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Abstract
Little is currently known about preservation of plant DNA in lake sediments. Most 
prior information originates from laboratory experiments while systematic field-
based studies are still lacking. Here, we used the “g” and “h” universal primers for 
the P6  loop region of the chloroplast trnL (UAA) intron to amplify plant DNA from 
219  lake surface sediments from China and Siberia. We introduce (i) the percent-
age of sequence counts with the best identity ≥95%, (ii) weighted average identity, 
(iii) weighted average DNA fragment length, and iv) rarefied richness of terrestrial 
seed plants of plant DNA metabarcoding as proxies for sedimentary DNA preserva-
tion and relate them to five environmental variables (lake water conductivity, lake 
water pH, mean July air temperature, and sampling depth, lake size) using boosted 
regression tree (BRT) analyses. Our results suggest that lake water chemical charac-
teristics, that is, electrical conductivity and pH, are the most important variables for 
the preservation of plant DNA in lake sediments. Intermediate water conductivities 
(100–500 μS cm−1) and neutral to slightly alkaline water pH (7–9) may facilitate plant 
DNA preservation. Furthermore, deep lakes seem to support plant DNA preservation 
as indicated by relatively high rarefied richness. We also find high rarefied richness in 
small lakes compared with large lakes, but this result needs to be assessed by more 
studies in the future. None of our BRT models shows that mean July air temperature 
is a key variable to limit plant DNA preservation. To conclude, our results suggest that 
sedimentary DNA studies can preferentially select deep lakes characterized by inter-
mediate water conductivities and neutral to slightly alkaline pH conditions.
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boosted regression tree, China and Siberia, environmental DNA, lake sediments, 
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1  |  INTRODUC TION

Sedimentary ancient DNA is increasingly used to reconstruct past 
ecosystem changes (Brown & Barnes, 2015; Capo et al., 2021; 
Pedersen et al., 2016; Ruppert et al., 2019; Willerslev et al., 2014). 
Since the development of next-generation sequencing (Glenn, 
2011; Metzker, 2010; Shendure & Ji, 2008), the P6  loop region of 
the chloroplast trnL (UAA) intron (Taberlet et al., 2007) has become 
one of the most commonly used markers for identification of vas-
cular plants in lake sedimentary (ancient) DNA studies (e.g., Alsos 
et al., 2018; Boessenkool et al., 2014; Clarke et al., 2019; Crump 
et al., 2021; Ficetola et al., 2018; Giguet-Covex et al., 2014; Liu et al., 
2021; Niemeyer et al., 2017; Pansu et al., 2015; Parducci et al., 2012; 
Rijal et al., 2021; Sjögren et al., 2017). Accordingly, there is an urgent 
need to fully understand the taphonomy of this proxy including or-
igin, transfer, and preservation of sedimentary plant DNA (Birks & 
Birks, 2016; Edwards, 2020; Giguet-Covex et al., 2019; Gugerli et al., 
2005; Parducci et al., 2017). It has been shown that the plant DNA 
pool in lake sediments mainly originates from plant tissues such as 
leaves, seeds, roots, and wood remains (Parducci, Nota, et al., 2019; 
Willerslev et al., 2003). Conditions that support or hinder the pres-
ervation of plant DNA in lake sediments are by far less studied (Birks 
& Birks, 2016; Giguet-Covex et al., 2019; Parducci et al., 2017). 
Understanding how the environmental setting of a lake influences 
plant DNA preservation is essential to improve sampling strategies 
and to allow lake sedimentary DNA to become a reliable and inter-
pretable proxy for past vegetation changes.

Damage to the DNA molecules can be efficiently repaired via 
DNA repair pathways in living cells (Lindahl, 1993). In contrast, var-
ious chemical reactions including hydrolysis (e.g., depurination and 
deamination), oxidation, alkylation, and Maillard reaction can de-
grade DNA after cell death (Eglinton & Logan, 1991; Hofreiter et al., 
2001; Lindahl, 1993; Willerslev & Cooper, 2005). These reactions 
affect both intra- and extracellular DNA and lead to destabilization 
and breakage of DNA molecules, limiting the retrieval of complete 
DNA sequences from environmental samples (Hofreiter et al., 2001; 
Lindahl, 1993; Willerslev & Cooper, 2005). For example, nucleotide 
substitutions (C to T or G to A) caused by hydrolytic deamination 
mostly occur at the ends of ancient DNA fragments, which has be-
come a common way to distinguish endogenous DNA from contami-
nation (Briggs et al., 2007; Jónsson et al., 2013; Willerslev & Cooper, 
2005). As a result, environmental DNA molecules are typically highly 
fragmented and damaged, reducing their chances of being correctly 
assigned to the taxa of their origin, which can impede sequence 
identification and species richness estimation.

The rate of chemically induced degradation is impacted by biotic 
(e.g., microbial activity) and abiotic factors (e.g., pH, temperature, 
ultraviolet (UV) radiation, and ionic strength). For example, low tem-
perature, high pH, and high ionic strength can limit the rate of DNA 
depurination, which has been experimentally demonstrated in vitro 
by Lindahl and Nyberg (1972). DNA molecules can also be damaged 
from high-level UV and oxygen exposure (Lindahl, 1993; Ravanat 
et al., 2001; Strickler et al., 2015), which ought to be considered, 

especially for large lakes with long-distance surface transport due 
to large catchment areas. Furthermore, the adsorption of DNA to 
soil and sediment particles is regarded as the primary mechanism 
responsible for the long-term preservation of extracellular DNA in 
the environment because such adsorption inhibits the activation of 
DNA-degrading DNases produced by bacteria and fungi (Blum et al., 
1997; Khanna & Stotzky, 1992; Ogram et al., 1988; Pietramellara 
et al., 2009), and this process is influenced by several factors such 
as ionic strength, pH, and sediment composition (Cai et al., 2006; 
Freeman et al., 2020; Greaves & Wilson, 1969; Kanbar et al., 
2020; Khanna & Stotzky, 1992; Levy-Booth et al., 2007; Lorenz 
& Wackernagel, 1987; Romanowski et al., 1991; Yu et al., 2013). 
Most of the studies targeting DNA preservation performed exper-
iments in specific laboratories using pure DNA molecules and pre-
processed samples. However, inferences from laboratory analyses 
partly contradict the scarce field-based evidence. For example, high 
temperature is considered to accelerate DNA degradation (Hofreiter 
et al., 2001; Lindahl, 1993; Lindahl & Nyberg, 1972; Willerslev & 
Cooper, 2005), but many studies have successfully extracted PCR-
amplifiable DNA from tropical lake sediments (e.g., Boessenkool 
et al., 2014; Bremond et al., 2017; Stoof-Leichsenring et al., 2012; 
Tabares et al., 2020). Thus, there is an urgent need to assess these 
experimental results against field-based studies.

In principal, lake sediment is an optimal place for DNA preserva-
tion. Sediments are frequently saturated with water, which seems 
to prevent downward leaching of DNA (Anderson-Carpenter et al., 
2011; Giguet-Covex et al., 2014; Sjögren et al., 2017). In addition, 
when sediment particles are deposited at the lake bottom, adsorbed 
DNA becomes stored in a low-temperature, low-oxygen, and low-
level UV radiation environment which limits microbial activity and is 
favorable for DNA preservation (Giguet-Covex et al., 2019; Parducci 
et al., 2017). Before the final burial, however, the quality of DNA 
at the water–sediment interface can be affected by environmen-
tal conditions, which are of crucial importance for the long-term 
preservation of sedimentary DNA molecules (Capo et al., 2021). 
Accordingly, investigation into the DNA characteristics of lake sur-
face sediments can provide general insights into degradation path-
ways of sedimentary (ancient) DNA. However, reliable measures or 
proxies for preservation/degradation of lake sedimentary DNA have 
not yet been established.

DNA amplification, an essential step in the environmental DNA 
metabarcoding approach, is dependent on polymerase chain reac-
tion (PCR; Taberlet et al., 2012). There are some potential biases in 
the current PCR-based analyses. For example, humic substances 
(e.g., humic acids and fulvic acids) in soils and sediments are as-
sumed to be a major inhibitor of amplification and are difficult to 
be removed by standard DNA purification protocols (Matheson 
et al., 2010; Watson & Blackwell, 2000). Furthermore, primer mis-
match (Piñol et al., 2015), polymerase selection (Matheson et al., 
2010; Nichols et al., 2018), thermal cycling parameters (Wu et al., 
2010), and other set-ups can also affect the outcomes of a metabar-
coding study (Alberdi et al., 2018; Dopheide et al., 2018; Mathieu 
et al., 2020), especially for species richness and relative abundance 
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estimation. Therefore, the standard and same PCR protocol should 
be suggested to apply when we need to compare metabarcoding-
based results from one dataset.

In this study, we used the “g” and “h” universal primers for the 
P6 loop region of the chloroplast trnL (UAA) intron to amplify plant 
DNA in 219  lake surface sediments from China and Siberia. Lake 
sediments were collected along a broad and extensive gradient of 
lake water conductivity, lake water pH, mean July air temperature 
(JulyT), sampling depth, and lake size. These five environmental 
variables were correlated to four proxies we have introduced for 
sedimentary DNA preservation using boosted regression tree (BRT) 
models (Elith et al., 2008). This paper aims (i) to establish and eval-
uate proxies for sedimentary DNA preservation; (ii) to quantify the 
relationships between the preservation of sedimentary plant DNA 
and various environmental variables; and (iii) to guide sampling de-
signs for lake sedimentary DNA studies.

2  |  MATERIAL S AND METHODS

2.1  |  Study lakes

Details about the sampled localities, including geographic coordinates, 
physical–chemical and environmental parameters, dominant surround-
ing vegetation, and sampling methods, are given in Stoof-Leichsenring 
et al. (2020). In this study, we investigated a subset of 219 lakes with 
available physical–chemical parameters located in the Qinghai-Tibetan 
Plateau (QTP), arid northwestern China, and Siberia (Figure 1; Appendix 

S1). The lakes cover a large geographical, climatic, and ecological gradi-
ent with elevation ranging from sea level to about 5000 m above sea 
level, lake water conductivity ranging from 5 to 57,194 μS cm−1 (mean 
1272 μS cm−1), lake water pH ranging from 4.7 to 10.24 (mean 7.94), 
sampling depth ranging from 0.15 to 78.9 m (mean 8.76 m), and lake 
size ranging from 0.01 to 4400 km2 (mean 63.88 km2). The area of 45 
extremely small lakes (or ponds) was replaced by 0.01 km2. Data on 
JulyT downloaded from the WorldClim2 dataset (Fick & Hijmans, 2017; 
http://www.world​clim.org), containing the average climate data for the 
years 1970–2000 at a spatial resolution of 30 s (ca. 1 km2), range from 
4°C to 25°C (mean 12.17°C; Appendices S1 and S2).

2.2  |  Lake sedimentary DNA analyses

DNA extraction was carried out in the molecular genetic labora-
tories equipped for environmental DNA work at Alfred Wegener 
Institute Helmholtz Centre for Polar and Marine Research (AWI). 
Approximately, 5–10 g of wet sediment was taken from the samples 
and processed using the DNeasy PowerMax Soil Kit (Qiagen). One 
extraction blank was included for each batch of 10  samples and 
processed in the same way as the samples. PCR was performed 
with the “g” and “h” universal plant primers for the P6 loop region 
of the chloroplast trnL (UAA) intron (Taberlet et al., 2007). We pro-
duced two PCR replicates for most samples including extraction 
blanks and PCR negative template controls (NTCs). For the 13-
TY samples from Taymyria, we also produced two PCR replicates 
but pooled them together because the same tag combinations 

F I G U R E  1  Location of the 219 sampled lakes in this study
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(Binladen et al., 2007; Taberlet et al., 2018) were used and there-
fore not sequenced them individually. The only exception is that 
we produced up to six PCR replicates for most 16-KP samples from 
Chukotka only because they represent intra-lake samples. All PCR 
replicates were merged for the final interpretation. The same PCR 
protocol was applied for all samples to minimize potential biases 
in the results. After evaluation of PCR results, PCR products were 
subsequently purified using the MinElute PCR Purification Kit 
(Qiagen) and pooled in equimolar concentrations. Library prepara-
tion and next-generation sequencing on the Illumina platform were 
performed with four independent sequencing runs at Fasteris SA, 
Switzerland. Detailed descriptions of experimental steps are given 
in Stoof-Leichsenring et al. (2020).

Raw sequence data were directly reused from Stoof-Leichsenring 
et al. (2020) and processed by the OBITools package (Boyer et al., 
2016), which includes illuminapairedend to align forward and reverse 
reads and then ngsfilter to assign the sequences to the samples. 
We subsequently used obigrep to exclude sequences shorter than 
10 bp and with <10 sequence counts, and obiuniq to merge dupli-
cated sequences. The obiclean program was run to remove putative 
PCR or sequencing errors. Taxonomic assignments with ecotag were 
finally performed without a defined identity threshold. Two refer-
ence libraries as described in Epp et al. (2015) were used to assign 
the sequences to taxa, which are the Arctic-Boreal vascular plant 
and bryophyte database (including 1664 vascular plants and 486 
bryophyte species, published by Sønstebø et al. (2010), Willerslev 
et al. (2014), and Soininen et al. (2015)) and the European Molecular 
Biology Laboratory (EMBL) nucleotide database version 138 (Kanz 
et al., 2005; http://www.ebi.ac.uk/ena). We extracted sequences 
of the targeted region from the EMBL nucleotide database using 
ecoPCR (Ficetola et al., 2010). To maximize the number of sequences 
in the EMBL reference library, we allowed five mismatches be-
tween primers and target sequences in the ecoPCR analyses (Stoof-
Leichsenring et al., 2020).

After running OBITools, four proxies were set up to quantify 
the extent of sedimentary DNA preservation/degradation. First, 
the percentage of sequence counts with the best identity ≥95% 
(PCTid≥95%), which is based on the assumption that the proportion 
of sequences that can be assigned to an entry in the databases (best 
identity ≥95%), is higher under ideal than under poor DNA preser-
vation conditions. Second, weighted average identity (WAI) assumes 
that well-preserved DNA molecules have higher best identity values 
than poorly preserved DNA molecules. This proxy can be written as 
follows, for one sample:

where n is the number of sequences, xi is the count of one sequence 
i, x is the total count of all sequences, and IDi is the best identity of 
sequence i. Third, weighted average DNA fragment length (WAFL) 
is based on the assumption that DNA molecules are hydrolyzed 
into shorter fragments under poor than under ideal preservation 

conditions (Hofreiter et al., 2001; Lindahl, 1993; Willerslev & 
Cooper, 2005). This proxy can be written as follows, for one sample:

where n is the number of sequences, xi is the count of one sequence i, x 
is the total count of all sequences, and FLi is the fragment length of se-
quence i. Fourth, taxonomic richness of terrestrial seed plants assumes 
that more terrestrial plant taxa can be detected in the samples under 
ideal than under poor DNA preservation conditions. To estimate the 
taxonomic richness, we excluded the following taxa from the dataset: 
(i) taxa with less than 100% identity; (ii) taxa that are not naturally found 
in China and Siberia; (iii) taxa that occur only once in the whole dataset; 
(iv) taxa that occur in the extraction blanks and NTCs with significantly 
high sequence counts. The filtered count data were subsequently sub-
jected to rarefaction analysis (Birks & Line, 1992; the R code is available 
at https://doi.org/10.5281/zenodo.4562708). Detailed explanations of 
these four preservation proxies are given in section 4.1.

A series of BRT analyses (Elith et al., 2008), a flexible regression 
technique based on machine learning, were run to assess how each 
of the four proxies for sedimentary DNA preservation is related to 
five environmental variables (lake water conductivity, lake water 
pH, JulyT, sampling depth, and lake size). We also introduced num-
ber of years between field sampling and DNA extraction as a sixth 
environmental variable in the models and tested whether it was im-
portant for sedimentary DNA preservation. However, as this vari-
able did not show a clear relationship with any preservation proxy, it 
was excluded from further analyses (Appendix S3). All BRT models 
were generated using the gbm.step function in the R-package dismo 
(Hijmans et al., 2017). The cross-validation program was first run to 
estimate the optimal number of trees and minimize the predictive de-
viance of the model. We used a Gaussian error distribution, a default 
bag fraction of 0.5, a slow learning rate of 0.0005, and a tree com-
plexity of 2. Such a combination of parameters can achieve relatively 
low predictive error and high predictive accuracy of the model. Some 
tests with other (default) parameters indicated that our results were 
quite robust to the parametrization of the BRT model. Lake water 
conductivity, lake size, and sampling depth were log-transformed 
prior to analyses to ease visual inspection of the BRT output plots. 
Results from applying the gbm.interactions function were investi-
gated to quantify interactions between the environmental variables 
in the BRT model. All statistical analyses were performed in RStudio 
(RStudio Team, 2015) with the R software (version 3.5.3; R Core 
Team, 2019). Pearson's correlation analysis was run using the cor and 
corr.test functions in the R-package psych (Revelle, 2021).

3  |  RESULTS

Over 35 million sequence counts were assigned to more than 13,000 
taxa, with 623 taxa having 100% sequence similarity with the refer-
ence libraries. Of these, more than 70% are assigned to terrestrial 

WAI =

n
∑
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plant taxa, and about half of these terrestrial plant taxa could be 
identified to species level. PCTid≥95%, WAI, WAFL, and rarefied rich-
ness range from 0.25% to 99.93% (mean 77.5%), 59.91% to 99.96% 
(mean 93.09%), 16 to 86 bp (mean 53 bp), and 0 to 28 taxa (mean 10 
taxa), respectively (Appendix S4). To keep as many samples as possi-
ble in the data analyses, we performed rarefaction analysis based on 
a very low sequence count (n = 185, SET-24), which is likely to be the 
main reason for the overall low rarefied richness in this study. For ex-
ample, 80 unique terrestrial seed plant taxa are detected in Lake 13-
TY-01 (Taymyria, Siberia), but its richness is reduced to 28.34 after 
rarefaction analysis. PCTid≥95% and WAI have a high positive correla-
tion (R = 0.96, p < 0.001, n = 219). Though less strongly, WAFL is also 

positively correlated with PCTid≥95% (R = 0.46, p < 0.001, n = 219) 
and WAI (R = 0.42, p < 0.001, n = 219). Moderate or no correlations 
were found between rarefied richness and the three other proxies 
(Figure 2).

Figure 3  summarizes the relative contributions of the single 
environmental variables in the BRT model for each DNA pres-
ervation proxy. We found that all DNA preservation proxies are 
most strongly correlated to lake water conductivity, accounting 
for 28.4%–52.3% of the total relative influence. The fitted func-
tion values of all preservation proxies increase at low conduc-
tivities, reach a plateau at approximately 100–500 μS cm−1, and 
decrease strongly at conductivities ≥1000 μS cm−1 (Figure 4). 

F I G U R E  2  Pearson correlations between the four DNA preservation proxies proposed in this study, which are the percentage of 
sequence counts with the best identity ≥95% (PCTid≥95%), weighted average identity (WAI), weighted average DNA fragment length (WAFL), 
and rarefied richness. The red curves in the scatter plots are LOESS curves fitted to the data. The double asterisk denotes a significant 
correlation at the 99% confidence level
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Lake water pH plays the second-most important role in the mod-
els of PCTid≥95%, WAI, and WAFL, explaining 16.6%–21.9% of 
the total relative influence. The fitted function values of these 
three preservation proxies are relatively high for lake water pH 
between 7 and 9. Unlike these three proxies, lake size (24.9%) 
and sampling depth (18.7%) have a greater contribution than lake 
water pH (14.5%) in the model of rarefied richness, and high rich-
ness is found in small and deep lakes rather than big and shallow 
lakes (Figures 3 and 4).

Among the relative strength of pairwise interactions between 
the environmental variables, the one between lake water conduc-
tivity and lake water pH is by far the most important. We found that 
the fitted value of the model is relatively high when lake water con-
ductivity is approximately 100–500 μS cm−1 and lake water pH is ap-
proximately 7–9, as exemplified by the interaction plot of PCTid≥95% 
(Figure 5). Additionally, there is a statistically positive linear correla-
tion between these two variables (R = 0.65, p < 0.001, n = 219).

The impact of the number of PCR replicates has been tested by 
merging only two PCR replicates for each sample (excluded 13-TY 
samples), and the output BRT results are almost the same (Appendix 
S5). In addition, rarefied richness of all taxa (i.e., terrestrial plants, 
aquatic plants, algae, ferns, and bryophytes) can be used in the same 
way as rarefied richness of terrestrial seed plants, and the similar 
BRT results can be outputted (Appendix S6).

4  |  DISCUSSION

4.1  |  PCTid≥95%, WAI, WAFL, and rarefied richness 
as proxies for sedimentary DNA preservation

We introduce PCTid≥95%, WAI, WAFL, and rarefied richness of ter-
restrial seed plants of plant DNA metabarcoding as proxies for 
sedimentary DNA preservation. Such proxies are needed because 
metabarcoding is currently the most widely used approach for sedi-
mentary (ancient) DNA research, and assessing DNA preservation 
conditions directly from the output data would be highly valuable. 
Another more cost-intensive alternative is to apply metagenomic 
shotgun sequencing (Coissac et al., 2016), which can provide more 
information about DNA preservation. However, the majority of 
shotgun reads (>90%) cannot be fully analyzed because they can-
not map any taxa in the reference libraries, which may be due to the 
incompleteness of genomic reference databases (Parducci, Alsos, 
et al., 2019; Pedersen et al., 2016; Slon et al., 2017). Currently, it 
is also very hard for shotgun sequencing to detect more plant taxa 
than metabarcoding at the same taxonomic levels (Parducci, Alsos, 
et al., 2019). Given that we only focus on modern plant DNA from 
lake surface sediments that can be well amplified by the g-h primers, 
metabarcoding seems to be a more useful and cost-efficient method 
for this study.

F I G U R E  3  Relative contributions of five environmental variables in the BRT models of four DNA preservation proxies, which are the 
percentage of sequence counts with the best identity ≥95% (PCTid≥95%), weighted average identity (WAI), weighted average DNA fragment 
length (WAFL), and rarefied richness. Most variation in all DNA preservation proxies can be explained by lake water conductivity. Lake water 
pH is the second-most important variable in the models of PCTid≥95%, WAI, and WAFL. Large variation in rarefied richness can be explained 
by lake size and sampling depth in addition to lake water conductivity
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Among the metabarcoding method, making use of plant DNA 
amplified by the “g” and “h” universal primers for the P6 loop region 
of the chloroplast trnL (UAA) intron to study sedimentary DNA 
preservation has several advantages. The primers are suitable for 
plant DNA studies because they amplify a short variable region 
with highly conserved sequences and there are a large number of 
reference sequences in public and customized databases available 
(Sønstebø et al., 2010; Taberlet et al., 2007; Willerslev et al., 2014). 
Chloroplast DNA occurs in high copy numbers in plant tissues and 
consequently has a better chance of being amplified (Morley & 
Nielsen, 2016; Sakamoto & Takami, 2018). Also, most amplified 
DNA is terrestrial plant DNA, which is assumed to be real alloch-
thonous DNA transported by runoff from the catchment rather 
than in situ DNA from living aquatic macrophytes (Parducci, Nota, 
et al., 2019).

However, metabarcoding is highly dependent on PCR ampli-
fication, which also has several drawbacks. Template DNA (the 
P6 loop region) can be well amplified by the primers we used, but 
this method has limitations for the samples that lack targeted tem-
plates, which is probably caused by strong DNA fragmentation. 
Mismatches between the primers and multiple DNA templates can 
cause imbalances in amplification efficiency, which may overen-
rich or underenrich some taxa and lose the rare and hard-to-
amplify taxa in our dataset (Jia, 2020; Piñol et al., 2015; Sønstebø 
et al., 2010; Taberlet et al., 2012); this is a major challenge in this 
field (Calderón-Sanou et al., 2019; Deiner et al., 2017). In addi-
tion, different bioinformatic strategies used for data filtering 
can also affect the final interpretation of metabarcoding results 
(e.g., Alberdi et al., 2018; Deiner et al., 2017; Kang et al., 2021). 
Therefore, there are still many uncertainties and limitations in the 

F I G U R E  4  Fitted functions between five environmental variables (ranked by relative contribution from left to right) and four DNA 
preservation proxies, which are (a) the percentage of sequence counts with the best identity ≥95% (PCTid≥95%), (b) weighted average identity 
(WAI), (c) weighted average DNA fragment length (WAFL), and (d) rarefied richness. The red dashed curves are a smoothed representation 
of the plots. Higher fitted function values indicate that the corresponding range of environmental variables is favorable for plant DNA 
preservation
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current workflow of DNA metabarcoding (Mathieu et al., 2020; 
Zinger et al., 2019), and the results of this study may need to be 
further assessed, for example, by non-targeting techniques such 
as shotgun sequencing.

PCTid≥95% and WAI are highly related to the best identity value 
given by ecotag. There are two main reasons for a low similarity be-
tween query and reference sequences under poor DNA preservation 
conditions: (i) the presence of extremely short (~10  bp) fragments, 
originating from strong DNA fragmentation, and long fragments 
(>220 bp), exceeding the theoretical maximum length of the marker 
(Calderón-Sanou et al., 2019; Taberlet et al., 2007). The latter can 
be produced by unspecific amplifications due to very low DNA tem-
plate concentration. However, such fragments comprise only a small 
proportion of our dataset and are considered to have less impact on 
PCTid≥95% and WAI. (ii) The incorporation of mismatches caused by 
the degradation of DNA molecules such as depurination and deam-
ination (Hofreiter et al., 2001; Lindahl, 1993; Willerslev & Cooper, 
2005). Moreover, degradation can lead to low initial DNA template 
concentration, resulting in an increased number of PCR errors (Akbari 
et al., 2005; Taberlet et al., 1996), which can also create the differ-
ences between query and reference sequences. Aside from the ef-
fects of DNA preservation, the low best identity value can also be 
attributed to the incompleteness of the reference database. In this 
study, however, we used the same reference libraries for the whole 
dataset, and no strong regional patterns are found in PCTid≥95% and 
WAI (Appendix S7), indicating that both proxies are less biased by the 
incompleteness of the reference database in the different regions.

Fragment length has been widely used as a proxy to indicate 
DNA quality and preservation (e.g., Heintzman et al., 2014; Leino 

et al., 2009; Seutin et al., 1991). Under degradation conditions, 
strong DNA fragmentation allows only short fragments that still 
have primer binding sites to be amplified by PCR, whereas original 
long fragments that might lose primer binding sites are not ampli-
fiable. Thus, average amplified fragment length can be used as an 
additional proxy for sedimentary DNA preservation. However, the 
marker we used is variable in fragment length (Taberlet et al., 2007), 
meaning that variations in fragment length may originate from vari-
ations in taxonomic composition rather than preservation charac-
teristics (Alsos et al., 2018; Appendix S8). For example, the samples 
dominated by Potamogetonaceae (Potamogeton) might erroneously 
indicate good DNA preservation conditions because this taxon has 
a relatively long P6  loop fragment (~80 bp). Also, algae, ferns, and 
bryophytes usually have a relatively short P6  loop fragment (~10–
20  bp), which may indicate poor DNA preservation conditions. 
However, only a small part of sequences can be assigned to these 
taxa in our dataset (<30% of all taxa with 100% identity), and most of 
the amplified DNA is terrestrial plant DNA with an average fragment 
length longer than 40 bp. Furthermore, WAFL has a positive correla-
tion with PCTid≥95% (R = 0.46, p < 0.001, n = 219) and WAI (R = 0.42, 
p < 0.001, n = 219), which indicates that these three proxies might 
be intercorrelated and cross-validated. For example, we found that 
some low-WAFL samples (<40 bp) also have relatively low values in 
other preservation proxies (Figure 2).

Richness of terrestrial plant taxa has also been used as a proxy 
to study the taphonomic processes, including preservation, af-
fecting sedimentary DNA records in recent years (e.g., Alsos et al., 
2018; Giguet-Covex et al., 2019; Jia, 2020). However, it should be 
noted that this proxy is influenced not only by the preservation 
conditions of sedimentary plant DNA, but also by other taphonomic 
processes. For example, abundant aquatic macrophytes in the lake 
can decrease the ability to detect and amplify terrestrial plant DNA 
from sediments (Alsos et al., 2018, 2020; Rijal et al., 2021). Such di-
lution effect might explain the low rarefied richness found in some 
samples with a high proportion of Potamogeton. However, no signif-
icant correlation exists between the proportion of reads assigned 
to aquatic macrophytes and rarefied richness (R = −0.13, p > 0.05, 
n = 197), indicating that this effect is very weak. In addition, the 
rarefied richness of some lakes may be underestimated due to the 
incompleteness of the reference databases we used, especially for 
lakes located in remote areas with a unique plant community (e.g., 
the QTP), but no strong regional patterns are found in rarefied rich-
ness (Appendix S7). Furthermore, the influx of terrestrial materials 
into the lake also plays an important role in the detection of terres-
trial plant DNA from sediments, which is related to many environ-
mental factors, such as vegetation composition, DNA production, 
topographic relief, erosion dynamics, and the degree of connectiv-
ity across the catchment area (Giguet-Covex et al., 2019). Since we 
have very limited information on these factors for each lake, this 
issue requires further studies in the future. In our data, rarefied 
richness shows only a moderate or even no correlation with the 
three previous proxies, suggesting that these proxies might reflect 
different aspects of DNA preservation.

F I G U R E  5  Three-dimensional partial dependence plots for 
the strongest interaction in the BRT model of the percentage of 
sequence counts with the best identity ≥95% (PCTid≥95%)
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To conclude, although there are still some limitations in the four 
preservation proxies, the pattern of the BRT results of them is simi-
lar to some extent, which suggests that they are intercorrelated and 
cross-validated and could be useful proxies for sedimentary DNA 
preservation.

4.2  |  Plant DNA preservation in relation to 
environmental variables

Our results indicate that plant DNA preservation is strongly related 
to lake water characteristics, particularly electrical conductivity and 
pH, while lake morphology and air temperature play minor roles. To 
our knowledge, this is the first systematic study on the impact of 
environmental conditions on the preservation of plant DNA in lake 
surface sediments that makes use of broad field-based information, 
while most previous studies on DNA preservation are based on labo-
ratory experiments.

Plant DNA in lake sediments includes intracellular DNA, which 
belongs to plant fragments and living cells, and extracellular DNA, 
which is released into the surrounding environment by the degra-
dation of plant tissues and the lysis of plant cells (Parducci et al., 
2017; Taberlet et al., 2018). Because plant cells are lysed rapidly in 
the environment (Nielsen et al., 2007), extracellular DNA is con-
sidered the main component of total plant DNA in lake sediments 
(Parducci et al., 2017, 2019). From the moment of plant cell death, 
DNA repair mechanisms permanently cease and the plant DNA is 
released into soils and sediments. The rate of DNA degradation can 
be influenced by several factors (e.g., pH, temperature, UV radia-
tion, microbial activity, and salinity; Giguet-Covex et al., 2019). Of 
these, microbial activity is considered to be the most direct factor 
to degrade extracellular DNA, because DNA molecules can be en-
zymatically hydrolyzed by DNases produced by bacteria, resulting 
in DNA strand damage and breakage (Blum et al., 1997; Pedersen 
et al., 2015; Strickler et al., 2015; Torti et al., 2015). Despite this, ex-
tracellular DNA can be well protected from the attack of nucleases 
by adsorbing to inorganic or organic surface reactive particles, such 
as clay minerals and humic substances (Cai et al., 2006; Crecchio & 
Stotzky, 1998; Greaves & Wilson, 1969; Nagler et al., 2018; Pedreira-
Segade et al., 2018; Romanowski et al., 1991; Taberlet et al., 2018; 
Yu et al., 2013), which seems to be the primary mechanism of ex-
tracellular DNA persistence in soils or sediments (Blum et al., 1997; 
Kanbar et al., 2020; Ogram et al., 1988; Pietramellara et al., 2009). 
Adsorption inhibits the activation and transformation of DNases 
and separates the enzymes from their substrate (Demanèche et al., 
2001; Khanna & Stotzky, 1992). The adsorption strength of extra-
cellular DNA on soil and sediment particles is controlled by several 
environmental variables, such as the mineralogy of sorbent, ionic 
strength, pH, and DNA fragment length (Ogram et al., 1988).

Our results suggest that the electrical conductivity and pH 
of lake water might have a stronger effect on the preservation of 
sedimentary plant DNA than other environmental variables, and 
plant DNA tends to persist longer in lakes with intermediate water 

conductivities (100–500 μS cm−1) and neutral to slightly alkaline 
water pH (7–9).

Previous studies have indicated that extracellular DNA adsorp-
tion is a charge-dependent process influenced by pH and cation 
concentration of the solution (Romanowski et al., 1991). The sur-
face charge density of DNA is constant for a given pH (Romanowski 
et al., 1991). The isoelectric point of DNA is pH 5. At pH < 5, the 
phosphate moieties of DNA become protonated and exhibit a net 
positive charge, which is opposite to the surface charge of most clay 
minerals (e.g., montmorillonite and kaolinite) and humic substances. 
This means that extracellular DNA can be easily adsorbed to soil or 
sediment particles (Greaves & Wilson, 1969). However, acidic condi-
tions catalyze hydrolytic processes and accelerate DNA degradation 
(Giguet-Covex et al., 2019; Lindahl, 1993; Lindahl & Nyberg, 1972; 
Seymour et al., 2018). At pH > 5, the phosphate moieties of DNA be-
come deprotonated and exhibit a net negative charge, which is unfa-
vorable for DNA adsorption (Greaves & Wilson, 1969). Furthermore, 
the electrostatic repulsion between DNA and soil or sediment par-
ticles increases with increasing pH values (Levy-Booth et al., 2007).

Electrical conductivity is the ability of water to conduct an 
electrical current (Davis & De Wiest, 1966), which is positively 
correlated with the ionic concentration of the solution (Zhuiykov, 
2018). Ionic strength is a measure of the intensity of an electric 
field in the solution, which is positively related to the molar con-
centration and charge number of ions (Lewis & Randall, 1921). Thus, 
there can be a positive correlation between electrical conductivity 
and ionic strength, as has been evidenced by many previous studies 
(e.g., Alva et al., 1991; Gillman & Bell, 1978; Griffin & Jurinak, 1973; 
Ponnamperuma et al., 1966). In general, increases in ionic strength 
and electrical conductivity lead to increases in ionic concentration, 
which can synchronously increase cation concentration. Cations 
(e.g., Ca2+, Mg2+, Na+, and K+) play an important role in the process 
of DNA adsorption at pH  >  5 because they can form bridges be-
tween the phosphate moieties of DNA and the particle surface and 
enhance DNA adsorption capacity (Greaves & Wilson, 1969; Khanna 
& Stotzky, 1992; Levy-Booth et al., 2007; Lorenz & Wackernagel, 
1987; Paget et al., 1992; Pedreira-Segade et al., 2018; Romanowski 
et al., 1991). For example, Greaves and Wilson (1969) found that the 
adsorption of DNA by montmorillonite was greatly increased at all 
pH conditions in a buffered system with high concentrations of Na+ 
ions. Romanowski et al. (1991) reported that more sand-adsorbed 
DNA could be detected when the water column had higher concen-
trations of Mg2+ ions, even if the pH increased. In addition, the rate 
of depurination in DNA is relatively low at high ionic strength or 
electrical conductivity, which maintains the stability of DNA struc-
ture (Lindahl & Nyberg, 1972). Therefore, lake water conductivity 
could be a predominant variable influencing the preservation of sed-
imentary plant DNA under alkaline lake water pH conditions.

According to the fitted function curves (Figure 4), lake water 
conductivity tends to rise and reach a plateau at approximately 
100–500 μS cm−1, and decrease strongly at above 1000 μS cm−1, 
indicating that high lake water conductivities might be unfavorable 
for the preservation of sedimentary plant DNA. The reason for this 
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phenomenon is highly due to high lake water pH. We notice that 
the threshold point of lake water conductivity (approximately 500 
μS cm−1) corresponds to a pH value of 9 due to their positive lin-
ear correlation (R = 0.65, p < 0.001, n = 219). Previous studies have 
shown that the negative charge of DNA and soil or sediment parti-
cles at pH ≥ 9 can highly reduce the efficiency of cations to medi-
ate adsorption, and DNA can be desorbed almost completely from 
the negatively charged surface of clay minerals (Cai et al., 2006; 
Jia, 2020; Khanna & Stotzky, 1992; Levy-Booth et al., 2007; Ogram 
et al., 1988; Romanowski et al., 1991) even if their surface cations 
are saturated (Sheng et al., 2019). Another possible reason worthy 
of consideration is competitive adsorption. The amount of adsorbed 
DNA was found to be markedly reduced in the presence of addi-
tional phosphate, indicating that there was a strong competitive ad-
sorption between phosphate groups (PO4

3−) and DNA molecules on 
the clay mineral surface (Pietramellara et al., 2001; Yu et al., 2013). 
Before sediment particles are deposited and buried in the lake bot-
tom, these desorbed DNA molecules will be free within the water 
column and available to DNase attack (Figure 6). In addition to these 
possibilities, the reasons for poor DNA preservation conditions at 
high lake water conductivities (≥1000 μS cm−1) need to be further 
studied in the future and would require detailed ion measurements 
to rule out their putative function in DNA adsorption.

We notice that large variation in rarefied richness can be ex-
plained by lake size and sampling depth in addition to lake water 
conductivity (Figures 3 and 4). The surface sediments of shallow 
lakes or ponds might be exposed to high-level UV radiation, which 
can photochemically damage DNA (Ravanat et al., 2001; Strickler 
et al., 2015). On the other hand, if lakes are deep enough, the water 
column becomes thermally stratified, creating a cold (about 4°C) 
and frequently anoxic environment at the lake bottom, which will 
limit microbial activity and help preserve plant DNA (Parducci et al., 

2017). In addition, underflows are common in many deep lakes with 
steep bottom slopes, which favors the concentration of terrestrial 
sediments at the lake bottom (Mirbach & Lang, 2018). We also find 
that the samples from large lakes (≥5 km2) have lower rarefied rich-
ness than small lakes, which is not in accordance with our expecta-
tion. Large lakes, usually along with relatively wide catchment areas 
and well-developed hydrographical networks, are assumed to have 
more terrestrial inputs than small lakes or ponds that only receive 
inflow from limited streams. There are four hypotheses to explain 
this phenomenon. (i) Large lakes represent less than 20% of the total 
number of lakes in our dataset, which can strongly affect the degree 
of curve fitting in our BRT models. (ii) Nearly 80% of the large lakes 
in this study are located in the arid and semi-arid regions of China 
(e.g., the northern and central QTP, Inner Mongolia, and Xinjiang). 
The main vegetation types in this region are steppe and desert. In 
contrast, most small lakes are located in the humid and semi-humid 
regions (e.g., the southeastern QTP and Siberia; Appendix S9), where 
the vegetation types are dominated by forest, meadow, and shrub 
(Hou, 2001; Stone & Schlesinger, 2003). Hence, the overall plant 
richness of large lakes might be lower than that of small lakes be-
cause of the differences in vegetation composition and diversity in 
different regions. (iii) Many large lakes, especially Tibetan lakes in 
this study, have a very high water pH (Appendix S9), which is unfa-
vorable for plant DNA preservation. (iv) The center of a small lake (or 
pond) is close to the lakeshore and local terrestrial plant materials 
and their DNA might be more easily transported into the lake by run-
off from a small catchment (Alsos et al., 2018; Niemeyer et al., 2017). 
The relationships between rarefied richness and environmental vari-
ables, therefore, might be more complicated than other relationships 
described in this study and require further research.

Interestingly, our data do not provide clear evidence that mean 
July air temperature has a significant influence on the preservation 

F I G U R E  6  Conceptual model of the preservation of plant DNA in lake sediments and its relationships with lake water chemistry. (a) 
Intermediate water conductivities (100–500 μS cm−1) and neutral to slightly alkaline lake water pH (7–9) facilitate the adsorption of plant 
DNA to sediment particles, which is favorable for plant DNA preservation. (b) High lake water pH (≥9) leads to desorption of plant DNA from 
sediment particles, and DNA molecules are free within the water column and available to DNases produced by bacteria
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of plant DNA in lake sediments. High temperature was considered a 
profound cause of DNA degradation (Hofreiter et al., 2001; Lindahl, 
1993; Lindahl & Nyberg, 1972; Willerslev & Cooper, 2005). However, 
only approximately 15% of the total relative influence can be ex-
plained by JulyT in the BRT models, indicating that air temperature 
might not be a key variable to limit plant DNA preservation. For ex-
ample, the QTP, with high elevation and low mean annual tempera-
ture, is theoretically an ideal place for DNA preservation (Hofreiter 
et al., 2014; Jia, 2020). However, plant DNA is not well preserved in 
the surface sediments of some lakes in the central QTP (e.g., Lake 
Pengco, Lake Bamuco, and Lake Selinco) due to their high water pH 
(Appendix S1). Furthermore, given that several previous studies have 
extracted PCR-amplifiable plant DNA from tropical lake sediments 
(Boessenkool et al., 2014; Bremond et al., 2017; Tabares et al., 2020), 
it is possible that the preservation of sedimentary plant DNA is more 
influenced by lake water chemistry than meteorological factors.

Although there are knowledge gaps in this field, the 
metabarcoding-based results from this paper could be used to design 
sampling strategies and to pre-select suitable lakes for studying sed-
imentary plant DNA, thus reducing additional time and costs during 
field work. Our results indicate that lake water chemistry should be 
given priority when considering study site selection. Lakes with in-
termediate water conductivities (100–500 μS cm−1) and neutral to 
slightly alkaline water pH (7–9) may well preserve sedimentary plant 
DNA better than lakes with low or high water conductivities and 
acidic or strongly alkaline water pH. Furthermore, more terrestrial 
plant taxa might be detectable from deep lakes than from shallow 
lakes. Air temperature is not a key variable for study site selection. 
When considering these recommendations, we should keep in mind 
that not all potential environmental variables that affect sedimen-
tary DNA preservation have been included in this study. For exam-
ple, the importance of sediment type with respect to the mineralogy 
and grain-size composition of sediments for DNA preservation has 
widely been reported by previous studies (e.g., Freeman et al., 2020; 
Kanbar et al., 2020; Levy-Booth et al., 2007; Romanowski et al., 
1991), and this may be one of the missing variables in our BRT mod-
els. In addition, the preservation conditions of upper modern DNA 
might differ from deep ancient DNA, which may also be impacted by 
other environmental factors (e.g., burial time and tectonic activity; 
Hofreiter et al., 2001; Pedersen et al., 2016).

5  |  CONCLUSIONS

Using the amplified plant DNA records from 219 lake surface sedi-
ments from China and Siberia, we were able to quantify the effect of 
five environmental variables (lake water conductivity, lake water pH, 
JulyT, sampling depth, and lake size) on four proxies we introduced 
for sedimentary DNA preservation (PCTid≥95%, WAI, WAFL, rarefied 
richness) via BRT models. Our results suggest that electrical conduc-
tivity and pH of lake water are the two most important variables for 
the preservation of sedimentary plant DNA. Lakes with intermedi-
ate water conductivities (100–500 μS cm−1) and neutral to slightly 

alkaline water pH (7–9) may be suitable for sedimentary DNA stud-
ies. Deep lakes seem to support plant DNA preservation as indicated 
by relatively high rarefied richness. The relationship between rare-
fied richness and lake size requires further assessment. Air tempera-
ture does not appear to be a key variable to limit the preservation of 
plant DNA in lake sediments.

It should also be noted that the conclusions are partially limited 
by the metabarcoding method, and non-targeting techniques such as 
metagenomics may provide more insightful information about DNA 
preservation in the future. In addition, not all potential environmen-
tal variables that affect sedimentary DNA preservation (e.g., catch-
ment characteristics and sediment types) have been considered in 
this study. For sedimentary ancient DNA, we should carefully follow 
the above recommendations, because its preservation mechanism 
is even more complicated and can also be influenced by other envi-
ronmental factors such as burial time and tectonic activity, which is 
different from that of DNA in lake surface sediments.
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