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Abstract Although the importance of stable isotope ratios in tree rings is increasing for high‐resolution
climate reconstructions, it is still unclear if such values exhibit age trends that require some form of
standardization. Here we present 13,496 and 13,584 annually resolved and absolutely dated δ18O and δ13C
measurements from 147 living and relict oaks (Quercus spp.) that grew over the past 2,000 years in the Czech
Republic. In contrast to their heteroscedastic ring widths, the stable isotopes reveal constant spread
versus level relationships over the trees' life span. Together with high signal strength, the absence of
age‐related constraints makes δ18O and δ13C from oak latewood alpha cellulose a superior climate proxy in
regions where traditional tree‐ring parameters are limited.

Plain Language Summary Tree‐ring stable isotopes are important paleoclimatic archives in
regions where traditional dendrochronological parameters, such as ring width and wood density, perform
poorly. However, it remains debatable if isotopic ratios contain nonclimatic age trends that require some
initial statistical treatment. A well‐replicated compilation of annually resolved and absolutely dated stable
oxygen and carbon isotope ratios in 21 living and 126 relict oaks from the Czech Republic provides
unprecedented evidence to assess this biostatistical and tree physiological conundrum. Evenly distributed
over the past 2,000 years, neither the 13,496 individual δ18O nor the 13,584 individual δ13C measurement
values exhibit any detectable trend during the life span of the oaks investigated. In rejecting age‐related
limitations, and demonstrating strong temperature dependency, we conclude that nonpooled oak stable
isotope ratios are possibly the best paleoclimatic archive for the central European lowlands and other areas
where the species was most commonly used as construction timber, and where conventional tree‐ring
parameters often fail.

1. Background and Motivation

Considered the backbone of high‐resolution paleoclimatology (St. George & Esper, 2019), and thus providing
a natural context for the Anthropocene (Lewis & Maslin, 2015; Waters et al., 2016), annually resolved and
absolutely dated tree‐ring chronologies allow temperature or hydroclimate to be reconstructed over the past
centuries to millennia. Consistent with the principle of limiting factors (Fritts, 1976), tree‐ring widths (TRW)
and particularly maximum latewood density from cold‐moist, high‐altitude/‐latitude sites often reflect grow-
ing season temperature, and TRW from warm‐arid sites may reveal soil moisture availability. Whereas the
concept of ecological amplitude tells us that the dendroclimatological skill of forest trees generally decreases
with increasing distance from species‐specific distribution limits, tree‐ring stable isotopes (TRSI) can exhibit
strong climate signals even when the wood samples are coming from less extreme sites (Cernusak & English,
2015; Hartl‐Meier et al., 2015; McCarroll & Loader, 2004; Treydte et al., 2007).

Nevertheless, it is still unclear if TRSI contain age‐related trends that require some sort of statistical treat-
ment, so‐called standardization or detrending (Cook & Kairiukstis, 1990). The first indication of nonclimatic
age trends in δ13C was published by Freyer (1979), and later by Schleser and Jayasekera (1985). Further
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evidence of age trends in δ13C was reported from different conifer species growing in northern Idaho, USA
(Monserud & Marshall, 2001), as well as from nonpooled δ13C values in oaks from different sites across cen-
tral France (Etien et al., 2008). Although Gagen et al. (2007, 2008) revealed some signs of juvenile growth
effects on δ13C in pines from Finland, they also showed that stable tree‐ring carbon isotopes were free of
any coherent long‐term age‐related trends. Likewise, Daux et al. (2011), found no substantial age‐related
low‐frequency behavior in the carbon isotopic signature of Larix decidua cellulose from the French Alps,
which agrees with observations from living and relict pines from the Torneträsk region in northern
Sweden (Loader, Young, McCarroll, & Wilson, 2013). Furthermore, Young et al. (2011) reported no
long‐term age‐related trends in stable carbon and oxygen isotopes from living pines that grew under oceanic
conditions at Forfjorddalen in northwestern Norway. Another case study from the UK also demonstrated
the absence of age‐related trends in δ18O from 17 living and 32 historical oaks (Duffy et al., 2019).

In contrast, evidence for nonclimatic age‐related trends in pooled δ13C was revealed by 182 subfossil pines
from northern Finnish Lapland (Helama et al., 2015), with comparable trends found in 76 living beech
and spruce trees from seven sites across Europe (Klesse et al., 2018). The first indication of age dependency
in δ18O came from an annually resolved, 1,000‐year‐long, high‐elevation juniper chronology from northern
Pakistan (Treydte et al., 2006), with some additional signs of δ18O age effects in oaks originating from wes-
tern France (Labuhn et al., 2014). Likewise, 25 high‐elevation pines from the Spanish central Pyrenees exhi-
bit age‐related changes in the spread versus level relationship of decadal δ18O and δ13C discrimination
(Esper et al., 2010). Moreover, a diverse collection of pooled hydrogen isotope ratios (δD) in 82 subfossil oaks
from Germany reveals age‐dependent increases (Mayr et al., 2003).

All of the existing tree‐ring stable isotope studies are, however, limited by either (i) a relatively low sample
size, (ii) a restriction to only living trees, (iii) the use of pooled samples, or (iv) some combination thereof.

2. Nonpooled Tree‐Ring Stable Isotopes

To better understand if oak TRSI may or may not contain age trends, and to further evaluate the findings of
Duffy et al. (2019), an ideal dendroisotopic data set should consist of (i) massive sample size (>100 trees), (ii)
annual isotopic ratios of individual trees (nonpooled), and (iii) evenly aged samples with different start and
end dates throughout time (industrial and preindustrial material). Here we present 27,080 annually resolved
and absolutely dated δ18O and δ13C measurements of 147 living and relict Czech oaks. After visual and sta-
tistical cross‐dating, and careful splitting with a scalpel under a stereomicroscope, the latewood alpha cellu-
lose of each tree ring was extracted, and its isotopic composition was measured (Saurer et al., 1997). We
therefore followed the modified Jayme‐Wise isolation method (Boettger et al., 2007). Originating from either
cores or disks, the ~0.5‐mm‐wide, individual wood samples were packed into Teflon filter bags, and washed
with 5% NaOH solution twice for 2 hr at 60 °C, followed by an additional wash with 7% NaClO2 solution for
another 30 hr at 60 °C. Acetic acid (99.8%) was added to the solution to keep pH 4–5. After washing, the bags
with extracted cellulose were rinsed 3 times in hot distilled water (90 °C). Each sample was dried subsequen-
tly at 50 °C for 24 hr, locked in Eppendorf microtubes, and stored under dark and temperature‐controlled
conditions at 21 °C before analysis.

For the independent determination of carbon and oxygen isotopes, alpha cellulose samples between 0.2 and
1.0 mg were placed in tin and silver capsules, respectively. For δ13C (δ18O), samples were combusted (pyro-
lyzed) to CO2 (CO) at 960 °C (1,450 °C). Stable isotopes in the CO2 and CO gases were then determined by a
continuous flow isotope ratio mass spectrometer ISOPRIME100 (Isoprime, Manchester, UK). Prior to each
set of isotopic measurements, the ion source of the mass spectrometer was centered, tuned, and tested for
stability (standard deviation ≤0.04‰ on 10 pulses over three consecutive runs) and linearity (≤0.03‰/nA)
over the entire range of expected ion currents obtained from the measurements of the test samples.
Standard deviation was ≤0.06‰ (δ13C) and ≤0.10‰ (δ18O) on five consecutive measurements of the same
alpha cellulose sample. The system was calibrated using certified reference materials with known isotopic
ratios from the International Atomic Energy Agency (IAEA, Vienna, Austria). The δ13C values were refer-
enced to caffeine (IAEA‐600) and graphite (USGS24). The δ18O values were referenced to benzoic acid
(IAEA‐601 and IAEA‐602). The δ13C and δ18O values (‰) were calculated as the deviation from the
Vienna Pee Dee Belemnite and Vienna Standard Mean Ocean Water standards, respectively, according to
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the formula R = (Rsample/Rstandard − 1)1,000, where R is the ratio of the heavy to light isotope
(13C/12C, 18O/16O).

Continuously covering the period from 91 BCE to 2018 CE with a mean sample size of 6.57 series
(stdev = 1.06), the 13,496 δ18O and 13,584 δ13C values frommatureQuercus robur andQuercus petraea repre-
sent a well‐replicated, multimillennial‐long, nonpooled TRSI data set. The mean age of the 21 living and 126
relict oaks is 105 years. Independent of their calendar date, each individual raw TRW and TRSI measure-
ment series was aligned by cambial age (Esper et al., 2003; Figure 1). To assess possible age‐related trends
in TRW and TRSI, we calculated the mean and median of the age‐aligned individual raw measurements
and smoothed them with cubic spline functions of 50% frequency cutoff at 30 years (Cook & Peters, 1981).
The resulting curves were split into three equally long, 40‐year subperiods (1–40, 41–80, and 81–120 years),
during which sample size declines continuously from 147 to 40 series. The mean and median, as well as the
standard deviation and standard error, were calculated from the raw values for each subperiod. To the 31
δ13C carbon series from living trees and historical timbers that have values after 1859 CE, we additionally
applied a correction factor for atmospheric δ13C depletion from anthropogenic fossil fuel emissions
(McCarroll & Loader, 2004). Due to possible effects of the modern atmospheric CO2 increase on tree physiol-
ogy, the δ13C values might still contain some degree of bias (McCarroll et al., 2009; Treydte et al., 2009).

In contrast to the heteroscedastic nature of the raw oak TRWmeasurements (Figures 1 and 2), none of their
corresponding TRSI values from the same trees reveal any statistically discernible long‐term trend over the
first 120 years of tree growth. To corroborate our findings, we applied different methods within two Monte
Carlo resampling strategies (Block‐Bootstrap and Jack‐Knife; Isobe et al., 1990), and used Analysis of
Variance (Fisher, 1918) performed on the various time series. Only the age‐aligned raw TRWmeasurements
exhibit a significant negative trend (p < 0.0102). In addition, we examined the significance of each time ser-
ies using a modified Mann‐Kendall test (Mann, 1945), specifically adapted to autocorrelated data. Again,
only the TRW data exhibit a statistically significant negative trend (p < 0.01). While TRW measurements
decline exponentially with cambial age from ~2.0 to <0.5 mm (Figure 2), δ18O exhibits negligible fluctua-
tions ~27.5‰, and δ13C remains even more stable at around −24.5‰. In contrast to TRW, TRSI does not
show any statistically significant differences in their mean/median and standard error when calculated

Figure 1. Age‐related behavior of TRW and TRSI. The top row shows the individual raw 147 TRW and TRSI measurement series aligned by cambial age. The bot-
tom graphs display the continuously declining sample size of the age‐aligned TRW and TRSI data, ranging from 147 individual series at cambial age 1 to 40
series at cambial age 120. Carbon and oxygen isotope ratios are reported in per mil (‰) using the usual delta (δ) notation relative to the Vienna Pee Dee Belemnite
(δ13C) and Vienna Standard Mean Ocean Water (δ18O) standards (Coplen, 1995).
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Figure 2. No age trends in TRSI. The top row shows the 30‐year smoothed mean and median of the age‐aligned 13,804 TRW, 13,496 oxygen, and 13,584 carbon
measurements from the 147 living and relict oaks that grew during the Common Era in the Czech Republic (from left to right). Small differences in the total
number of TRW and TRSI values result from insufficient wood quality and quantity that is needed for high‐resolution, high‐precision isotopic measurements. The
lower grey values refer to themean (median) and standard deviation (error) of the three equally long subperiods of cambial age (1–40, 41–80, and 81–120 years). The
bottom part of the figure shows the relationship between the mean/median and standard deviation of the TRW and TRSI values of the 147 oaks calculated for
each of the three cambial subperiods, which are displayed by the three different symbols: circles (1–40 years), triangles (41–80 years), and squares (81–120 years).
Note that the data points of the TRSI from the three subperiods strongly overlap, whereas the TRW values of the subperiods scatter widely.

Figure 3. Sketch of the advanced paleoclimatic value of TRSI compared to TRW. Example of a polished cross section of an
oak from the Czech Republic, with colored lines denoting exemplary TRW and TRSI measurement radii (green and red/
blue, respectively). The magnified inset shows the anatomical structure of large earlywood vessels and homogeneous
latewood fibers. The green lines mark the width of one complete oak ring, whereas the blue and red lines refer to the width
of the latewood only. The middle part of the sketch is an example of raw TRW and TRSI measurement behavior from one
of the 147 Czech oak samples (Kyl38). (right side) Maps compare the June–August scPDSI sensitivity of a standardized
TRW chronology of 861 Czech oak TRW series after individual 100‐year spline detrending against the hydroclimatic signal
strength of the averaged, nonpooled, and inverse δ18O and δ13C values from a selection of six oaks only. Spatial field
correlations from 1950 to 2017 are based on the most recent gridded 0.5° scPDSI product of the Climatic Research Unit
(CRU; after van der Schrier et al., 2006).
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independently over the three, 40‐year‐long, cambial subperiods of juvenile, mature, and adult growth (see
ANOVA results in the online supporting information). Furthermore, this finding does not change when
using shorter, 30‐year subperiods instead. The combination of temporally stable mean/median TRSI values,
and almost no variation in standard deviation, implies that the individual raw oxygen and carbon ratios are
homoscedastic and therefore do not require age trend standardization/detrending. Nevertheless, any parsi-
monious removal of perceived nonclimatic noise, including the correction for changes in the Earth's atmo-
spheric composition, will only further stabilize long TRSI chronologies (Helama et al., 2018), and thus
ideally enhance the environmental signal of large isotopic data sets (Loader, Young, Grudd, & McCarroll,
2013). In order to reflect low‐frequency information above the individual segment lengths (Cook et al.,
1995), TRSI, however, do not require the application of age‐related composite detrending techniques, such
as the Regional Curve Standardization (Esper et al., 2003; Helama et al., 2017).

3. Discussion and Conclusions

Based on an extremely well‐replicated, annually resolved, and nonpooled δ18O and δ13C compilation, this
study emphasizes the dendroclimatological/dendroecological advantage of TRSI over TRW measurements,
the latter of which not only require standardization/detrending but also possess a rather weak hydroclimatic
signal (Figure 3). By contrast, the simple mean of the inverse, nondetrended δ18O, and δ13C time series cor-
relates highly significantly (p < 0.001) with June–August mean scPDSI (self‐calibrated Palmer Drought
Severity Index; van der Schrier et al., 2006) over much of central and eastern Europe (r > 0.751950–2017).
The overall positive (negative) relationship between TRSI and summer temperature (hydroclimate) is in line
with previous oak‐based stable isotope studies from western and central Europe (Treydte et al., 2007; Etien
et al., 2008; Rinne et al., 2013; Young et al., 2015; Labuhn et al., 2016). The exceptionally strong hydrocli-
matic signal in the TRSI of the Czech oaks likely results from a reasonably homogeneous moisture supply
during their growing season when physiological processes are mainly controlled by atmospheric
vapor pressure.

In re‐thinking the boundaries of dendrochronology (Büntgen, 2019), our results are particularly important
for the wider paleoclimatic community, because the longest, continuous TRW chronologies (Becker, 1993;
Friedrich et al., 2004), and perhaps the highest density of TRW measurements from living oaks, as well as
historical timbers, archeological wood, and subfossil remains come from central Europe's low‐elevation
oak forests (Prokop et al., 2017; Tegel et al., 2010, 2012). While oak TRW composite chronologies have been
used to reconstruct hydroclimate over the past millennia with reasonable success (Büntgen et al., 2010, 2011;
Cook et al., 2015; Dobrovolný et al., 2018), the superb signal strength of their nonpooled TRSI—individual or
combined—suggests a clear paleoclimatic improvement for those regions where TRW generally fails
(Figure 3). TRSI may even help resolving difficult dendroarcheological/dendrohistorical dating issues
(Loader et al., 2019). The existence of ultralong oak TRW chronologies in France, Germany, and the
British Isles foster great potential for TRSI‐based warm‐season hydroclimatic reconstructions to cover much
of the Holocene at annual resolution. Beyond the enhancement of climate reconstructions, TRSI—supple-
mentary rather than exclusively—will further improve our knowledge about the direct and indirect
responses of forest ecosystems in the Anthropocene (Cernusak & English, 2015), with consequences as far
reaching as the disruption of the global carbon cycle and possible species extinction.

References
Becker, B. (1993). An 11,000‐year German oak and pine dendrochronology for radiocarbon calibration. Radiocarbon, 35, 201–213.
Boettger, T., Haupt, M., Knöller, K., Weise, S. M., Waterhouse, J. S., Rinne, K. T., et al. (2007). Wood cellulose preparation methods and

mass spectrometric analyses of δ13C, δ18O, and nonexchangeable δ2H values in cellulose, sugar, and starch: An interlaboratory com-
parison. Analytical Chemistry, 79(12), 4603–4612. https://doi.org/10.1021/ac0700023

Büntgen, U. (2019). Re‐thinking the boundaries of dendrochronology. Dendrochronologia, 53, 1–4.
Büntgen, U., Tegel, W., Nicolussi, K., McCormick, M., Frank, D., Trouet, V., et al. (2011). 2500 years of European climate variability and

human susceptibility. Science, 331(6017), 578–582. https://doi.org/10.1126/science.1197175
Büntgen, U., Trouet, V., Frank, D., Leuschner, H. H., Friedrichs, D., Luterbacher, J., & Esper, J. (2010). Tree‐ring indicators of German

summer drought over the last millennium. Quaternary Science Reviews, 29, 1005–1016.
Cernusak, L. A., & English, N. B. (2015). Beyond tree‐ring widths: Stable isotopes sharpen the focus on climate responses of temperate

forest trees. Tree Physiology, 35, 1–3.
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, 229–237.

10.1029/2019PA003831Paleoceanography and Paleoclimatology

BÜNTGEN ET AL. 5 of 7

Acknowledgments
All data relevant to this study are
available in the online supporting
information. This study was supported
by the Czech Republic Grant Agency
(17‐22102S and 18‐11004S). M.T.
received support from SustES—
Adaptation strategies for sustainable
ecosystem services and food security
under adverse environmental condi-
tions (CZ.02.1.01/0.0/0.0/16_019/
0000797). K.T. received support from
the Swiss National Science Foundation
(SNF 200021_175888). We acknowl-
edge the E‐OBS data set from the
EU‐FP6 project UERRA (http://www.
uerra.eu), and the KNMI Climate
Explorer (https://climexp.knmi.nl), and
we are thankful to M. Fischer
(CzechGlobe) for providing consulta-
tions on some aspects of the statistical
evaluation. Two referees kindly com-
mented on earlier versions of this
manuscript.

https://doi.org/10.1021/ac0700023
https://doi.org/10.1126/science.1197175
http://www.uerra.eu
http://www.uerra.eu
https://climexp.knmi.nl


Cook, E. R., & Peters, K. (1981). The smoothing spline: A new approach to standardizing forest interior tree‐ring width series for den-
droclimatic studies. Tree‐Ring Bulletin, 41, 43–53.

Cook, E. R., & Kairiukstis, L. A. (1990). Methods of Dendrochronology: Applicationsin the Environmental Sciences. Springer Science &
Business Media.

Cook, E. R., Seager, R., Kushnir, Y., Briffa, K. R., Büntgen, U., Frank, D., et al. (2015). Old World megadroughts and pluvials during the
common era. Science Advances, 1(10), e1500561. https://doi.org/10.1126/sciadv.1500561

Coplen, T. B. (1995). Discontinuance of SMOW and PDB. Nature, 375, 285.
Daux, V., Edouard, J. L., Masson‐Delmotte, V., Stievvenard, M., Hoffmann, G., Pierre, M., et al. (2011). Can climate variations be inferred

from tree‐ring parameters and stable isotopes from Larix decidua? Juvenile effects, budmoth outbreaks, and divergence issue. Earth and
Planetary Science Letters, 309, 221–233.

Dobrovolný, P., Rybníček, M., Kolář, T., Brázdil, R., Trnka, M., & Büntgen, U. (2018). May–July precipitation reconstruction from oak
tree‐rings for Bohemia (Czech Republic) since AD 1040. International Journal of Climatology, 38, 1910–1924.

Duffy, J. E., McCarroll, D., Loader, N. J., Young, G. H., Davies, D., Miles, D., & Bronk Ramsey, C. (2019). Absence of age‐related
trends in stable oxygen isotope ratios from oak tree rings. Global Biogeochemical Cycles, 33, 841–848. https://doi.org/10.1029/
2019GB006195

Esper, J., Cook, E. R., Krusic, P. J., Peters, K., & Schweingruber, F. H. (2003). Tests of the RCS method for preserving low‐frequency
variability in long tree‐ring chronologies. Tree‐Ring Research, 59, 81–98.

Esper, J., Frank, D. C., Battipaglia, G., Büntgen, U., Holert, C., Treydte, K., et al. (2010). Low‐frequency noise in δ13C and δ18O tree ring
data: A case study of Pinus uncinata in the Spanish Pyrenees. Global Biogeochemical Cycles, 24, GB4018. https://doi.org/10.1029/
2010GB003772

Etien, N., Daux, V., Masson‐Delmotte, V., Stievenard, M., Bernard, V., Durost, S., et al. (2008). A biproxy reconstruction of Fontainebleau
(France) growing season temperature from AD 1596 to 2000. Clim. Past, 4, 91–106.

Fisher, R. A. (1918). Studies in crop variation. I. An examination of the yield of dressed grain from Broadbalk. Journal of Agricultural
Science, 11, 107–135.

Freyer, H. D. (1979). On the 13C record in tree rings: Part 2—Registration of microenvironmental CO2 and anomalous pollution effect.
Tellus, 31, 308–312.

Friedrich, M., Remmele, S., Kromer, B., Hofmann, J., Spurk, M., Kaiser, K. F., et al. (2004). The 12,460‐year Hohenheim oak and pine
tree‐ring chronology from central Europe: A unique annual record for radiocarbon calibration and paleoenvironment reconstructions.
Radiocarbon, 46, 1111–1122.

Fritts, H. C. (1976). Tree rings and climate, (Vol. 567). London: Academic Press.
Gagen, M. H., McCarroll, D., Loader, N. J., Robertson, I., Jalkanen, R., & Anchukaitis, K. J. (2007). Exorcising the “segment length curse”:

Summer temperature reconstruction since AD 1640 using non‐detrended stable carbon isotope ratios from pine trees in northern
Finland. The Holocene, 17, 435–446.

Gagen, M. H., McCarroll, D., Robertson, I., Loader, N. J., & Jalkanen, R. (2008). Do tree ring δ13C series from Pinus sylvestris in northern
Fennoscandia contain long‐term non‐climatic trends? Chemical Geology, 252, 42–51.

Hartl‐Meier, C., Zang, C., Büntgen, U., Esper, J., Rothe, A., Göttlein, A., et al. (2015). Uniform climate sensitivity in tree‐ring stable isotopes
across species and sites in a mid‐latitude temperate forest. Tree Physiology, 35(1), 4–15. https://doi.org/10.1093/treephys/tpu096

Helama, S., Arppe, L., Timonen, M., Mielikäinen, K., & Oinonen, M. (2015). Age‐related trends in subfossil tree‐ring δ13C data. Chemical
Geology, 416, 28–35.

Helama, S., Arppe, L., Timonen, M., Mielikäinen, K., & Oinonen, M. (2018). A 7.5 ka chronology of stable carbon isotopes from tree rings
with implications for their use in palaeo‐cloud reconstruction. Global and Planetary Change, 170, 20–33.

Helama, S., Melvin, T. M., & Briffa, K. R. (2017). Regional curve standardization: State of the art. The Holocene, 27, 172–177.
Isobe, T., Feigelson, E. D., Akritas, M. G., & Babu, G. J. (1990). Linear regression in astronomy I. Astrophysical Journal, 364, 104.
Klesse, S., Weigt, R., Treydte, K., Saurer, M., Siegwolf, R. T. W., & Frank, D. C. (2018). Oxygen isotopes in tree rings are less sensitive to tree

size and stand dynamics than carbon isotopes. Plant, Cell and Environment, 41, 2899–2914.
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 cellulose δ18O. Climate of the Past, 12, 1101–1117.
Labuhn, I., Daux, V., Pierre, M., Stievenard, M., Girardclos, O., Férona, A., et al. (2014). Tree age, site and climate controls on tree ring

cellulose δ18O: A case study on oak trees from South‐Western France. Dendrochronologia, 32, 78–89.
Lewis, S. L., & Maslin, M. A. (2015). Defining the Anthropocene. Nature, 519, 171–180.
Loader, N. J., Young, G. H. F., Grudd, H., & McCarroll, D. (2013). Stable carbon isotopes from Torneträsk, northern Sweden provide a

millennial length reconstruction of summer sunshine and its relationship to Arctic circulation. Quaternary Science Reviews, 62, 97–113.
Loader, N. J., Young, G. H. F., McCarroll, D., &Wilson, R. J. S. (2013). Quantifying uncertainty in isotope dendroclimatology. The Holocene,

23, 1221–1226.
Loader, N. J., Mccarroll, D., Miles, D., Young, G. H., Davies, D., & Ramsey, C. B. (2019). Tree ring dating using oxygen isotopes: a master

chronology for centralEngland. Journal of Quaternary Science, 34(6), 475–490.
Mann, H. B. (1945). Nonparametric tests against trend. Econometrica, 13, 245–259.
Mayr, C., Frenzel, B., Friedrich, M., Spurk, M., Stichler, W., & Trimborn, P. (2003). Stable carbon‐ and hydrogen‐isotope ratios of subfossil

oaks in southern Germany: Methodology and application to a composite record for the Holocene. The Holocene, 13, 393–402.
McCarroll, D., Gagen, M. H., Loader, N. J., Robertson, I., Anchukaitis, K. J., Los, S., et al. (2009). Correction of tree ring stable carbon

isotope chronologies for changes in the carbon dioxide content of the atmosphere. Geochimica et Cosmochimica Acta, 73, 1539–1547.
McCarroll, D., & Loader, N. J. (2004). Stable isotopes in tree rings. Quaternary Science Reviews, 23, 771–801.
Monserud, R. A., & Marshall, J. D. (2001). Time‐series analysis of δ13C from tree rings. I. Time trends and autocorrelation. Tree Physiology,

21(15), 1087–1102. https://doi.org/10.1093/treephys/21.15.1087
Prokop, O., Kolář, T., Kyncl, T., & Rybníček, M. (2017). Updating the Czech millennia‐long oak tree‐ring width chronology. Tree‐Ring

Research, 73, 47–52.
Rinne, K. T., Loader, N. J., Switsur, V. R., & Waterhouse, J. S. (2013). 400‐year May–August precipitation reconstruction for southern

England using oxygen isotopes in tree rings. Quaternary Science Reviews, 60, 13–25.
Saurer, M., Borella, S., Schweingruber, F., & Siegwolf, R. (1997). Stable carbon isotopes in tree rings of beech: Climatic versus site‐related

influences. Trends in Ecology & Evolution, 11, 291–297.
Schleser, G. H., & Jayasekera, R. (1985). δ13C variations in leaves of a forest as an indication of re‐assimilated CO2 from the soil. Oecologia,

65(4), 536–542. https://doi.org/10.1007/BF00379669

10.1029/2019PA003831Paleoceanography and Paleoclimatology

BÜNTGEN ET AL. 6 of 7

https://doi.org/10.1126/sciadv.1500561
https://doi.org/10.1029/2019GB006195
https://doi.org/10.1029/2019GB006195
https://doi.org/10.1029/2010GB003772
https://doi.org/10.1029/2010GB003772
https://doi.org/10.1093/treephys/tpu096
https://doi.org/10.1093/treephys/21.15.1087
https://doi.org/10.1007/BF00379669


St. George, S., & Esper, J. (2019). Concord and discord among northern hemisphere paleotemperature reconstructions from tree rings.
Quaternary Science Reviews, 203, 278–281.

Tegel, W., Hakelberg, D., Elbrug, R., Stäuble, H., & Büntgen, U. (2012). Early Neolithic water wells reveal the world's oldest wood archi-
tecture. PLosOne, 7, e51374.

Tegel, W., Vanmoerkerke, J., & Büntgen, U. (2010). Updating historical tree‐ring records for climate reconstruction. Quaternary Science
Reviews, 29, 1957–1959.

Treydte, K., Frank, D., Esper, J., Andreu, L., Bednarz, Z., Berninger, F., et al. (2007). Signal strength and climate calibration of a European
tree‐ring isotope network. Geophysical Research Letters, 34, L24302. https://doi.org/10.1029/2007GL031106

Treydte, K. S., Frank, D. C., Saurer, M., Helle, G., Schleser, G. H., & Esper, J. (2009). Impact of climate and CO2 on a millennium‐long
tree‐ring carbon isotope record. Geochimica et Cosmochimica Acta, 73, 4635–4647.

Treydte, K. S., Schleser, G. H., Helle, G., Frank, D. C., Winiger, M., Haug, G. H., & Esper, J. (2006). The twentieth century was the wettest
period in northern Pakistan over the past millennium. Nature, 440, 1179.

van der Schrier, G., Briffa, K. R., Jones, P. D., & Osborn, T. J. (2006). Summer moisture availability across Europe. Journal of Climate, 19,
2819–2834.

Waters, C. N., Zalasiewicz, J., Summerhayes, C., Barnosky, A. D., Poirier, C., Gałuszka, A., et al. (2016). The Anthropocene is functionally
and stratigraphically distinct from the Holocene. Science, 351, aad2622.

Young, G. H. F., Demmler, J. C., Gunnarson, B. E., Kirchhefer, A. J., Loader, N. J., & McCarroll, D. (2011). Age trends in tree ring growth
and isotopic archives: A case study of Pinus sylvestris L. from northwestern Norway. Global Biogeochemical Cycles, 25, GB2020. https://
doi.org/10.1029/2010GB003913

Young, G. H. F., Loader, N. J., McCarroll, D., Bale, R. J., Demmler, J. C., Miles, D., et al. (2015). Oxygen stable isotope ratios from British oak
tree‐rings provide a strong and consistent record of past changes in summer rainfall. Climate Dynamics, 45, 3609–3622.

10.1029/2019PA003831Paleoceanography and Paleoclimatology

BÜNTGEN ET AL. 7 of 7

https://doi.org/10.1029/2007GL031106
https://doi.org/10.1029/2010GB003913
https://doi.org/10.1029/2010GB003913


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2001
  ]
  /PDFX1aCheck true
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (Euroscale Coated v2)
  /PDFXOutputConditionIdentifier (FOGRA1)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <>
    /CHT <>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF che devono essere conformi o verificati in base a PDF/X-1a:2001, uno standard ISO per lo scambio di contenuto grafico. Per ulteriori informazioni sulla creazione di documenti PDF compatibili con PDF/X-1a, consultare la Guida dell'utente di Acrobat. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 4.0 e versioni successive.)
    /JPN <>
    /KOR <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die moeten worden gecontroleerd of moeten voldoen aan PDF/X-1a:2001, een ISO-standaard voor het uitwisselen van grafische gegevens. Raadpleeg de gebruikershandleiding van Acrobat voor meer informatie over het maken van PDF-documenten die compatibel zijn met PDF/X-1a. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 4.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENG (Modified PDFX1a settings for Blackwell publications)
    /ENU (Use these settings to create Adobe PDF documents that are to be checked or must conform to PDF/X-1a:2001, an ISO standard for graphic content exchange.  For more information on creating PDF/X-1a compliant PDF documents, please refer to the Acrobat User Guide.  Created PDF documents can be opened with Acrobat and Adobe Reader 4.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /HighResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


