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Environmental DNA identifies coastal
plant community shift 1,000 years ago
in Torrens Island, South Australia
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Anthropogenic activities are causing detrimental changes to coastal plants– namely seagrass,
mangrove, and tidal marshes. Looking beyond recent times to past vegetation dynamics is critical to
assess the response and resilience of an environment to change. Here, we develop a high-resolution
multi-proxy approach, providing a new evidence base to decipher long-term change in coastal plant
communities. Combining targeted environmental DNA analysis with chemical analysis of soils, we
reconstructed 4,000 years of change at a temperate wetland on Torrens Island South Australia and
identified an ecosystem shift that occurred ~ 1000 years ago. What was once a subtidal seagrass
system shifted to an intertidal mangrove environment that persists at this site today. We demonstrate
that high-resolution historical changes in coastal vegetation can be attained using these proxies. This
approach could be applied to other ecosystems to improve thewaywe protect, conserve, and restore
vegetated ecosystems.

Life within the ocean relies on coastal marine plants such as seagrasses,
mangroves and tidal marshes to provide habitat, protection and nurseries
for a multitude of marine organisms1. These plant environments are also
vitally important tomodern society for their ability to store carbon, stabilise
coastlines, and support food webs, yet they are in decline due to anthro-
pogenic change2. Indeed, the Industrial Revolution era became a turning
point for rapid degradation in coastal environments, but these habitats have
experienced a history of change over geologic timescales (e.g., sea level rise
and fall, climate,mass extinction, andplate tectonics).Uncovering historical
change and identifying tipping points in ecosystemconditions are necessary
for contextualising present-day changes, understanding natural resilience
and successfully restoring degraded coastal habitats3.

Successful restoration relies onwhatwe deemas the natural state of the
system. This natural state is arbitrary and is often impacted by the shifting
baseline syndrome—what we perceive as the natural state is only what has
been measured in our lifetime4. This skewed perspective means restoration
goals can often be unattainable or set up to fail. Incorrectly perceiving the
natural state of an environment usually stems from a lack of data over

meaningful timescales5. Traditional methods for assessing historical change
in coastal plants include archival observations,which can be biased andonly
provide information at the scale of decades6. Information on longer time
scales stems from the analysis ofmultiple proxies, like isotopes, fossils (in the
formofplant fragment remains) andpollen trapped innatural archives7. For
example, soil core archives can be dated, and historical reconstructions
inferred. However, the fossil record is biased toward plants that deposit
material readily, and the pollen recordmaynot be reliable in coastal settings,
owing to a lack of preservation of pollen from macrophytes such as
seagrasses8.While isotopes, fossils and pollen do provide useful information
at longer time scales, their use with emerging methods could increase the
robustness and accuracy of change assessments in coastal vegetated
environments.

The recovery and analysis of environmental DNA (eDNA) from soil
cores is an emerging tool for historical reconstructions of coastal plant
communities9–11. When these data are coupled with information on the
environmental conditions of a site, a detailed picture of environmental
change can emerge12. Here, we analysed four soil cores, applying multiple
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proxies to look at environmental change in a temperate wetland on Torrens
Island, South Australia (Fig. 1). This wetland is presently dominated by the
grey mangrove (Avicennia marina), and cores were specifically taken here
due to the high sedimentation rates and the dense root systems of man-
groves that work to stabilise the sediment13. This stabilisation ensures a
coherent stratigraphy, justifying their use as soil archives that can be dated.
We documented 4000 years of historical change at this site and imple-
mented targeted capture of eDNA, instead of the traditionalmetabarcoding
approach, to capture multiple chloroplast gene regions and improve the
ability to detect coastal plants. We combined this with the analysis of che-
mical proxies to build multiple lines of evidence for past changes. This
proof-of-concept study successfully reconstructed millennial ecosystem
changes in a temperate coastal wetland, demonstrating the potential for
implementing these analyses in other environments to better understand
and manage plant communities in the future.

Results
Radiocarbon dating
Radiocarbon (14C) dates were obtained from all four soil cores to assess the
time scale of environmental change. The presence of a hiatus in the dating
profiles of all cores, as indicated by the jump in 14C dates (Fig. 2a, Supple-
mentary Table 2), precludes the construction of reliable age-depth models
for the full core profiles. Instead, age-depthmodels were developed only for
the pre-hiatus time period, where this was specified at 63 cm and were
determined by changepoint analyses using principal component 1 scores of
stable organic carbon isotope composition (δ13C),%organic carbon content
(% Corg) and dry bulk density in g/mL, see below. The pre-hiatus age-depth
models were generated for cores 1, 2 and 4 but not core 3 due to the limited
number of 14C data pre-hiatus. These models (Supplementary Fig. 2), pro-
vide reliable ages up to ~ 1000CalibratedYears Before the Present (Cal Year
BP), thus,we define the pre-hiatus timeperiod as <1000CalYearBP and the
post-hiatus timeperiod as>1000CalYearBP. For post-hiatus ages (andpre-
hiatus ages for core 3) the absolute 14C calibrated dates were used to assign
approximate age, with the oldest 14C date recorded at ~4200 Cal Year BP.
Due to the lack of full age-depth models, decompressed depths (cm) were
used to look at changes in plant communities and chemical proxies, where
identified changes were matched to the approximate hiatus age of 1000 Cal
Year BP.

Environmental DNA
Plant families detected using eDNA for all soil cores were divided into
subtidal (Cymodoceaceae, Posidoniaceae, Ruppiaceae and Zosteraceae),
intertidal (Acanthaceae and Chenopodiaceae) and high intertidal (Scro-
phulariaceae, Aizoaceae, Primulaceae and Convolvulaceae). Intertidal and
high intertidal plants were present throughout all soil core profiles (Fig. 2b),

but as intertidal plants decreased in relative abundance with depth, subtidal
plants increased. Subtidal vegetation increased exponentially (edf = 2.3,
P < 0.05) but intertidal vegetationdecreased linearly (edf = 1.0,P < 0.05) and
high intertidal vegetation did not change (edf = 1.988,P = 0.3) in all four soil
cores (non-significant (P = 1) random effect of core) which illustrates a
changing community structure in the soil profile (Fig. 2b). The community
structure in older sections of the cores (>1000 years) comprised subtidal
plants, particularly the seagrassZostera nigricaulis (Zosteraceae), whichwas
only observed once in core 1 but multiple times in cores 2, 3 and 4 with
maximum relative abundances of 32%, 40%, 66% and 32% respectively
(Fig. 2c). Additional subtidal plants detected in older sections of the cores
(all <10% of the total community) were Posidonia australis (Posidoniaceae)
and Ruppia maritima (Ruppiaceae) in cores 2 and 4, and Amphibolis ant-
arctica (Cymodoceaceae) in core 2, Fig. 2c.Theplant community in younger
sections of the cores (<1000 years) was dominated by the intertidal grey
mangrove speciesAvicenniamarina, comprising 100%of the community in
some instances, Fig. 2c. Additional detections of intertidal species were only
obtained at a single point in core 1, which were of the family Chenopo-
diaceae. High intertidal plant communities were detected in the soil profile
of all four cores but never exceeded 35%of the total community. These high
intertidal plants consisted of Myoporum insulare (Scrophulariaceae) and
Wilsonia humilis (Convolvulaceae),with additional plant species detected at
a single point in core 1, Disphyma crassifolium (Aizoaceae) and Samolus
repens (Primulaceae) (Fig. 2c).

%Corg, δ13C, dry bulk density
Themeasured variables δ13C and dry bulk density were higher in the upper
sections of all four cores, and %Corg was lower (Supplementary Fig. 3),
suggesting a shift in environmental conditions along the soil profiles cor-
responding to ~1000 Cal Year BP (Fig. 3a). These variables were analysed
with a Principal Component Analysis where principal component 1
explained 73.9% of the variance. All variables contributed similarly to
principal component 1 (PC1), with δ13C contributing the greatest to the
observed change (37%), followed closely by dry bulk density (33%) and %
Corg (30%) (Supplementary Table 3). All measured variables were strongly
correlated with PC1 (R2 > 0.6), supporting the use of this principal com-
ponent for identifying significant changepoints,withone identifiedat 63 cm
(cores 1–4), defining a shift in environmental conditions.

X-ray fluorescence
Chemical elements measured using X-ray fluorescence (XRF) confirmed
changing environmental conditions down the soil profile of core 3 (Fig. 3b).
Calcium/Iron (Ca/Fe), a proxy for carbonate productivity14 and Strontium
(Sr) (normalised to Molybdenum incoherent+ coherent scattering), a
marine indicator15, increased with depth. The chemical proxies Molybde-
numCompton (incoherent) andRayleigh (coherent) scattering (Moly ratio)
and Bromine/Chlorine (Br/Cl), which are indicators of organic matter
content16,17, and Titanium/Calcium (Ti/Ca), a proxy for terrigenous sedi-
ment supply15,17, all decreased with depth (Supplementary Fig. 4). When
these variables were analysed using principal components, principal com-
ponent 1 (PC1) explained 76.4% of the variance. Sr contributed themost to
this variation (24%, Supplementary Table 3), followed by Br/Cl, Moly ratio,
and Ca/Fe while Ti/Ca was the lowest contributor (13%). All variables
strongly correlated with PC1 (R2 > 0.7) except Ti/Ca, which was only
moderately correlated with PC1 (R2 = 0.5). This justified using PC1 to
identify significant change points, with one of them identified at 60 cm (core
3), supporting a change in elemental composition of the soil profile where
this is estimated to have occurred at ~1000 Cal Year BP.

Discussion
Uncovering the dynamics of coastal plant communities over hundreds to
thousands of years is important to understand their responses and resilience
to current and forecasted changing environmental conditions18. In this
study, we successfully coupled targeted capture of eDNAwith soil chemical
analyses to obtain high-resolution reconstructions of coastal plant changes

Fig. 1 | Location of the soil cores fromTorrens Island, SouthAustralia, Australia.
The red dot indicates where the four cores were collected in 2017 (Core 1) and 2018
(Cores 2–4). (Source: Google Earth, image dated December 2022).
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through time. We identified a historical ecosystem shift ~1000 years ago
from a subtidal seagrass environment to the present-day intertidal man-
grove habitat. Using the combined approach of targeted eDNA and che-
mical analyses, we built multiple lines of evidence for the 4000-year history
of this temperate coastal wetland (Fig. 4).

The present-day habitat of our study site is a temperate wetland
dominated by the grey mangrove (Avicennia marina), which was captured
in the eDNA results through the full profiles of all four cores. Given that

chemical analyses indicate this site was a subtidal system over 1000 years
ago, mangrove presence is unlikely at that time. It is more likely that this
signal is an artefact of more recent mangrove roots growing deep into the
sediment19 and sheddingDNA into the older sediment layers. As amatter of
fact, laboratory observations confirmed the presence of roots in deeper
sections of the cores. While mangrove roots can help to stabilise sediments,
leading to a clear stratigraphy, this may have led to a false positive eDNA
signal for mangroves. Analysing additional proxies, such as pollen, could

Fig. 2 | Changes in coastal plant communities over 4000 years at Torrens Island,
South Australia. a Radiocarbon dating results with a dashed line at 63 cm repre-
senting the approximate hiatus point. b Changes in high intertidal, intertidal and
subtidal vegetation types plotted against decompressed depth using a gam
smoothing term with 95% confidence intervals. The dashed line at 63 cm represents
the approximate hiatus point. c Breakdown of plant community composition by
relative abundancewith Cal Year BP, colours indicate vegetation type; Red/orange =
high intertidal, green = intertidal and blue = subtidal. Silhouettes (Integration and
Application Network, ian.umces.edu/media-library) represent the species detected

within each family; Acanthaceae = Avicennia marina, Aizoaceae = Disphyma
crassifolium, Chenopodiaceae = Salicornia and Tecticornia (genus level resolution
only), Convolvulaceae = Wilsonia humilis, Cymodoceaceae = Amphibolis antarc-
tica, Posidoniaceae = Posidonia australis, Primulaceae = Samolus repens, Ruppia-
ceae = Ruppia maritima, Scrophulariaceae = Myoporum insulare, Zosteraceae =
Zostera nigricaulis. Absolute radiocarbon dates are indicated in brackets with
subscript numbers indicating which cores these dates are from. Cores 1, 2 and 4 are
plotted up to the dashed line using age-depth models which is defined as the
approximate pre-hiatus period and >1000 Cal Year BP as the post-hiatus period.
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support the hypothesis that mangroves were not present at this site over
1000 years ago during a timewhen subtidal conditionswould have impeded
their establishment. Indeed, eDNA data confirm the presence of multiple
subtidal seagrass species, Z. nigricaulis, R. maritima, P. australis and A.
antarctica at >1000 Cal Year BP. The first two species can be found in
shallow water, and the latter two are typically found in deeper waters
(>1m)20. These results indicate that sea-level was likely higher at that time
and is supported by previous evidence21 that this was the case ~6000 years
ago, and it is hypothesised the sea level slowly dropped to present-day
conditions.

The sea level at the site today supports intertidal communities with
some high intertidal plants occurring in nearby adjacent areas. This could
explain the eDNA signals from high intertidal plant families detected
through the full profiles of all four soil cores, where this is the result of
detrital material being brought into the system, rather than these plants
growing at the specific site the cores were taken. Plant material is known to
be imported and exported within coastal landscapes and can end up
sequestered in the soils of adjacent habitats22. Wemay have detected eDNA
from adjacent habitats due the targeted eDNA approach designed for
multiple chloroplast gene regions, which increased our sensitivity beyond

Fig. 3 | Principal component analysis (PCA) results for chemical proxies along
the soil core profiles. aDry bulk density, δ13C and%Corg and b elements;Moly ratio,
Ti/Ca, Br/Cl, Sr (normalised) and Ca/Fe for soil Cores 1–4 and Core 3, respectively.
Principal component 1 explained 73.9% of the variance in a and 76.4% in (b). How
well each variable correlated to PC1 is shown by the R2 values. The dashed lines are
placed at the depths of significant change points identified by change point analyses,

63 cm in a. and 60 cm in (b). Colours indicate the dominant vegetation type found
<1000 Cal Year BP, green = intertidal and >1000 Cal Year BP, blue = subtidal with
silhouettes depicting the dominant species here, Avicennia marina and Zostera
nigricaulis, respectively (Integration and Application Network, ian.umces.edu/
media-library).
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traditional single gene approaches23,24. These more traditional (meta-
barcoding) approaches rely on the amplification of target gene regions using
primers. This can cause amplification bias as the corresponding primer
binding sites may not be intact in degraded DNA from soil samples and
primers canbebiased towards amplifying specific taxa25. Targeted captureof
eDNA does not rely on this initial amplification step and improves the
likelihood of recovering all taxa present in a sample because multiple genes
are targeted24,26,27. This could make it difficult to know whether an eDNA
signal is from a plant present at the study site or an adjacent one. For-
tunately, pairing the eDNA results with chemical analyses identified con-
ditions likely to support mangroves in younger sections of the cores (<1000
years) and seagrasses in older sections (>1000 years).

Chemical analyses characterised the older sections of the soil cores as a
marine environment andyounger sections ashaving amarine and terrestrial
influence. This intertidal environment was characterised by high levels of
organic matter as evidenced by the %Corg results and supported by higher
values for theMoly ratio16. Higher organicmatter here was also observed in
the greater Br/Cl values, signifying marine organic matter15, and a decrease
in this ratio downcore corresponds to an increase in salinity17, indicating a
more marine environment in older sediment layers. Increased values of Sr
validate this15, as well as a higher ratio of Ca/Fe—both are indicators of

marine productivity14,15. Seagrass presence is supported here by higher
values of δ13C, and while we could not use these values to reliably infer plant
community presence (as δ13C values can be influenced bymangrove roots28

and organic matter diagenesis29) we can conclude that older sections of the
core (>1000 Cal Year BP) were more marine (seagrass) in nature than
younger sections (<1000 Cal Year BP) which had a more terrestrial influ-
ence. The terrestrial signal stems from the higher Ti/Ca, which is a proxy for
terrigenous sediment supply15,17. However, we observed a spike in this ratio
at ~25 cm (Supplementary Fig. 4), explaining the low correlation to PC1.
This proxymay be driven by a specific event or a changing sediment regime
that occurred at this time21. Regardless, the higher values of Ti/Ca in the
younger sections of the core support an intertidal environment. These
characteristic environmental conditions validate that this site was a marine
environment that supported a subtidal seagrass community up until ~1000
years agowhen it shifted to an intertidal system as the sea level dropped and
mangroves colonised the area.

The environmental conditions of the four soil core profiles provide a
framework to interpret the eDNA results and by combining these proxies, a
holistic picture of change has emerged. This picture describes a previous
community of subtidal plants and a higher sea level than the present-day
that then shifted to an environment with a lower sea level wheremangroves

Fig. 4 | Conceptual diagram of the historical coastal vegetation change uncovered
at Torrens Island, South Australia. The oldest 14C date is shown on the x-axis to
indicate the timescale of change. Indicative water level is shown on the y-axis.
Wedges on the bottom of the figure indicate the measured variables that increased
and decreased over time. Changes in the dominant plant community type are
indicated by coloured bars at the top of the image. Grey mangrove (Avicennia

marina) was detected in the full soil profiles of each core, but this is likely not a true
signal in older time periods when a subtidal seagrass community was detected. This
signal likely stems from mangrove roots growing deep into the sediment (per
observation), which is represented in the diagram bymangrove soil/roots extending
into the seagrass habitat.
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could thrive. There is evidence to suggest this shift occurred due to tectonic
uplift30, dramatically reducing sea level andpaving theway formangroves to
colonise the area, which would have exposed the soil surface to erosion and
could explain the gap (hiatus) in the dating profile. This did not necessarily
need to be a sudden event, as sea level could have dropped gradually due to
climate changes, leading to erosion of the soil from exposure or the exposed
soil could have been removed during a major storm. The possible causes of
the ecosystem shift are difficult to decipher, but the synergies between
targeted capture of eDNAand chemical proxies of the soil, enabled this shift
to be detected and a clear colonisation of mangroves into seagrass habitat
was documented. Thesemultiple lines of evidence for historical dynamics in
coastal plants can be employed in other vegetated environments prone to
change i.e., coastal sites at the interface of sea level rise or permafrost areas in
regions that experienced climatic warming, to develop high-resolution
historical reconstructions. This will lead to an improved understanding of
long-term change dynamics facilitating the protection, conservation, and
restoration of vegetated ecosystems.

Methods
Study site
Fourbiological replicate soil coreswere collected fromTorrens Island, South
Australia (−34.7929, 138.5265). This site is characterised by a Mediterra-
nean climate with hot, dry summers and mild, wet winters. Historically,
Torrens Island was occupied by the Kaurna people31, the Traditional
Owners of the land. The island is currently unoccupied, andmost of the site
was declared a Conservation Park in 1972 to protect the diverse animal and
plant life found there, including mangroves, temperate saltmarshes and
seagrasses. Common species include Atriplex paludosa, Wilsonia humilis,
Disphyma crassifolium, Samolus repens, Suaeda australis, see32 for a com-
plete list); samphire shrublands dominated by Sarcocornia, Salicornia and
Tecticornia species; and one mangrove species (Avicennia marina). The
seagrass communities surrounding the island include Posidonia spp., Zos-
tera spp., Amphibolis spp. and Halophila spp.33

Soil core collection and processing
Four soil cores (~ 1m long and 7.5 cm diameter) were collected using PVC
pipes by manual percussion and rotation in 2017 (TI2.2017; Core 1) and
2018 (TIN1.2018, Core 2; TIN2.2018, Core 3; TIN3.2018, Core 4). Com-
pression during coring was assessed by measuring the length of the core
protruding above the soil’s surface both inside and outside the PVC pipe
before retrieving the core. These measurements were used to calculate a
compression rate that enabled back-calculation of decompressed sample
depths after the core was sectioned34. Following retrieval, each core was
sealed at both ends, transported vertically, and stored at 4 °C until it was
processed in the laboratory. Core 3was sliced lengthways,with an intact half
retained for scanning X-ray fluorescence (details below) and the remaining
half treated as per the following description for all other cores. Throughout
the soil sample preparation, steps were taken to reduce eDNA contamina-
tion, includingwiping all laboratory bencheswith bleach, water and ethanol
and cleaning all equipment with ethanol between each sample35.

The soil coreswere sliced into 0.5 cm thick increments in the top 20 cm
and at 1 cm thick increments for the remainder of each core. Each slice was
weighed, then a 0.5 g sub-sample was taken for DNA analyses and the
remainder of the soil was dried at 60 °Cuntil constant dryweight to estimate
dry bulk density (DBD). One sub-sample of the dried bulk soil was used for
14C (age-dating) analysis. Another sub-sample was ground in a ball mill
grinder and analysed for soil organic carbon content (%Corg), with some of
these sub-samples also being analysed for organic carbon stable isotopes
(δ13C). A summary of the analyses done on each core is provided in Table 1,
with further details on the sample preparation associated with each analysis
described in the sections below.

Environmental DNA extraction
A 0.5 g sub-sample of soil was collected from the middle of each soil slice
and was stored at 4 °C in Powerbead solution buffer (QIAGEN) until

DNA extraction. Collecting from the middle of the slice helped prevent
contamination (as the outside edges had been in contact with the PVC
pipe). Each 0.5 g soil sample was divided into two equal-weight (250mg)
replicates (A and B). DNAwas extracted from each replicate sample using
theDNeasy Powerlyzer Soil Kit (QIAGEN) with zirconia beads and using
strict handling protocols to prevent contamination. We chose this
extraction kit based on in-house trials and previous research24,36 and used
zirconia beads instead of the standard glass beads to ensure plant cells
could be properly lyzed (personal observation). Post-extraction is usually
followed by sonication in targeted capture analyses for non-degraded
samples37, however, due to the degraded nature of DNA in soils38, the
impact of sonication on plant community recovery was tested before
proceeding. A subset of samples from core 1 was sonicated using a
Diagenode Bioruptor® Pico to a size distribution peaking around 400-600
base pairs (bp) (cycle of 15 s on, 90 s off, and repeat 7 times). Sonication
reduced the number of unique taxa recovered in older sediment samples
due to fragmenting already degraded DNA, whereas in recent samples,
sonication did not impact the number of unique taxa recovered (Sup-
plementary Fig. 1). Based on this, all samples were processed without
sonication, along with extraction blank controls (2 per 20 samples) to
monitor contamination35.

Library preparation and bait capture
These methods are described in detail in24 briefly, library preparation was
completed using the NEBNext Ultra II Library preparation kit (New Eng-
land Biolabs®) with the following modifications: 1/3 the recommended
reaction volume (16.7 µL) was used, and custom-made stubby (incomplete,
P5 and P7 indexes missing) Y-adaptors (25uM)39 were used at the ligation
step. Following adaptor ligation, libraries were amplified using the Q5
Master Mix at the original reaction volume of 50 µL with in-house primers
P7preCapLong andP5preCapLong (Cycling conditions: [98 °C10 s, 65 °C
30 s, 72 °C 30 s] × 17 cycles, 72 °C 120 s, 4 °C hold). From here, 2 µL of each
uniquely indexed library was examinedwith gel electrophoresis and pooled
into batches of eight samples. These batches were then purified using
AMPure XP (at 0.8 × volume concentration).

Bait design was conducted using the RefSeq release of plastid
sequences (https://ftp.ncbi.nlm.nih.gov/refseq/release/plastid/: accessed
Oct 2017) across ~160 taxa to design baits targeting a set of 20 plastid gene
regions for angiosperms (Supplementary Table 1) including standard
plant barcoding regions40. The plastid region trnL was not included in this
bait set despite its utility in ancient DNA studies41 because the chosen
plastid gene regions were believed to offer greater species discrimination.
UsingArabidopsis lyrata (Genbank reference NC_034379) as a reference,
target regions were extracted from the RefSeq data using Blast (blastn, e
value < 1e-50) and were clustered using CD-HIT42 with a 95% identity
cut-off, retaining the longest sequence per cluster for probe design. A total
of c. 2800 representative sequences, ranging in length from 180–900 bp
(mean 370 bp) were used to design c. 15,000 120-mer probe sequences
with 2X tiling (i.e., each probe overlaps half its length). Further infor-
mation can be found in43. Baits were ordered through myBaits®, and
hybridisation was performed following their instructions. The hybridi-
sation temperature/time was 65 °C for 48 h to maximise hybridisation of
degraded DNA. The hybridised product was amplified using custom P7
andP5 indexed primers designed in-house using cycling conditions: 98 °C
120 s, [98 °C 20 s, 60 °C 30 s, 72 °C 45 s] × 17 cycles, 72 °C 30 s, 4 °C hold.
Molarity was calculated between 300 and 800 bp on a 2100 Bioanalyzer
(Agilent) and then pooled in equimolar concentration and purified using
AMPure XP (New England Biolabs) at 0.7 × concentration. The final
library underwent further size selection using a PippinPrep (Sage Science)
with a 1.5% agarose gel cassette set to select between 300 and 600 bp and
was quantified using a QuantStudio 6 Flex Real-Time PCR (Thermo
Fisher Scientific. The final library was sent to the Garvan Institute of
Medical Research (Sydney, Australia) to be sequenced on one lane of an
Illumina HiSeq X Ten using 2 × 150 bp chemistry. Further details of
library preparation and targeted capture can be found in43.
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Bioinformatics
Full details for bioinformatic processing of sequences can be found in24, and
all scripts, including the reference sequence database used in this study are
available on Github (https://github.com/NicoleRFoster/Targeted-capture-
of-eDNA-in-sediment-cores).

For read processing and mapping, raw sequences were demultiplexed
based on indexes using Illumina Bcl2fastq v2.18.0. The output Read 1 and
Read 2 fastq.gz files were then demultiplexed based on the Y-adaptor
internal barcodes using AdapterRemoval v244. PALEOMIX45 was used to
trim adaptors (using AdapterRemoval), discard sequences less than 25 bp
and trim for ambiguous nucleotides and low-quality base calls. BWA-MEM
aligner46 was selected within PALEOMIX as the mapping tool with a
mapping quality of 30 and discarding unmapped reads. A specified refer-
ence databasewasmade by combining the temperate coastal plant reference
database from47 with a curated database from the National Centre for
Biotechnology Information48 that contained all plants (both terrestrial and
coastal) within the local sampling location. Following mapping, Picard
Mark Duplicates (Version 4.0.10.1) was used to remove clonality (dupli-
cation in read alignment) and the resulting BAM files were then used to
generate VCF files using SAMtools mpileup49, specifying ploidy as 1 (as
haplotypic organellar DNA) and filtering for base quality <30, mapping
quality <30 and depth <50, outputting N’s if read coverage was not met.
Variant calls were normalised with BCFtools norm49 and the consensus
caller in BCFtools was then used to call final consensus FASTA files, out-
putting variants with N’s. All blanks failed to pass filtering and so were
discarded.

Despite stringent mapping, some of the gene regionsmay be unable to
distinguish among closely related species (i.e. a gene regionmay not be able
to resolve to species level in certain groups50) or the correct species in the
sample is not represented in our database. For example, a specific gene
region (i.e., psbA47) may only be capable of separating certain taxa at the
family level and therefore, reads may not map to this region for the specific
species in the sample, insteadmapping to this region for a species not in the
sample but from the same family. To overcome this issue, we clustered that
data by assigning rankings to consensus FASTA sequences based on the
ability of the sequence to distinguish taxa at the Order, Family, Genus or
species level. To do this, FASTA files were filtered for length <100 bp and all
ambiguity and missing data codes were removed prior to clustering the
reads with the reference database using CD-HIT-EST42. The threshold for
sequence identity was set to 95%with clustering set to the most similar and
alignment was set to cover at least 10% of the representative sequence and
100% of the shorter sequence (-aL 0.1 -aS 1). If the sample consensus
sequence clusteredbroadlywith other sequences, itmeant either, the gene in
question did not have high enough variation to resolve taxonomy below a
certain level or the sample consensus sequence contained a high number of
ambiguous base calls that confounded species identification, i.e., read depth
did notmeet the assigned threshold to call a base (depth<50 bp) and instead
missing data values were inserted (N’s).

For data processing, a custom script was written in R version 3.5.151 to
unpack the output.clstr file from CD-HIT-EST and generate upstream
taxonomic assignment for each sample in each cluster. The script identified

the highest common taxonomic ranking as an output for each cluster,
denoting this as ‘rank’. The final dataset contained assigned sample tax-
onomy generated from the mapping of reads and a ranking for the level of
taxonomic clustering this sequence provided. This script was written using
the R packages taxize52, TAI53, dplyr54, stringi55, stringr56 and tidyr57.

Replicate samples A and B were then combined to assess overall gene
recovery for each section of the soil cores. Taxa with less than four gene
regions recovered were not included in the final community evaluation
(informed by recommendations in24). All samples were then combined for
each core such that there was a single file documenting species recovery and
taxonomic ranking for all samples analysed along the length of each core.
These were then converted into separate phyloseq58 objects and data were
subset to only include taxonomic rankings at the family level or below (for
visualisation purposes—species and genus level assignments were included
in the interpretation of results). Taxonomic assignments were then sum-
marised by families to calculate relative abundances as a percentage of the
total community composition at each position along each core.

To summarise changes in coastal plant communities over time, we
designated three community types to the detected plant families. Thesewere
subtidal (seagrasses), intertidal (mangrove and samphire) and high inter-
tidal (other coastal plants). To assess changes in relative abundances of
communities withdepth across all four cores wefitted a generalised additive
model using the gam function in the mgcv package59 in R51. We tested
several models and used the lowest AIC andmost variance explained by the
model to select a final model candidate. This model included relative
abundance as the response variable with community type as an explanatory
variable, a smoothing term of depth by community type and core as a
random factor.

Relative abundance ~ community type + s(depth, by = community
type)+ s(core, bs = “re”)

The degree of smoothing was estimated using restricted maximum
likelihood (REML).

Radiocarbon dating
Radiocarbon (14C) analyses were conducted on three to five bulk soil sub-
samples taken from below 22 cm in each core. The sampling depths from
each core were selected based on taking one sample from just below the top
section of the core (that was thought to bemixed basedonprevious studies);
one sample fromnear thebottomof the core (theoldest soil); andat least one
(and up to three) samples from in between these upper and lower sample
positions. Radiocarbon dating was performed on bulk soil samples from
Core 1 at the AMS Direct Laboratory (USA) and at the Centre for Accel-
erator Science, Australian Nuclear Science and Technology Organisation
(ANSTO) for the remaining three cores. Carbonates and humic acids were
removed by treating the sample with 2M HCl (at 60 °C) for carbonate
removal, a series of sodiumhydroxide (NaOH) treatments (at 60 °C) for the
removal of humic and a final treatment of 2MHCl (at room temperature).
After drying, the samples were combusted to carbon dioxide (CO2) and
reduced to graphite using H2/Fe at 600 °C. The graphite targets were ana-
lysed by accelerator mass spectrometry (AMS) using the Vega 1MV NEC
accelerator.

Radiocarbon ages were calibrated in OxCal 4.4.460 using a P-Sequence
deposition model. Calibrations were performed against the SHCal20 cali-
bration curve61 or a mixed SHCal20/Marine2062 curve where a marine
influence is identified. Marine influence was corrected using a local ΔR =
−150 ± 59 taken from the Australian ΔR calculator for the Torrens Island
region (https://delta-r-calc.jcu.io/)63.

The degree ofmarine influence was assessed based on the organic δ13C
stable isotope ratio (‰) for which lower values are more indicative of
terrestrial vegetation and higher values marine64. Some of our samples had
more depleted δ13C values than would be expected in a 100% marine
environment, indicating a mixed terrestrial/marine carbon source (as
expected in estuarine settings, such asTorrens Island). For these samples,we
calibrated the dates using mixed curves, based on a value of−25.0‰ being
100% terrestrial, and a value of −10.0‰ being 100% marine. These

Table 1 | Summary table showing the analyses that were
performed on the soil samples from each core

Core ID eDNA 14C dating XRF DBD δ13C %Corg

Core 1 (TI2.2017) 28 5 no 30 30 30

Core 2 (TIN1.2018) 32 4 no 21 21 21

Core 3 (TIN2.2018) 30 2 yes 19 19 19

Core 4 (TIN3.2018) 30 3 no 19 19 19

From left to right, these analyses were Environmental DNA, Radiocarbon dating, X-ray diffraction,
dry bulk density, stable organic carbon isotope and percentage organic carbon. The number of
samples analysed for each variable is indicated except XRF,which is indicatedby “yes”or “no” if the
core was scanned.
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thresholds assume that the marine organic inputs at our site would be
primarily seagrass, and seagrass δ13C stable isotope values typically range
from −13.3‰ to −7.3‰65.

Due to the presence of a hiatus in the dating profile of all cores, age-
depth models could not be reliably constructed. Thus, we generated only
pre-hiatus age-depthmodels for cores 1, 2 and4using theR routine “Bacon”
for Bayesian chronology building66 and specifying the end depth of the
model at 63 cm, which is the depth identified in the change point analyses
using principal component 1 scores for %Corg, δ

13C and dry bulk density
variables (see below). Owing to the limited number of 14C data pre-hiatus
(core 3), it was not reliable to report age-depth models for core 3, nor the
post-hiatus periods in cores 1, 2 and 4, and only the absolute 14C calibrated
ages are reported to indicate the approximate ages in these cases.

Dry bulk density, organic carbon and stable isotope analyses
Dry bulk density (DBD; g cm−3) was calculated for all depth increments
from all four cores (see Table 1 for a number of analyses) using the dry
weight data and sample volume. All samples were analysed for organic
carbon (%) and stable isotope composition (δ13C).

For organic carbon (%), each dried bulk soil sample was acid-treated to
remove inorganic carbon by adding 4% HCl. The sample was then cen-
trifuged at 3400 rpm for 5min and the supernatant (including acid residues)
was carefully removedwith a pipette, avoiding resuspension. The pelleted soil
sample was then washed with ultrapure water, centrifuged again, and the
supernatant carefully removed. Post acid treatment, the remaining soil
sample was re-dried at 60 °C until a constant weight was achieved and then
placed into a tin capsule for analysis. The % organic carbon was determined
on the acid-treated samples using a Costech Elemental Analyser at the
University of Hawaii Hilo Analytical Laboratory, USA (Core 1 samples) or a
Perkin Elmer EA2400 Series II at theMASS Facility, in the SET Faculty at the
University of Adelaide, Australia (samples fromCores 2–4), with calibration
against an Acetanilide certified reference standard.

The acid-pre-treated dried bulk soil samples were also used for organic
carbon stable isotope analyses (δ13C). Amass of sample equivalent to 100 µg
of organic carbon was accurately weighed into a tin capsule based on the
organic carbon content determined by the elemental analyses (as described
above). Theweighed samples fromCores 2–4were analysed for δ13C using a
continuous flow isotope ratio mass spectrometer (Nu Horizon, Wrexham,
UK) equipped with an elemental analyser (EA3000, EuroVector, Pavia,
Italy) at the MASS Facility in the SET Faculty at the University of Adelaide,
Australia, whereas samples from Core 1 were analysed using a Thermo-
Finnegan Delta V Isotope Ratio Mass Spectrometer at the University of
Hawaii Hilo Analytical Laboratory, USA.

For all samples, the stable isotope ratios were expressed in δnotation as
deviations from a standard in parts per mil (‰):

δ13C ¼ ½ðRsample=RstandardÞ � 1� x 1000:

WhereRsample is the ratio of abundance of
13C /12C in the sample, andRstandard

is this ratio in the standard. δ13Cwas reported relative to the standardVienna
Pee Dee Belemnite (VPDB). All samples were corrected for instrument drift
and normalised according to reference values using in-house standards
(n = 19 per 60 samples); δ13C = glycine −31.2‰, glutamic acid −16.7‰ &
triphenylamine (TPA)−29.2‰ calibrated against USGS and IAEA certified
reference materials (USGS40, USGS 41, IAEA-2, NIST 8704).

X-ray fluorescence (XRF)
A full-length ½ longwise section of Core 3 was analysed using an Itrax XRF
core scanner at the Australian Nuclear Science and Technology Organisa-
tion (ANSTO). This is a non-destructive method for rapidly generating
high-resolution elemental profiles using XRF spectrometry. The Itrax XRF
scans were performed using a molybdenum tube set at 55 kV and 30mA
with a dwell time of 10 s. A step size of 200 μm was selected to capture
elemental variations occurring in laminations observed in the radiographic
image. The Itrax XRF analysis produced data for a standard suite of 36

elements andMolybdenumCompton (incoherent) andRayleigh (coherent)
scattering (Moly ratio). Incoherent scattering occurs when the energy of the
X-ray photons is greater than the energy binding electrons to the atom
nucleus, oftenoccurring for elementsH,C,NandOand resulting in a loss of
energy. Rayleigh scattering occurs when there is no loss of energy, and
therefore, a higher Moly ratio can be an indication of the presence of these
elements and a proxy for organic matter content16. From these, we selected
five elements/ elemental ratios that were most relevant to our research
question; these were Moly ratio, Ti/Ca, Br/Cl, Sr and Ca/Fe where Sr was
normalised against Molybdenum incoherent + coherent scattering to
reduce the impact of water content and density changes in the soil core67.

Assessing change in DBD, %Corg, δ13C and XRF
To reduce dimensionality and assess consistent downcore trends across
DBD, %Corg, and δ

13C, we applied Principal Component Analysis (PCA)68

to all four cores. PCAanalysiswas run inRusing the ‘stats’package51 and the
function ‘princomp’ with data centred and scaled. We similarly applied a
PCA to the five-element dataset produced by the XRF analysis on core 3, to
generate a single data point for each depth increment that represents the
variance in all five element ratios: Moly ratio, Ti/Ca, Br/Cl, Sr (normalised)
and Ca/Fe.

We subsequently used the outputs from both the PCA analyses
(component 1 values for each depth increment) in a changepoint analysis,
run in R using the package ‘changepoint’69 and the function ‘cpt.meanvar’.
Changepoint analyses statistically assess whether any significant, sustained
changes in themean and variance of a combined dataset have occurred (not
assuming constant variance). The test identifies the number of changes and
their position in the data series andprovides confidence estimates (0–1,with
1 being full confidence) for any changes detected. This approach allowed us
to test for any clear inflection or change points in soil biogeochemistry
through the core depth profiles.

All plots andfigures presented in the results were created inRusing the
package ggplot70. The conceptualmodel of the system,which is based on the
suite of data produced by our multiple analyses, was generated using the
software Adobe Illustrator.

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

Data availability
Environmental DNA sequence data that support the findings of this study
have been deposited in Genbank (https://www.ncbi.nlm.nih.gov/
bioproject/PRJNA749388/) with the accession codes SAMN26810607-
SAMN26810698; NCBI SRA; and TLS: PRJNA749388. All chemical data
that support the findings of this study and the radiocarbon dating results
have been deposited on Github https://github.com/NicoleRFoster/
Targeted-capture-of-eDNA-in-sediment-cores.

Code availability
All scripts for processing the environmental DNA sequence data and
reference libraries used for mapping sequences are available on Github
https://github.com/NicoleRFoster/Targeted-capture-of-eDNA-in-
sediment-cores.
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