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Abstract
Environmental DNA (eDNA) analysis using lake sediment cores can be used to assess populations, dynamics, and histori-
cal changes in ecosystems and environments, based on the DNA composition of micro-organisms and plants. While this 
method has shed light on past environments, a more detailed understanding of past ecosystems requires targeted sediment 
core eDNA analysis focusing on specific species. Here, we focused on the salt-tolerant aquatic plants Stuckenia pectinata and 
Potamogeton pusillus, which are abundant in Lake Shinji and serves as a model system for Japanese brackish lakes, conducted 
species-specific DNA analysis on nine sediment cores 64–379 cm collected from water depth of 4.6–5.1 m. Additionally, we 
performed CNS elemental analysis on these sediment cores to reconstruct the paleoenvironment of Lake Shinji. Our findings 
revealed the presence of S. pectinata and P. pusillus DNA from approximately 2000 years ago, and a clear relationship was 
observed between DNA detection and historical salinity levels in the lake. Stuckenia pectinata tended to have a higher DNA 
detection frequency than that of P. pusillus, possibly related to the different salinity tolerance levels between the two species. 
Based on the relationship between the horizontal–vertical distributions of sedimentary eDNA of aquatic plants and their 
salinity tolerances, the paleoenvironment associated with salinity in Lake Shinji could also be reconstructed. Therefore, it is 
possible to elucidate the long-term dynamics of these plants associated with past environmental change as water pollution, 
using the time-series data on eDNA of macro-organisms, such as aquatic plants, in the sediment cores.
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Introduction

Lake and ocean paleoenvironments have been extensively 
reconstructed by analyzing compositional changes in organ-
isms, including bacteria, plankton, and plants, through 

environmental DNA (eDNA) analysis on sediment cores 
(Ibrahim et al. 2021, 2022; Pedersen et al. 2013). Studies 
have reconstructed past eutrophic environments based on 
cyanobacteria DNA composition (Barrenechea Angeles 
et al. 2023; Mejbel et al. 2023; Zhang et al. 2021) and past 
temperature changes in cold climates by analyzing plant 
DNA composition (De Schepper et al. 2019; Voldstad et al. 
2020). DNA metabarcoding, a method capable of detect-
ing DNA from various organisms, has become the primary 
approach for sediment DNA analysis (Holman et al. 2019). 
However, to achieve a more detailed understanding of 
paleoenvironments, not only the presence/absence but also 
quantitative analysis of the specific species abundance, is 
crucial. While DNA metabarcoding allows for analysis of 
bio composition with DNA obtained from several amplifi-
cation steps, challenges persist in conducting quantitative 
analyses of specific species (Ushio et al. 2018). In con-
trast, species-specific DNA analysis enables the quantifica-
tion of a target species DNA using specific primers designed 
for particular organisms, thus facilitating the estimation of 
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the biomass of a target species from DNA in the water or 
sediment (Hamaguchi et al. 2018; Takahara et al. 2012). 
For instance, species-specific DNA analysis has elucidated 
biomass fluctuations in fish species, such as jack mackerel 
(Trachurus japonicus), from approximately 300 years ago to 
the present in marine sediment cores (Kuwae et al. 2020). 
Another study attempted to explain past seagrass (Zostera 
marina) presence and carbon cycling by detecting seagrass 
DNA for the last 5000 years using marine sediment cores 
(Hamaguchi et al. 2018). Thus, clarifying the historical pres-
ence/absence and biomass of specific macro-organisms like 
fish and aquatic plants by species-specific DNA analysis may 
provide an estimation of past environmental changes and 
ecosystems.

Lake Shinji, located in the northeastern part of Shimane 
Prefecture, is the seventh largest brackish lake in Japan, with 
an area of approximately 79 km2 and a maximum depth of 
approximately 6 m (Fig. 1). It is currently in a low-salin-
ity condition because of the inflow of freshwater from the 
Hii River and high-salinity water from Lake Nakaumi via 

the Ohashi River (Fukuoka et al. 2005). Lake Shinji has 
historically experienced dramatic environmental changes 
due to natural geomorphic changes. It is thought to have 
been connected to the open sea approximately 5000 years 
ago (Tokuoka et al. 1990). However, it is believed to have 
closed off from the sea over time because of a drop in sea 
level and riverine sediment influx (Tokuoka 1996; Tokuoka 
et al. 1990). Approximately 800 years ago, Lake Shinji was 
thought to have started receiving freshwater from the Hii 
River and seawater from Lake Nakaumi, causing low-salin-
ity conditions (Seto et al. 2006).

CNS elemental analysis of sediments serves as a valuable 
tool for understanding environmental changes, particularly 
salinity variations. This method enables the examination 
of carbon, nitrogen, and sulfur concentrations in lake sedi-
ments, providing insights into past freshwater or saltwater 
conditions based on carbon and sulfur concentrations and 
their ratios (Berner and Raiswell 1984). Taking its advan-
tage, paleoenvironmental estimation through CNS elemental 
analysis using sediment cores has been extensively applied 

Fig. 1   Locations of study lake and sampling points. A Japan and its 
surroundings. B Lake Shinji and its surroundings. C Lake Shinji and 
closed circles indicate the points where 9 sediment cores were col-

lected. The maps were sourced and created by editing the Map of 
Geospatial Information Authority of Japan (http://​maps.​gsi.​go.​jp, 
Accessed 4 Apr 2024)

http://maps.gsi.go.jp
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to Lake Shinji of the brackish environment (Sampei et al. 
1997; Seto et al. 2006; Tamura et al. 1996).

Among the primary producers in Lake Shinji, Stuckenia 
pectinata (Stuckenia pectinata Linnaeus; Börner 1912) and 
Potamogeton pusillus (Potamogeton pusillus Linnaeus; 
Raunkiaer 1903) are prevalent perennial aquatic plants 
(Nakagawa and Kunii 2015). Recent environmental changes, 
such as the anthropogenic increase in salinity caused by the 
expansion of the Ohashi River approximately 100 years ago 
(Shimatani and Minagawa 1999) and hypoxic conditions 
(Fujii et al. 2006; Fukuoka et al. 2005), could have affected 
the growth of these aquatic plants and other organisms in 
Lake Shinji (Yamamuro 2012). However, suitable habitats 
for salt-tolerant aquatic plants, such as S. pectinata and P. 
pusillus, have not been thoroughly investigated in Lake 
Shinji. These salt-tolerant aquatic plants exhibit varying tol-
erances to salinity, with reported ranges of 0.1–16.7 ‰ for 
S. pectinata (Aston 1973; Brock and Lane 1983; Rodríguez-
Gallego et al. 2015) and 0.1–5.9 ‰ for P. pusillus (Poirrier 
et al. 2017; Rodríguez-Gallego et al. 2015). Considering 
their salinity tolerances, they may respond differently to the 
environmental changes associated with salinity (Congdon 
and McComb 1981). Evaluating the relationship between the 
abundance of these two salt-tolerant aquatic plants and his-
torical changes in anthropogenic and natural salinity could 
enhance the reconstruction of the paleoenvironment of Lake 
Shinji.

Using sediment cores, we here analyzed vertical distribu-
tions of DNA concentration and abundance (estimated via 
DNA quantification) of two salt-tolerant aquatic plants (S. 
pectinata and P. pusillus) as well as of sedimentary CNS 
compositions in order to reconstruct the paleoenviron-
ment, especially historical salinity changes, of Lake Shinji. 
In addition, the relationship between aquatic plant DNA 
detection and salinity changes from the past to the present 
was clarified to estimate the relative abundance of these two 
plants in Lake Shinji.

Materials and methods

Core sampling and chronology

Nine sediment cores (1C, 2CA, 2CC, 3C, 4C, 5C, 6C, 7C, 
and 8C) of different lengths (64–379 cm) were collected 
from eight sites in Lake Shinji between 2020 and 2022 
(Fig. 1 and Table 1). Upon retrieval, each core was split 
in half, with one portion designated for eDNA analysis 
and the other for CNS elemental analysis. However, the 
upper 85 cm of core sample 2CC was not subjected to CNS 
analysis in this study due to sediment disturbance during 
collection. Thus, at Site 2C, the upper portion was treated 
as 2CA, and the lower portion was treated as 2CC. All sed-
iment cores were moved to a separate clean room after col-
lection, and instruments such as spatulas and tubes were 
pre-decontaminated with UV irradiation and hypochlorite 
before subsampling. Sediment samples for eDNA analysis 
were collected from each layer of the sediment cores and 
stored at − 20 ºC until DNA extraction. Then, DNA extrac-
tion was performed in a clean laboratory, using desks and 
instruments that had been protected from contamination 
using UV irradiation and hypochlorite.

Plant fragments picked up from the residue of wet 
samples washed through a 710 μm sieve were used for 
dating sediment core 2CC. Dating was performed by con-
verting 14C age to 13C-corrected ages to calendar dates 
using the Calib 8.20 program, a calendar date calibration 
program based on the IntCal20 calendar date calibration 
data set (Reimer et al. 2020). Based on age estimation 
by accelerator mass spectrometry carbon isotope analysis 
(AMS 14C; IntCal20; Paleo Labo Co., and Chikyu Kagaku 
Kenkyusho Inc., Japan) using plant fragments from the 
five layers (229.7, 250.5, 266.5, 295.5, and 359.7 cm), the 
ages of each of the layers were determined to be 1296 
CE, 1192 CE, 992 CE, 724 CE, and 279 BCE (Nakamura 
et al. 2023).

Table 1   Nine sediment cores 
with different lengths collected 
from eight sites in Lake Shinji 
between 2020 and 2022

Core name Core length 
(cm)

Latitude (°N) Longitude (°E) Water 
depth (m)

Sampling date

1 1C 165 35.450233 132.972850 5.1 2020.07.09
2 2CA 157 35.441867 132.904850 5.0 2021.06.17
3 2CC 379 35.441867 132.904850 5.0 2021.07.01
4 3C 64 35.458158 132.920060 4.6 2021.10.25
5 4C 65 35.468022 132.955238 4.6 2021.10.25
6 5C 79 35.467778 132.997222 4.8 2021.10.25
7 6C 79 35.421370 132.918335 4.7 2022.06.29
8 7C 76 35.430417 132.964187 5.1 2022.06.29
9 8C 70 35.438172 132.997402 4.6 2022.06.29
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CNS elemental analysis

The sediment cores, which had been half-split and frozen, 
were sampled at 1 cm intervals and subsequently subjected 
to freeze-drying for at least 10 days before being powdered 
using an agate mortar. To determine the water content, the 
sediments were weighed before and after freeze-drying 
(Table S1). Approximately 10 mg of the powdered sedi-
ments were then placed in a silver container for solids. Fol-
lowing the addition of an appropriate amount of 1 N HCl to 
eliminate carbon from the carbonate, the mixture was heated 
on a hot plate at 110 ºC for 2 h to evaporate and solidify it. 
Subsequently, the sealed containers containing the sediment 
samples were transferred to tin solid containers, and the total 
organic carbon (TOC) and total sulfur (TS) were quantified 
using a CNS elemental analyzer (Flash EA 1112, Thermo 
Electron Corporation, Milan). Additionally, the carbon–sul-
fur ratio (C/S) was computed from the TOC and TS meas-
urements. For standardization, 2,5-Bis (5-tert-butyl-2-ben-
zoxazolyl) thiophene (BBOT) was employed, and TOC and 
TS values were determined based on the calibration curve 
established for the first five samples, with periodic correc-
tions made by measuring BBOT every 10 samples. Based 
on the criteria for the classification of saline environments 
by Nakamura et al. (2023), Seto (2021), Seto et al. (2006), 
and Tokuoka et al. (1990), the values and trends of TS (%), 
TOC (%), and C/S in Lake Shinji sediment cores were used 
to distinguish a low-salinity environment (Unit 1), fresh-
water environment (Unit 2), a period between the abrupt 
environmental change indicated by rapid fluctuations in TS 
(Transitional period), and high-salinity environment (Unit 
3). Here, we used a part of CNS elemental analysis results 
of sediment core 2CC from a previous study (Nakamura 
et al. 2023).

DNA extraction and quantitative real‑time PCR 
(qPCR)

Environmental DNA was extracted from the sediment using 
a DNeasy PowerSoil Pro kit (Qiagen, Hilden, Germany). 
Approximately 250 mg of each sediment was placed in 
the provided Power Beads Pro tube, to which 800 µL of 
CD1 was added, vortexed for 10 min, and centrifuged at 
15,000 x g for 1 min. After centrifugation, 500–600 µL of 
the supernatant solution was placed in a 2 mL microcentri-
fuge tube, to which 200 µL of CD2 was added, vortexed for 
5 s, and centrifuged at 15,000 x g for 1 min. After centrifu-
gation, 700 µL of the supernatant solution was added to a 
new 2 mL microcentrifuge tube, and 600 µL of CD3 was 
added and vortexed for 5 s. The solution (650 µL) was added 
to the MB Spin Column and centrifuged at 15,000 x g for 
1 min to separate the filtrate, which was then discarded. This 
process was repeated until the solution was fully processed. 

Next, the MB Spin Column was attached to a new 2 mL 
collection tube, and 500 µL of EA was added before centri-
fuging again at 15,000 x g for 1 min. After discarding the 
filtrate, the MB Spin Column was reattached to the same 
2 mL collection tube, and 500 µL of C5 was added, fol-
lowed by another centrifugation at 15,000 x g for 1 min. 
Subsequently, the MB Spin Column was transferred to a 
new 2 mL collection tube and centrifuged at 16,000 x g 
for 2.5 min. Finally, the MB Spin Column was connected 
to a 1.5 mL elution tube, and after adding 100 µL of C6, it 
was centrifuged at 15,000 x g for 1 min. The resulting fil-
trate served as the DNA extraction solution, which was then 
stored at − 30 ºC until quantitative real-time PCR (qPCR) 
analysis could be performed. No negative control was used 
during DNA extraction; however, we consistently prepared 
three wells of DW (DNA-free water) as a negative control 
for each subsequent qPCR operation.

Environmental DNA was quantified using the StepO-
nePlus Real-Time PCR system (Thermo Fisher Scientific 
Inc., Carlsbad, CA, USA). Each TaqMan reaction contained 
10 µL of TaqPath qPCR master mixes (Thermo Fisher Sci-
entific Inc., Carlsbad, CA, USA), 1 µL of primer (900 nM)/
probe (125 nM) mix (final concentration), 7 µL of distilled 
water, and 2 µL of DNA extraction solution. The primer/
probes developed and validated by Takahara et al. (under 
review) were used as follows:

For S. pectinata (97 bp amplified fragment):
Spec18s-F: 5'-GGG​CCG​AGG​GCA​AGTCT-3'.
Spec18s-R: 5'-GCT​TCG​AAC​ACC​TTA​TCC​TTGGT-3'.
Spec18s-Pr: 5'-[FAM]-TCA​AGT​TAC​GTT​GCT​CTT​TCA​

CCC​TCC​TCG​-[TAMRA]-3'.
For P. pusillus (105 bp amplified fragment):
PpusiITS-F: 5'-TTA​TTT​GCC​TGC​CAT​GTT​ATGC-3'.
PpusiITS-R: 5'-CAG​TGG​CCC​TCT​CAT​TTC​TCA-3'.
PpusiITS-Pr: 5'-[FAM]-TGT​TGT​AAC​AAA​AAT​CCT​

G-[NFQ]-[MGB]-3'.
The PCR conditions were as follows: 2 min at 50 ºC, 

10 min at 95 ºC, 55 cycles of 15 s at 95 ºC, and 60 s at 60 ºC. 
To produce standard DNA for qPCR, the target amplicon 
was inserted into the pMD20-T vector (Takara Bio, Shiga, 
Japan) and digested with BamHI. A dilution series of the 
plasmid containing 1 × 101 to 1 × 104 copies/template DNA 
was amplified as the standard in triplicate for all qPCR 
assays. In each qPCR assay, the DNA extraction solutions 
were tested in triplicate wells, and the mean value (copies 
µL−1) was converted to a concentration (copies g−1). Sam-
ples yielded a positive result in any of the three replicates, 
which were classified as containing the targeted DNA. Each 
qPCR assay included three wells and 2 µL of DNA-free 
water without the template DNA, as the negative control; 
in addition, no DNA was detected in any of the PCR assays. 
The standard curve R2 values were 0.987 ± 0.013 (mean ± 1 
SD) for S. pectinata and 0.963 ± 0.023 for P. pusillus.
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Statistical analysis

Mann–Whitney U tests were performed to compare whether 
two aquatic plant DNA detected among the units to iden-
tify significant differences in each sediment core. Signifi-
cant differences were identified between the DNA of the 
two aquatic plants in the two saline environments (Unit 1 or 
Unit 3) and the non-saline environment (Unit 2) at a signifi-
cance level of α = 0.05 (see the section on CNS elemental 
analysis for definitions of these sediment core units). Nota-
bly, the significance level for 1C and 5C was α = 0.025 by 
Bonferroni correction. Additionally, comparisons were not 
performed for the transitional period due to the small sample 
size. Moreover, the p-value in 1C could not be calculated 
because P. pusillus DNA was not detected between Unit 2 
and Unit 3. Furthermore, Spearman's rank correlation was 
used to determine whether changes in salinity, indicated by 
TS value, were correlated with the two aquatic plant DNA 
concentrations at a significant level of α = 0.05. However, the 
correlation coefficient for P. pusillus could not be calculated 
because of its low DNA detection in 2CC. These statisti-
cal analyses were performed using R version 4.4.1 (R Core 
Team 2021).

Results

All sediment cores were distinguished as two to four divi-
sions (i.e., Unit 1, Unit 2, Transitional period, and Unit 
3) of saline environments based primarily on TS and C/S 
values measured by the CNS element analysis (Figs. 2 and 
3, Table 2, Tables S2 and S3; Berner and Raiswell 1984; 

Ishihara et al. 2000; Sampei et al. 1997). The core length of 
each environmental category was different due to the effect 
of different sedimentation rates at each site in Lake Shinji 
(Table S3; Tamura et al. 1996). Sediment cores 1C and 5C 
were divided into four categories (Unit 1, Unit 2, Transi-
tional period, and Unit 3). Sediment core 2CC was the long-
est among the nine sediment cores examined. However, CNS 
elemental analysis was conducted solely for the layer below 
85 cm. The results yielded three distinct divisions: Unit 2, 
Transitional period, and Unit 3, as illustrated in Fig. 2 and 
detailed in Table 2, Table S2 and S3. In contrast, the remain-
ing sediment cores, namely 2CA, 3C, 4C, 6C, 7C, and 8C 
were divided into the upper two sections: Unit 1 and Unit 
2, as depicted in Fig. 3 and elaborated in Table 2, Table S2 
and S3.  

Two aquatic plant DNA samples (S. pectinata and P. 
pusillus) were detected in all sediment cores (1C, 2CA, 
2CC, 3C, 4C, 5C, 6C, 7C, and 8C; Figs. 2 and 3, Table 2 
and Table S2). The DNA concentration of S. pectinata and 
P. pusillus tended to be higher in the six sediment cores (3C, 
4C, 5C, 6C, 7C, and 8C) collected from the coastal areas 
than the three sediment cores (1C, 2CA, and 2CC) collected 
from the central areas in Lake Shinji. In addition, the detec-
tion rate (%) of DNA positive results was calculated for the 
samples assessed from each sediment core (Table 2).

Two sediment cores 2CC and 5C contained DNA of S. 
pectinata and P. pusillus in Unit 3 characterized by a high-
salinity environment in Lake Shinji; however, core 1C only 
contained the DNA of S. pectinata in Unit 3, in which DNA 
detection rate was 57.1%. In Unit 3 of 2CC, the DNA detec-
tion rates of S. pectinata and P. pusillus were 70.0% and 
5.0%, respectively. In Unit 3 in 2CC, the deepest layers in 

Fig. 2   Aquatic plant DNA concentrations and CNS element analy-
sis for sediment cores 1C, 2CC, and 5C. Each graph represents con-
centrations of TS (%, orange line), TOC (%, green line), C/S (ratio 

of TOC to TS, gray line), DNA concentration of S. pectinata and P. 
pusillus (copies/g, red line and blue line, respectively)



422	 Limnology (2025) 26:417–427

which S. pectinata and P. pusillus DNA was detected were 
363 cm and 369 cm, respectively, which corresponded to 
approximately 2000 years ago (Nakamura et al. 2023). The 
DNA detection rates for S. pectinata and P. pusillus in Unit 
3 of 5C were 83.3% and 33.3%, respectively.

Transitional periods approximately 800 years ago were 
identified in sediment cores 1C, 2CC, and 5C (Table S3), 
as reported by Nakamura et al. (2023). In these cores, the 
S. pectinata DNA detection rates were 50.0% (1C), 100% 
(2CC), and 100% (5C), respectively (Fig. 2 and Table 2). 
However, during Transitional period, P. pusillus DNA 
detection rates were only 50.0% in core 2CC and 0% (not 
detected) in cores 1C and 5C, respectively.

In Unit 2, characterized by a mostly freshwater environ-
ment, the DNA detection rates of both S. pectinata and P. 
pusillus were lower compared to other environmental cate-
gories (Figs. 2 and 3, and Table 2). Specifically, DNA detec-
tion rates of S. pectinata in Unit 2 were 8.7% (1C), 3.7% 
(2CC), 20.0% (4C), 25.0% (5C), and 14.3% (8C), while all 
other sediment cores (2CA, 3C, 6C, and 7C) showed 0% 
detection. Interestingly, the DNA detection rate of P. pusillus 
in Unit 2 was 0% across all sediment cores.

Unit 1 was found to be a low-salinity environment based 
on the CNS analysis, and DNA for S. pectinata and P. 
pusillus was detected in all sediment cores, except for 2CC 
(Figs. 2 and 3, and Table 2). In Unit 1, the DNA detection 

Fig. 3   Aquatic plant DNA concentrations and CNS element analysis 
for sediment cores 2CA, 3C, 4C, 6C, 7C, and 8C. Each graph repre-
sents concentrations of TS (%, orange line), TOC (%, green line), C/S 

(ratio of TOC to TS, gray line), DNA concentration of S. pectinata 
and P. pusillus (copies/g, red line and blue line, respectively)
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rate of S. pectinata was higher than that of P. pusillus in 
most sediment cores. The DNA detection rates both for S. 
pectinata and P. pusillus in Unit 1 were the same: 50.0% 
(3C), 22.2% (6C), and 100% (8C). The DNA detection rates 
for S. pectinata in Unit 1 of the remaining sediment cores 
were 50.0% (1C), 40.0% (2CA), 77.8% (4C), 100% (5C), and 
75.0% (7C), while that for P. pusillus was 37.5% (1C), 10.0% 
(2CA), 44.4% (4C), 25.0% (5C), and 62.5% (7C).

The detection of S. pectinata and P. pusillus DNA sig-
nificantly differed between Unit 2 (i.e., non-saline environ-
ment) and Unit 1 (i.e., saline environment) for 1C, 7C, and 
8C (p < 0.05), and the detection of S. pectinata DNA was 
also significantly different between Unit 2 (i.e., non-saline 
environment) and Unit 1 or 3 (i.e., saline environment) for 
4C (p < 0.05) and 5C (p < 0.025 after Bonferroni correc-
tion; Fig. S1). The detection of S. pectinata DNA signifi-
cantly differed between Unit 2 and Unit 3 for 1C and 2CC 
(p < 0.05). In contrast, P. pusillus DNA detection did not 
significantly differ between Unit 2 and Unit 3 for 2CC and 
5C (Fig. S1). Positive correlations were found between the 
TS and DNA concentration of S. pectinata and P. pusillus 
in all sediment cores. Moreover, the correlation coefficients 
with a significance level of p < 0.05 were 0.53 (1C), 0.56 

(2CC), 0.53 (5C), 0.68 (7C), and 0.86 (8C) for S. pectinata 
and 0.44 (2CA), 0.61 (3C), 0.62 (4C), 0.68 (7C), and 0.80 
(8C) for P. pusillus (Table S4).

Discussion

TS values in sediments are known to vary under marine 
influences and thus can determine whether the sediment 
is marine or freshwater (Berner and Raiswell 1984; Sam-
pei et al. 1997); thus, this indicator was also utilized in 
this study. In Lake Shinji, TS values and plankton DNA 
compositions in the sediment core indicate that salinity has 
changed drastically over the past 2000 years (Nakamura 
et al. 2023). The sedimentary TS also vertically fluctuated 
in this study, suggesting that Lake Shinji was influenced 
by historical changes in saline environment. The dredging 
of the Ohashi River from 1928 to 1929 widened the river 
course threefold and deepened its water depth (Shimatani 
and Minagawa 1999). Hence, the salinity of Lake Shinji is 
thought to have increased due to the increased supply of sea-
water from Lake Nakaumi to Lake Shinji via Ohashi River 
(Figs. 2 and 3, Table 2, Tables S2 and S3; also see Seto 

Table 2   Detection of DNA of 
two aquatic plants (Stuckenia 
pectinata and Potamogeton 
pusillus) and ratios of DNA 
detection per sample in the 
environment classifications. 
Environment classifications 
(Unit 1, Unit 2, Transitional 
period, and Unit 3) and core 
depth (cm) for nine sediment 
cores

Depth (cm) Environment classification Stuckenia pectinata Potamogeton pusillus

DNA detec-
tion rate 
(%)

DNA detec-
tion per 
samples

DNA detec-
tion rate 
(%)

DNA detec-
tion per 
samples

1C 0–31 Unit1 50.0 4/8 37.5 3/8
32–122 Unit2 8.7 2/23 0 0/23

123–130 Transitional period 50.0 1/2 0 0/2
131–162 Unit3 57.1 4/7 0 0/7

2CA 0–78 Unit1 40.0 8/20 10.0 2/20
79–157 Unit2 0 0/2 0 0/2

2CC 86–249 Unit2 3.7 1/27 0 0/27
250–257 Transitional period 100 2/2 50.0 1/2
258–379 Unit3 70.0 14/20 5.0 1/20

3C 0–22 Unit1 50.0 4/8 50.0 4/8
23–64 Unit2 0 0/6 0 0/6

4C 0–26 Unit1 77.8 7/9 44.4 4/9
27–65 Unit2 20.0 1/5 0 0/5

5C 0–10 Unit1 100 4/4 25.0 1/4
11–54 Unit2 25.0 2/8 0 0/8
55–57 Transitional period 100 1/1 0 0/1
58–79 Unit3 83.3 5/6 33.3 2/6

6C 0–26 Unit1 22.2 2/9 22.2 2/9
27–80 Unit2 0 0/5 0 0/5

7C 0–22 Unit1 75.0 6/8 62.5 5/8
23–75 Unit2 0 0/6 0 0/6

8C 0–14 Unit1 100 5/5 100 5/5
15–69 Unit2 14.3 1/7 0 0/7
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2021). We found that TS, the level of which was low in Unit 
2, gradually increased toward the present. Therefore, the 
boundary between Unit 2 and 1 is considered to date back 
to 1928–1929. Such a vertical variation in the sedimentary 
TS values was found for all sediment cores through the lake 
basin.

Both S. pectinata and P. pusillus DNA were identified in 
Unit 3 of sediment cores 2CC and 5C. In sediment core 1C, 
however, S. pectinata DNA was present, while P. pusillus 
DNA was absent. Nakamura et al. (2023) estimated that Unit 
3 of core 2CC corresponds to an age range of approximately 
1000–2000 years ago. Thus, the potential effects of organic 
matter decomposition, including DNA, over time within 
the sediment must be considered to discuss the presence/
absence of these aquatic plants. Nonetheless, the hypoxic 
and reducing conditions at the bottom of Lake Shinji, which 
were reported by Seto et al. (2006), may have inhibited 
the decomposition of organic matter, such as plant tissues 
(Corinaldesi et al. 2008; Torti et al. 2015). Moreover, the 
cell walls of plant tissues may have inhibited decomposition 
in the sediment (Parducci et al. 2017; Pietramellara et al. 
2009). In Unit 3, the TOC of the three sediment cores 1C, 
2CC, and 5C was higher than that of the other units, and 
plankton DNA was detectable in each layer of sediment core 
2CC (Nakamura et al. 2023). In addition, the plant fragments 
used in the dating of sediment core 2CC were taken from the 
layer corresponding to Unit 3 (Nakamura et al. 2023). Thus, 
organic matter and DNA derived from aquatic plants may 
have been preserved in Unit 3.

The three sediment cores, 1C, 2CC, and 5C, showed a 
higher detection frequency of S. pectinata than P. pusillus 
DNA in Unit 3 (Table 2). Stuckenia pectinata is more salt-
tolerant than P. pusillus (Rodríguez-Gallego et al. 2015), 
and the high-salinity environment of Unit 3 is more suitable 
for the growth of S. pectinata relative to P. pusillus, which 
was reflected in the DNA detection results (Table 2 and 
Table S4). This is the reason for why S. pectinata dominated 
in Unit 3 of the sediment core in Lake Shinji. In contrast, P. 
pusillus DNA was not detected in Unit 3 of core 1C, suggest-
ing it was not present in this area in the past. Among other 
sediment cores from which Unit 3 was collected, significant 
differences were not observed in the detection of P. pusillus 
DNA. Collection of deep sediment cores from much more 
points within the lake basin could better depict the spatial 
distribution of these species in Unit 3.

During Transitional period, S. pectinata DNA was 
detected in sediment cores 1C, 2CC, and 5C, while P. pusil-
lus DNA was detected only identified in core 2CC. Naka-
mura et al. (2023) noted that brackish plankton DNA was 
more prevalent during this Transitional period, although 
marine plankton was also detected in sediment core 2CC, 
thus Transitional period was between high and low salinity 
environment. Hence, it is likely that both S. pectinata and P. 

pusillus DNA coexisted within the Transitional period, with 
S. pectinata exhibiting its dominant presence.

In Unit 2, there was no or little detections of S. pectinata 
DNA in shallow sediment cores and no P. pusillus DNA in 
any sediment cores (Fig. 3). As in Nakamura et al. (2023), 
the fact that Unit 2 of sediment core 2CC only contained a 
few plant fragments to calculate ages suggests that the detec-
tion of aquatic plant DNA was limited. Another reason for 
such a low DNA detection is the accelerated degradation 
of organic matter, including plant fragments, as Unit 2 is 
a freshwater environment that is assumed to have been an 
oxidative environment with a high oxygen supply (Naka-
mura et al. 2023; Seto 2021). In addition, the TOC values 
obtained from the CNS analysis show lower values in Unit 
2 compared to those in other periods (Unit 1, Transitional 
period, Unit 3; Figs. 2 and 3, Tables S2 and S3). Thus, active 
decomposition of organic matter, including plant fragments, 
is likely (Schlumbaum et al. 2008). However, the robust 
cell walls of these plant species may have hindered their 
complete degradation even in the freshwater conditions of 
Unit 2. Moreover, plankton DNA was consistently detected 
throughout Unit 2 of sediment core 2CC (Nakamura et al. 
2023), and S. pectinata and P. pusillus DNA were found in 
the Transitional period and Unit 3, which predates Unit 2. 
This suggests that DNA degradation may have had mini-
mal impact. Since each sediment core was almost entirely 
composed of clayey silt (Figs. 2 and 3), it is unlikely that 
the influence of DNA decomposition due to the properties 
of the sediment core is different between units. Therefore, 
it is likely that S. pectinata and P. pusillus were confined 
to specific areas within Lake Shinji during Unit 2, whose 
condition was unfavorable for their growth.

In Unit 1, S. pectinata and P. pusillus DNA were detected 
in all but 2CC sediment cores, and the detection rates were 
higher than those in Unit 2, which was a freshwater environ-
ment (Table 2). Therefore, the low-salinity environment of 
Unit 1, which had a higher salt content than the freshwater 
environment of Unit 2, was considered more suitable for 
the growth of the salt-tolerant aquatic plants S. pectinata 
and P. pusillus in Lake Shinji (Rodríguez-Gallego et al. 
2015). These aquatic plants may have inhabited saline areas 
(e.g., Lake Nakaumi or Ohashi River) and invaded Lake 
Shinji, and flourished during the Unit 1 period (Nakagawa 
and Kunii 2015). In Unit 1, the DNA detection rate of S. 
pectinata was higher than that of P. pusillus for 1C, 2CA, 
4C, 5C, and 7C and the spatial pattern of their DNA detec-
tions appeared to be similar to those in other periods, Tran-
sitional period and Unit 3, in which S. pectinata was more 
widespread than P. pusillus in Lake Shinji. Based on these 
results, S. pectinata may have been the dominant species in 
Lake Shinji in Unit 1 rather than P. pusillus.

The sediment core DNA detection rates of S. pectinata 
and P. pusillus collected from the coastal areas (3C, 4C, 
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5C, 6C, 7C, and 8C) tended to be higher than those col-
lected from the central areas (1C and 2CA; Table 2). This 
suggests that S. pectinata and P. pusillus may have pre-
ferred the coastal areas rather than the central area of Lake 
Shinji. In addition, the DNA detection rates for S. pecti-
nata and P. pusillus in Unit 1 of sediment cores collected 
from the coastal areas were scattered. The DNA detection 
rates for both species were lower in the west (3C and 6C) 
and higher in the east (5C and 8C). However, the detec-
tion rate of P. pusillus DNA in 5C was lower than that of 
S. pectinata, and a significant difference was not observed 
between Unit 1 and Unit 2 (Fig. S1). The eastern side of 
Lake Shinji experiences higher salinity due to the influx of 
seawater from the Ohashi River, while the western side is 
less saline under the influence of the Hii River, resulting 
in a distinct salinity gradient (Fukuoka et al. 2004). Thus, 
the saline conditions of 5C may have been more suitable 
for the growth of S. pectinata than P. pusillus (Rodríguez-
Gallego et al. 2015). Interspecific difference in spatial pat-
terns of S. pectinata and P. pusillus DNA detections in 
Unit 1 may be attributed to their preferences for areas with 
higher salinity, especially in the coastal regions of Lake 
Shinji. Among layers of each sediment core, S. pectinata 
and P. pusillus DNA concentrations were positively corre-
lated with salinity, and the range of correlation coefficients 
for some cores with significant correlation were 0.53–0.86 
for S. pectinata and 0.44–0.80 for P. pusillus (Table S4). 
Therefore, the change from the freshwater environment of 
Unit 2 to the brackish environment of Unit 1 owing to the 
seawater intrusion may have increased the DNA detection 
of salt-tolerant aquatic plants. In the future, the collection 
of multiple sediment cores from both high- and low-salin-
ity regions in Lake Shinji and subsequent analysis of the 
DNA from these aquatic plants could offer deeper insights 
into their salinity preferences.

In conclusion, we succeeded in reconstructing the Lake 
Shinji paleoenvironment from approximately 2000 years 
ago to the present using sediment taken from the lake bot-
tom. Our sediment core survey revealed the spatio-tem-
poral distributions of salt-tolerant aquatic plants through 
species-specific DNA analysis and the salinity environ-
ment through CNS elemental analysis. The detection of 
eDNA of salt-tolerant aquatic plants and investigation of 
the eDNA behavior of other macro-organisms affected by 
the decline in aquatic plant growth may help to elucidate 
the past environment such as eutrophication and anthro-
pogenic interventions, in the lake ecosystem.

Supplementary Information  The online version contains supplemen-
tary material available at https://​doi.​org/​10.​1007/​s10201-​025-​00782-z.

Acknowledgements  We would like to thank A. Nagata, Y. Fukatsu, 
T. Tanaka, H. Sakamoto, and N. Nishikori (Shimane University) for 
support during the treatment/analysis of samples.

Author contributions  SY, YN, KS, and TT designed the research. SY, 
KS, TA, and KK collected field samples. SY, YN, and TT wrote the 
manuscript. All authors discussed the results and commented on the 
manuscript.

Funding  Open Access funding provided by Shimane University. This 
work was supported by JST SPRING, Grant Number JPMJSP2155, by 
Izumo Office of River, Chugoku Regional Development Bureau, Minis-
try of Land, Infrastructure and Transport, and by JSP KAKENHI Grant 
20K15589, 21H03649, 21H04521, 23H01257, 23K03566, 24K00718.

Data availability  The data that support the findings of this study are 
available on request from the corresponding author.

Declarations 

Conflict of interests  All the data are original results and have not been 
used or considered for publication before. The authors declare no con-
flicts of interest.

Ethical standards  The experiments comply with the current laws of the 
country in which they were performed.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aston HI (1973) Aquatic plants of Australia. University Press, 
Melbourne

Barrenechea Angeles I, Romero-Martínez ML, Cavaliere M, Varrella 
S, Francescangeli F, Piredda R, Mazzocchi MG, Montresor M, 
Schirone A, Delbono I, Margiotta F, Corinaldesi C, Chiavarini S, 
Montereali MR, Rimauro J, Parrella L, Musco L, Dell’Anno A, 
Tangherlini M, Pawlowski J, Frontalini F (2023) Encapsulated in 
sediments: eDNA deciphers the ecosystem history of one of the 
most polluted European marine sites. Environ Int 172:107738. 
https://​doi.​org/​10.​1016/j.​envint.​2023.​107738

Berner RA, Raiswell R (1984) C/S method for distinguishing fresh-
water from marine sedimentary rocks. Geology 12:365–368. 
https://​doi.​org/​10.​1130/​0091-​7613(1984)​12%​3c365:​CMFDFF%​
3e2.0.​CO;2

Börner BVC (1912) Eine Flora für das deutsche Volk. R. Voigtländer’s 
Verlag in Leipzig, Germany

Brock MA, Lane JAK (1983) The aquatic macrophyte flora of saline 
wetlands in Western Australia in relation to salinity and perma-
nence. Hydrobiologia 105:63–76. https://​doi.​org/​10.​1007/​BF000​
25177

Congdon RA, McComb AJ (1981) The vegetation of the Blackwood 
River Estuary, South-West Australia. J Ecol 69:1–16. https://​doi.​
org/​10.​2307/​22598​12

https://doi.org/10.1007/s10201-025-00782-z
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.envint.2023.107738
https://doi.org/10.1130/0091-7613(1984)12%3c365:CMFDFF%3e2.0.CO;2
https://doi.org/10.1130/0091-7613(1984)12%3c365:CMFDFF%3e2.0.CO;2
https://doi.org/10.1007/BF00025177
https://doi.org/10.1007/BF00025177
https://doi.org/10.2307/2259812
https://doi.org/10.2307/2259812


426	 Limnology (2025) 26:417–427

Corinaldesi C, Beolchini F, Dell’Anno A (2008) Damage and degrada-
tion rates of extracellular DNA in marine sediments: implications 
for the preservation of gene sequences. Mol Ecol 17:3939–3951. 
https://​doi.​org/​10.​1111/j.​1365-​294X.​2008.​03880.x

De Schepper SD, Ray JL, Skaar KS, Sadatzki H, Ijaz UZ, Stein R, 
Larsen A (2019) The potential of sedimentary ancient DNA for 
reconstructing past sea ice evolution. ISME J 13:2566–2577. 
https://​doi.​org/​10.​1038/​s41396-​019-​0457-1

Fujii T, Moriwaki S, Okuda S (2006) Actual Situation of Movement of 
Anoxic Water through the Ohashi River and Its Effects on Lake 
Shinji. (in Japanese with English summary). Laguna 13:1–7

Fukuoka S, Matsushita T, Okamura S, Imai S, Funabashi S (2004) 
Behavior and characteristics of saline water advancing into a 
brackish lake. (in Japanese with English summary). Annu J 
Hydraul Eng JSCE 48:1405–1410. https://​doi.​org/​10.​2208/​prohe.​
48.​1405

Fukuoka S, Yamamoyo A, Okamura S, Mizoyama I (2005) Estima-
tion of salinity flux and variation of salinity in Lake Shinji. (in 
Japanese with English summary). Annu J Hydraul Eng JSCE 
49:1249–1254. https://​doi.​org/​10.​2208/​prohe.​49.​1249

Hamaguchi M, Shimabukuro H, Hori M, Yoshida G, Terada T, Miya-
jima T (2018) Quantitative real-time polymerase chain reaction 
(PCR) and droplet digital PCR duplex assays for detecting Zostera 
marina DNA in coastal sediments. Limnol Oceanogr Methods 
16:253–264. https://​doi.​org/​10.​1002/​lom3.​10242

Holman LE, de Bruyn M, Creer S, Carvalho G, Robidart J, Rius M 
(2019) Detection of introduced and resident marine species using 
environmental DNA metabarcoding of sediment and water. Sci 
Rep 9:11559. https://​doi.​org/​10.​1038/​s41598-​019-​47899-7

Ibrahim A, Capo E, Wessels M, Martin I, Meyer A, Schleheck D, Epp 
LS (2021) Anthropogenic impact on the historical phytoplank-
ton community of Lake Constance reconstructed by multima-
rker analysis of sediment-core environmental DNA. Mol Ecol 
30:3040–3056. https://​doi.​org/​10.​1111/​mec.​15696

Ibrahim A, Höckendorff S, Schleheck D, Epp L, van Kleunen M, Meyer 
A (2022) Vegetation changes over the last centuries in the Lower 
Lake Constance region reconstructed from sediment-core envi-
ronmental DNA. Environ DNA 4:830–845. https://​doi.​org/​10.​
1002/​edn3.​292

Ishihara H, Kamei T, Nakamura T (2000) Evaluation of sedimentary 
environments of Holocene deposits near Lake Jinzai in the Izumo 
plain using CNS elemental analysis, and its application to geo-
technology. (in Japanese with English summary). J Jpn Soc Eng 
Geol 41:12–23. https://​doi.​org/​10.​5110/​jjseg.​41.​12

Kuwae M, Tamai H, Doi H, Sakata MK, Minamoto T, Suzuki Y 
(2020) Sedimentary DNA tracks decadal-centennial changes in 
fish abundance. Commun Biol 3:558. https://​doi.​org/​10.​1038/​
s42003-​020-​01282-9

Mejbel HS, Irwin CL, Dodsworth W, Higgins SN, Paterson MJ, Pick 
FR (2023) Long-term cyanobacterial dynamics from lake sedi-
ment DNA in relation to experimental eutrophication, acidifica-
tion and climate change. Freshw Biol 68:1875–1893. https://​doi.​
org/​10.​1111/​fwb.​14074

Nakagawa M, Kunii H (2015) Aquatic macrophyte flora of Lake Shinji, 
the Tenjin River and some small rivers located nearby the mouth 
of the Hii River in 2013. (in Japanese with English summary). 
Laguna 22:1–10. https://​doi.​org/​10.​60290/​laguna.​22.0_​01

Nakamura Y, Ogiso-Tanaka E, Seto K, Ando T, Katsuki K, Saito Y 
(2023) DNA metabarcoding focusing on the plankton community: 
an effective approach to reconstruct the paleo-environment. Sci 
Rep 13:21642. https://​doi.​org/​10.​1038/​s41598-​023-​48367-z

Parducci L, Bennett KD, Ficetola GF, Alsos IG, Suyama Y, Wood JR, 
Pedersen MW (2017) Ancient plant DNA in lake sediments. New 
Phytol 214:924–942. https://​doi.​org/​10.​1111/​nph.​14470

Pedersen MW, Ginolhac A, Orlando L, Olsen J, Andersen K, Holm J, 
Funder S, Willerslev E, Kjaer KH (2013) A comparative study 
of ancient environmental DNA to pollen and macrofossils from 
lake sediments reveals taxonomic overlap and additional plant 
taxa. Quat Sci Rev 75(161):168. https://​doi.​org/​10.​1016/j.​quasc​
irev.​2013.​06.​006

Pietramellara G, Ascher J, Borgogni F, Ceccherini MT, Guerri G, Nan-
nipieri P (2009) Extracellular DNA in soil and sediment: fate and 
ecological relevance. Biol Fertil Soils 45:219–235. https://​doi.​org/​
10.​1007/​s00374-​008-​0345-8

Poirrier MA, Caputo CE, Franze CD (2017) Biogeography of sub-
merged aquatic vegetation (SAV) in the Pontchartrain Basin: spe-
cies salinity zonation and 1953–2016 Lake Pontchartrain trends. 
Southeast Geogr 57:273–293. https://​doi.​org/​10.​1353/​sgo.​2017.​
0025

R Core Team (2021) R: a language and environment for statistical com-
puting. R Foundation for Statistical Computing. https://​www.R-​
proje​ct.​org, Accessed 4 Sep 2024

Raunkiaer C (1903) Anatomical Potamogeton-studies and Potamogeton 
fluitans. Bot Tidssk 25:253–280

Reimer P, Austin WEN, Bard E, Bayliss A, Blackwell PG, Bronk Ram-
sey C, Butzin M, Edwards RL, Friedrich M, Grootes PM, Guilder-
son TP, Hajdas I, Heaton TJ, Hogg A, Kromer B, Manning SW, 
Muscheler R, Palmer JG, Pearson C, van der Plicht J, DA Reim 
R, Scott EM, Southon JR, Turney CSM, Wacker L, Adolphi F, 
Büntgen U, Fahrni S, Fogtmann-Schulz A, Friedrich R, Köhler P, 
Kudsk S, Miyake F, Olsen J, Sakamoto M, Sookdeo A, Talamo S 
(2020) The IntCal20 Northern Hemisphere radiocarbon age cali-
bration curve (0–55 cal kBP). Radiocarbon 62:725–757. https://​
doi.​org/​10.​1017/​RDC.​2020.​41

Rodríguez-Gallego L, Sabaj V, Masciadri S, Kruk C, Arocena R, 
Conde D (2015) Salinity as a major driver for submerged aquatic 
vegetation in coastal lagoons: a multi-year analysis in the sub-
tropical Laguna de Rocha. Estuaries Coasts 38:451–465. https://​
doi.​org/​10.​1007/​s12237-​014-​9842-1

Sampei Y, Matsumoto E, Kamei T, Tokuoka T (1997) Sulfur and 
organic carbon relationship in sediments from coastal brackish 
lakes in the Shimane peninsula district, southwest Japan. Geo-
chem J 31:245–262. https://​doi.​org/​10.​2343/​geoch​emj.​31.​245

Schlumbaum A, Tensen M, Jaenicke-Després V (2008) Ancient plant 
DNA in archaeobotany. Veget Hist Archaeobot 17:233–244. 
https://​doi.​org/​10.​1007/​s00334-​007-​0125-7

Seto K (2021) East diversion event of the Hii River and its problems 
from the viewpoint of research for coastal lagoon environments. 
(in Japanese). Historical Library of Matsue City 14:27–41

Seto K, Nakatake M, Sato T, Katsuki K (2006) East diversion event 
of Hii River and its influence on sedimentary environments in 
Lake Shinji. (in Japanese with English summary). The Quat Res 
45:375–390. https://​doi.​org/​10.​4116/​jaqua.​45.​375

Shimatani Y, Minagawa T (1999) The symbiosis with environmental 
change of the Shinji lake by river works in 1930s–1940s. (in Japa-
nese with English summary). Environmental Systems Research 
27:63–68. https://​doi.​org/​10.​2208/​proer​1988.​27.​63

Takahara T, Minamoto T, Yamanaka H, Doi H, Kawabata Z (2012) 
Estimation of fish biomass using environmental DNA. PLoS ONE 
7:e35868. https://​doi.​org/​10.​1371/​journ​al.​pone.​00358​68

Tamura Y, Tango M, Inouchi Y, Tokuoka T (1996) Seventeenth century 
environmental change from brackish to fresh water conditions in 
Lake Shinji -CT image photographic, sedimentologic and C·N·S 
elemental evidence. (in Japanese with English summary). Laguna 
3:49–55

Tokuoka T (1996) Holocene paleogeography of Lakes Nakaumi and 
Shinji: a review. (in Japanese with English summary). Geosci 
Reports Shimane Univ 15:27–33

https://doi.org/10.1111/j.1365-294X.2008.03880.x
https://doi.org/10.1038/s41396-019-0457-1
https://doi.org/10.2208/prohe.48.1405
https://doi.org/10.2208/prohe.48.1405
https://doi.org/10.2208/prohe.49.1249
https://doi.org/10.1002/lom3.10242
https://doi.org/10.1038/s41598-019-47899-7
https://doi.org/10.1111/mec.15696
https://doi.org/10.1002/edn3.292
https://doi.org/10.1002/edn3.292
https://doi.org/10.5110/jjseg.41.12
https://doi.org/10.1038/s42003-020-01282-9
https://doi.org/10.1038/s42003-020-01282-9
https://doi.org/10.1111/fwb.14074
https://doi.org/10.1111/fwb.14074
https://doi.org/10.60290/laguna.22.0_01
https://doi.org/10.1038/s41598-023-48367-z
https://doi.org/10.1111/nph.14470
https://doi.org/10.1016/j.quascirev.2013.06.006
https://doi.org/10.1016/j.quascirev.2013.06.006
https://doi.org/10.1007/s00374-008-0345-8
https://doi.org/10.1007/s00374-008-0345-8
https://doi.org/10.1353/sgo.2017.0025
https://doi.org/10.1353/sgo.2017.0025
https://www.R-project.org
https://www.R-project.org
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1017/RDC.2020.41
https://doi.org/10.1007/s12237-014-9842-1
https://doi.org/10.1007/s12237-014-9842-1
https://doi.org/10.2343/geochemj.31.245
https://doi.org/10.1007/s00334-007-0125-7
https://doi.org/10.4116/jaqua.45.375
https://doi.org/10.2208/proer1988.27.63
https://doi.org/10.1371/journal.pone.0035868


427Limnology (2025) 26:417–427	

Tokuoka T, Onishi I, Takayasu K, Mitsunashi T (1990) Natural his-
tory and environmental changes of lakes Nakaumi and Shinji. (in 
Japanese with English summary). Mem Geol Soc Jpn 36:15–34

Torti A, Lever MA, Jørgensen BB (2015) Origin, dynamics, and impli-
cations of extracellular DNA pools in marine sediments. Mar 
Genomics 24:185–196. https://​doi.​org/​10.​1016/j.​margen.​2015.​
08.​007

Ushio M, Murakami H, Masuda R, Sado T, Miya M, Sakurai S, 
Yamanaka H, Minamoto T, Kondoh M (2018) Quantitative 
monitoring of multispecies fish environmental DNA using high-
throughput sequencing. Metabarcoding Metagenomics 2:e23297. 
https://​doi.​org/​10.​3897/​mbmg.2.​23297

Voldstad LH, Alsos IG, Farnsworth WR, Heintzman PD, Håkansson 
L, Kjellman SE, Rouillard A, Schomacker A, Eidesen PB (2020) 
A complete Holocene lake sediment ancient DNA record reveals 
long-standing high Arctic plant diversity hotspot in northern Sval-
bard. Quat Sci Rev 234:106207. https://​doi.​org/​10.​1016/j.​quasc​
irev.​2020.​106207

Yamamuro M (2012) Herbicide-induced macrophyte-to-phytoplankton 
shifts in Japanese lagoons during the last 50 years: consequences 
for ecosystem services and fisheries. Hydrobiologia 699:5–19. 
https://​doi.​org/​10.​1007/​s10750-​012-​1150-9

Zhang H, Huo S, Yeager KM, Wu F (2021) Sedimentary DNA record 
of eukaryotic algal and cyanobacterial communities in a shallow 
Lake driven by human activities and climate change. Sci Total 
Environ 753:141985. https://​doi.​org/​10.​1016/j.​scito​tenv.​2020.​
141985

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.margen.2015.08.007
https://doi.org/10.1016/j.margen.2015.08.007
https://doi.org/10.3897/mbmg.2.23297
https://doi.org/10.1016/j.quascirev.2020.106207
https://doi.org/10.1016/j.quascirev.2020.106207
https://doi.org/10.1007/s10750-012-1150-9
https://doi.org/10.1016/j.scitotenv.2020.141985
https://doi.org/10.1016/j.scitotenv.2020.141985

	Reconstruction of paleo-environments by two aquatic plants: eDNA analysis in lake sediment cores
	Abstract
	Introduction
	Materials and methods
	Core sampling and chronology
	CNS elemental analysis
	DNA extraction and quantitative real-time PCR (qPCR)
	Statistical analysis

	Results
	Discussion
	Acknowledgements 
	References




