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ABSTRACT

Over the Holocene (last 11.7 kyr), the Brittany coastal region has undergone major changes in response to rising
sea level, climatic fluctuations and increasing anthropogenic influence. This study aims to i) accurately recon-
struct the paleoenvironmental evolution of a site located on the north Brittany coast (NW France), a sector that
has not been previously investigated thoroughly, and ii) improve the detection of the anthropogenic signature in
paleoenvironmental records by using a multidisciplinary approach. To achieve these goals, we made the first
cross-correlated study in coastal Brittany region, integrating sedimentological (grain-size, X-ray fluorescence),
palynological (pollen grains), and paleogenomic (on plant and mammal sedimentary ancient DNA or sedaDNA)
data, which we based two 7.3 kyr-long sedimentary sequences recovered from the Kerallé valley (Plouescat, NW
Brittany).

First, sedimentary and vegetation trajectories allowed us to reconstruct the evolution of past depositional
environments in the inner part of the Kerallé valley. The data show a progressive sedimentary infilling of the
former alluvial plain, subjected to marine incursion between 7.3 and 6 cal ka BP, up to a continental area, totally
disconnected from tidal influence since 5.4 cal ka BP. Second, the analysis of plant and mammal sedaDNA
provided a complementary tool to the pollen analysis, enhancing our ability to accurately detect past land-use
practices. In the upstream part of the Kerallé system, anthropogenic influence remained scarce until the late
Neolithic and seemed to be restricted to the coast, as also indicated by archaeological remains. The first sig-
nificant human-driven changes in plant community composition likely date back to 4.5 cal ka BP (i.e., late
Neolithic), as also shown by the presence of domesticated mammal sedaDNA, both being in agreement with the
documented settlement by the first metal-working societies (Bell Beaker culture) in the Plouescat area. From then
until 4 cal ka BP (i.e., early Bronze Age), human pressure became more obvious, with the steadily increase in
anthropogenic pollen indicators, while sedaDNA of plants and mammals were affected by preservation biases. At
2.7 cal ka BP (i.e., Iron Age), a new anthropic threshold was characterized by maximal forest clearing leading to
significant human-induced soil erosion across the Kerallé watershed. Since then, at the local scale of our study,
both vegetation dynamics and the presence of domesticated mammals observed by sedaDNA attest to the
development of pastoralism.
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O. David et al.

1. Introduction

Since the deglaciation, the Holocene (i.e., last 11.7 kyr) has been
characterized by the rise of the Relative Sea Level (RSL; e.g., Atlantic
coasts: Leorri et al., 2012a, b; Garcia-Artola et al., 2018) affecting
coastal geomorphological evolution and sedimentary fluxes (e.g.,
Stéphan, 2019). Coastal zones have therefore undergone perpetual
changes under the influence of interlinked mechanisms operating on
global- to local-scale, including RSL rise, sedimentary fluxes as well as
natural climatic fluctuations operating at different sub-orbital time-
scales (Bond et al., 1997, 2001; Mayewski et al., 2004). At the scale of
the western Brittany coasts (NW France), the early Holocene period (i.e.,
11.7 to 8.2 cal ka BP) was characterized by high RSL rise rates (~9
mm/yr; from —40 to —12 m) that subsequently slowed down from ~7 to
6 cal ka BP (~1 mm/yr; Garcia-Artola et al., 2018). Superimposed on
these natural forcings, the anthropogenic influence on the environment
grew as profound cultural and technical changes took place, such as the
settlement of the first agro-pastoral communities during the Neolithic
period (i.e., 7-4.2 cal ka BP in Brittany; e.g., Cassen et al., 1998; Pailler,
2007; Pailler et al., 2008; Tinévez et al., 2015; Juhel et al., 2015;
Marchand, 2021) or the development of metal-working societies during
the Bronze and Iron Ages (4.2-2.7 and 2.7-2 cal ka BP, respectively; e.g.,
Briard, 1984; Giot et al., 1995; Menez and Lorho, 2013; Daire et al.,
2015; Blanchet et al., 2017, 2019; Gandini, 2022).

The first pollen studies in Brittany, conducted on continental peat
bogs, i.e., time-restricted sedimentary archives (e.g., van Zeist, 1963;
Morzadec-Kerfourn, 1974; Marguerie, 1992; Visset et al., 1995, 1996)
made it possible to depict changes in long-term Holocene vegetation
cover thanks to the stacking of several pollen spectra (Gaudin, 2004;
David, 2014). The study of mid-shelf continuous sequences collected on
the northwestern French margin (Naughton et al., 2007; Lambert et al.,
2019; Penaud et al., 2020; David et al., 2022), has then highlighted the
interconnexion of long-term (orbital) and short-term (millennial) Ho-
locene climate variability. Acting at different spatio-temporal time-
scales, the forcings mainly include the impact of RSL rise, fluctuating
river discharges under subpolar gyre strength modulation and related
precipitation regime fluctuation, as well as sedimentary fluxes. These
studies show how anthropogenic impact on western France and south-
ern Brittany watersheds has increased through the Holocene, with major
regional thresholds discussed at ~4.2 cal ka BP (i.e., start of the Bronze
Age) and ~1.2 cal ka BP (i.e., start of the Middle Ages; Naughton et al.,
2007; Lambert et al., 2019; Penaud et al., 2020; David et al., 2022). At a
more local scale, coastal sedimentary sequences covering the last 7 kyr
allowed reconstruction of relationships between climate variations,
vegetation dynamics, and early human activities in western (Fernane
et al., 2014) and southern (Fernane et al., 2015) Brittany. However, to
date, no continuous long-term archive exists to allow the reconstruction
of northern Brittany paleoenvironments, as the temporal scope of the
studies in Morzadec-Kerfourn (1974) was limited. The present multi-
proxy study therefore aims to fill this gap over the last 7.3 kyr, based on
long-term and stratigraphically continuous sediment sequence collected
on the north Finistere coast (core ANE-C3), in the inner part of the
Kerallé valley (Plouescat, NW Brittany, France).

It is generally accepted that increases of Anthropogenic Pollen In-
dicators (API) in pollen spectra, including ruderals, arable weed species
and cultivated taxa, are associated with human-induced impacts on
watersheds adjacent to the coring sites (e.g., Behre, 1981; Marguerie,
1992; Mazier et al., 2006). Their occurrences are usually associated with
a drop in arboreal taxa percentages, indicating increasing deforestation.
However, the detection and interpretation of API in coastal sediments
are still challenging (e.g., Lambert et al., 2017; David et al., 2022) due to
ecological variations (e.g., low pollen production by some entomophi-
lous API taxa, and effects of pollination season) and taphonomic issues
(e.g., transport under fluvial discharges or preservation, which vary
according to sedimentary basin and fluxes). Indeed, coastal environ-
ments become reorganized under RSL rise, with more or less marine
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influence, making them suitable for specific halophilous species that are
congeneric with some APIL The low taxonomic resolution of some her-
baceous pollen grains prevents us from discriminating among members
of the same family, and therefore between species that occur in
anthropized environments and those growing naturally in coastal en-
vironments (e.g., in Amaranthaceae family, Chenopodium album versus
Halimione portulacoides).

Over the last two decades, ancient sedimentary DNA (sedaDNA) has
therefore usefully complemented studies on pollen and macro-remains,
proving valuable for studying past landscape trajectories and agro-
pastoral practices (e.g., Hebsgaard et al., 2009; Giguet-Covex et al.,
2014; Parducci et al., 2019; Messager et al., 2022; Hudson et al., 2022).
To date, however, no such studies have been performed in a north-
western European coastal context. In addition, X-ray fluorescence (XRF)
analysis, provides elemental geochemistry data, often used to trace
sediment origin (e.g., terrigenous vs. biogenic), and has demonstrated its
value in different sedimentary contexts to reconstruct Holocene paleo-
environmental history in combination with other proxies (e.g., conti-
nental archives: Brisset et al., 2013; Bajard et al., 2016; Mensing et al.,
2015 / estuarine archive: Durand et al., 2018 / marine archive: Penaud
et al., 2020). For these reasons, we performed analyses on twin cores
from the same site, retrieved within a 10-15 m of one another: the
ANE-C3 core, used for palynological and geochemical (XRF) analyses,
and the PADME core, used for sedaDNA data analysis. Cross-correlation
was therefore possible between the cores and the multiproxy approach
allows us to discuss land use practices more accurately through a
comprehensive analysis of spatial and temporal patterns of environ-
mental variations and species dynamics, from the Mesolithic to the
Roman period.

2. Environmental and archaeological contexts
2.1. Geomorphological context of the bay of Goulven and Kerallé valley

Located in northwest Brittany (NW France), the study area of
Plouescat is crossed by the Kerallé valley that flows into the bay of
Goulven, extending from Brignogan to Plouescat (Fig. 1a and b). This
bay is located at the transition between the Léon platform (with meta-
morphic rocks inherited from the Variscan orogeny) and the submarine
plain of La Manche (or English Channel; Battistini, 1953, Fig. 1a). The
contact between these continental and coastal domains corresponds to a
tectonic paleo-escarpment 40-50 m high (Battistini and Martin, 1956;
Stéphan et al., 2018; paleocliffs in Fig. 1c). A gentle slope marks the
transition between the intertidal zone and deeper environment, up to 50
m deep (Battistini and Martin, 1956). This configuration was produced
by the erosive action of previous high sea-level stagnation and of the
fluvial system which is made up of five tributaries (la Fleche, le Frout, ar
Rest, Kerrus and Kerallé rivers; Fig. 1¢) that have shaped the marine
platform over 25 km (Battistini, 1953, 1955; Battistini and Martin,
1956).

Along the coast, the exposed granitic rocks are deeply eroded and
overlain by Quaternary deposits. In addition, rocky outcrops have
allowed the anchoring of sand deposits and development of the current
coastal dune system known as the Keremma system, extending over 7
km (Fig. 1c; Hallégouét and Moign, 1976; Menez, 1977; Yoni and
Hallégouet, 1998; Stéphan et al., 2018). Archaeological artefacts
collected within this dune complex indicate dune establishment at
around 450 cal a BP (Gorczynska et al., 2023a, 2023b). In the eastern
part, the dune evolved into a sandy spit prograding eastward and
partially closing off Kernic Cove (Fig. 1c).

Kernic Cove is drained by a channel fed by three main tributaries: the
Ar Rest, Kerrus and Kerallé rivers. This system forms the Kerallé valley,
with a watershed extending over 70 km? (Fig. 1b). Connected to La
Manche, the Kerallé valley and more broadly the bay of Goulven have
evolved profoundly during the Holocene due to the global Relative Sea
Level (RSL) rise.
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Fig. 1. Location of a) the Finistére region in northwestern France and major geological domains of the Armorican Massif (according to Ballevre et al., 2013), and b)
Kerallé watershed and Plouescat in north Finistere. ¢) Sedimentological and geomorphological map of the downstream part of Kerallé valley (modified from
Hallegouet and Moign, 1976; Stéphan et al., 2018) showing the locations of the studied cores (ANE-C3 and PADM¢) and the main archaeological monuments (from the
DRAC-GeoBretagne).

2.2. Relative sea level (RSL) evolution and implications for the Brittany observed along the bay of Goulven coastline (Fig. 1c), correspond to
coastal landscape marine cliffs whose dating is uncertain but which testify to an earlier

period of elevated sea level (~20 m above the current sea level; Giot

Paleocliffs outlining the edge of the Léon platform, which can be et al., 1965; Hallégouét and Moign, 1976).
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The Holocene transgression along the European coasts has been
extensively studied and quantified thanks to sedimentological archives
(e.g., Lambeck et al., 1998; Brooks and Edwards, 2006; Leorri et al.,
2012a, b; Garcia-Artola et al., 2018). Archaeological remains are also
good indicators of RSL rise with numerous megalithic monuments
currently found in intertidal and subtidal domains along Brittany’s
coasts (e.g., Devoir, 1912; Giot and Morzadec, 1992; Baltzer et al.,
2015). Around the bay of Goulven, the Kernic gallery grave (located on
the foreshore of Kernic Cove; Fig. 1c; Lecerf, 1985; Gorezynska et al.,
2023b) partially submerged during high spring tides, testifies to the last
rise of RSL, since its construction dates back to the recent to late
Neolithic (i.e., ~5.3-4.2 ka BP). During the early Holocene (11.7-8.2 cal
ka BP), the RSL rise rates were very high (~9 mm/yr along the western
Brittany coast; Garcia-Artola et al., 2018) before decreasing during the
middle Holocene (~1 mm/yr). Along western Brittany coasts, the
slowdown of the RSL rise was indeed recorded at around 7-6 cal ka BP
(Goslin et al., 2015; Stéphan et al., 2015; Garcia-Artola et al., 2018), and
allowed the development of the modern coastline, with salt marshes or
freshwater marshes behind coastal barriers (Morzadec-Kerfourn, 1974;
Goslin et al., 2013; Stéphan et al., 2015). Moreover, in estuarine envi-
ronments, this RSL rise inflexion allowed the stabilization of riverbanks
and fluvial valley alluviation responsible for the development of the
riparian forest at around 6 cal ka BP (Penaud et al., 2020; David et al.,
2022).

2.3. Cultural and archaeological evidence around the bay of Goulven

Evidence of human occupation during the second Mesolithic is scarce
around the bay of Goulven, both inland and on the Léon plateau, with
only two sites yielding a few armatures typical of this period (Pailler,
2007). Similarly, the early Neolithic is represented by ring-shaped
stones attesting that the sector was visited by human groups. Indeed,
the concentration of archaeological remains represented mainly by
megalithic graves in this area, increased through the Neolithic period
(Lecerf, 1983, 1984; Sparfel et al., 2004; Gorczynska et al., 2023b). The
Brétouaré passage grave (Fig. 1c), constructed during the middle
Neolithic (~6.2 and 5.7 cal ka BP/~4.3-3.8 ka BCE), is the oldest and
only known monument around the bay of Goulven, although this type of
monument is highly concentrated along the northwestern coast of Fin-
istere (Sparfel et al., 2004; Sparfel and Pailler, 2009). Middle to Recent
Neolithic settlements are still lacking close to the study area but, a little
further westward, evidence of settlement has been identified in coastal
peat bogs in the NW Brittany foreshore (e.g., Curnic in Guissény, Giot
et al.,, 1965; Tréssény in Kerlouan, Hallégouét et al., 1971, Fig. 1c),
suggesting that human groups were settling on the coastal plain. Then,
the recent and late Neolithic periods are marked by the development of
gallery graves (5.3-4.5 cal ka BP/3.3-2.5 ka BCE), found across a broad
geographical range and extending from coastal to inland areas. The
construction of at least 8 gallery graves around the bay of Goulven
suggests an important settlement dynamic (Sparfel, 2002; Sparfel et al.,
2004; Gorezynska et al., 2023b; 3 graves are indicated in Fig. 1¢). For the
subsequent period (4.5-4.2 ka BP/2.5-2.2 ka BCE), the discovery of
inland Bell Beaker settlements at Creac’h ar Vrenn (Nicolas et al., 2015,
Fig. 1c) testifies to a persisting human occupation. The Bell Beaker
culture is known to have spread out in Brittany at the transition between
the late Neolithic and early Bronze Age (i.e., 4.5-3.9 cal ka BP; Nicolas,
2016a; Nicolas et al., 2019). The early Bronze Age (4.2-2.7 cal ka
BP/2.2-0.7 ka BCE) in Plouescat is then well documented with barrows,
stone-cists, and remains of field boundaries beyond the Kernic gallery
grave (Lecerf, 1985) and possibly at Creac’h ar Vrenn (Nicolas et al.,
2015, Fig. 1c). In particular, we should mention the old discovery of a
barrow yielding 22 finely-shaped arrowheads and a bronze dagger,
symbols of the early Bronze Age elite (4-3.8 cal ka BP/2-1.8 ka BCE), at
1.5 km south of the coring site (Nicolas, 2016b). In this anthropized
environment, pastoral activities are attested by the discovery of do-
mestic mammal bones (i.e., Bos ssp., Ovis ssp. and Equus spp.; Briard
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et al., 1970) and numerous sherds, attributed to the early-middle Bronze
Age (Pdiller, pers. comm.) within a peat bog layer located at Porsguen
beach (Fig. 1c). Around the bay of Goulven, numerous funerary stelae
and souterrains attributed to the Iron Age (2.7-2 cal ka BP/75-50 BCE)
are commonly found (e.g., Le Goffic, 2002a, b; Villard-Le Tiec, 2011;
Bossard, 2015). In Brittany, these types of remains are associated with
farms (e.g., Villard-Le Tiec, 2011; Menez and Lorho, 2013; Bossard,
2015). Around the bay of Goulven, there was also a settlement
specialized in the sea salt production (Le Frouden; Le Goff and Roué,
1991; Daire et al., 2015, Fig. 1¢). The construction of a villa and thermae
close to the Kerallé valley (Gorré-Bloué; Abgrall, 1919; Gandini, 2022,
Fig. 1c) testifies to a substantial and continuous occupation over the
Roman period (i.e., 2-1.6 cal ka BP/50 BCE-350 CE). During the Middle
Ages (not examinated in this study) economic practices and de-
mographics continued to grow and human imprint on environment
became increasingly predominant through territorial reorganization and
the development of agrarian landscape throughout Brittany (Marguerie,
1992; Fernane et al., 2015).

3. Materials and methods
3.1. General information on study sediment cores and AMS-*C dating

Core ANE-C3 (48°38'54.5114"N; 4°10'21.3848"W; 12 m long) was
retrieved in 2018 from the current wetland of the Kerallé river,
Plouescat (Fig. 1c), with a Cobra (Eikjelkamp) percussion corer. For this
core, 19 AMS-'4C dates (Table 1) were acquired on bulk (5 samples) and
on plant macro-remains (14 samples). In 2021, on the same site (within
a 10-15 m radius), a twin core, called PADMé, was retrieved (same
geographic coordinates, 10 m long), again with the Cobra percussion
corer. For core PADME, 8 AMS-14C were acquired (Table 2) on organic
sediments (4 samples) and on plant macro-remains (4 samples).

All radiocarbon dates were calibrated with CALIB 7.1 software, using
the IntCal20 calibration curve (Stuiver and Reimer, 1993; Reimer et al.,
2020). The final age models of both cores (Figs. 2 and 3a) were estab-
lished using the rbacon package (Blaauw and Christen, 2011) in R
version 4.12 (R Development Core Team, 2021; http://www.r-project.
org/).

3.2. Sedimentological analyses

A detailed visual description of the sedimentary facies was per-
formed on both cores. Grain size analyses, after removal of organic
matter by HoO, addition, were carried out using a Malvern Mastersizer
2000 laser diffractometer. These analyses were performed every ~10 cm
along core ANE-C3 (116 samples), and every ~10-20 cm along core
PADMEé (45 samples). Grain size parameters (i.e., median grain size-D50,
Figs. 2b and 3) were calculated using GRADISTAT v8.0 software (Blott
and Pye, 2001).

Additional analyses were conducted on the ANE-C3 core. Measure-
ment of total organic carbon (TOC%) and carbonate content (CaCO3%)
were performed (Fig. 2b) every 2 cm, using the standard Loss On Igni-
tion (LOI) method (Heiri et al., 2001). Sediments were dried at 105 °C
for 16 h, before being cooled in a desiccator. After weighing, samples
were burned at 550 °C for 4 h and weighed to calculate the TOC. Finally,
samples were burned at 950 °C for 2 h and weighed to calculate the
carbonate content. X-ray fluorescence (XRF) analyses were performed
using an “Avaatech core-scanning” device, with a 1-cm-step, to make
semi-quantitative measurements of the major elements. A Canonical
Correspondence Analysis (CCA) was performed on the geochemical re-
sults using the PAST program v4.03 (Hammer et al., 2001) to calculate
statistical correlations between element variations (Fig. 2c). XRF data
were then normalized using anti-correlated elements.
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List of all AMS-'*C dates obtained on core ANE-C3 (text in grey italics is modern date rejected for the age model).

Lab. Code Depth (cm) Dated material Age '*C a BP + error Age (cal a BP)

min mean max
Beta - 573652 50.5 Fine rootlets 101.38 pMC 30
SacA-55035 86.5 Bulk 1670 30 1530 1559.5 1589
Beta - 573653 150 Fine rootlets 1880 30 1714 1777 1840
SacA —55043 212.5 Bulk 2610 30 2735 2745 2755
Beta - 570606 216.5 Fine rootlets 1690 30 1528 1576 1624
SacA-55044 267.5 Bulk 2380 30 2347 2388 2429
SacA-55039 354 Fine rootlets 2790 30 2852 2894 2936
Beta - 570607 395.5 Fine rootlets 2940 30 3060 3111.5 3163
SacA-55038 458.5 Fine rootlets 3035 30 3158 3255 3352
Beta - 570608 495 Fine rootlets 4100 30 4527 4574 4621
SacA-55042 527.5 Bulk 4040 30 4419 4500 4581
SacA-55037 665.5 Fine rootlets 4805 30 5482 5504.5 5527
SacA-55036 774.5 Plants 5275 30 5987 6054 6121
SacA-55041 872.5 Plants 5760 30 6485 6570.5 6656
SacA-55040 974.5 Bulk 6265 30 7156 7210 7264
SacA-55052 1058.5 Fine rootlets 6235 30 7013 7070 7127
SacA-55045 1078.5 Plants 6245 35 7154 7205.5 7257
SacA-55053 1094.5 Fine rootlets 6455 30 7314 7370.5 7427
SacA-55058 1128.5 Fine rootlets 6340 35 7252 7230.5 7209

Table 2
List of all AMS-'*C dates obtained on core PADMé (text in grey italics is a date rejected as inconsistent with all the others).

Lab. Code Depth (cm) Dated material Age '“C a BP =+ error Age (cal a BP)

min mean max
Beta-603598 85.5 Bulk 1530 30 1356 1384.5 1413
Beta-607886 255 Plants 2190 30 2114 2215.5 2317
SacA65348 359.5 Bulk 2840 30 2865 2936.5 3008
Beta-603600 454.25 Plants 940 30 782 851.5 921
Beta-603601 520 Bulk 3630 30 3895 3937.5 3980
Beta-603602 679.5 Plants 4340 30 4843 4908.5 4974
SacA65348 849.75 Plants 5180 30 5901 5948.5 5996
Beta-603603 991.75 Bulk 6320 30 7169 7189.5 7210

3.3. Palynological analyses on core ANE-C3

Pollen analyses were performed on 1 cm? sub-samples every 10-20
cm (i.e., 66 levels in total) making it possible to obtain an average 90-
year time resolution. Pollen extraction on the <150 pm sediment frac-
tion was carried out at the EPOC Laboratory (Univ. Bordeaux) following
the procedure described by de Vernal et al. (1999). Chemical (cold 10%
HCl and 40-70% HF) and physical (sieving with a 10-pym nylon mesh)
treatments were performed to remove the mineral fraction and
concentrate palynomorphs. Pollen determination was done on a Leica
DMC 2900 optical microscope at x630 magnification, using Beug
(1961) and Reille (1995) for identification. To ensure statistical reli-
ability, a minimum of 300 pollen grains were counted in each sample,
excluding the largely dominant taxa Alnus and Corylus (each reaching
32% on average over the whole sequence). This threshold was not
reached for only two levels (845 and 785 cm, where 215 and 140 pollens
grains were counted, respectively; marked with an asterisk in Fig. 4).

For each level, Non-Pollen Palynomorphs (NPPs), mainly forami-
niferal linings and dinoflagellate cysts (dinocysts), were counted. A total
of 11 dinocyst species were identified, which correspond to shallow bays
or inner-to-outer neritic domains according to the modern distribution
described in Penaud et al. (2020) along the south-Armorican shelf. The
percentages of NPPs were calculated on a sum including all paly-
nomorphs identified in the palynofacies (i.e., pollen, spores, forami-
nifera and dinocysts; Fig. 4a).

Pollen percentages were calculated on a sum of pollen excluding
indeterminate and local taxa (Cyperaceae, aquatic taxa and riparian
trees mainly represented by Alnus). A pollen diagram was created using
the Psimpoll program (Bennet, 1992), which also allows the definition of
pollen zonation (named P) based on a stratigraphically constrained

cluster analysis (CONISS; Grimm, 1987). Pollen zonations were
confirmed (Fig. 4c) by a cluster analysis performed on the pollen per-
centages (with the Bray-Curtis similarity measure; Fig. 5) using the Past
program v 4.03 (Hammer et al., 2001), also used to calculate ecological
indexes (i.e., diversity: number of taxa per sample or Margalef index;
and dominance; Fig. 4b).

To better characterize the anthropogenic influence, pollen grains
were summed according to their ecological affinities (Riviere, 2007;
Quéré et al., 2008). To define a list of anthropogenic pollen indicators,
we carried out a literature review (e.g., Behre, 1981; Brun, 2011; Mazier
etal., 2006; Marguerie, 1992) and a study of various pollen assemblages
of the modern pollinic signal in the coastal environment of Plouescat
(see Data in Brief for a calibration of the anthropogenic pollen signal
around Kernic Cove, David et al., submitted). We thus defined two main
anthropogenic pollen groups. The first of these indicators is the sum of
ruderal and arable weed taxa that can develop in various anthropized
environments, including: Rumex acetosa-type, Polygonum aviculare,
Polygonum nigra, Centaurea cyanus, Urticaceae, and Trifolium. The sec-
ond indicator is a separate representation of Pastoral Indicators (PI)
including Asteroideae, Cichorioideae, and Plantago lanceolata, classi-
cally found in grazing areas (e.g., in Europe: Behre, 1986; Norway:
Hjelle, 1999; Italy: Florenzano, 2019; Pyrenees, France: Mazier et al.,
2006; Brittany: Marguerie, 1992).

3.4. sedaDNA analyses on core PADMé

3.4.1. Sampling strategy

In a sterile room with adequate tools and controlled conditions
(IUEM, Plouzané, France), samples were taken in duplicate at intervals
ranging from 10 to 20 cm along the PADME core, excluding of the sandy
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levels. This resulted in a total of 100 samples, plus control samples (tube
kept open during sampling to control aerosol, one tube every 30 cm).

3.4.2. DNA extraction and library preparation

The ancient DNA (aDNA) extractions were performed at the P2GM
platform (MNHM, Paris), using 200-250 mg of sediment per batch of 16,
including one control extraction blank, and following the cold spin
extraction protocol established by Murchie et al. (2021) from the initial
protocol of Dabney et al. (2013). We performed library preparation
according to a protocol slightly modified from Meyer and Kircher
(2010), implementing the double indexing strategy proposed by Kircher
et al. (2012) (lab work protocols are detailed in Data in Brief, David
et al., submitted). All libraries were sequenced on an Illumina NovaSeq
6000 SP lane sequencing system (100 cycles).

Duplicates of each sample (and blanks) were pooled to make a single
file to facilitate subsequent analyses. Adapters were removed in three
consecutive rounds using cutadapt (Martin, 2011), with maximum error
rate set at 0.5 (-e 0.5 parameter), FastP (Chen et al., 2018) and mapping
using Geneious (version 2023.1.2, https://www.geneious.com) to
retrieve any residual adapter though manual biocuration. Reads were
then paired using BBTools (sourceforge.net/projects/bbmap/) and
filtered to keep only those with an average quality above Q20 (-aver-
age_qual 20 restriction), no homopolymer (-trim_poly_g and —trim_po-
ly_x options), and cut on the 3’ part (-cut_right —cut_right_mean_quality
20 options). The sequences that successfully passed through these filters
were subsequently merged, with a minimum overlap of 5 and dedupli-
cated (optical duplicates) using FastP. Once these steps were completed,
we retained reads with a minimum length of 35 bp.

3.4.3. Taxa classification

These reads were classified, without a priori, throughout the entire
taxonomy, using Kraken (Wood and Salzberg, 2014) and a custom
database constructed using non-redundant nucleotide records from
NCBI. Sequences assigned to plant and mammal clades were retrieved
and subsequently subjected to BLAST analysis (Altschul et al., 1990)
against the nr database (updated August 2022). Concurrently, the spe-
cific taxa identified by Kraken, and likely indicative of livestock pres-
ence, agricultural practices, or anthropogenic environmental
alterations, were chosen as targets for mapping against reference se-
quences (BWA aln: Li and Durbin, 2009/-1 1024; -0 2; -n 0.01; details in
Data in Brief, David et al., submitted) and mapped sequences were sub-
sequently subjected to a BLAST analysis (nr database, Blastn, word size
= 11). If the BLAST result corresponded to a single taxon and exhibited
the highest scores in terms of query cover and e-value, the name of that
taxon was assigned to the sequence. If multiple taxa displayed identical
scores, taxonomic rank was elevated incrementally, from genus to
family and beyond, as necessary, until a conclusive assignation was
achieved. These analyses were carried out by biocurators using in-house
scripts and pipelines. Taxa identified in the controls (extraction blanks
corresponding to samples without DNA) were excluded from the study
and categorized as experimental “contaminants” (e.g., Sus sp., Triticum
sp.), regardless of their number of sequences. The lists of reads recovered
by the two approaches were compared in order to remove redundant
information. Finally, the aDNA determination pattern and fragment
length distribution were examined using mapDamage2 (Jonsson et al.,
2013) for taxa with a sufficient number of merged reads, after alignment
against each reference genome (see Data in Brief, David et al., submitted).

It is important to reiterate that the accuracy of taxonomic assignment
relies heavily on the comprehensiveness of the reference database(s).
Therefore, certain taxa may remain unidentified, or only identified to a
high taxonomic rank (family, order ...), if they are absent or inade-
quately represented in the database (Del Campo et al., 2014; Warinner
et al., 2017; Velsko et al., 2018; Orlando et al., 2021). Furthermore, at
this stage of the ongoing study, quantitative interpretation of the results
remains difficult due to biases stemming from factors such as database
completeness, post-mortem DNA damage and the suitability of analysis
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parameters and algorithms (for a comprehensive review, please refer to
Orlando et al., 2021).

3.4.4. Interpretation of sedaDNA data

For Viridiplantae, samples were considered if the number of reads
assigned represented more than 0.1% of the total number of reads (other
cases are shaded in grey in Figs. 6-8). Then, a cluster analysis was
performed on these reads using the Past program v4.03 (Hammer et al.,
2001; using the Bray-Curtis dissimilarity measure) to identify the main
assemblages (Fig. 7) then used to underline the main fluctuations along
the PADME core and establish sedaDNA zonations (named S in Fig. 8).
Following the recommendation of Pedersen et al. (2016), for each
sample, reads were ‘“normalized” to the total number of Viridiplantae
sequences to obtain relative abundances and to smooth our taphonomic,
taxonomic, or non-equivalent habitat biases. For mammalian taxa, due
to their lower and more fluctuating sequence counts compared with
plants, the inclusion criteria mandated a minimum of 5 reads if the taxon
was detected in a single sample, or 3 reads if it was detected in multiple
samples, and is reported as presence/absence data (Pedersen et al.,
2016) in Fig. 10.

4. Results
4.1. Chrono-stratigraphical model and sedimentological description

4.1.1. Core ANE-C3

From the 18 AMS-'“C dates, a robust chronostratigraphic model was
built, highlighting significant changes in sedimentation rates along the
core (Fig. 2a). These varied from the highest values of ~7.5 mm/yr at
the base of the core between 1094 and 974 cm (7.3-7.2 cal ka BP) to
significantly lower values of ~1.6 mm/yr between 974 and 527 cm
(7.2-4.5 cal ka BP), and ~2.2 mm/yr at the top of the sequence between
458 and 86 cm (3.2-1.6 cal ka BP). It is worth noting that the lowest
sedimentation rates (0.55 mm/yr) are recorded between 527 and 458
cm, in an interval characterized by a reversed date, corresponding to a
1.3 kyr-long interval, and which may reflect a period of remobilization
or very low sediment deposition (dark box in Fig. 2a).

Canonical Correspondence Analysis performed on XRF data showed
a distinction between lithogenic elements Zr-Al-Si-K-Ti-Rb (correlated: r
= 0.48-0.95), Ca-Sr elements (highly correlated: r = 0.97), covarying
with carbonate content, and Mn, covarying with total organic content
(Fig. 2¢). To normalize XRF data, ratios based on anti-correlated ele-
ments were used: log(Ca/Ti) (biogenic carbonate versus terrigenous
input; Croudace and Rothwell, 2015), log(Mn/Al) (organic content
versus detrital signal).

The sedimentological (i.e., D50 and grain size distribution, as well as
TOC and CaCOs3 percentages) and XRF analyses performed on this 12-m
core (Fig. 2b) highlight differences in mineralogical and geochemical
composition. The base of the core is made of weathered bedrock (from
1200 to 1130 cm). Thereafter, up to 780 cm, the sediments consist of
silty clay to very fine sand interrupted, between 980 and 860 cm, by a
peaty deposit indicated by a slight increase in TOC values (peak at 40%;
yellow band in Fig. 2b). Also, two intervals (1050-970 cm and 835-778
cm; blue bands in Fig. 2b) show increases in D50 values (greater than 34
pm) associated with increases in CaCO3 percentages (higher than the
average value of 3%) and Ca/Ti-XRF values. Between 780 cm (6 cal ka
BP) and 365 cm (2.9 cal ka BP), mean TOC values is 25%, with peaks
reaching 70% reflecting dominant peaty deposits synchronous to in-
creases in Mn/Al-XRF value (yellow bands in Fig. 2b). This trend is
interrupted between 527 and 458 cm (4.5-3.2 cal ka BP) by a silty-
clayey deposit with low TOC values. This interval, marked at its base
by a slight increase in D50 values corresponds to the lowest sedimen-
tation rates of the sequence (Fig. 2a and b). After 365 cm (2.9 cal ka BP),
TOC values are lower than the mean value of 17% and Ca/Ti-XRF ratio
values decrease (Fig. 2b). A short interval characterized by the increase
in D50 values (peak of 80 pm) is seen between 250 and 215 cm. Finally,
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Fig. 2. Chronology and sedimentology of core ANE-C3. a) Age model established using the rbacon package (Blaauw and Christen, 2011) in R version 4.1.2 and
expressed along cultural subdivisions for western Brittany (Gorczynska et al., 2023a) and stratigraphical intervals (Walker et al., 2019). b) Sedimentological data
plotted against depth (cm) with: total D50 (median), distribution among granulometric classes, carbonate (CaCO3%) and Total Organic Carbon (TOC%) content, and
X-ray Fluorescence (XRF) analyses. ¢) Canonical Correspondence Analysis applied to XRF data with projected variables including CaCO3% and TOC%. Yellow bands:
peaty deposits highlighted by increases in TOC values and Mn/Al-XRF ratio. Blue bands: synchronous excursions of D50, CaCO3% as well as Ca/Ti-XRF ratio.

from 55 cm upwards, the top of the core is characterized by an increase
in TOC values associated with the occurrence of modern roots.

4.1.2. Core PADMé

Among the 8 AMS-*C dates carried out on the PADMé core
(Table 2), 7 were used to build the chronostratigraphic model (Fig. 3a).
The sedimentation rates appear steady, averaging 1.6 mm/yr along the
core (Fig. 3a).

Grain size analyses performed on this 10-m core reveal that fine
deposits (mean D50 of 33 pm) dominate the sedimentation. The base of
the core is made of silty clay from 1000-960 cm, followed by peaty
deposits between 960 and 580 cm (Fig. 3b). Thereafter and up to the top
of the core, the sedimentation consists of silty-clayey deposits inter-
rupted between 310-300, 240-200 and at 105 cm by medium to coarse
sandy deposits. From 50 cm onwards, peaty deposits are found,

associated with modern roots.

4.2. Palynological results on the ANE-C3 core

4.2.1. General description of the palynofacies

The palynological study of the ANE-C3 core focused on pollen as-
semblages and Non-Pollen Palynomorphs (NPPs), mainly represented by
spores, and two marine bio-indicators: dinocysts and foraminiferal lin-
ings (Fig. 4a). The lower part of the core, from the base to 780 cm, is
marked by the presence of inner to outer neritic dinocyst taxa (main
identified taxa: Spiniferites bentorii, Spiniferites ramosus, Operculodinium
centrocarpum, Spiniferites membranaceus) and foraminiferal linings (blue
bars in Fig. 4a), which both increase simultaneously with CaCO3 values
(blue bands in Fig. 2b), and more particularly during the 835-778 cm
interval (dinocysts and foraminifera represent 4% and 9% of the counted
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Fig. 3. Chronology and sedimentology of core PADMé. a) Age model established using the rbacon package (Blaauw and Christen, 2011) in R version 4.1.2 and
expressed along cultural subdivisions for western Brittany (Gorczynska et al., 2023a) and stratigraphical intervals (Walker et al., 2019). b) Grain size analyses plotted
vs. depth (cm) with total D50 (median) and distribution among granulometric classes. Yellow bands: peaty deposits.

palynomorphs, respectively; Fig. 4a). Subsequently, the occurrences of
marine bio-indicators decrease until they disappear after 655 cm (5.4 cal
ka BP).

4.2.2. Pollinic signal description

The CONISS clustering of pollen assemblages led to the establish-
ment of 4 main palynozones (P1 to P4; Fig. 4) highlighting the main
vegetation changes. In addition, the cluster analysis performed on pollen
percentages allows the composition of 6 main pollen assemblages, as
shown in Fig. 5. Colors were assigned to each cluster of the assemblages
which were then located along the ANE-C3 core, allowing the pollen
zonations to be confirmed (Fig. 4c).

Along the ANE-C3 core, a total of 108 different pollen taxa were
recognized, with an average of 33 pollen taxa per level counted
(Fig. 4b). Mean species richness reaches 31 and 30 taxa in zones P1 and
P2, respectively, before increasing to 35 and 38 taxa within zones P3 and
P4, respectively (see diversity and related Margalef diversity index in
Fig. 4b).

More precisely, zone P1 is characterized by high percentages of
arboreal taxa (~72%; Fig. 4c). Corylus (~42%) and Quercus (~23%) are
the dominant taxa, alongside Amaranthaceae (~5.5%) and Betula
(~2%), both reaching their highest percentages of the whole sequence.

Zone P2 is marked by the increase in Corylus (~61%) and decrease of
Quercus (~14%), Pinus (from ~2% in zone P1 to ~0.6% in P2) and
Betula (~0.5%). The Amaranthaceae, whose percentages reach ~5% in
subzone P2a (similar to values recorded in P1), decline to under 1% in
subzone P2b. Arboreal taxa reach their highest percentages in subzone
P2c (88%) mainly driven by Corylus percentages (~71%; Fig. 4c). In
parallel, Quercus (peak of 22%), Hedera (peak of 10%), Ulmus-Tilia (peak
of 4%) and then Ilex (peak of 2%) successively increase. From the sub-
zone P2d, Corylus percentages decrease (~64%), while ruderal and

arable weed taxa progressively increase (~1%).

A drastic change in the pollen assemblages occurs in zone P3, marked
by the decline of arboreal taxa percentages (from 74% to a minimum of
55%) and simultaneous rise of herbaceous ones (from 25% to a
maximum of 44%, Fig. 4c). During this interval, Poaceae represent a
large part of the herbaceous taxa. Furthermore, ruderal and arable weed
taxa gradually increase (~1.5%; red curve in Fig. 4c), as well as oc-
currences of Cerealia-type.

Finally, zone P4 is marked by a new threshold characterized by an
increase in arable weed and ruderal taxa (~3.5%), accompanied by
Plantago lanceolata, Asteroideae, and Cichorioideae (orange curves in
Fig. 4c). Arboreal taxa continue to decline sharply in subzone P4a, while
occurrences of Cerealia-type pollen reach their maximum (Fig. 4c).
Within subzone P4b, Corylus percentages increase while those of Poa-
ceae decrease (~33%—~45%). However, ruderal and arable weed taxa,
as well as Asteroideae, Cichorioideae, and Plantago lanceolata, continue
to increase (Fig. 4c). The last subzone, P4c, is characterized by the
drastic decline in arboreal taxa (to a minimum of 15%) and the marked
increase in herbaceous taxa (Poaceae reach ~41%).

4.3. SedaDNA results on the PADM¢ core

4.3.1. General description of sedaDNA results

Along the core, an average of 791,200 reads (>35bp) per sample was
obtained after the first pre-processing steps (min: 293,550/max:
1,849,770), including 7 samples with more than 1,000,000 reads (at
170, 590, 610, 660, 680, 850, 870 cm). An average of less than 1% reads
without duplicates was assigned (min: 0.7%/max: 1.4%; Fig. 6a). Such
low values are expected and are in the range of previous aDNA studies
(Carpenter et al., 2013; Pedersen et al., 2016; Murchie et al., 2021;
Green et al., 2010).
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Fig. 4. Palynological results plotted vs. depth (cm), along the log of the ANE-C3

Herbaceous taxa

core (see Fig. 2 for the legend of the log). a) Palynofacies composition including

counted palynomorphs. b) Pollen diversity indexes (i.e., number of pollen grains counted, number of pollen taxa, and Margalef diversity index. d) Major taxa
percentages (>1.5%) of the pollen assemblage calculated on the total pollen sum excluding some local taxa (i.e., Cyperaceae, aquatic taxa and riparian trees, mainly
represented by Alnus). Palynozones: defined by a CONISS clustering (this figure) and a cluster analysis (see Fig. 5). Blue bands: synchronous excursions of marine bio-
indicators percentages, CaCO3% and Ca/Ti-XRF ratio (see Fig. 2). Limits A to C indicate the main anthropic thresholds. Asterisk: level 845 and 785 cm with less than

215 and 140 counted pollens grains, respectively.

To highlight the main changes in the plant community, a cluster
analysis was performed on the sedaDNA Viridiplantae dataset, leading
to the identification of two main groups (A-B) and 3 subgroups (SA1-
SA3) (Fig. 7), which ultimately led to the definition of 9 sedaDNA zones
along the PADMé core (S1-S9; Fig. 8). Group A comprises samples in
which an average of 50% of assigned reads are attributed to bacteria
(min: 35%/max: 69%). Conversely, a mean of 29% of reads are assigned
to Viridiplantae (mean: 20%/min: 9%/max: 36%) and a mean of 9%
Metazoa (ranging from 5% to 17%; Fig. 6a). These samples also have

more than 0.1% of the total number of reads assigned to Viridiplantae
(Fig. 7a). In contrast, group B gathers samples in which an average of
68% of assigned reads are attributed to bacteria (min: 46%,/max: 84%)
and only 6% to Viridiplantae (min: 2%/max: 9%) and 6.6% to Metazoa
(min: 2%/max: 11%) (grey bands in Fig. 6a). These samples have less
than 0.1% of total reads assigned to Viridiplantae (Fig. 7a). Considering
the limited number of assigned sequences in the samples from group B, it
is important to interpret these results with caution. For group A, which
show a notably higher assignment level, especially at depths of 310, 610,
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a) Cluster analysis performed on pollinic data from ANE-C3 core
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Poaceae 47% / Corylus 20% / Cichorioideae 8% / Quercus 6% / Open and anthropized environment (agro-pastoral
PA1 Asteroideae 4% / Ruderal and arable weed taxa 3% /Plantago practices)
1. lorts ZOA'
PA2 Corylus 34% / Poaceae 31% / Quercus 8% / Cichorioideae 7% / Open and anthropized environment (agro-pastoral
Asteroideae 3% / Ruderal and arable weed taxa 4% practices)
Corylus 49 % /| Poaceae 26% / Quercus 11% / Hedera 2% Landscape opening
o, 0, 0, 0,
PA4 Corylus 33 % | Quercus 26% / Poaceae 19% / Amaranthaceae 7% / Proximity of maritime marsh + Wooded environment

Betula 2% | Ulmus+Tilia 2%

Corylus 67 % | Quercus 14% / Poaceae 7% / Hedera 3 %

‘Wooded environment

Corylus 50 % | Quercus 19% / Poaceae 11% / Amaranthaceae 5% /
Ulmus+Tilia 3% /Hedera 2% | Pinus 2%

Proximity of maritime marsh + Wooded environment

Fig. 5. Results of the cluster analysis performed on pollinic data from core ANE-C3 (Bray-Curtis dissimilarity index): a) clustering of the samples showing a similar
composition and b) main pollen composition of the assemblages defined by the cluster analysis.
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Fig. 6. First part of the sedaDNA results plotted vs. depth (cm) along the log of core PADMEé (see Fig. 3 for the legend of the log). a) Global sedaDNA data (total
number of reads detected, percentages of assigned reads and their main distribution groups). b) Number of reads assigned to selected Metazoa. Grey bands: intervals
with less than 0.1% of total reads assigned to Viridiplantae per level. sedaDNA zone defined by a cluster analysis performed on Viridiplanteae assigned reads (see
Figs. 7 and 8).



O. David et al.

Quaternary Science Reviews 344 (2024) 108983

a) Cluster analysis performed on Viridiplantae sedaDNA from PADMé core
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b) Main composition of sedDNA assemblages defined by the cluster analysis

SedaDNA asemblages Mean number of assignated reads to plant node (only taxa > 10 assignated reads)
Betulaceae  Corylus Alnus Poaceae  Carpinus Quercus Ranunculaceae Callitriche Betula  Fagaceae Rosaceae
o 641 618 466 197 161 152 80 72 57 31 45
Prunus Malus  Cyperaceae Fabaceae  Juncus Asteraceae Juglandaceae Rubus
34 29 21 17 15 11 11 11
Poaceae Cyperaceae Phragmites Callitriche  Corylus Betulaceae Quercus Alnus
A3 494 348 118 93 83 44 19 19
Poaceae Phragmites Corylus  Cyperaceae Betulaceae Juncus Callitriche Quercus  Asteraceae Alnus  Carpinus
S 4053 1300 175 163 113 98 58 38 32 26 17

Fig. 7. Results of the cluster analysis performed on Viridiplantae sedaDNA data from the PADMé core (Bray-Curtis dissimilarity index): a) clustering of the samples
showing a similar composition and b) main assigned reads composition of the assemblages defined by the cluster analysis.

620, and 640 cm, the cluster analysis highlights 3 subassemblages (SA1
to SA3) described in Fig. 7b. Colors were assigned to each of the A
subgroups and replicated along the PADMé core (Fig. 8). The strong
disparity between the two groups A and B suggests that variability in
sediment mineralogical composition along the core could profoundly
affect DNA mineral associations and patterns of DNA preservation and
retention. For these reasons, our approach to interpreting sedaDNA re-
sults focused on assessing the fluctuations in relative taxa abundances
through time. Throughout the core, the distribution of assigned reads to
microbes, fungi, and viruses showed a relatively consistent pattern. In
this study, our analysis was centered on Viridiplantae and on mammals
for the Metazoa clade.

4.3.2. Metazoa dataset description

For this part of the study, we chose to describe mammal sedaDNA
data based on the sedaDNA zonation established using the Viridiplantae
data (S1-S9; Fig. 6b). Among mammals, the most commonly identified
reads are Bovidae, among which Bos spp., Ovis spp. and undetermined
Caprinae. Ovis spp. are detected in S3, S5, S6, S8, exceeding 5 assigned
reads in samples 610 (S6) and 310 cm (S8). Bos spp., found in all zones,
reach the highest values in S6 (22 assigned reads at 610 cm) and S8 (42
and 29 assigned reads in samples 310 and 255 cm respectively). Inde-
terminate Caprinae and Bovidae are scarce and do not exceed 2 and 3
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assigned reads. Canis spp. are the most continuously recorded taxa all
along the core, even in poorly assigned samples, with the highest values
being reached at 590 cm (34 assigned reads; S6). Cervinae are frequently
recorded and exceed 5 assigned reads in samples 850 (S3) and 620 cm
(S6; Fig. 6b).

Canis spp. are continuously recorded all along the core, including in
the samples of group B (poorly assigned apart from Bacteria), raising
questions about these results. Other studies have noticed the frequent
presence of Canis spp. in DNA as traces (Giguet-Covex et al., 2019) but it
is not expected to detect this genus in samples where almost no plants or
mammals are identified significantly in the studied succession. How-
ever, no Canis reads were identified in any of the controls. We also
noticed that among the Canis reads along the core, 75 reads remain
undetermined at the species level, whereas 30 and 21 reads could be
attributed to the wolf (Canis lupus) and the dog (Canis lupus familiaris),
respectively. Wolf presence remains scarce in archaeozoological data
and its even rare in sedimentary records, whereas the dog is more easily
reported because of its domestic status and proximity to humans. The
high amount of wolf DNA identified in the results could either be
explained by sequencing errors or artefactual substitutions inherent to
aDNA that could have resulted in modification of the DNA sequence and
consequently to assignment errors, particularly for such close genomes.
We also hypothesize that the number of reads attributed to the wolf and
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CORE PADMEé: plant sedaDNA results
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Fig. 8. Second part of the sedaDNA results plotted vs. depth (cm), along the log of core PADME (see Fig. 3 for the legend of the log). Number of reads assigned to
selected Viridiplantae, a) arboreal taxa and b) herbaceous taxa. Grey bands: intervals with less than 0.1% of total reads assigned to Viridiplantae per level. sedaDNA
zone defined by a cluster analysis performed on Viridiplantae assigned reads (see Fig. 7).

its presence throughout the core could have been caused by contami-
nation between layers (which could result from the decomposition of a
wolf carcass in a higher level) or by exogenous contaminations, although
no evidence of post-depositional reworking was observed.

4.3.3. Viridiplantae sedaDNA dataset description

The fluctuations in vegetation observed through the sedDNA datasets
were delineated using cluster analysis, revealing 9 distinct zones across
the PADMé core (S1 to S9, Fig. 8). The first 5 sedaDNA zones located in
the peaty base of the core (S1 to S5) are characterized by a notable
abundance of reads, predominantly assigned to the Poaceae and
Cyperaceae families. These families account for the most discernible
DNA content within these levels, whereas their abundance diminished in
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the subsequent sections of the sequence (above 730 cm). Within this S1-
S5 interval, the results reveal alternating vegetation assemblages.

Zones S1 (3 samples from 990 to 950 cm) and S3 (3 samples from 890
to 850 cm) are characterized by high proportions of Poaceae reads
(mean of 4500 reads in S1 and of 2212 reads in S3), mostly assigned to
Phragmites (~1680 reads in S1 and 463 reads in S2; Fig. 8b). Signals
from Callitriche (an aquatic Plantaginaceae) and Asteraceae are also
noteworthy within these assemblages. The arboreal taxa reads are
mainly assigned to Corylus (~200 reads in S1 and S3) and indeterminate
Betulaceae (~100 reads; Fig. 8a).

Zones S2 (2 samples at 930 and 910 cm) and S4 (2 samples at 830 and
810 cm) are characterized by a decline in the previously mentioned
herbaceous taxa. Arboreal reads are dominant, primarily composed of
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Betulaceae (mean of 793 reads in S2 and 1037 reads in S4), among
which Alnus (~290 reads in S2 and 299 in S4) and Corylus (~130 reads
in S2 and 225 in S4) appear to be the predominant genera, alongside
other taxa of the same family (Betula, Carpinus and indeterminate
Betulaceae; Fig. 8a). To a lesser extent, the Fagaceae family is also
represented, with Quercus (~63 reads in S2 and 68 in S4), Fagus, and
indeterminate Fagaceae.

In zone S5 (4 samples from 790 to 730 cm), the assemblage bears
similarities to both S1 and S3, characterized by the consistent presence
of Cyperaceae (230 reads on average) and Callitriche occurrences, albeit
with a reduced Poaceae signal. At 790 cm, Juncus reads (approximately
~490) reach their highest occurrences along the core, coinciding with a
substantial proportion of Poaceae (1800 assigned reads including 535
assigned to Phragmites; Fig. 8b).

Zone S6 (9 samples from 710 to 570 cm dominated by peaty de-
posits) is distinguished by the rise of all arboreal taxa, mainly dominated
by Betulaceae and Fagaceae. Notably, Betulaceae are primarily repre-
sented by Corylus (800 reads on average), Alnus (~430 reads), and
Carpinus (~185 reads) alongside less frequent Betula and abundant
indeterminate Betulaceae reads. The Fagaceae are represented by
Quercus (~180 reads), some Fagus (peak at 25 reads) and indetermined
reads. Some Rosaceae (~110 reads) are also identified, among which
Malus and Prunus, together with traces of Juglandaceae (peak at 20
reads), for which reads were assigned to Juglans, already present in S4
(Fig. 8a). Among herbaceous taxa, the S6 is characterized by its abun-
dant Ranunculaceae content (reaching a maximum in samples 640 and
620 cm) accompanied by an assemblage including Urticaceae, Polygo-
naceae, Euphorbiaceae, and Vitaceae while Fabaceae, Asteraceae and
Plantaginaceae are present only in trace amounts, similar to aquatic taxa
(Fig. 8b).

Zone S7 (14 samples from 550 to 350 cm dominated by silty de-
posits) corresponds to group B (grey band in Fig. 8) and presents less
than 0.1% of total reads assigned to Viridiplantae, thus preventing
characterization of the vegetation dynamics.

Zone S8 (5 samples from 310 to 240 cm taken in silty to very fine
sand deposits) is marked by the resurgence of the arboreal signal pri-
marily dominated by Betulaceae, notably Corylus, Alnus, and undeter-
mined taxa. Betula and Carpinus are also present to a lesser extent.
Additionally, Fagaceae (notably Quercus) and Rosaceae co-occur with
Juglandaceae in smaller proportions (Fig. 8a). In this zone, among
herbaceous taxa, we observe a resurgence of Callitriche and Juncus, and
an increase of reads assigned to Fabaceae, Asteraceae, and Plantagina-
ceae (Fig. 8b).

Finally, in zone S9 (8 samples from 190 to 50 cm, dominated by silty
deposits), despite the low number of reads assigned to plants (group B),
Equisetum was detected and was most likely the dominant taxon,
reaching 460 reads on average between 170 and 90 cm.

4.4. Comparison of palynological and sedaDNA records

This study provides a preliminary analysis of the DNA dataset, which
involved an initial comprehensive assignment step using Kraken2
without any prior assumptions. Our research, then narrowed down to
focus on specific genomes among the Viridiplanteae and mammal taxa.
Through our approach, we generally identified less taxa from the
sedaDNA record (~67 taxa) than by pollinic analysis (~108 taxa).

Among trees and shrubs, the Plouescat palynological record identi-
fied 26 taxa, with 8 accounting for a substantial proportion (mean oc-
currences >2%), while 17 taxa were identified in the sedDNA record.
The dominant taxa (Alnus, Corylus, Quercus and Betula) were recorded by
both proxies, as were Carpinus, Castanea, Fagus. Other arboreal taxa
detected in the pollinic analysis (i.e., Pinus, Hedera, Ilex, Ulmus/Tilia)
were not recorded by sedaDNA, probably due to their absence from the
site and their long-distance transport origin. Juglandaceae (i.e., Juglans)
were only detected by sedaDNA analysis, implying the absence of wal-
nut trees from the site. The detection of walnut DNA traces could have
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resulted from nuts or wood remnants imported to the site. Rosaceae,
which were identified only at the family taxonomic rank in palynolog-
ical analysis, are detected only as rare occurrences in our pollen dataset,
while sedaDNA analysis identified the distinctive presence of Malus,
Prunus, and Rubus (Fig. 9a).

Among herbaceous taxa, 82 taxa were identified in the pollinic re-
cord, of which 10 are significant (mean occurrences >2%), while 50 taxa
were identified by sedaDNA analysis. Poaceae, Amaranthaceae, Aster-
oideae, Cichorioideae, Cyperaceae, Ranunculaceae, Urticaceae, and
Fabaceae (only identified at the family level in the pollinic analysis) are
present in both datasets. Plantaginaceae, Polygonaceae, and Euphor-
biaceae were identified by both proxies, but with some different taxa.
Juncaceae (i.e., Juncus) and Equisetum were only recorded in the
sedaDNA record, which could be because, while these marsh plants can
reproduce sexually (Equisetum through short lifespan microspores and
Juncus through insect pollination), they primarily reproduce vegeta-
tively through their rhizomes or tubers. In contrast, Caryophyllaceae
(comprising Spergularia/Spergula), Apiaceae, Brassicaceae, and Scro-
phulariaceae are only found in the pollen record (Fig. 9a). Taxa with low
occurrences in the pollinic data (0.1-2%, and thus not represented in
pollen spectra) were not detected in sedaDNA data (e.g., Ericaceae,
Artemisia, Crassulaceae, Centaurea sp., Saxifragaceae, Trifolium, Lil-
iaceae, etc.), indicating that these taxa were scarce in the surrounding
vegetation cover. Finally, aquatic taxa are represented by Callitriche,
Equisetum, and Persicaria in the sedaDNA sequence, and mainly by scarce
occurrences of Myriophyllum, Typha/Sparganium, Alisma plantago aqua-
tica, Lemna and Potamogeton in the pollinic records (<0.6%).

The incomplete overlap between pollen and sedaDNA taxonomic
records, which is summarized in Fig. 9a, is not surprising and aligns with
expected outcomes that can be attributed to different processes (Fig. 9b).
If a taxon can be identified via pollen records but not through sedaDNA
analysis, this may be attributable to DNA preservation issues, absence
from genomic databases, or DNA dominance effect hindering the
detection of rare sequences. Furthermore, some plants, particularly trees
(e.g., Pinus, Ilex), produce abundant pollen grains that can be trans-
ported over long distances, potentially leading them to degrade and lose
cellular content (and thus DNA), while remaining identifiable by paly-
nological analysis. Conversely, taxa identified by DNA but not detected
in pollen analysis correspond either to an inability to obtain fine taxo-
nomic resolution through pollen characteristics, which can typically
only identify to the family level (particularly for some taxa Poaceae or
Rosaceae) while DNA discriminates genera/species, or to plants with
low pollen production due to vegetative propagation (e.g., rhizomes), or
unsuitable ecological conditions (seasonality, for example).

In the case of our study, all the tree taxa recorded in the pollinic but
not in sedaDNA analysis are important producers (e.g., Pinus, Hedera,
etc.). In addition, pollen grains of anemophilous and hydrophilous taxa
can be transported over long distances and reflect local to regional
landscapes, whereas sedaDNA data reflect more local sources and thus
local variation in biodiversity (as previously mentioned by Capo et al.,
2021; Parducci et al., 2013, 2019) through a better detection of low
pollen producer and entomophilous species. However, allochthonous
sources in sedaDNA should not be completely excluded. Eroded mate-
rials containing DNA can be brought in from the catchment area
(Giguet-Covex et al., 2019) by runoff, as may have been the case in our
coring site located close to the Kerallé river.

5. Environmental evolution and anthropogenic signal in the
Kerallé valley since 7.3 cal ka BP

Retrieved within a radius of 10-15 m, the two cores ANE-C3 and
PADME, show different sedimentary successions, mainly explained by
environmental variability in a context of alluvial channel migration. In
the following discussion, all the data are expressed as calibrated radio-
carbon ages (cal ka BP), which allow the direct comparison of ANE-C3
and PADME¢ datasets (Fig. 10).
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a) Comparison of the main plant taxa occurrences detected by palynological, and sedaDNA analyses

TREES AND SCHRUBS HERBS
Family Family / Genera Family Family / Genera Pollen | SedaDNA
Aquifoliaceae llex Amaranthaceae
Araliaceae Hedera Apiaceae
§ Alnus Asteraceae (Asteroideae)
2 Corylus Asteraceae (Cichorioideae)
£ Betula v Brassicaceae
M Carpinus v Callitrichaceae  Callitriche
Fabaceae Cytisus, Genista v Caryophyllaceae
Quercus v Cyperaceae
: Fagus v Equisetaceae Equisetum
g Castanea v . Pollen: Mercurialis, Euphorbia
Juglandaceae  Juglans Euphorbiaceae SedaDNA: Euphorbia
Pinaceae Pinus v Fabaceae
Pollen: Rosaceae sp. v Juncaceae
SedaDNA: Rosaceae sp. Linaceae
Malus Pollen: Poaceae sp., Cerealia-type
g Prunus Poaceae SedaDNA:Poaceae sp., /iragmites
Rubus Pollen: P. lanceolata, P. coronopus,
Ulmus+Tilia Plantaginaceae Plantago sp.

SedaDNA: Plantago sp., Digitalis

% of maximum occurrences 5
Pollen: Rumex sp., Polygonum sp.

Polygonaceae SedaDNA: Rumex sp., Persicaria

10-30%
1-10%

Ranunculaceae

Scrophulariaceae

<1% -
taxa only identified in pollen dataset l{rtlcaceae
taxa only identified in sedaDNA dataset Vitaceae
taxa identified in sedaDNA and pollen dataset Typha-Sparganium
at a different taxonomic level Myriophyllum

b) Conceptual scheme illustrating the probable origin of pollen grains and Viridiplantae DNA, and multiple biases

Pollen grains Viridiplantae DNA
1)Pollen production 1)Biomass production
Poaceae  Alnus  Corylus — Quercus Pinus Wood Seed Leave Root Pollen

bias: reproduction mode + production rates + seasonality bias: seasonality

2)Transport & Origin 2)Transport & Origin
‘ -water '._')—_?-wind '%v -insects -direct incorporation ‘-waler EA -importation
in soil =20 = -wind *“ ﬁ
Representativity of different geographic sources in data Representativity of different geographic sources in data
Regional Watershed Local origin Local Watershed Imported origin
+ ++ - | ++ F -
MO 8000 i i entomophilous grasses Juglans

bias: preservation / dispersion mode (hydrophilous, anemophilous, and

2 bias: preservation / DNA degradation / DNA dispersion
entomophilous taxa)

3)Sedimentation & Fossilization
3)Sedimentation & Fossilization

honomic processes

bias: preservation (type of sediment, leaching...) / DNA degradation
bias: preservation (type of sediment, leaching...) / degradation

bias: taphonomic processes

4)Sampling & pollen extraction 4)Sampling & DNA extraction

OQT Wy

bias: contamination bias: contamination

5)Palynological analysis 5)SedaDNA analysis detecting cellular, or organelle
‘

bias: taxonomic resolution bias: representation of taxa in DNA database

Fig. 9. Differences between pollinic and Viridiplantae sedaDNA datasets. a) List of the main plant taxa identified by palynological (core ANE-C3) and/or sedaDNA
(core PADM¢é) analyses. Percentages indicating the maximum occurrences along the cores, calculated based on the total sum of counted pollen grains or relative
abundance of Viridiplantae DNA. b) Schema of discussion of the origin of pollen and Viridiplantae DNA fossilized in sedimentological archives and biases for both.
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Fig. 10. Selected a) sedimentological data (core ANE-C3), b) palynological (core ANE-C3) and plant sedaDNA (core PADM¢é) data, in parallel with ¢) metazoan sedaDNA occurrences (core PADMé). Pollinic data are
presented in percentages (on total sum excluding Alnus, Cyperaceae and aquatic taxa). Plant sedaDNA taxa are presented as counts relative to the total assigned reads for Viridiplantae. Taxa comprising less than 0.1%
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5.1. Environmental dynamics

5.1.1. An alluvial plain in the Kerallé valley: estuarine facies and peat
deposits

Between 7.3 and 7 cal ka BP, marine biogenic production (i.e.,
CaCO3%, Ca/Ti-XRF ratio and marine palynological bio-indicators) is
recorded in core ANE-C3, which agree with the maximum percentages of
Amaranthaceae, a taxon associated with salt marshes in coastal envi-
ronments (first blue band and blue curve in Fig. 10a and b). The com-
bination of these proxies reveals the proximity of marine influence in a
coastal plain-like system, close to the coring site. This interval, in contact
with the bedrock, is characterized by high sedimentation rates (Fig. 2a)
and corresponds to the initial flooding of the Kerallé valley in a context
of rapid RSL rise (Garcia-Artola et al., 2018), leading to the establish-
ment of the Transgressive System Tract (TST) in the central part of the
valley (Gorczynska, 2022). This led to the spreading out of a floodplain
and gradual infilling of the valley by fine-grained deposits (Fig. 2b). This
Mesolithic interval is also marked, at a more regional scale, by high
arboreal taxa percentages (Fig. 10b), reflecting regionally
well-developed tree cover, as largely observed in Brittany at that time (e.
8., Marguerie, 1992; David, 2014; van Beek et al.,2018).

Between 7 and 6.4 cal ka BP, in the ANE-C3 core, marine proxies (i.
e., CaCO3%, Ca/Ti-XRF ratio and marine palynological bio-indicators)
decrease synchronously with an increase in TOC values testifying to a
peat deposit, as also attested in the PADMé core (Fig. 2b and 3b). The
weaker marine influence in the upstream part of the Kerallé valley could
have been induced by the development of a paleo-coastal barrier in the
downstream part, leading to the gradual closure of the system
(Gorczynska, 2022). Moreover, this shift occurred synchronously with
the slowing down of the RSL rise recorded along Brittany coasts from ~7
to 6 cal ka BP (Goslin et al., 2015; Stéphan et al., 2015; Garcia-Artola
et al., 2018). This led to a sediment accumulation in sheltered bays and
estuarine systems, promoting the progressive disconnection of the up-
stream system from marine influence (e.g., Stéphan, 2019). The Kerallé
valley was therefore gradually infilled, resulting in the elevation of the
system that became disconnected from the tidal incursion, as is currently
observed in the estuarine system (Dalrymple et al., 1992; Fletcher III
et al., 1993). This led to the progressive development of freshwater
marshes close to the coring site, as synchronously recorded in the
PADMé core by the sedaDNA occurrences of Poaceae (especially
Phragmites) together with aquatic taxa (Callitriche and Cyperaceae) be-
tween 7 and 6.6 cal ka BP (S1 in Fig. 10b), while between 6.6 and 6.4 cal
ka BP, sedaDNA occurrences of arboreal taxa suggest the closure of the
system (S2 in Fig. 10b).

Between 6.4 and 6 cal ka BP, a new occurrence of estuarine facies is
recorded in core ANE-C3 (second blue band in Fig. 10a). This interval
contains dinocysts taxa and infralittoral foraminiferal species
(Gorezynska, 2022), as well as increases in Amaranthaceae percentages
(i.e., salt marsh plants), indicating a growing tidal influence. The return
of the estuarine facies in the Kerallé valley suggests the destabilization of
the paleo-coastal barrier and/or marine incursions in the upstream part
of the valley also detected by Gorczynska (2022). This interval coincides
with stormy events already recorded along the Brittany coast (van
Vliet-Lanoé et al., 2014) and northern European coast (Normandy:
Sorrel et al., 2009/Denmark: Goslin et al., 2018). According to sedaDNA
data, the presence of Poaceae (and especially Phragmites) likely signals a
re-opening of the landscape at 6.4 cal ka BP (pink/blue bars in Fig. 10b),
while these taxa then being able to develop in former subhalophilous
meadows (Quéré et al., 2008).

5.1.2. The continentalization of the Kerallé valley

From 6 cal ka BP, the system closed again. In the PADMé core,
sedaDNA data suggest a high arboreal signal from 6 cal ka BP inter-
rupted, between 5.6 and 5.4 cal ka BP, by a re-increase of the herbaceous
signal (i.e., Poaceae and Cyperaceae). At 6 cal ka BP, marine bio-
indicators as well as Amaranthaceae pollen grains recorded in core
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ANE-C3 become scarce, especially from 5.4 cal ka BP (Fig. 10a and b). At
that time, the peaty deposit reflects a major shift in environmental dy-
namics in the Kerallé valley, from an estuarine influence during the
7.3-6 cal ka BP interval to a clearly established continental influence
starting around 5.4 cal ka BP. The continental influence is then attested
by the rise in arboreal pollen grains, which peak at that time. Interest-
ingly, sedaDNA data show a concordant pattern of vegetation (i.e.,
highest occurrences of trees) after 5.4 cal ka BP (Fig. 10b). Both proxies
argue for a surrounding landscape covered by woodland, probably
occupying the drained slopes of the watersheds (Corylus, Alnus, and to a
less extent Quercus, the last of which may reflect a distant vegetation
signal). Fagus, Betula, Carpinus, and Rosaceae appear to be present
locally, as revealed by their occurrences in sedaDNA data (S6 in Fig. 8a),
while the occurrences of Hedera, Ulmus/Tilia and Ilex pollen grains
(palynozone P2c in Fig. 4c) reflect a more distal origin.

5.2. Anthropic dynamics

To discuss anthropic dynamics, specific taxa were selected from both
palynological and sedaDNA datasets (Fig. 10b). First, it is important to
consider that, among the main pollen taxa, the total arboreal signal
(mainly represented by Corylus) and the herbaceous signal (mainly
represented by Poaceae) are anti-correlated through time when plotted
as percentages, highlighting landscape closure and opening, respec-
tively. Second, human activities can be discussed through the develop-
ment of Anthropogenic Indicators (AI), such as the sum of ruderal and
arable weed pollen taxa and the sedaDNA record of the Urticaceae (red
curve/bars in (Fig. 10b). Finally, pastoral activities can be detected
through the development of Pastoral Indicators (PI) represented by
Asteraceae (i.e., Asteroideae, Cichorioideae) and Plantago lanceolata
pollen taxa (orange curves in Fig. 10b) according to the literature and
modern calibration of the anthropogenic pollen signal at Plouescat (Data
in Brief, David et al., submitted). In the sedaDNA data, Asteraceae and
Plantaginaceae (including indeterminate species, Plantago spp. and
Digitalis) represent PI. Furthermore, to discuss pastoral activities, the
metazoan occurring at least once in the PADMé sequence with more
than 5 assigned reads (i.e., Bos spp., Caprinae comprising Ovis and
indeterminate Caprinae, and Canis spp.) are shown in Fig. 10c. However,
while it is well established that the Ovis genus did not originate from
western Europe and is therefore necessarily domestic in our study
(Urena et al., 2018; Her et al., 2022), this is not the case for the Bos
genus, for which wild representatives are known to have been present in
Brittany (Upadhyay et al., 2017). As it was not possible to identify the
Bos species in our study, their wild or domestic status remains uncertain.

5.2.1. Mesolithic to the late Neolithic period (~7.3-4.5 cal ka BP): scarce
human evidence

Until 4.5 cal ka BP, the progressive infilling of the Kerallé valley led
to the progradation of continental environments, and the ancient coastal
plain became gradually colonized by arboreal taxa. Although, anthro-
pogenic influence is not obvious, even if weak Cerealia-type occurrences
can be seen between 6.8 and 4.5 cal ka BP (red dots in Fig. 10b). It is
worth noting that the identification of Cerealia-type pollen grains is
based on size criteria (i.e., grain diameter of 47 ym and annulus diam-
eter of 11 pm; Joly et al., 2007). However, size criteria are now
controversial in the light of recent studies conducted on modern plants
that reveal some examples of wild littoral grasses reaching equivalent
morphometric values (Lambert et al.,2024). Considering the close
proximity of a salt marsh to the studied coring site until 5.4 cal ka BP and
in the absence of other clear Al or P, these large Poaceae grains could be
associated with either natural littoral grasses or an extremely weak
anthropogenic signal. Furthermore, arboreal pollen grains are well
represented up to 4.5 cal ka BP, reflecting a wooded landscape at the
regional scale, while sedaDNA data reflect an open surrounding land-
scape dominated by herbaceous taxa up to 5.4 cal ka BP. The Poaceae
signal exhibits recurrent peaks in both pollen and sedaDNA records,
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from the Early to Recent Neolithic (i.e., ~7-5.4 ka BP; Fig. 10b). In-
cursions in the pollen curve may be attributed to an increase in Phrag-
mites, as revealed by sedaDNA data, but the low taxonomic resolution
does not allow this specific taxon to be distinguished. The concomitant
signal between these two proxies supports a local origin of Poaceae,
consistent with the proximity of salt marshes or subhalophilous
meadows described above (see section 5.1.1).

Human presence could also be demonstrated all along the core by the
presence of Canis spp. sedaDNA, including sequences that are possibly
dog. Regarding pastoral activities, the first occurrences of mammals
associated with these practices are evident since the early Neolithic,
around 6.7 cal ka BP, with evidence of Caprinae (among which Ovis
spp.), while the domestic/wild status of Bos could not be determined
(Upadhyay et al., 2017; Urena et al., 2018; Her et al., 2022).

Despite the high concentration of gallery graves recorded around the
Bay of Goulven (LeCerf, 1985; Sparfel et al., 2004; Gorczynska et al.,
2023b) and traces of domestic mammal sedaDNA, neither pollinic nor
plant sedaDNA data reflect a pronounced anthropic influence during the
recent Neolithic or beginning of the late Neolithic. This could be
explained by the core retrieval location, which is further upstream than
the coastal area where archaeological evidence of human activities is
concentrated. Following this hypothesis, our results reflect a limited
occupation of the territory, confined to areas near the shore during this
period. Furthermore, in the British Isles, the nature of Neolithic subsis-
tence, particularly the importance of cereal farming, are debated
(Thomas, 1999; Rowley-Conwy, 2004; Stevens and Fuller, 2012).
Despite the status of the agricultural revolution (e.g., Childe, 1952), the
change in livelihood mode does not seem to be constant across the
Neolithic period. Some studies argue for less reliance on cereals, in favor
of pastoralism, alongside continued exploitation of natural resources
(hunting, fishing, and gathering) during the late Neolithic at the scale of
the British Isles (Entwhislte and Grant, 1989; Thomas, 1999; Stevens and
Fuller, 2012).

In this interval, Juglandaceae taxa, of which Juglans is the only
representative of the family in Europe, occur in sedaDNA data from the
PADMEé core (Fig. 8a) but not in pollinic analyses from the ANE-C3 core.
It should be noted that no reads of Juglans were identified in any of the
control. Although, it was long considered to have been introduced by
Gallo-Roman farmers (Beug, 1975; Visset, 1979, 1989), Juglans occur-
rences have also been reported in palynological records from the
southern part of the Armorican domain at the end of the Mesolithic
(Visset et al., 2004; Joly and Visset, 2005, 2009) and during the
Neolithic (Visset et al., 1996; Cyprien, 2001; Ouguerram, 2002), Bronze
Age (Visset et al., 1995) and second Iron Age (Marguerie, 1992) periods.
In our study, traces of Juglandaceae are detected in the sedaDNA record
from the Mesolithic, and more intensively during the Neolithic (5.8 and
4.7-4.2 cal ka BP) and Iron Age (2.6-2.1 cal ka BP; Fig. 8a). These oc-
currences could correspond to walnuts or timber goods on the studied
site, likely brought by human populations from other areas. This would
imply exchanges with southern localities and probably with Mediter-
ranean or Eastern European regions where walnut trees were established
(Pollegioni et al. 2017, 2020; Krebs et al. 2022). Another hypothesis is
based on well-established exchanges with the Iberian Peninsula (Pailler,
2009, 2012; Nicolas et al., 2013; Nicolas, 2016a) where Juglans was
attested during the Neolithic (Lopez-Garcia and Lopez-Saez, 2000).
However, the highest occurrences of Juglans are synchronous with a
forest recovery, and more particularly to maximum assigned reads
corresponding to Rosaceae (i.e., Prunus and Malus; Fig. 8a), raising the
question of the natural development of this anemophilous species in the
Kerallé valley. Thus, the absence of Juglans pollen from the fossil record
could be due to the very low pollen production of this taxon at the limit
of its geographical distribution.

5.2.2. From the late Neolithic (~4.5 cal ka BP): a growing anthropogenic
signal
From 4.5 cal ka BP (i.e., limit A; Fig. 10), the arboreal signal drops,
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while Poaceae, arable weeds, and ruderal taxa gradually increase, all
which suggest the beginning of landscape clearing due to human
deforestation. This evidence is consistent with the substantial number of
reads attributed to Bos and Ovis spp. in the sedaDNA data around
4.6-4.4 cal ka BP, attesting to a greater number of animals linked with
anthropic activities. Regarding the number of reads (more than 20) and
the association with another domesticated mammal (i.e., Ovis) we could
hypothesize that, at this time, some of the Bos spp. detected could be
domestic. This late Neolithic anthropogenic signal is in line with
archaeological evidence of Bell Beaker culture, the first metal-working
society in north-western Europe, which settled in Plouescat at that
time (Nicolas et al., 2015).

From 4 cal ka BP (i.e., limit B; Fig. 10), at the onset of the Bronze Age,
a major shift is recorded in the pollinic data marked by a strong land-
scape opening accompanied by higher pollen diversity corresponding to
an increase in herbaceous taxa (Fig. 4b and c). This anthropogenic
pollen signal is consistent with local archaeological evidence (Briard
et al.,, 1970) and other paleobotanical observations made in northern
Brittany (e.g., Morzadec-Kerfourn, 1974; David, 2014; Fernane et al.,
2014). These data suggest an intensification of agropastoral practices
consistent locally and regionally with the wider land use suggested by
grave distribution (Nicolas and Pailler, 2018) and the development of
the first field system by ~4 ka BP (Blanchet et al., 2019). Unfortunately,
during the Bronze Age interval (i.e., ~4.2-2.7 ka BP), few aDNA se-
quences were assigned to Viridiplantea (<0.1%) or Metazoa (Fig. 6a and
7), thus biasing the related sedaDNA interpretation (Pedersen et al.,
2016). A previous palynological study carried out on a shorter temporal
sequence from the Porsguen peat bog (i.e., late Neolithic-middle Bronze
Age), highlighted the same dynamic, with a first phase of clearing by fire
at the end of the Neolithic, followed by grazing and then cultivation
(Briard et al., 1970; Morzadec-Kerfourn, 1969, 1974). In this peat bog
sequence, a more intense phase of anthropization was identified during
the early Bronze Age, marked by the deforestation and the development
of agro-pastoral practices attested by Cerealia-type occurrences
(Morzadec-Kerfourn, 1969, 1974) and bones of domesticated mammals
(i.e., Equus asinus, Ovis aries and Bos spp.; Briard et al., 1970). In core
ANE-C3, the middle Bronze Age period is marked by increased anthropic
influence, as shown by a new step in arboreal pollen decline and by
Cerealia-type occurrences, while ruderal and arable weed taxa as well as
PI percentages (i.e., Asteroideae, Plantago lanceolata) remain constant
from the late Neolithic (Fig. 10b).

Finally, at 2.7 cal ka BP, corresponding to the beginning of the Iron
Age (i.e., limit C; Fig. 10), a third anthropic threshold is marked by a
drop in the arboreal pollen signal allowing Poaceae signal to develop.
This could correspond to a new phase of landscape opening at the scale
of the Kerallé watershed, or, more generally, at the regional scale.
Indeed, the lower detection of Poaceae DNA in sediments, compared
with what was previously observed in the lower part of the sequence,
suggests a distal origin of these pollen grains, probably transported by
the Kerallé River. Furthermore, ruderal and arable weed taxa and PI
increase, while Cerealia-type pollen grains reach their highest occur-
rences. This trend is synchronous with the pastoral sedaDNA signal that
re-increases at 2.6 cal ka BP (Fig. 10c) accompanied by Bos spp., Cap-
rinae and Canis spp. occurrences. At the same time, the increase in
detrital input (decreasing Ca/Ti-XRF ratio at 2.9 cal ka BP; Fig. 10a) can
likely be attributed to human-induced soil erosion driven by the major
forest cover reduction in the Kerallé watershed, in a context of intensi-
fication of agropastoral activities and metallurgical practices. Since 2.4
cal ka BP (i.e., the Second Iron Age), both arboreal taxa and the pollinic
signal of pastoralism (i.e., PI; Fig. 10b) rise, suggesting the predomi-
nance of agropastoral activities, in the vicinity of the studied site. In
parallel, the sedaDNA data indicates significant occurrences of domestic
mammals (Fig. 10c) and anthropogenic indicators (e.g., Urticaceae,
Asteraceae and Plantaginaceae; Fig. 10b) at 2.6, 2.2 and 2.1 cal ka BP.
During the Roman period, the pollinic record shows little variation while
the preservation of sedaDNA is poor, with few reads assigned to
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Viridiplantea (<0.1%) or Metazoa.

5.2.3. Anthropic dynamics in Plouescat compared with regional thresholds
While environmental dynamics could explain the weak anthropo-
genic signal in the upstream part of the Kerallé valley during most of the
Neolithic (see section 5.1), a similar observation can also be made about
Brittany at the regional scale (van Beek et al., 2018; Penaud et al., 2020;
David et al.,, 2022). An increase in the anthropogenic pollen signal
during the Early Neolithic has been reported at certain localities in
southern Brittany (Guidel: Fernane et al., 2015/Kerpenhir: Visset et al.,
1996; Suscinio: Visset and Bernard, 2006) coinciding with the arrival of
the first farmers in Brittany (i.e., Linear Pottery Culture; Blanchet et al.,
2010) and inducing an anthropogenic pollen signal at the local scale.

At the scale of Brittany, the Bronze Age (from ~4.2 ka BP) appears as
a main anthropic threshold, marked by the progressive decline of
arboreal taxa consistent with the rise of Poaceae and anthropogenic
pollen indicators (north Brittany: this study; west Brittany: Fernane
et al., 2014; Valero et al., 2023; south Brittany: Fernane et al., 2015;
David et al., 2022; regional compilation: van Beek et al., 2018). This is
consistent with the archaeological context of metalwork development
and demographic growth (Briard, 1965; Mohen and Olivier, 1989;
Nicolas, 2011). The 4.2 ka BP limit also corresponds to a climatic
threshold, leading to the intensification of a winter precipitation regime
over northern Europe, that seems to have enhanced the transmission of
the anthropogenic pollen indicators (otherwise more developed) into
sediment from watershed to coastal areas (Penaud et al., 2020; David
et al., 2022). Considering records with comparable geomorphological
and sedimentary contexts, a shift in anthropic threshold between
northern (Plouescat, 4.5-4 cal ka BP: this study) and southern (Guidel,
3.7 cal ka BP: Fernane et al., 2015; see David et al., 2022 for a revision of
the age model) localities is observed. The earlier anthropogenic signal in
Plouescat could be the result of a greater human concentration in the
nearby area (i.e., settlement of the Bell Beaker Culture), which could be
due to a local particularity or be the result of cumulative uncertainties in
the radiocarbon dating of the compared records.

Finally, the Iron Age appears as a second threshold of anthropization
in Brittany, marked by a sharp decrease in arboreal signal and the up-
surge of Al and PI. This threshold is detected at around 2.7 cal ka BP (i.e.,
first Iron Age) in Plouescat and at around 2.4 cal ka BP (i.e., second Iron
Age) at the macro-regional scale of southern Brittany (Guidel: Fernane
et al., 2015/south-Armorican platform: Penaud et al., 2020; David et al.,
2022). To explain these shifts in anthropic thresholds between the south
and north Brittany coasts, new long temporal records must be acquired
along the north coast to discriminate obvious differences from artefacts
or uncertainties.

6. Conclusion

This study represents the first attempt to cross-correlate palynolog-
ical (pollen) and sedimentary ancient DNA (sedaDNA) signals (plants
and mammals) in a coastal/fluvial system in Brittany, here the Kerallé
valley (northern Brittany, NW France), over the last 7.3 kyr BP. This
multidisciplinary approach including sedimentological, palynological
and paleogenomic analyses, allowed a robust paleoenvironmental
reconstruction highlighting i) the sedimentological-geomorphological
evolution of the upstream part of the Kerallé valley and ii) past vege-
tation cover dynamics. Between 7.3 and 6 cal ka BP, the study site
evolved from a coastal plain subject to marine incursion, and then to a
fluvial valley subject to detrital continental inputs, which increased
from 5.4 cal ka BP.

Regarding anthropic dynamics, while archaeological data points to a
limited human occupation along the coast at Plouescat during the
middle and late Neolithic, a weak anthropogenic signal recorded in the
upstream part of the Kerallé valley indicates a limited occupation of the
territory, confined to areas near the shore. An unexpected record of
Juglans in the sedaDNA dataset, never noticed before in pollen studies
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from this region, is difficult to interpret with our current understanding.
In our study, the first evidence of anthropogenic pressure is found at 4.5
cal ka BP (i.e., end of the late Neolithic), corresponding to the Bell
Beaker settlement (i.e., the first metallurgist community) attested in the
vicinity of the studied site. The major anthropic threshold in pollinic
data is recorded at 4 cal ka BP (i.e., the beginning of the Bronze Age) by
clear signs of deforestation and through the rise of anthropogenic pollen
indicators, while sedaDNA suffers from preservation biases throughout
the Bronze Age period. Since 2.7 cal ka BP (i.e., first Iron Age), a third
anthropic threshold is highlighted by both proxies, concomitant with
occurrences of domesticated mammal sedaDNA, implying the intensi-
fication of local pastoral practices in a largely man-made environment.

This multidisciplinary study has enhanced our understanding of
Holocene coastal environmental changes under both natural and
anthropogenic forcings, and endorses the application of this methodol-
ogy in other coastal sites. However, the sedaDNA conservation biases
during the Bronze Age and Roman period, pose some limitations. To
address this issue, an extensive analysis of the genomic data (including
at the microbial level) is currently underway to gain a deeper under-
standing of past chemical and physical processes that occurred along the
sequence with their related implications on sedaDNA results. Finally, the
singularity of the anthropogenic imprint on the landscape in Plouescat
compared with southern localities in Brittany needs to be confirmed by
the investigation of new sequences.
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