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High-resolution studies of botanical microfossils and macroremains were performed on two Lateglacial sites in
The Netherlands. Both sites showed a thin Sphagnum layer, formed during the transition from the relatively warm
Bglling-Allergd interstadial to the cold Younger Dryas. Dendrochronological analyses revealed that pine trees
survived into the Younger Dryas for decades without producing relevant amounts of pollen, demonstrating an
asynchronicity between the decline of pine pollen and the actual death of the pine trees. We discuss possible
causes for the sudden occurrence of Sphagnum following on the pine forest dieback and conclude that there may
be a link with (perma)frost, causing perched water tables and inducing paludification. The formation of
Sphagnum peat at the beginning of the Younger Dryas is not necessarily an indicator of wetter climate but could
be an indication for a frozen subsoil inducing a (seasonal) perched groundwater table and cryopaludification.

1. Introduction

In northwest Europe the Bglling-Allergd/Younger Dryas transition
(BAYDT) was marked by an abrupt shift from temperate to subarctic
climatic conditions (Mangerud, 1987; van Geel et al., 1989; Brauer et al.,
1999; Naughton et al., 2023). Pollen diagrams show a steep decline of
Pinus pollen at this transition, indicating the demise of pine forest (van
Geel et al., 1989; Hoek, 1997; van der Hammen and van Geel, 2008),
while cold-tolerant, light-demanding herbaceous vegetation expanded,
signaling the transition to sub-arctic climatic conditions and soils with
incomplete vegetation cover. The abrupt climate shift is prominently
visible and well dated in the Greenland oxygen isotope records
(Rasmussen et al., 2014) and widely established in palaeorecords from
lake sediments (e.g. Brauer et al., 1999).

Two Lateglacial sites (Fig. 1) in the Netherlands: Usselo (van Geel
et al., 1984, 1989), and Treek (Bazelmans et al., 2021), were studied for
microfossils and macroremains. Both sites feature a complex stratig-
raphy, allowing a detailed reconstruction of their environmental history.
At both sites a compact, 3-5 cm thick Sphagnum peat layer had formed
on top of a Pinus pollen dominated deposit that accumulated during the
Bolling/Allergd interstadial. These Sphagnum peat layers were covered
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by wind-blown sand (Younger Coversand II sensu Kasse et al., 2007).
The poor preservation of the Sphagnum remains (leaves and stems) did
not allow their identification to the species level. The sequences are
depicted in Fig. 2. We avoided adding a (non-linear) time scale alongside
the (linear) depth scale in this figure as it would imply a level of pre-
cision that is not achievable based on the available dates.

The Usselo site (N 52.17841, E 6.84527; Fig. 1) is a type section of
Lateglacial stratigraphy in NW Europe. It features a local environmental
sequence (van Geel et al., 1984, 1989), starting as a shallow alkaline
pool during the early part of the Bglling-Allergd interstadial. The pool
terrestrialised and developed towards a mesotrophic mire where peat
was formed during the second half of the Bglling-Allergd interstadial.
Sphagnum suddenly started to dominate the local peat forming vegeta-
tion (final wetland succession stage) when the pine pollen curve strongly
declined. The presence of the testate amoebae Amphitrema flavum and
Assulina in the Sphagnum peat layer point to ombrotrophic conditions
and isolation from the minerotrophic groundwater. The compact, 3-5
cm thick Sphagnum layer was covered by aeolian sand, which is pre-
sumed to date from the Younger Dryas, since it is only during that
sub-arctic period that vegetation became open enough to allow for
widespread aeolian activity. For the micro and macrofossil diagrams and
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Fig. 1. Map of the Netherlands showing the locations of the sites Usselo (1) and
Treek (2).

for a detailed botanical-ecological interpretation of the Usselo sequence
we refer to van Geel et al. (1984, 1989).

For the Treek site (N 52.12012, E 5.38027; Fig. 1), a complex
dendrochronology was reconstructed with two separate Pinus phases by
Bazelmans et al. (2021). The dendrochronological dating of the second
(younger) Pinus stand provided an age for the death of the last trees
which is ~60 years later than the start of the YD, i.e. they state that ‘trees
died decades before and after c. 12,745 cal BP’ and that ‘the YD started
at 12,807 + 12 cal BP’. The Pinus phase at the Treek site was, like at the
Usselo site, followed by a (macrofossil) Sphagnum phase with Poly-
trichum. These mosses point to the development of moist, and
nutrient-poor conditions. Contrary to the Usselo site, this Treek site did
not develop from a mire and cannot be linked to terrestrialisation but
instead was preceded by a distinct dryland phase. The accumulation of
Sphagnum peat at the Treek site abruptly stopped when, like at the
Usselo site, Younger Coversand II was deposited on top of the vegetation
surface, suggesting the return to a dryland phase.

These results call attention to two questions.

Usselo
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1. The Treek site provides strong evidence for a several decades long
survival of trees beyond the start of the YD, pointing to a discrepancy
between their dendrochronologically established (real) death age,
and their earlier disappearance as deduced from the pollen record.
What are the causes of prolonged survival of tree species that were
still growing but did no longer produce sufficient pollen for the
production of a clear signal in the pollen assemblage (suppressed
flowering and reproduction)?

2. The development of Sphagnum peat is generally linked to climate and
succession-related terrestrialisation and paludification. However, in
case of the Treek site terrestrialisation can be excluded since no
previous mire wetland phase existed and paludification linked to the
development or presence of stagnative soil horizons can be excluded
since these are absent (e.g. Schaffhauser et al., 2017). The question
thus is what the cause might be for the sudden development of
Sphagnum vegetation (presumably Sphagnum carpets)?

2. Terrestrialisation/paludification and its causes

In the Netherlands and in other Northwest European countries,
extensive palaeoecological studies have been made on sites, mainly
lacustrine, where a stratigraphy covering the Bglling/Allergd Lateglacial
interstadial and YD is present in continuous sequences (e.g. van Geel
et al., 1989; Brauer et al., 1999; Hoek, 2001; Hoek and Bohncke, 2002;
Engels et al., 2016). From these studies it was concluded that the decline
of Pinus can be used as a time stratigraphic marker for the climatic
transition that occurred at the start of the YD. At both the Usselo and the
Treek sites, the Pinus phase is succeeded by a Sphagnum dominated
vegetation (macrofossil evidence). Based on the assumed synchronicity,
a hypothesis was generated on the genesis of these Sphagnum mires,
inferring an origin brought about by increased acidification and
waterlogging due to the climatic change, also creating adverse condi-
tions for pine survival and reproduction (Bazelmans et al., 2021).
Similarly, the formation of a Sphagnum carpet at Usselo was related to
changing local site conditions by van Geel et al. (1984, 1989). The
temporary dominance of Sphagnum was thus explained as the final stage
of an undisturbed terrestrialisation sequence, comparable with obser-
vations on peat growth in Holocene wetlands (e.g. Pals et al., 1980;
Faber et al., 2016; van Geel et al., 2016, 2020).

The succession trend of wetland vegetation often is as follows: the
environment changes from alkaline, eutrophic, through mesotrophic, to
acid oligotrophic conditions, because accumulation of peat leads to
increasing isolation of the mire vegetation from minerotrophic, often
alkaline groundwater through the built-up of a surficial rainwater lens.
The latter is facilitated by the reduced influence of run-off and
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Fig. 2. Pinus pollen percentage curves and estimated volume percentages of Sphagnum macrofossils at the Treek site (Bazelmans et al., 2021) and the Usselo site (van
Geel et al., 1989). The decline of Pinus pollen is a time-stratigraphic marker for the climate transition from Allergd to Younger Dryas. It dates the Sphagnum peat

layers recorded in both cores, to ca 13.0 ka cal. BP (Hoek and Bohncke, 2002).
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superficial seepage water from the surroundings because of the gradual
rise of the surface of the mire. Moreover, there is a sponge effect because
Sphagnum mosses store water in special cells (hyalocysts). The changing
environmental conditions thus will lead to changes in species compo-
sition and shifts to more rainwater-dependent species, enhanced by the
increasingly wet and cold climatic conditions during the YD. Sphagnum
carpets may contribute to their own lateral expansion, because Sphagna
render their environment acid (pH typically 3 to 4) through the pro-
duction of uronic acids, which dissociate. The resulting H+ ions are
exchanged against cations from the environment, such as K, Ca’*, and
Mg?* (Clymo, 1964), enhancing the competitive advantages of
Sphagnum over other plants in acidic waterlogged environments. Lastly,
the disappearance of Pinus stands leads to a reduced evapotranspiration
and thus larger net precipitation surplus, enhancing the terrestrialisa-
tion process. During the Holocene such gradual expansion of Sphagnum
carpets and associated transformation from minerotrophic to acid
oligotrophic conditions widely occurred in the Pleistocene sand land-
scapes of the Netherlands. This expansion is ascribed to the combined
effects of terrestrialisation and paludification (Crawford et al., 2003;
Jansen and Grootjans, 2019; van Beek et al., 2023). The latter involved
the gradual development and spread of an increasingly stagnative hy-
dromorphic podzol and so-called humilluvic horizons (or gliede) in peat
on top of an underlying podzol and/or in the top of such podzol (see e.g.
Sevink, 2019; Sevink et al., 2022), enhancing the development of a
perched groundwater table and above-described expansion of peat
carpets.

At Usselo the sedimentation (first gyttja and thereafter peat) started
during the treeless early Bglling interstadial (assemblage zone Ia; van
Geel et al., 1989), while Sphagnum growth extended into the Younger
Dryas. Some extant Sphagnum species nowadays occur in sub-artic areas
and, therefore, they can be categorized as cold-tolerant (Moore, 1989;
Gerdol and Brancaleoni, 2015). The record from Usselo shows that
Sphagnum growth indeed was not hampered by the cold conditions,
shortly after the start of the Younger Dryas.

At the Treek site no wetland phase existed before the Sphagnum
phase and the sudden occurrence of the Sphagnum phase cannot be
explained by terrestrialisation or paludification linked to such wetland
phase. This is illustrated by the cross section of the site, presented by
Bazelmans et al. (2021). The site is in a small depression in a high
coversand complex on the lower slope of a coarse textured and highly
permeable Pleistocene alluvial fan complex, at about 7 m above current
sea level. The Eem valley was open to the North and drained into the
North Sea basin (e.g. Vos, 2015). Sea level was at 60-80 m below the
current sea level (Lambeck et al., 2014). Given the overall geology and
late Weichselian geomorphology of the Central Netherlands, it is very
unlikely that even during relatively wet and cold Weichselian phases
groundwater in the coversand complex ever reached to above current
sea level. The alternative might be a perched groundwater table,
induced by a stagnative pedogenic horizon, which is known to have
formed the basis for the Holocene paludification observed throughout
the Netherlands (Jansen and Grootjans, 2019; van Beek et al., 2023).
However, in case of the Treek site, no indication was found for the
development of such stagnative podzolic soil horizons, the contempo-
rary paleosol (‘Usselo soil’) having the characteristics of a truly very
weakly developed podzol that does not qualify at all for such soil type in
the major soil classification systems, such as Soil Taxonomy (Soil Survey
Staff, 2014) and the WRB (FAO/ISRIC/ISSS, 1998). Nor does it exhibit a
humilluvic horizon or significant loamy strata with a low permeability
and sufficient thickness to induce the development of such perched
water table (Sevink et al., 2014, 2022).

An alternative explanation is that deep permafrost that existed dur-
ing the Weichselian Upper Pleniglacial had not yet fully disappeared and
in combination with a wetter and colder climate still could induce a local
perched water table during the early part of the Younger Dryas. How-
ever, most authors (Hoek, 1997; Kasse et al., 1995, 2007; Woolderink,
2014; Woolderink et al., 2019) conclude that permafrost had fully
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disappeared during the Bglling — Allergd interstadial. A similar expla-
nation might be that already during the early part of the YD surficial
permafrost or a seasonally deeply frozen soil developed, inducing a
seasonal perched groundwater table.

This second hypothesis - a seasonal deeply frozen soil - seems to be
far more realistic in view of the conclusions by Bohncke et al. (1993) and
particulary those of Hoek and Bohncke (2002) on the climatic and
environmental events over the Last Termination. The latter state that “At
the transition of the Late Allergd (Gl-la) to the Younger Dryas (GS-1)
round 13.0 ka cal. BP a major and abrupt change in the climate occurred.
Based on Coleoptera evidence, mean July-temperatures fell from be-
tween 15 and 18 °C to between 10 and 11 °C while mean
January-temperatures ranged from between —16 and + 6 °C to between
—15 and —7 °C (Bohncke et al., 1987). Based on botanical evidence
mean July-temperatures were between 11 and 13 °C (Isarin and
Bohncke, 1999). Hence, mean annual temperatures declined to below
—1 °C, probably between —2 and —5 °C, and allowed for the develop-
ment of discontinuous permafrost, which is supported by fossil peri-
glacial phenomena (Isarin, 1997)".

The death of the pine trees and onset of the Sphagnum accumulation
date from ~60 years after the start of the YD (Bazelmans et al., 2021). It
may well be that by that time a seasonally deeply frozen soil had led to
the development of a perched groundwater table in the local depressions
in landscapes with permeable surficial sedimentary deposits, such as
aeolian sands and coarse textured fluvio-periglacial deposits, which
during the previous Bglling — Allergd period were well drained. This
would imply that for such landscapes, which abound in the central part
of the Netherland, an alternative explanation exists for the development
of Sphagnum sheets and their expansion described above, other than by
the classic terrestrialisation or paludification, namely the development
of a perched groundwater level due to seasonal deep freezing of the soil.
We suggest describing this phenomenon as cryopaludification, distinctly
different from pedogenic paludification.

Sphagnum mosses have very little nutritional value. They consist
primarily of cellulose and contain minimal protein or energy, making
them an unsuitable food source. In areas with Pleistocene permeable
sediments that under non-permafrost conditions would be well drained,
such as the Western Netherlands and adjacent Southern North Sea basin,
cryopaludification may have led to Sphagnum carpets covering large
areas during the BAYDT. This might well have led to a food crisis for
both humans and other mammals in these areas. Ongoing research on
the contemporary vegetation and fauna (carrying capacity) may shed
light on such potential impact (van Geel et al., 2024).

3. Pollen production and death of trees

The data from the Treek demonstrate that Pinus trees survived but no
longer produced pollen for a significant period: in the order of 60 years
and well into the YD. Tree ring growth curves of the Pinus trees from the
Treek point at a reduced vitality with lower growth rates for this period
(Bazelmans et al., 2021). Hicks (2006) described such combination of
tree survival but dramatical reduction of pollen production taking place
under very similar but contemporary conditions in Northern Finland,
which strikingly resembles the phenomena observed at the Treek. Hicks
concluded that ‘even if pines stop producing pollen at this temperature,
they are, nevertheless, growing in both height and width and producing
needles (Pensa et al., 2005; Salminen and Jalkanen, 2005). Based on
these results one can hypothesize that, if there were a series of summers
with July temperatures below 11 °C, then this would be seen in a pollen
diagram as a period of very low pollen accumulation rates, the only
pollen present being that blown in from warmer areas.” Remarkably,
critical July temperatures reported by Hoek and Bohncke (2002) are
identical to those reported by Hicks (2006), suggesting that the YD
decline of Pinus pollen indeed can be linked to the YD climate cooling,
but that their death was delayed for a considerable period. In later
studies on the latitudinal forest limit in Finland, similar conclusions
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were drawn for Picea (Huusko and Hicks, 2009). Most studies on the
impact of climate change on forest growth and pollen production
concern changes towards higher temperatures and studies on changes
towards lower temperatures are scarce, but the rare available studies
point at a similar impact for other arboreal taxa, such as Betula (Sugita
et al., 2010).

4. Conclusions

Recent developments in dating methods have led to major advances
in the study of the Weichselian Lateglacial of the Netherlands, a period
that was marked by abrupt changes in climate and vegetation. High-
resolution dates and records call attention for two topics. The first
concerns the reliability of pollen data as indicators for the presence or
absence of tree species, notably of Pinus. The background is that pine
trees survived the abrupt and major YD climate change for decades,
while their pollen production sharply declined with the climatic cooling
at the start of the YD, causing pollen records with a resolution at such
decadal scale erroneously suggesting an earlier die-back. Whether other
tree species behave similarly is not clear, but the phenomenon is highly
relevant for the interpretation of pollen records for that period and
demonstrates the importance of dendrochronology. The second topic
concerns the potential impact, during the onset of the YD, of seasonally
or permanently deeply frozen soil on the hydrology of formerly well-
drained sand landscapes, such as those that are widely encountered in
the Central Netherlands. The impact likely was that perched ground-
water bodies developed in depressions and lows, inducing temporary
paludification and associated accumulation of Sphagnum peat. This
would imply that the accumulation of peat during the earliest part of the
YD cannot be a priori interpreted as an indication for a wetter climate but
instead might be an indication for a frozen subsoil, inducing a (seasonal)
perched groundwater table and ‘cryopaludification’. This review of the
existing studies on the Usselo and Treek sites resulted in a novel and
deeper understanding of the complex changes in vegetation, site con-
ditions and sedimentation that occurred during the BAYDT in the
Pleistocene sand landscapes of the Netherlands.
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