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ABSTRACT: Three hundred forty‐one radiocarbon dates from the Groningen radiocarbon database are compiled in
this study. They show for the first time that organic sediment samples from the eastern Netherlands and mammal
bones from Doggerland reflect shifts in the presence and the density of vegetation (food for herbivores) and mammal
biomass during the last ice age (Weichselian Stage, ~119–14.7 ka cal BP). Comparison with oxygen isotope curves of
Greenland ice cores and geomorphological data shows that cold climate, in particular during the younger part of the
Weichselian Middle Pleniglacial and during the Late Pleniglacial, and related scarcity or even absence of vegetation,
were limiting factors for the carrying capacity of the landscape and thus for the population density of large herbivores
during the period covered by 14C dating (last ca. 55 000 years). A ‘fossil gap’ during the Late Pleniglacial lasted
ca. 13 000 years from ca. 28 to 15 ka cal BP. Previous research from the nearby Eifel region in Germany shows that
environmental conditions were less extreme (‘refugium conditions’) than in the Netherlands, taking into account the
continuous presence of spores of coprophilous fungi in the Eifel, indicating uninterrupted food supply for herbivores.
© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd.
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Introduction
Oxygen isotope records from ice cores as well as past
vegetation records have strongly increased our knowledge of
climate change during the last ice age (Weichselian Stage).
High‐resolution climatic records for the Late Pleistocene and
Holocene have been obtained from Greenland ice cores and
the INTIMATE group derived a detailed common timescale
(Rasmussen et al., 2014). Before detailed oxygen isotope data
became available, geomorphological and palynological data,
combined with 14C‐dating, formed the backbone of Late
Weichselian climate reconstructions. For northwest Europe we
refer to Zagwijn (1974), Behre (1989), Hoek (1997), Ran
(1990), van Huissteden (1990), Ran and van Huissteden
(1990), Kasse et al. (1995a), van Geel et al. (1981), Bazelmans
et al. (2021) and Sirocko et al., (2016, 2022).
Radiocarbon dating is the primary dating method for organic

matter formed during the last ca. 55 000 calendar years. The
method is of major importance for archeology, paleoecology,
(late) Quaternary geology and paleoclimatology. Many envir-
onmental studies on climate, vegetation and landscape
evolution are based on limited radiocarbon dating sets.
However, the Groningen radiocarbon dating laboratory has
established an extensive database of radiocarbon dates which
enables us to reconstruct environmental changes in the
Netherlands and Doggerland over the whole radiocarbon
dating range of the last 55 000 calendar years. Calender age
ranges are obtained by calibration. IntCal20 provides detailed

and reliable calibrations for the complete dating range (Reimer
et al., 2020; van der Plicht et al., 2020).
The present study aims to: compile and explore the

Groningen radiocarbon database; link the radiocarbon dataset
to the Greenland ice core record; explore the link between
climate change, vegetation and faunal biomass; and investi-
gate the link between climate change and the geomorpholo-
gical evolution of the landscape. Focusing on the period
55 000–11 000 cal BP, we ask the following questions: Do
radiocarbon dates cluster during the Greenland Interstadial
(GI) events? Was there a climate‐related Late Weichselian
fossil gap and, if so, when did it start and how long did it last?
For that purpose, we investigated the relationship between
vegetation, as recorded and dated in organic lake sediments
and peat deposits in the Dinkel Basin (Fig. 1), and fluctuations
of radiocarbon‐dated bones of identified large herbivores in
the Netherlands and Doggerland (Fig. 2).

Climate and environmental setting
The Weichselian Stage is subdivided into the Early Glacial
[Marine Isotope Stage (MIS) 5d–a], characterized by several
stadials and interstadials (Amersfoort/Brørup and Odderade), the
cold Early Pleniglacial (MIS 4), the cool Middle Pleniglacial
(MIS 3), the cold Late Pleniglacial (MIS 2) and the warmer Late
Glacial (MIS 1) (Bos et al., 2001) (Fig. 2). Marine isotope stages
and associated large changes in climate are well reflected in the
depositional records by changes in the sedimentary environ-
ment, river channel planform, periglacial features and vegeta-
tion (e.g. Vandenberghe and Pissart, 1993; van Huissteden and
Kasse, 2001; Busschers et al., 2007).
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The substages of the Early Glacial are often characterized by
sand deposition during the stadials and peat or soil formation
during the Amersfoort/Brørup and Odderade interstadials
(Zagwijn, 1961; Behre, 1989; Kasse et al., 2022). In the North
Sea region, the Brown Bank deposits were formed during the
Early Glacial (Laban, 1995; Hijma et al., 2012).
The Weichselian Middle Pleniglacial (Fig. 2) in northwest

Europe is considered as a generally cool period (Zagwijn, 1974;
Behre, 1989; van Huissteden, 1990; Ran, 1990; Kasse
et al., 2003). Frost cracks are common and ice‐wedge casts
occur occasionally, indicating deep seasonal frost and dis-
continuous permafrost [mean annual air temperature (MAAT)
lower than −1 °C; Vandenberghe and Pissart, 1993]. The
planform of smaller rivers does not seem to change much over
time and is characterized by meandering and multichannel or
anabranching systems (Fig. 2) (van Huissteden, 1990;
Kasse, 1998; Mol et al., 2000; van Huissteden and Kasse, 2001).
Sea level was lower than −50m NAP (Dutch Ordnance Datum)

during the Middle Pleniglacial and a large part of the North Sea
region was dry land (Doggerland; Fig. 1). The Rhine–Meuse
system, Scheldt and Thames flowed towards the south‐west
through the Channel region to the Atlantic Ocean (Busschers
et al., 2007; Hijma et al., 2012).
Thermokarst phenomena, related to the degradation of

permafrost, have been reported for several intervals in Middle
Pleniglacial successions (van Huissteden, 1990; Ran, Bohncke,
et al., 1990; Vandenberghe and Kasse, 1993; Kasse et al., 1995a;
Bohncke et al., 2008). Thermokarst can be a system‐intrinsic
process, related to fluvial or coastal erosion or wildfires,
exposing the permafrost, and is therefore not necessarily related
to interstadial climate warming (Vandenberghe and Kasse,
1993). However, there is some evidence of climate warming in
the lacustrine sediments overlying thermokarst phenomena (ice‐
wedge casts, involutions; Kasse et al., 1995a).
In contrast to the more dynamic fluvial environment,

paleosoils in Middle Pleniglacial loess sequences better reflect

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(2) 248–260 (2024)

Figure 1. Location of Doggerland, Twente (Dinkel Basin), Groote Wielen and Eifel. [Color figure can be viewed at wileyonlinelibrary.com]
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climate changes (Schirmer, 2016; Prud'homme et al., 2022).
The formation of Cambisols, characterized by soil weathering
and a Bw‐horizon, is associated with interstadial conditions
during the Middle Pleniglacial (Schirmer, 2016). Their
preservation is probably related to the less dynamic aeolian
environment, dominated by loess deposition from sus-
pended load.
The transition from the Weichselian Middle to the Late

Pleniglacial at ca. 28 ka cal BP is characterized by climate
cooling. Ice‐wedge casts are more common in the fluvial
environment, indicating continuous permafrost conditions
with MAAT lower than −6 °C (Vandenberghe and Pissart, 1993;
Vandenberghe, 1985; van Huissteden et al., 1986; Kasse
et al., 1995b, 2007). Cooling and vegetation decline resulted
in lower evapotranspiration. Although precipitation was
probably lower due to the colder climate, peak discharges
became higher and more irregular because of spring snow
melt, limited soil water storage and infiltration due to

permafrost and limited interception by vegetation. As a result,
the river systems changed at the start of the Late Pleniglacial to
a braided planform style and an erosion boundary was formed
between the Middle and Late Pleniglacial deposits due to
higher energy conditions (Fig. 2) (van Huissteden et al., 1986;
Vandenberghe, 1995, 2003; van Huissteden and Kasse, 2001).
In the North Sea region, rivers from mainland Europe and
Great Britain joined as the Channel River, flowing to
the southwest (Busschers et al., 2007; Hijma et al., 2012).
The continuous permafrost conditions hampered vertical
drainage into the subsoil. The limited water infiltration during
the summer season resulted in wet surface conditions and
surface runoff in sloping terrain. Aeolian sediments therefore
were hardly preserved on sloping terrain and interfluves. In the
absence of vegetation, sediments were repeatedly eroded and
transported to the valleys, where they accumulated as fluvio‐
aeolian deposits (Older Coversand I; van der Hammen
et al., 1967; Kasse et al., 2007). This phase of braided river

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(2) 248–260 (2024)

Figure 2. Midpoints of calibrated radiocarbon age ranges for fauna and botanical remains for Doggerland, Twente and Groote Wielen for the time
range 55 000–5000 cal BP. Investigated locations are on the x‐axis; age in cal BP on the y‐axis. The organic sediment and peat samples from Twente
are shown in red. Human bones from Doggerland are in yellow, Proboscidea in green, other terrestrial fauna in gray and marine fauna in dark blue.
Fauna and the botanical samples from Groote Wielen are shown in brown and purple respectively. Proboscidea obviously belong to the terrestrial
fauna but are shown separately, their main representative being the woolly mammoth. The midpoint of the calibrated radiocarbon age ranges with
their uncertainty ranges (95.4%) are shown on the cal BP timescale (calendar age relative to 1950 AD). The solid blocks for the oldest dates result from
the large number of date ranges. Possible reservoir effects are not taken into account (see text). The right‐hand part shows geomorphological and
sedimentological aspects (changing channel patterns, periglacial structures and lithology) after van Huissteden (1990) and van Huissteden and Kasse
(2001). [Color figure can be viewed at wileyonlinelibrary.com]
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and fluvio‐aeolian deposition occurred between ca. 25 and 20
ka BP [dated by optically stimulated luminescence (OSL)] in the
Dinkel Basin (Vandenberghe et al., 2013). The early Late
Pleniglacial deposits are overlain by the Beuningen Gravel Bed
Complex (ca. 20–16 ka; dated by OSL), with fluvial sediments
at the base and aeolian deflation horizons (desert pavement) at
the top (Vandenberghe et al., 2013).
The Late Glacial Bølling–Allerød interstadial complex (Green-

land Interstadial‐1) is mostly characterized by organic deposition
and soil formation, while during the Younger Dryas stadial
clastic deposition is more common (van Geel et al., 1989;
Kasse, 2002; van Hateren et al., 2022). Braided river systems
persisted during the start of the Late Glacial (Bølling interstadial),
gradually transforming into a meandering style (Kasse
et al., 1995b; Huisink, 1997; Woolderink et al., 2018). At the
onset of the Allerød interstadial, rivers were meandering,
probably related to the development of a birch (later pine)
forest, stabilizing the soil, reducing the sediment supply to the
river, intercepting precipitation and reducing discharge ex-
tremes. The Late Glacial fluvial system in the present‐day North
Sea region and its response to Late Glacial climate change are
largely unknown. Aeolian activity gradually decreased in
response to species migration and increasing levels of nutrients.
At the start of the Allerød interstadial the landscape was mostly
stabilized by a vegetation cover and a soil was formed (Usselo
Soil in the Netherlands, Finow Boden in Germany; Kasse, 2002;
van Hateren et al., 2022). Peat was formed in depressions in the
landscape.
The southern North Sea and Doggerland were dry land,

especially during the coldest parts of the last glacial period
(Coles, 1998; Busschers et al., 2007; Hijma et al., 2012; Rijsdijk
et al., 2013; Cohen et al., 2014). The Late Glacial period was
characterized by rapid sea‐level rise (up to ca. −60m NAP),
inundating the landscape. Nevertheless, parts of the North Sea
region initially remained dry land and were inhabited by hunter‐
gatherer communities (Amkreutz et al., 2018). Finally, Dogger-
land submerged during the early Holocene (Amkreutz and van
der Vaart‐Verschoof, 2021).

Sites investigated: locations and description
The site locations discussed in this paper are Doggerland
(North Sea), Groote Wielen and the Dinkel Basin in the Twente
region (Fig. 1).

Doggerland

Much of the present‐day North Sea comprises the submerged
landscape known as Doggerland (Coles, 1998; Gibbard, 2007;
Spinney, 2008; Gaffney et al., 2009; Curry, 2020; Amkreutz
and van der Vaart‐Verschoof, 2021). This is an area of more
than 200 000 km2 between the British Isles and northwest
continental Europe. During cold parts of the Pleistocene
and during the early Holocene, Doggerland was dry land
characterized by a variety of landscapes and ecosystems
(Hijma et al., 2012; Cohen et al., 2014; Laban and van der
Meer, 2022; Gaffney et al., 2009).
Today, the southern part of the North Sea, especially

between latitudes 51 and 53° N, is a source of paleontological
and archeological finds. Mol and Bakker (2022) describe
23 mammal paleontological sites in the North Sea. Many
thousands of isolated ex situ skeletal remains of Pleistocene
and Holocene mammals, including humans, have been
secured over the past 150 years (Mol, 2016, and references
therein; for radiocarbon‐dated skeletal remains see Tables 1
and 2). Skeletal remains from the Doggerland (North Sea)

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(2) 248–260 (2024)

Table 1. Terrestrial mammals of the southern bight of the North Sea,
also known as Doggerland, classified into the Weichselian and the
Holocene based on radiocarbon datings, morphology and fossilization
(after Mol, 2016; Mol and Bakker, 2022).

Species Weichselian Holocene

Homo neanderthalensis King, 1864 X
Neanderthal human
Homo sapiens Linnaeus, 1758 X X
Modern human
Castor fiber Linnaeus, 1758 X X
European beaver
Ursus arctos Linnaeus, 1758 X
Brown bear
Ursus spelaeus Rosenmüller, 1794 X
Cave bear
Gulo gulo (Linnaeus, 1758) X
Wolverine
Meles meles (Linnaeus, 1758) X
Badger
Lutra lutra (Linnaeus, 1758) X
Otter
Canis lupus Linnaeus, 1758 X
Wolf
Canis familiaris Linnaeus, 1758 X
Dog
Alopex lagopus (Linnaeus, 1758) X
Polar fox
Crocuta crocuta spelaea
(Goldfuss, 1823)

X

Cave hyena
Homotherium latidens (Owen, 1846) X
Saber‐toothed cat
Panthera leo spelaea (Goldfuss, 1810) X
Cave lion
Felis silvestris Schreber, 1777 X X
Wildcat
Sus scrofa Linnaeus, 1758 X
Wild boar
Elephas antiquus Falconer &
Cautley, 1847

X

Straight‐tusked elephant
Mammuthus primigenius
(Blumenbach, 1799)

X

Woolly mammoth
Equus caballus Linnaeus, 1758 X
Wild horse
Equus hydruntinus Regalia,1907 X
European wild ass
Coelodonta antiquitatis
(Blumenbach, 1799)

X

Woolly rhinoceros
Megaloceros giganteus
(Blumenbach, 1799)

X

Giant deer
Alces alces (Linnaeus, 1758) X
Moose
Cervus elaphus Linnaeus, 1758
Red deer

X

Capreolus capreolus (Linnaeus, 1758) X
Roe deer
Rangifer tarandus (Linnaeus, 1758) X
Reindeer
Bison priscus Bojanus, 1827 X
Steppe bison
Bos primigenius Bojanus, 1827 X
Aurochs
Bos taurus Linnaeus, 1758 X
Cattle
Ovibos moschatus (Zimmermann, 1780) X
Muskox

(Continued )
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region were collected as bycatch of beam trawling, and even
special boat tours were organized for collecting faunal
remains. The bones were attributed to the various species
based on morphological features. Reference collections of the
Natural History Museum Rotterdam and the Naturalis Biodi-
versity Center in Leiden were often used. The Doggerland
skeletal elements represent different species from different
faunas from the late Pleistocene and early Holocene
(Mol, 2016; Mol and Bakker, 2022).
Most of the skeletal remains are attributable to: Equus

caballus, wild horse; Bison priscus, steppe bison; and
Mammuthus primigenius, woolly mammoth (Table 1). They
were part of a late Pleistocene terrestrial mammal fauna of the
‘Mammoth Steppe’ (Guthrie, 1982). The Mammoth Steppe was
a belt of cold, dry and almost treeless grassland that stretched
across the northern hemisphere from the British Isles in the
west, across Europe, Asia to North America. This biotope was
dominated by large grazers such as horses, steppe bison,
mammoths and in Eurasia also by woolly rhinoceroses. Horses
disappeared from Doggerland long before the end of the
Weichselian, together with other large grazers, such as the
woolly mammoth and the woolly rhinoceros. Mol et al. (2007)
have shown by 14C dating that the straight‐tusked elephant,

Elephas antiquus, best known from the Eemian period, was
also present during the Weichselian in the studied area.
The North Sea coast of the Netherlands has been reinforced

since 1970 with sediments dredged from the seabed (sites
Maasvlakte 2, De Zandmotor and Hoek van Holland). These
areas are rich in ex situ Pleistocene and Holocene faunal
remains. The recorded taxa represent at least four different
faunas (Mol, 2016): early Pleistocene, middle Pleistocene, late
Pleistocene and early Holocene (Mol and Bakker, 2022). A few
hundred skeletal remains of late Pleistocene and early
Holocene taxa were sampled for 14C dating. An overview of
terrestrial and marine faunal species from Doggerland (North
Sea), dating from the last 55 000 years (the 14C time range), is
provided in Tables 1 and 2.

Groote Wielen

Groote Wielen is a sand pit near Rosmalen, in the southern
Netherlands (15°30′49″ N, 41°65′64″ E). In 2005, sand was
extracted down to 13m below the water level. Late
Pleistocene mammal remains were collected and dated
(Table 4): Mammuthus primigenius, woolly mammoth; Coe-
lodonta antiquitatis, woolly rhinoceros; Equus caballus, wild
horse; Megaloceros giganteus; giant deer, Rangifer tarandus;
reindeer, Bison priscus, steppe bison; Panthera spelaea, cave
lion; and Canis lupus, wolf. Together they represent a typical
‘mammoth fauna’ (Mol et al., 2010). The listed taxa (Table 4)
are also known from the Doggerland locations, off the coast of
the province of South Holland (Mol et al., 2010).

Dinkel Basin (Twente)

The geological development of the Twente area during the last
ice age has been studied comprehensively (van der Ham-
men, 1951; van der Hammen et al., 1967; van der Hammen
and Wijmstra, 1971; Ran, 1990; Ran, Bohncke, et al., 1990;
Ran and van Huissteden, 1990; van Huissteden, 1990;
Vandenberghe et al., 2013). The basin fill mainly consists of
sands with intercalations of loam, clay and peat beds. Based
on pollen analysis of sediment cores, Ran (1990) reconstructed
vegetation developments during the Weichselian in the Dinkel
Basin. Ninety samples of organic deposits were radiocarbon
dated to build a chronostratigraphic framework of the Dinkel
Basin (Ran, 1990) (Table 3). The radiocarbon samples were
taken from the whole Weichselian sequence whenever the
sediment seemed to be sufficiently organic for microfossil
analysis and radiocarbon dating. The method of dating all
sediment with sufficient organic content removes a sampling
bias and thus the datings can be considered as a vegetation
proxy.

Methods
Radiocarbon dates are reported using a convention, which is
in fact a normalization for the reference sample and half‐life
and includes correction for isotopic fractionation (Mook and
van der Plicht, 1999; van der Plicht and Hogg, 2006).
Conventional radiocarbon dates are reported in the unit BP

and require calibration to obtain absolute ages. Calibrated
dates are reported in cal BP, which means calendar years
relative to 1950 AD. The most recent calibration curve is
IntCal20 (Reimer et al., 2020). This curve enables accurate
calibration for the complete 14C dating range of 50 000 BP

(55 000 cal BP). For the pre‐Holocene part, relevant for the
present paper, IntCal20 is mainly based on detailed records
from Lake Suigetsu in Japan (varved sediments), speleothems

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(2) 248–260 (2024)

Table 1. (Continued )

Species Weichselian Holocene

Ovis aries Linnaeus, 1758 X
Sheep
Capra hircus Linnaeus, 1758 X
Goat

Table 2. Marine mammals of the southern bight of the North Sea,
also known as Doggerland, classified into the Weichselian and the
Holocene based on radiocarbon dates, morphology and fossilization
(after Mol, 2016; Mol and Bakker, 2022).

Species Weichselian Holocene

Erignatus barbatus (Erxleben 1777) X
Bearded seal
Pusa hispida (Schreber 1775) X
Ringed seal
Phoca groenlandica (Erxleben 1777) X
Harp seal
Monachus monachus (Hermann, 1779) X
Monk seal
Halichoerus grypus (Fabricius, 1791) X X
Gray seal
Odobenus rosmarus (Linnaeus 1758) X
Walrus
Balaena mysticetus Linnaeus, 1758 X
Bowhead whale
Eschrichtius robustus (Lilljeborg 1861 X X
Gray whale
Delphinapterus leucas (Pallas 1776) X
Beluga whale
Orcinus orca (Linnaeus, 1758) X
Killer whale
Tursiops truncatus (Montagu, 1821) X
Bottle‐nosed dolphin
Lagenorhynchus albirostris (Gray, 1846) X
White‐beaked dolphin
Phocoena phocoena (Linnaeus, 1758) X
Harbour porpoise
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Table 3. Radiocarbon samples and dates from the Dinkel Basin (Twente). Calibrated with IntCal20 (Reimer et al., 2020).

Lab. no. Sample 14C date (BP) Sigma cal BP range, 95.4% cal BP, limit

GrN 8992 Tilligte 35 730 430 41 640–39 940
GrN 8993 Tilligte 38 350 600 43 000–41 910
GrN 8994 Tilligte 38 200 600 42 940–41 820
GrN 8995 Tilligte 41 300 1000 45 960–42 830
GrN 8996 Tilligte 40 250 850 44 740–42 500
GrN 8997 Tilligte 40 800 1000 45 520–42 610
GrN 8998 Tilligte 40 600 850 45 010–42 640
GrN 8999 Tilligte 41 250 800 45 460–42 940
GrN 9000 Tilligte 49 800 2700 >48 660
GrN 10309 Tilligte 47 800 2000 >47 610
GrN 12198 Tilligte 40 400 950 45 070–42 490
GrN 10836 Tilligte 43 300 1000 48 070–44 430
GrN 10837 Tilligte 41 550 900 45 940–43 000
GrN 10838 Tilligte 41 700 900 46 060–43 040
GrN 8985 Tilligte 44 650 550 48 220–45 920
GrN 10839 Tilligte 51 900 4800 >48 400
GrN 10840 Tilligte 52 000 52 200–51 800
GrN 8988 Tilligte 46 100 950 51 780–46 440
GrN 8986 Tilligte 37 060 300 42 190–41 380
GrN 8987 Tilligte 47 650 750 54 860–48 350
GrN 11534 Tilligte 36 530 410 42 080–40 920
GrN 11535 Tilligte 40 100 900 44 740–42 420
GrN 11536 Tilligte 40 800 750 44 970–42 810
GrN 12175 Laarhuis R 50 300 3900 >47 930
GrN 12176 Laarhuis R 47 700 2800 >47 930
GrN 12177 Laarhuis R 38 350 950 44 020–41 410
GrN 12178 Laarhuis R 36 300 3200 54 300–36 000
GrN 12179 Laarhuis R 43 300 1900 52 210–43 040
GrN 12180 Laarhuis R 37 900 750 42 960–41 320
GrN 11537 Laarhuis R 35 420 440 41 320–39 670
GrN 11538 Laarhuis R 37 500 600 42 570–41 290
GrN 11539 Laarhuis R 29 620 220 34 550–33 710
GrN 11540 Laarhuis R 36 400 600 42 190–40 480
GrN 11541 Laarhuis R 11 410 50 13 410–13 170
GrN 12192 Laarhuis R 45 800 2800 >45 360
GrN 12193 Laarhuis R 35 700 550 41 800–39 780
GrN 12194 Laarhuis R 37 850 750 42 930–41 300
GrN 11542 Laarhuis R 38 150 850 43 780–41 280
GrN 12195 Laarhuis R 34 800 600 41 260–38 620
GrN 12196 Laarhuis R 45 000 2000 54 860–44 670
GrN 12197 Laarhuis R 47 200 3500 >45 910
GrN 11544 Laarhuis R 51 000 2000 >50 400
GrN 13388 Laarhuis R 43 200 1300 49 370–43 870
GrN 13390 Laarhuis R >5 2000
GrN 13391 Laarhuis R 54 100 3200 >52 960
GrN 14214 Lattrop D 13 310 110 16 320–15 690
Ua 924 Lattrop D 12 885 185 16 010–14 630
Ua 925 Lattrop D 12 315 125 14 970–14 020
GrN 13392 Lattrop D 41 750 900 46 110–43 050
GrN 13394 Lattrop D >52 000
GrN 13395 Lattrop D 34 270 380 40 480–38 250
GrN 13403 Lattrop D 11 285 25 13 240–13 110
GrN 13405 Lattrop D 47 400 1500 >47 740
GrN 13416 Lattrop D 43 850 1000 48 510–44 670
GrN 13408 Lattrop D 30 360 410 35 640–34 120
GrN 13406 Lattrop D 36 010 350 41 780–40 500
GrN 13410 Lattrop D 36 470 480 42 100–40 740
GrN 13420 Lattrop D 33 300 500 39 430–36 740
GrN 13397 Lattrop D 33 000 500 39 180–36 430
GrN 14192 Lattrop D 36 740 340 42 090–41 160
GrN 13399 Lattrop D 40 150 700 44 480–42 600
GrN 13412 Lattrop D 39 600 900 44 490–42 270
GrN 11521 Beverborg 35 100 700 41 770–39 020
GrN 11522 Beverborg 34 820 440 40 920–39 230
GrN 11523 Beverborg 27 500 250 31 900–31 110
GrN 12181 Denekamp T 41 100 900 45 550–42 820
GrN 12182 Denekamp T 39 300 850 44 310–42 190
GrN 12183 Denekamp T 41 500 1400 47 610–42 600

(Continued )
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from Hulu Cave in China and Pacific corals. The youngest part
of the curve (from 13 910 cal BP on) is based on dendrochro-
nology. For references see Reimer et al. (2020).
We utilized the δ18O signal from the NGRIP ice core

(Rasmussen et al., 2014) which yields the paleotemperature
changes for Greenland. It provides an excellent sequence of
interstadials and stadials (GI and GS), identified by Greenland
numbers. We use this NGRIP record as a backbone for
radiocarbon‐dated fauna and peat from sites in the Netherlands

and from Doggerland. The NGRIP dataset is published in b2k,
i.e. calendar years relative to 2000 AD. We use the cal BP

timescale in this paper. For the ice core record, the difference of
50 years is taken into account.
The majority of the discussed radiocarbon dates was

obtained in Groningen. The Dinkel Basin data were measured
in the 1990s by proportional gas counting (PGC, laboratory
code GrN). Two small samples were dated by accelerator mass
spectrometry (AMS) in Uppsala (laboratory code Ua). The data

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(2) 248–260 (2024)

Table 3. (Continued )

GrN 12184 Denekamp T 30 390 370 35 540–34 210
GrN 12185 Denekamp T 32 050 500 37 800–35 300
GrN 12186 Denekamp T 39 600 1100 44 900–42 120
GrN 12187 Denekamp T 41 300 1000 45 960–42 830
GrN 12188 Denekamp T 28 850 470 34 290–31 930
GrN 12189 Denekamp T 38 000 850 43 300–41 190
GrN 12190 Denekamp T 40 350 950 45 030–42 470
GrN 12191 Denekamp T 32 500 380 38 250–36 100
GrN 13400 Denekamp T 35 540 370 41 320–39 880
GrN 13402 Denekamp T 42 200 1600 49 380–42 710
GrN 13422 Denekamp T 34 810 480 41 010–39 160
GrN 13418 Denekamp T 39 050 650 43 880–42 180
GrN 13414 Denekamp T 28 600 750 34 460–31 270
GrN 11544 NS overview 42 000 1300 47 750–42 900
GrN 13430 DBr 12 310 70 14 830–14 060
GrN 13428 Hengelo 28 670 110 33 490–32 240
GrN 13424 Hengelo 32 860 270 38 500–36 500
GrN 13426 Hengelo 32 490 160 37 210–36 340
GrN 15124 Hengelo 31 250 600 36 920–34 510
GrN 15123 Hengelo 33 100 600 39 390–36 360
GrN 13427 Hengelo 41 110 480 44 760–43 140
GrN 14215 Hengelo 39 640 370 43 880–42 520

Table 4. Radiocarbon samples and dates from Groote Wielen (southern Netherlands). Calibrated with IntCal20 (Reimer et al., 2020). The two
beavers were indirectly dated. They left their marks on wood; in both cases only the wood has been sampled and dated (GrN‐30224 and 31018).

Lab. no. Sample/species 14C date (BP) Sigma
cal BP

range, 95.4% cal BP, limit Remarks

GrN 30227 Mammuthus primigenius (Blumenbach, 1799) – woolly
mammoth

>45 000 >46 790

GrN 30224 Wood >45 750 >48 000
GrN 30224 Castor fiber Linnaeus, 1758 ‐ beaver >45 750 Indirect
GrN 30226 Wood >46 800 >49 000
GrA 34605 Ursus arctos Linnaeus, 1758 – brown bear >45 000 >46 790
GrA 40408 Bison priscus Bojanus, 1827 – steppe bison >45 000 >46 790
GrN 30225 Mammuthus primigenius (Blumenbach, 1799) – woolly

mammoth
44 700 2000 54 820–44 490

GrA 34602 Pine cone 43 300 2000 54 240–42 960
GrA 34606 Megaloceros giganteus (Blumenbach, 1799) – giant deer 42 400 1600 49 640–42 810
GrA 31018 Wood 41 900 1200 47 300–42 900
GrA 31018 Castor fiber Linnaeus, 1758 ‐ beaver 41 900 1200 47 300–42 900 Indirect
GrA 37601 Rangifer tarandus (Linnaeus, 1758) ‐ reindeer 41 860 550 45 750–43 480
GrN 30228 Equus caballus Linnaeus, 1758 – wild horse 40 700 1100 45 700–42 500
GrN 30223 Peat 40 000 800 44 530–42 460
GrA 37632 Rangifer tarandus (Linnaeus, 1758) ‐ reindeer 37 300 330 42 310–41 500
GrA 39928 Equus caballus Linnaeus, 1758 – wild horse 36 690 240 41 990–41 230
GrN 30229 Coelodonta antiquitatis (Blumenbach, 1799) – woolly rhinoceros 36 100 700 42 130–39 940
GrA 30601 Bison priscus Bojanus, 1827 – steppe bison 33 130 630 39 470–36 330
GrN 30230 Rangifer tarandus (Linnaeus, 1758) ‐ reindeer 29 820 380 35 210–33 560
GrA 39926 Peat 29 810 140 34 580–34 070
GrA 40406 Panthera leo spelaea (Goldfuss, 1810) – cave lion 27 400 110 31 640–31 150
GrA 35844 Alopex lagopus (Linnaeus, 1758) ‐ polar fox 21 890 100 26 380–25 920
GrA 35816 Protophormia terraenovae (Robineau‐Desvoidy, 1830) –

subarctic blowfly puparia
26 600 150 31 110–30 420

GrA 41749 Canis lupus Linnaeus, 1758 ‐ wolf 24 250 110 28 750–28 040
GrA 34955 Melanitta nigra (Linnaeus, 1758) – black scoter 23 350 130 27 770–27 320
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from Groote Wielen were measured by either the PGC method
(large samples) or by AMS (small samples; laboratory
code GrA).
The North Sea samples were dated by both methods

determined by sample size (laboratory code GrN, GrA or
GrM, the last for the new Micadas AMS introduced in 2017).
All samples (also Ua) were pretreated in Groningen.

Organic sediments received ABA (acid‐base‐acid) treatment;
for bones the collagen fraction was extracted. See Mook and
Streurman (1983) and Dee et al. (2020) for the PGC and AMS
laboratory procedures, respectively. We note that the North
Sea dataset also contains a few samples dated by other
laboratories (see datelist in van der Plicht and Kuitems, 2022).
Additional steps such as ultrafitration (UF) have not been

applied; most dates were performed by the laboratories before
this method was introduced, and many dates in the list are
conventional, i.e. from large size samples. We note that UF is
not necessarily an improvement; intercomparisons show that
UF‐dated bones can be older, but also younger and it is
therefore not applied by all 14C laboratories (Hüls et al., 2009;
Minani et al. 2013). The main quality parameters are the C and
N contents of the bone collagen. The N content and 15N
isotope value are not always known. Today they are measured
as a standard, but this was only introduced in 14C dating
practice during the 1990s (e.g. van Klinken, 1991, 1999). The
C and N parameters known are all given in van der Plicht and
Kuitems (2022).

Results
Figure 2 shows 341 radiocarbon dates between 55 000 and
5000 cal BP from the locations Doggerland, Dinkel Basin
(Twente) and Groote Wielen. The Greenland ice core
chronology NGRIP shows its δ18O signal on the cal BP

timescale. Numbers 1–14 correspond to the GI periods
according to Rasmussen et al. (2014), starting with the
Bølling–Allerød period (GI‐1). The oxygen isotope fluctuations
are considered as a climate proxy. The chronostratigraphic
boundaries of the Weichselian and Holocene are indicated by
dashed red lines. For the radiocarbon data from Doggerland
we refer to the tables published by van der Plicht and Kuitems
(2022) (Tables 1 and 2). The dates from Twente were taken
from Ran (1990) and van Huissteden (1990). They are shown
in Table 3. The data for Groote Wielen are shown in Table 4.
The dataset of Doggerland in Fig. 2 comprises 49 radio-

carbon dates of woolly mammoth bones, 104 of other
terrestrial species, 36 of marine species and 37 of human
bones. This is less than the data discussed by van der Plicht
and Kuitems (2022) because here we apply a cut‐off limit of
5000 cal BP.
The dataset from the Dinkel Basin (Twente) consists of 90

14C‐dated sediment and peat samples (Table 3). For Groote
Wielen, 25 14C dates are shown (Table 4). The latter represents
16 bones, six botanical samples and one date of fly pupae
found in a skull. In addition, there are two ‘indirect dates’: two
dated wood samples showing marks of a beaver.
Figure 2 shows a large number of dates older than 40 ka cal BP.

There are so many dates that their plotted age ranges together are
shown as solid rectangles. This is especially true for the
Doggerland marine fauna dates which are mostly older than 46
ka cal BP (see discussion below). The Proboscidea
from Doggerland are abundantly present before 40 ka cal BP.
The same holds true for the other terrestrial fauna dates of
Doggerland and Groote Wielen (Fig. 2). However, the Probosci-
dea dates from Doggerland decline and disappear rapidly after
40 ka cal BP, while the other terrestrial fauna dates of Doggerland

and Groote Wielen remain present, although in decreasing
numbers, up to the transition from the Weichselian Middle to the
Late Pleniglacial. Organic (peat) material dates from Twente
show a decrease also in the 40–30 ka cal BP interval and absence
of dates later than 30 ka cal BP (Fig. 2). At ca. 30 ka cal BP, close to
the Middle to Late Pleniglacial transition, most of the dating
records cease, although some dates are found at the start of the
Late Pleniglacial. Remarkably, the Late Pleniglacial interval
(28–14.7 ka cal BP) is almost devoid of any radiocarbon dates,
with one exception (18 300 cal BP; GrA‐38211). At the start of the
Late Glacial the first organic (peat) dates are found in Twente,
later followed by Doggerland terrestrial fauna and Homo
sapiens (Fig. 2).

Discussion
Paleoclimate, vegetation and faunal aspects

The Greenland oxygen isotope data clearly show the GI
periods 1–14 (Rasmussen et al., 2014), also known as
Dansgaard–Oeschger (D‐O) events in the North Atlantic
region (see Fig. 2). These represent climate oscillations
characterized by abrupt warming, followed by a period of
relatively slow cooling. D‐O events are observed primarily in
and around the North Atlantic Ocean, and recorded
in Greenland ice as GI‐events. More positive oxygen
isotope ratios correspond to warmer climatic conditions.
GI‐event number 1 represents the well‐known Late Glacial
Bølling–Allerød period (van der Hammen, 1951; van Geel
et al., 1989; Hoek, 1997). The Late Glacial climate fluctuations
(relatively warm Bølling–Allerød interstadial and cold Younger
Dryas stadial) show how earlier GI‐events should be inter-
preted in terms of climate change. Figure 2 shows that, in
general, the duration of the warm GI‐intervals is decreasing in
the course of time: the older GI‐events (14, 12, and 8) lasted
significantly longer than events 10, 9, 7, 6, 5, 4 and 3. It seems
that climate variability was large, and occasionally relatively
mild interstadials have been reported in terrestrial fluvial
records and basin fills (Moershoofd, Hengelo and Denekamp
interstadials: Zagwijn 1974; Bos et al., 2001; Kasse
et al., 1995a; Hengelo interstadial: Bohncke et al., 2008).
However, frequent, high‐amplitude climate oscillations do not
seem to be recorded in fluvial environments and former glacial
basins such as the Dinkel Basin in the eastern Netherlands
(van Huissteden, 1990; Ran, 1990). An exception is the cold
Hasselo stadial, based on the presence of ice‐wedge casts, at
ca. 41–38 ka BP (14C), followed by the Hengelo interstadial
reflected by permafrost degradation and thermokarst lake
formation in the Dinkel Basin (van Huissteden and
Kasse, 2001).
The Weichselian Middle Pleniglacial vegetation of the

Netherlands and adjacent northwestern Europe is mostly
treeless and dominated by herbs reflecting a tundra or steppe
environment. Bohncke et al. (2008) reported a small increase
in Juniperus pollen, which might reflect an increase in
temperature around 46 ka BP. In general, vegetation and
mammal responses to individual Middle Pleniglacial climatic
warming events are not visible in our radiocarbon record: we
did not find clusters of radiocarbon dates linked to individual
GI‐events (Fig. 2). Climate oscillations in northwest Europe
were possibly too small in amplitude or too short‐lived to
enable long‐distance immigration of trees and other thermo-
philous plants.
The scarcity of evidence for Middle Pleniglacial interstadials

in the fluvial record does not mean that rapid climate changes
did not occur. Apparently, the vegetation and fluvial system

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(2) 248–260 (2024)
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did not react instantaneously to temperature changes but
showed a delayed response. Migration of herbs and trees takes
time, and low levels of nitrogen and phosphorus components
in the soils initially may have hampered migration (van Geel
et al., 1984).
The occurrence and decline of radiocarbon dates of sediment

and peat deposits in the Dinkel Basin in Twente (Fig. 2) are
chronologically linked to major changes in the geological
record. There is a relatively high number of organic sediment
dates from the Dinkel Basin in the period between 55 and ca.
40 ka cal BP (Fig. 2). The same holds true for the Proboscidea
dates from Doggerland and other terrestrial fauna dates from
Doggerland and Groote Wielen that are abundantly present
before 40 ka cal BP, indicating favorable grazing conditions
(Mammoth Steppe). It has been proposed previously that during
warmer interstadial conditions vegetation productivity and
biomass increased, resulting in more landscape stability and
peat growth (Zagwijn, 1974; van der Hammen et al., 1967).
Vice versa, stadial climatic conditions resulted in vegetation
decline, increased landscape dynamics and more clastic
deposition. However, alternating phases of increased peat
formation and clastic deposition caused by climate change
(D‐O cycles) cannot be proven (van Huissteden and Ran, 1990).
Our compilation of radiocarbon dates from Weichselian

Middle Pleniglacial deposits does not show maxima of dates
associated with climate warming and lows with cooling phases
(Fig. 2). However, it should be noted that (especially the
younger) Middle Pleniglacial interstadials, as recorded in
Greenland ice cores, were short‐lived (Rasmussen et al., 2014)
and the radiocarbon dates have a large uncertainty which
results in overlapping ages, obscuring potential peaks
and lows.
During the second part of the Middle Pleniglacial, after

40 ka cal BP, the interstadials were shorter, and climate
generally became colder (van Huissteden and Kasse, 2001). A
climate cooling and a first change in river pattern after ca.
40 ka cal BP was observed in eastern Germany (Kasse et al., 2003).
After 40 ka cal BP deep seasonal frost was replaced by
discontinuous permafrost conditions. Related to the cooling a
general decrease in organic productivity seems to have occurred
in the Twente region and Groote Wielen since the number of
radiocarbon dates shows a decline from 40 to 32 ka cal BP

(Fig. 2). In addition, at ca. 40 ka, the Proboscidea dates from
Doggerland decline and disappear rapidly. This possibly
indicates an environmental (vegetation) change around 40 ka
cal BP from generally dry steppe to wetter tundra conditions,
unfavorable for mammoths. However, other terrestrial fauna from
Doggerland and Groote Wielen persisted up to the Weichselian
Middle to Late Pleniglacial transition (Fig. 2).
Between 31 ka cal BP and the end of the Late Pleniglacial

(start of the Late Glacial at 14.7 ka cal BP) no organic material
from the Dinkel Basin (Twente) was found and dated (Fig. 2)
(van Huissteden, 1990; Ran, 1990). Sediments from the Late
Pleniglacial are almost exclusively clastic and organic material
is virtually absent in the braided river deposits. Therefore, a
sparse or even absence of productive vegetation is deduced,
and the environment is considered a polar desert (van der
Hammen and Wijmstra, 1971; Vandenberghe, 1985). The
scarcity of vegetation strongly reduced the carrying capacity of
the landscape and explains the absence of faunal dates in
Doggerland and Groote Wielen (Fig. 2). The dry climate and
limited vegetation promoted strong aeolian activity (Older
Coversand I: van der Hammen, 1951; van Huissteden
et al., 1986; 2000; Vandenberghe and van Huissteden, 1988;
Kasse et al., 2007; Vandenberghe et al., 2013; van Hateren
et al., 2022). The sediments are generally strongly deformed by
cryogenic processes, with frost cracks, ice‐wedge casts,

large‐scale (dm) and small‐scale (cm) involutions indicating
maximal cold conditions and continuous permafrost during
the first part of the Late Pleniglacial (Kasse, 2002). It coincides
with low oxygen isotope values and a high dust flux in the
Greenland ice‐core record between 28 and 23 ka (Fig. 2)
(Rasmussen et al., 2014). The regional decline and disappear-
ance of mammoth fauna after 30 ka cal BP in Doggerland and
the Netherlands can be linked to the harsh climatic conditions.
However, elsewhere in Eurasia the mammoth fauna persisted
for longer, until after the Last Glacial Maximum (Stuart and
Lister, 2007). The absence of dates between ca. 28 and 14.7 ka
cal BP in our study also contrasts with the situation in the Eifel
region (Fig. 1) in Germany (Sirocko et al., 2016, 2022). Pollen
and spores of feces‐inhabiting fungi from the volcanic lakes
Holzmaar and Auelmaar indicate continuous presence of large
mammals between 60 000 and 9000 BP. One potential
explanation for this apparent discrepancy is that the environ-
mental conditions in the hilly, more sheltered Eifel region were
less extreme (refugium conditions) than in the flat lowlands of
the Netherlands and Doggerland.
Final Late Pleniglacial sediments show weaker cryogenic

deformation, indicating a slight climatic improvement and first
permafrost degradation. This weak temperature rise is also
noticeable in the ice‐core record by a slight increase in oxygen
isotope values after 23 ka cal BP (Fig. 2; Rasmussen et al., 2014).
However, the presence of frost cracks and small sand wedges
indicates continuation of cold, dry and barren conditions with
widespread aeolian deposition (Older Coversand II) in the
second part of the Late Pleniglacial (Kasse, 2002). The
substantial reduction of vegetation and fauna is indicated by
the absence of radiocarbon dates in this time window, except
for one bone date (18 300 cal BP; GrA‐38211) (Fig. 2). The
specimen is a ‘goat‐like animal’ (Caprinae) from the Brown
Bank area, which could not be further identified. The sample
was dated in triplicate, all with the same result (van der Plicht
and Kuitems, 2022), and there is no reason to doubt the date as
the sample quality parameters were good and there were no
signs of contamination.
The start of the Late Glacial at ca. 14.7 ka cal BP is

characterized by an abrupt temperature rise as indicated by the
ice‐core record (Fig. 2) (Rasmussen et al., 2014) and insect
studies (Coope, 1977; Coope and Joachim, 1980; van Geel
et al.,1989). The temperature rise is also reflected by the
immigration of plant species and stabilization of the land-
scape, as indicated by radiocarbon dates of peat in Twente,
later followed by Doggerland terrestrial fauna and Homo
sapiens (Fig. 2). However, the response of the terrestrial
sedimentary environments and vegetation was probably
delayed as the vegetation response not only depends on
temperature, but also on precipitation and nutrient availability
(van Geel et al., 1984).

Dating limits and reservoir effects

Quite a number of dates are close to or beyond the dating limit
of the 14C method (Fig. 2). Therefore, sample integrity is of
great importance. Reliability is determined by a complex
interplay of sample material integrity, contamination issues
and proper blanks. For skeletal material, a safe limit for 14C
dates of bone material appears to be 45 000 BP (ca. 50
000 cal BP) as determined by Olsson (1989) and van der Plicht
and Palstra (2016). This observation is based on many bone
samples from, in particular, the North Sea region. This is
apparently an environment where degradation plays an
important role, especially for bone collagen which is the
datable fraction of bone. This problem is especially clear for
the marine fauna dates (Fig. 2). Sea level was lower than

© 2023 The Authors Journal of Quaternary Science Published by John Wiley & Sons Ltd. J. Quaternary Sci., Vol. 39(2) 248–260 (2024)
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−50m NAP (Dutch Ordnance Datum, approximately modern
sea level) during most of the Weichselian Middle Pleniglacial
(Busschers et al., 2007) and Doggerland was dry land. For this
reason, Rijsdijk et al. (2013) argued that marine fauna from the
southern North Sea probably represents reworked Eemian
marine assemblages contaminated by younger carbon.
Like bone, also organic deposits such as peat may show

contamination issues close to the 14C dating limit. When the
carbon content is similar to that of recent (not degraded)
material, degradation is not a factor. In this respect a molar
sample of a Megaloceros giganteus from the North Sea is
illustrative. It yielded a poor‐quality collagen date of 34 720 BP

which was not accepted because of its low C and N contents.
In this case the molar folds contained food remains of the
animal. This plant material yielded an acceptable date (based
on C content and 14C background) of 38 570 BP (van Geel
et al., 2018). Another problematic collagen case is the only
Neandertal bone sample known from the North Sea region.
This sample could not be dated because it did not contain
datable collagen (Hublin et al., 2009).
One of the uncertainties concerning absolute ages of 14C

samples is caused by the so‐called ‘reservoir effect’. This
applies to aquatic reservoirs which contain less 14C (in
dissolved form) than the atmosphere and the terrestrial
environment (Lanting and van der Plicht, 1998). For oceans
this is caused by upwelling of deep, old water, and for rivers
by dissolved carbonate of fossil age (i.e. containing no 14C).
Therefore, organisms from aquatic reservoirs contain less
14C than contemporaneous samples from the terrestrial
environment, and thus appear older. This applies to aquatic
organisms such as fish and whales, but also to fish
consumers such as polar bears, seals and birds like the
giant auk which are all represented in our dataset. It also
applies to humans with a significant aquatic diet (e.g.
Arneborg et al., 1999; Cook et al., 2001). This apparent age
is called the ‘reservoir effect’ and needs to be subtracted
from the 14C date in BP, in order to obtain the proper 14C age.
For the Holocene North Sea, the general number for the
reservoir effect is 400 years. For pre‐Holocene samples
the value depends on locality and time (Alves et al., 2018;
Heaton et al., 2020, 2022).
We note here that the reservoir effect needs to be subtracted

from 14C dates in BP, when calibrating with IntCal20 (Reimer
et al., 2020) which is the valid calibration curve for terrestrial
samples. This subtraction is not needed when calibrating with
Marine20 (Heaton et el., 2020) which incorporates the marine
reservoir effect.
For freshwater bodies, different values for the reservoir effect

apply. For example, the modern river Rhine has a reservoir
effect of 1300 years (Mook, 2006; Lanting and van der
Plicht, 1998). This obviously leads to much larger reservoir
corrections. Additional complications are that in estuaries one
has to deal with a mixture of marine and freshwater reservoir
effects, as well as mixed diets such as subsistence from both
terrestrial and aquatic resources.
The Doggerland data do contain bone samples subject to

reservoir effects. This is obvious for marine samples such as
beluga and seal, samples from rivers in Doggerland, and
consumers of aquatic (marine and/or freshwater) species. The
last include the giant auk, otter as well as humans. Doggerland
was inhabited by Mesolithic humans. It has been demonstrated
that these humans consumed mainly food from freshwater
resources (van der Plicht et al., 2016).
When the animal remains are retrieved by dredging, the

depositional context is unknown and therefore the size of the
reservoir effect cannot be deduced reliably. This is particularly
true for samples that may not be fully of marine origin, which

include for example carnivores thriving in estuarine environ-
ments such as the otter and seal species.
Because of these caveats, the 14C dates in Fig. 2 are shown

in cal BP without correction for a reservoir effect. However, on
a scale of 55 000 years, the effect is small and hardly (or not)
visible in Fig. 2. In addition, for the older dates the correction
for the reservoir effect would be smaller than the measurement
uncertainty associated with the radiocarbon dates. Given the
above and the small number of samples potentially affected,
we consider that the reservoir effect does not significantly limit
the interpretations of our results and does not change the main
conclusions of this article.
The North Sea fossil bone datelist is available from van der

Plicht and Kuitems (2022). This datelist shows 14C dates in BP

(measured) and cal BP (calibrated using IntCal20), the latter
clearly indicating which dates are subject to reservoir effects.

Conclusions
For the 55–5 ka radiocarbon dating range we recorded
radiocarbon‐dated vegetation and fauna (including humans) in
the Netherlands and Doggerland (North Sea). In total, 341
radiocarbon dates represent a uniquely large legacy dataset for
the region. Despite the size of the dataset we did not find clusters
of radiocarbon dates linked to Weichselian Middle Pleniglacial
warm periods of individual GI‐events as recorded in the
Greenland ice‐core record. During the Weichselian Upper
Pleniglacial, climate was too cold and dry for plants and thus for
mammals, including humans. Our analysis shows that there is a
fossil gap period ca. 28 000–15 000 years ago, indicating a
substantial reduction in vegetation and fauna biomass. We
interpret this fossil gap as a period when the environmental
conditions were unfavorable for plant growth, which in turn
limited the carrying capacity for large fauna, including humans.
The fossil gap lasted ca. 13 000 years and is in contrast to the
fungal and mammal records in the Eifel region in Germany.
Future research may lead to a better understanding of migration
patterns and extinction of mammals and may help to improve
the interpretation of archeological data.
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weathered soil horizon; D‐O events, Dansgaard–Oescher events;
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