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ABSTRACT: Central Europe has experienced a sequence of unprecedented summer droughts since 2015, which had con-
siderable effects on the functioning and productivity of natural and agricultural systems. Placing these recent extremes in a
long-term context of natural climate variability is, however, constrained by the limited length of observational records.
Here, we use tree-ring stable oxygen and carbon isotopes to develop annually resolved reconstructions of growing season
temperature and summer moisture variability for central Europe during the past 2000 years. Both records are indepen-
dently interpolated across the southern Czech Republic and northeastern Austria to produce explicit estimates of the opti-
mum agroclimatic zones, based on modern references of climatic forcing. Historical documentation of agricultural
productivity and climate variability since 1090 CE provides strong quantitative verification of our new reconstructions. Our
isotope records not only contain clear expressions of the medieval (920–1000 CE) and Renaissance (early sixteenth cen-
tury) droughts, but also the relative influence of temperature and moisture on hydroclimatic conditions during the first mil-
lennium (including previously reported pluvials during the early third, fifth, and seventh centuries of the Common Era).
We conclude that Czech agricultural production has experienced significant extremes over the past 2000 years, which in-
cludes periods for which there are no modern analogs.

SIGNIFICANCE STATEMENT: As temperatures increase, droughts are becoming a growing concern for European
agriculture. Our study allows recent extremes to be contextualized and helps to better the understanding of potential
drivers. Stable carbon and oxygen isotopes in oak tree rings were analyzed to reconstruct year-to-year and longer-term
changes in both temperature and moisture over central Europe and the past 2000 years. We combine these proxy-based
climate reconstructions to model how well crops were growing in the past. The early fifth and the early sixteenth centu-
ries of the Common Era were most likely characterized by extreme conditions beyond what has been experienced in re-
cent decades. Our reconstructions of natural variability might be used as a baseline in projections of future conditions.

KEYWORDS: Europe; Paleoclimate; Tree rings; Interannual variability; Seasonal effects

1. Introduction

Climate extremes influence European agricultural systems
in a variety of ways (Bindi and Olesen 2011). Severe droughts,
with considerable negative impacts on ecosystems and with
associated economic costs, have become a common feature of
the twenty-first century (e.g., Bastos et al. 2020; Moravec et al.
2021). Temperature plays a significant role in summer condi-
tions, as exemplified by the European-wide drought of 2003
and the concurrent decrease in biological productivity (Ciais

et al. 2005). The consequences of water scarcity are projected
to become even greater in the future (e.g., Naumann et al.
2021). In fact, the impact of climate change on agricultural
yields may already have occurred (e.g., Trnka et al. 2011a,
2014). However, establishing a baseline of natural drought
variability is limited by the range of our relatively short instru-
mental records.

Proxy records, such as tree-ring chronologies (of total or sub-
annual ring width, density, and isotopic composition), are regu-
larly used to reconstruct past climatic conditions (e.g., Fritts
1976; Schweingruber and Briffa 1996; Stahle et al. 2020). Soil
moisture availability is often a limiting factor of tree growth,
and this relationship allows for a precise and stable estimation
of warm-season drought conditions experienced during the life-
time of a tree (Fritts 1976). Reconstructions of the Palmer
drought severity index (PDSI; Palmer 1965) in Europe have
provided insights into drought variability for the past 2000 years
(e.g., Cook et al. 2015; Büntgen et al. 2021). Individual years of
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low reconstructed PDSI values coincide with known droughts
and agricultural failures identified in historical documents,
such as 1540 for much of the European continent (Brázdil
et al. 2013a; Wetter et al. 2014; Cook et al. 2015). Moreover,
extended periods of continuous low (or high) PDSI values
that exceed any similar length of period in the instrumental
era are recorded in the reconstructions. Notable prolonged
periods of drought have been identified around 550, 950,
and 1500 CE, and pluvials around 200, 700, and 1100 CE for
central Europe (Büntgen et al. 2021). The relative impact of
temperature and precipitation on these hydroclimatic events
is still unclear due to the integrated nature of PDSI (Heim
2002; van der Schrier et al. 2006).

Although soil moisture can be a good single predictor of bio-
logical productivity, the relationship between climate and yield
is complex and often involves growing season length. For cen-
tral Europe, summer [June–August (JJA)] precipitation minus
potential evapotranspiration [hereon referred to as water bal-
ance (WB)] and the cumulative daily temperature sum for days
above 108C [hereon referred to as temperature sum (TS)] have
been identified as leading climatic drivers for yields of many im-
portant crops (e.g., Trnka et al. 2011b). The two variables are
negatively correlated but display significant independent vari-
ability. Instrumental records of WB and TS are limited to peri-
ods for which daily resolved observations exist, and as a result
well-replicated data only start in the 1960s CE for the southern
Czech Republic. Ocean–atmosphere teleconnections, such as
the North Atlantic Oscillation, are thought to affect drought
variability and productivity in the region (e.g., Gonsamo and
Chen 2015; Mikšovský et al. 2019). The limited length of instru-
mental records, however, constrains our ability to place the re-
cent central European drought extremes in a long-term context
of natural hydroclimatic variability. Extended records based on
proxies can help to disentangle anthropogenic from natural
forcings of drought, and subsequently provide baselines for sce-
narios of future change.

In this paper, two annually resolved tree-ring stable isotope
(TRSI) records from oak trees are used as separate predictors
to reconstruct agroclimatic conditions from the first century
BCE to the present day for the southern Czech Republic and
northeast Austria. The reconstructions are not only skillful in
their estimates of respective targets for the model calibration pe-
riod, but the relationship between reconstructions also mimics
that between instrumental WB and TS data. As such, the recon-
structions provide new insights into the relative influence of tem-
perature and moisture variability on agroclimatic drought over
the past 2000 years. Spatial interpolation highlights changes in
the suitability and productivity of important modern crop groups
over time and includes extremes in moisture and temperature
beyond the data range of the instrumental period.

2. Data and methods

In total, 52 meteorological stations representing observed
daily precipitation and temperature data from 1961 until 2018
within the study area went through data quality control and
were homogenized by means of the software ProClimDB
(Štěpánek et al. 2013). The missing daily station data were

then interpolated using locally weighted regression that in-
cluded the influence of altitude (for more details see Štěpánek
et al. 2009). A regional average was produced for each vari-
able (see below), which serve as the targets for the TRSI-
based reconstructions.

a. Selecting agroclimatologically relevant targets

The agroclimatic zoning scheme, according to Němec
(2001) and as simplified by Trnka et al. (2009a), was applied
in this study. This adjusted scheme considers two key agrocli-
matic indicators: JJAWB and the sum of daily mean tempera-
tures above 108C during the frost-free period of the year (TS).
While TS is a good proxy of the growing season duration,
summer WB provides an integrated overview of precipitation
and potential evapotranspiration during the summer months,
which have the highest water demand. The calculation of po-
tential evapotranspiration was done primarily on a daily scale
based on the Penman–Monteith method (Allen et al. 2005)
using the SoilClim model (Hlavinka et al. 2011). Based on the
daily inputs, the values of WB and TS were determined for
each year during the evaluated period. The thresholds used to
determine the classified types of production region of the
given cadaster unit to a particular agroclimatic zone were
based on the previously used values, as described by Němec
(2001) and Trnka et al. (2009a, 2021). A further adjustment
was necessary because neither the set of original agroclimatic
zones derived for the climate of 1931–60 by Němec (2001) nor
the updated version by Trnka et al. (2021) for climate of 1961–
2020 would cover all conditions encountered during the recon-
struction period. Therefore, two new regions (“grape vine”
and “very hot and very dry” production regions) were added
to account for the warmer and drier part of the classification
scheme. Additionally, the “cereal growing” and “forage
growing” production regions were each divided into two sub-
categories based on TS to better capture nuances of cooler pe-
riods (see Table S1 in the online supplemental material).

b. Proxy data, model calibration, and verification

Tree-ring stable isotopes from 147 cores and discs of living,
subfossil, and archaeological material from central Europe
were used, with an even sample distribution across the entire
period studied. Six samples at a minimum make up the chro-
nology average at any given year of the TRSI records. In total,
over 27000 nonpooled measurements from the latewood alpha
cellulose make up the proxies. These data have previously
been described in detail by Büntgen et al. (2021). Because nei-
ther the d13C nor the d18O data contain significant age-related
trend (Büntgen et al. 2020; Urban et al. 2021), detrending was
therefore not considered necessary prior to use in the recon-
struction calibration (Esper et al. 2010). Here, the inverse me-
dian for d18O and d13C were treated as separate predictors.
Each TRSI was entered into a separate simple regression
model with JJA water balance (d13C) and temperature sum
(d18O) as target predictands. Model calibrations were per-
formed on the full period shared between predictor and tar-
gets (1961–2018). Prediction intervals were calculated for each
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calibration and were considered uncertainty ranges of the re-
spective reconstruction (Olive 2007).

The relation between mean temperature (for TS) and precip-
itation total (for WB) (CRU; Harris et al. 2020) for the tempo-
rally closest combination of months was calculated through
simple correlation over the calibration period (1961–2018). The
identified CRU variable for respective target was used as verifi-
cation for the precalibration period. The WB estimates were
also correlated with gridded JJA precipitation reconstructions
based on historical documents and other proxy records (Pauling
et al. 2006) for the period 1500–1900 CE. Similarly, the TS esti-
mates were compared with the Luterbacher et al. (2016)
gridded reconstructions of JJA temperature for the same
period.

Brázdil et al. (2013a) identified agricultural failures and
droughts in the Czech Republic for the period 1090–1499 CE
based on documentary sources (e.g., annals, chronicles, munici-
pal books of accounts, letters, and epigraphic materials). For
example, the Old Czech Annals reported great heat, no rain for
3.5 months, forest fires, dried-up rivers and brooks, and loss of
crops due to drought in 1473. Of the 36 events identified in doc-
umentary evidence, 29 were used for comparison with the re-
constructions (Table S2 in the online supplemental material).
Events that occurred prior to or after the summer season and
did not include one of the June, July, or August months were
excluded from the comparison (a total of 7 of the 36 events). A
Monte Carlo (bootstrap) approach (Mooney and Duval 1993)
was used to estimate the two-tailed confidence intervals (CI)
for anomalies of the event years by Brázdil et al. (2013a). The
mean of reconstructed WB and TS for 29 randomly resampled
years (between 1090 and 1499 CE) was calculated 10000 times,
and a normal distribution was fitted to the data. Qualitative
comparisons with documentary studies of climatic and agricul-
tural extremes were also performed.

c. Spatial interpolation and agricultural yield analysis

To produce a climatological series representing past agro-
climatic conditions for the study area, we used an approach
applied for the agroclimatic zone reconstruction by Trnka
et al. (2011b). The approach is based on the “delta method,”
i.e., shifting the WB and TS values at the given site for the
given period by the offset derived from comparison of the pe-
riod WB and TS reconstructed time series (section 2b) from
the baseline (1961–2018). The values of both indices were per-
turbed (through the delta method) at the site of the individual
stations. In the next step, the median values of both indices
for each period were interpolated from those 52 meteorologi-
cal stations using locally weighted regression that included the
influence of altitude using a terrain model with 100-m resolu-
tion (Farr et al. 2007) and finally aggregated to the level of in-
dividual cadasters units. The interpolation errors of both WB
and TS were similar for all periods and should not influence
the overall results of the study. To verify the performance of
the method, all calculations for 1961–2018 were performed
with observed as well as estimated WB and TS values. The
values of WB and TS at 52 meteorological stations and those
interpolated to individual cadaster units are not significantly

different, and the production region classification agrees in
more than 98% of cases.

3. Results

The d18O series is statistically significantly correlated with
both TS (r 5 20.690; p , 0.01) and WB (r 5 0.583; p , 0.01)
for the 1961–2018 calibration period. Because the two instru-
mental targets are weakly correlated (r 5 20.339; p , 0.01)
for the calibration period, this dual signal in the proxy record
may stem, in part, from the interrelationship of WB and TS.
To limit exaggerated correlations between the reconstruc-
tions, d18O was omitted from the WB predictor pool and only
used as a predictor for its strongest relationship (TS). An al-
ternative water balance calibration model with both d18O and
d13C was produced for comparison. Conversely, the d13C se-
ries does not show any statistically significant correlation with
TS (r5 0.016; p. 0.10).

a. Calibration statistics and reconstruction estimates

The regression model using d13C as a predictor explains
31.3% of the variance in the regional WB average for the
1961–2018 calibration period. For TS, the model using d18O
explains 48.7%. The full-period reconstructions extend the in-
strumental record back by 2035 years (Fig. 1), with significant
variability in the preinstrumental period. Notable examples of
multidecadal to centennial periods of anomalies include con-
tinuous dry conditions for 920–1050 CE, wet conditions for
150–250 CE (Fig. 1a), and low growing season temperature
sums for 350–420 and 650–750 CE (Fig. 1b).

The two reconstructions suggest a trend toward drier and
warmer climate (Fig. 1), which is expected as there is a signifi-
cant decreasing trend in the previous PDSI reconstruction
(Büntgen et al. 2021). Since 1900 CE, the positive trend is
stronger in TS, but for the 1700–present-day period the trend
(negative) is stronger in WB. Over the full period of recon-
struction (75 BCE–2018 CE), adjusted Mann–Kendall tests
(Kendall 1975; Hamed and Rao 1998) indicate statistically sig-
nificant trends with the same sign [i.e., positive for TS (p ,

0.01) and negative for WB (p , 0.01)]. The linear trends ex-
plain 12.1% and 6.2% of the variance for WB and TS, respec-
tively, over the full reconstruction period (Fig. 1).

b. Verification of estimates

Correlations between WB and gridded JJA precipitation
for prior to 1960 are positive over the region in consideration.
Although some loss of agreement is expected (due to differ-
ent variable types), comparison with the CRU data allows for
a general insight to the temporal stability of the temperature
and hydroclimate signals that underpin the reconstructions.
Correlations are weaker than those for the calibration period,
and furthermore, the highest agreement can be found in south-
ern Poland (r . 0.45; Fig. 2a). Correlations between TS and
gridded JJA mean temperature for the same period (1901–60)
reveal weak but positive correlations over the Czech Republic
and beyond (Fig. 2b). The spatial homogeneity and extent of
the correlation is expected because of the greater spatial ho-
mogeneity of temperature variables.
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Similar correlations are also recorded for gridded recon-
structions of temperature and precipitation based on sources
independent of the Czech TRSI series (Figs. 2c,d), suggesting
that the underlying signal was stable not only for the twenti-
eth century precalibration period but for the past 500 years.
As expected from these correlations, many pre-1900 years of
extreme conditions known from the documentary evidence
are present in the reconstructions. For example, Brázdil et al.
(2019) listed 16 negative anomalies of JJA Z index (an esti-
mate of atmospheric moisture close to the water balance re-
construction target; Palmer 1965; Heim 2002) for 1501–1803
in the Czech Lands. All years except two (1631 and 1666) fall
below the 30th percentile (of the entire reconstruction pe-
riod), with the most extreme years also standing out in the wa-
ter balance reconstruction (e.g., 1540, 1556, 1590, 1740).
Known multiyear droughts are also present, including that of
1506–07 (Kiss 2020), for which the estimates of available
moisture rank in the second and first percentiles, respectively
(of the entire reconstruction period).

For the 29 drought events prior to 1500 CE used for the
Monte Carlo simulation, there appears to be clear associa-
tions with both the available moisture (CI , 0.001) and tem-
perature sum (CI , 0.05) reconstructions (Fig. 3). It is
therefore also expected that many of the individual years for

which we have documentary evidence stand out in the recon-
structions, especially so for the available moisture estimates.
This is the case for events that may have been part of spatially
extensive extremes. Anomalies of dry conditions include 1473
(Camenisch et al. 2020), which was also a part of the Brázdil
et al. (2013a) list, but also 1361 and 1494. These three years
have been linked to droughts in Hungary that occurred in the
following years (Kiss and Nikolić 2015), not dissimilar to the
1506–07 drought at the start of the century that followed (Kiss
2020).

The year 1361 also displays one of the five lowest estimated
PDSI values of the 1000–1900 CE for the territory of the
Czech Republic in the Old World Drought Atlas (OWDA;
Cook et al. 2015). The OWDA is also produced from tree-
ring-based variables; however, no isotope series were used,
and our new estimates can therefore be considered as inde-
pendent. Statistically significant correlations between the
PDSI reconstruction from the same predictors used here and
the local OWDA grid points have been recorded (r 5 0.34;
p , 0.001; Büntgen et al. 2021). Other extreme years in the
first half of the most recent millennium during which the
OWDA records less-than-first-percentile values include 1177
and 1305–06 CE (the driest years in over 300 years in the WB
reconstruction).

FIG. 1. Reconstructions of (a) water balance and (b) temperature sum from 75 BCE to 2018 CE based on oak
TRSI from central Europe. Blue/red lines represent the interannual variations, with the shaded gray area being the
95% prediction interval of the calibration model. A smoothing spline (black) was fitted to each reconstruction to
accentuate low-frequency variability of the time series. Light-blue and yellow periods respectively highlight pre-
viously described pluvials and droughts, and the red dashed line represents statistically significant long-term lin-
ear trends [y 5 20.031 61x 1 2.317, with r2 5 0.1210, in (a), and y 5 0.086 47x 1 2270, with r2 5 0.0621, in (b)].
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Documentary evidence of temperature fluctuations tends
to be biased toward cold events, and there are numerous ex-
amples of “years without a summer” from central Europe
(Pfister and Wanner 2021). Examples of such years include
1144 (14th and 20th percentile of the 1000–1499 CE and the
entire reconstruction, respectively) and 1151 (2nd and 6th per-
centile). Three consecutive years of cold summers are also pre-
sent in regional documentary accounts (Pfister and Wanner
2021): 1195 (77th and 75th percentile), 1196 (3rd and 9th per-
centile), and 1197 (20th and 25th percentile). In the TS recon-
struction, 1335 stands out as the second coldest summer
between 1090 CE and present day. Despite the scarcity of doc-
umentary records, harsh conditions in specific years prior to
1090 CE were documented. The year 1042, described as a year
without a summer from France to western Poland (Alexandre
1987), stands out in the TS reconstruction and falls far below
the mean in this year (,3rd and 8th percentiles).

c. Relationship between reconstruction estimates

The two reconstructions are correlated at r 5 20.347 (p ,

0.01) for the calibration period (1961–2018), similar in

magnitude to the instrumental data (r 5 20.339; p , 0.01).
The relationship between WB and TS for the full period of re-
construction (75 BCE–2018 CE) is also of a similar level (r 5
20.307; p , 0.0001; Fig. 4a). The alternate WB reconstruc-
tion, using both d13C and d18O as a combined predictor (like
the approach taken by Büntgen et al. 2021), produces higher
correlations (r 5 20.880) between WB and TS estimates for
the calibration period and the difference in correlation is
statistically significant (p , 0.001 based on Fisher’s z trans-
formation; Fisher 1921). Although this combined predictor
reconstruction displays stronger calibration statistics, the
exaggerated positive correlation between TS and the result-
ing WB estimates leaves little independent variance and is
unlikely to represent the true nature of the temperature–
hydroclimatic relationship in the region. The TS is higher
than the long-term mean for most extreme negative WB
years; however, this is not the case for years of the positive
WB values (Table 1).

Not unlike the dry values, years with high TS estimates co-
occur with drier conditions in the WB reconstruction (Table 2).
Of the 10 hottest years of the past 2000 years, all are estimated

FIG. 2. Correlation between (a) reconstructed JJA water balance estimates presented here
and CRU JJA precipitation totals and (b) reconstructed temperature sum estimates and CRU
JJA mean temperature for the period 1901–60 CE. (c) As in (a), but correlated with gridded
JJA precipitation reconstructions (Pauling et al. 2006) for the period 1500–1900. (d) As in (b),
but with the JJA temperature reconstruction by Luterbacher et al. (2016) for 1500–1900.
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to have been below the long-term mean in WB. The relation-
ship also holds stronger for the cold extremes, for which 8 of
the 10 coldest years are suggested to have been wetter than the
mean (with 7 being in the 85th percentile or lower). These re-
sults suggest that despite relatively weak overall correlation be-
tween WB and TS (the common variance explaining ;10% of
the variability), the relationship may be stronger during years
of extreme conditions.

Some years, and extended periods of years, do not adhere
to this negative relationship between WB and TS. The year
236 CE ranks as the third wettest year of the Common Era
(Table 1) but also displays high temperature sums. It does not
appear to be an isolated event, as the late second and early
third centuries CE stand out. The periods 184–241 and 365–
422 CE display diametrically opposite values of WB and TS
(Fig. 4c): 184–241 is characterized by relatively warm and wet
estimates while 365–422 CE displays cool and dry conditions,
not dissimilar to the early medieval pluvial (Fig. 4f; Büntgen
et al. 2021). In the Büntgen et al. (2021) PDSI reconstruction,
these two periods appear very similar to each other with non-
significant differences in mean and distribution (Figs. 4d,e).
Unlike the calibration period, during which reconstructed val-
ues fall on both sides of the long-term regression line, these
three first millennium periods (184–241, 365–422, and 670–
727) are skewed toward conditions that deviate from the neg-
ative relationship.

4. Discussion

The oak TRSI series analyzed here represent an important
dataset for the understanding of long-term climate variability
in central Europe (Büntgen 2022), in part due to the relatively
low correlation between d18O and d13C (e.g., Saurer et al.
1997) and the distinct climate signals within the respective se-
ries. It is, however, important to acknowledge the limitations
and uncertainties associated with both proxy data and subse-
quent reconstructions. A lack of age-related trend in the indi-
vidual series used to produce the stable oxygen and carbon
chronologies has been shown (Büntgen et al. 2020) but certain

factors that influence TRSI variability, including surrounding
environment and the height (on the tree) from which the sam-
ples were taken, are unknown for some of the older material
(Gessler et al. 2014). The reconstructions leave considerable
amounts of variance in the targets unexplained, as evident in
the wide prediction intervals (Fig. 1). Nonetheless, precalibra-
tion estimates from our conservative reconstruction model
can be qualitatively and quantitatively verified against known
events over the past millennium in the long documentary re-
cord of extreme cold, warm, wet, and dry conditions from the
Czech Republic.

a. Climate signals and reconstruction targets

Climatic signals in TRSI series have shown to be diverse
across space and species boundaries (e.g., Treydte et al. 2007;
Leavitt 2010; Hartl-Meier et al. 2015; Nguyen et al. 2021).
Variability in tree-ring d13C records from higher latitude or
altitude sites has often been connected to temperature varia-
bles (e.g., Treydte et al. 2009; Liu et al. 2014). However, this
relationship may be partly a result of intercorrelation with rel-
ative humidity (McCarroll and Loader 2004; Esper et al.
2018). At more temperate sites, and where moisture availabil-
ity is not a significant factor, vapor pressure deficits appear to
impact d13C in oaks through stomatal conductance (Baldocchi
and Bowling 2003). Precipitation and vapor pressure deficit
have been linked to stable carbon isotope variability in other
white oak species (Voelker et al. 2014), andQ. robur trees (as
used here) from nearby Hungary display similar relationships
with local precipitation variability (Kern et al. 2013). Re-
cently, Churakova-Sidorova et al. (2022) recorded strong hy-
droclimatic signals in d13C and temperature signals in d18O of
Larix sibirica}the same predictor-target and sign combina-
tions as recorded by the oak TRSIs analyzed here. Ultimately,
climatic drivers of TRSI variability are complex and likely in-
clude multiple coexisting influences (McCarroll and Loader
2004; Esper et al. 2018). Signals should be analyzed on a site-
to-site basis, but TRSI in the Czech oaks appear to respond to
both temperature and hydroclimate.

FIG. 3. The mean (a) water balance and (b) temperature sum estimates for 29 drought events identified in Czech
documentary data (Brázdil et al. 2013a) for the period 1090–1499, plotted as filled circles, with distributions of a
Monte Carlo simulation for comparison. The dotted lines indicate the 0.01 confidence intervals.
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We suggest that the previous PDSI reconstruction is possi-
ble because of two separate responses that affect soil moisture
in the same direction: 1) precipitation with a negative influ-
ence on d13C and 2) temperature having a positive impact on
d18O isotope variability. Consequently, years of extremes in
the PDSI are likely to have strong opposite magnitudes in the
isotope series. The robustness of such a reconstruction thus
rests on an assumption that the two variables are relatively

even in their impact on PDSI, and that the relationship during
the calibration period has been stable throughout the past
2000 years. Büntgen et al. (2021) noted significantly lower cor-
relations between the d13C and PDSI after 1960 and attrib-
uted this decline to industrial pollution. However, the
separation of signals in the two stable isotope records offers
an alternative explanation: the role of temperature in drought
conditions has increased over recent decades, leading to a

FIG. 4. (a) Relationship between reconstructed water balance and temperature sum estimates from 75 BCE to 2018
CE. Three noteworthy periods, and the calibration period, are plotted in color. (b) Comparison between the calibra-
tion period and early medieval pluvial estimates, and (c) comparison between the Late Roman pluvial and the period
around the Great Migration. (d)–(f) Estimates of PDSI from Büntgen et al. (2021) for the three first-millennium-CE
periods.

TABLE 1. The 10 driest and wettest years in the water balance reconstruction and the percentile of reconstructed temperature sum
(TS) for the corresponding year.

Rank (dry) Year CE Percentile TS Rank (wet) Year CE Percentile TS

1 1509 88 1 196 78
2 1976 69 2 899 14
3 1361 77 3 236 94
4 2016 95 4 202 56
5 1508 97 5 203 63
6 2017 98 6 194 27
7 1982 78 7 1063 70
8 1983 82 8 171 19
9 2018 99 9 199 21

10 1977 39 10 198 47
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precipitation-sensitive proxy (d13C) to lose shared variance
with PDSI during the same time.

b. Extreme events and periods in the preinstrumental era

The reconstructions of WB and TS indicate numerous ex-
amples and extended periods of values that fall outside the
range of the 58-yr instrumental calibration period. Signifi-
cant trends are noted for both full reconstructions, with a
general shift toward warmer and drier conditions, although
these trends appear marginally weaker than that of the pre-
vious PDSI reconstruction. Because of the daily meteoro-
logical data needed to produce the reconstruction targets,
the calibration period leaves out more than half of the twen-
tieth century. Several years in the WB and TS estimates be-
tween 1900 and 1960 coincide with well-known climatic
events (Rybnı́ček et al. 2021). For example, the coldest 3-yr
stretch since the early ninth century CE in the TS recon-
struction is recorded for 1940–42, a period of global climatic
anomalies that include lower European temperatures
(Brönnimann 2005). The early 1930s were marked by pro-
nounced droughts, culminating in 1934 (Trnka et al. 2009b).
The WB reconstruction displays continuous low moisture
from 1928 with the lowest value (less than second percentile)
recorded for 1934. Central Europe, and the Czech Republic in
particular, has a long tradition of high-quality documentary ev-
idence of past environmental variability. These include reports
of weather and related phenomena (e.g., Brázdil et al. 2022)
and records of grape harvest (Možný et al. 2016) or cereal har-
vest (e.g., Možný et al. 2012). This myriad of documents allows
for a rare opportunity for quantitatively testing the reconstruc-
tion estimates against independent data for almost a millen-
nium prior to the twentieth century. The results of the Monte
Carlo simulation indicate a strong relationship between both
reconstructions and extreme single-year drought in the study
region back to 1090 CE.

Longer fluctuations, that extend beyond that of the interan-
nual and decadal, have been recorded in documentary and
proxy records. One of these is the 1516–59 warm period indi-
cated by Možný et al. (2016) using grape harvest dates, which
also stands out in a similar spring and summer temperature re-
constructions from the wider central European region (Možný
et al. 2012; Camenisch et al. 2016). This period overlaps with
the warmest 50 years of the TS reconstruction (Fig. 1b).

Although the TS reconstruction indicates that the period was
an extension of an equally warm end of the fifteenth century, a
full comparison is not possible because of the start date of the
yield-based reconstructions (1499 or 1501). Conversely, the
lower temperatures suggested for the late sixteenth century
coincide with poor harvests and extensive problems for the
wine industry in the region (Brázdil et al. 2013b). The decline
in the TS reconstruction persists well into the 1600s, making
the seventeenth century the coldest century of the second mil-
lennium CE. The severity of this cold spell has also been sug-
gested by other robust summer temperature reconstructions
from neighboring regions (e.g., Büntgen et al. 2006, 2011).

All anomalies suggested by the WB and TS reconstructions
do not align with previous studies. Perhaps the most notable
example is 1345}for which OWDA indicates wet conditions.
Here, the TS reconstruction records just above the mean, but
WB is below the 1st percentile. The WB reconstruction shows
that 1345 was the start of an extended period of moisture
depletion}similar, but perhaps more extreme, to that of the
early 1930s. Conversely, the OWDA indicates severe drought
conditions in 1384 but the WB reconstruction suggests very
wet atmospheric conditions. The TS for 1384 is, however, the
highest reconstructed value of the surrounding 150 years and
could potentially explain part of the drought conditions re-
corded by total ring-width records (e.g., the OWDA). Although
unlikely to account for all differences with existing records, the
independent variability of the two reconstructions (and the
relationship between the two) may offer new perspectives
on preinstrumental conditions.

c. The relationship between growing season temperatures
and water balance

The exceptionally strong statistics of the Büntgen et al.
(2021) PDSI reconstruction are undoubtedly reflective of a
robust signal in the TRSI, and the new WB and TS recon-
structions are not meant to replace the previous estimates of
soil. In fact, the PDSI reconstruction is strongly correlated
with both the WB (r 5 0.836; p , 0.001) and TS (r 5 20.776;
p , 0.001) estimates presented here. Nonetheless, the WB
and TS reconstructions provide alternative perspectives on
climate variability, especially as it pertains to agriculture, over
the territory of the Czech Republic and beyond for the past
2000 years.

TABLE 2. As in Table 1, but with the 10 hottest and coldest years of the TS reconstruction, with WB percentiles of the corresponding
year indicated.

Rank (hot) Year CE Percentile WB Rank (cold) Year CE Percentile WB

1 1761 27 1 724 85
2 1521 7 2 728 94
3 1822 19 3 721 33
4 2015 4 4 718 56
5 1492 2 5 696 86
6 1449 21 6 387 45
7 513 37 7 704 91
8 1547 9 8 678 94
9 1530 3 9 707 66

10 1304 10 10 723 92
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The correlation between the predictors for the calibration pe-
riod is not significantly different from that of the instrumental
data, and the magnitude of correlation is similar for the entire
period. We, therefore, argue that the shared variance between
predictor and predictand is primarily related to each respective
signal, and that the “noise” (or unexplained variance in the cali-
bration model) can be assumed to not bias the relationship be-
tween reconstructions. Over the entire reconstruction period, the
magnitude of correlation is like that of the calibration period (for
both reconstructed and instrumental data) but there are numer-
ous examples of individual years that deviate from this weak neg-
ative relationship, as well as several multidecadal fluctuations.

Separating these two factors may reveal climatic events that
are not evident from PDSI alone. An example of such an
event is the years 1770–71. The reconstructed TSs for the two
years are near the long-term mean; however, WB estimates
fall in the 88th and 95th percentile (of the full reconstruction),
respectively. The high anomalies in WB coincide with poor
harvests in the historical record attributed to extremely wet
conditions (Pfister and Brázdil 2006), and the low crop yields
may even have played a role in societal upheaval in 1770–72,
called “hungry years” in the Czech Lands (Brázdil et al.
2001). Comparable to other preinstrumental events, these
anomalies appear to have occurred within a spatially homoge-
nous period in central Europe, evident by the long-term high
precipitation indicated by a spring–summer precipitation re-
construction from southern Germany (Wilson et al. 2005).

A similar period is recorded in the WB reconstruction for
the mid-eleventh century CE. Between 1060 and 1074 CE,
15 consecutive years above the 75th percentile (of the entire re-
construction period) are recorded. Unlike other wet stretches
indicated over the past millennia, temperature sums are esti-
mated to be near or above the mean (mean TS for 1060–74 is
equal to the 55th percentile of the entire period). The PDSI re-
construction indicates very wet conditions for this period but
that other long-term fluctuations for which this is not as clear
exist}most notably during the first millennium of the Common
Era (Fig. 4).

The 184–241 CE period stands out as some of the wettest
years, but in the context of the first millennium, these years
were also relatively warm. Few, if any, documentary records
can corroborate this information, but these decades could
provide a basis for future scenarios that are beyond what has
been measured by instruments, not only in terms of absolute
values but also for the relationship between variables. These
years of relatively warm but wet conditions have been rare in
terms of long-term climate variability but represent conditions
that are not present in the short instrumental record. This
holds especially true for multidecadal or subcentennial length
periods. It is also likely that, if the signals present in the TRSI
are what we suggest, some high first millennium PDSI values
of Büntgen et al. (2021) are driven by low temperatures.

d. Changes in agricultural suitability over the past
2000 years

The influence of past climate variability on agricultural pro-
ductivity, and subsequent societal responses, is a well-studied

relationship (e.g., Esper et al. 2017; Tello et al. 2017). Soil
moisture estimates, such as PDSI, are not always the strongest
climatic variable documenting historic European agricultural
yields (Ljungqvist et al. 2022). For the modern period, the two
reconstructed targets (WB and TS) represent strong explana-
tory variables for agricultural productivity in our area of study
(Trnka et al. 2011b). A clear gradient across Moravia (the east-
ern part of the Czech Republic) and northeast Austria from the
northwest to the southeast is evident in optimum agroclimatic
region for the calibration period (Fig. 5e).

The modeled estimates of production prior to 1961 display
several periods of similar conditions to that of the calibration
period. The lower TSs for much of the reconstruction period
(Fig. 1b) are interspersed with phases of warmer and drier
conditions, such as the late fifteenth and early sixteenth centu-
ries CE during which the production regions in the eastern
part of the study area were less optimum for sugar beet and
maize than the recent 58 years (Figs. 5c–e). This period, and
others like it, represent scenarios of agroclimatic conditions
within the range of natural variability that are likely to occur
in the future but exacerbated by anthropogenic forcing.

Current agroclimatic concerns for the region are linked to
drought variability and high temperatures, but in the past cool
and wet conditions may have been equally troublesome for
agricultural productivity (e.g., 1770–71 CE). Similar periods
have been noted in older documentary sources, including ex-
tensive flooding and famine in the early 1280s and flooding
during the 1314–16 disease outbreak in Bohemian livestock
(Brázdil et al. 2018). The latter may have been part of early
stages of the “Great European Famine” (Jordan 1996). The
WB reconstruction displays some of the highest multiyear val-
ues in the past millennium for 1281–83 and 1314–15 CE. The
two-dimensional nature of the reconstructions presented here
thus allow for a better understanding of the climatic factors that
have dictated the suitability of farming in the past. The opti-
mum agricultural regions differ for more than half of the study
area between 184–241 and 365–422 CE (Figs. 5a,b), whereas
these periods would not have differed dramatically if the results
were produced using a single PDSI predictor (Figs. 4d,e). The
modeled productivity suggests that the warmer period (184–241
CE) produced more favorable conditions across most of west-
ern and central Moravia, whereas one-third of our study region
was unsuitable for any agricultural yield during the latter period
(365–422 CE).

Future studies should aim to combine archaeological evi-
dence, paleobotanic and paleoecological data, documentary
sources, and paleoclimatic estimates to produce more robust
hypotheses on how climate-induced environmental changes
may have shaped past agriculture and the resulting societal re-
sponses. The WB and TS reconstructions presented here cover
periods of conditions not recorded by modern observations and
offer baselines for future scenarios. The results also represent
robust estimates of the climatic signals embedded in the stable
isotope variability of oaks from central Europe. The develop-
ment and extension of longer records can rely on the analyses
performed here. As such, the potential for exploring climatic
forcing on sustenance for the earliest Neolithic communities in
central Europe is within closer reach than ever before.
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5. Conclusions

Stable carbon and oxygen isotope variability in tree rings
from Czech oaks relate to different climatic variables. These
relationships allow for the deconstruction of PDSI estimates
previously derived from the combined isotope data into sep-
arate temperature and precipitation-related components.
The WB and TS reconstructions verify strongly for the past
1000 years and display more extreme annual and decadal
values prior to the calibration period than what has been ob-
served during the past 60 years. Many of such years align with
societal upheaval indicated by documentary evidence. How-
ever, the statistically significant trends present in the recon-
structions also suggest a continuous shift toward warmer and
drier conditions. The two reconstructions allow for the model-
ing of optimal agroclimatic zones across Moravia and north-
east Austria for the past two millennia and indicate large
changes in the spatial suitability of today’s most important ag-
ricultural crops. These estimates provide a baseline for the nat-
ural variability of agroclimatic drivers in the region and may
also offer a more nuanced picture of the conditions faced by
prehistoric agricultural communities.
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in the Czech Lands, 1090–2012 AD. Climate Past, 9, 1985–
2002, https://doi.org/10.5194/cp-9-1985-2013.

}}, O. Kotyza, P. Dobrovolný, L. Řeznı́čková, and H. Valášek,
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O. Kotyza, 2019: Extreme droughts and human responses to
them: The Czech Lands in the pre-instrumental period. Cli-
mate Past, 15, 1–24, https://doi.org/10.5194/cp-15-1-2019.
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Büntgen, U., 2022: Scrutinizing tree-ring parameters for Holocene
climate reconstructions. Wiley Interdiscip. Rev.: Climate
Change, 13, e778, https://doi.org/10.1002/wcc.778.

}}, D. C. Frank, D. Nievergelt, and J. Esper, 2006: Summer
temperature variations in the European Alps, A.D. 755–2004.
J. Climate, 19, 5606–5623, https://doi.org/10.1175/JCLI3917.1.

}}, and Coauthors, 2011: 2500 years of European climate vari-
ability and human susceptibility. Science, 331, 578–582,
https://doi.org/10.1126/science.1197175.

}}, and Coauthors, 2020: No age trends in oak stable isotopes.
Paleoceanogr. Paleoclimatol., 35, e2019PA003831, https://doi.
org/10.1029/2019PA003831.

}}, and Coauthors, 2021: Recent European drought extremes
beyond Common Era background variability. Nat. Geosci.,
14, 190–196, https://doi.org/10.1038/s41561-021-00698-0.

Camenisch, C., and Coauthors, 2016: The 1430s: A cold period of
extraordinary internal climate variability during the early
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K. Treydte, R. Siegfwolf, and M. Saurer, 2010: Low-frequency
noise in d13C and d18O tree ring data: A case study of Pinus
uncinata in the Spanish Pyrenees. Global Biogeochem. Cycles,
24, GB4018, https://doi.org/10.1029/2010GB003772.
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Štěpánek, P., P. Zahradnı́ček, and P. Skalák, 2009: Data quality con-
trol and homogenization of air temperature and precipitation se-
ries in the area of the Czech Republic in the period 1961–2007.
Adv. Sci. Res., 3, 23–26, https://doi.org/10.5194/asr-3-23-2009.

}}, }}, and A. Farda, 2013: Experiences with data quality
control and homogenization of daily records of various mete-
orological elements in the Czech Republic in the period
1961–2010. Idojaras, 117, 123–141.

Tello, E., and Coauthors, 2017: The onset of the English agricul-
tural revolution: Climate factors and soil nutrients. J. Interdis-
cip. Hist., 47, 445–474, https://doi.org/10.1162/JINH_a_01050.

Treydte, K., and Coauthors, 2007: Signal strength and climate cali-
bration of a European tree-ring isotope network. Geophys.
Res. Lett., 34, L24302, https://doi.org/10.1029/2007GL031106.

}}, D. C. Frank,M. Saurer, G.Helle, G.H. Schleser, and J. Esper,
2009: Impact of climate and CO2 on a millennium-long tree-
ring carbon isotope record. Geochim. Cosmochim. Acta, 73,
4635–4647, https://doi.org/10.1016/j.gca.2009.05.057.

Trnka, M., and Coauthors, 2009a: Climate-driven changes of pro-
duction regions in central Europe. Plant Soil Environ., 55,
257–266, https://doi.org/10.17221/1017-PSE.
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