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Abstract. This paper presents a high resolution reconstruc-
tion of local growing season temperature (GST) anomalies at
Dürres Maar, Germany, spanning the last two millennia. The
GST anomalies were derived from a stable carbon isotope
time series of cellulose chemically extracted fromSphag-
num leaves (δ13Ccellulose) separated from a kettle-hole peat
deposit of several metres thickness. The temperature recon-
struction is based on theSphagnumδ13Ccellulose/temperature
dependency observed in calibration studies. Reconstructed
GST anomalies show considerable centennial and decadal
scale variability. A cold and presumably wet phase with
below-average temperature is reconstructed between the 4th
and 7th century AD which is in accordance with the so
called European Migration Period, marking the transition
from the Late Roman Period to the Early Middle Ages. At
High Medieval Times, the amplitude in the reconstructed
temperature variability is most likely overestimated; never-
theless, above-average temperatures are obvious during this
time span, which are followed by a temperature decrease.
On the contrary, a pronounced Late Roman Climate Opti-
mum, often described as similarly warm or even warmer as
medieval times, could not be detected. The temperature sig-
nal of the Little Ice Age (LIA) is not preserved in D̈urres
Maar due to considerable peat cutting that takes place in the
first half of the 19th century. The local GST anomalies show
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a remarkable agreement to northern hemispheric tempera-
ture reconstructions based on tree-ring datasets and are also
in accordance with climate reconstructions on the basis of
lake sediments, glacier advances and retreats, and historical
datasets. Most notably, e.g., during the Early Middle Ages
and at High Medieval Times, temperatures were neither low
nor high in general. Rather high frequency temperature vari-
ability with multiple narrow intervals of below- and above-
average temperatures at maximum lasting a few decades are
reconstructed. Especially the agreements between our esti-
mated GST anomalies and temperature reconstructions de-
rived from tree-ring chronologies indicate the great potential
of Sphagnumδ13Ccellulose time series from peat deposits for
palaeoclimate research. This is particularly the case, given
that a quantitativeδ13Ccellulose/temperature relationship has
been found for severalSphagnumspecies. Although the
time resolution ofSphagnumδ13Ccellulose datasets certainly
wouldn’t reach the annual resolution of tree-ring data, re-
constructions of past temperature variability on the basis of
this proxy hold one particular advantage: often due to rela-
tively high peat accumulation rates, especially in kettle-hole
bogs accumulated on temperate latitudes over periods of up
to several millennia, they allow extending temperature re-
constructions based on tree-ring series into the past to en-
hance our knowledge of natural climate variability during the
Holocene.
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1 Introduction

Currently, there is specific interest in climate change during
our historical past and in the human impact on past and future
climate and ecosystem dynamics (e.g., Esper et al., 2005;
Wanner et al., 2008). In this context, the reconstruction of
decadal to centennial scale natural climate variability is of
importance to estimate to what extent human activities con-
tribute to the recent warming trend observable at a regional
and global scale. Terrestrial archives are of particular inter-
est for such reconstructions since they can offer proxy time
series of high temporal resolution developed within human
habitat. Tree-ring based proxies have been frequently used
for such reconstructions and the response of these proxies
to climatic factors has been shown (e.g., Grudd et al., 2002;
Hantemirov and Shiyativ, 2002; Naurzbaev et al., 2002).
Long-time temperature sensitive tree-ring time series, how-
ever, are almost exclusively from high latitudes (>65◦ north)
and alpine timber lines where temperature is the most im-
portant growth limiting factor. Other terrestrial archives like
lake sediments and speleothems also provide data for esti-
mates of past temperature variability, but the quantification
of proxy/climate relationships is complicated by missing di-
rect linkages between climate parameter and proxies.

Peat bogs and fens form additional important terrestrial
archives of past environmental and climate variability. They
are widely distributed and cover a large part of the Earth’s
land surface often within human habitat (Charman, 2002).
Due to partially high accumulation rates, they allow develop-
ing high resolution proxy records spanning several millennia
(e.g., Mauquoy et al., 2008; Charman et al., 2009). Mul-
tiple botanical proxies (e.g., pollen and plant remains) are
established and a range of methods have been developed to
make inferences about Holocene environmental and climate
dynamics (Warner and Charman 1994; Birks, 2003; Char-
man et al., 2009). Isotope-geochemical methods applied on
peat deposits have also great potential to provide proxies for
climate variability, because empirical relationships between
the stable isotope composition of plant cellulose from typi-
cal bog species and different climatic parameters, including
temperature and relative humidity, have been found (Proc-
tor et al., 1992; Ḿenot and Burns, 2001; Zanazzi and Mora,
2005; Skrzypek et al., 2007). Thus, contrary to tree-ring time
series, peat bogs and fens offer the possibility to perform
climate reconstructions based on several biotic and abiotic
proxies (K̈uhl et al., 2010).

Sphagnumis the most abundant peat forming genus in
ombrotrophic bogs in northern and western Europe and is
present in many late Holocene peat accumulations (Clymo,
1970).Sphagnumplant remains are, therefore, the ideal ma-
terial to use in isotope-geochemical studies on peat deposits.
Plant cellulose is usually used for stable isotope studies since
isolation of a single chemical component reduces problems
associated with changes in the relative proportion of chem-
ical compounds over time (Rinne et al., 2005). Calibration

studies have systematically investigated the relationship be-
tween climate parameters and the stable carbon isotope com-
position of cellulose (δ13Ccellulose) from modernSphagnum
plants. Ḿenot and Burns (2001) found that in addition to at-
mospheric CO2 partial pressure, temperature and water avail-
ability play significant roles for theirδ13Ccellulosevalues. Re-
garding potential relationships between theδ13Ccellulose of
Sphagnumplant material and micro-climatological param-
eters, Skrzypek et al. (2007) report strong correlations be-
tween theδ13Ccellulose values ofSphagnumand air temper-
ature during the growing season. The major problem in
the application of theSphagnumδ13Ccelluloseto peat records
in order to derive climatic signals arises from the finding
that a significant offset exists between the stable carbon iso-
tope composition of cellulose from differentSphagnumplant
components (Loader et al., 2007; Moschen et al., 2009).
Thus, physical separation of individual plant parts prior to
isotope analyses is a necessity to avoid misinterpretations of
stable isotope time series.

The aim of this study was to perform a high resolution
climate reconstruction based on the stable carbon isotope
composition of cellulose chemically extracted from selected
well-identifiableSphagnumplant components. This study is
a test if the empirical relationship between the stable carbon
isotope composition ofSphagnumand temperature found in
calibration studies can be transferred to the palaeo-record.
At Dürres Maar, a kettle-hole peat accumulated in a small
maar crater, more than five metres ofSphagnumpeat devel-
oped during the last 2000 yr. Dürres Maar, therefore, forms
an outstanding archive to establish a high resolution stable
carbon isotope time series spanning the last two millennia.
The peat is situated in a region where human settlement and
agriculture was highly variable during the last 2000 yr. We
assess the resilience of this proxy to the potential human im-
pact on the peat ecosystem by linking the isotope data with
the results of palynological investigations and compare our
reconstruction with suchlike based on other proxies, espe-
cially tree-ring chronologies.

2 Background – theSphagnum δ13Ccellulose /
temperature dependency

The photosynthetic uptake of CO2 by terrestrial plants leads
to a fractionation of the carbon isotopes. DuringSphagnum
moss photosynthesis, which follows the C3 photosynthetic
pathway, a constant fractionation factor via the Rubisco car-
boxylation enzyme occurs, since the later preferentially uses
12CO2 (Farquhar et al., 1982). In addition to this consistent
fractionation, a number of environmental factors, including
temperature, bog surface wetness, relatively humidity and
CO2 partial pressure, affect the stable carbon isotope compo-
sition of Sphagnumplant material (Williams and Flanagan,
1996). Due to the closed coupling of several environmen-
tal factors to air temperature, a (presumably indirect) depen-
dency of the stable carbon isotope composition ofSphagnum
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cellulose on local air temperature has been assumed. To date
there is no laboratory study on this relationship, however,
theSphagnumδ13Ccellulose/temperature dependency has been
proven in field studies (Ḿenot and Burns, 2001; Skrzypek
et al., 2007). Alongside an altitudinal transect in the Eu-
ropean Alps, in addition to the effect of decreasing atmo-
spheric CO2 partial pressure with increasing altitude, both
temperature and water availability, have been found to play
significant roles for theδ13Ccellulosevalues of modernSphag-
num plants. As a result of this study, statistically signif-
icant 1δ13Ccellulose/1Tair coefficients forSphagnum mag-
ellanicumand Sphagnum capillifoliumof −0.41‰/◦C and
−0.20‰/◦C have been calculated. The different coefficients
were attributed to differences in the leave anatomy of the two
species potentially leading to variations in the CO2 diffusion
resistance (Ḿenot and Burns, 2001).Sphagnum magellan-
icum (Sphagnumtype) possesses oval photosynthetic cells
which are fully enclosed by the water-filled hyaline cells.
Sphagnum capillifolium(Acutifolia type) possesses triangle-
shaped photosynthetic cells which are exposed at the leave
surface (Laine et al., 2009). It seems reasonable that the lat-
ter pattern leads to a lower diffusional resistance to CO2 up-
take because of a potentially smaller aqueous barrier created
by the hyaline cells.

Other field studies regarding theδ13Ccellulose/temperature
relationship of modernSphagnumplant material indicate that
the stable carbon isotopic signatures recorded within differ-
ent species are more related to the micro-topographic posi-
tion of the Sphagnumplants within a bog or fen. Greater
ranges of stable carbon isotope values in hollow species than
in suchlike growing on relatively dry hummocks has been
observed along surface moisture gradients on several Eu-
ropean and sub-arctic Canadian bogs (Loisel et al., 2009).
Higher variability in the stable carbon isotope values in hol-
low species can be an indication of variable carbon sources
for Sphagnumphotosynthesis in wet habitats, such as CO2
release by methanotrophic bacteria, likely complicating the
relationship between the stable carbon isotope composition
of Sphagnumcellulose and environmental variables (Markel
et al., 2010). Additionally,13C-depleted values of mul-
tiple Sphagnumspecies have been shown to be related to
a low water table depth, while13C-enriched values corre-
spond to a water table close to the peat surface (Price et al.,
1997). Thus, slightly different site specific hydrological con-
ditions could, therefore, also explain the different tempera-
ture coefficients calculated for differentSphagnumspecies
(Skrzypek et al., 2007). Whether the significantly dif-
ferent1δ13Ccellulose/1Tair coefficients forSphagnum mag-
ellanicum and S. capillifolium depend on species-specific
anatomical characteristics or on the micro-topographic po-
sition of individual Sphagnummoss pads within a bog or
fen micro-habitat can be solely clarified by substantial plant-
physiological investigations not performed onSphagnum
so far.

To summarize, there is evidence that the stable carbon iso-
tope composition ofSphagnum cellulose reflects environ-
mental conditions during plant growth and cellulose biosyn-
thesis. There are a number of environmental factors that vary
in concert with air temperature and, thus, it is difficult to
separate the effects of temperature from other controls on
the δ13Ccellulose of Sphagnum including relative humidity
and the rainfall amount or the distribution and the result-
ing water table variation. Nevertheless, due to the closed
coupling of most environmental factors to air temperature,
the δ13Ccellulose of Sphagnumis a potential recorder of air
temperature (Ḿenot and Burns, 2001; Skrzypek et al., 2007;
Kaislahti Tillman et al., 2010).

3 Study site

Dürres Maar is a kettle-hole type peat deposit located in a
small maar crater situated in the mountainous West Eifel
Volcanic Field, Germany (50◦52′ N, 6◦53′ E). The current
mesotrophic bog has a diameter of 140–175 m with a surface
area of 0.029 km2 and is 455 m a.s.l. The maximum eleva-
tion of the crater rim is 470 m a.s.l. (Fig. 1). The surface of
the bog is wet, but walkable, and two vegetation zones can
be distinguished, which are mainly due to hydrological con-
ditions and nutrient supply. Closest to the edge and relatively
wet is the lagg whereCarex lasiocarpaandC. rostratadom-
inate and where fen species exist such asPotentilla palustris.
A transitional zone follows towards the central relatively dry
bog area where the vegetation consists of raised bog species.
Dominating elements of the central bog areSphagnum mag-
ellanicumandS. capillifoliumvar. rubellum in combination
with Vaccinium oxycoccosand Eriophorum angustifolium.
Several small birchs (Betula pubescens) and scattered small
pines (Pinus sylvestris) cover the current bog (Fig. 2). The
average growing season lasts from mid-April to mid-October
(Forst et al., 1997).

4 Material and methods

4.1 Core collection and sampling

In 2007, we recovered a 5.5 m long core (core DM-01) in the
relatively dry centre of D̈urres Maar (Fig. 2). The core was
taken using two different coring devices: the upper 3 m of
peat were cored with a lopsided open peat corer (Eijkelkamp
“Gouge auger”) providing sections of 1 m in length and
6.0 cm in diameter. At greater depths, the peat contains some
small sections of very watery peat requiring a different cor-
ing device in order to avoid core loss. The use of a Russian
corer (Eijkelkamp “Peat sampler”) at depths greater than 3 m
avoided core loss due to the closure of the coring device. The
Russian corer allowed us to core half-round sections of 50 cm
length with a diameter of 5.5 cm. After removing a section,
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Figure 1:

Fig. 1. Location of D̈urres Maar and map of the hosted peat deposit and the surrounding vegetation cover (modified after Forst et al., 1997).Figure 2:

50 m

Fig. 2. Aerial photograph of D̈urres Maar with borehole location.

the corer was cleaned with deionised water. Core sections
were stored in a freezer at−24◦C.

Each frozen core section was cut into 2 cm increments in
the lab under room temperature using a stainless steel saw
in combination with a mitre lay. The width of the blade is
1 mm, which causes the loss of approximately 5 % of each
slice during cutting. Immediately after cutting, the outermost
∼2 mm of each deep frozen slice was removed and the sam-
ples were additionally washed carefully with deionised water
to remove possible contamination with plant fragments orig-
inating from the lower depths or adheres to the core during
field work (Givelet et al., 2004).

4.2 Dating

A total of twelve samples of core DM-01 were radiocarbon
dated at the Poznañ Radiocarbon Laboratory, Poland (Ta-
ble 1). Samples consist of pureSphagnumplant fragments
each representing a 2 cm depth interval. PureSphagnumis
used for radiocarbon dating becauseSphagnumplants grow
in situ, do not have roots and grow in an upward direction
from the plant’s apex. Therefore, it is unlikely that they were
transported from the vicinity to the central bog area where the
core was taken. In one case (Sample Poz-23192 from a depth
of 5.02–5.04 m), plant fragments fromVacciniumspec. were
used for14C dating, becauseSphagnumplant material was
not available in adequate amounts. Details of the laboratory
procedure are described by Czernik and Goslar (2001).

4.3 Separation ofSphagnumplant material from bulk
peat sediments

To obtain reliableSphagnum-specific stable isotope records
from a peat deposit, which reflect environmental and climate
dynamics, it is necessary to separate singleSphagnumplant
components from the mixture of plant remains (Loader et
al., 2007; Moschen et al., 2009). The manual separation of
Sphagnumbranches or stem sections for cellulose extraction
and subsequent stable isotope measurement is, however, very
time consuming and restricts the time resolution of potential
stable isotope time series. Therefore, we have tested if siev-
ing of the bulk peat samples into different size fractions can
serve to substitute the separation of morphological parts of
Sphagnumplants (Daley et al., 2009). To separateSphag-
num remains from the bulk peat samples, each sample was
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Table 1. Results of AMS radiocarbon dating:Sphagnumplant material is used for radiocarbon dating to avoid admixture of plant material
relocated from the bog’s vicinity. In one case (*) plant fragments fromVacciniumspec. were used for14C dating, becauseSphagnumplant
material was not available in an adequate amount. The standard deviation for the calendar ages is given as 2σ . The sample from a depth
between 502 and 504 cm was omitted from the model, since its14C age is obviously too young. These results depict the radiocarbon dating
of the upper approximately 5.5 m of core DM-01 with a total length of∼7.5 m. The age depth model of the entire core is shown in Moschen
et al. (2009) and K̈uhl et al. (2010).

depth [cm] Lab. no. 14C age age cal. BP calendar age (2σ)

20–22 Poz-22240 130.27± 0.39 pMC 1960–1961 AD
84–86 Poz-24702 640± 30 BP 610–544 1368±28 AD
132–134 Poz-23191 890± 30 BP 834–733 1167± 51 AD
172–174 Poz-22243 1075± 30 BP 1015–930 978± 43 AD
228–230 Poz-20797 1140± 30 BP 1142–968 895± 87 AD
292–294 Poz-22244 1270± 30 BP 1286–1167 724± 60 AD
356–358 Poz-20798 1490± 30 BP 1416–1305 590± 56 AD
428–430 Poz-22246 1570± 30 BP 1530–1393 489± 69 AD
422–424 Poz-20799 1585± 30 BP 1538–1405 479± 67 AD
472–474 Poz-20773 1650± 30 BP 1622–1508 385± 57 AD
502–504 Poz-24706 1350± 30 BP 1314–1235 676± 40 AD
520–522* Poz-23192 2125± 35 BP 2160–1997 129± 82 BC
570–572 Poz-20800 2585± 30 BP 2766–2701 784± 33 BC

washed through a sieve stack with mesh sizes of 2000, 630,
355 and 200 µm. Before the sieving of bulk peat samples,
approximately 5 g of wet peat was placed in 800 ml beakers
in deionised water on a heatable magnetic stirrer and was
simmered for one hour at 85◦C. Subsequently, each sam-
ple was carefully sieved wet on the sieve stack with a min-
imum of 5 litres of deionised water. Due to simmering and
sieving the peat samples were easily fragmented into single
leaves, branch fragments and the less fragile stem sections.
Each size fraction was examined for it’s composition under
a stereoscopic binocular microscope (Nikon SMZ 2B). The
size fraction of 355–630 µm has been identified to consist of
almost pureSphagnumleaves. Therefore, this size fraction
was used for cellulose extraction and stable isotope measure-
ment. Compared to the very time consuming manual separa-
tion of adequate amounts of singleSphagnumplant compo-
nents for cellulose extraction, the use of this size fraction en-
ables us to process an approximate five times higher amount
of samples compared to hand-picking of plant components.

4.4 Cellulose extraction and stable carbon isotope
measurements

We have chemically extracted cellulose from a total of
257 samples using an improved extraction method based
on sample bleaching with sodium chlorite and a following
cellulose dissolution and re-precipitation with cuprammo-
nium solution (CUAM). After conventional sodium chlo-
rite bleaching following the method described by Ménot and
Burns (2001), cellulose was dissolved in the CUAM solu-
tion ([Cu(NH3)4](OH)2) and re-precipitated using sulphuric

acid (Wissel et al., 2008). Contrary to the Ménot and Burns
method, no solvent extraction stage prior to the extraction of
cellulose was carried out, since this step has been found to
be not essential for the purification of cellulose, even from
resinous woods (Rinne et al., 2005). Compared to conven-
tional methods, the CUAM approach achieves pristine cel-
lulose not by removing any contaminants from the cellu-
lose, but by dissolving the cellulose from bulk peat samples.
That way, contaminations ofSphagnumcellulose with small
amounts of minerogenic matter like silt and clay and/or bio-
genic opal as well as of residual non-cellulose organic com-
pounds could be excluded. Additionally, the received cel-
lulose is very homogenous ensuring isotopic homogeneity
when using small sample amounts for isotope measurements.
After freeze-drying the extracted cellulose, a cellulose yield
(given in percentages by weight) was determined represent-
ing the amount of cellulose dissolved and re-precipitated
from a freeze-dried sample ofSphagnumleaves.

Stable carbon isotope ratios ofSphagnumcellulose were
measured by on-line combustion of 200–300 µg dry cellu-
lose weighed into tin foil cups and combusted at 1080◦C
using an EuroEA elemental analyser (Euro Vector Instru-
ments, Italy) to generate CO2 for an interfaced IsoPrime
continuous flow isotope ratio mass spectrometer (GV In-
struments, United Kingdom). Results are reported using
the conventionalδ-notation (δ = (RS/RSt-1) ∗ 1000) withRS
and RSt as isotope ratios (13C/12C) of samples and stan-
dards. They are expressed asδ13Ccellulose [‰] vs. V-PDB.
USGS24 graphite and IAEA-C3 cellulose were used as cer-
tified reference materials. Two internal standards (Fluka cel-
lulose and graphite 4) were used for drift corrections. The
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Fig. 3. The stable carbon isotope composition ofSphagnumcellulose(e) in combination with the peat stratigraphy of the upper∼5.2 m of
core DM-01(a), the ash content of the bulk peat material(b), the cellulose content ofSphagnumleaves(c), and thePiceapollen concentration
(d) of selected samples from core DM-01. No error bars are added to the individual symbols of figure(e) because the overall precision of
replicate analyses is better than±0.1 ‰ and the error bars, thus, would be smaller than the symbol size.

analytical precision measured by replicate cellulose stan-
dards was±0.06 ‰ (1σ). Every tenth sample was mea-
sured twice to check the reliability of the measurements. The
overall precision of these replicate analyses was better than
±0.1 ‰ (1σ).

Anthropogenic fossil fuel burning which increases the
concentration of atmospheric CO2 have resulted in a low-
ering of theδ13C value of air by about 1.7 ‰ since indus-
trialisation. Therefore, allδ13C values of samples younger
than AD 1850 were corrected for this effect by adding aδ13C
correction factor according to Table 2 to the measured data
(Leuenberger, 2007).

4.5 Ash content

Determination of the ash content has been carried out on
the bulk peat material from core DM-01 and follows a four
step method described in detail by Kempter (1996). After
an initial evaporation of moisture at room temperature, about
0.5 g of bulk peat was subsequently oven dried at 105◦C and
cooled down to room temperature in a desiccator. After the
determination of the dry weight using a micro balance with
an accuracy-range of 0.001 mg (Mettler Toledo XP25) sam-
ples were immediately igniting oven combusted in a muffle
furnace at 600◦C for 6 h. Hereafter, the weight of the resid-

ual was determined after cooling the samples to room tem-
perature in a desiccator using the same micro balance and
expressed in percentage of the dry weight.

5 Results and discussion

5.1 Sphagnumpeat stratigraphy, age-depth model and
peat accumulation

Most of the sediments of D̈urres Maar consist of scarcely
decomposed highly organicSphagnumpeat (Fig. 3a). From
its basis at∼5.20 m to a depth of∼0.70 m the profile pre-
dominantly consists ofSphagnum capillifoliumvar. rubellum
plant fragments (Moschen et al., 2009) and the minerogenic
proportion of the peat is on average around 2 %. At a depth
of ∼70 cm a pronounced alteration in the peat structure and
composition is obvious and both, the plant macro-fossil and
geochemical composition considerably change. A section
with higher decomposition appears consisting of a mixture
of EriophorumandSphagnumplant fragments. The upper-
most four centimetres of this section (60–64 cm) are dom-
inated byEriophorum leaf sheaths andSphagnumis only
present in a very small amount. This section shows, by
far, the highest ash content of the entire profile (Fig. 3b).
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Table 2. Measuredδ13C values ofSphagnumcellulose chemically extracted from the samples which are younger than 1850 AD, correspond-
ing δ13C correction factors calculated from annual correction factors shown in Leuenberger (2007), and the resultingSphagnumδ13Ccellulose
values corrected for the Suess effect, i.e., the antropogenically induced increase in atmospheric13CO2 (values in bold). On the basis of our
age-depth model a top age and a bottom age for each sample was calculated narrowing the time span any 2 cm peat increment accumulated
to a specific number of years (full years). Eachδ13C correction factor was calculated as a mean of six to seven annual correction factors
(Leuenberger, 2007) corresponding to the time span each individual peat increment has been accumulated.

measured δ13C corrected
sample top bottom mean δ13Ccellulose cor. factor δ13Ccellulose
number age age age [‰] vs. V-PDB [‰] vs. V-PDB * [‰] vs. V-PDB

1 2003 1998 2001 −26,76 1,735 −25,02
2 1998 1994 1996 −26,04 1,600 −24,44
3 1994 1990 1992 −25,85 1,486 −24,36
4 1990 1985 1987 −26,53 1,355 −25,17
5 1985 1981 1983 −26,65 1,220 −25,43
6 1981 1976 1979 −26,85 1,090 −25,76
7 1976 1972 1974 −25,20 0,960 −24,24
8 1972 1968 1970 −25,18 0,840 −24,34
9 1968 1963 1965 −25,41 0,708 −24,71

10 1963 1959 1961 −25,20 0,600 −24,60
11 1959 1954 1957 −25,03 0,563 −24,47
12 1954 1950 1952 −24,48 0,538 −23,95
13 1950 1946 1948 −24,63 0,514 −24,12
14 1946 1941 1943 −24,58 0,487 −24,09
15 1941 1937 1939 −25,36 0,462 −24,90
16 1937 1932 1935 −25,26 0,435 −24,83
17 1932 1928 1930 −24,26 0,408 −23,85
18 1928 1924 1926 −25,52 0,384 −25,14
19 1924 1919 1921 −24,76 0,358 −24,40
20 1919 1915 1917 −24,40 0,332 −24,07
21 1915 1910 1913 −23,72 0,305 −23,42
22 1910 1906 1908 −24,20 0,280 −23,92
23 1906 1902 1904 −25,65 0,256 −25,40
24 1902 1897 1899 −25,61 0,230 −25,38
25 1897 1893 1895 −25,16 0,204 −24,96
26 1893 1888 1891 −25,81 0,177 −25,63
27 1888 1884 1886 −27,03 0,168 −26,86
28 1884 1880 1882 −25,11 0,170 −24,94
29 1880 1875 1877 −24,69 0,162 −24,53
30 1875 1870 1873 −24,15 0,156 −23,99
31 1871 1866 1869 −23,78 0,148 −23,63

*Given δ13C correction factors are an approximation, however, since the differences between the individual annual factors are smaller than 0.05 ‰, this approximation is a sufficient
correction for the Suess effect (for details see Leuenberger et al., 2007).

Simultaneously the amount ofSphagnumcellulose yielded
by the CUAM extraction was very low, pointing to intensi-
fied degradation of theSphagnumplant material (Fig. 3c).
Above, again scarcely decomposedSphagnumpeat devel-
oped and in turn a very small minerogenic proportion (on
average between 2 and 3 %) can be observed. The moss com-
position of this section, however, differs from the underlying
approximately 4.5 m of almost pureSphagnum capillifolium
var. rubellumpeat. In the upper∼60 cm of the profile, the
dominating moss species isSphagnum magellanicumwhich
is accompanied by small amounts ofS. palustreandS. capil-
lifolium var. rubellum(Moschen et al., 2009). Remains from
Cyperaceae, Vaccinium, or Erica are very rare.

The occurrence of theEriophorumdominated peat section
and the high ash content above several metres of scarcely de-
composed, highly organicSphagnumpeat indicate a major
rearrangement of the mire ecosystem. We hypothesize that
the Eriophorumpeat section follows considerable peat cut-
ting. Such peat cutting during the 19th century has been al-
ready assumed by Kempter (1996) and Forst et al. (1997),
but was never examined in detail. The Dürres Maar peat
deposit is situated in a small maar crater without any sur-
ficial outflow. Peat cutting, thus, would result in a shal-
low wet marsh, first re-colonised byEriophorumspec. and
much more adapted to a wet habitat and inundation than
Sphagnum mosses (Wieder and Vitt, 2006). Afterwards
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a rearrangement of the bog’s ecosystem would take place
and in turn aSphagnum-dominated ecosystem developed,
whereby peat formation progress until today. This succes-
sion would also explain the high ash content of theEriopho-
rumdominated peat section and the lowSphagnumcellulose
yield, indicating a reduction in the peat accumulation rate
and a simultaneously higher aerobic decomposition of the
plant material. Summarised, above several metres of scarcely
decomposed, highly organicSphagnumpeat, a considerable
disturbance is obvious which is interpreted as a result of peat
cutting. In consequence, the profile consists of a deeper
Sphagnum capillifoliumvar.rubellumdominated section and
an upperS. magellanicumdominated section.

The age-depth model for core DM-01 provides additional
information for a division of the profile into two sections.
Ten14C values (Table 1) and a palynological examination of
selected samples of the profile (for details see Kühl et al.,
2010) form the basis for establishing the model. From the
bottom at∼5.20 m to a depth of∼0.70 m the model indi-
cates two phases of considerably different peat accumulation
rates (Fig. 4). After∼400 yr with a relatively low peat ac-
cumulation rate of∼1 mm yr−1, an increase to∼5 mm yr−1

is obvious. This increase corresponds well with a significant
shift to lower pollen concentrations in the bulk peat samples
supporting higher peat accumulation (Kühl et al., 2010). Af-
ter another∼600 yr a slight decrease to about 3 mm yr−1 at
∼AD 980 (∼1.7 m) could be identified. At least until the
middle 15th century, the age-depth model is consistent and

confirmed by various radiocarbon data. During a time span
of more than 1500 yr about 4.5 m of scarcely decomposed
and highly organic peat has been accumulated.

The model for the upper section of the profile is compara-
tively poor. Because only one radiocarbon data is available,
we have established the model for this upper section by the
aid of the palynological investigation. The available AMS
value of the sample from a depth of 20–22 cm is 130pMC
and reflects the bomb peak of atmospheric14C in the mid-
dle of the 20th century. The amount of 130pMC occurred
twice, between AD 1960 and AD 1961 and in AD 1979
(Goslar et al., 2005). Thus, two different peat accumula-
tion rates are possible. If the sample from a depth of 20–
22 cm matches AD 1960–1961 the mean peat accumulation
rate is∼4.5 mm yr−1, if this sample matches AD 1979 the
mean accumulation rate is∼8 mm yr−1. Although a con-
stant accumulation rate from the bog’s surface to a depth of
∼65 cm is not very likely, both accumulation rates seem rea-
sonable. The palynological examination provides evidence
that a mean accumulation rate of∼4.5 mm yr−1 is the best
approximation. At a depth of 56–58 cm, core DM-01 dis-
plays the first appearance of a larger quantity ofPiceapollen
(9.5 % of the total pollen sum) indicating the existence of
Picea forests in the vicinity of D̈urres Maar (Fig. 3d). The
highPiceapollen sum is clearly attributable to the afforesta-
tion of the Eifel low mountain range withPicea abiesun-
der Prussian governance (Schwind, 1984). In the West Eifel
Volcanic Field large-scalePicea abiesafforestation started
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around AD 1850 (Wacker, 1991). According to the start of
the Prussian afforestation and sincePicea abiestrees need
a minimum of 30 yr before they produce larger amounts of
pollen (Schmidt-Vogt et al., 1986), we estimate the mean
age of the sample from a depth of 56–58 cm to a maxi-
mum of ∼AD 1880. This value supports the assumption
that the mean peat accumulation rate of the upper section
of the profile is∼4.5 mm yr−1. Although this approximation
disregards any peat compaction which certainly takes place,
in particular, at the transition from the fresh uncompacted
acrotelm to the underlying catotelm peat, this is the best as-
sumption on the basis of the three anchor points of the age-
depth model of the younger section of our profile (Fig. 4). To
summarize, a hiatus divides the profile into two independent
sections and a former portion of peat lying inbetween nearly
∼1 m thickness accumulated during approximately 400 yr
must have been cut. Whether such a large amount of peat
was removed during one substantial intervention or smaller
amounts of peat being cut several times after another cannot
be answered.

5.2 Estimating the past growing season temperature
variability at D ürres Maar

Today Sphagnum magellanicumis the dominating moss
species in the central relatively dry area of Dürres Maar and
the scarcely decomposed peat accumulated during the last
approximate 150 yr almost exclusively consists ofS. mag-
ellanicumplant remains. In contrast, the underlying peat
sequence developed from AD 1 to∼AD 1450 almost ex-
clusively consists ofS. capillifolium var. rubellum plant
remains (Moschen et al., 2009). Both taxa are typical
raised bog species and common in late Holocene peat de-
posits in western Europe (Frahm and Frey, 2004; Mauquoi
and van Geel, 2007). For both species, a dependency of
their δ13Ccellulosevalues on growing season temperature has
been shown and statistically significant1δ13C/1T coef-
ficients were determined (Ḿenot and Burns, 2001). We
have used the data concerning theδ13Ccellulose values of
S. capillifoliumand S. magellanicumshown in Fig. 2 and
the corresponding temperature data of Table 1 of Ménot and
Burns (2001) to estimate transfer functions regarding the
temperature/δ13Ccellulose relationship for both species (T =

−2.35∗δ13Ccellulose– 46.35 forS. capillifolium(R2 = 0.51)
and T = −0.82∗ δ13Ccellulose – 8.969 forS. magellanicum
(R2

= 0.28)). The first transfer function was applied on the
S. capillifoliumvar. rubellumdominated peat section devel-
oped from AD 1 to∼AD 1450, the second on theS. mag-
ellanicumdominated section grown after the rearrangement
of the bog ecosystem in the first half of the 19th century
(Fig. 5a). Additionally, the corresponding 95 % prediction
intervals were calculated for both time intervals (Fig. 5b).
Although statistically significant, the1δ13C/1T coefficients
for S. capillifoliumandS. magellanicumpublished by Ḿenot
and Burns (2001) were obtained on a large dispersion of

points. Therefore, the use of this data basis to establish trans-
fer functions regarding the temperature/δ13Ccelluloserelation-
ship of Sphagnumto estimate past growing season temper-
atures results in overall relatively high uncertainties. Nev-
ertheless, Fig. 5b illustrates the reconstructed local growing
season temperature (GST) at Dürres Maar showing consider-
able centennial and decadal scale variability. After four cen-
turies of moderate GST variations and slightly above average
GST values, at∼AD 400, a transition to lower temperatures
is indicated. It coincides with a remarkable increase in the
peat accumulation rate pointing to more favourable growth
conditions forSphagnumand, thus, to a relatively high wa-
ter table. Onset and duration of the reconstructed cold and
presumably also relatively wet phase, is in accordance with
the so called European Migration Period from the 4th to the
7th century AD, that marked the transition from the Late Ro-
man Period to the Early Middle Ages and is described as time
span with poor living conditions in central Europe (Fouracre,
2005). For this time span, a marked decline in land use is
documented for the West Eifel region (Litt et al., 2009).

In the following, a transition to higher temperatures is
obvious which goes along with an increase in the high-
frequency signal magnitude whereby multiple distinct colder
and warmer episodes at maximum lasting a few decades are
detectable. During High Medieval Times lasting from the
10th to 13th century, our reconstruction shows evidence for
above-average temperatures, whereby the amplitude in the
reconstructed temperature variability is most likely overes-
timated. However, temperatures were not high in general;
rather distinct warmer episodes lasting a few decades are
demonstrated. Afterwards the reconstructed GST gradually
decreases to average and slightly below-average tempera-
tures during the 14th and 15th century. In contrast to the
temperature anomalies during the European Migration Pe-
riod and at High Medieval Times, the temperature signal of
the Little Ice Age (LIA) is not preserved in our archive due
to considerable peat cutting that most likely took place in the
first half of the 19th century. Nevertheless, peat cutting dur-
ing the 19th century, when the Eifel region was considerably
deforested (Schwind, 1984), refers to poor living conditions
presumably accompanied by low temperatures because peat
was used as solid fuel and stable litter (Forst et al., 1997).

Despite the overall relatively high uncertainty in our re-
construction and the certainly overestimated temperature
variability particularly at High Medieval Times, the cen-
tennial scale variations of our reconstructed palaeo-GST at
Dürres Maar are in accordance with climate reconstructions
on the basis of lake sediments and historical datasets from
western and north-western Europe (e.g., Hammarlund et al.,
2003; Bŕazdil et al., 2005). Results from the Swiss Alps indi-
cate several glacial retreats during a period lasting from the
9th to 12th century (Holzhauser et al., 2005). In the Ital-
ian Alps, temperatures presumably have reached higher val-
ues than nowadays during the 11th and 12th century when
soils developed on mountain slopes presently characterised
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Fig. 5. The stable carbon isotope composition ofSphagnumcellulose(a) in combination with the estimated growing season temperature
at Dürres Maar(b). On the basis of our age-depth model, a top age and a bottom age for each sample was calculated narrowing the time
span and 2 cm peat increment accumulated to a specific number of years. Calculating a top and bottom age for each individual sample, thus,
enabling the generating of estimated temperature values for each year of the time period under investigation. They are given in Fig. 5b which
also contains the lower and upper limit of the prediction interval. Due to the dispersed small quantity of values (10 forS. magellanicumand
7 for S. capillifolium) the predicted error is relatively large.

by periglacial debris (Giraudi, 2009). At Medieval Times,
two phases of distinct ice retreat are also described for Nor-
wegian glaciers. The most pronounced retreat during the
last two millennia has been dated to AD 1000 (Nesje et
al., 2001). Although one has to take into account that the
time resolution of the reconstructions on the basis of glacier
advances and retreats is relatively poor compared to the
Sphagnumδ13Ccellulosetime series presented here, these prox-
ies also show distinct periods during High Medieval Times
where temperatures were probably as high as today or even
higher.

Unlike the above-average temperatures at High Medieval
Times and slightly before, we do not find evidence for
any prior warm phase. Although our reconstruction shows
slightly above-average temperatures during the second half
of the 1st century AD, a Late Roman Climate Optimum of-
ten described as similar warm or even warmer as medieval
times could not be detected. This is in accordance with other
millennial-scale climate reconstructions based on multiple
proxy datasets (e.g., Jones and Mann, 2004; Moberg et al.
2005). In contrast to these reconstructions in favour of the
absence of a pronounced Roman Climate Optimum, there are
other proxy records that point to relatively high temperatures
during the first two centuries AD. Proxies of glacier retreat
and low lake levels indicate warm and/or dry conditions in
the Alps (Holzhauser et al., 2005; Joerin, et al., 2006; Gi-

raudi, 2009). On the contrary, a record of reconstructed tem-
peratures derived from a well-dated stalagmiteδ18OCaCO3
record from the Central Alps shows remarkably low winter
temperatures during the first four centuries AD (Mangini et
al., 2005). The results of Mangini et al. (2005) suggest that
the climate of this period was continental and dry. Thus, the
dryness of the climate rather than its warmth would explain
the widely accepted glacier recession accompanied by low
lake levels in the Alps during the Late Roman Period.

Due to their annual resolution, tree-ring data series offer
the highest accuracy possible regarding the age control of ter-
restrial proxy time series (e.g., Briffa et al., 2004). Figure 6
shows the estimated GST temperature at Dürres Maar com-
pared to the recently developed central European summer
temperature reconstruction of Büntgen et al. (2011) which is
based on multiple standardized tree-ring width series. Al-
though the age-depth control of our reconstructed GST is
doubtless not as precise as that of the signals derivable from
the tree-ring series, from AD 1 to∼AD 850, the agreement of
both reconstructions is remarkable. Also during the 19th and
20th century both reconstructions resemble each other. Thus,
during these time spans, the multicentennial low frequency
European climate signal is preserved in our record. Simulta-
neously, the two series disagree on decadal time scale. Given
that our estimated GST is a local signal, whereas the Büntgen
et al. (2011) record is a large-scale average of tree-ring data
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Fig. 6. The estimated growing season temperature (GST) anomalies at Dürres Maar compared to the western European temperature recon-
struction of B̈untgen et al. (2011) which is based on multiple standardized tree-ring width series. Both proxy datasets are not scaled to any
observational record. The bolt lines show the 60 yr running means.

from western Europe, it is not surprising that both records do
not fit on decadal time scale, since temperature reconstruc-
tions on a local scale are known to exhibit notable differences
compared to central European reconstructions (Bradley et al.,
2003; Wanner et al., 2005). It is, however, also probable that
the offset in timing is caused by the less precise age-depth
control of our record compared to the annually resolved tree-
ring series. Nevertheless, it is important to note that both
reconstructions show the same multicentennial climate vari-
ability. This is superimposed by high frequency variability
with multiple narrow intervals of the highest warmth or rel-
atively low temperatures. Thus, contrary to the impression
that most multi-proxy and multi-site climate reconstructions
might give, our results confirm regional inconsistency in nat-
ural climate variability (Hughes and Diaz, 1994; Crowley
and Lowery, 2000). Such is known from modern meteorolog-
ical observations indicating that decadal scale climate vari-
ability is no global nor northern hemispheric phenomenon,
rather temperature trends vary by region and season. For ex-
ample, while current warming and accompanied reduced sea
ice cover is prevalent over most of the Arctic, some areas,
such as Greenland, appear to be cooling.

From the 9th to the 13th century, the two reconstruc-
tions show remarkable differences in the magnitude of recon-
structed temperature variability. Although prominent phases
of Medieval warmth are described in several northern hemi-
spheric temperature reconstructions, the amplitude of recon-
structed temperatures of up to c. 1◦C is much smaller than
our GST amplitude during High Medieval Times which is at
c. 6◦C (e.g., Crowley and Lowery, 2000; Esper et al., 2003;
Moberg et al., 2005). It is increasingly unclear why our re-
construction of GST matches the Büntgen et al. (2011) cen-
tral European summer temperature reconstruction for several
centuries during the first Millennium AD, however, overesti-
mating the GST during phases of most prominent medieval
warmth. As described above, with regard to theδ13Ccellulose

of Sphagnumused as proxy for temperature variability, an
overestimation of the growing season temperature is particu-
larly the case when GST is relatively high and the amount of
spring and summer rainfall simultaneously decreases. Un-
der these conditions the water supply to the photosynthetic
cells ofSphagnumis reduced, resulting in13C-depleted sta-
ble carbon isotope values ofSphagnumcellulose and, thus,
to an overestimation of the reconstructed GST.

One additional circumstance that has possibly led to an
overestimation of the true variability is that we have to pre-
suppose a linear response between theδ13Ccelluloseof Sphag-
numand temperature. If this response is nonlinear in nature,
which is often likely in the case of biological systems, our
interpretation necessarily becomes erroneous. This is partic-
ularly likely if the reconstructed temperature variability falls
outside the range of temperatures in the calibration dataset
(in our case∼9–16◦C). If the magnitude of warming during
High Medieval Times in the West Eifel Volcanic Field was
more pronounced during the warmer season of the year, and
the relationship between seasons was not stationary in time,
our reconstruction overestimates the medieval warming.

5.3 Testing the reliability of the estimated GST anomaly
– the calibration dataset

In contrast to the results from the older section of the
peat sequence, the chronological control of ourSphagnum
δ13Ccellulose time series from the upper section has to be
considered with caution (see Sect. 5.1). Nevertheless, rel-
atively long time series of instrumental data are available
and allows us examine the relationship between theSphag-
numδ13Ccellulosevalues and measured growing season tem-
peratures (GST). The nearest long lasting daily temperature
dataset in the surrounding of Dürres Maar is from the me-
teorological station Trier∼35 km to the southwest which is
operated by the German Meteorological Survey (DWD). The
observations started at AD 1907, but lack the time period
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Fig. 7. Linear correlations between theSphagnumδ13Ccellulose
values and average temperatures based on daily temperature data
(1907–2004) from the meteorological station Trier∼35 km to the
Southwest of D̈urres Maar (n = 21). Bars 1–12 represent the cor-
relations between theδ13C values and mean monthly tempera-
tures (January–December);A represents the correlation between
the Sphagnumδ13Ccellulosevalues and the mean annual tempera-
ture; GS represents the correlationδ13C values and the mean grow-
ing season temperature (15.04.–15.10.). Average monthly-, grow-
ing season-, and growing season temperature were calculated for
each∼4.5 yr time interval to maintain the same temporal resolution
than the peat samples (for details see Sect. 5.3).

from 1935 to 1947. Assuming a more or less linear peat ac-
cumulation rate during the time span of meteorological ob-
servations, i.e., the last∼100 yr, each single 2 cm peat in-
crement has been theoretically accumulated during∼4.5 yr.
Therefore, the individualSphagnumδ13Ccellulosevalues were
compared to average growing season temperatures calculated
for each∼4.5 yr time interval to maintain the same tem-
poral resolution than the peat samples. Due to theSphag-
numδ13Ccellulose/temperature relationship shown in calibra-
tion studies (Ḿenot and Burns, 2001; Skrzypek et al., 2007)
and since a significant correlation between theδ13Ccellulose
values ofSphagnumand summer temperature has recently
been reported forSphagnum fuscumfrom subarctic Canada
(Kaislahti Tillman et al., 2010), a good agreement between
our Sphagnumδ13Ccellulose values and the respective mean
GST was expected. However, a relatively low correlation
(r = 0.43) was found which is only slightly higher than the
dependency of theSphagnumδ13Ccellulosevalues on the re-
spective mean annual temperatures (r = 0.39) (Fig. 7).

The correlation between our estimated GST and the cor-
responding instrumental temperature data is certainly ham-
pered by two main reasons: First, the chronological control
of theSphagnumδ13Ccellulosecalibration dataset is not very
reliable (see Sect. 5.1). Due to solely three anchor points
within ∼65 cm of scarcely decomposed peat, a linear peat
accumulation rate has to be assumed. Such a linear accu-
mulation over a period of about 100 yr is not very likely and
would additionally imply that no compaction of the peat took
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Fig. 8. Water table fluctuations in the centre of Dürres Maar (dark
blue diamonds) in combination with average daily temperatures
(a) and monthly sum of precipitation in combination with average
monthly temperatures (1961–1990)(b). Water table fluctuations
were measured from April 1991 until December 1993 by Forst et
al. (1996). The depicted average daily temperatures for the years
1991, 1992 and 1993 were recorded at the meteorological station
Manderscheid approximately 6 km to the south of Dürres Maar op-
erated by the German Meteorological Service. Also the monthly
sum of precipitation and the average monthly temperatures of the
time period from 1961 until 1990 were recorded at Manderscheid.

place over time. Second, one has to consider that a variety
of environmental variables are integrated by theSphagnum
δ13Ccellulosevalue. Because of the close coupling of the car-
bon isotope signal to the diffusional limitation of CO2 sup-
ply, which is controlled by the thickness of the water film sur-
rounding the plant’s chloroplasts, precipitation amount and
distribution, relative humidity and, thus, the bog surface wet-
ness most likely plays a major role. On the other hand, in
the central relatively dry bog area of Dürres Maar, water
table fluctuations are significantly related to local tempera-
ture, whereas there is a lack of response to the amount or
distribution of precipitation (Fig. 8). This is in accordance
with the finding of Schoning et al. (2005) who demonstrated
that water table fluctuations in two ombrotrophic mires in
central Sweden are closely related to changing temperature
conditions while there is no correlation to fluctuations in
precipitation amount and distribution. Consequently, de-
spite overall relatively low correlation coefficients for the
temperature/Sphagnumδ13C relationship, we assume that at
Dürres Maar local temperature is linked with the factors di-
rectly forcing the carbon isotope fractionation bySphagnum
mosses, i.e., the diffusional resistance to CO2 uptake through
the aqueous barrier surrounding the plants chloroplasts and
the rate of photosynthesis.
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Fig. 9. Estimated growing season temperature anomalies (GST) at Dürres Maar in combination with calculated mean annual air temperature
(MAT) anomalies and calculated growing season temperature anomalies (GST). Averaged temperatures are based on daily temperature data
(1907–2004) from the meteorological station Trier∼35 km to the Southwest of D̈urres Maar. For comparison of proxy and instrumental
data, the individual time series were scaled using 1961–1990 as the calibration period. The bolt lines show the 20 yr running means.

Our reconstructed GST, however, underestimate the mea-
sured GST which is on average∼2.0◦C higher than our re-
constructed values (Fig. 9). The reason can be seen in the
coupling of the stable carbon isotope signal to the diffusional
limitation of CO2 supply described above. Rising tempera-
ture lowers the water table below the bog surface and the wa-
ter supply to the photosynthetic cells of theSphagnumplants
decreases. This leads to a reduced diffusional limitation of
CO2 supply and relatively lowSphagnumδ13Ccellulose val-
ues from which relatively low temperatures will be recon-
structed. Our reconstructed GST also underestimate the in-
terannual temperature variability. Compared to the ampli-
tude of≥3.0◦C in the instrumental annually mean temper-
ature and the respective growing season temperature values,
our reconstructed GST amplitude of∼1.6◦C is rather small
(Fig. 9). Even though an application of the temperature coef-
ficient resulting from our calibration dataset of−0.44 ‰/◦C,
which is slightly higher than the published coefficient of
−0.41 ‰/◦C for S. magellanicum(Ménot and Burns, 2001),
wouldn’t enlarge the amplitude of reconstructed GST signif-
icantly. On the other hand side, each single sample ofSphag-
numplant material used for the calibration dataset has been
accumulated during the approximate 4.5 yr. Consequently
eachSphagnumδ13Ccellulosevalue integrates the temperature
information of up to five vegetation periods. If one com-
pares the reconstructed GST anomalies with a five year run-
ning mean of instrumental vegetation period temperatures,
the reconstructed amplitude of∼1.1◦C stands opposite to
amplitude of∼1.6◦C as derived from the instrumental annu-
ally mean temperatures. Thus, the amplitude of our recon-

structed GST anomalies is comparable to instrumental data.
Nevertheless, part of the underestimation of the temperature
variability by our reconstruction must originate from another
reason. This phenomenon has been previously described
for tree-ring based reconstructions of temperature variabil-
ity and was attributed to the overwhelming problem that a
proxy is not controlled by one single environmental variable
(e.g., B̈untgen et al., 2005; Corona et al., 2010).Sphag-
numplants and trees, however, certainly react in very differ-
ent ways on climate variables. ForSphagnumboth, relative
growth rate and biomass productivity are linked to temper-
ature and the plants water content (Rice, 2000; Robroek et
al., 2007). The maximum rate of CO2 assimilation and, thus,
the highest biomass productivity has been found at a water
content of approximately 7 (weight of fresh vs. drySphag-
numplants). Above and below this value CO2 assimilation
declined (Williams and Flanagan, 1996). In contrast, the
discrimination against13CO2 is a more or less linear func-
tion of water content. The higher the water content is the
lower are theδ13Ccellulosevalues of theSphagnumplant tis-
sue (Williams and Flanagan, 1996). We, hereof, hypothesize
that the underestimation of the instrumental temperature data
by our reconstruction partially results from the overall high
biomass productivity at mean water content. At higher and
lower water content (associated with lower and higher tem-
peratures; Fig. 8), cellulose synthesis is reduced and the pro-
portion of cellulose with depleted or enrichedδ13C values is
relatively small leading to a dampening of the amplitude of
the stable carbon isotope time series ofSphagnumcellulose.
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6 Conclusions

A high resolution reconstruction of local growing season
temperature (GST) spanning the last two millennia was es-
tablished on the basis of the stable carbon isotope compo-
sition of Sphagnumcellulose from a kettle-hole peat de-
posit. The reconstructed GST shows relevant centennial and
decadal scale variability. From the 4th to the 7th century AD
a cold, and presumably also wet, phase with below-average
temperature is reconstructed which is in accordance with
the so-called European Migration Period marking the tran-
sition from the Roman Period to the Early Middle Ages. De-
spite an overall overestimation of the most prominent warm
phases, during High Medieval Times above-average temper-
atures are obvious. Most notably, temperatures were not low
or high in general, rather high frequency temperature vari-
ability with multiple narrow intervals of below- and above-
average temperatures lasting a few decades is demonstrated.
In contrast, a pronounced Late Roman Climate Optimum of-
ten described as similar warm or even warmer as medieval
times could not be detected. The reconstructed GST shows
a remarkable agreement with the Central European temper-
ature reconstruction based on tree-ring datasets and is also
in accordance with climate reconstructions on the basis of
lake sediments and glacier advances and retreats. The good
agreement between our reconstructed GST and the Büntgen
et al. (2011) temperature reconstruction on centennial time
scale indicates the advantage of performing temperature re-
constructions on the basis ofSphagnumδ13Ccellulosedatasets.
Due to often high peat accumulation rates in raised bogs
and fens,Sphagnumδ13Ccellulose time series allow to de-
velop high resolution proxy records spanning several mil-
lennia. In contrast, most of the environmental and temper-
ature reconstructions which have been processed from local
tree-ring chronologies, span the last∼300 to∼600 yr only.
From such proxy records much evidence of a Little Ice Age
cooling is reported for different regions around the North At-
lantic. Few tree-ring datasets that extended back prior to
∼AD 1000 also assess the climatic variability during Me-
dieval Times (e.g., Hantemirov et al., 2002; Naurzbaev et
al., 2002; B̈untgen et al., 2006). Because of the scarcity of
wood material from the first millennium AD, the European
Migration Period and the Late Roman Period are not well
documented (Nicolussi et al., 2009). This applies, in par-
ticular, to western Europe. Although the time resolution of
Sphagnumδ13Ccellulose datasets would not reach an annual
resolution tree-ring datasets provide, an extension of climate
reconstructions until the middle Holocene or even longer is
possible.
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