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Abstract
Times of turmoil in Europe during past millennia have been linked to hydroclimate variability. The
invasion of foreign peoples that hastened the collapse of the Roman Empire, for example, was suggested
to have been triggered by precipitation minima. However, the climate evolution of central-east Europe, the
cradle of these tribes, remains elusive, thus limiting our understanding of how ancient civilizations
responded to climate change. In this study, we present a 3000-year-long winter temperature and
precipitation record inferred from a stalagmite in central Slovakia with dating uncertainties as small as
±6 yr. The data reveal that this region experienced seven 100-200 year-long cold intervals during the past
three millennia. Three of these intervals with wet winters centered at 350 BC, and 400 and 900 AD
coincided with historic invasion events in eastern Europe. These cold intervals were likely triggered by a
weakened North Atlantic circulation and concomitant atmospheric blockings over western Europe.

Introduction
Climate-induced migration and the issue of climate refugees are particularly of concern in global climate
governance. In the past, abrupt hydroclimatic changes or frequent occurrences of droughts/�oods led to
turmoil periods in human history (Meier et al., 2007; Sosnowski et al., 2016; Zhang et al., 2008; Büntgen et
al., 2011). As a cradle of the ancient cultures, Europe featured several episodes of climate deterioration
over the past millennia, which have been discussed as triggers of diseases (Appleby, 1980), population
decrease (Patterson et al., 2010), and migrations (Thompson et al., 1999). Tribal invasions, especially the
Great Migration in the 4th to the 6th century AD, profoundly affected European history. Studies over the
past decades (Thompson et al., 1999; Wolfram, 1988; Goffart, 2006; Heather, 2010; Büntgen et al., 2011)
hint towards a clear role of climate in triggering the movement of ancient tribes.

Tree-ring based late spring (April-June) precipitation records document high rainfall in central Europe
during the Great Migration (Büntgen et al., 2011). However, Drake (2017) argued that the period of the
Great Migration was instead characterized by a cold/dry climate, which played an important role in
triggering the Great Migration. The con�ict aspects of how climate in�uenced civilizations can be
attributed to the spatial hydroclimate variability in Europe and the associated seasonal bias (e.g., Ortega
et al., 2015). Paleoclimate proxy records, for example, can re�ect only regional/seasonal hydroclimate
conditions and result in an incomplete climatic understanding. To better investigate the relations between
climate patterns and European invasion histories, precise and high-resolved paleoclimate records from
the regions where the invaders originated are needed.

Here, we present a multi-proxy stalagmite record from central Slovakia, a region close to the cradle of the
tribal invaders (Heather, 2010), which allows to decipher the winter temperature and precipitation changes
over the last three thousand years. Our results show that three major invasion periods in Europe, including
the Great Migration, coincide with anomalously cold winters in Slovakia, but not necessarily with
droughts. These three events are the Celtic invasion during the 4th-2nd century BC, the Great Migration in
the 4th-6th century AD, and the invasion of the Magyars during the 9th-11th century AD (Heather, 2010), all
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of which originated in central-eastern Europe (Fig. 1; Supplementary Text). The 1:1 coincidence between
the timing of these migrations and periods of persistent cold winters highlights the role of persistently
cold climate episodes in triggering crises for central-eastern European tribes.

Materials And Methods
Zlomiska cave (48°59’ N, 19°40’ E, 809 m above sea level, a.s.l.) is 10.7 km in length and located within
the Jánska dolina national nature reserve, Slovakia, in the northern part of Low Tatra Mountains (Fig. 1).
The original cave entrance was a 0.5 m-wide crack in the ground which has been arti�cially enlarged. The
region is characterized by a humid continental climate, with a mean annual temperature of 7.4 ˚C and a
mean annual precipitation of 640 mm (1992-2016 AD) measured at the Global Network of Isotopes in
Precipitation (GNIP) station at Liptovský Mikuláš Ondrašová (LMO; 49˚6' N, 19˚36' E, 570 m a.s.l.), 12 km
north from Zlomiska cave.

A 28 cm-long stalagmite, ZL01, was collected in 2016 (Fig. S1) and the top 8 cm of this calcitic
stalagmite was used in this study (Fig. S1). The chronology of this segment is based on U-Th ages with
2-sigma precision as good as ±6 yr (Shen et al., 2012; Cheng et al., 2013) (Methods S1) and the age
model was constructed using StalAge (Scholz et al., 2011) (Fig. S2; Data S1). About 800 and 200
powdered subsamples were measured for δ18O (Methods S2) and Sr/Ca and Ba/Ca, respectively
(Methods S3). Hendy tests (Hendy, 1971) show that the δ18O variability along four growth layers is ±
0.03-0.11‰ (1-sigma) (Fig. S3), smaller than the instrumental 1-sigma external uncertainty of ± 0.12‰,
suggesting insigni�cant kinetic isotope effects during calcite precipitation.

Results
3.1. The Zlomiska record

The studied section of ZL01 covers 1050 ± 35 BC to 1940 ± 11 AD. The ZL01 δ18O values vary from –7.2
to –6.1‰ over past three thousand years (Fig. 2A) and feature seven centennial-scale negative
excursions centered at 900, 600, 350, 100 BC, and 400, 900, 1500 AD. The Sr/Ca and Ba/Ca ratios range
from 0.14-0.23 mmol/mol and 356-469 μmmol/mol, respectively (Fig. 2B). In general, Sr/Ca and Ba/Ca
show relative high values before 1050 AD and decrease afterwards, reaching the minimum in the 1900s
AD.

3.2. Seasonality of stalagmite proxies

In central Slovakia, strong evaporation in summer limits in�ltration of rainfall (Wackerbarth et al. 2010),
although over 60% of the annual precipitation falls between June and August. By subtracting potential
evaporation (calculated using Thornthwaite 1948; Methods S4) from average precipitation (1992-2016
AD), effective in�ltration at Zlomiska cave likely occurs only between October and March (Fig. S4),
consistent with previous studies (Wackerbarth et al. 2010; Baker et al., 2019). This seasonal bias is
supported by karst water data from Demänovská dolina cave system, 7 km west of Zlomiska cave,
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whose mean δ18O value of –10.8‰) (2010-2011 AD; Malík et al., 2012) is signi�cantly lower than the
long-term weighted mean rainwater δ18O value of –9.4‰ (1992-2016 AD). This suggests that October-
March precipitation with a mean δ18O value of –13.2‰ (1992-2016 AD) is the main contribution to
in�ltration as opposed to summer (June-August) rain averaging –6.9‰. Accordingly, the ZL01 proxy
records mainly re�ect late autumn to early spring conditions (October-March; Baker et al., 2019).

3.3. ZL01 δ18O

Stalagmite δ18O values, if depositing close to isotopic equilibrium, re�ect the precipitation δ18O value
(δ18Op) (Wackerbarth et al. 2010; Baker et al., 2019), which is governed by changes in air temperature,
moisture source, and/or rainfall amount. The average monthly temperature at Zlomiska cave between
October and March varies from –2 to 3 ˚C (1992-2016 AD) with a mean of 0.8 ˚C and a standard
deviation of ±1.4 ˚C. An increase of 1 ˚C would result in a ~ –0.22‰ shift in stalagmite δ18O due to the
temperature-dependent isotope fractionation (O'Neil et al., 1969). The relationship between modern air
temperature and δ18Op of 0.55±0.11 ‰/ ̊C (October-March; Fig. S5A) suggests that a temperature

increase of 1 ˚C results in an increase of 0.55‰ in δ18Op. Taken together, ±1 ˚C of temperature change

results in ±0.33‰ of δ18Op. The net temperature effect on stalagmite δ18O is therefore ~0.33‰/ ̊C.

Changes of the relative proportion of moisture sourced from the Atlantic Ocean with δ18O values of 0-
0.5‰ and the Mediterranean Sea with higher δ18O values of 1.0–1.5‰ can affect δ18Op. The d-excess
of moisture originating from the Atlantic Ocean (~10‰, Craig, 1961) is much lower than from the
Mediterranean Sea (~22‰, Giustini, 2016). The absence of a signi�cant correlation between d-excess
and δ18Op (Fig. S5B) indicates that δ18Op in the study area does not re�ect changes in moisture sources.
LMO station data also show an insigni�cant correlation between precipitation amount and δ18Op (1992-
2016 AD, October-March, Fig. S5C) showing that the amount effect does not play a role in this region.

These analyses show that the ZL01 δ18O values are mainly governed by temperature, with negative
(positive) stalagmite δ18O values re�ecting low (high) air temperatures (October-March), supported by
stalagmites from caves in the Alps west of the study area (e.g., Boch et al., 2011; Meyer et al., 2008;
Scholz et al., 2012). This temperature effect could be ampli�ed by heavy snowfalls in colder winters that
lead to a higher snowmelt contribution of isotopically depleted water to the cave dripwater in late spring
(Lachniet, 2009; Unnikrishna et al., 2002). This argument can further be corroborated with the high degree
of similarity between ZL01 δ18O and temperature records from Tatry station (Slovakia; 49˚4’N, 20˚14’E,
694 m a.s.l.), Vienna station (Austria; 48˚13’N, 16˚21’E, 199 m a.s.l), and Praha-Klementinum (Czech
Republic; 50˚05’N, 14˚25’E, 191 m a.s.l) (Fig. 3D). During the Roman Warm Period (RWP, ca. 250 BC to 350
AD) and the Medieval Climate Anomaly (MCA, ca. 950-1250 AD), high ZL01 δ18O values suggest a warm
winter climate (Fig. 2A); while during the Little Ice Age (LIA, ca. 1400-1850 AD), the low ZL01 δ18O values
indicate the opposite (Fig. 2A). Temperature variations at Tatry and Praha-Klementinum are closely
related to Eastern European temperature changes (Fig. S6 A and B). Comparisons between ZL01 δ18O
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and lower resolved winter temperature records from central-eastern Europe (Fig. S6C-F; Kaufman et al.,
2020; Litt et al., 2009) also reveal a general consistency. These observations suggest that cold winters
occurred across Eastern Europe and support that ZL01 δ18O is a reliable qualitative proxy for regional
October-March temperature.

3.4. ZL01 Sr/Ca and Ba/Ca

ZL01 Sr/Ca and Ba/Ca co-vary on a centennial scale over the past 3000 years. The high correlation
between the two ratios (r = 0.87, n = 193, p < 0.05) points towards signi�cant prior calcite precipitation
(PCP) (Fairchild and McMillan 2007; Day and Henderson, 2013; Wassenburg et al., 2016, 2020). During
dry conditions, the long residence time of drip water favors PCP and leads to high Sr/Ca and Ba/Ca ratios
in the dripwater (Fairchild and McMillan 2007). Sr/Ca and Ba/Ca can thus be considered as precipitation
proxies, with high Sr/Ca and Ba/Ca values corresponding to a dry climate, and vice versa.

Discussion
4.1. Regional temperature change and mechanism

The climate in Europe is strongly governed by the westerly winds which transport relative cool (warm) air
masses from the Atlantic in summer (winter). In Slovakia, the North Atlantic Oscillation (NAO), with its
positive (negative) phase associated with an increased (decreased) strength contrast of the Icelandic
Low (IL) and the Azores High (AH), controls the westerly variability during October-March (Hurrell, 1995)
and hence the temperature at the study site. The East Atlantic (EA) pattern (Barnston and Livezey, 1987)
with its positive (negative) phase corresponding to a low (high) pressure anomaly in western Europe
(centered at 55˚N and 20˚W), can also in�uence the position of the IL and the AH and the associated
westerly routes. The October-March temperature at the Tatry meteorological station (1950-2012 AD)
shows a strong correlation with sea-level pressure (SLP) anomalies at 60˚N and 10˚W (Fig. 3A, shades),
resembling the correlation between the EA index (data from the Climate Prediction Center) and SLP (Fig.
3A, contours). The dipole correlation regions in the subtropics and the subpolar realm are also similar to
the NAO pattern. The Tatry temperature time series (October-March) reveals some similarity to the NAO
index (Fig. 3B; r = 0.31, n = 0.62, p < 0.05, 1950-2012; Jones et al., 1997) and the EA index (Fig. 3C; r =
0.41, n = 62, p < 0.01, 1950-2012; data from the Climate Prediction Center), corroborating that the NAO
and EA modes both control October-March temperature at Zlomiska cave.

A negative (positive) NAO with reduced (enhanced) contrast between the IL and the AH lead to weak
(strong) westerlies and less (more) warm air masses reaching the study area (Woollings et al., 2012). A
negative (positive) EA, with a high (low) pressure anomaly over western Europe, re�ects an increase
(decrease) in atmospheric blocking frequency, which prevents (enables) the westerly winds to enter
mainland Europe (Woollings et al., 2012; Madonna et al., 2017). The similarities between the ZL01 δ18O
record and instrumental NAO and EA indexes (Mellado-Cano et al., 2019; Comas-Bru and Hernández,
2018) back to 1685 AD (Fig. 3E and F) further con�rm that the NAO and EA are important drivers of
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temperature changes in the study area on multi-decadal to centennial time scales. The three multi-
centennial cold periods registered by the minima in the ZL01 δ18O record (Fig. 2A) could hence re�ect
weak or absent westerly winds.

Correlation analysis between the EA index and European precipitation (Fig. 4A) shows that a low (high)
EA index, with a high (low) frequency of atmosphere blocking over western Europe, can lead to a dry (wet)
climate on the British Isles and western/central Europe. Periods of cold winters inferred from the ZL01
δ18O record match those with a dry climate inferred from low peat water-levels in Britain (Fig. 4B;
Charman, 2010), high stalagmite Mg/Ca ratios in Bunker cave, NW Germany (Fig. 4C; Fohlmeister et al.,
2012), high stalagmite growth rate in Roaring cave, Scotland (Fig. S8A; Baker et al., 2015), high Mg
values (Fig. S8B) and high δ18O values in stalagmites of Herbstlabyrith cave, central Germany
(Waltgenbach et al., 2021) (Fig. S8C). The dry periods could have been also affected by a negative NAO
phase, which impacts precipitation on the British Isles (Charman, 2010) and in Germany (Fohlmeister et
al., 2012) (Fig. S9). The coherency between the ZL01 δ18O time series and proxy records from Britain and
Germany suggests that, during the intervals of ZL01 δ18O minima, weak westerlies resulted in reduced
moisture transport to the British Isles and western Europe and low temperatures in Slovakia. This climate
pattern likely resulted from strong atmospheric blockings over western Europe, similar to a negative EA or
NAO phase. 

4.2. Climate change and tribal migrations

The periods of three main tribal invasions into Europe, the Celtic invasion (ca. 4th-2nd century BC), the
Great Migration (ca. 4th-6th century AD), and the invasion of the Magyars (ca. 9th-11th century AD)
coincide with distinct intervals of anomalously cold winters as inferred from the ZL01 δ18O record (Figs.
2A), suggesting a possible link between of human migrations and climate. Severe cold winters are known
to delay germination, lower the resistance to diseases, and reduce the yield and quality of crops (Hussain
et al. 2018; Liu et al., 2020), eventually forcing humans to migrate. ZL01 Sr/Ca and Ba/Ca records
suggest humid conditions during the Celtic invasion, the Great Migration, and the invasion of the
Magyars (Fig. 2B). These data argue against the hypothesis of the drought-driven migrations (e.g., Drake,
2017) and instead emphasize the importance of temperature changes on human activities in central-east
Europe. In addition to anomalously cold winters, low summer temperatures as recorded by tree-ring data
(Büntgen et al. 2011) (Fig. S7) could also be mportant in triggering these tribal movements.

In central-eastern Europe, variations in the intensity of the westerlies might have had less impact on
precipitation compared to temperature, as the atmospheric moisture decreases along the westerly tracks
from the Atlantic Ocean. This is supported by the lack of a correlation between the NAO index and
precipitation amount in the study area (Fig. S9). Accordingly, changes in the orientation and intensity of
the westerlies led to temperature rather than precipitation changes in central-eastern Europe, different
from the northern fringe of the Mediterranean Sea, which is more sensitive to hydroclimate changes (e.g.,
Cullen et al., 2000; Drysdale et al., 2006).
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4.3. Possible mechanism

Cold periods with enhanced blockings over western Europe on decadal to centennial time scales suggest
that the positions of the AH and the IL shifted towards high latitudes (Moore et al., 2013; Comas-Bru and
Mcdermott, 2014). This poleward displacement of the AH and the IL was suggested to be induced by
cooling of the high-latitude Atlantic Ocean, which shifts the region of transient eddy heat �ux at 850 hPa
northward (Rivière, 2009; Kown et al., 2020). This hypothesis is supported by the coherency between the
ZL01 δ18O record and sea-surface temperatures (SST) along the path of the North Atlantic Current
(Saenger et al., 2011) (Fig. S10B), with low SSTs corresponding to a weakened warm water transport
from the tropical Atlantic to the polar region. Minima in ZL01 δ18O data are also in accordance with
periods of weak Atlantic Multidecadal Variability (AMV) (Lapointe et al., 2020) (Fig. S10C). This suggests
that a weak Atlantic Meridional Ocean Circulation (AMOC) reduces warm water transport from the
equator to the polar regions, in turn leading to a cooling of the North Atlantic.

The NAO could also affect the (winter) temperature in the study area, but periods of δ18O minima are
unrelated to negative NAO phases (Fig. S11) (Olsen et al., 2012; Ortega et al., 2015), possibly because (i)
the NAO phase change was not the dominate forcing during the past three millennia in this region, and/or
(ii) limitations of NAO reconstructions (Ortega et al., 2015) hamper such a comparison. Finally, intervals
of high volcanic activity (Fig. S10A; Kobashi et al., 2017) show no relationship with minima in ZL01 δ18O,
arguing against a volcanic forcing of these cold intervals.

Conclusion
Previous studies showed that the Great Migration during the late Roman Empire might have been
triggered by prolonged dry conditions (e.g., Drake, 2017). Our 3000 yr-long δ18O and trace elemental
record from Slovakia shows that this tribal invasion event during the 4th-6th century AD and two other
migrations in the 4th-2nd century BC and the 9th-11th century AD coincide with centennial-scale cool
periods rather than droughts (Fig. 2). These cool periods could be triggered by a weak AMOC that induced
atmospheric blockings over western Europe and prevented the transport of relatively warm wintertime air
masses to central Europe.
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Figure 1

Map showing the locations of records and tribal migrations. The star marks Zlomiska cave. The triangle
and circles denote caves and other sites with geological/instrumental records, respectively. 1. Stacked
paleo-water table record from peat deposits on the British Isles (Charman et al., 2010). 2. Roaring cave
(Baker et al., 2015). 3. Bunker cave (Fohlmeister et al., 2012). 4. Herbstlabyrinth cave (Waltgenbach et al.,
2021) 5. Meerfelder Maar and Holzmaar (Litt et al., 2009). 6. Lake Lednica (Kaufman et al., 2020). 7.
Praha-Klementinum meteorological station. 8. Vienna meteorological station. 9. Zlomiska cave (this
study). 10. Tatry meteorological station. 11. Dovjok Swamp (Kaufman et al., 2020). The color-shaded
areas and arrows show the origins and routes of tribal migrations (Heather, 2012). The map was
generated using Ocean Data View.
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Figure 2

Proxy records of stalagmite ZL01 from Zlomiska cave. (A) δ18O record. Error bars denote 2-sigma age
uncertainties. (B) Ba/Ca (dark yellow) and Sr/Ca (dark green). Note inverted axes. Grey vertical bars
denote seven 100-200 yr-long cold wintertime periods recorded by the δ18O data. Horizontal bars denote
the Roman Warm Period (RWP), the Medieval Climate Anomaly (MCA), and the Little Ice Age (LIA). 
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Figure 3

Modern climate and stalagmite ZL01 δ18O.(A) Correlation map between sea-level pressure (SLP) and
Tatry temperature (shades)/EA index (contours), October-March 1950-2012 AD. (B) Correlation map
between temperature and NAO index (October-March 1950-2012 AD). (C) As for (B) but for temperature
and EA index (October-March 1950-2012 AD). Color shades in (A)-(C) are correlation coe�cients above
90% con�dent level. NAO index and EA index used in (A)-(C) are from Jones et al. (1997) and the Climate
Prediction Center (CPC). (D) ZL01 δ18O (dark blue) and temperature records (10-yr running mean) from
Tatry (T, grey), Vienna (V, orange) and Praha-Klementinum (C, dark red), October-March. The locations of
these meteorological stations are shown in (A)-(C). (E) ZL01 δ18O (dark blue) and instrumentally based
NAO index (20-yr running mean) from Comas-Bru et al. (2018) (light mustard) and Melledo-Cano et al.
(2019) (mustard). (F) As (E), but for the EA index (20-yr running mean) from Comas-Bru et al. (2018)
(purple) and Melledo-Cano et al. (2019) (pink). Error bars in (D)-(F) denote 2-sigma age uncertainties.
Temperature and SLP data are from 20th century Reanalysis v3.
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Figure 4

Atmospheric blocking and associated precipitation records. (A) Correlation map between precipitation
and EA index (October-March 1950-2012 AD). Color shades are correlation coe�cients above 90%
con�dent level. Blue rectangle indicates the region where the stacked peat paleo-water table records were
reconstructed. (B) ZL01 δ18O (dark blue) and stacked reconstructions of peat paleo-water table (aqua;
Charman et al., 2010). (C) ZL01 δ18O (dark blue) and Bunker cave Mg/Ca ratios (green; Fohlmeister et al.,
2012) as a precipitation proxy. Error bars in (B) and (C) denote 2-sigma age uncertainties. Grey vertical
bars in (B) and (C) mark the seven centennial-scale cold wintertime periods inferred from ZL01 δ18O data.
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