precipitation data from ERA5. For nutrient loading from the drainage area (TN and TP), an export coefficient model (Johnes, 1996) was used considering vegetation (subalpine conifers and shrubs) as the land use type. We further incorporated annual atmospheric N deposition as part of the TN loading, based on the field observations in 1999 AD (2.22 kg hm−2 yr.−1; Zhang et al., 2013) and 2012 AD (20.0 kg hm−2 yr.−1; Zhu et al., 2015). The long-term data were estimated by the linear interpolation assuming a zero deposition in 1947 AD from the sediment N isotope peak (2.79‰; Supplementary Figure S5).

The hydrodynamic model (GOTM) was calibrated against the daily water temperature data from a neighboring Moon Lake at 1 m depth during 2013 (Supplementary Figure S6). The calibration was performed using the auto-calibration program PARSAC with several successful applications with GOTM (Ayala et al., 2020; Kong et al., 2022). For the ecological model WET, the initial parameter values were based on the default values calibrated to 40+ lakes (Janse et al., 2010), serving as a starting point for calibration. The initial values for state variables of nutrient (TN and TP) in the sediments were determined based on the sediment records at the corresponding layer.



3.5. Model hindcast and scenario analyses

We designed a model scenario analysis including both the TN loading and meteorological conditions as the two-factorial experimental simulations. For TN loading, there are two levels (N −/+) representing the scenarios of constantly low TN loading after 1980s AD, and the factual TN loading with an increase after 1980s AD and much rapidly after 2000s AD (Supplementary Figures S4, S5). For meteorological variables, two scenarios including the ‘piControl’ (PIC, or C−) and the ‘historical’ (HIST, or C+) were used representing the climate without and with anthropogenic impacts, respectively. In summary, the scenario analyses including four model scenarios (N −/+ and C −/+), while for C −/C+ there are four GCMs, resulting in 16 model runs in total.

Among the model runs, the scenario of TN+ and C+ represents the factual condition, which was considered as the ‘hindcast’ simulation. Due to lack of recent field observations for biogeochemical and ecological variables, we performed a model calibration during the hindcasting, by using the sediment records including the geochemical (TN and TP) and the pigment records of the three algal groups. A trial-and-error method was utilized to fit the model outputs from 1900 to 2020 AD to the sediment records. All the parameter values that were optimized during the calibration were documented in the Supplementary Table S1.

Next, we tested the hypotheses that the rapid increasing atmospheric N deposition and the climate change since the 1980s together dictated the ecological dynamics in CQ Lake, particularly in the succession of algal community. We evaluated if there are additive and/or synergistic effects of TN loading and climate change on the ecological dynamics. Relevant processes of the causal effects between the TN loading and climate change and ecological dynamics were provided by the process-based modelling with GOTM-WET. All statistical analyses were performed in R (R Core Team, 2021). Long-term trends and change rate in time series of model outputs were calculated based on the Mann-Kendall test and Sen’s slope by the R package ‘trend’ (Pohlert, 2020).




4. Results


4.1. Sedimentary records

The chronology of CQ1 and CQ2 cores were previously reported in Chai et al. (2018) and Zhang et al. (2022), covering the past two centuries from 1800 to 2014 AD (Supplementary Figure S1). The sedimentary pigment records exhibited a two-stage pattern with relatively stable and low value before ~1980 AD and thereafter started distinctly increasing to the highest value in the top, expect for the cyanobacteria pigment (Figures 2, 3). In the interval of 1800–1980 AD, the pigments of siliceous algae (diatoxanthin) and cyanobacteria (canthaxanthin) were present in quite low abundances, while the pigments of total algae (Chl a and pheophytin a) and chlorophytes (Chl b and lutein) were relative moderate. Note that the concentrations of pheophytin a and pheophytin b are quite high and show a high value between 1800 and 1850 AD and shift to a low relative value afterward. In the interval of 1980–2014 AD, the total algae pigments began to increase rapidly until 2000 AD with a low value before. The chlorophytes pigments show a gradually increasing trend and an abrupt increase from the siliceous algae pigments, whereas the canthaxanthin pigment remains low in the whole profile.
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FIGURE 2
 Sediment pigment. The concentration (nmol g−1 TOC) of main pigment including (A) Chl α, (B) pheophytin α, (C) Chl b, (D) lutein, (E) pheophytin b, (F) diatoxanthin, and (G) canthaxanthin in the sediments at the CQ Lake.
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FIGURE 3
 Historical environmental and ecological changes around the CQ Lake. (A) temperature and (B) precipitation changes, (C) sedimentary δ15N and N2O emission in the study region, (D) the concentration of sediment TP (Chai et al., 2018), (E) %TOC (Chai et al., 2018), (F) %TN (Chai et al., 2018), (G) the ratio of C/N (Chai et al., 2018), (H) δ13C; The biomass of different algae (average concentration from sediment pigments) including (I) total algae (Chl α and pheophytin α), (J) chlorophytes (Chl b, lutein, and pheophytin b), (K) siliceous algae (diatoxanthin), (L) cyanobacteria (canthaxanthin); (M) The ratio of Chl α/Pheo α, (N) pigment-based PCA at the Shade Co, and (O) diatom-based DCA at the Lugu Lake.


For the pigment data, PCA axis 1 (PCA1) explained 71.9% of the total variance in the pigment assemblages and was positively correlated with all primary producers (Chl a and pheophytin a) and chlorophylls and their derivatives from chlorophytes (Chl b and pheophytin b; Figure 4A). PCA axis 2 (PCA2) explained a further 14.3% of the total variation and was positively correlated with cyanobacteria (canthaxanthin) and negatively correlated with chlorophytes (lutein) and siliceous algae (diatoxanthin). RDA results revealed that variations in pigment composition were significantly correlated with temperature and atmospheric N deposition (δ15N and N2O). In contrast, other factors such as TN, TOC, TP, C/N, and precipitation show weak correlation with pigment composition changes (Figure 4B). The results of variation partitioning analyses reveal that climate warming and N deposition can independently explain 9.9 and 46.8% of the explained variables, respectively. In contrast, synergistic effects of climate warming and N deposition contribute anther 43.3% for the variability in algal community (Figure 4C). In contrast, climate warming, N deposition, and synergistic effects can explain 5.9, 27.7, and 25.6% of the total variables, respectively, with another 40.9% unexplained variables which may be due to the unconsidered additive or synergistic effects of multi-factors and the uncertainty of analytical method.
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FIGURE 4
 (A) Principal components analysis of pigments and (B) redundancy analysis between pigments and significant explanatory variables including temperature, precipitation, δ15N, N2O emission, TOC, TN, C/N, and TP. (C) Variation partitioning analyses was further performed to investigate the synergistic effects of two main forcing factors (climate warming and atmospheric nutrient deposition) on algal community dynamics.




4.2. Model calibration and hindcast

The ecosystem model GOTM-WET well captures the daily surface water temperature during 2013 (RMSE = 1.31°C, R = 0.92), with the seasonal variations of summer peaks (~15°C) and winter minimum (0°C; Supplementary Figure S6). The model also predicts an ice coverage from November to March, and the maximum ice thickness ranged 0.1–0.2 m, which are all in concert with field observations (Supplementary Figure S6). The model predicts that the lake stratifies from May to October with a mean thermocline depth of 3.11 m and a maximum of 9.49 m. The calibration during 2013 proves that the physic model (GOTM) is valid for the lake, so that the model could accurately predict the lake thermal dynamics for the years beyond 2013. The model hindcast from 1900 to 2020 AD provides the predictions of the lake physical dynamics driven by the factual climate and nutrient loading (Figure 5). The results suggest that the physic condition including water temperature, light in the epilimnion, and maximum ice thickness were rather stable before the 1970s. Light intensity started to increase from late 1970s AD, and temperature and ice started to change rapidly after the 2000s. From 2000 to 2020 AD, annual average water temperature increased at a rate of 0.017°C yr.−1, while maximum ice thickness decreased at −0.07 cm yr.−1. Annual average light in the epilimnion decreased at a rate of 0.1 W m−2 yr.−1.
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FIGURE 5
 Model simulated annual averaged data for (A) epilimnetic water temperature volume-weighted across the epilimnion, (B) light intensity in the lake epilimnion weighted by the area of the water–sediment interface in each modeled layer, (C) maximum ice thickness from 1900 to 2020 under different scenarios. The scenarios are composed for a two-factorial approach. ‘C’ denotes the climate factor (‘C-’ is the ‘piControl’ climate scenario without anthropogenic change, and ‘C+’ is the ‘historical’ with climate change). ‘N’ denotes the nutrient loading factor (‘N-/N+’ represents the scenarios without and with the rapid increase of atmospheric N deposition after ca. 2000s). The shade area represents the modeling range derived from the four Global Climate Models (GCMs) from the ISIMIP project. (D-F) The corresponding boxplots of the variable above during 2000 to 2020 under various modeling scenarios.


The ecological model (WET) is calibrated during the hindcast against the long-term sediment records, in particular to the phytoplankton community indicated by the pigment data (Figure 6). The results show that the model nicely captures the long-term patterns of Chl a concentration and the biomass of two major algal groups (green and diatom). In specific, the rapid increase of Chl a and green algae since the 2000s are both represented, while the increase in diatom biomass since the 1980s are also well simulated. Though the absolute Chl a and biomass are difficult to quantify by the pigment data, the consistent patterns between pigment and model imply that the model has grasped the key succession features of the phytoplankton community over the historical period since 1900 AD. The model predicts the rather stable TN concentration in the water column before 2000 AD, and a rapid increase TN afterwards (Supplementary Figure S5), associated with the rapid increase TN atmospheric deposition. Taken together, the model calibration during 2013 AD and the hindcast since 1900 AD as described above provide evidence for reliable outcomes from the model scenario and mechanistic analyses below.
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FIGURE 6
 Model simulated annual averaged, volume-weighted data across the water column for (A) Chl a concentration (B) biomass of green algae, (C) biomass of diatom, from 1900 to 2020 under different scenarios. The scenarios are composed for a two-factorial approach. ‘C’ denotes the climate factor (‘C-’ is the ‘piControl’ climate scenario without anthropogenic change, and ‘C+’ is the ‘historical’ with climate change). ‘N’ denotes the nutrient loading factor (‘N-/N+’ represents the scenarios without and with the rapid increase of atmospheric N deposition after ca. 2000s). The shade area represents the modeling range derived from the four Global Climate Models (GCMs) from the ISIMIP project. (D–F) The corresponding boxplots of the variable above during 2000–2020 under various modeling scenarios.




4.3. Model scenario analyses

The model scenario analyses reveal that the increasing TN enrichment via atmospheric deposition and lake warming caused by climate change are the two main factors promoting the algal proliferation and the community succession, not only individually but also synergistically (Figure 6). Model results suggest that without the two factors (scenario ‘C-/N-’), algal proliferation would not occur, while the community would maintain a persistence and constant biomass of green algae and the secondary dominating diatom. With the TN enrichment alone (scenario ‘C-/N+’), Chl a is enhanced by 51%, green algae would flourish from the 2000s (+43%), while diatom also increases (+10%) but starts earlier around 1980s. This pattern is highly consistent with the sediment pigment data (Figure 6). This result implies that the increasing atmospheric N deposition acts as the key role in driving the phytoplankton succession, featured by the increasing biomass of green algae and diatom. Note that cyanobacteria abundance remains low in both sediment records and model predictions. On the other hand, under the lake warming alone (scenario ‘C+/N-’), however, the change is less visible compared to ‘C-/N+’, but still effective in the way that Chl a (+5%), green algae (+3%) and diatom (+2%) are slightly promoted in biomass. This result suggests that lake warming acts as a secondary role in driving the algae proliferation. Finally, when the two factors are simultaneously effective (scenario ‘C+/N+’), the phytoplankton community depicts the factual pattern as the historical succession, and the increases in Chl a (+77%), green algae (+67%), and diatom biomass (+19%) are even higher than the additive effects of each factor separately, indicating the existence of synergistic effects from both factors.




5. Discussion


5.1. Ecological and environmental changes at the CQ Lake over the past two centuries

CQ Lake is located in the southeast of Tibetan Plateau, which belongs to one of the most sensitive areas to climate changes with twice as much warming as the global average (Immerzeel et al., 2020). Over the past century, meteorological data for CQ Lake from ECMWF reveals that this study region has experienced large-magnitude warming with a rapid increase of 1.5°C since 1980 AD (Figure 3A). Regional annual precipitation shows a gradual decrease trend between 1860 and 1990 AD, followed by an increase afterwards (Figure 3B), which can be supported by reconstructed regional precipitation and relative humidity records from tree ring and speleothem (An et al., 2013; Tan et al., 2016; Xu et al., 2019). Although the catchments of remote subalpine lakes in the Tibetan Plateau are rarely affected by anthropogenic activities directly, reactive N deposition rate in the mountains is high with a value of 20–40 kg N ha−1 yr.−1 (Liu et al., 2011; Zhang et al., 2012), which is mainly due to increased use of synthetic nitrogen fertilizer and fossil fuel combustion after 1980s (Liu et al., 2013). In the CQ lake, δ15N data display a distinct decline towards to 0‰ since 1980 AD (Figure 3C), which can be interpreted as a signal of enhanced atmospheric N deposition (Holtgrieve et al., 2011). Although δ15N in the sediments is affected by N inputs from different sources such as catchment sources, atmospheric deposition and in-lake cycling (Catalan et al., 2013), catchment vegetation and soil should contribute enrichment of δ15N in lake sediments (Bartrons et al., 2010). The effect of bacterial process on δ15N cannot explain the long-term significant depletion trend since 1980 AD (Talbot, 2001). Furthermore, monitoring data of global greenhouse gas emissions demonstrated a remarkable increase of N deposition at our study area inferred from N2O concentration (Figure 3C). The consistent variations can also be observed in nearby Moon lakes with obvious depletion of δ15N (Hu et al., 2014) and in Himalayan ice cores with increased nitrate concentration (Thompson et al., 2000). Therefore, all lines of these evidence support that our study area has experienced unprecedented climate warming and high atmospheric N deposition over the past several decades.

Previous studies show TOC and TN can indicate the variation in primary productivity within the lake and catchment basin (Meyers and Ishiwatari, 1993; Chai et al., 2018). At 1800–1980 AD, the consistent decreasing TOC and TN indicates a long-term decline in productivity in the CQ Lake and its catchment (Figures 3E,F; Chai et al., 2018), which may be related to regional precipitation changes (Meyers and Ishiwatari, 1993; Zhang et al., 2019). Decreased precipitation may limit vegetation and soil development and further diminish the input of catchment organic matter into the lake (Chen et al., 2018), resulting in the gradual decline of TOC and TN. Similar trend can be observed in the total phosphorus of lake sediments (Figure 3D). After 1980 AD, the slight increase in TOC and TN indicates the increased inputs of allochthonous organic matter and/or enhanced primary productivity in the lake (Figures 3E,F; Chai et al., 2018). Nevertheless, the decoupling between total phosphorus and regional precipitation points to the main contribution from enhanced primary productivity rather than allochthonous organic matter inputs at this interval. In addition, evidence of enhanced primary productivity can be observed from the proxies of C/N ratio and δ13C (Figures 3G,H), because enhanced primary productivity within the lake can lead to decreased C/N ratio and depleted δ13C.

Cluster analysis of pigment assemblages in the CQ Lake reveals a remarkable shift in algal communities in ~1980 AD and ~ 2000 AD (Figures 3I–L, 4A). The concentration of most pigments showed a relatively stable low value before 1980 AD, and then siliceous algae started to increase to maximum value toward to present, and total algae and chlorophytes remained relatively stable followed by rapid proliferation until 2000 AD. In contrast, the concentration of cyanobacteria still kept stable and low value over the whole period (Figures 3I–L). Serving as dominant producers in aquatic ecosystems, algae can reflect variations of primary productivity and nutrient level (Reynolds, 2006). The remarkable increase in pigment indicates accelerating algae growth and enhanced primary productivity since 1980 AD. Although sedimentary pigment can be influenced by degradation effects downcore, the relatively stable ratio of Chl a and its degradation product Pheophytin a indicate stable preservation conditions in the CQ Lake (Figure 3M), similar to many other deep lakes (McGowan, 2013; Chen et al., 2018). The unambiguous increase in primary productivity and ecological changes can be widely observed in neighboring subalpine lakes from pigment and diatom proxies (Hu et al., 2014, 2017; Kong, L. et al., 2017; Wang et al., 2020). For example, the pigment PCA1 in nearby Shade Co shows consistent increase in primary productivity in the last few decades (Figure 3N), and similar trend can also be recorded in diatom composition (Figure 3O). Therefore, our multi-proxy paleolimnological records indicates that CQ Lake experienced remarkable environmental and ecological variations including intensified primary productivity and shift in algal community composition especially after 1980 AD.



5.2. Nutrient deposition driving ecological evolution at the CQ Lake

Nutrient supply has been widely recognized as dominate drivers of lake ecosystem dynamics (McGowan, 2013; Yang et al., 2017). Our RDA results suggest that atmospheric N deposition (δ15N and N2O emission) was strongly positively associated with the variations in primary productivity and algae abundance, while sediment phosphorus and TN show a slight negative correlation (Figure 4B). As a small subalpine lake without direct human disturbance, nutrient supply of CQ Lake mainly derives from catchment natural inputs of nitrogen and phosphorus, atmospheric N deposition, and altered in-lake nutrient cycling such as phosphorus sediment release (Hu et al., 2014). On the other land, the long-term decline in sediment phosphorus concentration plays a limited effect for algae proliferation especially since 1980 AD (Figure 3), although sediment phosphorus cannot be completely equivalent to soluble phosphorus in lake, which may be affected by sediment release and atmospheric deposition (Catalan, 2000). Modern monitoring shows atmospheric phosphorus deposition is very low compared with regional atmospheric N deposition (Wang et al., 2017). Although phosphorus can be release from sediments and catchment weathering, the amounts is generally neglectable comparing to catchment inputs in small oligotrophic lakes such as CQ Lake (Catalan, 2000).

Assuming that sediment phosphorus is dominated by catchment inputs, the nitrogen content form catchment should show a similarly reduced trend. Whereas the slightly increase in sediment TN after 1980 AD in the CQ Lake mainly reflects the contributions of other sources such as atmospheric deposition and in-lake cycling (Figure 3; Thompson et al., 2000). Previous study suggests that increased N deposition is indeed an important factor for changes in nutrient sources (Hobbs et al., 2011; Hu et al., 2014). Our model results supported a long-term increase of TN loading after 1980 AD (Figure 3F) when accounting for additional atmospheric deposition inputs even under the condition of reducing catchment inputs (Supplementary Figure S5). In addition, atmospheric N deposition can stimulate increase in primary productivity especially in subalpine lakes. Further quantitative investigation reveals that N deposition with more than 10 kg ha−1 yr.−1 would cause significant ecological changes for the remote lakes (Bergstrom and Jansson, 2006). In the southeast of Tibetan Plateau, the deposition rate is 20–40 kg N ha−1 yr.−1, which is close to or above the estimated critical load of N deposition for ecological changes (Liu et al., 2011; Zhang et al., 2012). At present, CQ Lake has relatively high phosphorus and low nitrogen concentration with TN:TP of ~8 and belongs to a N-limited lake. The N-limited condition may be more significantly considering the gradually declining sediment phosphorus and increasing nitrogen concentration over the past several decades (Figure 3).

Under N-limited conditions, remote lakes are quite susceptible to the enrichment effect of atmospheric N deposition, especially when deposition rates exceed the critical load (Baron et al., 2011). After1980 AD, increased active N deposition largely promotes primary productivity in the CQ Lake charactered by increase in the abundance of total algae, diatom and chlorophytes (Figure 3). Note that stable concentration of canthaxanthin pigment at this interval shows that the lake nutrient level remains too low to support the growth of cyanobacteria. Furthermore, model scenario analysis suggests nutrient loading is indeed critical factor to the variations of primary productivity and algal abundance in the CQ Lake (Jeppesen et al., 2005; Kong X. et al., 2017). Enhanced nutrient supply, caused by the rapid increase of atmospheric N deposition, stimulates algae proliferation characterized by remarkable increase in the biomass of Chl a, green algae, and diatom despite the changes in climate conditions (Figure 6). Likewise, enhanced primary productivity over the past several decades can also be observed in neighboring other lakes such as Jiren Lake (29°43′ N, 100°48′ E), Tiancai Lake (26°38′ N, 99°43′ E) and Wuxu Lake (29°09′ N, 101°24′ E; Wischnewski et al., 2011; Hu et al., 2017). Overall, our results further approve that the influence of atmospheric N deposition on alpine lakes is magnificent in the Tibetan region.



5.3. Synergistic effects of climate warming and nutrient deposition

Our RDA results suggest that climate warming also play a positive role in algae abundance and community succession in the CQ Lake (Figure 4). Climate warming can stimulate changes in primary producer communities by direct physics process such as heating surface lake water, shortening the duration of ice-cover, and altering thermal stratification (Catalan et al., 2013; Woolway et al., 2020). Generally, lake warming and enhanced lake stratification due to climate changes provide more stable and suitable conditions for the growth of primary producers (Hébert et al., 2021), and prolonged growing season due to shortened ice-cover periods also provides more time for algae proliferation (Rühland et al., 2015). However, our model results reveal a limited sole contribution of climate warming to the increase in lake primary productivity and algal proliferation over the past several decades in the CQ Lake (Figure 6). The low contribution may be due to relative low warming extent by ~0.6°C increase in water temperature since 1980 AD (Figure 5A). This limited variable amplitude is insufficient to trigger detectable changes in the ecological process (Hébert et al., 2021; Kong et al., 2021). Nevertheless, our model shows that the effects of climate warming on lake primary productivity and algae proliferation are more pronounced under increasing atmospheric N deposition (N+; Figure 6), suggesting a synergistic effect of climate warming and N deposition on lake ecological changes. Meanwhile, variation partitioning analyses was performed to investigate the synergistic effect of two main forcing factors on algal community succession. The results suggest that climate warming and N deposition can independently explain 9.9% and 46.8% of the explain variables respectively, while their synergistic effects contribute anther 43.3% for the algae growth and community succession (Figure 4C). Such agreement in analytic results from two independent approaches (statistical analysis and model simulation) points to the reliability of the findings that the major role of atmospheric N deposition and the synergy with lake warming driving the long-term ecological dynamics in the CQ Lake.

Furthermore, the process-base modeling further unravels the potential mechanisms that may formulate such synergy. On the one hand, lake warming may increase the nutrient availability due to higher flux of temperature-driven mineralization, which may exacerbate the impacts of excessive nutrient after atmospheric deposition especially after 2000s AD. Similarly, in situ experiments in Rocky Mountain lakes revealed that small planktonic species respond to lake thermal structure changes only with adequate nutrient availability (Saros et al., 2012), suggesting that the effect of lake warming depends on the nutrient availability that cycling between dissolved and particulate forms. On the other hand, the declining maximum ice thickness in the lake since 1980 AD due to warming may increase the light availability under ice (Figures 5B,C), which may act as another indirect effect of lake warming and further promote the synergistic effects with excessive nutrient. Previous studies have implied that global warming leads to mild winter and increased light intensity related with thinner ice coverage, which may promote algae proliferation via more intensive photosynthesis and higher efficiency of nutrient utilization (Kong et al., 2021). Furthermore, increasing light intensity in water may also promote algae proliferation via more intensive photosynthesis and expansion of benthic habitat. Thus, winter is not a dormant period and may even dictate ecological processes in other seasons (Hébert et al., 2021; Hrycik et al., 2021). In addition, our sediment pigment also indicates an earlier diatom growth than other algae since 1980 AD (Figures 3I–L), and this can also be observed in the model result (Figure 6C), which is in coincidence with a rapid increase in light intensity (Figure 5B). This is because diatom is highly sensitive to light changes in lake. The ‘light switch’ after lake stratification has been conventionally considered as the trigger of spring diatom blooms (Sommer et al., 2012). We further hypothesize that the increasing in light after 1980 AD was because of thinner ice coverage driven by lake warming, which further enhance the synergy with nutrients. However, such hypothesis needs to be tested in future studies with more reliable field data on ice and light availability from the lake.




6. Conclusion

Our high-resolution paleolimnological records reveal the environmental and ecological variations at the CQ Lake in the southeast Tibetan Plateau over the past two centuries based on 210Pb/137Cs dated multiproxy data, including geochemistry, stable isotopes and sedimentary pigments. The most remarkable ecological changes indicated by sedimentary pigments at the CQ Lake have occurred since 1980 AD, manifested by a substantial increase in primary productivity and algae biomass. Our RDA results suggest that atmospheric nutrient deposition and climate warming were positively associated with the variations in primary productivity and algae abundance, indicating the underlying driver-response relation between both factors.

Ecosystem modelling, established based on contemporary data and paleolimnological records, was applied to disentangle the driving mechanisms of lake ecosystem dynamics. Scenario analysis revealed that nutrient deposition is the critical factor in driving the increase in lake primary productivity and algal proliferation over the past several decades in the CQ Lake, whereas the contribution of climate warming is limited under low nutrient conditions. Nevertheless, the effect of climate warming on lake ecological changes exhibits more pronounced effects under increased nutrient supply, indicating a synergistic effect of climate warming and nutrient deposition, which can also be supported by the results of the variation partitioning analyses with 43.3% contribution for synergistic effect of climate warming and N deposition. The modeling approach provides the unique opportunity to interpret the potential mechanisms shaping the synergistic effects between lake warming and atmospheric nutrient deposition, which was conventionally difficult with data analyses alone. Our results highlight that multiple environmental stressors under global changes could not only additively, but also synergistically, affect lake ecosystems, which may possibly worsen the negative impact on remote, subalpine lakes as CQ Lake. Thus, more attention on such synergy is warranted to evaluate the impacts of global changes on aquatic ecosystems.
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High-elevation lakes on the Tibetan Plateau have the advantage of sensitive response to climate changes. Multiple proxy records in lake sediments can provide a large amount of extractable information for paleoclimate reconstructions and assessing the position of recent global warming within the context of natural climate variability. In this study, we reconstruct the climatic and environmental changes over the past 300 years from a remote alpine lake (Lake Cuoqia) in the southeastern Tibetan Plateau using multiple proxies including branched glycerol dialkyl glycerol tetraethers (brGDGTs), n-alkanes, elements, fatty acids and their hydrogen isotopes. Due to ice-cover nature of lake surface during winter, brGDGTs mainly reflect the variation in warm-season temperature from March to October, supported by nearby instrumental data. Our reconstructed high-resolution temperature showed a continuous cooling trend between 1700 and 1950 AD, followed by a rapid warming afterward, in parallel with other proxies such as n-alkanes and fatty acids in the same core, which is also consistent with previously published regional temperature records. The hydrogen isotope (δD) of fatty acids, similar to regional tree-ring δ18O, can record the history of atmospheric precipitation isotope and further indicate the variations of regional relative humidity. Our record exhibited a long-term decrease since 1700 AD, in accord with the decreasing lake level inferred from the ratio of Fe/Mn. The combined pattern of reconstructed temperature and relative humidity showed consistent changes before 1950 AD toward to a gradually cold-dry trend, whereas started to decouple afterward. Before 1950 AD, the declined temperature and relative humidity are mainly driven by insolation and thermal contrast between the Indian-Pacific Ocean and south Asian continent. After 1950 AD, decoupling of temperature and relative humidity may be related to the increased regional evaporation and human-induced emission of greenhouse gases and aerosol.
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Introduction

The southeastern Tibetan Plateau is the source of many large rivers in Asia, which is crucial to the atmospheric circulation and hydrological cycle from the regional to global scale (Ding, 1992). The meteorological data since 1950 AD showed that the heating rate of the Tibetan Plateau is twice the global average and relative humidity shows a downward trend (Chen et al., 2015). However, the scarcity of meteorological stations and the lack of paleoclimate records limit us to perceive the mechanism of long-term climate changes (Yao et al., 2019). Thus, in order to obtain the pattern of long-term climate change, proxy-based climate researches are necessary. Moreover, this region is a refuge for many animals and plants with high biodiversity (Tan et al., 2018). Climate change in this region has an important impact on the socio-economic development and ecosystem of Southwest China. The past 300 years has been an important period for understanding the transition from nature-led to human-induced environmental changes, as well as for understanding the interaction between humans and nature. Understanding the characteristics and mechanisms of temperature and humidity changes over the past 300 years in the southeastern Tibetan Plateau is very important for assessing the climate change trend in the future.

Lake sediments have the advantages of good continuity, high resolution, climate sensitivity and large amount of extractable information. They have irreplaceable advantages in reconstructing climatic and environmental changes (Shen et al., 2010). In recent years, many records of quantitative temperature and precipitation/relative humidity have been reconstructed based on lake sediments in southeastern Tibetan Plateau (An et al., 2014; Liu X. et al., 2014; Zhang et al., 2017, 2022; Tan et al., 2018; Feng et al., 2019; Xu et al., 2019; Sun et al., 2021; Zhao et al., 2021a). Quantitative temperature reconstruction can not only understand the trend of temperature change in a long-time scale, but also obtain the absolute value and change amplitude of temperature more clearly. It is of great significance for providing more accurate future climate prediction (Kaufman et al., 2004). In addition, the reconstruction of relative humidity can increase the understanding of hydroclimatic changes in the southeastern Tibetan Plateau.

Glycerol dialkyl glycerol tetraethers (GDGTs) are a kind of membrane-spanning lipids with two C28 alkyl chains, 4–6 methyl substituents and 0–2 cyclopentyl moieties from bacteria and archaea (Sinninghe Damste et al., 2009; Schouten et al., 2013), which are common in lakes (Sun et al., 2011; Russell et al., 2018; Zhao et al., 2021a). Previous studies have shown that the bacterial-sourced branched GDGTs (brGDGTs) responses to temperature changes via producing more/less methyl branches to adjust to colder/warmer conditions (Peterse et al., 2011; Schouten et al., 2013). With the development of chromatographic separation, previous study successfully separated 5- and 6- methyl brGDGTs, further improving the reliability of temperature reconstructions (De Jonge et al., 2014). Hydrogen isotopes of fatty acids is a proxy which can well record the isotopic changes of atmospheric precipitation (Eglinton and Eglinton, 2008; Sachse et al., 2012). At present, there are few studies on precipitation/relative humidity reconstruction using hydrogen isotopes of fatty acids in southwestern China. In this study, we use multiple proxies to (1) quantitatively reconstruct temperature changes and precipitation/relative humidity over the past 300 years including brGDGTs, hydrogen isotope (δD), n-alkane, fatty acids and element, and (2) assess combined pattern of temperature and precipitation/relative humidity and the possible driving mechanisms.



Materials and methods


Study site

Lake Cuoqia is located in Hengduan Mountains in the southeastern Tibetan Plateau, ~20 km southwest of Shangri La County, Diqing Autonomous Prefecture, Yunnan Province (27°24′18.72″ N, 99°46′19.87″ E; elevation: 3960 m; Figure 1A). Hengduan Mountain is an important geographical boundary between the first and second steps of China, with obvious vertical zonality and dramatic changes in geomorphology and climate. Marine glaciers are developed in this area, and many glacial lakes are developed between 3,900 and 4,000 m above sea level (Zhang et al., 2012). Lake Cuoqia is lower than the forest line, with an area of 0.07 km2, an average depth of 13.2 m and a maximum depth of 26 m (Figure 1B, Chai et al., 2018). The lake is hydrologically closed with no visible surface inflow and outflow. It is mainly supplied by atmospheric precipitation and ground melting snow water (Zhang et al., 2022). The vegetation around the lake is almost undisturbed by human activities, mainly subalpine low temperature coniferous trees, such as Abies and Rhododendron shrubs (Xiao et al., 2014).
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FIGURE 1
 Location map and core sampling. (A) The map showing location of the Lake Cuoqia (CQ, red asterisks) and other paleoclimate records mentioned in this study. Blue asterisks are paleotemperature record from lakes [TC: Lake Tiancai (Zhang et al., 2017; Feng et al., 2019); XY: Lake Xingyun (Wu et al., 2018)]. Black block is stalagmite record from Shenqi cave (Tan et al., 2018). Green circle is tree ring records. [LLH: Larix trees in the low-latitude highlands (Xu et al., 2019); BLP: Batang-Litang Plateau (An et al., 2014); BD, ZG: Bangda and Zuogong (Duan and Zhang, 2014)]. (B) Bathymetry of the Lake Cuoqia and locations of the sediment cores (asterisks), surface sediment samples and soil samples on the catchment (grey dots). (C) The temperature and precipitation changes from Shangri La Meteorological Station during 1958–2015 years. (D) Mean monthly temperature and precipitation at the Shangri-la Meteorological Station, Yunnan Province, China (data retrieved from the Meteorological Administration of China, http://data.cma.cn/). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).


The region is mainly affected by the Indian monsoon, with the same period of rain and heat. The region belongs to the temperate continental monsoon climate, with abundant solar radiation throughout the year and small annual temperature difference. According to the modern meteorological data of Shangri La Meteorological Station (27°30′0″ N, 99°25′12″ E; elevation: 3276.7 m), the nearest meteorological station to Lake Cuoqia, mean annual air temperature is 6.01°C, and mean annual precipitation is 624.72 mm. The temperature in this area is the highest in July (average monthly temperature 13.9°C) and the lowest in January (average monthly temperature - 2.3°C). The precipitation is mainly concentrated in June to September (Figure 1C). The monthly average humidity changes are between 58% (December) and 79% (August). From 1958 to 2015 AD, the mean annual precipitation has no obvious change, while the mean annual air temperature shows an obvious upward trend with 0.03°C/year (Figure 1D).



Sample collection and age control

In May 2014, a pair of sediment core (CQ1 and CQ2) were obtained using Hon Kajak large-diameter (9 cm) gravity sampler in the center of the Lake Cuoqia (Figure 1B). The two cores are 37 cm and 30 cm, respectively, and composed of humus black mud. The cores were sampled at an interval of 0.5 cm in the field. The samples were stored in self-sealing bags and refrigerated at 4°C for analysis. We also collected plant samples from trees, shrubs, grasses and surface soil around the lake.

CQ1 is used for proxy analysis of brGDGTs, fatty acids and its hydrogen isotopes, n-alkanes, total organic carbon (TOC), total nitrogen (TN) (Chai et al., 2018) and elements. CQ2 is used for 210Pb/137Cs dating to further calibrate the age model based on the CRS (Constant Rate of 210Pb Supply) model (Appleby and Oldfeld, 1978). The depth-age sequence of both cores was previously published in Chai et al. (2018) and Zhang et al. (2022).



Biomarkers proxy analysis

About 1–3 g freeze-dried samples were extracted 4 times through ultrasonic shaker using organic solvents (dichloromethane: methanol = 9:1, v/v), ensuring complete extraction of organic matter from samples. After drying with N2 gas, extracted total lipids were hydrolyzed using 6% KOH in Methyl alcohol solution for 12 h. Then, the supernatant was obtained after adding NaCl and n-hexane and centrifuging. Add 1.5 mL HCl (6 Mol) and 1.5 mL n-hexane to the bottle containing the sample solution to obtain the component of fatty acids. Finally, the neutral supernatant containing n-alkanes and GDGTs were further extracted through silica gel column chromatography using n-hexane and MeOH, respectively.

A total of 30 samples are determined for the fatty acids and δD values using Delta-V isotope ratio mass spectrometry (IRMS) instrument (Thermo Finnigan) via a high-temperature pyrolysis reactor at 1430°C. The instrument parameter settings and data analysis methods were referred to Liu and Liu, 2019. A total of 52 samples are analyzed for the n-alkanes via an Agilent 7,890 Gas Chromatography and the conditions for the Gas Chromatography following the previous research (Zhang et al., 2019).

A total of 68 samples are analyzed for the brGDGTs via UPLC-APCI-MS (the ACQUITY I-Class plus/Xevo TQ-S system) equipped with two coupled UPLC silica columns (BEH HILIC columns, 3.0 × 150 mm, 1.7 μm; Waters) in series, fitted with a pre-column and maintained at 30°C. The instrument can fully separate of 5- and 6-methyl isomers with improved chromatographic procedure. The samples were dissolved in 1000 μL n-hexane and injected for 4 μL for analysis. BrGDGTs were eluted at a constant flow rate of 0.4 mL/min for 80 min. The mobile phases of A and B, where A = hexane and B = hexane: isopropanol (9:1, v/v), were run isocratic ally with 82% A and 18% B for 25 min, followed by a linear gradient to 65% A and 35% B for 25–50 min, then to 100% B for 50–60 min with another 20 min re-equilibration. BrGDGTs were ionized in the APCI source at a probe temperature of 550°C, voltage corona of 5.0 μV, voltage cone of 110 V, gas flow desolvation of 1,000 L/h, gas flow cone of 150 L/h and collision gas flow of 0.15 mL/min. BrGDGTs isomers were detected using the selective ion monitoring (SIM) mode via [M + H]+ ions at m/z 744 for the C46 standard, m/z 1,050, 1,048, 1,046, 1,036, 1,034, 1,032, 1,022, 1,020, and 1,018 for brGDGTs compounds (Hopmans et al., 2016). The modern samples were analyzed with the C46 standard and the relative concentrations of brGDGTs were calculated according to the integrated peak areas. Lipid preparation, n-alkanes and brGDGTs analysis were performed at the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Science. The fatty acids and its hydrogen isotopes were analyzed at State Key Laboratory of Loess and Quaternary Geology, Institute of Earth Environment, Chinese Academy of Sciences.

Parameters of average chain length (ACL) associated with n-alkanes and fatty acids were calculated as follow, respectively (Ficken et al., 2000; Liu and Liu, 2019).
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Where the Ci is the abundance of the ith n-alkanes and fatty acids.



Reconstructions of quantitative temperature and relative humidity

The site-specific calibration of Lake Cuoqia was established using a stepwise regression method between brGDGTs fractional abundance of short-core CQ1 and the instrumental temperature record during the warm season (from March to October, TM-O; Zhang et al., 2022). Such calibration has also been verified by reconstructed temperature record of another pair core (CQ2) since 1950 AD. Thus, the equation was further used to quantitatively reconstruct the temperature sequences of both cores over the past 300 years.
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Methanol correction formula is as follow (Yang and Huang, 2003):
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[image: image], [image: image] and [image: image] represent value of fatty acids, fatty acid methyl ester and methanol δD, respectively. The value of [image: image]= − 123‰.

For better discuss the driving mechanisms of climatic change, we calculated the temperature difference obtained by subtracting the average temperature of the Indian-Pacific Ocean from our reconstructed temperature. The specific method is firstly to normalize the difference between our reconstructed temperature and the temperature of the Indian-Pacific Ocean before interpolating to the same resolution.




Results

Our modern results show that the n-alkanes in lake surface sediments are mainly composed of long chains of C29 and C31 (Supplementary Figure S1). This is consistent with carbon chain distribution of catchment terrestrial plants (trees and shrubs) and top soils, but different from those of herbaceous plants dominated by medium chains (C27) in the basin, indicating that the n-alkanes in the sediments of Lake Cuoqia are mainly derived from exogenous terrestrial arbors. The carbon chain distribution pattern of fatty acids showed that C16 and C22 were the main fraction in all periods (Supplementary Figure S2). C22 of fatty acids was applied for δD analysis due to the unclear source of C16 from microorganisms or terrestrial plants (Hou et al., 2006).

The reconstructed temperature shows consistent in two cores from Lake Cuoqia, showing a decline trend before 1950 AD and an increase after 1950 AD (Figure 2A). ACL values of n-alkanes and fatty acids changed almost same before 1930 AD, showing a continuous downward trend. After 1930, although ACL of both n-alkanes and fatty acids showed an upward trend, the growth rate of fatty acids was more obvious (Figure 2C). The ACL values of n-alkanes and fatty acids were consistent with the temperature results, both showing a change pattern of first falling and then rising. In addition, the change pattern of TOC and TN are also consistent with the temperature (Figure 2D). The δD of C22 from fatty acids showed a continuous decline pattern in the past 300 years (Figure 2E). The change pattern is consistent with the values of Fe/Mn (Figure 2F). The Rb/Sr. increased continuously before 1980 AD and began to decrease after 1980 AD (Figure 2G).
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FIGURE 2
 Results of multiple proxies from Lake Cuoqia. (A) The reconstructed temperature using brGDGTs from core CQ1 (red line) and CQ2 (magenta line). The orange line represents the warm season temperature (3–10 month) from Shangri La Meteorological Station. Elevation correlation was made using a lapse rate of ~0.53°C/100 m (He and Wang, 2020). (B) BIT values. (C) ACL values of fatty acids and n-alkanes. (D) TOC and TN (Chai et al., 2018). (E) δD of fatty acids (C22, blue line) and relative humidity (green line) from instrumental data. (F) Fe/Mn ratio. (G) Rb/Sr. ratio. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).




Discussion


Quantitative temperature reconstruction at Lake Cuoqia since 1700 AD

Previous study shows that the brGDGTs in Lake Cuoqia mainly come from autochthonous sources, which are supported by multiple lines of evidence including comparison of brGDGTs distribution between surface sediments and down-core samples, ternary plots analysis (tetra-, penta-, and hexamethylated brGDGTs), relationship between the concentration of brGDGTs in surface sediments and water depth and ∑IIIa/∑IIa calculation (Zhang et al., 2022). The brGDGTs can well capture the temperature changes during the instrumental period at Lake Cuoqia with high correlation (R2 = 0.89) to nearby meteorological data (Zhang et al., 2022). Using the same correction equation, we further quantitatively reconstructed the temperature changes in the past 300 years. The reconstructed temperature dropped continuously before 1950 AD and rose rapidly afterwards (Figure 2A). BIT (Branched Isoprenoid Tetraether index) values are the ratio of branched GDGTs to all fractional abundance of GDGTs (including branched and isoprenoid tetraether) and have been widely used as a proxy to evaluate the stability of the sedimentary environment (Zhang et al., 2019, 2022; Yan et al., 2021; Zhao et al., 2021a). The change of the BIT values was quite stable varying from 0.95 to 1 (Figure 2B), indicating stable sedimentary environment and the applicability of the calibration to the whole core. Our temperature results are supported by warm-season temperature (from March to October) from regional meteorological station data during 1958–2015 AD for both long-term trend and amplitude of variation (Figure 2A).

The reconstructed temperature shows consistent with other proxies from the same core such as ACL values of both n-alkanes and fatty acids, TOC and TN (Figures 2C, D). Previous study shows that the mid- and long-chains of leaf wax mainly from terrestrial plants, which is sensitive to temperature changes and can be used as an indicator of temperature changes (Zhou et al., 2005). Although the overall pattern of temperature changes is consistent, the slight discrepancy between them is possibly due to different responses to climate change. TOC and TN are two fundamental proxies for describing organic matter content in sediments, mainly reflecting the primary production of biomass which is related with regional climate changes (Meyers and Ishiwatari, 1993). The decline of TOC and TN may indicate the gradually cold-dry climate conditions, in accord with the variation of our reconstructed temperature.

Our reconstructed temperature is also consistent with previously limited regional temperature records (Duan and Zhang, 2014; Zhang et al., 2017; Wu et al., 2018). For instance, July temperature based on subfossil chironomids from Lake Tiancai showed an overall decrease with a rapid increase after 1970 AD, albeit with an abnormal value at 1950 AD and quite low resolution (Figure 3B; Zhang et al., 2017). Our absolute temperature has lower values than Lake Tiancai for the past 300 years, which can attribute to differences of reconstructed season and elevation (higher ~60 m). Moreover, the similar long-term trend can also be observed from pollen-based July temperature record at the Lake Xingyun (Figure 3C; Wu et al., 2018). The higher-resolution warm-season (from April to September) temperature from tree ring showed a slight decrease trend before 1920 AD with a reverse afterwards (Figure 3D; Duan and Zhang, 2014). The low temperatures centered at 1870 AD and 1980 AD corresponded with our reconstructed temperature (Figure 3D). The mismatch in the warming time may be attributed to dating uncertainty. It is worth noting that our temperature shows obvious discrepancy with the trend of mean annual air temperature reconstructed by brGDGTs from Lake Tiancai and sea surface temperature from Indian-Pacific Ocean (Tierney et al., 2015; Feng et al., 2019), both showing a continuous warming (Figures 3E, F). This may be attributed to seasonal difference between warm-season and mean annual temperature, which is confirmed to be present at longer Holocene scales (Sun et al., 2021; Zhang et al., 2022). In conclusion, our reconstructed 300 years quantitative temperature is reliable and agrees well with regional limited temperature records.
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FIGURE 3
 Comparison with regional temperature records and driving mechanisms. (A) Quantitative temperature reconstruction from Lake Cuoqia in this study. The gray shadows indicate period of low temperature. (B) Quantitative mean July temperature reconstruction based on subfossil chironomids from Lake Tiancai (Zhang et al., 2017). (C) Pollen-based mean July temperature record from Lake Xingyun (Wu et al., 2018). (D) The Apr-Sep mean temperature reconstruction using tree ring from Bangda (BD) and Zuogong (ZG) in the southeastern Tibetan Plateau (Duan and Zhang, 2014). (E) Quantitative mean annual air temperature using brGDGTs from Lake Tiancai (Feng et al., 2019). (F) The temperature reconstruction of Indian-Pacific Ocean based on coral records (Tierney et al., 2015). (G) Temperature difference between our reconstructed temperature anomaly and SST from Indian-Pacific Ocean (Tierney et al., 2015). (H) Warm-season insolation anomaly at 26°N (Laskar et al., 2004). (I) GHG-driven forcing (Crowley, 2000). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).




Relative humidity changes over the past 300 years

Previous studies suggest that the hydrogen isotopes of fatty acids and n-alkanes from terrestrial plants can well record the isotopic changes of atmospheric precipitation (Eglinton and Eglinton, 2008; Sachse et al., 2012). δD of C22 from fatty acids has similar fraction process of n-alkanes δD from precipitation isotope in hydrological cycles (Hou et al., 2006; Contreras-Rosales et al., 2014). However, the controlled factors of leaf wax δD include local rainfall, soil evaporation, vegetation fractionations, etc. (Dansgaard, 1964; Cai et al., 2012; Sachse et al., 2012; Zhang et al., 2020). The water required for plants in the lake catchment mainly derived from soil water which is influenced by monsoon precipitation and soil evaporation effect (Sachse et al., 2004, 2012; Zhao et al., 2021b). Thus, leaf wax δD should mainly reflect the variations in the relative humidity. The isotopic fractionations may also exist during lipid biosynthesis in plant, and possible evapotranspiration between soil and lipid leaf wax water (Sachse et al., 2012). Some studies from southwestern China demonstrate that the isotope (δD and δ18O) of tree ring indeed indicates the changes of relative humidity on centennial time scale (An et al., 2014), and has been verified by the regional instrumental data. Note that the effect of vegetation fractionation also exists in tree-ring δD with little influence, similar to our leaf wax δD of fatty acid (An et al., 2014). Therefore, our isotope records the changes of regional relative humidity with positive δD of C22 indicating dry environment, and vice versa.

In the past 300 years, the gradually enriched δD of C22 from the Lake Cuoqia indicates a continuously dry condition, which shows good relation with the relative humidity measured by instrument data over the past decades (Figure 2E). Our δD-based relative humidity is also consistent with the ratio of Fe/Mn from the same core (Figure 4B). Fe/Mn can indicate redox state and further indicate the rise and fall of lake level with high ratio of Fe/Mn corresponding to high lake level, and vice versa (Mackereth, 1966). Similar changes can also be observed in another proxy of Rb/Sr. ratio in the same core (Figure 2G), which is widely used to reflect the intensity of chemical weathering with low values for intense chemical weathering related to humid environment, and vice versa (Chen et al., 2008; Liu J. et al., 2014).
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FIGURE 4
 Comparison with regional relative humidity records and driving mechanisms. (A) δD of C22 from fatty acids (this study). (B) Changes of lake level inferred from Fe/Mn (this study). (C) Reconstructions of relative humidity from June to August based on tree-ring δD chronologies (An et al., 2014). (D) Record of δ18O from regional tree ring (Xu et al., 2019). (E) Reconstructed cloud cover using composite δ18O of three tree-ring chronologies (Liu X. et al., 2014). (F) Precipitation index inferred from stalagmite (Tan et al., 2018). (G) Stalagmite δ18O of Shenqi cave (Tan et al., 2018). (H) Shift index of Intertropical Convergence Zone inferred from stalagmite (Tan et al., 2019). (I) Model simulated Niño3.4 sea surface temperatures variability (Man and Zhou, 2011). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article).


The consistent changes of the relative humidity can also be recorded by other geological archives including tree ring, stalagmite and lake (An et al., 2014; Xiao et al., 2014; Tan et al., 2018; Xu et al., 2018, 2019). For example, the relative humidity, reconstructed by high-resolution tree ring δ18O from Batang-Litang Plateau (BLP) of southeastern Tibetan Plateau (Figure 1A), showed a long-term drying trend in the past 300 years (Figure 4C; An et al., 2014). Also, similar trend can be observed in another δ18O of tree ring from low-latitude highlands (LLH) of southwestern China (Figure 1A), revealing an apparent drying trend especially after 1840 AD (Figure 4D; Xu et al., 2018, 2019), which can be supported by the reconstructed cloud cover records using composite δ18O of three tree-ring chronologies from southeastern Tibetan Plateau (Figure 4E; Liu X. et al., 2014). Similarly, many δ18O records of stalagmite in nearby regions also show consistent changes with our reconstructed relatively humidity. For instance, the precipitation index and δ18O of stalagmite from Shenqi Cave (SQ) in southwestern China (Figures 4F, G; Tan et al., 2018) showed a persistent positive trend, indicating a drying environment. In addition, the gradually drying environment is also supported by pollen data in sediments of Lake Tiancai, in which the tree pollen of Tsuga gradually decreases (Xiao et al., 2014). In summary, the reconstructed relative humidity is consistent with proxies from same core and is supported by instrumental data and regional precipitation/relative humidity records.



Combined pattern of temperature and relative humidity and driving mechanisms

Our reconstructed temperature and relative humidity showed consistent changes between 1700 AD and 1950 AD toward to gradually cold-dry trend, whereas started to decouple after 1950 AD, manifested as increasing temperature and decreasing relative humidity (Figures 2A,E). The combined pattern of reconstructed temperature and relative humidity is characterized with decoupling at 1950 AD, when the reason has not yet completely recorded and discussed by regional archives. Here, we focus on analyzing and explaining the underlying causes and driving factors of decoupling before and after 1950 AD.

The continuous decrease of temperature and relative humidity before 1950 AD was in accord with the decreasing warm-season insolation (from March to October) at 26° N (Figure 3H; Laskar et al., 2004; Sun et al., 2021). The decreasing insolation reduced total energy received at the earth surface, resulting into the decline in regional temperature. The decreasing insolation also weakened the intensity of Indian summer monsoon and further reduced the precipitation and/or relative humidity in our study area (Tan et al., 2018). Moreover, the persistent decline of relative humidity may be related to the decreasing thermal contrast between sea surface temperatures of the tropical Indian-Pacific Ocean and land temperature in our region (Figure 3G), which determines the intensity of water-vapor transports dominated by the Indian summer monsoon (Bansod et al., 2003; Feng and Hu, 2005; An et al., 2014). Furthermore, the pressure difference between Tibetan Plateau and tropical Ocean may also affect the monsoon precipitation and relative humidity in the southeastern Tibetan Plateau (Rashid et al., 2011). Previous studies suggest that the years with high relative humidity are related to the low-pressure conditions on the southeastern Tibetan Plateau, while the pressure field on the Indian Ocean is opposite (An et al., 2014). When the Tibetan Plateau maintains a high-pressure ridge in summer, the intensity of Indian summer monsoon weakens, reducing the movement of ocean air mass from the Indian Ocean to the plateau (Charles et al., 1997; Xu et al., 2009). Therefore, the path of rain storms will move southward, resulting in low relative humidity. In addition, the decreasing relative humidity over the past 300 years has high coherence with overall southward shift of Intertropical Convergence Zone (Figure 4H; Tan et al., 2019) and intensified EI Niño-like conditions (Figure 4I; Man and Zhou, 2011), indicating a pivotal role of low-latitude driving force to southeastern Tibetan Plateau.

After 1950, our reconstructed temperature record showed consistent changes to the rapid increase in greenhouse gases emission caused by human activity (Figure 3I), indicating a close connection between them (Crowley, 2000). Although increased temperature can lead to more water-vapor supply and larger temperature difference between sea and land, the relative humidity showed an overall decrease trend during this period (Figure 4A). The decreased relative humidity may be caused by enhanced evaporation associated with unprecedented warming. In addition, the decreasing relative humidity was possibly related to the aerosol-affected Anthropocene warming as well which can lead to a weakening of summer monsoon intensity and thus result into dry environment (Liu et al., 2017). In the future, the continued and rapid warming would further decrease the relative humidity, and more attention should be taken for extreme climate changes in the Tibetan Plateau region.




Conclusion

We reconstruct quantitative warm-season temperature and relative humidity from Lake Cuoqia over the past 300 years, using multiple proxies of brGDGTs, n-alkanes, fatty acids and δD of C22. The result of temperature showed decreased trend before 1950 AD and increased trend thereafter, which was consistent with the changes in ACL values of n-alkanes and fatty acids in the same core. Our temperature data was also in accord with regional warm-season and/or summer temperature records. The reconstructed relative humidity using C22 δD of fatty acids showed gradually dry trend over the past 300 years, which is consistent with the results of lake level inferred from Fn/Mn in the same core and regional δ18O records from tree ring. Before 1950 AD, temperature and relative humidity were coupled, showing a cold-dry trend. After 1950 AD, the temperature and relative humidity were decoupled, and the temperature began to rise while the relative humidity continued to decline. The temperature is possibly affected by warm-season insolation before 1950 AD. The continuous drying is related to monsoon intensity and water-vapor input caused by the temperature difference between the lake Cuoqia and the Indian-Pacific Ocean. After 1950 AD, the decoupling of temperature and relative humidity may be related to the enhanced evaporation and increased emission of human-induced greenhouse gases and aerosol. The continued and rapid warming would further decrease the relative humidity, and more attention should be taken for extreme climate changes in the Tibetan Plateau region in the future.
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The deterioration in lake water environments, especially increasing lake eutrophication, is prevalent all over the world, which has seriously affected the balance and stability of the internal ecosystem of lakes. In this study, modern water and sediment samples were collected from three subtropical freshwater lakes with significant differences in nutrient levels to analyze the concentration of the zooplankton Cladocera Bosminidae and its relationship with lakes’ ecological changes. The results show that the deterioration in lake water environments caused by increasing eutrophication limits the survival of most zooplankton. However, the Bosminidae shows a positive adaptability to eutrophication and high sensitivity to the changes in the lake environment. In addition, the lake eutrophication process caused by the intensification of human activities enhances the survival advantage of Bosminidae with more food sources, which is more conducive to its rapid reproduction.
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1. Introduction

Crustacean zooplankton Cladocera are highly abundant in freshwater bodies worldwide. These Cladocera communities are sensitive to changes in the environment and climate (Korhola and Rautio, 2001; Szeroczyńska and Sarmaja-Korjonen, 2007; Pawłowski et al., 2015; Cheng et al., 2020a). The Bosminidae family belongs to Cladocera communities and is characterized by small body sizes (0.2–1.0 mm). They are ubiquitous on lake surfaces where the concentration of nutrients is relatively high (Zaret and Kerfoot, 1975; Jiang and Du, 1979; Zaret and Kerfoot, 1980; Threlkeld, 1981; De Melo and Hebert, 1994). The different species of the Bosminidae family exhibit unique adaptability to different nutritional environments (Jiang and Du, 1979; Szeroczyńska and Sarmaja-Korjonen, 2007). For example, Bosmina longirostris is commonly reported in eutrophic lakes, warming waters, and metal-contaminated lakes (Boucherle and Züllig, 1983; Balcer et al., 1984; Labaj et al., 2015; Adamczuk, 2016). Bosmina (E.) longispina can be used to indicate oligotrophic and mesotrophic environment changes (Deevey, 1942; Boucherle and Züllig, 1983; Miroslaw-Grabowska et al., 2015). However, due to the destruction of Bosminidae chitin fossils in the process of deposition, it is difficult to distinguish all the specific species of Bosminidae. Recent studies showed that the total number of Bosminidae, including both the eutrophic species Bosmina longirostris and oligotrophic and mesotrophic species Bosmina (E.) longispina, shows clear survival advantages in lakes with high trophic levels (Cheng et al., 2019, 2020b). For example, a large number of Bosminidae (a relative abundance greater than 80% in the total concentration of Cladocera) have been found in shallow eutrophic lakes in the subtropical zone (Liu et al., 2008; Wang et al., 2019; Cheng et al., 2020b). Furthermore, the abundance of Bosmina longirostris is usually greater than that of the species Bosmina (E.) longispina (Cheng et al., 2019, 2021) in eutrophic lakes. Therefore, we studied whether the Bosminidae can be used as a new indicator of the evolution of eutrophication in freshwater lakes in a subtropical region.

Since entering the Anthropocene, the impact of human activities on freshwater environments such as lakes has been increasing (Lin et al., 2020). Under the combined effects of anthropogenic activities (such as rapid industrialization and urbanization) and climate change, lakes in the middle and lower reaches of the Yangtze River in eastern China, which is located in a subtropical region with a relatively dense population and developed economy, have undergone drastic deterioration over a few decades (Qin et al., 2013; Zhu et al., 2019). Currently, these freshwater shallow lakes in the middle and lower reaches of the Yangtze River are a prominent area of environmental deterioration in China (Qin et al., 2013; Zhu et al., 2019). Furthermore, most lakes in this area have entered either a mesotrophic stage or a eutrophic stage, or in between, and are suffering serious cyanobacteria outbreaks that the stability and balance in the lake ecosystem are seriously disturbed (Zhu et al., 2019). For example, the biological composition of lakes has changed significantly, including the miniaturization of fishery structure, the reduction of aquatic plant area, cyanobacteria outbreaks, and a significant decline in biodiversity (Mao et al., 2012; Zhang K. et al., 2018; Jenny et al., 2020).

Taihu Lake (severe eutrophication), Nanyi Lake (transition from mesotrophication to eutrophication), and Shengjin Lake (mesotrophication) are located in the middle and lower reaches of the Yangtze River. They show significant differences in trophic level, area, and local economic development level and are representative of the research on the relationship between the evolution of zooplankton community and eutrophication. Therefore, in this study, we chose the three shallow freshwater lakes as our research object. Based on the research methods of paleolimnology and limnology, we focused on the indicative significance of Bosminidae in lake eutrophication in the three lakes since the 1950s. We analyzed the temporal and spatial changes in Bosminidae density and focused on revealing the adaptability and sensitivity of Bosminidae to lake eutrophication.



2. Materials and methods


2.1. Study area and field sampling

Taihu Lake, Nanyi Lake, and Shengjin Lake are located in the middle and lower reaches of the Yangtze River (Figure 1). The annual temperature and precipitation in the lower reaches of the Yangtze River Basin are 15–16°C and 1,010–1,600 mm, respectively (Qin et al., 2007; Wang et al., 2015; Yao and Xue, 2016; Zhang M. et al., 2018). Taihu Lake (mean depth = 1.89 m, area = 2,338 km2) is socioeconomically important and is the third largest freshwater lake in the Yangtze Delta. It supplies drinking water to some of the large cities in the delta, including Shanghai, Suzhou, and Wuxi (Qin et al., 2007). Taihu Lake is divided into different ecological types (Qin et al., 2007). The eastern area of Taihu Lake (called the East Taihu Lake) has an average water depth of < l m. As opposed to the western and central lake areas, it is a grass lake dominated by large areas of aquatic plants (Cheng et al., 2020a). More than 200 rivers flow into Taihu Lake with a combined total length of ~120,000 km (Zhong et al., 2014). The lake has been experiencing prolonged eutrophication over the past 40 years, with increased cyanobacterial (Microcystis) blooms mostly during summer, reducing both water quality and biodiversity (Qin et al., 2007; Yang et al., 2008; Li and Chen, 2010; Dai et al., 2016).
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FIGURE 1
 The location of the study area and the sample site. (A) Taihu Lake; (B) Nanyi Lake; and (C) Shengjin Lake.


Nanyi Lake (31°03′-31°10′N, 118°50′-119°02′ E) is located in the Shuiyangjiang River Basin, which belongs to the lower reaches of the Yangtze River. The lake’s surface area is 203 km2 with a mean depth of approximately 2 m (Wang et al., 2013). The Langchuan River and the New Langchuan River flow into the northeastern part of Nanyi Lake (Yao and Xue, 2016). Since the 1970s, significant increases in the trophic level and water level of Nanyi Lake have been observed, and currently, it is in a critical period of ecosystem transformation from mesotrophic to eutrophic status (Cheng et al., 2021).

Shengjin Lake (116° 55′–117° 15′ E and 30° 15′–30° 30′ N), which is an important national nature reserve, has a surface area of 133 km2 and consists of three parts: upper, middle, and lower (Wang et al., 2015). Shengjin Lake serves as a habitat for more than 70,000 wintering water birds each year (Yang, 2011). It also joined the East Asian–Australasian Waterfowl Reserve Network in 2005 and was added to the list of Wetlands of International Importance in 2015 (Cao et al., 2018; Peng et al., 2019; Yang et al., 2019). With the increase in human activities, the trophic state of Shengjin Lake has also been increasing since the 1980s (Cheng et al., 2020c).



2.2. Materials and methods

Modern zooplankton samples were collected in October 2017 and in April and July 2018. Sedimentary cores were collected in October 2016 and 2017 (Table 1). The number of zooplankton in a unit volume of water was counted and the individuals were counted under the microscope at 100–200x magnification. The pretreatment process for subfossil Cladocera and geochemical indices (TN, TP, and δ13C in the Bosminidae (δ13Cbos)) have been described in detail in previous studies (Cheng et al., 2020b,c, 2021). The subsamples for subfossil Cladocera were treated with 100 ml of 10% potassium hydroxide (KOH) solution, heated at 60°C for 45 min, sieved through a 38-μm mesh under running deionized water, and transferred into 15-ml centrifuge tubes (Frey, 1986; Korhola and Rautio, 2001). Most Cladocera remains were identified by their shell, headshield, postabdomen, and claw, and at least 100 individuals from each Cladocera (species) were counted in each sample (Jiang and Du, 1979; Szeroczyńska and Sarmaja-Korjonen, 2007). For the data on dating results and subfossil Bosminidae in the sedimentary cores, we refer to published literature and Supporting Information (Cheng et al., 2019, 2020c, 2021). Bosminidae (Bosmina spp.) includes unidentified Bosmina spp., Bosmina longirostris, Bosmina (E.) longispina, and Bosmina (E.) coregoni.



TABLE 1 The physical and chemical water parameters noted in the sample sites.
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2.3. Statistical analysis

Graphical representations of modern zooplankton, Bosminidae, and δ13Cbos records were generated using Origin 8.0 and CorelDRAW 2018. Pearson’s correlation analysis was conducted by IBM SPSS 19.0 (Statistical Graphics Corp, Princeton, United States) and Origin 8.0 using TN, TP, and Bosminidae to investigate the relationships between the biological indicator (Cladocera) and trophic indicators (TN and TP).




3. Results


3.1. Variability in modern Bosminidae abundance

We identified the modern zooplankton in Taihu Lake, Nanyi Lake, and Shengjin Lake. The results showed that Cladocera were the dominant zooplankton species in the three lakes, with the exception of the total number of Copepoda in Shengjin Lake in summer (52 ind./L) exceeding that of Cladocera (44 ind./L) and Rotifera (5 ind./L) (Figure 2). There were higher proportions of Cladocera in zooplankton in the Nanyi Lake (NYH: mean 320 ind./L). Values in the western area of the Taihu Lake (TH-2: mean 127 ind./L) and central area (TH-7: mean 198 ind./L) were much higher than in the Shengjin Lake (SJH: mean 24 ind./L). In spring, the total number of Cladocera identified in TH-7 and NYH reached the maximum values of 478 ind./L and 805 ind./L, respectively (Figure 2). The abundance of zooplankton in the eastern area (TH-5) of the Taihu Lake was far lower than those in the western and central areas (Figure 2). Only the abundance of Cladocera in summer was greater than 50 ind./L in TH-5, while the abundances of Cladocera, Copepoda, and Rotifera in spring and autumn were relatively low and balanced. The total number of zooplankton in SJH was similar to that in TH-5 with a low abundance in each season (Figure 2).
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FIGURE 2
 Modern zooplankton and Bosminidae from the Taihu Lake (TH-2, TH-7, and TH-5), Nanyi Lake (NYH), and Shengjin Lake (SJH) in the main living seasons.


The dominant species of the zooplankton composition in different seasons in the three lakes was Cladocera, which mainly consisted of Bosminidae (Figure 2). The composition characteristics of Bosminidae concentrations in each lake and season were consistent with the distribution of the total number of Cladocera. The total abundance of Bosminidae in TH-2 and TH-7 with severe eutrophication and in NYH in the transitional stage from the mesotrophic to the eutrophic status exceeded 400 ind./L, with a relative proportion of more than 95% in spring. The peak values for Bosminidae in other lake areas mostly reached in summer and autumn.



3.2. Changes in trophic levels (TN and TP) and subfossil Bosminidae abundances since the 1950s

Information about species and abundances of subfossil Cladocera and trophic indices (TN and TP) has been described in detail elsewhere (Cheng et al., 2020a,b,c, 2021). For data on Bosminidae, total Cladocera, and chronology, we refer to the “Supporting Information.” The trophic levels (TN-% and TP-mg/g) remained at a high level since the 1950s, with average values of 0.11% and 0.68 mg/g in the TH-2 core, 0.97% and 0.42 mg/g in the TH-5 core, 0.07% and 0.43 mg/g in the TH-7 core, 0.13% and 0.50 mg/g in the NY-2 core, 0.16% and 0.53 mg/g in the NY-3 core, and 0.28% and 0.59 mg/g in the SJH core (Figures 3, 4). The values of TN and TP in the west (TH-2 core) and central (TH-7 core) areas of the Taihu Lake significantly increased, while the values of TN in the east (TH-5 core) tended to decline but were kept at a higher level (0.92% ~ 1.0%) than in the TH-2 core (0.08% ~ 0.18%) and TH-7 core (0.06% ~ 0.10%). The values of TP in the cores of TH-2, TH-7, and TH-5 ranged from 0.12 to 0.48 mg/g, 0.35 to 0.51 mg/g, and 0.40 to 0.45 mg/g, respectively. The abundance of Bosminidae in the Taihu Lake changed consistently with TN and TP in the western and central areas, but there was a significant decreasing trend in the eastern Taihu Lake (Figures 3, 4). The values of TN and TP in the Nanyi Lake and Shengjin Lake clearly increased. The values of TN in the cores of NY-2, NY-3, and SJH ranged from 0.08 to 0.20%, 0.10 to 0.21%, and 0.23 to 0.31%, respectively. The values of TP in the cores of NY-2, NY-3, and SJH changed from 0.31 to 0.69 mg/g, 0.37 to 0.68 mg/g, and 0.45 to 0.64 mg/g, respectively. The abundance of Bosminidae also increased corresponding to the increase in nitrogen and phosphorus concentrations in the Nanyi Lake and Shengjin Lake.
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FIGURE 3
 Changes in TN and Bosminidae (Bosmina spp.) in the Taihu Lake (A–C), Nanyi Lake (D,E), and Shengjin Lake (F) since the 1950s.
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FIGURE 4
 Changes in TP and Bosminidae (Bosmina spp.) in the Taihu Lake (A–C), Nanyi Lake (D,E), and Shengjin Lake (F) since the 1950s.


The abundances of Cladocera sum and Bosminidae in the cores of TH-2 and TH-7 remained at a high level. Among them, the abundances of total Cladocera and Bosminidae in the TH-2 core ranged from 1,080 ~ 5,295 ind./g with a mean value of 3,048 ind./g, i.e., 94% ~ 98% with a mean value of 96%, respectively, while those in the TH-7 core ranged from approximately 2,507 ~ 9,373 ind./g with a mean value of 5,140 ind./g, i.e., 90% ~ 96% with a mean value of 94%, respectively (Figure 5). After the 1950s, the Cladocera sum decreased in the TH-2 core, but the abundance of Bosminidae increased significantly. The change in Cladocera sum and Bosminidae abundances in the TH-7 core was similar to that in the TH-2 core; that is, the fluctuation in Bosminidae increased after the 1950s (Figure 5). The change in Cladocera sum in the TH-5 core corresponding to that of Bosminidae decreased after the 1950s and their changed ranges were 463 ~ 1,127 ind./g with a mean value of 758 ind./g, i.e., 12% ~ 86% with a mean value of 44%, respectively. The change in the abundance of Bosminidae was consistent with that of the Cladocera sum that increased gradually with time in Nanyi Lake and Shengjin Lake (Figure 5). The ranges for Cladocera sum and Bosminidae in the NY-2 core were 111 ~ 901 ind./g with a mean value of 444 ind./g, i.e., 71% ~ 95% with a mean value of 86%, respectively. Values in the NY-3 core were 101 ~ 639 ind./g with a mean value of 400 ind./g, i.e., 53% ~ 89% with a mean value of 77%, respectively. The abundances of Cladocera sum and Bosminidae in Shengjin Lake (SJH core) were relatively lower than those of in the other two lakes, which changed from 241 ~ 487 ind./g with a mean value of 366 ind./g, i.e., 13% ~ 69% with a mean value of 48%, respectively (Figure 5).
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FIGURE 5
 Changes in Cladocera sum and Bosminidae (Bosmina spp.) in the Taihu Lake (A–C), Nanyi Lake (D,E), and Shengjin Lake (F) since the 1950s.




3.3. Changes in the δ13C values of subfossil Bosminidae in Taihu Lake since the 1950s

To accurately track the flow characteristics of carbon sources in primary consumers, the results of the stable carbon isotope analysis of subfossil Bosminidae (δ13Cbos) in the cores of TH-2 and TH-7 from the heavily eutrophic area in Taihu Lake after the 1950s are shown in Figure 6. The mean values of δ13Cbos in the cores of TH-2 and TH-7 showed relatively consistent mean values of −22.45‰ and − 22.51‰, respectively. However, the variation range in the δ13Cbos value of the TH-2 core was higher than that of the TH-7 core (Figure 6A). The δ13Cbos values in the TH-2 core varied in the range of −25.77‰ ~ −19.54‰, while the δ13Cbos values in the TH-7 core changed from −23.40‰ to −20.80‰. After the 1980s, with intensified eutrophication of Taihu Lake, the δ13Cbos values of the two cores shared a common downward trend that was lower than the mean values (Figure 6B).
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FIGURE 6
 Changes in the δ13C values of subfossil Bosminidae in the Taihu Lake after the 1950s. (A) Statistical distribution of δ13Cbos in the cores of TH-2 and TH-7 and (B) temporal distribution of δ13Cbos in the cores of TH-2 and TH-7.




3.4. Pearson’s correlation analysis between Bosminidae abundance change and trophic level

The Pearson correlation analysis between Bosminidae and trophic indices showed that the abundance of Bosminidae, including B. longirostris and B (E.) longispina, were significantly correlated with TN and TP (Table 2; Cheng et al., 2020a,b,c, 2021). There were significant positive correlations between Bosminidae and TN in the cores of TH-2, NY-2, and NY-3. The Bosminidae were positively correlated with TP in all cores except TH-5, which had a significant negative correlation. In addition, there were significant positive correlations between Bosminidae and TP in the cores of Nanyi Lake and Shengjin Lake. The eutrophic species B. longirostris in the three lakes was significantly positively correlated with TN, except in the TH-5 core. There were significant positive correlations between B. longirostris and TP in the cores of TH-2, NY-2, NY-3, and SJH. The oligotrophic species B (E.) longispina had a significant negative correlation with TN in the cores of TH-2 and TH-7 but a significant positive correlation in the two cores of Nanyi Lake. B (E.) longispina was negatively correlated with TP in the cores of TH-2 and TH-5 and was positively correlated with TP in the cores of NY-2 and NY-3.



TABLE 2 Pearson’s correlation analysis between the trophic indices TN and TP with the species of Bosminidae. Data sources of TH-2, TH-7, TH-5, NY-2, NY-3, and SJH cores were taken from Cheng et al. (2020a,b,c, 2021).
[image: Table2]




4. Discussion

The lake trophic status in the lower reaches of the Yangtze River from a recent study showed that most of the lakes have been categorized into the mesotrophic or the eutrophic status (Cheng and Li, 2006; Qin et al., 2013). The trophic levels of the three lakes, located in the middle and lower reaches of the Yangtze River, have also reached the mid-eutrophic level and above and are increasing from Shengjin Lake to Nanyi Lake and then to Taihu Lake, which is closely related to the distribution of economic development, population, and urbanization in each region (Qin et al., 2013; Zhang M. et al., 2018; Shi et al., 2019; Cheng et al., 2020c, 2021). An analysis of modern zooplankton compositions showed that Cladocera was dominant in the three lakes and that the abundance was gradually increasing from Shengjin Lake through Nanyi Lake to Taihu Lake (Figure 2). Furthermore, the abundances of Bosminidae in the Nanyi Lake and in the western and central areas of the Taihu Lake were greater than 90% (Figure 2). This showed that Bosminidae abundance increased corresponding to the increasing trophic level (Li et al., 2016; Cheng et al., 2020b; Li et al., 2021). However, a higher Copepod density was recorded in summer than that of Cladocera and there was a low abundance of Bosminidae in the composition of modern zooplankton in the Shengjin Lake, which might indirectly suggest that the Bosminidae did not have a reproductive advantage under low trophic levels. The subfossil Cladocera in the sedimental cores of the three lakes also showed that the Bosminidae was a broadly dominant species (Figure 5). Especially in Taihu Lake, the density of Bosminidae subfossils was close to 10,000 ind./cm3 (Cheng et al., 2019). In Nanyi Lake and Shengjin Lake, where trophic levels had increased significantly since the 1950s, the abundance of subfossil Bosminidae also increased (Figure 5). In addition, among the modern Cladocera in the three lakes, Bosminidae was the dominant species, which was consistent with the Cladocera subfossil results at the same location and also indirectly proved that Bosminidae subfossils were well preserved in lakes of the middle and lower reaches of the Yangtze River.

In terms of space, there were huge differences in the economic development level, the urbanization level, and population along the Yangtze River from west to east. Taihu Lake is located in the eastern delta of the Yangtze River, which has an extremely developed economy and a very large population (Qin et al., 2007). Because Taihu Lake is located near many developed cities such as Shanghai, Suzhou, and Wuxi, a large quantity of nutrients such as nitrogen and phosphorus flow into Taihu Lake on account of human activities, which are far greater in Taihu Lake than in Nanyi Lake and Shengjin Lake in the Anhui Province (Dai et al., 2016). Agricultural and fisheries development in Nanyi Lake is more adequate than in Shengjin Lake (Wang et al., 2013). As a national nature reserve, Shengjin Lake has a relatively good environment and low nutrient level compared with the other two lakes (Wang et al., 2015). The spatial gradient distributions of Bosminidae abundance in the three lakes were in line with the different economic development levels (Figure 5). Thus, it could be inferred that there were different types of interference of human activities around the three lakes.

The significant positive relationship between Bosminidae and eutrophic species B. longirostris with TN and TP further proved that Bosminidae had an advantage in the eutrophic process (Table 2). In particular, B. longirostris demonstrated strong adaptability and sensitivity in a wide range of water environments, such as the eutrophic status, warming waters, and metal-contaminated lakes in previous studies (Boucherle and Züllig, 1983; De Kluijver et al., 2012; Labaj et al., 2015; Kong et al., 2017; Cheng et al., 2020b). Our study showed that Bosminidae abundance increased with the increase in the outbreak intensity of cyanobacteria in eutrophic lake areas (Figures 3, 4). Especially in the west and central lake areas of Taihu Lake with serious eutrophication, the concentration of Bosminidae has increased to a relatively stable state. While Nanyi Lake and Shengjin Lake are in the stage of rising trophic levels, and the abundance of Bosminidae is also showing a synchronous rising trend (Figure 3). Although previous studies suggested that Bosminidae were too small to feed on Microcystis directly with a large size (Jiang and Du, 1979; Li and Chen, 2010), more studies showed that Microcystis tended to form large suspended aggregates with materials after cell death including dissolved organic carbon, dissolved inorganic carbon, and dissolved inorganic nitrogen and phosphorus in the water column and then were likely the main diet of Bosminidae (De Kluijver et al., 2012; Agasild et al., 2019; Cheng et al., 2020b). It could be speculated that cyanobacteria blooms might change the food preference of the zooplankton Bosminidae. At the same time, the water environment also changed greatly due to excessive reproduction of cyanobacteria; thus, Bosminidae made timely adaptive adjustments to the original living environment and food source changes (Agasild et al., 2019). For example, Cladocera’s size gradually became smaller to better escape the predation of zooplankton-feeding fish (Shurin, 2001; Jeppesen et al., 2003; Liu et al., 2009). Accordingly, in lake areas where cyanobacteria blooms were stronger, the density of small-size species of Bosminidae was greater and other species of zooplankton may have decreased or even gone extinct (Jiang et al., 2013; Li et al., 2016).

The present study revealed that Bosminidae could accelerate reproduction under rich food sources, resulting in excessive abundance (accounting for more than 90% of the total number of Cladocera) (Figure 2). However, water temperature also impacts the body size and community trophic structure of zooplankton (Gao et al., 2021). The three shallow freshwater lakes located in the middle and lower reaches of the Yangtze River in a subtropical zone had suitable temperature conditions that produced a favorable habitat for most lake creatures, including the zooplankton. However, a strong disturbance can easily occur in these shallow freshwater lakes, which can result in the release of sediment nitrogen and phosphorus and a large amount of exogenous nitrogen and phosphorus inputs from catchment by increasing human activities (Zhu et al., 2019). Excessive nitrogen and phosphorus inputs caused cyanobacteria blooms that seriously threatened the survival of most aquatic organisms such as fish. Large aquatic plants and other biodiversity significantly decreased, and this finally led to the imbalance of lake ecosystems (Qin et al., 2013). Surprisingly, the cyanobacteria outbreak provided favorable conditions for the expansion of the Bosminidae (De Kluijver et al., 2012; Cheng et al., 2020b). The changes in δ13Cbos values after 1950s also revealed the flow characteristics of carbon sources in the Bosminidae (Figure 6). In particular, after the 1980s (after China’s Reform and Open Policy), with increasing lake eutrophication, the δ13Cbos values exhibited a significant negative trend (Figure 6), which was consistent with the change in organic carbon isotopes in sediments (δ13Corg; Cheng et al., 2020b). The δ13C value of algae in Taihu Lake was similar to the value of δ13C in modern Bosminidae during the cyanobacteria bloom (Cheng et al., 2020b). This further indicated that the cyanobacteria outbreak provided a rich food source for Bosminidae. Bosminidae propagation in large numbers due to the outbreak of cyanobacteria also showed that Bosminidae had its own unique adaptability to the eutrophic environment and strong competitiveness compared with other zooplankton. The high adaptive ability of Bosminidae to eutrophication could indicate that it is more competitive than other larger Cladocera species.

Our data on subfossil Cladocera in the TH-5 core of East Taihu Lake showed that the total Cladocera and Bosminidae abundances were lower than those found in the core of other lake areas and tended to decrease after the 1950s (Figure 2). This was due to intensification of the swamping trend in East Taihu Lake, the water level reduction, aquatic macrophyte development, and water stagnation for prolonged periods of time caused by enclosed fish cultures and crab farming practices. These are extremely detrimental to the survival of the planktonic species Bosminidae but provide a more suitable habitat for the littoral Cladocera species (Yang et al., 2003; Li, 2004; Cheng et al., 2020a). The significant negative correlation between Bosminidae and TP also indirectly proved that the environment of the East Taihu Lake was not conducive to the survival of Bosminidae (Table. 2). It could be seen that the trophic level was not the only factor limiting the growth of Bosminidae, but it was the key factor behind the rapid expansion of Bosminidae, once certain restrictive conditions were exceeded. As shown in the western and central areas of Taihu Lake, Bosminidae reproduction expanded and abundance increased once the trophic level was enriched and the water level depth met the living conditions of the planktonic species Bosminidae (Figures 2, 5). Additionally, the significant positive correlations between oligotrophic species Bosminidae with TN and TP in Nanyi Lake were opposite of those in Taihu Lake, which was closely related to the fact that Nanyi Lake was in a critical period of transition from the mesotrophic to the eutrophic status (Cheng et al., 2021). Research by Dodson (1992) showed that the abundance of zooplankton usually increased with increasing nutritional levels within a certain range. The current trophic level of the Nanyi Lake is still increasing, but it has not reached the eutrophic level as in the central and western areas of Taihu Lake. Therefore, the abundance of oligotrophic species increased significantly with the increase in trophic level.



5. Conclusion

The spatial distribution of the three subtropical shallow freshwater lakes in the middle and lower reaches of the Yangtze River was characterized by gradually increasing nutrient levels from west to east. An analysis of the composition of zooplankton in the modern lake water of the three lakes and Cladocera subfossils from the sedimental cores revealed that the Cladocera planktonic species Bosminidae changed relatively consistently with the temporal and spatial distributions of the nutrient levels in the three lakes, indicating that the small planktonic Bosminidae species had unique sensitivity and adaptability during lake eutrophication. In addition, the significant correlation between Bosminidae and nutrient indicators such as TN and TP, as well as the gradually negative δ13Cbos values under increasing eutrophication, further proved that the abundance of Bosminidae changed with the change in eutrophication level. This reflected the change in food source preference of the Bosminidae and its strong adaptability to harsh environments during lake eutrophication. Bosminidae was more adaptive to the change in this environment, which showed that the genus was highly sensitive to changes in the lake environment and can indicate the evolution of the lake. This study offered a new alternative index for paleoecology research and also provided a new idea for mechanism research on modern lake eutrophication environments.
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Given the current rate of Arctic warming, the associated ecological changes need to be put into a longer-term context of natural variability. Palaeolimnology offers tools to explore archives stored in the sediments of Arctic lakes and ponds. The interpretation of these archives requires a sound knowledge of the ecology and distribution of the sedimentary proxy organisms used. Here we explored the relationship between diatoms, a widely used proxy group of siliceous algae, and the environmental drivers defining their assemblages and diversity in 115 lakes and ponds in Greenland, a markedly understudied arctic region covering extensive climate and environmental gradients. The main environmental drivers of diatom communities were related to climate and lake ontogeny, including both measured and unmeasured (spatially structured) environmental variables. The lakes and ponds in the northern study regions showed a distinctive dominance of small benthic fragilarioid species, while diatom communities in the South(west) of Greenland were more varied, including many epiphytes, owing to the longer growing season and higher habitat diversity of these lakes and ponds. The newly established lakes in the Ilulissat region host markedly different communities compared to all other sites. Species diversity followed an overall clear latitudinal decline towards the North. Despite the large distances between our study regions, diatom dispersal appeared not to be limited. Based on our results, diatoms are an excellent proxy for climate-mediated lake ecosystem change in the Arctic and thus a valuable tool for climate reconstructions in the region. Particular consideration should be given to often unmeasured climate-related drivers, such as in-lake habitat availability, due to their apparent importance in defining Arctic diatom communities.
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Introduction

To understand fully current climate and environmental change, driven by the Great Acceleration since the mid-20th century (Steffen et al., 2015), we need to place observed change into the context of long-term natural environmental variability. However, data from environmental monitoring programmes commonly cover only the past decades, and in remote regions like the Arctic, monitoring and field studies are spatially and temporally patchy (Metcalfe et al., 2018; Kahlert et al., 2021). In the absence of long-term instrumental and biomonitoring, lake sediment archives containing a wealth of microfossils and biogeochemical tracers can offer a valuable tool for assessing past environmental change over relevant time scales.

The Arctic has warmed nearly four times faster than the globe over the recent decades (Rantanen et al., 2022), a rate that is unprecedented over decades to millennia (Miller et al. 2013). Simultaneously, dramatic ecosystem change has been reported throughout the Arctic (Overpeck et al., 1997; Smith et al., 2005; Kaufman et al., 2009; Post et al., 2009; Wrona et al., 2016), as studies show that changes in temperature, and snow and ice cover alter limnological boundary conditions (e.g., light and mixing regime, nutrient cycling, length of growing season) and influence biological dynamics (Douglas et al., 2004; Schindler and Smol, 2006; Callaghan et al., 2010; Rautio et al., 2011).

To give these ongoing changes perspective, palaeolimnological studies (analysing sedimentary archives) are now commonly used as an alternative for missing long-term monitoring data in remote arctic regions to assess the rate, speed, magnitude and direction of environmental change (e.g., Douglas et al., 2004; Smol et al., 2005; Rühland et al., 2008; Hobbs et al., 2010; Medeiros et al., 2012; Saros and Anderson, 2015). Interpreting palaeolimnological archives requires a sound understanding of the microfossils and biogeochemical tracers (or proxies) found in the sediments. Lake surface-sediment surveys or “training sets,” i.e., a large number of lakes from which both surface-sediment proxies and measured environmental variables are analysed for the purpose of quantitative environmental reconstructions, offer a very good tool to investigate the links between proxy distribution, abundance, diversity and environmental setup.

Many palaeolimnological studies use diatoms as a proxy indicator. A premise for using diatoms, a key component of Arctic freshwater ecosystems, as a reliable proxy of environmental change over time is a sound understanding of their ecological and biogeographical characteristics (e.g., Smol et al., 2002; Bouchard et al., 2004). While this is the case for several common and abundant taxa, the ecology and distribution of a much larger number of species are still rather poorly known.

Lake surface-sediment surveys investigating diatom distribution and taxa-environment relationships exist for much of Arctic Canada (Douglas and Smol, 1995; Rühland et al., 2003; Bouchard et al., 2004; Antoniades et al., 2005; Michelutti et al., 2007; Keatley et al., 2008; Hadley et al., 2013) and also to a lesser extent for arctic Russia (Laing and Smol, 2000; Weckström et al., 2003; Pla-Rabes et al., 2016; Dulias et al., 2017), arctic Lapland (Korhola et al., 1999; Rosén et al., 2000; Weckström and Korhola, 2001; Bigler and Hall, 2002) and Spitzbergen (Jones and Birks, 2004; Zgrundo et al., 2017). For Greenland however, which stretches over 26 latitudes (59° and 83°N) and captures long environmental and climate gradients (Table 1), studies that investigate surface-sediment diatom assemblages in relation to environmental variables in a larger number of lakes are sparse (Ryves et al., 2002; McGowan et al., 2018). Other Greenland studies have used diatoms to primarily reconstruct environmental/climate change over the recent past and Holocene (McGowan et al., 2003; Perren et al., 2009, 2012; Law et al., 2015), but so far no comprehensive study on diatom distribution and abundance exists that captures the vast environmental gradients and spatial heterogeneity of Greenland.



TABLE 1 Measured environmental variables for 115 Greenlandic lakes and ponds with means, medians, and ranges.
[image: Table1]

Here we explored surface-sediment diatom taxa-environment relationships from 115 lakes and ponds, located in five different regions along the ice-free margin of Greenland, covering an exceptionally large latitudinal (ca. 60°−83° N) and longitudinal gradient (ca. –72°− –19° E). The large geographical scale of our sampling regime provides us with the opportunity to assess the overriding drivers of diatom community structure in the Arctic and to investigate the relative roles of spatial vs. environmental factors. The five different study regions are effectively isolated from each other, and diatoms can therefore only disperse overland passively via air or actively by water birds (Kristiansen, 1996). The lake communities of each region may therefore to some extent be defined by low degree of interchange (dispersal) between the regions. Several studies have underlined the importance of spatial gradients in addition or sometimes over environmental gradients in shaping diatom community structure in streams and lakes (Soininen and Weckström, 2009; Sweetman et al., 2010; Smucker and Vis, 2011; Virtanen and Soininen, 2012; Liu et al., 2016), and the discussion over dispersal influencing diatom species distribution is still ongoing (Keck et al., 2018; Falasco et al., 2019; Leboucher et al., 2020 and reference therein).

The objectives of this study are to investigate diatom distribution and abundance across Greenlandic lakes and ponds and to determine which environmental factors are important in influencing diatom communities and to what degree they are spatially structured in this climatically and environmentally varied region. As such, this study contributes valuable and hard-to-obtain information on ecological and biogeographical characteristics of Arctic freshwater diatoms, vital for ecologist and palaeoecologist alike, adding important basis knowledge for future palaeoclimatic and palaeoenvironmental interpretations in a yet poorly investigated and climatically sensitive region.



Methods


Study area & sites

The 115 investigated lakes and ponds are located along the ice-free margins in five different regions of Greenland (Figure 1). Forty eight sites are embedded in the unreworked Archaean gneiss of the southern West, in the region of Nuuk, Godhåbsfjord, where the annual mean temperature is −1.4°C, with 752 mm annual mean precipitation (Nuuk weather station). Fourteen sites are located in the central West, east of Ilulissat, at the foot of the inland ice and are embedded in reworked Archaean gneiss in early Proterozoic fold belts. The annual mean air temperature here is −3.9°C, and the annual mean precipitation is 266 mm (Ilulissat weather station). The sites in this region are further divided into young lakes/ponds (n = 7) that have emerged under the Greenland Ice Sheet since 1850 and into lakes/ponds (n = 7) significantly older than this date (Jeppesen et al., 2023). Seventeen sites are embedded in Proterozoic and lower Cambrian carbonate rocks (Pituffik) and siliciclastic sedimentary rocks (Nunatarsuaq) in the Northwest, with −11.1°C annual mean air temperature and 127 mm annual mean precipitation (Pituffik weather station). In the central North on Pearyland, 13 sites were investigated. The geology here is characterised by Lower Cambrian and Lower Silurian carbonate rocks, the annual mean air temperature is −16.9°C with 188 mm annual mean precipitation (St. Nord weather station), typical for polar deserts. Twenty three sites are embedded in the Northeast (Zackenberg/Daneborg), with a geology dominated by Early Proterozoic gneiss and migmatites from the Caledonian fold belt. The annual mean air temperature is −10.5°C and annual mean precipitation is 231 mm (Daneborg weather station; Henriksen and Higgins, 2009; Cappelen et al., 2011). Apart from the climatic differences between the regions, a climatic gradient also exists within each of the five regions from the more maritime outer coast to the continental ice-free inland. The study sites range in size from large proglacial lakes (ca. 2 km2) to small bedrock catchment ponds (0.002 km2) and their maximum depth varies between 0.3 and 90 m. Due to their remoteness, human impact is low.
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FIGURE 1
 Location of study areas.




Sample collection and environmental data

The surface sediments were retrieved between 1998 and 2013, during the arctic summer (July–August) from the deepest area of each site using a Kajak corer (KC Denmark) or, in shallow lakes and ponds, with a tube on a rod. The cores were sliced into 0.25–0.5 cm intervals, with an exception of the 1998 samples from the Zackenberg/Daneborg region; here the cores were sliced in 1 cm intervals. The top half-centimetre was used for diatom sample preparation. Sampling regions and sites were chosen to cover wide environmental and spatial gradients across Greenland and to cover lakes and ponds from all depths, with approximately half between 2 and 10 m depth.

Lake water was collected for chemical analysis (total phosphorus (TP), total nitrogen (TN), specific conductivity, chlorophyl-a (chl a), and acidity (pH)) at the same time as the surface sediment was retrieved. From each site, a composite sample was collected with a 5 l Schindler sampler at 0.5–3 m intervals (depending on depth) from the surface to 0.5 m above the bottom in the deepest part of each site. The discrete samples were mixed and used for subsampling. For chemical analyses, a subsample of 250 ml was frozen, and for chl a a duplicate 1 l sample was filtered on a GF/C filter (Whatman) using vacuum and stored in snow/ice fans until arrival at the lab where it was frozen until analysis. TP was determined as molybdate reactive phosphorus (Murphy and Riley, 1962) following persulphate digestion (Koroleff, 1970) and TN as nitrite + nitrate after potassium (K) persulphate digestion (Solórzano and Sharp, 1980). Chl a was determined spectrophotometrically after ethanol extraction for approx 24 h (Jespersen and Christoffersen, 1987). Specific conductivity and pH in the surface water (0.5 m) was obtained using an YSI multiprobe recorder.

For information on fish absence or presence, multi-mesh sized monofilament survey gillnets were placed in the lakes/ponds in the afternoon and left overnight. Depending on the size and depth of the sites, the number of nets varied from one to five, covering the littoral, profundal and pelagic zone (Jeppesen et al., 2017).

Lake/pond area and altitude were extracted from Google Earth Pro (V 7.1.2.2041) to avoid error from the use of different (older) GPS technologies. To estimate vegetation cover in the catchment areas the enhanced vegetation index (EVI) was used. We extracted EVI, using a 250 m resolution, 16 day EVI band, compiled as an annual mean between 2000 and 2013. For EVI extraction, site coordinates were placed approx 250 m away from the water body where possible without interfering with neighbouring water bodies to avoid false EVI extraction due to water surfaces. All EVI data were downloaded from the NASA USGS website via the Modistool package in R (Tuck et al., 2014).

August mean air temperature for 1998–2013 was downloaded and extracted for our specific sites from WorldClim-Global Climate data in the highest resolution possible (30 arc-seconds /~1 km; http://www.worldclim.org/; Hijmans et al., 2005) using the rgdal and raster package in R.



Diatom analysis

Surface-sediment samples were prepared for diatom analysis, following standard procedures using the water bath technique (Renberg, 1990; Battarbee et al., 2001). Slides were mounted using the mounting medium Naphrax®. The target total count for each of the 115 samples was 300–500 diatom valves. In 65 samples diatom valve concentrations were low, and the total count in these samples was 100–300 valves (26 samples: 100–200; 39 samples: 201–300). The samples were analysed at 1,000 × magnification under oil immersion using a Zeiss AXIO phase contrast microscope. A complete list of identified taxa is provided in Supplementary Table 1.



Statistical analysis

Environmental data were checked for homogeneity of variance and log-transformed where necessary. Principal Components Analysis (PCA) using a correlation matrix was subsequently applied to explore the patterns across the different sampling regions. Diatom species abundance data was log- and Hellinger-transformed. PCA using a covariance matrix was subsequently applied to explore patterns in diatom composition. Despite relatively long floristic gradients revealed in Detrended Component Analysis (DCA; 3.8 SD), the linear response model PCA, in combination with Hellinger transformation, was chosen as the more appropriate model (Legendre and Gallagher, 2001) to explore patterns of variation in the diatom assemblage.

Diatom species diversity was calculated for each site using the inverse Simpson index and species richness on rarefied count data to account for different sample size. Correlations between richness, diversity and selected environmental and spatial variables were calculated using the Pearson correlation coefficient. The significance of the difference (or similarity) between species diversity in the different sampling regions was tested using the Welch Two Sample t-test, which accounts for unequal variance in the objects being compared.

To test for the importance of the spatial structure in our data set, spatial vectors (Principal Coordinates of Neighbour Matrices, PCNMs) were produced as a proxy for space and consequently added as spatial predictors in redundancy analysis (RDA). PCNMs are based on basic coordinates and produce a numerical expression of a range of possible spatial correlation in the data set. The vectors with small numbers (e.g., V1, V5) capture broad-scale spatial patterns across Greenland, whereas vectors with higher numbers (e.g., V42, V59) capture local-scale spatial patterns (variation in a single region).

To evaluate the respective importance of spatial and environmental factors for structuring diatom communities in our study sites, we used partial RDA on diatom abundance and presence/absence (PA) data. This was done under the assumption that PA data will be stronger shaped by spatial factors than environmental factors (compared to the proportion explained using diatom abundance data) if dispersal was to be a significant driver.

All statistical analyses were analysed in R (R Development Core Team, 2011), version 3.4, using the vegan (Oksanen et al., 2022), labdsv (Roberts, 2019) and analogue (Simpson, 2007) packages. C2 was used to compile the diatom summary plot (Juggins, 2007).




Results


Environmental characteristics of the lakes and ponds

The 115 Greenland lakes and ponds range from ultra-oligotrophic to mesotrophic (TP = below detection limit-29 μl/L, mean = 6.3 μl/L, median = 5.0 μl/L), from acidic to strongly alkaline (pH = 5.3–9.4, mean = 7.3, median = 7.3), and from extremely dilute to relatively high conductivity waters (specific conductivity = 4–1,393 μS/cm, mean = 86 μS/cm, median = 23 μS/cm; Table 1).

The first two PCs extracted from PCA of the environmental variables explain 44% of the variation (PC1 = 24%, PC2 = 20%). PCA clearly separates the lakes and ponds into the generally warmer, deeper, larger and more nutrient-enriched sites with higher amount of catchment vegetation in the Southwest (Nuuk area), and the shallower, colder, ultra-oligotrophic, higher conductivity and more alkaline sites in the North and Northeast (Supplementary Figure 1; Table 1).



Diatom assemblages and distribution

In total, 284 diatom taxa were found. Those identified to either species or subspecies/variety/forma level are shown in Supplementary Table 1. Most common are fragilarioid, monoraphid (Achnanthidium spp., Achnanthes spp. and Psammothidium spp.), and nitzschoid taxa, contributing to the diatom assemblage with 29, 16 and 10% relative abundance, respectively. Also eunoid (8%) and cymbelloid (Cymbella spp., Cymbopleura spp., Encyonema spp., Encyonopsis spp.; 7%) taxa and Cyclotella spp. including newly separated genera (7%) form a significant part of the diatom assemblages. Figure 2 summarises the most common taxa found and reveals the general shift from a dominance of small benthic Fragilaria (e.g., Staurosirella pinnata, Staurosira pseudoconstruens, Staurosira venter) and Nitzschia (Nitzschia alpina) species in sites located in the Pearyland, Pituffik and Zackenberg/Daneborg area (the general North), to more periphytic and acidophilous species from the genera Cymbella, Cymbopleura, Pinnularia (e.g., Pinnularia mesolepta), Eunotia, Brachysira, Frustulia (Frustulia saxonica, Frustulia quadrisinuata) and planktic species (e.g., Pantocsekiella ocellata, Discostella stelligera) in the Southwest (Nuuk area), also evident in the PCA analysis of diatom assemblages (Supplementary Figure 2). The young lakes in the Ilulissat region stand out, with marked abundances of Odontidium mesodon, Nitzschia perminuta and Encyonopsis microcephala. Unlike other sites in the North, Nunatarsuaq lakes in the Northwest display higher abundances of periphytic, acidophilous and planktic taxa, similar to the assemblages in the Southwest.
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FIGURE 2
 Distribution of the most common diatom taxa found in the 115 lakes and ponds, sorted by decreasing latitude. Taxa are expressed as relative abundance. Small benthic Fragilaria species (Pseudostaurosira brevistriata, Staurosira pseudoconstruens, Staurosira venter, and Staurosirella pinnata), Navicula sensu lato (Navicula spp., Naviculadicta spp.), Achnanthes sensu lato (Achnanthes spp., Achanthidium spp., Planothidium spp., Psammothidium spp., Rossithidium spp.), Cymbella sensu lato (Cymbella spp., Cymbopleura spp., Encyonema spp., Encyonopsis spp.) and Eunotia sensu lato (Cystopleura faba, Eunotia spp.) are displayed as groups as they showed similar trends in abundance. Planktic taxa include all centric taxa and Tabellaria flocculosa.




Richness and diversity

The diatom species richness and diversity overall (with the exception of the Nunatarsuaq region) decrease from South to North, strongly correlating with latitude (r = −0.65, −0.55, respectively, p < 0.001) and mean August air temperature (r = 0.59, 0.51, respectively, p < 0.001; Figure 3). There is no significant relationship between species diversity and lake/pond area (r = 0.008) or depth (r = 0.06), but generally deeper lakes are amongst the more species-rich sites from the Southwest (Nuuk region). A weak, but statistically significant, relationship was found between richness/diversity and EVI (r = 0.29/0.27, p < 0.001). On the local scale, relationships between species diversity and the environment are less clear. The Nunatarsuaq lakes exhibit a diversity that is more similar to the species diversity range of the Nuuk region (Welch t-test: t = 2.2, p = 0.04; Figure 4A). The comparison of species diversity between same latitude sites on the west coast versus the east coast of Greenland reveals no significant differences (Welch t-test: t = 0.46, p = 0.65; compare old Ilulissat lakes vs. Zackenberg/Daneborg Figure 4A). For the three regions Nuuk, Zackenberg/Daneborg and Pearyland, where sites follow a quasi-coast—inland—ice margin transect, species diversity decreases from the sites closest to the coast or fjord towards the sites closest to the inland ice, but no statistically significant relationship with our measured environmental variables is found (Figures 4B,D).
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FIGURE 3
 Species richness and diversity on a regional scale vs. latitude Species richness and diversity on a regional scale vs. latitude (A,B), mean August air temperature (C,D), and enhanced vegetation index (EVI) (E,F). Sites are colour-coded by region and scaled by lake depth.
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FIGURE 4
 Species diversity of study regions (A), and three local-scale examples of a “coast->ice margin” transect (B-D).




Environmental predictors

The RDA, with forward selection (999 Monte Carlo permutations) reveals that eight out of the 11 environmental variables contribute significantly to the species-sites relationships of the data set, accounting for 29% of the variance (TP, area and fish insignificant). Mean August temperature, EVI and lake depth have the strongest correlation with axis 1, whilst specific conductivity and pH correlate with axis 2 (Figure 5). The seven investigated areas show distinct clusters in the ordination plot. The Nuuk region (Southwest) plots on the positive side of the first axis, whilst the Zackenberg/Daneborg region (Northeast), Pearyland (North) and Pituffik (Northwest) plot on the opposite end. The Nunatarsuaq region (Northwest) is located in between. The older lakes in the Ilulissat region (West) and some Pearyland sites plot on the positive side of the second axis, with the young lakes in the Ilulissat region clustering closely together at the positive end of the axis. Each region hosts relative well-defined diatom communities. Dominantly acidophilous and periphytic taxa (Brachysira spp., Frustulia spp., Cymbella sensu lato spp., Pinnularia spp.), and planktic/tychoplanktic taxa (Pantocsekiella, Discostella spp., Aulacoseira spp., Tabellaria spp.) plot together with the warmer, deeper, nutrient-enriched lakes in the Southwest. Small fragilariod taxa (e.g., S. venter, S. pseudoconstruens, S. pinnata) are closely linked to the shallower, cooler, nutrient-poor lakes and ponds in the North, Northeast and Northwest. The intermediate region in the Northwest (Nunatarsuaq) hosts a combination of taxa from the Southwest (Nuuk) and the northern sites. The lakes from the Ilulissat region and Pearlyland with higher alkalinity and conductivity are dominated by Nitzschia spp., O. mesodon, E. microcephala and Amphora libyca.
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FIGURE 5
 Redundancy analysis (RDA) (includes measured environmental variables only) with Monte Carlo forward selection. Regions are colour-coded, and the 40 most abundant taxa are shown.




Spatial predictors

To test for the influence of the spatial factors on the diatom species distribution, PCNM’s were used. In total, 59 spatial vectors (PCNMs) captured the spatial structure of the 115 locations across Greenland. In the RDA with Monte Carlo forward selection, 15 of these spatial vectors significantly explained patterns in diatom species communities. Combining these 15 significant spatial vectors with the 11 measured environmental variables, the RDA with Monte Carlo forward selection revealed that all 15 spatial vectors and lake depth, EVI, specific conductivity, chl a, TN and TP were statistically significant in shaping the diatom communities (p ≤ 0.01). Mean August air temperature was marginally significant, depending on the permutation run. In combination with spatial vectors (e.g., V4, V59—vectors capturing the regional and local spatial structure of the Ilulissat region, respectively), specific conductivity still remained strongly associated with community patterns along axis 2, whilst axis 1 was now more strongly associated with spatial vectors (e.g., V1, V5—vectors effectively capturing the degree in spatial structuring between all northern and all southern sites), while measured environmental variables were less important (Figure 6).
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FIGURE 6
 Redundancy analysis (RDA) with significant spatial vectors (PCNMs) included, under Monte Carlo forward selection. Regions are colour-coded, and the 40 most abundant taxa are shown.


The partial RDA (variance partitioning) using diatom species abundance data revealed that all environmental factors explain independently 5%, while space explains 14%. The conditional effect relating to the covariance between environment and space explains 17% of the variance. Together they explain 36% of the total variation (p < 0.001). The partial RDA using PA data revealed a similar proportion of explanatory power (environmental factors 3%, space 12%, conditional effect 15%; together explaining 30% of the total variance, p < 0.001; Figures 7A,B). The variance explained is relatively low, but it is typical of data sets containing many taxa and many zero values in the species matrix. Important, however, are the associated permutation tests showing the statistical significance of the explanatory variables.
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FIGURE 7
 Variance partition on (A) diatom abundance data, environmental variables, and spatial vectors and (B) diatom presence/absence data, environmental variables, and spatial vectors.





Discussion


Environmental gradients

Typical for high latitude freshwaters, the majority of our lakes and ponds are ultra-oligotrophic to oligotrophic (Ryves et al., 2002; Bouchard et al., 2004; Cremer and Wagner, 2004). The distribution of trophy is associated with mean August air temperature. Warmer summer temperatures, characteristic for the southwestern region of Greenland, lead to increased terrestrial plant growth and hence catchment inputs (Normand et al., 2013), which affect the trophic state of the lakes and ponds: sites in the Southwest are more nutrient enriched (up to mesotrophic), while ultra-oligotrophic in the North and Northwest (Table 1). High specific conductivity sites are closely linked to carbonate bedrock geology and silty soil type (vs. rocky catchments) in the Pituffik and Pearyland regions. More dilute and acidic lakes are located in Southwest Greenland, embedded in gneiss bedrock and associated with more established soil and vegetation development binding base cations (Law et al., 2015). Dilute and acidic lakes are also found in the Nunatarsuaq region (Table 1), which, unlike the Pituffic lakes are embedded in siliciclastic bedrock. Some sites in recently deglaciated areas, here the newly established lakes from the Ilulissat region, had high conductivity (Jeppesen et al., 2023) despite the gneiss bedrock geology. These high values are linked to the recent retreat of the inland ice, as inwash to these lakes from the newly emerged catchments is rich in nutrients and base-rich solutes (Law et al., 2015; Jeppesen et al., 2023).



Diatom communities and species ecology

Many of the taxa encountered in our Greenland lake surface-sediment data set, including dominantly benthic species, have been previously reported in studies from the high Artic. These taxa are typical for slightly acidic to circumneutral, oligotrophic, electrolyte-poor lakes (Bouchard et al., 2004; Jones and Birks, 2004; Antoniades et al., 2005; Keatley et al., 2008; Hadley et al., 2013; McGowan et al., 2018). The low abundance of planktic taxa has been observed in most high Arctic surveys and is linked to the shallowness of sites, extended ice-cover period and low nutrient concentration of the lake water (e.g., Smol, 1988; Weckström et al., 1997a,b; Weckström and Korhola, 2001; Teittinen et al., 2018). We found consistently higher abundances of planktic Pantocsekiella ocellata and Discostella stelligera in the deeper lakes of the Southwest (Nuuk region), indicating a longer open water season, sufficient depth and nutrient supply enabling planktic growth (Reynolds et al., 2002; Rühland et al., 2015; Saros and Anderson, 2015; Ossyssek et al., 2020). Higher abundances of planktic species were also observed in the deeper lakes of the regions Ilulissat (Cyclotella and Discostella) and Nunatarsuaq (Aulacoseira, especially A. lirata; Figure 2; Table 1). The difference in the dominant planktic species is likely related to temperature stratification, with more stratified lakes in the warmer Southwest. Heavily silicified Aulacoseira taxa require turbulent (mixed) conditions to thrive, whereas small Cyclotella (sensu lato) species dominate in a temperature-stratified water column (Rühland et al., 2003, 2015).

The high compositional species turnover in our survey identified by DCA (3.8 SD) was expected and indicates relatively large differences in diatom assemblages amongst regions and sites due to the wide range of habitats across Greenland. Species of mostly alkaliphilous Staurosirella, Staurosira and Staurosira are typical for the Pearyland, Pituffik and Zackenberg/Daneborg regions. These taxa are often described as pioneers in fast changing environments, and are known to be competitive in shallow, hard-substrate, low-productivity cold sites, where they thrive under prolonged ice-cover and the resulting short growing season (Lotter and Bigler, 2000; Rühland et al., 2003; Pla-Rabes et al., 2016).

While pioneer species and generalists with wider niches (e.g., Achnanthes sensu lato) dominate Greenland’s northerly sites, southerly sites host more complex communities and life forms. A succession along a gradient of increasing temperature, from relatively simple diatom assemblages (adnate benthic small Fragilaria) to more diverse and complex assemblages has been observed in other lake surface-sediment studies in the Canadian Arctic (e.g., Michelutti et al., 2003) and in palaeolimnological studies, where it was suggested to be an indication of climate warming (Smol, 1988; Douglas and Smol, 1999). The southerly sites in Greenland host generalist Achnanthes sensu lato Achnanthes sensu lato (Achnanthes spp., Achanthidium spp., Planothidium spp., Psammothidium spp., Rossithidium spp) along with high abundances of Eunotia spp. and larger epiphytic species like F. quadrisinuata, F. saxonica, Brachysira brebissonii, B. neoexilis and P. mesolepta, which are acidophilous taxa (Weckström et al., 2003) reflecting the dilute and slightly acidic waters of the Southwest. Here they also reflect a higher abundance of mosses and submerged macrophytes than in the northern sites due to the longer growing season and higher temperatures, as these epiphytic taxa have often been found in moss-rich Artic freshwaters (Douglas and Smol, 1995; Michelutti et al., 2007; McGowan et al., 2018). Apart from the absence of Frustulia species, diatom communities in Nunatarssuaq are dominated by these same taxa, likely owing to the dilute and slightly acidic lake waters in this region (Table 1) and the presence of mosses also in the deeper sites. Many of the lakes here have very clear water (Secchi depth ≥ lake depth) due to stony catchment areas with little soil. As the Nunatarsuaq area is located at a higher elevation close to the inland ice, the number of sunny days is higher than near the coast, favouring benthic macrophytes.

Encyonopsis microcephala was encountered at high abundances together with the cold-water O. mesodon (Potapova, 2009) and the generalist N. perminuta in the newly established lakes and ponds at the foreland of the fast-retreating Ilulissat glacier (Figure 2; E. microcephala, which in Figure 2 is grouped together with Cymbella spp., was found at 20% on average). Also, A. libyca was abundant in several of these lakes and ponds. It was found at marked abundances only here and at the higher conductivity of the Pearyland sites. Despite their classification as pioneers, small fragilariod taxa were scarce (Figure 2). As such, these sites, established after 1850 and some after 1960 (Jeppesen et al., 2023), host very different diatom communities compared with any other sites investigated in this study. They are high-conductivity and vegetation-free (both submerged and terrestrial) systems, characterised by a rocky lake bottom, with clay and a thin layer of lake sediment deposition. Species of Amphora and Diatoma (Odontidium) have been shown to prefer high-conductivity environments (Ryves et al., 2002; Weckström and Juggins, 2005). This could explain their occurrence in such glacier-proximal lakes, which are known to be ion-enriched and alkaline (Engstrom et al., 2000). Nitzschia perminuta was also observed at high abundances in Svalbard ponds, which were recently formed after glacier retreat (30–40 yr. old), and which are similar to our sites in being hydrologically isolated from the retreating glacier (Pinseel et al., 2017). In the Kangerlusuaq region, 250 km south of Ilulissat, McGowan et al. (2018) found Encyonopsis (Cymbella) microcephala at high abundances co-dominant with different species of Nitzschia in the investigated inland lakes, whilst the abundance of small fragilariod taxa was low. These taxa are known to inhabit microbial biofilms (McGowan et al., 2018). In addition to these more motile species, also prostrate forms, such as O. mesodon (Spaulding et al., 2010, as Diatoma mesodon) are suited to grow as epiphytes on algal filaments in complex microbial mats (McGowan et al., 2018, and references therein). Cyanobacteria-dominated microbial mats are highly common in cold polar waters and are known to be primary colonisers after glacier/ice sheet retreat, offering a suitable habitat for other algal groups (Vincent, 2000).



Diatom richness and diversity

With the exception of the Nunatarssuaq region, diatom diversity and species richness showed a decline with latitude, aligning with earlier studies encompassing the North American, European and Russian Arctic (Michelutti et al., 2003; Kahlert et al., 2021). Bouchard et al. (2004) further found a strong correlation between species diversity and lake area, which they attributed to a higher heterogeneity in habitats. Their study covered a much smaller region compared with our Greenland-wide lake survey, where other environmental gradients override the importance of lake area. Mean August temperature, which decreases from south to north, is strongly correlated with diversity and richness in our data set, emphasising that the duration of the growing season directly or indirectly strongly controls diatom diversity in the High Arctic. A longer and warmer summer in the southern sites will lead to earlier ice breakup and a longer growing season, creating a wider range of habitats. Diversity increases due to the development of more complex assemblages as the season progresses (Smol, 1988; Douglas and Smol, 1999; Smol et al., 2005; Keatley et al., 2008; Weckström et al., 2014). In addition, the terrestrial vegetation is generally denser (or present) at southern sites, promoting diatom abundance and diversity indirectly via additional nutrient input (Bouchard et al., 2004; Wrona et al., 2016). The surprisingly high species richness and diversity in the Nunatarsuaq region in comparison to all other northerly sampling regions (Figure 4A) could at least partly be explained by the presence of aquatic mosses in the majority of the sites, translating into a greater potential for diverse micro-habitats for benthic taxa (Bouchard et al., 2004). Additionally, half of the sites in the region are deep (Table 1), allowing for a planktic community to develop, adding to the species diversity.

In the regions with a wider ice-free margin (Nuuk, Daneborg/Zackenberg and Pearyland, Figure 1) the within-region diversity and richness decreased from the coastal and fjord lakes towards the inland and ice margin lakes (Figure 4), weakly correlating with decreasing mean August air temperature along an altitudinal gradient (the temperature range within each region varied from 1.6°C in Pearlyland to 2.6°C in Zackenberg/Daneborg and Nuuk). This tentatively aligns with the above-discussed dependency of diatom diversity on the length of the growing season.



Diatoms—environment vs. space

The physical and chemical components in the RDA (without spatial vectors) explained 29% of the variation in the diatom community, a figure that is similar to other studies in the Arctic (e.g., Ryves et al., 2002; Lim et al., 2007; Keatley et al., 2008). Mean August temperature, specific conductivity, and vegetation cover (EVI) were most significant in driving the diatom community composition, indicating that climate, geology, and lake/catchment age determine (indirectly) species distribution along the extensive environmental gradients in Greenland.

The presence and abundance of fish has been suspected as a potential driver of diatom species distribution via controlling the direct grazing pressure on planktic diatom communities (e.g., McGowan et al., 2018). Indeed, fish presence has shown strong cascading effects on zooplankton and macroinvertebrate communities in arctic and boreal regions (Jeppesen et al., 2003, 2017; Milardi et al., 2016) and on the dominance of planktic or benthic diatom production (Milardi et al., 2017). In this study, however, we could not show a significant effect of fish presence on diatom species community distribution, similar to results from Jeppesen et al. (2017), who did not find cascading effects of fish on the phytoplankton biomass in low and high arctic lakes in Greenland.

When environmental and spatial components were analysed together in RDA (using diatom abundance data), the environment uniquely explained only 5% of the variation, whereas space, captured as spatial vectors (PCNMS) based on basic coordinates, appears to have a stronger impact on the patterns in the diatom community composition, uniquely accounting for 14% of the variation. Together, environmental components and space accounted for 36% of the variation (including the conditional effect relating to their covariance, Figure 7). Results using diatom presence/absence data were almost identical. We hypothesised that if space explained a markedly larger portion of diatom variability using P/A data, this would indicate dispersal as a significant driver over the large distances between our study regions. As this was not the case, we conclude that spatial factors relating to the varying environmental settings/long environmental gradients covered by our extensive study area are likely at play. As further support, there was no difference in species diversity between the sites on the east and west coast located at the same latitude; if diatom communities were affected by dispersal limitation over larger distances, we would have expected the more isolated east coast diatom communities to display lower species diversity. Many of the diatom species encountered were found in several of the study regions (see Supplementary Table 1). The most significant spatial vectors were those separating the southern sites in Nuuk from all northern study regions along a climate (temperature, EVI) gradient and those separating Ilulissat sites (and a few Pearyland lakes) from all other regions along a conductivity gradient, but also separating the old and new sites within the Ilulissat region relating to lake ontogeny.

For a much smaller regional-scale surface diatom data set in the Kangerlussuaq area, West Greenland, McGowan et al. (2018) found that space accounted for 9–20% of variation in the diatom community, depending on sampling season. Likewise, Virtanen and Soininen (2012) concluded that spatial structure was more important than local environmental variables for defining diatom communities in boreal streams, suggesting that large-scale processes related to climate, history and dispersal may play a significant role in community distribution, while Sweetman et al. (2010) observed a similar pattern for zooplankton in Canadian Arctic lakes. However, for lakes in the Canadian High Arctic, Keatley et al. (2008) found only environmental variables to be important in structuring diatom communities, although they conclude that this may only be true at the landscape level explored. Our study covers a significantly larger geographical area, where distance between study areas was hypothesised to increase in importance as a factor explaining spatial structure following findings by, for example, Verleyen et al. (2009).

The spatial separation of the subset of young Ilulissat sites may be explained by these lakes having appeared recently (after 1850 and many after 1960) due to glacier retreat (Jeppesen et al., 2023). They are characterised by bare catchment ground and poor lake habitat development. The markedly different environmental conditions of these lakes, which were not fully captured by our measured environmental variables, is reflected as very distinct diatom communities. Hence, spatial structure may become more important in shaping species communities when relevant spatially linked environmental variables are not captured by the environmental data collected. Potential unmeasured variables contributing to the higher explanatory power of space in our study setting could be, for example, duration of lake ice cover, length of the growing season, abundance of aquatic macrophytes, topography of the catchment, wind conditions, lake shape, and trophic interactions between zoo- and phytoplankton (not related to fish presence). Looking at the positions between the main spatial and environmental vectors in Figure 6, the unmeasured spatially structured environmental variables are largely linked to the latitudinal climate gradient and to lake ontogeny. Future climate warming is hence likely affecting several of the measured and non-measured spatially structured environmental variables in this study, and potentially marked changes in Greenlandic (and Arctic-wide) diatom communities regarding their species composition and diversity may be expected.




Conclusion

One of the key requirements for the use of organisms as palaeoecological proxies, is a sufficient understanding of their ecology (which modern environments are species found in and what changes in their environment are they responding to). Exploring modern calibration data sets, which combine information on species assemblages and their surrounding environment, allows such critical information to be gained. Here we used a large 115-lake data set of remote Greenlandic lakes, covering extensive geographical, climatic and environmental gradients to improve our knowledge on the ecological and biogeographical characteristics of Arctic freshwater diatoms.

There were marked differences in the diatom community structure between sites, although a number of species were found in all regions. The lakes and ponds in the northern regions showed a distinctive dominance of small benthic fragilarioid species, linked to their extensive ice-cover period and poor habitat diversity. Diatom communities in the Southwest of Greenland were more varied, including many epiphytes, expressing the longer growing season, more complex successional development, and higher habitat diversity of these lakes and ponds. The main environmental drivers of diatom communities in Greenland were summer (August) air temperature, catchment vegetation and lake conductivity. However, a larger part of diatom variability was explained by spatially structured (unmeasured) environmental variables that aligned with the identified main explanatory variables into climate-related and bedrock/lake development—related drivers. Species diversity was most strongly driven by climate (temperature), following an overall clear latitudinal decline towards the North. Regionally, diversity declined along an altitudinal gradient from the coast to the ice margin. Despite the large distances between our study regions, diatom dispersal appeared not to be limited.

Diatoms provide an excellent tool for (long-term) assessments of climate change in the Arctic and its effects on lake ecosystems, as they appear to be most strongly driven by climate-related variables over Arctic-wide scales. However, several of these drivers, such as in-lake habitat availability, are often left unmeasured in Arctic field campaigns, similarly to non-climatic (trophic interactions) parameters, but should nevertheless be carefully considered due to their apparent importance, when using diatoms as a proxy for reconstructing past and present climate change in the Arctic.
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Introduction: Estuaries are highly vulnerable systems and increasingly exposed to a number of environmental, climatic and human-induced stressors. The Knysna estuary and lagoon complex, on the south coast of South Africa, is regarded as environmentally and economically important, yet faces regional impacts resulting from ongoing urbanisation and land use change as well as the significant global threats of rising sea levels and changing climate. Although the estuary has been reasonably well studied in terms of modern ecological processes, little is known of how the system has responded to changes in the longer term, not least the impact of European colonization and subsequent population growth and economic development.

Methods: In order to address this shortcoming, a series of shallow (<1 m) cores was extracted from a range of representative habitats and marine influences in the estuary and three of these (namely KNY-19A, KNY-19B, KNY-19G) selected for detailed analysis, including organic matter content, magnetic susceptibility, selected elemental analysis and particle size.

Results and Discussion: Notwithstanding the challenges of dating estuarine sediments due to the possibility of erosion and resuspension, combined modelling of 210Pb and 14C ages is successfully deployed to develop an age-depth relationship for each core, providing a chronological framework for late Holocene environmental changes. Sedimentary characteristics of the three cores, taken in contrasting estuarine conditions, yield insights as to how different parts of the estuary responded to changes in sea level and anthropogenic activities in and around the Knysna basin, as well as in the wider catchment.

KEYWORDS
 210pb, 14C, grain size, magnetic susceptibility, loss-on-ignition, estuarine sediments, human impact, sedimentation rate


1. Introduction

Estuaries are dynamic, turbulent and extremely productive systems that provide a multitude of ecosystem services, including nutrient regulation, storm protection, food provision, recreation and education (Warwick et al., 2018). The estuarine zone is spatially and temporally variable in response to, inter alia, changes in mixing regimes and a range of other environmental processes (Hayton, 1991). As such, estuaries are susceptible to an assortment of perturbations related to hydroclimate, tidal regime and human activities (Warwick et al., 2018). Sediments, and the processes by which they accumulate or erode, represent key elements of the estuarine system, and offer important opportunities to explore the longer-term system behavior in response to environmental, climate, sea-level and anthropogenic changes (Newton et al., 2020). Indeed, the relationship between people and environment in coastal wetlands globally has deteriorated rapidly (Kirwan and Megonigal, 2013) and there is a clear need for their protection.

Sediments in these dynamic systems are subject to a high degree of reworking that makes obtaining a chronology of the sediment profile extremely challenging and, thereby, hindering potentially valuable environmental reconstructions (Andersen, 2017). The Knysna Estuary, a microtidal system on the south coast of South Africa [Figure 1; tidal range 0.4–2.0 m (Largier et al., 2000)], is widely regarded for its scientific and socioeconomic importance owing to, among other attributes, its exceptional biodiversity (Marker, 2003). Although the Knysna Estuary is a functioning estuary from an ecological perspective, it is already significantly threatened by anthropogenic activities, including urban expansion, tourism development and land use change (Marker and Miller, 1993; CES, 2007). Instances of high nutrient influx, sourced from surface runoff and catchment inflow which raises inorganic nitrogen and phosphorus concentrations, are noted across the system but particularly in the Ashmead Channel (Human et al., 2020). The rise in nutrients has led to algal blooms, notably in the lower reaches, that are indicative of eutrophication (Human et al., 2016). Seagrass patches are continuously disturbed in the search for bait by subsistence and recreational fishers (Claassens et al., 2020; Barnes, 2021).

[image: Figure 1]

FIGURE 1
 (A) The south coast of South Africa, (B) The Knysna Estuary and surrounding land-use practices, also indicated are the three core sites in the middle and upper reaches of the system, located along (C) Sediment sources of the Knysna Estuary after Reddering and Esterhuysen (1987).


With contemporary dynamics mind, several representative localities in the estuary were selected with a view to resolve system response to long-term environmental dynamics, both natural and anthropogenic, in the geologically recent past. Therefore, the aim of this study is to investigate the depositional history of the Knysna estuary based on its recent sedimentary history and to interpret the observed changes in the context of environmental and anthropogenic factors. The aim is achieved through the following objectives: (a) to obtain a series of shallow (<1 m) sediment cores from a selected range of habitats and geomorphic settings in the estuary; (b) to obtain age estimates using radiometric methods based on 14C, 210Pb, and 137Cs and, through the application of appropriate chronological modelling, develop age models for the selected cores and determine the robustness of each model; (c) to analyze, on three cores selected representing contrasting estuarine habitats, a range of physico-chemical characteristics, including organic matter content, magnetic susceptibility, particle size and selected elements; (d) to provisionally interpret the physico-chemical parameters and chronology in the context of reconstructed environmental changes of the late Holocene/Anthropocene in the Knysna estuary. The study highlights the problems and prospects for dating and interpretation of sedimentary sequences from estuarine environments.



2. Materials and methods


2.1. Physiographic setting

The Knysna estuarine system is a biologically diverse, permanently open estuarine bay on the south coast of South Africa (Reddering and Esterhuysen, 1987; Claassens et al., 2020). The catchment is approximately 400 km2, arising in the Cape Fold Mountain range, draining through primarily quartzitic sandstones of the Table Mountain Group (Grindley, 1985; Reddering and Esterhuysen, 1987). The Outeniqua Mountains, which form the northernmost boundary, are characterized by steep, rugged terrain to a maximum elevation of ±1,500 m (Helgren and Butzer, 1977; Marker, 2003; Figure 1A). The valley is deeply incised into resistant Cape Supergroup rocks, before transitioning into the coastal platform of 200–240 m altitude (Marker and Miller, 1993; Marker, 2003). To the south of the estuary, a substantial coastal dune complex is an important source of sediment, although it has been stabilised by vegetation (Reddering and Esterhuysen, 1987).

Sediments in the system are therefore of aeolian, marine and fluvial origin. Cover sands in the middle catchment area are very easily mobilised, especially when disturbed by human activities, such as construction and quarrying activities (Grindley, 1985; Marker, 2000). Sediment loads are elevated during rainfall events causing higher levels of silt and sand to enter the basin (Marker, 2000; Human et al., 2020). Sediments of a marine origin typically do not extend much beyond the distal reaches of the estuary (Cooper, 2001). However, the estuary acts as a sediment trap as a slow ebb tide hinders terrestrial sediment loss (Grindley, 1985; Marker, 2000) and they also build-up at the rock-bound headlands as the tidal inlet is constrained by the absence of accommodation space (Cooper, 2001). The catchment geology is a relatively minor contributor to the sediment load due to the fact that the sandstones are highly resistant to weathering, producing quartz sand and quartzite pebbles, and only the Cederberg Formation is fine-grained (Reddering and Esterhuysen, 1987). The primary rivers draining the catchment are the Knysna and Gouna Rivers and their tributaries (Marker and Miller, 1993; Marker, 2000). The freshwater springs and the sediment-laden Salt River are additional sources (Russell, 1996). Water flows through an S-shaped channel of shallow depth ranging between 2 and 5 m below mean low water, which is flanked by extensive sandy intertidal and supratidal flats (Reddering and Esterhuysen, 1987; Largier et al., 2000). The Knysna River waters are clear, low in both nutrients and sediment load (Grindley, 1985; Allanson et al., 2000). The estuarine part of the system is characterized by three hydrographical regimes, viz. the lower bay regime, the middle lagoon regime and the upper estuary regime, with the boundaries being transitional in terms of fluvial and marine water inputs (Largier et al., 2000). A shallow, tidal branch of the estuary, the Ashmead Channel, surrounds Thesen Island (Human et al., 2016; Claassens et al., 2020; Figure 1B). Tidal influence can reach 19 km upstream and results in consistent flushing of the system (Reddering and Esterhuysen, 1987; Petermann et al., 2018). The local tidal gauge record is limited to the past 43 years (Rautenbach et al., 2019).



2.2. Coring locations

Initially, eight shallow (<1 m) cores were obtained using aluminum pipes forced manually into the surface, which resulted in good sediment recovery, from sites representing different estuarine regimes and habitats. Three of these cores (KNY19-A, KNY19-B, and KNY19-G) were selected for more detailed analysis of sediments at sites representing distinct environmental settings, namely direct exposure to marine influences, tidal flats and wetlands, respectively. The remaining five cores retrieved from the system were either duplicates to the cores presented here or sediment retrieval depth was minor. The lower bay regime would have been a desirable coring location, however marine inflow and sediment re-circulation makes the area highly disturbed. The cores were transported to the Department of Environmental and Geographical Sciences, University of Cape Town (UCT), split lengthwise and documented according to established standard protocols. Lithology was described using the Troels-Smith sediment classification scheme (Troels-Smith, 1955), and a Munsell Soil Color chart was used to describe colouration. Sub-samples at 1 cm intervals were taken for subsequent analysis.

KNY19-A (34.05 S; 23.05 E) was recovered from the tidal flats west of Thesen Island, in the vicinity of the main channel. The sediment core penetrated to a depth of 100 cm, while the retrieved sediment measured 44 cm, with a compaction factor of 55%. KNY19-B (34.04 S; 23.07 E) was recovered from the outer bend of the lower section of the Ashmead Channel on mudflats. The sediment core penetrated to a depth of 60 cm while the retrieved sediment measured 57 cm, thus experiencing a compaction factor of <5%. The site of core KNY19-G (34.03 S; 22.99 E) lies at the distal end of the estuary, where the river widens considerably, and was extracted from an area vegetated with Phragmites australis. The sediment core penetrated to a depth of 48 cm, while the retrieved sediment measured 37 cm, indicating a compaction factor of approximately 20%.



2.3. Measurement of physicochemical parameters

Dry bulk density (g/cm3) of the samples was determined by weighing a volumetric subsample of each 1 cm interval of the sediment cores prior and post overnight freeze drying. Loss on ignition (LOI), as an estimate of total organic matter content (OM; %), was measured by weighing dry subsamples before and after ashing at 550°C for 6 h. Mass magnetic susceptibility was quantified from the homogenised, dried samples using a Bartington Instruments MS2 sensor. The particle size spectra were determined using a Malvern automated laser-optical particle-size analyzer (Mastersizer-2000; Malvern Instruments Ltd., Worcestershire, United Kingdom) after the removal of organic matter by 10% hydrogen peroxide (H2O2) and of carbonate by 10% hydrochloric acid (HCl). This instrument has a measurement range of 0.02 to 2,000 μm and an error of <3% with repeated measurement (Bao et al., 2017).

The Calcium (Ca) and Strontium (Sr) bulk concentrations were evaluated to determine marine influences on the system. The elements we measured using a Spectro Xepos XRF spectrophotometer at the Department of Biological Sciences, at UCT, and were expressed as a percentage of composition when they are in their oxidised condition. To achieve homogeneity, the samples were pulverised using a mortar and pestle. The powder was collected through a < 200 μm sieve mesh. A standard 32 mm XRF sample cup was used to hold around 4–5 g of the sample. As per standard practices, Ca is stated in percentage, while Sr concentrations were reported in mg kg-1, which is equivalent to parts per million (ppm).



2.4. Chronology


2.4.1. Radiocarbon

A total of six radiocarbon samples, near the base and mid-core, were submitted for AMS radiocarbon analysis (Beta Analytic Inc., Miami) (Supplementary Table S1). Plant macrofossil samples were dated where available, but the majority of samples were based on bulk sediments. For calibration purposes, the Marine20 calibration curve was employed for the five bulk samples (Heaton et al., 2020), withthe SHCal20 calibration curve employed for the one plant macrofossil sample (Hogg et al., 2020). The regional marine reservoir correction for the south coast of South Africa was applied to the bulk radiocarbon samples, namely ∆R = 187 ± 18 14C yr (Maboya et al., 2018). In an estuarine setting, there remains uncertainty regarding carbon source pathways contributing to bulk sediment samples, hence we applied the marine reservoir correction to account for marine offsets. Where plant and bulk sample ages were available from the same depth, the plant samples were considered more reliable in constructing the age model (see Supplementary Table S1).



2.4.2. 210Pb and 137Cs

Weighed, dry samples (approximate 5 g) were sealed in plastic test tubes and sent to the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, for 210Pb and 137Cs dating. Total 210Pb, 226Ra, and 137Cs radioactivities were measured using a low-background ᵞ-ray spectrometer with a high pure Ge semiconductor (ORTEC Instruments Ltd., United States). Total 210Pb was determined at 46.5 keV, and 226Ra was determined at 295 keV and 352 keV by its daughter nuclide 214Pb after 3 weeks storage in sealed containers to allow radioactive equilibrium, 137Cs was determined at 662 keV. The standard sources and sediment samples of known activity were provided by the China Institute of Atomic Energy and used to calibrate the absolute efficiencies of the detectors. Counting times of 210Pb and 137Cs typically ranged from 50,000 to 86,000 s, and measurement precision was between ±5 and ± 10% at the 95% confidence level. The unsupported 210Pb activity was determined from the difference between the total 210Pb and supported 210Pb activity which was assumed to be in equilibrium with in situ 226Ra.



2.4.3. Plum-Py modelling

210Pb, in combination with the radiocarbon ages were calibrated using the Bayesian age-depth modelling of cores dated by 210Pb and 14C in the Python package Plum v.0.8.5 (Aquino-López et al., 2018). Plum is a Bayesian forward model that simultaneously integrates two different processes: (1) the behavior of the 210Pbflux and the variation of 210Pbsup with depth and (2) an age-depth function which incorporates a Bayesian piece-wise linear model constrained by prior information on accumulation rate and variability (Aquino-López et al., 2020). This is in contrast to the Constant Rate of Supply (CRS) model, which is based on 210Pbex flux being constant. Plum can model the 210Pb and 14C simultaneously, avoiding multiple calibration and modelling of data. Therefore, radiocarbon ages can be incorporated during the analysis to guide the model output. Sediment accumulation rates (SAR) were also determined for all three cores at a 1 cm resolution.




2.5. Quantitative analyses

Grain size measurement outputs from the laser diffractometer were analyzed using the G2Sd package (Fournier et al., 2014) in the R Software environment. Grain size statistics were calculated using the logarithmic (Folk and Ward, 1957) Method (phi scale) with outputs of mean, standard-deviation, skewness, and kurtosis. A combined dataset was collated using the grain size statistic outputs, LOI, dry bulk density, and magnetic susceptibility of cores A, B, and G. The final stratigraphic plots were produced using the tidypaleo, ggplot2 and patchwork packages in the R software environment.




3. Results


3.1. Chronology


3.1.1. Pb-210 activities

Activities for the three Knysna cores range from 37.13 to 168.4 Bq/kg for 210Pbtot, from 22.62 to 64.10 Bq/kg for 226Ra (equivalent to the supported 210Pb) and from 1.72 to 122.7 Bq/kg for 210Pbxs (unsupported 210Pb) (Figure 2). 226Ra is assumed to be in equilibrium with the supported 210Pb portion inherited from the sediments themselves. The unsupported 210Pb, or 210Pbxs, is derived from subtracting the supported 210Pb portion from 210Pbtot. 210Pbxs forms the basis for the 210Pb age-depth models. 210Pbtot and 210Pbxs should generally decrease exponentially with depth (Andersen et al., 2000; Barsanti et al., 2020) due to the natural decay of 210Pb. KNY19-A and B display a decreasing trend in 210Pbtot, but not obviously exponential. The 210Pbtot in KNY19-G, on the other hand, does decrease exponentially downcore. In none of the cores does 210Pbtot decrease monotonically (Figure 2). In KNY19-A and B, the decrease in 210Pbtot results from both 226Ra and 210Pbxs decreasing downcore. In KNY19-G, 210Pbxs decreases exponentially with depth, while 226Ra remains relatively constant. The 210Pbtot in the Knysna estuary sediments results from the rainout of 210Pb in the atmosphere, in situ ingrowth of 210Pb by the decay of 222Rn, and possibly from marine sediment supply due to the tidal hydrodynamics. The 137Cs activities were zero along the depth profiles of all three cores.
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FIGURE 2
 Activities of 210Pbtot (gray), 210Pbxs (blue), and 226Ra (orange) for cores KNY19-A, KNY19-B, and KNY19-G. Stippled lines are exponential fits of 210Pbtot and 210Pbxs. Note independent scaling of x and y axes.




3.1.2. Age-depth models

Age-depth models (ADM) for the Knysna Estuary system show deposition occurred from the Holocene, as early as 4,050 cal yr BP to present, based on 210Pb and radiocarbon ages. Because 137Cs was not detectable in this area, the 210Pb age-depth models were supported by radiocarbon dates. The radiocarbon ages from bulk samples in Supplementary Table S1, with the exception of the plant sample at the base of KNY19-G, were corrected for the marine reservoir effect, which is greater in the case of the more recent sediments.

Core KNY19-A sediments accumulated from 4,050 cal yr BP to present. Three corrected radiocarbon ages (Supplementary Table S1) are in good agreement with the 210Pb age-depth model (Figure 3). A hiatus occurs at 31 cm depth, identified by an erosional surface, and introduces uncertainty in the age-depth model. Core KNY19-B sediments accumulated from ~700 to 0 cal yr BP. The single radiocarbon age at the base of the core (Supplementary Table S1) is consistent with the 210Pb age-depth model (Figure 3). The upper portion, however, cannot be validated fully due to the lack of a radiocarbon age. The age-depth model for Core KNY19-G suggests these sediments were deposited from ~125 cal yr BP. Two bulk sample radiocarbon ages, at 36 cm and 16 cm are supplemented by a separate plant sample at the base (36 cm). The basal bulk sample radiocarbon age was excluded in favor of the plant sample; the two radiocarbon ages incorporated into the model are in good agreement with the 210Pb age-depth model (Figure 3).
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FIGURE 3
 Age-depth models for cores KNY19-A, KNY19-B, and KNY19-G as produced by Plum, showing the 210Pb (blue rectangles), 226Ra (red rectangles), calibrated radiocarbon ages (blue distribution), and marine reservoir corrected, calibrated ages (green distribution) against depth (cm). KNY19-A experiences a loss and reworking of sediments defined by unit A2 and represented by the orange rectangle.





3.2. Sedimentology


3.2.1. Core KNY19-A

Core KNY19-A can be subdivided into four lithological units based on changes in sedimentary characteristics and spans 4,050 years. Given the likely presence of a hiatus or condensed section, the chronology of this record should be treated with caution. Two anomalies occur and are evident in all sedimentological parameters at 14–11 cm (150–100 cal yr BP) and 30–27 cm (1275–340 cal yr BP) depth, although the effect on magnetic susceptibility is most pronounced. Core KNY19-A exhibits a relatively uniform grain size distribution (GSD) with sand being the dominant grain size (Figure 4). Bulk density generally remains stable throughout the sedimentary sequence, with the exception of a decline between 30 and 27 cm. A sharp increase in the sediment accumulation rate (SAR) occurs at 27 cm (~340 cal yr BP) from 0.002 to 0.075 cm/yr, which represents sedimentation accelerated markedly above this depth (Figure 4). The increase in SAR is associated with an increase in the sand size fraction and corresponding reduction in silt and clay content.
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FIGURE 4
 Grain size distribution (%) and sediment accumulation rate (cm/yr) versus age (cal yr BP) for KNY19-A, KNY19-B, and KNY19-G.



3.2.1.1. Unit A1 (44–31 cm; 4,050–1750 cal yr BP)

Unit A1 is characterized by low levels of organic matter ranging from 1 to 6%, with a mean of 3%. Sediments are classified as medium sand (2 Phi), strongly fine skewed and very poorly sorted. This unit has a weak overall magnetic susceptibility signal. The core lithology shows the presence of intact marine molluscan shells, primarily Dosinia hepatica (Lamarck, 1818) and Loripes clausus (Philippi, 1849), lying horizontally in a sandy matrix.



3.2.1.2. Unit A2 (30–27 cm; 1,275–340 cal yr BP)

The transition between Unit A1 and A2, is marked by an abrupt increase in magnetic susceptibility, peaking at 380 × 10−8 m3/kg. Similarly, LOI peaks, reaching a maximum of 5% at 26 cm within this unit. Dry bulk density decreases from 1.4 to 1.3 g/cm3. The observed core lithology for this unit shows sandy material with an increasing frequency of marine shell fragments.



3.2.1.3. Unit A3 (26–12 cm; 320–115 cal yr BP)

Unit A3 is characterized by poorly to very poorly sorted medium sand with a low but stable magnetic susceptibility signal. LOI remains relatively low, fluctuating around 6%. The lithology is predominantly medium sand with little shell debris and the occasional presence of more organic rich material.



3.2.1.4. Unit A4 (11–0 cm; 100 cal yr BP to present)

The base of Unit A4 is marked by a distinct peak in magnetic susceptibility (83 ×10−8 m3/kg), as well as a shift to very well sorted, near-symmetrical grain size distribution. LOI (~4%) and mean grain size (medium sand) are consistent, except for the top 2 cm (about −40 cal yr BP) where grain size decreases and LOI increases.




3.2.2. Core KNY19-B

The core features two distinct changes in sediment characteristics, thereby forming three distinct sedimentary units referred to here as B1, B2 and B3 at intervals 57–40 cm, 39–19 cm and 18–0 cm, respectively. The core spans the last 900 years. Sediments are of variable grain size distribution but are dominated by silt. Bulk density remains relatively stable throughout the sedimentary sequence. The SAR is relatively constant (~0.058 cm/yr), except for a peak at 47 cm (~720 cal yr BP) of ~0.076 cm/yr This peak in SAR coincides with a peak in the sand-sized fraction at the expense of silt and clay. The SARs for this core are similar to the youngest section (<310 cal yr BP) of core KNY19-A (Figure 4).


3.2.2.1. Unit B1 (57–40 cm; 900–610 cal yr BP)

LOI fluctuates between 4 and 11%, averaging 6%. Mean grain size fluctuates between medium and fine silt (5–6 φ) from 48 to 44 cm (~735–675 cal yr BP) where a coarsening upwards to fine sand (2–3 φ) towards the top of the unit. In parallel, grain size distribution transitions from finely skewed to strongly finely skewed. The magnetic susceptibility signal remains low but also gradually increases upwards. Lithology is relatively homogeneous throughout the unit.



3.2.2.2. Unit B2 (39–19 cm; 590–250 cal yr BP)

The base of Unit B2 is marked by a peak in magnetic susceptibility and an abrupt decrease in LOI at 39–37 cm (590–560 cal yr BP), whereafter the sediments are high in organic content, fluctuating between ~7 and 24%, and averaging 13.4%, although gradually decreasing towards the top of the unit. Mean grain size coarsens upwards from fine silt (6 φ) to medium silt (5 φ), remaining finely skewed throughout. Sediments are consistently poorly sorted, even more so towards the boundary with the overlying unit. Magnetic susceptibility is low, and rather constant, above 37 cm (from 250 cal yr BP onwards). Overall, the unit is homogeneous, with no clear sedimentary structures or evidence of bioturbation present.



3.2.2.3. Unit B3 (18–0 cm; 235 cal yr BP to present)

LOI decreases from 9% at the base of unit B3, to 2% in the upper 2 cm (from ~ −35 cal yr BP). Mean grain size coarsens upward from very fine silt (7 φ) to medium silt (5 φ), decreasing to fine silt at the surface (2–0 cm; from ~ −35 cal yr BP to present). Skewness shifts from being almost symmetrical at the base to strongly finely skewed at the top. Sorting is poor throughout, becoming very poorly sorted near the surface, while lithology is again basically homogeneous.




3.2.3. Core KNY19-G

Core KNY19-G covers the last 210 years and has a consistently low magnetic susceptibility signal throughout, ranging from 5.1–13.5 ×10−8 m3/kg with a mean of 7.5 ×10−8 m3/kg. The core is subdivided into three units, units, G1 – G3 at 36–19 cm, 18–6 cm and 5–0 cm, respectively. The sediments are in general dominated by silt, and relatively constant until 5 cm (−25 cal yr BP). Similarly, the SAR is constant (~0.19 cm/yr) but increases towards the top. This increase coincides with an increase in sand at the expense of silt. The SAR in KNY19-G is an order of magnitude higher than in KNY19-B and the top of KNY19-A (Figure 4).


3.2.3.1. Unit G1 (36–19 cm; 140–40 cal yr BP)

Unit G1 is characterized by low LOI content, ranging from 6.2 to 14.5%, averaging 9%. LOI gradually increases upwards, while mean grain size fluctuates between medium and fine silt (5–6 φ) for poorly- to very poorly sorted sediments. The grain size distribution is near-symmetrical at the base, trending toward a finely skewed distribution towards the top of the unit. Bulk density is higher on average here than in the other units, fluctuating around an average of 1.1 g/cm3.



3.2.3.2. Unit G2 (18–6 cm; 37 to −23 cal yr BP)

LOI fluctuates between 12 and 14%, but falls to 8.4% at 9 cm, whereafter it increases to 16% at the top of the unit. Bulk density exhibits an inverse relationship with LOI, peaking at 1.13 g/cm3 at 8 cm depth. Mean grain size lies within the medium silt size class (5–6 φ) to 9 cm (~ −13 cal yr BP), at which point it increases to coarse silt (4–5 φ) at 7 cm (~ −20 cal yr BP). Sediment sorting varies between poorly to very poorly sorted. Grain size distribution is finely skewed throughout but increases from 8 cm upwards.



3.2.3.3. Unit G3 (5–0 cm; −27 cal yr BP to present)

LOI achieves maximum values in Unit G3, increasing from 22% at the base to 27% at the core surface. Mean grain size coarsens upwards from medium silt to coarse silt (5–4 φ) and on the whole the sediments are very poorly sorted. Grain size is less finely skewed towards the top of the core where it is near-symmetrically distributed. Bulk density increases to 0.91 g/cm3 at 3 cm (~ −40 cal yr BP), before decreasing to 0.86 g/cm3 at the surface.





3.3. Sr and Ca characteristics

Sr and Ca are strongly correlated with each other in all cores (KNY19-A = 0.97, KNY19-B = 0.78, KNY19-G = 0.86). Ca and Sr concentrations are initially high with values over 10% and 300 ppm, respectively, in KNY19-A, before sharply declining at 39 cm (Figure 5). Moderate concentrations are maintained until 27 cm. Upcore of 27 cm, concentrations are low although higher than at the other two sites. Concentrations at site KNY19-B remain relatively low, fluctuating between 0.25 and 0.09% for Ca and 32.5 and 14.6 ppm for Sr At KNY19-G, concentrations appear to be steadily increasing from the base of the core until ~8 cm, after which a sharp rise in both elements are recorded to the surface.
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FIGURE 5
 Variations in Ca (%) and Sr (ppm) concentrations at each core location against Depth (cm) and age (cal yr BP).





4. Discussion


4.1. Site location and age model reliability

Carbon-14 samples were taken from the bottom of the core to provide a basal limit for the depositional period. Basal ages of the three cores appear to be highly dependent on local site conditions. Deposition at Core KNY19-A covers the last 4,000 years; however, it is evident here that sediment reworking has occurred with a possible condensed section. Such situations are to be expected in coastal systems where the combined effects of fluvial discharge and tidal forcing are dynamic in nature. The initial phase, between 4,050 and 1750 cal yr BP, exhibits a slow sedimentation rate before an apparent hiatus/condensed section in the sedimentary sequence occurs. This is likely due to the location of the site proximal to the mouth and the entering marine waters leading to erosion or redistribution of sediments in response to changing sea levels and tidal regimes. Two additional samples were taken above and below the fragmented shell layer to constrain the discontinuity in deposition. Continuous sedimentation is initiated again from 340 cal yr BP, and at a much higher rate of accumulation. The position of core KNY19-B is more protected from wave action and deposition and appears to be continuous from 900 cal yr BP to present, although surface sediments do appear to have been bioturbated. Core KNY19-G spans only the last 200 years and has by far the highest sediment accumulation rate. The basal sample from KNY19-G is the sole sample with sufficient plant material for analysis. This age is seen as more reliable than the bulk sample at this site. Since the core site lies further up the estuary, it is reasonable to suppose that sediment dynamics may be more strongly influenced by fluvial processes (Reddering and Esterhuysen, 1987) and the declines in transport energy of the river as it reaches the estuarine basin.

The reliability of 210Pb activity, and thus the quality of the age-depth models, depends on several factors (Sanchez-Cabeza and Ruiz-Fernández, 2012), including the conceptual model used, validation with an independent chronometer, mobility of Pb within the sediment, grain size variation and the extent of sediment reworking by biological (bioturbation) and physical (waves and currents) processes. The degree of compaction, particularly in KNY19-A, may provide some uncertainty to the age model by disturbing the 210Pb profile as well as affecting calculated SAR (Barsanti et al., 2020). The inclusion of radiocarbon samples within the modelling approach supports the age-depth model and validates the 210Pb data, thus contributing to the reliability of the age model and given reasonable margins of error, broadly supports our interpretation of the 210Pb ages (Figure 3). In addition, the modelling approach employed in this study, the recently developed Plum package for R and Python (Aquino-López et al., 2020), is more flexible using a forward modelling approach that is able to handle potentially disturbed 210Pb profiles. The Knysna Estuary system is dominated by marine water influx due to the large tidal prism. KNY19-A and KNY19-B are located in the lower reaches of the system and experience a mix water regime, whereas KNY19-G is closer to the fluvial inflow, leading to brackish water conditions depending on the state of tide and discharge from the Knysna River. Thus, there is some potential of lead mobility within a saline system, but this is limited to generally <0.02% (Zhao et al., 2013) and therefore, lead mobility can be considered negligible in this instance. Grain size variation may be an influencing factor on the reliability of the models, however there is no clear correlation between 210Pbxs and the clay content of each core, suggesting that the influence of preferential absorption of lead onto fine particles is not a crucial factor in the Knysna system.

Considering the dynamic and highly productive nature of estuarine systems, reworking and bioturbation that disturb the sedimentary column are highly likely. Much of the estuary is generally protected from strong marine wave action, but currents are present due to river flow and tidal influences, which may indeed rework or resuspend sediments over time. Cores KNY19-B and KNY19-G were retrieved from relatively low energy environments, while KNY19-A is adjacent to the main channel, which may have altered its course at various stages in the past. Nevertheless, analysis of each core reveals generally homogeneous sedimentary structures, with little evidence of disturbance. An exception to this is unit A2 in core KNY19-A, where it is related to the marine shells found in this unit but does not seem to have influenced the sedimentation very much (3 cm perhaps). Samples for dating, including those subsampled for 210Pb analysis, were not taken from potentially disturbed sediments. Furthermore, the radiocarbon age for unit A2 indicates that these sediments are younger than the equilibrium depth of 210Pbxs. This unit therefore does not affect the 210Pb component of the age-depth model.



4.2. Depositional history and associated palaeoenvironments


4.2.1. Post mid-Holocene sea level highstand

Core KNY19-A, located on the western shore of Thesen Island, is the most proximal of the three sites and is exposed to stronger marine influences in being most proximal to the inlet of the estuary with little shielding from geomorphological features (Figure 1). The basal unit spans the interval 4,050–1750 cal yr BP (Figures 5, 6), and is characterized by medium sand, prevalent whole marine bivalve shells and gastropods, suggesting a shallow marine environment (Figure 7A), and supported by elevated Sr and Ca concentrations (Figure 6). The concentration of Ca and Sr are globally and regionally recognised as marine indicators (Peterson et al., 2000; Wündsch et al., 2016, 2018). The decline in marine influences is in temporal agreement with lakes along the coast of South Africa, e.g. Eilandvlei (Kirsten et al., 2018; Wündsch et al., 2018), Verlorenvlei (Kirsten et al., 2020), Lake St Lucia (Benallack et al., 2016; Gomes et al., 2017). When placed in the context of the sea-level history for the southern African coastline, this unit corresponds to a highstand of up to 2 m above present mean sea level (Cooper et al., 2018). Marker and Miller (1993) traced shell deposits of what they concluded to be a product of the mid-Holocene highstand and determined that during that interval, the shoreline of the lagoon would have extended 400 m inland from the present day. Miller et al. (1995) constrained the mid-Holocene highstand to be approximately 2.4–2.8 m above present mean sea level between 6,000–4,000 cal yr BP, this would imply higher wave energy during the mid-Holocene highstand followed by a rapid regression.
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FIGURE 6
 Sediment profile for KNY19-A, KNY19-B and KNY19-G against depth indicating sedimentary horizons and associated sediment characteristics, from left to right, loss-on-ignition (%), the mean, sorting, and skewness of grain size, kurtosis, the bulk density (g/cm3), magnetic susceptibility (83×10−8 m3/kg). Dotted horizontal lines indicate changes in sedimentary character.


Surface deposits (Units A3 and A4) at KNY19-A are separated from the basal unit (Unit A1) by an undulating, erosional/reworked shell lag package (Unit A2) which has a lower bulk density than Unit A1 (Figures 7B,C). This unit consists of similar bioclastic material as recorded in Unit A1; however, it has undergone fragmentation likely due to reworking or transportation under changing marine energy conditions associated with relative sea-level change. When considered relative to the underlying unit (A1) and the association with higher than present sea level, followed by a period of regression and transgression, this interval most likely represents a period of shoreface retreat (Bruun, 1962; Swift, 1968). When the base of a shoreface translates landward in response to transgression, it truncates pre-existing deposits due to wave and tidal processes producing a ravinement surface draped with lag deposits (Cattaneo and Steel, 2003). Given the proximity of KNY19-A to the mouth of the estuary, the overlying high-energy reworked deposits (Unit A2) are followed by tidally influenced sediment (Units A3 and A4), this depositional unit likely represents a tidal ravinement surface produced as an effect of steady sea level rise between 500 cal yr BP to present (Figure 7D). Cores KNY19-A and KNY19-B capture different portions of sea-level history with KNY19-B recording a larger duration record of the latest transgression due to availability of accommodation space created by underlying antecedent topography. KNY19-A captures older records due to its proximal position within the basin however less of the overlying equivalent tidal sediment due less accommodation space created by the underlying topography (Figure 7).
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FIGURE 7
 Conceptual figure describing the depositional history of the Knysna estuary from the late Holocene to present. Cross-sectional profile KY’-KY” is depicted in insets (A–D) showing different stages of sea-level history and associated sediment depositional and erosional processes. (A) Shallow marine sediment (Unit A1) is deposited on top of the Last-Glacial Maximum (LGM) Pleistocene deposits (grey) under higher than present sea level conditions. (B) Sea level falls in the mid to late Holocene. Interaction with receding wave base results in minor reworking of underlying unit A1, producing a shell lag (unit A2) composed of unit A1 material. (C) As regression continues to a lowstand, a drop in base level causes incision/channelisation of Unit A1, forming a relative topographical high (presently known as Thesen Island) and further stripping of sediment. (D) Transgression from ~500 yr. BP resulted in further reworking of Unit A2 by tidal ravinement processes, and subsequent deposition of estuarine sediment (Units A3 and A4).




4.2.2. Environmental conditions during the late Holocene

The falling sea level following the Holocene highstand would have exposed subaerially many parts of the estuary previously submerged, particularly in the intertidal zone, possibly resulting in reworking by aeolian processes before an increase in source waters could sustain open water conditions. A period of lower sea level, up to 2 m below modern mean sea level (Miller et al., 1995) occurred between 900 and 500 cal yr BP and would have had a substantial impact on the Knysna estuary system. Thesen Island would have been somewhat larger at the time and the greater expanse of subaerially exposed sediments may have been subject to erosion and reworking. An increase in coarser grained sediment in the Ashmead Channel (Core KNY19-B) is also noted during this interval and is also likely related to reworking of relict marine sands from the mid-Holocene highstand. From 900 to 600 cal yr BP, the channel transitions from very platykurtic to less platykurtic indicating a brief evolution from less mobile sand sheet deposits to more mobile dune deposits (Marker and Holmes, 2002; Holmes et al., 2007).

The geology of the catchment comprises primarily quarzitic sandstones with a high silicate composition of the Table Mountain Group (Grindley, 1985). These lithologies are therefore diamagnetic in nature (Tite, 1972) implying that variations in magnetic susceptibility, especially along the shore of Thesen Island (KNY19-A), are unexpected. Sediment sources in the system are either fluvial, aeolian or marine in origin (Figure 1C), therefore either one or a combination of the latter must supply the magnetisable material. The Enon formation, which is composed of thickly bedded conglomerates, sandstone lenses and mudstone units within a sandy clay matrix, surrounds the southern perimeter of the Knysna Estuary (Muir et al., 2017). There are also outcrops of shale in the upper catchment that may also have trace deposits of magnetisable materials, implying that the catchment is indeed a potential source. Negligible sediments of marine origin are delivered into the estuary, and only in the very lower reaches of the estuary, although wave energy is not completely dissipated due to the lack of barrier development at the mouth (Cooper, 2001) so that marine inputs cannot be excluded. The southern Cape coast is highly susceptible to large swells along its wave-dominated coastline, and, under storm conditions, marine inputs of sediment may increase. Neighbouring systems to the west and east drain through Gneissic granite and bentonite deposits, which could be a source of trace deposits of magnetisable material into Knysna should wave propagation transport the material into the estuary during more turbulent seas. The supply of aeolian deposits is generally from the coastal dunes but these have the least potential for magnetisable materials. Highest magnetic susceptibility values occur closer to the mouth (KNY19-A and KNY19-B) decreasing in magnitude towards the upper reaches.

Analysis of surface samples reveals that sites near Leisure Isle and the Heads (Figure 1) have higher concentrations of cadmium, copper, nickel, cobalt and chromium, attributed to a localised source of heavy metals (Watling and Watling, 1982), which is primarily governed by anthropogenic impacts on the system. However, the elevated magnetic susceptibility signal between 700 and 590 cal yr BP (unit B1) occurs at a time that pre-dates any probable major human influences in the area, suggesting a natural phenomenon may be the underlying mechanism for this trend. Thus, a potential combination of augmented inputs both from the wider catchment, possibly from greater runoff under higher precipitation, and from a marine source during a period of more turbulent oceanic conditions may underlie this observation. The influx of turbulent source waters would have made for an unstable environment and limit submerged and emergent vegetation growth (Adams, 2016), an interpretation consistent with the rather low OM%. Palaeoflooding evidence is recorded all along the southern Cape coast between 650 and 300 cal yr BP. Sediments deposited on the continental shelf near the Gouritz River, 110 km to the west, reveal torrential rains and flash flooding in the catchment after 650 cal yr BP under more humid climatic conditions (Hahn et al., 2016). Additionally, high energy floods and higher lake levels occurred in the Wilderness and Groenvlei catchments, 35 km, and 11 km to the west, respectively, between 700 and 500 cal yr BP (Reinwarth et al., 2013; Wündsch et al., 2018).

The period between 660 and 250 cal yr BP appears to have been relatively stable across the lower reaches of the system (KYN19-A and KNY19-B), as the higher LOI values suggests a phase of vegetation colonization and expansion, particularly in the area of Ashmead Channel (KNY19-B). The presence of organic matter suggests that this environment may have been partially vegetated. The structure of the middle and lower reaches of the estuary and the vegetation it hosts are governed by the large tidal prism (Maree, 2000). Currently, Knysna has one of the most extensive Zostera beds of all estuaries in South Africa and the community is widespread in the Ashmead Channel. Zostera is unable to withstand turbulent water (Adams, 2016). Expansion of salt marsh vegetation, which is especially productive (Maree, 2000), on the landward limits of the intertidal zones would be expected under stable environmental conditions. The characteristics of the sediments accumulating at this time are consistent with a period of relative equilibrium where water levels in the estuary are either stable or rising but at a rate that does not exceed sedimentation. The environmental conditions in this phase contrast markedly with prior conditions when sediments were clearly intertidal. The lower reaches of the estuary around Thesen Island (KNY19-A and KNY19-B) show a notable reduction in LOI and productivity accompanied by a sharp increase in the sediment accumulation rate (SAR) at ~340 cal yr BP, along with a rise in sand. The decline in organic matter and changes in sediment characteristics, namely fluctuations in bulk density, magnetic susceptibility and a coarsening of mean grain size at KNY19-B, may indicate a transition from marsh back to tidal flat deposits following a rise in water levels. Between 320 and 150 cal yr BP, sediments in the Ashmead Channel (KNY19-B) exhibit a rapid decrease in grain size, which suggests a shift to a period of lower overall environmental energy. Regional records from Wilderness and the Gouritz River, suggest relatively humid conditions and rising lake levels at this time (Hahn et al., 2016; Wündsch et al., 2016, 2018; Kirsten et al., 2018; Quick et al., 2018).



4.2.3. Human influences on system functionality

During the last 200 years or so, there are notable trends in sediment characteristics, particularly around Thesen Island and the Ashmead channel. A marked decline in organic matter accumulation is recorded to levels not previously evident at those sites. There is evidence also of increases in magnetisable material, as coarser grained sediments in the Ashmead Channel occur at approximately the same time as the expansion of human activity in the region (Russell, 1996). The early European settlers engaged, inter alia in felling forests in the catchment, along with constructing a harbour, causeways, roads and bridges. Mining operations, which included alluvium, lignite and gold, began in the late 1800s and continued until 1950 (Grindley, 1985). Gold mining began in the upper reaches of the catchment in the 1860s before collapsing in 1894, such activities greatly impact water quality and can lead to a greater concentration of metals contaminants (Abdul-Wahab and Marikar, 2011). Both Leisure Isle and Thesen Island have been considerably modified over the last 250 years through reclamation and stabilisation (Reddering and Esterhuysen, 1987). The land-use changes associated with the expansion of the urban areas under a growing population and deforestation in the greater Knysna Basin would increase the area of impermeable surfaces and enhance surface runoff, while the construction itself would lead to accelerated erosion (Reddering and Esterhuysen, 1987; Marker, 2000). Fire-induced erosion has contributed to the transference of finer sediments into the Knysna estuary channel through aeolian processes. The Knysna Basin has inherited a high degree of landscape sensitivity as a consequence of its geomorphological history and anthropogenic pressures (Marker, 2003). All of these processes potentially increase the rate of erosion, remobilisation of sediments and lead to a higher sediment load in the rivers. The resulting higher inputs of magnetisable material from the industries established in the estuary since the late 1880s. In fact, Thesen Island hosted a sawmill and boat building factory in the 1920s before being converted into a residential marina estate in 2005, while Leisure Isle was converted to a residential development in the 1930s (Reddering and Esterhuysen, 1987; Claassens et al., 2020; Human et al., 2020).

Sediment accumulation rates in the lower reaches of the estuary remain relatively consistent over time. However, at core site KNY19-G, which represents only the last 125 years or so of the record, SAR is an order of magnitude higher than elsewhere in the system. The position of this site and its greater exposure to fluvial processes reflects changes in the river catchment more broadly. Notably, the exponential increase in organic matter indicates an expansion of the wetlands in the upper reaches of the estuary. Wetland encroachment is controlled by factors associated with vegetation productivity, sediment supply and subsurface processes (Reed, 1990). Accordingly, the observed changes in sediment supply and discharge arising through the construction of the Charlesford Weir upstream of the Knysna River may have played a vital role in the establishment of wetland at this locality (Chmura and Hunt, 2004; Switzer, 2008). In addition, the increased use of urea-based fertilizer in the catchment may contribute to the increased organic content of downstream sediments (Switzer, 2008). The coarsening of mean grain size at KNY19-G implies either an increase in energy, or anthropogenic disturbance. Residential developments on the flanking Brenton dune along the western shores and in the upper catchment, increased erosion of significant natural sediment sources to the system leading to greater deposition of sandy silt in the estuary (Reddering and Esterhuysen, 1987; Marker, 2000). All things considered, human activities since the arrival of colonial settlers in the 1700s to present have greatly modified the system.





5. Conclusion

Multi-proxy evidence from three sediment cores reveals that the microtidal environment of the Knysna Estuary has been heavily influenced by marine transgressions and regressions, but also suggests changes in character that may be linked to human activities in the geologically recent past. Although sediment accumulation rates have not changed dramatically since the European colonization of the region in the late 1700s, rapid changes in organic matter content are recorded. The study demonstrates the feasibility and value of combined age-depth modelling of 210Pb and 14C, that underpins the comparison of environmental conditions across the estuary basin and provides greater chronological control when attributing possible causes for the changes observed. Sites selected for the three sediment cores provide a window into past environmental conditions in a range of geomorphological settings. Core KNY19-A, for example, yields insights into past sea level changes and its impacts on the system, although such high energy environments are more prone to erosion and consequently the sedimentary sequence is less continuous. KNY19-B was sampled from the mudflats of the Ashmead channel, a low energy environment additionally protected by the sandy-silt deposition zone of Thesen Island, and the sediments here offer a glimpse into changing conditions in the estuary and the impact of storm events over time. The low energy environment of the wetland of the upper estuary (KNY19-G) yield a record of catchment dynamics, including increased anthropogenic impacts. The upper reaches are likely to experience higher sedimentation rates, as fluvial inputs enter the system and settle, offering an opportunity for future high-resolution sedimentological and physicochemical studies to further unravel the evolution of this vulnerable and valuable estuarine system.
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Central Chile has been affected since 2010 by an increasing mega-drought accompanied by a historically low precipitation rate, as a probable consequence of climate change. Additionally, the increasing pressure exerted by the withdrawals of human activities, such as agriculture and metal mining, promotes conditions of hydric scarcity. Despite this intensive use of the watersheds and the sustained and increasing aridity, it has not been explored whether an artificial sedimentary record can trace these changes in the agricultural valleys of the region. To unravel and evaluate the recent environmental/climatic variability, the effects of the mega-drought that has pertained since 2010, extractivist pressures on a Mediterranean valley in central Chile, and sediment records were obtained from an irrigation dam and studied through a multi-proxy analysis. The dam was built and has been in operation since 1975 and is located in the Aconcagua River Valley, Valparaíso, Chile. Magnetic properties, carbon content, mineral composition, and metal content were analyzed from sediments of a 120 cm long core. Changes in vegetation cover from 1990 to 2020 were analyzed through NDVI filters. Horizons associated with drier conditions were observed in the upper zone of the core, which corresponded from the year 2001 to the present, assuming a constant sedimentation rate of 2.72 cm·yr−1. Additionally, the characteristic alternation of dry–wet conditions was observed in the deep horizon of the dam sediments. The concentrations of Cu, Pb, Al, and As have increased over the years, while the concentration of Mo has decreased. Some of these elements are associated with copper mining, existing in the valley. Analysis of Landsat images from the year 2000 to the present has identified a significant decrease in vegetation cover associated with dry/wet periods, which may be related to cycles of El Niño/La Niña events. Although not all the proxies analyzed were sensitive enough to detect changes at the desired resolution, since the dam is very recent, the results shed light on the effects of the interaction between industrial activities and the decrease of water availability in multiple-use watersheds, suggesting variations in metals concentrations and changes in water availability, probably promoted by anthropic activities, climatic events, and increasing aridity in the Aconcagua River Valley.

KEYWORDS
Aconcagua River Valley, environment/climatic variability, dam sediments, magnetic properties, metals concentrations, multi-proxy analysis


1. Introduction

The Mediterranean area of central Chile is currently suffering from a long and intense period of drought that has not been seen in recent history (Garreaud et al., 2017), which has caused a decrease in the budgets of the lake and highland aquatic ecosystems, with dramatic consequences for local agriculture, livestock, and water supply for human consumption (Muñoz et al., 2020). During the mega-drought, the surface area of lakes in the Andes of central Chile has decreased between 7 and 28.34% (Fuentealba et al., 2021), and these changes have been associated with regional climate trends involving a decrease in precipitation and an increase in temperature (Garreaud et al., 2017). Moreover, the interaction with the increasing pressure of withdrawals from human activities, especially those at the industrial level, has created conditions of scarcity, where the water demand may exceed the recharge capacities of the hydrological systems (Le Goff et al., 2022). The combination of these water stress factors has put Chile in a condition of high risk among the countries of the Americas (Muñoz et al., 2020).

The Aconcagua River Basin is of transverse exorheic type, with an approximate area of 7,337 km2, which originates in the Cordillera de Los Andes and flows into the Concón Bay in the Valparaíso Region, Chile (Dirección General de Aguas, 2004; Soto Bäuerle et al., 2011). The Valparaíso Region is one of the most densely populated regions at the national level (1.8 million inhabitants), and the Aconcagua River Basin hosts a great variety of economic activities. These activities are mainly associated with the exploitation of natural resources, such as copper mining, industries, water treatment plants, and important agricultural activities (Aguilar et al., 2011; Instituto Nacional de Estadísticas, 2014; Dirección General de Aguas, 2019). Metallic mining in the area has focused on the exploitation of fine copper and its by-products, traces of which have been previously detected in different points of the basin (Fe, Mg, Cu, As, and [image: image], among others), and industrial activities in the manufacture, treatment, and sale of food, preservatives, cement, and industrial chemicals, among others. Agricultural activities have also impacted the natural basins, mainly through the extraction of water for irrigation and the use of agrochemicals and pesticides in their crops, such as Carbofuran and Chlorothalonil (Dirección General de Aguas, 2004). The area of the watershed allocated for agricultural use is equivalent to 12%. The largest avocado crops are found there, accounting for 41% of the total production of avocado trees in the country with high water demand. The most commercially appreciated cultivars require >500 mm of water per season to reach their highest relative production (Lahav and Whiley, 2007) and well-drained soils. These requirements allow avocado crops to cause an increase in soil erosion and loss of natural vegetation (Soto Bäuerle et al., 2011).

Many watersheds in the Valparaíso region have been impacted by the current climatic conditions and the consequent land use changes. An extreme example of these interacting factors is the La Ligua and Petorca watersheds. After suffering from high levels of aquifer exploitation, the Petorca province was declared a water scarcity zone in 1997 (Muñoz et al., 2020) and a groundwater restriction zone in 2014 (Dirección General de Aguas, 2019). In Petorca, the quality of life of the population and the availability of water for small farmers have been seriously affected due to the lack of water for irrigation (Bolados-García and Sánchez-Cuevas, 2017; Duran-Llacer et al., 2020). This has increased due to drought and climate change, and also to water theft by large growers, a result of the Chilean private management model of water that establishes the water market, which has triggered various social conflicts in the area (Bolados-García and Sánchez-Cuevas, 2017; Panez-Pinto et al., 2017). Such socio-environmental and economic conflicts could potentially occur in all regions where the frequency and magnitude of aridity periods are increasing. Therefore, it is important to quantify and study the impacts of environmental/climatic variability, the mega-droughts that currently affect the area, and the effects of extractivism resulting from the economic activities in the valley. In this context, multiproxy studies have been focused on the study of lake sediments to understand climate variability and the effects of extractivism in Chile (e.g., Bertrand et al., 2008; Von Gunten et al., 2009; Aránguiz-Acuña et al., 2020; Gayo et al., 2022). However, these sedimentary records usually reflect changes on the Holocene time scale. Meanwhile, sediments from an irrigation dam are time-constrained, meaning they can better archive the recent-past environmental conditions and current transformations of land use.

This study aimed to check the use of different proxies measured (magnetic properties, geochemical analysis, loss on ignition, satellite image processing, and reflectance spectrum) on a short sediment record from an irrigation dam in the Aconcagua River Valley to unravel the environmental and/or climatic history in central Chile between 1975 and 2019. In addition, this study seeks to link the magnetic and geochemical variations recorded in the sediments with the severe mega-drought that started in 2010 and polluting industrial activities.



2. Methodology


2.1. Study site and sampling

The Aconcagua Valley is located in the Aconcagua River basin in the Valparaiso region, which is 88 km east of the city of Valparaiso, Chile (Figure 1). The study area, known as the central valley, is a semi-arid region located at 800 m.a.s.l. and is mainly composed of volcanic, volcanic sedimentary, and intermediate acidic intrusive units (Rivano et al., 1993; Escribano, 2008; Naranjo, 2014; Figure 1). This valley is home to cities such as San Felipe and Los Andes, and its primary economic activities include mining, industry, and agricultural development (Gaete et al., 2007; Dirección General de Aguas, 2009). This valley, like others in the area, has been impacted by water scarcity since 2010, alternating between wet periods and agricultural growth (Maturana et al., 1997; Dirección General de Aguas, 2009; Garreaud et al., 2017).
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FIGURE 1
 Location of the study site. Aconcagua River Valley, Calle Larga town, Valparaíso Region, Central Chile (modified from Rivano et al., 1993).


The sampling site is specifically located in the town of Calle Larga at 806 m.a.s.l and corresponds to an artificial irrigation dam constructed for agricultural use. One sediment core 120 cm long and 10 cm in diameter was extracted from the bottom of the artificial irrigation reservoir in February 2019. The sedimentary core was extracted during a period of extreme drought when the reservoir was dry, using a trench to obtain the core (Supplementary Figure 1). The core was sliced every 1 cm, and a total of 120 samples of approximately 15 g each were collected for magnetic, petrographic, and geochemical analyses (Supplementary Figure 1). Samples were coded as TP+ depth (in cm) and sorted at 4 °C. In addition, Figure 2 shows the different techniques used and the parameters to be calculated.


[image: Figure 2]
FIGURE 2
 Flowchart of the methodologies used in this study: magnetic, geochemical, and other analyses performed with their respective measured parameters.


The first step was to perform a macroscopic description of the whole core, and then, X-ray images of the sedimentary core were taken. To radiograph the complete core (120 cm in total), we used a conventional radiograph and the ADAM software to obtain and improve the quality of the photographs. This allowed us to observe and analyze alternation patterns and changes in color and thickness (Mena et al., 2011).



2.2. Analysis of magnetic properties

To identify potential changes in the distribution of magnetic particles throughout the core, wet sediment samples were mounted on 8 cm3 standard-size paleomagnetic cubes for mass magnetic susceptibility (χ) measurements. The χ was measured using a Kappabridge MFK1-FA susceptibility bridge (AGICO Co.) under normal ambient conditions (22–24°C) and a 200 A/m field at Maini Equipment Center (Universidad Católica del Norte, UCN, Antofagasta, Chile). Measurements were performed at two different frequencies of 976 Hz (χlf) and 15.616 Hz (χhf), corresponding to low and high frequencies, respectively. This method allowed us to calculate the frequency-dependent magnetic susceptibility (Figure 2; Dearing et al., 1996)
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where, χfd% is a widely used parameter to reflect the content of the particles close to the superparamagnetic/single domain (SP/SD) boundary (Maher et al., 2003; Yang et al., 2023).

Additionally, the same samples were subjected to hysteresis experiments at room temperature using a MicroMag AGM 2900-2 alternating gradient force magnetometer at UCN (Princeton Measurements Corp., Princeton, NJ, USA) with the purpose of determining magnetic mineral content and grain size. Magnetic hysteresis parameters were calculated using PmagPy routines (available at https://earthref.org/PmagPy/cookbook/; Tauxe, 1998, 2005).

Finally, six sub-samples (TP001, TP007, TP043, TP052, TP088, and TP097) were used to determine Curie temperatures by thermomagnetic experiments using a CS4 MFK1-FA (AGICO). Powdered samples were heated from room temperature to 700°C (and then cooled to room temperature) under a weak magnetic field (300 A/m) and 1 atm pressure in a non-inert (oxygen) atmosphere. Curie points were calculated using the method proposed by Hodel et al. (2017).

[image: image]
 

2.3. Chemical analysis

The sediment core samples were subjected to various analyses at different facilities. At the Center for Advanced Studies in Arid Zones (CEAZA), loss on ignition measurements were conducted on 1 cm3 cubes per sample. The cubes were heated in a muffle to 550°C for 4 h to obtain the percentage of organic matter and then to 950°C for 7 h to determine the percentage of carbonate.

The reflectance in the visible spectrum (380 to 750 nm) of the entire core was measured in the STS-VIS optical spectrometer. Two spectral indices were calculated: the ratio of clay detection of reflectance at wavelengths of 570 nm and 630 nm (R570/R630) and the relative absorption band depth 660–670 nm (RABD660;670) as an indicator of total chlorine (diagenetic products of chlorophyll) (Rein and Sirocko, 2002; Von Gunten et al., 2012; De Jong et al., 2013).

All samples (120) were analyzed by Inductively Coupled Plasma Optical Emission Spectrometry (ICP-OES, model OPTIMA 8000). Total concentrations of copper, zinc, cadmium, nickel, iron, aluminum, vanadium, molybdenum, and arsenic were measured for each sample. For this, the samples were disaggregated according to the EPA 3052 method with hydrochloric and hydrofluoric acid (Remeteiová et al., 2020).



2.4. Analysis of satellite images

Vegetation cover changes were analyzed using satellite images obtained from the Earth Explorer platform (USGS) of the Landsat 5 and 8 satellites for the period between 1990 and 2020 (every 5 years). The images were georeferenced to the UTM WGS 84 South Zone19 projection and vegetation cover filters were applied. The Normalized Difference Vegetation Index (NDVI) filters were obtained with the ERDAS IMAGINE 2014 software using the following formula:
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In the above formula, ICR corresponds to the near-infrared reflectance (Band 4), while R corresponds to the red reflectance (Band 3). The numerical value given by the previous expression ranges from −1 to 1, with the value 0 indicating the approximate threshold of vegetation absence (Rouse et al., 1974). The numerical values are translated into the images with two colors: red for values close to −1 (loss of vegetation) and green for values close to 1 (increase of vegetation). A 25% variation in vegetation cover was used to visualize inter-period differences (Muñoz, 2013).



2.5. Data analysis

Chemical and magnetic data zones were identified by performing the CONISS analysis (Grimm, 1987) with TILIA software. For combinations of chemical and magnetic proxies that showed high and significant correlation coefficients, Spearman's rank correlation was used to calculate R, and p-values were also calculated for linearly detrended data. All analyses were conducted using ioGAS 64 software.




3. Results


3.1. Macroscopic sedimentary characteristics

The mineralogical composition of the sediment consisted mainly of feldspar, lithics, quartz, calcite, and magnetite. The grains were silt and clay-sized, and they were mainly spherical and elongated. Additionally, remnants of organic matter were observed in the bottom of the core.

Based on the macroscopic characteristics, the sedimentary core was divided into two sections. On the bottom section (between 120 and 48 cm), the sedimentary core was identified as a section, characterized by alternating light brown and gray (2 and 3 cm thick) and dark brown (1 and 1.5 cm thick) Horizons. The upper section (from the top to 48 cm depth) had a massive structure and millimeter parallel lamination with a variable contribution of vegetation remains. Another subsection was identified in the upper section, characterized by a reddish-brown color with no pattern or defined horizons and apparently poor in organic matter.



3.2. Magnetic properties of sediments

Magnetic susceptibility (χ) values varied slightly along the sedimentary core, ranging from 3.77 × 10−3 to 7.94 × 10−3 m3kg−1, with a mean value of 5.47 × 10−3 m3kg−1 (Figure 3). The frequency-dependent magnetic susceptibility (χfd%) values varied between 1.76 and 3.91%, with a mean value of 2.62% (Figure 3G). Although the curve was relatively homogeneous, some middle (42–64 cm) and bottom (81–99 cm) sections had χfd% values of > 3%. If the χfd% values were > 3%, this could be used as an indicator of the presence and concentration of small ferromagnetic particles that have magnetic sizes near the superparamagnetic (SP)/single (SD) magnetic limit (Maher and Taylor, 1988; Dearing et al., 1996). Their presence suggests that the number of very small ferromagnetic particles is significant in some samples from the middle and bottom of the sedimentary core.
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FIGURE 3
 Geochemical analysis of sedimentary core. (A) Copper concentration (ppm); (B) molybdenum concentration; (C) arsenic concentration; (D) lead concentration; (E) water percentage; (F) magnetization; (G) frequency susceptibility dependence; (H) remanent coercivity; (I) R570/R630 ratio; (J) environmental relationship identified by CONISS analysis.


The measured thermomagnetic experiments showed irreversible behavior for all samples analyzed in all curves (Supplementary Figure 2). Two clear sections could be described: first, a smooth progressive increase up to approximately 580°C, and then a drastic change in the slope of the curve at approximately 580°C. This suggests the presence of nearly pure magnetite (Tc1) and a progressive decrease, indicated by a gentle slope between 580 and 680°C, which is an indicator of a mixture of Ti-rich and Ti-poor titanohematite-titanomaghemite (Tc3; Supplementary Figure 2; Tauxe, 1998).

This last magnetic phase is associated with a more oxidizing environment. Additionally, the top of the sediments (from 7 cm depth to the top) showed a progressive decrease in susceptibility from 500 to 570°C. This is probably associated with the presence of Ti-poor titanomagnetites. At the bottom of the sediments (97 cm depth), an abrupt increase was observed just before ~580 °C during heating (Hopkinson peak), which could indicate the presence of superparamagnetic grain (fine grain) magnetite within this slice (Dunlop and Özdemir, 2001). This is confirmed by a value of χ fd% > 3%, which is an indicator of the presence of magnetic particles of SP magnetic size.

All samples exhibited similar behavior in the hysteresis curves, as follows: (1) a strong ferromagnetic behavior and a weak paramagnetic behavior, which are clearly observed in the shape of the curves; (2) low coercivity values (Bc and Bcr), and (3) high magnetization values (Ms and Mr). The curves generated by the coercive force (Bc) and remaining coercivity force (Bcr) were relatively homogeneous along the core. Conversely, the saturation magnetization (Ms) and saturation remanence (Mr) curves were heterogeneous along the core. Similar behavior was observed in the curves generated by low-field magnetic susceptibility (χ lofi), high-field magnetic susceptibility (χ hifi), and ferrimagnetic susceptibility (χ ferry) values (Supplementary Figure 3).

The hysteresis values were plotted in the Theoretical Day Plot (Day et al., 1977; Dunlop, 2002a) to discriminate the magnetic size (and possible size mixtures ) of the Fe-bearing minerals. The measured values were plotted close to the pseudo-single-domain (PSD) field, between the single domain (SD) + multi-domain (MD) mixing curves and the single domain (SD) + superparamagnetic (SP) (10 nm) domain mixing curves (Supplementary Figure 4). This finding could be the result of a mixture of PSD and SP magnetic grains or a ternary mixture of SP+SD+MD (i.e., Dunlop, 2002b). This observation could be the result of an SP + PSD mixture dominated by PSD and MD magnetic grains. This interpretation is consistent with the shape of the hysteresis loops, the values calculated from these, and the low χfd% values (<3%) obtained, likely indicating a detrital origin of magnetic minerals (magnetite and titanomagnetite).



3.3. Chemical concentration of sediments

The concentration of quantified elements along the sediment core showed variable depth patterns. Arsenic concentration in the sedimentary core was more abundant in the upper section but decreased from 30 cm to the bottom. Molybdenum was present in low concentrations in recent sediments but increased from 70 cm in the older sediments (Figures 3B, C). Lead was low in the top sediments but reached high concentrations with peaks at medium depths (15 cm, 35 cm, 60 cm, and 80 cm), followed by a gap between 80 and 100 cm (Figure 3D). Copper had its maximum concentration in the top sediments and had other peaks at 40 cm, 50 cm, and around 70 cm, while deeper sediments had varying copper concentrations (Figure 3A). The Al concentration in the core was more abundant at the top, showing some peaks (7 cm, 12 cm, and 13 cm), which indicated an increasing concentration of aluminum toward the top. The other potentially toxic metals analyzed, such as nickel, iron, cadmium, and zinc, did not show significant variations over the years. There was only an abrupt increase in iron at the top of the sedimentary core associated with the years 2016 to 2019.

The water percentage was relatively homogeneous throughout the sedimentary core and did not present significant variations, with values ranging from 12 to 28%. Only in the sediments at the top of the core was a decrease in water percentage observed (Figure 3E), mainly due to direct exposure to air and heat when the dam went dry in 2019.

The percentage of carbonate, measured by loss on ignition at 925°C (LOI925), did not exceed 3% throughout the whole sediment core. However, in the case of organic matter (LOI550), concentrations varied between 2.3 and 4.4%. This variation could be associated with the observed lamination of light/gray and dark brown horizons, where the highest values of organic matter are related to dark brown horizons, and low organic matter values are associated with light brown/gray horizons. The percentage of organic matter decreased moving upward.

Regarding the reflectance ratio, R660/R670, only one point showed a deviation value of 1, with a single break at 43 cm. No variations were observed for the RABD660;670 index, suggesting constancy in lithogenic and diagenetic content during the analyzed period.



3.4. Satellite images of the central valley

According to the NDVI, there has been a change and growth in the density and arrangement of vegetation cover over the past 30 years (1990 to 2020). This change was concentrated in periods after the year 2000, as shown in Figure 4, where there was a significant increase in sectorized vegetation. This increase was mainly due to the expansion of agricultural livestock in the valley, as illustrated by the shape of the polygons in Figures 4B, C, especially between the years 2005 and 2010. During this period, the vegetation cover increased by 7,954 hectares (Figure 4D). However, since 2010, there has been a considerable loss of vegetation cover of 15,027 hectares (Figure 4E), with a slight recovery since 2015 equivalent to 3,479 hectares. Nevertheless, the net balance remains negative (Figure 4F).
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FIGURE 4
 Linear regressions of Normalized Difference Vegetation Index (NDVI) made in the central valley between 1990 and 2020, divided into five annual windows: (A) 1990–1995; (B) 1995–2000; (C) 2000–2005; (D) 2005–2010; (E) 2010–2015; and (F) 2015–2020.





4. Discussion

Paleoenvironmental studies commonly use multi-proxy analyses, including both organic and inorganic variables, of lake and marine sediments to unravel past environmental and climatic conditions over thousands of years. However, identifying proxies that are sensitive enough to account for inter-annual changes. In this study, a sediment core was obtained from a short-dated irrigation dam in a region heavily affected by the current mega-drought. The core reflects climatic and anthropogenic events that have impacted the area from 1975 to 2019.

Since then, there have been no removals identified from the beginning of the dam to the date of sampling, it is plausible to assume a constant sedimentation rate for the period, calculated as 2.73 cm·yr−1 (120 cm of sediments in the 44 years between 1975 and 2019). Analyses and observations have allowed for the identification of proxies that were sensitive to changes that have occurred during the last four decades in central Chile. These proxies describe two different depositional environments and are related to water availability and other events.

The upper sediments up to 48 cm of the core (from 2019 to 2001, considering the constant assumed rate) could be related to drier conditions, with a massive structure and millimeter parallel lamination and a scarce contribution of vegetation remains. Another subsection was characterized by a reddish-brown color without lamination and poor organic matter. Ti-poor titanomagnetites are also recognized from thermomagnetic experiments in this region. Additionally, very small ferromagnetic particles were recorded in the break generated between 48 and 62 cm, which may be linked to authigenic processes over magnetic minerals (Dearing et al., 1996; Evans and Heller, 2003; Hao et al., 2008). The copper curve showed high values at depths of approximately 7 cm, 38 cm, and 51 cm, which corresponded to the years 2016, 2005, and 2000, respectively. In addition, from 41 cm to the top, the concentration of copper began to rise, reaching its highest concentration of 20 ppm.

In the bottom section, between 120 and 48 cm (corresponding to the period 1975–2001, considering the assumed constant rate), a section characterized by alternating light brown and gray (2 and 3 cm thick) and dark brown (1 and 1.5 cm thick) horizons was identified. This arrangement of horizons could be related to the alternation of dry/wet periods, in agreement with the cyclic behavior of the Mediterranean template climate of the valley (Naranjo, 2014; Garreaud et al., 2020). In addition, the intercalation of light/gray and dark brown horizons is consistent with the organic matter content measured by LOI550, with the highest organic matter values related to dark brown horizons. In contrast, low organic matter values are associated with light brown/gray horizons. The CONISS analysis defined a break at 80 cm (corresponding to 1990), primarily due to the strong break in the lead curve.

The upper horizon is well explained by drier environmental conditions. Higher metal concentrations measured, especially of Cu, Pb, and As, could be linked to contamination produced by the expansion of the surrounding mining and/or agricultural industries. Upstream in the basin is the Miocene Rio Blanco-Los Bronces copper–molybdenum deposit, among other mines near the sampling sites.

In general, the concentration of Cu in the sediments (40 ppm on average) is lower than the background concentrations of the Farellones Formation (120 ppm on average; Hollings et al., 2005) and the Abanic Formation (Hollings et al., 2005; Muñoz et al., 2006; between 28 and 80 ppm), which compose the substratum of the Aconcagua River. However, observed peaks of > 60 ppm could be associated with specific events that concentrate salts in the basin, such as a decrease in flow, or systematic inputs of these elements into the basin. High values associated with the years 2016, 2005, 2001, and 1996, respectively, could be related to specific natural disasters that occurred, such as debris flows and El Niño episodes (Higueras et al., 2004). Additionally, there are several peaks of similar magnitude below 96 cm, which corresponds to 1984. These peaks, such as the one that occurred in 2016, could be related to the break of a pipeline that transported copper concentrate, which resulted in a discharge of 50,000 liters of material into the river, which was documented in the press (Radio Cooperativa, 2016).

The current molybdenum concentration (17 ppm on the surface) is lower than that recorded in the Rio Blanco-Los Bronces Cu-Mo deposit, which is approximately 200 ppm on average (Crespo Mena, 2019). However, it is higher than the concentrations recorded in the substrate from the Aconcagua River (<5 ppm on average; Hollings et al., 2005). High concentrations of Cu and Mo have been reported in the upper basin (Gaete et al., 2007; Fierro et al., 2021); nevertheless, the relative mobility of some metals, such as Mo, is dependent on redox conditions, and oxidizing conditions increase the mobility in lacustrine sediments.

The arsenic concentration was lower than that measured in rocks from the Rio Blanco-Los Bronces deposit (61.66 ppm on average; Crespo Mena, 2019), where it is possible to recognize sulfides rich in As, such as arsenopyrite, tennantite, and enargite. The values were similar to those recorded in fluvial sediments of other intensively managed watersheds, such as the Maipo River (12 ppm on average; Tapia et al., 2022) and the Cachapoal River (10 ppm on average; Duran-Llacer et al., 2020).

In contrast, the lead concentration measured in the sediments was higher than that recorded in the rocks of the Rio Blanco-Los Bronces Cu-Mo deposit, Farellones, and Abanicos formations, where the average values are 26 ppm, 8 ppm, and 7 ppm, respectively, while in the sediments, it is 66 ppm, on average. The concentration curve is variable, with a high concentration from 80 cm and above and a peak value of 140 ppm at 35 cm (2006), mainly associated with intensive industrial activities and the use of fossil fuels.

The concentration of Al in the sediments ranges between 0.07 and 0.62 ppm, which is lower than the concentration in the rocks of the Aconcagua substrate. For the Farellones Formation, the concentration ranges from 14.98 to 19.66 ppm, and for Abanico Formation, it ranges from 13.43 to 20.0 ppm (Hollings et al., 2005). The highest Al values tend to be associated with periods of lower precipitation, such as the La Niña phase. This is similar to the relationship found by Tapia et al. (2022) between the As concentration in sediments and precipitation, where the concentration of this metal decreases during periods of greater rainfall. The value of R2 > 0.3 between Al and As concentration could indicate that part of the As concentration in the sediments could be linked to a climatic component (Supplementary Figure 5).

An exploratory analysis of the relation between climate data (Dirección General de Aguas, 2009) and hydric availability in the sampling area was performed. Monthly temperature series from 1979 to 2019 (NOOA Physical Sciences Laboratory, https://www.psl.noaa.gov/enso/mei/; Figure 5A) were used, where positive anomalies were considered indicators of the El Niño phase and negative anomalies of the La Niña phase. This same procedure was applied to the Pacific Decadal Oscillation (PDO) data series (data from the NOOA Physical Sciences Laboratory, https://www.ncei.noaa.gov/access/monitoring/pdo/; Figure 4B). The temperature series were positively correlated with the El Niño phases and negatively correlated with the La Niña phases, with precipitation and river flow values, such as the Rio Blanco and Chacabuquito (Figures 5C, D; Supplementary Figure 5), suggesting an influence of inter-annual climatic variability on water availability in the watersheds of the Valparaíso region.


[image: Figure 5]
FIGURE 5
 The meteorological database (https://climatologia.meteochile.gob.cl). (A) MEI index from www.esrl.noaa.gov/psd/enso/mei/ for the period of 1976–2010; (B) MEI index from https://www.ncei.noaa.gov/access/monitoring/pdo/ for the period of 1976–2020; (C) precipitation from Riecillos, Vilcuya, and San Felipe stations; (D) streamflow from Río Blanco, Chacabuquito, and San Felipe stations; (E) maximum temperature (°C).


These variations in water availability could be related to changes in vegetation cover. NDVI images from 2000 to 2010 showed an increase in coverage, mainly due to the expansion of agricultural livestock in the valley, while between 2010 and 2015, there was a significant loss of vegetation, which could be explained by the mega-drought (Garreaud et al., 2020). Although there has been a slight recovery in coverage, the trend continues to be negative. Between 1990 and 2010, there was an alternation between El Niño and La Niña phases, with a significant El Niño event occurring in 1998 (Figures 4A, B), while from 2010 to date, the predominance of La Niña begins, which is consistent with different NDVI images (Figures 4E, F).



5. Conclusions and recommendations

From the analysis carried out in a sedimentary core reflecting a short period of time associated with the current mega-drought in central Chile, it was possible to identify sufficiently sensitive variables that allowed us to visualize changes in the geochemical and loss of ignition (water percentage) results, triggered by the reduced hydric availability and decreasing vegetation cover detected by the NDVI index. However, in the case of magnetic properties, the accumulation time was too brief for the results to be conclusive.

The variations in the Cu and Mo concentrations and the high values of this last element measured along the sedimentary core in the Aconcagua Valley can be linked to pollution, mainly associated with the mining industry that is located upstream of the valley. The high Pb concentration recorded in the sediments can be linked to pollution associated with the agricultural industry and/or burning of fossil fuels. We also identify variations in the concentration of Al and As in the sediments, which could be linked to a climatic component that has been recognized in other basins of the central valley.

This region hosts complex and productive ecosystems of global relevance, which are especially vulnerable in the face of unpromising climate change scenarios. Future studies in this valley could complement the results obtained. The study of biological components could be applied to reconstruct the changes in organic markers associated with the use of agrochemicals and the effect of the proxies analyzed on the functioning of ecological communities. This is to help to complete an adequate evaluation of the risk generated by the drought on the agroecological systems and the availability of food and water for the ecological and human communities. In addition, the magnetic techniques used in this study could be applied to different types of sedimentary cores with longer residence times to obtain more conclusive results.
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SUPPLEMENTARY FIGURE 1. Process of sedimentary core extraction, and storage, of sedimentary core and sampling. (A) In 2019, a trench was made excavated during a period when the irrigation dam was dry (3 m length × 1 m width × 1.20 m depth). This sedimentary section represents the entire sedimentation history of the dam. (B) The sedimentary core was extracted from one of the walls of the irrigation dam. (C) Sedimentary core extracted. Subsequently, It it was stored in a refrigerated chamber at about 8°C. Then, in the CEAZA laboratory the sedimentary core was sliced at the CEAZA laboratory every 1 cm, and a total of 120 samples of approximately 15 g each were collected for different analysisanalyses. (D) Crucibles with 1 cm3 of sediment used for Loss loss on ignition; (E) paleomagnetic boxes with 8 g of sediment each, one used for magnetic techniques and non-magnetic techniques.

SUPPLEMENTARY FIGURE 2. Curie temperature (Tc) of 6 subsamples. In red color: heating curve and in blue color: cooling curve. Tc1: magnetite Tc calculated using the method proposed by Hodel et al. (2017). grad = | (KTn+1 –KTn)/(Tn+1 –Tn). (A) Curie temperature of sample TP001; (B) Curie temperature of sample TP007; (C) Curie temperature of sample TP043; (D) Curie temperature of sample TP052; (E) Curie temperature of sample TP088; (F) Curie temperature of sample TP097.

SUPPLEMENTARY FIGURE 3. 6 representative curves of hysteresis cycles from a total of 120 samples. This parameter was calculated using the program PmagPy program (Tauxe, 1998, 2005), (A) Hysteresis hysteresis cycle of the TP006 sample; (B) Hysteresis hysteresis cycle of the TP010 sample; (C) Hysteresis hysteresis cycle of the TP037 sample; (D) hysteresis of the TP047 sample; (E) Hysteresis hysteresis loop of the TP069 sample; (F) Hysteresis hysteresis loop of the TP115 sample.

SUPPLEMENTARY FIGURE 4. Hysteresis ratios plotted on a Day plot diagram (Day et al., 1977 after Dunlop, 2002a,b) for 120 samples.

SUPPLEMENTARY FIGURE 5. Relationship between the annual average of the ENSO measurements and other climatic parameters. (A) Al concentration vs. As concentration; (B) ENSO average vs. annual surface water flow record at the San Felipe meteorological station; (C) ENSO average vs. annual precipitation at the San Felipe meteorological station; (D) ENSO average vs. annual maximum temperature measured in the area. R2: Correlation coefficient, red circles: El Niño phase, and blue circles: La Niña phase. ENSO and PDO data taken are taken from the NOOA Physical Sciences Laboratory. Annual surface water flow, temperature, and precipitation data taken are taken from the DGA.
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Mountain ecosystems located in the Andes cordillera of central Chile (29–35°S) have been strongly affected by the ongoing Mega Drought since 2010, impacting the snow cover, the surficial water resources (and thereby water storage), as well as the mountain biota and ecosystem services. Paleoenvironmental records in this part of the semiarid Andes are key to estimating the effects of past climate changes on local communities helping to forecast the ecological and biological responses under the aridification trend projected during the 21st century. Here we present a 2400-year multiproxy paleoenvironmental reconstruction based on pollen, diatoms, chironomids, sedimentological and geochemical data (XRF and ICP-MS data) of Laguna El Calvario (29°S; 3994 m a.s.l), a small and shallow Andean lake. Four main hydrological phases were established based on changes in the lithogenic and geochemical results associated with allochthonous runoff input and the subsequent response of the biological proxies. Between 2400 and 1400 cal yrs BP, wetter than present conditions occurred based on the intense weathering of the lake basin and the dominance of upper Andean vegetation. A decrease in moisture along with sub-centennial discrete wet pulses and lake-level changes occurred until ~800 cal yrs BP followed long-term stable climate conditions between 1850 and 1950 AD as suggested by a drop in vegetation productivity and low lake levels. From 1950 AD to the present, a decline in moisture with a severe trend to drier conditions occurring in the last decades occurred as reflected by an upward vegetation belt displacement around Laguna El Calvario along with a turnover of diatom assemblages and high productivity in the water column.




Keywords: semiarid Andes, climate change, multiproxy analysis, mountain ecosystems, lake sediments, Late Holocene




1 Introduction

Low water availability and uncontrolled changes in land use and cover are becoming the main stressors in semiarid western Andes (29°–34°S) ecosystems under the ongoing scenario of climatic change. In this regard, the desertification process is critical in the northernmost area (especially in the Coquimbo region; 29°–32°S) (Emanuelli et al., 2016; Pizarro-Tapia et al., 2021) given that it has negatively affected the biodiversity and the ecosystem services (e.g., socioeconomic activities). The Andes cordillera acts as a water reservoir of solid/liquid precipitation falling during a few rainy months and therefore, its role has taken key relevance under the decline of precipitation and rise of temperatures in the past decades (Falvey and Garreaud, 2009; Quintana and Aceituno, 2012; Barria et al., 2019; Garreaud et al., 2019). Given that those trends will be accentuated during the 21st century causing a reduction in the snow cover as well as in glacier extension and mass balance, the projected decrease in streamflow (water supply) to the lowlands is critical (Vicuña et al., 2011).

To have a deep comprehension of how climate-sensitive high mountain ecosystems in the semiarid Andes will respond to future climate change in the mid-to-long term scale, it is necessary to understand past environmental dynamics. Despite the scarce high-elevation paleoenvironmental records in the semiarid Andes, those published in the last decade have helped to infer hydrological changes associated with the latitudinal dynamics of the northern border of the Southern Westerly Winds (SWW) and its interaction with the Southeast Pacific Subtropical Anticyclone (SEPSA) (Martel-Cea et al., 2016; Tiner et al., 2018; Mayta and Maldonado, 2022). Pollen records from central Chile (33°–36°S) suggested a high short-term variability during the Late Holocene attributed to an increased frequency of El Niño Southern Oscillation (ENSO) events (Jenny et al., 2002a; Maldonado and Villagrán, 2006; Frugone-Álvarez et al., 2020; Muñoz et al., 2020). The establishment of the modern semiarid conditions occurred around 600–700 calibrated years before the present (hereafter cal yrs BP) in the semiarid Andes (Martel-Cea et al., 2016; Mayta and Maldonado, 2022).

This work therefore presents a new Late Holocene environmental reconstruction from a high-altitude lacustrine record in the semiarid Andes (29°S) based on a multiproxy approach. Sedimentological and geochemical proxies such as organic/inorganic matter content and trace elements along with biological proxies such as pollen, diatoms, and chironomids were analyzed. Specifically, Laguna El Calvario was chosen because of its high sensitivity to changes in the snow cover (the main source of water input to the lake) which further allows for the reconstruction of long-term changes in the past 2400 years in hydrology and limnological conditions.




2 Study area

Laguna El Calvario (29°34’7.63” S; 70°21’8.63” W, 3994 m a.s.l., depth ca. 1 m, 0.8 ha area) is a small closed shallow lake located at the head of a west–east oriented valley called Quebrada Matancilla in the semiarid Andes of central Chile (Figure 1). The lake is flanked by Pleistocene-Holocene glacier deposits. The surrounding hills and basal bedrock consist of K-rich intrusive plutonic rocks of the Permian period [Guanta plutonic complex Peg(t) and Peg(gd)] which are mainly composed of tonalite and granodiorite (Nasi et al., 1985; Murillo et al., 2017). Indeed, industrial mining activities for the exploitation of Cu, Au, and Fe have been developed during the last 100 years in the semiarid Andes of central Chile (SERPLAC, 1986) having important effects on high Andean ecosystems (e.g., on natural water reservoirs; Oyarzún et al., 2006).




Figure 1 | (A) South America and central Chile map showing the location of Laguna El Calvario (LCA) and some of the sites mentioned in the text; (B) 3D image of the Laguna El Calvario valley (DEM ALOS PALSAR SRTM 12.5 m JAXTA); and (C) photograph of Laguna El Calvario from the west.



The climate of the study area is cold semiarid with Mediterranean influence characterized by cold/wet winters and dry/warm summers. Annual precipitation reaches 130 mm (JJA: 60%) while the mean annual temperature is 3.8°C (DJF: 7.7°C; JJA: 0°C) (CRU 1980–2016). Winter precipitation originates from frontal systems associated with the northern border of the Southern Westerlies belt and is modulated by its interaction with the subtropical Anticyclone. While the frontal systems migrate in the NW-SE direction, they are intercepted by the Andes cordillera causing a strong rainfall gradient along the west side of the Andes (orographic enhancement) (Falvey and Garreaud, 2007). As the mean annual altitude of the 0°C isotherm at 29°S is located at ~4300 m a.s.l. (Carrasco et al., 2005; Barria et al., 2019), most of the precipitation around Laguna El Calvario falls as snow. During summertime, rainfall events are less frequent and correspond to convective storms coming from the eastern side of the Andes Cordillera accounting for less than 10% of the annual precipitation (Garreaud and Rutllant, 1997; Viale and Garreaud, 2014). However, summer storms bring fresh snow and cloud cover that reduce the albedo (and therefore sublimation), diminishing glacier melting in the semiarid Andes (Abermann et al., 2014). The climate interannual-to-quasidecadal variability in the area is strongly influenced by the El Niño Southern Oscillation (ENSO; positive phase), which is responsible for higher-than-average amounts of winter precipitation (Aceituno, 1988; Montecinos and Aceituno, 2003; Garreaud, 2009; Quintana and Aceituno, 2012). The high correlation between the warm ENSO phase and above-average accumulation of snowpack, increased streamflow, and positive glacier mass balance have relieved the arid trend observed in the last decades in the subtropical semiarid Andes (Masiokas et al., 2006; Gascoin et al., 2011). On the other hand, the Southern Annular Mode (SAM) in its negative (positive) phase promotes higher(lower)-than-average precipitation in south-central Chile (Quintana and Aceituno, 2012).

The vegetation composition and distribution follow the steep gradient of the semiarid Andes (so-called vegetation belts) linked to the abrupt changes in temperature, precipitation, topography (such as slope orientation), and soil characteristics. Both species diversity and plant cover decline with elevation due to the extreme conditions in the high Andean environments (Villagrán et al., 1983; Arroyo et al., 1988; Squeo et al., 1993; López-Angulo et al., 2018). On the other hand, the length of the growing season also shortens with elevation and the maximum primary productivity is recorded from the late spring (Nov–Dec) to late summer (March) (Squeo et al., 1994; Rudloff et al., 2021). Following the biogeographic data provided by Luebert and Pliscoff (2017) and the terminology of Squeo et al. (1994), it is possible to differentiate three main vegetation belts:

Pre-Andean belt (<2700m a.s.l.), characterized by major life forms such as shrubs, cacti, perennial and annual herbs. The most common species are Ephedra chilensis, Colliguaja odorifera, Adesmia confusa, A. microphylla, Haplopappus angustifolius, Cumulopuntia sphaerica. Tree species are restricted to azonal areas (meadows in ravines). This vegetation belt is strongly disturbed by anthropic activities and the vegetation cover reaches up to 40%.

Sub-Andean belt (2700–3500 m a.s.l.), the major life forms are shrubs and perennial herbs such as Senecio proteus, Haplopappus baylahuen, Ephedra breana, Chuquiraga ulicina, Adesmia parviflora, A. hystrix. Atriplex imbricata, Chaetanthera limbate, Fabiana viscosa, F. imbricata, Viviania marifolia, and Cristaria andicola. Tree species may appear in meadows up to 2900 m. This belt also has a cover ca. 40%.

Andean belt (3500–4450 masl) dominated by shrubs, perennial herbs, and cushion plants can be further divided into the lower and upper Andean belt. The lower Andean belt (up to 4250 m; cover ca. 27%) is characterized by Adesmia subterranea, A. echinus, A. aegiceras, Azorella madreporica, Stipa chrysophylla, S. frigida, Cistanthe picta, Chaetanthera minuta, and C. sphaeroidalis. The upper Andean belt (4250–4450 m: cover ca. 0.7%) is mainly composed of perennial herbs and grasses and a few dwarf shrubs such as Chaetanthera sphaeroidalis, C. pulvinate, Stipa frigida, Adesmia subterranea, A. capitellata, Senecio pissisii, and S. socompae.




3 Methodology



3.1 Coring and sedimentological, chronological, and geochemical analyses

Four short cores of Laguna El Calvario (LCA) were retrieved in 2017 using a UWITEC© gravity corer. All the cores were lithologically characterized through X-radiographs and visual descriptions. The LCA SHC-4 core was selected for performing the multiproxy analysis given it was the longest (33 cm long; Figure 1 Supplementary Material). The sedimentological analysis included a loss on ignition, X-ray fluorescence analysis (XRF), and inductively coupled plasma mass spectrometry (ICP-MS). Loss-on ignition was assessed at a contiguous 1 cm interval to estimate organic, inorganic, and carbonate contents (Heiri et al., 2001). The chronology of the Laguna El Calvario record was established through 210Pb and 14C dating techniques. The 210Pb activities (dpm g−1) were estimated for the first 15 cm through its daughter radionuclide 210Po which is in secular equilibrium (Table 1 Supplementary Material). The chemical procedure included the acid digestion of sediment samples with the addition of 209Po as a yield tracer and the deposition of the 210Po onto ultrapure silver discs (Flynn, 1968). Activities were quantified in a Canberra Quad Alpha Spectrometer until a 1 σ error was achieved. Additionally, five bulk sediment samples were analyzed for AMS radiocarbon dating in the Direct AMS laboratory, USA. Levels 0–1 cm and 6–7 cm were analyzed for the 14C measurements in order to check any 14C reservoir effect, a common issue in high Andean lakes. According to the 210Pb model these levels correspond to the second half of the 20th century, −60 and −9 cal yrs BP, respectively. To estimate the reservoir effect in the Laguna El Calvario, the 14C ages from levels 0–1 cm and 6–7 cm were averaged resulting in a reservoir age of 1041 14C yrs BP (950 cal yrs BP), which was subtracted from the remaining three older radiocarbon ages (Table 1). Then, the radiocarbon ages were calibrated with the SHCal20 curve (Hogg et al., 2020) and the age-depth model was computed using Plum (Aquino-López et al., 2018) with the rPlum R package (Blaauw et al., 2020). rPlum is a recently developed Bayesian approach that permits computing integrated chronologies without pre-modeling the 210Pb ages but combining other chronostratigraphic markers such as the 14C ages.


Table 1 | AMS radiocarbon dates of Laguna El Calvario record for the core LCA SHC4 core.



The XRF scanning was employed to measure the variability of geochemical elements on unprocessed sediments using an ITRAX core scanner (Cox Analytical Systems, Croudace et al., 2006) at the GEOPOLAR laboratory of the University of Bremen, Germany. Measures of the XRF series were established at each 2 mm interval and then a molybdenum tube at 40 kV and 10 mA was applied with an exposure time of 5 s for every measurement. The concentration of the different minerals was expressed in total counts (cnts) and elements over 100 cnts were selected. To support XRF data, continuous and discrete sediment samples were analyzed using an ICP-MS at UC-Davis facilities, from total digested sediment samples. The chemical procedure briefly consists of digesting ~250 mg of sediment with a mix of strong high-purity acids (HNO3, HCl, HCLO4, HF; Suprapure®Merck) in several steps until total dissolution, using screw-top PFA-Teflon™ vials and a hotplate Teflon™ PFA coating.




3.2 Inorganic proxies

Water content, organic matter, and grain size influence the scanning densities on XRF analysis (Zhang et al., 2020; Mondal et al., 2021), therefore ICP-MS was used to verify the trends of the measured elements included in this work. The elements Ti, K, Sr, and Rb can be associated with allochthonous detrital input into the lake (Guyard et al., 2007; Davies et al., 2015). The Ti/coh ratio was used as a proxy of clastic input (Ohlendorf et al., 2014; Schittek et al., 2016). The Zr/Ti ratio was used to infer the grain size given that Zr is highly abundant in the coarse silt fraction whereas Ti can be found in the clay to fine-silt fraction (Oldfield et al., 2003). Therefore, high Zr/Ti ratio values indicate increased coarse silt influx (Shala et al., 2014). The Si, P, Cd, U, and Cu elements were standardized by Titanium deposition.




3.3 Biological proxies

Pollen, diatom, and chironomid records were analyzed at 2 cm discrete intervals so each biological proxy record consisted of 17 samples. For the pollen analysis, 1 cm3 of these sediment samples were processed following the standardized methods outlined by Faegri and Iversen (1989), including KOH treatment, sieving, acids (HCl and HF for carbonate and silicate removal), and acetolysis. In levels with low pollen concentration, an additional 2 cm3 of sediment was processed. For the estimation of pollen concentration (grains cm−3), tablets of Lycopodium clavatum were added to each sediment sample (Stockmarr, 1971). The palynomorphs were determined at the most detailed taxonomic level under a microscope (400–1000×) aided by pollen taxonomic keys (Heusser, 1971; Markgraf and D'Antoni, 1978) and reference samples from the Laboratorio de Paleoecología y Paleoclimatología of the Centro de Estudios Avanzados en Zonas Áridas (CEAZA). The basic pollen sum includes a minimum of 300 terrestrial pollen grains per sample while paludal, aquatic, and/or non-pollen taxa such as zygospores (Zygnemataceae) and microalgae were incorporated in a separate sum. Relative abundances were calculated for each taxon. Pollen accumulation rates (grains cm−2 yr−1) were calculated employing the pollen concentration values and sedimentation rate derived from the age-depth model.

Two (2) grams of sediment were processed for diatom analysis following the methodology outlined by Battarbee (1986). Each sample was dried, oxidized with H2O2, and heated for 2 minutes in a microwave. Finally, permanent preparations were mounted using Naphrax®. A minimum of 600 valves were counted to determine the relative abundances. For absolute abundances, the aliquot method (Battarbee, 1986) was used, following random transects. Results are expressed in valves per gram of dry sediment. The taxonomic literature on diatom determination included the monographic works of Metzeltin and Lange-Bertalot (1998); Metzeltin and Lange-Bertalot (2007), Rumrich et al. (2000), and Lange-Bertalot et al. (2017), among others.

Five (5) grams of wet sediment were processed for chironomid analysis. The sediment samples were deflocculated using 10% KOH solution at 50–70°C for 30 minutes and sieved through 100 and 200 um mesh sizes. Larval head capsules (HC) were hand-sorted from the residual sediment and mounted on permanent slides with Hidromatrix® mounting media. Taxonomic identification was performed under a Nikon Phase optic microscope at a magnification of 100–1000× with reference to available taxonomic literature (Massaferro and Brooks, 2002; Massaferro et al., 2013; Cranston, 2019).

Given the nature of each of the analyzed proxies in the Laguna El Calvario record, their sensitivity and response time to a given environmental/climatic change may differ from one to another. So we decided to analyze each of them separately and therefore integrate their signal in the discussion section taking into account the different spatial/temporal scales represented by each other.





4 Results



4.1 Chronology, lithology, organic and inorganic content, XRF and ICP-MS analyses

The retrieved core of Laguna El Calvario spans the last 2400 cal yrs BP (Figure 2). The part of the age–depth model based on the three radiocarbon dates is the most accurate possible concerning the given ages (Table 1). The 210Pb radioactive activities showed good exponential decay and the unsupported activities occurred in the first 15 cm reaching the age of 1833 AD (Figure 2, Table 1 Supplementary Material), determining a supported activity of 0.85 ± 0.17 dpm g−1. The mean sedimentation rate ranges around 0.13 ± 0.01 cm year−1 in the first 5 cm.




Figure 2 | Bayesian age vs depth model constructed in rplum R package (Blaauw et al., 2020) based on the 210Pb and radiocarbon ages of the LCA SH4 core. The weighted mean of the model is represented in the red dashed line where the black shadow shows the 95% confidence interval. Blue rectangles indicate the depth position and 210Pb activities (dpm g−1) (axis labels at the right) and 14C samples correspond to the purple figures.



The lithological description and organic content of the sedimentological record of Laguna El Calvario (LCA-SHC4; 33 cm) are summarized in Figure 3. Between 33 and 28 cm the sediment is composed of a porous dark brownish silty sand with gravel-sized clasts. The organic matter and carbonate contents are around 25% and 3%, respectively, while the inorganic density exhibits its highest values (0.21–0.33 g cm−3). The sediment composition shifts to clayey silt from 28 cm to the top of the core. Intercalated light–dark brown and green laminated layers are present around 20–28 cm and 2–8 cm whereas a brown homogeneous layer is present between 20 and 8 cm. The content of organic matter and clasts fluctuates around 22–42%, and 2.6–3.9%, respectively. Inorganic density ranged between 0.1 and 0.2 g cm−3.




Figure 3 | Lithology, water content and loss on ignition of the Laguna El Calvario record.



Regarding the geochemical results, changes in XRF-Molybdenum Incoherent/Coherent ratio (inc/coh) follow the LOI organic matter (%) and water content (%) (Figure 3). The elements Ti, K and Sr show similar trends throughout the core according both, XRF and ICP-MS data (Figure 4; Tables 2, 3 Supplementary Material), which validates the data obtained with XRF. Indeed, the strong coherence among these curves suggests the same origin of variability (Table 2 Supplementary Material). The sparse plant cover in the surroundings and the hydrological changes associated with the precipitation regime dynamics can modulate the terrigenous input into the lake therefore, the Ti/coh ratio was applied as an indirect indicator of precipitation. Thus, high values of Ti/coh ratio along with Ti, K, and Sr in the ICP-MS were recorded between 32 and 28 cm (Figure 4). Between 28 and 20 cm, Ti/coh ratio shows highly variable values with maxima around 27 and 21 cm concomitant with the occurrence of a dark layer (Figure 4). Between 20 and 8 cm, these ratio values are more stable but show a rising trend. Ti, K, and Sr and the Ti/coh ratio values display a declining trend in the last 8 cm. Additionally, XRF data including Rb showed similar trends (Figure 4).




Figure 4 | XRF and MS-ICP data of trace elements of the Laguna El Calvario.



The Zr/Ti ratio, a proxy of grain size changes, shows peak values and high variability that are concomitant with laminated sediments between 28 and 20 cm and then, in the last 8 cm (Figure 4). The silica data based on the XRF analysis were not included in the results due to the low counts. In this regard, the Si/Ti ratio in the ICP_MS analysis shows different trends of the detrital-related elements since increases are observed in the topmost 6 cm of the record (Figure 4). So, the variation of silica in the record could be attributed to intra-lake processes such as productivity. The P/Ti ratio from the ICP-MS data also shows the highest values in the topmost 6 cm supporting the silica interpretation. The ICP-MS Cd/Ti and U/Ti ratios were considered as proxies of sulfidic conditions and organic sedimentation given that the U content is normally well correlated with organic fluxes reaching the bottom of the lake. In fact, Cd/Ti and U/Ti ratios present their highest values in the topmost 8 cm. Finally, the ICP-MS Cu/Ti is considered an indicator of mining activity in the region, which displays the highest concentrations in the uppermost 6 cm.




4.2 Biological proxy analyses

The palynological record shows a high plant diversity with pollen taxa defining the three main vegetation belts in the western semiarid Andean region: Poaceae, Adesmia-type, and Nassauvia-type (high and lower Andean); Ephedra (sub-Andean), and Chenopodiaceae and arboreal taxa (pre-Andean) (Figure 5A).




Figure 5 | (A) Pollen record; (B) Diatom record; (C) Chironomid record of the Laguna El Calvario. The grey shadows in the pollen and diatom records correspond to exaggeration at 3x.



Between 32 and 22 cm (2400–1000 cal yrs BP; Figure 5A), the pollen record is dominated by Poaceae (up to 22%), Chaethantera/Oriastrum (6–17.3%), Senecio-type (6–12%), Oxalis (3–11%), Ephedra (<10%), Chenopodiaceae (9–14%) and Arenaria (4–13%). The cold-tolerant pollen types such as Nassauvia-type (up to 3.6%), Adesmia-type (up to 6.2%), Laretia-type (up to 5%) reach their highest values at the top of the zone (1500–1000 cal yrs BP) whereas Poaceae percentages gradually decline (8.5%). Arenaria values increase from 4 to 12% since 1300 cal yrs BP. Cyperaceae and Myriophyllum, paludal and aquatic taxa, display low frequencies (<2%) while the non-pollen palynomorph Pediastrum presents maximum values of ~28 cm. Pollen accumulation rates (PAR) for local terrestrial taxa are relatively low ranging between 9 and 25 pollen grains cm−2 yr−1.

Between 22 and 12 cm (1000–75 cal yrs B; Figure 5A), the pollen assemblages are characterized by the slight recovery of Poaceae values up to 14.5% along with the decline of Chaethantera/Oriastrum, Nassauvia-type and Adesmia-type. Ephedra (up to 21.6%), Montiaceae (4–17%) and Verbenaceae (2–7%) values increase during this period. Cyperaceae percentages remain under 2% while Pediastrum values strongly decline to almost zero. Spirogyra spores display a mild increment and the Zygnema spores percentages increase at 16 cm (100 cal yrs BP). PAR values are the lowest for the whole record (total terrestrial pollen ca. 2 grains cm−2 yr−1) increasing towards the end of this period (up to 40 grains cm−2 yr−1).

Between 12 and 0 cm (75 cal yrs BP to present; Figure 5A), shrubs such as Ephedra, Chenopodiaceae, and Senecio-type percentages declined at the expenses of Poaceae (10–37%) and herbs values such as Arenaria (12–28%) and Montiaceae (13–21.6%). Other taxa percentages such as Verbenaceae (5–10%) and Plantago (1–2.5%) increase during this period similar to Cyperaceae percentages that show an increment towards the top of the record (2.6–12.8%). The non-pollen palynomorphs (NPPs), such as the algae Pediastrum and the Zygnema spores, values also show a significant increase whereas Spyrogyra spores are absent in this zone. PAR values are the highest for the whole sequence reaching up to 126 grains cm–2 yr–1.

The diatom record of the Laguna El Calvario includes 15 taxa that have relative abundances over 5% (Figure 5B). Between 32 and 19 cm (2400–700 cal yrs BP), diatom assemblages are characterized by a high frequency of Cymbella spp. (20–42%), Halamphora veneta (15–25%) and Gomphonema spp. (20–50%). Associated taxa include Planothidium aff. biporomum (0–5%), Pinnularia aff. brebissonii (1–6%), Craticula pampeana (1–11.6% at 25–27 cm), Craticula halophila (0–7%), Caloneis silicuta (0–3%) and Nitzchia spp. (0–4%). Small fragilariods, including Pseudostaurosira pseudoconstruens, display a short-lived peak at the top of the period (ca. 1000 cal yrs BP). Diatoms abundance fluctuates between 60 and 130 × 107 valves per gram of dry sediment (Figure 5B). Between 19 and 5 cm (700 cal yrs BP to 1970 AD), Gomphonema spp. (up to 45%) and the small fragilarioids (with more than 45% at the top of the period) dominate while Cymbella spp. and Halamphora veneta values decline. Other secondary taxa such as Fragilaria capucina var., Amphora copulata, Ulnaria ulna, and Encyonema silesiacum showed minor increments. The diatom record presents a major diatom assemblage change in the last 5 cm (1970 AD to present) when most of the taxa values decline at expenses of the small fragilarioids (82–92%; Figure 5B). Ulnaria ulna exhibited a minor increase in the most surficial sample (5.6%).

The chironomid record is characterized by the presence of 3 morphotypes (Figure 5C). The dominant morphotype is Cricotopus sp1 with ca. 80% of the total relative abundance associated with Cricotopus sp 2 (ca.15%) and Parochlus < 5%. From 32 to 14 cm (2400–120 cal yrs BP), the chironomid assemblages are dominated by the morphotypes Cricotopus sp1 and Cricotopus sp2. The Head Capsules (HC) counts are highly variable ranging between 2 and 33 (Figure 5C). Between 14 and 0 cm (from 120 cal yrs BP to 2014 AD), the chironomid record shows a clear alternation of Cricotopus and Parochlus abundance whereas the HC counts ranged from 31 and 2. Cricotopus sp1 dominates the whole record except for a peak of Parochlus at 2 cm. Cricotopus sp 2 co-dominates the records but disappears in the topmost 2 cm (Figure 5C). Given the low counts of HC, we interpreted with caution the chironomid record which was supported with the other proxies.





5 Discussion



5.1 Past environmental changes in Laguna El Calvario

The multiproxy analysis of Laguna El Calvario allows us to have a broad perspective of the past environmental changes during the last 2400 years in the western semiarid Andes (29°S). Following the lithological and biological changes in the sedimentary record (Figures 3–5) four main phases can be distinguished.



5.1.1 Phase 1: from 2400 to 1400 cal yr BP

Between 2400 and 1400 cal yrs BP the sedimentary record of Laguna El Calvario is characterized by the presence of sands with gravel-sized clasts (Figure 2) with high inorganic density and high values of Ti/coh ratio (particularly between 2400–2000 cal yrs BP) as well other elements (Figures 4, 6A, B). These sedimentological and geochemical features suggest a relatively high-energy deposition together with intense allochthonous sediment input that might be associated with high precipitation by this time (Haberzettl et al., 2005; Haberzettl et al., 2007; Schittek et al., 2016). The latter may also indicate glacial activity or increased runoff of detrital material after glacial retreatment in the basin. A similar situation has been observed in the glacial sediments from an Andean lake in Perú, where a high concentration of Sr was associated with erosion of granodiorite bedrock triggered by active glaciers (Stansell et al., 2013). More humid and colder than today conditions are reflected by the pollen record until 1400 cal yrs BP, supporting the latter. High Poaceae frequency and cold-tolerant taxa (Chaetanthera/Oriastrum, Nassauvia-type, Adesmia-type, Azorella-type, Laretia-type, Senecio-type, and Oxalis) percentages along with low pollen accumulation rates (PAR) before 1500 cal yrs BP (Figure 5A) reflect the upper Andean belt currently located 250 m above the Laguna El Calvario. However, the vegetation cover of the lower Andean belt that currently surrounds the lake catchment (4000 m a.s.l.; Figure 1) is low due to very low growth rates promoted by cold temperatures, even during the warmest months (Rudloff et al., 2021).




Figure 6 | (A) Titanium/Molybdenum coherent ratio (XRF); (B) Sr (XRF); (C) Pollen; (D) Diatom and Phosphorus concentrations of the Laguna El Calvario; (E) Hydrological changes in the Andean lake Laguna El Negro Francisco (27°S; 4125 m a.s.l., Grosjean et al., 1997); (F) Storm activity in the Andean lake Laguna Cerritos Blancos (30°S, 3850 m a.s.l., Tiner et al., 2018); (G) Moisture changes in the Andean lake Laguna Chepical (32°S, 3050 m a.s.l., Martel-Cea et al., 2016); (H) El Niño activity inferred by Lithic influx in a sediment core located in the Peruvian offshore (Rein et al., 2005) and (I) Sand content in the Laguna El Junco, Galápagos archipelago, Ecuador (Conroy et al., 2008). Shadows bars correspond to the phases discussed in text.



The diatom richness is characterized by the presence of the epiphytic diatoms Planothidium aff. biporomum, Cymbella spp. and Gomphonema spp. along with the benthic Halamphora veneta and Craticula spp. between 2400 to 1400 cal yrs BP. These assemblages reveal a shallow, vegetated, and saline-prone (particularly by the presence of Gomphonema spp. and Halamphora veneta) lacustrine environment (Figure 5B) (e.g., Jenny et al., 2002a; Jenny et al., 2002b; Hassan et al., 2013) but also the occurrence of oxygenated and shallow freshwater evidenced by the high frequency of the planktonic green algae Pediastrum sp. (Figure 5A) (Innes and Zong, 2021). The presence of the littoral cold-adapted Cricotopus as the dominant taxa in this part of the chironomid record (Figure 5C) also supports the cold and shallow conditions (Matthews-Bird et al., 2016; Motta and Massaferro, 2019; Martel-Cea et al., 2021). Additionally, the lowest values of Phosphorus and diatom concentrations may evidence low primary productivity in the water column (Figures 5B and 6D). Wet years before 1400 cal yrs BP may have increased the water input to the lake via snowmelt and/or upslope fluvio-glacial flow triggering the temporary rise of the lake level and promoting the increment of habitat opportunities for the aquatic biota (e.g., Innes and Zong, 2021).




5.1.2 Phase 2: from 1400 and 800 cal yr BP

After 1400 cal yrs BP, a shift from sand to laminated clayey silts characterized the sedimentary sequence until 800 cal yrs BP reflecting the onset of typical lacustrine-type sedimentation. The rise and fluctuation of the Zr/Ti ratio peaking around 1400–1300 and 1000–850 cal yrs BP (Figure 4) indicate an increased input of the coarser silt fraction to the lake (Oldfield et al., 2003). This might be associated with an increase in torrential rainfall, an upward displacement of the zero isotherm, or rapid melting of the snowpack as stated for the previous period. This is supported by the drop and variations of Ti/coh ratio values (Figure 6A) that imply a decrease of precipitation under a centennial-scale variability with moderate magnitude wet spells around 1200 and 1100 cal yrs BP. The pollen record shows the increment of cold-tolerant taxa (Chaethantera/Oriastrum, Adesmia-type, Azorella-type), Arenaria (Figure 5A), and a slight decline of Poaceae (Figure 6C) between 1400 and 800 cal yrs BP, suggesting the occurrence of cold conditions. The mild increment of PAR values (Figure 5A) can be related to an increase in temperature during the growing season (i.e., an amelioration of climatic conditions allowing the expansion of the plant cover; Squeo et al., 2006; Rudloff et al., 2021). Arenaria together with the persistence of Cricotopus spp. pointed out a decline in the lake level and/or expansion of the riparian/coastal zone (Riedemann et al., 2008; Markgraf et al., 2009; Teillier et al., 2011; Martel-Cea et al., 2016). This could be associated with a seasonal retraction of the lake that should have been constant over time in order to be recorded at sub-centennial time scales. The aquatic taxa also point out the decline of the lake level given the sustained drop of Pediastrum sp. (Figure 5A). In this context, Shala et al. (2014) recorded increased Zr/Ti ratio when silt deposits in the littoral zone were eroded after the decline of the water column in a Finnish glacial lake. Therefore, the Zr/Ti increase occurred around 1350 and ca. 900 cal yrs BP in the Laguna El Calvario record could be related to an increase of detrital material by erosion and/or transport. To sum up, increased or sustained precipitation associated with cold conditions under a more pronounced seasonality occurred between 1400 and 800 cal yrs BP, compared to the previous phase.




5.1.3 Phase 3: from 800 cal yrs BP to 1850 AD

A shift from laminated to homogenous clayey silt sediment, a decline of silt influxes (low Zr/Ti ratio, Figure 4), a mild increase and stabilization of Ti/coh (Figure 6A) and other detrital input indicators (Ti, K, Sr, Ca) trends may indicate stable climatic conditions regarding the previous phase. On the other hand, the pollen record shows a minor increase of Montiaceae and Arenaria along with the decline of cold-tolerant taxa (Chaethantera/Osriastrum, Nassauvia-type, and Adesmia-type) from the Andean belt associated with an expansion of shrubs from Sub-Andean (Ephedra, Verbenaceae) and the Pre-Andean belt pollen types (Baccharis) to a lesser extent (Figure 5A). This may imply an upward displacement of vegetation belts even PAR values decrease would still indicate very sparse vegetation. The increase of spores of Spirogyra, the absence of Pediastrum sp. (Figure 5A) along with the increase of the small fragilarioids between 800 and 250 cal yrs BP (Figure 5B) reveals the persistence of a shallow lake environment under dry conditions. Particularly, Spirogyra is common in standing water that experiences seasonal desiccation, regressive stage, and/or very shallow freshwater (Hoshaw and McCourt, 1988; Medeanic, 2006; van Geel et al., 2020). To sum up, the multiproxy record of Laguna El Calvario reflects a phase of increased aridity with an upward expansion of vegetation belts, low lake levels, and stable low precipitation between 800 cal yrs BP and 1850 AD.




5.1.4 Phase 4: from 1850 to 2014 AD

From 1850 AD to 1940 AD, the Ti/coh ratio and the allochthonous elements (Ti, K, Sr, Rb) present important peaks and then show a two-step decline during the last 50 years (Figures 4, 6A, B). In the first half of the 20th century, the PAR reached maximum values with pollen assemblages dominated by Poaceae, Montiaceae, Verbenaceae, and Arenaria (Figures 4A, 5C) which reflect the establishment of wetter conditions in the Laguna El Calvario basin regarding the previous phase. However, a vegetation turnover occurred in the early 2000s when lowland taxa such as Chenopodiaceae and Ephedra increased relative to Poaceae, Montiaceae, and Arenaria. This vegetation shift implies a transition from wetter than present to the current semiarid conditions that may be associated with a decrease in precipitation and a rise in temperature as recorded by instrumental records in the semiarid Andes of central Chile (Morales et al., 2020). The same trend has previously been recorded at a regional scale resulting in the glacier equilibrium line altitude, an upward shift of the zero-isotherm altitude (Carrasco et al., 2005; Barria et al., 2019), and reduction of the glacier-covered area (~35%) (Hess et al., 2020) that ultimately have directly affected the primary productivity and phenology of the Andean communities (Rudloff et al., 2021). The increment of the Zr/Ti ratio since 1940 AD (Figure 4) can be linked to the decline of the water level causing an increment of coarser silts in the sedimentary sequence accumulated in the catchment during the previous wetter decades. During the 20th century, the aquatic assemblages display the increment of Pediastrum sp. along with Cyperaceae and Zygnema (whose habitat preferences are associated with marsh environments, Figure 5A; Innes and Zong, 2021). On the other hand, the diatom assemblages display a complete dominance of the tychoplanktonic small fragilarioids and Ulnaria ulna (Figure 5B) whereas the chironomid record shows the establishment and increment of Parochlus sp., a cold-stenothermal (and an oxy-conformer) littoral taxon (Figure 5C). All the proxies together suggest a shift from a saline-prone to a cold freshwater lake probably associated with an increase of the rock glacier/snow melting along with an oxygenated (during springs) and oligo-mesotrophic water column possibly with the occurrence of ice cover during wintertime (Lotter and Bigler, 2000; Alvial et al., 2008; Hassan et al., 2013; Martel-Cea et al., 2016; Martel-Cea et al., 2021).

Recent human activity is also evident in the pollen record around Laguna El Calvario. A major increase of the palatable Plantago genera occurred around 1900–1920 AD (Figure 5A) synchronous to the intense transhumant livestock farming (mainly goats) that began during the first part of the 20th century (Castillo, 2003). On the other hand, even with the persistence of Ephedra and Chenopodiaceae throughout the record, both taxa exhibit minima values around 1900–1980 AD. Ephedra and Chenopodiaceae have been commonly and/or extensively used as fodder plants and/or fuel resources in the region (e.g. Meneses, 2017; Muñoz and Villaseñor, 2018) which may explain their low percentages in the pollen record during the 20th century.

High values of Ti/coh ratio, P/Ti and Si/Ti ratios (ICP-MS data), organic matter (Figures 2, 4), and diatom concentrations (Figure 6D) in the second half of the 20th century pinpoint an important increment of primary productivity. High rates of U accumulation (Figure 4) have been normally related to reducing conditions in marine and lacustrine environments which would be related to the reduction of the soluble phase of U(VI) to U(IV) in the vicinity of Fe(III) and SO4 reduction (Klinkhammer and Palmer, 1991; Francois et al., 1993; Zheng et al., 2002; Tribovillard et al., 2006). This could explain the high concentration of U/Ti and Cd/Ti ratios, both increasing under reducing environmental conditions and in the presence of sulfides. These would have happened during periods characterized by high organic sedimentation rates which agrees with P/Ti ratio values and diatom concentration increase, reflecting the organic production in the column water or in the benthic zone. Notwithstanding, in some cases, the particulate U sedimentation overcomes the accumulation by diagenetic reactions (Chappaz et al., 2010). Instead, the Cu forms organic complexes with dissolved organic matter in superficial waters and is rapidly removed from natural waters (Rader et al., 2019). In sediments, it binds with clays, oxides, sulfides, and organic matter (Bryan et al., 2002; Tribovillard et al., 2006) increasing the concentrations of lake bottoms when anoxic conditions prevail (Sundelin and Eriksson, 2001). In this context, the increase of Cu (shown as Cu/Ti ratio; Figure 2 Supplementary Material) would be caused by increased organic compounds in the water column derived from primary productivity within the lake and the basin. However, this coupled Cu-primary productivity increase was not observed earlier in the record. An alternative explanation could be that the metal increases could be caused by anthropogenic impact, due to in the last century mining activities, 50 km close to the lake, that has had an enormous influence on air pollution, as has been recorded both on the coast and in the Andes (von Gunten et al., 2009a; Gayo et al., 2022).





5.2 Comparing the Laguna El Calvario record at the regional scale

In order to compare the long-term environmental changes of the Laguna El Calvario (LCA) record with other paleorecords of western South America, (1) the Ti/coh ratio was selected as a proxy of runoff-induced basin erosion (Figure 6A); (2) the high Andean grassland taxa Poaceae and lowland xerophytic Ephedra as a moisture availability proxy while Chaetanthera/Oriastrum, Adesmia type, Azorella type, Nassauvia type as a proxy of cold conditions (Figure 6B) and; (3) the P/Ti ratio (ICP-MS) and diatom concentration as a lake productivity proxies (Figure 6C).

The relative high persistence and dominance of humid taxa throughout the pollen record of the Laguna El Calvario are consistent with the establishment of a wet Late Holocene inferred by several paleorecords in central Chile (30–35°S). Increased winter precipitation has been recorded from 4000 cal yrs BP on in the subtropical Andes (Veit, 1996; Grosjean et al., 1997; Espizua, 2005; Martel-Cea et al., 2016; Tiner et al., 2018; Frugone-Álvarez et al., 2020; Mayta and Maldonado, 2022), the lowlands (Jenny et al., 2002b; Jenny et al., 2003; Villa-Martínez et al., 2003 and Frugone-Álvarez et al., 2017) and the coastal areas (Maldonado and Villagrán, 2002 and Maldonado and Villagrán, 2006). Intense glacial activity in El Encierro valley (29°S; Figure 1A) located northwards of Laguna El Calvario was recorded before 2600 cal yrs BP (Grosjean et al., 1998; Zech et al., 2006). So after this period of glacial advance (3000–2600 yrs cal BP; Grosjean et al., 1998), the Laguna El Calvario basin could have been formed when ice retreated around 2600 cal yrs BP. High lake levels in the Laguna El Negro Francisco in the Andes at 27°S (4125 m a.s.l., Figure 6D) (Grosjean et al., 1997) and a smooth trend to wet conditions in small lakes at 30°S (3900–3800 m a.s.l.) (Mayta and Maldonado, 2022) were recorded after 2700 cal yr BP. This chronology is almost consistent with the high erosion around the lake basin (Figures 6A, B) and the downward distribution of the vegetation belts in Laguna El Calvario before 1500 cal yrs BP (Figures 4, 6C). On the other hand, grain size and geochemical analysis from two lakes located further south (Laguna El Cepo and Laguna Cerritos Blancos, 30°S, 2900–3800 m a.s.l.; Figure 1A) suggest an increment of storm frequency since 2200 cal yrs BP (Figure 6F) (Tiner et al., 2018) whereas the pollen assemblages of Laguna Quebrada Parada and Laguna Corralito (Figure 1A) pinpoint the establishment of wetter conditions from 1900 cal yrs BP (Mayta and Maldonado, 2022). Synchronous wet conditions inferred Laguna El Calvario record around 2400–1600 cal yrs BP were recorded in Laguna Chepical (32°S; Figures 1B, 6G) that shows wetter than present conditions between 2700–1300 cal yrs BP (Martel-Cea et al., 2016). Coastal and lowland records reflect wetter conditions after 3000 cal yrs BP peaking after 1800 cal yrs BP that were associated with an equatorward position/migration of the northern border of the SWW (Jenny et al., 2002a; Maldonado and Villagrán, 2002; Jenny et al., 2003).

Between 1500 and 800 cal yrs BP, the Laguna El Calvario record reflects a high variability of precipitation at the centennial scale along with the persistence of cold conditions as recorded by the dominance of high-altitude pollen types. The other paleorecords from the Elqui valley (30°S; Figure 1A) also show wetter conditions coupled with an increase in storm frequency (Tiner et al., 2018; Mayta and Maldonado, 2022). However, the Laguna Chepical record (33°S) reflects a decrease of moisture by this time but an extended ice cover season (Figure 5G) (Martel-Cea et al., 2016). In the lowlands, the Laguna Aculeo (33°S; Figure 1A) record pinpoints wet conditions between 2500–700 cal yrs BP (Villa-Martínez et al., 2003) while Palo Colorado (32°S; Figure 1A), a coastal record, displays a retraction of wet indicators around 700 cal yrs BP (Maldonado and Villagrán, 2006).

After 800–750 cal yrs BP, a marine core record located at 41°S inferred a less humid interval as a result of the southward displacement of SWW (Lamy et al., 2001) in concordance with an increase of pollen types indicating drier conditions in Laguna El Calvario, Laguna Quebrada Parada and Laguna Corralito (Mayta and Maldonado, 2022). Superimposed on these long-term conditions, a high frequency of ENOS-modulated storms was recorded by different proxies in Laguna Aculeo (33°S) and Laguna del Maule (36°S; Figure 1A) (Jenny et al., 2002a; Frugone-Álvarez et al., 2020, respectively). So, dry general climatic conditions under a high variability associated with the ENSO may have prevailed north of 32°S but more marked southwards of 33°S.

After 1800 AD, the higher temporal resolution of the Laguna El Calvario record, increasing from 0.02 to 0.13 cm yr−1, provides quite detailed data for the last two centuries (Figure 2 Supplementary Material). Drier than present conditions were replaced by colder ones as reflected by the increase in upper Andean belt elements (cold-tolerant taxa) around 1850 AD. This is synchronous to the last part of the Little Ice Age, recorded in central Chile lowlands as lower spring-summer temperatures (von Gunten et al., 2009b), glacial expansion in the high Andes at 35°S (Espizua and Pitte, 2009) and increased precipitation in central Chile (33–34.5°S; LeQuesne et al., 2006). Between 1900 and 1950 AD, wet pollen indicators (Poaceae) abundance increased at the expense of cold tolerant taxa pollen. Besides, a synchronous higher variability of runoff indicators related to an upward shift of the zero-isotherm altitude might suggest an increase in liquid precipitation. This increasing trend of precipitation was also recorded by the low-frequency signal of three ring chronologies of central Chile (33°–34.5°; LeQuesne et al., 2006).

During the last part of the 20th century, similar to modern dry conditions established in Laguna El Calvario synchronously to the mediterranean Andes (Martel-Cea et al., 2016) and the Altiplano (Morales et al., 2012). The recent decline of Poaceae and the increase of lowland shrubs (Ephedra and Chenopodiaceae) may represent an ongoing upward displacement of plant communities in the subtropical Andes. This process can be directly linked to the ongoing climate change characterized by the establishment of extreme drought conditions (also called Mega Drought; Garreaud et al., 2019) that broadly affects the Andean lake basins in central Chile (Fuentealba et al., 2021). Regarding regional warming, warmer autumns and springs (Burger et al., 2018) may have influenced the nutrient enrichment (high productivity, OM, and P) in Laguna El Calvario (Figure 6D; Figure 2 Supplementary Material) but may have led in a drastic decline of primary productivity in the plant communities at the same time (Rudloff et al., 2021).

Climate variability in the subtropical Andes during the late Holocene, mainly after ~2000 cal yrs BP has been attributed to El Niño Southern Oscillation, whose positive phase (El Niño) originates rainy winters in central Chile (Jenny et al., 2002a; Maldonado and Villagrán, 2006; Martel-Cea et al., 2016; Frugone-Álvarez et al., 2020). Wetter than present conditions around 2400 and 1500 cal yrs BP as well as colder conditions until 800 cal yrs BP in Laguna El Calvario is near concomitant with the increased El Niño activity inferred by several tropical records from the Eastern Pacific with a range of ca. 2000 to ca. 1000 cal yrs BP (Figures 6G, I) (Moy et al., 2002: 2000–1000 cal yrs BP; Rein et al., 2005: 2000–1300 cal yrs BP; Conroy et al., 2008: 2000–1500 cal yrs BP). Therefore, ENSO may have played a key role in the hydrological dynamics in the Laguna El Calvario at least between 2000 and 1500 cal yrs BP. Most ENSO paleorecords show a more weakened activity or La Niña-like phase in the past 800 years that may explain the stable dry conditions displayed by the Laguna El Calvario record (Moy et al., 2002; Rein et al., 2005; Conroy et al., 2008). Some discrepancies among records of central Chile and the subtropical Andes during the last millennium (i.e., Laguna Aculeo, Laguna del Maule, and neoglacial advances) could be attributed to other large atmospheric anomalies such as Southern Annular Mode (SAM) that also could have played a key role in the past at the interannual scale (Vuille and Milana, 2007; Dätwyler et al., 2020). However, further studies are needed to elucidate the implications of the coupling SAM and ENSO modes of variability in the past by evaluating the sensibility of paleorecords of the semiarid Andes of central Chile.





6 Conclusions

The Laguna El Calvario record reflects significant climate-driven changes at millennial to sub-centennial timescales during the past 2400 years in the semiarid Andes of central Chile based on sedimentological, geochemical, pollen, diatoms and chironomids data. The sediment deposition onset in Laguna El Calvario might have occurred after ice retreatment around 2600 cal yrs BP. Geochemical analyses provided a good approximation of the allochthonous clastic input where the Ti/coh ratio allowed us to estimate the long-term changes in the precipitation regime along with the pollen record. Maximum values of Ti/coh ratio evidenced an intense runoff period before 1400 cal yrs BP. Increased precipitation and colder than present conditions may have triggered a 200 m downward shift of the Andean vegetation belts whereas the aquatic biota records (algae, diatoms, and chironomids) suggested cold and shallow waters in El Calvario. Between 1500 and 800 cal yrs BP, the Laguna El Calvario record reflects wetter and colder conditions under a high centennial-to-multidecadal variability (wetter pulses) of precipitation. After 800 yrs BP, an increase of lowland pollen types in Laguna El Calvario suggests the establishment of drier conditions under a high variability associated with ENSO until 1850 AD when the dominance of upper Andean belt elements (cold tolerant taxa) indicates colder conditions synchronous to the last part of the Little Ice Age. Between 1900 and 1950 AD, an increase of wet pollen indicators at expenses of cold-tolerant taxa pollen synchronous to higher variability of runoff indicators might be related to an upward shift of the zero-isotherm altitude, and therefore a major proportion of liquid precipitation. The modern establishment of the drought regime and the increment of temperature have been shown since 1950 AD and accentuated in the last decade (Mega Drought). In addition, higher lake productivity, the presence of exotic plants, and the heavy metal enrichment of the sediments of Laguna El Calvario may be associated with transhumance practices and the establishment of the industrial mining companies in the area (Anthropocene) which have played a key role in the mid-to-long-term resilience of mountain communities.

The sedimentary record of Laguna El Calvario is not just the northernmost Andean record in central Chile but is unique in that it provides such a high temporal resolution for the last two centuries. The agreement between the Laguna El Calvario climatic trends during this period and the dendrochronological and instrumental data is surprising and confirms the robustness of this record for the whole 2400 cal yrs BP. Indeed, the regional comparison with other paleorecords allows us to confirm that even though there is a quite robust pattern of the dynamics of the northern edge of the SWW at the millennial-to-centennial scale, there are temporal (at shorter times scales)/latitudinal asynchronies that need to be further analyzed.
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Sea level changes during the Mid-Holocene directly influenced the Neolithic culture in the Yangtze River Delta region (YRD). However, the high-resolution sea level change characteristics for this period remain unclear. In this study, we performed a high-resolution palynological analysis, including pollen, Dinoflagellate cysts, and Foraminiferal organic linings, using a high-resolution sediment core from Shanglin Lake, in the North of Ningshao Plain (the south of Hangzhou Bay). 11 accelerator mass spectrometry 14C(AMS) datings indicate the age of the sediments range from 8 cal ka B.P. to 5.6 cal ka B.P. The results show that during the Mid-Holocene, Shanglin Lake evolved from an estuary – subtidal lagoon – semi-enclosed bay – semi-enclosed lagoon – semi-enclosed bay – enclosed lagoon to a modern freshwater lake. There was a period of no, or minimal, eustatic sea-level rise between 7733 and 7585 cal yr B.P. The Mid-Holocene high sea level comes in 7253–7082 cal yr BP. Between 7000 cal yr BP and 5502 cal yr BP, the sea level is close to modern value. The sea level change during this period had a significant impact on the local Neolithic human activity.




Keywords: Holocene, sea-level fluctuations, pollen, dinoflagellate cysts, foraminiferal organic linings, Ningshao coastal plain




1 Introduction

The cultivation and domestication of crops have been a revolutionary event in human history, and the origin, domestication, and cultivation of rice, a major food source for humans, is one of the major focuses of environmental archaeological investigation (Fuller, 2007; Fuller, 2011; Silva et al., 2015). The middle and lower reaches of the Yangtze River are densely populated and widely recognized as the birthplace of rice cultivation, and studies on the origin and development of rice cultivation in this region have received increasing attention in the past decades (Zong et al., 2007; Fuller et al., 2009; Zheng et al., 2011; Zong et al., 2011; He et al., 2018; Zheng et al., 2018; Innes et al., 2019; He et al., 2020).

The Mid-Holocene Neolithic culture in the Yangtze River Delta was mainly based on rice agriculture, and it is widely regarded as the core area where rice agriculture originated (Zong et al., 2007; Fuller et al., 2009; Zheng et al., 2011; Silva et al., 2015; Liu et al., 2020), human prehistoric civilization in this region has experienced many ups and downs, and cultural faults have been found in many archaeological sites in the past half century (Zhu et al., 2003; Zhu et al., 2003; He et al., 2018; Wang et al., 2018; He et al., 2020). Rice farming is influenced by many factors such as terrain, climate, soil, and hydrology (Zhu et al., 2003; Zhao, 2010; Zhao, 2019). Which is different from the middle reaches of the Yangtze River, the hydrology change caused by sea level change in the Yangtze River Delta is one of the most important factors (Zong et al., 2011; He et al., 2018; He et al., 2020).

The Yangtze River Delta region experienced dramatic sea-level fluctuations in the Holocene, especially in the Mid-Holocene. In the Ningshao plain of eastern China, sea-level fluctuation during the Mid-Holocene is of particular interest, because it seriously affected the development of Neolithic cultures such as the Majiabang (~7000–6000 cal yr BP), Liangzhu (~5200–4000 cal yr BP), Kuahuqiao (~8000–7200 cal yr BP) and the Hemudu (~7000–5000 cal yr BP) cultures around the Hangzhou Bay area (Chen and Stanlety, 1998; Sandweiss, 2003; Zong, 2004; Zong et al., 2007; Song et al., 2013; Zhu et al., 2003; Liu et al., 2016; Liu et al., 2018; Wang et al., 2018; Tang et al., 2019). However, due to the lack of high-quality chronology-controlled sequences, the sea-level fluctuations during the Mid-Holocene are still poorly cognition. As a result, the cognition of sea level change fluctuation has shown great difference (Wang et al., 2012; Zheng et al., 2018), which made the cultural interruptions were caused by marine transgression or land floods is still in dispute (Chen and Stanlety, 1998; Xie and Yuan, 2012; Song et al., 2013; Liu et al., 2016; Liu et al., 2018; Wang et al., 2018; Tang et al., 2019).

In this study, we report pollen, Dinoflagellate cysts, Foraminiferal organic linings, and organic δ13C analyses from a core collected in the Shanglin Lake located in a low-energy, surrounded by hill, the average altitude of the North of Ningshao Plain is less than 8 m, remote from any significant fluvial source of sediment. Multiple proxy analyses were performed to reconstruct sea level change in the Mid-Holocene to identify the cause of cultural interruptions on the Ningshao Plain.




2 Materials and methods



2.1 Study area and field sampling

The Ningshao Plain is located in a transitional zone between the Mid-subtropical to northern subtropical belts under the influence of the East Asian Monsoon. The region experiences marked seasonality in both temperature and precipitation, with an annual mean temperature of 16.2°C and a mean temperature is ~4°C in January and ~28°C in July, and annual mean precipitation is about 1600 mm (Ningbo Chorography Codification Committee, 1995). This area was covered by mixed evergreen deciduous broad-leaved forest, showing the characteristics of transition from evergreen broad-leaved forest to deciduous broad-leaved forest vegetation. The vegetation in the hills is mainly the masson pine community and Rhododendron community. Masson pine forest is mixed with Chinese fir and broad-leaved trees, showing the appearance of a mixed forest. Dominant plant species include: Pinus massoniana, Aphananthe, Castanea, Castanopsis sclerophylla, Castanopsis, Cyclobalanopsis, Liquidambar formosana, Quercus aliena, Quercus acutissima, Celtis and Ulmus (Wu, 1980).

Shanglin Lake is located in the Ningshao Coastal Plain area on the south bank of Hangzhou Bay. Its terrain is high in the south and low in the north, and it is spread out towards Hangzhou Bay in the shape of three steps of hills, plains, and tidal flats (Figure 1). Shanglin Lake is located in a low-energy, surrounded by hill (Figure 1), remote from any significant fluvial source of sediment. It is located about 23 kilometers north of Hangzhou Bay. The sediments are valuable archives for the reconstruction of sea-level changes.




Figure 1 | The location of the study area and the sample site. (A) Location of the study area, both sides of Hangzhou Bay, showing the topography, chenier ridges, and palaeo-shorelines (Wang, 1982; Feng and Wang, 1986). The seven culture sites are: 1 Beiganshan site (Chen et al., 2005; Zong et al., 2011); 2 Kuahuqiao site (Zong et al., 2007; Shu et al., 2010); 3 Yushan site (He et al., 2018; Wang et al., 2018); 4–7 Hemudu (Li et al., 2009; Wang et al., 2018). (B) Geographical map showing the present topographic features and the positions of cheniers and palaeo-shorelines during the Mid-Holocene. (C) Bottom topography of Shanglin Lake and the cores collected for this study numbered in sequence according to their distance from the Shanglin Lake (Table 1).



There are few studies on the geomorphologic evolution during the Mid-Holocene sea level change in the Cixi area, south bank of Hangzhou Bay. Wang et al. (1982) reconstructed the Holocene sea-level change curve in the coastal areas of Zhejiang by combining hundreds of geomorphological survey cores with coastal stratigraphic sequence, geomorphologic features, and archaeological data. Feng and Wang (1986) further added new materials and dating to reconstruct the coastline in three periods during the Mid-Holocene in this area (Figure 1B).

We chose the lagoon Shanglin Lake located near the ancient coastline (Chen et al., 1984), which is on a hill close to the Tianluoshan site and Hemudu site, etc. (Figure 1B). The lakes in the foothills of this area were dominated by nature at the end of primitive society and were little affected by human activities.

We drilled six exploratory cores (SLH-1-SLH6) on the water platform without sampling using drilling tools in advance to facilitate the mapping of the lake bottom sedimentation and then drilled four cores with a piston seal sampler operated on the water platform according to the drilling. Details of all exploratory cores and cores are shown in Figure 2.




Figure 2 | Stratigraphic of cores with calibrated mean radiocarbon ages.



We split all of these cores with 1 cm intervals after completion of drilling in the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, China. After describing the lithology and photographing, we selected 16 samples, including plant fragments, shells, and wood for AMS 14C dating at Beta Analytic Inc. According to the detailed stratigraphic situation (Figure 2 and Table 1) and the dating results of each cores (Table 2), we chose sampling core 18SLH4 as the focus of this paper.


Table 1 | Details of the stratigraphic sequences recorded for all cores.




Table 2 | Summary of radiocarbon dates obtained from cores.






2.2 Grain size testing and analysis

Cores were subsampled at the same intervals from the core for a total of 265 subsamples. These samples were firstly pretreated with 10% H2O2 and then 10% HCl to remove organic matter and carbonates respectively, and then washed in distilled water to remove residual HCl. Following this, 5 ml of 5% Calgon® (sodium hexametaphosphate) was added to each sample before shaking in an ultrasonic bath for 15 min to prevent flocculation of finegrained particles (Beuselinck et al., 1998). The grain size was measured on each subsample with a Beckman Coulter Laser Diffraction Particle Size Analyzer (Mastersize2000) in the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, China.

The EMMA end element model method (Weltje, 1997) is able to distinguish between the different components of the grain size, running the Analysize package provided by Paterson and Heslop (2015) in the MATLAB environment. Since the bottom 30 cm of the cores is riverine sand, the particle size was calculated after excluding the bottom 15 samples. We chose three components with less information lost and a better correspondence with the distribution in the samples, namely, two single peak modes and a mode with one high and one low peak, labeled as EM1, EM2, and EM3, respectively (Figure 3).




Figure 3 | Distribution of End-Member of 18SLH4 from Shanglin Lake.






2.3 TOC, TN and δ13C

The stable isotope composition of organic carbon is widely used as a proxy in paleoenvironmental reconstruction and can be used to quantify the relative proportions of marine versus terrestrially derived water and carbon in a range of sample materials (Bouillon et al., 2008), thus providing information on coastline proximity and hence sea level. Subsamples were taken from the core between 0–5.8 m depth for a total of 54 samples, to measure total organic carbon (TOC), total nitrogen (TN), and organic δ13C. TOC and TN were analyzed using an EA3000 Elemental Analyzer and organic δ13C analysis were crushed and treated with acid in Ag-capsules prior to isotope analysis using a MAT251 elemental analyzer coupled in continuous flow mode to a Finnegan Delta Plus XL mass spectrometer (± 0.1‰ V-PDB), in the State Key Laboratory of Lake Science and Environment, Nanjing Institute of Geography and Limnology, Chinese Academy of Sciences, China.




2.4 Microfossil analyses

Microfossils, especially pollen, spores, freshwater algae, dinoflagellate cysts, and Foraminiferal organic linings as the most direct indicators or proxies, provide significant information on environmental evolution. Therefore, palynological analysis played an important role in restoration and reconstruction of vegetation history and sea-level fluctuations, which provides information from the sediment cores, especially in alluvial coastal plain regions. (Nakagawa et al., 2003; Pidek et al., 2010; Zhao et al., 2011; Lowe and Walker, 2015; Hao et al., 2022).

Distributions of modern dinoflagellate cysts (dinocysts) and planktonic Foraminiferal fauna in marine environments are directly associated with upper water masses, sea-surface temperature, salinity, nitrate, phosphate, and other oceanographic variables (Rochon et al., 1999; Dale, 2009; de Vernal et al., 2005; Pospelova and Kim, 2010; Zonneveld et al., 2013; Hao et al., 2020). Therefore, organic-walled dinoflagellate cysts and foraminifer linings being preserved in sediments are commonly used as indicators for reconstructions of past sea-level fluctuations and oceanographic conditions (de Vernal et al., 2005; Zonneveld et al., 2008; Bringué et al., 2014; Pospelova et al., 2015).

    In our study, subsamples every 3 cm were taken from the core of 18SLH4 between 0 and 1m, and at 10 cm intervals elsewhere, for a total of 83 samples for biological proxy analysis (palynology, Dinoflagellate cysts Foraminiferal organic linings). Samples were prepared for palynological analysis using the standard laboratory techniques, including alkali digestion, hydrofluoric acid digestion, and acetolysis (reference for pollen method here), but we didn’t sieve at 180 μm to retain Foraminiferal linings. Microfossils were identified using reference keys and type slides and counted using a stereomicroscope at a magnification of ×400 for critical features. Identification of pollen grains, pteridophyte spores, and Foraminiferal organic linings followed He et al. (1965), Wang (1980), Wang et al. (1980), Wang et al. (2012) and Tang et al. (2019); Dinoflagellate cysts followed Moore et al. (1991), He et al. (2009) and Tang et al. (2013). 400 land pollen grains were counted for each sampled level, plus all aquatic pollen, pteridophyte spores, Dinoflagellate cysts and Foraminiferal organic linings.





3 Result



3.1 AMS14C dating and age-depth model

The 11 ages include both original and tree-wheel corrected ages (Stuiver et al., 1993; Reimer et al., 2009) (http://calib.org, accessed in November 2016) (Table 2). A complete chronological framework was developed for the 18SLH4 core using the R package Clam (Figure 4).




Figure 4 | Lithology and age-depth model of 18SLH4 core from Shanglin Lake.






3.2 Grain size analysis

Based on the lithological characteristics and dating results, 18SLH4 was selected for particle size testing, and a total of 265 samples were tested at equal intervals. The mean grain size of the cores was 6.93 μm, ranging from 4.22 to 7.93 μm (Figure 5).




Figure 5 | Vertical distribution of End-Member of the core 18SLH4 from Shanglin Lake.



The plural of the EM1 component is 11 μm, which is the main material input of the core, with an average value of 72.23%. The EM3, with the main peak at 1100 μm and the secondary peak at 9 μm, has a mean proportion of 3.36%, which may indicate the input of slope sediment and storm surge caused by abnormal floods.




3.3 Characteristics of TOC, TN and δ13C

The records of TOC, TN, and δ13C changes are given in Figure 6, and Figure 7 indicates the material sources of organic matter in the sediments for each period.




Figure 6 | Vertical distribution of TOC, TN and δ13C of the core 18SLH4 from Shanglin Lake.






Figure 7 | The source discrimination of organic carbon of the core 18SLH4 from Shanglin Lake (modified from Lamb et al., 2006).






3.4 Microfossil assemblages

18SLH4 core found abundant spore pollen and microsomal paleontological fossils from nearly 100 families and genera, including regional arboreal pollen such as Pinus, Fagus, Quercus, Cyclobalanopsis, Fagus, Betula, Carpinus, Corylus, Altingia, Ulmus, Juglans, Pterocarya, Rosaceae, Rhus, etc.; pollen of endemic wet/aquatic herbs, such as Phragmites, Suaeda, Cyperaceae, Typha, Nymphoides, Potamogeton, etc.; pollen of herbs including Poaceae, Chenopodiaceae, Ranunculaceae, Artemisia, Aster, etc.; the spores of ferns including Hicriopertis, Selaginella, Lycopodium, Pteris, Sinopteridaceae, Alsophila, Osnunda, Hymenophyllaceae, Polypodiaceae, etc. There are also a variety of shallow marine Flagellates, such as Multispinula, Spiniifertes, Operculodinium, Lingnlosphaeridium, and Selenopemphix. Polysphaeridium, Achomosphaera, and a few freshwater algae such as Zygnema, Pediastrum, Concentricyste, etc. Two samples at 135 cm and 550 cm can be seen Trochammina and Haplophragmoides(Trochammina and Haplophragmoides, were identified under the guidance of Pro. Baohua Li, Nanjing Institute of Geology and Paleontology, Chinese Academy of Sciences), but a large number of Foraminiferal organic linings were found (Plates1–7).

Based on the comprehensive analysis of the content of the main spore pollen species and lithological characteristics combined with the clustering analysis of the terrestrial spore and pollen content, five zones can be classified from bottom to top (Figure 8, Figure 9).




Figure 8 | Pollen percent diagram of 18SLH4 from Shanglin Lake.






Figure 9 | Multiproxy data of 18SLH4 from Shanglin Lake.



Zone I (8031–7971 cal yr BP, 606–580 cm): The spore-pollen concentration is 6840 grains/ml on average. Pollen content of trees and shrubs (average 82.5%) is significantly higher than herbaceous pollen, dominated by deciduous Quercus, Cyclobalanopsis, and Pinus, of which, deciduous broad-leaved species accounted for about 43.7%, evergreen broad-leaved species accounted for 15.8%. The average pollen content of herbaceous plants reached 15.7%, mainly Poaceae (7.9%). The average content of fern spores was 14.6%; a small number of freshwater algae were found, no furrow flagellates were seen, and Foraminiferal organic linings were found with an endomorph of 363 grain/ml, mainly relatively fragmented individuals below 50 μm.

Zone II (7971–7848 cal yr BP, 580–480 cm): Spore-pollen concentration is 6704 grains/ml. Tree and shrub pollen dominates (average 80.5%), mainly deciduous Quercus, Cyclobalanopsis, and pinus, with 14.2% evergreen broad-leaved species. Herbaceous plants pollen accounts for an average of 16%, mainly Poaceae (8.6%). The average content of Cyperaceae is 3.6%; the average content of ferns is 15.3%, mainly in Hymenophyllaceae and Polypodiaceae, the average content of freshwater algae is less than 1%, and the average content of Dinoflagellate cysts is 37 grains/ml in the shallow/near-shore phase. At the same time, the Foraminiferal organic linings increase suddenly, with an average concentration of 1039 grains/ml, and a maximum of 2052 grains/ml. A small number of Foraminiferal shells could be seen.

Zone III (7848–7257 cal yr BP, 480–140 cm): The average concentration of spore pollen was 3960 grains/ml, which is the lowest stage of the whole core. The average pollen content of trees and shrubs was 53.64%, which dropped sharply compared with the previous two stages. The average content of Poaceae was 11.4%, Chenopodi was 10.4%, Cyperaceae was 12.6%, ferns was 15.8%, and the freshwater algae was less than 1%. The content of Dinoflagellate cysts began to increase at this stage, with an average content of 169 grains/ml. The content of Foraminiferal organic linings is extremely low, with an average of 74 grains/ml, mostly ranging in diameter from 50 to 100 μ m. At this stage, no Foraminiferal shell was found.

3a (7848–7735 cal yr BP, 480–390 cm): Pollen and spore concentration was 5343 grains/ml, which is the highest value in the whole of Zone 3, with 65% pollen content in trees and shrubs, 13.1% in Poaceae, 2.7% in Chenopodi, 11.8% in Cyperaceae with an increasing trend, reaching 19% at the end of the stage. 9% in ferns, 162 grains/ml in Dinoflagellate cysts. The concentration of Foraminiferal organic linings was 110 grains/ml.

3b (7735–7585 cal yr BP, 390–280 cm): The spore-pollen concentration was 1993 grains/ml, which is the lowest content in Zone III, with 46.78% of tree and shrub pollen, including 21% in Pinus, 10.6% in Poaceae and the average content of Chenopodiaceae is 17%, with a peak in the middle, with a maximum value of 52.3%, Cyperaceae of 16.2% with an upward trend. At the end of the stage, it reaches 19%, and ferns show a gradual upward trend. The average content is 18.4%, which is the highest content in cores. The content of Dinoflagellate cysts is 102 grains/ml, and the Foraminiferal organic linings are 46 grains/ml. Lowest for the entire Zone III.

3c (7585–7257 cal yr BP, 280–140 cm): The spore-pollen concentration was 2687 grains/ml, increasing compared to 3a, with 51.7% for arboreal pollen, 14.4% for Pinus, 10.6% for Poaceae, 17% for Chenopodi, with a peak in the middle and a maximum of 52.3%, 16.2% for Cyperaceae and 18.1% for ferns, with a relatively stable, with 236 grains/ml for the Dinoflagellate cysts, the highest stage of Zone III, and 80 grains/ml for the Foraminiferal organic linings.

Zone IV (7257–5567 cal yr BP, 140–50 cm): Spore-pollen concentration 4785 grains/ml, significantly increased compared with Zone III, pollen of trees and shrubs was 56.2%, pollen of Pinus was 21%, Poaceae was 8.9%, Chenopodi was 15.3%, Cyperaceae was 12.9%, fern was 15.5%, showing an increasing trend, freshwater algae was less than 1%, The content of Dinoflagellate cysts fluctuates greatly, the highest value is 161 grains/ml, was the highest stage of the whole profile, the Foraminiferal organic linings suddenly increases sharply, to the end stage of annihilation, the average is 156 grains/ml. The Foraminiferal shell is visible at this stage.

4a (7257–7082 cal yr BP, 140–100 cm): The spore-pollen concentration of 9806 grains/ml, a significant increase compared to the previous stage, pollen of tree shrubs was 66.6%, pollen of Pinus was 14.4%, a decrease, Poaceae was 8.9%, Chenopodi 15.3%, Cyperaceae 12.9%, ferns 15.5%, a slight increase compared to the previous stage, freshwater algae less than 1%, the concentration of Dinoflagellate cysts was 212 grains/ml, the average content of Foraminiferal organic linings in this stage was 593 grains/ml, and the highest stage was 1073 grains/ml, corresponding to the age of 7223 cal yr BP, showing a gradually decreasing trend. The spore-pollen was poorly preserved, and regional pollen of Tsugar, Picea, and Abies appeared.

4b (7082–5502 cal yr BP, 100–50 cm): The spore-pollen concentration 4785 grains/ml, a significant increase compared to the previous stage, tree and shrub pollen was 54.8%, Pinus pollen was 21%, Poaceae was 8.8%, Chenopodi was 8.5%, a significant decrease compared to 4a, Cyperaceae was 11.2%, fern was 17.2%, a slight increase compared to the previous a stage, freshwater algae was less than 1%, the concentration of Foraminiferal organic linings was 16 grains/ml on average, and the concentration was very low, but the location of 6278 cal yr BP showed a sudden change with a concentration of 151 grains/ml, and the concentration of Dinoflagellate cysts in this layer was the highest value in this stage.

Zone V (50–0 cm, 5502 cal yr BP–today): Spore-pollen concentration was 14631 grains/ml in the upper 20 cm, the average spore-pollen concentration was 30109 grains/ml, in the lower 30 cm the concentration was 3576 grains/ml, pollen of tree and shrubs was 59.6%, 64.5% in the upper part and 56.1% in the lower part, the average content of pinus was 29.1%, with the upper part being 35.5% in the upper part and 24.5% in the lower part. The content of Xerophytic herbs did not vary much, averaging 34.2%, Hygroscopic herbs showed a decreasing trend averaging 5.5%, with 2.3% in the upper part and 7.8% in the lower part, ferns varied more steadily, averaging 15.5%, and Poaceae varied more steadily averaging 15%.

The average content of Chenopodi was 9% and showed a decreasing trend in this zone with 2.8% in the upper part, the average content of Cyperaceae 5.5%, 2.2% in the upper part, 7.8%, and 13.4% in the lower part, showing a decreasing trend. Freshwater algae were 1.8% with less variation, no Dinoflagellate cysts was seen above the top 35 cm, and the average concentration at the bottom 15 cm was 35 grains/ml. No Foraminiferal organic linings were seen at this stage.





4 Discussions



4.1 Hydrological history of Shanglin Lake



4.1.1 Stage 1 (8031–7971 cal yr BP, 606–580 cm)

The Upper Forest Lake may be a paleo-valley during this time. The average content of sand reaches 37.36% with very poor sorting, and the sediments at the bottom of the paleo waterway SLH-2 and 18SLH5 core in the north are a mixture of silt and sand (Figure 2, Table 2), revealing strong hydrodynamics (Hori et al., 2002) TOC/TN and δ13C scatter projections indicate that the source of organic matter is mainly terrestrial C3 vegetation (Lamb et al., 2006). The small amount of Foraminiferal organic linings and the absence of Dinoflagellate cysts were visible in this section, indicating sea level rise and the beginning of the Estuary stage (Zonneveld et al., 1997; Dale, 2009; Shennan, 2015).




4.1.2 Stage 2 (7971–7848 cal yr BP, 580–480 cm)

The sediment cores in this time period are gray-brown sandy silt. The EM2 is the highest stage in the whole core, with an average content of 45% and gradually decreasing from 89% at the bottom to 25% at the top, indicating strong marine wave energy. The EM3 end element indicates the possible presence of nearshore slope accumulation (Zhu, 2008). The content of Chenopodi is extremely low, averaging 1.4%, Poaceae averages 8.6%, and Cyperaceae averages 3.5%, and the combination with TOC/TN, δ13C indicates that the source of organic matter is mainly terrestrial debris deposition from the watershed and ocean dynamics (Lamb et al., 2006). Dinoflagellate cysts gradually appeared but at low levels, and a large number of organic linings of varying individual sizes appeared in sediment samples, Trochammina were identified from this stage, revealing a relatively open marine environment with strong hydrodynamics, which was not conducive to the deposition of Dinoflagellate cysts, reflecting the rapid sea level rise at this stage (Bringué et al., 2014). Chenopodi and Cyperaceae showed a slow upward trend, indicating the development of the watershed flora towards the saline-alkali communities (Gao and Zhang, 2006; Wu et al., 2008; Tang et al., 2019). The concentrations of Foraminiferal organic linings showed a significant decreasing trend, indicating that sea level rise slowed at the end of this stage and the lagoons began to form.




4.1.3 Stage 3 (7848–7257 cal yr BP, 480–140 cm)

The grain-size characteristics of this stage are generally stable, and the physicochemical indexes are also stable, which means that the Shanglin Lake gradually enters a more stable lagoon stage, the lithology is dominated by greenish-gray muddy silt, and the TOC/TN, δ13C reveals that the organic carbon is dominated by marine algae (Lamb et al., 2006); 3a (7848–7735 cal yr BP, 480–390 cm), TOC/TN, and δ13C show a gradual transition from terrestrial to marine sources of organic carbon in the sediments (Lamb et al., 2006). With the influence of the gradual infiltration of seawater, the lake enters a rapid accumulation period, developing a variety of nearshore shallow marine phases of Dinoflagellate cysts, dominated by Achomosphaera, Spiniifertes, and Operculodinium, etc. The rapid rise in sea level makes the groundwater in the region saline and alkaline, and Wet herbaceous plants such as reeds, sedges, and suede on the lake beach were beginning to develop; 3b (7735–7585 cal yr BP, 390–280 cm), TOC/TN and δ13C organic carbon are the sea source, but the concentration of flagellates appears low and seawater input decreases, at this time the sea level change was relatively stable or slightly decreasing, developing plant communities dominated by Quinoa, reeds, and sedge; 3c (7585–7257 cal yr BP, 280 cm), the sea level change is relatively stable or slightly decreasing, developing plant communities dominated by Quinoa, reeds and sedge. 7257 cal yr BP, 280–140 cm, the concentration of Dinoflagellate cysts increased, indicating sea level rise.




4.1.4 Stage 4 (7257–7082 cal yr BP, 140–100 cm)

In the early part of this stage, the sediments are black chalky silt, rich in plant remains containing woody debris, and a large number of benthic Foraminiferal organic linings (large) occur, which indicates that seawater is rapidly inundating the marsh, and thus this stage is a period of rapid sea level rise.




4.1.5 Stage 5 (7082–5502 cal yr BP, 100–50 cm)

The increase in freshwater algae, which indicates that lakeshore marshes are developing again, indicates that the sea level is in a more stable state. The presence of high levels of Chenopodi indicates the occurrence of salt marshes. At the depth of 75 cm, an abrupt change in the concentration of Dinoflagellate cysts at approximately 6278 cal yr BP was the maximum for this stage, as well as a small amount of Foraminiferal organic linings, suggesting a possible transient sea invasion at this location, as concluded in previous studies (Zheng et al., 2011; He et al., 2018; Wang et al., 2018; He et al., 2020).




4.1.6 Stage 6 (5502 cal yr BP–present day, 50–0 cm)

After ~5502 cal yr BP, the sediments have obvious horizontal stratification and are dominated by grayish-yellow chalky silt. The sporopollenin record shows the gradual disappearance of saline-tolerant plant species such as reeds, sedges, and suede, as well as the gradual disappearance of Dinoflagellate cysts, and the increase of Typha, along with the appearance of a small amount of Myriophyllum, which indicates that the lake of Shanglin Lake evolved into a freshwater lake.





4.2 The Mid-Holocene sea level fluctuations

Using 50 intertidal mangrove peat data and shallow marine sediments, Bird et al. (2007, 2010) reconstructed the sea level change in Singapore during 9.5–6.5 cal ka BP and concluded that sea level rose by 4 m during 7.5–7.0 cal kyr BP and slowly or stopped during 7.8 to 7.4 cal kyr BP in the Singapore area, but the rise was faster around that time. Wang et al. (2012) reconstructed the early-mid Holocene sea level change in the southern Yangtze River Delta and showed that it rose by about 2 m between 7.6 and 7.4 cal kyr BP.

The rapid rise of sea level in the early to Mid-Holocene, ~8000 cal yr BP seawater reached the foothills of the mountain slopes in the northern Ning Shao Plain (Liu et al., 2015; Zheng et al., 2018). Multiple indicators of Shanglin Lake reveal that ~8000 cal yr BP sea level reached the foothills of the Cixi area to form an estuarine bay, at which time the sediment elevation was about −5.6 m (Figure 2), and seawater began to inundate the lake connected to the ocean from this time. The period lasted until 7733 cal yr BP, after which the rate of rise slowed or even stopped. This means that the core was located near the coastal supratidal zone, and the sediment elevation at this time was −2.75 m (Figure 2). Thus, it can be inferred that the sea level rose rapidly from ~8000 cal yr BP to 7633 cal yr BP by about 3 m, and 7733–7585 cal yr BP was suitable for the survival of saline mudflats, with Phragmites, Suaeda, and Cyperaceae dominating the plant community. The low level of Dinoflagellate cysts relative to the pre-and post-phase indicates that the phase has been on the Supratidal Zone and the sea level rise stagnation lasted for nearly 150 years, after which the sea level started to enter the rising phase (7585–7082 cal yr BP), which is consistent with Bird et al. (2007) who suggested that the sea level stagnated or even slightly decreased from 7.8–7.4 cal kyr BP and the pattern of rapid sea level rise around that time is similar, but there are some differences in the timing and duration of the occurrence in this study.

From ~7585 cal yr BP, the saline plant community of Shanglin Lake started to fall, and the sea level was about −2.75 m. The sediment of ~7253 cal yr BP was deposited nearshore and shallow, and the sea level was about −1.35 m as inferred from the elevation of the sediment at this time. About 300 years later, the sea level rose about 1.4 m, and Shanglin Lake was connected to the sea again. After that, until ~7082 cal yr BP, the sea level was relatively stable and maintained a high sea level for nearly 200 years.

After ~7000 cal yr BP, the concentration of Foraminiferal organic linings fell back to low values and disappeared rapidly, and the saline plant community gradually developed to dominate again. Shanglin Lake begins to break away from the direct influence of the ocean, implying the end of the high sea level period, and drops back to close to modern sea level. Sediment elevations during this time period approached modern sea level elevations. The dominance of saline plant communities during ~7000–5500 cal yr BP indicates that coastal areas at 0–1 m elevation in the Ning Shao Plain area have been in the supratidal zone during this time period. There were also several peaks in the concentration of trench whip algae during this time, indicating the influence of sea level fluctuations, including (Figure 9) a peak in the concentration of trench whip algae at ~6278 cal yr BP at 75 cm, as well as a small amount of Foraminiferal organic linings, suggesting that a sea invasion may have occurred at this time.

Multi-indicator analysis of high-resolution sediments from the 18SLH4 core in Shanglin Lake reveals that sea level in the Ningshao Coastal Plain varies minimally or decreases slightly from ~7733–7585 cal yr BP, with a rapid sea level rise around this period and a high sea level at ~7253–7082 cal yr BP. Between ~7000–5500 cal yr BP, sea level is more stable with small fluctuations, with a brief sea intrusion at ~6280 cal yr BP.




4.3 Sea level changes and cultural history

Early rice cultivation from 7700 cal yr B.P. has recently been demonstrated from the Yangtze delta at Kuahuqiao, which site was abandoned due to renewed sea-level rise ca. 7550 cal yr BP (Zong et al., 2007; Innes et al., 2009). Several previous studies have shown that the region was detached from seawater influence at about 7600 cal yr BP, and coastal wetlands began to form in the foothills of the plains during 7500–7000 cal a BP (Dai et al., 2018; Liu et al., 2018). The plant communities revealed by the spore-pollen of Shanglin Lake show that the region developed coastal wetlands at 7733–7585 cal yr BP, with a peak at about 7600 cal B.P, after which the sea did not recede and the sea level continued to grow. At 7253–7082 cal yr BP, sea level rose rapidly to form a semi-enclosed bay environment, appearing nearly 200 years in subtidal lagoonal phase deposition.

The sea level after 7000 cal yr BP began to fall back until 5502 cal yr BP, when supratidal ecological communities with absolute dominance of Phragmites, Suaeda, and Cyperaceae, indicating that the sea level maintained a stable and slightly fluctuating environment, making the early Hemudu and Tianluoshan cultures less prosperous than the Majiabang and Songze cultures in northern Hangzhou Bay. The relative survival pressure of the Hemudu and Tianluoshan people was higher (Qin et al., 2011). The extreme peak of Dinoflagellate cysts at about 6278 cal yr BP, along with a small amount of Foraminiferal organic linings, indicates a brief sea invasion during this period, which is consistent with the sea invasion event of 6400–6300 cal yr BP derived from previous studies. Seed analysis shows that the time of sea invasion from 6400 to 6300 cal yr BP was recorded (Zheng et al., 2012). The presence of moderate amounts of Dinoflagellate cysts in samples between about 6278 cal yr BP and about 5600 cal yr B.P. indicates that seawater had been influencing ancient human activities in the Ningshao Plain area during this period, and that saline plant communities were more developed at this stage, suggesting that the Hemudu people lived in relatively saline groundwater conditions for agricultural activities at that time. Multi-indicator analysis of the Yushan site (Figure 1A) by He et al. (2018) showed that the Hemudu culture 6300–5600 was interrupted by transgression, but Wang et al. (2012) infer that extreme events and flooding accompanying accelerated sea-level rise were major causes of cultural interruption. However, the sediments of this phase in Shanglin Lake have more obvious stratification and no obvious storm surge accumulation features.





5 Conclusion

We selected Shanglin Lake, which is surrounded by mountains on three sides and faces Hangzhou Bay in the back north, away from the alluvial plain and disturbed by river alluvium, to reconstruct a detailed history of sea level changes in the Cixi region of Zhejiang from 8–5.6 cal yr BP based on a well-established chronosequence and multiple proxies such as grain size, TOC/TN, δ13C, sporo-pollen, Dinoflagellate cysts, Foraminiferal organic, etc.

Our study indicated that the evolution of Shanglin Lake since the Mid-Holocene experienced the stages of the estuarine bay, semi-enclosed bay, semi-enclosed lagoon, semi-enclosed bay, enclosed lagoon, and modern lake.

The multiple proxies suggest that there was a period of no or minimal eustatic sea-level rise between 7733 and 7585 cal yr BP in Ningshao Coastal Plain, Yangtze River Delta region. The Mid-Holocene high sea level comes in 7253–7082 cal yr BP. Between 7000 cal yr BP and 5502 cal yr BP, the sea level is relatively stable and fluctuates around modern height.

The sea level changes may directly influence the Neolithic cultural transitions in the Mid-Holocene in the Ningshao plain, which provides warnings for predicting the possible impacts of coastal deltas in response to sea level rise in the context of global warming.
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Laboratory ID Sample ID Depth (cm) Material cal. ages (mid=point)
D-AMS 021485 LCA SHC4 0-lecm 0-1 Bulk sediment \ 544 + 28 - ‘ —60

‘ D-AMS 021486 LCA SHC4 6-7cm 67 Bulk sediment ‘ 1598 + 21 - ‘ -9

‘ D-AMS 021487 LCA SHC4 18-19cm 18-19 Bulk sediment ‘ 2008 + 31 937

‘ D-AMS 021488 LCA SHC4 28-29cm 28-29 Bulk sediment ‘ 2549 + 51 1478
D-AMS 021489 LCA SHC4 32-32.5cm 32-325 Bulk sediment ‘ 3765 + 49 2694
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Fallen Leaf Lake

1A-1K-1-54 Olive clay, homogeneous 50,483 4.25 46% 0.083 Good Sonicator, lyophilizer
A-1K-1-78 Olive clay, homogeneous 51,519 4.5 38% 0.013 Good Sonicator, lyophilizer

1A-1K-5-22 Olive clay, mottled 61,763 3.25 64% - - Sonicator, lyophilizer

1A-1K-5-142 Olive clay, mottled 67,242 3.5 53% 0.326 Good Sonicator, lyophilizer
A-1K-6-149 Olive clay, mottled 50,000 14 62% 0.020 Good Sonicator, lyophilizer

1A-1K-7-5 Alternating with yellowish olive and darker gray clay 53,936 2.5 65% 0.016 Good Sonicator, lyophilizer

1A-1K-7-79 Alternating with yellowish olive and darker gray clay 53,936 25 66% 0.073 Good Sonicator, lyophilizer
A-1K-8-55 Olive green—greenish gray, homogenous 56,250 3.25 58% 0.015 Good Sonicator, lyophilizer

1A-1K-8-63 Olive green—greenish gray, homogenous 54,742 25 67% - - Sonicator, lyophilizer

1A-1K-8-84 Mottled olive green to olive gray silty clay 52,089 3.25 55% 0.010 - Sonicator, lyophilizer

2D-1K-1-54 Olive homogeneous silty clay 53,699 2,78 57% 0.266 Good Jouan

2D-1K-2-38 Olive clay, homogeneous 56,250 25 68% 0.055 Good Jouan

2D-1K-2-48 Olive clay, homogeneous 55,438 2.5 65% 0.256 Good Jouan

2D-1K-2-78 Olive clay, homogeneous 55,636 2.75 62% 0.283 Good Jouan

2D-1K-3-25 Yellowish olive clay 55,354 3 66% 0.271 Good Jouan

2D-1K-3-46 Yellowish olive clay 56,250 3 60% 0.266 Good Jouan

2D-1K-6-50 Olive and yellowish olive clay 56,250 2.75 73% 0.263 Good Jouan

2D-1K-6-77 Olive clay, homogeneous 56,250 3.25 54% 0.256 Good Jouan

2D-1K-8-7 Olive clay with minor silt fraction 56,250 2.75 66% 0.256 Good Jouan

2D-1K-9-123 Laminated olive silty clay 56,250 2.75 71% 0.263 Good Jouan

Mono Lake and Fallen Leaf Lake samples were collected from the sediment core UWI-MONO15, BINGO-MONO10, and BOLLY-FLL10. The section and the depth for each sample are showed in the Lab ID column. “#
pollen grains”: number of particles selected as “pollen grains” by COPAS during sorting (see section “Flow Cytometry Sorting” for discussion of sorting); “hours of sorting”: hours that each sort required to obtain the
related # pollen grains; “% pollen”: the percentage of particles identified as “pollen grains” from the total events recorded by COFAS during sorting of the sample; “C (mg)”: the mg of carbon in each sample (measured
during the graphitization process); “14C measurement”: the samples marked as “good” produced a reliable 14C measurement.
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Lab ID Sample type # pollen grains Hours of sorting Pollen % C (mg) 14C measurement Separation
and/or
drying
method

T8-1-1 Coarse sediments 25,263 3:5 18% 0.035 good Lyophilizer

T8-2-1 Very coarse sediments = 0.75 5% = =

T8-3-1-1 Very coarse sediments 10,222 4.75 7% 0.020 - Lyophilizer

T8-3-1-2 Very coarse sediments 48,419 3.75 38% 0.185 Good Jouan

T8-4-1-1 Fine sediments 18,638 55 6% 0.013 - Lyophilizer

T8-4-1-2 Fine sediments 20,487 3 18% 0.088 Good Jouan

T8-5-1 Organic rich = = Low = =

T8-6-1-1 Coarse sediments <10,000 0.5 Low — —

T8-6-1-2 Coarse sediments 7,770 1.25 24% - -

T8-7-1 Mineral soil -dry 44,548 2.75 55% 0.070 Good Lyophilizer

T8-8-1-1 Mixed coarse and fine sediments = 1 Low - -

T8-8-1-2 Mixed coarse and fine sediments 50,975 5.75 41% 0.163 Good Jouan

T8-9-1-1 Fine organic rich 6,602 1:25 32% - -

T8-8-1=2 Fine organic rich = 0.75 Low = =

T8-10-1-1 Clay and charcoal rich sediments <5,000 1 3% - -

T8-10-1-2 Clay and charcoal rich sediments 31,250 2.25 48% 0.201 Good Jouan

T8-11-1-1 Fine organic rich sediments 22,700 9 10% 0.015 - Jouan

T8-11-1-2 Fine organic rich sediments 50,000 3 58% 0.160 Good Jouan

Pinus-1-1 Fresh pinecones 50,000 25 61% 0.170 Good Lyophilizer

Pinus-1-2 Fresh pinecones 137,592 2.5 61% 0.481 Good Lyophilizer

Pinus-2-1 Frozen pinecones 50,000 2 74% 0.105 Good Jouan

Pinus-2-2 Frozen pinecones 100,000 35 74% 0.376 Good Jouan

Pinus-2-3 Frozen pinecones 150,000 5.75 74% 0.246 Good Jouan

Pinus-3-1 Frozen pinecones 50,000 2,75 74% 0.306 Good Jouan

Pinus-3-1-1 Frozen pinecones 50,000 1.75 74% 0.293 Good Jouan

Pinus-3-2-1 Frozen pinecones 100,000 3.25 74% 0.549 Good Jouan

Pinus-3-3-2 Frozen pinecones 150,000 526 74% 0.772 Good Jouan

See Table 1 caption for explanation of columns.
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Macrofossils

Pollen

Sample ID CAMS ID  Fraction Modern + “Cage =+ AGEDIFFERENCE '“Cage +  Fraction Modern + CAMS ID
2D-1K-1-54 152547 0.9094 0.0032 765 30 —65 830 30 0.9016 0.0033 181798
1A-1K-1-54* 152537 0.7778 0.0028 2020 30 -35 2055 45 0.7742 0.0039 179554
1A-1K-1-78 152538 0.7633 0.0080 2170 90 —80 2250 140 0.7561 0.0126 179555
2D-1K-2-38 152685 0.6888 0.0065 3000 80 85 2915 45 0.6959 0.0037 181799
2D-1K-2-48 152686 0.6805 0.0026 3090 35 —45 3135 30 0.6769 0.0025 181800
2D-1K-3-25 152687 0.5995 0.0022 4110 30 345 3765 35 0.6257 0.0024 181802
2D-1K-3-46 152688 0.5987 0.0022 4120 30 -85 4205 35 0.5923 0.0024 181803
1A-1K-5-142 152696 0.4365 0.0016 6165 30 —-25 6190 60 0.4628 0.0032 181808
2D-1K-6-50 152701 0.4285 0.0016 6660 30 285 6375 35 0.4523 0.0018 181804
2D-1K-6-77 152702 0.3674 0.0017 6805 35 15 6790 35 0.4294 0.0018 181805
1A-1K-6-149 157543 0.3608 0.0016 8045 40 55 7990 180 0.3696 0.0081 179556
2D-1K-8-7 152703 0.0014 0.0014 7885 30 —145 8030 35 0.3679 0.0015 181806
1A-1K-7-5 152544 0.0018 0.0018 8190 45 170 8020 350 0.3684 0.0157 179557
2D-1K-9-123 152704 0.0055 0.0055 9050 140 60 8990 35 0.3265 0.0013 181807
1A-1K-8-55 152545 0.0011 0.0011 10335 35 —285 10620 510 0.2667 0.0167 179559

The section and the depth for each sample are showed in the Sample ID column. All macrofossil dates were originally published by Noble et al. (2016). *Macrofossil from
core depth 53 cm. "Macrofossil from core depth 77 cm. Uncertainties are quoted at 1-sigma.
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SJH (n=15) 0.294 0,665 ~0484 0715+ 0.907+ —0.064

“Correlation is significant at the p <0.05 level. **Correlation is significant at the p<0.01 level.
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Summer 28 289 89 25

Autumn 28 15 7.24 60
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Autumn . 15 7.68 15
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Summer [ &5 30.5 8.66 28
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Nanyi lake NYH (3L11354°N, 118.97826°E) Spring 1.8 194 821 18
Summer 28 374 854 20

Autumn 26 27 879 40

NY-2 (31.06560°N, 118.95933°E) Autumn 27 26 822 66

NY-3 (31.10030°N, 118.90244°E) Autumn 24 26 8.07 67

Shengjinlake  SJH (30.38942° N, 117.04160° E) Spring 0.6 205 738 17
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