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A B S T R A C T

Albeit labor-intensive, tree-ring maximum latewood density (MXD) has become a prime proxy to reconstruct 
inter-annual to multi-centennial climate variability. We here combine such data from five valleys in Austria, 
France and Switzerland to present a June-September temperature history for the European Alps reaching back to 
742 CE. The pan-alpine record correlates at r1880–2023 = 0.89 with observational data and provides evidence for a 
prolonged Little Ice Age (LIA) from the 1250s to 1850s CE, during which summer temperatures were 0.59 ◦C 
cooler compared to the preceding Medieval Warm Period (MWP) from the 880s to 1240s CE. Temperatures rose 
by 3.65 ◦C from the coldest decade in the 1810s, which includes the 1816 CE post-Tambora “year without a 
summer”, to the warmest decade in the 2010s. The warmest summer in our reconstruction occurred in 2003 CE 
(+ 2.71 ◦C) and exceeds the warmest naturally forced summer in 970 CE (+ 2.19 ◦C) by more than 0.5 ◦C. This 
difference is non-significant, however, if we consider the increasing uncertainties back in time when fewer sites 
and trees contributed to the reconstruction. The pan-alpine record is the result of conducting MXD measurements 
over the past two decades in Swiss and German laboratories and sets a new standard in terms of explained 
variance and pre-instrumental temperature variability estimation in the European Alps.

1. Introduction

In 2006 Büntgen et al. (hereafter Bün06) published a millennium- 
length June-September temperature reconstruction based on only 
maximum latewood density (MXD) data from old buildings and living 
trees in the Swiss Lötschen (Loe) and Simplon (Sim) valleys. The record 
has been widely recognized and cited more than 500-times as it explains 
more instrumental temperature variance than any alpine tree-ring width 
(TRW) based reconstruction (Büntgen et al., 2005), which are typically 
compromised by biological memory (Esper et al., 2015). Bün06 

correlates at r1818–2003 = 0.69 and r1760–1817 = 0.80 against regional 
June-September temperatures, thereby reaching levels that in Europe 
are only known from northern treeline environments in Fennoscandia 
where millennium-length MXD, blue intensity, and even more expensive 
stable isotope and quantitative wood anatomy timeseries explain more 
than 50 % (equal to r > 0.71) instrumental temperature variance (e.g., 
Björklund et al., 2014, 2023; Büntgen et al., 2011a; Esper et al., 2012; 
Grudd, 2008; Gunnarson, Linderholm, 2002; Linderholm and Gunnar
son, 2019; Loader et al., 2013).

Since most old buildings in the Swiss mountains are constructed of 
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durable Larix decidua Mill. wood, Bün06 had to adjust negative MXD 
outliers caused by defoliation events of regular larch budmoth (LBM) 
mass outbreaks (Johnson et al., 2010). The identification of these events 
in the Loe and Sim MXD data led to the longest reconstruction of regular 
insect outbreaks in subalpine environments (Esper et al., 2007a). The 
final Bün06 reconstruction was, however, still affected by a notable 
increase in variance during medieval times induced by highly covarying 
MXD series from single buildings in the Simplon valley. This bias, and 
potential inaccuracies caused by combining historical samples of un
known origin with well-confined living-tree collections (Tegel et al., 
2010), stimulated an analysis of MXD signals along elevational transects 
and application of machine learning to improve tree provenancing and 
chronology building (Kuhl et al., 2024). The resulting temperature 
reconstruction, however, lacks centennial scale temperature trends and 
shows no evidence of a prolonged cold period associated with the Little 
Ice Age (LIA) that is otherwise commonly recorded in lower resolution 
proxy reconstructions from Central Europe and the European Alps 
(overview in Wanner et al., 2022).

We here address these limitations by introducing new high-elevation 
MXD datasets from the Swiss Lötschen and French Merveille valleys and 
combining these with existing data from the Swiss Matter and Simplon 
and the Austrian Ötz valleys. We develop a single MXD chronology for 
each of these five valleys using detrending methods to preserve low 
frequency variance, assess covariance and climate signals within this 
network, and calculate a mean timeseries to represent warm season 
temperatures across the European Alps. The resulting pan-alpine tem
perature history, integrating 1064 MXD measurement series of a mean 
length of 198 years, is finally compared with existing millennium-length 
reconstructions to evaluate similarities and discrepancies in recon
structed temperature extremes, trends, and amplitudes.

2. Material and methods

2.1. Site and MXD data characteristics

The valleys hosting long MXD chronologies range from the French 
Maritime Alps (Merveille valley, hereafter: Mer) in the southwest to the 
Austrian Ötztal Alps (Ötz valley: Oet) in the northeast and include a 
cluster of three sites in the Swiss Valais Alps (Lötschen: Loe, Simplon: 
Sim, Matter: Mat) in the center (Fig. 1). The sampling conditions and 
wood collections differ substantially among these five valleys. In Loe, we 
used the original larch collection including material from historical 
buildings and treeline sites sampled in 2004 CE (Loe04; Büntgen et al., 
2006) and combined these data with a new collection of living and relict 
material (i.e. deadwood on the ground) sampled in 2022 CE at the 
treeline (Loe22). The combined Loe data includes 244 radii of a mean 
length of 269 years from elevations ranging between 1700 and 2200 m 
a.s.l. and covers the period from 1258 to 2021 CE (Table 1).

The Sim data are similar to the early Loe04 collection as they also 
include material from historical buildings and subalpine living trees. 
However, the lower boundary of the construction wood source region is 
less-well confined and estimated to reach down to 1600 m a.s.l. 
(Riechelmann et al., 2013). Sim is the smallest dataset (163 radii, 201 
years mean length) but extends furthest back in time to 735 CE. It also 
includes some of the heaviest wood samples as expressed by the overall 
highest MXD mean of 0.93 g/cm3 compared to 0.82–0.88 g/cm3 in the 
four other valleys (Table 1). The nearby Mat collection is even less 
coherent and combines living trees from subalpine larch sites with relict 
material from a variety of sources including historical buildings in 
several small settlements as well as higher-elevation glacier wood (Kuhl 
et al., 2024; Riechelmann et al., 2020). Mat includes 193 measurement 
series of a mean length of 221 years from elevations ranging between 
1600 and 2400 m a.s.l. covering the period from 765 to 2018 CE.

The Austrian Oet collection is the only non-larch dataset, being 

Fig. 1. Map showing the location of tree-ring density sites in the Lötschen (Loe), Simplon (Sim), Matter (Mat), Ötz (Oet), and Merveille (Mer) valleys (green dots), 
and observational temperature grid points (black crosses) in the European Alps. Background colors show the 2003 CE June-September temperatures using CRU TS 
4.08 data (Harris et al., 2020).
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composed of Picea abies living-tree and relict samples from a well- 
confined subalpine environment between 1800 and 2000 m a.s.l. The 
spruce samples are lighter than the larch, as expressed by the lowest 
MXD mean of 0.82 g/cm3, and have been reported to contain seasonal 
temperature signals that are more strongly weighted towards late 
summer months (Esper et al., 2007b). Oet includes 205 MXD series of 
relatively short length (129 years) covering a period from 1028 to 2003 
CE. The most recently completed Mer dataset extends until 2023 CE and 
is composed of ground deadwood and living trees all from elevations 
above 2050 m a.s.l. Many of the deadwood samples are rather old and 
include up to 900 rings (Büntgen et al., 2012; Serre, 1978), whereas the 
living trees represent all age classes down to series shorter than 20 rings. 
Mer represents a total of 259 series of a mean length of 166 years 
extending back to 957 CE.

All data have been measured using Walesch X-ray densitometers in 
the Birmensdorf (Switzerland) and Mainz (Germany) tree-ring labora
tories to produce high-resolution density profiles of more than 210,000 
rings (Fig. 2). While time-consuming, this method enables quantification 
of intra-annual density metrics including MXD at highest precision even 
in narrow rings characteristic for high-elevation alpine environments. 
Due to changes in the densitometry calibration wedge and other, partly 
undocumented modifications, some of the early Sim measurements 
conducted in Birmensdorf are systematically lighter by 0.1 g/cm3 and 
had to be adjusted to the Mainz measurements before joint detrending.

2.2. Detrending and chronology building

We generally used simple RCS detrending (Briffa et al., 1992; Esper 
et al., 2003) with ratios and arithmetic means applied either to entire 
valley datasets or after splitting data into living-tree and dead-tree 
subsamples (Melvin et al., 2013). In Mat, we additionally used hori
zontal line detrending with a sub-sample of old trees to cope with the 

highly variable relict data from various sources. MXD reductions caused 
by mass outbreaks of Zeiraphera diniana (Kunz et al., 2023) were 
removed from raw measurement series using an impulse indicator 
saturation algorithm (Pretis et al., 2017; “isat” function in “gets” 
R-package) together with the LBM-free MXD chronology developed for 
periodic mass infestation detection (Esper et al., 2007a; Supplementary 
Fig. S1). Additional tests using (i) residuals instead of ratios, (ii) robust 
instead of arithmetic means, and (iii) signal free RCS instead of RCS 
revealed no notable differences among chronologies. This lack of change 
results from the relatively flat age trends in MXD compared to TRW, in 
which even biologically old data remain distant from the X-axis 
(Schweingruber et al., 1979; Briffa et al., 1998; Frank and Esper, 2005; 
Esper et al., 2010).

In detail, we produced two RCS chronologies in the Lötschen valley, 
one using the combined historic and living-tree Loe04 collection as in 
Bün06, and a second one using the new Loe22 collection, consisting of 
only samples from the treeline. Notably, the Loe04 RCS chronology 
shows an overall stronger positive trend towards present 
(Supplementary Fig. S2), which is counterintuitive to impending biases 
that might arise from combining potentially heavier wood from lower 
elevation buildings with lighter living trees from higher elevations. We 
therefore used the mean of both RCS chronologies, Loe04 and Loe22, to 
form a timeseries representing the Lötschen valley (Supplementary 
Fig. 3a). In Sim and Mer, we split the data into relict and living-tree sub- 
groups and combined the resulting RCS chronologies to valley mean 
curves. This separation appeared necessary to mitigate potential biases 
from systematically heavier historical wood of unknown origin in Sim, 
and avoid the combination of very old deadwood with much younger 
living trees in one RCS run in Mer. In Mat, we detrended the relict sub- 
sample using horizontal means applied only to trees older than 100 
years. This was done to support the combination of these highly variable 
data with RCS-detrended living trees. Comparable partitions were not 
necessary in Oet where the relict and living-tree samples are similarly 
old and from a well-confined environment, so that only one RCS run was 
conducted with these data.

All chronologies were truncated at a minimum replication of n = 3 
MXD series (except the combined Loe data at n = 8) and their variance 
stabilized by calculating ratios from 100-year running standard de
viations obtained from 30-year high-pass filtered timeseries to mitigate 
effects of temporally changing replication and covariance (Frank et al., 
2007b). The five valley chronologies (Supplementary Fig. S3) were 
normalized and averaged to produce an alpine mean (V5M) and the 
covariance among chronologies assessed using 100-year running 
correlations.

2.3. Instrumental temperatures and MXD calibration

We used Berkeley Earth 1◦x1◦ gridded temperatures back to 1750 CE 
for proxy calibration (Rohde et al., 2013). Comparison of June–Sep
tember means from various locations (see crosses in Fig. 1) reveals a 
highly coherent temperature field across the European Alps at an 

Table 1 
Site and MXD data characteristics. MSL is the mean segment length. Rbar is the inter-series correlation considering the 32-year spline detrending default in Cofecha 
(Holmes, 1983). JJAS signal is the Pearson correlation of a valley chronology with June–September mean temperatures since 1880 CE considering varying end dates.

Loe Sim Mat Oet Mer

Lat./Lon. 46.40N, 7.80E 46.10N,8.00E 46.00N,7.70E 47.00N,11.00E 44.05N, 7.45E
Elevation [m] 1700–2200 1600–2100 1600–2400 1800–2000 2050–2350
Species LADE LADE LADE PCAB LADE
Radii 244 163 193 205 259
Period 1258–2021 CE 735–2010 CE 765–2018 CE 1028–2003 CE 957–2023 CE
Length [yrs.] 764 1275 1253 976 939
MSL [yrs.] 269 201 221 129 166
Mean MXD [g/cm3] 0.85 0.93 0.88 0.82 0.86
Rbar 0.63 0.57 0.60 0.61 0.50
JJAS signal r = 0.85 r = 0.82 r = 0.77 r = 0.67 r = 0.74

Fig. 2. Tree-ring width and density. Thin section showing the rings 1910–1913 
CE of a larch tree in the Lötschen valley. The blue curve is the high-resolution 
density profile derived from X-ray densitometry with maximum latewood 
density (MXD) values highlighted towards the end of each ring.
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interseries correlation Rbar1750–2022 = 0.98 (Fig. 3) justifying the linear 
combination of valley chronologies and reconstruction of pan-alpine 
conditions. Covariance among temperature timeseries declines back in 
time though, which is the result of fewer (and more remote) station 
records contributing to the single grid points. This tendency is addi
tionally fueled by an increasing warming trend towards present and 
punctuated by major volcanic eruptions of Tambora in 1815 CE and 
Novarupta in 1912 CE (Fig. 3b).

Considering these characteristics of the target temperature field, we 
decided to (i) develop a single MXD record integrating the information 
of five alpine valleys, (ii) calibrate this record against instrumental data 
since 1880 CE, and (iii) use the early observational data from 1750 to 
1879 CE for extra verification. Validity of this approach is exemplified 
by highly coherent MXD variations across the five-valley network in 
response to distinct temperature variations from 1910 to 1913 CE 
(highlighted in red in Fig. 3b) during which June-September means 
dropped by more than 3 ◦C from 1.35 ◦C in 1911 CE to − 2.03 ◦C in 
1912◦C. While 1911 CE coincided with a strong El Niño event (Wang 
et al., 2019), the massive high latitude eruption of Novarupta in early 
June 1912 (Hildreth and Fierstein, 2012) triggered the following sum
mer cooling and produced a temperature zigzag that is closely captured 
by the 324 series of the pan-alpine MXD network (Fig. 4). The corre
sponding TRW series, however, appear less coherent and affected by 
biological memory (Esper et al., 2015), justifying the focus on MXD for 
temperature reconstruction.

The five valley chronologies and their V5M mean were correlated 
with monthly and seasonal temperatures of the 6.5◦E/44.5◦N grid point. 
The V5M signal was additionally assessed in a split-period 1880–1951 
CE versus 1952–2023 CE calibration/verification approach and the 
proxy data linearly regressed against seasonal temperatures to compute 
conventional RE and CE statistics (Cook et al., 1994). We additionally 
removed low frequency variance from the MXD and instrumental data 
using 10-year high-pass filters to compare modelled and recorded tem
perature amplitude changes back to 1750 CE. For the final reconstruc
tion, V5M was scaled (Esper et al., 2005) against June-September mean 
temperatures over the full 144-year calibration period from 1880 to 
2023 CE, and uncertainties were estimated by calculating calibration 
standard errors (SE) in a nesting approach combining valley chronolo
gies of varying length (Wilson et al., 2016). The resulting series were 
smoothed using a 30-year filter to visualize changes over the past 1282 
years back to 742 CE.

3. Results and discussion

3.1. Alpine valley MXD chronologies

The five valley chronologies share common high-to-low frequency 
variability including a long-term decrease from the mid 11th to the early 
14th centuries and a long-term increase since the early 19th century 
(Fig. 5). These multi-centennial trends frame a period from the mid 13th 
to the early 19th centuries, during which the chronologies show overall 
lower values. These coherent, lowest frequency trends have been 
retained in all MXD chronologies even though the age structure, source 
material, sampling elevations, split procedures, detrending, and tree 

Fig. 3. Instrumental temperatures. a, Berkeley Earth (Rohde et al., 2013) June-September mean temperature anomalies (with respect to 1951–1980) at eight grid 
points across the European Alps (see crosses in Fig. 1). The red dashed box highlights the years 1910–1913 CE shown in detail in Fig. 4. b, Centered 30-year running 
correlations between the grid point temperatures back to 1750 CE.

Fig. 4. MXD and TRW covariance and signal. a, 324 MXD series (black curves) 
and their arithmetic mean (blue) shown together with instrumental June- 
September temperature anomalies (red, grid point 6.5◦E/44.5◦N, anomalies 
with respect to 1951–1980 CE) from 1910 to 1913 CE. b, Same as in a, but for 
TRW. All tree-ring series were detrended using 30-year splines.
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species differ fundamentally among the valleys. Besides differing abso
lute densities, the long-term trends in index chronologies originate from 
varying MXD age trends as illustrated in the age-aligned regional curves 
of the living-tree versus relict-tree larch collections (Supplementary 
Fig. S4).

The valley chronologies also covary at interannual-to-multi-decadal 
scales, yet their Rbar of 0.51 is much lower compared to the gridded 
alpine temperatures (Fig. 3). Pairwise correlations range from r = 0.76 
and r = 0.74 between the nearby Loe and Mat, and Loe and Sim valleys, 
respectively, to r = 0.34 between the remote Oet and Mer valleys, 
calculated over their 1289–2003 CE common period. The difference 
among valley records is largest from 1100 to 1140 CE (highlighted in 
Fig. 5a) when the French Mer chronology is substantially lower 
compared to Sim, Mat, and Oet. The chronologies are, on the other hand, 
highly coherent during periods of massive tropical eruptions, such as 
Tambora in 1815 CE and Samalas in 1257 CE that triggered the two most 
negative deviations in the V5M mean over the past 1282 years.

These characteristics, in addition to the increased agreement asso
ciated with post-1900 CE greenhouse gas forced warming and the solar 
forced Maunder Minimum culminating in the late 17th century, are all 
reflected in the network running correlations (Fig. 5c). Most striking, 
however, is the general decline in covariance back over the past mil
lennium, which is driven by the shrinking MXD replication of valley 
chronologies and the alpine network as a whole (Fig. 5d). This feature is 
characteristic of every tree-ring based climate reconstruction (Esper 
et al., 2016; Ljungqvist et al., 2020) but remains challenging to translate 
into meaningful uncertainties, particularly when combining predictors 

from various locations (e.g., Anchukaitis and Smerdon, 2022; Anchu
kaitis et al., 2017; Cook et al., 2024; Esper et al., 2018, 2024a; Frank 
et al., 2010; Tejedor et al., 2020). For the alpine MXD network and any 
reconstruction derived from these data, it means that the earlier de
viations and trends are less certain even if the same number of valley 
chronologies are averaged. When, in addition, valley chronologies drop 
out (such as Loe in 1289 CE, Oet in 1047, Mer in 1001 CE, and Mat in 
881 CE) uncertainty steps up, which is here accounted for by iteratively 
calibrating valley chronology means in a nesting approach (see below; 
Wilson et al., 2016). More sophisticated methods to estimate uncertainty 
could be applied though.

3.2. MXD climate signals

The seasonal climate signal of the valley chronologies and V5M 
peaks in August and reaches a maximum when averaging June- 
September temperatures (Supplementary Fig. S5). Besides minor dif
ferences among the four larch collections, the Oet spruce chronology 
shows a seasonally delayed response culminating in August and 
September. However, adding this record to the alpine mean generally 
increases calibration statistics, and adjusting the seasonality to fully 
account for the sensitivity of the Oet data would be an unnecessary 
complication of the reconstruction approach. We therefore targeted 
June-September temperatures to calibrate and scale the V5M mean.

V5M correlates at r = 0.89 with June-September mean temperatures 
since 1880 CE (Fig. 6), thereby exceeding the score of any tree-ring 
based climate reconstruction in Europe. The record performs equally 

Fig. 5. Alpine valley MXD chronologies. a, Zoom-ins showing the chronologies (black) and V5M mean (blue) from 1090 to 1145 CE, 1250–1270 CE, and 1805–1825 
CE. b, Normalized Loe, Sim, Mat, Oet, and Mer chronologies (black) and their V5M mean (blue) since 742 CE. Rbar is the interseries correlation among all records. c, 
100-year running correlations (50-year towards the ends) between chronology pairs (black), and their mean (green). d, Changing numbers of MXD series included in 
the valley MXD chronologies.
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well over the early and late calibration/verification periods reaching RE 
and CE scores ranging from 0.71 to 0.79 and 0.59 to 0.67, respectively. 
V5M even correlates at r = 0.72 over the extra verification period prior 
to 1880 CE during which the instrumental network is composed of only a 
few station readings (Auer et al., 2007). This period is also characterized 
by an offset between warmer instrumental and colder proxy data that 
has previously been identified and attributed to direct insolation effects 
on insufficiently sheltered thermometers (Böhm et al., 2010; Frank et al., 
2007a; Schneider et al., 2023) and is here considered by scaling V5M 
over the 1880–2023 CE period to produce the PAN-ALP June-September 
temperature reconstruction.

The early instrumental offset (ΔT) is particularly striking in 1816 CE 
when the MXD-based estimate is − 1.77 ◦C colder than the thermometer 
readings. While we argue that PAN-ALP is superior to any instrumental 
figure during this biased period, recent offsets such as in 2003 CE 
(ΔT = -0.82 ◦C) and 2022 CE (ΔT = -1.09 ◦C) require different attri
bution. In 2003 CE, which was particularly hot during early summer, a 
seasonal miss-match with the late summer-weighted MXD data likely 
contributed to the offset. In 2022 CE, the offset may be affected by the 
reduced network replication to only one valley (Mer) despite striking 
MXD covariance during recent decades. However, taking these incidents 
together, the record-breaking summer of 2003 and subsequent hot years 
may also mark a threshold for stationary responses beyond which MXD 
does not fully capture the predictand’s variance. This is simply because 
the sampling sites fell too far below the rapidly rising potential treeline 
(Büntgen et al., 2022). More research is needed to clarify this.

PAN-ALP stationarity and skill is reinforced by comparing the high- 
pass filtered observational and proxy data scoring r = 0.79 and r = 0.80 
prior and after 1880 CE, respectively (Fig. 6b). This experiment not only 
indicates that greenhouse gas forced warming increased recent corre
lations in the original, non-detrended data (values in Fig. 6a), but em
phasizes the close resemblance of temperature amplitude changes back 
to 1750 CE (Fig. 6c). The skill to capture multi-decadal predictand 
variance changes is a fundamental limitation of tree-ring research as the 
heteroscedastic nature of TRW forces dendroclimatologists to adjust and 
even variance in detrended index series (Bräker, 1981; Cook and 

Kairiukstis, 1990). This shortcoming is mitigated in MXD as these 
measurements hardly contain any spread-versus-level relationship 
(Cook, Peters, 1997; Esper et al., 2003). However, as with all other 
tree-ring proxies, the variance of mean chronologies needs to be 
adjusted to account for changes in replication and Rbar (Frank et al., 
2007b), which is here achieved by calculating ratios from 100-year 
running standard deviations of 30-year high-pass filtered data. The 
long PAN-ALP reconstruction therefore has skill in retaining variance 
changes at decadal to multi-decadal scales but is limited beyond these 
periods.

3.3. Pan-alpine temperature reconstruction

The spatial PAN-ALP signal is weighted westward into the Mediter
ranean (Supplementary Fig. S6) and the record shows rich inter-annual 
to multi-centennial temperature variability (Fig. 7). The coldest sum
mers occurred in 1816 and 1258 CE following the two largest volcanic 
eruptions of the past millennium (Toohey and Sigl, 2017), and the ab
solute temperature range between these extremes and the greenhouse 
gas forced summer of 2003 CE exceeds 6.5 ◦C (Table 2). Note though 
that the reconstructed temperatures underestimate warmth during 2003 
CE but overestimate cold during 1816 CE as discussed above. PAN-ALP 
shows that 2003 CE was more than 0.5 ◦C warmer than the warmest 
naturally forced summer in 970 CE thereby providing a first-order idea 
of the contribution of anthropogenic greenhouse gases against back
ground climate forcing over more than 1000 years. Such comparisons 
are, however, constrained by the 95 % uncertainties of the pan-alpine 
reconstruction estimated to range ± 0.95 ◦C back to 1289 CE and 
± 1.16 ◦C before 881 CE (thin blue curves in Fig. 7).

Pan-alpine temperatures were almost 0.6 ◦C warmer during the 
MWP compared to the LIA (Table 2), yet the transition between these 
major climate states centered during the 13th century remains largely 
unexplained. Bradley et al. (2016) suggested that a relative lack of 
volcanic eruptions contributed to medieval warmth, and a period of 
larger eruptions starting in 1257 CE with Samalas persistently altered 
this forcing. However, while Samalas indeed triggered a substantially 

Fig. 6. Proxy signal. a, June–September temperature anomalies with respect to the 1951–1980 CE mean (red) and scaled PAN-ALP reconstruction (blue) since 1750 
CE. b, Same as in a, but shown as residuals from 10-year Gaussian filters. c, Ten-year (histogram) and 50-year (curves) standard deviations of the high-pass filtered 
data shown in b.
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cold summer (-3.00 ◦C in 1258 CE), PAN-ALP shows that cooling had 
already started in the late 12th and early 13th centuries, long before this 
major eruption and the subsequent solar Wolf minimum (Usoskin, 
2017). Earlier eruptions, such as in 1108, 1171, and 1230 CE (Sigl et al., 
2015) left no notable fingerprint in the European Alps.

The coldest reconstructed decades, ranging from − 1.12 to 
− 1.90 ◦C, occurred more than 300 years later in the late 16th, 17th, and 
early 19th centuries (Table 2). While forcing of the first of these periods 
remains unclear, the 1690s cold coincided with the exceptional solar 
Maunder Minimum (Usoskin, 2017) and the 1810s with the 1809 CE 
unknown and 1815 CE Tambora eruptions (Gao et al., 2023). Subse
quent to the 1810s PAN-ALP low point, substantial warming already 
started in the first half of the 19th century, long before the accumulation 
of anthropogenic greenhouse gases in the atmosphere fundamentally 
altered Earth’s radiation budget (King et al., 2015). The effects of this 
forcing became clearly visible in 2003, 2022, and 2023 CE, when 
summer temperatures exceeded those of the MWP, even if we consider 
the smoothed uncertainty estimates.

3.4. Reconstruction benchmarking

Comparison of PAN-ALP with the widely recognized Bün06 recon
struction reveals coherent post-1200 CE decadal to multi-centennial 
trends, but substantial differences before (Fig. 8a and b). While the 
reconstructed temperature amplitude is overall similar (see arrows on 
the right of Fig. 8), the 3.4 ◦C recorded in the smoothed Bün06 data arise 
from a very cold LIA, which may be overemphasized in the combined 
historical and living-tree collection from the Swiss Lötschen valley 
(Supplementary Fig. S1). The 3.3 ◦C amplitude of PAN-ALP is, on the 
other hand, driven by the exceptional warming during recent decades 
(Esper et al., 2024b; Tejedor et al., 2024) retained in this updated 
timeseries until 2023 CE. The differences prior to 1200 CE result from 
the integration of different valleys in PAN-ALP and adjustment of vari
ance during early, less-replicated chronology sections. PAN-ALP tem
peratures during MWP fluctuated around the 1951–1980 CE mean, and 
the 30-year period of maximum warmth from 965 to 994 CE (+ 1.18 ◦C) 

is clearly exceeded by current conditions reaching + 1.53 ◦C since 1994 
CE. The same 30-year MWP period is also prominent in the Kuhl et al. 
(2024) provenanced reconstruction (Fig. 8c) that uses some of the same 
MXD data from the Swiss Simplon and Matter valleys as Bün06 and this 
study. However, the provenanced reconstruction lacks any evidence of a 
LIA in the European Alps, and recent warming does not exceed the MWP, 
two conclusions that appear unrealistic in light of the new pan-alpine 
but also other reconstructions.

Similar discrepancies are seen in the TRW-based reconstruction from 
the Austrian Alps (Büntgen et al., 2011b), which together with the 
TRW-based reconstruction from the Swiss Alps (Büntgen et al., 2005) 
indicate larger temperature amplitudes of 3.9 ◦C and 4.4 ◦C over the 
past millennium, respectively (Fig. 8d and e). Exaggerated fluctuations 
have already been attributed by the original authors to biological 
memory effects in TRW data and were part of our motivation to continue 
producing expensive MXD data over the past years. The generally syn
chronous inter-decadal variations observed in other valleys, species, and 
tree-ring parameters are viewed as supportive evidence that the fluc
tuations recorded in the pan-alpine PAN-ALP reconstruction are 
climatically meaningful. This interpretation also applies to the 
TRW-based reconstruction from the French Alps (Fig. 8f), even though 
many of the MXD measurement series included in PAN-ALP are from the 
same relict wood samples (Serre, 1978).

Data overlap among tree-ring reconstructions justifies additional 
comparisons with lower resolution proxies, such as the chironomid- 
based temperature reconstruction from the Swiss Engadin 
(Larocque-Tobler et al., 2010), even though the dating and calibration of 
such archives does not meet dendrochronological standards (Fig. 8g). 
The 4.5 ◦C temperature amplitude of the lake sediment record appears 
excessive, particularly as the data do not extend until present and 
therefore miss current warming. The reconstruction also shows no cold 
conditions during the early 19th century, which is a dominant feature in 
all other reconstructions and early instrumental data. However, it does 
show prolonged cold conditions associated with the LIA and perhaps 
most importantly a pronounced cooling trend from the late 12th to the 
late 14th centuries, just like PAN-ALP. The MXD-based reconstruction, 

Fig. 7. Alpine June-September temperature reconstruction from 742 to 2023 CE (blue curve). Thick curve is a 30-year Gaussian filter and thin curves indicate the 
smoothed two standard error range derived from nested calibration of five valley chronologies against observational temperatures (red curve) since 1880 CE. All data 
expressed as anomalies with respect to the 1951–1980 CE mean.

Table 2 
Mean June–September temperature anomalies (with respect to 1951–1980 CE) during the warmest and coldest reconstructed years, decades, Medieval Warm Period 
(MWP), Little Ice Age (LIA), and Recent Warming (RW) periods.

Year JJAS temp. Decade JJAS temp. Period JJAS temp.

Warmest 2003 CE 2.71 ◦C 2010s 1.75 ◦C ​ MWP ​
​ 2022 CE 2.53 ◦C 2000s 1.50 ◦C ​ 880–1240s 0.10 ◦C
​ 970 CE* 2.19 ◦C 970s 1.11 ◦C ​ LIA ​
Coldest 1816 CE − 3.94 ◦C 1810s − 1.90 ◦C ​ 1250–1850s − 0.49 ◦C
​ 1258 CE − 3.00 ◦C 1590s − 1.16 ◦C ​ RW ​
​ 1698 CE − 2.83 C 1690s − 1.12 C ​ since 1860s 0.37 ◦C

* 970 CE is the 7th warmest summer. All others occurred after 2011.
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however, shows that the temperature amplitude of this transition was 
much smaller than indicated in the Swiss lake sediment data.

4. Conclusions

The combination of MXD data from five valleys in Austria, 
Switzerland, and France enabled the development of a 1282-year June- 
September temperature history (PAN-ALP) that calibrates better than 
any other reconstruction from Europe. Addressing pan-alpine climate 
with a single record appeared justified as state-of-the-art gridded tem
peratures correlate at r = 0.98 across the European Alps. PAN-ALP does 
not rewrite the temperature history of the European Alps but adds a new 
level of precision to the estimation of pre-instrumental trends and 
variance changes over the past millennium. It shows that current 
warming exceeds the envelope of natural climate variability and refines 
our understanding of the MWP when temperatures fluctuated around 
the 1951–1980 CE climatological mean. The climate signal and shape of 

the pan-alpine reconstruction are fairly robust, i.e. would be similar if 
other methods for chronology building, network aggregation, and 
transfer were applied. This is because MXD age trends are rather small 
(typically < 0.2 g/cm3) and inter-annual MXD variability unaffected by 
biological memory. Reconstruction uncertainty increases back in time, 
however, as the number of MXD measurement series and sites declines 
and is here estimated to exceed ± 1 ◦C before 1047 CE. Funding of 
projects intending to produce MXD, but also stable isotope and quanti
tative wood anatomy measurements, preferably from relict wood and 
old buildings, is therefore recommended.
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Nadelhözern und sein Ausgleich. Mitte Forstl. Bundes-Vers. Wien. 142, 75–102.

Briffa, K.R., Jones, P.D., Bartholin, T.S., Eckstein, D., Schweingruber, F.H., Karlen, W., 
Eronen, M., 1992. Fennoscandian summers from AD 500: temperature changes on 
short and long timescales. Clim. Dyn. 7, 111–119.

Briffa, K.R., Jones, P.D., Schweingruber, F.H., Osborn, T.J., 1998. Influence of volcanic 
eruptions on Northern hemisphere summer temperature over the past 600 years. 
Nature 393, 450–455.

Büntgen, U., Esper, J., Frank, D.C., Nicolussi, K., Schmidhalter, M., 2005. A 1052-year 
tree-ring proxy for alpine summer temperatures. Clim. Dyn. 25, 141–153.

Büntgen, U., Frank, D.C., Nievergelt, D., Esper, J., 2006. Summer temperature variations 
in the european Alps, AD 755–2004. J. Clim. 19, 5606–5623.

Büntgen, U., Raible, C.C., Frank, D., Helama, S., Cunningham, L., Hofer, D., Esper, J., 
2011a. Causes and consequences of past and projected scandinavian summer 
temperatures, 500–2100 AD. PLoS One 6, e25133.

Büntgen, U., Tegel, W., Nicolussi, K., McCormick, M., Frank, D., Trouet, V., Esper, J., 
2011b. 2500 years of European climate variability and human susceptibility. Science 
331, 578–582.

Büntgen, U., Frank, D., Neuenschwander, T., Esper, J., 2012. Fading temperature 
sensitivity of alpine tree growth at its Mediterranean margin and associated effects 
on large-scale climate reconstructions. Clim. Change 114, 651–666.

Büntgen, U., Piermattei, A., Crivellaro, A., Reinig, F., Krusic, P.J., Trnka, M., Esper, J., 
2022. Common era treeline fluctuations and their implications for climate 
reconstructions. Glob. Planet. Change 219, 103979.

Cook, B.I., Cook, E.R., Anchukaitis, K.J., Singh, D., 2024. Characterizing the 2010 
Russian heat wave – Pakistan flood concurrent extreme over the last millennium 
using the Great Eurasian drought Atlas. J. Clim. 37, 4389–4401.

Cook, E.R., Kairiukstis, L.A. (Eds.), 1990. Methods of Dendrochronology: Applications in 
the Environmental Sciences. Kluwer, Dordrecht. 

Cook, E.R., Peters, K., 1997. Calculating unbiased tree-ring indices for the study of 
climatic and environmental change. Holocene 7, 361–370.

Cook, E.R., Briffa, K.R., Jones, P.D., 1994. Spatial regression methods in 
dendroclimatology: a review and comparison of two techniques. Int. J. Clim. 14, 
379–402.

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 Res. 59, 81–98.

Esper, J., Frank, D.C., Wilson, R.J., Briffa, K.R., 2005. Effect of scaling and regression on 
reconstructed temperature amplitude for the past millennium. Geophys. Res. Lett. 
32. L07711. 

Esper, J., Büntgen, U., Frank, D.C., Nievergelt, D., Liebhold, A., 2007a. 1200 years of 
regular outbreaks in alpine insects. Proc. R. Soc. B 274, 671–679.

Esper, J., Büntgen, U., Frank, D., Pichler, T., Nicolussi, K., 2007b. Updating the tyrol tree- 
ring dataset. TRACE 5, 80–85.

Esper, J., Frank, D., Büntgen, U., Verstege, A., Hantemirov, R.M., Kirdyanov, A.V., 2010. 
Trends and uncertainties in Siberian indicators of 20th century warming. Glob. 
Change Biol. 16, 386–398.

Esper, J., Frank, D.C., Timonen, M., Zorita, E., Wilson, R.J., Luterbacher, J., Büntgen, U., 
2012. Orbital forcing of tree-ring data. Nat. Clim. Change 2, 862–866.

Esper, J., Schneider, L., Smerdon, J.E., Schöne, B.R., Büntgen, U., 2015. Signals and 
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