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A B S T R A C T   

Contextualising anthropogenic warming and investigating linkages between past climate variability and human 
history require high-resolution temperature reconstructions that extend before the period of instrumental 
measurements. Here, we present maximum latewood density (MXD) measurements of 534 living and relict Pinus 
uncinata trees from undisturbed upper treeline ecotones in the Spanish central Pyrenees. Spanning the period 
1119–2020 CE continuously, our new MXD composite chronology correlates significantly with gridded 
May–September mean temperatures over the western Mediterranean region (r = 0.76; p ≤ 0.001; 1950–2020 
CE). Based on an integrative ensemble approach, our reconstruction reveals unprecedented summer warming 
since 2003 CE. The coldest and warmest reconstructed temperature anomalies are − 3.4 (±1.4) ◦C in 1258 and 
2.6 (±2.2) ◦C in 2017 (relative to 1961–90). Abrupt summer cooling of − 1.5 (±1.0) ◦C was found after 20 large 
volcanic eruptions since medieval times. Comparison of our summer temperature reconstruction with newly 
compiled historical evidence from the Iberian Peninsula suggests a lack of military conflict during or following 
exceptionally hot or cold summers, as well as a general tendency towards less warfare and more stable wheat 
prices during warmer periods. Our study demonstrates the importance of updating and refining annually 
resolved and absolutely dated climate reconstructions to place recent trends and extremes of anthropogenic 
warming in a long-term context of natural temperature variability, and to better understand how past climate 
and environmental changes affected ecological and societal systems.   

1. Introduction 

With more than 520 million inhabitants, ample archaeological and 
historical sources, and a variety of terrestrial and marine ecosystems, the 
Mediterranean is recognised as a ‘global change hot spot’ (Giorgi, 2006; 
Plan Bleu, 2020). At the crossroads of Europe, Asia and Africa, the re-
gion has a long history of human migration and cultural exchange 

(Abulafia, 2011). Much of the Mediterranean basin experienced record- 
breaking summer warmth in 2022 (Serrano-Notivoli et al., 2023), and 
climate model projections almost uniformly point to a continuation of 
warming and drying over much of southern Europe, the Near East and 
northern Africa (Seager et al., 2014; Fischer and Knutti, 2015; Kelley 
et al., 2015). An increased frequency and intensity of double jet stream 
states over Eurasia is likely to accelerate the incidence of summer 
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heatwaves over western Europe (Rousi et al., 2022), and the possible 
phenomenon of “Mediterranean Amplification” poses an additional 
threat (Brogli et al., 2021). Environmental and societal systems across 
much of the Mediterranean region are expected to reach tipping points 
by the end of this century (Cramer et al., 2018; Wunderling et al., 2023). 

To contextualise recent and projected anthropogenic climate 
changes – and their ecological and societal consequences – proxy-based 
reconstructions need to span centuries to millennia robustly to capture 
the full range of high- to low-frequency natural climate variability 
(Essell et al., 2023). For this purpose, annually resolved and absolutely 
dated tree-ring chronologies represent the backbone of high-resolution 
paleoclimatology for much of the Northern Hemisphere extra-tropics 
(Büntgen et al., 2020, 2021; Esper et al., 2016; Ljungqvist et al., 2020). 

Hitherto, millennial-long and well-replicated tree ring-based, warm- 
season temperature reconstructions have been derived from high- 
elevation or high-latitude sites at the cold distribution limit of upright 
tree growth (Esper et al., 2016). However, the climate signal in tree rings 
tend to fade towards lower latitudes (Büntgen et al., 2012; Galván et al., 
2014; Touchan et al., 2017; Camarero et al., 2021), where hydroclimatic 
conditions are becoming the predominant control on xylogenesis 
(Ljungqvist et al., 2020). For the Mediterranean region, only the central 
Pyrenees and the highest mountains of the southern Balkans have so far 
yielded reliable temperature reconstructions from composite MXD 

chronologies (Büntgen et al., 2008, 2017; Esper et al., 2020). Further to 
their climatological relevance, and contrary to the strength of lower- 
resolution proxy archives (PAGES2k Consortium, 2019), tree-ring 
chronologies are most suitable to contribute to the interdisciplinary 
assessment of environmental and societal interrelationships at high 
spatiotemporal scales (Di Cosmo et al., 2017; Büntgen and Oppen-
heimer, 2020; Tegel et al., 2022). Such studies at the human-climate 
nexus that reach back to medieval times at annual resolution (McCor-
mick et al., 2012), are, however, still missing for the Iberian Peninsula. 

Here, we present an updated MXD chronology from the Spanish 
central Pyrenees, which not only prolongs previous versions back into 
medieval times and into the 21st century, but also consists of more 
samples in-between. To overcome the influence of decision-making in 
reconstructing climate (Büntgen et al., 2021), we apply a novel 
ensemble approach to refine our understanding of the course of past 
summer temperatures. Emphasis is placed on the investigation of the 
physical causes and societal consequences of summer temperature 
changes over the western Mediterranean region since medieval times. 
We therefore confront our new paleoclimate evidence against the forc-
ing record from large volcanic eruptions, as well as newly compiled 
historical sources of military conflicts and wheat price changes. 

Fig. 1. Sampling site. The Pyrenees Mountain range between France in the north and Spain in the south, with the “Lake Gerber” sampling site (red square) 
approximately 300 km east of the Atlantic Ocean and 200 km west of the Mediterranean Sea. Lake Gerber is located at 2166 m asl in the north-eastern part of the 
“Aigüestortes i Estany de Sant Maurici” National Park near Port de la Bonaigua (42◦39′N and 00◦58′E). The white dashed square refers to the 42–43◦N and 0–2◦E 
region for which gridded climate data were averaged, whereas the yellow star indicates the location of the Pic du Midi observatory (42◦56′N, 0◦08′E and 2830 m asl). 
Images at the bottom show different types of dry-dead, subfossil pine (Pinus uncinata) wood sampled between 2200 and 2400 m asl in steep, rocky terrain during our 
2017 fieldwork. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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2. Data and methods 

The first continuous MXD-based summer temperature reconstruction 
from the Spanish central Pyrenees covered the period 1260–2005 CE 
(Büntgen et al., 2008). This dataset was composed of intra- and inter-
annual MXD measurement series from 261 living and relict mountain 
pines (Pinus uncinata Ram.), which were collected in undisturbed upper 
treeline ecotones surrounding Lake Gerber (42◦39′N and 00◦58′E) in the 
north-eastern part of the “Aigüestortes i Estany de Sant Maurici” Na-
tional Park near Port de la Bonaigua in the Spanish central Pyrenees 
(Fig. 1). Almost ten years later in 2017 CE, an update of this record not 
only increased the total number of MXD series to 414 (Büntgen et al., 
2017), but also extended the temperature reconstruction to backwards 
to 1186 and forwards to 2014 CE. However, the early portion of the 
2017 dataset was still tenuously replicated up to the mid-14th century, 
and the recent end date of the record in 2014 coincided with a putative 
hiatus in global warming (Medhaug et al., 2017). To further extend the 
Pyrenees MXD chronology back into medieval times and the 21st cen-
tury, and to increase its sample size in-between, we conducted addi-
tional fieldwork in 2017 and 2021 at Lake Gerber (Fig. 1). Our sampling 
sites are located approximately 300 km east of the Atlantic Ocean and 
200 km west of the Mediterranean Sea, close to the boarder with 
Andorra in the east and close to the boarder with France in the north. All 
samples come from steep, rocky terrain between 2200 and 2400 m asl, 
where relict pine wood can persist for centuries (Büntgen et al., 2008, 
2017). 

The updated MXD dataset we present here, consists of core and disc 
samples from 534 trees (Fig. 2), with individual start (end) years ranging 
between 924 (1353) and 2017 (2020) CE. Pith-offset estimates, based on 

a simple concentric circle model, are available for each sample. The 
mean series length of all 534 samples is 204 years, with minimum and 
maximum values of 4 and 732 years, respectively. The average MXD per 
measurement series is 0.64 g/cm3 (Fig. 2), with minimum and maximum 
values of 0.44 and 0.84 g/cm3, respectively. Each year between 1119 
and 2020 CE is replicated by 6–240 MXD series (Fig. S1), with a mean of 
99 samples per year. A mean series length of circa 300 years persists 
from the mid-13th to the mid-18th century (Fig. S1), whereas overall 
longer and shorter samples are found during the first and last 100 years 
of the chronology, respectively. MXD series were measured with high- 
precision Walesch 2003 X-ray densitometers at the Swiss Federal 
Research Institute (WSL) in Birmensdorf, Switzerland (Schweingruber 
et al., 1978; Eschbach et al., 1995), and at Johannes Gutenberg Uni-
versity (JGU) in Mainz, Germany (Esper et al., 2020). Wood density was 
determined in grams per cubic centimetre (g/cm3), with sufficient res-
olution to work with slow growing conifers that may only produce a few 
tracheid cells in a single growing season. To avoid potential biases from 
stem-internal changes in fibre direction, each sample was cut into 2–4 
cm long, and 1.23 mm thin sections perpendicular to the tracheids’ 
longitudinal axis. The ratio between tracheid cell wall thickness and 
transverse cell lumen area, herein referred to as wood density, was 
continuously recorded within and between rings for each sample at a 
resolution of 0.01 mm (Björklund et al., 2019), and variations in X-ray 
image brightness were subsequently converted into g/cm3. 

Rather than selecting a single method for series detrending and 
chronology development (Fritts, 1976; Cook et al., 1995, 2005), we 
followed an integrative ensemble approach to evaluate and remove non- 
climatic, age-related trends in the raw MXD measurements and generate 
a suite of dimensionless timeseries. The ensemble approach further 

Fig. 2. Sample distribution. Temporal distribution of 534 maximum latewood density (MXD) measurement series sorted by their first ring (green horizontal bars), 
whereas the black dots show sample distribution when sorted by end dates. Series start dates range from 924 to 2017 CE, whereas the corresponding end dates are 
between 1353 and 2020 CE. The mean series length is 204 years, with minimum and maximum values of 4 and 732, respectively. The average MXD per series is 0.64 
g/cm3, with minimum and maximum values of 0.44 and 0.84 g/cm3, respectively. Inset shows relationship between mean series MXD (g/cm3) and total series length 
(years), which can be described as logarithmic (R2 = 0.0984), exponential (R2 = 0.1002), or linear (R2 = 0.1001) functions. The grey curve is the regional curve (RC) 
after 50-year smoothing. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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helped us to overcome the influence of decision-making (Büntgen et al., 
2021), and we applied various versions of the Regional Curve Stand-
ardisation technique (RCS; Briffa et al., 1992; Esper et al., 2003), as well 
as single series detrending using cubic smoothing splines with 50% 
frequency cut-off at 200 years and 2/3 of the individual series lengths 
(Cook and Peters, 1981). Combined with index calculation as ratios or 
residuals after power transformation (Cook and Peters, 1997), these 
detrending options resulted in an ensemble of 32 slightly different MXD 
chronologies (Table S1). We then reduced the MXD dataset from 534 
series to 494 series by removing all series that either contained less than 
35 measurements, exhibited a negative first-order autocorrelation, had a 
mean MXD value below 0.5 or above 0.8 g/cm3, or a combination 
thereof. The full (n = 534) and trimmed (n = 494) MXD datasets are very 
similar (Table S2), and only diverge marginally in their extreme mini-
mum and maximum values. Following the same ensemble approach as 
described above, we created another suite of 32 MXD chronologies from 
the trimmed dataset. The minimum, mean, median and maximum MXD 
values from all 64 ensemble members were calculated for each year 
between 1119 and 2020 CE when sample size was at least six series. 
While the mean and median chronologies are almost identical (r = 0.99), 
the minimum and maximum chronologies exhibit level offset that is 
most pronounced before 1150 and after 2000 CE (Fig. S2A). The annual 
values of all timeseries, except for the maximum MXD chronology, are 
slightly skewed towards lower indices (Fig. S2B). The Expressed Popu-
lation Signal (EPS; Wigley et al., 1984), hereinafter calculated over 31- 
year windows lagged by 15 years for the raw and detrended MXD 
measurement series, is on average 0.93 back to 1119 CE. EPS values 
fluctuate between 0.65 and 0.81 from 1170 to 1230, but range above 
0.85 from the mid-13th century onwards. 

Since all chronology versions contain variance changes over time 
(Fig. S2A), we further stabilized the year-to-year variability by dividing 
each annual value of the MXD records by its corresponding, centred 31- 
year standard deviation (Osborn et al., 1997; Frank et al., 2007a). The 
inner and outermost 15 years of the chronologies were stabilized using 
the average standard deviation of the following and previous 15 years of 
the timeseries. The final, variance stabilized ensemble (VSE) chronolo-
gies reflect stable high-frequency variability between 1119 and 2020 CE 
(Fig. S3A). Offset between the minimum and maximum VSE chronolo-
gies is largest before around 1320 and after 2000 CE (Fig. S3B). 
Although the different chronology versions with and without detrending 
and with and without additional variance stabilisation exhibit similar 
trends and extremes over the past nine centuries (Fig. S4), we consider 
the median (rather than the almost identical mean) VSE MXD chronol-
ogy to be the ideal reflection of past summer temperature variation on 
interannual to multi-centennial timescales (though performed the 
proxy-target comparison with both indices). 

For signal detection and climate reconstruction, we investigated four 
gridded land surface temperature products averaged over 42–43◦N and 
0–2◦E (Fig. 1). These data cover the central Pyrenees with our study site 
being right at their centre. The highest spatial resolution of 0.25◦ is 
provided by E-OBS (v25.0e) spanning 1920–2022 (Cornes et al., 2018). 
The CRU (TS4.06) and CRUTEM (5.0) afford a spatial resolution of 0.5◦

and 5.0◦ for 1901–2021 and 1850–2022 (Harris et al., 2020), respec-
tively. The Berkeley interpolation is available at 1.0◦ spatial resolution 
and extends back to 1750 CE (Rohde and Hausfather, 2020). For each of 
these products, their monthly mean temperatures, within the area 
defined above, were transformed into anomalies with respect to 
1961–90 CE. Ten seasonal temperature means of at least two consecu-
tive monthly mean values between May and September were computed: 
May–June (MJ), May–July (MJJ), May–August (MJJA), May–September 
(MJJAS), June–July (JJ), June–August (JJA), June–September (JJAS), 
July–August (JA), July–September (JAS), and August–September (AS). 
The MJJAS mean and median temperatures from the CRU, CRUTEM and 
Berkeley products are almost identical (Fig. S5), but the E-OBS anoma-
lies are around 1.0 ◦C warmer before 1950 CE and around 0.5 ◦C cooler 
after the mid-1990s when compared to all other records. This offset 

becomes even more evident when considering moving correlations be-
tween the different datasets and comparing linear trends of the times-
eries (Fig. S6). 

In addition to the freely available and highly recognised gridded 
products, we obtained daily temperature measurements from the nearby 
summit observatory at Pic du Midi in the French Pyrenees (Dessens and 
Bücher, 1995) (Fig. 1). Located at 42◦56’ North, 0◦08′ East and 2830 m 
asl, the unique high-elevation station started recording daily minimum 
and maximum temperatures as early as October 1881 CE, while daily 
mean temperatures are only available since January 1949. Daily mini-
mum and maximum temperatures were used to estimate daily mean 
temperatures when those were not recorded, i.e., (Tmin + Tmax) / 2 
(Štěpánek et al., 2011). Surrounding high-elevation stations above 1000 
m asl and within a search radius of 1200 km were used for gap filling 
(Klein Tank et al., 2002), quality control, and data homogenization 
(Štěpánek et al., 2013). Despite a rather marked increase in warm season 
temperatures from 1985 to 86 CE that coincides with a major shift in the 
North Atlantic Oscillation (NAO; Büntgen et al., 2022a), no significant 
breakpoint was detected in the monthly mean Pic du Midi temperature 
timeseries over the past 142 years (Fig. S7A). We further applied a mean 
summer lapse rate of 0.5 K per 100 m altitudinal difference (Büntgen 
et al., 2022b) to approximate absolute monthly and seasonal tempera-
ture means representative for our sampling site at Lake Gerber 
(Fig. S7B). 

The mean and median VSE MXD chronologies were correlated 
against monthly and seasonal temperature anomalies, and we used a 
moving-window approach to assess stability in the observed proxy- 
target relationship over time. We then scaled the median VSE MXD 
chronology against the corresponding median of the four MJJAS tem-
perature means over 1920–2020 CE, for which all four gridded products 
have data and their median could be calculated. The mean and variance 
of the MXD proxy data were therefore adjusted to the mean and variance 
of the meteorological target data. This simple calibration technique is 
less susceptible to variance underestimation than direct regression 
(Esper et al., 2005), and less prone to variance overestimation by indi-
rect regression. Error bars associated with our new reconstruction 
integrate series detrending and chronology development uncertainty 
obtained from the ensemble approach (Büntgen et al., 2021), uncer-
tainty due to changing sample size over time, the amount of unexplained 
variance in the calibration period expressed by the Root Mean-Square 
Error (RMSE), as well as the uncertainty obtained from the four 
different gridded MJJAS target products. For calibration-verification 
trials, we calculated the Coefficient of Efficiency (CoEf) and Reduction 
of Error (ReEr) statistics over the full and two early/late split periods 
(Cook et al., 1999). ReEr determines if the proxy-based temperature 
estimates are better than the instrumental temperature mean in the 
calibration period, while CoEf is an even more rigorous criterion refer-
ring to the instrumental mean of the verification period. Ranging from 1 
to -∞, positive ReEr and CoEf values indicate reconstruction skill. We 
also calculated the Durbin-Watson (DW; Durbin and Watson, 1951) 
statistic to assess autocorrelation in the proxy-target timeseries’ re-
siduals, with DW values close to 2 denoting a stable relation. 

Superposed Epoch Analysis (SEA; Chree, 1913) was applied to 
quantify the interannual behaviour of the reconstructed summer tem-
perature anomalies in relation to 20 large volcanic eruptions (Table S3). 
Out of these events (Büntgen et al., 2017), 11 have known and nine 
estimated dates, and source volcanoes are either identified (7), putative 
(5), or unknown (8). This set of the assumed largest tropical or Northern 
Hemisphere extra-tropical eruptions is based on the approximate coin-
cidence of peaks in volcanic forcing timeseries (Sigl et al., 2015). 
Temporal mismatch of up to three years during the time of interest can 
be accommodated by persisting dating uncertainties in the ice core 
sulphur record and temporal offsets between eruption timing, peak 
radiative forcing, surface temperature anomalies, and volcanic aerosol 
deposition in the polar regions (Esper et al., 2013; Torbenson et al., 
2015). Split-period SEA of the reconstructed summer temperature 
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anomalies was applied for 15/5 pre-industrial/industrial eruptions 
</>1750 CE. Bootstrap spectral analysis was used to detect possible 
cyclic behaviour in our reconstruction (Percival and Walden, 1993) via 
the “tseries” R package (Trapletti et al., 2023). We further compared our 
new reconstruction against the two previous MXD-based studies from 
Lake Gerber (Büntgen et al., 2008, 2017), as well as a comparable MXD 
record from Mount Smolikas in northern Greece (Esper et al., 2020). A 
regional subset of the “Old World Drought Atlas” (OWDA; Cook et al., 
2015), centred over Lake Gerber was selected for hydroclimatic com-
parison between 42.25◦ North and 0.75◦ East. 

As an exploration of possible relationships between climate and 
conflict, we compared our reconstruction against a newly compiled re-
cord of military conflicts and engagements in Iberia going back to the 
early 12th century (Lomax, 1978; Reilly, 1993; Glete, 2001; O’Calla-
ghan, 2003; Kamen, 2005; O’Callaghan, 2014; Catlos, 2018; García Fitz 
and Gouveia Monteiro, 2018). Although armed conflicts varied in their 
scale and impact, we represent them in a simple binary manner, with ‘1’ 
signifying at least one military conflict per year and ‘0’ standing for a 
lack of such. The combined series was converted into visualised clusters 
of frequent conflicts and ‘peaceful’ periods. Drawing primarily on pub-
lished records from historical archives in Barcelona that cover the period 
from 1283 to 2000 CE (Feliu, 1991; Argilés i Aluja, 1999; Jacks, 2006; 
Carreras and Tafunell, 2005; Franklin-Lyons, 2009; Maltas i Montoro, 
2019), we developed a long-term record of annual wheat price changes 
in Catalonia, northeast Spain. To investigate possible temperature ef-
fects, we represented each year’s price as a 12-month average of the 
Catalan agricultural year running from the start of the harvest period in 
June of the previous year to its end in May of the current year. We 
further expressed each price value as a relative percentage of the pre-
ceding 5-year average. As previously reported in studies of historical 
food crises and famines (Slavin, 2016; Benito i Monclús, 2016; Slavin, 
2019; Franklin-Lyons, 2022), we recognise that crop prices tend to rise 
more because of indirect societal and institutional factors, including 
hoarding, speculation, market failure and conflict, rather than as a direct 
result of failed harvest. Nevertheless, we also acknowledge that climate 
factors can act as initial triggers of grain price variations (Esper et al., 
2017a; Ljungqvist et al., 2023), with anthropogenic factors usually 
intensifying subsequent food crises. Hence, disentangling environmental 
triggers from societal factors in this regard remains challenging, and 
caution is advised for any interpretation. 

3. Results 

The mean and median VSE MXD chronologies correlate significantly 
positively at the 99.9% confidence limit with monthly mean tempera-
tures of May, June, and August between 1920 and 2020 CE (Fig. S8A). 
Slightly lower correlations are found with April, July, and September 
temperatures, whereas monthly means before and after the growing 
season are non-significant. Similar patterns are exhibited by the mean 
and median VSE MXD chronologies, as well as by the four gridded 
products. Correlation coefficients between the VSE MXD chronologies 
and the monthly May, June, and August temperature means slightly 
increase when using the 1950–2020 CE period, for which the meteoro-
logical observations are most reliable (Fig. S8B). While non-significant 
proxy-target correlations between October and March suggest that 
temperature changes outside the growing season are irrelevant, low 
correlations with July conditions most likely imply that peak summer 
temperatures are always warm enough so that year-to-year changes do 
not affect the latewood formation at our site. The observed low corre-
lations with July temperatures, however, do not necessarily mean that 
summer warmth is not relevant for the development of MXD. 

Correlation coefficients between the MXD chronologies and ten 
seasonal temperature averages of at least two consecutive monthly mean 
values between May and September reveal the highest proxy-target as-
sociation for the complete May–September (MJJAS) growing season 
(Fig. S9A). Using the mean and median VSE MXD chronologies, four 

gridded products and two calculation periods back to 1920 and 1950 CE, 
correlations with MJJAS vary from 0.71–0.77, with the highest associ-
ation found between the median VSE MXD chronology and the E-OBS 
data spanning 1950–2020 CE (Fig. S9B). The lowest correlations are 
exhibited by the short windows of June–July and July–August, during 
which high-summer temperatures at the upper treeline in the Spanish 
central Pyrenees are likely too warm to affect the xylogenesis of Pinus 
uncinata at Lake Gerber negatively. In fact, the estimated absolute July 
mean temperatures are exceeding 9 and 10 ◦C since 1930 and 1990, 
respectively (Fig. S7B). Moving 31-year correlation coefficients between 
the median VSE MXD chronology and the four gridded MJJAS temper-
ature records reveal temporal stability in the proxy-target relationship 
over the past 100 years (Fig. S10A), during which correlations range 
between around 0.6 and 0.8. Moving 31-year correlations exceeding 0.8 
are found with E-OBS in the 1950s and 1960s. The proxy-target de-
pendency during the 20th and early-21st century appears even more 
stable when extending the moving correlations back to 1750 CE 
(Fig. S10B), for which only Berkeley data are available. This visual and 
statistical long-term comparison indicates a dramatic decrease in the 
quality of the gridded product before around 1800 CE, when meteoro-
logical information for the western Mediterranean region must be 
interpolated from a few stations located in central Europe and northern 
Italy. 

There is remarkable proxy-target agreement on interannual to multi- 
decadal timescales after scaling the median VSE MXD chronology 
against the median of the four gridded MJJAS temperature means over 
the common period 1920–2020 CE (Fig. 3A). Significant (p < 0.001) 
correlation coefficients are 0.67 and 0.76 for two independent split 
periods before and after 1970 CE. The proxy-target association increases 
to r = 0.83 after 20-year low-pass filtering (1920–2020 CE), which is 
partially related to the high autocorrelation of smoothed data. The 
reconstructed and measured summer temperatures are rather stable 
from around 1920–1950, followed by a decline in the anomalously cool 
1970s, after which temperatures rise again from 1972 to 2003 CE. 
Relatively stable summer temperatures are characteristic for the early- 
21st century until at least 2020 CE. All calibration-verification trials 
reveal high reconstruction skills (Table S4), with ReEr and CoEf values 
ranging from 0.31–0.57, and DW statistics between 1.81 and 1.91. 
Although MJJAS temperatures from the Pic du Midi observatory confirm 
the course of the gridded and reconstructed data, the high-elevation 
station measurements are circa 0.5 ◦C warmer between 1985 and the 
1990s. Spatial correlation maps of the MXD proxy against gridded land 
surface MJJAS temperatures from E-OBS describe significant (p < 0.001) 
agreement over western-central Europe and the Mediterranean basin 
back to 1950 CE (Fig. 3B). Correlation coefficients >0.6 are found over 
Spain, southern France, Italy, parts of the Balkans, and north-western 
Africa. A similar geographic pattern is obtained when replacing the 
MXD proxy with MJJAS temperature measurements from the Pic du 
Midi station (Fig. 3C). By no surprise, the spatial domain of explained 
summer temperature variability increases substantially over north-west 
Africa, as well as into the Near East and the Arabian Peninsula when 
using CRU instead of E-OBS data (Fig. S11). Further to the explained 
land surface temperature variability, the MXD proxy reveals significant 
(p < 0.001) positive correlations with MJJAS sea surface temperatures 
in the Mediterranean Sea and the nearby Atlantic Ocean from the Canary 
Islands in the south to the Bay of Biscay in the north (Fig. S12). 

Continuously spanning from 1119 to 2020 CE and representing the 
western Mediterranean region, our new reconstruction – based on sim-
ple scaling of the median VSE MXD chronology against the median of 
MJJAS temperature anomalies averaged over four gridded products 
from 1920 to 2020 CE – exhibits a slight long-term warming trend (p <
0.01) that culminates in unprecedented warmth since 2003 CE (Fig. 4). 
The reconstruction has a low first-order autocorrelation of 0.08, and 
uncertainty ranges fluctuate around 2.0 ◦C between 1320 and 2000 CE, 
but almost double before and after. Uncertainty of our reconstruction is 
below 1.5 ◦C from around 1350–1370, 1450–1590, and again from 1790 
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Fig. 3. Proxy-target agreement. (A) Comparison of the proxy-based reconstructed (green) and grid-based measured May–September (MJJAS) temperatures expressed 
as anomalies with respect to the 1961–90 CE mean, together with MJJAS measurements from the Pic du Midi (PdM) high-elevation station (see Fig. 1 for details). 
Correlation coefficients between the proxy (and PdM) and target data over the full and two earl/late split periods are provided at the lower right (see Table S4 for 
calibration-verification statistics). (B) Spatial correlation coefficients between our new reconstruction (green star) and gridded (0.25◦ lat/lon) land surface MJJAS 
temperatures (1950–2020 CE) from E-OBS. (C) Similar to (B) but using MJJAS temperatures from the Pic du Midi station (blue star). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 4. Western Mediterranean summer temperature reconstruction. May–September (MJJAS) temperature anomalies reconstructed for 1119–2020 CE and 
expressed as colour stripes from cold to warm (blue to red). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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to 1870 CE. 
Clusters of relatively warm pre-industrial summers are evident 

around 1200, between the 1380s and 1560 (Fig. 5A), as well as around 
1760 CE, whereas extreme cold summers are more evenly distributed 
over time. Our new reconstruction reveals four warm periods before the 
1220s, between the 1380s and 1430s, from the 1870s to the 1940s, and 
again since around 2000 CE. Five phases of anomalously cold summers 
are found between the 1240s and 1280s, in the 1340s, the 1490s, around 
1700 and again in the 1970s CE. The warmest reconstructed MJJAS 
temperature anomaly relative to 1961–90 is found in 2017 (2.6 ±
2.2 ◦C), and the warmest pre-industrial summer is 1473 (2.0 ± 1.1 ◦C). 
Four of the 20 warmest summers occur between 2003 and 2017 CE (see 
Table 1 for the extremes), but the measured MJJAS temperature 
anomaly in 2022 (3.6 ± 0.3 ◦C) clearly exceeds all the reconstructed 

summers. The coldest reconstructed MJJAS temperature anomaly is 
found in 1258 (− 3.4 ± 1.4 ◦C), followed by 1714 (− 2.8 ± 1.1 ◦C), and 
1288 (− 2.8 ± 1.5 ◦C). The largest interannual increase in MJJAS tem-
peratures occurs from 1910 to 11 (3.3 ± 0.1 ◦C), whereas the largest 
drop from one summer to the next is found from 1257 to 58 (− 4.0 ±
0.1 ◦C). 

A closer look at year-to-year anomalies emphasises stability of the 
reconstructed high-frequency variance over time (Fig. S13A). The two 
warmest and coldest consecutive summers are 2017/18 (2.0 ± 2.2 ◦C) 
and 1258/59 (− 2.2 ± 1.3 ◦C), respectively. The two-year consecutive 
amplitude in the reconstructed MJJAS temperature anomalies reinforces 
the long-term warming trend of the final reconstruction with marked 
multi-decadal variability superimposed (Fig. S13B). The five warmest 
decadal blocks are found at the recent end of the reconstruction with 

Fig. 5. Reconstructed summer temperature variability. (A) May–September (MJJAS) temperature anomalies reconstructed for 1119–2020 CE, with generally warmer 
and cooler periods emphasised by orange and blue shadings. Red squares at the right are the 2021/22 instrumental MJJAS temperature measurements. Dashed grey 
line shows long-term warming. The 20 warmest and coldest summers (red and blue circles), as well as the ten most extreme year-to-year temperature fluctuations 
(black rectangles) are indicated (Table 1). (B) Average response of our reconstruction to large volcanic eruptions (Table S3), and after splitting into pre-industrial and 
industrial eruptions </> 1760 CE (dotted lines), with the relative SEA year 0 referring to peak cooling after the eruption, e.g., 1816 in case of the Tambora eruption 
in April 1815 and 1258 in case of the Samalas eruption in 1257. (C) Average behaviour of our reconstruction during the coldest summers, and after excluding those 
years that were following volcanic eruptions (dotted lines). (D) Average behaviour of our reconstruction during the 20 warmest summers, and after splitting into ten 
pre-industrial and industrial summers (dotted lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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start dates between 2000 and 2009 CE (Table 1). Three of the five 
coldest decadal blocks occur at the beginning of the record with start 
dates between 1119 and 1158 CE. 

Focusing on each century separately, the 12th century is charac-
terised by a general warming trend (Fig. 5A). The coldest summers are 
1123, 1141 and 1179/80 CE, and the warmest summer of the 12th 
century is 1198 CE. The early 13th century exhibits a sequence of very 
warmer summers until the 1220, followed by a cooling trend over three 
decades. Abrupt cold spells occur in 1210, 1258 and 1288, and the 
warmest summer of the 13th century is 1214 CE. The first half of the 
14th century is relatively cool and stable, whereas more interannual 
variability is found afterwards. Distinct coldest summers are 1345, 1350 
and 1359 CE, and the warmest summer of the 14th century is 1386 CE. 
The first half of the 15th century is relatively warm and stable, whereas 
cooler conditions and more year-to-year variability start in the 1450s, 
with the temperatures dropping again from the 1480s onwards. Distinct 
cold spells occur in 1410 and 1431, and there is a marked cluster of cold 
summers in 1456, 1459 and 1463. The warmest and coldest summers of 
the 15th century are 1473 and 1496 CE. The 16th century is unusually 
stable without any long-term trend. Though inconsiderable, the warmest 
and coldest summers of the ‘flat’ 16th century are 1507 and 1587 CE. 

The 17th century is characterised by a modest long-term warming trend 
until 1673, followed by a sharp temperature depression and cooling 
until the end of the century. Marked cold spells occur in 1627 and 1675 
and 1698, with the latter being the coldest summer. Though not distinct, 
1671 is the warmest summer of the 17th century. The 18th century 
exhibits a remarkable cooling trend starting around 1704 and culmi-
nating in 1714, which also marks the coldest summer of the century. 
More abrupt cold spells occur in 1725, 1744, 1758, and 1771. The 
warmest summer of the unstable 18th century is 1754 CE. While not 
displaying any long-term trend, the 19th century is characterised by 
distinct summer cooling in 1809 and 1816, as well as 1835, 1860 and 
1879. Since the warmest summer of the 19th century is 1878, there is an 
exceptional year-to-year drop in mean summer temperature of almost 
4 ◦C from 1878 to 1879 CE. The 20th century is relatively stable until 
around 1960. Overall colder summers cluster between 1965 and 1984, 
after which the recent warming peaks in the warmest reconstructed 
summer in 2017 CE. The coldest summers of the 20th century are in 
1910, 1972 and 1984, whereas the warmest summers of the first half of 
the 20th century are 1904 and 1933 CE. 

After the coldest reconstructed summer that followed the Samalas 
eruption in 1257 CE (part of Rinjani volcano in Indonesia), the MJJAS 
temperatures take approximately 20 years to ‘recover’ from the rapid 
drop to − 3.4 ◦C in 1258 CE (Fig. 5A). There is an average cooling of − 1.5 
(±1.0) ◦C following 20 large volcanic eruptions since medieval times 
(Fig. 5B). When splitting the event years in 12 and eight eruptions before 
and after 1760 CE (Table S3), the average pre-industrial/industrial 
cooling is − 1.9/− 1.0 (±1.1/0.9) ◦C. Independent of their forcing, the 
20 coldest reconstructed summer temperature anomalies average − 2.3 
(±1.3) ◦C (Fig. 5C), and a similar cooling of − 2.2 (±1.2) ◦C is exhibited 
by the 13 coldest summers for which no volcanic eruptions have been 
reported. Although there is a rapid recovery after the coldest summers, 
temperatures remain slightly below average for about eight years. By 
contrast, the 20 warmest reconstructed summers average 1.8 (±1.3) ◦C 
(Fig. 5D), and there is no obvious difference after segmenting pre- 
industrial and industrial periods, and there is no positive lag effect on 
the following years. 

Comparisons of our new reconstruction with two previous summer 
temperature records from the same region that share a substantial 
amount of data (B08 and B17; Büntgen et al., 2008, 2017) reveals strong 
agreement (Fig. 6A). Significant positive correlation coefficients of 0.93 
and 0.97 with B08 and B17 over the common period 1260–2005 CE are 
not surprising due to substantial data overlap between the three MXD- 
based reconstructions. Correlations slightly decrease to 0.86 and 0.89 
(for B08 and B17) after 50-year low-pass filtering. The previous re-
constructions reflect slightly more amplitude on multi-decadal time-
scales, with the largest differences between around 1350 and 1450 CE, 
which could be a result of inappropriate variance stabilisation during 
periods of low sample size in B17 and especially in B08. Intriguingly, we 
find strong mid-frequency coherency between our MJJAS temperature 
reconstructions from the central Pyrenees and a comparable, MXD- 
based study from the southern Balkans (Fig. S14). After 50-year low- 
pass filtering, both summer temperature reconstructions correlate at 
0.52 over their common period 1119–2015 CE, share multi-decadal 
variability and exhibit a similar long-term warming trend since medie-
val times. 

Comparison of our reconstruction with newly compiled historical 
evidence from the Iberian Peninsula suggests a lack of military conflict 
during or following both, exceptionally hot and exceptionally cold 
summers (Fig. 6A, Table S5). Overall, summer temperatures in those 
224 years for which military conflict has been reported average −
0.21 ◦C compared to − 0.02 ◦C in all other years between 1119 and 2020 
CE (Fig. 6 inset). Taking the period 1119–1492 CE that represents the 
most intense phase of turmoil when at least 142 out of 374 years saw 
interfaith or internecine conflicts, no military engagements are reported 
in the six years with the hottest summers (>1.5C◦), and only one out of 
twelve years with mean MJJAS temperature anomalies >1.25C◦ (1333) 

Table 1 
Reconstructed temperature extremes.  

(A)   (B)    

Warmest 
Summer 

Coldest 
Summer  

Warmest 
Summer Chan 

Coldest 
Summer Chan  

2017 (2.6 
+/− 2.2) 

1258 (− 3.4 
+/− 1.4)  

1910–11 (3.3 
+/− 0.1) 

1257–58 (− 4.0 
+/− 0.1)  

1473 (2.0 
+/− 1.1) 

1714 (− 2.8 
+/− 1.1)  

1410–11 (3.0 
+/− 0.2) 

1878–78 (− 3.9 
+/− 0.1)  

1904 (1.9 
±1.3) 

1288 (− 2.8 
+/− 1.5)  

1787–88 (3.0 
+/− 0.1) 

1140–41 (− 3.0 
+/− 0.1)  

1933 (1.9 
±1.3) 

1698 (− 2.7 
+/− 1.1)  

1932–33 (2.8 
+/− 0.2) 

1691–92 (− 2.8 
+/− 0.1)  

1878 (1.9 
±1.2) 

1496 (− 2.7 
+/− 1.2)  

1587–88 (2.7 
+/− 0.1) 

1788–89 (− 2.8 
+/− 0.1)  

2015 (1.9 
±2.2) 

1675 (− 2.5 
+/− 1.2) 

(C)    

2009 (1.8 
±1.6) 

1123 (− 2.3 
+/− 1.8)  

Warmest Con 
Summers 

Coldest Con 
Summers  

1507 (1.8 
±1.2) 

1627 (− 2.1 
+/− 1.0)  

2017–18 (2.0 
+/− 2.2) 

1258–59 (− 2.2 
+/− 1.3)  

1412 (1.8 
±1.1) 

1283 (− 2.1 
+/− 1.3)  

2008–09 (1.6 
+/− 1.6) 

1714–15 (− 1.9 
+/− 1.0)  

1214 (1.8 
±1.3) 

1879 (− 2.1 
+/− 1.1)  

2016–17 (1.5 
+/− 2.2) 

1179–80 (− 1.8 
+/− 1.4)  

1386 (1.7 
±1.1) 

1972 (− 2.0 
+/− 1.1)  

2009–10 (1.5 
+/− 1.6) 

1713–14 (− 1.8 
+/− 1.0)  

2003 (1.7 
±1.3) 

1244 (− 2.0 
+/− 1.1)  

1877–78 (1.4 
(+/− 1.1) 

1287–88 (− 1.8 
+/− 1.3)  

1434 (1.7 
±1.0) 

1835 (− 2.0 
+/− 1.0) 

(D)    

1754 (1.6 
±1.2) 

1771 (− 2.0 
+/− 1.0)  

Warmest Sum 
Decade 

Coldest Sum 
Decade  

1479 (1.6 
±1.0) 

1910 (− 2.0 
+/− 1.2)  

2003–12 (1.2 
+/− 1.5) 

1120–29 (− 1.0 
+/− 1.7)  

1928 (1.5 
±1.2) 

1410 (− 1.9 
+/− 1.2)  

2001–10 (1.1 
+/− 1.5) 

1119–28 (− 1.0 
+/− 1.7)  

1762 (1.5 
±1.1) 

1643 (− 1.9 
+/− 1.1)  

2008–17 (1.1 
+/− 1.8) 

1282–91 (− 1.0 
+/− 1.3)  

1393 (1.5 
±1.1) 

1350 (− 1.9 
+/− 1.0)  

2009–18 (1.1 
+/− 1.9) 

1283–92 (− 1.0 
+/− 1.3)  

1198 (1.5 
±1.3) 

1345 (− 1.9 
+/− 1.0)  

2000–09 (1.1 
+/− 1.4) 

1158–67 (− 1.1 
+/− 1.4)  

1559 (1.5 
±1.2) 

1587 (− 1.9 
+/− 1.0)    

(A) The 20 warmest and coldest reconstructed May–September (MJJAS) tem-
perature anomalies between 1119 and 2020 CE (with respect to 1961–90 CE). 
(B) The five largest positive (warm) and negative (cold) summer-to-summer 
temperature changes, (C) the five warmest and coldest consecutive summers, 
and (D) the five warmest and coldest decades. 
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saw fighting. Although cold years did not preclude military unrest at the 
same level, no conflicts are reported for or after the three years with the 
coldest summers during that period (1123, 1258 and 1288, with 
respective anomalies of − 2.32, − 3.37 and − 2.80C◦). More generally, 
we recognise a tendency of less conflicts occurring during relatively 
warm periods from ~1190–1220, ~1390–1450, as well as in the 16th 
and 18th and 20th centuries (Table S5). 

Moreover, we find that Catalan wheat prices are more stable when 
summer temperatures range above average (Fig. 6B). Extreme instances 
of wheat price changes, however, occur in 1333/34 that is known as ‘lo 
mal any primer’ (or the ‘first bad year’), as well as in 1412/13, 1473/74, 
1540/41, following anomalously hot summer temperatures, and 1345/ 
46, 1463/64, 1629/30, 1643/44, 1809/10, and 1835/36, following 
rather cold summer temperatures. Except for 1412/13 and 1473/74, 
associated with unusually hot summers, these high price years follow 
either excessive dry or wet months (based on the OWDA; Cook et al., 
2015), as it was in 1333/34 (dry), 1345/46 (wet), 1463/64 (wet), 1643/ 
44 (wet), 1809/10 (wet) and 1835/36 (wet). Indeed, there are numerous 
instances, when high prices resulted from hydroclimatic extremes dur-
ing which summer temperatures were near average, such as 1374/75 
(wet), 1420/21 (dry), 1483/84 (dry), 1643/44 (wet), 1651/52 (wet), 
1677/78 (wet), 1945/46 (dry), 1950/51 (dry), and 1952/53 (dry) CE. 

4. Discussion and conclusions 

The updated MXD chronology from the Spanish central Pyrenees 
comprises of 534 individual wood samples of slow-growing and well- 

preserved living and relict mountain pines from upper treeline eco-
tones. In addition to site selection and signal detection, much weight has 
been given to series standardisation, i.e., detrending, for tree ring-based 
climate reconstruction (Fritts, 1976; Esper et al., 2016). However, the 
importance of additional variance stabilisation of single tree-ring chro-
nologies (Osborn et al., 1997), or larger networks of chronologies (Frank 
et al., 2007a), has received less attention. In this study, we show that 
high sample size and temporally well distributed start and end dates of 
the individual MXD series make the detrending choice less important. In 
fact, we found essentially no difference between the raw and detrended 
chronologies (Fig. S4). Caution is advised since little influence of 
different detrending techniques requires massive sample size and an 
even distribution of series start and end dates (Fig. 2), but certainly does 
not apply for most tree-ring datasets for which appropriate detrending 
remains essential. 

To mitigate the effects of decision-making (Büntgen et al., 2021), and 
to refine our understanding of the full range of past interannual to multi- 
centennial summer temperature variability over the western Mediter-
ranean region for which high-resolution paleoclimate data are sparse 
(Luterbacher et al., 2012; Touchan et al., 2017), we applied a novel 
ensemble reconstruction approach that generates a suite rather than a 
single chronology. The minimum and maximum values of the ensemble 
members for each year were considered for final error estimation. The 
median VSE MXD chronology correlates significantly with gridded 
MJJAS temperature means over the western Mediterranean region (r =
0.76; p ≤ 0.001). While the proxy-target relationship is stable back to 
around 1880 CE (Fig. S10), decreasing correlation during the 19th and 

Fig. 6. Temperature variability and human history. (A) Comparison of our new temperature reconstruction (B23) against two previous summer temperature records 
from the central Spanish Pyrenees (B08, B17; Büntgen et al., 2008, 2017) after smoothing with 50-year low-pass filters (thick lines). Major historical events relevant 
to Iberia are listed in grey, whereas the largest and most important armed conflicts are indicated in blue. The blue vertical stripes show the timing of reported military 
conflicts on the Iberian Peninsula that took place between Christians and Muslims (dark blue) and amongst Christians (light blue) (all data are provided in Table S5). 
The inset boxplots on the right show temperature differences between years with and without military conflict (blue and red). (B) Annual wheat price changes in 
Catalonia relative to the previous 5-year average (dark green line), together with its 31-year moving standard deviation (dashed line). Major famines and food 
shortages on the Iberian Peninsula are indicated in light green, and inset depicts rural life in medieval Spain, taken from the ‘Cantigas de Santa María’ written during 
the reign of Alfonso X (1221–84 CE). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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particularly the 18th century almost certainly relates to the decreasing 
number of meteorological stations in the western Mediterranean region. 
There are only a few stations in central Europe and three sites in Italy 
that provide continuous recording since the second half of the 18th 
century (Jones and Moberg, 2003; Frank et al., 2007b), but no such data 
exist for the Iberian Peninsula and northern Africa. Documentary 
meteorological evidence from Cádiz in southern Spain is a rare excep-
tion (Barriendos et al., 2002). Another meteorological exception is the 
high-elevation summit observatory at Pic du Midi in the French Pyr-
enees (Fig. 1), which started recording in 1881 CE. Intriguingly, the Pic 
du Midi measurements from 2830 m asl are not included in large-scale 
gridded products and largely under researched. 

Although proxy-target correlations increase to 0.80 when using 
average May–June and August–September temperature means, we 
consider the complete MJJAS window more meaningful physiologically 
(for understanding stem xylogenesis), ecologically (for explaining forest 
growth), meteorologically (for reconstructing summer temperature), 
and socioeconomically (for exploring the human-climate nexus). Non- 
significant proxy-target correlations with July temperatures do not 
preclude the relevance of peak summer warmth for MXD development in 
Pinus uncinata at the upper treeline in the Spanish central Pyrenees 
(Büntgen et al., 2017). On the contrary, the observed bi-seasonal pattern 
only shows that even small temperature fluctuations at the beginning 
and at the end of xylogenesis affect MXD values (Fig. S7B), whereas July 
conditions are always warm enough. This simple explanation is 
corroborated by an experiment at the Swiss treeline that revealed no 
effects of systematic cooling on cell formation and cell wall lignification 
during the warm summer months (Körner et al., 2023), though in the 
cooler transition zone at the beginning of the growing season (Büntgen, 
2023). Strong enough cold spells during the growing season have been 
demonstrated to trigger so-called Blue Rings in Pinus uncinata from Lake 
Gerber (Piermattei et al., 2020), which often occur after large volcanic 
eruptions when growing season temperatures drop. 

The coldest reconstructed summer in 1258 follows the Samalas 
eruption on Lombok Island, Indonesia (Lavigne et al., 2013), which 
likely occurred between May and July 1257 CE. This explosive eruption 
resulted in one of the largest perturbations of stratospheric aerosol in the 
past 2000 years and led to widespread summer cooling across the 
Northern Hemisphere mid-latitudes (Oppenheimer, 2003; Sigl et al., 
2015; Büntgen et al., 2022c). The next two coldest reconstructed sum-
mers are in 1714 and 1288 CE (− 2.8 ± 1.1 ◦C and − 2.8 ± 1.5 ◦C, 
respectively), though neither of them appears associated with volcanism 
from inspection of the ice core-based reconstructions of stratospheric 
aerosol optical depth and radiative forcing (Sigl et al., 2022). An 
‘enigmatic’ eruption is registered circa 1285/86 but a reddish lunar 
eclipse recorded on the 22nd of October 1287 CE in England and Italy 
(Guillet et al., 2023) somehow suggests that parts of the stratosphere 
were less perturbated so the cold summer of 1288 evident in our 
reconstruction is less likely related to volcanic forcing. The compara-
bility of cold summers with and without volcanic forcing suggest that 
the post-eruptive signal does not differ greatly from anomalies reflecting 
internal variability, highlighting the significance of Superposed Epoch 
Analysis (SEA). The general response of our new reconstruction to large 
volcanic eruptions and the overall behaviour during the coldest and 
warmest extremes emphasises the rapid recovery on interannual time-
scales (Fig. 5B-D), which is a common feature of MXD-based tempera-
ture reconstructions (Büntgen et al., 2006; Esper et al., 2012; Schneider 
et al., 2015; Stoffel et al., 2015). The reduced biological memory of MXD 
may not only improve the dating precision of ice core-derived volcanic 
forcing records but possibly also help to detect yet unknown volcanic 
eruptions (Esper et al., 2017b; Schneider et al., 2017), which is impor-
tant because we know the sources and dates of only a handful of pre- 
industrial volcanic eruptions (Table S3). The autocorrelation (r =
0.08) of our reconstruction suggests that we are not overestimating low- 
frequency temperature variability (Ludescher et al., 2020). 

The warmest proxy-based summer in the western Mediterranean 

region is 2017 CE, negating any speculation of a prolonged warming 
hiatus (Gleisner et al., 2015). It should be further noted that the 
measured MJJAS temperatures for 2022 (Serrano-Notivoli et al., 2023) 
clearly exceed any of the reconstructed western Mediterranean summer 
anomalies since 1119 CE (Figs. 4, 5A). A continuation of the unprece-
dented recent warming over the 21st century, which is broadly antici-
pated by climate model simulations (IPCC, 2021), will likely threaten 
the functioning and productivity of agricultural, ecological, and societal 
systems in southern Europe and northern Africa (Cramer et al., 2018; 
Plan Bleu, 2020). The observed long-term warming over the Pyrenees is 
in line with a similar trend reported from northern Greece (Esper et al., 
2020), thought to reflect possible summer insolation changes due to 
orbital forcing in southern Europe (Laskar et al., 2004). There is also 
evidence for superimposed cyclic behaviour of our reconstruction at 28 
years (not shown), which aligns with analogous periodicities reported 
from river runoff and flood records (Pekárová et al., 2003; Labat, 2008) 
possibly related to internal climate variability from ocean-atmosphere 
couplings. Some of the coldest reconstructed periods coincide with the 
Wolf, Spörer, Maunder and Dalton solar minima in the second half of the 
13th century, around 1490, 1700 and 1810 CE (Fig. 5A), respectively. 

Our paleoclimatic findings shed new light on pivotal events in the 
history of the western Mediterranean region and its larger-scale explo-
rations. We find evidence for a lack of military conflict during or 
following years with exceptionally hot or cold summers on the Iberian 
Peninsula. The newly compiled historical evidence further demonstrates 
generally less warfare and more stable wheat prices during warmer 
periods. However, caution is advised as any investigation of the human- 
climate nexus should consider the complex interplay of environmental 
and societal factors that are difficult to disentangle. 

We expect that exploration of additional treeline ecotones in remote 
parts of the Pyrenees can extend the western Mediterranean summer 
temperature record further back in time. Moreover, we advocate den-
droclimatic research to expand towards the eastern Mediterranean re-
gion, where yet unexploited tree-ring archives encounter rich 
archaeological and historical sources, and where the ecological and 
societal consequences of anthropogenic climate change call for a precise 
contextualisation against past natural variation. Finally, we argue that 
improved climate reconstructions, when carefully integrated with 
quantitative archaeological and textual records, can improve our un-
derstanding of the human past. 
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