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Lake sediments represent valuable and widely used archives for tracking environmental
and biotic changes over time. Past aquatic communities are traditionally studied via
morphological identification of the remains of organisms. However, molecular identification
tools, such as DNA metabarcoding, have revolutionized the field of biomonitoring by
enabling high-throughput and fast identification of organisms from environmental samples
(e.g., sediments and soil). Sedimentary ancient DNA (sedaDNA) metabarcoding, an
approach to track the biodiversity of target organisms from sediment cores, spanning
thousands of years, has been successfully applied in many studies. However, researchers
seldom explore how well the signals from sedaDNA data correlate with the fossil records of
target organisms. This information is essential to infer past environmental conditions and
community changes of bioindicators when the increasingly popular molecular identification
method, metabarcoding, is desired instead of a morphological identification approach. In
this study, we explore the correlations of diatom valve records across the last ~940 years
with the diatom sedaDNA metabarcoding data from the same sediment core from lake
Nam Co (Tibetan Plateau). Overall, the results from valve vs. sedaDNA data revealed
concordant diatom richness as well as community patterns. However, several mismatches
in the diatom taxonomic composition existed between the data sets. In general, sedaDNA
data harbored much higher diatom diversity, but due to the lack of reference sequences in
public databases, many molecular units (amplicon sequence variants) remained
unclassified to lower taxonomic levels. As our study lake, Nam Co, is characterized by
brackish water and alkaline pH, some likely cases for the observed taxonomic composition
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mismatches may be due to a valve dissolution issue. Nevertheless, significant drivers for
the diatom richness and community structure largely corresponded between data sets.
Both valve and sedaDNA data demonstrated similar breakpoints for historical diatom
community shifts. A particularly strong shift in the diatom community structure occurred
after ~1950 CE, which may be associated with abrupt environmental changes on the
Tibetan Plateau. Altogether, our study indicates that environmentally driven signals
reflected by the diatom communities are successfully recovered via microfossil as well
as molecular identification methods.

Keywords: SedaDNA, Tibetan Plateau, Lake Nam Co, metabarcoding, microscopy, sediment core

INTRODUCTION

Various pieces of information hidden in lake sediments are
widely used to infer past environmental conditions over long
time periods (Capo et al., 2021). Some of the most important clues
about the past environment may be obtained through studying
community structures of bioindicator organisms. These groups of
organisms respond quickly to the changes in their environment,
thus indicating the environmental condition of their habitat.
Among the most widely used environmental indicators are
diatoms (Bacillariophyta) because of their sensitivity to a
variety of ecological conditions and their high abundance in
aquatic ecosystems with usually well-preserved valves in the
sediments (Reid et al., 1995; Smol and Douglas, 1996; Lobo
et al., 2016).

The investigation of diatoms in the sediments has largely relied
on morphological identifications of their remains. The integrity of
diatom records in the sediments is a main concern if the fossil
assemblages are used to infer paleo-environmental conditions
(Flower and Ryves, 2009). After the completion of the diatom’s
life cycle, the remaining valves are subject to a variety of
taphonomic processes that may modify the fossil archive in
the sediments. Some of the important factors affecting diatom
preservation are pH and salinity of the environment, as well as
sedimentation rate (Flower, 1993; Ryves et al., 2006). One of the
hot spots for paleo-environmental studies—besides polar
regions—is the Tibetan Plateau, which harbors many lakes
that are characterized by saline, high pH waters (Mianping,
1997). Although the increased salinity and pH potentially
favors diatom valve dissolution in the lake sediments (Flower,
1993; Ryves et al., 2001; Ryves et al., 2006), several studies have
used diatom fossil assemblages from Tibetan lake sediment cores
to infer paleo-environmental conditions (e.g., Wang et al., 2011;
Kasper et al.,, 2013; Laug et al., 2021). Diatom dissolution indices
(such as mentioned in Flower and Ryves, 2009) have rarely been
calculated to evaluate the integrity of diatom fossil records from
Tibetan lake sediment cores. However, the dissolution effect of
diatom valves seems to be evident as, for example, from Taro Co,
Laug et al. (2021) reported completely dissolved or very low
abundance of diatom records beyond core depth 110cm
(>3,600 cal. year BP) with the increasing diatom concentrations
towards the upper core layers. From more saline lakes, Chen Co
and Nam Co, Wang et al. (2011) noted that the deeper sediment
layers, already beyond ~20cm, were affected by diatom

dissolution. Therefore, deeper core layers were discarded from
the analyses and the temporal scale of the latter study could focus
only on the last two centuries. Similarly, working with the
sediment core from Nam Co, Kasper et al. (2013) reported
poor preservation of diatom valves, already starting from the
5th cm of the core. Therefore, the preservation of diatom valves
may largely shape the conclusions made based only on their fossil
records (Flower and Ryves, 2009; Smol and Stoermer, 2010).
With the rapid development of high-throughput DNA
sequencing technologies, since the beginning of the 2Ist
century, there has been increasing interest in DNA-based
methods in paleolimnology (Domaizon et al., 2017; Capo
et al., 2021). These methods have made it possible to trace the
historical changes of even non-fossilized organisms (Li et al,
2016; Stivrins et al., 2018; Liu et al., 2021; Talas et al., 2021).
Studies comparing the recovered diatom community
compositions from the top lake sediment layers have reported
highly correlating results between morphological and DNA-
based identification (i.e., metabarcoding) data sets (Dulias
et al, 2017; Piredda et al., 2017; Stoof-Leichsenring et al.,
2020; Kang et al, 2021). This suggests that sedimentary
ancient DNA (sedaDNA) analyses could serve as a
complementary tool to investigate the past diatom community
structures from the sediment cores when the fossil preservation
could be an issue. However, the molecular methods applied to
modern sediments (top sediment layer) cannot be
straightforwardly used for analyzing older sediment layers to
capture informative DNA fragments from sedimentary ancient
DNA (sedaDNA). The DNA in older sediment deposits is often
too fragmented to amplify >300 bp regions of the rbcL gene, a
standard genetic marker in diatom metabarcoding studies
(Vasselon et al, 2017; Kelly et al, 2020). Therefore,
researchers have developed DNA primers to amplify short
(<100 bp), taxonomically informative fragments of the rbcL
gene to track the diatom community changes in sediment
cores (Stoof-Leichsenring et al, 2012). That first diatom
sedaDNA study by Stoof-Leichsenring et al. (2012) also
demonstrated that the results from morphological and
DNA-based diatom identification methods
correlated. Subsequent studies applied the same DNA
markers for diatom sedaDNA analyses and reported results
concordant with those from microscopic analyses of diatom
valves (Epp et al., 2015; Stoof-Leichsenring et al., 2020), as well
as the potential of DNA-based methods to reveal higher

were well
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taxonomic resolution (Stoof-Leichsenring et al., 2014; Stoof-
Leichsenring et al., 2020).

Previous studies comparing the morphology and DNA-based
methods for diatom identifications have worked with sediment
cores from freshwater systems where the preservation of valves as
well as DNA is expected to be favorable. A recent study about
plant DNA preservation in the sediments suggested that lakes
with pH 7-9 and conductivities with 100-500 uS/cm may have
better preservation of sedimentary DNA compared to lakes with
higher or lower values of latter measures (Jia et al, 2021).
However, sedimentary DNA studies to identify diatom (Kang
et al, 2021) and ostracod (Echeverria-Galindo et al., 2021)
communities indicated the potential of DNA metabarcoding in
the environmental settings of the lake Nam Co with conductivity
>1,400 uS/cm and pH ~9. Although the overall diatom
community patterns matched well between morphological and
DNA-based identification methods in the study by Kang et al.
(2021), it also indicated that the diatom species with fragile valves
may be missed via microscopical analyses due to the dissolution
effect. Here, we aim to further investigate the consistency of
diatom communities identified via microscopy and DNA
analyses by examining a sediment core from a brackish, high
pH Tibetan lake, Nam Co.

METHODS
Sampling

On September 1, 2019, a 107-cm-long sediment core was taken
from the eastern part of lake Nam Co (30.812°N 90.992°E, altitude
4623 m asl; Figure 1) at a water depth of 27 m with a UWITEC

piston corer. Nam Co is a brackish lake (2 g/L) with an average
conductivity of 1447 uS/cm and pH of 9.1 (measured in
September 2019). After retrieving, the sediment core was
stored in the dark at ~10°C for a few days. The core was cut
lengthwise at the Lhasa campus of the Institute of Tibetan Plateau
Research (ITP), Chinese Academy of Sciences (CAS). The split
core was transported to the laboratory of the Beijing campus of
the ITP and stored at 4°C for subsequent analyses (beginning of
October 2019).

Geochemical Analysis and Dating

One-half of the core was subjected to x-ray fluorescence (XRF)
analyses with the ITRAX XRF core scanner at ITP, Beijing. The
scanner was equipped with a molybdenum (Mo) tube as an
energy source, with a voltage of 30kV, a current of 50 mA,
and an exposure time of 10s. Elements, such as silicon (Si),
sulfur (S), potassium (K), calcium (Ca), titanium (Ti), chromium
(Cr), manganese (Mn), iron (Fe), nickel (Ni), zinc (Zn), rubidium
(Rb), strontium (Sr), and zirconium (Zr) were analyzed as relative
abundance at a 0.1-mm resolution. The scanning results are
presented as counts per second (cps; Supplementary Table
S1). Total organic carbon was determined by loss on ignition
(LOI1%) measured at the ISE-CNR Institute of Ecosystem Study,
Italy (Heiri et al., 2001). After XRF scanning, the same core half
was sub-sectioned at 0.5-cm intervals and subjected to freeze-
drying. A total of nine sub-sections with bulk organic material
(Supplementary Table S2) were dated by accelerator mass
spectrometry radiocarbon dating (14C-AMS) at Beta Analytic
Inc., Miami, United States. Samples from the upper 20 cm were
subjected to *'’Pb and '*’Cs measurements with a gamma
spectrometer  (GCW3023, Canberra-Meriden, =~ Meriden,
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Connecticut, United States) at ITP-CAS for detecting the year
1950—a representative year of standard radiocarbon activities
before the influence of nuclear weapon tests (van der Plicht and
Hogg, 2006). All ages were calibrated to 2 sigma weighted mean
ages using the IntCal 20 (Northern Hemisphere) data set (Reimer
et al.,, 2020). The calibrated age-depth model was built using the
Bacon’s R algorithm (Blaauw and Christen, 2011). According to
the age model (Supplementary Figure S1), the core depth of
9.5 cm corresponds to year 1950 CE. All ages are expressed in
calendar years of the Common Era (CE), representing the
weighted mean age of the core layer (Supplementary Table
§2). The samples from this core half were also used for
morphological identification of diatom valves.

Morphological Identification of Diatom

Valves

Morphological identification of diatom valves followed the
procedures specified in Kang et al. (2021). Specifically, 0.1 g of
freeze-dried sediments per sample was treated with 10%
hydrochloric acid (HCl) and 30% hydrogen peroxide (H,O,)
in tubes placed in a water bath at 80°C for 2-3h to remove
carbonates and organic matter. After fixing the samples to
microscope slides, at least 400 valves were identified using a
light optical microscope (Leica DM6B, magnification x1,000).
Additionally, scanning electron microscope images were taken
using a Zeiss MERLIN instrument to aid with the identification.
The morphological identification of diatoms was mainly based on
general floras, such as Lange-Bertalot et al. (2017), the Diatoms of
North America website (https://diatoms.org/), and Morales and
Edlund (2003) for fragilarioid species. A total of 49 samples (up to
51 cm core depth) were examined. The sample layers from the top
of the core (0-13cm depth) were examined with 0.5-cm
resolution, and all others were examined with 1-cm resolution
(Supplementary Table S3). A total of 135 diatom morphospecies
were identified from those samples (Supplementary Table S3).

DNA Extraction

The second half of the core was dedicated to sedaDNA analyses.
Samples for DNA extractions were taken after every centimeter
along the core with a spatula (head size of 0.45cm) by first
removing the top ca. 5-mm layer with a separate spatula (head
size of 1 cm). Spatulas were sterilized in 5% bleach, followed by
washing in ethanol and removing the remaining ethanol over the
flames of the spirit burner after each sample processing. Two
replicate samples per 1-cm layer were taken for DNA extraction.
Each sample consisted of ~0.5g of sediments (wet weight).
Uncapped PowerBead Tubes under a clean bench, where the
DNA extraction work was simultaneously performed, were used
as negative controls for DNA extraction (total = 6 negative DNA
extraction controls). DNA was extracted using the DNeasy
PowerSoil Kit (Qiagen, Germany). The first step of DNA
extraction included incubating samples in PowerBead Tubes
with 60 ul of solution C1 (PowerSoil Kit solution), 4 ul of
proteinase K, and 25yl of dithiothreitol (DTT) for about 10 h
at 56°C. After incubation, samples were processed using a
FastPrep-24 homogenizer for 40 s. The final DNA elution step

Diatom Valves vs. SedaDNA

was performed twice by first adding 35 pl of elution buffer to the
center of the spin filter membrane, incubating samples at room
temperature for 3 min followed by centrifuging at 10,400 rpm for
30 s; then, this step was repeated (total volume of 70 pl of elution
buffer passed through a filter membrane per sample). Other steps
followed the manufacturer’s instructions. Two replicate DNA
extractions per sample were pooled and DNA concentration was
measured using Qubit dsDNA High-Sensitivity Assay Kit
(Invitrogen). Samples were stored at —80°C until further
processing. DNA extraction was performed under a dedicated
clean bench that was cleaned with 5% bleach and UV sterilized
before and after work.

Primers for Polymerase Chain Reaction
Primers to amplify short rbcL gene fragments for diatom
identification purposes from sedaDNA samples have been
designed in an earlier study by Stoof-Leichsenring et al.
(2012). To check the potential suitability of these primers on
our study system (lake Nam Co), the in silico amplification
success of them against the diatom amplicon sequence
variants (ASVs) data set from lake Nam Co (Kang et al,
2021) and against a specialized reference sequence database
for diatoms [R-syst v7.2 (Rimet et al., 2016)] was tested. For
that, PrimerMiner v0.21 (Elbrecht and Leese, 2017) with default
primer scoring parameters was used. To generate a primer
evaluation database for PrimerMiner, diatom ASVs from Kang
et al. (2021) were clustered with a 97% sequence similarity
threshold [vsearch cluster_fast (Rognes et al, 2016)].
Sequences from the R-syst database were dereplicated
[unige.seqs using mothur (Schloss et al, 2009)] and reads
lacking either forward or reverse primer binding sites (target
~80bp) were excluded (Supplementary Table S4). Both
databases were aligned with MAFFT v7 (Katoh et al, 2019)
using default settings. Primers from Stoof-Leichsenring et al.
(2012) demonstrated in silico amplification success only up to
75.1% and 56.4% of reads from diatom ASVs (Kang et al., 2021)
and R-syst database, respectively (Supplementary File S1);
therefore, these primers were modified to potentially amplify a
wider range of diatoms. Primer modifications were manually
made based on the above specified database alignments,
visualized in Seaview (Gouy et al, 2010). Best-performing
modified primers were Diat_rbcl,_709F (5'-GGT GAA RYT
AAA GGT TCW TAC TTD AA-3') and Diat_rbcL_808Rd
(3'-GTR TAA CCY AWW ACT AAR TCR ATC AT-5") that
demonstrated in silico amplification success of 99.2% and 98.7%
of reads from diatom ASVs (Kang et al, 2021) and R-syst
database, respectively (details in Supplementary File S1). Bold
characters in the primer sequences denote bases modified in
comparison with Stoof-Leichsenring et al. (2012) primers
Diat_rbcL_708F and Diat_rbcL-808R.

Amplification and Sequencing

Sample preparations for PCR were performed under a dedicated
clean bench that was cleaned with 5% bleach and UV sterilized
before and after work. Short, 73-bp rbcL fragments (excluding
primers) from the sediment core samples were amplified using
herein designed primers Diat_rbcL_709F (5'-GGT GAA RYT
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AAA GGT TCW TAC TTD AA-3') and Diat_rbcL_808Rd (3'-
GTR TAA CCY AWW ACT AAR TCR ATC AT-5%
Supplementary File S1). Primers were indexed with 8-bp
unique identifiers and 0- to 4-bp heterogeneity spacers.
Combinatorial indexing was used where several unused
combinations served as tag-switching controls (Taberlet et al,
2018). Total volume of 50 ul of PCR mix per sample consisted of
10 pl of Hot Start FirePol Master Mix (Solis BioDyne, Estonia),
1 ul of forward and reverse primer (10 uM), and a template DNA
concentration of 4 ng/ml. The rest of the volume was filled with
nuclease-free water. Samples without any template DNA were
used as negative controls for PCR (total = 7 negative PCR
controls). PCR conditions included initial activation at 95°C
for 15min followed by 50 cycles at 98°C for 20s, 54°C for
455, 72°C for 1min, and final extension at 72°C for 5 min.
Two uniquely indexed replicate PCRs were made per sample
and their success checked during gel electrophoresis by pipetting
5 ul of PCR product on 1% agarose gel. All PCR products were
purified using the MinElute PCR Purification Kit (Qiagen,
Germany), following the manufacturer’s protocol. Samples
were pooled in equimolar concentrations for sequencing.
Sequencing was performed with an Illumina NextSeq 550
System, using the high-output kit to generate 2 x 150 bp
paired-end reads. Raw sequencing data have been deposited in
the Sequence Read Archive (SRA) wunder BioProject
PRJNA781478.

Sequencing Data Processing

Raw paired-end sequences were processed using the PipeCraft
(Anslan et al., 2017), version 2.0 (release 0.1.0; https://pipecraft2-
manual.readthedocs.io/en/stable/), which incorporates the
following tools in a graphical user interface platform. Since the
sequence orientation in raw data is mixed (5'-3' and 3'-5'
oriented reads), the paired-end reads were first reoriented to
5'-3' based on PCR primer strings (by allowing 2 mismatches).
Primers were then clipped from the reoriented amplicons using
cutadapt v3.2 (Martin, 2011). Amplicon sequence variants
(ASVs) were generated using the DADA2 pipeline (Callahan
etal.,, 2016) with quality filtering options of maxN = 0, maxEE = 2,
truncQ = 2 and minLen = 45. Putative chimeras were removed
with the “consensus” option in the DADA?2 pipeline. The blastn
algorithm (Camacho et al., 2009) was used to assign taxonomy to
the ASVs using diatom specific R-syst v7.2 (Rimet et al., 2016)
and additionally general EMBL v143 (Kanz et al., 2005) as
reference databases.

ASV Table Curation

Potential tag-switching errors were corrected using the unused index
combination controls (at PCR step) based on the relative abundances
of sequences in these control samples (Taberlet et al, 2018).
Specifically, if a relative sequence abundance in the ASV table
was lower than 8E-05, then this low occurrence ASV record in a
sample was considered as an artifact and therefore discarded. This
procedure removed a total of 0.035% of sequences. After this
correction, no sequences remained in the negative controls (DNA
extraction and PCR negative controls), indicating no obvious
contamination. Furthermore, to exclude potentially non-target

Diatom Valves vs. SedaDNA

taxa (non-diatom ASVs), only ASVs that demonstrated a blastn
match coverage and identity of >90% against a reference diatom
sequence were considered as diatom ASVs and retained in the data
set. This procedure removed 86 ASVs and kept 360 diatom ASVs.
The total proportion of sequences from non-diatom ASVs
accounted for 10.1%. Three most abundant non-diatom ASVs
were identified as unicellular eukaryotic algae from Eustigmatales
(likely Nannochloropsis sp.) that accounted for 94.4% of reads among
all non-diatom ASVs. PCR and sequencing replicates per sample
were pooled (because replicates demonstrated significantly high
correlations, Mantel R = 0.776, p < 0.001) and the data set was
rarified to an equal depth of 30,979 sequences per sample using
vegan v2.5.7 (Oksanen et al., 2020) package in R (R-Core-Team,
2021). Rarefaction curves are presented in Supplementary Figure
S1. The rarefied sedaDNA data set corresponding to the sediment
core layers (samples) where diatom valves were morphologically
identified (36 samples from the sediment core up to 51 cm depth)
consisted of 357 diatom ASVs.

Taxonomy curation of the diatom ASVs for genus and family
levels followed the blastn identity percentage thresholds of >98%
and 96%-98% against a reference sequence in the databases,
respectively. Other diatom ASVs with identity percentage
thresholds of 90%-94% and 94%-96% remained to phylum
and class level, respectively. Higher-level taxonomic (above
genus) classifications of the diatom genera followed the
classifications in AlgaeBase (Guiry et al, 2014). Final
sedaDNA diatom ASV table used for the analyses is presented
in Supplementary Table S5.

Statistics
SedaDNA samples were taken by sampling the core layers in 1-
cm intervals (1cm resolution), but for the morphological
identification, the top 13 cm of the core was examined with
0.5cm resolution (i.e,, 2 samples examined, and 800 valves
identified per 1-cm layer). From the following layers, 400
valves were identified per sample (Supplementary Table S3).
To form a 1-cm-resolution diatom valve data set, 0.5-cm-
resolution samples were merged and then subjected to
repeated sampling procedure (rarefaction) to a depth of 400
valve counts per sample using the “phyloseq” v1.34.0
(McMurdie and Holmes, 2013) package in R (rarefaction
curves in Supplementary Figure S2). The rarefied valve data
set [400 valves per 1-cm core layer (ie., sample); 103 diatom
morphospecies; Supplementary Table S3] and sedaDNA data set
(30,979 reads per sample; 357 diatom ASVs; Supplementary
Table S5) were subjected to the following statistical analyses (36
corresponding samples from both data sets).

Distance-based redundancy analysis (dbRDA) was conducted in
R using the “vegan” v2.5.7 package. Environmental variables included
log-transformed data from XRF scanning, Ti, Ca, Ni, Ca, and Zr/Rb
ratio as grain size proxy and Sr/Ca ratio as salinity proxy. The latter
variables represent a set of pre-selected non-highly correlating
variables as based on the Spearman correlation test. Variable
correlation plot was conducted using “corrplot” v0.88 (method =
“spear”; Wei et al., 2017; Supplementary Figure S2). Additionally,
LOI% (log-transformed) and reconstructed temperature data were
used as predictor variables in the analyses. The temperature data
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between 1000 and 1980 CE included the reconstructed Northern
Hemisphere (NH) mean surface temperature anomaly from Mann
and Jones (2003). Because of the relatively short time regional
temperature data recordings, the global mean temperature change
after 1980 was integrated with NH mean surface temperature
anomaly using linear interpolation in order to extend the time
series for the whole time period of the sediment core (Collins
et al, 2013). Temperature anomaly data per sediment sample
correspond to the top of the layer age (Supplementary Table S1).

The correlation between diatom valves and sedaDNA dbRDA
ordinations was assessed with Procrustes analysis (with 9999
permutations) using the “vegan” package in R. Environmental
vectors were fitted onto ordinations using envfit function (with
9,999 permutations) as implemented in the “vegan” package.
Distance-based linear models (DistLM; 9,999 permutations, AICc
selection criterion) with backward selection procedure were used
(in PRIMER v6; Clarke and Gorley, 2006) to detect
environmental variables that best explain the variations in
diatom community structures. Constrained hierarchical
clustering was performed using the rioja v0.9-26 package in R
(method = “coniss”; Juggins, 2020). Additionally, multivariate
regression tree (MRT) analysis was used [mvpart v1.6-2 package
(De'ath, 2014) in R] to identify major breakpoints in the diatom
community time series [1,000 cross-validated trees, selection of
tree with one standard error (1se) cross-validation]. Analysis of
Similarities (ANOSIM as implemented in the “vegan” package;
9,999 permutations) was used to test if diatom communities are
significantly different between samples grouped by MRT
breaking points. SIMPER analysis (in PRIMER v6) was used
to detect which morphospecies/ASV's have the greatest impact on
the dissimilarity between groups detected by MRT. Bray-Curtis
distance matrices of Hellinger-transformed data served as inputs
for all community analyses.

Multiple linear regressions (MLR) with forward stepwise
model building were performed for detecting the drivers in
diatom richness in both data sets, valves and sedaDNA, using
STATISTICA software v7 (StatSoft I, 2004). Dependent variables
for the diatom valve data set included log-transformed effective
number of morphospecies (valve data) and ASVs (sedaDNA
data). Effective numbers of morphospecies/ASVs (Hill
numbers) were calculated following guidelines by Alberdi and
Gilbert (2019) setting parameter q to 1 (morphospecies/ASVs are
weighted by their frequency, without disproportionately favoring
either rare or abundant ones). Hill numbers may limit the impact
of potentially erroneous ASVs and allow adjusting the weight of
common and rare molecular units; thus, they are suggested to be
used as biodiversity measures for environmental DNA data
(Chen and Ficetola, 2020). Environmental variables for MLR
were the same as noted above.

RESULTS

Diatom Community Correlations Between
Valves and SedaDNA Data

The comparison of consistency in recovered diatom communities
with valves and sedaDNA data using Procrustes test revealed a

Diatom Valves vs. SedaDNA

significant correlation between the community structures
(dbRDA ordinations; Procrustes correlation = 0.717, p < 0.001;
Figure 2). For the valve data set, the model chosen by the DistLM
analyses identified temperature, grain size proxy (Zr/Rb), Ti, and
LOI (order of importance; Supplementary Table S6) as the most
important variables explaining the variation in diatom
community composition (model R* = 0.480). For the
corresponding samples in sedaDNA data, the DistLM model
included temperature, grain size proxy (Zr/Rb), and Ni (R* =
0.276). Constrained hierarchical clustering (CONISS) revealed
highly correlating discontinuities of diatom communities
between valves and sedaDNA data sets (Figure 3).
Multivariate regression trees (MRT) separated diatom
communities into two groups (based on temperature data) by
indicating abrupt diatom community changes after ~1950 CE in
both data sets (cross-validation error = 0.817 and 1.02 for valves
and sedaDNA, respectively). ANOSIM analyses based on the
MRT grouping revealed significant differences between those two
groups in both data sets (ANOSIM R = 0.823, p < 0.001 and R =
0.463, p < 0.001 for valve and sedaDNA data sets, respectively).
Samples from the upper core layers (~1955-2019 CE)
demonstrated an eminent increase of Pseudostaurosira
polonica and decrease of Amphora pediculus + indistincta
(represents the merged morphospecies of A. pediculus and A.
indistincta) in the valve data set (Figure 4A). Correspondingly,
for the same sample sets in the sedaDNA data, a notable increase
of Pseudostaurosira and decrease of Amphora was observed
(Figure 4B). These taxa were the most dominant ones in both
data sets (in terms of number of valves and sequences). The
counted number of valves and number of sequences per sample of
these dominant taxa demonstrated significant correlations (n =
36, Spearman R = 0.612, p < 0.001 and Spearman R = 0.404, p =
0.015 for Amphora and Pseudostaurosira, respectively;
Supplementary Figure S4). SIMPER analysis revealed that
species of Pseudostaurosira and Amphora posed the greatest
contribution to the dissimilarity between both diatom
community groups established by MRT (Supplementary
Table S6).

Diatom Richness in Valves vs. SedaDNA
Data

The rarefaction curves demonstrated that the number of
sequences per sample in relation to the detected number of
ASVs reached a plateau, thus indicating a sufficient
sequencing depth (Supplementary Figure S2). However, the
number of identified morphospecies at the valves count cutoff
level of 400 still exhibited continuous increase of the rarefaction
curve (Supplementary Figure S2). This suggests that increasing
the number of diatom valves per sample potentially results in a
higher number of identified morphospecies. Nevertheless, there
was a significant (but moderate) correlation between the effective
number (ql) of diatom morphospecies detected and ASVs per
sample (Spearman R = 0.495, p = 0.002). Interestingly, the
effective number of both the morphospecies and ASVs showed
a decline towards the upper core layers (n = 36, Spearman R =
-0.394, p = 0.017 and Spearman R = -0.689, p < 0.001,
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FIGURE 2 | Procrustes test plot demonstrating the doRDA ordination correlations between diatom communities recovered in valves (gray circles) and sedaDNA
(black circles) data. The gray dashed lines point to the configuration in valve data ordination. Dark gray numbers (from 1070 to 2019) denote sample names, which
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respectively; Figure 5). The drop in diatom richness was
especially notable from the breaking point detected by MRT
(after ~1950 CE; Figure 5). The most significant variable affecting
the diatom richness as based on multiple linear regression (MLR)
analyses was the grain size proxy (Zr/Rb) in both data sets (model
F 34 = 21.687, Rig; = 0.371, p < 0.001 and F, 34 = 37.746, Rag; =
0.512, p < 0.001, for valves and sedaDNA data, respectively). The
grain size proxy moderately (but significantly; Spearman R =
0.629, p < 0.001) correlates with the temperature data. Therefore,
simple regression analyses also demonstrated a relatively strong
and significant effect of temperature (F; 34 = 5.865, Rﬁdj =0.147,
p = 0021 and Fy3 = 23.192, R = 0388, p < 0.001; for
morphospecies and ASV richness, respectively). The salinity
proxy was a marginally “non-significant” predictor for ASV
richness (F, 34 = 4.005, Rﬁdj = 0.105, p = 0.053), whereas it had
a negligible effect on richness in the valve data (F, 34 = 0.434, Rﬁdj
=0.013, p = 0.515). However, simple regression analysis detected
the significant effect of nickel (Ni) in the morphospecies richness
data (F, 34 = 6.721, Regj = 0.140, p = 0.014).

Taxonomic Composition

The taxonomic composition between data sets was compared
merging the morphospecies and ASVss to the genus level (merging
taxa from the same genus using the phyloseq package in R). Via
microscopy, 48 diatom genera were identified, while sedaDNA
data harbored ASVs from 37 genera (Figure 6). However, the
classification of 50.3% of ASVs remained at higher taxonomic
levels due to low thresholds (see Methods, ASV table curation)
against reference sequences. Clustering those 180 ASVs
(unclassified to genus level) at a relaxed threshold of 94%

sequence similarity (using vsearch --cluster_size, --iddef 2)
resulted in 54 clusters. This suggests that sedaDNA captured a
much higher diversity of diatoms, of which many taxa, however,
remained unclassified to lower taxonomic levels because of the
missing reference sequences.

The most abundant morphologically identified genera that
were missing from the sedaDNA data set were Karayevia (total of
1263 counted valves) and Cocconeis (228 valves). Other 18 genera
in valve data that were not represented in sedaDNA data were
much less abundant, with an average of <3 valves counted per
sample (Figure 6). Most abundant genus level taxa detected with
sedaDNA that were absent from the valve data set were
Scoliopleura (total of 7,813 reads) and Iconella (4,658 reads).
These taxa had an average read count of >245 per sample.
Amphipleura (in 3 samples), Gedaniella (in 9 samples), and
Fragilaria (in 3 samples) in the sedaDNA data, but missing
from the valve data, were represented with an average of >46
reads per sample.

DISCUSSION

Here, we compared the diatom community structures from sediment
deposits, ranging over the last millennia, recovered via morphological
and sedaDNA analyses from a brackish, high-pH Tibetan lake. Most
dominant taxa (Amphora and Pseudostaurosira) were well
represented in both data sets and demonstrated similar changes
across the samples. The diatom assemblages as well as richness of
morphospecies and ASVs demonstrated correlating patterns with
largely concordant responses to the predictor variables.
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Like in many alpine ecosystems across the globe, increases in
air temperature have been registered on the Tibetan Plateau,
especially after the 1960s (Wang et al., 2008; Guo and Wang,
2012). Consequently, the water temperature of the lakes has also
increased (Wan et al., 2018), including the water temperature in
our study lake, Nam Co (Huang et al., 2017). Along with Nam Co,
the warming-induced changes have led to the surface area
expansion of many lakes on the Tibetan Plateau (Liao et al,
2013; Anslan et al,, 2020), with potential changes in other lake
properties. The temperature reconstruction data used herein
suggests a trend of a relatively strong temperature increase
from the beginning of the 20th century (Figure 3C). This shift
in the temperature may be the cause of past and ongoing changes
in lake properties that affect the diatom communities (Riithland
et al,, 2015). Accordingly, the most important predictor variable
in our data set was temperature, which explained the largest
amount of variance in diatom community composition
(Supplementary Table S6). From both data sets (valves and
sedaDNA), a significant breaking point for diatom community
composition was identified after ~1950 CE (Figure 3).
Subsequent to this breaking point, a notable drop in richness
was observed, for both effective number of morphospecies and
ASVs (Figure 5). Although the most significant variable
predicting diatom richness was the grain size proxy (Zr/Rb), it

is important to highlight that this variable significantly correlates
with temperature. Coarser grain size with an increase in silt and
sand are reflected by higher Zr/Rb ratios (Dypvik and Harris,
2001; Chen et al., 2006; Wang et al., 2015), suggesting an increase
in precipitation and meltwater (due to higher temperatures). This
enhances erosion from the catchment of Nam Co and,
consequently, the transport of this material into the lake
(Schutt et al., 2010). Thus, one of the factors possibly
contributing to the decreases in diatom richness is the
increased water turbidity (Vorobyeva et al., 2015). The decline
in diatom species richness towards the recent century has also
been found in other studies (Sorvari et al., 2002; Vorobyeva et al.,
2015), with shifts in community composition around the decade
of the 1960s (Yan et al, 2018). That this same pattern is
reproducibly encountered in our valves and sedaDNA data
sets demonstrates that both methods were able to recover
major signals in the temporal dynamics of the diatom
communities.

Although the general community and richness patterns
matched well, there were substantial taxonomic mismatches
between our valves and sedaDNA data sets (i.e., some taxa
were found only via microscopy, but not in sedaDNA data,
and vice versa; Figure 6). This was expected as the reference
sequence libraries are far from being complete for diatoms (Stoof-
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Leichsenring et al., 2014; Rivera et al., 2018; Kang et al,, 2021).
About 50% of ASVs in the sedaDNA data set remained
unclassified to lower taxonomic levels, such as genus or
species. Therefore, several genera were present in the valve
data but were missing from the sedaDNA data (such as
Karayevia, Cocconeis, and Platessa; Figure 6). Due to the lack
of reference sequences for Karayevia, ASVs could not be assigned
to the latter genus; thus, they are possibly represented in the
sedaDNA data as unclassified genus. Several reference sequences
are available for Cocconeis, but some ASVs demonstrated a
sequence identity match of 95.9%-97.3%. According to the
taxonomy annotation criterion used herein (>98% for genus
level), these ASVs were assigned to only family level
(Cocconeidaceae). However, the boundaries between inter- and
intrageneric divergence of the short rbcL marker for diatoms are
not clear. Therefore, these ASVs demonstrating <98% similarity
against available Cocconeis reference sequences could possibly
represent the latter genus. An additional factor affecting the
potential absence of Cocconeis from sedaDNA data is the
presence of two mismatches within the used forward primer.
Mismatches at the positions 9 (T-A) and 21 (C-T) of the primer
sequence are likely not too critical, but we cannot exclude the
possibility that these have hampered the amplification success of

DNA fragments from Cocconeis. Other “missing” genera from the
sedaDNA data set were represented in very few numbers of
counted valves in the latter data set. Rare taxa may be often
missed with DNA metabarcoding (Kermarrec et al., 2013; Kang
et al.,, 2021; possible reasons explained within). However, the
potential taxonomic mismatches between data sets may also
result from inter-investigator variation depending on changes
in diatom taxonomy and the use of synonymous names (Kang
etal.,, 2021). For example, the basionyms of Cavinula lapidosa and
C. pseudoscutiformis identified via microscopy in our study
correspond to Navicula species. Currently, there are no
reference rbcL sequences for Cavinula; thus, none of the ASVs
could be annotated to the latter genus, whereas many ASVs
corresponded to Navicula sp. Therefore, it is possible that some
ASVs assigned to Navicula correspond to Cavinula in the valve
data set, because the use of synonyms (and misidentified taxa) is
not uncommon in the public databases (Fort et al., 2021). Despite
the gaps in the reference databases, the sedaDNA data set
contained a much higher diversity of diatoms. Clustering the
ASVs that remained unclassified to the genus level (at 94%
sequence similarity threshold) formed more than 50 diatom
genetic lineages, which already exceeds the total number of
genera identified via microscopy. Although 94% sequence
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(Supplementary Table S2)]. The red vertical line denotes the breaking point detected by multivariate regression trees (MRT; for community data). Curves across the

similarity threshold might not always correspond to intergeneric
divergence of diatoms in this short rbcL fragment, based on the
examination of the 10 best blastn hits for the ASVs, this threshold
indeed often separated diatom ASV from different genera.
Notably, the valve data set completely lacked species from the
family Fragilariaceae, whereas five ASV's with a total of more than
30,000 reads were present in the sedaDNA data set. Since delicate
taxa are more strongly subjected to dissolution compared to
heavily silicified ones (Smol and Stoermer, 2010), we
hypothesize that species from Fragilariaceae may be missed by
microscopy, rather than represent artificial ASVs in the sedaDNA
data. This hypothesis is somewhat supported by the fact that the
valves of Fragilaria are especially subject to dissolution (Barker
et al,, 1994). Likewise, the genera Amphipleura and Entomoneis
have weakly silicified valves, thus also likely missing from the
valve data set because of the dissolution effect. It is noteworthy
that genus Gedaniella (Fragilariaceae; found only in the sedaDNA
data set) was created based on molecular information (Li et al.,
2018; Morales et al., 2019). Because it was poorly defined in the
original study (Li et al., 2018), it is not considered as a valid genus
by diatomists working with morphological data, and species

attributed  to  Gedaniella are rather identified as
Pseudostaurosira or Sarcophagodes (Morales et al, 2019).
Interestingly, the most abundant genera (in terms of
sequences) that were absent in valve data, but detected via
sedaDNA, were Scoliopleura (Neidiaceae) and Iconella
(Surirellaceae; Figure 5). Species from these genera usually
have relatively heavily silicified and large valves. The
biovolume of the Iconella cell may be up to 1,000 times higher
compared with, for example, Karayevia or Cocconeis species.
Because the copy numbers of the rbcL gene can be highly
correlated with the biovolume of a diatom (Vasselon et al.,
2018), a relatively strong DNA “signal” in relation to the
abundance proportion may have been recorded. Therefore, it
is likely that Iconella and Scoliopleura are over-represented in the
sedaDNA data set but missed from the valve data set because their
valves had rare occurrences (as potential undersampling was
indicated by the rarefaction curves, Supplementary Figure
S2B). Here, compared with the conclusions based on
sedaDNA data, the absence of potentially dissolved or rare
species in the valve data set did not considerably alter the
results. Nevertheless, it is important to consider the integrity
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of fossil records when applying the microscopic approach (Smol
and Stoermer 2010).

Here, we report that the overall diatom richness and
community composition from the sediment core of the
brackish lake Nam Co, covering the last millennium, were
well correlated between valves and sedaDNA data sets.
Therefore, interpretations about the paleo-environmental
conditions (although not the scope of this study) would
likely produce concordant conclusions. Importantly, our
sediment core was taken from a relatively shallow part of
the lake (water depth 27 m) where we did not observe highly
critical diatom valve dissolution effects in our samples. On the
contrary, studies examining sediment cores from much deeper
parts of lake Nam Co (78 and 93 m; Wang et al.,, 2011; Kasper
et al.,, 2013) noted an issue about diatom valve dissolution.
Valve dissolution seems to be a greater concern in sediments
from deeper water depths (Flower, 1993); thus, it is likely that
microscopy and sedaDNA identification methods for diatoms
would produce different results as observed herein when
examining a core from a deeper part of the lake. The
sedaDNA-based work on deep saline or brackish lakes on
the Tibetan Plateau are currently scarce, but working with
the sediment core, taken from 38 m water depth at brackish
Tibetan lake, Dagze Co (pH 10.1), Liu et al. (2021) were able to
amplify and sequence multiple groups of aquatic eukaryotes.
Although it yet remains to be clarified, we therefore
hypothesize that the sedaDNA analyses would capture more
complete community structures of diatoms from the lake
sediments where the valve dissolution effect is severe.

As suggested by our results, sedaDNA metabarcoding
recovers a much higher diversity of diatoms, but many
ASVs could not be identified to lower taxonomic levels—a
limiting factor in cases when the identity of diatom species is

essential for interpreting the results. On the other hand,
classical microscopy may miss diatom taxa playing crucial
roles in the community, as the data may be affected by the low
integrity of the diatom fossil record. Although the salinity and
high pH of our study lake could promote the dissolution of
diatom valves, we found that this was not the major issue for
the sediment core taken from a relatively shallow part of the
lake (water depth 27 m). Clearly, there are trade-offs between
the identification methods; thus, choosing among them (when
both approaches are not feasible) largely depends on the
study aims.
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