
Universität Konstanz

Molecular Paleoecology
to track the history

ecosystems
of species and

Laura S. Epp
Junior Professor for Environmental Genomics
in Aquatic Systems



Titel der Präsentation [Einfügen über Kopf- und Fußzeile]2 TT.MM.JJJJ Universität Konstanz

Environmental DNA

Just a spoonful 
of mud makes 
the ice age 
world appear?

modified from Mauricio Antón 2008
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Environmental DNA

Thomsen & Willerslev 2015

Modern eDNA

Ancient eDNA

• Survey and monitor biodiversity

• Reconstruct past biodiversity
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Environmental DNA

TREE 2435 No. of Pages 13

Glossary
Coprolite: fossilized feces.
DNA metabarcoding: high-
throughput sequencing of PCR-
amplified taxonomic marker genes.
Eco-evolutionary dynamics:
mutual feedback between
evolutionary and ecological
processes occurring on similar
timescales.
High-throughput sequencing: the
simultaneous sequencing of millions
of DNA fragments
Midden: concentrations of waste (e.
g., shells, urine, feces) produced by
humans or other animals.
Shotgun sequencing: the random
sequencing of DNA fragments.
Taphonomy: the deposition,
preservation, transport, etc., of
biological materials in the eDNA
archive.
Taxonomic marker genes: genes
regularly used in taxonomic
identification [e.g., cytochrome
oxidase (COI), ribosomal RNA (16S,
18S, ITS), ribulose bisphosphate
carboxylase (rbcL)].
Varved sediments: sediments with
layers distinguishable at an annual
resolution.

Figure 1. Environmental DNA as a Source of Spatio-Temporal Biodiversity Data. eDNA can be sampled
from biological archives, such as sediment cores within lake and marine sediments. The figure shows a
representation of human pressures and biodiversity changes that can be studied with eDNA. By providing continuous data
on biodiversity patterns between the present day (top) and the past (bottom) over centuries and even millennia, eDNA can
inform the tests of hypotheses on (i) the dynamics of single species, such as colonization or extinction ( ); (ii)
community dynamics, such as shifts in community composition and richness ( ); and (iii) human pressures
on ecosystems, such as the impacts of industry ( ) or agriculture ( ).

Trends in Ecology & Evolution, Month Year, Vol. xx, No. yy 3

Balint et al. 2018, TREE

What information can we get from
historical / ancient – eDNA?
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Environmental DNA

Infer rates of change and determine drivers

Track invading genotypes -> migration routes

First appearance dates

Extend monitoring time series

Process understanding

Track response & resilience

Restoration targets

Historical, pre-impact reference states

from Deiner et al. 2017, Molecular Ecology
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Ancient eDNA

Just a spoonful 
of mud makes 
the ice age 
world appear?

modified from Mauricio Antón 2008
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Ancient eDNA

Just a spoonful 
of mud makes 
the ice age 
world appear?

modified from Mauricio Antón 2008

(Lake) sediment cores
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Ancient eDNA

Lake sediment
cores

DNA in sediments
Extracellular & intracellular

Binds to clay, sand, humic and organomineral substances.
- Records surrounding biodiversity at sedimentation
- DNA stored in the sediment 

+ temporal deposition of sediments

Not limited to organisms with visible remains
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Ancient eDNA

Lake sediment
cores Terrestrial surroundings

Aquatic ecosystems

Integration over the ecosystem
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Ancient eDNA

Lake sediment
cores Terrestrial surroundings

Aquatic ecosystems

Integration over the ecosystem

Epp et al. 2015 QSR
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Ancient eDNA

Lake sediment
cores

DNA Extraction

Ancient DNA  Lab

PCR set-up / Shotgun Library

(Ancient) eDNA

eDNA  Lab
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Ancient eDNA

Lake sediment
cores

Post-PCR Lab

DNA Extraction

Ancient DNA  Lab

PCR set-up / Shotgun Library

PCR,
Prep for sequencing

(Ancient) eDNA

eDNA  Lab

Post-PCR Lab
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Ancient eDNA

Lake sediment
cores

Post-PCR Lab

DNA Extraction

Ancient DNA  Lab

PCR set-up / Shotgun Library

Bioinformatic filtering

Sequencing

Sequence information

PCR,
Prep for sequencing

(Ancient) eDNA

eDNA  Lab

Post-PCR Lab

Courtesy of Illumina, Inc.

- ID through comparison to
databases

- Analyses
- ...
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Ancient eDNA

AGTGGGCCTAATACGATAAGGAACGAAACGTAGCA

TTTGGGCCTAATACGATAAGGTACGAATTCTAGCA

GGTCCGGCTGGCACGATAAGGAACCCACGAAGCA

High throughput DNA-based identification of multiple species.

Courtesy of Illumina, Inc.

DNA metabarcoding
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Ancient eDNA

AGTGGGCCTAATACGATAAGGAACGAAACGTAGCA

TTTGGGCCTAATACGATAAGGTACGAATTCTAGCA

GGTCCGGCTGGCACGATAAGGAACCCACGAAGCA Courtesy of Illumina, Inc.

DNA metabarcoding
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Ancient eDNA

Analyses of genomic variation - cryptic changes

History and dynamics of single species



Titel der Präsentation [Einfügen über Kopf- und Fußzeile]17 TT.MM.JJJJ Universität Konstanz

Terrestrial eDNA from sediments

L. gmelinii

L. cajanderi

Expeditions across
the tree line
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Surface sediments from lakes of the southern Taymyr Peninsula

How well are communities represented?

DNA metabarcoding – Pollen – Vegetation assessments

Niemeyer et al. Mol Ecol Res 2017

43 Taxa114 Taxa gesamt 31 Taxa

Terrestrial eDNA from sediments
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Good agreement of all methods
DNA provides most taxa
Local signal

Niemeyer et al. Mol Ecol Res 2017

43 Taxa 114 Taxa gesamt 31 Taxa

How well are communities represented?

DNA metabarcoding Pollen                                         Vegetation assessments

Terrestrial eDNA from sediments



Titel der Präsentation [Einfügen über Kopf- und Fußzeile]20 TT.MM.JJJJ Universität Konstanz

L. sibiricaLake CH06 Lake CH12

CH06

CH12

Epp et al. 2018, SciRep

Terrestrial eDNA from sediments
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L. sibiricaLake CH06 Lake CH12

CH06

CH12

Terrestrial eDNA from sediments
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L. sibiricaLake CH06 Lake CH12

CH06

CH12

Terrestrial eDNA from sediments

Model LAVESI Kruse et al. 2016
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L. sibiricaLake CH06 Lake CH12

CH06

CH12

Terrestrial eDNA from sediments

• Effect of glacial refugia in early
Holocene

• Higher population density ->        
L. gmelinii

• Direct climate effect -> change in 
population size.
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Terrestrial eDNA from sediments – genomic approaches

Larch plant

Chloroplast Genome: single circular molecule.
In Larix size of ~120 kb, paternally inherited.

I

II

I II
Maricic et al. 2010 
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0
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Schulte et al. Mol Ecol Resources 2021
Lake CH12 - Larix Chloroplast Genomes – Hybridisation-Capture 
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Terrestrial eDNA from sediments

Hominidae sequences (six assigned toHomo sapiens and
one toHominidae)andoneGallus sequence that survived
the filtering criteria andwere manually removed.

Species thatdidnotsurvivefilteringincludesteppebison
(Bisonpriscus, 100%match),Arctic lemming (Dicrostonyx
torquatus, 98% match), rock ptarmigan (Lagopus muta,
99% match) and mountain hare (Lepus timidus, 98%
match); thesespeciesareexpectedintheregion,butnoneof
themoccurredinmorethanonesampleandonerepeatand
thus did not survive our filtering criteria.

Varanger Peninsula samples

We obtained 52 562 858 raw reads for the two Varanger
Peninsula (UhcaRoh!ci) libraries that represented22 461
unique sequences. After R filtering, 18 sequences remai-
ned, representing877 555reads,whichbelongto:Rangifer
tarandus (four occurrences at 10 800 cal. a BP and three
between 3300 and 3600 cal. a BP, with 44 979 reads), the
spiny water flea (cercopagidid cladoceran) Bythotrephes
longimanus (six occurrences at 4900, 5600, 5700, 6300,

6500 and 9100 cal. a BP, sum38 085 reads) and the oligo-
chaete Lumbriculus variegatus (one occurrence at 10 800
cal. a BP with 227 reads) (Fig. 3, Table S3). A total of 12
Homo sapiens, oneSus and oneGallus sequences survived
filtering andwere manually removed.

Several worm taxa did not survive filtering, including
Dendrobaenaoctaedra,Tubifex tubifexandaLimnodrilus
sequence that could not be identified to species level.
None of these taxawere detected inmultiple repeats for a
sample, but they are taxa that can be expected to occur in
the Varanger area today.

In silico primer analysis

Primermatchesbetweenthemammalprimerandannelid
sequences couldbe calculated for 22 clitellate families and
1756species (mean175sequencesper family,SD = 317.7)
out of the 28 families listed in the NCBI taxonomy
database. Theweighted average numbers ofmismatches
in the forwardand reverse primerwere 2.07 (SD = 0.05)
and 2.04 (SD = 0.24), respectively, with an average esti-
mated amplicon length of 35.7 bp (SD = 0.65; excluding
primers).

The results for theclitellate familiesandthe species that
were detected in the metabarcoding results are displayed
inTable 1,alongwiththemammalianandavianresults.A
fullaccountofall clitellate familiesandspecies isprovided
in Table S1. Themismatch overviewhere is limited by the
available clitellate data on EMBL, and some mismatch
numbers might be over- or underestimated for some
families dependingon sampling and sequencingbiases or
depth.

Discussion

Mammal records

Rangifer taranduswas theonlymammal in thePolarUrals
and Varanger lake sediments that was detected in several
PCR replicates (one PolarUrals samplewith two repeats,
Fig. 2, and three Varanger samples with two, three and
four repeats, Fig. 3).R. taranduswasdetected ina limited
number of samples, furthermore, replicability was poor,
with at most four out of eight PCR repeats. The limited
presence is surprising, as R. tarandus has a circumpolar
Eurasian distribution. It is known from western Norway
at 13 500 cal. a BP from the village Blomv"ag 30 km
northwestofBergen (Lie1986;Mangerudet al.2017)and
it would be expected thatR. taranduswas one of the first
species immigrating north and west into Varanger after
the ice receded after the LGM. Likewise, it is not sur-
prising that R. tarandus was present in the Urals to the
northeast of the Eurasian–Fennoscandian ice sheet dur-
ing theLateWeichselian(24 000–15 000aBP)as thisarea
was probably its main glacial refugium based on genetic
data (Flagstad & Roed 2003; Yannic et al. 2014; Kvie
et al. 2016).
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Fig. 2. Metabarcodingresults for thePolarUralscore.Thewidthof the
bars indicates the number of PCR repeats. The grey taxawere assumed
to be laboratory contaminants and were manually removed from the
results. Non-cold tolerant taxa or taxa not found in the PolarUrals are
indicatedwithanasterisk.The result forHomosapiens is a combination
of sevendifferentH. sapiens sequences forwhich themaximumnumber
of repeats is plotted.

BOREAS Clitellate worms in sedimentary DNA from the Polar Urals and N Norway 5

This approach enabled a more precise detection of past land-use
practices, especially for prehistoric periods and locations where
no written traces were left by inhabitants.

We did not record sheep DNA in the lake sediments that
corresponded to the present day, although we have evidence of
the presence of sheep at a low density in the catchment
periodically during the summer. This result highlights the need
of a relatively high amount of mammalian DNA that was
transferred to the lake to be detected in the sediments (see
Supplementary Discussion about mammalian DNA detection)
and shows that the absence of DNA in lake sediments should be
treated with caution, as this does not necessarily highlight the
absence of the targeted species. In contrast, no cattle herd is
currently in the catchment, but we record the presence of cow
DNA in one of eight PCRs of the recent lake sediments, which
may be explained by sporadic contamination or stocking of older
cow DNA in soils because it is known that DNA can persist in
alpine soils for at least 50 years34. Thus, these results, which are
contradictory to expectations, reveal that lake sedDNA allows the
reconstruction of past livestock history with a high level of
confidence when the stocking rate (in animal unit per day ha! 1)
is relatively high and/or the practice induces important transfer of
domestic mammal DNA (mainly from faeces, skin flakes and
chitinous material35) to the lake. On the basis of these
considerations, the main phases of livestock farming in the
subalpine Lake Anterne catchment occurred during the end of the
Iron Age, the Roman Period and the Medieval-Modern times.

The second objective of our study was to integrate our lake
sedDNA record in the context of the erosion dynamic history to
bring a novel perspective regarding human/environment inter-
actions, in particular during the Roman Period (0–200 AD),
which was when the highest frequency of erosive events of the
entire Holocene Period was recorded26 (Fig. 3). As shown by the
reconstruction of Aletsch glacier fluctuations (Swiss Alps), the
Roman Period was characterized by a warm and/or dry climate27

(Fig. 3), that is, conditions that are not favourable to erosion. On
the basis of these facts, we previously hypothesized that human-
associated activities were the primary determinants of the
increased frequency of erosive events36 during this period at
Lake Anterne. Our lake sedDNA record (Figs 2,3) provides new
evidence to support the ‘human impact’ hypothesis of this erosion
paroxysmal phase, and provides a more comprehensive picture
regarding the nature and intensity of human practices during this
period. The presence of cattle and sheep DNA in lake sediments
is indicative of intense pasturing activity with mixed herds in the
catchment. Grazing has strong effects on soil erosion through
direct processes, such as soil compaction, reduction of infiltration
and detachment of particles, as well as indirect processes, such as
the reduction of vegetation cover and development of bare and
unstable soils37. The disappearance of Alnus sp. (Fig. 2) may
reflect subalpine forest clearance, and this change in the
landscape vegetation suggests significant grazing pressure that
was most likely associated with a high stocking rate. The direct
effects of trampling and grazing by herds, as well as the drastic
reduction of the tree cover on soil stability, help to explain the
extensive erosion that was recorded in lake sediments of this
period.

‘Natural History’, written by Pliny the Elder in 77–79 AD,
describes the manufacturing of one of the most popular cheeses
in Rome, which was made from cow milk in the Centronian Alps
(corresponds approximately to the North French Alps) (see
Supplementary Note 1). Pliny’s statement suggests the develop-
ment of a pastoral activity that was profitable enough to engage in
an important cheese trade with Rome, which was B1,000 km
away. The high amount (high number of reads in two of eight
replicates; Supplementary Table 2) of cattle DNA in the
sedimentary record is consistent with a boom in this type of
economy. The temporal depth of our natural archive shows that
this activity most likely began at the end of the Iron Age (400 BC)
(Fig. 3) and, thus, occurred before the Roman invasion of the
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Figure 2 | Erosion and DNA from mammals and plants recorded in Lake Anterne sediments. The erosion signal (a) is represented by the frequency of
erosive events (number of events every 100 years). This signal is compared with mammal DNA (b: Bos sp. DNA, c: Ovis sp. DNA, d: Equus sp. DNA)
and plant DNA (e: Pinus sp. DNA; f: Alnus sp. DNA) from lake sediments. Diamonds represent sediment samples that were taken in cores for
metabarcoding analyis. Open diamonds show samples where no DNA sequences were found. Coloured diamonds show DNA sequences that were present
in only one replicate. Bars reflect DNA sequences that were present in at least two replicates. The heights of the bars correspond to the ranges of the
sequence numbers (that is, between 50 and 100; between 100 and 500; between 500 and 1,000; between 1,000 and 5,000; and more than 5,000).

ARTICLE NATURE COMMUNICATIONS | DOI: 10.1038/ncomms4211

4 NATURE COMMUNICATIONS | 5:3211 | DOI: 10.1038/ncomms4211 | www.nature.com/naturecommunications

& 2014 Macmillan Publishers Limited. All rights reserved.

Lake Anterne, France

Giguet-Covex et al. 2014

Lake Bolshoye Schuchye, 
Russia

Amplicon sequencing employing a primer designed for mammals

Lammers et al. 2018
ideal dataset vs. common results
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Terrestrial eDNA from sediments

Biodiversity change through time
Ø Relative impacts of climate and herbivory on vegetation

Plants Mammals Mammal proxies
- DNA metabarcoding

U Tromsø, 
I. Alsos & A. Poliakova

- DNA metabarcoding, 
shotgun, hybridisation
capture

UCSC, B. Shapiro
McMaster U, H. Poinar

- Coprophilous fungi 

- Endoparasites 
(Nematodes)

- Ectoparasites (Mites, 
Insects)

U Konstanz, 

Peter Seeber
PostDoc
Environmental Genomics
Limnological Institute
University of Konstanz
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Terrestrial eDNA from sediments

= immobilization of target DNA by hybridization
with “anchored” complementary oligonucleotides (“baits”)

hybridization capture enrichment

DNA

biotinylate
d

baits

hybridizatio
n

& blocking

streptavidin-
labelled 

magnetic beads

biotin-
streptavidin 

binding

magnet

wash away unbound DNA,
HT-sequence enriched 

DNA

baits designed from 
reference sequences of target organisms:

Fungi

Nematodes

Mites

Insects

Mammals 11 species

25 species

12 species

49 species

894 species

18.000 unique baits
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Lake Nakuru

Lake Naivasha
Lake Sonachi

Lake Baringo

Lake Bogoria

Lake Elmenteita

Lake Oloidien

Aquatic eDNA from sediments
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Lake Nakuru

Lake Naivasha
Lake Sonachi

Lake Baringo

Lake Bogoria

Lake Elmenteita

Lake Oloidien

Lake Sonachi Lake Bogoria

20cm

39cm

B

C D

mt DNA haplotypes in 
distinct layers

age ~ 500a

age ~ 200 a

Aquatic eDNA from sediments
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Lake Nakuru

Lake Naivasha
Lake Sonachi

Lake Baringo

Lake Bogoria

Lake Elmenteita

Lake Oloidien

Lake level decline
2 species
Gradual turnover

Volcanic ash
Sudden population
turnover

Epp et al. (2010), JOPL

Aquatic eDNA from sediments
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Lake Constance

Limnological Institute, 
University of Konstanz

Aquatic eDNA from sediments
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17 000 yrs BP 14 000 yrs BP Current

Dynamic postglacial history
Aquatic eDNA from sediments
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Pile dwellings ~ 7000 – 2500 yrs BP
Aquatic eDNA from sediments



Titel der Präsentation [Einfügen über Kopf- und Fußzeile]35 TT.MM.JJJJ Universität Konstanz

20th century eutrophication

eutrophication period of Lake Constance, its peak and 28-year period
of subsequent oligotrophication. Hence, these data provide a unique
possibility to examine: (1) the potential resilience of phytoplankton
response to nutrient changes, (2) the role of phytoplankton interac-
tions in this response and (3) whether this response was characterised
by hysteresis, i.e. differing biomass and community trajectories during
eutrophication and oligotrophication.

MATERIAL AND METHODS

Study site and sampling

Lake Constance is a deep (zmean = 101 m) warm-monomictic lake
in central Europe. As a proxy of the lake’s trophic status in each
specific sampling year, we used the total phosphorus concentration
measured during the February/March mixing period (TPMIX,

Fig. 1a). In total, 1040 phytoplankton samples were taken from
1965 to 2007 at the centre of Upper Lake Constance. For details
on phytoplankton sampling procedures and measurements of TP
and water temperature (WT), see Appendix S1. Phytoplankton spe-
cies were grouped into eight major taxonomic groups: Cyanobacte-
ria, Chrysophyta, Cryptophyta, Dinophyta, Chlorophyta, Conjugales
and two orders of Bacillariophyceae, Centrales and Pennales. All
statistical analyses were done at this taxonomic level. This phyloge-
netic grouping is a close analogue to a functional grouping, as these
groups differ in important functional features like size, motility,

nutrient requirements and uptake kinetics and importance of differ-
ent nutrition modes (photoautotrophy or mixotrophy) (Litchman
et al. 2007).

Statistical methods

We tested for the occurrence of a regime shift in our time series
using Rodionov’s regime shift detection method (RRSD, Rodionov
2004). As this test indicated a regime shift for WT and phytoplank-
ton biomass, we fitted these long-term developments with a modified
logistic function, which connects two stable periods by a transitional
period. The relationship of annual mean phytoplankton biomasses
(and biomass lagged by 2 years) to TPMIX and WT was analysed with
generalised additive models (GAMs) (Wood 2006). To analyse
whether phytoplankton groups displayed compensatory, independent
or synchronous dynamics during distinct time periods, we calculated
two related metrics, the variance ratio (VR) (Schluter 1984) and φP

(Loreau & Mazancourt 2008). Both metrics relate the variance of the
community biomass to the variances of the biomasses of individual
taxa within the community. A VR of 1 occurs when taxa fluctuate
independently or when positive and negative covariances between
species neutralise each other exactly (Gonzalez & Loreau 2009). A
VR > 1 indicates that the sum of covariances among taxa is positive
(synchronous dynamics), whereas a VR < 1 (compensatory dynamics)
occurs when the sum of covariances is negative. In contrast, φP is
standardised between 0 and 1, denoting perfect compensatory and
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Figure 1 Temporal development of (a) total phosphorous concentrations during winter mixis (open symbols) and annual average water temperatures (blue line and dots),

(b) total phytoplankton biomass, (c) anomalies of the biomasses of cyanophytes (CYA), chrysophytes (CHR), Conjugales (CON) and cryptophytes (CRY) and (d)

biomasses of pennate diatoms (PDI), centric diatoms (CDI), chlorophytes (CHL) and dinophytes (DIN). No phytoplankton data were available for the time period

shaded in panel 1a. The temporal development of water temperature and phytoplankton biomass was fitted with a modified logistic function: Yt ¼ a þ b eT#t

1þeT#t with

parameter estimates of a = 9.95 ± 0.09 SE, b = #0.76 ± 0.12 SE and T = 1989 ± 1 SE for water temperature and a = 0.51 ± 0.05 SE, b = 0.58 ± 0.06 SE and

T = 1991 ± 1 SE for phytoplankton biomass.
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Ibrahim et al. 2020 
Molecular Ecology

Aquatic eDNA from sediments

20th century eutrophication

Decline of diversity during eutrophication - reversible
Change of communities on molecular level – not reversible
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Breakpoint of community change already 1930s/40s
Diatoms seem to be latest – new molecular indicators possible? Ibrahim et al. 2020 

Molecular Ecology

Aquatic eDNA from sediments
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September 2020 
- Landesamt für Denkmalschutz

May-June 2019 Hipercorig Coring Campaign
- TU Braunschweig
- Universität Bern
- ISF Langenargen

Yi Wang
PhD thesis

Anna Chagas
PhD thesis

~7 m two sites
~ 11 000 Jahre

22 m, 
~13 000 Jahre

Lake Constance
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modified from Haile et al.( 2009)

L: Lake sediments

F: Frozen terrestrial
deposits

Permafrost areas, ice caps, glaciers, and polar climate.
Ancient DNA survival expected to be good to excellent

Warm and dry, cold temperate, and sub-arctic climates
Ancient DNA survival expected to be medium to good

Warm temperate climate.
Ancient DNA survival expected to be medium to poor.

Warm and humid climate.
Ancient DNA survival expected to be poor

Timescales of ‚easy‘ analysis vary with climate zones

100 – 1000
years

10 k >100 k
years

Global perspectives for ancient eDNA
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Epp 2019, Mol Ecol

Global perspectives for ancient eDNA

Natural Baselines

Anthropocene
Great Acceleration

of scientific importance

of immediate societal
importance
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Methods are developing

- „Shotgun-Sequencing“, direct
sequencing of complete extracts
(Pedersen et al. 2016, Parducci et al. 2019).

- Entrichment techniques besides
PCR
(Schulte et al. 2021, Murchie et al. 2021)

- Genomic data
(Schulte et al. 2021, Lammers et al. 2021)

-Reference genomes necessary

Perspectives
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