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Annually resolved tree-ring width variations and radiocarbon ages were measured from a collection of 120 La-
teglacial pine stumps excavated on the Swiss Plateau. These data – representing the oldest absolutely dated wood
samples worldwide – extend the absolute tree-ring chronology from Central Europe by 183 years back to
12 593 cal. yr BP (10 644 cal. yr BC). They also yield a 1420-year floating chronology covering the entire Aller�d and
the early Younger Dryas (14 170–12 750 cal. yr BP). Radiocarbon data suggest a 250-year jump in the 14C reservoir
correction around the time of the Aller�d to Younger Dryas transition, although calendric dating of the floating
chronology – by filling a �150 year gap – is necessary for confirmation. Various subgroups, based on the year of
germination, were used to assess temporal changes in growth characteristics along the Aller�d to Younger Dryas
transition. Comparison of these Lateglacial data with a reference data set of living and historic pines from the
Swiss Valais (AD 940–2000) revealed differences in both growth trend and level. The generally slower Lateglacial
growth was likely influenced by higher geomorphic activity and severe climatic conditions. After removal of the
biological age-trend, a strong common signal found in the tree-ring data suggests some skill in estimating inter-
annual to multidecadal Lateglacial climatic variations.
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Various global climate models predict an anthro-
pogenic forced rise in air temperatures of about 1.4 to
5.81C by the end of the 21st century (e.g. Stainforth
et al. 2005), whereas Holocene climate variability is re-
ported to be relatively low (e.g. Mayewski et al. 2004).
The last period of naturally forced large-scale climate
change of a similar amplitude and rate is reported for
the Lateglacial around 14 650 to 11 650 ice-core years
BP (Rasmussen et al. 2006). This period represents the
transition from the Last Glacial Maximum (LGM) to
the early Holocene and was characterized by large and
rapid changes in temperature and precipitation (Birks
& Ammann 2000; Bard 2002; Denton et al. 2005; EPI-
CA 2006, and references herein). The reconstructed
range of Lateglacial decadal-scale swings in annual
mean temperatures during the Aller�d to Younger
Dryas transition is quantified to be 3–61C (Croope et al.
1998; Ammann et al. 2000; Lotter et al. 2000).
Inferences on past environmental collapses or adapta-
tions triggered by such rapid changes will increase our
understanding necessary to anticipate future modi-
fications of the Earth’s climate system (IPCC 2001;
NRC 2006). To assess and increase knowledge on such
rapid Lateglacial to early Holocene climate fluctua-
tions, well-dated proxy archives of high resolution are
required.

For Central Europe, this Lateglacial episode of un-
stable climate conditions is reported from various ar-
chives of commonly lower resolution, i.e. decadal to
centennial scale (Magny et al. 2006). Palaeoclimatic
analyses of glaciological features such as snowline de-
pressions (Maisch 1995), speleothems (Wurth et al.
2004), stratigraphic deposits in high-elevation firn fields
(Wagenbach 1989) and lake sediments, particularly
through the development of isotopic (Eicher 1979),
pollen (Wick 2000), cladoceran (Lotter et al. 2000) and
chironomid time series (Heiri & Lotter 2005), can reveal
past variations in temperature. Such proxy data have
the advantage of being fairly abundant and, at the same
time, continuously extend into the last glacial period;
however, there is a limitation (Petit et al. 1999). Since
most of these archives are not highly resolved, they
cannot be used independently to pinpoint rapid en-
vironmental changes of interannual scale, and in most
cases not even within decadal precision. Dating un-
certainties from standard measurement biases are fur-
ther complicated in the case of radiocarbon-dating
by plateaus or even reversals in the calibration curve
(Reimer et al. 2004).

Annually resolved time series of radial tree-ring
growth overcome such resolution problems, and thus
are regarded as reliable evidence for a precise age
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determination and 14C calibration (Reimer et al. 2004).
In addition to the possibility of annual dating, mea-
surements of tree-ring width (Fritts 1976), density
(Schweingruber et al. 1979) and stable isotopes (e.g.
Treydte et al. 2006) have been widely used to robustly
reconstruct climatic variations during past centuries to
millennia (Jones & Mann 2004). Some few studies have
even used tree-ring data to reconstruct climate varia-
bility during the LGM to Holocene transition (Schaub
et al. 2007), and 50 000 years ago mainly during the
Marine Isotope Stage 3 (MIS3) (Roig et al. 2001). De-
spite these advantages of tree-ring data, the preserva-
tion of environmental changes is complicated by an
almost universal decrease of ring width and density
with tree age (e.g. Fritts 1976). This so-called age trend
can include some ecological forcing, but is mainly con-
stant for a given species, site and region (Esper et al.
2003). In inferring climate-related variability, any age
trend acts as a significant fraction of noise and there-
fore needs to be removed prior to any dendroclimatic
interpretation. This technique is known as standardi-
zation or detrending (Fritts 1976). The ability to re-
construct low frequency fluctuations from tree-ring
data sets, which are significantly longer than the mean
of the individual measurement series, however, is par-
ticularly challenging (Briffa et al. 1992; Cook et al.
1995; Briffa et al. 1996; Esper et al. 2003). The pre-
servation of such long-term trends depends on the de-
sign (i.e. sample replication and temporal distribution)
of the data set used (Esper et al. 2003; Melvin 2004;
Büntgen et al. 2005, 2006).

Over recent decades, work has continued on extend-
ing the absolutely dated ultra-long European tree-ring
chronologies back in time (see references herein). The
Hohenheim Oak Chronology (HOC), composed of more
than 4000 oak samples from several river valleys in

southern Germany, spans back to almost 10 000 cal.
yr BP (Becker 1993). Corrections with respect to the
chronology from Göttingen, spanning back to 9147 cal.
yr BP (Leuschner 1992), and a combination of addi-
tional samples resulted in an extension back to
10 429 cal. yr BP (Spurk et al. 1998). A combination of
the HOC and the Preboreal Pine Chronology (PPC;
Friedrich et al. 2004), as well as the inclusion of new
samples, further extended the calendar dated chronol-
ogy back to 12 410 cal. yr BP, which corresponds to
10 461 yr BC (Friedrich et al. 2004). This compilation
represents a worldwide unique data set developed by
many researchers from different institutes and coun-
tries. Following a general rule in palaeoclimatology, the
oldest part of the chronology is also the least robust, as
the first 85 years consist of only 2 trees from Zurich-
Wiedikon (hereafter abbreviated to ZHW1) (Kaiser
1993). ZHW1 has a 130-year overlap with the Cottbus
chronology from eastern Germany (Spurk et al. 1999;
Friedrich et al. 2004), which has been cross-dated to the
PPC. We previously introduced some new tree-ring
findings from Gaenziloo and Landikon near Zürich,
Switzerland, developed some shorter chronologies and
provided first interpretation (Schaub 2003; Schaub
et al. 2005, 2007).

In addition to the absolutely dated tree-ring data,
some floating (i.e. a continuous tree-ring time series
perhaps linked approximately in time by radiocarbon-
dating) Lateglacial chronologies from Daettnau, Swit-
zerland (Fig. 1) were developed by Kaiser (1979, 1993).
Other floating chronologies exist for Germany, north-
ern Italy (Friedrich et al. 2001, 2004) and southeastern
France (Miramont et al. 2000).

Here we seek to contribute to a more detailed under-
standing of environmental conditions during the La-
teglacial to early Holocene episode by: (i) extending the
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Fig. 1. Location of the original study sites Landikon (LAN), Gaenziloo (GAE), Birmensdorf (BIR) and Zurich-Wiedikon (ZHW) at the
Uetliberg near Zurich, Switzerland, Daettnau (DAE) and Cottbus (see overview).
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absolutely dated European pine chronology back to
12 593 cal. yr BP (10 644 cal. yr BC), (ii) improving the
early radiocarbon calibration curve through new 14C
measurements, (iii) analysing pine growth-trend chan-
ges along the chronology, and (iv) reconstructing dec-
adal-scale environmental fluctuations of the Aller�d to
early Holocene interval (�14 200–11 600 yr BP).

Data and methods

Geographical settings

The four study sites considered here, Gaenziloo (GAE),
Landikon (LAN), Zurich-Wiedikon (ZHW) and Bir-
mensdorf (BIR), are all located on the Swiss Plateau in
the greater area of Zurich (Fig. 1). They are situated
within a distance of 6 km from each other and between
430 and 500m a.s.l. in the Sihl and Reppisch valleys on
both slopes of the Uetliberg (873m a.s.l.). Today, mean
climatic conditions of this northern pre-Alpine region
are classified as moderate (Veit 2002). During the last
Ice Age, however, conditions were much more severe,
and the Uetliberg was a nunatak, mainly composed of
upper freshwater molasse (UFM), situated between the
Linth–Rhine and Reuss glaciers (Schaub 2003; Schaub
et al. 2007). The two canyon-like valleys were carved
into the UFM as drainage channels by glacial melt-
water at the transition into the Lateglacial. High-energy
mass movements and landslides from the upper parts of
the slopes filled these local channels after the meltwater
pulse subsided. Subsequently, alluvial soil of clayey,
silty and sandy sediments originating from the UFM
bedrock were deposited by slower but more continuous
geomorphic processes, allowing first herbages (e.g. true
grasses, sedge and aster) and a pioneer vegetation (e.g.
pine, birch, juniper, willow, sea buckthorn) to be re-
established from the valley bottom upwards along gen-
erally lower portions of the slopes. The re-forestation
process, itself taking place during periods of lowered
geomorphic activity, caused a further reduction in se-
dimentation rates. During such periods of relatively
stable environmental conditions, adult trees were bur-
ied by continuous but varying sedimentation rates of
predominantly loamy soil (Schaub et al. 2005). This
continuous accumulation of water-saturated sediments
most likely affected the formation and succession of
even climax vegetation. In this regard, Kaiser (1993)
and Schaub et al. (2007) described a clear relationship
between the depth of tree root coverage and the timing
of tree death.

During the past decade, various sites of Lateglacial
pine stumps have been recovered from several con-
struction sites within the greater area of Zurich (Kaiser
1993; Müller 2000). Owing to the prevailing ecological
and geomorphological circumstances of these sites (e.g.
slope decline, exposition, sedimentation processes),

fossil pine stumps were excavated, but no macro-
remains such as trunks and branches were found.
Similar results are reported from Finland, where pines
were buried by aggrading sand (Hekkinen & Tikkanen
1987).

A pioneering study by Escher (1911) described var-
ious loam-pits located on both slopes of the Uetliberg
near Zurich (Fig. 1) which were dated back to AD 1540.
These pits included hundreds of upright standing in situ
pine stumps with dimensions 50 to 150 cm in height and
20 to 50 cm in diameter (Grossmann 1934).

Sample collection, processing and radiocarbon-dating

Newly presented fossil pine (Pinus sylvestris L.) stumps
derive from the GAE (n=66) and LAN (n=47) sites
(Schaub et al. 2007), as well as from two sites previously
described by Kaiser (1993), namely ZHW (n=5) and
BIR (n=2). All sites are located close to the Uetliberg
(Fig. 1). Trees were sampled by cutting disc cross-
sections at different stump heights. The lowermost disc
samples were taken just above the root system, thereby
allowing determination of the trees’ germination date,
while higher disc samples were taken to obtain ring-
width sequences less prone to any irregularities or ec-
centricities from root disturbances (Schaub et al. 2005,
2007). Annual variations in tree-ring width were mea-
sured on a Lintab measurement stage at 0.01mm
resolution using the program TSAP (Rinn 1996). Two
radii were measured per disc, with two discs measured
per tree. The four measurement series obtained per in-
dividual were then synchronized on a light-table, their
dating checked using t-values (test for correlation sig-
nificance) and the Gleichläufigkeit (Glk) parameter (for
details, see Rinn 1996), and finally screened for missing
rings using the program COFECHA (Holmes 1983).
All four tree radii were averaged together, forming tree
mean series which were subsequently averaged on a
site-by-site basis into chronologies.

Additionally, the 14C content of numerous wood
samples was measured (Schaub et al. 2007), thereby fa-
cilitating initial tree-ring synchronization and provid-
ing data contributing to the absolutely dated
radiocarbon calibration curve. Wood samples (mostly
containing exactly 10 successive annual tree rings) were
processed at the Heidelberg Radiocarbon Laboratory.
These subsets were pretreated in a modified AAA pro-
cedure and combusted to CO2 in a Parr bomb. CO2 gas
was purified and counted for 10 days in gas counters
(Kromer &Münnich 1992). The variable content of 14C
in the atmosphere is preserved in the tree rings, but
complicates the calibration of radiocarbon ages into
calendar years. The IntCal04 reference data set is gen-
erated by tree-ring data (0.0–12.4 cal. kyr BP) and by
data from marine records, such as corals and for-
aminifera (12.4–26.0 cal. kyr BP) (Reimer et al. 2004).
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Fluctuations in atmospheric 14C content allow floating
series of radiocarbon dates to be ‘wiggle-matched’ to a
reference data set (Ramsey et al. 2001). Floating
chronologies of this study were dated relative to each
other using 14C data, with positions refined through
wiggle-matching (Figs 2, 3). 14C ages are given relative
to AD 1950.

The high-precision 14C ages are reliant on ring posi-
tion determined in the chronology and are relative to
the Cariaco 14C data set (Hughen et al. 2000). The
radiocarbon calibration data set (IntCal04) is based on
marine radiocarbon data beyond 12 400 cal. yr BP
(Reimer et al. 2004). Compared to the atmospheric 14C
level, the marine 14C data from the Cariaco sediments
or from corals, both originating from a mixed layer,
depend on the rate of gas exchange (atmosphere–
ocean) as well as on oceanic circulation (Kromer et al.
2004). In an attempt to account for such influences,
a reservoir correction was applied. For terrestrial
calibration, the marine 14C ages were adjusted by 400

years in the Younger Dryas; prior to this time period, a
correction of 650 years is used. See Kromer et al. (2004)
and the discussion below for more details about possi-
ble shifts in the marine reservoir correction.

Growth-trend analyses

To understand tree growth as a function of time, i.e. to
detect temporal changes in growth-trend behaviour
from the Aller�d to the Younger Dryas transition, the
original data set of 120 mean measurement series was
separated into 14 subgroups, referred to here as S1–S14
(Fig. 4A). This classification, based on the trees’ ger-
mination date and considering pith offset estimations,
resulted in a compromise between the number of possi-
ble subgroups and their individual replication. To en-
sure a robust calculation of the subgroups’ specific
growth-trend patterns, analyses were based on at least
24 radii from 6 or more trees. For each temporal sub-
group (S1–S14), the individual series was aligned by its
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cambial age; that is, aligned by its birthday rather than
calendar year to assess the age-related trends. The ar-
ithmetic mean of the age-aligned series, the so-called
regional curve (RC), describes the age-trend character-
istic for a given subgroup (for details, see Esper et al.
2003).

To improve the robustness of such RCs, yet still
provide insight into temporal changes of RC char-
acteristics, six larger groups (G1–G6), each represent-
ing a different fragment of the Aller�d to Younger
Dryas transition, were created (Fig. 4B).Mean segment
length (MSL) and average growth rate (AGR) calcu-
lated for each subgroup provide information on data
composition through time. Segment length (SL) and
mean cambial age (MCA) of the full data set including
120 trees are used to describe fluctuations in stand dy-
namics from the Aller�d to Younger Dryas (Fig. 4C).

A more recent pine reference data set from the Swiss
Alps was utilized for comparison between the Lategla-
cial growth-trend patterns and those observed over the
past millennium (Fig. 4D). This compilation of 186 liv-
ing and historic series spans the AD 940–2000 period. It
was collected by M. Schmidhalter in the Swiss canton
Valais, primarily in the Rhone valley �1000m a.s.l.,

and is generally representative of climate-sensitive pine
growth within the greater Alpine region (Frank &
Esper 2005a, b).

Environmental signal detection

To further detect environmental signals embedded
within the raw measurement series, individual spline
detrending was applied to systematically remove
growth trends thought to be induced by non-climatic
influences, such as ageing and/or site ecological effects
(Fritts 1976). An adaptive power transformation was
first applied to eliminate heteroscedastic behaviour of
the raw tree-ring measurements (Cook & Peters 1997).
To retain interannual to multidecadal scale variations,
relatively stiff 300-year cubic smoothing splines (Cook
& Peters 1981) were fitted to the power transformed
series, and residuals between the measurements and
splines were calculated. Note that even though the de-
trending technique applied here retains some mid-term
fluctuations, the approach of individually fitting a
spline to each series eliminates signals on wavelength
longer than the series mean segment length (details in
Cook et al. 1995). All detrended series were averaged to
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form chronologies using a biweight robust mean (Cook
1985). The number of samples per year and the cross-
correlation coefficient between all measurements were
used for variance stabilization of the chronologies to
avoid changes in variance related to changes in sample
depth but not for changes in the inter-series correlation
(Osborn et al. 1997). For signal strength assessment
(Wigley et al. 1984; Cook & Kairiukstis 1990), the
inter-series correlation (Rbar, ½�r�) and the expressed
population signal (EPS) were computed (Fig. 5). For
detrending, chronology development and statistical
analysis, we used the program ARSTAN (Cook 1985).
For illustration, all chronologies were 20-year
lowpass-filtered.

To understand the occurrence of external forcing as a
function of time, i.e. to detect common growth varia-
bility from the Aller�d to the Younger Dryas, we sepa-
rated the original data set into subgroups S1–S14 (Fig.
5A). This classification was based on earlier decisions
mentioned above. For each temporal subgroup (S1–
S14), a so-called subchronology was then developed,
and to provide a more robust picture of Lateglacial
environmental variability (Fig. 5B), four well-replicated

mean chronologies spanning differing time-windows
were utilized (for details see below).

Results

Chronology development

Tree-ring series from Birmensdorf and Gaenziloo were
successfully cross-dated with each other and their mean
to the ZHW1 chronology. We refer to this new collec-
tion of 20 measurement series from 5 trees as the
Younger Dryas B (YD_B) chronology (Fig. 2B). The
YD_B chronology comprises 3 trees from Gaenziloo
and 2 from Birmensdorf, and spans 412 years. The in-
ternal cross-dating of this material, both visually and
statistically, was possible due to the strong common
signal and long period of overlap. The mean
Gleichläufigkeit (Glk) and the t-values after Baillie-
Pilcher (tBP) and Hollstein (tH) of the YD_B chronology
are 65.5%, 6.8 and 6.4 (for details, see Rinn 1996). Ac-
cordingly, the YD_B chronology extends the absolute
tree-ring chronology by 183 years to 12 593 cal. yrBP

A

B

C

(D)

Fig. 4. A. Temporal distribution of the 120 Lateglacial pine series (horizontal grey bars) from Landikon, Gaenziloo, Birmensdorf and Zurich-
Wiedikon. Black dots indicate the series distribution arranged by their outermost ring. The RCs of the 14 subgroups are indicated by black lines
and 20 (10) year lowpass-filtered (A and B). B. S2 to S11 were divided into early (G2) and late (G3) Aller�d subgroups, separated here by dashed
lines. C. Mean cambial age (MCA) and segment length (SL) shown for each year along the entire data set. D. The RC of a recent reference data
set.
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(10 644 cal. yr BC). This dating is supported by high
statistical agreement between the YD_B and ZHW1
chronologies (Glk=62%, tBP=4.7 and tH=4.4) and
independently confirmed by 14C age determinations
(see Fig. 3B). Thus, here we present the oldest abso-
lutely dated wood samples worldwide.

Four samples taken from three different trees in-
cluded in the YD_B chronology were further radio-
carbon-dated (Table 1). Using the dendrochronlogical
data and the known number of calendar years between
different 14C measurements, better estimates of the age
may be obtained via wiggle-matching than are possible
from non-cross-dated tree-ring material. Via wiggle-
matching with the Cariaco calibration data set (Hughen
et al. 2000), dating of the YD_B samples was estimated
to lie within the time-window of approximately 12 600
to 12 400 cal. yr BP (Fig. 2C). The calibration curve
displays various 14C age plateaus and inversions during
this time (Fig. 3), which complicates absolute dating in

the absence of cross-dating. However, the radiocarbon
data do provide independent support for the den-
drochronologically determined position.

In addition to YD_B, two other chronologies (YD_A
and YD_C) of Younger Dryas age were built. Both are
wiggle-matched to the Cariaco reference data set.
YD_A comprises nine trees from Gaenziloo. The 212-
year-long data set is radiocarbon-dated to an age of
approximately 12 800 to 12 600 cal. yr BP (Fig. 3). No
other European terrestrial archive of annual resolution
is available during this Lateglacial period. The oldest
trees of YD_A germinated during the first portion of
the Younger Dryas, which was characterized by the
onset of generally colder conditions around 12 850
cal. yr BP (Rasmussen et al. 2006).

YD_C includes seven series from three different sites
near the Uetliberg (LAN=3, ZHW=3, GAE=1)
and spans 393 years. It is dated by both radiocarbon
ages and converted to a calendar year by tree-ring
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Table 1. Radiocarbon data and corresponding dendro-ages of the fossil samples of chronology YD_B.

Dendro sample ID Subsample ring no. Dendro-age (cal. yr BP) 14C lab. ID 14C age BP Error (1 sigma)

G 27 59–68 12 535–12 526 Hd25008 10 579 33
G 102 95–104 12 480–12 471 Hd25006 10 518 26
G 27 148–167 12 446–12 427 Hd22000 10 449 29
G 34 193–202 12 395–12 386 Hd25067 10 433 25

80 Schaub et al. BOREAS 37 (2008)



cross-dating to 11 930 to 11 538 cal. yr BP. This abso-
lutely dated material extends into the Preboreal, which
starts around 11 570 cal. yr BP (Friedrich et al. 1999)
and provides additional evidence for environmental
conditions during this time.

The longest currently existing Lateglacial tree-ring
chronology (ZH LG_1) comprises 97 series from Gaen-
ziloo (n=53) and Landikon (n=44). Even though this
floating chronology cross-dates with the former chron-
ologies DAEALCH1 to 3 and DAEBOECH, so far it is
not calendrically dated (Fig. 2A). From this material,
however, almost 100 radiocarbon ages from 42 differ-
ent trees were obtained (Fig. 3A). Via wiggle-matching,
ZH LG_1 fits within an age range of 12 150 to
10 610 14C yrBP, which is equal to approximately 14 170
to 12 750 cal. yr BP. In this period, the gradient of the
Cariaco data set fits well to that of the tree rings, as-
suming a reservoir correction of 650 years (Kromer
et al. 2004), although there is a short data gap (Fig. 4A).

Growth-trend patterns

The entire data set, comprising the ZH LG_1, YD_A,
YD_B, ZHW1 and YD_C chronologies, has been dated
to years BP either via cross-dating or approximately by
wiggle-matching (Figs 2A, 3). The age-aligned series of
the 14 subgroups displays the spreading of the La-
teglacial forest because of the sampling technique used:
pith age equal to germination age. Periods of high tree
mortality (e.g. 13 500 cal. yr BP) and some high germi-
nation rates (e.g. 13 400–13 350 cal. yr BP) are revealed.
Such periods provide clues to sedimentation activity
and likely also to climatic variations.

Depending on their temporal position, the Lategla-
cial pine subgroups show RCs of different shape. Simi-
lar curve progressions and absolute growth values are
detectable. The RC of subgroup S1 is similar to that of
the mean Aller�d RC previously presented in Schaub
et al. (2007) showing an arched curve with trees reach-
ing maximum radial growth after approximately
100 years, followed by a slow decrease. For the first part
of the Aller�d (13 800–13 400 cal. yrBP), the RCs tend
to be more linear in nature. However, subgroups S7 to
S9 are unique. For the first 70 years, they show a very
steep juvenile growth increase and reach the highest
values of absolute growth for any of the Aller�d or
YoungerDryas subgroup RCs. S10 and S11 are again of
different shape with a moderate juvenile increase fol-
lowed by an abrupt decrease at the year 12 900 cal. BP.
The growth trend of the earliest Younger Dryas chron-
ology (S12) is almost triangular in shape, with peak
growth rates occurring at around 50 years.

To document Lateglacial tree-growth-trend changes
more robustly (i.e. with sufficient sample size), the ser-
ies was separated into six subgroups (G1–G6; Fig. 4B).
Owing to increased replication, G2 and G3 possess a

smoother appearance and show maximal values after
about 100 years of juvenile growth. Maximal growth
after 100 years is also found in G1 (Schaub et al. 2007).
In contrast, chronologies as of early Younger Dryas
reach highest growth rates already after about 50 years.
Interestingly, the MSL remains relatively stable
throughout the Aller�d, but shows a minimum during
the Aller�d to Younger Dryas transition (Fig. 4B).
MSL of all other series ranges between 272 and 210
years, whereas the series from G4 have an MSL of 140
years. AGR ranges from 0.65 to 0.79mm/yr, but G5
shows a mean increment of almost 1.00mm/yr. The
germination of different populations is further in-
dicated by the MCA curve with increased re-generation
around years 14 000, 13 700 and 13 300 cal. yr BP.

The recent composite reference data set shows re-
markable differences in growth behaviour compared to
the Lateglacial material. The recent RC (Fig. 4) is close
to the classical negative-exponential shape (e.g. Bräker
1981) also shown in other studies using large and fairly
representative data sets of Holocene pine growth in
northern Fennoscandia (Helama et al. 2005).

In addition to the shape of the age trend, differences
are also observed in the absolute tree-ring widths. While
the reference data set shows an AGR of 1.22mm/yr
(in relation to replication), the Lateglacial chronologies
possess an overall mean of only 0.76mm/yr. Maximum
growth, which perhaps more closely reflects the pro-
ductivity constraints on tree growth from all environ-
mental conditions, is also distinctly lower in the
Lateglacial series (1.4mm/yr) compared with the more
recent data set (2.25mm/yr).

Environmental variability

Division of the data set composed of 120 series from
primarily 2 sites into 14 subgroups allows the common
signal in decadal-scale growth fluctuations to be tested.
As the independent subgroups do not utilize any of the
same material, it is likely that common variations re-
flect regional-scale environmental forcing. As men-
tioned above, we look at this environmental forcing
after the age-related trend has been removed. During
periods of overlap, the subgroups generally show high
agreement for the timing of positive and negative
growth anomalies. Positive anomalies are clearly de-
tectable between the relative years 850 to 950 indicated
by all the available subsets. Negative anomalies corre-
spond well with each other (e.g. years 950 to 1050).

The currently oldest calendrically dated tree-ring
chronology (YD_B; 12 593–12 182 cal. yr BP) denotes
positive anomalies between 12 550 and 12 500 cal.
yr BP. Furthermore, mostly negative growth anomalies
of approximately 50 years in length are shown sepa-
rated by shorter positive anomalies. Distinct negative
and positive growth anomalies are also observed in the
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chronology YD_C (11 930 to 11 538 cal. yr BP). Positive
(11 720 to 11 630) and negative (11 630–11 540 cal.
yr BP) anomalies are particularly evident in the records
of the past two centuries.

Subsets S1 to S11 (ZH LG_1) are summarized in
Fig. 5B and, showing the full chronology, provide an
overview of the anomalies during the Aller�d and
Younger Dryas period. The most distinctive positive
departures are shown at positions 300, 900 and 1450 as
well as about 12 500 and 11900 cal. yrBP. Negative
departures are revealed at positions 250, 450, 800, 1000
and during the Aller�d to Younger Dryas transition (po-
sition 1350). Additional negative patterns are reported
for the first 50 years of the absolutely dated chronology
and for the 12 400 and 11 600 cal. yrBP periods.

The mean interseries correlation (Rbar; Fig. 5A) is
0.23 and is reasonably typical for between-tree correla-
tions. EPS values (mean 0.81; Fig 5A) calculated for ZH
LG_1 do not always fully meet the signal strength rules-
of-thumb utilized in ‘modern’ dendroclimatology, in-
dicating, as for most longer composite chronologies,
that more samples would be useful in improving signal
quality. The signal strength of this record is lowest to-
wards both ends as replication tapers away. The Rbar
and the EPS values of the composite reference data set
are 0.16 and 0.69, respectively.

The first two centuries of Younger Dryas have posi-
tive anomalies between 1400 and 1500 (approximately
12 770–12 670 cal. yr BP) and are generally negative for
the rest of the record. During a short period of esti-
mated overlap between the ZH LG_1 and YD_A
chronologies, which is at position 1370 to 1420, en-
vironmental signal agreement is evident.

Discussion

Chronology extension and radiocarbon-dating

Extension of the absolutely dated tree-ring chronology
by 183 years is relevant for radiocarbon age determi-
nations in generating the 14C calibration curve. By tak-
ing into account the still sparsely and scattered
locations of the little cross-datable wood material
available for the Younger Dryas, key evidence for esti-
mating environmental variability during that period
can be obtained. In this context, the floating chronol-
ogy YD_A (212 years) is important in closing prevail-
ing data gaps. Radiocarbon high precision data
indicate a small overlap of the two Younger Dryas
chronologies YD_A and YD_B (Fig. 2). Tree-ring dat-
ing, however, remains insecure. In contrast, the wiggle-
matching results show a clear overlap between ZH
LG_1 and YD_A.

The currently longest Lateglacial chronology ZH
LG_1 spans 1420 years and is wiggle-matched to the
marine 14C data set of Cariaco by the distinct slope in

the course of the 14C calibration curve, which is caused
by a strong increase in the 14C level at onset of the
Younger Dryas (Fig. 2A). For the link, we assume that
the 14C rise is synchronous in the atmosphere and the
oceanic mixed layer at the Cariaco site, i.e. supported
by the short turnover time of approximately 8 years of
14C with respect to atmosphere–ocean exchange. How-
ever, we can match the tree-ring based (terrestrial) 14C
data to the marine Cariaco data only if we assume an
increased marine reservoir age of 650 years, rather
than the commonly used 400 years. A possible ex-
planation of such a change could be transient expan-
sion of Atlantic intermediate water of Southern
origin and retreat during the Younger Dryas (for dis-
cussion, see Kromer et al. 2004). For the mid-Younger
Dryas tree-ring extension we can confirm the reservoir
age of approximately 400 years; hence, the transition at
the Cariaco site must have occurred within the time in-
terval of the chronology gap in the early Younger
Dryas.

Growth-trend shifts

The growth trend (RC) can be regarded as being pri-
marily age-related and independent of climatic influ-
ences. As shown in the reference data set (Fig. 4D), the
growth trend expected based on the modern analogue is
a negative exponential decline. However, by computa-
tion and comparison of the RCs at different periods
along the Aller�d–Younger Dryas chronology, we de-
termined that, depending on the time period, the shape
of radial growth varies greatly. Maximum growth dur-
ing the second part of the Aller�d is significantly higher
that of the first part, which seems to be more constant
across biological age. These differences suggest strong
influences from forcing mechanisms external to in-
herent age-related growth characteristics. The potential
growth of these pines seems to be reduced by exogenous
factors such as temperature, precipitation, competition
and/or aggradation processes. This hypothesis is also
supported by the average growth rates, which are about
40% lower compared to the modern pine analogue
data set. However, in some periods, such as around
13 300 cal. yr BP, Lateglacial tree-growth (2mm/yr) al-
most reaches the maximum rates of the recent chronol-
ogy. With regard to the wide ecological amplitude of
the Scots pines, and considering exogenous factors,
precipitation and stand competition probably do not
play a strong role as limiting factors. Sedimentation
rates of 2.5mm/yr during the Aller�d and up to 7mm/yr
at the onset of the Younger Dryas are likely to be more
dominant influences on tree growth (Schaub et al.
2007). On the slopes, the amount of erosion and conse-
quently the amount of sedimentation at the slope bot-
tom does not remain constant. Longer-term vegetation
changes seem to be of primary importance, with
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reduced erosion as pioneer plants began to occupy
higher and higher positions along the Uetliberg as ice
retreated. Water abundance, controlled by heavy rain-
fall and melting snow, was also likely important in de-
termining the seasonality and interannual changes in
sedimentation rate.

The influence of aggradation affects the MSL di-
rectly. Scots pines die as soon as they are covered under
approximately 1m of soil, since they are unable to react
by forming an adventitious root system (Kaiser 1993;
Schweingruber 1996). At the Uetliberg, therefore, the
segment length (SL) graph in Fig. 4D to some extent
reflects the intensity of fine-grained sedimentation for
2000 years. At onset of the Younger Dryas around
12 850 cal. yr BP, a clear reduction in the SL is obtained.
After a distinct depression of about 300 years, a re-
covery occurs during the second part of the Younger
Dryas. Not only the SL, but also periods of high tree
mortality (Fig. 4A, indicated by black dots, e.g. 13 500
and 13 000 cal. yr BP) provide temporarily high sedi-
mentary activity. In contrast, high germination rates
imply low aggradational activity as well as favorable
climatic conditions.

Besides the above listed external forcing agents, tem-
perature plays a decisive role in growth behaviour,
especially during periods of lower sedimentation.
Hence, detrended series probably possess a good pro-
portion of climate-related variability, as evidenced by
their common signal in Fig. 5 (Schaub et al. 2007). The
AGR is strongly affected by the prevailing environ-
mental conditions. Many archives suggest a tempera-
ture reduction of up to 3–6 1C for the Aller�d to
Younger Dryas transition (Croope et al. 1998;
Ammann et al. 2000; Lotter et al. 2000). Instead of such
an expected reduction in AGR, a growth increase is
observed at the onset of the Younger Dryas (G5 in Fig.
4B). A reduction of this range does not seem congruous
with the almost constant AGR. One possible explana-
tion is that major environmental changes were largely
restricted to the winter season and did not occur during
the warmer vegetation period (see Denton et al. 2005;
Lie & Paasche 2006).

Environmental variability and reconstruction
uncertainties

Synchronous positive and negative decadal-scale fluc-
tuations within independent subgroups were detected
and demonstrate a generally common signal (Fig. 5).
The high temporal accordance between subgroups, in-
cluding samples from different sites and periods, is evi-
dence of a regional-scale climatic signal. It is very likely
that temperature is responsible for most of the observed
variability, especially during longer periods of less geo-
morphic activity; an analogous situation today is how
temperatures are the primary constraint on pine trees

that form the recent northern tree line in Scandinavia
(Grudd et al. 2002).

There is perhaps a slight tendency for subgroups to
show more anomalous behaviour during the first and
last decades in comparison to most other chronologies
(e.g. years 600 to 650 and 750 to 850). This deviation
probably reflects a reduced signal-to-noise ratio within
the juvenile period, perhaps originating from relatively
greater forest stands or geomorphic stress during the
beginning of a tree’s lifetime or insufficient removal of
the age-related trend. More anomalous growth at the
end of the subgroup chronologies could reflect noise,
because the trees were stressed during burial. Sample
replication is at its lowest at both the beginning and the
end of the subgroups; therefore these periods contain
less reliable information. Despite such potential com-
plications, most of the subgroups usually display a high
degree of coherency with each other (e.g. S9 and S10)
independently of the exact timing of germination (e.g.
S6 and S7).

The climatic progression shows fairly stable tem-
peratures in the B�lling and during the first part of the
Aller�d, as reconstructed from oxygen isotopes (d18O)
in Greenland ice cores (e.g. GRIP: Johnsen et al. 2001).
By contrast, abrupt and distinct changes are noted for
the second part of the Aller�d and the transition into
the Lateglacial. Similar results are derived from the re-
construction using all data (Fig. 5B). The period of year
1 to 800 is mostly balanced and characterized by high-
frequency variations of positive and negative anoma-
lies. A first distinct environmental signal is detected at
position 750 to 1050. Isochronally, the sediments of
different Swiss lakes, such as the Gerzensee, show a
strong reaction in oxygen isotope ratio (Eicher 1980).
This so-called Gerzensee Deviation (also known as the
Inner Aller�d Cold Period, GI-1b) was most likely
forced by the same impacts as the reaction in the tree-
ring chronology, and is characterized by a �4% de-
crease in the d18O values of glacial ice between 13 250
and 13 050 cal. yr BP (Mayewski et al. 1993). In contrast
to the results discussed earlier, another period of dis-
tinct changes in the environmental reconstruction oc-
curs during the time period after year 1400, i.e. when
onset of the Younger Dryas is assumed.

Conclusions

Different Lateglacial chronologies, containing a total
of 120 pine samples, were dated by tree-ring matches to
the calendrically dated Preboreal Pine Chronology
(PPC) or by wiggle-matching to the Cariaco reference
data set to fall within the 14 170 to 11 538 cal. yr BP time
frame. The new measurements from the Swiss Plateau
extended the absolute chronology by 183 years back to
12 593 cal. yr BP. These tree-ring time series are cur-
rently the oldest calendrically dated series in the world.
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The longest Lateglacial chronology (ZH LG_1) con-
taining 1420 years was wiggle-matched to the 14 170 to
12 750 cal. yr BP period. Based on radiocarbon-dating,
we estimate that the Younger Dryas chronology de-
scribed here in YD_A falls within the approximately
150-year gap created by the ZH LG_1 and the abso-
lutely dated chronology. However, reduced data avail-
ability has not yet permitted these chronologies to be
linked. High-resolution evidence for environmental
changes during the Aller�d to Younger Dryas transi-
tion is provided by analysis of growth trend patterns
along this 2400-year period within different temporal
subgroups and also compared to recent tree growth.
Environmental fluctuations are reconstructed for a
predominant part of the Lateglacial. The development
of these chronologies was supported by almost 100
radiocarbon age determinations, which also provide
material to improve and extend the radiocarbon cali-
bration data set.

In this study, we have drawn attention to the low
number of tree finds at the onset of the Aller�d as well
as generally for onset of the Younger Dryas. Un-
certainty within the calibrated radiocarbon data during
plateaus in the radiocarbon calibration curve further
complicates dating results. Besides these more general
biases, local-scale influences, such as the sedimentation
rate and ecological site conditions, can impact heavily
on tree growth. Therefore, future research will need to
consider (i) the improvement of dating techniques (e.g.
tree-ring and radiocarbon); (ii) the update of existing
and development of new local-scale to regional-scale
Lateglacial chronologies (e.g. providing fossil tree-ring
evidence from the greater Alpine region and other
European areas). Such data should be derived ex-
clusively from (iii) climate sensitive sites, with (iv) en-
ough samples provided to allow detrending methods to
be robustly applied, and (v) maximum density or stable
isotope measurements being performed to add addi-
tional and independent parameters that will lead to a
greater understanding of the rapid climatic fluctuations
during the Lateglacial to Holocene transition.
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Esper, J., Cook, E. R., Krusic, P. J., Peters, K. & Schweingruber, F.
H. 2003: Tests of the RCS method for preserving low-frequency
variability in long tree-ring chronologies. Tree-Ring Research 59,
81–98.

Frank, D. C. & Esper, J. 2005a: Characterization and climate re-
sponse patterns of a high-elevation, multi-species tree-ring network
for the European Alps. Dendrochronologia 22, 107–121.

Frank, D. C. & Esper, J. 2005b: Temperature reconstructions and
comparisons with instrumental data from a tree-ring network for

84 Schaub et al. BOREAS 37 (2008)



the European Alps. International Journal of Climatology 25,
1437–1454.

Friedrich, M., Kromer, B., Kaiser, K. F., Spurk, M., Hughen, K. A.
& Johnsen, S. J. 2001: High-resolution climate signals in the
B�lling–Aller�d Interstadial (Greenland Interstadial 1) as reflected
in European tree-ring chronologies compared to marine varves and
ice-core records. Quaternary Science Reviews 20, 1223–1232.

Friedrich, M., Kromer, B., Spurk, H., Hofmann, J. & Kaiser, K. F.
1999: Paleo-environment and radiocarbon calibration as derived
from Lateglacial/Early Holocene tree-ring chronologies. Qua-
ternary International 61, 27–39.

Friedrich, M., Remmele, S., Kromer, B., Hofmann, J., Spurk, M.,
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Kromer, B. & Münnich, K. O. 1992: CO2 gas proportional counting
in radiocarbon dating – review and perspective. In Taylor, R. E.,
Long, A. & Kra, R. S. (eds.): Radiocarbon after Four Decades,
184–197. Springer, New York.

Leuschner, H. H. 1992: Subfossil trees. In Bartholin, T. S., Berglund,
B. E., Eckstein, D. & Schweingruber, F. H. (eds.): Tree-rings and
Environment. Proceedings of the International Dendrochronological
Symposium, 193–197. LUNDQUA Report 34, Ystad, Sweden.

Lie, O. & Paasche, O. 2006: How extreme was northern hemisphere
seasonality during the Younger Dryas?Quaternary Science Reviews
25, 404–407.

Lotter, A. F., Birks, H. J. B., Eicher, U., Hofman, J., Schwander, J. &
Wick, L. 2000: Younger Dryas and Allerod summer tempera-
tures at Gerzensee (Switzerland) inferred from fossil pollen
and cladoceran assemblages. Palaeogeography, Palaeoclimatology,
Palaeoecology 159, 349–361.
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