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Terrigenous organic matter in marine sediments is considered a significant long-term carbon sink, yet
our knowledge regarding its source taxa is severely limited. Here, we leverage land-plant ancient DNA
from six globally distributed marine sediment cores covering the Last Glacial-Holocene transition as a
proxy for the share, burial rate, preservation, and composition of terrigenous organic matter. We show
that the spatial and temporal plant composition as revealed by sedimentary ancient DNA records
reflects mainly the vegetation dynamics of nearby continents as revealed by comparison with pollen
from land archives. However, we also find indications of a global north-to-south translocation

of sedimentary ancient DNA. We also find that plant sedimentary ancient DNA has a higher burial rate in
samples from the Late Glacial, which is characterized by high runoff and mineral load. This study
provides an approach to understanding the global linkages between the terrestrial and marine carbon
cycle, highlighting the need for further research to quantify the processes of DNA preservation and

dispersal in marine sediments.

Organic matter in marine sediments is recognized as a substantial long-term
sink for atmospheric carbon dioxide'. It is assumed that around a third of
marine sediment carbon originates from different continental and coastal
carbon pools, such as the biosphere and the soil’. Land plants (embry-
ophytes) including seed plants, ferns, and mosses account for the majority of
the biomass on land (80-90%)’. However, we know little about which plant
taxa form the terrestrial portion of the marine carbon sink and what the
major source ecosystems and translocation pathways are. This restricts
predictions on how carbon transport from source to sink is affected by
ongoing climate and land-use change.

To understand the link between terrestrial carbon sources and marine
carbon sinks, as well as their variations over time, a reliable proxy is needed.
This proxy should effectively capture the quantity, degradation state, and
composition of land-derived organic matter in marine sediments, with high
taxonomic resolution. Currently, even distinguishing between marine and
terrestrial carbon sources remains a significant challenge for advanced
biogeochemical and isotopic techniques*’. These methods have provided
only limited taxonomic information. For instance, lignin biomarker pat-
terns can be used to estimate the relative proportions of ggmnosperms® and

angiosperms’. Similarly, compound-specific isotope signals from fatty acids
can indicate the contributions and productivity of aquatic plants’. However,
these signals cannot distinguish between coastal and freshwater taxa. Fur-
thermore, mixing models based on compound-specific isotope data have
been developed to estimate the relative contributions of C3 and C4 plants’.
In addition, sporopollenin signals serve as indicators of the presence of
terrestrial material in marine sediments and provide information on land
changes even though they are restricted to seed plants and the biases of
different pollen productivity and dispersal characteristics among the taxa
need to be taken into account. Furthermore, pollen taphonomy in marine
sediments differs strongly from the taphonomy of the majority of the
vegetative plant biomass. Pollen is, at least partly, transported via air and is
not preserved due to adsorption to mineral particles'’. Hence, it does reflect
the linkages between the land and ocean carbon cycle only indirectly.

The analysis of ancient DNA (aDNA) found in sediments has revo-
lutionized our ability to trace past changes in land ecosystems'' and,
recently, in marine ecosystems'”. In particular, sedimentary metagenomics -
analyses of the total environmental DNA contained in sediments” - is a
promising technique'®. In contrast to metabarcoding which relies on
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target-specific DNA amplification using PCR, non-target and PCR-free
metagenomics has the advantage of being able to identify all major king-
doms quantitatively in a single approach'’. However, studies focusing on the
terrigenous component in marine sediments are lacking. Even studies from
land archives almost exclusively address ecological questions, while tracing
the source of sedimentary organic carbon has rarely been the focus of aBDNA
studies (e.g., for permafrost)]5 . How biomolecules, like DNA get preserved,
is a matter of an ongoing debate. On the one hand, it is known that DNA
preservation in the environment broadly resembles that of other organic
compounds, where molecules are, to some extent, protected from degra-
dation upon adsorption to minerals'*"*. Furthermore, favorable environ-
mental conditions, such as anoxic environments'*”’, cold temperatures™,
and the reduced enzyme activity caused by high salinity, which slows down
DNA degradation™, play a crucial role in the preservation of DNA and
organic matter. On the other hand, it is questioned that energy rich-
molecules can be stabilized for thousands of years with these mechanisms. It
is assumed that physical shielding by degradation-resistant cell wall com-
ponents, such as lignin or sporopollenin, may be particularly important for
the preservation of land plant organic matter in sediments on millennial
time scales and beyond™***. More factors are suggested to increase DNA
preservation like DNA methylation formation of extracellular DNA
complexes, including proteins, minerals and other molecules™”’, biofilm
formation™ and lack of DN Ases™.

Records assessing the terrestrial plant DNA signals in marine sedi-
ments may contribute to the discussion on the (selective) preservation of
biomolecules with major relevance for understanding the mechanisms
behind the sink function of organic matter in marine sediments.

Here we present metagenomic analyses of six marine sediment records
originating from the North Pacific (off-Kamchatka and the Bering Sea), the
North Atlantic (Fram Strait, off-Svalbard), the tropical Atlantic (off-
Tobago), off-Australia, and the Bransfield Strait (off-Antarctic Peninsula):
all of them covering the last glacial-interglacial transition. Our analyses
target the last Late Pleistocene-Holocene transition due to the known major
changes in the terrestrial and marine carbon cycling in response to climate
signals. We aim to identify the share, content, preservation, and taxonomic
composition of plant DNA. We seek to assess the spatio-temporal patterns
of plant matter source taxa in marine sediment cores and compare them to
land and marine proxy data. As a preliminary exploration, we utilize DNA
signals to demonstrate the feasibility of our approach to trace the land-to-
ocean carbon transport and marine carbon translocation as well as the
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terrestrial source pool and source ecosystems of plant matter in marine
sediments. Finally, we discuss the potential of plant DNA in marine sedi-
ments as a proxy to link the terrestrial plant source with the marine car-
bon sink.

Results and discussion

Land-plant matter content and preservation

Metagenomic analyses of marine sediments yielded a substantial amount of
plant DNA reads (Embryophyta) in all six globally distributed marine
sediment cores (Figs. 1 and 2). Shotgun sequencing and subsequent read
filtering and taxonomic classification of 133 samples resulted in a total of
1,403,151 reads (DNA fragments) classified as Embryophyta, assigned to
242 taxa at the family level (Supplementary data S1, Supplementary data S2).
Map damage-pattern analysis yielded the typical post-mortem C-to-T
substitutions at the end of the reads, which increased with sample age
(Supplementary Fig. 1).

The share of plant reads on all eukaryotic reads classified on family level
ranges between 0.4 and 42.5% (median: 8.44, Supplementary Fig. 2) with
most of them originating from terrestrial plants (Fig. 2). The lower share of
plant reads is specifically present in the remote Bransfield Strait sediment
core (Antarctica) and one sample of the arctic Fram Strait sediment core
(Supplementary Fig. 2) confirming previous observations of reduced plant
litter in remote polar sediments™"'. All cores show an increased terrestrial
Embryophyta share during the last deglacial. The share of coastal sub-
merged plants shows a different temporal pattern with higher values during
the last glacial (Fig. 2). Only in the cores from Off-Australia and Off-Tobago
coastal sites do submerged Embryophyta constitute a major component
(Fig. 2). This is the first time that the plant DNA share of marine samples has
been reported. Our plant DNA results confirm the wide range of terrestrial
organic matter contribution reported in biomarker studies”. The share of
land-plant DNA in samples from lakes” and permafrost soil'* investigated
using a similar methodology, is, as expected, higher.

The median plant DNA read length in the sediment cores ranges
between 44 and 65 base pairs (bp). We interpret median DNA read length as
a proxy for DNA fragmentation™. Overall our results show a site-specific
pattern with longest read lengths in the high-latitude Northern Hemisphere
sites (Fig. 2). Median plant DNA read length in the individual cores does not
decline with depth (Supplementary Fig. 2). This is suggesting that post-
burial signals do not dominate the preservation pattern which is in agree-
ment with findings from terrestrial archives®. Over all cores, median read
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Fig. 1 | Map showing the location of the marine sediment cores: Fram Strait
(MSMO05/5-712-2, 78.915662°N, 6.767167°E), the Bering Sea (S0201-2-77KL,
56.3305°N, 170.6997°E), off-Kamchatka (S0201-2-12KL, 53.993°N, 162.37°E), off-

Tobago (M78/1-235-1, 11.608°N, 60.964°W), oft-Australia (MD03-2614G,
34.7288°S, 123.4283°E), and the Bransfield Strait (PS97/72-01, 62.006°S, 56.064°W).
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Fig. 2 | Family clade Embryophyta share (%) on total eukaryotic recovered
sedimentary DNA and read length (bp) per core and per age (k yrs). Families are
assigned to terrestrial vegetation (upper panels) or coastal submerged (lower panels).

Embryophyta share (%) demonstrates the total Embryophyta reads (either terrestrial
or coastal submerged) on the total Eukaryota reads. The figures show the mean and
the quartile Q1, Q3 and the interquartile range (IGR).

length is higher during cold periods such as the LGM and Late Glacial and
lower during warm periods such as the MIS 3 stadial and early Holocene
(Fig. 2). This trend may reflect increased DNA degradation rates under
warmer conditions and/or reduced availability of protective minerals during
these periods.

The plant DNA burial rate in the marine sediment core SO201-2-77KL
(for which an bulk accumulation rate was available) ranges between 0.0124
and 0.1 pug/cm’/yr (median: 0.08 pg/cm’/yr) which is of a similar order of
magnitude to DNA burial rates in previous studies of surface marine
sediment™. The results from the sediment core show a clear temporal
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Fig. 3 | Comparison of Embryophyta DNA burial rate (ug/cm’/yr) for the marine
sediment core SO201-2-77KL and the Lignin accumulation rate (ug/cm’/yr) of a
proximal marine sediment core (S0202-18-3/6). The panel shows the original data
points and the general trend using the loess smoothing function (level = 0.5,

smoothing factor = 0.7). The blue highlights indicate the timing of the meltwater
pulses MWP 1A and MWP 1B. Both cores are located in the Bering Sea. The lignin
accumulation rate was published by Cao et al.”.

pattern with high values at ~14.6 and ~11.5 k yr BP (Fig. 3), reflecting known
phases of increased terrestrial productivity and terrestrial organic matter
(OM) delivery by meltwater runoff 7 and during the Holocene (Supple-
mentary data S3). Furthermore, the burial rate of land plant DNA shows a
similar trend as the Lignin accumulation rate of the marine sediment core
$0202-18-3/6 that is located close to SO201-2-77KL in the Bering Sea’.

Major compositional pattern of land-plant DNA

Principal component analysis (PCA) is used to show the similarity of the
samples in terms of plant taxa composition. Figure 4 visualizes the direct
grouping of samples from the same sediment core. In addition, the ordi-
nation shows that the plant DNA composition of the different ages of
individual sediment cores are largely characterized by plant families known
from the flora of neighboring continents (Fig. 4). The arctic and subarctic
records (Fram Strait, off-Kamchatka, Bering Sea) cluster with typical arcto-
boreal families including Saxifragaceae, Cyperaceae, Betulaceae, Rosaceae,
Boraginaceae, and Salicaceae. These records are also characterized by fern
and bryophyte families common in the high northern latitudes including
Polypodiaceae, Equisetaceae and Sphagnaceae. The Bransfield Strait record
(off-Antarctic Peninsula) is located close to and therefore mainly char-
acterized by moss families, for example, Marchantiaceae and Polytrichaceae
(Figs. 4 and 5). Although Cyathodiaceae are not known from Antarctica,
they may reflect liverwort abundance in general, as liverworts are poorly
covered in the reference database. Other taxa not native to Antarctica
characterize the Bransfield Strait plant spectrum; however, these are com-
mon in Patagonia (e.g,, Cupressaceae) or have a characteristic distribution in
the Southern Hemisphere (e.g., Restionaceae, Hymenophyllaceae).

The samples of the tropical record coming from off-Tobago and oft-
Australia show the burial of many tropical plant families including Myr-
taceae, Melastomatacae, Rubiaceae, Moraceae, Chrysobalanaceae, Com-
bretaceae, Arecaceae, Piperaceae, Magnoliaceae, Cannabaceae and
Lauraceae. The record from off-Australia is unique in its high share of
Rhizophoraceae representing typical members of the tropical mangrove
forest (Supplementary Fig. 3). The record from off-Australia is characterized
by a high number of tropical seagrass families such as Cymodoceaceae and
Posidoniaceae which are typical of southern Australia’s sandy coasts as is
shown by their close proximity in Fig. 4 . Families endemic (Maundiaceae)
or common (Asparagaceae) to the Australian region also occur.

Typical crop plant families such as Solanaceae, Malvaceae, Bromelia-
ceae, Brassicaceae, and Vitaceae are placed in the center of the ordination
plot (Fig. 4). Read length analyses indicate that reads assigned to these taxa
are mostly short (Supplementary Fig. 4) and thus have a higher chance of
being assigned to taxa overrepresented in the database like crop plants.
Accordingly we assume that these assignments are false-positives due to a
highly degraded unspecific DNA component shared by all samples. Such
false classifications can result from short sequence length, which reduces the
diagnostic sequence differences that are needed to gain an exact taxonomic
classification, and by the overrepresentation of genomes in the reference
databases, which increases the likelihood of read-reference hits.

Spatio-temporal pattern of plant matter source taxa in marine
sediment cores compared to land and marine proxy data

Major shifts in the plant composition in the marine DNA record align with
corresponding pollen taxa changes in the source area of the land plant DNA
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Fig. 4 | Principal component analysis of the plant DNA composition in the
timeslices of the six marine cores. The scaling was set to 1 and only taxa with a
minimum relative abundance of 0.5% and an occurrence in 3 time slices are shown.
To avoid overlapping, not all plant families are displayed. The plot indicates that
plant DNA composition is mainly site-specific (samples from each core cluster
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together) but also show temporal trends (e.g. the consistent temporal variation of the
Bering Sea and Off-Kamchatka record along the axis 2). Generally taxa with parti-
cularly high or low axis values are more distinctive for the composition of single
samples (i.e. those placed into the same direction) while taxa placed in the center are
common among all samples.

found in continental paleo archives (Fig. 5). Grass and herb taxa show higher
values around the Last Glacial Maximum, approximately 25,000 to 19,000
years ago, in the northern high latitude records suggesting an intensified
contribution of biomass from widespread Northern Hemisphere glacial
steppes® to marine carbon burial. Enriched families in the glacial marine
sedimentary records may be related to high percentages of certain genera in
lake plant metabarcoding records from eastern Siberia and Chukotka from
that period*' ™. This includes Papaveraceae (Papaver sp., Papaver paucis-
tamimum), Rosaceae (Dryas sp.), Poaceae (Puccinellia sp., Festuca sp.),
Cyperaceae (Carex, Kobresia), Boraginaceae (Eritrichium). A heightened
contribution of C3 plants, the preferred metabolic pathway of Poaceae that
are adapted to dry cold climates, was discerned in high latitude marine
sediments of the Last Glacial period (see Fig. 5 and Supplementary Fig. 10).
Furthermore, the glacial samples contain abundant reads from seagrass
families (>20%) (Fig. 5), likely due to lower sea levels when shelf areas were
more densely covered but may also relate to a taphonomic signal because
shallow areas were located closer to the coring sites*.

The transition from the glacial to the deglacial phase introduces notable
changes in the marine sedimentary DNA record. Increased terrigenous
organic matter sedimentation is indicated by the plant DNA share and plant
DNA burial rate in cores off-Kamchatka and the Bering Sea, aligning with
biomarker studies which show a higher input of angiosperm woody taxa
during the deglacial” (Fig. 3 and Supplementary Figs. 6, 7). Specifically,
Salicaceae (Salix, Populus), the willow family, peaking at 14,000 years ago
(Fig. 5), represents a dominant contributor to land-plant carbon in marine
sediments in the northern high latitudes during this period, confirming the
global Salicaceae pollen trend*. It most likely reflects the riparian woodland
expansion in response to enhanced water supply from glaciers melting

during the Late Glacial, peaking at the temperature rise at the beginning of
the Bolling/Allered period®. Likewise, the core in the Fram Strait shows a
peak during the Glacial-Holocene transition in the Salicaceae and Poaceae
families, which is consistent with studies that also observe high levels of
terrestrial organic matter during this time in this marine region (Fig. 5)*. In
accordance with a regional glacial discharge event as the primary driver, we
see increased terrestrial plant DNA input in the Bransfield Strait (Supple-
mentary Fig. 10). The low latitude sites demonstrate substantial composi-
tional turnover during the Late Glacial-Holocene transition as well, with
Myrtaceae, Rhizophoraceae, and Chrysobalanaceae DNA showing elevated
values during the Late Glacial and early Holocene, potentially indicating
intensified run-off processes as well (Fig. 5, Supplementary Fig. 3)**. This
inference is substantiated by biomarker evidence indicative of mangrove
extent (Supplementary Figs. 3, 7, and 8). The sediment cores off Australia
show a transition from coastal submerged plants to terrestrial regional
plants associated with a rise in sea level from the Glacial to the Holocene
(Supplementary Fig. 10).

The Holocene period brings further changes to the marine sedimentary
plant DNA record. Betulaceae emerges as a strong contributor to the land-
to-ocean plant DNA flux in the northern high-latitude marine sites,
reflecting the massive expansion of this family on the nearby continents in
response to early Holocene warming (Fig. 5) known from pollen records.
There is also a relatively high presence of Betulaceae DNA in tropical and
Southern Hemisphere records (up to 4%), which are remote from their
typical distribution area (Fig. 5). Ericaceae occur in the Holocene marine
records from the North Pacific and Bransfield Strait reflecting the Ericaceae
dwarf shrub expansion in the high latitudes in Asia*' and South America®,
respectively Additionally, ferns and mosses show extended DNA
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Fig. 5 | Stratigraphic plot of plant DNA compo-
sition (relative abundance of all reads ranked on
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contributions in all records since the beginning of the Holocene, except for
the tropical record from off-Tobago (Fig. 5). The presence of ferns and
mosses during the early Holocene in the plant DNA records from off-
Kamchatka and the Bering Sea confirms land palynomorph data with
respect to records of Polypodiaceae, Sphagnum and Equisetunt™.

Our plant DNA data indicate a successive increase in moss share in the
Bransfield Strait record from 12,000 years BP onwards (Fig. 5). This may
point to an earlier than expected retreat of the Antarctic Peninsula Ice Sheet
from the northern part of the peninsula (including the South Shetland

Islands), which is estimated to have occurred 10,000 years ago’'. Generally, a
moss share of up to 50% of plant DNA in the Bransfield record during the
mid-Holocene warm period confirms increased terrestrial input as inferred
from biomarker studies in the sub-antarctic”.

Overall, our observations identify the source taxa that contribute to the
land plant DNA record in marine sediments indicating the potential of the
proxy to unveil the terrigenous carbon source in the marine sediments and their
spatial and temporal variations. Moreover, this marine sedimentary proxy
provides insights into the vegetation dynamics on land and in near-shore areas.
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Tentative inferences on the land-to-ocean carbon transport
mechanisms and marine carbon translocation

Our study covers spatially and temporally large environmental gradients. At
that broad scale, we observe intriguing consistency between plant DNA
signals found in marine sediments and the vegetation pattern in adjacent
terrestrial regions. In addition to the compositional DNA signal, also the
plant DNA share, read length and burial rate suggest that the land-plant
carbon amount, preservation, and source in marine sediments derived
mainly from nearby continents.

Although not directly measured, the results provide insights into
potential transport mechanisms. The overrepresentation of plant DNA
from riverine taxa point to rivers as a major transport pathway. The sites off-
Kamchatka and off-Tobago, for example, have the highest mean shares in
land plants in accordance with their proximate locations to the Kamchatka
River and Orinoco River estuaries, respectively (Fig. 2). In contrast, the
coring sites from Fram Strait (off-Svalbard), Bering Sea, and Bransfield Strait
(off-Antarctic Peninsula) have low shares of reads assigned to Embryophyta
reflecting their remote location to terrestrial plant sources (Fig. 2). The
rather riverine impacted locations also have longer median read length
compared with remote sites from a similar latitude like the core off-
Kamchatka and the Bering Sea core. Furthermore, ordination results por-
tray a distinctive plant composition for each sediment core, characterized by
taxa known from the regional flora (Fig. 4).

At a global scale, the spatial differences in the taxa composition are
stronger than the temporal changes within the records. This interpretation is
supported by nearby records from the Bering Sea showing similar com-
positional trends. These results suppose a spatial consistency between the
nearby continental plant DN A source and the marine sink. Furthermore, we
find that the deglacial, which is known as a period of high continental run-
off and mineral load®, is characterized by a higher and less degraded plant
DNA share, an increased land-plant DNA burial rate, and an enhanced
contribution of riverine taxa compared with Holocene samples (except for
Bransfield Strait) (Fig. 2; Fig. 3; Fig. 5 and Supplementary Fig. 2). Thus, our
plant DNA signals propose that the transport of terrigenous material via
rivers toward the shelf regions reflects continental source dynamics into
marine carbon sink dynamics™.

In Addition to nearby sources, our data provide some hints for global-
scale sedaDNA source-sink links. We find that the plant DNA of the Arctic
Fram Strait record is much less degraded (median: 55 bp) compared with the
Antarctic Bransfield Strait plant DNA (median: 44 bp) (Fig. 2, Supplementary
Fig. 2) despite their comparable geographic settings. This may point to fun-
damentally different source-sink-distances between the northern and
southern high latitudes. Furthermore, we observe clear signals of Betulaceae
in the tropical and Southern Hemisphere cores despite their remote location
from the natural distribution area of Betulaceae on the proximal continents™
(Fig. 5). To ensure accurate taxonomic assignment, we checked the read
length of all reads of the individual taxa (Supplementary Fig. 4). Taxa with low
read lengths (<45 bp; lower median), which could lead to a higher probability
of taxonomic misassignment, were excluded from the analysis. For Betula-
ceae, the average read length is 60 bp (Supplementary Fig. 4). Additionally,
the temporal pattern of Betulaceae supports the validity of this finding. It
mirrors the pattern observed in the Northern Hemisphere and terrestrial
pollen data, with Betulaceae not found during times of low abundance.

While the presence of Betulaceae in distant locations suggests long-
distance transport, it is important to acknowledge that this could be
attributed to multiple factors, including wind dispersal or transport by birds
or other animals. However, recent research has revealed a strong link
between ocean heat transport and carbon transport, particularly through the
overturning circulation®. This means that the circulation not only regulates
global temperatures but also significantly influences the distribution of
carbon in the ocean.

Previous estimates have underestimated the amount of carbon trans-
ported from the Northern to the Southern Hemisphere via this circulation™.
Our finding of Betulaceae in the Southern Hemisphere aligns with these
revised estimates, suggesting that a portion of the observed terrestrial input

may have originated in the Northern Hemisphere and been transported
southwards through ocean currents. While further investigation is needed to
definitively confirm this hypothesis, our results are consistent with the
growing body of evidence highlighting the importance of ocean circulation

55-57

in the global carbon cycle™™".

Terrestrial source pool and source ecosystems of plant matter in
marine sediments

The broad agreement between the ancient plant DNA in marine sediments
and land archive derived pollen-based trends on a millennial time-scale
indicates that the plant DNA signal is mainly derived from an immediate, or
at least not severely pre-aged carbon pool. This means that plant DNA can
serve as a proxy for the burial of recent plant matter and such for carbon sink
on human-relevant timescales. In contrast, compound-specific radiocarbon
studies indicate that common biomarkers for terrigenous matter, such as
leaf waxes and lignin, originate, at least partly, from a strongly pre-aged
organic carbon pool, for example, from permafrost soil’, though biomarker-
specific turnover times have been recognized™. Hence, the lateral transport
of old soils or sediments™ may be less reflected in the plant DNA signal but
this requires further research.

While the temporal patterns show many similarities between the
marine sedimentary aDNA and pollen records from terrestrial archives,
the relative taxa shares show marked differences (Fig. 5). This confirms the
different taphonomies of sedimentary pollen (via air) and sedimentary
DNA (via erosion of plant organic matter)*’. Compared with upland eco-
systems, the lowlands, in particular the riverine and coastal woodlands, are
likely a major carbon source due to their direct connectivity with the land-
ocean pathways®'. This is exemplified by the overrepresentation of Salica-
ceae and Rhizophoraceae in the marine sedimentary record compared to
their role in the terrestrial vegetation (Fig. 5; Supplementary Fig. 3). Our data
show a surprisingly low contribution of Pinaceae and Fagaceae to the record
despite them forming an important plant carbon pool in the northern mid-
to-high latitudes*” and are comparatively well represented in the reference
databases. While our study did not directly sample major estuaries of rivers,
this finding is independent evidence that transport efficiency (e.g. erosion of
riverine vegetation) rather than on-land productivity determine the carbon
sink of land-plant matter in marine sediments’.

Plant DNA in marine sediments as a new proxy to link the ter-
restrial source with the marine carbon sink

The obtained plant DNA proxy information from the six globally dis-
tributed records covering the Last Glacial-Holocene transition yielded
spatially and temporally distinct signals which we interpret with respect to
changes of the share, preservation, and composition of terrigenous plant
DNA in marine sediments. We are confident that the obtained DNA signals
hold useful information about the share, preservation, and composition of
terrigenous organic matter (Fig. 6) because the obtained results match major
expectations about changes in the land source signal gained from pollen
studies on land archives. For further validation and assessment purposes, we
conducted a comparative analysis of our plant-aDNA-derived signals and
state-of-the-art terrestrial biomarkers and other proxies indicative of terri-
genous material present in the same or nearby marine sediment cores which
yielded corresponding trends (Supplementary Figs 5, 6, 7, 8, 9, and 10).
However, state-of-the-art proxies can only roughly indicate the source
material, for example, share of woody taxa and the angiosperm/gymnos-
perm ratio’, while we provide information on the source taxa at family level
representing a hitherto unparalleled taxonomic resolution. For example, we
find temporally contrasting organic matter contributions from Salicaceae
and Betulaceae. Because of this, we are able to trace a distinct contribution of
taxa restricted to the Northern Hemisphere in Southern Hemisphere
sediment cores. Also a clear distinction of the temporal trends of the major
plant functional types (i.e. moss, ferns, herbs, and woody taxa) within ter-
restrial material has not yet been documented. We also report the dynamic
contribution of coastal submerged plants to the marine sedimentary organic
matter, which we find to be a substantial, albeit temporally and spatially
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Fig. 6 | Transport of organic matter from land plants and insights into

ancient DNA. This illustration shows the major transport pathways for organic
matter from land plants into the marine ecosystem on the left. The different
transport pathways can be seen in all geographic zones and at all latitudes. The right
panel illustrates what this research has revealed by detecting ancient DNA from
terrestrial plants in marine sediments and summarizes our main findings.
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geographical settings show a difference in the amount of ancient land-plant DNA in
the marine sediments based on the Embryophyta to Eukaryota ratio (%).

C demonstrates that the read length of the recovered ancient DNA shows a spatial
pattern based on length of transport of Embryophyta DNA. D illustrates the com-
positional changes in land-plant organic matter sources from the Northern Hemi-
sphere over the Tropics to the Southern Ocean. The pictograms used in this
illustration were designed by Freepik.

highly variable, proportion (Fig. 6). With the ongoing completion and
curation of the reference databases and further development of bioinfor-
matic pipelines'’, the quality of the results obtained in future studies will be
improved.

Favorable environmental conditions contribute significantly to long-
term DNA preservation in marine sediments including cold temperatures,
high salinity, and anoxic conditions, likely*’**. Furthermore, protection by
binding of extracellular DNA to minerals as well as physical shielding within
the original cellular matrix may have enhanced DNA preservation'®""*.
Organic matter preservation depends on the strength of organo-mineral
bonds"”. Depending on the mineral availability and composition, DNA
tends to be readily adsorbed and stably preserved on positively charged
minerals like calcite'®. If non-selective organo-mineral protection dominates
in sediments, sedimentary ancient DNA signals could potentially serve as a
proxy for not only the quantity, preservation, and taxonomic origin of plant
DNA but also, to a certain extent, the broader plant organic matter input.
However, it is still questioned whether this mechanism is relevant for
organic matter stabilization on long-time times-scales. Interestingly, our
results reveal a high proportion of mosses like Bryophyta and March-
antiophyta (Fig. 5). The specific protection of DNA of Bryophytes is
attributed to the presence of sporopollenin in moss spores and pectin in
their cell walls. Sporopollenin forms an almost impenetrable barrier against
environmental influences, while pectin contributes to the stability of the cell
wall and thus indirectly protects the DNA®. This may indicate that shielding

of biomolecules by degradation-resistant cell wall structures could play an
important role’*”** for long-term preservation of DNA. This highlights the
importance of considering organism-specific preservation when interpret-
ing sedimentary ancient DNA signals.

Our spatiotemporal pattern of DNA fragment length suggests that the
preservation of organic matter and, consequently, the marine carbon sink
for terrestrial material on millennial timescales is primarily influenced by
pre-burial factors (e.g., climate, mineral supply, sediment-water interface
conditions) rather than post-burial processes”. Although high organic
carbon degradation rates and diagenetic alterations can significantly impact
organic matter in surface sediments, our study demonstrates that deeper
sediment layers retain plant DNA signatures from nearby land masses. This
preservation allows valuable insights into paleoenvironmental changes on
land and their contribution to the marine carbon sink. However, further
research is necessary to compare the dispersal characteristics of DNA with
those of other terrestrial organic matter types®.

While the analysis of plant DNA in marine sediments holds promise as
a proxy for terrestrial organic matter input, several key questions need to be
addressed. Future studies must elucidate the mechanisms and locations of
DNA stabilization throughout its journey from living plant material to litter,
soil, and ultimately, burial in marine sediments. Our understanding of the
taxa-specific mechanism of DNA preservation may be enhanced by lever-
aging specific DNA extraction protocols separating the intracellular from
extracellular DNA pool”. Further research should also concentrate on sites
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close to major riverine estuaries to further investigate how much the
transport efficiency impacts long-term storage in the marine carbon sink.

To conclude, our results indicate that plant DNA in marine sediments
can reveal the connection between terrestrial plant sources and marine
sedimentary sinks for terrestrial carbon. Based on this knowledge this proxy
could ultimately unveil the major carbon pools, disclosing transport path-
ways from land to ocean, and shedding light on terrestrial carbon translo-
cation within the ocean itself (Fig. 6). This allows for new perspectives on the
global linkages between the terrestrial and marine carbon cycle. Future
studies on high-resolution archives can also inform how recent climate and
land-use change has impacted the marine sink. The proxy also has the
potential to indicate risks as well as to assess the potential of natural carbon
capture solutions®.

Materials and methods

Sediment Cores

Six marine sediment cores were analyzed for this study. During cruise
SO201 Leg 2 in 2009, core SO201-2-77KL (Shirshov Ridge, 56.3305°N,
170.6997°E) and core SO201-2-12KL (off Kamchatka, 53.993°N, 162.37°E)
were recovered from the Bering Sea, detailed descriptions and the age-depth
model can be found in refs. 68,69 The shotgun DNA dataset of the core
SO201-2-12KL is published by ref. 12. For SO201-2-77KL the shotgun
DNA dataset is published by ref.”” Core MSM05/5-712-2 comes from the
Fram Strait (78.915662°N, 6.767167°E)”". The age-depth model was pub-
lished in ref” A core from the Tobago Basin M78/1-235-1 (11.608°N,
60.964°W) represents the subtropical region. Main information on this core
including the age-depth model can be found in ref. 72 A core near the
southern Australian coast named MD03-2614G (34.7288°S, 123.4283°E),
represents the Southern Hemisphere”, as does the last core, designated
PS97/72-01, which was recovered from the Bransfield Strait at the northern
tip of the Antarctic Peninsula (62.006°S, 56.064°W)". For the core MDO03-
2614G the age-depth model was published in ref. 73. and for the core PS97/
72-01 it was published in ref. 74 Sediment cores were selected from sites at
high and low latitudes, in the northern and southern hemispheres, distal or
proximal to estuaries, considering the availability of records with reliable
age-depth models and accessibility. Distal locations in particular show the
potential of sedaDNA to track the terrestrial signal from the coast to more
offshore locations.

Extraction of sedaDNA

PS97/72-01 and MSMO05/5-712-2 were subsampled in a clean climate
chamber at the GFZ Potsdam, Germany. Samples of the cores SO201-2-KL77,
$0201-2-KL12, M78/1-235-1 and MD03-2614G were taken in a subsampling
room at the GEOMAR, Kiel, Germany. Avoiding contamination by modern
DNA, all subsequent working steps were performed in a dedicated ancient
DNA laboratory at AWI Potsdam and control samples were used to monitor
lab contaminations. In total, DNA from ~126 sediment samples was extracted
using the DNeasy PowerMax Soil Kit (Qiagen) and the DNA was purified and
concentrated using the GeneJET PCR Purification Kit (Thermo Fisher Sci-
entific). Finally, DNA was quantified and diluted to 3 ng/uL.

Shotgun metagenomics

DNA samples were prepared for whole genome sequencing using a specified
single-stranded DNA library protocol” using an input of 30 ng per sample.
For sample demultiplexing DNA libraries were indexed, pooled equimo-
larily, and shotgun sequenced using a NextSeq 2000 system (Illumina) with
a customized sequencing primer CL72 in paired-end mode (2 x 100 bp),
except for DNA samples from core SO201-2-KL12" that were sequenced on
a HiSeq 2500 system (Illumina). Shotgun sequencing has been performed in
the Uwe John lab at AWI, Bremerhaven, Germany.

Bioinformatic processing

After sequencing, the raw sequencing reads were processed in a bioinformatic
pipeline, which includes quality checking with FastQC (version 0.11.9) and
adapter trimming and merging using Fastp (0.20.1). The taxonomic

dlassification of passed sequencing reads was conducted with Kraken2™ at a
confidence threshold of 0.5 against the non-redundant nucleotide database,
which was downloaded in April 2021 and converted into a Kraken database
with a k-mer size of 35 bp and a minimizer size of 31 bp.

The Kraken2 report files were then processed using a Python script to
add the full taxonomic lineage information. Additionally, the read length
was analyzed using the Fastp and Kraken? files. The read length was then
analyzed in R (R Core Team, 2022).

Post-mortem damage-pattern analysis

Post-mortem damage patterns are DNA signatures indicating the authenti-
city of ancient DNA molecules. Typically, an increase in the nucleotide fre-
quency of C (Cytosine) to T (Thymine) at the end of the sequencing reads
compared with a genomic reference is evident. For the analysis of post-
mortem damage patterns, we extracted Salix sp. (taxID 40685) reads from the
sequencing data of the core SO201-2-12KL, which were grouped into three
datasets (dsO1: 1081-5600 years BP; ds02: 6200-12,600 years BP; ds03:
13,600-19,900 years BP). Thereafter, initial sequencing files were con-
solidated using the cat command, followed by filtering, merging, and taxo-
nomic classification using Kraken2 against the nt database with a lower
confidence threshold of 0.2 compared to the previous classification (0.5) to
increase the number of Salicaceae reads as initial input for the analyses. Then,
Salix reads were extracted and mapped against the reference genome (Salix
brachista, Accession number: GCA_009078335.1) in MapDamage (v. 2.0.8)”
using the options --rescale (to adjust quality scores for potential mis-
incorporations resulting from ancient DNA damage) and --single-stranded
(to accommodate a single-stranded protocol). Cto T frequency changes at the
ends of the DNA reads are plotted in fragment misincorporation plots
together with the fragment length distribution (Supplementary Fig. 1).

Statistics, calculations and plotting

Further statistical analyses and plotting of data was performed in RStudio (R
version 4.2.2; R Core Team 2022). All graphics were exported as vector
graphics (e.g., PDF) to enhance them afterwards in the graphic design
program Inkscape (Inkscape 1.1.2 (b8e25be8, 2022-02-05)). Pictograms for
illustrations were designed by Freepik (www.freepik.com). For better
comparison, all datasets were grouped in 2000-year time slices.

The initial step of handling the ancient DNA datasets involved reading
and structuring data from separate files using the R package data.table’. The
read dataset was imported from a combined Kraken report file. Subsequently,
taxonomic lineage information was merged with the initial dataset and the
metadata were included as well. The taxonomic focus narrowed to the
Eukaryota superkingdom, and further steps isolated data on the Streptophyta
phylum, which after exclusion of specific non-embryophyta algae families
(Chlorokybophyceae, Klebsormidiophyceae, Mesostigmatophyceae, Char-
ophyceae, Coleochaetophyceae) resulted in a dataset with only Embryophyta.
Within Embryophyta, several subgroups were examined, specifically identi-
fying embryophytes associated within and outside of coastal areas or moss
and ferns. Total clades were calculated for each subgroup in relation to
different age ranges. The analysis of the proportion of Embryophyta and the
subgroups of the total eukaryotic reads involved grouping the data by age, and
then calculating various ratios (in %) within each age group. The calculated
values were added as new columns to the dataset.

The read length analysis was conducted in RStudio using the taxonomic
identification derived from the Kraken2 pipeline” for each read per sample for
each core using the R package stringr”” and plotted using gridExtra™. Each file
was iteratively processed, and partial file names were matched to entries within
a results table. Additionally, age values were linked with corresponding file
names. The accumulated data were methodically incorporated into the evol-
ving results data table. We assessed the normality of the data distribution and
tested for variance homogeneity prior to conducting the analysis of variance.
While the data demonstrated a normal distribution, the variance homogeneity
assumption was violated. Differences in read length per core were then eval-
uated using Welch’s test and the Games-Howell post-hoc test using the
function anovaOneW in the R package jmv (Supplementary Fig. 11)*".
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The sediment accumulation rate was calculated using the dry and wet bulk
densities and the linear sedimentation rate according to ref. 56 Generally, the
total DNA burial rate was calculated and relative abundance of Embryophyta
read counts was used to estimate the Embryophyta DNA burial rate. First, we
calculated a cumulative concentration factor C and a cumulative dilution factor
D, which sum up all concentration and dilution steps from DNA extraction
until DNA sequencing. Second, the final weight of total DNA (DNAg;, ()
that has been sequenced was calculated by multiplying the final concentration
Crinal (PM), the molecular weight of a nucleotide Myydeotide (325 pg/pM) and
the average fragment length (bp) of the DNA library used for DNA sequencing.

C = Cumulative concentration factor (C1+ C2+C3+...) (1)

D = Cumulative dilution factor (D1 + D2 + D3 + ...) )

DNAFinal(ng) = (CFinal(PM) X MNucleutide(Pg/pM) (3)

x Fragment length (bp)) X 102

To obtain the initial total DNA weight per sample, we multiplied the

DNAFina (g) by the cumulative dilution factor D and divided by the
cumulative concentration factor C.

(DNAg;,(ng) X 1072 x D)
DNAStart/Sample(g) = Lot C (4)

Finally, we estimated the DNA burial rate for dried sediment samples.
Therefore, we used the known water content, calculated using the Wet Bulk
Density (WBD) and the Dry Bulk Density (DBD), of the sediment samples
and calculated dry weights for the samples used for the sedaDNA analysis.
The weight of DNA per gram of sediment before processing the sample
DNAg:ar (Wt %) is calculated by dividing the DNAgta,/sampie (g) by the dry
weight of the sample mg,mple (g)-

WBD — DBD
Water content = ————— (5)
WBD
My, = M, X (1 — Water content) 6)
DNA
DNASm,t(Wt %) _ Start/Sample(g) (7)
mdry(g)

The sequencer used for our samples has a sequence coverage of 99%, so
we know that the entire sequences are covered (Manual NextSeq 2000 sys-
tem, [llumina). Therefore, the percentage of a particular taxa group, in our
case Embryophyta, was calculated per sample and our DNAg,,, (Wt %) was
multiplied with the percentage to get Embryophyta DNAg,. (Wt %).

Embryophyta reads

8
Total reads ®

Percentage Embryophyta DNA =
Embryophyta DNAg,,,,(wt %) = DNAg,,,.(wt %)

9
X Percentage Embryophyta DNA ©

We were then able to calculate the burial rate of Embryophyta DNA
using BRypp and the weight of Embryophyta DNA per gram of sediment,
Embryophyta DNAg,,« (wt %).

BRpybryophyta pha = ARppp X Embryophyta DNAg,,,,(wt %) % 100~
(10)

The burial rate was then compared to the burial rate of Lignin for the
core SO202-18-3/6"%.

Characteristic families in the marine sediment cores were plotted
against terrestrial pollen records from a global taxonomically harmonized

pollen dataset™. The relative abundance of the DNA record was calculated
per core per time slice using the counts of Embryophyta that are at least
classified to family level (Rank=F). Pollen percentages of samples were first
aggregated per time slice, then per region (Asia, Europe, North America,
South America, Africa, and Indopacific) and then averaged globally. For
plotting we used ggplot2™**, tidyverse® and tidypaleo™.

We ran a principal component analysis using the R packages
analogue”’, stringr’” and ggplot2*® for all cores together. Only taxa with an
occurrence in at least 3 time slices and a minimum relative abundance of 3%
were included.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

The raw metagenomic sequencing data are available on ENA under the
accession number PRJEB74341 and PRJEB74305.

Code availability

The code is available on GitHub under the link https://github.com/
JoFrieWeiss/Dynamic-land-plant-carbon-sources-in-marine-sediments-
inferred-from-ancient-DNA.

Received: 31 March 2024; Accepted: 9 January 2025;
Published online: 03 February 2025

References

1. Burdige, D. J. Preservation of organic matter in marine sediments:
controls, mechanisms, and an imbalance in sediment organic carbon
budgets? Chem. Rev. 107, 467-485 (2007).

2. Galy, V., Peucker-Ehrenbrink, B. & Eglinton, T. Global carbon export from
the terrestrial biosphere controlled by erosion. Nature 521, 204207 (2015).

3. Bar-On,Y. M., Phillips, R. & Milo, R. The biomass distribution on Earth.
Proc. Natl Acad. Sci. USA 115, 6506-6511 (2018).

4. Geraldi, N. R. et al Fingerprinting blue carbon: rationale and tools to
determine the source of organic carbon in marine depositional
environments. Frontiers in Marine Science, 263. https://doi.org/10.
3389/fmars.2019.00263 (2019).

5. Kharbush, J. J. et al. Particulate organic carbon deconstructed:
molecular and chemical composition of particulate organic carbon in
the ocean. Front. Mar. Sci. 7, 518 (2020).

6. Pempkowiak, J. Limitation of lignin derivatives as biomarkers of land
derived organic matter in the coastal marine sediments. Oceanologia
62, 374-386 (2020).

7. Cao, M. etal. Deglacial records of terrigenous organic matter burial off
the yukon and amur rivers based on lignin phenols and long-chain n
-alkanes. Climate 19, 159-178 (2023).

8. Diefendorf, A. F. & Freimuth, E. J. Extracting the most from terrestrial
plant-derived n-alkyl lipids and their carbon isotopes from the
sedimentary record: a review. Org. Geochem. 103, 1-21 (2017).

9. Hirave, P., Glendell, M., Birkholz, A. & Alewell, C. Compound-specific
isotope analysis with nested sampling approach detects spatial and
temporal variability in the sources of suspended sediments in a
Scottish mesoscale catchment. Sci. Total Environ. 755, 142916 (2021).

10. Faye, S., Rochon, A., St-Onge, G. & Vilanova, . Pollen dispersal
patterns in marine surface sediments from the San Jorge Gulf, SE
Patagonia (Argentina). Palaeogeogr. Palaeoclimatol. Palaeoecol. 556,
109869 (2020).

11. Capo, E. et al. Lake sedimentary DNA research on past terrestrial and
aquatic biodiversity: overview and recommendations. Quaternary 4, 6
(2021).

12. Zimmermann, H. H. et al. Marine ecosystem shifts with deglacial sea-
ice loss inferred from ancient DNA shotgun sequencing. Nat.
Commun. 14, 1650 (2023).

Communications Earth & Environment| (2025)6:78

10


https://ebi.ac.uk/ena/browser/view/PRJEB74341
https://ebi.ac.uk/ena/browser/view/PRJEB74305
https://github.com/JoFrieWeiss/Dynamic-land-plant-carbon-sources-in-marine-sediments-inferred-from-ancient-DNA
https://github.com/JoFrieWeiss/Dynamic-land-plant-carbon-sources-in-marine-sediments-inferred-from-ancient-DNA
https://github.com/JoFrieWeiss/Dynamic-land-plant-carbon-sources-in-marine-sediments-inferred-from-ancient-DNA
https://doi.org/10.3389/fmars.2019.00263
https://doi.org/10.3389/fmars.2019.00263
https://doi.org/10.3389/fmars.2019.00263
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02014-9

Article

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Wang, Y. et al. Late quaternary dynamics of arctic biota from ancient
environmental genomics. Nature 600, 86-92 (2021).

Courtin, J. et al. Pleistocene glacial and interglacial ecosystems
inferred from ancient DNA analyses of permafrost sediments from
Batagay Megaslump, East Siberia. Environ. DNA 4, 1265-1283
(2022).

Zimmermann, H. H. et al. Sedimentary ancient DNA and pollen reveal
the composition of plant organic matter in late quaternary permafrost
sediments of the Buor Khaya Peninsula (North-Eastern Siberia).
Biogeosciences 14, 575-596 (2017).

Freeman, C. L. et al. Survival of environmental DNA in sediments:
mineralogic control on DNA taphonomy. Environ. DNA 5, 1691-1705
(2023).

Hemingway, J. D. et al. MineralL Protection Regulates Long-term
Global Preservation of Natural Organic Carbon. Nature 570, 228-231
(2019).

Cai, P., Huang, Q., Zhang, X. & Chen, H. Adsorption of DNA on clay
minerals and various colloidal particles from an Alfisol. Soil Biol.
Biochem. 38, 471-476 (2006).

Coolen, M. J. & Overmann, J. 217 000-year-old DNA sequences of
green sulfur bacteria in Mediterranean sapropels and their
implications for the reconstruction of the paleoenvironment. Environ.
Microbiol. 9, 238-249 (2007).

Jorgensen, B. B. & Boetius, A. Feast and famine—microbial life in the
deep-sea bed. Nat. Rev. Microbiol. 5, 770-781 (2007).

Willerslev, E. et al. Diverse plant and animal genetic records

from Holocene and Pleistocene sediments. Science 300, 791-795
(2003).

Torti, A., Jorgensen, B. B. & Lever, M. A. Preservation of microbial
DNA in marine sediments: insights from extracellular DNA pools.
Environ. Microbiol. 20, 4526-4542 (2018).

Han, X. et al. Long-term preservation of biomolecules in lake
sediments: potential importance of physical shielding by recalcitrant
cell walls. PNAS nexus 1, pgac076 (2022).

Willerslev, E. et al. Ancient biomolecules from deep ice cores reveal a
forested Southern Greenland. Science 317, 111-114 (2007).

Coolen, M. J. L. etal. Putative ancient DNA methyltransferase genesin
Cretaceous black shales. Nat. Commun. 2, 458 (2011).

Nagler, M., Insam, H., Pietramellara, G. & Ascher-denull, J.
Extracellular DNA in natural environments: features, relevance and
applications. Appl. Microbiol. Biotechnol. 102, 6343-6356 (2018).
Gande, D. et al. Recovering short DNA fragments from minerals and
marine sediments: a comparative study evaluating lysis and isolation
approaches. Environ. DNA 6, €547 (2024).

Flemming, H. C. & Wingender, J. The biofilm matrix. Nat. Rev.
Microbiol. 8, 623-633 (2010).

Pietramellara, G. et al. Extracellular DNA in soil and sediment: fate and
ecological relevance. Biol. Fertil. Soils 45, 219-235 (2009).

Ikehara, M. et al. Variations of terrestrial input and marine productivity
in the Southern Ocean (48 S) during the last two deglaciations.
Paleoceanography 15, 170-180 (2000).

Birgel, D., Stein, R. & Hefter, J. Aliphatic lipids in recent sediments of
the Fram Strait/Yermak Plateau (Arctic Ocean): composition, sources
and transport processes. Mar. Chem. 88, 127-160 (2004).

Pancost, R. D. & Boot, C. S. The palaeoclimatic utility of terrestrial
biomarkers in marine sediments. Mar. Chem. 92, 239-261 (2004).
Schulte, L. et al. Hybridization capture of larch (Larix Mill.) chloroplast
genomes from sedimentary ancient DNA reveals past changes of
siberian forest. Mol. Ecol. Resour. 21, 801-815 (2021).

Parducci, L. et al. Shotgun environmental DNA, pollen, and
macrofossil analysis of lateglacial lake sediments from southern
Sweden. Front. Ecol. Evol. 7, 189 (2019).

Sawyer, S., Krause, J., Guschanski, K., Savolainen, V. & Paabo, S.
Temporal patterns of nucleotide misincorporations and DNA
fragmentation in ancient DNA. PLoS ONE 7, e34131 (2012).

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Dell’Anno, A., Stefano, B. & Danovaro, R. Quantification, base
composition, and fate of extracellular DNA in marine sediments.
Limnol. Oceanogr. 47, 899-905 (2002).

Koéhler, P., Knorr, G. & Bard, E. Permafrost thawing as a possible
source of abrupt carbon release at the onset of the Bolling/Allerad.
Nat. Commun. 5, 5520 (2014).

Winterfeld, M. et al. Deglacial mobilization of pre-aged terrestrial
carbon from degrading permafrost. Nat. Commun. 9, 3666 (2018).
Carruthers, T. J. B. et al. Seagrasses of south-west Australia: a
conceptual synthesis of the world’s most diverse and extensive
seagrass meadows. J. Exp. Mar. Biol. Ecol. 350, 21-45 (2007).
Monteath, A. J., Gaglioti, B. V., Edwards, M. E. & Froese, D. Late
Pleistocene shrub expansion preceded megafauna turnover and
extinctions in eastern Beringia. Proc. Nat/ Acad. Sci. USA 118,
2107977118 (2021).

Huang, S. et al. Plant sedimentary ancient DNA from far East Russia
covering the last 28,000 years reveals different assembly rules in cold
and warm climates. Front. Ecol. Evol. 9, 763747 (2021).

Courtin, J. et al. Vegetation changes in southeastern Siberia during the
late Pleistocene and the Holocene. Front. Ecol. Evol. 9, 625096 (2021).
Baisheva, I. et al. Late Glacial and Holocene vegetation and lake
changes in SW Yakutia, Siberia, inferred from sed aDNA, pollen, and
XRF data. Front. Earth Sci. 12, 1354284 (2024).

Lambeck, K. & Chappell, J. Sea level change through the last glacial
cycle. Science 292, 679-686 (2001).

Herzschuh, U. et al. LegacyPollen 1.0: a taxonomically harmonized global
late quaternary pollen dataset of 2831 records with standardized
chronologies. Earth Syst. Sci. Data 14, 3213-3227 (2022).

Blunier, T. et al. Asynchrony of Antarctic and Greenland climate
change during the last glacial period. Nature 394, 739-743 (1998).
Birgel, D. & Hass, H. C. Oceanic and atmospheric variations during the
last deglaciation in the Fram Strait (Arctic Ocean): a coupled high-
resolution organic-geochemical and sedimentological study. Quat.
Sci. Rev. 23, 29-47 (2004).

Kandasamy, S. & Nagender Nath, B. Perspectives on the terrestrial
organic matter transport and burial along the land-deep sea
continuum: caveats in our understanding of biogeochemical
processes and future needs. Front. Mar. Sci. 3, 259 (2016).
Villa-Martinez, R. & Moreno, P. I. Pollen evidence for variations in the
southern margin of the westerly winds in SW Patagonia over the last
12,600 years. Quat. Res. 68, 400-409 (2007).

Klimaschewski, A. et al. Holocene environmental changes in southern
Kamchatka, Far Eastern Russia, inferred from a pollen and testate
amoebae peat succession record. Glob. Planet. Change 134,
142-154 (2015).

O Cofaigh, C. et al. Reconstruction of ice-sheet changes in the
Antarctic Peninsula since the Last Glacial Maximum. Quat. Sci. Rev.
100, 87-110 (2014).

Berg, S. et al. Increased petrogenic and biospheric organic carbon
burial in sub-Antarctic fjord sediments in response to recent glacier
retreat. Limnol. Oceanogr. 66, 4347-4362 (2021).

Parmentier, F. J. W. et al. A synthesis of the arctic terrestrial and
marine carbon cycles under pressure from a dwindling cryosphere.
Ambio 46, 53-69 (2017).

Shaw, K. et al. Betulaceae. ISBN-10: 1-905164-58-0. ISBN-13:978-1-
905164-58-5 (Botanic Gardens Conservation Internationalm,
Richmond, UK, 2014)

Resplandy, L. et al. Revision of global carbon fluxes based on a
reassessment of oceanic and riverine carbon transport. Nat. Geosci.
11, 504-509 (2018).

Sarmiento, J. L. et al. Trends and regional distributions of land and
ocean carbon sinks. Biogeosciences 7, 2351-2367 (2010).

DeVries, T. & Weber, T. The export and fate of organic matter in the
ocean: New constraints from combining satellite and oceanographic
tracer observations. Glob. Biogeochem. Cycles 31, 535-555 (2017).

Communications Earth & Environment| (2025)6:78

11


www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02014-9

Article

58. Eglinton, T. I. et al. Climate control on terrestrial biospheric carbon
turnover. Proc. Natl Acad. Sci. USA 118, e2011585118 (2021).

59. Bauer, J. etal. The changing carbon cycle of the coastal ocean. Nature
504, 61-70 (2013).

60. Niemeyer, B., Epp, L. S., Stoof-Leichsenring, K. R., Pestryakova, L. A.
& Herzschuh, U. A comparison of sedimentary DNA and pollen from
lake sediments in recording vegetation composition at the Siberian
treeline. Mol. Ecol. Resour. 17, e46-e62 (2017).

61. Regnier, P., Resplandy, L., Najjar, R. G. & Ciais, P. The land-to-ocean
loops of the global carbon cycle. Nature 603, 401-410 (2022).

62. Anderegg, W. R. et al. Pervasive drought legacies in forest
ecosystems and their implications for carbon cycle models. Science
349, 528-532 (2015).

63. Gajendra, N. et al. Carbohydrate compositional trends throughout
Holocene sediments of an alpine lake (Lake Cadagno). Front. Earth
Sci. 11, 1047224 (2023).

64. Ramirez, G. A., Jorgensen, S. L., Zhao, R. & D’Hondt, S. Minimal
influence of extracellular DNA on molecular surveys of marine
sedimentary communities. Front. Microbiol. 9, 2969 (2018).

65. Burdige, D. J. Burial of terrestrial organic matterin marine sediments: a
re-assessment. Glob. Biogeochem. Cycles 19. https://doi.org/10.
1029/2004GB002368 (2005).

66. Yedema, Y. W. et al. The dispersal of fluvially discharged and marine,
shelf-produced particulate organic matter in the northern Gulf of
Mexico. Biogeosciences 20, 663-686 (2023).

67. Lever, M. A. et al. A modular method for the extraction of DNA and
RNA, and the separation of DNA pools from diverse environmental
sample types. Front. Microbiol. 6, 476 (2015).

68. Riethdorf, J. R. et al. Millennial-scale variability of marine productivity
and terrigenous matter supply in the western Bering Sea over the past
180 kyr. Climate 9, 1345-1373 (2013).

69. MaxL., et al. Sea surface temperature variability and sea-ice extent in the
subarctic northwest Pacific during the past 15,000 years.
Paleoceanography 27. https://doi.org/10.1029/2012PA002292 (2012).

70. Buchwald, S. Z., Herzschuh, U. I., Nurmberg, D., Harms, L., & Stoof-
Leichsenring, K. R. Plankton community changes during the last 124 000
years in the subarctic Bering Sea derived from sedimentary ancient DNA.
ISME J., wrad006. https://doi.org/10.1093/ismejo/wrad006 (2024).

71. Muiller, J. & Stein, R. High-resolution record of late glacial and
deglacial sea ice changes in Fram Strait corroborates ice-ocean
interactions during abrupt climate shifts. Earth Planet. Sci. Lett. 403,
446-455 (2014).

72. Nurnberg, D. et al. Western boundary current in relation to Atlantic
Subtropical Gyre dynamics during abrupt glacial climate fluctuations.
Glob. Planet. Change 201, 103497 (2021).

73. Nurnberg, D., Kayode, A., Meier, K. J. & Karas, C. Leeuwin current
dynamics over the last 60 kyr-relation to Australian ecosystem and
Southern Ocean change. Climate 18, 2483-2507 (2022).

74. Vorrath, M. E. et al. Deglacial and Holocene sea-ice and climate
dynamics in the Bransfield Strait, northern Antarctic Peninsula.
Climate 19, 1061-1079 (2023).

75. Gansauge, M. T. & Meyer, M. Single-stranded DNA library preparation
for the sequencing of ancient or damaged DNA. Nat. Protoc. 8,
737-748 (2013).

76. Wood, D. E., Lu, J. & Langmead, B. Improved metagenomic analysis
with Kraken 2. Genome Biol. 20, 1-13 (2019).

77. Jonsson, H., Ginolhac, A., Schubert, M., Johnson, P. L. & Orlando, L.
mapDamage?2. 0: fast approximate Bayesian estimates of ancient
DNA damage parameters. Bioinformatics 29, 1682-1684 (2013).

78. Dowle, M., & Srinivasan, A. data.table: Extension of ‘data.frame’. R
package version 1.14.8. https://CRAN.R-project.org/package=data.table
(2023).

79. Wickham, H. stringr: Simple, consistent wrappers for common string
operations. R package version 1.5.0. https://CRAN.R-project.org/
package=stringr (2022).

80. Auguie, B. gridExtra: miscellaneous functions for “Grid” graphics. R
package version 2.3. https://CRAN.R-project.org/package=gridExtra
(2017).

81. Selker,R., Love, J., Dropmann, D., Moreno, V.jmv: The ‘jamovi’ Analyses. R
package version 2.3.4, https://CRAN.R-project.org/package=jmv (2022).

82. Mengli, C. et al. Lignin phenols contents and sea surface
temperatures in sediment cores from the Bering and Okhotsk Seas
[dataset bundled publication]. PANGAEA. https://doi.org/10.1594/
PANGAEA.948376 (2022).

83. Ulrike, H. et al. Global taxonomically harmonized pollen data set for
Late Quaternary with revised chronologies (LegacyPollen 1.0)
[dataset publication series]. PANGAEA, https://doi.org/10.1594/
PANGAEA.929773 (2021).

84. Wickham, H., Chang, W. & Wickham, M. H. Package ‘ggplot2’. Create
elegant data visualisations using the grammar of graphics. Version 2,
1-189, https://ggplot2.tidyverse.org (2016).

85. Wickham, H. et al. Welcome to the tidyverse. J. Open Source Softw. 4,
1686 (2019).

86. Dunnington, D. W., Libera, N., Kurek, J., Spooner, |. S. & Gagnon, G. A.
tidypaleo: visualizing Paleoenvironmental Archives using ggplot2. J.
Stat. Softw. 101, 1-20 (2022).

87. Simpson, G. L. & Oksanen, J. analogue: Analogue matching and
Modern Analogue Technique transfer function models. R package
version 0.17-6. https://cran.r-project.org/package=analogue (2021).

88. Slowikowski, K. ggrepel: Automatically position non-overlapping text
labels with ‘ggplot2’. R package version 0.9.3. https://CRAN.R-
project.org/package=ggrepel (2023).

Acknowledgements

We thank Thomas Béhmer for his help in preparing the pollen dataset.
Furthermore, we acknowledge Cathy Jenks for manuscript proofreading.
We also thank Uwe John and Nancy Kuhne for providing the
Sequencing Lab.

Author contributions

U.H. conceived the study. D.N. and J.M. provided sediment core material.
K.S.L. supervised the laboratory works. J.F.W., K.S.L and L.H. performed
bioinformatic analyses. U.H. and J.F.W. performed the statistical data
analyses. U.H. and J.F.W. wrote the first draft of the manuscript that all
authors commented on.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests
The authors declare no competing interests.

Additional information

Supplementary information The online version contains
supplementary material available at
https://doi.org/10.1038/s43247-025-02014-9.

Correspondence and requests for materials should be addressed to
Ulrike Herzschuh.

Peer review information Communications Earth & Environment thanks
Mark Lever and the other, anonymous, reviewer(s) for their contribution to
the peer review of this work. Primary Handling Editor: Carolina Ortiz
Guerrero. A peer review file is available.

Reprints and permissions information is available at
http://www.nature.com/reprints

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

Communications Earth & Environment| (2025)6:78

12


https://doi.org/10.1029/2004GB002368
https://doi.org/10.1029/2004GB002368
https://doi.org/10.1029/2004GB002368
https://doi.org/10.1029/2012PA002292
https://doi.org/10.1029/2012PA002292
https://doi.org/10.1093/ismejo/wrad006
https://doi.org/10.1093/ismejo/wrad006
https://CRAN.R-project.org/package=data.table
https://CRAN.R-project.org/package=data.table
https://CRAN.R-project.org/package=stringr
https://CRAN.R-project.org/package=stringr
https://CRAN.R-project.org/package=stringr
https://CRAN.R-project.org/package=gridExtra
https://CRAN.R-project.org/package=gridExtra
https://CRAN.R-project.org/package=jmv
https://CRAN.R-project.org/package=jmv
https://doi.org/10.1594/PANGAEA.948376
https://doi.org/10.1594/PANGAEA.948376
https://doi.org/10.1594/PANGAEA.948376
https://doi.org/10.1594/PANGAEA.929773
https://doi.org/10.1594/PANGAEA.929773
https://doi.org/10.1594/PANGAEA.929773
https://ggplot2.tidyverse.org
https://ggplot2.tidyverse.org
https://cran.r-project.org/package=analogue
https://cran.r-project.org/package=analogue
https://CRAN.R-project.org/package=ggrepel
https://CRAN.R-project.org/package=ggrepel
https://CRAN.R-project.org/package=ggrepel
https://doi.org/10.1038/s43247-025-02014-9
http://www.nature.com/reprints
www.nature.com/commsenv

https://doi.org/10.1038/s43247-025-02014-9

Article

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, 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/.

© The Author(s) 2025

Communications Earth & Environment| (2025)6:78

13


http://creativecommons.org/licenses/by/4.0/
www.nature.com/commsenv

	Dynamic land-plant carbon sources in marine sediments inferred from ancient DNA
	Results and discussion
	Land-plant matter content and preservation
	Major compositional pattern of land-plant DNA
	Spatio-temporal pattern of plant matter source taxa in marine sediment cores compared to land and marine proxy data
	Tentative inferences on the land-to-ocean carbon transport mechanisms and marine carbon translocation
	Terrestrial source pool and source ecosystems of plant matter in marine sediments
	Plant DNA in marine sediments as a new proxy to link the terrestrial source with the marine carbon sink

	Materials and methods
	Sediment Cores
	Extraction of sedaDNA
	Shotgun metagenomics
	Bioinformatic processing
	Post-mortem damage-pattern analysis
	Statistics, calculations and plotting
	Reporting summary

	Data availability
	Code availability
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	Additional information




