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Current European flood-rich period 
exceptional compared with past 500 years

Günter Blöschl1,35 ✉, Andrea Kiss1,35, Alberto Viglione2,35, Mariano Barriendos3, Oliver Böhm4, 
Rudolf Brázdil5,6, Denis Coeur7, Gaston Demarée8, Maria Carmen Llasat9, Neil Macdonald10, 
Dag Retsö11, Lars Roald12, Petra Schmocker-Fackel13, Inês Amorim14, Monika Bělínová6, 
Gerardo Benito15, Chiara Bertolin16, Dario Camuffo17, Daniel Cornel18, Radosław Doktor19, 
Líbor Elleder20, Silvia Enzi21, João Carlos Garcia22, Rüdiger Glaser23, Julia Hall1,  
Klaus Haslinger2, Michael Hofstätter24, Jürgen Komma1, Danuta Limanówka25, David Lun1,  
Andrei Panin26,27, Juraj Parajka1, Hrvoje Petrić28, Fernando S. Rodrigo29, Christian Rohr30, 
Johannes Schönbein23, Lothar Schulte31, Luís Pedro Silva32, Willem H. J. Toonen33,  
Peter Valent1,34, Jürgen Waser18 & Oliver Wetter30

There are concerns that recent climate change is altering the frequency and 
magnitude of river floods in an unprecedented way1. Historical studies have identified 
flood-rich periods in the past half millennium in various regions of Europe2. However, 
because of the low temporal resolution of existing datasets and the relatively low 
number of series, it has remained unclear whether Europe is currently in a flood-rich 
period from a long-term perspective. Here we analyse how recent decades compare 
with the flood history of Europe, using a new database composed of more than 100 
high-resolution (sub-annual) historical flood series based on documentary evidence 
covering all major regions of Europe. We show that the past three decades were 
among the most flood-rich periods in Europe in the past 500 years, and that this 
period differs from other flood-rich periods in terms of its extent, air temperatures 
and flood seasonality. We identified nine flood-rich periods and associated regions. 
Among the periods richest in floods are 1560–1580 (western and central Europe), 
1760–1800 (most of Europe), 1840–1870 (western and southern Europe) and 1990–
2016 (western and central Europe). In most parts of Europe, previous flood-rich 
periods occurred during cooler-than-usual phases, but the current flood-rich period 
has been much warmer. Flood seasonality is also more pronounced in the recent 
period. For example, during previous flood and interflood periods, 41 per cent and  
42 per cent of central European floods occurred in summer, respectively, compared 
with 55 per cent of floods in the recent period. The exceptional nature of the 
present-day flood-rich period calls for process-based tools for flood-risk assessment 
that capture the physical mechanisms involved, and management strategies that can 
incorporate the recent changes in risk.

 
Historical flood context
In recent decades, numerous devastating floods have occurred in Europe, 
with enormous economic damage3. Flood data over the past 50 years sug-
gest that some parts of Europe are experiencing upward flood trends4, 
but it has been unclear whether we are currently in a flood-rich period 
(more frequent and bigger floods than usual in extent and/or magnitude) 
and, if so, how unusual it is relative to other flood-rich periods during 
the past 500 years. An exceptional flood-rich period in recent decades 
would require more intensive and perhaps different adaption measures 
than a less unusual period. To understand whether recent decades are 
indeed exceptional, one needs to identify flood-rich periods and their 
characteristics in past centuries and compare them with recent decades.

The existence of flood-rich periods in the past 500 years has been 
demonstrated for several individual catchments in Europe based on 
historical documentary evidence5–8 and mountain lake sediments9. 
One of the few available regional studies (19 documentary-based data 
series) identified 1540–1600, 1640–1700, 1730–1790 and 1790–1840 as 
flood-rich periods in central Europe2, which is roughly consistent with 
sedimentary evidence from a set of Alpine lakes10 and six floodplains11 
in central Europe. Several authors have suggested that more frequent 
flooding in the Little Ice Age (1300–1870), and specifically the Late 
Maunder Solar Minimum (1675–1725), can be related to lower air tem-
peratures2,6,8,12, but a more universal relationship with air temperatures 
for other flood-rich periods has not been identified7,11,13. Temperature 
anomalies can be considered a proxy for changes in the atmospheric 
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circulation system and are therefore of relevance for assessing past 
and future changes in flood frequency.

Here we analyse the most comprehensive dataset of 103 sub-annual 
flood series over the past 500 years, covering all regions of Europe 
(Extended Data Fig. 1), to examine the existence and characteristics 
of flood-rich periods.

Reconstructing historical flood frequency
The flood series are based on the collation of published and unpublished 
series based on chronicles, annals, administrative and legal records, 
newspapers, and private and official correspondence (Extended Data 
Table 1). We almost exclusively used contemporary documentation 
(that is, written shortly after the flood events) because of its higher 
reliability relative to non-contemporary documentation. The documen-
tation included direct indicators, such as the level and spatial extent of 
flood waters relative to identifiable landmarks, and, to a lesser extent, 
indirect indicators such as their environmental or socio-economic 
impact. For each piece of evidence, a critical, historical source evalua-
tion was conducted, using the local socio-economic and environmental 
history knowledge of the analysts, to minimize errors in dating, inter-
pretation and other possible mistakes originating from social biases.

For 103 river reaches across Europe, the documentary evidence on 
individual floods was transformed into a three-scaled intensity index 
for the period 1500–2016. The total number of floods contained in 
the dataset is 9,576, of which 8,954 have a season assigned. To account 
for differences in the representativeness of different series in space, 
we assigned to each series a representativeness index, which reflects 
the level of confidence that important floods have been captured. To 
account for temporal observational biases, we assigned each year of 
each series a rank on a bias index that reflects the completeness of 
the source material in a historical context. Although there is inevita-
ble subjectivity in assigning these indices, decisions are nonetheless 
made on the basis of expert judgement of the sources and phenomena 
in question.

The intensity indices of the series were spatially and temporally 
interpolated, accounting where possible for uncertainty and bias 
(see  Methods), which resulted in a three dimensional matrix of 
flood intensities over Europe in the past 500 years with voxel size of 
41 km × 48 km × 4 years. This matrix was used to identify contiguous 
flood-rich periods in space and time by applying an algorithm that 
connects neighbouring voxels that exceed an intensity threshold. We 
ranked these flood-rich periods by the sum of the scaled space–time 
extent and the scaled mean flood intensity. Based on a 500-year cen-
tral European air temperature reconstruction14, which we consider to 
currently be the highest-quality multi-centennial reconstruction in 
Europe and to be spatially representative (see Methods), we compared 
the average air temperatures of these flood-rich periods with those 
of the interflood periods before and after. Additionally, we analysed  
the seasonality of flood occurrence in the flood-rich and interflood 
periods.

Flood-rich periods in the past 500 years
Here we find that the past three decades were among the most flood-rich 
in Europe during the past 500 years, and that this period differs from 
other flood-rich periods in terms of its extent, associated air tempera-
tures and flood seasonality.

The nine flood-rich periods identified are rather regularly distributed 
in time, but the latest 30-year period is separated from past periods 
by a 90-year disaster gap in most of Europe with the occurrence of few 
floods (Fig. 1, 2; Table 1), in line with historical flood impact research15.  
The most highly ranked flood-rich periods, on the basis of their space–
time extent and flood intensity, were 1560–1580 (period II, in western 
and central Europe), 1760–1800 (period V, in most of Europe), 1840–
1870 (period VI, in western and southern Europe) and 1990–2016 (period 
IX, in western and central Europe) (Table 1, Supplementary Video 1).

Individually, the nine flood-rich periods cover only part of Europe, 
with areas between 0.41 × 106 km2 and 1.83 × 106 km2 (Extended Data 
Table 2), out of a total land area of 3.9 × 106 km2 examined. There is a 
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Fig. 1 | Flood-rich periods in Europe in the past 500 years. Periods are coloured by their rank, with red (period Va) indicating the strongest and blue (period VIII) 
indicating the weakest period (Table 1). For a dynamic visualization, see Supplementary Video 1.
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tendency for flood-rich periods to occur more often in central and 
western Europe than in other regions (Figs. 1 and 3).

The most recent flood-rich period is 1990–2016, the second largest 
in spatial extent (1.77 × 106 km2) and the third largest in spatio-temporal 
extent (18.7 × 106 km2 yr), indicating that it not only covered a large 
part of Europe, but also had a considerable duration in time (Extended 
Data Table 2). 2016 is the end of the data but possibly not the end of 
this flood-rich period.

The average air temperatures in most central European flood-rich 
periods were around 0.3 °C lower than those in the intervals between 
flood-rich periods, termed interflood periods (Fig. 4). Flood-rich period 
II was particularly cold and is known for the great glacier advances in the 
Alps16. The confidence bounds of temperatures in most flood-rich peri-
ods of the past versus the interflood periods in Fig. 4b are below the 1:1 
line, indicating that the differences are statistically significant. The only 
exception was period IV (1630–1660), with average annual temperature 
similar to those of the interflood periods, resulting from warm summers; 
however, autumns and winters when most of the floods occurred were 
notably colder than usual17. This is consistent with the other flood-rich 
periods that were colder overall than interflood periods. In other parts of 
Europe, there is also a tendency for flood-rich periods I to VIII to be colder 
than the interflood periods, with differences of about 0.3 °C and 0.2 °C 
in western and southern Europe, respectively (Extended Data Fig. 4). 

In contrast, the most recent flood-rich period IX was on average about 
1.4 °C warmer than the previous interflood period in all regions (Fig. 4b).

The time of year when floods most often occur differs between 
regions and between periods (Fig. 5, Extended Data Table 1). In cen-
tral Europe, floods mainly occur in summer. In the central European 
flood-rich and interflood periods of the past, 41% and 42% of the floods 
occurred in summer, respectively. In contrast, during the recent flood 
period IX, 55% of the floods occurred in summer. The confidence bounds 
for the summer flood frequencies (right and middle red bars) in Fig. 5b 
do not overlap, indicating that the differences between the recent flood 
period IX and previous periods are significant rather than occurring by 
chance. In southern Europe, the corresponding frequencies for floods 
in autumn, which is the dominant flood season, increased from 43% 
(flood-rich) and 41% (interflood) to 54% (flood period IX) (Extended Data 
Fig. 5). In western Europe, the corresponding frequencies for floods in 
winter (the dominant flood season) increased from 49% (flood-rich) 
and 46% (interflood) to 55% (flood period IX) (Extended Data Fig. 5).

Flood processes and implications
Although there is some overlap between flood-rich periods detected 
here and those found previously in central Europe based on 19 series2 
(their periods, 1540–1600, 1640–1700 and 1730–1790, approximately 
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Fig. 2 | Flood intensities and flood-rich periods. Flood intensities have been 
interpolated in space and time (thin black lines), and the flood-rich periods 
identified are shown as coloured areas. For numbers of flood-rich periods see 
Table 1 and Extended Data Table 2. Abbreviations are defined in Extended Data 

Table 1. Grey areas indicate years that exceed the flood intensity threshold and 
are not in one of the identified flood-rich periods. Countries (left vertical axis) 
are grouped by region (from top to bottom: eastern, northern, central, western 
and southern Europe).
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match periods II, IV and V here), their last period, 1790–1840, does not 
emerge as a flood-rich period here. Similarly, the Late Maunder period 
of low solar intensity (1675–1725) sometimes associated with flood 
occurrence in Europe6 was not particularly flood-rich on a European 
level. The extent of the recent flood-rich period IX is consistent with 
the increasing trends in flood discharges observed in northwestern 
and central Europe in recent decades4.

Previous analyses did not find coherent flood–temperature relation-
ships at a European scale6–8, which may partly reflect the low number of 
high-resolution series. At a local to regional scale (for example, Bohemia, 
eastern Spain) and in some periods (for example, Late Maunder solar 
minimum and eighteenth to nineteenth century), flood–temperature 
associations were demonstrated6,18. Our new comprehensive flood 
dataset provides clear evidence that such a relationship exists across 
Europe over the past 500 years.

The most important flood-rich period in our ranking, period V 
(1760–1800), occurred during the decades preceding the French revo-
lution. Notably lower temperatures also prevailed during this period. 
Air-pressure reconstructions19 suggest that there was frequent polar 
air intrusion into North America, the North Atlantic region and west-
ern Europe associated with an expanded polar cell, and lower north–
south air-pressure gradients (negative North Atlantic Oscillation (NAO) 
index), pointing towards frequent atmospheric blocking situations in 
Europe20,21. In the 1780s, the sea ice extent around Iceland was at its great-
est during the past 500 years22. The 1783 Lakigigar volcanic eruption in 
Iceland may have further contributed to lowering the temperatures23.

Temperature is the most easily observed and most predictable 
parameter of a changing climate system. Although flood-producing 
precipitation is not necessarily driven by air-temperature anomalies, 
both are controlled by large-scale atmospheric circulations and ocean 

Table 1 | Flood-rich periods in Europe since 1500

Period Full time 
period

Spatial extent (regions) Rank

I 1500–1520 Western Europe, central Europe 9

II 1560–1580 Western Europe, central Europe 4

III 1590–1640 Iberia, southern France 6

IV 1630–1660 Western Europe, west-central Europe, 
northern Italy

7

V 1750–1800 Va: central Europe, western Europe, 
southern Europe

1

Vb: Scandinavia 5

VI 1840–1880 Western Europe, southern Europe 2

VII 1860–1900 East-central Europe 8

VIII 1910–1940 Scandinavia 10

IX 1990–2016* Western Europe, central Europe, Italy 3

Regions are defined in Methods. Rank 1 (period Va) indicates the strongest and rank 10 indi-
cates the weakest period (see Extended Data Fig. 2). Va and Vb were given a combined name 
because of their overlap in time. 
*2016 is the end of the data but possibly not the end of period IX.

I 1500–1516 II 1564–1576 III 1592–1636

IV 1636–1660 Va 1756–1792
Vb 1788–1792

VI 1840–1872

VII 1864–1892 VIII 1916–1940 IX 1992–2016

Fig. 3 | Flood-rich periods in Europe. For numbers, see Table 1 and Extended Data Table 2. Periods are coloured by their rank, with red (period Va) indicating the 
strongest and blue (period VIII) indicating the weakest period. Also see Extended Data Table 2 for the rank.
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interactions24. In summer, the relationship between temperature and 
precipitation tends to be negative, as precipitation associated with 
cyclones implies more cloud cover and less solar radiation25. In winter, 
in contrast, there is a tendency for cyclones to transport moist and 
relatively warm air masses from the Atlantic to Europe, resulting in 
a positive relationship26. Spatio-temporal variations of precipitation 
and flooding depend on the NAO because of the link between NAO and 
the position of Atlantic storm tracks24,27,28. In winter, enhanced cyclone 
activity occurs in northern Europe during positive NAO phases, whereas 
in southern Europe this is the case during negative NAO phases29, as the 
positions of Atlantic storm tracks migrate northward or southward, 
respectively. The decadal oscillations of the storm track position also 
lead to subcontinental temperature variations through the redistri-
bution of cloud cover and precipitation as a result of internal climate 
variability25,30. The exact mix of atmospheric influences driving past 
flood-rich periods remains an open question that will require further 
work. We used a central European air temperature reconstruction here, 
and future work should incorporate further regionally specific recon-
structions once available for the past 500 years.

Another factor contributing to higher floods in cold periods is soil 
moisture. Lower temperatures lead to less evaporation and hence 
higher soil moisture, which in turn results in larger floods, for the  
same rainfall31,32. The June 2013 flood in central Europe is an example 
of this. The preceding winter and spring were cold, soil moisture was 
much higher than usual and thus the flood was much larger than floods 
with dry antecedent soils33. Although the temperature–precipitation 
relationship in Europe depends on the season, annual rather than 
seasonal temperatures are analysed here so that not only flood event 
properties but also antecedent soil moisture and snow conditions 
are considered, which can be relevant for flood magnitudes over 
multiple-seasons.

During the past 30 years, hydroclimatic conditions over Europe have 
shifted to their millennial boundaries with a dry anomaly in southern 
Europe and a wet anomaly in central and northern Europe34. These 
changes appear to be caused by a persistent anomalous circulation 
regime of frequent low-pressure systems over the east Atlantic and 
western Europe34. Observational data suggest this pattern to be asso-
ciated with a warm sea-surface-temperature anomaly in the Northern 
Atlantic Ocean34,35, positive Atlantic multidecadal oscillation (AMO) and 
negative NAO, resulting in conditions that are likely to cause heavy pre-
cipitation through intense cyclone development and frequent block-
ing over western and central Europe36–38. Although contemporary air 
temperatures are much higher, there are similarities to the atmospheric 
circulation regime that prevailed in period V (1760–1800). However, 
climate model simulations suggest that present and future precipita-
tion increases in Europe may be driven more by thermodynamics, that 
is, the higher water-holding capacity of a warmer atmosphere, than by 
changes in circulation30,39, with increased evaporation and shallower 
snow packs also modulating floods4. It is therefore not clear how long 
the current flood-rich period IX will continue.

Systematic records have demonstrated that the timing of river floods 
in Europe has changed since 196040. Figure 5 and Extended Data Fig. 5 
demonstrate, however, that a change towards more frequent summer 
floods in central Europe, more frequent winter floods in western Europe 
and more frequent autumn floods in southern Europe started earlier 
than this, around 1940. The finding of increasing flood occurrence in the 
dominant flood season in all regions of Europe since 1960 in this paper is 
consistent with trends in flood timing and associated flood-generating 
processes, such as earlier snowmelt and fewer ice-jam floods in central 
Europe, and a seasonal shift of winter storms in the Atlantic region of 
Europe2,4,40–42. In the Mediterranean, enhanced evaporation and con-
vective activity have increased the frequency of autumn floods4,43,44.
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The European analysis presented here is a globally unique large-scale, 
high-resolution identification of flood-rich periods over multiple centu-
ries. In other continents, flood-rich periods have been identified more 
locally. For example, in the states of Tabasco and Chiapas, Mexico, floods 
clustered during 1650–1680 and 1920–195045, which indicates some over-
lap with northern Europe (Fig. 2). At the River Paraná in South America 
the 1590s, 1620s, 1740s and 1770s were flood-rich46, but they were mainly 
due to El Niño events, so one would expect different causal mechanisms 
from Europe. In Asia, millennial-scale investigations suggest that larger 
floods occurred between 1500 and 1700 on the River Yangtze47.

Our research advances the global study of flood sensitivity to cli-
mate variability. Eventually, it may be possible to draw correlations 
between flood-rich periods across the globe that go beyond individual 
river basins and flood events. Flood management is currently strongly 
based on the analysis of systematic data in past decades. Extending 
the time window to past centuries would vastly strengthen the anal-
ysis, as they may provide a more complete guide to possible future  
flood changes, thereby allowing the creation of predictive tools that  
can enhance adaptation capacity at global and local scales. We have 
shown the strong potential of documentary data to contribute to such 
work.

The finding that the most recent 30 years are separated from past 
flood-rich periods by a 90-year disaster gap in most of Europe may 
explain why both the public and flood managers have been surprised 
by the severity of recent floods48. Flood-risk assessment tools and 
flood-risk management strategies need to account for the fact that 
we are currently in an exceptional flood-rich period in terms of timing 
of flood occurrence, magnitudes and spatial extent within Europe. 
Process-based models that capture the physical mechanisms in the 
atmosphere and rainfall–runoff transformation on the land surface, 
including the role of precipitation, soil moisture, snowmelt and sea-
sonality in flood generation in both recent and historical times, will be 
an essential component of flood-risk assessment tools in a changing 
climate.
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Methods

Development of historical flood database
The development of the historical flood series from documentary evi-
dence followed standard methods for flood magnitude classification. 
The evidence consisted of historical documentation including narra-
tives (for example, chronicles), administrative sources, newspapers, 
and private and official correspondence (for example, letters). We 
used almost exclusively (over 90%) contemporary documentation, 
written shortly after the flood events, rather than non-contemporary 
documentation, because of its higher reliability49. The documentation 
always included direct indicators, such as the level and spatial exten-
sion of flood waters relative to identifiable landmarks and, in most 
cases, indirect indicators such as the environmental or socio-economic 
impact that provide complementary information. For each piece of 
evidence, a critical, historical source evaluation was conducted, using 
the local socio-economic and historical source knowledge of the ana-
lysts, to minimize errors in dating, interpretation and other possible 
mistakes originating from social biases.

Individual series do not necessarily originate from exactly the same 
location. Series ‘HU01 Middle Danube’ (see Extended Data Table 1), 
for example, was based on evidence from the Danube reach between 
Bratislava and Mohács, a reach of about 400 km, as this reach can be 
considered approximately homogeneous in terms of flood magnitude. 
Reaches were judged as approximately homogeneous if the sources at 
different locations along that reach usually suggested the same index 
value for the same event. In other cases, the information was more 
focused. For example, series ‘ES19 Ter’ is based on information from 
Girona only. Coordinates were assigned to each series representing the 
centre of gravity of the source information. For the series HU01 Mid-
dle Danube, for example, the coordinates were selected at Komárom, 
which is slightly upstream of the middle of the reach.

The documentary evidence was then transformed into a numerical 
intensity index. We applied the most widely used three-scaled index 
method, differentiating flood events into intensities if of notable (class 
1), great (class 2) and extraordinary (class 3) magnitudes50–52. A flood 
was considered notable (class 1) if the flood waters exceeded the river 
banks, but not greatly; great (class 2) if they considerably exceeded the 
river banks, often over an extended period of time with local hydromor-
phological changes; and extraordinary (class 3) if the flood waters were 
much higher and spatially more extended than usual floods, often unex-
pected and with major disruption of daily life. Historical documents 
would typically refer to these three categories as flood, great flood 
and very great flood (or extraordinary flood or deluge), respectively51. 
Because the intensity index was mainly based on direct indicators, it is 
intended to reflect flood magnitudes, rather than flood damage. The 
index also accounted for the construction of flood protection meas-
ures such as levees18. For example, at Szeged in Hungary (‘HU03 Tisza’ 
series), a major levee system was constructed in the early 1880s. In the 
period before, a flood would be considered a notable (class 1) flood if 
the lower floodplain around the town, the pastures and some cultivated 
fields were inundated. In the period after, a flood would be considered 
a notable (class 1) flood if water greatly exceeded the quay (low-lying 
road along the shoreline) even though the pastures and the cultivated 
fields in the lower floodplain were not inundated because they were 
protected51. Similar differentiations were made for class 2 and class 3 
floods. The effects of land-use change were assumed to be small, as 80% 
of the catchments were larger than 700 km2, and land-use changes tend 
to be important only for small catchments53. This is because changes in 
the infiltration capacity of soils mainly affect flood generation resulting 
from thunderstorms in small catchments53–55. Additionally, for all series 
we identified (i) years known to have no floods, (ii) years with probably 
no floods, (iii) years that could either have no floods or simply have 
missing data (that is, no flood information) and (iv) years outside the 
period covered by the series.

To account for differences in the representativeness of different 
series in space, we assigned to each series a representativeness index 
u (1, low representativeness; 2, average representativeness; 3, high 
representativeness) that reflects the level of confidence that important 
floods have been captured, based on a holistic assessment of the com-
pleteness of the source material in a regional context. For example, the 
‘SE02 Motala strom’ series was considered highly representative (u = 3) 
because there is high confidence that all the important floods have 
been captured, even though the total number of reported floods may 
be lower than in other stations. In this case, we have high confidence 
because of the nature of source type (consistent local chronicles and 
diaries)12. There is also a tendency for series of larger rivers to have 
higher representativeness than series of smaller rivers because of the 
higher population density and the more frequent presence of cities.

To account for temporal observational biases, we assigned to each 
year of each series a bias index, on a scale from 1 to 4, that reflects the 
completeness of the source material in a historical context. Index val-
ues from 1 to 4 indicate, respectively, no data; periods with possibly 
missing data; average; and periods with overly dense data compared 
with the average of that series. For example, ‘AT01 Traun’ for the period 
1500–1600 benefited from the availability of weekly bridge master 
accounts, which make the data much more complete than later when 
such accounts were not available56. For most series, however, the more 
recent years are more complete.

A total of 103 river flood series were compiled. Out of these, 70 start 
in 1500; 82, 99 and 103 series start in or earlier than 1600, 1700 and 
1800, respectively (Extended Data Figs. 1–3). The total number of floods 
contained in the dataset is 9,576, of which 8,954 have a season assigned. 
The seasons are spring (March–May), summer ( June–August), autumn 
(September–November) and winter (December–February). There are 
5,696 class 1 floods (notable), 2,616 class 2 floods (great) and 1,264 class 
3 floods (extraordinary).

Interpolation
In interpolating flood intensity in space and time, only class 2 and 
3 floods are used, since they are considered to be less affected by 
observation bias. This is because class 2 and 3 floods tend to result in 
higher disruption of the daily life than class 1 floods, which increases 
the societal relevance and thus the likelihood of being documented. 
When a series contained more than one event per year, the intensities 
of the individual events if were aggregated to one annual intensity ia 
by i i= ∑a f

2   where the summation is over the events of that year. To 
reduce some of the spatial correlations, only 83 out of the 103 series 
were used for interpolation, excluding series with similar intensities 
to neighbouring series either because they are nested catchments or 
derived from homogeneous flood regions (denoted ‘supplementary’ 
in Extended Data Fig. 1). Some spatial correlation may remain which 
may bias the results of the interpolation.

To reduce observation bias, zero intensities (ia = 0) were added ran-
domly in some of the years when no class 2 or 3 flood was recorded with 
probability p0(t) = 1 − (1 − pf(t))α, where the annual flood probability 
pf(t) was estimated from the occurrence of class 2 and 3 floods within a 
100-year time window around the target year t. The exponent α was set 
to 10, based on test simulations. The consistency of the bias reduction 
method with the bias index (Extended Data Fig. 2) was checked visually 
by assessing how many zero values were added in periods characterized 
by different bias indices. In periods with possible missing data and in 
periods with overly dense data, the method added a smaller and larger 
number of zeroes than average, respectively, suggesting that the bias 
reduction method is consistent with the bias index. The validity of the 
bias reduction method was checked by examining whether monotonic 
trends appeared over the entire 500-year period in the interpolated 
flood intensities. Without bias correction, most major events would be 
identified in the second half of the 500-year period; but with bias cor-
rection, the events were more uniformly distributed in time and there 



Article
were no monotonic trends in line with the historical expert assessment. 
The bias index was used to test the bias reduction method rather than to 
modify the flood intensity in each year and station individually, in order 
to enhance the repeatability and spatial consistency of the analysis.

The intensities ia were interpolated using the thin plate spline regres-
sion algorithm of the fastTps function in the R package fields. The coor-
dinates of the series were transformed into kilometres by an azimuthal 
equidistant projection centred at 51° N and 7° E. The interpolation is in 
space and time, so some equivalence of space and time is needed reflect-
ing a typical relationship between the extent and duration of flood-rich 
periods in Europe. Based on space–time empirical variograms57 of the 
intensities ia and visual examination we chose a ratio of 50 km per year.

The fastTps function assigns a weight to each data point that reflects 
the inverse of its uncertainty. These weights were calculated based 
on the representativeness index u of each series and the annual flood 
intensity ia, as w = k(u/2)2 where k is 0.2, 1.0 and 1.5 for ia < 1.5, 1.5 < ia < 2.5 
and ia > 2.5, respectively. The small weights of the 0 intensities were 
chosen to reflect their larger uncertainty. The possible drawback of 
this procedure is an element of subjectivity of the parameters, but 
the results were more plausible from a historical expert perspective, 
than when ignoring the differences in representativeness of the series. 
The smoothing and tapering range parameters of fastTps were set to 
10 years and 20 years (or 1,000 km), respectively, based on an expert 
assessment of test simulations. A linear drift component was selected.

To increase the robustness of the procedure and assess the sensitiv-
ity of the results to adding 0 intensities, the space-time interpolation 
was repeated 50 times with 50 different realizations of 0 intensities. 
The resulting median ii of the interpolated intensities represents a 
three-dimensional matrix of flood intensities ii over Europe in the past 
500 years with voxel size of about 41 km × 48 km × 4 yr. This matrix was 
used for identifying contiguous flood periods in space and time using 
an algorithm that connects neighbouring voxels that exceed an inten-
sity threshold58. We set the threshold i*i  to the 95% quantile of the inter-
polated ii over the matrix i( * = 1.375)i , which means that these 
contiguous periods collectively cover 5% of the space–time domain. 
A comparison of the flood-rich periods obtained for different realiza-
tions of 0 intensities showed some differences, but the main pattern 
remained. For example, the top ranked periods always remained at the 
top with similar spatial and temporal extents.

We calculated the core duration of the flood-rich periods as the time 
differences between the centres of voxels, and we calculated the areas 
and volumes as the number of voxels included times their individual 
area and volume, respectively. As the interest of this study was in the 
large flood-rich periods, we only kept periods with volumes larger than 
78,711 km2 yr (corresponding to 10 voxels) for further analysis. This 
resulted in a total of 74 flood-rich periods for which the projected area 
(km2), the space-time extent or volume (km2 yr), a scaled space-time 
extent (0 for the smallest of the 74 events, 1 for the largest), and the 
scaled mean intensity of the period were calculated. The periods were 
ranked by the sum of the scaled space–time extent and scaled mean 
intensity. The top periods thus identified were 1756–1792 followed 
by 1840–1872 and 1992–2016. Changing the ranking function slightly 
changed the ordering of the periods, but the largest periods always 
remained at the top. The top ten periods were given Roman numer-
als in chronological order (Extended Data Table 2). Two periods (Va 
and Vb) were given a combined name due to their overlap in time. The 
results are moderately sensitive to the ratio parameter. For example, 
changing it from 50 km yr to 100 km yr and 25 km yr changes the extent 
of period IX from 1.8 km2 to 2.3 km2 and 1.2 × 106 km2, the duration 
from 25 years to 17 years and 25 years, and the volume from 19 to 23 
and 14 × 106 km2 yr, respectively. The positions in time and space of 
the centres of the periods change little in most cases, and the current 
top eight events remain in the list of top 10 events. The results show 
little sensitivity to the choice of the smoothing and tapering range 
parameters of the spline interpolation.

Air temperatures
We used a 500-year central European temperature reconstruction14 
to evaluate the air temperatures of the flood-rich periods, which we 
consider to currently be the highest quality reconstruction in Europe, 
as the annual correlations with other, more local, historical series in 
Europe are relatively high. The correlation coefficients with the series 
in Barcelona, central England and Stockholm are 0.67, 0.73 and 0.64, 
respectively59–61 which indicates spatial representativeness over much 
of Europe. The data are temperature deviations (anomalies) from the 
mean 1961–1990 and have been derived from documentary sources 
such as chronicles, weather diaries, accounts, letters, newspapers and 
legal sources. Potential biases and limitations may derive from data 
coverage and calibration relationships varying in time. We chose annual 
rather than seasonal temperatures for the analysis because we intended 
to not only capture flood event properties, but also antecedent soil 
moisture and snow conditions which can be relevant for flood magni-
tudes over more than one season. Annual and seasonal temperature 
averages over decades are correlated with r = 0.75, 0.75 and 0.82 for 
summer, autumn and winter, respectively.

The average air temperatures of each flood-rich period were esti-
mated separately for five regions in Europe: eastern Europe (Russia, 
Latvia), northern Europe (Sweden, Norway), central Europe (Poland, 
Czechia, Hungary, Austria, Switzerland, Germany), western Europe 
(the Netherlands, Belgium, Great Britain, France) and southern Europe 
(Portugal, Spain, Italy) (Extended Data Fig. 1). Based on the spatial loca-
tions of the flood-rich periods, eastern Europe showed some signal 
during period V (due to class 3 floods in 1760, 1761, 1770, 1771, 1777, 1779 
and 1784, and eight class 2 floods) and period VII (due to a class 3 flood 
in 1877 and 13 class 2 floods), but this was too weak to be included (pos-
sibly a result of lower data density). In northern Europe, flood-rich 
periods Vb and VIII occurred, in central Europe I, II, IV, Va, VII, IX, in 
western Europe I, II, IV, Va, VI, IX, and in southern Europe III, Va, VI, IX. 
Additionally, average temperatures were estimated for periods between 
these flood-rich periods (termed interflood periods here). The 90% 
confidence bounds of these averages mT were estimated by 
m v n± 1.645 /T T  where vT is the variance of the annual temperatures 
and n is the number of years in the period. Figure 4b and Extended Data 
Fig. 4b–d compare the average temperatures of the flood-rich periods 
with those of the interflood periods before and after (for period I only 
after, for period IX only before).

Seasonality analysis
The flood-rich periods were also analysed with respect to their average 
flood seasonality for the same five regions. In contrast to the inter-
polation of the intensities, for the seasonality all 103 series and all 
floods (including class 1 floods) were included in order to develop a 
more robust estimate of seasonality, which tends to vary considerably 
between events62. Including the floods classified as class 1 reduced 
uncertainty in the flood seasonality resulting from missing data. The 
analysis was performed considering all flood events — that is, in some 
cases more than one flood per year per site. As we were more interested 
in the seasonality of the large floods, while maintaining the robust-
ness by including small events, we estimated the frequency of floods 
within each season as a weighted mean of the frequencies of each of 
the flood intensities, giving class 1, 2 and 3 floods weights of 1, 2 and 
3, respectively.

The lines in Fig. 5a and Extended Data Fig. 5a–c show the frequency 
of floods in each season over the past 500 years applying a 30-year aver-
aging window for central, southern and western Europe. In northern 
and eastern Europe, the number of floods was too low to make reliable 
inferences on changes in seasonal flood frequencies. Figure 5b and 
Extended Data Fig. 5b–d show the averages of the frequencies over all 
interflood periods, the past flood-rich periods (excluding the recent 
one), and the recent flood-rich period IX. The 90% confidence bounds 



of the averages ps were estimated by p p p n± − 1.645 (1 − )/s s s
, where n is 

the number of years with floods whose season is known.

Data availability
The flood index data that were used in this paper and an extended list of 
references are available at https://github.com/tuwhydro/500yrfloods. 
The air temperature data are available at https://www.ncdc.noaa.gov/
paleo-search/study/9970

Code availability
The data analysis was performed in R using the supporting package fields 
for the thin plate spline interpolation (function fastTps). The code used 
can be downloaded from https://github.com/tuwhydro/500yrfloods.
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Extended Data Fig. 1 | Locations of the flood series. Series indicated by red circles are used for the interpolation of the flood intensities (names as in Extended 
Data Table 1 and Extended Data Fig. 2). Series indicated by orange circles are supplementary and only used for the seasonality analysis. Thick grey lines indicate 
regions used in the analysis.



Extended Data Fig. 2 | Duration, representativeness index and bias index of 
the flood data series. The greyscale refers to the representativeness index 
that reflects the degree of data representativeness in a regional context (light 
grey, low representativeness (u = 1); dark grey, average representativeness 

(u = 2); black, high representativeness (u = 3)). The line width refers to the bias 
index that reflects the completeness of the source material in a historical 
context (no line, no data; thin line, period with possibly missing data; average 
line, average; thick line, period with overly dense data).
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Extended Data Fig. 3 | Raw data of flood intensities. Great (class 2) and extraordinary (class 3) floods are marked by orange and red dots, respectively. Thin lines 
show the interpolated flood intensities. Flood-rich periods are shown as light grey areas.



Extended Data Fig. 4 | Anomalies of annual air temperatures. The anomalies 
are taken from the 1961–1990 mean of annual air temperatures within and 
outside flood-rich periods in southern Europe (top) and western Europe 
(bottom). a, c, Time series of air temperature anomalies (grey line) and their 
averages and 90% confidence bounds (black lines), and flood-rich periods 

indicated by colour bars. b, d, Relationship between mean temperature 
anomalies in flood-rich periods and those of the intervals in between. Error 
bars show 90% confidence bounds. Colours correspond to those of the 
flood-rich periods in a, c.
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Extended Data Fig. 5 | Flood seasonality. Seasonality of floods is shown 
within and outside flood-rich periods in southern Europe (top) and western 
Europe (bottom). a, c, Time series of smoothed frequency of floods in four 
seasons (green lines, spring; red, summer; brown, autumn; blue, winter) and 

flood-rich periods indicated by colour bars. b, d, Frequency of floods in four 
seasons. Left bars, interflood periods; middle bars, flood-rich periods of the 
past; right bars, flood-rich period IX (1990–2016). Error bars show 90% 
confidence bounds.



Extended Data Table 1 | Flood series, data contributors and countries, involved in the present study

Italics indicate that the series was only used for the seasonality analysis (denoted ‘Supplementary’ in Extended Data Fig. 1). The code of the series (first column) consists of the country code and 
a running number. Some data63–65 are published elsewhere.



Article
Extended Data Table 2 | Flood-rich periods in Europe in the past 500 years

Full time periods obtained by generalizing the core time periods, core time periods resulting from the analysis, durations of the core periods, regions, maximum area, volume (that is, space–
time domain covered by period), scaled volume, scaled mean intensity of the interpolated flood intensity, and rank. Scaling is from 0 to 1 for the 74 periods identified.



from a C–G base pair to T–A, occurred about 
5–50% of the time. The efficiency of editing 
was influenced by various factors: the spacing 
between the two DdCBE subunits; TALE 
design; orientation of the split-DddAtox halves; 
and the position of the target cytosine relative 
to the TALE bindings sites. 

A major consideration for all genome- 
editing tools is whether they modify DNA at 
unintended sites. Mok and colleagues com-
pared treated and untreated cells, and found 
no off-target effects in the nuclear genome. 
Off-target activity in mtDNA was low, except in 
the case of one gene, in which off-target edits 
were linked to the TALE design. 

Next, Mok et al. examined the therapeutic 
potential of DdCBE. The authors reported 
that cytosine base editing has the potential 
to correct 49% of known harmful mtDNA muta-
tions. However, in its current form, DdCBE can 
efficiently edit only C bases that are preceded 
in the genome by a T, narrowing its range. 

The reliance of DdCBE on DNA replication to 
implement the C–G to T–A conversion implies 
a theoretical maximum editing efficiency of 
50%. To explain, the two newly replicated 
mtDNAs each receive a parental DNA strand, 
one of which will be unedited, containing G, 
which becomes paired with a C. However, 
Mok et al. find that the activity of DdCBE per-
sists over several days, potentially offering 
the opportunity for further editing during 
subsequent replication events. Whether 
off-target effects increase during prolonged 
exposure to DdCBE will be a key consideration 
for the future. 

These caveats mean that DdCBE might 
cause a reduction in — rather than complete 
elimination of — mtDNA mutations. But given 
that the severity of the symptoms of mtDNA 
diseases increases with mutation load8, the 
ability to reduce the mutation level in itself 
holds therapeutic promise.  

Mitochondrion-targeted nucleases have 
previously been used to eliminate specific 
mtDNA mutations in mice9,10. This is possi-
ble because the double-strand breaks they 
create lead to mtDNA degradation. Cells 
contain many copies of their mtDNA, and 
only the copies that carry the harmful muta-
tion are degraded. But there is a risk that, in 
cases of high mutation load, elimination of 
mutated mtDNA could reduce the mtDNA 
copy number to harmfully low levels. And 
the nuclease approach could not be used if all 
copies of mtDNA carry the same mutation. By 
contrast, base editing could reduce the frac-
tion of mtDNA that carries a mutation without 
reducing the copy number. It might therefore 
be the preferred (or the only) option when the 
mutation load is high.  

Does DdCBE have the potential to prevent 
the transmission of mtDNA disease? MtDNA 
is typically inherited only from mothers, 
and current mitochondrial-replacement 

procedures reduce the transmission of 
mtDNA mutations by transplanting the nuclear 
genome from the egg of a woman who carries 
the mutated mtDNA into an unaffected donor 
egg11. Base editing to reduce the mutation load 
in eggs or early embryos could theoretically 
be an alternative approach. However, mtDNA 
replication is thought not to occur during the 
first five to six days of human development12, 
and so success might hinge on prolonged 
protection of U. 

Mok and colleagues’ work is a key advance 
towards the development of gene therapies 
for mtDNA diseases. In addition, by using the 
tool to experimentally alter the mitochondrial 
genome, we could gain a better understanding 
of the relevance of mtDNA mutations in com-
plex diseases, cancer and age-related cellular 
dysfunction. The study is also likely to inspire 
further developments in protein engineering 
and evolution that increase the range and effi-
ciency of DdCBE, and to intensify the search 
for other promising candidate base editors. 
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On page 560, Blöschl et al.1 capitalize on a vast 
assembly of written historical observations 
to provide a history of flooding for 103 major 
European river reaches between ad 1500 and 
2016. In doing so, they reveal nine flood-rich 
periods that affected extensive regions in 
distinct areas of Europe — and find that the 
most recent of these periods, which might 
not yet be over, differs in key respects from 
the others.

Some 0.03% of the European population, 
on average, are thought to have been affected 
by flooding annually between 1870 and 2016, 
at a yearly average cost of 0.8–0.9% of gross 
domestic product2. Increased flood hazards 
are widely expected in the future for a sub-
stantial area of Europe as a result of climate 
change2, and so, without effective manage
ment and adaptation, these losses will 
potentially be even greater.

Such measures must be based on the best 
available knowledge, and require an under-
standing of long-term flooding patterns. 
Decision makers must know whether they are 
living in a flood-rich period (more-frequent 
flooding, of higher magnitudes or greater 

extent than usual) or a flood-poor one (fewer 
floods, with lower magnitudes or less-than-
usual extent). Extreme floods in any one river 
basin in a given year are inherently rare, but 
the risk is cumulatively higher across large 
regions such as Europe — so the longer and 
more spatially extensive these flood histories 
are, the better.

Fortunately, Europe hosts some of the most 
abundant and diverse historical documentary 
sources for any world region, ranging from 
annals and chronicles to administrative and 
legal records, correspondence and news
papers (Fig.  1). These sources are replete 
with observations of extreme weather and 
hazards such as flooding, given their often 
severe human impacts, spectacular effects 
and religious significance as portents or 
vehicles of divine retribution3. For example, 
the Gaelic Irish Annals of Connacht for ad 1471 
reports4 : “Showers of hail fell [on] each side of 
Beltaine [1st May], with lightning and thunder, 
destroying much blossom and beans and 
fruits in all parts of Ireland where they fell. 
One of these showers, in the east, had stones 
two or three inches long, which made large 

Historical climatology

A flood history of Europe
Francis Ludlow & Rhonda McGovern

Europe’s rich heritage of historical documents has been used 
to reconstruct the flooding history of the continent for the 
past five centuries. This could help policymakers to develop 
flood-management strategies for the future. See p.560
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wounds on the people they struck … There was 
another … at the monastery of Boyle; and a 
boat could have floated over the floor of the 
great church of the monks, as we have heard 
from the folk of that place.” 

This account highlights the strengths 
of documentary evidence: it is precisely 
dated, highly spatially resolved, generally 
unambiguous about the meteorological 
conditions involved and explicit regarding 
human impacts. Such evidence is used as the 
basis of historical climatology, a field whose 
origins date back to at least the 1920s (ref. 5), 
and which accelerated in the 1960s and 1970s, 
thanks to pioneers such as Hubert  Lamb and 
Hermann Flohn. Their work furthered the 
growing recognition that societally meaning-
ful changes in climate had occurred through-
out the past few centuries, eroding the idea 
that the long-term climate was more or less 
constant during that period6.

Yet despite continued development of 
the field, historical climatologist Christian 
Pfister and climate scientist Heinz Wanner 
remarked7 in 2002 that “many scientists are of 
the opinion that observations made before the 
instrumental period are “subjective” and less 
reliable than natural proxies …”. They went on 
to argue that “once calibrated and verified … 
the data are precise and have a spatiotemporal 
resolution unmatched by any other climate 
proxy”. Since then, historical climatologists 
have continued to identify evidence, develop 
methods to assess its credibility and quantify 
it to reconstruct past climates8–10. With their 
compilation of 9,576 floods, Blöschl et al. have 
built on this foundation to deliver a major con-
tribution to our understanding of European 
flood history.

Patterns of past precipitation are inherently 
more spatially variable, and hence harder 
to reconstruct, than are those of tempera-
ture. Reconstructing flooding is even more 
challenging, because flooding depends not 
only on precipitation, but also on human 
landscape usage, from upstream deforesta-
tion to damming, bridging and urbanization. 
It is also related to prevailing temperatures, 
which have a seasonally and regionally varying 
role across Europe, influencing evaporation 
and soil moisture and the timing of spring 
snowmelt11. Importantly, therefore, Blöschl 
and colleagues establish an association in 
timing between all but one flood-rich period 
and the prevalence of lower-than-usual aver-
age temperatures. By contrast, the most recent 
flood-rich period in Europe (1990 to 2016, 
when the available data end) — for a region 
stretching into western and central Europe and 
northern Italy, and defined by the authors as 
being one of the most severe — is exceptional 
for occurring in a warming climate.

Just one highlight of this work is the care 
taken to control for biases arising from vari-
ability in the type and abundance of sources 

through space and time, a persistent challenge 
often acknowledged but infrequently 
addressed3. A further standout feature is the 
authors’ 3D visualization of the magnitude, 
duration and geography of each flood-rich 
period (see Fig. 1 of the paper1 and Supplemen-
tary Video 1). This invites a consideration of 
the internal and external climate processes 
that potentially drove these periods, and how 
their regional expression was manifested in, or 
mediated by, the behaviour of major modes of 
ocean and atmospheric circulation.

One key suspect noted by Blöschl et  al. 
is the North Atlantic Oscillation (NAO), a 
fluctuation in the atmospheric pressure 
gradient between Iceland and the Azores 
that governs the strength and positioning of 
moisture-laden winter westerlies (and accom-
panying storm tracks) over Europe. Depending 
on the strength of this gradient, the wester-
lies either bring relatively warm wind and 
rain to northern and northwestern Europe, 
leaving southern Europe dry and cool, or flow 
towards southern Europe, leaving northern 
and northwestern Europe to experience 
incursions of cold and dry Arctic air.

But ambiguities remain regarding the 
mechanisms at play. With the dominant flood 
season differing by region (winter for north-
ern and northwestern Europe, but summer 
for central Europe, for example), the winter-
time NAO can explain only part of this story. 
The related role of prevailing temperatures in 
the observed flood-rich periods also remains 
an open question. Earth-system modelling, 
twinned with process-based hydrological 
models (as the authors note) could be used 
to capture the complexity of natural and 

human processes on the ground that enhance 
or suppress flooding. It could also provide 
further insight into the extent to which the 
association of cooler-than-usual conditions 
with most flood-rich periods is causative or 
correlative, and how much the most recent 
flood-rich period is a result of human-induced 
climate warming.

Blöschl et al. clearly demonstrate the 
potential of historical climatology, but there 
are yet more avenues by which to advance this 
approach to reconstruct past climate. Written 
evidence of climate can become particularly 
discontinuous in the deep past, but tree-ring 
evidence, for example (measurements of tree-
ring widths, densities and isotopic composi-
tion, which correlate with climate conditions), 
is more continuous over long periods. How-
ever, tree-ring evidence usually reflects only 
the growing-season climate, whereas written 
evidence can attest to weather for all seasons. 
If both sources were more regularly used in a 
complementary manner12, it would improve 
our understanding of the climatic signals 
preserved in each source, and help to resolve 
perceived conflicts — for instance, the great 
European drought of ad 1540 is readily appar-
ent in written records, but more ambiguously 
represented in certain tree-ring evidence13.

Further written sources remain to be 
discovered, including documents known as 
weather diaries, which are highly prized in 
historical climatology for their standardized 
systematic recording of weather conditions. 
These can be found not only in the most recent 
centuries, but sometimes much earlier — as 
with the incredible Babylonian ‘astronom-
ical diaries’14, which boast systematic daily 

Figure 1 | Historical evidence of flooding. This reproduction of a woodcut depicts inundation of the streets 
of Glauchau in Germany in 1854. Blöschl et al.1 have used information from historical records to construct a 
flood history for Europe from 1500 to 2016.
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observations of weather during the first 
seven centuries bc, and which remain largely 
unexploited. As Pfister and Wanner stated7 in 
2002, “Worldwide, many thousand volumes 
with daily observations exist, but have not yet 
been analyzed for their climatic information. 
Let’s get to work!”
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For many years, scholars have speculated 
about how Polynesia was initially populated. 
On page 572, Ioannidis et al.1 now describe a 
genetic approach that they used to address the 
issue of Polynesian origins and interactions.

 The early peopling of Polynesia attracted 
worldwide interest in 1947, when the 
Norwegian explorer Thor Heyerdahl set sail 
on the Kon-Tiki expedition to test his migration 
theory2. The crew left Peru on a wooden raft, 
and after 101 days and a voyage of more than 
7,000 kilometres, they reached Polynesian 
shores, thus demonstrating the possibility 
of early travel from South America to these 
Pacific islands. Heyerdahl challenged the 
scientific community’s view that evidence 
pointed instead to the peopling of Polynesia by 
people travelling east from Asia, and his idea 
that Polynesia was initially populated by South 
Americans was generally criticized by scholars. 

The same scientific community nevertheless 
discussed cultural contacts between the two 
regions, because a South American plant, the 
sweet potato, has a long history of cultivation 
in eastern Polynesia. The idea that Polynesians 
voyaged to South America and introduced 
the plant on their return to Polynesia 
became the accepted explanation for this3. 
Rapa Nui (also known as Easter Island) is the 

best-known example considered concerning 
such contacts4. It is a part of Polynesia that 
is located relatively close to South America, 
and in Rapa Nui there is evidence of large, 
ancient sweet-potato fields, extraordinary 
old stonework and a specific birdman cult — 
all of which are features in common with those 
of South America.  

Ioannidis and colleagues analysed the DNA 

of people from Rapa Nui, and also studied 
DNA of individuals from 17 populations of 
Pacific islands and 15 Native American popu-
lations from the Pacific coast of South Amer-
ica. Genome-wide DNA analyses of 807 people 
(analysing predominantly present-day indi-
viduals) enabled the authors to search for evi-
dence of ancestors from different populations 
who produced offspring together — thereby 
generating a combined genetic signature of 
the two populations, described as an admix-
ture. The authors compared the dominant 

Human migration

Native South Americans 
reached Polynesia early
Paul Wallin 

DNA analysis of Polynesians and Native South Americans 
has revealed an ancient genetic signature that resolves a 
long-running debate over Polynesian origins and early contacts 
between the two populations. See p.572 

Polynesian DNA markers with those of people 
from other regions, including Europe, Amer-
ica, Africa and Melanesia. A computational 
method called an ADMIXTURE analysis 
allowed Ioannidis and colleagues to work out a 
person’s probable genetic ancestry and ances-
tral geographical origins through studies of 
gene flow. Their main discovery is that several 
eastern Polynesian populations have signs of 
a background signature (genetic traces from 
distant ancestors) that originated from Native 
South American people. 

How did Ioannidis and colleagues solve this 
complex task of genetic unravelling? In their 
admixture studies, they could trace and dis-
tinguish between different modern colonial 
admixtures; for example, in French Polynesia, 
there was a large French influence, whereas 
Spanish and Chilean groups were part of the 
population history in Rapa Nui. A key discovery 
came from their analysis of people from Rapa 
Nui — a signature could be assigned to Native 
South American populations from northern 
coastal regions of South America, and this 
component was independent of other large 
historical, or more-recent, admixture events. 
This signature exists in the genetic back-
ground, indicating that it is an old and stable 
hallmark of admixture. A surprising finding 
is that this signal was also identified in other 
eastern Polynesian populations, for example 
in populations in Mangareva, in North Marque-
sas and South Marquesas, and in Palliser in the 
Tuamotu Islands (Fig. 1). These other islands 
lie farther from South America than does Rapa 
Nui, although for people sailing from South 
America they are destinations that would be 
aided by favourable trade winds and currents. 

Ioannidis et al. investigated the estimated 
timing of admixture events using a method 
called tract-length distribution analysis, 
which assesses the length distributions of 
the genomic segments inherited from differ-
ent ancestral populations. As expected, this 
statistical approach suggests that the Euro-
pean admixtures in Polynesia first date back 
to colonial phases of ad 1750–1860. 

The authors made the notable discovery 
that an initial admixture event between 
Native South Americans and Polynesians took 
place in eastern islands of Polynesia around 
ad 1150–1230. Previous work3,5 is consistent 
with a model of populations spreading east-
wards from Asia possibly having reached 
eastern Polynesia by that time. The exception 
to this South American admixture timeframe 
is Rapa Nui, which had a later admixture, dated 
to around ad 1380. This later date for Rapa Nui 
is surprising, because it is the closest site to 
South America studied and has been cited as 
the ‘typical’ example of a location with possible 
early connections to South America. However, 
the timing difference might be due to a more 
complex genetic history there because of 
relatively recent Chilean genetic input. 

“Future research should 
assess the possibility of more 
than just one early contact 
from South America.”
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