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ARTICLE INFO ABSTRACT

Handling Editor: P Rioual Understanding the response of long-term aquatic environmental changes in lakes to ongoing climate change and
human activities is key to forecasting future lake conditions. In this study, we infer the Holocene limnological

Keywords: changes in Emu Co, a proglacial lake in Nianbaoyuze on the eastern Tibetan Plateau, from sedimentary ancient

SedaDNA DNA (sedaDNA) data, and palynomorph, element, lithological, and grain-size analyses. We developed a transfer

Palynological analysis

Grain-size end-member modelling
Tibetan plateau

Lake conductivity

function based on Siberia and Tibet/China surface sedimentary DNA and applied it to Emu Co sedaDNA to trace
lake conductivity changes. The results show that the conductivity of Emu Co was high during 12.6—9.7 cal ka BP,
often surpassing 1000 ps em™}, driven by elevated summer solar radiation. The freshwater influx from glacial
meltwater and precipitation, however, reduced the lake’s conductivity as the climate warmed and humidified.
This led to a decrease in the abundance of taxa characterised by high conductivity. Freshwater pulses, triggered
by climatic fluctuations, likely led to significant variations in conductivity within the overarching downward
trend. By 8 cal. ka BP, lake recharge conditions stabilised and conductivity reached a lower level of ~70 s cm ™.
The warm and humid mid-Holocene (8—5 cal. ka BP) provided suitable habitat conditions for many submerged
freshwater taxa. After 5 cal. ka BP, the growth of submerged taxa was restricted, as indicated by a shift from
asexual to sexual reproduction in macrophytes, likely in response to suboptimal conditions of a colder and drier
climate. Since 1 cal. ka BP, human activities might have increased lake nutrient levels, with an enhanced richness
of macrophytes. Our results indicate how millennial-scale hydrological changes in a lake are related to glacial
retreat and catchment changes in the alpine region of the Tibetan Plateau, which is today facing climate change
much greater than the global average.

1. Introduction decreasing salinity and increasing nutrient levels (Zhang et al., 2020;
Shang et al., 2023). Climate change alongside human activities are

Lakes on the Tibetan Plateau (TP) have experienced pronounced acknowledged as significant drivers of these aquatic environmental
shifts in hydrology in recent decades, such as rising water levels, changes (Ma et al., 2010; Woolway et al., 2020). Temperature increases,
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coupled with augmented precipitation and accelerated glacier and snow
melt, have directly expanded alpine lake volumes (Ye et al., 2008; Zhou
et al., 2015; Zhang et al., 2020), elevating water levels and diminishing
salinity (Song et al., 2014; Zhou et al., 2022). The associated wetting
trend boosts rock weathering, thereby altering surface water chemistry
(Gibbs, 1970). Additionally, the pastoral lifestyle characteristic of the TP
has increased the nutrient load of the lakes (Han et al., 2023; Shang
et al., 2023). Understanding the processes that drive long-term changes
in hydrological conditions of the TP lakes, which are part of the “Asian
Water Tower", is essential for maintaining local ecosystems and securing
water supply in downstream areas (Immerzeel et al., 2010; Yao et al.,
2022). However, the short duration of observational records limits our
comprehension, emphasising the importance of developing and ana-
lysing extended ecological time series.

The lakes on the TP provide sedimentary archives that offer valuable
clues for exploring long-term lake water conditions change. Numerous
sediment-derived proxies (e.g. grain size, sediment geochemistry, fossil
remains, biomarkers) are used for lake palaeohydrology. Modern as-
semblages of ostracods, chironomids, and diatoms have been used to set
up multivariate transfer functions which have been deployed to quan-
titatively reconstruct conductivity, salinity, and lake-level changes on
the TP (Yang et al., 2003; Mischke et al., 2007; Yu et al., 2023). How-
ever, taphonomic issues including poor preservation and a limited
taxonomic resolution restrict the widespread applicability of these
methods.

Aquatic macrophytes are vascular plants growing in or near water
that can be classified as floating, submerged, or emergent (Chambers
etal., 2008). As primary producers, their growth and energy metabolism
are directly impacted by abiotic factors like water temperature, salinity,
and the nutrient status of the lake. Thus, the distinct niches of these
macrophytes offer insights into their ecological drivers. A range of
macrophyte traits have been identified. For instance, a study of sub-
merged macrobenthic communities across 300 Danish lakes identified
several species of isoetids and Potamogeton as markers of nutrient-poor
lake conditions (Sgndergaard et al., 2010). Stuckenia pectinata is distin-
guished by its increased productivity in lakes with elevated conductivity
(Herzschuh et al., 2010a) and can also thrive in lakes with high bicar-
bonate concentrations (James, 2008). Hitherto the composition and
abundance of aquatic macrophytes has been used as a (semi-)qualitative
proxy for past limnological conditions (Birks, 2001). Examples include
using the Holocene macrofossil record from Lake Njargajavri in Finnish
Lapland for lake-level reconstructions (Valiranta et al., 2005), analysing
stable carbon isotope compositions of macrophyte remains from Lake
Luanhaizi on the northeastern TP to assess nutrient dynamics since 45
cal. ka BP (Herzschuh et al., 2010b), and employing palynological re-
cords from Changdang Lake in China to trace changes in aquatic plant
communities over the past century due to hydrological and nutrient
influences (Ge et al., 2018). However, the limitations of these traditional
analysis methods have been recognised. For instance, the remains of
macrofossils are usually relatively scarce, making their study requires
large quantities of sediment (Birks and Birks, 2000). Interpretation of
palynological records is challenged by low taxonomic resolution and the
commonly found asexual reproduction strategies of aquatic macro-
phytes (Sayer et al., 1999).

The recently developed sedimentary ancient DNA (sedaDNA) anal-
ysis is a method that combines large data volumes, high taxonomic
resolution, and standardised identification (Birks and Birks, 2016; Capo
etal., 2021). Aquatic macrophytes have a higher likelihood of their DNA
being preserved in lake sediments, as opposed to terrestrial plants,
making them ideal for sedaDNA analysis (Alsos et al., 2022; Stoo-
f-Leichsenring et al., 2022). The aquatic vegetation types recorded in the
surface sediments are comparable or even superior to the in-lake vege-
tation surveys when comparing the surface sediment DNA (sedDNA)
with the in-lake vegetation survey data (Alsos et al., 2018). Recent
studies employing sedaDNA for reconstructing aquatic macrophyte
compositions have provided invaluable insights into their historical
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biological structure and function change (Baisheva et al., 2023; Kar-
achurina et al., 2023). However, despite the TP having the largest group
of alpine lakes in the world (Wang and Dou, 1998), the application of
sedaDNA technology has been limited to terrestrial plant reconstruction
and diversity studies (Li et al., 2021; Liu et al., 2021la, 2021b),
neglecting its potential in aquatic macrophyte research. Nevertheless,
Stoof-Leichsenring et al. (2022) have compiled a set of sedDNA data
from lakes across the TP and Siberia, presenting a promising foundation
for quantitative reconstructions in this field.

To examine the changes in lake water conditions and responses of
macrophytes to abiotic factors (e.g. climate changes and glacier melt)
and anthropogenic forcing, we selected Emu Co, a glacier and
precipitation-fed lake located in the eastern TP as our study site. We
conducted sedaDNA metabarcoding along with palynological analysis to
reconstruct the variation in aquatic macrophyte composition in Emu Co
over the past 12.6 cal ka BP. A transfer function based on sedaDNA was
developed to track Holocene conductivity change trajectories. In addi-
tion, we explored the impacts of catchment-related changes on the
aquatic environments of the lake and the composition of the aquatic
macrophytes, with the help of physical and chemical indicators, such as
elements, grain size, and organic carbon.

2. Materials and methods
2.1. Study site

Emu Co (33.232°—-33.233°N, 100.989°—-101.001°E; 4020 m a.s.l;
Fig. 1) is located on the eastern margin of the TP, within the eastern
section of the Bayan Har Mountains, west of Nianbaoyuzhe Mountain. It
is a lake that remains from glacial retreats (Fig. 1c¢; Lehmkuhl and Liu,
1994). Nowadays, a glacier is still present on the highest peak of
Nianbaoyuzhe (5369 m a.s.l.) in the upper reaches of the Emu Co
catchment. The study area exhibits typical plateau continental climate
characteristics, with distinct cold and warm seasons over the year. The
data from the nearest meteorological station to Emu Co, Jiuzhi County,
for the period 1981-2010 CE, records a mean annual precipitation of
732.5 mm, with precipitation primarily concentrated in the summer
months (June to August). The mean annual temperature is 1.1 °C, with
the highest mean temperature occurring in July or August (Fig. 1d;
National Meteorological Information Center, 2019).

2.2. Sediment core and chronology

In May 2021, a 387.5-cm sediment core (33°13'52” N, 100°59'20" E;
4020 m a.s.l.) was obtained from a water depth of 11.4 m using a gravity
corer (VC-D, SDI, Dallas, TX, USA) with a 60 mm diameter. The core was
split into two halves and stored at 4 °C at the State Key Laboratory of
Tibetan Plateau Earth System, Environment and Resources prior to
analysis. Half of the core was subsampled at 1-cm intervals in a previ-
ously cleaned room using sterile tools, a full bodysuit, facemask, and
gloves following the protocol described by Parducci et al. (2017) and
von Hippel et al. (2022). The age-depth model for the core was estab-
lished by combining radioisotopes, including 2!°Pb and !37Cs, with
accelerator mass spectrometry (AMS) radiocarbon dating. We per-
formed 2!%Pb and '%7Cs radioactivity intensity measurements on the
upper 20 cm of the sediment, and 'C dating was performed on 10
stratigraphical levels of bulk organic matter at different core depths
(Fig. 2; Table S1). To account for the lake reservoir effect (Yu et al.,
2007; Hou et al., 2012), a difference (2389 years) between the 14C dates
and the results of the 2!°Pb analyses of the top 0—0.5 cm core sample
was subtracted from all other '*C ages. Other detailed information
regarding the age-depth model is given in Li et al. (2023). The average
sedimentation rate of the core is 0.06 cm yr‘1 (Fig. 2).
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Fig. 1. Settings of the study area. (a) Location of the Tibetan Plateau; (b) Location of Emu Co on the Tibetan Plateau; (c) Nianbaoyuze Mountains (grey shading) in

relation to Emu Co and the extent of glaciers nowadays and during the Last Glacial Maximum (LGM; Lehmkuhl, 1998); (d) Climatology of Jiuzhi County
(1981-2010 CE).
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Fig. 2. (a) Lithology of Emu Co lake sediment core with a colour code demarcating the lithological units (LU; LU1: brown, very coarse silt, organic-poor; LU2: brown
coarse silt; LU3: brown to dark yellowish brown medium silt, organic-rich; LU4: light brown coarse silt; LUS: dark brown medium silt with intermittent brown layers);
(b) Photograph of Emu Co lake sediment core; (c) Age-depth model and (d) sedimentary rate and mean grain size of the Emu Co lake sediment core.
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2.3. Geochemical and sedimentological analyses

The split core was imaged and analysed using an ITRAX XRF core
scanner equipped with a molybdenum tube providing X-ray energy from
the State Key Laboratory of Tibetan Plateau Earth System Science,
Institute of Tibetan Plateau Research, CAS. All elements were scanned
with a voltage of 30 kV, current of 50 mA, and an exposure time of 10 s.
The units are expressed as counts per second (cps) and the counting was
conducted at 0.5 mm. The elements were divided by the coherent ra-
diation (coh) count as this is useful for normalising for primary intensity
from the tube (Ohlendorf et al., 2015). In addition, to reduce closed-sum
effects (Croudace and Rothwell, 2015; Weltje and Tjallingii, 2008), we
performed an additive log-ratio (ALR) transformation on the elemental
ratios.

Total nitrogen (TN), total carbon (TC), and total organic carbon
(TOC) were measured on subsamples at 2-cm intervals. TN and TC were
measured using freeze-dried and ground to 147 pm samples of 0.3 g on
an EMA3000 elemental analyzer (Thermo Fisher Scientific, USA). TOC
was quantified using 0.3 g of HCl-treated samples using the same in-
strument at Jiangsu Normal University.

About 0.2 g of freeze-dried samples at 2-cm intervals were selected
for grain-size analysis. The samples were treated with an excess of 30%
H202 and 10% HCI to remove organic matter and carbonates. The
samples were then rinsed with deionized water and after 24 h of
standing the supernatant was removed. 10 mL of 0.05 N (NaPOj3)g was
added to promote dispersion and the samples were shaken on an ultra-
sonicator for 10 min before analysis. Grain size was measured using a
Malvern Mastersizer 3000 laser particle sizer (Malvern, UK) and the
final result is the average of three replicate measurements. Sorting fac-
tors were calculated using GRADISTAT software (Blott and Pye, 2001)
based on Folk and Ward graphical methods (1957). To extract envi-
ronmental information from the grain-size data and to identify the
source or sediment transport process of Emu Co sediments, the
end-member modelling algorithm (EMMA) was used to extract geneti-
cally meaningful end-members from the full array of grain-size data
(Weltje, 1997; Dietze et al., 2012).

2.4. Palynological analysis

A total of 116 samples from the cores were analysed for palynology.
Exotic Lycopodium spores (10,315 spores per tablet) were first added to
each sample to calculate pollen concentration (Stockmarr, 1971). We
treated the samples sequentially for carbonate, silicate, and humic acid
using 10% HCI-10% NaOH-40% HF, then sieved through a 7 pm mesh
and mounted with silicone oil (Faegri et al., 1989). Palynological
identification was carried out under an optical microscope at 400x
magnification, referring to palynological reference slides produced by
Cao et al. (2021) and the palynological atlases edited by Tang et al.
(2020) and Wang et al. (1995). A minimum of 500 pollen grains were
counted per sample. For this study, only aquatic taxa were considered.
Additionally, the alga Pediastrum was identified through palynological
analysis.

2.5. SedaDNA analysis

The extraction of the sedaDNA from 62 sediment core samples was
carried out in the palaeogenetic laboratories at the Alfred Wegener
Institute in Potsdam, Germany. DNA extraction was performed under a
dedicated UV working hood using the DNeasy PowerSoil DNA Isolation
Kit (Qiagen, Germany) with 250 mg of input material. To obtain enough
DNA for polymerase chain reaction (PCR) amplification, we performed
two extractions of each sample with a total sediment usage of 500 mg.
For each batch of 8 samples, an extraction blank was run alongside the
samples to control for possible contamination of chemicals in the DNA
extraction kit. Then, extracts were combined, concentrated using the
GeneJet PCR Purification Kit (Thermo Scientific, USA) and quantified
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using the broad range dsDNA Assay Kit with the Qubit 2 Fluorometer
(Invitrogen, USA).

PCR-setups were prepared in the palaeogenetic laboratories at AWI
using a dedicated UV working hood. We used the plant universal primers
g and h that target the short region of the trnL intron in the chloroplast
genome (Taberlet et al., 2007). The PCR mix contained 12.8 pL of DEPC
water (VWR, Germany), 2.5 pL of 10 x HiFI buffer, 2.5 pL of ANTPS (2.5
mM), 1 pL of Bovine Serum Albumin (20 mg mL~!, VWR, Germany), 1
pL of MgS0O4 (50 mM), 0.2 pL of Platinum™ Taq High Fidelity DNA
Polymerase and buffer (Invitrogen, USA), 3 pL of extracted sedaDNA
(diluted to 3 ng pL’l), and 1 pL each of forward (g) and reverse (h)
primer. The forward and reverse primers were modified with a NNN-8
bp tag at the 5 end to ensure demultiplexing of samples after
sequencing (Coissac et al., 2012; De Barba et al., 2014). The post-PCR
workspace for thermal cycling, purification, and pooling is physically
separate from the palaeogenetic laboratories to avoid contamination of
ancient DNA with modern or amplified DNA. The PCR was run at 94 °C
for 5 min of initial denaturation, followed by 40 cycles of 30 s at 94 °C,
30 s at 50 °C, 30 s at 68 °C, and a final extension at 72 °C for 10 min.
Each batch of PCR included a 'No template control’ (NTC) containing
only the PCR chemical and the extraction blank control corresponding to
the analysed sample batch. The PCR reactions were repeated three times
using different tag combinations to allow a separation of each PCR
replicate during the bioinformatic analysis. PCR replicates of the same
sample were pooled and purified using MinElute kits (Qiagen, The
Netherlands). The DNA concentration was measured by using a
broad-range dsDNA Assay Kit and the Qubit 4 Fluorometer (Invitrogen,
USA). Purified samples were pooled into an equimolar mixture which
was purified again using the MinElute kit (Qiagen, The Netherlands) to
aim for the final DNA concentration of 70 ng pL~! required for
sequencing. Library preparation using the MetaFast library protocol and
amplicon sequencing on an Illumina NextSeq device using 2 x 150 bp
paired-end was performed by Fasteris SA, Switzerland.

2.6. Bioinformatic analyses and sedaDNA data quality control

Analysis of the Illumina raw sequencing data was done using the
OBITools3 software (Boyer et al., 2016) with the following functions
including obi alignpairedend (merging forward and reverse reads), obi
ngsfilter (assign PCR replicates to read counts) and obi uniq (dereplicate
the read counts). Then, obi grep was used to filter for sequences <1 bp in
length and <1 read counts and obi clean was applied to remove PCR and
sequencing errors. Finally, DNA sequences were taxonomically assigned
using an obitools database originating from the EMBL Nucleotide
Sequence Database (Release 143, April 2020) using the ecotag function.
The recovered amplicon sequence variants (ASVs) were filtered for a
100% similarity to references in the database.

We ran in total 21 extraction blanks (EBs) and 34 no-template con-
trols (NTCs) along with the 186 samples. This study focused exclusively
on ASVs assigned to aquatic macrophyte taxa. After excluding non-
aquatic macrophyte taxa, ASVs reads in EBs and NTCs accounted for
0% and 0.26% of the total reads, respectively (Table S2). The majority of
reads in the NTCs originate from NTC22. However, results from the Non-
metric multidimensional scaling (NMDS) analysis shows a wide differ-
ence between the ASV composition of NTC22 and the associated sam-
ples. Furthermore, the reproducibility of the NTC22-related samples is
good (Fig. S1). Therefore, we did not remove the ASVs in subsequent
analyses. For further denoising, ASVs in the dataset with a taxonomic
level higher than family were removed and only those ASVs with fre-
quencies >2 were retained for the ensuing data processing. Following
the naming convention by Stoof-Leichsenring et al. (2022), we main-
tained distinct ASVs and assigned them numbers corresponding to their
taxonomic identities (details provided in Supplementary file 2).
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2.7. Statistical analyses and conductivity reconstruction based on
sedaDNA

All analyses in this study were conducted in R (R Core Team, 2021).
To mitigate the impact of total sedaDNA read counts on diversity
inference across Emu Co core samples, we selected the smallest total
read count in our dataset (748 reads) as the standard for resampling and
rarefied these data 100 times (detail of the rarefied mean data are given
in Supplementary file 2). Percentages of aquatic macrophyte taxa were
subsequently calculated based on the resampled data. The strati-
graphically constrained cluster analysis (CONISS, Grimm, 1987) was
used to divide the biostratigraphic zones. Richness (i.e., the number of
ASVs) was computed using the iNext function from the iNext package
(Hsieh et al., 2016).

Macrophyte ASVs for the surfacesedDNA data and the corresponding
environmental parameters of the lakes were sourced from the published
dataset of Stoof-Leichsenring et al. (2020). Out of the full dataset
comprising 262 lakes, we selected 179 lake surface-sediment samples
that contained detectable macrophyte DNA. These samples were then
subjected to principal component analysis (PCA) and explanatory vari-
ables for conductivity, depth, and July temperature, which are consid-
ered important  factors affecting  aquatic macrophytes
(Stoof-Leichsenring et al., 2022), were fitted to ordination plots. To
understand the relationship between ASVs and environmental parame-
ters in Emu Co, we projected the sedaDNA data onto the ordination
diagrams constructed from surface data. A comprehensive description of
these methods is available in Stoof-Leichsenring et al. (2022).

To understand the historical fluctuations in salinity within Emu Co,
we developed transfer functions by utilising surface sedDNA and con-
ductivity data from Stoof-Leichsenring et al. (2020). We employed the
modern analogue technique (MAT) and weighted average partial least
squares (WA-PLS) as methods for establishing the transfer function (ter
Braak and Juggins, 1993; Legendre and Gallagher, 2001; Overpeck
et al., 1985), with WA-PLS demonstrating superior reconstruction per-
formance (Table 1 and Table S3). Consequently, we used the WA-PLS
method to establish the sedDNA-conductivity transfer function. All
108 taxa present in the surface sedDNA data were included in the
WA-PLS analysis. Considering the skewed distribution of the DNA data
and the surface sediment conductivity data available, we first applied
logarithmic transformation (log (1 + x)) and normalisation to the
resampled data. An additional square root transformation was per-
formed to further reduce the skewness of the data during the transfer
function development. The efficacy of the model was evaluated through
leave-one-out cross-validation (ter Braak and Juggins, 1993), using
metrics such as the coefficient of determination (Rz) for observed versus
predicted values, and the root mean squared error (RMSE). To determine
the optimal number of WA-PLS components, we employed a randomised
t-test (Juggins and Birks, 2012). According to the error estimates for
several calibration models, the 2-component model shows better per-
formance than models with other numbers of components, as attested by
having the highest R2, the lowest RMSE, and the minimal maximum bias
(Table 1). The 2-component model also passed a random t-test with a
p-value of 0.042. Compared to a 1-component model, the 2-component
model exhibits a reduction in RMSE by more than 5% and is thus a
“useful" component (Birks et al., 1998).
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3. Results
3.1. Core lithology

Based on lithological variations including colour, texture, and sedi-
ment type (Figs. 2 and 3), the sedimentary sequence of the Emu Co core
can be divided into five units (LU1-LU5).

The basal part, LU1 (387.5—360 cm; 12.6—11.8 cal ka BP), consists
of brown, very coarse silt. The extremely high proportion of sand grains
(34.33—45.45%, median 39.35%) affects the average grain size
(29.26—-38.54 pm, median 33.24 pm). Grain size sorting is poor in this
section (3.65—3.95).

LU2 (360—196 cm; 11.8—9.5 cal ka BP) consists mainly of brown
coarse silt. A decrease in the proportion of sand grains (4.35—31.16%,
median 20.39%) results in a decrease in the mean grain size of LU2
(13.49—25.81 pm, median 20.17 pm) compared to LU1. Sorting is poor
or very poor (3.05—4.20), but with a positive trend.

LU3 (196—72 cm; 9.5—4.8 cal ka BP) exhibits a gradual change in
sediment colour from brown to dark yellowish brown, and a change in
grain size from coarse silt-dominated to medium silt-dominated. The
grain size sorting factor decreases but remains consistently poor
(2.48—-3.79). Occasional dark grey interlayers occur in this unit. Above
120 cm (after 8 cal. ka BP), the frequency of interlayers increases, with a
notable very dark grey layer around 93 cm.

LU4 (72—68 cm; 4.8—4.7 cal ka BP) abruptly interrupts the relatively
stable deposition of LU3 and is characterised by light brown coarse silt
sediments approximately 4 cm thick. Grain size sorting factors
(3.61-3.67) indicate deterioration in sorting.

LU5 (68—0 cm; 4.7 cal ka BP to present) consists mainly of dark
brown medium silt with intermittent brown sedimentary layers, and the
sorting (2.64—3.43) is generally worse than that of LU3.

3.2. Biogeochemical core composition

The lowest TOC (median 1.42%) and TN (median 0.18%) contents
are found in the basal part LU1 (Fig. 3g and h). LU2 exhibits a slight
increase in the TOC (1.19-3.03%, median 1.77%) and TN
(0.17—0.34%, median 0.24%) values, but remains very low. High levels
of TOC (median 3.52%) and TN (median 0.38%) are observed in LU3,
with a peak of the TOC content (4.86%) at around 93 cm. The high levels
of TOC and TN values are interrupted at LU4 and decline rapidly (me-
dian TOC 1.49% and median TN 0.19%). A downward trend is noted in
LU5 with slightly lower levels of TOC (median 3.10%) and TN (median
0.33%) than in LU3. The C/N ratio is mainly below 10 in LU1 and LU2,
but at about 227 c¢m above (after 9.7 cal ka BP) the ratio exceeds 10
(Fig. 3i). However, in the LU4 part, the C/N ratio drops below 10.

The XRF data show trends in yttrium and aluminium (Y/Al) ratios in
sediment cores since 12.6 cal ka BP (Fig. 3j). The Y/Al ratios are rela-
tively low in LU1 and LU2, then gradually increase in LU3. In LU3, the
Y/Al ratio is high (median —1.91) between about 8 and 6 cal. ka BP,
while significant fluctuations occur between 6 and 4.7 cal ka BP. In LU5,
Y/Al values remain stable (median —2.17), slightly below the high
values of 8—6 cal. ka BP, until 1 cal. ka BP when a small decrease is again
observed. The Y/Al ratio increases sharply near the top of the core.

Table 1

Model performance statistics as assessed by “leave-one-out” cross-validation for the five components of the WA-PLS.
Method RMSE R? Ave. Bias Max. Bias Skill 5.RMSE Rand. t-test
Component 1 1.01 0.5991 0.04107 3.0860 59.8255 —36.6167 0.001
Component 2 0.95 0.6493 0.04865 2.8502 64.7566 —6.3379 0.042
Component 3 0.97 0.6357 0.05675 3.3120 63.1161 2.3008 0.833
Component 4 1.00 0.6160 0.04599 3.5615 60.5873 3.3713 0.873
Component 5 1.02 0.6060 0.03004 3.4228 59.2487 1.6840 0.783

RMSE = root mean squared error; Ave. Bias = Average bias; Max. Bias = Maximum bias; §. RMSE = delta root mean squared error; Rand. t-test = randomisation t-test.
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Fig. 3. Geochemical and sedimentological data from the Emu Co sediment core. (a) Lithology of Emu Co lake sediment core; (b) mean grain size, (c-e) three size
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3.3. Grain-size end-member modelling

Based on sediment grain-size analysis, three robust end-members
(EMs) can be discerned, all of which exhibit a bimodal distribution
but with different modes (Fig. 4). EM1 contains two peaks at 7.6 pm and
111 pm, both displaying broader distributions. This end-member grad-
ually increases in proportion between 12.6 and 8 cal. ka BP and becomes
dominant during the mid-Holocene. The primary peak of EM2 is situated
at 35 pm (silt), accompanied by a secondary peak around 3 pm (clay),
which is predominantly observed before 8 cal. ka BP and after 2 cal. ka
BP. The highest grain-size peak of EM3 is 150 pm (fine sand), and the
second peak is 11 pm (silt). This end-member has a high proportion until
8 cal. ka BP, after which only a sharp increase is observed at 4.8 cal ka
BP.

3.4. Aquatic macrophyte composition derived from the palynomorph
analysis

The palynomorph analysis reveals two submerged macrophyte taxa
(Potamogeton and Myriophyllum), two emergent macrophyte taxa
(Sparganium and Typha), and the green alga Pediastrum (Fig. 5).
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Potamogeton pollen occurs briefly at 5.7 cal ka BP, and again between 4.1
and 1 cal. ka BP, after which it disappears from the record. Myriophyllum
pollen appears between 11 and 9 cal. ka BP, but at low concentrations
(median 42 grains g~1), becoming more frequent and at higher con-
centrations from 3.8 cal ka BP (median 158 grains g~ 1). Sparganium and
Typha pollen are found sporadically throughout the core. Pediastrum
concentrations are generally low (median 10,053 grains g~ 1) until ca. 5
cal. ka BP, but two peaks occur at ca. 10.3 and 8.8 cal ka BP. After 5 cal.
ka BP, the Pediastrum concentration increases in fluctuations and rea-
ches its maximum value (304,632 grains g~ 1) at 1.4 cal ka BP. Although
the value decreases rapidly after 1.4 cal ka BP, it returns to high values in
the last 100 years.

3.5. Aquatic macrophyte composition from the sedaDNA metabarcoding
approach

DNA metabarcoding yielded 29 macrophyte ASVs from 62 samples,
of which 19 are classified to species level and 10 to genus level (Fig. 5).
Our data reveal 12 ASVs of submerged taxa and 17 emergent macro-
phytes. The macrophyte composition mainly consists of submerged
macrophytes, including the genera Potamogeton (mean 43.9%) and
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Fig. 4. Grain-size end-member modelling of the Emu Co sediment core. The three robust end-members are assumed to represent unmixed grain-size distributions

from different sources to the lake basin.
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Fig. 5. Aquatic plants identified from sedaDNA and palynology (red text) in the
Emu Co sediment core. Zones were determined using CONISS clustering of the
sedaDNA data.

Stuckenia (mean 33.0%) from the family Potamogetonaceae and the
genus Myriophyllum (mean 6.9%) from the family Haloragaceae. Emer-
gent macrophytes mostly comprise the genus Carex from the family
Cyperaceae (mean 5.7%). Based on CONISS analysis of all aquatic
macrophytes, sedaDNA records can be divided into 3 zones.
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DNA Zone I (385—218 cm; 12.5-9.7 cal ka BP) is characterised by a
high abundance of Stuckenia sp.1 (mean 68.8%) and fluctuating richness
of aquatic macrophytes, ranging from 3.0 to 8.3. In DNA zone I-b (after
ca. 10.3 cal ka BP), the abundance of Stuckenia sp.1 begins to decrease,
while the frequency and abundance of Myriophyllum sibiricum 1 in-
creases (mean 29.9%).

In DNA Zone II (218-51 cm; 9.7—1 cal. ka BP), Potamogeton sp.1 is
abundant at 9.7 cal ka BP (mean 65.0%, maximum up to 99.8%), making
it the dominant taxon in this zone. The abundance of Stuckenia sp.1
decreases, with an average of only 5.8%. Additionally, Potamogeton
praelongus appears at 8—5 cal. ka BP (mean 10.9%), while Callitriche
hermaphroditica occurs frequently after 7.2 cal ka BP. The richness of the
macrophytes reaches a high value of 8.7 at ca. 6.1 cal ka BP, which is
followed by a decrease to a few taxa.

In DNA Zone III (51 -0 cm; 1 cal. ka BP to present), Potamogeton sp. 1
decreases and Potamogeton crispus 1 flourishes with high abundance
(mean 35.3%). Myriophyllum sibiricum 1 thrives again after obscurity,
averaging 7.4% abundance. Callitriche hermaphroditica also occurs
frequently. In addition, emergent macrophytes such as Caltha scaposa
play a more important role during this period. The richness of macro-
phytes increases rapidly, reaching 12.7 taxa in recent years.

3.6. SedaDNA-based conductivity reconstruction

A principal component analysis of the surface sediments run by
Stoof-Leichsenring et al. (2022) reveals that the first two axes account
for 34.26% of the variance in the surface sedDNA data (PCA1: 21.97%;
PCA2: 12.29%j; Fig. 6). When projecting the Emu Co core data onto the
ordination map of surface sediments, we observe distinct patterns in the
ordination diagram (Fig. 6). This distribution suggests variations in past
macrophyte composition and their environmental factors. Samples from
Zone I and Zone III form distinct clusters in the positive direction of
PCA2, showing a strong correlation with conductivity. Conversely,
samples from Zone II predominantly cluster in the negative direction of
PCAZ2, aligning more with July temperature.

The most parsimonious two-component WA-PLS model for conduc-
tivity has an RMSE of 0.95 ps cm ! (log (1 + x) transformed) and an R?
of 0.65 based on model performance statistics (Table 1). The conduc-
tivity reconstructions based on the transfer function for the upper part of

[ 18 L'
ConductiVity
% ® Stuckenia sp. 1
e

Swckeniapectinata 1

0.4

pth

. Stuckenia filiformis 3 BedaliNG,Zone
< Myriophyllurri 5|b|\r. nPé . o P e Zonelll
& Phragrmites augralis riophyllum sibiricum, 2 e Zonell
o 0 Potamogetgn crispus 1 Carex aquatilis ® Zonel-b
ﬁ " |Ceragophyllum gemersum Caltha sp. 1 Zone l-a
5] NwnBhaeageac~iriewlaria vulgaris.subsp. vulgaris B
T Pctamogetmnﬁg n perf i? dBiophyllum verticillatum %S'b .
SparganﬂJm%Q pota/hogetonq;;yg,m&gernnaphroditica Tilbeetrllghina

Potamoga®on sp. 2 o
) ° Menyanthes trifoliata
0.4 Jyly temp{ature

e® o

Potamogeton sp. 1

-0.4 00 04
PCA1 (21.97%)
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(Stoof-Leichsenring et al., 2022).
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the core yield an average of 100.5 ps cm ™' across the four upper sam-

ples, while instrumental measurements are 74.5 ps cm ™", falling within
the reconstruction error range of 36-275 ps cm ! (Fig. 7). Before 8 cal.
ka BP, conductivity exhibits strong fluctuations but remains generally
high (ranging from 70 to 1750 ps cm ™!, with a median of 328 ps cm™1).
Subsequently, after 8 cal. ka BP, conductivity stabilises at lower values,

with a median of 69 ps cm ™.

4. Discussion
4.1. Aquatic macrophyte composition and implied lake aquatic conditions

Submerged macrophytes characteristic of high conductivity lakes
dominated during 12.6—9.7 cal ka BP, and lake conductivity exhibited a
high variability. The continuous and substantial occurrences of the
genus Stuckenia support a high conductivity lake habitat interpretation.
Species within this genus, such as Stuckenia pectinata and Stuckenia fili-
formis, are submerged macrophytes with a global distribution (Van Wijk,
1988; Van Wijk et al., 1988), and are known for their positive response
to moderate conductivity levels (Herzschuh et al., 2010a; Stoo-
f-Leichsenring et al., 2022). A PCA of Zone I samples, which clustered in
areas indicative of high conductivity, along with reconstructions of
conductivity data, confirm the high lake conductivity (Figs. 6 and 7).
Stuckenia gradually decreased after 10.4 cal ka BP and was replaced by
Myriophyllum sibiricum, which is also a salt-tolerant taxon. Although
Myriophyllum sibiricum is less tolerant of high salinity than Stuckenia sp.
(Haller et al., 1974; Wang and Ji, 2007), with a slightly lower preference
for high conductivity, it can still tolerate up to 900 ps cm™! (Glisson and
Larkin, 2021). Consequently, a decrease in lake conductivity can be
inferred. In addition, the reconstructed lake conductivity deserves spe-
cial emphasis as it exhibits extremely varying conditions, a variability
that reflects dynamic lake salinity conditions.

The aquatic macrophytes of Emu Co were dominated by submerged
freshwater taxa during 9.7—5 cal. ka BP, with the emergence of taxa
associated with deep water and high nutrient levels. A major shift in
macrophyte composition occurred around 9.7 cal ka BP, with Potamo-
geton sp.1 rapidly emerging as a dominant taxon, replacing salt-tolerant,
high conductivity lake-specific submerged taxa. Particularly after 8 cal.
ka BP, the abundance of macrophytes tolerant of high conductivity
became very low (Fig. 5). This shift can also be observed in the recon-
structed conductivity: the median conductivity decreased from 328 to
69 s em™! (Fig. 7). The successive occurrences of Potamogeton prae-
longus during 8 to 5 cal. ka BP is suggestive of clear, deep, and nutrient-
rich waters, (Spence, 1967; Duigan et al., 2007). Additionally, the high
macrophyte richness in the mid-Holocene also emphasises the increased
nutrient levels in the lake (Rgrslett, 1991).

A pronounced change from submerged to emergent taxa is observed
after 5 cal. ka BP, and the growth of macrophytes appears to be con-
strained. Carex taxa, which predominantly grow in wetlands on the TP,
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Fig. 7. Reconstruction of Emu Co conductivity based on sedaDNA-identified
macrophytes using WA-PLS. The left axis is conductivity after a log (1 + x)
transformation. The right-hand axis is the reverse transformed reconstructed
conductivity. Shading denotes one standard deviation of the reconstructed
conductivity.
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dominate the emergent macrophyte components during this period,
possibly due to the lowering of lake levels. A decrease in lake levels can
also be concluded from the increase in Pediastrum concentration (Jiang
etal., 2013; Wu et al., 2015). There is a notable decrease in macrophyte
biomass, as evidenced by the low percentage of macrophytes in total
sedaDNA read counts and a declining trend in aquatic macrophyte
richness (Fig. 5). Changes in the lake environment during this period can
also be observed in the reproductive strategies of macrophytes. Aquatic
macrophytes, including Potamogetonaceae, are capable of both
autogamy and heterogamy (Philbrick, 1983). Typically, Potamogeton
species reproduce clonally in stable environments, but sexual repro-
duction (i.e., pollen production) increases in fluctuating habitats (Jin
and Guo, 2001; Li, 2014). This strategy helps them withstand environ-
mental stress and maintain genetic diversity, crucial for adaptation and
survival in changing conditions (Barrett et al., 1993; Harper, 1977; Jin
and Guo, 2001). The increase in Potamogeton pollen counts between 4.1
cal ka BP and 1 cal. ka BP may indicate suboptimal conditions in the lake
for these taxa (Fig. 5).

Another significant transformation in the composition of macro-
phytes occurred after 1 cal. ka BP, characterised by the emergence of
taxa associated with nutrient-rich waters. The rapid increase in the
abundance of Potamogeton crispus and richness imply changes in lake
nutrient levels. Potamogeton crispus is known to be associated with
nutrient-enriched water bodies (Nichols and Shaw, 1986; Bolduan et al.,
1994), flourishing in many eutrophic lakes in China (Zhang et al., 2022).
The increased macrophyte richness observed in once nutrient-poor TP
lakes can be attributed to enhanced nutrient conditions in the waters (Li
et al., 2018).

4.2. Potential drivers of past changes in aquatic macrophytes and lake
water condition

4.2.1. 12.6-9.7 cal ka BP

Our data indicate that glacial melt during early-Holocene warming
strongly impacted the hydrology of Emu Co. Previous studies have
suggested that higher summer insolation (Fig. 8a; Laskar et al., 2004)
during the early Holocene led to increased evaporation and insufficient
effective moisture in the eastern TP (e.g., Mischke et al., 2007; 2010;
Qiang et al., 2016), which could explain the higher conductivity of lakes
in the region during this period. However, rapid early-Holocene
warming under the influence of higher summer insolation would have
induced the ablation of the Nianbaoyuze glacier (Fig. 8b; Marcott et al.,
2013; Herzschuh et al., 2014), which recharged Emu Co. The impor-
tance of fluvial processes for sediment transport over the catchment
increased as glaciers retreated from the lake basin (Zhang and Mischke,
2009). This is confirmed by reductions in mean grain size and sand
proportions as well as improved grain-size sorting (Fig. 3b-e, f). The
bimodal distribution of EM3 scarcely overlaps, highlighting the funda-
mental characteristics typical of fluvial sediments, and we therefore
interpret EM3 as an input of upstream glacial material. Declines in
fluctuating EM3 scores are indicative of glacial melting in the early
Holocene (Fig. 8c). In addition, high sedimentation rates and low TOC
values (Figs. 2 and 3g) emphasise the important, albeit diminishing, role
of glacial meltwater (Hallet et al., 1996; Leonard, 1997; Loso et al.,
2004). In general, the solute content in glacier surface meltwater was
remarkably low, registering conductivities of only 2.7-5.4 ps cm™!
(Collins, 1979). From 12.6 cal ka BP to the early Holocene, the influx of
glacial meltwater, with very low ionic content, flowed into the Emu Co
basin, inevitably lowering lake conductivity.

Besides glacial meltwater, increased precipitation in the early Ho-
locene played a positive role in reducing the conductivity of Emu Co.
Following the glacial retreat near Emu Co, extensive moraines were
formed around the lake (Lehmkuhl and Liu, 1994), and debris from
these moraines would enter the lake through slope runoff after weath-
ering. The bimodal structure of EM1 aligns with grain size distributions
of other glacial detrital materials (Fig. 4; Weltje and Prins, 2007; Liu
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Fig. 8. Comparison of temperature and precipitation change in the Nian-
baoyuze area with catchment changes. (a) 30°N July insolation (Laskar et al.,
2004); (b) pollen-based annual temperature (T,,,) reconstructions from Lake
Ximen (Herzschuh et al., 2014); (c) EM3 score representing glacier material
input (this study); (d) sedaDNA-based conductivity reconstructions from Emu
Co (this study); (e) pollen-based annual precipitation (P,,,) reconstructions
from Lake Ximen (Herzschuh et al., 2014); (f) EM1 score representing
precipitation-induced moraine debris input (this study); (g) weathering indi-
cator Y/Al ratio (this study).

et al., 2010; Zhang et al., 2023). Hence, the magnitude of EM1 scores
depends on the migration of debris from lakeshore moraines, offering a
benchmark to assess the intensity of regional precipitation. The EM1
scores fluctuate with an increasing trend from the beginning of our re-
cord to the early Holocene, indicating the growing influence of atmo-
spheric precipitation on Emu Co (Fig. 4). This inference is supported by
changes in precipitation inferred from pollen data within the lake (Li
et al., 2023) and the neighbouring Ximen Co (Fig. 8e; Herzschuh et al.,
2014). Additionally, the increase in Y/Al values during this period may
be related to increased weathering (Fig. 3j). This is because element Y is
thought to be more soluble and mobile, derived from chemical weath-
ering and abundant precipitation, whereas Al is thought to be more
insoluble and resistant (Mackereth, 1966; Zhong et al., 2012; Mischke
and Zhang, 2010). The salinity of atmospheric precipitation is nearly
zero upon initial contact with the surface, indicating very low ionic
content that increases only after interaction with carbonate rocks (Meng
et al., 2013). Geological studies reveal the absence of carbonate rock
development in the Nianbaoyuze area (Zhang and Mischke, 2009; China
Geological Survey Chengdu Center, 2013). Hence, it can be reasonably
inferred that the influx of precipitation via overland flow lowers the
conductivity of Emu Co.

Climatic instability during the early Holocene explains the strong
fluctuations in lake conductivity during this time. Studies have indicated
early Holocene climate instability in the TP, marked by cold events
(Mischke and Zhang, 2010). Rapid fluctuations in our glacier ablation
proxies imply that glacial meltwater inputs are not stable, with
short-term meltwater pulses occurring during periods of rapid glacial
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melt (Fig. 8d). Additionally, the East Asian monsoon system was un-
stable during the late Pleistocene to early Holocene (Zhao et al., 2023;
Pang et al.,, 2024), affecting precipitation indicators (Fig. 8f). High
evaporation rates may initially have led Emu Co’s conductivity to in-
crease, but it started to decrease with warming and humidification.
However, pulses of freshwater dominated by glacial meltwater resulted
in significant conductivity fluctuations within this decreasing trend.

4.2.2. 9.7-1 cal. ka BP

Stable lake-recharge conditions and warm and moist climatic con-
ditions created an ideal environment for aquatic macrophytes in Emu Co
during the mid-Holocene (8-5 cal. ka BP). The decline in sedimentation
rates coupled with the rapid rise in TOC values after 9.7 cal ka BP
indicate a reduction in glacial influence on the lake (Figs. 2 and 3; Hicks
et al., 1990; Hallet, 1996; Leonard, 1997; Loso et al., 2004). After 8 cal.
ka BP, the input of glacial material by meltwater stopped and the lake
conditions stabilised. By this time, lake conductivity reached and
maintained a low value of ~70 ps cm ! (Fig. 8d). Numerous studies
have indicated that the Holocene climatic optimum on the TP (Mischke
etal., 2010; Zhao et al., 2011; Chen et al., 2020), a period of warmer and
wetter conditions, occurred during the mid-Holocene. The Emu Co re-
gion followed this climatic trend, as reflected by the high value of our
weathering proxy Y/Al (Fig. 8g). EM1 scores and precipitation re-
constructions based on pollen data suggest that high precipitation
(pollen reconstructed >700 mm, which is higher than current precipi-
tation) in the Nianbaoyuze area starting at ca. 10 cal. ka BP continued
until about 5 cal. ka BP before showing a downward trend (Fig. 8e and f;
Herzschuh et al., 2014; Li et al., 2023). This stable freshwater recharge
likely maintained low conductivity and high water level in Emu Co,
fostering a suitable freshwater habitat for aquatic macrophytes.
High-temperature conditions not only promoted the growth of
warmth-loving aquatic macrophytes, such as Callitriche hermaphroditica
(Valiranta et al., 2015), but also induced the expansion of terrestrial
vegetation around the lake (Li et al., 2023). The increased nutrient
supply from terrestrial sources, entering the lake through runoff, could
have enhanced macrophyte richness in Emu Co, particularly in a context
of relatively low nutrient levels in the lake (Rgrslett, 1991). The C/N
ratio exceeds 10 after 9.7 cal ka BP underscoring the significant terres-
trial influence on the lake ecosystem (Meyers, 2003). Our PCA results
also show the effects of high July temperatures on lake macrophyte
composition (Fig. 6).

Cold and arid climatic conditions during the mid-to-late Holocene
disrupted the deep-water, nutrient-appropriate, favourable lake envi-
ronment of Emu Co. Despite the absence of corresponding signals in the
sedaDNA data, likely due to sample precision limitations, both the
geochemical and sedimentological proxies in Emu Co register significant
changes around 4.8 cal ka BP (Fig. 3). Studies from the TP suggest that
around 5 cal. ka BP a climatic transition occurred on the TP (Herzschuh
et al., 2006; Ning et al., 2022), and for the eastern part of the TP many
records transition from warm and wet to cold and dry (Li et al., 2023).
Therefore, this abrupt change may be related to a regional event in the
catchment during the climatic transition. Following this event, the Emu
Co regional climate and lake environment changed. TOC values, indic-
ative of terrestrial and aquatic plant biomass in the basin, along with TN
values, reflecting lake nutrient status, show a continuous decline (Fig. 3g
and h; Hakanson and Jansson, 1983; Meyers, 2003). There is also a slight
increase in the coarse-grained sediment component associated with
glacier activity (Fig. 3b and e), and the sorting trend that began in the
early Holocene appears to reverse (Fig. 3f). These changes are likely a
response to the colder, drier climatic conditions and a late Holocene
glacier advance (Liu et al., 2014; Solomina et al., 2015). The cold and
dry climate not only led to a transition of terrestrial vegetation from
forests to meadows (Li et al., 2023), but may also have caused a
reduction in the biomass of aquatic macrophytes by lowering water level
and temperatures, shortening the growing season, and reducing nutrient
inputs.
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4.2.3. 1 cal ka BP to present

The shift in aquatic macrophyte composition in Emu Co during the
past thousand years can be attributed to human-induced changes by
impacting lake nutrient levels. While some studies have indicated a long
history of human activities in the Nianbaoyuzhe area (Schliitz and
Lehmkuhl, 2009; Herzschuh et al., 2014), dating back to as early as 7.2
cal ka BP, the examination of pollen data from Emu Co does not reveal a
similar long-term signal. We observed only a slight increase in pollen
types associated with grazing indicators such as Asteraceae, Trollius, and
Cichoriodeae around 1 cal. ka BP (Schliitz and Lehmkuhl, 2009; Li et al.,
2023). This modest change, potentially attributable to livestock grazing,
is corroborated by a 600-year pollen record from Dongerwuka Lake,
located upstream of Emu Co (Wischnewski et al., 2014). These human
influences, particularly livestock grazing, likely led to the introduction
of nutrients into the lake, as reflected in the increased TN and TOC
content in the sediments (Fig. 3 g and h).

While the predictive ability of our transfer function (R? = 0.65)
slightly lags behind those based on ostracod (R? = 0.71; Mischke et al.,
2007) and diatom (R? = 0.92; Yang et al., 2003) data, the sedaDNA
method effectively overcomes the limitations of traditional methods
with respect to accessibility, resolution, and identification standards.
Our sedaDNA-based conductivity transfer function offers a new, reliable
means of quantitatively reconstructing changes in lake conductivity.
Moreover, we anticipate that the predictive accuracy of the
sedaDNA-based transfer function can be enhanced with the publication
of additional surface sedDNA data.

5. Conclusions

In this study, we used sedaDNA metabarcoding and palynology to
chart the history of aquatic plants in Emu Co for the period from 12.6 cal
ka BP to the present, developed a model to follow Holocene conductivity
variation, and investigated catchment impacts on aquatic conditions of
the lake and the composition of the aquatic macrophytes through
physical and chemical proxies. The period from 12.6 to 9.7 cal ka BP was
a time of high conductivity in the lake due to high evaporation, but
temporally high inputs of glacial meltwater and freshwater recharge
from precipitation reduced the conductivity of the lake, eventually
leading to a decrease in the dominance of taxa characterised by high
conductivity. Climate instability-induced pulses of freshwater explains
the strong fluctuations in lake conductivity during the early Holocene.
After 8 cal. ka BP, the development of freshwater taxa was further cat-
alysed by a warmer and wetter climate and stable lake-water conditions.
After 5 cal. ka BP, cold and arid climatic conditions led to a decline in
lake levels which resulted in a macrophyte richness decline. Further-
more, we assume that sub-optimal conditions for macrophyte growth
supported a shift from an asexual to a sexual reproductive strategy. Since
1 cal. ka BP, macrophytes that can take advantage of nutrient-rich wa-
ters flourished, likely reflecting an increase in human activities.
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