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A MULTI-PROXY APPROACH
TO DROUGHT RECONSTRUCTION

n

Inga LABUHN1,2, Valérie DAUX1 & Dominique GENTY1

ABSTRACT

In palaeoclimate reconstructions, the combination of proxy records measured in different climate archives is challenging 
because of the uncertainties associated with each proxy, but it can also help reduce some of these uncertainties. Here, we present a 
novel approach to combine speleothem and tree ring proxies for a drought reconstruction of the last 640 years: a fluid inclusion δ18O 
record from a stalagmite from Villars Cave (southwest France) and a tree ring cellulose δ18O record of Quercus spp. from the nearby 
Angoulême area. The δ18O of the fluid inclusions is taken as an estimate of the δ18O of the trees’ source water. Then, the cellulose 
and source water δ18O are used to calculate the leaf water isotopic enrichment, as well as relative humidity, which is the dominant 
controlling factor of this enrichment. The reconstructed long-term trends in relative humidity differ from a previously published 
reconstruction of moisture variability based on the tree ring record alone. Further measurements will be necessary to support either 
reconstruction. Nevertheless, this investigation demonstrates the great potential for combining isotope proxies from speleothems and 
tree rings to reconstruct both the low- and high-frequency variability of drought.

Keywords: tree rings, cellulose, speleothems, fluid inclusions, stable isotopes, oxygen (δ18O), palaeoclimate, drought, multi-proxy, 
France

RÉSUMÉ

RECONSTITUTION DES PÉRIODES DE SÉCHERESSE PAR APPROCHE MULTI-INDICATEUR
En paléoclimatologie, la comparaison entre les différentes archives est complexe à cause des incertitudes associées à chaque 

indicateur ; elle peut cependant aussi aider à réduire les incertitudes. Nous présentons ici une nouvelle approche pour combiner les 
indicateurs paléoclimatiques issus des spéléothèmes et des cernes d’arbre pour reconstituer les sécheresses au cours des derniers 
640 ans : le δ18O des inclusions fluides d’une stalagmite de la grotte de Villars (sud-ouest de la France) et le δ18O de la cellulose 
des cernes de chênes (Quercus spp.) proches d’Angoulême. Le δ18O des inclusions fluides est considéré comme le δ18O de l’eau 
souterraine qui alimente les arbres. Puis le δ18O de la cellulose et celui de l’eau souterraine sont utilisés pour calculer l’enrichis-
sement isotopique de l’eau de la feuille ainsi que l’humidité relative qui est le facteur dominant contrôlant cet enrichissement. La 
variation de l’humidité relative reconstituée diffère des reconstitutions publiées basées uniquement sur les cernes d’arbre suggérant 
la nécessité de faire d’autres reconstitutions pour mieux comprendre ces différences. Ce travail montre tout l’intérêt de comparer 
deux archives pour tenter de reconstituer les périodes de sécheresse passées.

Mots-clés : cernes d’arbre, cellulose, spéléothèmes, inclusions fluides, isotopes stables, oxygène (δ18O), paléoclimat, sécheresses, 
multi-indicateur, France

1 - INTRODUCTION

The ever-increasing number of palaeoclimate proxy 
records deepens our understanding of climate variabi-
lity in the past on different temporal and spatial scales 
(Masson-Delmotte et al., 2013). At the same time, 
field and laboratory studies on the formation processes 
of climate archive lead to a better comprehension of 
the climatic and non-climatic information recorded 
in the proxies, and contribute to a better evaluation of 
the proxies’ limitations (e.g. Dreybrodt & Scholz 2011; 
Offermann et al., 2011; Steen-Larsen et al., 2011; 
Gessler et al., 2013; Genty et al., 2014; Labuhn et al., 

2014). However, it remains challenging to compare and 
combine proxies from different climate archives, as all 
are afflicted with their own uncertainties related to dating, 
climate sensitivity, and linearity, and they are limited to 
certain aspects of variations in climate. A multi-proxy 
approach can give a broader perspective on past climate 
change, and may help constrain the causes of variability 
(Mann, 2002; Guiot et al., 2005; Li et al., 2010).

Tree rings have been the principal source of information 
for hemispheric-scale temperature reconstructions of the 
past millennium (Mann et al., 1999; Esper et al., 2002; 
Briffa et al., 2004; D’Arrigo et al., 2006). Their advan-
tage lies in the annual resolution and the precise dating. 
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Tree ring proxies can be well replicated and quantified 
by comparing them directly to meteorological variables 
from the year of ring formation. Their calibration is based 
on the statistical relationships with climate (e.g. Fritts & 
Guiot, 1990). Models for climate reconstruction based 
on these relationships can be verified using independent 
meteorological data, i.e. data that have not been used in 
the calibration, and the variance explained by the model 
can be quantified (e.g. Briffa et al., 1992). However, tree 
ring proxies may be biased towards climate conditions 
of the time of year that has the strongest influence on 
tree growth. Tree-ring reconstructed changes in summer 
climate, for example, might not be representative of 
the evolution of the annual climate (Jones et al., 2003). 
Furthermore, tree rings, in particular tree ring widths, are 
limited for reconstructing low-frequency climate varia-
bility because of the standardization process and the 
limited length of individual tree series (Cook et al., 1995; 
Esper et al., 2004; Moberg et al., 2005).

Speleothems have the potential to provide a low-
frequency signal. However, their dating is less precise 
compared to the trees. Despite the high analytical preci-
sion that is now achieved for U-Th dating (Hoffmann et 
al., 2009; Cheng et al., 2013), and the possibility to count 
annual growth layers in some speleothem samples (Genty 
& Quinif, 1996; Tan et al., 2006; Baker et al., 2008; Shen 
et al., 2013), slight changes in the growth rate or short 
hiatuses increase the error in the chronology, making it 
difficult to compare a stalagmite record to instrumental 
data or to high-resolution proxy data from tree rings. 
While adequate samples, which have a high growth rate 
and a precisely dated lamination, enable a direct calibra-
tion by comparison with meteorological data (Genty & 
Quinif, 1996; Proctor et al., 2000), in many cases the 
calibration of speleothem proxies relies on an under-
standing of the cave processes, based on monitoring data, 
laboratory experiments, and modeling exercises (Spötl et 
al., 2005; Genty, 2008; Tremaine et al., 2011; Wacker-
barth et al., 2012; Treble et al., 2013). Lastly, an envi-
ronmental signal can be lagged and/or attenuated before 
it is transmitted to the cave interior (Fairchild & Baker, 
2012), whereas tree ring proxies often reflect the envi-
ronmental signal more directly, i.e. during the current 
growing season.

Few previous studies have attempted to directly 
compare tree rings and speleothems. Berkelhammer et 
al. (2014) and Trouet et al. (2009) used tree ring and 
speleothem proxy records from remote regions to study 
teleconnections and atmospheric circulation indices. 
Betancourt et al. (2002) compared annual band widths 
in tree rings and a stalagmite from the same site and 
found no correspondence, but their approach has been 
criticized because even if the banding in both archives is 
annual, the band width in each proxy might not depend 
on the same influences (Baker & Genty 2003). However, 
when tree ring and speleothem proxies from the same 
region respond to the same dominant factors, e.g. 
droughts, they can show similar patterns (Sinha et al., 
2011; Wassenburg et al., 2013). Managave (2014) used 
a model to investigate to what extent the oxygen isotopic 

composition of tree ring cellulose and speleothem calcite 
can be correlated if they have the same source water. The 
author determined that a correspondence between these 
proxies is likely when the variation in the d18O of preci-
pitation is high compared to the variation induced by the 
influences on each single proxy, i.e. the cave tempera-
ture and equilibrium conditions during precipitation for 
calcite d18O, and relative humidity, leaf temperature and 
the isotopic composition of atmospheric water vapor for 
cellulose d18O.

This article explores the potentials and limits of a 
multi-proxy climate reconstruction based on speleothem 
and tree ring proxy records from the southwest of 
France, a region characterized by recurrent drought 
periods that might prove to be particularly vulnerable to 
the consequences of global warming (Moisselin et al., 
2002; Itier 2008; Lemaire et al., 2010; Levrault et al., 
2010). Identifying the patterns of moisture variability in 
the past may help evaluate the possible future extent of 
droughts in a changing climate. Both archives have in 
common that we can measure oxygen isotope ratios in 
their components: in cellulose from the wood of tree rings 
(d18O

c
), and in water that is incorporated in speleothem 

calcite, the so-called fluid inclusions (d18O
fi
). Here, we 

combine a d18O
fi
 record from a speleothem from Villars 

Cave (Labuhn et al., 2015) and a d18O
c
 chronology from 

the nearby Angoulême (Labuhn et al., 2016) in order to 
reconstruct both low and high frequency drought variabi-
lity during the last 640 years. The oxygen in both proxies 
originates from the precipitation feeding the soil water 
reservoir, which subsequently infiltrates into the cave, or 
is tapped by the trees. We therefore hypothesize that it 
is possible to use the d18O

fi
 as an independent estimate 

of the source water d18O for the trees. In a first step, we 
investigate the co-variation of the fluid inclusion and the 
cellulose d18O time series. In a second step, we assume 
that the d18O

fi
 represents the d18O of the tree source water, 

and, using d18O
c
 and d18O

fi
, we calculate the isotopic 

enrichment of the leaf water above the source water, as 
well as relative humidity (RH), which is the dominant 
controlling factor of this enrichment. Lastly, we compare 
this reconstruction of relative humidity with a previous 
drought reconstruction based only on tree rings (Labuhn 
et al., 2016).

2 - STUDY SITES AND DATA

The study sites Villars Cave and Angoulême are 
situated in the southwest of France at 50 km distance, 
in similar geological and climatological settings (fig. 1). 
As both are located at approximately the same altitude 
(100-175 m a.s.l.) and distance from the coast (~150 km), 
and no important relief separates them, they experience 
similar variations in temperature, moisture conditions 
(Météo-France, 2009), and in the isotopic composition 
of precipitation (Millot et al., 2010). The bedrock in the 
region is a Jurassic limestone, and karstic features such 
as dolines, caves, and surface collapses characterize the 
landscape.
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The crossdated, annually resolved chronology of tree 
ring cellulose d18O from Angoulême (45°44’N, 0°18’E) 
has been constructed using living trees and building 
timbers of oak (Quercus spp.), and covers the period 
from 1360 to 2004 (Labuhn et al., 2014; 2016). Inter-
annual variations in d18O

c
 at this site are dominated by 

the atmospheric conditions that influence leaf water 
enrichment (Labuhn et al., 2014), but the underlying 
low-frequency variability are likely linked to variations 
in the source water d18O.

The fluid inclusion d18O measurements were acquired 
from a stalagmite from Villars Cave (45°26’N, 0°47’E; 
Labuhn et al., 2015). The record covers the last 
2,300 years, and the fluid inclusion samples have a reso-
lution of approximately 25 years. The stalagmite was 
dated by the U-Th and 14C methods, as well as by laminae 
counting. Long-term monitoring series of precipitation 
and cave drip water d18O demonstrated that drip water 
corresponds to a weighted mean of pluri-annual preci-
pitation at this site, without any evaporative enrichment 
or seasonal bias due to plant transpiration (Genty et al., 
2014). An investigation of corresponding modern fluid 
inclusion samples indicated that the isotopic composition 
of the infiltrating water was preserved in the fluid inclu-
sions (Labuhn et al., 2015).

Monthly relative humidity (RH) data was obtained 
from Météo-France for Cognac (1961-2012, station 
no. 16089001), which is the longest available RH 
record from the study area. The standardized precipi-
tation evapotranspiration index (SPEI; Beguería et al., 
2010; Vicente-Serrano et al., 2010) was obtained from 
http://sac.csic.es/spei/database.html, and the time 
series for the Angoulême grid cell (1901-2011) was 
extracted.

3 - METHODOLOGY

3.1 - COMPARISON OF THE FLUID INCLUSION 
AND CELLULOSE RECORDS

For the comparison of fluid inclusions and cellulose, 
the d18O

c
 time series was smoothed by a 25-year running 

mean. This interval was chosen because it likely corres-
ponds to the time period integrated in a fluid inclusion 
sample, as deduced from sample size, stalagmite growth 
rate and the infiltration time of the water from the surface 
to the cave (Labuhn et al., 2015). Both time series were 
transformed to z-scores (i.e. the differences of each value 
and the mean value of the time series, divided by the 
standard deviation) to make their variations more compa-
rable.

3.2 - CALCULATION OF LEAF WATER ENRICH-
MENT AND RELATIVE HUMIDITY

In order to calculate the leaf water isotopic composi-
tion and RH using the speleothem and tree ring isotope 
proxies, we suppose that the d18O

fi
 represents the tree 

source water. The d18O
fi
 values were linearly interpo-

lated in order to obtain a time series of annual resolu-
tion. Then, this time series was smoothed using a 25-year 
running mean. The resulting interpolated and smoothed 
fluid inclusion d18O values were supposed to be the 
source water d18O for the trees each year. The cellulose 
d18O time series, which had been normalized to a mean of 
zero (as published in Labuhn et al., 2016), was adjusted 
to the mean d18O value of recent cellulose (31 ‰).

The oxygen isotopic composition of cellulose can 
be related to the isotopic composition of source water 

Fig. 1: Study site locations.
The square indicates the location of Villars Cave, where the stalagmite was sampled, the circle indicates the location of the tree ring chronology from 
Angoulême, and the triangle indicates the location of the meteorological station in Cognac.
Fig. 1 : Localisation des sites d’étude. Le carré indique la localisation de la grotte de Villars, le cercle indique la localisation de la chronologie des 
cernes d’arbre à Angoulême, et le triangle indique la localisation de la station météorologique de Cognac.
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(δ18O
sw

) and leaf water (δ18O
lw

) (Sternberg et al., 1986; 
Yakir & DeNiro, 1990):

δ18O
c
 = 0.42 x (δ18O

sw
 + e

wc
) + 0.58 x (δ18O

lw
 + e

wc
)  

(Eq. 1)

where e
wc

, the fractionation factor between water and 
carbonyl oxygen, is approximately equal to 27 ‰. Thus, 
using our δ18O

c
 record and the interpolated fluid inclusion 

time series as an estimate of δ18O
sw

, we can calculate δ18O
lw
.

The δ18O
lw

 is related to relative humidity (RH) as 
follows (Dongman et al., 1974):

δ18O
lw

 = δ18O
sw

 x (1 – RH) + δ18O
v
 x RH + e*+ e

k
 x (1 - RH)  

(Eq. 2)

where δ18O
v
 is the oxygen isotopic composition of 

atmospheric water vapor, and e* and e
k
 are the equili-

brium and kinetic fractionation factors. At 20°C, e* is 
equal to 9.7 ‰ (Horita & Wesolowski, 1994); e

k
 is equal 

to 16 ‰ / 21 ‰ / 32 ‰ for turbulent/laminar/static boun-
dary conditions respectively (Burk & Stuiver, 1981). 
Under normal European summer conditions, the water 
vapor is, on average, approximately in isotopic equili-
brium with soil water (Förstel & Hutzen, 1982). Thus:

δ18O
v
 = δ18O

sw
 –  e*  

(Eq. 3)

Combining Equations (2) and (3) gives the equation to 
calculate RH:

  δ18O
lw

 – δ18O
sw  RH = 1 –  –––––––––––––

  e*+ e
k

 
(Eq. 4)

4 - RESULTS AND DISCUSSION

4.1 - COMPARISON OF THE FLUID INCLUSION 
AND CELLULOSE RECORDS

The δ18O records in tree ring cellulose from Angoulême 
and in speleothem fluid inclusions from Villars Cave 

display some common trends: a decrease from 1500 to 
1700, an increase from 1750 to present, and a marked 
peak around 1720 (fig. 2). However, there is also a period 
where the two series show opposing trends, between 
1360 and 1500. Furthermore, even if the general increa-
sing trend in the most recent period is apparent in both 
records, the large increase in the cellulose time series 
from 1750 to 1850 and the subsequent rapid decrease are 
not seen in the fluid inclusions. The range of δ18O values 
in both the fluid inclusions and the smoothed cellulose 
δ18O time series is about 2 ‰ (not shown). However, the 
common peak at 1720 is about twice as large in the fluid 
inclusions.

The co-variation in both records can be ascribed to a 
common source water δ18O, which is controlled by the 
average δ18O of precipitation in the region. Although the 
δ18O

c
 is strongly influenced by leaf water enrichment on an 

inter-annual scale, the underlying low-frequency compo-
nent can be attributed to the variability of the source water 
(Labuhn et al., 2014). Furthermore, enhanced evapora-
tion and transpiration during dry periods might cause an 
increase of δ18O in both proxies (e.g. Bar-Matthews et al., 
1996; Denniston et al., 1999; Sternberg, 2009; Gessler et 
al., 2013). Several factors may contribute to the disagree-
ment between cellulose and fluid inclusions:

(1) - The isotopic composition of the source water can 
be modified before it becomes preserved in the proxies. 
The modern calibration indicates that speleothem fluid 
inclusions from Villars cave correspond to a weighted 
mean of pluri-annual precipitation, without any signi-
ficant modification (Genty et al., 2014), but this might 
not hold true for the past. The δ18O

c
, on the other hand, 

reflects partly the isotopic composition of the source 
water, and partly the isotopic composition of enriched 
leaf water (eq. 1). Their relative contribution to the δ18O

c
 

has been estimated (Roden et al., 2000; Cernusak et al., 
2005), but is likely to vary over the growing season, as 
well as over longer time periods (Gessler et al., 2009; 
Offermann et al., 2011);

(2) - The δ18O
c
 time series might not capture well the 

low frequency variability in precipitation/source water 
δ18O. A correction had to be applied for offsets in average 

Fig. 2: Comparison of the speleothem fluid inclusion and tree ring cellulose δ18O time series (z-scores).
The cellulose δ18O chronology has been smoothed by a 25-year running mean.
Fig. 2 : Comparaison des séries temporelles du δ18O des inclusions fluides des spéléothèmes et de la cellulose des cernes d’arbre (z-scores). La chrono-
logie de δ18O de la cellulose a été lissée par une moyenne glissante de 25 ans.
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d18O
c
 values between the tree cohorts that were combined 

in this chronology, which might have removed some of 
the low-frequency trends (Labuhn et al., 2016). Offsets 
occur because the source water d18O can be different for 
individual trees, due to local soil hydrology or rooting 
depth (Phillips & Ehleringer, 1995; Tang & Feng, 2001; 
Labuhn et al., 2014). Moreover, the oak species had 
not been determined and both Quercus petraea and 
Q. robur could have contributed to the chronology. To 
date, however, no study has shown a difference in d18O

c
 

between these two species;
(3) - The resolution of the fluid inclusion record is much 

lower than the resolution of the tree rings. Therefore, the 
peaks in the smoothed cellulose time series are not all 
seen in the fluid inclusions, e.g. around 1540 or 1850;

(4) - The dating of the stalagmite is less precise than 
the dating of the tree rings. Although there is generally a 
good agreement between growth layer counting, 14C and 
U-Th dates, the uncertainty of the stalagmite age model 
is up to 100 years (Labuhn et al., 2015);

(5) - The seasonality of the proxies is different. The 
speleothem fluid inclusions represent the mean annual 
precipitation d18O, which is dominated by the d18O of 
winter precipitation because most precipitation falls 
during the winter months (Genty et al., 2014). Tree ring 
cellulose d18O could be biased towards growing season 
precipitation. However, it is possible that trees use water 
stored in the soil from the previous winter, especially 
during dry summers (Phillips & Ehleringer, 1995; Daux 
et al., 2011), so their source water d18O may still reflect 
annual precipitation.

4.2 - CALCULATED LEAF WATER ENRICHMENT 
AND RELATIVE HUMIDITY

4.2.1 - Leaf water enrichment

The assumption that d18O
fi
 represents the tree source 

water is supported by the fact that, at Villars Cave, there 
is no seasonal bias in the isotopic composition of the drip 
water due to the transpiration of the vegetation (Genty 
et al., 2014). This indicates that plants take up a mixed 
water, and not only growing season water, and this water 
consequently must have the same d18O as the drip water. 
The calculated leaf water is enriched compared to the 
source water by 13 to 23 ‰, which is in the range of 
values found for trees (Saurer et al., 1998a,b; Gessler 
et al., 2013) and other plants (Sheshshayee et al., 2005; 
Ferrio et al., 2012).

4.2.2 - Observed vs. reconstructed relative humidity

We compare the reconstructed RH to the observed 
summer (JJA) RH, as June to August are the months that 
give the highest significant correlations between RH and 
d18O

c
 (Labuhn et al., 2014). The inter-annual variability 

of RH is well captured by the reconstruction, but average 
reconstructed RH values are too low (fig. 3). Our calcu-
lation is likely too simplistic for the following reasons.

It assumes the kinetic isotope fractionation as water 
diffuses through stomata and through the boundary layer 
(e

k
 in eq. 2) to be constant; but e

k
 varies with the boun-

dary layer conditions, which in turn depend on wind 
speed (Dongman et al., 1974; Burk & Stuiver, 1981). 
The fractionation factor significantly influences the 
reconstructed RH. Applying the values given by Burk 
and Stuiver (1981) for the period 1961-2004 yields an 
average RH of 36 % (e

k
 = 16), 46 % (e

k
 = 21), and 60 % 

(e
k
 = 32) respectively. The average of the observed RH 

during this period is 71 %. The calculation using static 
leaf boundary layer conditions (e

k
 = 32) therefore yields 

the best estimate. However, turbulent conditions are more 
realistic in nature (Gonfiantini, 1986).

As we do not have an independent temperature recons-
truction covering the time period of the proxy records, 
we also suppose that the temperature, and consequently 
the temperature-dependent equilibrium isotope fractio-
nation (e

k
* in eq. 2), are constant, which is not realistic. 

However, according to the fractionation factors given 
by Barbour et al. (2004) for 20°C and 25°C, the recons-
tructed RH would only vary by 1 % for a 5°C temperature 
change.

Furthermore, our calculation ignores the influence of 
a Péclet effect, which leads to a leaf water that is less 
enriched than predicted by the equations. If the calcu-
lated leaf water enrichment is too high, the reconstructed 
RH is too low. The Péclet effect could lower the leaf water 
d18O by 2 ‰ (Barbour et al., 2004). This would translate 
into a 7 % increase in reconstructed RH according to our 
calculation.

Likewise, the calculation neglects that trees can take 
water from different soil depths (Bréda et al., 1995). 
Superficial soil water is more enriched than deeper soil 
water, and its isotopic composition is more variable as it 
is influenced by evaporation and rainfall events (Tang & 
Feng, 2001). The average summer precipitation d18O is 
3 ‰ higher than average annual precipitation in the study 
area (Genty et al., 2014). This difference in the d18O of 
the source water results in a 10 % change in the recons-
tructed RH.

Lastly, it is also supposed that the atmospheric water 
vapor is in isotopic equilibrium with the soil water. 

Fig. 3: Observed vs. reconstructed relative humidity (RH).
The reconstructions are based on different fractionation factors e

k
 for 

static (32 ‰), laminar (21 ‰), and turbulent (16 ‰) leaf boundary 
layer conditions. The values are given by Burk and Stuiver (1981).
Fig. 3 : Humidité relative (RH) observée et reconstruite. Les recons-
tructions sont basées sur des facteurs de fractionnement e

k
 pour diffé-

rents états de la couche limite : statique (32 ‰), laminaire (21 ‰), et 
turbulent (16 ‰). Les valeurs sont données par Burk et Stuiver (1981).

1606-091-Mep3-2016.indd   243 22/09/16   14:54



244

Although this might be a good approximation for a 
growing-season average (Förstel & Hutzen, 1982), the 
isotopic composition of the vapor varies significantly on 
shorter time scales (Berkelhammer et al., 2013).

The average RH is significantly underestimated by the 
reconstructions, and none of the factors discussed here 
are sufficient to explain the differences with the obser-
vations, unless we suppose unrealistic boundary layer 
conditions. A more complex model would be needed 
to adequately represent RH values, e.g. by taking into 
account the Péclet effect, as well variations in the depth 
of the water supply, in the d18O of atmospheric water 
vapor, and in temperature. However, even if some of 
these parameters could be adjusted to present-day obser-
vations, they are unknown in the past and are likely to 
have varied over time.

Nevertheless, the inter-annual variability in RH is well 
represented by the reconstruction. Despite the offset, we 
can compare relative variations in reconstructed SPEI 
(based on d18O

c
) and reconstructed RH (based on a 

combination of d18O
c
 and d18O

fi
).

4.3 - DROUGHT RECONSTRUCTION WITH AND 
WITHOUT A SOURCE WATER d18O ESTIMATE

The observed summer drought index SPEI (JJA) and 
summer RH (JJA) are highly correlated during the period 
of observations (1961-2011) and are comparable to 
represent summer moisture conditions in the study area 
(fig. 4). The inter-annual variability in the RH recons-
truction based on fluid inclusion and cellulose d18O and 
the SPEI reconstruction based only on cellulose d18O 
(Labuhn et al., 2016) is the same as they both depend 
linearly on the inter-annual variability in the cellulose 
d18O time series. However, the two reconstructions give 
a different picture of the long-term moisture changes 
in the past (fig. 5). The marked d18O peak at 1720, for 
example, disappears in the RH reconstruction, because 

it is ascribed to changes in the source water isotopic 
composition, and not to increased drought. Moreover, 
the RH reconstruction indicates drier conditions during 
the 16th and 17th century, and wetter conditions during 
the 19th and 20th century compared to the SPEI recons-
truction.

The model for the tree-ring based drought reconstruc-
tion is well-verified with independent data, and correla-
tions between the proxy and the reconstructed drought 
index are highly significant and stable throughout the 
20th century, all of which gives strong indications for 
the validity of this reconstruction (Labuhn et al., 2016). 
However, the low-frequency drought variability may 
not be well represented in this record. The RH recons-
truction supposedly captures better the low frequency. 
However, it must be interpreted with caution because 
of the dating uncertainties in the stalagmite and the low 
resolution of fluid inclusion measurements compared to 
the tree rings, as well as the simplicity of the model 
used to calculate RH. Most importantly, a replication of 
the fluid inclusion record is needed to confirm whether 
it represents average regional precipitation d18O, and 
therefore can serve as an estimate of the source water 
of the trees.

Fig. 4: Time series of relative humidity (RH) and the drought index 
SPEI during the summer months (JJA).
The correlation between RH and SPEI is r = 0.85 (p < 0.001).
Fig. 4 : Séries temporelles de l’humidité relative (RH) et de l’indice de 
sécheresse SPEI pour les mois d’été (JJA). La corrélation entre RH et 
SPEI est r = 0.85 (p < 0.001).

Fig. 5: The drought index (SPEI) and relative humidity (RH).
The SPEI was reconstructed using tree ring cellulose d18O, and RH was reconstructed using the calculation of leaf water enrichment from cellulose d18O 
and speleothem fluid inclusion d18O (as an estimate of the source water isotopic composition). Both curves were smoothed using a 30-year spline and 
transformed to z-scores. Positive values indicate wet conditions, negative values indicate dry conditions.
Fig. 5 : L’indice de sécheresse (SPEI) et l’humidité relative (RH). Le SPEI est reconstitué sur la base du d18O de la cellulose des cernes d’arbre, et la 
RH est reconstituée sur la base du calcul de l’enrichissement de l’eau des feuilles utilisant le d18O de la cellulose et le d18O des inclusions fluides des 
spéléothèmes. Les deux courbes ont été lissées avec une spline de 30 ans et transformées en z-scores. Les valeurs positives indiquent des conditions 
humides, les valeurs négatives indiquent des conditions sèches.
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5 - CONCLUDING REMARKS

These investigations demonstrate the great potential 
in combining oxygen isotope ratios in speleothem fluid 
inclusions and tree ring cellulose to reconstruct moisture 
conditions, and the theoretical approach is established 
here. The combination of proxies might provide an esti-
mate of past droughts that comprises both the low- and 
high-frequency variability, combining the strengths 
of the two climate archives while compensating their 
weaknesses when used alone. However, further investi-
gation will be necessary to better understand the diffe-
rences between this multi-proxy reconstruction and the 
reconstruction based only on tree rings. In particular, 
the reconstructed low frequency trends in moisture 
conditions could be supported by a replication of the 
speleothem fluid inclusion record using another stalag-
mite from the same region to confirm their utility to 
estimate the isotopic composition of precipitation and 
subsequently the trees’ source water. Likewise, a larger 
sample depth of the tree ring chronology could reduce the 
uncertainty due to cohort offsets and better capture low 
frequency climate variability.

An improved replication of both speleothem and tree 
ring records could not only increase our confidence in 
such multi-proxy climate reconstructions, but also reveal 
spatial patterns of past droughts in France. This is impor-
tant because drought severity depends on both the dura-
tion of a drought and on its spatial extent. In a future 
research perspective, there is a potential to find other cave 
sites in France with forests and historic buildings nearby. 
These might provide additional oxygen isotope data from 
speleothem fluid inclusions and tree ring cellulose, which 
can be used to reconstruct drought patterns in the past 
and to test the validity of the approach demonstrated in 
this study.

ACKNOWLEDGEMENTS

This research was supported by the PALEOMEX-
ISOMEX (MISTRALS) program of the CNRS-INSU. 
The authors thank the Versaveau family, owners of 
Villars Cave, Thierry Baritaud for his help in sampling 
the stalagmite, and two reviewers for their suggestions 
and comments.

REFERENCES

BAKER A. & GENTY D., 2003 - Comment on «a test of annual reso-
lution in stalagmites using tree rings». Quaternary Research, 59 (3), 
476-478.

BAKER A., SMITH C.L., JEX C., FAIRCHILD I.J., GENTY D. 
& FULLER L., 2008 - Annually laminated speleothems: a review. 
International Journal of Speleology, 37 (3), 193-206.

BARBOUR M.M., RODEN J.S., FARQUHAR G.D. & EHLE-
RINGER J.R., 2004 - Expressing leaf water and cellulose oxygen 
isotope ratios as enrichment above source water reveals evidence of 
a Péclet effect. Oecologia, 138 (3), 426-435.

BAR-MATTHEWS M., AYALON A., MATTHEWS A., SASS E. & 
HALICZ L., 1996 - Carbon and oxygen isotope study of the active 

water-carbonate system in a karstic Mediterranean cave: Implica-
tions for paleoclimate research in semiarid regions. Geochimica et 
Cosmochimica Acta, 60 (2), 337-347.

BEGUERÍA S., VICENTE-SERRANO S.M. & ANGULO-
MARTÍNEZ M., 2010 - A multiscalar global drought dataset: The 
SPEIbase: A new gridded product for the analysis of drought varia-
bility and impacts. Bulletin of the American Meteorological Society, 
91 (10), 1351-1356.

BERKELHAMMER M., HU J., BAILEY A., NOONE D.C., STILL 
C.J., BARNARD H., GOCHIS D., HSIAO G.S., RAHN T. & 
TURNIPSEED A., 2013 - The nocturnal water cycle in an open-
canopy forest. Journal of Geophysical Research: Atmospheres, 118 
(17), 10,225-10,242.

BERKELHAMMER M., SINHA A., MUDELSEE M., CHENG 
H., YOSHIMURA K. & BISWAS J., 2014 - On the low frequency 
component of the ENSO-Indian Monsoon relationship; a paired 
proxy perspective. Climate of the Past, 10 (2), 733-744.

BETANCOURT J.L., GRISSINO-MAYER H.D., SALZER M.W. & 
SWETNAM T.W., 2002 - A test of «annual resolution» in stalag-
mites using tree rings. Quaternary Research, 58 (2), 197-199.

BRÉDA N., GRANIER A., BARATAUD F. & MOYNE C., 1995 - Soil 
water dynamics in an oak stand. I. Soil moisture, water potentials and 
water uptake by roots. Plant and Soil, 172 (1), 17-27.

BRIFFA K.R., JONES P.D., BARTHOLIN T.S., ECKSTEIN D., 
SCHWEINGRUBER F.H., KARLÉN W., ZETTERBERG P. 
& ERONEN M., 1992 - Fennoscandian summers from AD 500: 
temperature changes on short and long timescales. Climate Dyna-
mics, 7 (3), 111-119.

BRIFFA K.R., OSBORN T.J. & SCHWEINGRUBER F.H., 
2004 - Large-scale temperature inferences from tree rings: a review. 
Global and Planetary Change, 40 (1-2), 11-26.

BURK R.L. & STUIVER M., 1981 - Oxygen isotope ratios in trees 
reflect mean annual temperature and humidity. Science, 211 (4489), 
1417-1419.

CERNUSAK L.A., FARQUHAR G.D. & PATE J.S., 2005 - Environ-
mental and physiological controls over oxygen and carbon isotope 
composition of Tasmanian blue gum, Eucalyptus globulus. Tree 
Physiology, 25 (2), 129-146.

CHENG H., EDWARDS R.L., SHEN C.-C., POLYAK V.J., 
ASMEROM Y., WOODHEAD J., HELLSTROM J., WANG Y., 
KONG X., SPÖTL C., WANG X. & ALEXANDER JR. E.C., 
2013 - Improvements in 230Th dating, 230Th and 234U half-life values, 
and U-Th isotopic measurements by multi-collector inductively 
coupled plasma mass spectrometry. Earth and Planetary Science 
Letters, 371-372, 82-91.

COOK E.R., BRIFFA K.R., MEKO D.M., GRAYBILL D.A. & 
FUNKHOUSER G., 1995 - The “segment length curse” in long 
tree-ring chronology development for palaeoclimatic studies. The 
Holocene, 5 (2), 229-237.

D’ARRIGO R., WILSON R. & JACOBY G., 2006 - On the long-
term context for late twentieth century warming. Journal of Geophy-
sical Research, 111 (D3), 1-12.

DAUX V., EDOUARD J.L., MASSON-DELMOTTE V., STIEVE-
NARD M., HOFFMANN G., PIERRE M., MESTRE O., DANIS 
P.A. & GUIBAL F., 2011 - Can climate variations be inferred from 
tree-ring parameters and stable isotopes from Larix decidua? Juve-
nile effects, budmoth outbreaks, and divergence issue. Earth and 
Planetary Science Letters, 309 (3-4), 221-233.

DENNISTON R.F., GONZÁLEZ L.A., BAKER R.G., ASMEROM 
Y., REAGAN M.K., EDWARDS R.L. & ALEXANDER E.C., 
1999 - Speleothem evidence for Holocene fluctuations of the prairie-
forest ecotone, north-central USA. The Holocene, 9 (6), 671-676.

DONGMAN G., NÜRNBERG H.W., FÖRSTEL H. & WAGENER 
K., 1974 - On the enrichment of H

2
18O in the leaves of transpiring 

plants. Radiation and Environmental Biophysics, 11 (1), 41-52.
DREYBRODT W. & SCHOLZ D., 2011 - Climatic dependence of 

stable carbon and oxygen isotope signals recorded in speleothems: 
From soil water to speleothem calcite. Geochimica et Cosmochimica 
Acta, 75 (3), 734-752.

ESPER J., COOK E.R. & SCHWEINGRUBER F.H., 2002 - Low-
frequency signals in long tree-ring chronologies for reconstructing 
past temperature variability. Science, 295 (5563), 2250-2253.

ESPER J., FRANK D. & WILSON R., 2004 - Climate reconstruc-
tions: Low-frequency ambition and high-frequency ratification. Eos, 
85 (12), 113-120.

FAIRCHILD I.J. & BAKER A. (eds.), 2012 - Speleothem Science: 
From Process to Past Environments. Wiley Blackwell, Chichester, 
432 p.

FERRIO J.P., POU A., FLOREZ-SARASA I., GESSLER A., 
KODAMA N., FLEXAS J. & RIBAS-CARBÓ M., 2012 - The 
Péclet effect on leaf water enrichment correlates with leaf hydraulic 

1606-091-Mep3-2016.indd   245 22/09/16   14:54



246

conductance and mesophyll conductance for CO
2
. Plant, Cell & 

Environment, 35 (3), 611-25.
FÖRSTEL H. & HUTZEN H., 1982 - Use of water with different 

18O content to study transport processes in plants. In H.L. Schmidt, 
H. Förstel & K. Heinzinger (eds.), Stable Isotopes. Proceedings of 
the 4th International Conference, Jülich, March 23-26, 1981. Else-
vier, Amsterdam & New York, 511-516.

FRITTS H.C. & GUIOT J., 1990 - Methods of Calibration, Verifica-
tion, and Reconstruction. In E.R. Cook & L.A. Kairiukstis (eds.), 
Methods of Dendrochronology - Applications in the Environmental 
Sciences. Kluwer Academic Publishers, Dordrecht, 163-217.

GENTY D., 2008 - Palaeoclimate research in Villars Cave (Dordogne, 
SW-France). International Journal of Speleology, 37 (3), 173-191.

GENTY D. & QUINIF Y., 1996 - Annually laminated sequences in 
the internal structure of some Belgian stalagmites - Importance for 
paleoclimatology. Journal of Sedimentary Research, 66 (1), 275-288.

GENTY D., LABUHN I., HOFFMANN G., DANIS P.A., MESTRE 
O., BOURGES F., WAINER K., MASSAULT M., RÉGNIER E., 
ORENGO P., FALOURD S. & MINSTER B., 2014 - Rainfall and 
cave water isotopic relationships in two South-France sites. Geochi-
mica et Cosmochimica Acta, 131, 323-343.

GESSLER A., BRANDES E., BUCHMANN N., HELLE G., 
RENNENBERG H. & BARNARD R.L., 2009 - Tracing carbon and 
oxygen isotope signals from newly assimilated sugars in the leaves 
to the tree-ring archive. Plant, Cell & Environment, 32 (7), 780-795.

GESSLER A., BRANDES E., KEITEL C., BODA S., KAYLER Z.E., 
GRANIER A., BARBOUR M., FARQUHAR G.D. & TREYDTE 
K., 2013 - The oxygen isotope enrichment of leaf-exported assi-
milates - does it always reflect lamina leaf water enrichment? New 
Phytologist, 200 (1), 144-157.

GONFIANTINI R., 1986 - Environmental isotopes in lake studies. 
In P. Fritz & J.C. Fontes (eds.), Handbook of Environmental Isotope 
Geochemistry, The Terrestrial Environment. Elsevier, Amsterdam, 
113-168.

GUIOT J., NICAULT A., RATHGEBER C., EDOUARD J.L., 
GUIBAL F., PICHARD G. & TILL C., 2005 - Last-millennium 
summer-temperature variations in western Europe based on proxy 
data. The Holocene, 15 (4), 489-500.

HOFFMANN D.L., SPÖTL C. & MANGINI A., 2009 - Micromill 
and in situ laser ablation sampling techniques for high spatial reso-
lution MC-ICPMS U-Th dating of carbonates. Chemical Geology, 
259 (3-4), 253-261.

HORITA J. & WESOLOWSKI D.J., 1994 - Liquid-vapor fractiona-
tion of oxygen and hydrogen isotopes of water from the freezing to 
the critical temperature. Geochimica et Cosmochimica Acta, 58 (16), 
3425-3437.

ITIER B., 2008 - Agriculture et sécheresse : le contexte et les enjeux. 
Innovations Agronomiques, 2, 1-8.

JONES P.D., BRIFFA K.R. & OSBORN T.J., 2003 - Changes in the 
Northern Hemisphere annual cycle: Implications for paleoclimato-
logy? Journal of Geophysical Research, 108 (D18), 4588.

LABUHN I., DAUX V., PIERRE M., STIEVENARD M., GIRARD-
CLOS O., FÉRON A., GENTY D., MASSON-DELMOTTE V. & 
MESTRE O., 2014 - Tree age, site and climate controls on tree ring 
cellulose d18O: A case study on oak trees from south-western France. 
Dendrochronologia, 32 (1), 78-89.

LABUHN I., GENTY D., VONHOF H., BOURDIN C., BLAMART 
D., DOUVILLE E., RUAN J., CHENG H., EDWARDS R.L., 
PONS-BRANCHU E. & PIERRE M., 2015 - A high-resolution 
fluid inclusion d18O record from a stalagmite in SW France: modern 
calibration and comparison with multiple proxies. Quaternary 
Science Reviews, 110, 152-165.

LABUHN I., DAUX V., GIRARDCLOS O., STIEVENARD M., 
PIERRE M. & MASSON-DELMOTTE V., 2016 - French summer 
droughts since 1326 CE: A reconstruction based on tree ring cellu-
lose d18O. Climate of the Past, 12 (5), 1101-1117.

LEMAIRE J., LACOUTURE Y., SOLEAU M., WEBEN C., 
MOUNIER M. & GUYON A., 2010 - Les chênaies atlantiques 
face aux changements climatiques globaux : comprendre et agir. 
Forêt - Entreprise, 191, 50-53.

LEVRAULT F., BRISSON N., PIERI P. & BOSC A., 2010 - Climate 
change in the South-West zone: the main agricultural and forest 
impacts. In N. Brisson & F. Levrault (eds.), The Green Book of the 
CLIMATOR project. Climate change, agriculture and forests in 
France: simulations of the impacts on the main species : 2007-2010. 
Agence de l’Environnement et de la Maîtrise de l’Energie, Angers, 
287-296.

LI B., NYCHKA D.W. & AMMANN C.M., 2010 - The Value of 
Multiproxy Reconstruction of Past Climate. Journal of the American 
Statistical Association, 105 (491), 883-895.

MANAGAVE S.R., 2014 - Model evaluation of the coherence of a 
common source water oxygen isotopic signal recorded by tree-
ring cellulose and speleothem calcite. Geochemistry, Geophysics, 
Geosystems, 15 (4), 905-922.

MANN M.E., BRADLEY R.S. & HUGHES M.K., 1999 - Northern 
hemisphere temperatures during the past millennium: Inferences, 
uncertainties, and limitations. Geophysical Research Letters, 26 (6), 
759-762.

MANN M.E., 2002 - Climate reconstruction. The value of multiple 
proxies. Science, 297 (5586), 1481-1482.

MASSON-DELMOTTE V., SCHULZ M., ABE-OUCHI A., BEER 
J., GANOPOLSKI A., GONZALEZ ROUCO J.F., JANSEN E., 
LAMBECK K., LUTERBACHER J., NAISH T., OSBORN T., 
OTTO-BLIESNER B., QUINN T., RAMESH R., ROJAS M., 
SHAO X. & TIMMERMANN A., 2013 - Information from Paleo-
climate Archives. In T.F. Stocker, D. Qin, G.-K. Plattner, et al., (eds.), 
Climate Change 2013: The Physical Science Basis: Summary for 
Policymakers, Technical Summary and Frequently Asked Questions: 
Working Group I Contribution to the Fifth Assessment Report of the 
Intergovernmental Panel on Climate Change. Cambridge University 
Press, Cambridge & New York, 383-464.

MÉTÉO-FRANCE, 2009 - Statistiques climatiques de la France 
1971-2000. Météo-France, Direction de la climatologie, Toulouse, 
287 p.

MILLOT R., PETELET-GIRAUD E., GUERROT C. & NÉGREL 
P., 2010 - Multi-isotopic composition (d7Li–d11B–dD–d18O) of 
rainwaters in France: Origin and spatio-temporal characterization. 
Applied Geochemistry, 25 (10), 1510-1524.

MOBERG A., SONECHKIN D.M., HOLMGREN K., DATSENKO 
N.M., KARLÉN W. & LAURITZEN S.-E., 2005 - Highly variable 
Northern Hemisphere temperatures reconstructed from low- and 
high-resolution proxy data. Nature, 433 (7026), 613-617.

MOISSELIN J., SCHNEIDER M., CANELLAS C. & MESTRE O., 
2002 - Les changements climatiques en France au xxe siècle : Étude 
des longues séries homogénéisées de données de température et de 
précipitations. La Météorologie, 38, 45-56.

OFFERMANN C., FERRIO J.P., HOLST J., GROTE R., 
SIEGWOLF R., KAYLER Z. & GESSLER A., 2011 - The long 
way down are carbon and oxygen isotope signals in the tree ring 
uncoupled from canopy physiological processes? Tree Physiology, 
31 (10), 1088-1102.

PHILLIPS S.L. & EHLERINGER J.R., 1995 - Limited uptake of 
summer precipitation by bigtooth maple (Acer grandidentatum Nutt) 
and Gambel’s oak (Quereus gambelii Nutt). Trees, 9 (4), 214-219.

PROCTOR C.J., BAKER A., BARNES W.L. & GILMOUR M.A., 
2000 - A thousand year speleothem proxy record of North Atlantic 
climate from Scotland. Climate Dynamics, 16 (10), 815-820.

RODEN J.S., LIN G. & EHLERINGER J.R., 2000 - A mechanistic 
model for interpretation of hydrogen and oxygen isotope ratios in 
tree-ring cellulose. Geochimica et Cosmochimica Acta, 64 (1), 21-35.

SAURER M., ROBERTSON I., SIEGWOLF R. & LEUEN-
BERGER M., 1998a - Oxygen isotope analysis of cellulose: An 
interlaboratory comparison. Analytical Chemistry, 70 (10), 2074-
2080.

SAURER M., SIEGWOLF R., BORELLA S. & SCHWEIN-
GRUBER F., 1998b - Environmental information from stable 
isotopes in tree rings of Fagus sylvatica. In M. Beniston & J.L. Innes 
(eds.), The Impacts of Climate Variability on Forests. Springer, Berlin 
& Heidelberg, 241-253.

SHEN C.-C., LIN K., DUAN W., JIANG X., PARTIN J.W., 
EDWARDS R.L., CHENG H., TAN M., 2013 - Testing the annual 
nature of speleothem banding. Scientific Reports, 3, Article number: 
2633, 5 p.

SHESHSHAYEE M.S., BINDUMADHAVA H., RAMESH R., 
PRASAD T.G., LAKSHMINARAYANA M.R. & UDAYA-
KUMAR M., 2005 - Oxygen isotope enrichment (delta18O) as a 
measure of time-averaged transpiration rate. Journal of Experi-
mental Botany, 56 (422), 3033-3039.

SINHA A., STOTT L., BERKELHAMMER M., CHENG H., 
EDWARDS R.L., BUCKLEY B., ALDENDERFER M. & 
MUDELSEE M., 2011 - A global context for megadroughts in 
monsoon Asia during the past millennium. Quaternary Science 
Reviews, 30 (1-2), 47-62.

SPÖTL C., FAIRCHILD I.J. & TOOTH A.F., 2005 - Cave air control 
on dripwater geochemistry, Obir Caves (Austria): Implications for 
speleothem deposition in dynamically ventilated caves. Geochimica 
et Cosmochimica Acta, 69 (10), 2451-2468.

STEEN-LARSEN H.C., MASSON-DELMOTTE V., SJOLTE J., 
JOHNSEN S.J., VINTHER B.M., BRÉON F.-M., CLAUSEN 
H.B., DAHL-JENSEN D., FALOURD S., FETTWEIS X., 
GALLÉE H., JOUZEL J., KAGEYAMA M., LERCHE H., 

1606-091-Mep3-2016.indd   246 22/09/16   14:54



247

MINSTER B., PICARD G., PUNGE H.J., RISI C., SALAS D., 
SCHWANDER J., STEFFEN K., SVEINBJÖRNSDÓTTIR A.E., 
SVENSSON A. & WHITE J., 2011 - Understanding the climatic 
signal in the water stable isotope records from the NEEM shallow 
firn/ice cores in northwest Greenland. Journal of Geophysical 
Research, 116 (), D06108.

STERNBERG L. da S.L., 2009 - Oxygen stable isotope ratios of tree-
ring cellulose: the next phase of understanding. New Phytologist, 181 
(3), 553-562.

STERNBERG L. da S.L., DENIRO M.J. & SAVIDGE R.A., 
1986 - Oxygen isotope exchange between metabolites and water 
during biochemical reactions leading to cellulose synthesis. Plant 
Physiology, 82 (2), 423-427.

TAN M., BAKER A., GENTY D., SMITH C., ESPER J. & CAI 
B.G., 2006 - Applications of stalagmite laminae to paleoclimate 
reconstructions: Comparison with dendrochronology/climatology. 
Quaternary Science Reviews, 25 (17-18), 2103-2117.

TANG K. & FENG X., 2001 - The effect of soil hydrology on the 
oxygen and hydrogen isotopic compositions of plants’ source water. 
Earth and Planetary Science Letters, 185 (3-4), 355-367.

TREBLE P.C., BRADLEY C., WOOD A., BAKER A., JEX C.N., 
FAIRCHILD I.J., GAGAN M.K., COWLEY J. & AZCURRA C., 
2013 - An isotopic and modelling study of flow paths and storage in 
Quaternary calcarenite, SW Australia: implications for speleothem 
paleoclimate records. Quaternary Science Reviews, 64, 90-103.

TREMAINE D.M., FROELICH P.N. & WANG Y., 2011 - Speleothem 
calcite farmed in situ: Modern calibration of d18O and d13C paleo-
climate proxies in a continuously-monitored natural cave system. 
Geochimica et Cosmochimica Acta, 75 (17), 4929-4950.

TROUET V., ESPER J., GRAHAM N.E., BAKER A., SCOURSE 
J.D. & FRANK D.C., 2009 - Persistent positive North Atlantic 
Oscillation mode dominated the medieval climate anomaly. Science, 
324 (5923), 78-80.

VICENTE-SERRANO S.M., BEGUERÍA S., LÓPEZ-MORENO 
J.I., ANGULO M. & EL KENAWY A., 2010 - A new global 0.5 
degree gridded dataset (1901-2006) of a multiscalar drought index: 
comparison with current drought index datasets based on the Palmer 
Drought Severity Index. Journal of Hydrometeorology, 11 (4), 1033-
1043.

WACKERBARTH A., LANGEBROEK P.M., WERNER M., 
LOHMANN G., RIECHELMANN S., BORSATO A. & 
MANGINI A., 2012 - Simulated oxygen isotopes in cave drip water 
and speleothem calcite in European caves. Climate of the Past, 8 (6), 
1781-1799.

WASSENBURG J.A., IMMENHAUSER A., RICHTER D.K., 
NIEDERMAYR A., RIECHELMANN S., FIETZKE J., SCHOLZ 
D., JOCHUM K.P., FOHLMEISTER J., SCHRÖDER-RITZRAU 
A., SABAOUI A., RIECHELMANN D.F.C., SCHNEIDER L. 
& ESPER J., 2013 - Moroccan speleothem and tree ring records 
suggest a variable positive state of the North Atlantic Oscillation 
during the Medieval Warm Period. Earth and Planetary Science 
Letters, 375, 291-302.

YAKIR D. & DENIRO M.J., 1990 - Oxygen and hydrogen isotope 
fractionation during cellulose metabolism in Lemna gibba L. Plant 
Physiology, 93 (1), 325-332.

1606-091-Mep3-2016.indd   247 22/09/16   14:54


