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ABSTRACT: Grain price (GP) volatility has been a central constituent of European commerce, with 
fluctuations in barley, rye and wheat prices having been carefully documented over centuries. How-
ever, a thorough understanding of the climatic and environmental drivers of long-term GP variations 
is still lacking. Here, we present a network of historical GP records from 19 cities in central and south-
ern Europe for the 14th to 18th centuries. Spatial variability at interannual to multidecadal scales 
within this network was compared with reconstructed warm-season temperatures and hydro climatic 
conditions. We show that European GPs are tightly coupled with historical famines and that food 
shortages coincide with regional summer drought anomalies. Direct correlations between historical 
GP and reconstructed drought indices are low, hardly exceeding r = −0.2. Yet if the analysis is focused 
on extreme events, the climatic controls on high-frequency price variations become obvious: GPs 
were exceptionally high during dry periods and exceptionally low during wet periods. In addition, 
we find that GP variations were affected by temperature fluctuations at multidecadal timescales. The 
influence of summer temperatures is particularly strong over the 1650−1750 period, subsequent to 
the Thirty Years’ War, reaching r = −0.40 at the European scale. This observation is supported by 
the lack of correlation among regional GP clusters during the period of hostilities and increased 
inter-regional correlation thereafter. These results demonstrate that the exchange of goods and 
spatial coherence of GP data in Europe were controlled both by socio-political and environmental 
factors, with environmental factors being more influential during peacetime. 

KEY WORDS: Historic volatility · Climate signal · Thirty Years’ War · Drought · Temperature · 
Reconstruction 

Resale or republication not permitted without written consent of the publisher 

1. INTRODUCTION Grain is one of the most important markets and bar-
ley, rye and wheat prices have carefully been docu-

The causes and consequences of historical grain mented in many European cities since late medieval 
price (GP) volatility in Europe have been thoroughly times (Allen 2001). Studies of historical GP volatility 
analyzed over the past several decades (Braudel & have helped towards further understanding of mar-
Spooner 1967, Van der Wee 1978, de Vries 1980, Post ket performance and failure, and evaluate the effects 
1985, Söderberg 2006, Campbell & Ó Gráda 2011). of market liberalization and links to political authori-
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tarianism (Persson 1999). Historical GP data have 
been used to disclose the significance of harvest 
shocks on local populations and document the effects 
of market integration through trade caused by falling 
transport costs (Pfister et al. 2011). Evidence from 
economic history indicates that the combination of 
harvest shocks and poor market integration is the 
most influential driver of historical GP rises (Persson 
1999 and references therein). 

Historians and geoscientists have long known that 
GP records contain information on varying ecological 
boundary conditions that could improve our under-
standing of past environmental changes (Glaser 
2002, Behringer 2007, Sirocko 2013). Early work by 
Beveridge (1921, 1922) showed historical wheat price 
data from central Europe to be characterized by 
cyclic behavior driven by recurring weather condi-
tions (see also discussion in Granger & Hughes 1971). 
Pfister (1978) confirmed the correlation between 
grain harvest and price data and pointed to the asso-
ciation of snow cover and rainfall with agrarian pro-
ductivity and crop yield in selected regions of 
Switzerland. GP records from Nuremberg and other 
German cities, reaching back to the 14th century, 
have been analyzed by Bauernfeind (1993) and later 
more quantitatively by Bauernfeind & Woitek (1999). 
These studies revealed a close association between 
longer-term GP variations and demographic and cli-
matic changes. They also showed that the influence 
of weather conditions is temporally unstable, but that 
climate controls increased in the late 16th century 
compared with earlier periods. Importantly, Bauern-
feind (1993) indicated that long-term trends, due to 
inflation and changing purchasing power, are to be 
removed from the GP time series to support the eval-
uation of climate signals inherent to these data. 
Focusing on years of extremely high prices in the 
16th to 18th centuries in the Czech Republic, Brázdil 
& Durdáková (2000) found that adverse weather con-
ditions in the year and prior year of a harvest ex -
plained 2/3 of the variance in local GPs. Zhang et al. 
(2011) used several economic variables, including 
European GP data, to corroborate the causal link 
between climate-driven economic downturns and 
human crises at continental scales. They also dis-
played an anti-correlation between GP and tempera-
ture data using low-pass filtered time series over the 
1200−1800 CE period. 

Here, we pursue this line of research by compiling 
a dataset of 19 historical GP records from Europe and 
then comparing this network with 2 new, spatially re-
solved, reconstructions of past temperature (Luter-
bacher et al. 2016) and drought (Cook et al. 2015). 

We removed the lowest-frequency trends from the 
GP data to account for inflation effects and adjusted 
the volatility among the records for comparison with 
the climate reconstructions. We discuss the coher-
ence and aggregation of European GP data, address 
their correlation with historical famines, and then 
ana lyze the significance of drought and temperature 
signals in the GP network. The influence of drought 
is analysed after emphasizing the high-frequency 
interannual variability in the GP time series. Temper-
ature signals are analyzed with emphasis on decadal-
scale variability. 

2. DATA AND METHODS 

2.1. European GP network 

A network of 19 historical GP time series from cities 
in central and northern Europe was compiled 
(Table 1). The time series cover different periods 
from the 14th to 18th centuries, with the earliest 
records starting in 1316 (Exeter), 1348 (Bruges) and 
1386 (Strasbourg). Seven records extend to 1800, 
after which regional supply shocks are considered to 
cancel out globally due to market integration and 
free trade (Persson 1999). The common period cov-
ered by all 19 GP records is limited to 115 yr (1546− 
1660) and the average record length is 295 yr. Time 
series gaps range from 0 to 8.4% and were filled 
using data from neighboring (and significantly corre-
lating) records, a procedure affecting the statistical 
independence within the network. 

The European GP network covers a region from 
Madrid (Spain) in the southwest to Gdansk (Poland) 
in the northeast (Fig. 1). Despite a degree of spatial 
clustering (e.g. in southern Germany), the network 
covers reasonably well an area from northern Italy 
and central Spain in the south, to northern Germany 
and southern England in the north. A hierarchical 
cluster analysis of the high-pass filtered GP time 
series (see ‘Detrending’ below), based on Euclidean 
distance with the cluster number adopted consider-
ing the Ward method (Ward 1963), identified 4 
groups: (1) Paris, Tours, Grenoble and Toulouse in 
the west (hereafter, West cluster); (2) Nuremberg, 
Augsburg and Wurzburg in the central-south (Cen-S 
cluster); (3) Strasbourg, Braunschweig, Leiden, 
Gdansk, Cologne and Xanten in the central-north 
(Cen-N cluster); and (4) Modena, Siena, Barcelona, 
Madrid, Exeter and Bruges in the Mediterranean and 
vicinity of the sea (Peripheral cluster). The Peripheral 
cluster represents a collection of remaining sites not 
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Table 1. Historical grain price records from 19 European cities. The data are based results from the cluster analysis 
on the written record of local sources of the town councils. Many records have al- were used to produce 4 mean 
ready been compiled by R. C. Allen & R. W. Unger (see: www.iisg.nl/hpw/data. php). time series representing regions 

Other data were digitized for the purpose of this paper 
of coherent GP deviations for 
comparison with regional sum-

City  Grain           Source  Period  Length  Gaps Cluster 
mer drought and temperature(%) 
reconstructions. 

Augsburg  Rye  Own  1500−1800  290  4.0  Cen-S 
Barcelona  Wheat  Allen & Unger  1533−1800  306  −  Peripheral 
Braunschweig  Wheat  Own  1513−1800  288  −  Cen-N 2.2. Detrending 
Bruges  Wheat  Own  1348−1800  445  2.0  Peripheral 
Cologne  Rye  Own  1531−1787  265  −  Cen-N 
Exeter  Wheat  Own  1316−1800  457  6.0  Peripheral The historical GP time series 
Gdansk  Rye  Own  1538−1800  253  4.2  Cen-N contain (1) a long-term inflation 
Grenoble  Wheat  Own  1501−1780  275  2.2     West trend (‘price revolution’) through-
Leiden  Barley  Allen & Unger  1480−1660  178  2.2  Cen-N 

out most of the 16th century Madrid  Wheat  Allen & Unger  1501−1799  275  8.4  Peripheral 
Modena  Wheat  Allen & Unger  1458−1705  248  −  Peripheral caused by the influx of gold and 
Nuremberg  Rye  Own  1427−1671  245  −  Cen-S silver as well as changing demo-
Paris  Wheat  Own  1520−1773  264  −       West graphic and labor factors (Hamil-
Siena  Wheat  Allen & Unger  1546−1765  220  −  Peripheral ton 1934, Van der Wee 1978, Strasbourg  Barley  Allen & Unger  1386−1792  457  6.6  Cen-N 

Kindle berger 1998) and (2) a Toulouse  Wheat  Own  1486−1792  307  −       West 
Tours  Wheat  Allen & Unger  1431−1788  358  −       West change from low volatility in the 
Wurzburg  Rye  Own  1500−1799  279  7.4  Cen-S 14th−15th centuries to high
Xanten  Rye  Own  1500−1800  301  −  Cen-N volatility in the 17th−18th cen-

turies (Fig. 2). Since both of these 
closely affiliated with the other cites, but perhaps properties are unlikely related to climate, we removed 
supported by the commerce of freight through the the secular trend and adjusted the volatility using dif-
English Channel and Strait of Gibraltar. The correla- ferent detrending techniques. A data adaptive power 
tion among the peripheral sites is substantially lower transformation (PT; Cook & Peters 1997) was used to 
(r = 0.17−0.29) compared with the much better con- remove volatility changes related to price level (e.g. 
fined West, Cen-S and Cen-N clusters ranging from low volatility and low GP). A 300 yr high-pass filter 
r = 0.44 to 0.78 (see the dendrogram in Fig. 1). The (300 yr HP) was applied to remove the long-term in-
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Fig. 1. Location and correlation of historical European grain price (GP) data. Left: The 19 GP data locations (cities) in central 
and southern Europe. Different symbols and colors indicate the West, Peripheral, Cen-S and Cen-N clusters. Right: Cluster 
analysis. The r-values indicate correlations among 30 yr high-pass filter (HP) GP time series, values in parentheses are derived 

from 300 yr HP GP time series. All correlations calculated over the common period 1546−1660 CE (115 yr) 

https://0.17�0.29
www.iisg.nl/hpw/data
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Fig. 2. Raw and detrended grain price (GP) time series. (a) Historical GP data from 19 European cities. Grey bar emphasizes 
the common period 1546−1660 (115 yr) covered by all time series. r-values indicate the inter-series correlations among the GP 
data over the common period. (b) Same as in (a), but for the power-transformed (PT) GP series. (c) and (d) Same as in (a), but 
for the 300 yr high-pass filter (HP) and 30 yr HP filtered data, respectively. All series were normalized to zero mean and one 

standard deviation 

flation trend and emphasize interdecadal-scale varia-
tions, and a 30 yr high-pass filter (30 yr HP) was ap-
plied to emphasize high-frequency interannual varia-
tions in the GP time series. The HP filtered series were 
computed by calculating ratios between the raw GP 
values and a smoothing spline of the desired fre-
quency response (Cook & Peters 1981). The resulting 

300 yr HP and 30 yr HP time series were used for com-
parison with spatially resolved drought and tempera-
ture reconstructions (Cook et al. 2015, Luterbacher et 
al. 2016). 

Comparison of network mean raw, PT, 300 yr HP 
and 30 yr HP time series (Fig. 3) not only illustrates 
the effects of removing low-frequency variance from 
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Fig. 3. European mean GP time series. (a) Arithmetic mean of 19 untreated GP time series from Europe (raw) shown together with 
the mean of the PT series. (b) and (c) Mean time series of the 300 yr HP and 30 yr HP data, respectively. (d) Running standard de-
viations of the European mean time series calculated in a 100 yr window shifted along the records. See Fig. 2 for abbreviations 

the GP records, but also shows how these methods 
ad just the temporally changing volatility over a 
~500 yr period (lowest panel in Fig. 3). PT removed 
much of the long-term volatility trend, but did not 
reduce the high variance values in the 16th century. 
In contrast, the variability of the 300 yr HP mean time 
series is fairly stable over time, though still contains 
an ob vious increase over the first ~100 yr. The 30 yr 
HP mean is practically homoscedastic, making these 
data most suitable for detecting extreme deviations 
through time and GP correlations with climate recon-
structions. 

Interestingly, the already significant correlation 
among the original GP time series (r = 0.38, 1546− 
1660, p < 0.05) increases to r = 0.47 (p < 0.01) after 
adjusting the time series’ variance using PT (Fig. 2b). 
This value decreases, as expected, after removing 
the long-term inflation trends in the 300 yr HP data 
(r = 0.28) and further decays to r = 0.20 in the 30 yr HP 

data, though is still significant at p < 0.05 due to the 
removal of autocorrelation. This latter change be -
tween the 300 yr HP and 30 yr HP filtered data indi-
cates that there is common multidecadal-scale vari-
ance in the European GP network that is potentially 
related to external drivers. Climatic fingerprints 
within the 300 yr HP and 30 yr HP GP networks are 
assessed at the (1) local scale using the single city GP 
time series, (2) regional scale using cluster mean time 
series and (3) continental scale using the mean of all 
19 GP series. 

2.3. Famines, drought and temperature 
reconstructions 

Beforeevaluatingthepotential impactofclimate, the 
sensitivity of the GP network to regional and inter-
regional famines from the 14th to 18th centuries (Abel 
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1972, 1974, Appleby 1979, Jordan 1998, Aberth 2000, 
Ó Grada & Chevet 2002,Ó Gráda2009) was examined. 
During this period, there are 16 recorded famines 
(Table 2) ranging from dire crop failures and dearth in 
1390 England to severe shortages of food resources 
and mass mortality between 1771 and 1972 in Ger-
many (Brázdil et al. 2001). The list includes famines 
that occurred in sub-regions of the GP network (e.g. 
Spain or France) as well as larger-scale events that 
likely impacted most of the European continent (e.g. 
1437−1440 famine). Famines reported to have lasted 
longer than4yr, includedsmallerareas, and inregions 
outside the GP network were not considered. Exam-
ples include famines in Venice, Sardinia and Ireland 
(Engler et al. 2013) and events during 1648−1660 in 
Poland and the 1670s and 1680s in Spain. To evaluate 
the significance of famines, we used the 30 yr HP data 
and the 16 events listed in Table 2 and analyzed the 
magnitude of GP deviations using superposed epoch 

Table 2. Famines in central and southern European countries 
and regions for the 14th to 18th centuries 

Region  Period 

England  1390
                Europa  1437−1440

 Spain  1504
 France  1528
 Spain  1540
 England  1555
 England  1586
 Spain  1599−1600
 England  1623−1624
 Spain  1636
 France  1650−1652
 France  1693−1694

                France/Prussia  1709−1710
 England  1727−1728
 France  1738−1739

                Germany  1771−1772 

analysis (SEA; Panofsky & Brier 1968). In this 
approach, the GP time series were decomposed into 
shorter segments of 11 yr and centered around zero in 
the 5 yr before the famines. SEA was applied to the 
whole GP network as well as the regionally coherent 
data, i.e. famines documented in France were com-
pared with the GP West cluster. 

Deviations in the GP network were compared with 
reconstructions of the Palmer drought severity index 
(PDSI; Palmer 1965) derived from the Old World 
Drought Atlas (OWDA; Cook et al. 2015). The PDSI is 
a commonly used indicator of physiological drought 
ranging from −4 (extremely dry) to +4 (extremely 
moist). The index integrates information on monthly 
precipitation, temperature and soil water capacity, 
and is considered effective as a variable to assess 
crop harvest and failure (Dai et al. 2004, van der 
Schrier et al. 2006). The OWDA is based on the trans-
fer of tree-ring width and density data into PDSI esti-
mates extending back over the Common Era. Here, 
we combine several PDSI grid-point reconstructions 
from the OWDA into means that spatially match the 
GP clusters (e.g. France), as well as a European mean 
using all 5414 OWDA grid-point reconstructions 
(Table 3). Note that the PDSI reconstructions repre-
senting larger areas are characterized by reduced 
standard deviations (see the fifth column in Table 3), 
a property that needs to be considered when inter-
preting the severity of drought compared to GP devi-
ations. Also, the seasonality of the drought signal is 
constrained to June−August and does not capture the 
potentially important spring months that likely im -
pact grain harvest and prices as well. To assess the 
significance of the effect of drought variability on his-
torical grain markets, the OWDA-derived PDSI re-
constructions were correlated with the 30 yr HP GP 
time series. In addition, we applied SEA to the GP 
data considering the 20 driest and 20 wettest recon-

structed summers in Europe from 
Table 3. Local and regional Palmer drought severity index (PDSI) reconstructions de- 1500 to 1780 (Table 4). The latter 
rived from the Old World Drought Atlas (Cook et al. 2015). The atlas’ grid resolution 

approach was also reversed by is 0.5° × 0.5°. Standard deviations and correlations are calculated over the 1400−1800 
period using 30 yr HP data. Average correlation is the correlation with all other local applying SEA to the PDSI data 

and regional PDSI series considering the 20 highest and 20 
lowest GPs. 

Mean Mean No. grid    Standard     Average     Correlation Since temperature variability is 
latitude  longitude  points  deviation   correlation   with Europe spatially more homogenous than 

Cen-N 52.53° N     10.40° E
precipitation and drought (Bünt-

Cen-S          48.12° N     12.48° E gen et al. 2010), we used a sum-
France         44.79° N      2.74° E mer temperature reconstruction 
Exeter          50.63° N     4.00° W representing southern and central 
N-Spain      40.77° N     2.49° W Europe (south of 50° N)  derived 
Tuscany      44.12° N     11.21° E
Europe        48.50° N     21.91° E from the new Luterbacher et al. 

117  1.69  0.51  0.63 
114  1.30  0.53  0.59 
103  1.61  0.58  0.64 

4  1.75  0.46  0.55 
42  1.34  0.15  0.15 
12  1.23  0.19  0.20 

5414  0.41  0.46 
(2016) network for comparison 
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Table 4. European-scale extreme PDSI and GP deviations. The 20 lowest and 20 values in the late 16th to mid-
highest reconstructed PDSI and GP values from 1500 to 1780, the period during 17th centuries and subsequently
which the cluster GP time series are represented by ≥3 city records (except Cen-S lower values again. These low-
ending in 1671). Drought extremes are derived from PDSI-Europe integrating 5414 

frequency changes are recorded grid points (Table 3). All data are 30 yr HP filtered. PDSI data detrended using 
residuals. GP data normalized in all 4 European GP clusters. 

Their inter-series correlation 

20 lowest PDSI 20 highest PDSI  20 highest GP  20 lowest GP over the 1431− 1792 period 
No.   Year  PDSI  No.   Year  PDSI  No.   Year  GP  No.   Year  GP (Fig. 4b) is 0.53 and increases to 

0.64 after decadal-scale smooth-
1  1517  −1.04  1  1641  1.16  1  1740  3.59  1  1510  −1.94 ing the GP data.2  1718  −0.98  2  1507  1.15  2  1771  3.32  2  1547  −1.82 

The high correlations between 3  1624  −0.98  3  1663  1.01  3  1709  3.22  3  1744  −1.68 
4  1684  −0.94  4  1734  0.95  4  1531  2.66  4  1620  −1.67 GP regions in Europe, including 
5  1719  −0.92  5  1620  0.88  5  1772  2.51  5  1604  −1.66 the loosely defined Peripheral 
6  1599  −0.92  6  1510  0.86  6  1573  2.39  6  1755  −1.60 cluster (see Fig. 1), strongly sug-
7  1740  −0.87  7  1673  0.81  7  1662  2.37  7  1537  −1.59 

gests some large-scale, external 8  1572  −0.86  8  1617  0.77  8  1741  2.07  8  1548  −1.58 
9  1503  −0.78  9  1712  0.77  9  1661  1.94  9  1707  −1.56 driver is operating on the net-
10  1636  −0.77  10  1562  0.74  10  1651  1.86  10  1605  −1.52 work and regionally synchroniz-
11  1659  −0.75  11  1721  0.73  11  1649  1.86  11  1779  −1.50 ing the GP time series. Some
12  1532  −0.75  12  1682  0.71  12  1630  1.82  12  1619  −1.49 

common GP variance could be13  1676  −0.74  13  1713  0.70  13  1699  1.81  13  1640  −1.46 
14  1746  −0.73  14  1601  0.69  14  1770  1.76  14  1688  −1.36 affected by spatially limited 
15  1757  −0.69  15  1754  0.68  15  1586  1.73  15  1576  −1.34 events (e.g. local harvest shocks) 
16  1504  −0.65  16  1509  0.66  16  1597  1.71  16  1564  −1.33 that rapidly propagated to other 
17  1610  −0.64  17  1723  0.65  17  1529  1.68  17  1536  −1.29 regions through communication 
18  1631  −0.61  18  1751  0.64  18  1694  1.67  18  1706  −1.28 

and trade, producing large-scale 19  1670  −0.59  19  1577  0.63  19  1693  1.67  19  1722  −1.28 
20  1666  −0.59  20  1609  0.63  20  1710  1.65  20  1655  −1.27 coherent patterns. However, we 

found no indication of temporally 
increasing correlations within 

with the GP data. Luterbacher et al. (2016) developed and between the regi ons, as would be expected due 
a spatially resolved (5° × 5°) summer (June−August to gradually enhancing trade and market integration 
average) temperature reconstruction back to 755 CE, from the 14th to 18th centuries in Europe. Instead the 
based on the calibration and transfer of tree-ring and inter-series correlations declined during the Thirty 
documentary evidence using Bayesian hierarchical Years’ War (highlighted grey in Fig. 4c) and subse-
modeling (Werner et al. 2013). Here, we correlated quently in creased toward higher values until the mid-
the central-southern European reconstruction with 18th century. 
the 300 yr HP GP data to assess the influence of 
summer temperature variability on GP volatility at in-
terannual to multidecadal timescales. Particular at- 3.2. Famines and drought 
tention was given to the Thirty Years’ War from 1618 
to 1648 and the subsequent 100 yr period to assess po- The coincident timing of famines and peaks in the 
tential differences between periods of conflict and 30 yr HP European GP series (Fig. 5a) suggests a con-
tranquility. nection between GP and dearth. This association was 

systematically assessed using SEA, revealing posi-
tive GP deviations in most cities centered on the year 

3. RESULTS AND DISCUSSION of famine (lag = 0 on the y axis in Fig. 5b) and 
insignificant deviations before and thereafter. The 

3.1. GP coherence GP deviations are larger when the regional cluster 
data are considered (e.g. famine in France versus GP 

The comparison of cluster mean records reveals data from French cities, Fig. 5c) reaching signifi-
substantial inter-regional coherence within the Euro- cance at lag = 0 in the Cen-N, Cen-S and West time 
pean GP network (Fig. 4). The regional GP time series. The GP data from the Peripheral cluster, how-
series share variance at interannual to interdecadal ever, do not exceed the 2σ uncertainty range, a find-
time scales including a synchronous shift from lower ing that potentially reflects the influence of stock 
values in the mid-15th to mid-16th centuries, high management and inter-regional grain trade mitigat-
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Fig. 4. Coherence of regional GP time series. (a) 300 yr HP GP time series of the Cen-N, Cen-S, Peripheral and West clusters 
over the common period 1431−1792. (b) Number of single GP series combined in the regional time series. (c) 30 yr running cor-
relations between the regional GP time series (thin curves) and their mean (thick curve). Thirty Years’ War from 1618 to 1648 

is highlighted in grey. See Fig. 1 for abbreviations 

Fig. 5. GP response and PDSI deviations during historical famines. (a) European GP data from 1380 to 1780 (30 yr HP filtered) 
shown together with 16 major famines in Europe (vertical lines, see Table 2). (b) Superposed epoch analysis (SEA) of the 19 local 
GP datasets aligned by famines in Europe. Light grey curves are the GP data of the Peripheral cluster, black curves are data 
from the Cen-N, Cen-S and West clusters. The 2σ uncertainty range is derived from the pre-famine GP variance over the years 
−5 to −1. (c) Same as in (b), but for the (much fewer) regionally coherent cases, i.e. only those GP deviations are shown where re-
gional famines (e.g. famine in France) match regional GP data (e.g. GP data from Grenoble, Paris, Toulouse, Tours). (d) Same as 

in (b), but using the regional (thin curves) and European (bold curve) PDSI data instead of the GP data (see Table 3) 

ing the effects of harvest shocks in some of the sea- association between famines and volcanic eruptions, 
port cities. Admittedly, the limited number of regio - as would perhaps be expected based on the impact of 
nal famines, the certainly incomplete documentation such events on large-scale climate (Esper et al. 
and the noise inherent to the GP network likely affect 2013a,b, Schneider et al. 2015, Wilson et al. 2016). Of 
these regional differentiations. We also found no the 16 famines listed here, only the crisis in 1586 
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could potentially be related to a major eruption 
(Kelut on Java, Indonesia). All other famines occur-
red in years with no obvious volcanic forcing. 

Whereas the association between famines and GP 
has been reported before (Malthus 1798, Ó Grada & 
Chevet 2002, Campbell 2009, Campbell & Ó Gráda 
2011), the connection between famines and summer 
drought in Europe is a novel finding (Fig. 5d). Using 
the same list of 16 famines (Table 2), distinct negative 
deviations centered at lag = 0 are seen in the regional 
PDSI data. Except for the reconstruction from north-
ern Spain, all PDSI estimates exceed the 2σ uncer-
tainty range, revealing a link between summer 
drought and dearth. This association appears to be 
independent of regionally changing climate condi-
tions, i.e. it includes sites from dry climates in south-
ern Europe as well as colder and moister climates in 
central Europe. The figure of low PDSI values cen-
tered at lag = 0 is most distinct at the European scale 
(the bold black curve in Fig. 5d), even though the 
magnitude of PDSI deviations is much smaller at this 
large spatial scale, integrating the entire OWDA 
domain of 5414 grid points (Table 3). The significant 
PDSI deviation at lag = 0 at the pan-European scale 
suggests that the European GP and drought net-
works share variance, a hypothesis tested in the next 
section. 

3.3. GP and summer drought 

The correlations between regional GP and PDSI 
data are negative, indicating a link between high 
(low) prices and dry (wet) summers. The coefficients 
generally increase when removing low-frequency 
variance (using the 30 yr HP GP data), though overall 
hardly reach r = −0.2 (p < 0.01). The correlation pat-

terns appear more meaningful when comparing 
results after temporally shifting the time series by up 
to 10 yr (lags 0−10 in Fig. 6). 

The correlations between local GP and PDSI data 
are not coherent; they include outliers (e.g. Exeter) 
and various coefficients that hardly differ from zero 
(Fig. 6a). The fact that negative correlations extend 
beyond lags 1 and 2 indicates that there is memory in 
the relationship between PDSI and GP, i.e. growing-
season drought conditions influence GPs beyond the 
current year’s harvest. Both of these characteristics — 
the negative correlation coefficients and the memory 
effects — are also noticeable when comparing the 
drought estimates with the European mean GP time 
series (Fig. 6b). Maximum correlation is seen be -
tween the European PDSI and GP time series (r = 
−0.21 at lag 0, p < 0.01), a finding that underscores (1) 
the importance of large-scale drought/pluvial events 
on grain harvest, (2) the likely influence of inter-
regional trade and market integration on GP pat-
terns, and (3) an improved common signal when inte-
grating multiple gird-point PDSI reconstructions over 
larger areas (in this case the full OWDA domain; 
Cook et al. 2015). 

The influence of dry and moist summer conditions 
on European GPs is explicit if only the most negative 
and positive PDSI deviations are considered 
(Table 4). Plotting these events on top of the Euro-
pean mean illustrates a close relationship between 
high GPs and extremely dry summers, as well as low 
GPs and extremely moist summers (Fig. 7a). How-
ever, the application of SEA to the city and cluster GP 
data reveals spatially variable drought responses 
(Fig. 7b−e). In particular, the Mediterranean cities 
Barcelona and Siena (Fig. 7b) show no reaction in dry 
years, contradicting the expectation of increased 
drought sensitivity of southern grain markets. In 

Fig. 6. Correlation between GP and PDSI data. (a) Lag 0 to lag 10 correlations between regional PDSI and regional 30 yr HP GP 
data (e.g. French GP vs. French PDSI time series) over the period 1500−1780 (except Cen-S ending in 1671). (b) Lag 0 to lag 10 
correlations between regional PDSI data (including Europe, see Table 3) and European-scale GP data, i.e. the mean of all 19 

city GP time series. Black bars indicate the correlations between the European-scale PDSI and European-scale GP data 
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Fig. 7. GP deviations during extremely dry and wet years. (a) European GP data (30 yr HP filtered) shown together with the 20 dri-
est (dashed downward arrows) and 20 wettest (solid upward arrows) reconstructed summers in Europe over the 1500−1780 period 
(see Table 4). (b) Superposed epoch analysis (SEA) of the 19 local GP datasets (black curves) aligned by the 20 driest summers 
(grey dashed curve is the mean PDSI). (c) Same as in (b), but for the regional GP time series (except for the shorter Cen-S cluster 
series) and the European mean (bold black curve). (d) SEA of the 19 local GP datasets (black) aligned by the 20 wettest summers 
(grey curve). (e) Same as in (d), but for the regional GP time series (thin black) and the European mean (bold black curve) 

addition, there are city records with a response that 
does not deviate substantially from zero (e.g. Braun-
schweig highlighted in Fig. 7d), or does not exceed 
the 2σ uncertainty range at lag 0. 

The influence of hydroclimatic extremes is most 
ob vious at the cluster-mean and pan-European 
scales. At these spatial scales, only the Peripheral GP 
cluster appears to be insensitive to widespread sum-
mer drought, which is potentially related to mitigat-
ing effects of ship trading on these markets. This 
hypothesis cannot be supported by written documen-
tation of grain trade through the Strait of Gibraltar, 
however. In addition, the seasonal constraint of the 
OWDA to summer (June−August) drought likely 
adds to the low correlations, as the potentially impor-
tant winter and spring months are not captured by 
the network (Cook et al. 2015). However, the Euro-
pean GP data produce distinct patterns deviating by 
+0.50 SD in the 20 driest summers (PDSI = −0.81) and 
−0.48 SD in the 20 wettest summers (PDSI = +0.81; 
see the bold curves in Fig. 7c and e). Even if the 
drought signals were expected to be stronger (Stone 
2014), particularly after discerning the famine− 
drought association (Fig. 5d), the clear tendency 
toward higher GPs centered on dry years and lower 
GPs centered on wet years is in some sense also 
astonishing, given the severe changes in market 
integration and liberalization documented over the 
14th to 18th centuries (Van der Wee 1978, Persson 

1999). These processes included a rise in market-
driven agriculture, commercialization of peasants, 
ad vancement of stock management and trade, and 
regionally varying population growth and decline. In 
light of these changes, any large-scale association 
between GP and climate variability might appear 
surprising. 

3.4. GP and temperature 

In contrast to the drought−GP comparison, where 
the correlations generally increased when the low-
frequency variance was removed, the reconstructed 
temperatures seem to additionally cohere at inter-
decadal time scales with the GP data. A comparison of 
the 300 yr HP cluster mean series with reconstructed 
central-southern European summer temperatures re-
veals synchronous high- to low-frequency fluctuations 
(Fig. 8, temperatures inverted). Low GPs in the 15th 
and early 16th centuries cohere with a period of high 
summer temperatures, cold conditions in the late 16th 
and early 17th centuries cohere with high GPs, and 
subsequently lower GPs are again accompanied by 
warmer temperatures. This association is also re-
flected in the uniform correlations be tween summer 
temperatures and the Cen-N (r = −0.25), Peripheral 
(r = −0.25), West (r = −0.26) and Cen-S (r = −0.28) clus-
ters over the 1500−1780 period (all p < 0.01). The cor-
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Fig. 8. Coherence between historical GP and reconstructed temperature data. (a) Regional GP time series of the Cen-N, Cen-S, 
Peripheral and West clusters (thin black curves, 300 yr HP) and their mean (bold black curve) plotted together with the recon-
structed summer temperatures from central and southern Europe (grey curve, Luterbacher et al. 2016). Note that the tempera-
ture data have been reversed, i.e. high values indicate cold conditions. Correlations refer to the 1500−1780 period (r = −0.30) 
covered by ≥3 regional GP series, and the 1618−1648 Thirty Years’ War period (r = 0.12). (b) Zoom-in over the 1650−1750 period 

(r = −0.40) 

relation increases to r = −0.30 for the European mean 
GP time series (black bold curve in Fig. 8; p < 0.001), 
indicating a close match between price and tempera-
ture variability at sub-continental scales. 

Common low-frequency variance between the 
temperature and GP data is further substantiated by 
the increased correlations with the 10 yr low-pass fil-
tered time series, reaching r = −0.47 for Cen-N (min.) 
and r = −0.60 for Cen-S (max.) over the 1500−1780 
period. Whereas this finding seems to reinforce an 
im portant link between a major socioeconomic vari-
able and climate over an extended historical period, 
the reduced degrees of freedom due to the substan-
tially increased autocorrelation limits the statistical 
significance of this result (p ≈ 0.1). However, both the 
correlations using original and smoothed data sug-
gests that GPs were higher during cold periods and 
lower during warm periods, and that this association 
holds true for larger regions in central and southern 
Europe. For the northern markets, this result is not 
surprising as harvest shocks (high GP) typically coin-
cide with below-average growing-season tempera-
tures. For the southern markets, however, harvest 
shocks were originally hypothesized to coincide with 
warm, and typically dry, growing-season conditions. 
The spatially coherent response structure encom-
passing Gdansk and Exeter in temperate central 
Europe, as well as Barcelona and Siena in the Medi-
terranean, clearly contradicts this presumption, but 

demonstrates an analogous (negative) temperature 
correlation throughout the European GP network. 

Whereas the GP−climate correlations are fairly 
homo geneous among the regional clusters, substan-
tial temporal fluctuations are noticeable. Most strik-
ing, the otherwise negative correlation over the full 
1500−1780 period (see above, r = −0.3 at the Euro-
pean scale) weakens during the early 17th century 
and even turns positive (r = 0.12) during the Thirty 
Years’ War, a sustained period of conflict from 1618 
to 1648 in parts of Europe, except for the West cluster 
and sites in Spain. Interestingly, not only do the 
GP−temperature correlations disappear during this 
period, but also the inter-correlation among GP clus-
ters substantially weakens, reaching an unprece-
dented low of only r = 0.17 centered in 1633 (see run-
ning correlations in Fig. 4b). It seems obvious that the 
conflict over political preeminence and religion not 
only limited the exchange of goods and price coher-
ence in Europe, but also decoupled the GP variability 
from its climate forcing. Subsequent to the Thirty 
Years’ War, the correlation between reconstructed 
summer temperatures and historical GPs increased 
to r = −0.4 (p < 0.01) over the 1650−1750 period 
(Fig. 4b), defining a marked difference between war-
time and peacetime GP−climate interaction. 

Both the large-scale coherent GP patterns and the 
temporally changing GP−climate correlations were 
not readily expected when compiling the European 
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GP network. The 14th to 18th century period analy -
zed here encompasses fundamental transitions in 
market liberalization and transport. Crop production 
and stock management changed radically, regional 
and large-scale conflict alternated with periods of qui -
etude, and fluctuating population numbers severely 
affected crop demand and supply. Such circum-
stances strongly argue for spatially restricted analy-
ses of historical GPs at regional and even local scales 
(Pfister & Brázdil 2006). However, large-scale analy-
ses offer the chance to identify common deviations 
and trends that would otherwise remain unnoticed in 
local studies and assessments of single events. From 
this perspective, the herein identified inter-region-
ally coherent GP patterns, their temporal change, as 
well as the varying GP−climate associations are im -
portant characteristics of the exchange of goods in 
14th to 18th century Europe. 

4. CONCLUSIONS 

A continental-scale network integrating GP data 
from 19 cities in central and southern Europe was 
compiled to evaluate the impact of climate variability 
on historical grain markets. The GP time series were 
detrended to remove long-term inflation and volatil-
ity trends, and to homogenize interannual- to inter-
decadal-scale variability. The detrended data re-
vealed substantial correlations among European 
cities and regions, but appeared unaffected by long-
term trends of augmented marked integration, i.e. 
the inter-regional GP correlations do not increase 
over the 14th to 18th centuries. In fact, the European 
GP time series were spatially less coherent during 
the Thirty Years’ War (1618−1648), but correlated 
better before and after. This finding questions the 
significance of changing transport costs and liberal-
ization effects on historical GP variations (Persson 
1999), though these central characteristics of market 
integration are perhaps preserved in the volatility 
changes that were originally removed to analyze 
climate-induced GP variance. 

The climatic fingerprints on the European GP net-
work were assessed using spatially resolved summer 
temperature and drought reconstructions that have 
recently been developed by international teams of 
paleoclimatologists (Cook et al. 2015, Luterbacher et 
al. 2016). Comparisons between the regional GP time 
series and reconstructed PDSI estimates returned 
weak but significant correlations (r = −0.2), and only 
marginally enhanced results if the 20 driest and 20 
wettest summers of the 1500−1780 period were con-

sidered. Surprisingly, the drought response was not 
strongest at the local scale, but increased when both 
the GP and PDSI data were averaged at the continen-
tal scale. In addition, the negative correlation be -
tween GP and PDSI data (i.e. high prices coincide 
with dry conditions) recorded in the northern portion 
of the GP network, did not increase toward southern 
Europe. This finding contradicted our expectation of 
intensified hydroclimatic control over Mediterranean 
GPs where harvest shocks and market failures were 
anticipated to be primarily driven by drought events. 
In the coastal Mediterranean cities (Barcelona, Mod-
ena and Siena), drought effects might be mitigated 
by reliance on shipping connecting these sites with 
the western European markets in Exeter and Bruges. 
Long-distance trade between these peripheral sites 
potentially decoupled the GP−climate relationships, 
making these markets less vulnerable to harvest 
shocks due to regional drought. 

In contrast to the overall weak GP−drought re-
sponse, reconstructed summer temperatures were 
found to correlate better (up to r = −0.3 over the 
1500− 1780 period and r = −0.6 after decadal smooth-
ing) with historical GP fluctuations. As with the PDSI, 
the correlations increased if both the GP and temper-
ature estimates were integrated at the European 
scale, which is supported by the increased spatial 
covariance of temperature, compared with the more 
heterogeneous drought variability (Büntgen et al. 
2010). The reconstructed summer temperatures co -
hered well with GP changes at lower frequencies, 
including low prices and warm conditions in the 
early 16th and 18th centuries, and high prices and 
cold conditions in the late 16th and early 17th cen-
turies. The temperature−GP correlations completely 
fell apart during the Thirty Years’ War (1618−1648), 
but increased to r = −0.40 over the subsequent 1650− 
1750 period, in line with the temporally changing co -
herence among the European GP sites during war-
time and peacetime. This finding of increased tem-
perature control of crop harvest and synchronized 
GPs during periods of quietude, fading during peri-
ods of conflict, appears to be fairly robust throughout 
the European network analyzed here, even if the 
impact of the Thirty Years’ War was certainly less 
immediate in the West and Peripheral sites of the GP 
network. Further testing of the validity of this con -
clusion could be supported by compiling an even 
denser GP network. The assessment of spatio -
temporal characteristics of social vulnerability to cli-
mate, however, requires a careful removal of long-
term volatility and inflation trends that are most 
likely unrelated to  climate. 
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