AcTA UNIVERSITATIS AGRICULTURAE SUECIAE

S

SLU

DoctoraL THESIS NO. 2023:56
Facurry oF NATURAL R ESOURCES AND AGRICULTURAL SCIENCES

Climate and Agriculture in the
Little Ice Age

The case of Sweden in a wider European perspective

MARTIN KARL SKOGLUND




Climate and Agriculture in the
Little Ice Age

The case of Sweden in a wider European perspective

Martin Karl Skoglund
Faculty of Natural Resources and Agricultural Sciences
Department of Urban and Rural Development
Uppsala

S

SLU

SWEDISH UNIVERSITY
OF AGRICULTURAL
SCIENCES

DOCTORAL THESIS
Uppsala 2023



Acta Universitatis Agriculturae Sueciae
2023:56

Cover: The Weather Peasahlts (1542)
(artist: Sebald Beham, Courtesy National Gallery of Art, Washington)

ISSN 1652-6880

ISBN (print version) 978-91-8046-164-1

ISBN (electronic version) 978-91-8046-165-8

https://doi.org/10.54612/a.3rnsodears

© 2023 Martin Karl Skoglund, https://orcid.org/0000-0001-7259-1151

Swedish University of Agricultural Sciences, Department of Urban and Rural Development,
Uppsala, Sweden

The summary chapter of this thesis is licensed under CC BY 4.0, other licences or copyright
may apply to illustrations and attached articles.

Print: SLU Grafisk Service, Uppsala 2023

Kungl. Gustav Adolfs Akademien for svensk folkkultur made a financial contribution to the
publishing of this thesis.




Climate and Agriculture in the Little Ice Age.
The case of Sweden in a wider European
perspective

Abstract

Agriculture was and is inherently dependent on weather and climate. This
dependency varies over time and space. The climatic regime of the Little Ice Age
(ca 1300-1850) with its reduced average temperatures has been proposed to have
presented agriculture in Europe with particular challenges. And yet, in the centuries
after the Late Medieval Agrarian Crisis of the 14" and 15" centuries, population and
agricultural production expanded markedly in many regions of Europe. This thesis
employs the large amounts of agricultural and climatic data available from the Early
Modern period as well as a comprehensive set of quantitative methods to explore
agrometeorological relationships in central and southern Scandinavia, Switzerland,
and Spain during the years ca 1500-1900. This thesis also contributes novel long
time series of harvest, sowing, and hay-cutting dates, the latter two types of dates
being exceptionally rare in European historiography. Results show that farmers
faced different types of agrometeorological constraints in the regions studied here.
Nonetheless, harvests in central agricultural areas generally tended to be larger
during cooler years. Only in marginal agricultural areas did an opposite signal
prevail. In other words, by the Early Modern period, if not earlier, agriculture in
large parts of Europe appears to have been well adapted to the lower average
temperatures of the Little Ice Age.

Keywords: climate and agriculture, historical agrometeorology, Little Ice Age,
Scania, Jimtland, Sweden, Europe



Klimat och jordbruk under den lilla istiden.
Sverige i ett storre Europeiskt perspektiv

Abstrakt

Jordbruket dr och var beroende av vider och klimat. Detta beroende har dock
varierat ver tid och rum. Tidigare forskning har menat att klimatet under den Lilla
Istiden (ca 1300—1850) med en langsiktig reduktion i genomsnittliga temperaturer
utsatte jordbruket i Europa for sirskilda utmaningar. Samtidigt skedde en kraftig
expansion i bade befolkning och jordbrukets produktion i stora delar av Europa
under 1500-talet och framét efter den senmedeltida agrarkrisen. Den hér
avhandlingen anvénder stora méngder av klimat- och jordbruksdata tillsammans
med kvantitativa metoder for att undersoka agrometeorologiska forhéllanden i
centrala och s6dra Skandinavien, samt Schweiz och Spanien under aren ca 1500—
1900. Avhandlingen bidrar ocksd med nya langa tidsserier dver skorde-, sdnings-
och slatterdatum, varav de senare tva typerna av jordbruksdatum ar mycket
ovanliga i den publicerade historieforskningen. Resultaten visar att jordbrukare i
de olika regionerna bemottes av olika agrometeorologiska utmaningar, dock med
vissa generella monster. Ett viktigt resultat var en tendens till storre skordar i
centrala jordbruksbygder under kallare somrar (eller varar i Spaniens fall). Endast
i marginalbygder var skordarna systematiskt ldgre ndr temperaturerna foll under
den huvudsakliga vixtsdsongen. Med andra ord, fran 1500-talet och framat
forefaller jordbruket i stora delar av Europa ha varit vl anpassat till de lagre
temperaturerna som forhdrskade under den Lilla Istiden.

Nyckelord: klimat och jordbruk, historisk agrometeorologi, Lilla Istiden, Skane,
Jémtland, Sverige, Europa



Preface

My interest in agrarian history began during my bachelor studies.
Specifically, I became deeply enmeshed in the economic history of sugar
beet cultivation and sugar production which was the subject of both my
bachelor’s as well as my master’s thesis. Initially, climate did not seem
relevant to this history, and I had not yet begun to seriously consider the
role of climate in history. However, the history of sugar does
demonstrate the power of technology and market forces to transform
agriculture and overcome climatic constraints. Sugar from sugar beet can
now be produced in Scania at cost-competitive terms with tropical sugar
cane production. With global warming, sugar beet cultivation, just like
maize cultivation, might expand northwards. Curiously, I ended up partly
working with remnants of the EU sugar subsidy programme in a brief
interlude outside academia at the Swedish Board of Agriculture.

For my PhD, I was initially tasked with producing new estimates of
agricultural productivity during the agrarian revolution in Sweden. Sugar
was not particularly relevant to this process, but my main supervisor
Patrick Svensson, who hired me, hinted that I might possibly
include something about sugar beet cultivation at the margins of the
project. This slight concession somehow turned me on to a path that
ultimately led to more than marginal alterations to the thesis project.

Very early on in my doctoral studies, possibly inspired by the very severe
agricultural drought of 2018, I decided to investigate, not sugar cultivation,
but the historical relationships between climate and agriculture. My
supervisors, Patrick Svensson and Marja Erikson, were not only supportive
but also enthusiastic about this endeavor, even though they themselves had
barely touched the field of climate history. The energy and enthusiasm that
Marja and Patrick brought to our supervisory meetings from the start have



been incredibly helpful to me, in addition to their continual critical and
constructive scrutiny of my thesis work, including their repeated
question (especially Marja's): 'Where are the peasants?!' when
presented with correlation coefficients and regression tables. I hope that
you, the reader, will try to keep the human actors in the peasant and
farming households in mind, despite my best efforts to abstract and
aggregate them into numbers.

Working often alone in an interdisciplinary research project, in a field in
which neither I nor my current supervisors had much previous experience,
presented many  challenges. @ When  seeking  advice  from
dendroclimatologists, I was repeatedly referred to Fredrik Charpentier
Ljungqvist. After contacting Fredrik, he was more than happy to join
the supervisory team, bringing much-needed expertise in the field of the
history of climate and society. Fredrik brought sincere dedication to the
project and has been indispensable, generously and patiently providing
comments on manuscript after manuscript.

I would like to thank all the people at the Division of
Agrarian History, not only for their support but also for all the
conversations and moments of laughter. In particular, I would like to
thank Jakob Starlander, who has shared this journey with me from
the start, offering warmth and humor, and leading the way both
personally and professionally. I would also like to thank Jesper
Larsson, Head of the Division, for his patience and support
throughout my doctoral studies.

Special thanks go to Rodney Edvinsson for being the opponent at
my end-seminar, as well as Heli Huhtamaa, the opponent at my half-
time seminar, for their helpful comments and Heli's invitation to
conduct a research visit to Bern University.

I am grateful to the Kungliga Gustav Adolfs Akademien f{or
svensk folkkultur and the Faculty of Natural Resources and Agricultural
Sciences at SLU for the financial support that made this thesis possible. I
also want to thank The Royal Swedish Academy of Letters, History
and Antiquities, Margareta och Robert Berghagens Stiftelse, and
Kungliga Gustav Adolfs Akademien for svensk folkkultur for the stipends
that enabled me to conduct a research visit to Bern University and present
at numerous conferences, as well as travel for archival research.

My family has been patient with me. On too many occasions, | have been
physically present but not quite there. Thank you for putting up with me and
for all the incredible support. Anna and Karl — I love you.
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1. Introduction

Farmers have always been aware of their dependence on the fickleness of the
weather. Over the long spans of human history, farmers have also had to
adapt to long-term weather patterns, or the climate, in their vicinity (Shennan
2018). These dependencies and adaptations can appear simple. For example,
in a region with long, dark winters and short growing seasons, like Jdmtland
in central Scandinavia, fast-ripening varieties of six-row barley appears an
obvious adaptive choice, at least for those farmers wishing to cultivate grains
(Welinder 2019).! Similarly, it seems obvious that an almost complete
absence of rainfall on the well-drained soils of Scania (Sw. Skdne) in
southernmost Sweden will cause massive crop losses, like in the summer of
2018. Both these phenomena, however, interact with a variety of other
natural and societal factors, which quickly increases the complexity and the
difficulty in studying them, not least in an historical context where the
sources available for such studies are limited.

This thesis studies climate-agriculture relationships in different regions of
Europe. In particular, it focuses on Scandinavia, where the available source
material allows for a thorough study of the relationships of dependence and
adaptation between agriculture and climate over a time span of several
centuries. Special attention is given to Scania between ca 1700-1910 and to
Jamtland between ca 1560-1920. To date, such studies have been lacking.
Previous studies have had a larger regional perspective, aggregating southern

"'In these longer timescales and for many parts of the historical period, it makes more sense to speak of
Scandinavia rather than Sweden. For example, before being incorporated into the Kingdom of Sweden in 1645,
Jamtland and Hérjedalen were part of Norway (and the kingdom of Denmark-Norway). Likewise, Scania was a
core province of Denmark until 1658, when it was ceded to Sweden. Thus, in this thesis I employ the
geographical term Scandinavia when possible. When deemed appropriate the term Sweden is employed, the use
of which implies the geographical boundaries of present-day Sweden. Jamtland and the neighbouring province
of Harjedalen have been intricately connected throughout history and together they formed the county of
Jamtland since 1811. Throughout this thesis I employ the term Jamtland to refer to both Jamtland and Harjedalen,
except when discussing intraregional differences.
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or northern Sweden, or Sweden as a whole, thus masking significant parts of
local variety and context (Edvinsson et al. 2009, Holopainen et al. 2012).
Alternatively, they have considered specific regional or local contexts, in for
example Scania, Halland in southwestern Sweden, or Jimtland, but lacked
the amount of evidence, the systematic methods, and the focused research
questions employed in this thesis (e.g. Mattson 1987; Palm 1997:131-138;
Holm 2012:21-26).

The impact of climate on agriculture is a crucial part of, in some instances
even fundamental to, broader climate and society studies (White et al.
2018b:331; Degroot et al. 2021; White et al. 2023). In spite of this, our
understanding of the historical impacts of climate on agriculture in Europe
remains greatly limited for most of the historical period (Ljungqvist et al.
2021). This thesis adds several new contributions to the current state of
research regarding the relationships between climate and agriculture in the
pre-industrial period, how to study those relationships, as well as new
insights into the climate history of Europe.

1.1 Aim, scope and research questions

The aim of this thesis is to investigate how pre-industrial agriculture in Europe
was affected by climate variability and change, with a particular focus on two
Scandinavian regions, Scania and Jamtland, between ca 1700-1910 and ca
1560-1910, respectively. Other regions studied include Spain, Switzerland,
and other parts of the southern Sweden during the period ca 1500-1800. The
intent is to cover the most fundamental or common agrometeorological
relationships over long periods of time in different regions.

The choice of regions is motivated by the need to study areas that are
climatologically distinct, yet also share common characteristics in terms of
institutions, farming methods, and type of crops grown. Thus, this thesis
incorporates regions where the natural conditions, including climate, were
and are highly favorable to intensive agricultural production, like the plains
of Scania, the river valleys of Spain, and the Kornland plains in central
Switzerland. It also includes marginal agricultural areas like Jdmtland in
central Scandinavia and dry mountainous areas with poor soils in Spain
(Pfister 1983; Simpson 1995:34-35; Cong & Brady 2012; Welinder 2019).
In the former cases, one may expect that the climate sensitivity of agriculture
was lower, or at least of a different character, than in the latter cases. The
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distinctness of these regions allows for a broader discussion of how the
climate-agriculture relationship was shaped by other contextual factors,
while the similarities allow for interregional comparison and the ability to
contextualize the results within the larger Scandinavian and European
research tradition.

The study period begins in a time of consolidation for agriculture during
the aftermath and recovery from the so-called the Late Medieval Agrarian
Crisis (LMAC) (Antonsson 2004:13; Larsson 2009:17; Lageras 2007:90).
Another notable historical periodization is that of the Little Ice Age (LIA).
The concept of the LIA has been broadly defined as a period of long-term
reductions in average temperatures, beginning in the mid-13" century, or
even as late as mid-16™ century, depending on the location and the type of
evidence under consideration (Biintgen & Hellman 2014; White 2014a;
Wanner et al. 2022). The LIA has been seen as an integral part of the LMAC.
However, the LIA continued long after the end of the LMAC: it lasted well
into the 19" century in many parts of Europe and even up until the early 20™
century in high latitude regions (Linderholm & Gunnarson 2019).
Nonetheless, the LIA has in many cases been associated with increased
hardships for societies (Parker 2013; Campbell 2016). However, from an
agricultural perspective, the post-LMAC period was a time of recovery,
stability (possibly stagnation) and even growth (Le Roy Ladurie 1982:93—
192; Lageras 2015:17-19; Campbell 2016:348, 400). How could this have
been possible, given the climatic conditions of the LIA? This thesis argues
that the answer to this question lies not only in agricultural improvements
(although they certainly played a large role), but also in differences between
and adaptations within local and regional agricultural systems across Europe,
where, for example, temperatures that were cooler on average were not
necessarily bad, even in some northern European contexts (Edvinsson et al.
2009:122-126).}

The later part of the study period, starting roughly in the 18" century and
ending around the turn of the 20" century, was a period of agricultural
transformation in many parts of Europe, including Scania and Jamtland,
commonly described as “the agrarian revolution” in Swedish historiography

2 It is also commonly referred to as the Crisis of the Late Middle Ages; more recently, Bruce Campbell (2016)
has preferred ‘the Great Transition’.

3 The term ‘northern Europe’ is used loosely here to include most of western and central Europe north of the
Alps. When the term ‘northernmost Europe’ is employed, it refers to the northernmost settled North Atlantic
islands (e.g., Iceland and the Faroe Islands) and the northern parts of Fennoscandia and Scotland.
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(Wichman 1962a:100; 1962¢:171-176; Chorley 1981; Olsson & Svensson
2010; Gadd 2011; Hallberg et al. 2022a). Switzerland also experienced an
agricultural revolution during the 18" and 19" centuries, while Spanish
agriculture has been seen as more stagnant during this period (Pfister 1983;
Simpson 1995). In the early 20" century, some elements of the older
European farming systems still remained. However, with the onset and
progression of the 20" century, the transformation of agriculture had become
so thorough that to continue the study beyond this point would have been a
comprehensive task beyond the scope of this already far-reaching thesis.
Thus, the early 20™ century constitutes an appropriate ending point.

In order to study climate-agriculture relationships in pre-industrial
Europe, the following research questions are posed:

1. How did the climate and the variability thereof affect agricultural
production in different parts of Europe, and Scandinavia in
particular, during the period ca 1500-1910?

2. What were the main agrometeorological risks in each of the regions
studied?

3. What were the history and frequency of these risks during the study
period, and to what degree were pre-industrial farming systems
resilient to these risks?

1.2 Background

Today, in light of the challenges presented by a rapidly changing climate, the
possible role of the climate in history has drawn increasing attention (Pfister
et al. 2018b:10; Ljungqvist et al. 2021; Pfister & Wanner 2021:14). That
being said, scholars have long debated the extent to which climate change
and variability affected human societies. Back in 1955, the economic
historian Gustaf Utterstrom argued that the climate had played an important
role in demographic fluctuations during the early modern period.
Utterstrom’s (1955) endeavor was, however, limited to stating a hypothesis
based on sporadic documentary evidence, due to the paucity of available
data. Much has changed since then. There are, for example, long time series
of agricultural prices and output for large parts of Europe, especially for
western and northern Europe. Knowledge of the climate of the past has also
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improved dramatically, especially in the last two decades (Biintgen et al.
2011; Ljungqvist et al. 2016; White et al. 2023).

Climate history is an expanding interdisciplinary field of historical
research, and the role of climatic impacts on societies has been discussed on
several different levels, as for example in so-called impact order models. One
fundamental assumption commonly underlying such models of climate-
society relationships is the effect climate has on primary production. By
directly impacting crops, livestock, vegetation in pastures, microorganisms,
water bodies, and marine life (first-order impacts), climate has additional
secondary impacts on livelihoods and the economy through prices, the spread
of disease, and the availability of transport, and tertiary impacts on mortality,
as well as human and animal well-being (Ljungqvist et al. 2021). These
impacts are difficult to estimate, given the complexity introduced by
interacting or confounding factors, not least human agency (van Bavel et al.
2019; Degroot et al. 2021). However, if we merely content ourselves with
generalizing or assuming first-order impacts on agriculture, without actually
considering the specifics of the agro-climatic context (e.g., the type of crops
grown, soil quality, and management practices in relation to the local
climate) or the available evidence, we risk fostering, as the economic
historian Jan de Vries (1981:22) put it, the “banalization of agrarian history”.
The approach taken in this thesis is to study first-order impacts on
agriculture, the results of which can be helpful for studies focusing on other
aspects of the climate-society relationship.

One of the most-discussed and well-researched periods is the afore-
mentioned LIA. The effects of the LIA on agriculture are generally assumed
to have been detrimental, largely based on those episodes of extreme cold
when the cold was, arguably, responsible for harvest failures and consequent
societal hardships (Parker 2013; Degroot et al. 2021). However, most of the
evidence to date is based on idiosyncratic and episodic sources. There are
few systematic statistical studies of long-term relationships between agri-
culture and climate at a regional level in pre-industrial Europe (Ljungqvist et
al. 2021). Those that exist give a mixed picture, if anything, regarding the
dominant agrometeorological threats. Cold in northernmost Europe and the
most marginal mountainous areas (Dybdahl, 2012; Huhtamaa & Helama
2017a; Huhtamaa & Helama 2017b; Martin et al. 2023). But outside these
regions, harvest-temperature relationships have frequently been shown to be
reversed. For example, harvests in southern Scandinavia and parts of the
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southern Low Countries appear to have benefitted from cooler and wetter
conditions in the summer (Edvinsson et al. 2009:122—126; Soens 2022).
Occasionally it has even proved difficult to identify any clear climatic signal
in historical harvests at all (Palm 1997:138-139; Bekar 2019). For many
regions of pre-industrial Europe, there are very few or no statistical studies
of climate-agriculture relationships. The lack of such studies hampers the
reliability of assumptions of the extended social impacts of extreme weather
events. Relying on qualitative or sporadic reporting is not enough. Studies
have shown that there can be discrepancies between what is being reported
in regards to a particular weather or climatic event in qualitative sources and
what is found in the available quantitative sources (Quieroz et al. 2020).
The concept of risk has been fundamental in debates about agricultural
development in pre-industrial Europe. McCloskey (1976) argued that one
of the more important motivations for farmers to continue adhering to the
open-field system for centuries, despite the purportedly inefficient
interspersing of strips, was that it helped to spread risk in an era when there
were few safety nets. While the specific nature of such risks has
occasionally surfaced in these debates, it remains largely unclear what the
risks actually were, even though they are generally taken to be weather- or
climate-related (de Vries 1981:21-22; McCloskey 1991; Lilja 2012:86-88;
Nystrom 2019). Connected to this argument is the notion that farmers in
“feudal” systems were risk-averse and subsistence-oriented (Scott 1976;
Henningsen 2001). Again, it is often unclear what type of risks farmers
were avoiding and, empirically, it seems difficult to make the argument that
agriculture before enclosures was not as prone to harvest failures as in
enclosed farming systems (Edvinsson 2009; Alfani & O Grada 2017;
Nystrom 2019). Understanding what specific type of agrometeorological
risks farmers faced is crucial to debates on risk-motivated behaviors of pre-
industrial farmers, since they determine what type of actions were possible
in order to mitigate these risks (van Bath 1977; de Vries 1981; Bekar 2019).
Jamtland and Scania in Scandinavia offer two potentially contrasting
examples when it comes to the specific risks farmers faced. The two regions
share a somewhat similar trajectory during the study period, such as a large
reliance on barley cultivation (although much more so in Jimtland) and a
significant phase of agricultural growth in the late 18" and 19™ centuries
(somewhat later in Jamtland). However, the regions differ starkly in terms of
natural conditions, especially in their respective climates. Winters in
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Jamtland are long-lasting, usually with frozen ground covered by a persistent
snow cover. Springs are generally short: thawing and ice breakup on the large
lakes usually occur in May, with summer arriving in early June. Freezing
temperatures and frost occur already in late July in the mountainous areas,
with the rest of Jdmtland following in August or September, clearly limiting
the growing season. In contrast, winters in Scania are much shorter and
milder. Snow cover and the freezing of large bodies of water, if they occur,
are intermittent.* Spring begins in March and lasts about two months before
passing into summer in May. Summers usually last well into September, and
the first autumn frost generally does not come before October.

Differences of similar magnitudes can be identified in the other regions
included in this thesis. In Switzerland, the most apparent agro-climatic risks
are shaped by variations in elevation and ruggedness. To some extent they
are also shaped by whether a given area is located to the north of the Alps,
where Atlantic westerlies play an important role in shaping the climate, or
the south, where the climate is more influenced by the Mediterranean (Pfister
et al. 2018a:266-267). Livestock production had a special importance in the
more mountainous parts of Switzerland, similar to Jamtland. Intensive forms
of grain production could be found in the more low-lying areas of the central
Swiss Plateau (Pfister 1983). Spain has large mountainous areas that are
more densely populated than their Swiss counterparts (Schuler et al. 2004).
Most of Spain, with the exception of the northern provinces along the
Atlantic coastline, is also very arid, especially in the summer. However, it is
not uniformly arid. In fact, Spain has one of the most heterogeneous climates
in Europe (Beck et al. 2018). Nonetheless, the prevalence of summer
droughts has led to a winter-spring season of cereal cultivation in most of
Spain, and the generally arid conditions have also led to a clear difference
between irrigated, more intensively cultivated lands, the regadio, and non-
irrigated, more extensively cultivated lands, the secano (Simpson 1995:36;
Morch 1999). Irrigated and non-irrigated lands clearly would have suffered
different risk patterns. An important difference between Spain and more
northerly areas of Europe such as Switzerland or Scandinavia, is the much
lower share of livestock production in Spanish farming systems and a greater
emphasis on cereals (and of course on perennial crops like olives trees and
vines) (Braudel 1981:135; Pfister 1983; Merch 1999; Dahlstrém 2006:96—

4 While the freezing of the sounds between the Danish islands in 1658 that famously allowed King Charles X
Gustav to march his troops on the ice between islands of Jutland, Funen, and Zealand was not unique, it was
certainly unusual enough to make the march seem a gamble (Speerschneider 1915; Weilbull 1949:28).
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97). As a general rule, the share of livestock appears larger in more marginal
and hence risky agricultural areas (Pfister 1983; Parry & Carter 1985).

Diversification in pre-industrial agrarian societies has been argued to
have made them more resilient (Pretty 1990; Camenisch 2018:71; Lageras
& Magnell 2020). Michaelowa (2001:7-8) argued that English farming
systems in the 18" century were more resilient to climatic shocks than their
French counterparts due to their greater diversification in terms of grain
crops. Similarly, Alfani (2011) found that the more diversified moun-
tainous districts fared better than the less diversified lowland plain districts
in the northern Italian famine of the 1590s. At the same time, certain forms
of intensification, which can imply trade-offs with diversification, have
been proposed to increase resilience in relation to certain agromete-
orological risks, like drought (Nystrom 2019; Dardonville et al. 2020).
Being able to produce a greater surplus in a more intensified system would
also mean that the margins left after the fixed seed deductions (for next
year’s sowing, taxes, and consumption) would be greater than in a more
extensive system with smaller surpluses (Pfister & Wanner 2021:257).
Discerning how harvests for different crops were affected by weather and
climate variation is critical in order to understand how resilience and
vulnerability took form over time in the pre-industrial farming systems of
Europe. Scania presents an especially interesting case study in this regard,
given that it was one of the most intensively cultivated regions in
Scandinavia, but also pursued a crop mix that was much more diversified
compared to some of the other regions studied in this thesis, notably
Jamtland (Bohman 2010:29, 73; Welinder 2019).

1.3 Disposition

In the following section, section 2, I discuss the relevant previous research
that has helped inspire and guide this thesis project, with thematic
subsections focused on agriculture (section 2.1) and climate (section 2.2), as
well as a subsection focused on research that explicitly considers the
relationships between agriculture and climate (section 2.3). Then, in section
3, I outline the theoretical framework for this thesis, and in section 4 I discuss
the methods I have employed. Section 5 outlines and discusses the data and
sources. Section 6 presents and summarizes each of the four papers included
in this thesis, which is then followed by section 7, where the overall results
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of the thesis are discussed and set in a broader research context. Section 7
ends with a conclusion and is then followed by references and appendices.
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2. Previous research

2.1 Pre-industrial agriculture in Europe

In medieval and early modern Europe, livestock husbandry and crop
cultivation were integrated in a mutually dependent system where energy and
nutrients circulated internally, also known as the mixed farming system
(Grigg 1974:152—-153; Pretty 1990; Clark 1992; Allen 2008). In the earlier
parts of the thesis study period, i.e., in the 16" century, variations of the open-
field system with a rotating fallow were present over large parts of western
and northern Europe, including, notably, Switzerland and Sweden (Frandsen
1999:147; Myrdal 2011b:264-265; Renes 2010). In Spain, a comparable
mixed farming system was mainly prevalent in the north (Olarieta et al.
2019). There was a greater separation between the arable and livestock
husbandry in much of the rest of Spain, as well as a greater emphasis on
sheep (rather than cattle as in western and northern Europe) and a greater
reliance on the mule as the preferred draft animal (Simpson 1995:37; Le Roy
Ladurie 1982:111; Franklin-Lyons 2022:35-36). Nonetheless, in principle,
replenishing and maintaining the nutrient levels of the arable land in Spain
would have required similar mechanisms as in the mixed farming systems of
northern and western Europe, i.e., using a combination of fallow and crop
rotations, as well as manure from humans (night soil) and livestock (van Bath
1963:9).

Farming system defined broadly includes agricultural practices, insti-
tutions, and technologies, as well as ecological aspects. The mixed farming
system can be seen as an example of human niche construction and was part
of the local biosphere, where the culturally defined spaces such as the
infields, meadows, and the outlying lands (Sw. utmark) were to some extent
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intertwined with the space occupied by the local flora and fauna (Eriksson et
al. 2021). In the typical example of a medieval and early modern mixed
farming system, livestock were fed upon pastures in the various outlying
lands as well as on the stubble after a harvest in the infields (Jupiter 2020).
In Sweden and Switzerland during the winter and spring livestock were fed
with hay cut from the meadows, and manure was collected and distributed
on the infields as fertilizer (Pfister 1983:293; Gadd 2005; Eriksson et al.
2021). In Spain it was more common to employ pastures throughout the year
(Collantes 2009).

Allowing livestock to graze on the stubble after a harvest had the benefit
of further fertilizing the arable fields (Pfister 1983; Dahlstrom 2006:19).
Livestock were also directly fed with crops cultivated on the arable land,
such as oats or barley (Hallberg et al. 2022a). By transferring and circulating
energy and nutrients from not only the infields and meadows, but also the
broader outlying lands, a more intensive form of agricultural production was
made possible on the infields (Olarieta et al. 2019). Medieval and early
modern fixed farming systems undergirded prolonged periods of impressive
population growth in many parts of Europe (Pfister & Wanner 2021:277).
However, there were limits to this system. It has been proposed, for example,
that arable expansion at the expense of meadows and outlying lands could
lead to soil exhaustion over time, even though pinpointing such processes
can be elusive for historical research (Gadd 2000:235-238; Allen 2009;
Bohman 2017b). The rotating fallow also posed limits in terms of
intensification (van Bath 1963:19-21).

If one were to draw a border between the natural ecosystems of the local
biosphere within which farming systems operated, and the more apparent
cultured aspects of the landscape like the infields or meadows, it should not
be drawn too sharply. There were certainly interactions, and over time a
mutual dependence developed between the two, similar to the dependencies
between livestock and crop cultivation within the mixed farming system. Nor
should the outward boundaries of these systems be drawn too sharply
(Olarieta et al. 2019): mixed farming systems and the local biosphere within
which they were embedded were not completely autonomous and isolated
systems. Trade in both grains and livestock across large regions hint at
broader processes of circulation and, to some extent extraction, of energy
(Dalhede 1999: 68; Federico et al. 2021). Furthermore, local biospheres were
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part of large-scale global systemic interactions between the lithosphere,
hydrosphere, and the atmosphere (Pfister & Wanner 2021:23-24).

These were some of the common systematic features of mixed farming
systems in Europe. However, there were endless varieties of composition in
terms of crops and livestock (and technologies!) in these farming systems
over both space and time. In some instances, these differences were clearly
dependent on local natural conditions, whereas in others there was a larger
dependence on societal drivers like markets (van Bath 1963:195, 212-217,
Grantham 1980; 1989; Campbell & Overton 1993, Simpson 1995:33-37;
Vestbo-Franzén 2004; Mrgi¢ 2011; Myrdal 2011a:109; Pfister & Kopsidis
2015; Franklin-Lyons 2022:34).°> Another common reality for farmers across
Europe during the medieval and early modern periods was a feudal
institutional regime that itself came in varieties and could have very different
implications in terms of rights and obligations, stretching from serfhood to
politically enfranchised freeholding peasant farmers.® One almost ubiquitous
factor in this feudal regime was the tithe, originally proposed as a tax of one
tenth of production paid to the church but over time increasingly assimilated
into the tax apparatus of burgeoning states. Ecclesiastical institutions and
offices, as well as the secular nobility, were mostly exempt from the tithe,
but almost the whole of the European peasant population was subject to it
(Goy 1982:5-7).

The village itself was also an institution, in many instances formally so
through village bylaws. Variants of the open-field system, where fields were
divided into strips belonging to different owners, necessitated a village
organization that would regulate agricultural activities such as sowing,
harvesting, livestock grazing, and economies of scale in relation to pasture
and the building of fences (Dahlman 1980:124-125; Renes 2010; Jupiter
2020). A long-running debate in agricultural and economic history concerns
the motivations or underlying reasons behind open-field farming. These
motivations include: long-term consequences of rules for inheritance where
land was divided between several of the children (usually male) over
successive generations, equitable distribution (e.g., of risks — the
assumption being that risks to agricultural production differed significantly
across different fields, even in the same village area), and population growth.

5 The role of natural conditions, particularly climate, in shaping agricultural systems is further developed in
section 2.3.

6 A central debate on the agricultural transformations in the 18" and 19" centuries concerns the respective roles
of institutions vs markets (Olsson & Svensson 2010; Pfister & Kopsidis 2015).
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While it continues to be debated whether individually consolidated plots
were more efficient than open-field plots, it seems clear that villages and
open-field systems served many important functions in the management of
agricultural activities and facilitated the transfer of knowledge within the
village (Nystrom 2019; Jupiter 2020; Fischer 2022). This last point is
understudied in historical research. The spread of knowledge and literacy
amongst the peasant and farming populations was intrinsically linked with
the agricultural reform movement across many parts of Europe in the 18™
and 19" centuries (Svensson 2006; Jones 2016). Enclosures did not only
change the physical and legal structures of the village landscapes and
agricultural practices — they were also associated with a transformation in
how agricultural knowledge was acquired and applied (Fischer 2022).

The open-field system has been argued to be part of a “feudal” — or a moral
economy — rationale, where farmers were bound by tradition and the
collective and, importantly, were averse to risks (Scott 1976; McCloskey 1991;
Henningsen 2001). In contrast, after enclosure reforms and increasing market
integration, farmers were able to make individual choices and thus pursue
more risky profit-seeking strategies in farming (Svensson 2006). Risk can in
this context essentially be divided into two categories: one relating to the
market and taking risks in relation to storage and speculating on future prices,
the other relating to the vagaries of weather (van Bath 1977; de Vries 1981;
McCloskey 1991; Nystrom 2019). This thesis will be mainly concerned with
investigating the latter type of risk.

There were apparent similarities in agricultural technologies across
Europe. Wheat (common and spelt), rye, barley, and oats were the most
common cereals and formed the bulk of the foodstuff for the majority of the
European population, at least until the introduction of the potato (van Bath
1963:262-266). The cultivation of these cereals required similar methods
and tools, including the plough or the ard plough, variants of the harrow, the
threshing flail (and, over time, increasingly mechanized threshers), and so on
(Myrdal 1999:135-138). This is not to imply that there was a complete
stagnation in technology; there was certainly innovation and not least a
diffusion of technologies across space and time (Bairoch 1969; Myrdal
1999:132-140). From the 18" century onwards, these changes became more
rapid and contributed significantly to the agricultural transformations in, for
example, Scandinavia (Gadd 1983:157-161; Morell 2022:30-31). An
important difference in terms of agricultural technologies was the use of
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irrigation systems in parts of Spain and other Mediterranean regions
(Grigg 1974:123-124). By contrast, irrigated arable fields were largely
absent in northern Europe, where ditching and drainage systems were
much more prominent (Kaijser 1999:38-41; Gadd 2011:156; Myrdal
2011a:84-85). Irrigation and ditching have obvious implications for the
vulnerability of agriculture to excessively dry or wet conditions.
Moreover, implements that are more efficient could potentially reduce
vulnerability by reducing the time spent on activities such as ploughing or
harvesting per unit area (Gadd 1983:259-263; Dardonville et al. 2020).

2.1.1 Historical grain varieties

A common and sometimes necessary generalization in studies
of historical agriculture in Europe is that the cultivated crops,
especially the four main grains of wheat, barley, rye, and oats, were
uniform and coherent categories with more or less fixed (and similar)
characteristics: an oat is an oat, as it were. Given the nature of plant
breeding since the late 19" century, especially the increased selection
and homogenization of agricultural plants, such a generalization might
almost seem feasible when looking at late 20"-and early 21%-century
agricultural systems. However, the method of plant breeding and seed
distribution was fundamentally different for most of history prior to the
late 19" century. The essence of this difference was that instead of
selecting for one “optimal” yielding genetic variety and its seeds, there was
a continual selection of a diversity of seeds and genetic varieties,
allowing for greater overall diversity of crop characteristics (Leino
2017:65). For the four main grains, this meant that there was historically
a wide diversity of varieties of grain, mainly locally or regionally based.

Barley

Barley was one of the predominant grains grown in Sweden up until the
18" century, but with a slower rate of growth after the 16%
century compared to rye and oats (Leino 2017:40). Figure 1 below
shows the composition of crops across Sweden ca 1690. Barley was a
versatile crop in the sense that it could be utilized for a variety of
purposes like making porridge, baking bread, as fodder, and,
importantly, being malted to make beer (Fogelfors 2015). Matti Wiking
Leino (2017:185) has argued that, due to the longevity and ubiquity of
barley as the agricultural crop in historical Sweden, it is the grain

most adapted to local environmental conditions.
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B Barley

B Rye

B Swidden-rye

B Mixed grain
Oats
Wheat

Figure 1. Composition of grain crops across Sweden ca 1690, based on data from Palm
(2016b). Circle size is determined by total grain production in each county (using ca 1810
borders to include Jimtland County), relative to the county with the largest production,
Malmohus (the largest circle on the bottom left). Minimum size has been slightly increased
for readability.

In Spain, barley has a long history of cultivation and is currently the most
cultivated type of grain. Barley varieties were also important in Switzerland,
especially in the mountainous regions (Steffenson et al. 2016). In Scandinavia
and other parts of northern and central Europe, barley was mainly cultivated
as a spring crop, whereas winter barley was more common in southern
European countries. Spring barley was known for its ability to grow in the
poorest of soils and in extreme agricultural climates like those prevalent in
subarctic Lappland, the northernmost province of Sweden (Leino 2017:197—
199).

Most local varieties of barley in Sweden were six-row or four-row until
the 18" century, after which two-row varieties became increasingly common.
The most striking characteristic of barley compared to the other three grains
is the potential for extremely short crop periods. Six-row varieties of barley
could be sown in the very latest stages of spring, i.e., late May or even early
June, and still ripen in time for an autumn harvest in August or early
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September. The rapid ripening periods of northern Fennoscandian barley
varieties like Lappkorn (“Laponian barley”), Norrlandskorn (‘Norrlandian
barley’), and Brdkorn (roughly “Bustle-barley”’) are what made arable
agriculture possible in the northernmost parts of Sweden (Leino 2017:193—
200).” The short crop period presumably also facilitated the planning and
execution of the yearly and seasonal timetable for agricultural work.
Sydsvenskt sexradskorn (“Southern Swedish six-row barley”) was one of the
main local varieties of barley within the food production system in southern
Sweden during the study period. In the woodlands of Scania, it could
reportedly be sown as late as June and harvested in mid-August. It has been
argued that this type of late sowing can be seen as a risk-mitigating strategy,
because the Sydsvenskt sexradskorn was sensitive to frost (Leino 2017:192).
At the same time, it is known from more northerly parts of Scandinavia that
a late sowing dramatically increased the risk for autumn-frosts ruining the
crop and that, in general, autumn frosts were a greater threat than spring
frosts (Huhtamaa 2015; Ljungqvist & Huhtamaa 2021). In Spain, six-row
winter varieties of barley appear to have been dominant. Genetically, the
most common barley varieties in Spain appear quite distinct from other parts
of Europe, either having more in common with wild barley varieties from
Morocco or appearing more or less “indigenous” to the Spanish central
plateau (Martinez-Moreno et al. 2017:19). While wheat was the culturally
preferred food grain, the importance of winter barley for the Mediterreanean
region should not be underestimated (Engelbrecht 1930). In contrast to
spring barley in northern Europe (see below), winter barley in the
Mediterranean appears to have been more drought tolerant and was grown in
more arid areas (Merch 1999).

In Switzerland, as in other parts of central and western Europe, two-row
barley varieties appear to have been the most common type in the pre-
industrial period (Jones et al. 2011; Steffenson et al. 2016). In Sweden, it
does appear that the actual and gradual spread from the southern provinces
seems to have begun in the 18™ century at the latest, whereas in Spain two-
row varieties became increasingly common in the 20" century (Leino
2017:208-209; Martinez-Moreno et al. 2017:14).> Two-row varieties of
barley have been noted to be more tolerant to frost. The 16™ century Spanish

7 Norrlandskorn could be further distinguished by local varieties like Dalakorn, Hdilsingekorn, Jimtlandskorn
and Valbyggekorn (Leino 2017:193).

8 Leino argues that the general spread of two-row barley during the Middle Ages and Early Modern period has
been underestimated (Leino 2017:203).
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agronomist Gabriel Alonso de Herrera noted in Agricultura General that
two-row barley was the preferred choice in colder areas (Herrera 1818:chap.
8). Beer brewing is also more commonly associated with two-row varieties,
whereas four- or six-row varieties seem to have been more commonly
employed as fodder, in bread baking, or in making porridge (Jones et al.
2011:7).

Two-row varieties of barley are generally higher yielding and have
historically been perceived as a qualitatively finer type of grain compared to
six-row varieties. In return for this higher yield and quality, two-row varieties
require better soils and more intensive agricultural farming methods overall
(e.g., more consistent application of manure and soil preparation much
earlier in the spring) (Leino 2017:203-204). An interesting observation here
is that more intensive forms of grain production do not necessarily increase
risk; rather, adopting frost-tolerant varieties went hand-in-hand with
intensification of production. Another type of agrometeorological threat that
is commonly associated with barley (and spring crops generally) is drought,
at least in northern Europe (Pribyl & Cornes 2020b:196). Moreover, another
potential drawback with spring crops is that they do not utilize the growing
season as completely as autumn crops, and the yield is frequently more
meager compared to overwintering grains as a result.

Rye

Due to its pollination biology, which facilitates rapid adaptation to local
environmental circumstances and farming practices, rye can be considered a
highly dynamic crop. Accordingly, there have actually been more differences
within each local variety of rye than between them (Larsson et al. 2019).
Nonetheless, as landraces, including those of rye, are partly shaped by
specific farming practices, there are more or less uniformly identifiable traits
associated with particular patterns in farming practices (especially sowing
times), thus engendering particular local varieties of rye. The dynamic
character of rye can be exemplified by documentary evidence from Sweden
that suggests the sowing time of rye varieties could vary markedly, all the
way from April to the following February, and then harvested from August
to September. Some varieties, like Senrdg (“Late Rye”), could reportedly be
sown all through December in Scania, or in extreme cases it could even be
sown in the early spring. This type of late sowing allowed for the
incorporation of autumn rye into a two- or three-field system, which
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bypassed the need for a full year of fallow after the preceding harvest (Leino
2017:167-169).

Autumn rye facilitated autumn grazing within the dominant open-field
systems. Grazing did most likely damage the plants to some extent, while
also reducing the risk for damages associated with overwintering (Leino
2017:160, 178). In terms of frost resistance, autumn rye varieties are
generally seen as more hardy compared to spring crops (Hommo 1994).
However, in central Europe spring frosts could cause severe yield reductions
to the autumn rye crop. Autumn rye was also susceptible to snow mold
during overwintering (for example Microdochium nivale, which is found
across most of Europe, or Sclerotinia borealis, which is present in
northernmost Europe: see Jamalainen 1949; Mozny et al. 2012).

Rye was also sown as a spring crop, which was planted mainly in areas
with poor soils that made the cultivation of autumn rye difficult. Spring rye
has a slower rate of ripening and a lower stocking level, which requires more
seed per unit of area compared to autumn rye (Leino 2017:182).

Oats

Whilst not a particularly demanding crop in terms of soil and nutrients, oats
are generally sensitive to drought and are well-suited to “wet” regions with
high amounts of precipitation like Scotland, southwestern Scandinavia,
or the mountainous Hirtenland of Switzerland (Pfister 1983; Dodgshon
2006). In fact, by the early 17" century oats had become the dominant
crop in large parts of western Sweden, and in the subsequent
centuries up until the end of the 19" century oat cultivation continued its
absolute and relative expansion (Hallberg et al. 2022a). Whereas the
establishment of oats as the main crop in the west of Sweden has been seen
as an adaptation to the region’s wetter climate, the rapid growth of oat
cultivation in the 19™ century has been explained in terms of market
demand and exports to other FEuropean countries, primarily
England (Myrdal 2011a:112; Hallberg 2013:99-100, 105). Oats have
a particular benefit in that they are not susceptible to many of the crop
diseases that other cereals are prone to (Andersson et al. 2015). A
drawback with oats is that they are sensitive to drought (Pribyl & Cornell
2020b; Raud Westberg 2022). Besides being used for human
consumption, the importance of oats as a fodder crop meant that it
was a crop highly integrated into the agricultural and economic
system as a “fuel” for draft animals and in transport (Hallberg et al.
2022a).
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Spelt and common wheat

In Switzerland, spelt wheat (henceforth spelt) was one of the most common
cereals during the study period (Pfister 2007:203). There is also a history of
spelt cultivation in northern Spain. Spelt is usually considered to be better
adapted to colder conditions and long photoperiods compared with common
wheat (henceforth wheat), with the latter being the more dominant in
Mediterranean regions such as Spain (Campbell 1997; Ratajczak et al. 2020).
Another difference between spelt and wheat is that the latter is a generally
higher yielding and more demanding crop in terms of soil. Wheat was
arguably better suited to the winter-spring cereal crop season practiced in the
Mediterranean, and spelt as an autumn crop with the summer as the main
growing season. The main limit to growing spelt in the Mediterranean
appears to be that it matures relatively late, making it more vulnerable to
terminal drought in the regularly occurring drought season (Curzon et al.
2021). By relegating the wheat harvest season to the start of the dry season,
Spanish farmers were presumably much less exposed to the type of
excessively rainy harvest season that threatened farming in many other parts
of Europe.

Spelt and particularly wheat were less important in Scandinavia during the
historical period, even though they were important crops during parts of its
pre-history (Lagerds & Larsson 2020). Wheat, being more temperature-
sensitive than rye or barley, was not favored in the Scandinavian climate, at
least not during the medieval and early modern periods. However, the same
climatic reason is less apparent for spelt, which is a hardier and more cold-
tolerant crop. Spelt may have become less attractive in relation to other crops
like (hulled) barley with the introduction of more efficient harvesting
techniques (Pedersen & Widgren 2011).
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2.2 European climate during the “Little Ice Age”

The European climate of the last twelve centuries has been subject to
periodization attempts. Between roughly 800-1250 CE there was, for
instance, a rise in average temperatures in Europe and elsewhere, which has
spawned the concept of the Medieval Warm Period (MWP).? Following the
MWP around the start of the 14™ century, there was a drop in average
temperatures in the boreal parts of the globe, which lasted until the 1850s (or
even the early 1900s in northern Sweden, see Figure 2 as well as Figure 9 in
Section 5.3.2). This latter period has been referred to as the “Little Ice Age”
(Rohr et al. 2018:248; Pfister & Wanner 2021:171). In both these periods
there were different changes in inter-annual weather variability, as well as
warmer and colder years, or spans of years, respectively. In addition, there
are sub-periodizations based on solar or glacial activity, such as the “Sporer
Minimum” (c 1460-1550), the “Grindelwald fluctuation” (¢ 1560—1630), the
“Maunder Minimum” (¢ 1645-1715), and the “Dalton Minimum” (c 1790—
1830) (Eddy 1976; Pfister et al. 2018a:269, 279; Wanner et al. 2022).

The LIA was not uniformly cold. Rather, it involved spatially and
temporally differentiated climatic variability across Europe, as well as
globally. It should be noted that the LIA is very much a living concept,
evolving over time with changing periodicities as new research sheds further
light on the climate of the past (Biintgen & Hellmann 2014; Collet & Schuh,
2018a; Wanner et al. 2022). Researchers have identified and debated a
multitude of causal mechanisms within the climate system that can be
associated with the LIA, such as orbital cycles, reductions in solar activity,
changes in ocean currents and atmospheric circulation, (increased) volcanic
eruptions, and deforestation or reforestation induced by human settlement
(Zorita et al. 2018:24-25). Volcanic eruptions in particular have been
identified as a form of climate forcing that have led to more extreme or
detrimental forms of climatic variability in the relatively short term, e.g., a
handful of years (Sigl et al. 2015). The onset of the LIA may have been partly
triggered and maintained by clusters of volcanic eruptions working in
tandem with other internal forcing mechanisms (see Miller et al. 2012 and
Bronniman et al. 2019b).

° Another common term here is the Medieval Climate Anomaly, which is arguably a more relevant term when
discussing climatic conditions (i.e., temperature and hydrolimate) globally (Bradley 2015:548-550). Since the
focus of this discussion is on Europe, and most of the reconstructions describing this period in Europe are
temperature-based, the term Medieval Warm Period has ultimately been judged more relevant here.
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Returning to the climate and changes thereof, the available climate data is
much more detailed than a consideration of only periodizations (e.g., LIA)
and sub-periodizations (e.g., Maunder Minimum) would suggest. For
example, there is instrumental meteorological data from many cities across
Europe, including Scandinavia, beginning at the early 18" century on a
monthly, daily, or sometimes even sub-daily basis. These early instrumental
measurements frequently contain the type of biases historians are
accustomed to be working with, such as who took and documented the
measurements, why the measurements were undertaken at a particular time
or what understanding of time (e.g., calendar) was being employed (Pfister
2018:37-38; White et al. 2023). They also contain biases better understood
by meteorologists, such as the effects of placing an instrument in a sun-
exposed location or measurements at a particular time of day (Moberg et al.
2002; 2003; Bohm et al. 2010). With the help of large data sets, computer-
assisted algorithmic methods can also aid in correcting for biases and
homogenizing climatological time series (Squintu et al. 2020).

Describing the climate over time and space can be quite exhaustive, given
that there are continuous oscillations, different types of variability on
different time scales (e.g., seasonal vs annual or annual vs decadal), and
stochastic local variation. While there was geographical and temporal variety
during the LIA in Europe, research on many different locations throughout
Europe and Scandinavia has been able to identify some commons trends. In
what follows, I will focus on research regarding the climate of Sweden as
well as central Europe before moving on to research that focuses on the
climate history of the Iberian Peninsula, in both cases during the early
modern period. Wanner et al. (2022) argues that the reduced average
temperatures associated with the LIA were above all a winter phenomenon,
affecting the other seasons to a lesser extent, at least in central Europe. The
LIA appears to have been most strongly expressed in central European
winters during the years 1500—1800 with average temperatures 1.1 °C below
the 1961-1990 reference period (Pfister et al. 2018a:276-277). In
Stockholm, winters were also generally cold during the period 15001700,
slightly warmer during the 18™ century, and then somewhat colder again
during the 19" century, see Figure 2.
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Figure 2. Reconstructed mean winter-spring (JFMA) temperature anomalies (w.r.t. 1961—
1990 mean) for Stockholm, 1500-1950. Thick line shows a 31-year Gaussian smoothing and
thin line shows annual variation. Data from Leijonhufvud (2010).

However, there were years or decades within the LIA where sharp drops in
summer temperatures occurred, such as during the last decades of the 16™
century and the early 17" century, the 1640s (although not as marked in
Sweden), the last decades of the 17" century, and large parts of the 19™
century (see Figure 2). Spring temperatures were especially low in the 1690s,
years of particular hardship in large parts of northern Europe, in particular
the Baltic Sea region (Leijonhufvud et al. 2010; Dribe et al. 2017b).
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Figure 3. Summer (JJA) temperature anomalies (w.r.t. 1961-1990 mean) in Spain, Sweden
and Switzerland 1000-1950, based on reconstruction from Ljungqvist et al. (2019). Thick
curves show a 31-year Gaussian smoothing, whereas thin curves show annual values. LIA as
defined by Wanner et al. (2022) in the shaded red area (1250-1860).

Except for an interlude of warmer temperatures in its middle, especially in
Sweden, most of the 17" century was cold, with more pronounced reductions
in average temperatures in the early and late decades of the century (Wanner
etal. 2022). After the “long” cold 17" century, which ended in roughly 1710,
the 18™ century saw a “return” to milder and warmer temperatures, albeit
with some notable exceptions with extremely cold temperatures, such as the
1740s and 1770s. However, as can be seen Figure 2, differences between the
17™ and 18™ centuries were less pronounced in Sweden.

The last prolonged period of greatly reduced average temperatures
encompassed the first decades of the 19" century, which includes years like
1816, the “Year Without a Summer”. The exceptionally cold temperatures
and lack of sunlight, caused by the eruption of Mount Tambora in 1815,
resulted in a disastrous year for agriculture in parts of Europe (but not
Scandinavia) (Pfister & White 2018:552-553). In fact, many catastrophic
climate or weather events that have severely disrupted harvests and caused
agricultural crises throughout the last 500 years (and beyond) have been
linked to similar eruptions or series of volcanic eruptions (Huhtamaa &
Helama 2017b; White et al. 2022). Wet winters and cold, wet springs and
summers in the 1590s, 1690s, 1740s, 1770s, and 1810s have been linked to
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volcanic eruptions (Pfister et al. 2018a:268-269). However, volcanic
eruptions do not always have spatially consistent effects across Europe, with
large-scale regional differences along northern-southern and western-eastern
divides. Besides cooling generally occurring in the year following an
eruption, especially in northern and western Europe, there is also a weak
tendency for dry conditions during the same year and in the year following a
volcanic event in parts of central and eastern Europe, as well as southern
Scandinavia (Fischer et al. 2007; Seftigen et al. 2017).

Another influence on temperatures in most of northern and central Europe
comes from the North Atlantic Oscillation (NAQO). The NAO represents
differences in sea-level pressure between Iceland and the Azores, which
significantly affects the strength of the westerlies in western and northern parts
of Europe. A positive NAO describes cyclonic conditions around Iceland and
anticyclone conditions around the Azores. A negative NAO denotes below
average sea-level pressure in the Azores region and above average pressure
around Iceland. Large negative NAO anomalies have been associated with
some of the more exceptionally cold winters in central and northern Europe
during the early modern period (Pfister et al. 2018a:274-275).

Whereas the climate in northwestern and central Europe experienced some
common climatic trends during the LIA, differences within Europe should
not be ignored. Notably, summer temperatures in Sweden during the 1540s,
1630s, and 1640s exhibit opposite trends to Spain/Switzerland, as can be
seen in Figure 2 (see also Figure 9 in section 5.3.2 showing central
Scandinavian growing season temperatures). A clear break can be seen in the
late 19™ century when the LIA abates in Spain and Switzerland but intensifies
in Sweden until the early 20" century. Furthermore, northern and southern
Sweden differ to some extent, where average summer temperature anomalies
are slightly higher in southern compared to northern Sweden. However,
given that the proxies used to reconstruct the summer temperatures in Figure
2 vary in their spatiotemporal coverage and skill, comparisons, especially
those of greater magnitudes, should be made with caution.

Despite the commonalities between Swiss and Spanish summer
temperatures, the Alps is commonly noted as an important separator in the
European climate, where the areas to the north of the Alps are heavily
influenced by Atlantic westerlies, whereas in the Mediterranean region south
of the Alps high atmospheric pressures regularly generate warm and dry
summers (Pfister et al. 2018a:266-267). This contrast is perhaps weaker in
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regards to the Iberian Peninsula, which is also heavily influenced by Atlantic
weather patterns, than it is for example between Italy and Germany. Within
the Mediterranean region, there are further differences. However, given that
Spain is one of the regions studied in this thesis, the following discussion
will focus on the state of research regarding the climate history of early
modern Spanish.

Most of the available evidence regarding year-to-year variations in the
Spanish climate during this period comes from either tree-rings or
documentary evidence describing rogation ceremonies (Dominguez-Castro
et al. 2008; Ruiz-Labourdette et al. 2014). Such ceremonies were regularly
conducted in Spain to aid people against weather or climatic stresses in the
form of Pro Pluvia Rogations (prayers for rain) or Pro Serentiate Rogations
(prayers for the cessation or reduction of rain). According to a study of
rogation ceremonies in Toledo, central Spain, the periods 1600-1675 and
1711-1775 experienced the most drought, whereas the years in between, i.e.,
16761710 were less drought-prone. Tree-ring proxies indicate that in
southern Spain, the 1590s stand out for being exceptionally wet, at least
during the winter and spring, with somewhat dry summers. In central Spain,
the summers of the 1590s—1610s appear to have been exceptionally dry.
Based on rogation ceremonies in the 18" century, the period 17551782
seems to have been generally quite dry in large parts of central Spain,
followed by frequent extreme rain events in the years 1783—1788. Overall,
in Spain the late 18" century is known for the so-called Malda Anomaly (ca
1760-1800), which was characterized by a destabilization of the normal
climatic conditions in the western Mediterranean, with oscillations between
extreme rainfall and extreme drought (Barriendos & Llasat 2003; Oliva et al.
2018). The coldest period in the mountains of the Iberian Peninsula, i.e., most
of the inland territory, was roughly 1620-1715. Cooling also occurred
between 1570—1620 but was not as dramatic as that in northwestern or central
Europe (Oliva et al. 2018). The period between 1715 and the Malda Anomaly
experienced milder temperatures.
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2.3 Agriculture and climate in Europe during the early
modern period

In recent years, a new term has developed to describe studies of the historical
relationships between climate and human societies, i.e., Climate and Society
Studies, or the History of Climate and Society (HCS) (Degroot et al. 2022).
HCS incorporates the recent surge in these types of studies, many of them of
an interdisciplinary nature, where researchers and methods from a wide
range of disciplines are included. While largely coincidental, one might say
that the year 2021 was the unofficial launch of HCS, when a flurry academic
publishing explicitly or implicitly adopted the term HCS (although the genre
itself is much older). These publications include: a monograph titled Climate
and Society in Europe — The Last Thousand Years, written by the pioneer in
the field of climate history and historical climatology, Christian Pfister, and
the paleoclimatologist Heinz Wanner (Pfister & Wanner 2021); a research
review titled “Climate and Society in European History” (Ljungqvist et al.
2021); another review concerning the Nordic countries titled “Climate in
Nordic historical research” (Ljungqvist & Huhtamaa 2021), and finally what
might be called a sort of research manifesto, the Nature article “Towards a
rigorous understanding of societal responses to climate change” (Degroot et
al. 2021). A commonly expressed notion in these publications is that the
study of agriculture is a crucial part of HCS.

During the last 150 years, while the relationship between climate and
agriculture has periodically drawn the attention of historians, agriculture has
interested historians almost by default, given that it is the agrarian societies
since the First Agricultural Revolution (or the Neolithic Revolution) that
gave rise to written source materials and the discipline of history itself (Scott
2017:13). Of course, historians have also been drawn to agriculture by an
interest in agriculture in itself, as evident by my own discipline of agrarian
history (Myrdal & Morell 2011). In the following, I will start out by
outlining, based on previous research, the natural conditions to which
agriculture has adapted over the longue durée, here including and
predominantly focusing on climate. Subsequently, I will turn to a discussion
of studies that have attempted to quantitatively study how climate has
affected agriculture over time, with a focus on crop and livestock production.
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2.3.1 Agriculture and climate in Europe over the longue durée

Long-term differences in agriculture across space can be connected to
differences in physical geography and climate (Le Roy Ladurie 1971:20,
118-119; Mills 2007). Carl-Johan Gadd (2000) has argued that before the
agricultural transformation in the 19™ century, agriculture in Sweden was to
a large extent shaped by natural conditions. Similar arguments can and have
been made for other parts of Europe, including Spain and Switzerland (van
Bath 1963:23-25; Pfister 1983; Simpson 1995:36). Intermediating factors in
these relationships are changes over time in natural conditions themselves,
cultural preferences, technological diffusion, institutional change, and the
influence of markets (Vestbo-Franzen 2005; Malinowski 2016; Federico et
al. 2021; Franklin-Lyon 2022). Nonetheless, natural conditions to some
extent shaped the baseline of what was possible or feasible in terms of
agriculture (Braudel 1981:49-50).

In most of the inland of northern Scandinavia, cereal cultivation was very
limited and, due to the short and cool growing season, mostly concentrated
on the cultivation of a single type of crop — barley (Welinder 2019).'° In most
of Spain and other parts of the Mediterranean region, summers were
prohibitively dry, leading farmers to prefer the winter-spring months for
cereal cultivation instead of the spring, summer, and early autumn months,
which constituted the main cereal growing season in most other parts of
Europe. Wheat was much more common in southern Europe, compared to
northern Europe due to the accumulated heat requirements (usually
conceptualized as Growing Degree Days, GDD) and wheat varieties’
sensitivity to frost (van Bath 1963:263; Foss 1925). Other examples of
locally adapted crop specialization include that of oat cultivation in western
Sweden due to the wetter climate prevalent there, as well as rye in the east
(or barley in southern Sweden) due to a dry spring-early summer seasonal
pattern. Historical research has shown that mitigation or adaptation in
response to the constraints set by natural conditions has been possible
(Kjaergaard 1991; Bohman 2017a, 2017b). Improved agricultural techniques,
e.g., in fertilization, as well as crop selection and breeding, have allowed
wheat to become one of the most important crops in Scandinavia (Almas
2002; Dalgaard & Kyllingsbak 2003; Morell 2011:184). Another example
with long historical roots is the use of irrigation systems in Spain (Butzer et

10 Note that barley was also the dominant crop in southernmost Sweden (see Fig. 1), such as in Scania, which
offers some of the richest soils and most favorable conditions for arable agriculture throughout Scandinavia.
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al. 1985). Land reclamation is perhaps the most common way agrarian
populations have actively manipulated the constraints of nature, the most
striking example being the Low Countries (van Bath 1963:199-203; Kaijser
1999:37-41).

The limits to cereal cultivation in agroclimatically marginal areas like
northernmost Europe or the most rugged areas of the Alps or the Carpathian
Mountains certainly played a role in keeping population numbers low in
those regions (Pfister 1983; Galloway 1986; Welinder 2019). However, low
population densities also had the benefit of making large spaces available for
extensive forms agricultural production, mainly in the form of livestock
husbandry, which predominantly focused on cattle, sheep, goats, or reindeer
herding, but also included swidden-agriculture (Dodgshon 2009). In northern
Sweden, Norway, and the Swiss Alps, these large spaces were partly used
for summer farms. These were a form of satellite farming enterprise where
livestock could graze upon large summer pastures accompanied by members
of the peasant household - in Scandinavia usually the women and the young
— who also worked producing secondary milk and cheese products at these
farms (Netting 1972; Cole 1972; Larsson 2009:95-97). In Spain, a type of
transhumance was practiced where herds of sheep were taken to pastures in
elevated mountainous regions in the summer and towards lower elevations
and river valleys in the winter and spring (Ruiz & Ruiz 1986).

These spatial differences only tell part of the story: neither the climate nor
the human societies were static and thus any analysis would be incomplete
without a temporal element and a considerable allowance for contingency.
How exactly climatic change or variability would have affected agriculture
or an agrarian society depended largely on how the current farming systems
were structured; e.g., the compositional make-up of livestock and crop
production, what agricultural methods were employed, and the natural
conditions like soils in the area (de Vries 1981:22; Michaelowa 2001:4-5, 7;
Mrgi¢ 2011). As already indicated, climate played a role in shaping these
factors. There are thus both long-term as well as shorter-term relationships
between climate, weather, and agriculture — with a layer of socio-cultural
intermediation in between (Degroot et al. 2021).

Taking other factors into account, it can be generally proposed that
farming systems were adapted to the long-term climate in their region, and
when there were significant shifts in the climate regime, this led to stress on
the farming system and society in question, at least in the short to medium-
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term before adaptations could be made (Burke & Emerick 2016; Leino
2017:13; Shennon 2018). The most notable example here, at least in
European historiography, is the cooling of the LIA which was supposedly
detrimental to farming systems adapted to the warmer temperatures of the
MCA (White et al. 2018:333). Pfister et al. (2018b:269) note that many
climatic shocks occurred during periods of high vulnerability for populations
in continental Europe, which were marked by population growth and
declining incomes (see also Pfister & Brazdil 2006). These societally shaped
vulnerabilities interacted with the vulnerability of agriculture to climate and
weather in a forceful way. Recent publications by the historians Bruce M.
Campbell (2016) and Geoffrey Parker (2013) have been particularly
important for popularizing the notion of how periods of simultaneous
demographic, economic, environmental, and climatic stress led to much
human and animal suffering. Of course, social forces came to play the
predominant role in many of these cases. Esper et al. (2017) and Ljungqvist
et al. (2018) found for example that effects from climate or even from plague
on the economy were largely obfuscated by the devastating impacts of the
Thirty Years War (1618—1648).

Caution should be taken, however, before universally assuming that colder
temperatures were universally and necessarily bad (Le Roy Ladurie
1971:118-119; Degroot 2018:300-303; Haldon et al. 2018). While late
spring frosts frequently caused crop losses, the autumn frost seasons in many
parts of continental Europe and southern Scandinavia are well outside
historical harvest seasons (Wetter & Pfister 2011; Pribyl et al. 2012; Marchi
et al. 2020). Many of the historical spring crop varieties cultivated in
northern Europe were in fact primarily sensitive to drought (Pribyl 2020).
Excessive rain during the harvest season could certainly be detrimental but
wetter conditions were for the most part beneficial during the preceding
summer months, although probably less so on marginal or less well-drained
lands (Edvinsson et al. 2009:125-126; Brunt 2015). In the southern third of
Sweden, drought and not cold has been argued to have been the most severe
threat to crops (consider that the vast majority of Scandinavian grain
production occurred in this region, especially if Denmark is included! See
Fig. 3 below and Edvinsson et al. 2009:126; Wei et al. 2021; Hallberg et al.
2022b).!" In the Low Countries, there appears to have been division between

'l The combined share of the northern counties, i.e., Visternorrland, Kopparberg, Givleborg, Jimtland,
Visterbotten and Norrbotten, in total grain production in Sweden was roughly 15% in 1810 (Hallberg et al.
2022b).
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localities more sensitive to drought and those more sensitive to cold during
the early phases of the LIA (Soens 2022). Perhaps the most telling example
of the ambiguity of cold conditions is the fact that the Dutch Golden Age
coincided with the some of the colder episodes of the LIA, as analyzed by
Degroot (2018).

Pei et al. (2015, 2016) and Waldinger (2022) identified positive rela-
tionships between growing season temperatures and large-scale harvest
aggregates. However, both studies relied on aggregating the highly
unbalanced and heterogeneous yield ratios from Slicher van Bath (1963),
effectively assuming large parts of Europe (all of Europe in Pei et al. 2016,
eastern or western in Pei et al. 2016, and France, Germany, Sweden and
Poland in Waldinger 2022) to be homogenous agricultural entities over the
period 1500-1800. Both the underlying data, as well as the implicit
assumption inherent in such aggregation have questionable validity.'?

Nonetheless, there is some evidence implying negative impacts of cold
across Europe, for example looking at economic indices like grain prices
(e.g., Ljungqvist et al. 2022). Large-scale studies of medieval and early
modern grain prices have found that colder periods were associated with
higher grain prices, and vice versa (Esper et al. 2017; Ljungqvist et al. 2022).
However, there is a lack of reliable studies showing corresponding
relationships between crop harvests and temperatures. Holopainen et al.
(2012) did find such patterns for wheat yields and prices in 19" century
Sweden; however, those results are not easily generalizable to other parts of
Europe. Several other climatic (and of course non-climatic!) factors could
have affected grain prices. Colder summers were usually also wetter, and this
combination may have led to large storage losses through mold and vermin
in times when storage facilities were inadequately isolated (Pfister 2005;
Claridge & Langdon 2011). Overland transports would similarly have
suffered from excessive rain (Batten 1998). Other important considerations
include the mutual dependence of crop and livestock production, where

12 A more careful aggregation and realistic estimation of yield ratios based on data from van Batch (1963) and
van Zanden (1998) can be found in de Pleijt & van Zanden (2016). De Pleijt & van Zanden (2016) find that
yields increased in eastern Europe until the 18™ century and in western and southern Europe until the 17% century,
whence yields stagnated in large parts of Europe (but not eastern Europe), followed by a sharp increase in western
Europe in the 18™ century. For comparison, according to Pei et al. (2015), long-term yields across Europe
decreased by more than 50% between the early 16" century and the late 17" century, a period which
simultaneously experienced a significant growth in population. Supposedly, yield ratios around 1800 were still
below the early 16™ century peak! In Pei et al. (2016), yields decreased in eastern Europe by more than 60%
between the early 16™ and the 17" century, and increased in the 18" century. In other words, completely opposite
trends to those estimated by de Pleijt & van Zanden (2016) for eastern Europe.
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colder conditions could have negatively affected pastures and livestock and
thus indirectly hit crop production through the availability of fertilizer
(Utterstrom 1955; Michaelowa 2001; Costello et al. 2023). Excessive
wetness could also lead to nutrient run-off from the top layers of the soil
(Pfister 2006:205). Lower temperatures slowed down soil nitrogen
mineralization rates, thus potentially contributing to lower yields over the
medium-term (Dessureault-Rompreé et al. 2010). Finally, given that markets
were imperfectly integrated, it is possible that areas or phenomena more
sensitive to colder temperatures (like transport and storage) had an outsized
effect on grain prices (Pfister 2006:202-206; Collet 2010; Campbell
2018:20; Federico et al. 2021).

While the impact of episodes of extreme cold and wet summers are
generally acknowledged, the long-term general impacts of the shift to the
LIA are less clear (Pfister & Wanner 2021:282-286). Over time, farming
systems as well as the plant material itself would have adapted to the new
climatic regime, although this process is exceedingly difficult to study
empirically given the lack of available sources and the complexity inherent
in such a process of multi-level adaptation (see for example Tello et al.
2017). Nonetheless, one could argue that the gradual recovery in population
levels after the LMAC suggests that some degree of adaptation had likely
occurred, given that, although the frequency and severity of plague outbreaks
decreased, the LIA persisted for several centuries (Lageras 2015:17-18;
Pfister & Wanner 2021:254; Wanner et al. 2022). Overall, it seems quite
certain that the main driver of the LMAC was the Black Death and
subsequent plague outbreaks, while the LIA reinforced trends of, for
example, farm abandonment in parts of western and northern Europe,
especially in marginal agricultural areas where growing season temperatures
set the actual geographical limit of arable agriculture (Solantie 1992;
Antonsson 2004:122; Izdebski et al. 2020)

Instances with extreme cold or drought might exemplify cases where the
effects from climate, and the climate-society relationship, are most evident.
A fundamental assumption underlying much research in the HCS is the
dependence of agriculture, and thus agrarian societies, on climatic conditions
and weather outcomes (Degroot et al. 2021). However, even in modern
contexts where the available data is much more available and detailed, it has
frequently been difficult to identify clear non-ambiguous relationships
between meteorological indicators and agricultural yields. This has been
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explained by the tendency for non-linearity in some of these relationships, as
well as the heterogeneity of weather or high-frequency climate (Schlenker &
Roberts 2014; de Toro et al. 2015; Beillouin et al. 2020). While the interplay
between agrarian structures and natural conditions can appear stable, the
boundaries of the possibilities of agriculture in the face of natural constraints
have shifted over time and multiple avenues for adaptation have existed in
many contexts. In other words, contingency and change have existed in the
relationship between agriculture and nature. Nonetheless, the relative
stability in these relationships lend themselves, at least to some extent, to
systematic study. In the following section, I will describe the research
conducted in the last 70 years that fits within a field that I term historical
agrometeorology, which covers Europe during the pre-industrial period
(although not going back further than the Middle Ages), focusing mainly on
quantitative studies and on crop and livestock production.

2.3.2 Historical agrometeorology

The modern science of agrometeorology concerns the study of how climate
and weather impact agricultural production, with the aim of utilizing the
understanding of these relationships to improve agricultural practices. In the
historical disciplines, scholars have also tried to estimate climate and weather
impacts on agricultural production. However, rather than the improvement
of current practices in agriculture, the predominant aim of this research has
been to improve our understanding of past societies. As has already been
noted, climatic impacts on agriculture are considered among the first and
most fundamental impacts of climate on society in most historical models
(Kramer 2015; Ljungqvist et al. 2021).

Most of the scholarship regarding the Swedish context has been guided by
Utterstrom (1955), who argued that colder periods were especially
detrimental to fodder supplies and the maintenance of livestock. As a
reaction, grain production would acquire a more prominent role during such
periods. Recently, Costello et al. (2023) has identified such patterns in
pastoral regions of north-west Europe. Utterstrom (1955:107-108) also
argued that the relationship between climate and agriculture in Sweden could
be divided into two main regions. In northern Sweden, temperature was the
constraining factor, while in southern Sweden precipitation that had that role,
at least after the 17™ century (this hypothesis is developed further in section
3.4.1). In the late 1950s (and much later than that as well), there was still a
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general lack of agricultural and in particular climatic data to systematically
test these hypotheses.

The first quantitative estimation of the weather dependence of Swedish
historical agriculture, to this author’s knowledge, was Palm (1997), who
studied conditions on a one-field (Sw. ensdde) farm run by a few generations
of local bell-ringers in Halland, southwestern Sweden, during the period
1760-1865. Palm (1997:137-139) found several specific relationships
between annual and monthly weather patterns and yields of particular grain
varieties, although the relationships were in general quite weak.
Furthermore, Palm (1997:112-114) found adjustments in the agricultural
work calendar at Djiknebol in relation to temperature and precipitation
variability. The local nature of Palm’s (1997:143) study did not permit any
wider generalizations on Utterstrom’s (1957:107) hypothesis regarding the
general agrometeorological dependencies in southern Sweden. Edvinsson et
al.’s study (2009) represents one of the first attempts to quantitatively
examine and test this hypothesis, using a variety of sources and mainly
focusing on the 18™, 19" and early 20™ centuries. The authors found that
grain crops in the southern parts of Sweden generally performed better in
years of low temperature differences between winter-spring and the summer
seasons; i.e., during periods of warm winter-springs and cold summers. The
results also largely conformed to the hypothesis proposed by Utterstrom that
agriculture was constrained primarily by summer precipitation in southern
Sweden and by temperature in northern Sweden. Edvinsson et al. (2009:125)
found wheat to be the most climate-sensitive crop, while autumn crops in
general were more sensitive than spring crops, at least in the 18" and early
19" centuries. Holopainen et al. (2012) also found a positive correlation
between spring temperatures and wheat yields, as well as a tendency for
inverse climate-grain price relationships in comparison with climate-grain
yield relationships during the 19" century in Sweden.

There have been few, if any, attempts to quantify historical climate-
agriculture relationships in other parts of Scandinavia. Broadening the scope
slightly to Fennoscandia by including Finland, we find multiple examples of
such studies (Huhtamaa & Ljungqvist 2021). In general, the agrometeo-
rological patterns in Finland have followed those described by Utterstrom
(1957:107) for northern Sweden; i.e., growing season temperature was the
main constraint. Within Finland, the northern and eastern parts were more
temperature-sensitive compared with the main agricultural districts in the
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south (Solantie 2012; Huhtamaa et al. 2015). Besides general growing season
temperatures, winter severity and the onset of the growing season have also
been argued to be especially important for cereal harvests in Finnish pre-
industrial agriculture. In a quantitative estimation of the relationship between
grain yields and temperatures, Huhtamaa et al. (2015) found January and
June to be the most important months. Effects from February and in
particular March were much weaker and the harshness of the winter
temperatures in the northernmost provinces of Finland had no clear effect on
grain yields, which indicates a more complex relationship between yields
and winter severity. Huhtamaa et al. (2015) proposed that January possibly
had a particular role to play in the risk for the development of fungi, which
could be heightened if, for example, the ground remained unfrozen after
December and was subsequently covered by a thick snow layer in January.
Warmer growing season temperatures had a positive impact on grain yields
across Finland, where the effect was particularly clear in the northern
provinces. Solantie (2008) and Huhtamaa et al. (2015) have argued that the
maxima reached in daylight hours in June explains the particular importance
of that month.

Looking outside the Nordics, the Low Countries, England, Switzerland,
and the Iberian Peninsula are the most studied regions from the perspective
of historical agrometeorology. Jan de Vries (1981:29-30) represents one
pioneering example: he estimated the role of winter temperatures, and in
particular the extent of freezing during March, on various agricultural and
economic indicators, finding that dairy production was negatively affected
by colder temperatures in that month. Grain yields in a collection of polders
in South Holland were negatively correlated with winter (November through
March) precipitation (i.e., more rain = lower yields'?), although correlations
varied by locality. Tim Soens (2022) studied grain yields and tithes in the
southern Low Countries during the 14" and 15" centuries; he found no
consistent relationships valid for the entire region. For example, while there
were some harvest failures in the notoriously wet years of 1315 and 1316,
many localities brought in excellent harvests when the same meteorological
conditions prevailed in the 1398 and 1399. Brussels and Cambrai exhibited

13 These types of clarifications (e.g., more rain = lower yields) are employed throughout the thesis in parentheses.
Only outcomes in one direction are stated, but they should be interpreted as being valid in the other direction as
well. Thus, the above example could also be read as less rain = higher yields. They are mainly intended for
pedagogical purposes and are not to be taken as declaration of mathematical or causative certainty. They are,
however, indicative of statistically significant signs (positive or negative) of correlation.
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negative correlations between tithes and summer temperatures (i.e., warmer
summers = smaller harvests), whereas Heist showed positive correlations
(i.e., warmer summers = larger harvests). Single monthly or seasonal
climatic indicators explained about 10 per cent or less of historical harvests
(Soens 2022).

Pre-industrial English agriculture was notoriously susceptible to excessive
rain during the growing season, particularly during harvest times. Quantitative
studies have mostly found effects on harvests from July and August
temperature and hydroclimatic conditions, and there seems to be no readily
identifiable temperature signal from the summer season as a whole
(Titow 1960; Brunt 2004, 2015). Bekar (2019), who studied persistence in
harvests shocks in medieval England, partly considered climatic shocks as
well. He found a weak negative relationship between a variable based on
interacted temperature and hydroclimatic series and grain yields (only
statistically significant at the 10 per cent level). Furthermore, both
temperature and precipitation appeared to have negative effects on yields
in OLS models; in other words, both warmer temperatures and increased
precipitation decreased yields, although the effects were modest overall.

Kathleen Pribyl (2012) has shown that April-July temperatures could
explain up to 62 per cent of variation in grain harvest dates in the East
Midlands of England during the late 18" and early 19" centuries. The warmer
the growing season, the earlier the grain could be harvested. Pribyl (2017)
has also identified a relationship, albeit weaker, between the length of the
harvest in the Middle Ages and oak-based hydroclimate proxies, where
wetter conditions in July and August was associated with longer harvest
times. A similar association between grain harvest dates and growing season
temperatures has been found by Wetter & Pfister (2011) in early modern
southern Germany and Switzerland, where, again, warmer temperatures were
associated with earlier harvest dates. Harvest outputs in central Europe
generally appear to have been badly affected by cold springs and wet
summers (Pfister 2005). Wet autumns also appears to have negative effects
on the subsequent year’s harvest, presumably because of nutrient run-off
(Pfister 2006:203).

In Spain, where the main crop season occurs between November and July,
spring droughts have presented the most apparent agrometeorological threat.
Cold winters and springs also appear to have posed a threat
(Barriendos 2005; Llopis Agelan et al. 2020; Moreno et al. 2020).
Excessive precipitation has
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also been identified as a threat to Spanish grain production, given the
association between such meteorological events and incidences of the
common (wheat) bunt (Moreno et al. 2020). In neighboring Portugal,
excessive precipitation between August and October, together with above
average precipitation and temperatures between December and April, have
been proposed as the main agrometeorological constraints for wheat and rye
production, at least in the years around 1800 (Silva 2020).

To summarize, it is mainly in the northernmost regions of Europe that a
readily identifiable positive signal between growing season temperatures and
grain harvests appears during the pre-industrial era. In areas to the south of
these regions, relationships are generally of a smaller magnitude and more
heterogeneous. The positive association between growing season temperatures
and harvest only occurs in some areas and pertains mainly to temperature-
sensitive crops like wheat and some varieties of autumn rye, or some
temperature-sensitive phenological phenomena, such as the ripening of the
crop. Nonetheless, it has usually been possible to identify at least some primary
or baseline agrometeorological relationships in these areas. An important task
for future research in this regard is to explain the more readily identifiable (in
comparison with climate-harvest relationships) negative relationship between
temperatures and grain prices (i.e., warmer temperatures = lower grain prices,
see Ljungqvist et al. 2022). Local- or regional-level agrometeorological
relationships are further discussed in sections 3.2-3.5.
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3. Theoretical framework

This section outlines the theoretical framework of this thesis. Firstly,
definitions of weather and climate are given. Secondly, I elaborate on ways
in which the impact of climate on pre-industrial agriculture can be modelled.
Thirdly, I offer a hypothesis regarding what dominant agrometeorological
patterns can be discerned in the study areas, based on previous research.

3.1 Climate vs weather vs ...?

In order to study the relationship between climate and historical agricultural
production, one needs define what constitutes climate as well as provide
some insight into how the concept has developed over time. Earth’s climate
system is immensely complex and variable, and our understanding of it is as
yet far from complete, not least in a pre-industrial context that lacks
greenhouse gas emissions as a dominant forcing factor (IPCC 2021). Over
the last decades, however, researchers have made several significant strides
in understanding the climate of the past in Europe (see Pfister & Wanner
2021 for an accessible and relevant overview of the European climate during
the last millennium). Europe (and in particular Scandinavia) is one of the
most studied regions (together with North America and East Asia), which
has led to a rich record of climate reconstructions based on various proxy
records, some of which are of particular interest for this thesis (Gunnarsson
et al. 2011; Luterbacher et al. 2016; Seftigen et al. 2017; Fuentes et al. 2018;
Ljungqvist et al. 2019).

So, what is climate? The most straightforward definition of climate is the
long-term average of weather at a given locality. Weather itself can be
defined as the current or short-term atmospheric state of factors like
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cloudiness, temperature, radiation, precipitation, and moisture in a particular
location. The weather changes with the passing of time; thus, one must turn
to a description of the average weather. After a given length of time, one can
start to describe the average weather as climate. The discursive shift from
weather to climate depends on particular social and cultural customs. For
example, the German language contains the term Witterung (similar to
vdderlek in Swedish), which is a sort of middle term between weather and
climate that describes meteorological conditions lasting several days or
weeks (Pfister & Wanner 2021:25). A common definition defines climate as
averages of meteorological phenomena over 30 years or longer (WMO
2017). These are arbitrary definitions, since neither climatological,
biological phenomena, nor climate-society relationships operate at such
specific time-scales. In practical research applications, such as paleoclimate
reconstructions, different time-scales are used: these range from a few years
to fifty, hundreds, or thousands of years (Bronnimann et al. 2018). The
primary interest of this thesis is not a fundamental understanding of climate
in and of itself; rather, it is in how average weather across different time-
scales has related to variations in agriculture. Most historical climate data
before the late 19™ century, with some exceptions, is on a monthly, seasonal
or even longer time-scale. This thesis will refer to short-term variations over
less than 30 days in a given year as “weather”, while any average that
combines monthly or seasonal averages in a time series that stretches over a
number years will be referred to as “climate”. For example, the shift in
summer (JJA) or July temperatures from one year to the next (within the
context of a time-series!) will be described as climate variability.

In climatological sciences, it is also common to separate low-frequency and
high-frequency climate when analyzing different types of variability (Esper et
al. 2002; Christiansen & Ljungqvist 2017). An important distinction is often
made in this regard between long-term cycles or secular shifts, which can be
described as climate or climatic changes that are of low-frequency character,
versus short-term or high-frequency variations that can be framed as climate
or climatic variability (Wanner & Siegenthaler 2000). The varying effects of
low frequency and high frequency climate variations are difficult to
disentangle analytically, or even to conceptualize, but constitute an important
topic for research (Esper et al. 2017; Ljungqvist et al. 2022).*

14 Time-series analysis is largely dependent on making such distinctions; i.e., detrending (Durbin & Watson 1950
1951).
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3.2 Modelling the impact of climate on pre-industrial
agriculture

Agriculture is inherently dependent on weather. Even if weather at any given
moment in time can appear capricious, fickle, or “random”, there is an
underlying structure (climate) behind weather. Similarly, there is a structure
to the dependence of agriculture on weather and climate. Some specific
meteorological outcomes will more frequently be associated with beneficial
or detrimental outcomes for agricultural output (Trnka et al. 2016; Lecerf et
al. 2019; Wallach et al. 2019; Beillouin et al. 2019).

These structures can be described as agrometeorological or agro-climatic
relationships, where agrometeorological concerns more short-term, detailed,
and specific relationships, and agro-climatological more long-term, broad,
and generalized relationships. For example, the near-exclusive reliance on
barley cultivation in northernmost Fennoscandia and North Atlantic islands
like Iceland and the Faroe Islands, or the dominance of a late-winter/spring
season of cereal cultivation in large parts of Spain and Italy (in contrast to a
late-spring/summer season in northern Europe) can be classified as agro-
climatological relationships. A study of the specific effect of growing season
temperatures on barley yields in northern Europe or hydroclimate indices on
wheat yields in Spain would belong to the agrometeorological (e.g., Brunt
2015; Huhtamaa et al. 2015; Pefia-Gallardo et al. 2019). This thesis is mainly
concerned with studying agrometeorological relationships, although the
agroclimatic context can to some extent be illuminated through studying
agrometeorological relationships over time.

Crops are affected by the independent and interactive effects of a multitude
of climatic variables, including temperature, soil moisture, precipitation,
daylight, and wind strength. Livestock production is more complicated, given
stalling and the use of a combination of live vegetation as well as previously
harvested fodder as livestock feed; however, it can also to some extent be
modelled partly as a function of climatic variables (Jalvingh 1993; Dahlstrom
et al. 2006; Godde et al. 2021). This thesis is mainly concerned with crop (and
fodder) production. Weather and climatic indicators by themselves only
explain a part of total harvest variation. Other important variables include soil
(e.g., texture, organic matter, water content, nutrients, and pH-values), farm
management (e.g., sowing and harvesting dates, irrigation, fertilization, the
variety of crop sown, seeding density, and the quality of the seed), and the
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incidence of pests and weeds. Of these, pests and weeds are some of the most
difficult factors to control for (Pasley et al. 2023).

The strength of the influence of climatic indicators is controlled to some
extent by these other indicators. High incidence of crop pests can cause crop
losses even during weather conditions that otherwise would have been
beneficial (although many pests are themselves related to climate variability,
see Moreno et al. 2020). Historical actors, farmers who made decisions
regarding, for example, when to sow or when to harvest, how much manure
to apply to a particular field, or when and how much to plough, could also
mitigate the influence of climatic factors (Palm 1997:101, 109-114). A
distressing example here is historically frequent phenomenon of seed
shortage, which could affect the harvest in the subsequent year even if
weather conditions were adequate (see Bekar 2019). While sowing and
harvesting dates ultimately depended on decisions and subsequent actions
taken by farmers, they were also affected by variations in weather and
climate. Sowing could be affected by the timing of thaw, rainfall, or cloud
cover (farmers preferred to sow in clear, sunny conditions). Harvesting was,
in turn, influenced by overall growing season temperatures, as well as by
weather conditions during the harvest season (rain can delay harvesting, for
example, while an early frost can force premature harvesting) (Wetter &
Pfister 2011).

Further complicating the modelling of climate and weather impacts on
crops is the fact that different crops are affected in different ways, and
many of these relationships are non-linear (Semenov & Porter 1995;
Wallach et al. 2019:3). The influence of temperature, for instance, on the
yields of a given crop can only be expected to be strictly linear within a
certain threshold range. Extremes in either tail of the outcome distribution
can be expected to be detrimental for yields, following an exponential
rather than a linear function in many cases (Hatfield & Prueger 2015).
Furthermore, crops have different requirements at different stages of
development (Lecerf et al. 2019). Indeed, modern crop models often
explicitly include various different stages of crop development to estimate
the final crop yield (Pasley et al. 2023). The combination of factors
affecting crop development, and the non-linearity present in these
relationships, mean that there are inherent limitations in terms of the
magnitude one can expect from linear estimations (though marginal
agricultural areas constitute a possible exception here: see section 3.4.3).
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The number of potential meteorological variables relevant for successful
crop development (from the point of view of the farmer) is thus very large.
They involve worlds in themselves that are the subjects of whole fields of
research, such as the rhizosphere, pedosphere, biosphere, and atmosphere
(McNear 2013; Fogelfors 2015, Peng et al. 2020). To include all possible
(and potentially important) interactions directly is a task that, in terms of
conceptual complexity and data requirements, is outside the scope of this
thesis, or any single piece of research for that matter (Carter et al. 2018).
Indirectly, they are all potentially included. Any given crop model, outside
of very controlled experimental settings, will be far from perfect. In any case,
overfitting is hardly the goal, since generalizability would be lost. Practical
limitations in combination with the increasing availability of computing
power has led to crop modelling becoming more common than crop
experiments. Crop models commonly assume uniformity in soil conditions,
homogenous crops, and idealized management practices (Wallach et al.
2019). Furthermore, most crop models are based on a post-World War II
context (mainly from the 1980s onwards) with more detailed cross-sectional
data, not least climatic data, where aggregation is presumed to be more valid
given greater homogeneity in agricultural practices across space during that
period. An important benefit in using historical time-series (here taken to
mean series covering not only decades but potentially centuries) is the
possibility of studying much longer time horizons using actual empirical
data. In the following, the agro-climatic contexts for the regions studied in
this thesis are described, including a delineation of the hypothesized
agrometeorological relationships.

3.3 The role of temperature and precipitation in crop
development

Different stages of crop development have different temperature
requirements.'> What is optimal from the plant’s physiological perspective
is usually not practicable in a given agricultural context. Sowing is generally
undertaken at temperatures far below those at which maximal germination
occurs. Across much of Europe, the sowing of cereals is usually done when
daily mean temperatures range between 5-15 °C, whereas maximal

15 By temperature, I am mainly discussing ambient temperature, which can be defined as the temperature in the
air surrounding the crop.
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germination for many crops occurs in soil temperatures ranging between 20—
25 °C (Pfister 1983; SCB 2009; Royo & Bricefio-Félix 2011; Bringéus
2013). Sowing at colder temperatures allows for deeper root establishment,
making the crop more drought-resistant (Fogelfors 2015:259). In fact, there
is an upper (and lower) temperature threshold for all stages of crop
development, below (or above) which one can expect crops yields to be
higher. Cooler summer temperatures (summer temperatures in Europe as
usually well above minimum thresholds required for crop growth) can thus
allow maximiziation of each stage of crop development in relation to the full
growing season, or, as already mentioned, reduce the risks of drought. By
implication, it cannot be assumed that warmer growing season temperatures
are necessarily beneficial, even in a northern European context.

In crop models, temperatures are mainly summarized as maxima, minima,
means, or combinations thereof using Growing Degee Days (GDD) (Wallach
etal. 2019). GDD estimates the number of days when temperatures are above
(and, frequently, below) a certain threshold value, calculated as the minimum
thermal requirement for crop growth subtracted from the daily mean
temperature (see McMaster & Wilhelm 1997). Baseline thermal temperature
requirements range between 0—10 °C. For locally adapted crops, the thermal
requirements can be negatively correlated with latitude due to differences in
daylight. For the historical barley variety bere, cultivated in Scotland and
possibly in other North Atlantic islands, the baseline thermal temperature
requirement has been estimated at slightly above 1 °C (Martin et al. 2023).
In continental Europe or in Sweden, the baseline is usually set at around 5
°C (Morel et al. 2021).

As already noted, there is a temperature limit over which plant growth
stagnates. Therefore, some estimations of GDD use upper threshold limits,
usually set at 30 °C or a little less (Burke & Emerick 2016; McMaster &
Smika 1988). The overall relationship between crop growth and temperature
in temperate climates generally follows a skewed normal distribution, where
crop growth approximates a linear curve until it reaches the maximum
temperature threshold, after which growth decreases exponentially, as
illustrated in Figure 4 (Criddle et al. 2005).
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Figure 4. Idealized version of the relationship between crop growth and temperatures in
temperate climates. Author’s drawing.

Empirical evidence tends to indicate decreased yields across large parts of
Europe at thresholds much below 30 °C. For example, Beillouin et al. (2020)
studied the impact of various climatic indicators on harvest yields across
Europe during the 20" century and found that in “Northern Europe” (Finland,
Sweden, Denmark, the United Kingdom and the Netherlands) yields of
winter wheat plateaued and started to decrease with mean maximum (the
monthly/seasonal mean of daily maxima) spring temperatures at 16 °C or
above. Mean maximum spring temperatures above 15 °C were detrimental
for cereal cultivation in western, southwestern and northern Europe. Mean
maximum summer temperatures above ca 23 °C decreased yields in
“Western Europe” (Belgium, France and Germany), whereas in “Northern
Europe” the effects were less marked but yields nonetheless stagnated
already at mean maximum summer temperatures above ca 18 °C (Beillouin
et al. 2020). For reference, Figures 5 and 6 show March-May and June-
August mean maximum temperatures during the period 1901-1980.
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Figure 5. MAM mean maximum temperatures across Europe, 1901-1980. CRU TS 4.06 data
(Harris et al, 2020). Map made using https://climexp.knmi.nl.
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Figure 6. JJA mean maximum temperatures across Europe, 1901-1980. CRU TS 4.06 data
(Harris et al, 2020). Map made using https://climexp.knmi.nl.

64



The curves representing these relationships were much more skewed than the
one shown in Figure 4. This supports the assumption that there is a structure
in the dependency of crops on temperature (and other meteorological
indicators) that can be identified, to some extent, using parametric analysis.
If the curve had instead approximated a normal distribution (the classic bell
curve) very closely, the linear correlation coefficient of that relationship
would be close to 0 with a p-value of 1.

Water is necessary for biochemical processes in the soil and for crop
development. The vast majority of the farming systems studied in this thesis
were rain-fed. In Sweden and Switzerland more or less all cereal cultivation
and fodder production was rain-fed. Only smaller garden plots, which were
common and important for dietary reasons, were irrigated (Hallgren
2016:132—133). In Spain, irrigated cereal cultivation did occur, but it was
mostly relegated to dry and intensively managed lands located close to rivers
(Franklin-Lyons 2022:33, 44-46; Grau-Satorras et al. 2021; Natalia et al.
2014). During sowing and germination, precipitation requirements are
smaller and large amounts of rain during this period of crop development is
usually detrimental for the crop development process. Water requirements
then increase with each stage of crop development until flowering, at which
point the water requirement is temporarily reduced before it increases again
for the grain filling stage. In the final stage of ripening just before and during
harvest, very little rain is generally preferred in order to allow the grains to
dry adequately.

Dates for harvesting vary both within and between countries. In Sweden,
barley harvest dates during the study period ranged from early August to
late September (SCB 2009; Bringéus 2013:25; Wichman et al.
1968:139). Autumn rye could be harvested from late July to September,
depending on the rye variety and the locality (Bringéus 2013:36; Leino
2017:160). By September 29, on Michaelmas, most of the harvesting was
usually completed (Pribyl 2017:12). In Switzerland, overwintering
grains were usually harvested in the latter half of July and spring grains
in August (Pfister 1983; Wetter & Pfister 2011). In Spain, grains were
usually harvested between June and July, depending on the locality. In drier
regions harvesting tended to be done earlier, while in wetter regions
harvesting was undertaken further into the summer season (Simpson
1995:150; Royo & Bricefio-Félix 2011). In large parts of Europe,
excessive rain was the most common menace during harvest time
(Wetter & Pfister 2011; Brunt 2015; Pribyl 2017:143).
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Inadequate crop drying reduced quality and could cause rot. However, in
Spain where harvesting was done around the start of the dry season,
excessive rain at harvest time can be expected to have been an issue mostly
in the north (see also section 2.1.1). Too little rain at any stage before the
final ripening phase can cause severe harm or even lead to the withering of
the crop, while too much rain can cause similarly serious harm and rot. Soil
types differ greatly in their water retention capacities (Panagea et al. 2021).
In the aforementioned study by Beillouin et al. (2020), increased
precipitation during the spring and summer was beneficial but effects
stagnated rapidly after ca 1-2 mm %' in western Europe.'®
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Figure 7. Mean MAM precipitation (sums) across Europe, 1901-1980. CRU TS 4.06 data
(Harris et al, 2020). Map made using https://climexp.knmi.nl.

In the western Mediterranean (Italy, Spain and Portugal), increased
precipitation during late winter and spring up until ca 1-2.5 mm %! led to
increased yields. In northern Europe, yields increased up to ca 3 mm 9!
summer (JJA) precipitation (Beillouin et al. 2020). This can be compared
with the long-term mean in the sum of seasonal precipitation across Europe
in Figures 7 and 8.

16 mm 4! stands for millimeters per day.
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Figure 8. Mean JJA precipitation (sums) across Europe, 1901-1980. CRU TS 4.06 data
(Harris et al, 2020). Map made using https://climexp.knmi.nl.

Because of the limited amount of historical research, much of the discussion
above has had to rely on studies of agrometeorological relationships in the
20" and 21* centuries. Extrapolating from 20™ and 21% century conditions to
earlier periods is hazardous, given the large changes in agriculture that have
occurred, including mechanization, use of chemical inputs, and, not least,
new types of crops that have been optimized for the context of industrial
agriculture (Morell 2011:166—-168; Hagenblad et al. 2012). For example,
Trnka et al. (2015) found that the main adverse “weather event” for cereal
cultivation in northwestern Europe between 1980-2010 was “field
inaccessibility”, presumably caused by the inability to operate heavy
machinery like tractors in soils that are too wet. Field inaccessibility caused
by heavy rains was certainly an issue in a context of pre-industrial agriculture
as well, but the difference between mechanized tractors and horse- or ox-
driven ploughs can be assumed to be large, especially when considering soil
compaction caused by the weight of mechanized vehicles (Ankli 1980; Trnka
et al. 2015).

Together with the issues in extrapolating across time, extrapolation across
space can also be problematic. It is commonly emphasized that agriculture
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was increasingly homogenized with industrialization (Grigg 1982; Finberg
& Collins 2000; Morell 2011). Indeed, it has even be argued that agriculture
started to become more homogenized through the various (largely pre-
industrial) agrarian revolutions that took place across many European
countries in the 19" century that brought technological diffusion, and
increased market integration and enclosure reforms (Chorley 1981; Gadd
2000). However, it has to be noted that even in today’s more homogenous
agricultural context there are considerable differences in agrometeorological
relationships across Europe (Trnka et al. 2015; Beillouin et al. 2020).

3.4 Hypothesized agrometeorological relationships

3.4.1 Sweden

In a context where agriculture was more locally adapted and heterogeneous
across space, spatial aggregation can lead to model misspecification and has
to be done with caution. In Sweden, as already noted, harvests in the north
and south exhibit opposite signs in correlations with summer temperatures,
which makes aggregation problematic. When Holopainen et al. (2012)
studied the impact of temperature fluctuations on a general crop index across
Sweden, a very weak and inconsistent climatic signature was detected, but a
clear positive temperature signature across the spring (i.e., warmer springs =
larger harvests) was found when the authors focused only on wheat. During
the 19" century wheat was still a relatively marginal crop mostly grown in
similar agroclimatic contexts in southern Sweden, which makes aggregation
less of an issue (see also section 2.1.1). Wheat requires more GDD compared
with traditional varieties of rye, barley, and oats (Foss 1925). Given this
context, a positive temperature signal can be expected in wheat harvests.
Barley, which was one of the most important crops across Sweden in the 19™
century, can only be expected to exhibit a positive association with growing
season temperatures (i.e., warmer growing season = larger barley harvests)
in the sparsely populated northern two-thirds of Sweden. An opposite
association (i.e., warmer summers = lower harvests) is more likely in
southern Sweden (roughly the southern third, below the limes norrlandicus,
see Fries 1949 and Figure 7), where the growing season was less constrained
by early autumn frosts and where springs, especially along the Baltic
coastline, are relatively dry (Edvinsson et al. 2009:126; Teutschbein et al.
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2022). Warmer temperatures during the summer might, in this context,
increase the risk of drought. Furthermore, when paired with increased
daylight hours, warmer temperatures can stimulate the crop to undergo
development stages prematurely in relation to the yield potential when taking
advantage of the full growing season (Johansson & Staiger 2014; Aslan et
al. 2015; Goransson et al. 2019). To the extent that rye and oats were
cultivated in the north, a corresponding pattern of divergent signals between
the north and south can be expected. The negative association with summer
temperatures and cereal harvests (excluding wheat) in southern Sweden
should be regarded alongside a positive relationship with summer
precipitation (i.e., wetter summers = larger harvests).
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Figure 9. Length of growing season (days above 5°C) across Sweden during the
meteorological reference period 1961-1990. Limes norrlandicus marked with a red line. Map
projected by author based on data from SMHI (2023).

In northern Sweden, here roughly the areas north of the /limes norrlandicus,
as in other parts of northernmost Europe, pre-harvest autumn frost was a
common threat facing farmers. Such events could lead to large-scale harvest
failures and force farmers to harvest the crop when it was not yet ripe, so-
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called “green-years” (Sw. grondr) (Holm 2012:23). This would have
increased difficulties in drying the crop, given the higher moisture content in
its unripe form. Expected linear agrometeorological relationships for Sweden
are summarized in Table 1 below.

Table 1. Expected linear agrometeorological relationships for grain production in Sweden,
ca 1500-1900.

Sweden Northern Southern
Spring temperature + (+)
Summer temperature +

Summer precipitation/soil () +
moisture

Winter temperature (+) +

Winter precipitation () ()

Notes: Positive associations (i.e., higher values of the given climatic indicator = larger
harvests) are marked with +, negative associations (i.e., higher values of the given climatic
indicator = smaller harvests) are marked with -. Parentheses indicate a weak relationship.
Author’s estimation.

3.4.2 Spain and Switzerland

Spain is one of the largest countries in Europe, contains numerous
mountainous areas, and is partly surrounded by two different oceans. As a
result, Spain possesses the most heterogeneous climate in all of Europe
(Beck et al. 2018). Three broad agro-climatic zones can be distinguished. In
the northernmost parts of Spain, the climate is more maritime with milder
summers and more abundant precipitation that keeps soils wet throughout
the year. Soils where cereals are grown in the north are predominantly
cambisols with moderate fertility and water retention capabilities. The high-
altitude plateau regions of central Spain are drier than the northern areas
bordering the Atlantic, and have a more continental climate with warm
summers and cold winters. Cambisols are also heavily present there (Gomez-
Miguel & Badia-Villas 2016). Most of the central, southern, and eastern
regions experience dry and warm summers. Parts of southern Spain, while
dry, are also very fertile, especially the clayey vertisols of northern Andalusia
(e.g., in Sevilla, Cordoba and Jaén). In almost all of Spain, except in the
regions bordering the Atlantic, soils dry up during the summer. In the
southeast and parts of the northeast (e.g., some areas in Aragon), soils are
dry throughout the year (Goémez-Miguel & Badia-Villas 2016:12). The

70



ubiquity of summer drought has led Spanish farmers to relegate the main
cereal-growing season between November and June. In northern Spain, the
cereal-growing season can extend even further into the summer. The period
September/October until May usually experiences moderate amounts of
precipitation and mild/cool temperatures in most parts of Spain, although
regional and local variation is, as already noted, significant. In June, the
warm dry period begins. Most of the cereal cultivation in Spain appears to
have been rain-fed. Local examples of irrigated cereal cultivation can be
found, especially in the south and east (Sarrion 1995; Palerm-Viqueira 2010;
Catalayud et al. 2022). By relegating the season for cereal cultivation to the
winter and spring months, Spanish farmers largely avoided the dry season.
These factors combine to make generalizations of hypothetical
agrometeorological relationships in Spain difficult. Nonetheless, it can be
expected that more rain during the spring was generally beneficial in eastern
and southern Spain, whereas in northern Spain, where the soils are more wet
and there is more reliable rain throughout the year, one would expect a
negative association with rain (i.e., more rain = lower harvests). With regards
to temperature, a positive association can be expected in northern Spain and
high-altitude areas (i.e., warmer temperatures = larger harvests).

Differences in altitude can be expected to yield widely different
agrometeorological relationships (e.g., Pfister 1983; Royo & Bricefio-Félix
2011; Pefia-Gallardo et al. 2019). High-altitude areas can be expected to have
been vulnerable to colder temperatures and frost events. Cereal cultivation
in very high altitudes can be expected to show a positive association with
temperature (i.e., warmer springs = larger harvests) and a negative
association with precipitation (i.e., more rain = lower harvests). A caveat
here is that many of the high-altitude areas of Spain can also be very dry, or
exhibit radically different microclimates.

Similar to Spain, Switzerland has a very mountainous geography.
However, this thesis mainly includes data from the Swiss Kornland, which
is made up of plains and semi-hilly terrains at lower altitudes mostly located
in the central plateau region between the Jura Mountains and the Swiss Alps,
where farmers cultivated both spring and autumn crops (Pfister 1983;
Sluchter 1989). Previous research has stressed the hazards associated with
cold springs, wet summers, and, to some extent, wet late autumns/early
winters in the Kornland. Grain production in the Kornland, despite the
cultivation of different crops, was susceptible to years with extreme cold and
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wet springs and summers (Pfister 1978; Pfister 2006:203; Pfister & Wanner
2021:282). Ticino and parts of Valais, such as the Rhone valley, have areas
with warmer temperatures and more sunshine compared to other parts of
Switzerland, while at the same time being very mountainous regions.
Conditions for cereal cultivation in these areas varied greatly depending on
altitude and vicinity to large lakes (Sluchter 1989). Expected linear
agrometeorological relationships for Switzerland and Spain are summarized
in Tables 2 and 3 below.

Table 2. Expected linear agrometeorological relationships for grain production in
Switzerland, ca 1500—1800.

Switzerland Kornland (valleys and plains at lower altitudes)
Autumn and winter precipitation -
Autumn and winter temperature +
Spring precipitation ()
Spring temperature +

Summer precipitation -

Summer temperature +)

Notes: See Table 1. No expectations for autumn and winter precipitation and temperature on
grain production due to the dominance of spring crops.

Table 3. Expected linear agrometeorological relationships for grain production in Spain, ca
1500-1800.

Spain Northern |Central plateau, eastern and southern
Late autumn and winter temperatures + (+)

Late autumn and winter precipitation () +

Spring and early summer temperature |+ ()

Spring and early summer precipitation  |(-) +

Notes: See Table 1.

3.4.3 Marginal vs central agricultural areas

Mean temperature and the sum of precipitation during a whole month or an
entire season can capture large amounts of agriculturally-relevant
meteorological information. Based on empirical research, a single indicator
can be expected to capture up to 10-30 per cent of explained variation in
harvest output, where the lower end maxima can be expected in central
agricultural areas and the higher end in areas that are more
agriculturally marginal (Palm 1997:138-139; Edvinsson et al. 2009:122—
126; Brunt 2015;
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Huhtamaa & Helama 2017b; Bekar 2019; Soens 2022; Martin et al. 2023).
It can be conceptualized as risk dispersal. Putting all one’s eggs in one
basket, or being heavily dependent upon a single climatic indicator, will
dramatically increase risk, given the inherent inter-annual variability in most
climatic indicators. In other words, the closer a harvest indicator follows a
single climatic indicator, the more marginal that particular agricultural unit
can be considered to be, and vice versa. This suggests that only weak
associations can generally be expected in linear estimations between harvests
and single climatic indicators, even in instances where the data are reliable
and valid. As already mentioned, extreme years will have larger and more
clearly discernible impacts, even in central agricultural areas (Soens 2022).
Note that harvest dates are not included among harvest indicators here.
Harvest dates appear to have been largely dependent on a single climatic
indicator, namely growing season temperatures, even in agricultural areas
that can be considered central, as in parts of England and southern Germany
(Wetter & Pfister 2011; Pribyl et al. 2012).

Crops are primarily dependent on conditions during actual crop
development, a period that can be termed “the growing season”. However,
for overwintering crops, conditions during winter when the crops are largely
dormant can also be important. Excessive precipitation in the autumn or early
winter can lead to nutrient run-off or waterlogging. Waterlogging can
deprive plants of oxygen and stimulate the development of root diseases.
Crop diseases like Ergot or Fusarium head blight prefer mild and humid
conditions and can survive the winter (Parry et al. 1995; Miedaner & Gieger
2015). Development of the fungi Sclerotinia borealis, which is prevalent in
northernmost Europe, is stimulated by unfrozen soils that are subsequently
covered with a thick snow cover (Jamalainen 1949). These pre-growing
season effects are more difficult to estimate than current-year effects, given
their indirect and complex nature (Vogel et al. 2021). In general,
overwintering crops were less prevalent or even non-existent in marginal
agricultural areas like northernmost Europe or the Swiss Hirtenldinder
(Pfister 1983; Huhtamaa et al. 2015; Martin et al. 2023).

There are other reasons why lagged effects might be important. In pre-
industrial agriculture, seed was obtained from the previous year’s harvest. A
poor harvest could result in a seed shortage. Bekar (2019) has shown that
harvests in medieval England were persistent, where a scarce harvest had a
negative impact on the harvest in the subsequent year. Pests or extreme

73



weather events were often the culprits behind scarce harvests (Brunt 2015;
Moreno et al. 2020; Hoyle 2020). However, army confiscations in times of
war or inadequate transport and storage can be expected to have had similar
or even worse effects on seed supply (Parker 2013; Slavin 2019; Franklin-
Lyons 2022:199). Increased market integration, improved access to credit,
and the establishment of public granaries can, on the other hand, be expected
to have reduced persistence in harvests caused by seed shortages (Bekar
2019). Given that increased output leads to fixed deductions taking an
increasingly lower share of harvest output, productivity increases should also
have lessened the risk of seed shortage (Pfister & Wanner 2021:257). This
implies that farms more specialized in intensive grain production and farms
in central agricultural areas should have been less exposed to harvest
persistence than farms with more extensive grain production or farms in
marginal agricultural areas (Edvinsson et al. 2009:132—133).

Thus, even though agriculture is fundamentally dependent on weather and
climatic conditions, the exact nature of this relationship is determined by a
large set of factors that are changeable across space and time. Nonetheless,
this section was able to delineate some hypotheses regarding baseline
agrometeorological relationships in the areas studied by this thesis. The next
section describes how these implications and hypotheses have been tested.
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4. Methods

The methods in this thesis are largely quantitative, employing statistical
approaches developed in different fields of the social and natural sciences,
such as economic history and paleoclimatology. Each paper employs
different, specific methods, but all of them employ some kind of combination
of simple statistical techniques, such as calculations of means or standard
deviations, and more demanding ones like parametric (in terms of
assumptions) and algorithmic (in terms of assumptions and computing
power) approaches. Each paper also required extensive data management, in
order to prepare and sort data prior to analysis. The most widely used
software was R and to a lesser extent QGIS.

4.1 Combining algorithmic and historical approaches

The first paper used the ACMANT software and technique to homogenize the
Lund instrumental temperature series, as well as to fill relevant gaps using a
network of homogenized temperature series from neighboring regions
(Domonkos 2011; 2021). Hierarchical cluster analysis using the R package
cluster was employed to aggregate farms into similar clusters based on their
similarities in variability with regard to production over time (Maechler et al.
2019). The second paper used the R package NbClust to cluster farms based
on their climatic sensitivity using K-means clustering (Charrad et al. 2014).
The third paper employed the Indicator Saturation technique from the R
package gets to identify structural breaks in the aggregated tithe data (Castle
et al. 2015; Castle & Hendry 2020; Sucarrat 2020). These algorithmic
methods are useful in that they allow for computing-intensive analysis based
on actually observed values in the data. A potential downside, which is
discussed in paper one, is that they can be difficult to interpret in a historically
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relevant way. One commonly employed solution to this issue is to always
compare and situate results from algorithmic methods within the historical
context, using available literature as well as primary sources, inspired by the
type of source criticism generally considered indispensable to historians. This
does involve further risks of confirmation bias, a difficult problem to avoid
entirely, but which would have been greater had the studies only relied on
manual methods. It should be further noted that algorithms are also subject to
potential biases when it comes to the choice of parameters and input data
(Gibson & Ermus 2019). Manual methods alone would also have placed
considerable constraints on what would have been computationally possible.
Thus, in most cases a combined approach was considered useful and arguably
superior to relying on either algorithmic or manual methods alone.

4.2 Parametric methods

Linear estimations like Pearson’s correlation analysis and OLS (Ordinary
Least Square) regressions were important parts of the main analysis. The
validity of these types of parametric analysis are based on a series of
assumptions. In historical time series, issues of stationarity and
autocorrelation are important considerations (Jorberg 1972:12—-13). In many
instances, detrending is required. Since trends were in many cases non-linear
and were instead difference stationary, detrending methods allowing for
variable trends were employed, mainly using normalized yield anomalies
based on loess smoothers (Papers I and II) or Butterworth high-Pass filtering
(Papers III and IV) (Butterworth 1930; Bauernfeind & Woitek 1996;
Beillouin et al. 2020). In OLS modelling, which was used in Paper III,
multicollinearity was checked using variance inflation factors and the weak
autocorrelative structure that sometimes remained even after detrending was
addressed by using Cochrane-Orcutt estimations (Cochrane & Orcutt 1949;
Gujarati 2011).

Much of the data was collected from previously published databases. An
active effort was made to become acquainted with the context of the sources
underlying these databases, in order to understand their limitations and
potential, by consulting the relevant literature or the persons involved in their
establishment. Preparation of data was, where possible, done in line with
previous research; this included, for example, using various threshing or
conversion coefficients from Olsson & Svensson (2017) and Hallberg et al.
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(2016:46-47). Sorting or aggregation of data was made with a combination
of historically-informed and algorithmic approaches. For example, when
aggregating farm-level tithes for the first paper using hierarchical cluster
analysis, the results were compared to established historical categorizations.
Similarly, after aggregating tithes to the county level in Paper IIL, a so-called
indicator saturation technique from the R package gets was employed to
identify structural breaks in the data. These breaks were then compared with
changes in the sample and the historical context. A very similar approach
was used when homogenizing the Lund instrumental temperature series in
Appendix A in Paper L.

4.3 Combining series of agricultural dates

In Paper III, combined series of agricultural dates were constructed using
methods similar to those in previous research. Basically, this meant
removing differences in means in order to get a unified mean for all series,
while keeping common year-to-year variations (Holopainen et al. 2006;
Labbé et al. 2019). This approach is based on the assumption that there is a
synchronicity in year-to-year variations of temperature-sensitive phenomena
within a defined region that also experiences high spatial correlation in
temperatures. The latter assumption is easily demonstrated empirically,
whereas the former assumption carries more uncertainties. However, to the
extent that cross-sectional data was available, there was good corres-
pondence in year-to-year variations, which supported the former assumption
as well.

4.4 GIS mapping

Climate is mainly a geographical concept and spatial analysis commonly
forms a crucial part of climatological studies. In Jdmtland, spatial differences
in climate-agriculture relationships have been proposed as particularly
relevant. GIS-mapping, specifically choropleth maps using the QGIS
software, was therefore employed in the third paper to see if there are
discernable differences in terms of the climatic sensitivity of agricultural
production across the region. Choropleth maps are colored in a gradient scale
according to a specified parameter. While simple to comprehend at first
glance, they can mask significant variation within a given spatial unit of
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analysis. Furthermore, they can give the impression of larger differences
between two bordering units of analysis, in this case parishes, than would be
the result if smaller units, such as farms, were analyzed. There are also other
possible visual biases, such as the perception of darker or larger units as
“more”, compared to brighter or smaller units (Schiewe 2019). Nonetheless,
in this instance parishes are the smallest unit of analysis for which there is
sufficient available source material, which takes the form of tithes. The maps
are thus representative for the source material employed and well suited for
the overall analysis, which is focused on parish- and county-level results,
even though much more differentiation will certainly have existed at the
village or farm level. The following section presents and critically discusses
the source material employed in this thesis more thoroughly.
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5. Sources and data

This thesis employs a wide variety of sources. To estimate harvests over time,
tithes, official statistics (BiSOS), and yield ratios reported by county governors
were used. For the climate, climate reconstructions and early instrumental
measurements were employed. Dates in the agricultural calendar were
obtained from agrometeorological and phenological observations, farmers’
dairies, and other types of chronologies. These sources are all discussed below.

5.1 Tithes

Tithes, more specifically grain tithes, are employed throughout this thesis as
a source for early modern grain harvests. The tithe was a tax that affected an
overwhelming majority of Europe during the medieval and early modern
period (van Bath 1963:53). The tithe was established throughout Scandinavia
by the 13" century at the latest and was not abolished until the very end of
the study period in the early 20" century (Granlund & Andersson 1982;
Hallberg 2016:1). In continental Europe, the tithe was present much earlier,
though surviving records seldom go further back than the 13" or 14" century
(Dodds 2002; Soens 2022). Tithe revenues, in kind or cash, flowed from
peasant households to parish coffers, tax farmers, the church, and the crown.
After the Reformation, tithes went to local parish churches and the crown. In
other words, the tithe was not only geographically widespread, it was
vertically integrated into many layers of society. It was nominally a tax of
one tenth of all production, but in practice the amount varied by category and
location (Goy 1982:15). Formal regulations set at the national, provincial, or
local level determined the structure of the tithe. Informal negotiations, from
outright tax evasion to various forms of tax exemptions, played an important
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role at the local level in many cases (Goy 1982:33-34, 51; Leijonhufvud
2001:76-81).

Tithes were paid in kind or cash. They could be fixed, meaning that they
were based on a stipulated or agreed upon estimate of what constituted the
average production in a given tax unit, which in most cases was the
household. Fixed tithes can be helpful when trying to estimate how much
was usually produced around the date of regulation, although such estimates
are in many instances troubled by significant underestimation (Leijonhufvud
2001:75-76). This thesis is mainly interested in the variation in production
over time on peasant farms and how that variation was affected by climate.
Such a task requires tithes that fluctuated from year to year, depending on
harvest outcomes, referred to here as harvest-dependent tithes or just tithes.
Given that tithes were nominally related to production, they have played an
important role in estimating agricultural productivity or production over time
in, for example, Spain, France, Sweden, the Low Countries, and parts of
central Europe, particularly during the early modern period (Goy 1982:5-7;
Olsson & Svensson 2010; Hallberg et al. 2016).

Notable recent research efforts in collecting and digitizing tithe records
have been made in Sweden during the last three decades. Lotta Leijonhufvud
(2001) collated tithes at the county level across Sweden, using its present-
day boundaries, from the 1540s to the late seventeenth century. Mats Olsson
and Patrick Svensson (2010) used more than 80 000 farm-level tithe
observations to estimate the impact of enclosure on agricultural growth
during the agrarian revolution (ca 1700—1860). These tithe observations were
subsequently published in a freely available database in 2017, the Historical
Database of Scanian Agriculture (henceforth HDSA) (Olsson & Svensson
2017). Erik Hallberg, Lotta Leijonhufvud, Martin Line, and Lennart
Andersson Palm (2016) collated parish-level harvest-dependent tithes across
Sweden, again using its present-day boundaries, from 1665 until the point at
which tithes were fixed (which varied considerably across administrative
units). These data have also been made freely available and can be found in
the large Swedish data repository, Svensk Nationell Datatjinst (Hallberg et
al. 2016; 2017). While there are a number of countries in Europe with rich
surviving sources for tithes, Sweden probably has the most easily
accessible material. This thesis has employed all of these tithe databases to
some degree. The HDSA was extensively utilized in Papers I and II. About
7,500 parish-level tithe observations from the database published by
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Hallberg et al. (2017) were used in Paper III, together with about 2,500
additional parish-level tithe observations collected by the author. Finally,
county-level tithe observations from Leijonhufvud (2001) were employed in
Paper IV.

There are long-term tithe series from a number of regions in Spain,
including Andalusia, Galicia, Segovia, Mallorca, the Basque region, Toledo,
Murcia, Valencia, Segovia, and Leon (Ponsot 1969; Pérez and Galan 1981;
Eiras Roel 1982; Ciria 2007; Santiago-Caballero 2014). Switzerland
offers a similar array of surviving tithe records. Pfister (1984) assembled
tithe series covering 18 different locations in Switzerland from the early
16™ century up to the early 19" century. Head-Konig and Veyrassat-Herren
(1972) published a similar series for Geneva. A total of 19 Swiss and 10
Spanish tithe series were employed in Paper I'V.

Tithes are not without limitations. In dialogue with other critical scholars,
Joseph Goy (1982:33) conceded that tithes by themselves “should be used as
an indicator of the social climate rather than as an index of agricultural
production” (emphasis in original). Goy also stressed that tithes had to be
checked for internal and external consistency using other complementary
material (Goy 1982:31-33). I will now discuss some of the main source
critical issues pertaining to tithes, including actual empirical tests thereof,
with a particular focus on Swedish conditions.

One of the most important and straightforward limitations to tithes is that
coverage is not consistent over time and space. As previously mentioned,
tithes were subject to local level regulations. In Sweden, for example, there
are differences from the county all the way down to the farm level with
regards to when tithes were fixed, as well as what material has survived or
been located in the archives (Lilja 2008:103—104; Hallberg et al. 2016:7, 14).
This presents particular issues when trying to establish a representative
aggregated time-series or when comparing different units of analysis. As
discussed in the method section, this was partly solved by using algorithmic
methods to aggregate data or to identify and adjust changes to the mean
brought about by changes to the sample composition. For Papers I, 11, and
111, this thesis followed the approaches suggested by Olsson & Svensson
(2017) and Hallberg et al. (2016:46-47) when it comes to adjusting tithe
series from different areas or sources in order to obtain representative
aggregated series.
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Another uncertainty concerns weights and volumes. In Sweden, Spain,
and Switzerland (as well as in other countries), tithes were generally
estimated after the harvest by counting bundles pre-specified by volume
while the harvested grain was still on the field and did not account for weight
per se (Goy 1982:16; Hallberg et al. 2016:6). Better harvests were not only
more voluminous, but were also heavier, yielding even more output after
threshing. This means that there is potential for harvests to have been
underestimated in good years and overestimated in bad years (this issue is
further explored in section 5.3.1). The final delivery of the tithe was
commonly made in threshed grain.!” The measures used, barrels, bushels,
and the like, were not uniform across space and time, which introduces
additional uncertainty if local practices deviated from formal regulations
(Leijonhufvud 2001:48-52, 267-268). Tithes were often estimated in
rounded numbers in the given measure. As a general rule, numbers were
rounded down. Lindegren (1980:215), in his study of tithes in Bygdea
between 1620-1640, found that such rounding led to underestimations of
tithes ranging between 3—9 per cent. This was counteracted to some degree
by standardized additions to the tithe, so-called 6vermal (roughly translated
as overshoot) (Helmfrid, 1949:12).

Since tithes were estimated before threshing but usually paid afterwards,
this gave peasants an opportunity for tax evasion. Helmfrid (1949:99-101),
in his comprehensive study of tithes in Ostra Eneby in southeastern Sweden,
argued that the degree of underestimation due to the threshing process was
generally very limited. Furthermore, Swedish authorities took considerable
pains to ensure that tithes were accurately collected by implementing
threshing controls. In 1627, a new regulation stipulated that a special
building for conducting threshing controls for the crown’s share of the tithe
should be built in each parish, though actual threshing controls were more
likely carried out in the peasants’ barns. By the 1680s such controls appear
to have been common throughout Sweden (Hallberg et al. 2016:6). Protocols
pertaining to the collection of tithes in kind were similar in other parts of
Europe; as a general rule, they involved local representatives with a financial
interest in the proper collection of the tithe. For example, in Spain, tithes
were estimated directly after the harvest while the sheaths were still in the
field. The salary of the collector was connected to the amount of tax

17 In Sweden after the reformation, the part paid directly paid to the parish priests was often paid directly in
unthreshed quantities (Olsson & Svensson, 2010, 2017).
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collected, which was similar to the system in Sweden where the parish priest
obtained part of his income from tithes (Santiago-Caballero 2014). This
implies that local tax collectors had a financial incentive to root out or
minimize tax avoidance.

Beyond outright tax avoidance, exemptions for paying tithes could be
made for numerous reasons. For example, in Sweden, newly established
farms were usually exempted from paying taxes for the first few years
(Leijonhufvud 2001:73; Berglund 2006:52-53). Exemptions could also be
made for households that had sent an adult male to serve in the army during
the numerous wars of the 17" century (Palm 1993:235-241). Leijonhufvud
(2001) addressed the issue of tithe exemptions and found no apparent trends;
thus, she concluded that they were unlikely to cause any serious distortions
over time. Olsson & Svensson (2010) tested the co-variation of farm-level
tithe observations across Scania and argued that they appeared to follow
year-to-year weather and climatic oscillations. Furthermore, they showed
that harvest-dependent tithes in Scania showed good correspondence with
other harvest measures (Olsson & Svensson 2010). In the studies conducted
for this thesis, tithes consistently showed good correspondence with other
harvest indicators, such as yield ratios (see section 5.4).

5.2 Phenological and agricultural observations

Phenological observations of discrete natural or agricultural calendar events
in a given year are valuable for understanding agrarian and climate history.
They can help provide insight into the daily workings of farming operations
in a historical context, but also shed light on the climate of the past. In fact,
phenological observations have been employed in multiple studies to
reconstruct growing season temperatures in several parts of Europe, such as
Finland, Estonia, France, England, Switzerland, and southern Germany
(Tarand & Nordli 2001; Chuine et al. 2004; Holopainen et al. 2006; Wetter
& Pfister 2011; Pribyl et al. 2012). Harvest dates, mainly of autumn grains
or grapes, are the most widely employed indicators in this regard; time series
of sowing dates are comparatively rare in the historiography (one exception
with regard to Sweden is Palm 1997:106-107). Hay-cutting dates, especially
longer time series going back beyond the 19" century, are even rarer, if not
altogether absent, in published historical works.
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In Paper 111, long time series of agricultural dates, including harvesting,
sowing and hay-cutting, were reconstructed going back to the very last
years of the 17" century. Observations of agricultural dates were collected
from a variety of sources, including farmers’ diaries, meteorological and
weather observations, and documentary material left by military officials.
All these disparate sources differ in their content, structure, and purpose.
However, when it comes to describing discrete agricultural dates there is
less scope for ambiguity. A specific activity, such as sowing, is noted in
relation to a particular date in observational tables, or described in a
sentence in a diary. This is not to say that there is no ambiguity at all. For
example, what is being sowed is not always indicated, even though it can
generally be deduced from the month the activity is taking place. If the start
of sowing is described as occurring in May, then it is obviously sowing of
spring crops. In Jamtland, spring sowing was more or less synonymous
with sowing barley, the main grain crop, or peas and barley. Sometimes a
term directly denoting sowing was not used; rather, the dialect term
varanden (literally the word for spring used as a verb) was used to describe
the start of the spring sowing. The term vdranden implies a broader set of
events in addition to sowing, such as ploughing. Sometimes, the terms
vdaranden, sowing, and ploughing are all used interchangeably. For
example, in 1831 Anders Kjelsson from Myssj6 parish notes in his diary
that vdranden was begun on May 16 and finished on May 21, whereas in
1832 he instead notes that ploughing was begun on May 7 and finished on
May 17 (Kjelsson 1832). Similarly, Olof Andersson from Alsen parish
notes in his diary that in 1868 he began sowing on May 14 1868 and that
on May 22 vdranden was complete (Andersson 1868). Since these
activities are not described separately within a given year and sowing
usually took one to two weeks for an average farmstead, it has been
concluded that the terms are used interchangeably. The start of hay-cutting
was sometimes described as hAdoanden (hay used as a verb, “haying”). Most
commonly, however, the term sldtter was used, which can be translated as
“hay-cutting”. Hay-cutting was the most intensive and prolonged activity
in the agricultural calendar, taking around eight weeks. However, the
meadows from which the hay was cut could be spread out over quite large
areas, and not all meadows were cut simultaneously. Furthermore, in these
sources the term “hay” refers to many different types of fodder plants that
grew on the meadows. This is not an issue in and of itself; however, it does
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mean that the time series for hay-cutting is less specific that those of sowing
and harvesting that concerns a specific crop; i.e., barley. The terms used
for describing the start of harvest dates are less ambiguous than those of
sowing in that, for example, no term analogous to vdranden is used. In
these sources, barley harvest dates are usually indicated by phrases such as
harvesting (Sw. skordanden), “the grain was cut” (Sw. skars sdden), or “the
barley was cut” (Sw. skars kornet). Occasionally, rye harvesting is
described separately. However, given the overall dominance of barley, it
was assumed that when harvesting was noted without reference to a
specific grain, it referred to the main harvest; i.e., the harvest of barley.
Given that the Gregorian calendar was instituted in 1753 in Sweden, a
short note of calendar forms is in order. In effect, the shift to the Gregorian
calendar led to the previous Julian calendar being forwarded 11 days. Most
of the agricultural dates extracted from the sources employed here are from
after the 1760s and thus well after this calendar reform. The main reference
series for harvest and sowing dates (see section 4.3) begin in 1699 and 1701,
respectively, and continue until the 1780s; these present a possible challenge
in this regard. However, the primary source material clearly states that all the
dates presented are in the “new style” (Sw. nya stilen; i.e., the new Gregorian
calendar). These main reference series were published in the Swedish Royal
Academy of Sciences in 1767 by the county clerk Olof Granbom and the
regimental auditor Eric Tryggdahl (Granbom & Tryggdahl 1767). After
cross-checking this material with the more extensive primary material,
numerous inaccuracies were found in the former and thus the latter was
employed. One exception was made for the year 1716, when the date of May
18 seemed more much realistic in comparison with the unprecedentedly early
date of April 18 given in the primary material. The gaps and inaccuracies in
the published material relating to harvest dates have not been identified in
previous research, even though the material has been used, for example, to

reconstruct spring-summer temperatures in Trendelag in the 18" century
(Nordli 2004; Dybdahl 2016:89-91).
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5.3 Official statistics

5.3.1 BiSOS

Bidrag till Sveriges Officiella Statistik, BiSOS, represents one of the first
attempts to collect comprehensive agricultural statistics at a national level.
From the year 1865 there are published data on, for example, seed and
harvest volumes by crop, acreages, and the number of cattle. This thesis
employs data on seed and harvest volumes from BiSOS in order to estimate
time series of yield ratios. Since the collection of the BiSOS statistics was
one of the first attempts of its kind with such comprehensive ambitions, it is
perhaps not surprising that previous research has argued that the BiSOS data
contain numerous inaccuracies. There are two main critiques of the data.
First, BiSOS systematically and substantially underestimates arable land and
agricultural production. Second, researchers have critiqued the differences in
methodology used by the various regional Husbandry Societies (Sw.
Hushdllningssdllskap) that were responsible for collecting the data. This
does not imply errors per se, but does introduce some possible heterogeneity.
Both these issues were investigated by Svensson (1965), who argued that the
problem of underestimation diminished over time but that the problem of
heterogeneity largely did not. The problem of underestimation has been
argued to be relevant mainly for arable acreages as well as total production
at a given moment in time (Hallberg et al. 2022a). However, the main interest
in this thesis is year-to-year variations and less in the estimation of absolute
output. If underestimation systematically decreases over time, this could
nonetheless cause distortions during the analysis, such as spurious
correlations. This is addressed by detrending all the series analyzed from
BiSOS. Heterogeneity within data collection methods by the various regional
Husbandry Societies, which operated at the county level, is less of a concern
for this thesis since the data is not aggregated across counties.

Similar to tithes, the BiSOS data is based on volumes and not weights.
This is a potential issue because a grain of inferior quality weighs less.
BiSOS does have some average county level figures regarding the relative
weights of the harvested grains. While these figures are less exact than the
seed and harvest volumes, they do give a rough idea of the variability in the
weight of harvested grain for a period of roughly 25 years (almost 40 years
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for Jamtland).'® A comparison of the reported weights of the harvested grain
types in Scania during the years 1885-1911 shows small year-to-year
differences, even in relatively bad years.
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Figure 10. Average weight of harvested barley in Jimtland, Kristianstad and Malmdhus
Counties, 1872—1911. Source: BiSOS (1872-1911).

If we look at the corresponding figures from Jédmtland, harvest weights
exhibit much greater variability. During the worst years, the weight of the
harvested grain dropped by more than 30 per cent compared to the previous
years. Furthermore, almost all outliers are negative, indicating that in terms
of the weight of grains, harvests tended to be either normal or really severe.
This further implies that the risk of non-weight harvest measures
underestimating bad harvests is larger in Jimtland than in Scania. It seems
likely that this would pertain to earlier periods as well, like in the tithe series
used for earlier centuries in Paper IIIl. However, while volume-based
measures do not explicitly account for weight, the weight is clearly related
to the volume. After detrending the series using a 10-year high-pass filter,
the correlation coefficient between barley weight and barley harvest volume
in Jamtland between 1872—1911 is » = 0.86 (p < 0.01). All in all, the risk for
an underestimation bias during bad years in volume-based harvest data

'8 For Scania weights are often given in a range; e.g., between 60-65 kg. In such cases I used the middle value,
here 62.5 kg.
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appears negligible; however, the available data is not sufficient for a
definitive evaluation.

5.3.2 County governors harvest reports

Official reports on harvests, often labelled subjective harvest assessments,
began already in the 1740s (Hellstenius 1871; Utterstrom 1957:194). As
their label implies, the reliability of these harvest assessments has been
questioned in previous research, mainly concerning their tendency to
underreport actual quantities (Erikson 2018:98-99). Since harvest
assessors lacked complete information on actual harvest conditions across
their provinces, they had to subjectively estimate the “average” harvest
conditions of that year. Presumably, there was a bias here whereby the
central areas of the province with the best communications were more
accurately represented. Nonetheless, previous research has demonstrated
that the reports correspond quite well with other harvest indicators, like
tithes (Olsson & Svensson 2010). Over time, these reports were
increasingly standardized. Edvinsson (2012) collected reports from county
governors between 1818—1870, showing estimated yield ratios for the most
important crops. This material showed good correspondence with tithes
(Paper I1I), and was utilized in both Papers II and III. In Paper III, it was
shown that the correlation between yield ratios from Edvinsson (2012) and
tithes in Jimtland was » = 0.62. In terms of climate-harvest relationships,
these yield ratios showed similar results as other materials, including tithes
and BiSOS (Papers II and III). Given the similarities between BiSOS and
the county governor harvest reports, and the fact that both sets of data can
be aggregated to the county level, these data were combined to construct
consecutive series of yield ratios covering the years 1818—1911 in Papers
IT and III.

5.4 Climate data

Two categories of climate data are used in this thesis: (early) instrumental
meteorological observations of temperature and precipitation, and climate
reconstructions of temperature and hydroclimate. These are each described
below.
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5.4.1 Early meteorological observations

Systematic instrumental meteorological observations began in the
second half of the 17" century although surviving records from that century
are few. In the subsequent century, there is a vast surviving record from a
multitude of sites, mostly in Europe and North America (Bronniman et al.
2019a). This rich record is a result of an intensive and widespread interest
in the natural sciences, including meteorology, during that period. This
early period of instrumental measurements is usually described
as the Early Instrumental Period (EIP) (Bronniman et al
2029a). However, the extent of reliable and continuous records starting
in the 18" is quite thin, especially from the early parts of that century.
The publication of the first homogenized and continuous
temperature records covering central England since the year 1659 began in
about the 1970a. This work has been followed by others, including Paris
(1658-), De Bilt (1706-), Berlin-Dahlem (1719-), Uppsala (1722-), and
Stockholm (1756-), to give a few examples. The city of Lund in
southwestern Scania has a more or less continuous daily record of
temperature, air pressure and precipitation going back to 1747. The
person responsible for these measurements was the astronomie
observator of Lund University, but the actual measurements appear as
a rule to have been taken by assistants. The instruments and their
location, and of course the responsible and actual observers,
changed over time. Schalén et al. (1968) and Birring et al. (1999) have
outlined many details of this station history. However, there are still some
remaining uncertainties regarding the earliest part of the station history.
More details would surely surface after a deeper investigation of the
extensive primary material in the archives.

Bérring et al. (1999) homogenized the air pressure record going back to
1780, excluding the earlier period due to the larger uncertainties surrounding
the measurement context. Neither the temperature nor the precipitation series
have been subjected to similar attempts at homogenization, although they
have been employed in several historical studies, including Mattsson (1986)
and Palm (1997:161-166). Tidblom (1876) published the EIP temperature
series in the form of pentad-averages and did apply some manual corrections.
These series are employed in Paper I and III, where in Paper I the
temperature series was converted to monthly means and homogenized using
a network of homogenized monthly mean temperature series across
northwestern Europe, as well as the software ACMANT (see section 4.1).
Thus, the Lund EIP-series is complemented by series from central England
(1659-), De Bilt 89



(1706-), Berlin-Dahlem (1719-), Uppsala (1722-), Stockholm (1756-) and
Copenhagen (1768-) (Labrijn 1945; Manley 1973; Parker et al. 1992; van
Engelen 1995; van Engelen et al. 2001; Bergstrom & Moberg 2002; Moberg
et al. 2002; DWD 2018; Cappelen et al. 2019). Monthly precipitation data
from Lund (1747-) was also employed. No homogenization similar to that of
the temperature data was possible (see section 4.1). Moberg et al. (2003)
proposed that there may be an issue undercatch in the EIP precipitation series
from Swedish cities, specifically Stockholm and Uppsala, but could also
show that this issue was less prominent during the summer months.

For Paper III, homogenized and continuous temperature series
from Trendelag (1762-) were utilized (Lawrimore et al. 2011; Durre et
al. 2008). Other available EIP-series from the region (Jdmtland
County) are of insufficient length to be particularly useful. Continuous
series are available from the 1860s from Ostersund; however, the
Trendelag series is arguably more reliable, since it has been subjected to
homogenization efforts. The correlations of monthly mean temperatures
between the two regions are very high, with » > 0.9 throughout the year.
Thus, the Trendelag series can be considered reliable and useful for
studying conditions in Jimtland.

5.4.2 Climate reconstructions

The research field of historical climate reconstruction is constantly
evolving, with new and improved reconstructions constantly becoming
available. This carries with it new opportunities, in terms of what is
possible to study. Seventy years ago, when Utterstrom (1955; 1957)
was doing historical research on climate and society, there were no
relevant climate recon-structions available, and certainly none with the
type of precision available today. Forty years later, Palm (1997:161-
166) still had to rely almost exclusively on unhomogenized
temperature and precipitation series from Lund and Copenhagen to
study agrometeorological conditions in Halland. Yet another decade later,
Edvinsson et al. (2009:117-118) had to rely on a summer temperature
reconstruction from Tornetrdsk in northernmost Sweden and Finland
to estimate past summer temperatures in large parts of Sweden, most of it
well to the south of Tornetrask.

In contrast to the instrumental record, year-by-year seasonal climate
reconstructions go back well beyond the limits of the study period of this
thesis (ca 16th through the 19th centuries). Climate reconstructions are
employed in all four papers of this thesis. For Papers I and II, a Standardized
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Precipitation Evapotranspiration Index (SPEI) reconstruction covering
southern Sweden by Seftigen et al. (2017) was employed, together with a
May through July precipitation reconstruction (MlJ,), which also covers
southern Sweden (from 1798-) (Seftigen et al. 2020). The SPEI is based on
the amount of precipitation once potential evapotranspiration has been taken
into account. The SPEI-reconstruction, here called ScandH17 following
Seftigen et al. (2017), is based on tree rings from a carefully selected group
of Scots pine (Pinus sylvestris L.) growing in dry environments in southern
Scandinavia (Seftigen et al. 2015; Seftigen et al. 2017). The MJJ,: is based
on Blue Intensity and partial ring widths from a subset of samples used in
the ScandH17 (Seftigen et al. 2020). For Paper III, two growing season
temperature reconstructions based mainly on tree-ring maximum latewood
densities (MXD) covering central Scandinavia were used (Gunnarson et al.
2011; Linderholm & Gunnarson 2019). Paper IV employed six temperature
reconstructions altogether, as well as six hydroclimate reconstructions of
annual or seasonal resolution.

There are some limitations to these data that are important to consider.
Usually, they cover seasonal windows, such as AMJJAS or JJA, thus missing
out the detailed day-to-day variation in weather that can be of crucial
importance to agriculture (Bell et al. 2014; de Toro et al. 2015). Currently
available climate reconstructions still leave a significant amount of
unexplained variation when compared with instrumental measurements
(Christiansen & Ljungqvist 2017; Ljungqvist et al. 2019). Spatial coverage
is usually adequate for aggregated regional studies, but limited cross-
sectional coverage puts constraints on the analysis of differences between
localities within regions. All the climate reconstructions employed here are
predominantly based on tree-ring records, using tree-ring widths (TRW) or
maximum latewood densities (MXD). Similar to documentary sources,
sample depth tends to increase over time, meaning that there is a larger
degree of uncertainty the further back in time one goes. The value of tree-
ring based proxy reconstructions is to a large degree determined by how
dominant a single indicator is in shaping tree growth. For example, in colder
regions with short growing seasons, like northern Sweden, growing season
temperatures alone explain a very large part of the variation in tree growth
(Gunnarson et al. 2011). By contrast, in southern Sweden, a more complex
combination of wetness, radiation, wind strength and direction, as well as
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temperature, determines tree growth, making it more difficult to isolate the
effects from wetness alone.

How reliable are climate reconstructions in terms of accurately portraying
agriculturally relevant climatic information? Considering ScandH17, there
were two main uncertainties. First, the correlation with instrumentally-based
SPEI-values in the 20™ century was good for southern Scandinavia as a
whole, but weaker for Scania in particular. Secondly, even though the sample
was carefully selected from a series of dry sites, interpreting results using the
indicator is complicated by the fact that it can be expected to contain not only
precipitation, but also other climatic signals like temperature (Seftigen et al.
2017). The MJJ,: from Seftigen et al. (2020), based on a subset of the same
tree-ring data, shows much stronger associations with instrumentally
observed precipitation in Scania. In other to reduce uncertainties, these
hydroclimatic reconstructions were mainly used in addition to
instrumentally-based data from Lund (in Papers I and II).

Temperature anomaly (w.r.t. 1961-1990)

1000 1100 1200 1300 1400 1500 1600 1700 1800 1900
Year

Figure 11. Mean growing season temperatures (anomalies w.r.t. the 1961-1990 mean) in
central Scandinavia, 1000-1950. Shaded blue and red lines show annual variation whereas
marked lines show 31-year moving averages. Shaded red area denotes the period of the LIA
(1450-1900) in central Scandinavia, as defined by Linderholm & Gunnarson (2019).

The first reconstruction, here called G11 (Gunnarson et al. 2011), includes
timber from buildings at lower elevation sites, potentially biasing the
sample that otherwise is based on trees at higher altitudes (Zhang et al.
2015). At the same time, as argued in the paper, this bias potentially makes
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the reconstruction more relevant for agriculture, given that agriculture was
mainly practiced at these lower elevations. Furthermore, G11 has a larger
sample depth during the 17" and 18" centuries. Importantly, the two series
diverge in their reconstructed temperatures during this period; see Figure
11. In order to account for this uncertainty, a newer tree-ring MXD
reconstruction, LG19, based solely based on records from trees at higher
altitudes, was also employed (Linderholm & Gunnarsson 2019). Two other
notable temperature reconstructions exist for the area. The first, by Zhang
et al. (2016) was deemed too similar to the more recent LG19, and hence
not employed. The second, by Fuentes et al. (2018), is based on samples
from the mountaineous areas of Hérjedalen, and thus less relevant
compared to G11 and LG19 that are centered closer to the studied areas.
Similar to Papers I and I, instrumental measurements were also utilized
(see section 5.3.1.).
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6. Summary of papers

6.1 Paper I: Climate variability and grain production in
Scania, 1702-1911

Paper 1 focuses on the first research question: how did the climate and
variability thereof affect agricultural production in Scania during the 18" and
19" centuries? It also sheds some light on research question 2; i.e., what was
the main agrometeorological threat in Scania? Up until the second half of the
19" century, farmers in Scania primarily cultivated varieties of barley, rye,
and oats more similar to those cultivated further north in Fennoscandia than
those to the south across the Baltic. This hardy crop mix was paired with a
favorable agroclimatic context, including the longest growing season and
some of the best agricultural soils in Scandinavia, making 18" and 19™
century Scania a particularly interesting case study for the relationship
between pre-industrial agriculture and climate.

Numerous sources were employed in the study, including a network of
early instrumental temperature measurements across northwestern Europe,
most prominently the Lund early instrumental temperature series (1753-),
the Historical Database of Scanian Agriculture with data on Scanian farms
during the 18" and 19" centuries, and agricultural data based on more than
80,000 tithe observations. Furthermore, the study also includes hydroclimate
reconstructions based on tree rings in southern Sweden (Seftigen et al. 2017;
2020). The Lund early instrumental temperature series were homogenized
and gaps were reconstructed using a network of instrumental temperature
series across northwestern Europe, as well as the homogenization software
ACMANT. Results from the homogenization were then compared with the
station history, to cross-check identified statistical breaks with changes in
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instrument, instrument location, or observer (described in Appendix A in
Paper I).

Farms were aggregated at the village level and clustered using hierarchical
cluster analysis in order to avoid biases introduced by relying on a priori
historical categorizations and to obtain clearer signals. To increase
interpretability, results from clustering were compared with historical
categorizations and geographical characteristics. Relationships between
grain production series at the cluster level and climatic indicators were
explored using correlation analysis. June and July showed the highest and
most consistent correlations, with a negative association between grain
production and temperatures (i.e., warmer temperatures = lower harvests)
and a positive association between grain production and precipitation (i.e.,
more rain = larger harvests). Reconstructed May through July precipitation
and summer SPEl-values also exhibited positive relationships with grain
production.

Taken together, the results showed that grain production fared better
during wetter and colder summers, and worse during warmer and drier
summers, indicating a vulnerability to drought. Spring or autumn frosts did
not appear as a systematic threat to arable agriculture in Scania. The average
start and end of the frost seasons lay well outside the main cultivation and
harvest period. Spring, autumn, and winter temperatures and precipitation
yielded practically no statistically significant results. The results largely
confirmed research on other parts of southern Sweden during the 18™, 19%,
and early 20™ centuries that had also identified positive precipitation and
negative temperature summer signals. Repeating a similar analysis using late
19™ century official statistical data yielded almost identical results, with the
difference that autumn rye harvests contained no clear climatic signal. This
was explained by the introduction of new cultivars around the end of the 19™
century with different phenological requirements from the old cultivars.

The paper further demonstrated the utility of various climatic and
agricultural data in estimating agrometeorological relationships, such as
tithes and tree-ring-based hydroclimate reconstructions, even in a central
agricultural area like Scania.
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6.2 Paper Il: The impact of drought in northern European
pre-industrial agriculture

The second paper also revolves around the province of Scania, partly
building on the results obtained in Paper 1. This paper answers research
question 2 more conclusively, and finds that summer drought was the
dominant agrometeorological threat to Scanian agriculture. It also focuses on
research question 3: what was the history and frequency of drought, and to
what degree were the farming systems of Scania resilient to drought?

Drought, or agricultural droughts, takes center stage in the paper, which
starts of by defining the concept of drought and subsequently establishes a
systematic chronology of agricultural droughts from the 18" to the early 20"
centuries in Scania, using a variety of sources. Specifically, the drought
chronology is based on early summer (May-June) or high summer (June-
July) precipitation droughts. Having provided such a history, I investigate
how different types of farms and crops were impacted by droughts over
various time scales.

Specifically, the impact of these droughts is estimated using Superposed
Epoch Analysis (SEA). Prior to SEA, specific farm-level relationships
between tithes and various climatic indicators are estimated and then
aggregated into three clusters using K-means clustering. While June-July
temperature and precipitation, as well as reconstructed May through July
precipitation and SPEI, are the most consistent and significant climatic
indicators in these relationships, the strength of these signals varies by
cluster, with one cluster having the strongest climatic signals, one being the
"middle" cluster, and one cluster having the weakest climatic signal. Farms
are also aggregated using historical categorizations, i.e., types of farming
districts. Droughts from the established drought chronology are used as event
years in the SEA. In line with previous research, the SEA demonstrates the
presence of large-scale harvest losses affecting all samples, even the cluster
with weak climatic signals. Summer droughts are established as the dominant
climatic shock in large-scale harvest losses. In contrast, no systematic
positive or negative effects are found concerning extremely cold springs or
summers.

Even though the impacts of drought were far-reaching, intensities varied
over time and space. Forest district farms are found to have been most
sensitive to climatic fluctuations, compared with brushwood and plains
district farms, whereas no large differences were found based on property
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rights regimes. Differences became most clear when considering not only the
impacts during the year of a drought, but also how harvests were affected in
subsequent years. Plains district farms experienced large and significant
rebound effects in the year after a drought; i.e., harvests were larger than
usual during these years, and in total the harvest rebounds were larger than
the harvest losses in the previous drought year. Similar effects are found
when considering specific crops. Surprisingly, harvests of rye, usually seen
as the more drought-resilient crop when compared with spring crops, were
characterized by the largest drops during drought years, at least up until the
second half of the 19™ century. However, rye harvests were more consistent
in exhibiting significant rebounds in the years after a drought, compared with
other crops. Regarding 19" century harvest yield data, more clear
divergences between crops are found, where the drought effect on autumn-
crops diminished, whereas large and significant negative effects are
consistently found for spring-crops.

6.3 Paper lll: Farming at the margin: Climatic impacts on
harvest yields and agricultural practices in Central
Scandinavia, c. 1560-1920

Paper 111 is another region-based study, focusing on the province of Jamtland
located on the northern edge of the inland agricultural zone in Sweden. It
focuses mainly on research questions 1 and 2; i.e., how did climate and the
variability thereof affect agriculture in Jamtland? What was the main
agrometeorological threat in the region? An important contribution of this
paper is the collection and reconstruction of historical time series on sowing,
hay-cutting and harvesting dates in the Lake Storsj0 District covering
roughly two “long” centuries from the late 17" century to 1920. Similar to
the first two papers, the paper also relies on published tithe databases,
supplemented with additional tithe data from archival research, allowing the
study to reach deeper back in time, as well as to fill in some gaps in previous
research. The methodology is broadly similar to that developed in Paper I,
including quantifications of linear relationships and the combination of
algorithmic and source critical approaches to the evaluation and homo-
genization of historical data.

The paper stands in contrast to the two first papers in that the region
studied offers quite a different context in regards to climate and agricultural
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possibilities, not least for grain production. As Jimtland is located in the
most northerly part of the temperate climate zone, agriculture in the region
exhibits aspects of a marginal agricultural area, while still practicing a mixed
farming system similar to those prevalent in large parts of agrarian
Scandinavia. Results show that growing season temperatures had the largest
effects on agriculture during the study period, although they were mediated
by farming practices and other localized conditions. Parishes around Lake
Storsjon, as well as parishes in the eastern parts of Jamtland, exhibited a
smaller dependence on growing season temperatures compared to northern
parishes and parishes in the mountainous areas in the western parts of
Jémtland and in Hérjedalen in the south, see Figure 12.

Correlation coefficients
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Figure 12. Spatial representation of correlation between parish-level tithes and mean growing
season temperatures. A) shows results from raw non-detrended tithe data between the years
1565-1779 and B) shows results from 30 years of High-Pass filtered tithe data during the
same years. Parishes vary in their temporal coverage. Lake Storsjon is visible in the center of
the map. Reworked figure from Paper III.

There was a large degree of co-dependent relationships between farming
practices in the form of agricultural dates; however, many of these effects
diminished when controlling for growing season temperatures. The harvest
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and autumn frost seasons partly overlapped in large parts of Jimtland and
Harjedalen. This could also be seen in the correlation and regression analysis,
where the single most important month for the date of the harvest, as well as
the harvest yield, was August.

One aspect where the agency of farmers remained important even when
controlling for the effects of climate, and specifically temperature variability,
was the timing of sowing, which affected subsequent agricultural dates as
well as the final harvest output. Somewhat surprisingly, hay-cutting dates not
only exhibited dependence on growing season temperatures, but were also
positively correlated with sowing and harvesting dates. This was explained
by the overall “tightness” of work during the spring and summer seasons,
where the decision to sow on a particular date, mostly in May, delayed the
general seasonal work schedule, including the start of hay-cutting in July.
Hay-cutting itself was such a time- and labor-consuming task that it in turn
had noticeable effects on the harvest in August or September. Here, elements
of risk-taking and prioritization were involved. Whether or not to initiate the
hay-cutting season would involve not only considerations of current
vegetative growth and weather, but also other important tasks that had to be
performed by the household. Since the start of the autumn frost season could
not be known beforehand, even a single day of delay to the overall seasonal
work schedule involved prioritizations and risk-taking in relation to the
devastating autumn frosts. The sensitivity of agriculture to temperature
variations during the growing season were of similar magnitude to those
identified in northern Finland during similar periods.

6.4 Paper IV: Climatic signatures in early modern
European grain harvest yields

Paper IV investigates the associations between climate variability and grain
harvest yields in early modern Europe, focusing on research question 1; i.e.,
how did climate and variability thereof affect agriculture in different parts of
Europe? Specifically, a large network of harvest time series in large parts of
Sweden, Switzerland, and Spain are analyzed in relation to seasonal and
annually resolved climate reconstructions during the period 1500—1800. The
paper first presents previous research relevant to the subject, and then
attempts to delineate expectations in terms of relationships between harvests
and various climate indicators. Secondly, the harvest and climatic data is
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presented and various critical aspects are discussed, including issues such as
gaps in the historical harvest data or areas and periods where the climatic
reconstructions studied are less skilled. Following this, the methods
employed by the paper are introduced. Two detrending methods were
utilized; namely, linear detrending and Gaussian high-pass filtering (10-
year). Linearly detrended data is argued to be slightly better at capturing low-
frequency variability than the High-Pass filtered data, especially with the
specific structure of the raw data. Two methods for assessing statistical
significance are also employed: first, the Student’s #-statistic. Secondly, a
phase-scrambling-based method that accounts for the degrees of freedom
when performing many pair-wise correlations and serial correlations is
present in the time series. The second method is more conservative and was
thus expected to give fewer spurious results. A final method utilized in the
paper is the Granger causality test, which can help determine which variable
is influencing or causing the correlation found between two variables and in
the context of this study helped to mitigate the possibility of spurious
correlations.

Overall, the identified climatic signatures in grain harvests were weak;
they were even weaker than those found in historical grain prices. However,
the strength of the obtained associations was similar to those found in studies
of 20th-century conditions. Several factors that could affect the strength (and
the direction) of the resulting coefficients are then discussed. Firstly, both
the climate and harvest yield data contained limitations. During the study
period most climate data is derived from proxy-based reconstructions. Tree-
ring-based methods are mainly limited to the summer or spring-summer
season, and in many cases do not give a perfectly isolated and definable
climate signal, even though one type of signal usually dominates in higher
quality reconstructions. The issue of spatio-temporal biases in the climate
data is further aggravated when attempting to establish a satisfactory spatio-
temporal match with the harvest yield data. The harvest yield data also
contained additional uncertainties. For example, given the influence of
societal factors on harvest yield data, it is considered less able to capture low-
frequency signals.

Nonetheless, despite these uncertainties, several agrometeorological
patterns could be distinguished. Similar to previous studies, a negative
summer temperature signal of moderate strength was obtained from the
harvest yield data (i.e., warmer summers = smaller harvests) from southern
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Sweden. Furthermore, summer soil moisture indicators exhibited positive
relationships with harvest yield data (i.e., wetter soils in the summer =
larger harvests). Winter temperatures were consistently positive for harvest
yields (i.e., warmer winters = larger harvests) in Switzerland, whereas
summer temperatures and winter precipitation were either not significant
or negative (i.e., warmer summers or wetter winters = smaller harvests). In
Spain, relationships were more heterogeneous. The most common
relationship was a negative one between annual or spring temperatures and
harvest yields (i.e., warmer temperatures = smaller harvests), indicative of
a drought signal. The Granger causality tests showed that highly significant
results were in the expected direction. For Spain, the Granger causality tests
gave less support to the harvest-climate relationships compared with
Sweden and in particular Switzerland, for which the support was the
strongest. The results generally indicated that climate-harvest signals could
potentially vary by frequency, although additional research is needed to
establish such discrepancies more clearly.
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7. Discussion

This thesis has studied relationships between climate and pre-industrial
agriculture in several regions in Europe. The main focus has been on the two
Scandinavian regions of Scania (Paper I and II) and Jamtland (Paper III).
Large parts of Spain, Switzerland and southern Sweden (excluding Scania)
were also considered (Paper IV). All the included papers investigated how
agricultural production, mainly crop production, was affected by climatic
variability, and thus have been able to illustrate some of the main
agrometeorological threats in each region under investigation. Paper II also
delved deeper into the particular agrometeorological risk of drought in
Scania during the 18" and 19" centuries, chronicling the history of droughts
and examining to what extent the grain harvests and prices were affected by
drought. The following parts of this section will discuss these results in more
depth. First will come a discussion of agrometeorological relationships and
the threat of drought in Scania, one of the main regions studied. Second, a
review of the general effects of cold on harvests in several European regions
in the context of the LIA will be offered. Third will be a discussion of
agriculture operating at the very margins of the growing season constraint,
namely in Jdmtland. Fourth, changing risk patterns over time will be
considered. Did agriculture in these regions become more or less resilient to
climate and weather risks when agricultural practices or the type of crops
grown changed? Fifth, methodological limitations and future prospects in the
field will be elaborated upon. Finally, sixth, comes a conclusion
summarizing the main results of the thesis and their implications.
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7.1 Agrometeorological relationships in Scania

Scania presents an especially interesting case study for investigating
historical relationships between climate and agriculture. Scania possesses a
mild climate, a large proportion of high-quality soils, and a moderately
diversified mixed farming system where barley and rye were the most
prominent grains, followed by oats, and to a lesser extent other cereals like
the more temperature-sensitive wheat. While a reading of Swedish-language
publications would suggest that agriculture was mainly constrained by
precipitation in the summer, a reading of English-language publications
would probably lead one to conclude that growing season temperatures and
late-spring or early-autumn frosts were the main constraints (Edvinsson et
al. 2009:122—126; White et al. 2018b:339; Pfister & Wanner 2021:282).

What were the main agrometeorological patterns in Scanian agriculture in
the last centuries of the pre-industrial period? Paper I demonstrated that
neither autumn nor spring frosts constituted a systematic threat to cereal
cultivation. This is not to say that cereals were immune to frost or that there
was never any frost damages to crops. But such events were rare enough that
there was no statistical indication of their presence. What did give indications
of its presence, however, was the possible threat of summer droughts. While
Paper I did not specifically study individual years, and did not define or
consider the effects of droughts specifically, it could demonstrate that grain
harvests were positively associated with June and July precipitation (i.e., less
rain was associated with smaller harvests) and negatively associated with
June and July temperatures (higher temperatures were associated with
smaller harvests). An additional finding in Paper I when homogenizing the
early instrumental temperature measurements from Lund was that summers
and springs in the last decades of the 18™ century were not as cold as
suggested by previous research (Mattson 1986).

The study of agrometeorological relationships up until the 1860s in Paper
I was based on clusters, where farms were clustered according to their
differences in rye production over time, based on tithe observations from the
HDSA. From the mid-1860s, the study relied on official statistics on harvest
data (BiSOS) that are available until 1911. Relationships obtained in the
analysis were consistent across samples, even when considering different
subsets of years with a drier or wetter hydroclimate, except for autumn crops
in the later period where climate signals were absent. The absence of signals
in that case was explained with reference to the introduction of new cultivars

104



with different crop phenology; these, notably, were more temperature-
sensitive varieties, which obfuscated the overall signal. The consistency in
signals between the two different materials, tithes and BiSOS, give credence
to their reliability in covering year-to-year variations and in estimating
agrometeorological relationships.

As pointed out in section 2.3.2, Edvinsson et al. (2009:125-126) found
very similar agrometeorological relationships in southern Sweden during
more or less the same period. One difference was that those authors found
positive correlations between barley harvests in Sweden (aggregated
nationally) and mean temperatures during the spring months, and no
significant correlations with summer temperatures, during the period 1803—
1955. This disparity can probably be accounted for by the level of
aggregation that analyzed Sweden as a whole, including the northern half
where cold was the main threat — even for spring crops — as well as by the
slightly later study period (see Paper 111, section 3.4.1). A similar obfuscation
by aggregation can arguably be seen in Holopainen et al. (2012).

The results from Paper I give further support to the notion that pre-
industrial agriculture in southern Sweden was mainly constrained by too
little rain and too much warmth, rather than excessive cold. However, further
exploration of the specific impact of droughts and answering research
questions 2 and 3 were beyond the scope of Paper 1. Paper II picked up this
thread by establishing the first regional drought chronology for Scania in the
18™ and the 19" centuries, and then by estimating the impact of these specific
droughts on agricultural production. Paper II showed, firstly, that though
periods with very low amounts of precipitation almost never lasted more than
60 days, there were multiple times in the historical record when the absolute
volume of precipitation in periods lasting 60 days were low enough to be
considered (agricultural) droughts that severely reduced agricultural output.
Comparing the drought of 2018 to this drought chronology reveals that the
summer of 2018 was nearly unprecedented, although years such as 1783 or
1826 come close.

How resilient or vulnerable to drought were the farming systems of
Scania? Superposed epoch analysis showed that harvests on nearly all types
of farms were negatively affected by drought years, which manifested in
average reductions in aggregate harvest output or yields of up to 20 per cent,
although in many instances reductions were significantly lower than that.
This is consistent with previous research, which found that there were
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agricultural risks that were large-scale in character (Nystrom 2019). Paper I
and II could show that these large-scale risks were not generic extreme
weather events; rather, they were predominantly summer drought events
(Paper II). It could be argued that until the late 19" century, summer droughts
in Scania with very little rain and extreme warmth in the months of June and
July, possibly (but not necessarily) combined with an excessively rainy
harvest season, constituted a comparable cocktail of meteorological shock
factors to that of wet winters and extremely cold and wet springs and
summers in central Europe (Pfister 2018b:126).

Previous research from England has highlighted how spring crops were
commonly singled out in contemporary sources for being particularly
sensitive to droughts (Pribyl 2020; Pribyl & Cornell 2020b). Similarly, the
documentary material from Tabellverket in Scania regularly associated
drought-induced crop losses with spring crops. The empirical analysis in
Paper Il showed that the rye crop, which was overwhelmingly cultivated as
an autumn crop in Scania, suffered even larger losses during drought years.
However, rye harvests rebounded in the year following a drought, an affect
that was much less apparent in barley harvests. Rebound effects were
additionally more apparent on plains district farms compared with
brushwood or forest district farms. The fact that some crops or some types
of farms experienced a rebound has important implications with regards to
concepts such as resilience and vulnerability. Following the IPCC (2018)
definition of resilience, namely, “to cope with a hazardous event or trend or
disturbance, responding or reorganizing in ways that maintain their essential
function, identity and structure”, it could well be argued that the intensive
form of grain production taking place on the plains was more resilient, given
the rebound effect. The grain production system certainly appears quite
resilient if it can recover fully within just one year following the type of
climatic event to which it is most sensitive.

Within a broader European context, Scanian agriculture appears to belong
to the more climate-resilient examples. The systematic threat of large harvest
losses induced by autumn frosts was largely absent in Scania, whose frost
season lay well outside the normal harvest season. Colder conditions were
generally not detrimental to grain production. In fact, cooler temperatures
during the summer appear to have been beneficial. Single monthly or
seasonal climatic indicators explained at most about 10 per cent of variations
in harvests over time, again comparable to conditions in central agricultural
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areas in England or the Low Countries (Brunt 2004; 2015; Bekar
2019; Soens 2022). In terms of resilience, it could be further argued
that, in a northern European context, being constrained by drought is better
than being constrained by growing season temperatures, given that
precipitation in northern Europe is more stochastic and exhibits a shorter
climatic memory compared with temperature (Bunde et al. 2013). In
other words, the probability of drought year clusters is lower than that for
clusters of very cold years. Nonetheless, there were periods when Scania
experienced what might be termed clusters of drought years, notably in
the late 1750s, the years around 1820, as well as the years 1834—1837.
The relative agro-climatic resilience of Scanian agriculture can be
explained in terms of both intensification and diversification. In terms of
intensification, the two-row barley varieties that became increasingly
common from at least the 18" century in southern Sweden were higher
yielding as well as more resistant to spring frosts (Leino 2017:203).
Furthermore, improvements in drainage suggested that less water was being
stored in the top layers of the soil and more water reached lower layers, thus
reducing evapotranspiration (Nystrom 2019). Finally, with higher total levels
of grain production, the potential trade-off between consumption and saving
seeds for sowing in the subsequent year was less of an issue (Pfister &
Wanner 2021:257). In terms of diversification, it was shown that there were
differences between crops. For the barley crop, there were indications of
persistence, or at least a lack of recovery, in harvests after drought years.
However, considering that other crops rebounded, particularly the important
rye crop, there are good reasons for arguing that there was resilience in grain
production and that this resilience was achieved partly through
diversification (Paper II). There were also differences, albeit small ones, in
the specific seasonal windows within which crops were more susceptible,
thus spreading out risk (Paper I). A more differentiated picture would
probably emerge when considering the resilience of households or broader
societal resilience. For example, landless laborers could be more vulnerable
to short-term shocks, something less evident in this thesis, which has mainly
focused on the direct impact of climatic shocks on harvests and crop yields
(Dribe et al. 2017a). However, in Paper 1I, the impact of drought on grain
prices appeared significant. Oat prices experienced the largest price hikes
during drought years, followed by barley and rye in descending order. This
indicates important second or third order impacts in terms of the effects on
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regional prices, seasonal employment and possibly even mortality (see
section 1.3 for references and a brief description of the impact order model).
Farms with more intensive forms of production were better situated to benefit
from such price hikes, compared with farms that had more extensive and
diversified forms of production. Considering the various aspects of diversi-
fication and intensification, it seems that intensification was the main driver
of resilience in Scanian pre-industrial agriculture, although diversification
also played a role. Further exploration of these issues remains an important
topic for future research (Ljungqvist et al. 2021).

Scanian agriculture was not unique in pre-industrial Europe in being
vulnerable to drought. Paper IV was able to show that several counties in
southern Sweden exhibited similar agrometeorological dependencies to parts
of central Europe (e.g., many locations in Switzerland). In Switzerland,
however, agriculture also appears to have been much more dependent on
winter and spring conditions, where colder winters and springs were
detrimental to grain harvests. This stands in stark contrast to Scania, where
there were almost no agrometeorological signals for these seasons. Another
relevant example when discussing droughts is Spain. Intense summer
droughts were the norm in Spain, leading to winter and spring being the
preferred period for cereal cultivation. The regularity of drought in Spain can
also be seen in the institutionalized forms of religious prayer with long
historical roots that were meant to counter drought (and to a lesser extent
excessive rainfall) (Tejedor 2019). In Paper IV, there were indications of a
spring drought signal in wheat yield ratios from most locations in the Spanish
central plateau region, except in Guadalajara. The magnitude of that
particular threat appeared comparable to or even lower than that of summer
droughts in central Europe and southern Scandinavia. One obvious reason
for this, as pointed out in the paper, is that the spring season was actually
colder in most parts of Spain than the main growing season in Switzerland
or Sweden. Furthermore, the cereal growing season in Spain lay largely
outside the dry period.

7.2 The cold of the LIA

The vulnerability to summer drought in areas north of the Alps is consistent
with studies of grain prices that have found them to be at least as responsive
to drought in northern as in southern Europe (Esper et al. 2017). However,
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when looking at longer time scales, colder temperatures appear to have been
a more important driver of grain price variations than hydroclimate
(Ljungqvist et al. 2022). The mechanisms behind this divergence remain
largely unclear. Certainly, the threat of colder temperatures has been one of
the most common themes in climate history (Holopainen et al. 2009; White
2017). A particular type of climatic shock identified within several European
societies during the LIA are periods with cold winters combined with cold
and wet springs and summers. In light of the research questions posed in
section 1.1, especially the second research question, it seems relevant to
discuss the responsiveness of Scanian harvests to conditions of extreme cold.
While most of the larger harvest losses in Scania occurred during drought
years, excessive cold did cause large-scale harvest losses on at least two
occasions, namely in 1739 and 1740. An aspect of uncertainty here, however,
is the fact that the overall sample in the HDSA is very small for those two
years. Given the paucity of such examples, and the complete absence of such
agrometeorological patterns in aggregate or average figures, it seems fair to
argue that they are the exception that proves the rule; namely, that cold was
not a common threat to Scanian agriculture (Olsson & Svensson 2017).
Similar to the reasoning of Bohman (2017a; 2017b) regarding ecological
crises in Scania in the 18" and 19" centuries, it could be said that extreme
cold was only a local and conditional threat to Scanian agriculture during the
study period.

Regarding Swiss conditions, the results from Paper IV show that harvests
exhibited a positive relationship with spring and especially winter tempe-
ratures, with more pronounced effects in the cantons of Zurich and Schwyz.
Furthermore, increased winter precipitation appears to have negatively
affected harvests across Switzerland. On the other hand, summer preci-
pitation appears to have been beneficial for crops, at least in the cantons Vaud
and Bern in the western parts of the country. These two cantons also
exhibited agrometeorological relationships similar to those of southern
Sweden, with harvest yields and summer temperatures being negatively
correlated (i.e., colder summers = larger harvests, or vice versa). In Spain,
there were few indications of sensitivity to cold, except for oats in the
Castille-La Mancha region. Overall, the negative impact of cold and wetness,
assessed using linear correlation analysis, is only apparent for winters and
springs in Switzerland. Certainly, extreme years such as 1739-1741 or the
Great Frost of 1709 have been shown to have negatively affected harvests
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and societies in many parts of Europe (Béaur & Chevet 2017; Pfister et al.
2018a:269; Kelly 2021). However, based on previous research and the
results obtained in this thesis it seems inaccurate to state that cold was
problematic in general (e.g., Soens 2022). As discussed in sections 3.2 and
3.3, in many instances colder temperatures can be beneficial, as they may
reduce the risk of drought or allow crops to take full advantage of the cereal
growing season (with the exception of marginal cases where colder
temperatures directly shorten the cereal growing season, as in northernmost
Europe) (Edvinsson et al. 2009:122—126; Aslan et al. 2015; Lundstrom et al.
2018). An important area for future research in this regard is the investigation
of agrometeorological relationships in other parts of Europe. Poland and
other areas in eastern Europe are especially interesting in this regard,
considering their role in the medieval and early modern grain trade. The
livestock sector is also of particular interest. For example, in an early
exploratory study de Vries (1981:29-30) found that milk yields were
negatively affected by cold March temperatures. Crop production was
dependent on livestock production in the mixed farming system, not least for
the provision of fertilizer in the medium to long term. If livestock production
can be found to have been systematically negatively affected by colder
temperatures, this might be an important part of the puzzle to explain the
negative effect of colder temperatures on grain prices in the medium to long
term (Esper et al. 2017; Ljungqvist et al. 2022).

7.3 The growing season temperature constraint in
northern(most) European agriculture

If agriculture in Scania and parts of Switzerland were better adapted to wetter
and colder summer conditions, agriculture in Jamtland represents the
opposite, at least when it comes to the warm-cold spectrum: agriculture there
fared better during warm growing season conditions. Paper III was able to
show that cereal cultivation was very sensitive to growing season tem-
perature fluctuations in Jamtland, except for a few notable parishes around
Lake Storsjon. Severe harvest losses or even near-failures have been
described as a common, almost systemic, feature of agriculture in the region
(Lindegren 2011:96). One of the most striking constraints of agriculture in
Jamtland was the near overlap between the harvest season and the autumn
frost season. The mean harvest date during the years 1701-1920, as
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reconstructed in Paper III, was very close to the mean date for the first
autumn frost in the reference period 1961-1990 (SMHI 2023). Given the
year-to-year variability in both these variables, autumn frost appears to have
very much been a systematic threat to agriculture in central Scandinavia.

Advocates for agricultural reform and improvements in 19th-century
Jamtland believed that these reforms would release agriculture from the
chains imposed by the harsh climate and allow it to achieve the potential
promised by soils that were perceived as particularly rich (von Tdrne
1829:40-46). More widespread introduction of autumn rye cultivation was
one potential improvement that authorities were particularly interested in
promoting (Wichman 1968:20). Paper 11l demonstrated that autumn rye was,
if anything, more vulnerable to the climatic conditions in Jimtland. While
agrometeorological patterns in Scania appear to have undergone a shift in the
late 19 century with the introduction of new varieties of autumn crops, in
Jamtland it seems that the potato brought the biggest change in agrome-
teorological dependencies, even though excessive cold continued to present
a threat.

The documentary evidence abounds with references to grain being
damaged or destroyed by frost, similar to conditions in Finland (Wichman
1962b:136-146; Myllyntaus 2009:80-81; Holm 2012:23; Huhtamaa et al.
2015). For several parishes studied in Paper III, mean summer temperatures
alone explained a third or more of the variation in harvests. This was most
clear in parishes located in the more mountainous or rugged parts of Jamtland
and Hérjedalen, as well as in the northernmost parishes. However, in some
central parishes in the Lake Storsj6 District, such as Hackés, Norderon, Froso
and RoOdon, harvests were much less dependent on mean summer
temperatures alone, even though they were still certainly constrained by
temperature (i.e., warmer temperatures were associated with larger harvests).
By all accounts, autumn frost played a central role in the relationship
between growing season temperatures and harvests. As could be seen in 19"
and early 20" century yield ratios, mean August temperatures yielded the
strongest correlations with harvests, although temperatures during all months
from at least March until September appear to have been important. The
combination of the central role played by August temperatures and that the
date of the harvest was one of the strongest factors affecting crop yields is
indicative of the role played by autumn-frosts.
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Furthermore, Paper III could demonstrate that harvest dates were even
more dependent on growing season temperatures than harvest output or
yields. Mean spring temperatures explained about 16 per cent of variation in
harvests dates, whereas mean summer temperatures explained up to 52 per
cent. The latter number is about the same or even lower than corresponding
figures from central agricultural areas of FEurope like southern
Germany/Switzerland (also 52 per cent) or England (up to 62 per cent)
(Wetter & Pfister 2010; Pribyl et al. 2011). Why weren’t growing season
temperatures more important in the marginal agricultural area of Jimtland,
compared to these other central agricultural areas? One probable agent here
is, again, frost. While growing season temperatures were crucially important
for agriculture in Jdmtland, and more important than they were for
agriculture in southern Germany or England, an early occurrence of frost
could force a premature harvest, thus overriding part of the effect from
growing season temperatures.

Paper III also introduced long time series of sowing dates, with an almost
continuous record between 1699-1920, as well as of hay-cutting dates
between 1762—-1920, both types of series being extremely rare if not
altogether unprecedented in European historiography. Sowing dates were, as
might be expected, dependent on spring temperatures. Up to 27 per cent of
the variation in sowing dates could be explained by mean spring
temperatures alone. Perhaps more surprisingly, hay-cutting dates were also
dependent on spring and summer temperatures, where about 22 per cent of
the variation in hay-cutting dates could be explained by mean spring and
summer temperatures, respectively. There were also relationships between
the various agricultural dates, where later sowing dates tended to delay hay-
cutting and harvests. The effect of a delayed hay-cutting on the harvest date
was especially strong: up to 53 per cent of the variation in harvest dates could
be explained by hay-cutting dates. Overall, these relationships show that
there was a comprehensive dependence on growing season temperatures for
all the agricultural indices under consideration. However, they also show that
there was considerable scope for other factors determining variations in
harvests and agricultural dates. Combining climatic and agricultural
indicators generally increased the explanatory power of all models. For
example, mean summer temperatures in tandem with hay-cutting and sowing
dates could explain up to 70 per cent of variations in harvest dates, whereas
temperatures alone, as already noted, explained about 53 per cent. The
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apparently climate-independent relationships between the various agri-
cultural dates indicate that there was a scope of decision-making based on
priorities and perception of risk on the part of farming households.
Regarding the climate-agriculture relationships in central Scandinavia, it
is also important to bear in mind that the cultivation of crops, while
important, probably took second place to livestock production. The cutting
of hay generally took eight weeks, almost twice the amount of time dedicated
to harvesting crops (Wichman et al. 1968:56, 59). Furthermore, the
relationship between hay-cutting and harvest dates could be interpreted as
being partly caused by farmers prioritizing hay-cutting over the harvest and
thus allowing the hay-cutting to delay the grain harvest. The same climatic
conditions that delayed hay-cutting could also be responsible for delaying
the grain harvest; however, these two explanations are not necessarily
mutually exclusive. The dependence of livestock production on climatic
variability is an understudied subject in European historiography (White
2014b), and it is arguably an especially important topic for areas more
oriented towards livestock production like central Scandinavia or the
Hirtenldnder of Switzerland (Pfister 1983; Larsson 2009:56). Unfortunately,
most of the data utilized for Paper III only highlighted conditions for crop
cultivation (with the important exception of hay-cutting dates); thus,
considering the livestock sector was largely outside the scope of the paper.

7.4 Methodological limitations

An important factor to bear in mind when considering the agrometeo-
rological relationships identified in all the four papers is that the evidence
was mainly obtained through linear analyses like parametric regression
models or correlation analysis. While this type of analysis usually has more
statistical explanatory power, such models or methods do not give a full
picture. Most relationships between crop yields and meteorological
indicators are only linear within certain parameters. When including the full
range of outcomes in, for example, correlation analysis, the results by
themselves do not let us know whether droughts played an outsized role in
determining these associations. Nor do they directly reveal to what extent the
associations were just as much the result of crop production being favored
by cold and wet conditions, as it was negatively impacted by warm and dry
conditions. Controlling for one factor or the other implies a loss of degrees
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of freedom by, for example, only considering dry or wet years, as in Paper .
Such approaches can still be useful if used in combination with other
statistical methods, as in Paper II when the specific impact of drought could
be demonstrated through compositing (SEA) in tandem with correlation
analysis (Bras et al. 2021). Another important constraint is that available
cross-sectional data is limited. For Scanian agriculture, one of the regions
with the best coverage in Europe, such data is only available after ca 1700
(Olsson & Svensson 2010). For climate indicators, cross-sectional local-
level data is unfortunately even more limited. Doing panel-based regressions
of agriculture-harvest relationships is therefore limited to including climate
as a time-variant but individual-invariant variable (Hsiang 2016; Bekar
2019). If more standardized indicators across regions could be obtained, a
possible approach here for future research could be to use aggregated data
at, for example, county or subregional levels and estimate panel-
based models of larger regions (Burke & Emerick 2016).

7.5 Conclusion

This thesis has investigated how pre-industrial agriculture in different parts
of Europe was affected by climate variability and change during the period
ca 1500-1920. A particular focus has been directed towards Scania in
southernmost Scandinavia and Jdmtland in central Scandinavia during the
years ca 1700-1910 and 1560-1920, respectively. Spain, Switzerland, and
other parts of southern Scandinavia during the period ca 1500-1800 have
also been considered. The thesis has concentrated on three research
questions, distributed among the included papers, namely: (1) how did the
climate and variability thereof affect agricultural production in different parts
of Europe, and Scandinavia in particular, during the study period ca 1560—
1910? (2) What were the main agrometeorological risks in each region
studied? (3) What was the history and frequency of these risks during the
study period, and to what degree were pre-industrial farming systems
resilient to these risks? The first research question was addressed in all
papers. The second research question was mainly addressed in papers II-111
and to a lesser extent in papers I and IV. The third and final research question
was primarily addressed in papers II and III.

In relation to research question 1, there were notable differences in the
most readily identifiable agrometeorological relationships across the regions
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Included in the study. For Scania, it was demonstrated that June and July
were the most important months, with harvest showing a positive correlation
with precipitation and negative correlation with temperatures in those
months (i.e., higher temperatures = smaller harvests and more rain = larger
harvests). No other significant agrometeorological relationships could be
distinguished in the region. Rather, farms mostly differed in their degree of
dependence on meteorological conditions in June and July.

Identified associations in central agricultural areas were generally quite
weak — but in line with expectations — where single monthly or seasonal
climatic indicators explained about 10 per cent, frequently less, of historical
harvest variations. In marginal agricultural regions like Jdmtland, single
climatic indicators explained at least twice as much of the historical harvest
variations. In Paper 111, a clear temperature signal was present in the variation
of all the agricultural indicators in Jamtland under consideration, where
colder/warmer temperatures were associated with smaller/larger harvests,
and later/earlier onsets of sowing, hay-cutting, and harvesting.

In Switzerland, winters and spring temperatures were positively related to
harvests; i.e., colder winters and springs were associated with reduced
harvests. Similarly, wet winters were also associated with reduced harvests.
Harvests in parts of Switzerland showed similarities to southern Sweden in
terms of exhibiting a negative association with summer temperatures (i.e.,
warmer summers = smaller harvests) at inter-annual time-scales, albeit with
a weaker effect. Conditions in Spain were more heterogeneous, consistent
with the diversified climate of the Iberian Peninsula and the prevalence of
different irrigation regimes. Wheat tithes in Andalusia, as well as wheat yield
ratios from the central plateau region, exhibited a drought signal (i.e., warmer
and drier conditions = lower harvests), with the difference between Spain
and Sweden being that this signal was relegated to the spring season.
Conversely, harvests in Guadalajara exhibited a reverse climatic signal (i.e.,
warmer and drier conditions = larger harvests), especially for oats, which
appeared to be the most climatically sensitive crop, probably due to its
cultivation on more exposed and marginal plots.

Regarding research questions 2 and 3, Paper Il demonstrated that droughts
constituted the main agrometeorological threat in Scania, with drought being
the main culprit behind large-scale harvest losses in the region, affecting both
spring and autumn crops on different types of farms, as well as grain prices,
at least until the late 19™ century. In the late 19™ and early 20™ centuries, the
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introduction of new autumn crop varieties shifted agrometeorological
patterns, with autumn crops no longer being as vulnerable to drought,
possibly becoming more susceptible to conditions of extreme cold instead.
Spring crops in Scania continued to be vulnerable to drought throughout the
study period. In the years subsequent to a drought, harvests and yields of
autumn crops generally experienced a rebound effect, recovering the losses
from the previous drought year, while spring crops generally experienced a
reduced rebound or even suffered persistent harvest losses in the year
following a drought.

Cold was not a systematic threat in either Scania or southern Sweden as a
whole, although episodes of extreme cold conditions could lead to local
harvest losses. In contrast, in the northern two-thirds of Sweden, roughly the
regions above the limes norrlandicus, cold was very much a systematic
threat. Agrometeorological differences between northern and southern
Sweden were in general not a matter of degrees (although to some extent it
was), but rather one of opposites, where agrometeorological relationships
tended to go in opposite directions. In Jimtland, cold springs and summers,
as well as autumn frosts, were clearly the main agrometeorological threats,
and remained so throughout the study period. These vulnerabilities were
partly mitigated by the rapid increase in potato cultivation in the 19" century.

Even though climatic signal in central agricultural areas was spread out
over a wider range of possible meteorological outcomes, and each specific
signal (e.g., growing season temperatures) was thus weaker, drought during
the main cereal growing period appeared to be the main (Sweden, Spain), or
one of the discernable (Switzerland), agrometeorological risks in most
central agricultural areas. In such areas, harvests at inter-annual time-scales
tended to be negatively correlated with growing season temperatures (i.e.,
warmer growing seasons = smaller harvests) and in the case of Sweden and
Spain, positively correlated with summer or spring precipitation (i.e., more
rain = larger harvests), respectively. Conversely, in marginal farming areas
risks were more concentrated, with colder growing season temperatures
being the dominant agrometeorological threat.

116



References

Alfani, G. (2011). The Famine of the 1590s in Northern Italy: An Analysis of the
Greatest “System Shock” of Sixteenth Century. Histoire et Mesure, 26(1),
17-50. https://doi.org/10.4000/histoiremesure.4119

Alfani, G., & O Grada, C. (2017). Famines in Europe: An Overview. In: G. Alfani
& C. O Grada (eds.) Famine in European History (pp. 1-24). Cambridge:
Cambridge University Press. https://doi.org/10.1017/9781316841235.001

Allen, R. (2008). The Nitrogen Hypothesis and the English Agricultural Revolution:
A Biological Analysis. The Journal of Economic History, 68(1), 182-210.
https://doi.org/10.1017/S0022050708000065

Allen, R. (2009). Chapter 3: The Agricultural Revolution. In: R. Allen (ed.) The
British Industrial Revolution in Global Perspective (pp. 47-64). Cambridge:
Cambridge University Press.
https://doi.org.10.1017/CB0O9780511816680.003

Almas, R. (2002). Norges landbrukshistorie. fra bondesamfunn til bioindustri 4
1920-2000. Oslo: Det Norske Samlaget.

Andersson, O. (1868). Dagbok. 10605, 2. Ostersund: Riksarkivet Ostersund.

Ankli, R.E. (1980). Horses vs. tractors on the Corn Belt. Agricultural History, 54(1),
134-148.

Antonsson, H. (2004). Landskap och édesbéolen : Jamtland fore, under och efter den
medeltida agrarkrisen. Diss., Stockholm: Stockholm University.
http://urn.kb.se/resolve?urn=urn:nbn:se:su:diva-117

Aslan, S., Forsberg, N.E.G., Hagenblad, J. & Leino, W.M. (2015). Molecular
Genotyping of Historical Barley Landraces Reveals Novel Candidate
Regions for Local Adaption. Crop Science, 55, 2766-2776.
https://doi.org/10.2135/cropsci2015.02.0119

Bairoch, P. (1969). Agriculture and the industrial revolution 1700-1914. In. C. M.
Cipolla (ed.) The Fontana Economic History of Europe 3. The Industrial
Reovlution (chap. 8), London: Collins/Fontana.

Barriendos, M. & Llasat, M.C. (2003). The Case of the ‘Mald4d’ Anomaly in the
Western Mediterranean Basin (AD 1760-1800): An Example of a Strong
Climatic Variability. Climatic Change, 61 (1) 191-216 .
https://doi.org/10.1023/A:1026327613698

Barriendos, M. (2005). Climate and culture in Spain, religious re-sponses to extreme
climatic events in the Hispanic King-doms (16th—19th centuries). In:

117



Behringer, W., Lehmann, H., and Pfister, C. (eds.) Kulturelle Konsequenzen
der “Kleinen Eiszeit” (pp. 379-414). Gottingen: Vandenhoeck & Ruprecht.

van Bath, S. (1963). The Agrarian History of Western Europe, A.D. 500-1850.
London: Arnold.

van Bath, B. (1977). Agriculture in the Vital Revolution. In: D. Coleman, P. Mathias,
& M. Postan (Authors) & E. Rich & C. Wilson (eds.) The Cambridge
Economic History of Europe (pp. 42-132). Cambridge: Cambridge
University Press. https://doi.org/10.1017/CHOL9780521087100.003

Batten, D.C. (1998). Transport and Urban Growth in Preindustrial Europe:
Implications for Archaeology. Human Ecology, 26(3), 489-516.
https://doi.org/10.1023/A:1018712400962

van Bavel, B.J.P., Curtis, D.R., Hannaford, M.J., Moatsos, M., Roosen, J., & Soens,
T. (2019). Climate and society in long-term perspective: Opportunities and
pitfalls in the use of historical datasets. Wiley interdisciplinary reviews.
Climate change, 10(6), e611. https://doi.org/10.1002/wcc.611

Bauernfeind, W., & Woitek, U. (1996). Cyclical characteristics of tithe series in Mid
Frankonia and Switzerland 1339-1708: an application of maximum entropy
spectral  analysis. Historical Social Research, 21(1), 122-150.
https://doi.org/10.12759/hsr.21.1996.1.122-150

Béaur, G., & Chevet, J. (2017). France. In: G. Alfani & C. O Grada (eds.) Famine
in European History (pp. 73-100). Cambridge: Cambridge University Press.
https://doi/10.1017/9781316841235.004

Beck, H., Zimmermann, N., McVicar, T., Vergolan, N., Berg, A. & Wood, E.F.
(2018). Present and future Koppen-Geiger climate classification maps at 1-
km resolution. Scientific Data, 5, 180214.
https://doi.org/10.1038/sdata.2018.214

Beillouin, D., Schauberger, B., Bastos, A., Ciais, P., & Makowski, D. (2020). Impact
of extreme weather conditions on European crop production in 2018.
Philosophical transactions of the Royal Society of London. Series B,
Biological sciences, 375(1810) 20190510.
https://doi.org/10.1098/rstb.2019.0510

Bekar, C. (2019). The Persistence of Harvest Shocks in Medieval England. The
Journal of Economic History, 79(4), 954-988.
https://doi/10.1017/S0022050719000524

Berglund, M. (2006). Gdrdar och folk i norr. Bebyggelse, befolkning och jordbruk i
Norrbotten under 1500-talet. [Farms and people in the north of Sweden.
Settlements, population and agriculture in Norrbotten during the 16th
century.] Diss. Umeé: Umed University.
http://urn.kb.se/resolve?urn=urn:nbn:se:umu:diva-691

Bohman, M. (2010). Bonden, bygden och bérdigheten: Produktionsmonster och
utvecklingsvdgar under jordbruksomvandlingen i Skdne ca 1700-1870.

118



Diss., Lund: Lund University
http://urn.kb.se/resolve?urn=urn:nbn:se:umu:diva-99296 .
Bohman, M. (2017a). Conditional Crisis? Ecological challenges and conditions of

growth during the agricultural revolution in southern Sweden, c. 1700-1900.
The Economic History Review, 70, 171-186,
https://doi.org/10.1111/ehr.12335

Bohman, M.: Deal with it! (2017b). The emergence and reversal of an agro-
ecological crisis, Southern Sweden in the eighteenth and nineteenth
centuries. Scandinavian Economic History Review, 65 206-220.
https://doi.org/10.1080/03585522.2017.1286257

Bras, T.A., Seixas, J., Carvalhais, N. and Jagermeyr, J. (2021). Severity of drought
and heatwave crop losses tripled over the last five decades in Europe.
Environmental Research Letters, 16(6), 065012, https://doi/:10.1088/1748-
9326/abf004

Braudel, F. (1981). Civilization and capitalism : 15th-18th century. Vol. 1 The
structures of everyday life: the limits of the possible. London: Collins.

Bringéus, N. A. (2013). Sockenbeskrivningar fran Malméohus ldn 1828. Lund:
Stiftshistoriska sdllskapet i Lunds stift.

Bronnimann, S., Allan, R., Ashcroft, L., Baer, S., Barriendos, M., Brazdil, R.,
Brugnara, Y., Brunet, M., Brunetti, M., Chimani, B., Cornes, R.,
Dominguez-Castro, F., Filipiak, J., Founda, D., Herrera, R.G., Gergis, J.,
Grab, S., Hannak, L., Huhtamaa, H., ... Wyszynski, P. (2019a). Unlocking
Pre-1850 Instrumental Meteorological Records: A Global Inventory.
Bulletin of the American Meteorological Society, 100(12), 389-413.
https://doi.org/10.1175/BAMS-D-19-0040.1

Broénnimann, S., Franke, J., Nussbaumer, S.U., Zumbiihl, H.J., Steiner, D., Trachsel,
M., Hegerl, G.C., Schurer, A., Worni, M., Malik, A., Fliickiger, J., & Raible,
C.C. (2019b). Last phase of the Little Ice Age forced by volcanic eruptions.
Nature Geosciene, 12, 650—656. https://doi.org/10.1038/s41561-019-0402-
y

Bronnimann, S., Pfister, C., & White, S. (2018). Archives of Nature and Archives of
Societies. In: White, S., Pfister, C., & Mauelshagen, F. (eds.) The Palgrave
Handbook of Climate History (pp. 13-28). Palgrave Macmillan.
https://doi.org/10.1057/978-1-137-43020-5_3

Brunt, L. (2004). Nature or Nurture? Explaining English Wheat Yields in the
Industrial Revolution, ¢.1770. The Journal of Economic History, 64(1),
193-225. https://doi:10.1017/S0022050704002657

Brunt, L. (2015) Weather shocks and English wheat yields, 1690-1871.
Explorations in Economic History, 57, 50-58.
https://doi.org/10.1016/j.eeh.2014.12.001

119



Bunde, A., Biintgen, U., Ludescher, J., von Storch, H. (2013). Is there memory in
precipitation? Nature Climate Change, 3, 174-175.
https://doi.org/10.1038/nclimate 1830

Biintgen, U., Hellmann, L. (2014). The Little Ice Age in Scientific Perspective: Cold
Spells and Caveats. Journal of Interdisciplinary History, 44(3), 353—
368. https://doi.org/10.1162/JINH_a 00575

Biintgen, U., Tegel, W., Nicolussi, K., McCormick, M, Frank, D., Trouet, V.,
Kaplan, J.O., Franz, H., Heussner, K-U., Wanner, H., Luterbacher, J. &
Esper, J. (2011). 2500 Years of European Climate Variability and Human
Susceptibility, Science, 331, 578-582.
https://doi.org/10.1126/science.1197175

Burke, M. & Emerick, K. (2016). Adaptation to Climate Change: Evidence from US
Agriculture. American Economic Journal: Economic Policy, 8(3), 106—140.
https://doi.org/10.1257/p0l.20130025

Butterworth, S. (1930). On the Theory of Filter Amplifiers. Experimental Wireless
and the Wireless Engineer, 7, 536-541.

Butzer, K.W., Mateu, J.F., Butzer, E.K., & Kraus, P. (1985). Irrigation Agrosystems
in Eastern Spain: Roman or Islamic Origins? Annals of the Association of
American Geographers, 75(4), 479-509.

Barring, L., Jonsson, P., Achberger, C., Ekstrom, M. & Alexandersson, H. (1999).
The Lund instrumental record of meteorologcal observations:
reconstruction of monthly sea-level pressure 1780-1997. International
Journal of Climatology, 1427-1443. https://doi.org/10.1002/(SICI)1097-
0088(19991115)19:13<1427::AIDJOC429>3.0.CO;2-H19

Bohm, R., Jones, P.D., Hiebl, J., Frank, D., Brunetti, M. & Maugeri, M. (2010). The
early instrumental warm-bias: a solution for long central European
temperature  series 1760-2007. Climatic  Change, 101, 41-67.
https://doi.org/10.1007/s10584-009-9649-4

Calatayud, S., Millan, J., & Romeo, M. (2022). Agrarian development and state
building in Spain: The contest for irrigation in the Valencian Region, 1770—
1860. Rural History, 34(1), 39-54.
https://doi.org10.1017/S0956793322000115

Camenisch, C. (2018). Two Decades of Crisis: Famine and Dearth During the 1480s
and 1490s in Western and Central Europe. In: Collet, D., Schuh, M. (eds.),
Famines During the ‘Little Ice Age’ (1300-1800) (pp. 69-90). Cham:
Springer. https://doi.org/10.1007/978-3-319-54337-6 4

Campbell, B.M.S. & Overton, M. (1993). A New Perspective on Medieval and Early
Modern Agriculture: Six Centuries of Norfolk Farming c.1250-c.1850. Past
& Present, 141(1), 38—105. https://doi.org/10.1093/past/141.1.38

Campbell, B.M.S. (2016). The Great Transition: Climate, Disease and Society in
Late-Medieval World. Cambridge University Press.

120



Campbell, B.M.S. (2018). The European Mortality Crises of 1346-52 and Advent
of the Little Ice Age. In: Collet, D., Schuh, M. (eds.) Famines During the
‘Little Ice Age’ (1300-1800) (pp. 19-41). Cham: Springer.
https://doi.org/10.1007/978-3-319-54337-6 2

Campbell, K. G. (1997). Spelt: Agronomy, Genetics, and Breeding. In: J. Janick (ed.)
Plant Breeding Reviews (pp. 187-213).
https://doi.org/10.1002/9780470650097.ch6

Cappelen, J., Kern-Hansen, C., Laursen, V.E., Jorgensen, V.P., and Jergensen, V.B.
(2019). Denmark — DMI Historical Climate Data Collection 1768-2018.
DMI Report, 19-02, Danish Meteorological Institute.

Carter, C., Cui X., Ghanem, D., Mérel, P. (2018). Identifying the Economic Impacts
of Climate Change on Agriculture. Annual Review of Resource Economics,
10(1), 361-380. https://doi.org/10.1146/annurev-resource-100517-022938

Castle, J.L. & Hendry, D.F. (2020). Climate Econometrics: An Overview.
Foundations and Trends in Econometrics, 10(3-4), 145-322.
http://dx.doi.org/10.1561/0800000037

Castle, J.L., Doornik, Jurgen A., Hendry, D.F. & Pretis, F. (2015). Detecting
Location Shifts during Model Selection by Step-Indicator Saturation.
Econometrics, 3(2), 240-264.
https://doi.org/10.3390/econometrics3020240

Charrad, M., Ghazzali, . N., Boiteau, V., & Niknafs, A. (2014). NbClust: An R
Package for Determining the Relevant Number of Clusters in a Data Set.
Journal of Statistical Software, 61(6), 1-36.
https://doi.org/10.18637/jss.v061.i

Chorley, G.P.H. (1981). The Agricultural Revolution in Northern Europe, 1750-
1880: Nitrogen, Legumes, and Crop Productivity. The Economic History
Review, 34(1), 71-93. https://doi.org/10.2307/2594840

Christiansen, B. & Ljunqgvist, F.C. (2017). Challenges and perspectives for large-
scale temperature reconstructions of the past twomillennia. Review of
Geophysics, 55, 40-96. https://doi.org10.1002/2016RG000521

Chuine, 1., Yiou, P., Viovy, N., Seguin, B., Daux, V. & Le Roy Ladurie, E. (2004).
Grape ripening as a past climate indicator. Nature 432, 289-290.
https://doi.org/10.1038/432289a

Ciria, JM.L. (2007). La produccion agraria en el sur de Aragén (1660—1827),
Historia Agraria, 41, 3-30.

Claridge, J. and Langdon, J. (2011), Storage in medieval England: the evidence from
purveyance accounts, 1295-1349. The Economic History Review, 64, 1242-
1265. https://doi.org/10.1111/j.1468-0289.2010.00564.x

Clark, G. (1992). The Economics of Exhaustion, the Postan Thesis, and the
Agricultural Revolution. The Journal of Economic History, 52(1), 61-84.
https://doi.org/10.1017/S0022050700010263

121



Cochrane, D., & Orcutt, G. H. (1949). Application of Least Squares Regression to
Relationships Containing Auto-Correlated Error Terms. Journal of the
American Statistical Association, 44(245), 32-61.
https://doi.org/10.2307/2280349

Cole, J.W. (1972). Cultural adaptation in eastern Alps. Anthropological Quarterly,
45(3), 158-176.

Collantes, F. (2009). The Demise of European Mountain Pastoralism: Spain 1500-
2000. Nomadic Peoples, 13(2), 124-145.
https://doi.org/10.3167/np.2009.130208

Collet, D. & Schuh, M. (2018). Famines: At the Interface of Nature and Society. In:
Collet, D. & Schuh, M. (eds.), Famines During the ‘Little Ice Age’ (pp. 3-
16). Cham: Springer. https://doi.org/10.1007/978-3-319-54337-6_1

Collet, D. (2010). Storage and Starvation: Public Granaries as Agents of “Food
Security” in Early Modern Europe. Historical Social Research, 35(4), 234—
252. https://doi.org/10.12759/hsr.35.2010.4.234-252

Cong, R.,, & Brady, M. (2012). The Interdependence between Rainfall and
Temperature: Copula Analyses. Scientific World Journal 2012, 1-11.
https://doi.org/10.1100/2012/405675

Costello, E., Kearney, K. & Gearey, B. (2023). Adapting to the Little Ice Age in
pastoral regions: An interdisciplinary approach to climate history in north-
west Europe. Historical Methods, 56, 77-96.
https://doi.org/10.1080/01615440.2022.2156958

Criddle, R., Hansen, L., Smith, B., Macfarlane, C., Church, J., Thygerson, T.,
Jovanovic, T. & Booth, T. (2005). Thermodynamic law for adaptation of
plants to environmental temperatures. Pure and Applied Chemistry, 77(8),
1425-1444. https://doi.org/10.1351/pac200577081425

Curzon, A. Y., Kottakota, C., Nashef, K., Abbo, S., Bonfil, D. J., Reifen, R., Bar-El,
S., Rabinovich, O., Avneri, A., & Ben-David, R. (2021). Assessing adaptive
requirements and breeding potential of spelt under Mediterranean
environment. Scientific Reports, 11, 7208. https://doi.org/10.1038/s41598-
021-86276-1

Dahlhede, C. (1999). The European Ox Trade in Early Modern Time. Southern
Germany, The Southern Netherlands and Western Sweden. In: Lijlewall, B.
(ed.) Agrarian Systems in Early Modern Europe (pp. 57-95). Stockholm:
Nordiska Museets Forlag.

Dahlman, C. J. (1980). The Open Field System and Beyond: A Property Rights
Analysis of an Economic Institution. Cambridge: Cambridge University
Press. https://doi.org/10.1017/CB0O9780511896392

Dahlstrom, A. (20006). Betesmarker, djurantal och betestryck 1620—1850.
Naturvdrdsaspekter pd historisk beteshivd i Syd- och Mellansverige
[Pastures, livestock number and grazing pressure 1620—1850. Ecological

122



aspects of grazing history in south-central Sweden]. Diss. Uppsala:
University of Agricultural Sciences. https://res.slu.se/id/publ/13615

Dahlstrom, A., Cousins, S., Eriksson, O. (2006). The History (1620-2003) of Land
Use, People and Livestock, and the Relationship to Present Plant Species
Diversity in a Rural Landscape in Sweden. Environment and History, 12(2)
191-212. https://doi.org/10.3197/096734006776680218

Dalgaard, T. & Kyllingsbak, A. (2003). Developments in the nitrogen surplus and
the fossil energy use in Danish agriculture during the 20th century.
Transactions on Ecology and the Environment, 63, 669-678.
https://doi.org/10.2495/EC0O030621

Dardonville, M., Urruty, N., Bockstaller, C., Therond, C. (2020). Influence of
diversity and intensification level on vulnerability, resilience and robustness
of agricultural systems. Agricultural Systems, 184, 102913, 1-36.
https://doi.org/10.1016/j.agsy.2020.102913

Degroot, D. (2018). The Frigid Golden Age: Climate Change, the Little Ice Age, and
the Dutch Republic, 1560—1720. Cambridge: Cambridge University Press.
https://doi.org/10.1017/9781108297639

Degroot, D., Anchukaitis, K., Bauch, M., Burnham, J., Carnegy, F., Cui, J., de Luna,
K., Guzowski, P., Hambrecht, G., Huhtamaa, H., Izdebski, A., Kleemann,
K., Moesswilde, E., Neupane, N., Newfield, T., Pei, Q., Xoplaki, E., &
Zappia, N. (2021). Towards a rigorous understanding of societal responses
to climate change. Nature, 591(7851), 539-550.
https://doi.org/10.1038/s41586-021-03190-2

Dessureault-Rompré, J., Zebarth, B.J., Georgallas, A., Burton, D.L., Grant, C.A.,
Drury, C.F. (2010). Temperature dependence of soil nitrogen mineralization
rate: Comparison of mathematical models, reference temperatures and
origin of the soils, Geoderma, 157(3-4), 97-108.
https://doi.org/10.1016/j.geoderma.2010.04.001

Dodds, B. (2002). Durham Priory Tithes and the Black Death Between Tyne and
Tees. Northern History, 39(1), 5-24.
https://doi.org/10.1179/nhi.2002.39.1.5

Dodgshon, R.A. (2004). Coping with risk: subsistence crisis in the Scottish
Highlands and Islands, 1600-1800. Rural History, 15(1), 1-25.
https://doi.org/10.1017/S0956793303001067

Dodgshon, R.A. (2009). The Environmental History of Mountain Regions. In:
Sorlin, S., Warde, P. (eds) Nature’s End (pp. 144-161). Palgrave Macmillan,
London. https://doi.org/10.1057/9780230245099 7

Dominguez-Castro, F., Santisteban, J. 1., Barriendos, M., Mediavilla, R. (2008).
Reconstruction of drought episodes for central Spain from rogation
ceremonies recorded at the Toledo Cathedral from 1506 to 1900: A
methodological approach. Global and Planetary Change, 63(2-3), 230-242.
https://doi.org/10.1016/j.gloplacha.2008.06.002

123



Domonkos, P. (2011). Adapted Caussinus-Mestre Algorithm for Networks of
Temperature series (ACMANT). International Journal of Geosciences,
2(3), 293-309. https://doi.org/10.4236/ijg.2011.23032

Domonkos, P. (2021). ACMANT homogenization software: manualv4.4. 1-20.
https://github.com/dpeterfree/ ACMANT/tree/ ACMANTV4 4. Last
accessed 5 May 2023.

Dribe, M., Olsson, M. & Svensson, P. (2017a). The agricultural revolution and the
conditions of the rural poor, southern Sweden, 1750-1860. The Economic
History Review, 70, 483-508. https://doi.org/10.1111/ehr.12378

Dribe, M., Olsson, M., & Svensson, P. (2017b). Nordic Europe. In: G. Alfani & C.
O Grada (eds.) Famine in European History (pp. 185-211). Cambridge:
Cambridge University Press. https://doi.org/10.1017/9781316841235.009

Durbin, J. & Watson, G.S. (1950). Testing for Serial Correlation in Least Squares
Regression: L. Biometrika, 37(3/4), 159-179.
https://doi.org/10.2307/2332391

Durbin, J. & Watson, G.S. (1951). Testing for Serial Correlation in Least Squares
Regression: II. Biometrika, 38(1/2), 159-1717.
https://doi.org/10.2307/2332325

Durre, 1., Menne, M.J. & Vose, R.S. (2008) Strategies for evaluating quality assurace
procedures. Journal of Applied Meteorology and Climatology, 47(6), p-
p-1785-1791. https://doi.org/10.1175/2007JAMC1706.1

DWD Climate Data Center (CDC) (2018). Historical monthly station observations
(temperature, pressure, precipitation, sunshine duration, etc.) for Germany,
version v007, DWD CDC [data set],
https://opendata.dwd.de/climate_environment/CDC/observations_germany
/climate/monthly/kl/historical/ last accessed 2 February 2022.

Dybdahl, A. (2012). Climate and demographic crises in Norway in medieval and
early modern times. Holocene, 22(10), 1159-1167.
https://doi.org/10.1177/0959683612441843

Dybdahl, A. (2016). Klima, udr og kriser i Norge gjennom de siste 1000 ar. Oslo:
Cappelen Damm akademisk.

Eddy, J.A. (1976). The Maunder Minimum. Science 192(4245), 1189-1202.
https://doi.org/10.1126/science.192.4245.1189

Edvinsson, R. (2008). Harvests, prices and population in early modern Sweden.
Stockholm Papers in Economic History, No. 1. Stockholm University,
Department of Economic History.

Edvinsson, R. (2009). Swedish Harvests, 1665—-1820: Early Modern Growth in the
Periphery of European Economy. Scandinavian Economic History Review,
57(1), 2-25, https://doi.org/10.1080/03585520802631592

Edvinsson, R., Leijonhufvud, L. & Soderberg, J. (2009). Vider, skordar och priser i
Sverige. In: Liljewall, B., Flygare, 1., Lange, U., Ljunggren, L. & Soderberg,

124



J. (eds.) Agrarhistoria pa mdnga sdtt. 28 studier om mdnniskan och jorden
(pp. 115-136). Stockholm: Kungl. skogs- och lantbruksakademien.

Eiras Roel, A. (1982). Dime et mouvement du produit agricole en Galice 1600—1837.
In: Goy, J. and Le Roy Ladurie, E. (eds.) Prestations paysannes, dimes,
rente fonciére et mouvements de la production agricole a l’époque pré-
industrielle (pp. 341-358). Paris: Mouton.

Engelbrecht, H. (1930). Die Landbauzonen Der Erde. Dr. A. Petermann's
Mitteilungen 209, 287-297.

van Engelen, A. F. V. and Nellestijn, J. W. (1995). Monthly, seasonal and annual
means of the air temperature in tenths of centigrades in De Bilt, Netherlands,
1706—-1995. Technical Reports, KNMI.

van Engelen, A. F. V, Buisman, J., and Ijnsen, F. (2001). A Millenium of Weather,
Winds and Water in the Low Countries. In: P. D., Jones, A. Ogilvie, T. D.,
Davies and K. R. Briffa (eds.) History and Climate (pp. 101-124). Boston:
Springer. https://doi.org/10.1007/978-1-4757-3365-5_6

Erikson, M. (2018). Krediter i lust och nod — Skattebonder i Torstuna Hdrad,
Vistmanlands ldn, 1770-1870. Diss. Uppsala: Uppsala University.
http://urn.kb.se/resolve?urn=urn:nbn:se:uu:diva-340390

Eriksson, O. (2020). Origin and Development of Managed Meadows in Sweden: A
Review. Rural Landscapes: Society, Environment, History, 7(1), 2, 1-23.
https://doi.org/10.16993/rl.51

Eriksson, O., Arnell, M. & Lindholm, K-J. (2021). Historical Ecology of
Scandinavian  Infield  Systems.  Sustainability,  13(2),  817.
https://doi.org/10.3390/su13020817

Esper, J., Buntgen, U. & Denzer, S. (2017). Environmental drivers of historical grain
price variations in Europe. Cimate Research, 72(1), 39-52.
https://doi.org/10.3354/cr01449

Esper, J., Cook, E.R. & Schweingruber, F.H. (2002). Low-Frequency Signals in
Long Tree-Ring Chronologies for Reconstructing Past Temperature
Variability. Science, 295(5563), 2250-2253.
https://doi.org/10.1126/science.1066208

Federico, G. (2005). Feeding the World: An Economic History of Agriculture, 1800-
2000. Princeton: Princeton University Press.

Federico, G., Schulze, M., & Volckart, O. (2021). European Goods Market
Integration in the Very Long Run: From the Black Death to the First World
War. The Journal of Economic History, 81(1), 276-308.
https://doi.org/10.1017/S0022050720000637

Finberg, H.P.R. & Collins, E.J.T. (red.) (2000). The agrarian history of England and
Wales. Vol. 7, 1850-1914. Cambridge: Cambridge University Press.

Fischer, D. J. (2022). The Enclosure of Knowledge. Books, Power and Agrarian
Capitalism in Britain, 1660-1800. Cambridge: Cambridge University
Press. https://doi.org/10.1017/9781009049283

125



Fischer, E.M., Luterbacher, J., Zorita, E., Tett, S.F.B., Casty, C., and Wanner, H.
(2007). European climate response to tropical volcanic eruptions over the
last half millennium. Geophysical Research Letters, 34, 105707,
https://doi.org/10.1029/2006GL027992

Fogelfors, H. (2015). Vdr mat - Odling av dker- och trddgdrdsgrédor. Lund:
Studentlitteratur.

Foss, H. 1925. Forsgk med rug og hvete i fjellbygdene. Beretning fra Statens
forsoksstasjon for Fjellbygdene, 8, 167-187.

Frandsen, K-E. (1999). Studies of Field Systems and Agrarian Structures in some
European Regions. In: Lijlewall, B. (ed.) Agrarian Systems in Early Modern
Europe (pp. 146-196). Stockholm: Nordiska Museets Forlag.

Franklin-Lyons, A. (2022). Shortage and Famine in the Late Medieval Crown of
Aragon: Vulnerability and Resilience in the Late-Medieval Crown of
Aragon. Pennsylvania: Penn State University Press.
https://doi.org/10.5325/j.ctv26497n

Fries, M., (1948). Limes norrlandicus-studier, en vixtgeografisk gransfraga
historiskt belyst och exemplifierad. Svensk Botanisk Tidskrift, 43, 51-69.

Fuentes, M., Salo, R., Bjorklund, J., Seftigen, K., Zhang, P., Gunnarson, B.,
Aravena, J.-C. & Linderholm, H. (2018). A 970-year-long summer
temperature reconstruction from Rogen, west-central Sweden, based on
blue intensity from tree rings. Holocene, 28(2), 254-266.
https://doi.org/10.1177/0959683617721322

Gadd, C.-J. (1983). Jdrn och potatis : jordbruk, teknik och social omvandling i
Skaraborgs lin 1750-1860. Diss. Gothenburg: Gothenburg University.

Gadd, C.-J. (2000). Den agrara revolutionen - 1700-1870. Det svenska jordbrukets
historia, 3. Stockholm: Natur och Kultur/LTs forlag in cooperation with the
Nordic Museum and Stift. Lagersberg.

Gadd, C.-J. (2005). Odlingssystemens fordandring under 1700- och 1800-talen. In:
Jansson, U. & Mérald, E. (eds.) Bruka, odla, hivda. Odlingssystem och
uthadlligt jordbruk under 400 ar (pp. 63-92). Stockholm: Kungl. Skogs- och
Lantbruksakademiens.

Gadd, C.-J. (2011). The agricultural revolution in Sweden. In: Myrdal, J. & Morell,
M. (eds.) Agrarian History of Sweden - From 4000 BC to AD 2000 (pp. 118-
165). Lund: Nordic Academic Press.

Galloway, P.R. (1986). Long-Term Fluctuations in Climate and Population in the
Preindustrial Era. Population and Development Review, 12(1), 1-24.
https://doi.org/10.2307/1973349

Gibson, A. & Ermus, C. (2019). The History of Science and the Science of History:
Computational Methods, Algorithms, and the Future of the Field. Isis,
110(3), 555-566. https://doi.org/10.1086/705543

Godde, C. M., Mason-D'Croz, D., Mayberry, D.E., Thornton, P.K., & Herrero, M.
(2021). Impacts of climate change on the livestock food supply chain; a

126



review of the evidence. Global Food Security, 28, 100488.
https://doi.org/10.1016/j.gfs.2020.100488

Goémez-Miguel, V.D. & Badia-Villas, D. (2016). Soil distribution and classification.
In: Gallardo, J. (ed.), The Soils of Spain. World Soils Book Series. Springer,
Cham. https://doi.org/10.1007/978-3-319-20541-0 2

Goransson, M., Hallsson, J.H., Lillemo, M., Orabi, J., Backes, G., Jahoor, A.,
Hermannsson, J., Christerson, T., Tuvesson, S., Gertsson, B., Reitan, L.,
Alsheikh, M., Aikasalo, R., Isolahti, M., Veteldinen, M., Jalli, M., Krusell,
L., Hjortshej, R.L., Eriksen, B., & Bengtsson, T. (2019). Identification of
ideal allele combinations for the adaptation of spring barley to northern
latitudes. Frontiers in Plant Science, 10, 1-13.
https://doi.org/10.3389/1pls.2019.00542

Goy, J. (1982). Methodology. In: E. Le Roy Ladurie & J. Goy (eds.), Tithe and
Agrarian History from the Fourteenth to the Nineteenth Century: An Essay
in Comparative History (pp. 3-61). Cambridge: Cambridge University
Press.

Granbom, O. & Tryggdahl, E. (1767). 'Meteorologiska och Oeconomiska Anmér-
ningar, gjorde i Jamtland' ["Meteorological and economic observations-
made in Jamtland’]. Stockholm: Kongl. Vetenskapsacademiens Handlin-
gar, pp. 1-11.

Granlund, J. & Andersson, 1. (1982). “Tiend, Danmark™, in J. Danstrup (Ed.)
Kulturhistorisk Leksikon for Nordisk Middelalder - band 18. K6penhamn:
Rosenkilde og Bagger.

Grantham, G. (1980). The persistence of open-field farming in nineteenth- century
France.  Journal  of  Economic  History, 40(3), 515-532.
https://doi.org/10.1017/S0022050700085211

Grantham, G. (1989). Agricultural supply during the industrial revolution: French
evidence and European implications. Journal of Economic History, 49(1),
43-72. https://doi.org/1017/S0022050700007336

Grau-Satorras, M., Otero, 1., Gomez-Baggethun, E. and Reyes-Garcia, V. (2021).
Prudent Peasantries: Multilevel Adaptation to Drought in Early Modern
Spain  (1600-1715).  Environment and  History, 27(1), 3-36.
https://doi.org/10.3197/096734019X15463432086964

Grigg, D. (1982). The Dynamics of Agricultural Change: the Historical Experience.
London: Hutchinson Education.

Gujarati, D. (2011). Econometrics by example. New York: Palgrave Macmillan.

Gunnarson, B.E., Linderholm, H.-W. & Moberg, A. (2011). Improving a tree-ring
reconstruction from west-central Scandinavia: 900 years of warm-season
temperatures. Climate Dynamics, 36, 97-108.
https://doi.org/10.1007/s00382-010-0783-5

127



Hagenblad, J., Zie, J. & Leino, M.W. (2012). Exploring the population genetics of
genebank and historical landrace varieties. Genetic Resources and Crop
Evolution, 59, 1185-1199. https://doi.org/10.1007/s10722-011-9754-x

Haldon, J., Mordechai, L., Newfield, T.P., Chase, A.F., Izdebski, A., Guzowski, P.,
Labuhn, I. & Roberts, N. (2018). History meets palacoscience: Consilience
and collaboration in studying past societal responses to environmental
change. Proceedings of the National Academy of Sciences, 115(13), 3210-
3218. https://doi.org/10.1073/pnas.1716912115

Hallberg, E. (2013). Havrefolket - Studier i befolknings- och marknadsutveckling pa
Dalboslitten 1770-1930. Diss. Gothenburg: Gothenburg University.
http://hdl.handle.net/2077/33705

Hallberg, E., Leijonhufvud, L., Linde, M. & Palm, A.L. (2016). Skordar i Sverige
fore agrarrevolutionen - Statistisk undersékning av det rorliga tiondet
fr.o.m 1665. Introduktion till databaser. Goteborg: Goteborgs universitet.
https://doi.org/10.13140/RG.2.2.27751.16809

Hallberg, E., Linde, M., Leijonhufvud, L, Palm, L.A (2017). Skordar i Sverige fore
agrarrevolutionen. Available at: https://doi.org/10.5878/002868

Hallberg, E., Nystrém, L., Leijonhufvud, L., Palm, L.A. (2022a). Sweden’s
agricultural revolution reassessed: A reconstruction of arable land and food
production in 1810 and 1870. Agricultural History Review, 70(1), 70-95.

Hallberg, E., Nystrém, L., Leijonhufvud, L., Palm, L.A. (2022b). Sweden’s
Agricultural Lands 1810 and 1870: A reconstruction of arable land,
meadows and food production. Version 1. Gothenburg: University of
Gothenburg. https://acreage.dh.gu.se/index.html

Hallgren, K. (2016). En kahltippa eij at rdkna - koksvixtodlingen i 1700-talets
jordbrukssystem. Diss. Uppsala: Swedish University of Agricultural
Sciences.

Harris, I., Osborn, T.J., Jones, P. & Lister, D. (2020). Version 4 of the CRU TS
monthly high-resolution gridded multivariate climate dataset. Scientific
Data, 7,109 (2020). https://doi.org/10.1038/s41597-020-0453-3

Hatfield, J.R, & Prueger, J.H. (2015). Temperature extemes: Effect on plant growth
and development. Weather and Climate Extremes, 10(A), 4-10.
https://doi.org/10.1016/j.wace.2015.08.001

Head-Koenig, A.-L. & Veyrassat-Herren, B. (1972). Les revenus décimaux a
Geneve de 1540 a 1783. In: J. Goy, J. & E. Le Roy Ladurie (eds.) Les
Sfluctuations du produit de la dime: Conjoncture décimale et domaniale de
la fin du Moyen Age au 18. siécle (pp. 165-179). Paris: Ecole pratique des
hautes études.

Hellstenius, J. (1871). Skordarna i Sverige. Statistisk tidskrift, 29, 92-93.

Helmfrid, B. (1949). Tiondeldngderna som kidlla till ett byalags ekonomiska historia
1555-1753. Stockholm: Lantbruksférbundets tidskrifts AB.

128



Henningsen, P. (2001). Peasant society and the perception of a moral economy.
Scandinavian Journal of History, 26(4), 271-296.
https://doi.org/10.1080/034687501317155095

Herrera, A. (1818). Agricultura general de Gabriel Alonso de Herrera - corregida
segun el testo [sic] original de la primera edicion publicada en 1513 por el
mismo autor. Madrid: Pub. Real Sociedad Economica Matritense.

Holm, O. (2012). Sjdlvdgaromrddenas egenart: Jiamtland och andra omrdden i
Skandinavien med smdskaligt jorddgande 900-1500. Diss., Stockholm:
Stockholm University.

Holopainen, J. & Helama, S. (2009). Little Ice Age Farming in Finland: Preindustrial
Agriculture on the Edge of the Grim Reaper’s Scythe. Human Ecology,
37(2), 213-225. https://doi.org/10.1007/s10745-009-9225-6

Holopainen, J., Helama, S., & Timonen, M. (2006). Plant phenological data and tree-
rings as palaeoclimate indicators in south-west Finland since AD 1750.
International  journal of  biometeorology, 51(1), 61-72.
https://doi.org/10.1007/s00484-006-0037-8

Holopainen, J., Rickard, J.I. & Helama, S. (2012). Climatic signatures in crops and
grain prices in 19th century Sweden. Holocene, 22(8), 939-945.
https://doi.org/10.1177/095968361143422

Hommo L.M. (1994). Hardening of some winter wheat (Triticum aestivum L.), rye
(Secale cereals L.), triticale (Triticosecale Wittmack) and winter barley
(Hordeum vulgare L.) cultivars during autumn and the final winter survival
in Finland. Plant Breeding, 112(4), 285-293.
https://doi.org/10.1111/1.1439-0523.1994.tb00686.x

Hoyle, R-W (2020). Shrewsbury, dearth, and extreme weather at the end of the
sixteenth century. Agricultural History Review, 68(1), 22-36.

Hsiang, S. (2016). Climate Econometrics. Annual Review of Resource Economics,
8, 43-75. https://doi.org/10.1146/annurev-resource-100815-095343
Huhtamaa, H. & Helama, S. (2017a). Reconstructing crop yield variability in
Finland: Long-term perspective of the cultivation history on the agricultural
periphery since AD 760. Holocene, 27(1), 3-11.

https://doi.org/10.1177/0959683616646

Huhtamaa, H. & Helama, S. (2017b). Distant impact: tropical volcanic eruptions and
climate-driven agricultural crises in seventeenth-century Ostrobothnia,
Finland.  Journal  of  Historical = Geography, 57, 40-51.
https://doi.org/10.1016/j.jhg.2017.05.011

Huhtamaa, H., Stoffel, M., and Corona, C. (2022). Recession or resilience? Long-
range socioeconomic consequences of the 17th century volcanic eruptions
in northern Fennoscandia, Climate of the Past, 18 2077-2092,
https://doi.org/10.5194/cp-18-2077-2022

IPCC (2018). Global Warming of 1.5°C: An IPCC Special Report on the Impacts of
Global Warming of 1.5°C Above Pre-Industrial Levels and Related Global

129



Greenhouse Gas Emission Pathways, in the Context of Strengthening the
Global Response to the Threat of Climate Change, Sustainable
Development, and Efforts to Eradicate Poverty. Cambridge: Cambridge
University Press. https://doi.org/10.1017/9781009157940.005

IPCC (2021). Climate Change 2021: The Physical Science Basis. Contribution of
Working Group I to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. Cambridge: Cambridge University Press.
https://doi.org/10.1017/9781009157896

Izdebski, A., Guzowski, P., Poniat, R., Masci, L., Palli, J., Vignola, C., Bauch, M.,
Cocozza, C., Fernandes, R., Ljungqvist, F.C., Newfield, T., Seim, A., Abel-
Schaad, D., Alba-Sanchez, F., Bjorkman, L., Brauer, A., Brown, A.,
Czerwinski, S., Ejarque, A., ... & Masi, A. (2022). ”Palacoecological data
indicates land-use changes across Europe linked to spatial heterogeneity in
mortality during the Black Death pandemic”, Nature Ecology & Evolution,
6, 297-306. https://doi.org/10.1038/s41559-021-01652-4

Jalvingh, A.-W. (1993). Dynamic livestock modelling for on-farm decision support.
Diss. = Wageningen: =~ Wageningen  University &  Research.
https://library.wur.nl/WebQuery/wurpubs/24116

Jamalainen, E.A. (1949). Overwintering of gramineae-plants and parasitic fungi: I.
Sclerotinia borealis Bubdk & Vleugel. Agricultural and Food Science,
21(1), 125-142. https://doi.org/10.23986/afsci.71264

Jansson, U. (1998). Odlingssystem i Vineromrddet: en studie av tidigmodernt
jordbruk i Vistsverige. Diss. Stockholm: Stockholm University.

Johansson, M., Staiger, D. (2015). Time to flower: interplay between photoperiod
and the circadian clock. Journal of Experimental Botany, 66(3), 719-730
https://doi.org/10.1093/jxb/erud41

Jones, H., Civa, P., Cockram, J., Leigh, F.J., Smith, L.M.J., Jones, M.K., Charles,
M.P., Molina-Cano, J.L., Powell, W., Jones, G., Brown, T.A. (2011).
Evolutionary history of barley cultivation in Europe revealed by genetic
analysis of extant landraces. BMC Evolutionary Biology, 11, 320.
https://doi.org/10.1186/1471-2148-11-320

Jones, M.P. (2016). Agricultural Enlightenment — Knowledge, Technology, and
Nature, 1750—1840. Oxford: Oxford University Press.

Jorberg, L. (1972). A history of prices in Sweden 1732-1914. Lund: Gleerup.

Jupiter, K. (2020). The function of open-field farming — managing time, work and
space. Landscape History, 41(1), 69-98,
https://doi.org/10.1080/01433768.2020.1753984

Kaijser A. (1999). Preparing the Ground for the Golden Age. The Development of
Dutch Water Systems in the Middle Ages. In: Lijlewall, B. (ed.) Agrarian
Systems in Early Modern Europe (pp. 37-56). Stockholm: Nordiska
Museets Forlag.

130



Kelly, J. (2021). Climate, weather and society in Ireland in the long eighteenth
century: the experience of the later phases of the Little Ice Age. In: J. Kelly
& T. O. Carragiin (eds.) Climate and society in Ireland: from prehistory to
the present (pp- 273-324). Royal Irish Academy.
https://doi.org/10.2307/j.ctvlpbhqnb.12

Kjergaard, T. (1991). The Danish Revolution, 1500-1800: An Ecohistorical
Interpretation. Cambridge: Cambridge University Press.

Kjelsson, A. (1832). Dagbok. 10132, 1. Ostersund: Riksarkivet Ostersund.

Kramer, D. (2015). “Menschen grasten nun mit dem Vieh”: die letzte grosse
Hungerkrise der Schweiz 1816/17: mit einer theoretischen und
methodischen Einfiihrung in die historische Hungerforschung. Basel:
Schwabe.

Labbé, T., Pfister, C., Bronnimann, S., Rousseau, D., Franke, J., and Bois, B. (2019).
The longest homogeneous series of grape harvest dates, Beaune 13542018,
and its significance for the understanding of past and present climate.
Climate of the Past, 15, 1485-1501, https://doi.org/10.5194/cp-15-1485-
2019

Labrijn, A. (1945). Het klimaat van Nederland gedurende de laatste tweeen een halve
eeuw. Schiedam: H.A.M. Roelants.

Lagerés, P. (2007). The ecology and expansion and abandonment. Stockholm:
Riksantikvariedmbetet.

Lagerés, P. (2015). Environment, society and the Black Death — an interdisciplinary
approach to the late-medieval crisis in Sweden. Oxford: Oxbow Books.

Lageras, P., & Larsson, M. (2020). Iron Age emmer and spelt: Where, when and
why? A review of archaeobotanical evidence from southern Sweden, c. AD
1-600. In P. Lagerés & S. Vanhanen (eds.) Archaeobotanical studies of past
plant cultivation in northern Europe, volume 5, (pp. 171-181). Barkhuis.
https://doi.org/10.2307/j.ctv19gqmf01.15

Lageras, P., and Magnell, O. (2020). Resilient Land Use in the Medieval and Early-
modern Village: Crop and animal husbandry in Fjelie, southern Sweden,
AD 1000-1800. Danish  Journal of Archaeology, 9, 1-24.
https://doi.org/10.7146/dja.v9i0.118779

Larsson, J. (2009). Fdbodvdsendet 1550—1920. Diss. Uppsala: Swedish University
of Agricultural Sciences.

Larsson, P., Oliveria, H.R., Lundstrom, M. & Hagenblad, J. (2019). Population
genetic structure in Fennoscandian landrace rye (Secale cereale L.)
spanning 350 years. Genetic Resources and Crop Evolution, 66(5), 1059—
1071. https://doi.org/10.1007/s10722-019-00770-0

Lawrimore, J. H., Menne, M. J., Gleason, B. E., Williams, C. N., Wuertz, D. B.
.Vose, R. S. & Rennie J. (2011). An overview of the Global Historical
Climatology Network monthly mean temperature data set, version 3, Ge-

131



physical Research Letters, 116, D19121,
https://doi/10.1029/2011JD016187

Le Roy Ladurie, E. (1971). Times of feast, times of famine: a history of climate since
the year 1000. London: Allen & Unwin.

Le Roy Ladurie, E. (1982). Comparative study of trends. In: E. Le Roy Ladurie & J.
Goy (eds.), Tithe and Agrarian History from the Fourteenth to the
Nineteenth Century: An Essay in Comparative History (pp. 71-154).
Cambridge: Cambridge University Press.

Lecerf, R., Ceglar, A., Lopez-Lozano, R., Velde, M. & Baruth, B. (2018). Assessing
the information in crop model and meteorological indicators to forecast crop
yield over Europe. Agricultural Systems, 168 192-202. https://doi.org/168.
10.1016/j.agsy.2018.03.002

Leijonhufvud, L. (2001). Grain tithes and manorial yields in early modern Sweden:
trends and patterns of production and productivity c. 1540-1680. Diss.
Uppsala : Sveriges lantbruksuniversitet.

Leijonhufvud, L., Wilson, R., Moberg, A., Soderberg, J., Rets6, D. & Soderlind, U.
(2010). Five centuries of Stockholm winter/spring temperatures
reconstructed from documentary evidence and instrumental observations.
Climatic change, 101, 109—141. https://doi.org/10.1007/s10584-009-9650-
y

Leino, W.M. (2017). Spannmadl - Svenska Lantsorter. Stockholm: Nordiska Museets
Forlag.

Lilja, S. (2008). Lokala klimatkriser och kronans intressen — enfallstudie av
Sodertorns kustsocknar ca 1570-1620. In: Leva vid Ostersjons kust - en
antologi om naturforutsdttningar och resursutnyttiande pda bdada sidor av
Ostersjon ca 800-1800 (pp. 95-144). Stockholm: Sodertdrn University.

Lilja, S. (2012). Klimat och skdrdar ca 1530-1820. In: S. Lilja (ed.), Fiske, jordbruk
och klimat i Ostersjsomrddet under formodern tid (pp. 59-119). Stockholm:
Sodertorn University.

Lindegren, J. (1980). Utskrivning och utsugning: produktion och reproduktion i
Bygded. 1620-1640. Diss. Uppsala: Uppsala University.

Lindegren, J. (2011). Folk, héstar och brod. Om Jimtland som agrarlogistiskt system
under dldre tid. In: O. Holm (ed.), Jdmtland och den Jédmtlindska virlden
1000-1645 (pp. 91-96). Stockholm: Kungliga Vitterhets Historie och
Antikvitets Akademien.

Linderholm, H.W. & Gunnarson, B.E. (2019). Were medieval warm-season
temperatures in Jamtland, central Scandinavian Mountains, lower than
previously estimated? Dendrochronologia, 57, 125607.
https://doi.org/10.1016/j.dendro.2019.125607

Ljungqvist, C.F., Seim, A., Krusic, P., Gonzalez-Rouco, J.F., Werner, J.P., Cook,
R.E., Zorita, E., Luterbacher, J., Xoplaki, E., Destouni, G., Garcia-
Bustamante, E., Aguilar, C.A.M., Seftigen, K., Wang, J., Gagen, M.H.,

132



Esper, J., Solomina, O., Fleitmann, D. & Biintgen, U. (2019). European
warm-season temperature and hydroclimate since 850 CE. Environmental
Research Letters, 14, 084015. https://doi.org/10.1088/1748-9326/ab2c7e

Ljungqvist, F.C, Seim, A, Huhtamaa, H. Climate and society in European history
(2021). WIREs Clim Change, 12, ¢691. https://doi.org/10.1002/wcc.691

Ljunggqvist, F.C., Krusic, P., Sundqvist, H.S., Zorita, E., Brattstrom, G., Frank, D.
(2016). Northern Hemisphere hydroclimate variability over the past twelve
centuries. Nature, 532, 94-98. https://doi.org/10.1038/nature17418

Ljungqvist, F.C., Tegel, W., Krusic, P.J., Seim, A., Gschwind, M.F., Haneca, K.,
Herzig, F., Heussner, K.-U., Hofmann, J., Houbrechts, D., Kontic, R.,
Kyncl, T., Leuschner, H.H., Nicolussi, K., Perrault, C., Pfeifer, K.,
Schmidhalter, M., Seifert, M., Walder, F., ... Biintgen, U. (2018). Linking
European building activity with plague history. Journal of Archaeological
Science, 98, 81-92. https://doi.org/10.1016/j.jas.2018.08.006

Ljungqvist, F.C., Thejll, P., Christiansen, B., Seim, A., Hartl, C. & Esper, J. (2022)
The significance of climate variability on early modern European grain
prices. Cliometrica, 16, 29-77. https://doi.org/10.1007/s11698-021-00224-
7

Llopis Agelan, E., Alonso, E., Fontanillo, P., Méndez, S., Ramos, J. & Toyos, A.
(2020). The severity of wheat yield crises on eight Spanish farms, 1700—
1774. Revista de Historia Agraria, 82, 1-34.
https://doi.org/10.26882/histagrar.082e01t

Lundstrom, M., Forsberg, N.E.G., Heimdal, J., Hagenblad, J. & Leino, W.M. (2018).
Genetic analyses of Scandinavian desiccated, charred and waterlogged
remains of barley (Hordeum wvulgare L.). Journal of Archaeological
Science, 22, 11-20. https://doi.org/10.1016/j.jasrep.2018.09.006

Luterbacher, J. & Pfister, C. (2015). The year without a summer. Nature Geoscience,
8, 246-248. https://doi.org/10.1038/nge02404

Luterbacher, J., Werner, P.J., Smerdon, J.E. & Zerefos, C. (2016). European summer
temperatures since Roman times. Environmental Research Letters, 11(2),
024001. https://doi.org/10.1088/1748-9326/11/2/024001

Maechler, M., Rousseeuw, P., Struyf, A., Hubert, M., Hornik, K.(2019). Cluster:
Cluster Analysis Basics and Extensions. R package version 2.0.9.06.

Malinowski, M. (2016). Serfs and the city: market conditions, surplus extraction
institutions, and urban growth in early modern Poland. Furopean Review of
Economic History 20(2), 123—146. https://doi.org/10.1093/ereh/hew(002

Manley, G. (1974), Central England temperatures: Monthly means 1659 to 1973.
Quarternary Journal of the Royal Meteorological Society, 100, 389—405.
https://doi.org/10.1002/qj.49710042511

Marchi, M., Castellanos-Acuna, D., Hamann, A., Wang, T., Ray, D. Menzel, A.
(2020). ClimateEU, scale-free climate normals, historical time series, and

133



future  projections for  Europe. Scientific  Data, 7, 428.
https://doi.org/10.1038/s41597-020-00763-0

Martin, P., Brown, T.A., George, T.S., Gunnarson, B., Loader, N.J., Ross, P.,
Wishart, J. & Wilson, R. (2023). Climatic controls on the survival and loss
of ancient types of barley on North Atlantic Islands. Climatic Change, 176,
4. https://doi.org/10.1007/s10584-022-03474-0

Martinez-Moreno, F. & Igartua, Ernesto & Solis, 1. (2017). Barley Types and
Varieties in Spain: A Historical Overview. Ciencia e investigacion agraria
44, 12-23. https://doi.org/10.7764/rcia.v44i1.1638

Mattsson, J. O. (1986), Vinderosion och klimatdndringar: Kommentarer till 1700-
talets ekologiska kris i Skine. Svensk Geografisk Arsbok, 63, 94-108 (in
Swedish).

McCloskey, D. (1976). English Open Fields as Behavior Towards Risk. Research in
Economic History, 1, 124-170.

McCloskey, D. (1991). The Prudent Peasant: New Findings on Open Fields. The
Journal of Economic History, 51(2), 343-355.
https://doi.org/10.1017/S0022050700038985

McMaster G.S., Smika D.E. 1988. Estimation and evaluation of winter wheat
phenology in the central Great Plains. Agriculture and Forest Meteorology,
43(1), 1-18. https://doi.org/10.1016/0168-1923(88)90002-0

McMaster, G.S. & Wilhelm, W.W. (1997). Growing degree-days: one equation, two
interpretations. Agricultural and Forest Meteorology, 87(4), 291-300.
https://doi/10.1016/S0168-1923(97)00027-0

McNear Jr., D.H. (2013). The Rhizosphere - Roots, Soil and Everything In Between.
Nature Education Knowledge, 4(3):1.

Michaelowa, M. (2001). The Impact of Short-Term Climate Change on British and
French Agriculture and Population in the First Half of the 18th century. In:
Jones PD, Ogilvie A, Davies TD and Briffa, KR (eds.) History and Climate
(pp- 201-217). Boston: Springer, https://doi.org/10.1007/978-1-4757-3365-
510

Miedaner, T., & Geiger, H.H. (2015). Biology, genetics, and management of ergot
(Claviceps spp.) in rye, sorghum, and pearl millet. Toxins, 7(3), 659-678.
https://doi.org/10.3390/toxins 7030659

Miller, G.H., Geirsdottir, A., Zhong, Y., Larsen, D.J., Otto-Bliesner, B.L., Holland,
M.M., Bailey, D.A., Refsnider, K.A., Lehman, S.J., Southon, J.R.,
Anderson, C., Bjornsson, H., Thordarson, T. (2012), Abrupt onset of the
Little Ice Age triggered by volcanism and sustained by sea-ice/ocean
feedbacks. Geophysical Research Letters, 39, 102708,
https://doi.org/10.1029/2011GL050168

Mills, T. (2007). 4 study of European Cereal frequency change during the iron age
and roman periods. Diss., Sheffield: University of Sheffield.

134



Moberg, A., Alexandersson, H., Bergstrom, H., Jones, PD. (2003). Were Southern
Swedish summer temperatures before 1860 as warm as measured?
International Journal of  Climatology, 23, 1495-1521.
https://doi.org/10.1002/joc.945

Moberg, A., Bergstrom, H., Ruiz Krigsman, J., Svanered, O. (2002). Daily air
temperature and pressure series for Stockholm (1756-1998). Climatic
Change, 53, 171-212. https://doi.org/10.1023/A:1014966724670

Morch, H. (1999). Mediterranean agriculture - an agro-ecological strategy. Danish
journal of Geography, 1, 143—156.

Morel, M., Kumar, U., Ahmed, M., Bergkvist, G., Lana, M., Halling, M & Parsons,
D. (2021) Quantification of the Impact of Temperature, CO2, and Rainfall
Changes on Swedish Annual Crops Production Using the APSIM
Model. Frontiers in Sustainable Food Systems, 5,
665025. https://doi.org/10.3389/fsufs.2021.665025

Morell, M. (2011). Agriculture in industrial society : 1870-1945. In: J. Myrdal & M.
Morell (eds.) The agrarian history of Sweden. from 4000 BC to AD 2000
(pp. 165-213), Lund: Nordic Academic Press.

Morell, M. (2022). Agrar revolution - Jordbruksproduktionen i Uppsala och
Vistmanlands ldn 1750-1920. Uppsala: Acta Universitatis Upsaliensis.

Moreno, F. M., Solis, 1., Barriendos, M., and Tejedor, E. (2020). Correlations
between historical climate data and incidents of common bunt in Spanish
wheat, 1755-1801. Revista de Historia Agraria, 82, 67-97.
https://doi.org.10.26882/histagrar.082e08m

Mozny, M., Brazdil, R., Dobrovolny, P., Trnka, M. (2012). Cereal harvest dates in
the Czech Republic between 1501 and 2008 as a proxy for March—June
temperature  reconstruction.  Climatic ~ Change, 110, 801-821.
https://doi.org/10.1007/s10584-011-0075-z

Mrgi¢, J. (2011). Wine or “Raki” — The Interplay of Climate and Society in Early
Modern Ottoman Bosnia. Environment and History, 17(4), 613-637.
https://doi.org/10.3197/096734011X13150366551652

Myllyntaus, T. (2009). Summer Frost: A Natural Hazard with Fatal Consequences.
In: C. Mauch & C. Pfister (eds.), Natural disasters, cultural responses: Case
studies toward a global environmental history (pp. 77-102). Washington
DC: Lexington Books.

Myrdal, J. & Morell, M. (2011). The agrarian history of Sweden : from 4000 BC to
AD 2000. Lund: Nordic Academic Press.

Myrdal, J. (1999). The Agrarian Revolution Restrained. Swedish Agrarian
Technology in the 16th Century in a European Perspective. In: B. Lijlewall,
(ed.) Agrarian Systems in Early Modern Europe (pp. 96-145). Stockholm:
Nordiska Museets forlag.

135



Myrdal, J. (2011a). Farming and feudalism 1000—1700. In: Myrdal, J. & Morell, M.
(eds.) The Agrarian History of Sweden: From 4000 BC to AD 2000 (pp. 72—
117). Lund: Nordic Academic Press.

Myrdal, J. (2011b). Swedish agrarian history — the wider view. In: Myrdal, J. &
Morell, M. (eds.) The Agrarian History of Sweden: From 4000 BC to AD
2000 (pp- 257-270). Lund: Nordic Academic Press.

Natalia, A.N., Antolin, F. and Kirchner H. (2014). Novelties and legacies in crops
of the Islamic period in the northeast Iberian Peninsula: The
archaeobotanical evidence in Madina Balagi, Madina Larida, and Madina
Turtisa. Quaternary International, 346, 149-161,
https://doi.org/10.1016/j.quaint.2014.04.026

Netting, R.M. (1972). Of men and meadows: Strategies of alpine land use.
Anthropological Quarterly, 45(3), 132—-144.

Nordli, 9. (2004) ‘Spring and summer temperatures in Trendelag 1701-2003°. MET
report 5, 1-23.

Nystrom, L. (2019). Scattered land, scattered risks? Harvest variations on open-
fields and enclosed land in southern Sweden, c. 1750—-1850. Research in
Economic  History, 35, 165-202. https://doi.org/10.1108/S0363-
326820190000035008

Olarieta, J.R., Besga, G., Aizpurua, A. (2019). Present soils and past land use: the
“bracken economy” in Lea-Artibai County (Basque Country, northern
Spain) in the late nineteenth and early twentieth centuries. Historia Agraria,
79, 105-130. https://doi.org/10.26882/histagrar.079¢050

Oliva, M., Ruiz Fernandez, J., Barriendos, M., Benito, G., Cuadrat, J.M.,
Dominguez-Castro, F., Garcia-Ruizf, J.M., Giraltg, S., Goémez-Ortiza, A.,
Hernandezh, A., Lopez-Costasij, O., Lopez-Morenof, J. I, Lopez-Saezk,
J.A., Martinez-Cortizasi, A., Morenof, A., Prohoml, M., Saze, M.A.,
Serranom, E., Tejedore, E., Trigoh, R., Valero-Garcésf, B., Vicente-
Serranof, S.M. (2018). The Little Ice Age in Iberian mountains. Earth-
Science Reviews, 177, 175-208.
https://doi.org/10.1016/j.earscirev.2017.11.010

Olsson, M. & Svensson, P. (2010). Agricultural growth and institutions: Sweden
1700-1860. European Review of Economic History, 14(2), 275-304.
https://doi.org/10.1017/S1361491610000067

Olsson, M. & Svensson, P. (2017). Estimating agricultural production in Scania,
1702—-1881 User guide for the Historical Database of Scanian Agriculture
and overall results. Lund Papers in Economic History 151, 1-39.

Palerm-Viqueira, J. (2010) A comparative history, from the 16th to 20th centuries,
of irrigation water management in Spain, Mexico, Chile, Mendoza
(Argentina) and  Peru. Water  Policy, 12(6), 779-7917.
https://doi.org/10.2166/wp.2010.110

136



Palm, A.L. (1997). Gud bevare utsidet! : produktionen pd en vdstsvensk
ensddesgdrd: Djdknebol i Hallands skogsbygd 1760-1865. Stockholm:
Kungl. Skogs- och lantbruksakademien.

Palm, A.L. (2016b). Sverige 1690. Akerbruk, boskapsskitsel, skog, befolkning.
Goteborg: University of Gothenburg.

Palm, L.A. (1993). Mdnniskor och skordar : studier kring
agrarhistoriska metodproblem 1540-1770.Gothenburg: Department
of History, Gothenburg University.

Panagea, 1. S., Berti, A., Cermak, P., Diels, J., Elsen, A., Kusa, H., Piccoli, 1.,

Poesen, J., Stoate, C., Tits, M., Toth, Z. & Wyseure, G. (2021). Soil Water Retention
as Affected by Management Induced Changes of Soil Organic
Carbon: Analysis of Long-Term Experiments in FEurope. Land,
10(12), 1362. http://dx.doi.org/10.3390/1and10121362

Parker, D.E., Legg, T.P., and Folland, C.K. (1992). A new daily Central England
Temperature Series, 1772—1991. Internatonal Journal of Climatology, 12,
317-342. https://doi.org/10.1002/joc.3370120402

Parker, G. (2013). Global Crisis: War, Climate Change and Catastrophe in the
Seventeenth Century. Yale: Yale University Press.

Parry, D.W., Jenkinson, P. & McLedod L. (1995), Fusarium ear blight (scab) in
small grain cereals—a review. Plant Pathology, 44 207-238.
https://doi.org/10.1111/.1365-3059.1995.tb02773.x

Parry, M.L. & Carter, T.R. (1985). The effect of climatic variations on agricultural
risk. Climatic change, 7, 95—-110. https://doi.org/10.1007/BF00139443

Pasley, H., Brown, H., Holzworth, D., Whish, J., Bell, L.W., & Huth, N. (2023).
How to build a crop model. A review. Agronomy and Sustainable
Development, 43(2), 1-12. https://doi.org/10.1007/s13593-022-00854-9

Pedersen, E.A. & Widgren, M. (2011). Agriculture in Sweden, 800 BC-AD 1000.
In: J. Myrdal, & M. Morell (eds.), The agrarian history of Sweden: From
4000 BC to AD 2000 (pp. 46-71). Lund: Nordic Academic Press.

Pei, Q., Zhang, D.D & Lee, H.F. (2015). Evaluating the effectiveness of agricultural

adaptation to climate change in preindustrial society, Asian Geographer,
32(2), 85-98. https://doi.org.10.1080/10225706.2015.1034735

Pei, Q., Zhang, D.D., Lee. H.F., Li, G. (2016). Crop Management as an Agricultural
Adaptation to Climate Change in Early Modern Era: A Comparative Study
of Eastern and Western Europe. Agriculture, 6(3),
29.  https://doi.org/10.3390/agriculture6030029

Pefia-Gallardo, M., Sergio, V.-S.M., Dominguez-Castro, F., & Begueria, S. (2019).
The impact of drought on the productivity of two rainfed crops in Spain.
Natural Hazards and Earth System Sciences 19(6), 1215-1234.
https://doi.org/10.5194/nhess-19-1215-2019

Peng, B., Guan, K., Tang, J. Ainsworth, E., Asseng, S., Bernacchi, C., Cooper, M.,
Delucia, E., Elliott, J., Ewert, F., Grant, R.F., Gustafson, D., Hammer, G.,

137



Jin, Z., Jones, J., Kimm, H., Lawrence, D., Li, Y., Lombardozzi, D., Zhou,
W. (2020). Towards a multiscale crop modelling framework for climate
change adaptation assessment. Nature Plants, 6, 338-348.
https://doi.org/10.1038/s41477-020-0625-3

Perez, L.-S., J and Galan, M.J. (1981). ‘La produccion cerealista en el arzobispado

de Toledo: 1463-1699°. Cuadernos de historia moderna y contemporadnea,
2,21-104

Pfister, C. & Brazdil, R. (2006). Social vulnerability to climate in the “Little Ice

Age”: an example from Central Europe in the early 1770s. Climate of the
Past, 2, 115-1209. https://doi.org/10.5194/cp-2-115-2006

Pfister, C. & Wanner, H. (2021). Climate and society in Europe: the last thousand

vears. Bern: Haupt Verlag.

Pfister, C. & White, S. (2018). A Year Without a Summer, 1816. In: White, S.,

Pfister,

Pfister, C., Mauelshagen, F. (eds.) The Palgrave Handbook of Climate
History (pp- 551-561). London: Palgrave Macmillan.
https://doi.org/10.1057/978-1-137-43020-5_35

C. (1983). Changes in Stability and Carrying Capacity of Lowland and
Highland Agro-Systems in Switzerland in the Historical Past. Mountain
Research and Development, 3(3), 291-297.
https://doi.org/10.2307/3673023.

Pfister, C. (1984). Klimageschichte der Schweiz 1525—1860. Das Klima der Schweiz

Pfister,

und seine Bedeutung in der Geschichte von Bevélkerung und
Landwirtschaft, volume 2. Bern: Verlag Paul Haupt.

C. (20006). Little Ice Age-type impacts and the mitigation of social
vulnerability to climate in the Swiss Canton of Bern prior to 1800. In L.
Graumlich, W. Steffen and R. Constanza (eds.) Sustainability or
Collapse? An Integrated History and Future of People on Earth
(pp.- 197-212), Cambridge: The Mit Press. https://doi.org/10.7551/
mitpress/6572.003.0015

Pfister, C. (2018). Evidence from the Archives of Societies: Documentary Evidence—

Overview. In: White, S., Pfister, C., Mauelshagen, F. (eds.) The Palgrave
Handbook of Climate History (pp. 37-47). London: Palgrave Macmillan.
https://doi.org/10.1057/978-1-137-43020-5_4

Pfister, C., Brazdil, R., Luterbacher, J., Ogilvie, A.E.J., White, S. (2018a). Early

Pfister,

Modern Europe. In: White, S., Pfister, C., Mauelshagen, F. (eds.) The
Palgrave Handbook of Climate History (pp. 265-295). London: Palgrave
Macmillan. https://doi.org/10.1057/978-1-137-43020-5_23

C., White, S., Mauelshagen, F. (2018b). General Introduction: Weather,
Climate, and Human History. In: White, S., Pfister, C., Mauelshagen, F.
(eds.) The Palgrave Handbook of Climate History (pp. 1-17).
London: Palgrave Macmillan. https://
doi.org/10.1057/978-1-137-43020-5 1

138



Pfister, U. & Kopsidis, M. (2015). Institutions versus demand: determinants of
agricultural development in Saxony, 1660-1850. European Review of
Economic History 19(3), 275-293. https://doi.org/10.1093/ereh/hev005

de Pleijt, A. & van Zanden, J.L. (2016). Accounting for the “Little Divergence”:
What drove economic growth in pre-industrial Europe, 1300-18007?,
European  Review  of  Economic  History, 20(4), 387-409.
https://doi.org/10.1093/ereh/hew013

Ponsot, P. (1969). En Andalousie occidentale: Les fluctuations de la production du
blé sous I’Ancien Régime. Etudes rurales, 34, 97-112.

Pretis, F., Reade, J. & Sucarrat, G. (2018). Automated General-to-Specific (GETS)
Regression Modeling and Indicator Saturation for Outliers and Structural
Breaks.  Journal  of  Statistical  Software, 86(3), 1-44.
https://doi.org/10.18637/jss.v086.103

Pretty, J.N. (1990). Sustainable Agriculture in the Middle Ages: The English
Manor. Agricultural History Review, 38(1), 1-19.

Pribyl, K. (2017). Farming, Famine and Plague. The Impact of Climate in Late
Medieval England. Cham: Springer.

Pribyl, K. and Cornes, R.C. (2020a), Droughts in medieval and early modern
England, part 1: The evidence. Weather, 75, 168-172.
https://doi.org/10.1002/wea.3599

Pribyl, K. and Cornes, R.C. (2020b), Droughts in medieval and early modern
England, part 2: Impacts. Weather, 75 196-198.
https://doi.org/10.1002/wea.3529

Pribyl, K., Cornes, R.C. & Pfister, C. (2012). Reconstructing medieval April-July
mean temperatures in East Anglia, 1256-1431. Climatic Change, 113, 393—
412. https://doi.org/10.1007/s10584-011-0327-y

Quieroz, A.L, Gomes, I. and Anorim, I. (2020). The spectre of historical crop losses:
Challenging questions and methodological issues. Historia Agraria, 82, 7—
32. https://doi.org/10.26882/histagrar.082e¢02q

Ramankutty, N., & Foley, J.A. (1999). Estimating historical changes in global land
cover: Croplands from 1700 to 1992. Global Biogeochemical Cycles, 13(4),
997-1027. https://doi.org/10.1029/1999GB900046

Ratajczak, K., Sulewska, H, Grazyna, S. & Matysik, P (2020). Agronomic traits and
grain quality of selected spelt wheat varieties versus common wheat,
Journal of Crop Improvement, 34(5), 654—675.
https://doi/10.1080/15427528.2020.1761921

Raud Westberg, A. (2022). Exploring Swedish Oat (Avena sativa) Genetic History -
from AD 1440 to today. Masters thesis, Uppsala University.

Renes, H. (2010). Grainlands. The landscape of open fields in a European
perspective. Landscape History, 31(2), 37-70.
https://doi.org/10.1080/01433768.2010.10594621

139



Rentzhog, S. (1999). Jdmtland &  Hdirjedalen under  1800-talet.
Landshévdingeberittelser dren 1818-1855. Ostersund: Jamtli.

Rohr, C., Camenisch, C., Pribyl, K. (2018). European Middle Ages. In: White, S.,
Pfister, C., Mauelshagen, F. (eds.) The Palgrave Handbook of
Climate History (pp- 247-263). London: Palgrave
Macmillan. https://doi.org/10.1057/978-1-137-43020-5_22

Royo, C. & Bricefio-Felix, G. (2011). Wheat breeding in Spain. In: W. Angus, A.
Bonjean & M., Van Ginkel (eds.) The World Wheat Book: A History of
Wheat Breeding 2 (pp. 121-154).

Ruiz, M. & Ruiz, J. P. (1986). Ecological History of Transhumance in Spain.
Biological Conservation, 37, 73-86.

Ruiz-Labourdette, D., Génova, M., Schmitz, M.F., Urrutia, R & Pineda, F.D. (2014).
Summer rainfall variability in European Mediterranean mountains from the
sixteenth to the twentieth century reconstructed from tree rings.
International ~ Journal  of  Biometeorology, 58,  1627-1639.
https://doi.org/10.1007/s00484-013-0766-4

Santiago-Caballero, C. (2014). Tithe series and grain production in central Spain,
1700-1800, Rural History, 25, 15-37.
https://doi.org/10.1017/S0956793313000186

Sarrién, G.P. (1995). Hydraulic policy and irrigation works in the second half of
XVIIIth century in Spain. Journal of European Economic History, 24(1),
131-143.

SCB (2009). Bidrag till Sveriges Officiella Statistik, Jordbruk och boskapsskdtsel,
1865-1911 (BiSOS N), Hushallningsséllskapens beréttelser. Statisiska
centralbyran.

Schalén, C., Hansson, N. & Leide, A. (1968). Astronomiska observatoriet vid Lunds
universitet. Lund: Berling.

Schiewe, J. (2019). Empirical Studies on the Visual Perception of Spatial Patterns in
Choropleth Maps. KN - Journal of Cartography and Geographic
Information, 69, 217-228. https://doi.org/10.1007/s42489-019-00026-y

Schlenker, W. & Roberts, M.J (2009). Nonlinear temperature effects indicate severe
damages to U.S. crop yields under climate change. Proceedings of the
National  Academy of  Sciences, 106(37), 15594-15598.
https://doi.org/10.1073/pnas.0906865106

Scott, J.C. (1976). The Moral Economy of the Peasant - Rebellion and Subsistence
in Southeast Asia. Yale: Yale University Press.

Scott, J.C. (2017). Against the Grain: A Deep History of the Earliest States. Yale:
Yale University Press.

Seftigen, K., Bjorklund, J., Cook, E. & Linderholm, H. (2015). A tree-ring field
reconstruction of Fennoscandian summer hydroclimate variability for the
last  millennium.  Climate  Dynamics, 44(11-12), 3141-3154.
https://doi.org/10.1007/s00382-014-2191-8

140



Seftigen, K., Fuentes, M., Ljungqvist, F.C. & Bjorklund, J. (2020). Using Blue
Intensity from drought-sensitive Pinus sylvestris in Fennoscandia to
improve reconstruction of past hydroclimate variability. Climate Dynamics,
55, 579-594. https://doi.org/10.1007/s00382-020-05287-2

Seftigen, K., Goosse, H., Klein, F. & Chen, D. (2017). Hydroclimate variability in
Scandinavia over the last millennium — insights from a climate model-proxy
data  comparison. Climate of the Past, 13, 1831-1850.
https://doi.org/10.5194/cp-13-1831-2017

Semenov, M.A. & Porter, J.R. (1995). Climatic variability and the modelling of crop
yields.  Agricultural and Forest Meteorology, 73, 265-283.
https://doi.org/10.1016/0168-1923(94)05078-K

Shennan, S. (2018). The First Farmers of Europe: An Evolutionary Perspective.
Cambridge: Cambridge University Press.
https://doi.org/10.1017/9781108386029

Sigl, M., Winstrup, M., McConrnell, J.R., Welten, K.C., Plunkett, G., Ludlow, F.,
Biintgen, U., Caffee, M., Chellman, N., Dahl-Jensen, D., Fischer, H.,
Kipfstuhl, S., Kostick, C., Maselli, O.J., Mekhaldi, F., Mulvaney, R.,
Muscheler, R., Pasteris, D.R., Pilcher, J.R., Salzer, M., Schiipbach, S.,
Steffensen, J.P., Vinther, B.M., and Woodruff, T.E. (2015). Timing and
climate forcing of volcanic eruptions for the past 2,500 years. Nature, 523,
543-549. https://doi.org/10.1038/nature14565

Silva, L. (2020). Climate and crops in northwest Portugal (1798-1830): A glimpse
into the past by the light of two Benedictine diaries. Revista de Historia
Agraria, 99-139. https://doi.org.10.26882/histagrar.082e03s.

Simpson, J. (1995). Spanish Agriculture: The Long Siesta, 1765—1965. Cambridge:
Cambridge University Press.

Slavin, P. (2019). Experiencing Famine in Fourteenth-Century Britain. Turnhout:
Brepols.

Sluchter, A. (1989). Die Agrarzonen der Alten Schweiz. Schwabe Verlag.

SMHI (2022). Normaldygnets medeltemperatur referens-normalperioden 1961-
1990.
https://www.smhi.se/data/meteorologi/kartor/normal/manadsmedeltempera
tur-normal/alla-manader/1961-1990. Last accessed 15 December 2022.

SMHI  (2023). Genomsnittliga datum for den forsta  hostfrosten.
https://www.smhi.se/data/meteorologi/temperatur/genomsnittliga-datum-
for-den-forsta-hostfrosten-1.4074. Last accessed 5 May 2023.

Soens, T. (2022). No second lord. Agriculture and climatic variability in the Late
medieval Low Countries. In: C. Weeda, R. Stein and L. Sicking (eds.)
Communities, Environment and Regulation in the Premodern World (pp.
71-98). Turnhout: Brepols Publishers. https://doi.org/10.1484/M.CORN-
EB.5.129373

141



Solantie R. (2008). Tehoisan lampdtilan summa — mammutinluu
udistamisen tarpeessa. Sorbifolia, 39(3), 107-119.

Solantie, R. (1992). Klimatperioder och Finlands kolonisering. Historisk tidsskrift
for Finland, 77(1), 86-96.

Solantie, R. (2012) Ilmasto ja sen mddrddmdt luonnonolot Suomen asutuksen
jamaatalouden historiassa [The Role of climate and related nature
conditions in the history of Finnish settlement and agriculture]. Diss.
Jyviskyld: University of Jyviskyla.

Speerschneider, C.J.H. (1915). Om isforholdene i danske farvande i celdre og nyere
tid. Charlottenlund: Danske meteorologiske institut.

Squintu, A.A., van der Schrier, G., Stépanek, P., Zahradni¢ek, P., Tank, A.K. (2020).
Comparison of homogenization methods for daily temperature series
against an observation-based benchmark dataset. Theoretical and Applied
Climatology, 140, 285-301. https://doi.org/10.1007/s00704-019-03018-0

Steffenson, B.J., Solanki, S. & Brueggeman, R.S. (2016). Landraces from
mountainous regions of Switzerland are sources of important genes for stem
rust  resistance in  barley. Alp  Botany, 126,  23-33.
https://doi.org/10.1007/s00035-015-0161-3

Sucarrat, G. (2020). 'User-Specified General-to-Specific and Indicator Saturation
Methods'. The R Journal, 12(2), 388—401. https://doi.org/10.32614/RJ-
2021-024

Svensson, J. (1965). Jordbruk och depression 1870-1900: en kritik av statistikens
utvecklingsbild. Diss. Lund : Univ. Lund.

Svensson, P. (2006). Peasants and Entrepreneurship in the Nineteenth-Century
Agricultural Transformation of Sweden. Social Science History, 30(3),
387-429. https://doi.org/10.1017/S0145553200013511

Tarand, A., Nordli , @.(2001). The Tallinn Temperature Series Reconstructed Back
Half a Millennium by Use of Proxy Data. Climatic Change 48, 189—199.
https://doi.org/10.1023/A:1005673628980

Tejedor, E., de Luis, M., Barriendos, M., Cuadrat, J. M., Luterbacher, J., & Saz, M.
A. (2019). Rogation ceremonies: a key to understanding past drought
variability in northeastern Spain since 1650, Climate of the Past, 15, 1647—
1664. https://doi.org/10.5194/cp-15-1647-2019

Tello, E., Martinez, J.L. Jover-Avella, G., Olarieta, J.R., Garcia-Ruiz, R., de Molina,
M.G., Badia-Miro, M., Winiwarter, V. & Koepke N. (2017). The Onset of
the English Agricultural Revolution: Climate Factors and Soil Nutrients.
The Journal of Interdisciplinary  History, 47(4), 445-474.
https://doi.org/10.1162/JINH_a 01050

Teutschbein, C., Quesada Montano, B., Todorovi¢, A., & Grabs, T. (2022).
Streamflow droughts in Sweden : Spatiotemporal patterns emerging from
six decades of observations. Journal of Hydrology, 42, 101171.
https://doi.org/10.1016/j.ejrh.2022.101171

142



Tidblom, A.V. (1876). Einige Resultate aus den meteorologi-schen Beobachtungen
angestellt auf der Sternwarte zu Lund in den Jahren 1741-1870. Lund
Universitets arsskrift, 12, 1-77.

Titow, J. (1960). Evidence of Weather in the Account Rolls of the Bishopric

of Winchester 1209-1350. The Economic History Review, 12(3), 360-407.
https://doi.org/10.2307/2590884

de Toro, A., Eckersten, H., Nkurunziza, L. & von Rosen, D. (2015). Effects of
extreme weather on yield of major arable crops in Sweden. (Department of
Energy and Technology Report series: 086). Uppsala: Swedish University
of Agricultural Sciences. https://res.slu.se/id/publ/68718

Trnka M, Hlavinka, P.,& Semenov, M.A. (2015). Adaptation options
for wheat in Europe will be limited by increased adverse weather
events under climate change. Journal of the Royal Society Interface,
12(112), 122015072120150721. https://doi.org/10.1098/rsif.2015.0721

Trnka, M., Olesen, J. E., Kersebaum, K. C., Roétter, R. P., Brazdil, R., Eitzinger, J.,
Jansen, S., Skjelvag, A. O., Peltonen-Sainio, P., Hlavinka, P., Balek, J.,
Eckersten, H., Gobin, A., Vu'ceti, V., Dalla Marta, A., Orlandini, S.,
Alexandrov, V., Semeradova, D., St epanek, P., Svobodova, E., and Rajdl,
K. (2016) Changing regional weather crop yield relationships across Europe
between 1901 and 2012. Climate Resilience, 70(2-3), 195-214.
https://doi.org/10.3354/cr01426

von Torne, M. (1829). Kongl. Maj:ts Befallningshafvandes &fver Jemtlands Ldin till
Kongl. Maj:t dar 1828 afgifne Fem-Ars-Berittelse. Stockholm: Joh.
Haegstrom.

Utterstrom, G. (1955). Climatic fluctuations and population problems in early
modern history. Scandinavian Economic History Review, 3(1), 3-47.
https://doi.org/10.1080/03585522.1955.10411467

Utterstrom, G. (1957). Jordbrukets arbetare: levnadsvillkor och arbetsliv pd
landsbygden frdn frihetstiden till mitten av 1800-talet. Stockholm: Thule.

Vestbé-Franzén, A. (2004). Rdg och rén: om mat, mdnniskor och
landskapsfordndringar i norra Smdland ca 1550-1700. Diss. Stockholm:
Stockholm University.

Veyrassat-Herren, B. (1972). Dimes alsaciennes. In J. Goy & E. Le Roy Ladurie
(eds.) Les fluctuations du produit de la dime: Conjoncture décimale et
domaniale de la fin du Moyen Age au 18. Siécle (pp. 83-102). Paris: Ecole
pratique des hautes études.

Vogel, J., Rivoire, P., Deidda, C., Rahimi, L., Sauter, C. A., Tschumi, E., van der
Wiel, K., Zhang, T., & Zscheischler, J. (2021). Identifying meteorological
drivers of extreme impacts: An application to simulated crop yields. Earth
System Dynamics, 12, 151-172. https://doi.org/10.5194/esd-12-151-2021

de Vries, J. (1981). Measuring the Impact of Climate on History: The Search for
Appropriate Methodologies. In: R. Rotberg & T. Rabb (ed.) Climate and

143



History: Studies in Interdisciplinary History (pp. 19-50). Princeton:
Princeton University Press. https://doi.org/10.1515/9781400854103.19

Waldinger, M. (2022). The Economic Effects of Long-Term Climate Change:
Evidence from the Little Ice Age. Journal of Political Economy, 130(9),
2275-2314. https://doi.org.10.1086%2F720393

Wallach, D., Makowski, D., Jones, J.W., & Francois, B. (2019). Working with
dynamic crop models (Third edition). London: Academic Press.
https://doi.org/10.1016/C2016-0-01552-8

Wanner, H. & Siegenthaler, U. (2000). Long and Short Term Variability of Climate.

Springer.
Wanner, H., Pfister, C., Neukom, R. (2022). The variable European Little Ice Age.
Quaternary Science Reviews, 287, 107531.

https://doi.org/10.1016/j.quascirev.2022.107531

Warde, P. (2009). The Environmental History of Pre-industrial Agriculture in
Europe. In: Sorlin, S., Warde, P. (eds.) Nature’s End (pp. 70-92). London:
Palgrave Macmillan. https://doi.org/10.1057/9780230245099 4

Wei, X., Widgren, M., Li, B, Ye, Y., Fang, X., Zhang, C., & Chen, T. (2021).
Dataset of 1 km cropland cover from 1690 to 1999 in Scandinavia. Earth
System Science Data, 13(6), 3035-3056. https://doi.org/10.5194/essd-13-
3035-2021

Weibull, C. (1949). "Téaget 6ver balt" [March Across the Belts]. Scandia. Tidskrift
for Historisk Forskning 19(1), 2-35.

Welinder, S. (2019). ‘The northern margin of cereal cultivation in Sweden during
the Middle Ages’. Journal of Swedish Antiquarian Research, 114(1), 36—
42.

Wetter, O. & Pfister, C. (2011). Spring-summer temperatures reconstructed for
northern Switzerland and southwestern Germany from winter rye harvest
dates, 1454-1970. Climate of the Past, 7, 1307-1326.
https://doi.org/10.5194/cp-7-1307-2011

White, S. (2014a). The Real Little Ice Age. The Journal of Interdisciplinary History,
44(3), 327-352. https://doi.org/10.1162/JINH_a 00574

White, S. (2014b). Animals, Climate Change, and History. Environmental History
19(2), 319-328.

White, S., Brooke, J., Pfister, C. (2018b). Climate, Weather, Agriculture and Food.
In: White, S., Pfister, C. & Mauelshagen, F. (eds.) The Palgrave Handbook
of Climate History (pp. 331-353). London: Palgrave Macmillan.

White, S., Moreno-Chamarro, E., Zanchettin, D., Huhtamaa, H., Degroot, D.,
Stoffel, M. & Corona, C. (2022). The 1600 CE Huaynaputina eruption as a
possible trigger for persistent cooling in the North Atlantic region. Climate
of the Past, 18, 739-757. https://doi.org/10.5194/cp-18-739-2022

144



White, S., Pei, Q., Kleemann, K., Dolék, L., Huhtamaa, H. & Camenisch, C. (2023).
New perspectives on historical climatology. WIREs Climate Change, 14(
1), e808. https://doi.org/10.1002/wcc.808

White, S., Pfister, C. & Mauelshagen, F. (2018a). The Palgrave Handbook of
Climate History. London: Palgrave Macmillan.

Wichman, H. (1962a). Akerbruk och boskapskétsel. In. H. Wichman (ed.).
Jamtlands och Hirjedalens historia. Fjdrde delen 1720-1880 (pp. 100-
133). Stockholm: Norstedts.

Wichman, H. (1962b). Forsorjning och skordeforhéllanden. In. H. Wichman (ed.).
Jamtlands och Hirjedalens historia. Fjdrde delen 1720-1880 (pp. 134-
154). Stockholm: Norstedts.

Wichman, H. (1962c). Jordbrukets utveckling. In. H. Wichman (ed.). Jamtlands och
Harjedalens historia. Fjdrde delen 1720-1880 (pp. 458-477). Stockholm:
Norstedsts.

WMO (2017). WMO Guidelines on the Calculation of Climate Normals. (WMO-
No. 1203). Geneva: World Meteorological Organization.

Zhang, P., Bjorklund, J. & Linderholm, H. W. (2015). The influence of elevational
differences in absolute maximum density values on regional climate
reconstructions, Trees, 29, 1259-1271. https://doi.org/10.1007/s00468-
015-1205-4

Zhang, P., Linderholm, H. W., Gunnarson, B. E., Bjoérklund, J. & Chen, D. (2016).
1200 years of warm-season temperature variability in central Scandinavia
inferred from tree-ring density, Climate of the Past, 12, 1297-1312.
https://doi.org/10.5194/cp-12-1297-2016

Zorita, E., Wagner, S. & Schenk, F. (2018). The Global Climate System. In: White,
S., Pfister, C. & Mauelshagen, F. (eds.) The Palgrave Handbook of
Climate History (pp. 21-26). London: Palgrave Macmillan.

145






Popular science summary

Throughout the history of agriculture, farmers have been acutely aware of
their reliance on the unpredictability of weather. Additionally, farmers have
had to constantly adjust their agricultural practices to accommodate long-
term weather patterns, or the climate. One such significant climatic period
was the Little Ice Age, which occurred roughly from 1300 to 1850 and
featured lower average temperatures. This era posed specific challenges to
agriculture in Europe. However, after the Late Medieval Agrarian Crisis of
the 14" and early 15" centuries, many European regions witnessed
substantial population growth and a marked increase in agricultural
production.

This thesis investigates how specifically agriculture was affected by
climate variability in different parts of Europe during the perod 1500-1920,
what the main weather- and climate related risks facing farmers were, as well
as how impactful and frequent these threats were. Scania in southern
Scandinavia and Jamtland and Hairjedalen in central Scandinavia receive
special attention, while large parts of Switzerland, Spain and other parts of
Sweden are also considered.

The first paper, paper I, employs climate reconstructions from southern
Sweden, early instrumental precipitation data from Lund as well as harvest
yield and tithe harvest data from Scania to study the relationship between
climate and grain production during the 18" and 19" centuries. Furthermore,
a network of early instrumental temperature observations are employed to
homogenize the early instrumental temperature record from Lund. Results
show that June and July were clearly the most important months. Cooler and
wetter summers were generally beneficial to grain harvests, whereas warmer
and less rainy summers experienced smaller harvests, especially of the
historical varieties of barley and rye cultivated before the late 19™ century.
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Paper II built on Paper I and establishes the first systematic chronology of
summer droughts in Scania during the 18" and 19" centuries using early
instrumental precipitation records, hydroclimate reconstructions and
documentary evidence. The specific effects of summer droughts are then
investigated using statistical analysis. Summer droughts are shown to have
negatively influenced harvests of most crops throughout the region, leading
to reduced harvests and large increases in the price of grain. Even harvests
of autumn-rye, supposedly one of the more drought-resilience crops, were
severely impacted by summer droughts. At the end of the study period, new
varieties of autumn-rye and autumn-wheat were becoming less susceptible
to drought, like the one in 1868, but more susceptible to extreme cold
conditions in the spring, like in the spring of 1867.

Paper III focuses on Jdmtland and Hérjedalen in central Scandinavia.
Here, growing season temperature was the predominant constraint facing
farmers. The decision to start sowing, hay-cutting or harvesting was to a large
degree dependent on how warm or cold the spring or the summer was.
However, farmers could not blindly follow weather patterns but had to make
decisions based on the perception of risk and prioritization between hay-
cutting, harvesting and other important agricultural tasks. In mountainous
areas, farmers experienced the largest dependence on climate and weather,
at least when it came to the cultivation of cereals, whereas farmers around
Lake Storsjon and parts of eastern Jaimtland were less dependent on growing
season temperatures alone. Farmers mainly cultivated barley. Other crops
like rye were even more vulnerable to shifts in growing season temperatures,
while the potato contributed to increased resilience by being less vulnerable
in that regard.

Paper IV investigates how harvest yields in large parts of Switzerland,
Spain and southern Sweden (excluding Scania) were affected by climate
variability using an unprecedentedly large collection of harvest yield and
climate data and a consistent statistical framework. In southern Sweden, the
clearest relationship between harvests and climate indicators was that
between reconstructed hydroclimate (for example soil moisture) and
harvests, where wetter conditions were generally beneficial to harvests.
Cooler summers were also beneficial to harvests in the southernmost
counties, similar to conditions in Scania. In Switzerland, precipitation and
temperature patterns during the late autumn and winter had the largest effect
on harvests, with wetter and colder conditions generally being detrimental.
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Cooler summers were in contrast generally beneficial to harvests, similar to
conditions in southern Sweden. In Spain, relationships were more complex,
owing to the heterogeneous climate present there. Nonetheless, spring
drought appeared as the most prominent threat facing farmers in Spain.

In general, harvests in central agricultural areas, for example Andalusia in
Spain or Scania in southermost Sweden, tended to be larger during cooler
years. Only in marginal agricultural areas like Jimtland and Hérjedalen in
central Scandinavia did an opposite signal prevail. In other words, by the
early modern period, if not earlier, agriculture in large parts of Europe
appears to have been well adapted to the lower average temperatures of the
Little Ice Age.
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Popularvetenskaplig sammanfattning

Genom hela jordbrukets historia har jordbrukare varit beroende av
viaderforhdllanden som é&r svara att forutse. Vidare har jordbrukare
standigt behovt anpassa sina jordbruksmetoder for att svara pd klimatets
skiftningar. En séddan betydande klimatperiod var Lilla istiden, en period
med bland annat l4gre genomsnittstemperaturer som intraffade mellan ca
1300 och 1850. Aven om denna period stillde jordbruket i Europa
inforsdrkilda utmaningar, si kom manga europeiska regioner att uppleva
betydande befolkningstillvixt och 0Okning av jordbruksproduktionen i
efterdyningarna av den senmedeltida jordbrukskrisen pa 1300- och 1400-
talet.

Denna avhandling undersoker specifikt hur jordbruket paverkades av
klimatvariationer i olika delar av Europa under aren 1500-1920, vilka de
framsta vdder- och klimatrelaterade riskerna for jordbruket var, samt vilken
betydelse och frekvens dessa risker hade. Sarskild uppmérksamhet dgnas &t
Skane samt Jamtland och Hérjedalen, medan stora delar av Schweiz, Spanien
och andra delar av Sverige ocksé ingar i avhandlingen.

Den forsta artikeln, artikel I, anvdnder klimatrekonstruktioner fran s6dra
Sverige, tidiga instrumentella nederbordsdata fran Lund samt olika skorde-
data, exempelvis tiondeobservationer, frdn Skane for att studera sambandet
mellan klimatet och spannmaélsproduktionen under 1700- och 1800-talen.
Dessutom anvinds ett ndtverk av instrumentella temperaturobservationer for
att homogenisera de tidigaste instrumentella temperaturmétningarna fran
Lund. Resultaten visar att juni och juli var klart de viktigaste manaderna.
Kyligare och regnigare somrar gynnade generellt spannmélsskordarna, medan
varmare och mindre regniga somrar resulterade i mindre skordar, sérskilt av
de historiska spannmélssorterna av korn och rdg som odlades fore sent 1800-
tal. Artikel II bygger pd Artikel I och etablerar den fOrsta systematiska
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kronologin 6ver sommartorkor i Skane under 1700- och 1800-talen med hjilp
av tidiga instrumentella nederbordsdata, hydroklimatiska rekonstruktioner och
andra historiska kéllor. De specifika effekterna av sommartorkor undersoks
sedan med hjélp av statistisk analys. Sommartorkor visade sig ha negativt
paverkat skorden av de flesta grodor i hela regionen, vilket ledde till minskade
skordar och kraftiga okningar av spannmaélspriserna. Aven skordarna av
hostrag, som antogs vara en av de mer torktiliga grodorna, paverkades
patagligt av sommartorkor. I slutet av studieperioden blev hostrag och hostvete
mindre mottagliga for torka, som t.ex. 1868 ars torka, men mer mottagliga for
extremt kalla forhallanden pé varen, som pa varen 1867. Detta skifte forklaras
med introduktionen av nya spannmalssorter och forbattrade jordbruksmetoder.

Artikel III fokuserar pa Jimtland och Hérjedalen i centrala Skandinavien.
Hér var temperatur under vixtsdsongen den frimsta begridnsningen for
bonderna. Beslutet att borja sa, inleda slattern eller kornskoérden var till stor
del beroende av hur varm eller kall varen eller sommaren var. Dock kunde
bonderna inte blint folja vidermdnster utan var tvungna att fatta beslut
baserade pa riskkalkyler och prioriteringar mellan slattern, skérden och
andra viktiga jordbruksarbeten. Fjélltrakternas bonder var mest beroende av
véxtsdsongens temperaturer, atminstone nir det géllde odlingen av séd,
medan bonderna i delar av Storsjobygden och delar av 6stra Jimtland var
mindre beroende av enbart vixtsdsongens temperatur. Bonderna i Jimtland
och Hirjedalen odlade framst korn. Andra grodor som rag var &n mer sarbara
for temperaturvéxlingar, medan potatisen bidrog till 6kad motstandskraft
genom att vara mindre sérbar i det hanseendet.

Artikel IV undersoker hur skordar i stora delar av Schweiz, Spanien och
sOdra Sverige (med undantag for Skane) paverkades av klimatvariationer med
hjélp av en stor samling av skord- och klimatdata och en konsekvent statistisk
analys. I sodra Sverige var det tydligaste sambandet det mellan hydroklimat
(t.ex. markfuktighet) och skordar, dir blotare forhallanden generellt var
gynnsamma for skordarna (eller torrare somrar generellt var negativt for
skordeutfallet). Kyligare somrar var ocksa fordelaktiga for skordarna i de
sydligaste ldnen. I Schweiz hade nederbords- och temperaturménster under
senhdsten och vintern storst effekt pd skordarna, dir blotare och kallare
forhallanden generellt var ogynnsamma. Kyligare somrar var 4 andra sidan
generellt fordelaktiga for skordarna, vilket paminner om forhallandena i sddra
Sverige. I Spanien var de agrometeorologiska relationerna mer komplexa pa
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grund av Spaniens heterogena klimat. Trots det framstod vértorka som det
mest framtradande hotet mot jordbruket i Spanien.

Generellt sett tenderade skordarna i centrala jordbruksomriden, till
exempel Andalusien i Spanien eller Skane i sodra Sverige, att vara storre
under kallare &r. Endast i marginella jordbruksomrédden som Jamtland och
Haérjedalen i centrala Skandinavien dominerade en motsatt klimatsignal. Med
andra ord verkar jordbruket i stora delar av Europa frén den tidigmoderna
perioden, om inte tidigare, ha varit vil anpassat till de ldgre genomsnitts-
temperaturerna som rddde under Lilla istiden.
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Abstract. Scania (Skéane in Swedish), southern Sweden, of-
fers a particularly interesting case for studying the histori-
cal relationship between climate variability and grain pro-
duction, given the favorable natural conditions in terms of
climate and soils for grain production, as well as the low
share of temperature-sensitive wheat varieties in its produc-
tion composition. In this article, a contextual understanding
of historical grain production in Scania, including historical,
phenological, and natural geographic aspects, is combined
with a quantitative analysis of available empirical sources
to estimate the relationship between climate variability and
grain production between the years 1702 and 1911. The main
result of this study is that grain production in Scania was pri-
marily sensitive to climate variability during the high sum-
mer months of June and July, preferring cool and humid con-
ditions, and to some extent precipitation during the winter
months, preferring dry conditions. Diversity within and be-
tween historical grain varieties contributed to making this
risk manageable.

Furthermore, no evidence is found for grain production
being particularly sensitive to climate variability during the
spring, autumn, and harvest seasons. At the end of the study
period, these relationships were shifting as the so-called early
improved cultivars were being imported from other parts of
Europe. Finally, new light is shed on the climate history of
the region, especially for the late 18th century, previously
argued to be a particularly cold period, through homogeniza-
tion of the early instrumental temperature series from Lund
(1753-1870).

1 Introduction

In recent years, numerous studies have explored the rela-
tionship between grain yields, prices, and climatic change

in medieval and early modern Europe. The fundamental as-
sumption underlying these studies is that grain production to
a substantial degree was affected by variability in tempera-
ture and precipitation (Edvinsson et al., 2009; Holopainen et
al., 2012; Camenisch, 2015; Esper et al., 2017; Pribyl, 2017,
Ljungqvist et al., 2021a, b). Most of these studies have ei-
ther focused on particularly temperature-sensitive grain types
like wheat or temperature-sensitive agricultural regions, like
Finland or the Scottish Highlands (Parry and Carter, 1985;
Brunt, 2015; Huhtamaa and Helama, 2017a). In these his-
torical contexts, cold conditions become the “grim reaper”
(Holopainen and Helama, 2009). However, in the long term,
grain farming even in the northern border regions of Euro-
pean agriculture has shown considerable adaptability and re-
silience (Solantie, 1992; Huhtamaa and Helama, 2017b; De-
groot, 2021). Diversified grain production has been identified
as an important aspect of this resilience (Michaelowa, 2001).
In this article, I argue that an understanding of the impact of
climatic variability and change on agriculture as well as ex-
planations of resilience in terms of grain diversity need to be
grounded in an understanding of the phenology of historical
grain varieties.

Attempts to account for the resilience, or the ability of
early modern farmers and farming systems to cope with cli-
mate variability in intensive grain farming areas of Europe
north of the Alps like northern France and England, have
remained mainly hypothetical (Michaelowa, 2001; Tello et
al., 2017). Early modern Scania offers an especially interest-
ing case in this regard. The climate of Scania is mild, host-
ing a continental climate stabilized by the proximity to the
Baltic Sea. From an agronomic viewpoint, it is often stressed
that Scania has the longest vegetative period of present-day
Sweden (Osvald, 1959; Persson, 2015). Moreover, the south-
western half of Scania, roughly the extent of the historical
county of Malmé&hus, contains large areas of soils of excep-
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tionally high quality (Lantbruksstyrelsen, 1971). For most of
the historical period, Scania was an important surplus pro-
ducer of grains in the Kingdom of Denmark and from 1658 in
the Kingdom of Sweden (Amark, 1915; Bohman, 2010). At
the same time, since at least the 17th century up until the end
of the 19th century, Scanian farmers relied on Scandinavian
grain varieties adapted to cooler and humid climates with
short growing seasons, i.e., conditions often prevalent at the
northern limits of arable agriculture (Lundstrom et al., 2018;
Larsson et al., 2019).

The aim of this article is to study the relationship between
climate variability and grain production in Scania during the
period 1702-1911. The study period is divided into the early
study period (1702-1865) and the late study period (1865—
1911). Given that the role of climate cannot be conceptu-
alized in a simplistic or deterministic manner, it has to be
contextualized in the specific agrarian and ecological con-
text (Haldon et al., 2018; van Bavel et al., 2019; Degroot,
2021). Accordingly, this article starts out by contextualiz-
ing the study and setting the historical background, partic-
ularly detailing historical grain production in Scania during
the study period. Following this is a conceptual and theo-
retical discussion of the relationship between crop produc-
tion and climate as well as the concept of resilience. Sub-
sequently, I present and discuss the climate and agricultural
production data and the employed methods. Finally, results
are discussed in relation to the historical context as well as to
previous research.

1.1 Background

Scania is situated at the southernmost tip of the Scandinavian
Peninsula in the borderlands between Sweden and Denmark.
The farming districts on the plains of Scania have, and con-
tinue to be, some of the most productive arable farming re-
gions in Scandinavia, owing mostly to its mild climate and
rich soils. In the Danish and Swedish historiography, Scania
is commonly referred to as a kornbod (roughly translated as
“breadbasket”). Adam of Bremen in his Gesta Hammabur-
gensis ecclesiae pontificum from ca. 1075 CE describes Sca-
nia as the most prosperous of the provinces in the Danish
kingdom (Bremensis, 2002). However, the natural geography
of Scania is and was not uniform (Svensson, 2016). Besides
the arable plains, Scania was constituted by a diverse land-
scape of forests, disparate but mostly hospitable coastal ar-
eas, lakes, and hills with different soils and natural conditions
(Lidmar-Bergstrom et al., 1991). Farming was to some extent
adapted to this variability in natural conditions, especially in
the period prior to the late 19th century (Dahl, 1989; Gadd,
2000; Bohman, 2010). During the years ca. 1750-1850, Sca-
nia underwent what has been called the agrarian revolution,
implicating a general transformation of agriculture as well as
dramatic and sustained increases in production (Olsson and
Svensson, 2010). Subsequently, Scanian agriculture has con-
tinued to sustain its growth trajectory, intermittently inter-
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Figure 1. The 1500-1920 summer (JJA) temperature reconstruc-
tion from Ljungqvist et al. (2019) based on a grid cell at 12.5°E
and 57.5° N, roughly corresponding to Mark Municipality in south-
ern Vistra Gotaland. Source: Ljungqvist et al. (2019).

rupted by various agrarian and economic crises (Myrdal and
Morell, 2013). Scanian farmers also faced challenges. Situ-
ated between two rivalling kingdoms, Denmark and Sweden,
the fertile plains of Scania have been fought over and acted
as a battleground in numerous wars. After 1711, there were
fewer conflicts compared to the preceding centuries (Frost,
2000).

Like in other parts of Europe, colder climatic conditions
prevailed in Sweden and Scania for most of the second half
of the 16th century and throughout most of the 17th century.
The period ca. 1560-1630 was particularly cold and expe-
rienced overall increased climatic variability (see Fig. 1). In
the 1690s, there was also a recurrent span of cold years with
late springs in the Baltic area, culminating in the disastrous
years of 1695-1697 and leading to mass mortality through-
out the region, especially in northern Sweden, Estonia, and
Finland (Dribe et al., 2015; Lilja, 2008). Reconstructions of
winter ice severity from the western Baltic indicate that the
period experienced greater volumes and persistence of win-
ter ice compared to preceding and subsequent periods, and
the sound between Scania and Zealand was covered with
ice for most of the years 1694-1698 (Speerschneider, 1915;
Koslowski and Glaser, 1999).

During portions of the 18th century, there was a “return”
to milder temperatures, albeit with some notable exceptions
with especially cold periods in the early 1740s and 1780s.
The most notable challenge in terms of natural conditions
pointed out in previous research is the increasing degree of
sand drift and soil erosion in Scania during the later parts of
the 18th century and early 19th century (Mattsson, 1987). As
Bohman (2017a, b) has shown, these agro-ecological crises
were mostly local and temporary, counteracted by land man-
agement policies at the local and regional level. The main
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causes behind the increasing soil erosion and sand drift have
been framed as anthropogenic through deforestation and in-
tensified land use practices. Mattsson (1987), relying on in-
strumental and observational meteorological records from
Lund, argued that another underlying factor behind these
agro-ecological issues was climatic variation in the form of
the generally colder conditions during the Little Ice Age
(LIA) and increased heavy winds and storms, particularly
easterlies, during the latter half of the 18th century.

In the following century, the 1810s and the 1840s stand
out for being cold (Tidblom, 1876; Cappelen et al., 2019).
In general, the 19th century was one of great transformation
and expansion for agriculture in Scania, making it difficult
to identify any prolonged climatic periods that were bene-
ficial or detrimental for agriculture. Nonetheless, there cer-
tainly were years that experienced particularly bad agrom-
eteorological conditions like summer droughts, for example
in 1811, 1822, 1826, 1837, 1868, 1870, and 1899 (Tidblom,
1876; SMHI, 2021). The 1868 summer drought was partic-
ularly bad since it followed a year of severe crop failures in
northern Sweden that had already depleted much of the grain
stocks available for aid (Dribe et al., 2015; Visterbro, 2018).
According to Utterstrom (1957) and Edvinsson et al. (2009),
lack of precipitation and drought during the summer were
the main agrometeorological risks in southern Sweden in the
18th and 19th centuries.

1.2 Farming in Scania

Descriptions of agriculture in Scania during and subsequent
to the study period have relied on the ethnographic and ge-
ographical categorizations made by Campbell (1928), who
outlined three different types of farming districts: the plain,
the intermediate (or “brushwood”, sw. risbygd), and the for-
est districts (Dahl, 1989; Svensson, 2013). Villages in the
plain districts generally practiced a three-field farming sys-
tem and were characterized by their specialization in grain
production (Campbell, 1928). In the intermediate districts,
villages had a higher share of livestock production and of-
ten practiced a one-field farming system (Bohman, 2010).
Finally, the forest districts had the most diversified econ-
omy with handicrafts and forest-related industries comple-
menting grain and livestock production (Svensson, 2016).
Bohman (2010) estimated that during the 18th century and
the first half of the 19th century, crop production constituted
roughly 90 % of the total production value in the plains dis-
trict and somewhere around 80 % in the intermediate and for-
est districts. Controlling for price changes, crop production
increased its share of overall production value at least until
the 1860s.

Despite the fact that the types of farming districts var-
ied in their respective specializations, practically all farm-
ing in Scania was performed in a mixed farming system,
wherein livestock husbandry and grain production were in-
tegrated and mutually dependent (Bohman, 2010; Myrdal
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and Morell, 2013). Until the 19th century, most farms in
Scania belonged to a village where farming operated un-
der an open-field system (sw. tegskifte) with a mixture of
private and communal management. Limited enclosure re-
forms, storskifte, were introduced starting in 1757, followed
by radical enclosure reforms in 1803 (enskifte) and 1827
(laga skifte). These latter reforms involved the breakout of
the individual farms from the communal management, ef-
fectively privatizing land ownership and management. Im-
plementation of these reforms was gradual and intermittent
(Gadd, 2011, 2018). Hence, for large parts of the study pe-
riod, decision-making regarding grain production was largely
mediated through the institutions of the village.

1.3 Grain crops

Rye, barley, and oats dominated the composition of grain
production during the study period and had done so since the
Viking Age, albeit with much internal variation over time.
For example, oats production saw a large increase in its share
of overall grain production during an export boom in the
19th century (Welinder, 1998; Bohman, 2010). In the late
19th century and early 20th century, the new so-called im-
proved cultivars (mainly in the form of autumn rye and au-
tumn wheat) increasingly took the place of the most domi-
nant grain crops (Leino, 2017). Given their dominance in a
historical perspective, this study will mainly be limited to an-
alyzing the production of barley, rye, and oat varieties. Wheat
varieties will also be included in the later study period (1865—
1911).

In previous research, the type of farming district and soil
types have been seen as the primary factors determining dif-
ferences in crop composition (Dahl, 1942, 1989). Wheat and
barley were more dominant in the arable plain districts. The
share of oats was lowest in the forest districts, and the share
of rye was roughly the same in the different types of districts.
Regarding soil types, Bohman (2010) found that barley and
oats (and wheat) were more dominant on high-quality soils
and rye was more common on poorer soils and that in relation
to animal production. He also argued that vegetable produc-
tion increased its share throughout the 18th and the first half
of the 19th century as a supply-side response to increasing
prices. The share of the total value of agricultural produc-
tion constituted by vegetable products ranged between 61 %
and 97 % through the 18th and 19th centuries depending on
decade and parish (Bohman, 2010).

1.4 Rye varieties

Leino (2017) has studied some of the historical grain va-
rieties in Sweden. Examples of rye varieties prevalent in
Scania were late rye (sw. senrdg), St. Laurentius Day rye
(sw. larsmdissorag), sand rye (sw. sandrdg), and spring rye
(sw. varrag). Swidden rye (svedjerag) was most likely also
grown, especially in the forest districts. Scanian farmers pre-

Clim. Past, 18, 405-433, 2022



408 M. K. Skoglund: Climate variability and grain production in Scania, 1702-1911

ferred to grow their rye on sandy soils or other well-drained
soils (Dahl, 1989; Gustafsson, 2006). Leino (2017) notes that
in historical sources, late rye is often characterized as al-
lowing very late sowing, all through December in Scania (in
some extreme cases this nominally autumn crop was appar-
ently sown in early spring). According to Leino (2017), this
type of late sowing of late rye offered the possibility to incor-
porate autumn rye into a two- or three-field system without
the need for a full year of fallow after the preceding harvest.
This somewhat blurred line between spring and autumn rye
is consistent with genomic studies of Scandinavian rye lan-
draces (Hagenblad et al., 2012). More detailed sources on
sowing dates are difficult to find. By all accounts sowing
dates varied locally. In parish descriptions from Malmohus
county in the early 19th century, sowing dates for autumn rye
vary from the middle of August until early October, although
the most commonly noted sowing period was the latter part
of September (Bringéus, 2013). Spring rye appears to have
been sown after barley sometime in May, depending on the
village. Autumn rye is noted to have been harvested earlier
than other crops, although all harvesting of rye is reported in
either late July or August.

In a broader context of European rye landraces in the pre-
1900 period, Fennoscandian landraces have been found in
genomic studies to belong to a particular and separate meta-
population of rye landraces, distinct from landraces in conti-
nental Europe. Furthermore, even southern Scandinavian rye
landraces have been found to have more in common genet-
ically with landraces from northeastern Europe than those
from maritime western Europe (Larsson et al., 2019).

1.5 Barley varieties

Southern six-row barley (sw. sydsvenskt sexradskorn) was
common in Scania, especially in the forest districts, even
in the late 19th century. It was sown late, often well into
June, due to its sensitivity to frost and its rapid growth, al-
lowing ripening despite late sowing. Two-row varieties like
Scanian two-row barley (sw. skanskt tvdaradskorn) were also
grown, at least during the 19th century but probably earlier
as well. Two-row varieties required more intensive agricul-
tural practices, longer growth periods, and richer soils but
offered better resistance to frost and often gave larger yields
compared to six-row varieties. In the previously mentioned
parish descriptions from the early 19th century, sowing dates
for barley range from late April to early June, while harvest-
ing is mostly described as taking place sometime in August
(Bringéus, 2013).

Similar to rye, genomic evidence for barley landraces from
Scandinavia and southern Scandinavia in particular indicates
spatial and temporal consistency from the 17th century up
until the late 19th century (Lundstrom et al., 2018). A distinc-
tive feature of these Scandinavian barley landraces in terms
of genetic markers is the prevalence of the nonresponsive
ppd-hl allele, which prolongs the flowering during periods
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of increasing daylight, prolonging the vegetative state and
potentially increasing yields in cooler and wetter conditions
(Jones et al., 2012; Aslan et al., 2015). An allele is one of sev-
eral possible expressions of a given gene. The ppd-h1 allele
is the nonresponse expression of the ppd-H1 (Photoperiod-
HI1) gene (Turner et al., 2005). It has been suggested that
selection and maintenance of barley seed with this particular
allele were part of a long-term adaptation process by early
farmers (Cockram et al., 2007).

1.6 Oat varieties

Historical oat varieties can be grouped into two broad cat-
egories: white oats and black oats. Generally, white oat va-
rieties were grown on poorer, and especially wet, soils. Ac-
cording to Campbell (1950), they were better suited for mak-
ing bread compared to the fodder-oriented varieties that be-
came increasingly more common during the course of the
19th century. Black oat varieties were more resistant to
droughts and were preferably grown on richer, manured soils.
Campbell (1950) argued that Nordic white oats (sw. nordisk
vithavre) were the most common variant in Scania. It is
more uncertain whether black oat varieties were grown, al-
though they were grown in all neighboring provinces (Hal-
land, Blekinge, and Smaland), which suggests, together with
the fact that there was a widespread trade in seed grains,
that black oats were at least grown locally and intermittently
(Campbell, 1950; Leino, 2017). Oats appear to have been
sown about 1-3 weeks prior to barley and spring rye and
harvested at about the same time as, or shortly before, bar-
ley (Bringéus, 2013).

According to Dahl (1942), oat farming in Scania was not
an adaptation to local climate like in parts of northwestern
Europe. Rather, it was other natural conditions, primarily the
type of moraine soil common in some areas around the Baltic
like Denmark, Scania, and northern Germany (sw. baltisk
mordn), as well as local hydrological conditions, namely on
soils that were poorly drained, that were decisive for oat cul-
tivation. It is important to note that Dahl (1942) conceptual-
ized natural conditions and climate as something static and
that the only secular changes that occurred in natural condi-
tions were due to human intervention, for example by not
investing in drainage or through over-cropping. However,
given that the climate actually varied over time, one would
expect climate effects interacting with factors like soil and
the type of cultivated crop. For example, periods of a wet-
ter climate should have had more negative impacts on crops
grown on poorly drained soils, whereas crops cultivated on
well-drained soils should have been more exposed to drought
periods (Osvald, 1959; Weil and Brady, 2017).

2 Crop diversity, resilience, and adaptation

This brief overview of the diversity of grain varieties to be
found in early modern Scania suggests a flexible farming
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system in terms of sowing and harvest dates as well as the
ability to produce grains under differing agrometeorological
conditions. It is important to note in this context the inher-
ent capacity of crop varieties to adapt to local environmen-
tal conditions (including local farming practices) that over
time should have led to much greater variety, and indeed
resilience, than this brief overview suggests (Leino, 2017;
Aslan et al., 2015). In the context of historical grain produc-
tion, I define resilience as the ability of a production system
to maintain itself over a longer period through a combination
of biological and institutional flexibility and durability in the
face of a variable environment. When discussing adaptation
I refer to how a given crop or farming practice performs in a
given set of environmental circumstances. I subsume the con-
cept of exaptation (passive or accidental adaptation) under
adaptation, given the difficulty in disentangling the two. For
example, a particular crop may perform better during colder
periods, increasing the production of the crop, which could
be due to farmers actively adapting to changeable circum-
stances or the crop being more adapted (passively) relative to
the other crops being cultivated. Moreover, even if farmers
are actively increasing the production of a given crop, it can
still be very difficult to establish whether it is due to adapta-
tion to environmental change, a response to shifting market
demands, technological innovation, or cultural trends.

Previous research has stressed that, at least in relation
to climate “extremes”, diversified crop production including
both spring and autumn crops of different varieties was more
resilient in areas of Europe north of the Alps (Michaelowa,
2001; Ljungqvist et al., 2021a). Michaelowa (2001) partly
blamed the excess specialization towards autumn wheat for
the relatively poor performance of French agriculture com-
pared to English agriculture during the 18th century; the lat-
ter was more diversified, cultivating autumn wheat, autumn
rye, and spring barley and oats.

Utterstrom (1955) and Michaelowa (2001) argued that
colder periods in the early modern period, specifically in
the late 17th and 18th centuries, led to reductions in live-
stock production in France, England, and Sweden, and in re-
sponse grain production usually increased with the intention
to fill in the nutritive gap. If such adaptations took place, they
must have been difficult to implement in the short term and
were probably also insufficient given that grain production
was also vulnerable to spats of cold weather. Pfister (2005)
showed how cold and wet conditions during the different sea-
sons of the year were detrimental to livestock production in
the Swiss Alps as well as the difficulties of the local commu-
nities to adapt given that the cultivated grains and vines were
also vulnerable to cold and wet conditions. Grain shortages,
sometimes resulting in famines, were common in many parts
of Europe up until at least the 19th century (Appleby, 1980;
Dribe et al., 2015; Esper et al., 2017).

There have been attempts to detail the relationship be-
tween grain production and climate variability in northern
Europe during the early modern period in more detail. Brunt
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(2004) found that English wheat yields during the 1770s
were mainly sensitive to temperature and to a lesser extent
precipitation, depending on local soil conditions. Especially
important were summer temperatures. Cooler summer tem-
peratures through the month of July benefited wheat yields,
supposedly by prolonging the grain-filling period. A warm
and dry August was then beneficial by allowing the crops
to dry for the coming harvest. Ideally, rainfall would be
spread out over many days during the early summer months.
Concentrated rainfall during a short time span risked ruin-
ing the crop, with the harvest month of August being es-
pecially vulnerable (Brunt, 2004). In a later study, Brunt
(2015) found that wheat yields were significantly affected by
weather shocks throughout the ca. 1690-1850 period (to the
extent that they obfuscated subsequent estimations of long-
term productivity trends), with the 19th century largely con-
forming to the 1770s as to the effects from temperature and
precipitation during summers.

Pei et al. (2016) studied the relationship between yield
ratios and temperature at a continental scale and proposed
that European farmers during the period ca. 1500-1800 used
crop management as a mechanism for climate adaptation.
Specifically, farming systems drifted towards increased rye
production during colder periods, which the authors argue
was a more cold-resistant crop. In an earlier study, Pei et
al. (2015) asserted that extensification of land use was the
most prominent strategy in mitigating climatic stress during
the same period. However, given differences in soil, climate,
available grain varieties, and other factors, it seems more rea-
sonable to expect more heterogeneous and contextually de-
pendent adaptation practices at the local and regional level
(van Bavel et al., 2019; Ljungqyvist et al., 2021a). While rye
was almost certainly more cold-resistant than wheat, in re-
lation to oats the same seems to be true only when we ex-
clude wetter climatic areas (e.g., western Sweden or parts
of Scotland). In relation to barley there is limited evidence
indicating that rye was the more cold-resistant grain over-
all. For example, in northernmost Sweden and Finland grain
production was limited almost exclusively to barley. An im-
portant caveat in making these types of comparisons is the
fact that rye was mostly grown as an autumn crop, whereas
barley and oats were exclusively grown as spring crops and
that in many agricultural areas of northern Europe they were
more often supplementary than rival crops (Huhtamaa and
Helama, 2017b).

Considering Sweden, and southern Sweden in particular,
one finds a composition of grain production that was diver-
sified and comparable to that of England in the 18th century
described by Michaelowa (2001), with the important excep-
tion of wheat, which in Sweden was only a marginal crop.
Utterstrom (1957) argued that for grain production in north-
ern Sweden, temperature was the most important climatic
variable, whereas it was precipitation for southern Sweden.
Using more up-to-date climate and grain harvest data, Ed-
vinsson et al. (2009) largely confirmed the stipulations made
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by Utterstrom (1957), at least from 1724 up until the late
19th century, finding a negative association between subjec-
tive harvest assessments and June and July temperatures and
a positive association with precipitation in the same months
and November and December temperatures. After ca. 1870,
Edvinsson et al. (2009) found a shift in the relationship.
Precipitation in the summer, including the month of May,
was still positively correlated with the harvest assessments.
However, summer temperatures were no longer statistically
significant, whereas the first 4 months of the year (JFMA)
showed positive associations with harvests assessments. A
short digression is in order here. Compared to summer and
spring temperatures, relationships with winter temperatures
are more difficult to explain, given that they are indirect, oc-
curring before the growing season for spring crops. Temper-
ature and precipitation during the winter months do affect the
overwintering autumn crops by facilitating or inhibiting the
survival of the grains themselves, as well as fungi, soil bac-
teria, and other various grain pests (Holopainen and Helama,
2009; Osvald, 1959). In addition, the nutritive balance of the
soil is affected (Adalsteinsson and Jensén, 1990). Again, it
is quite difficult to establish, both empirically and theoreti-
cally, the mechanisms and links between these relationships
and the subsequent grain harvest. It should be noted that
these “indirect” effects are also at play during the other sea-
sons. For example, de Vries et al. (2018) found that summer
droughts have different effects on soil bacteria and fungus
and that these effects have long-term consequences for vege-
tation growing on the soil.

Returning to the discussion of the results from Edvinsson
et al. (2009), they argued that the overall relationship be-
tween climate variability and grain harvests was weak, partly
explained by the lack of detail in climate data. Furthermore,
they found that the magnitude of the relationships increased
in the period 1871-1955 compared to the previous roughly
150 years, which they primarily explained in terms of the in-
creasing shift towards higher-yielding and more temperature-
sensitive wheat production. More controversially, they also
hypothesized that climate variability itself was less important
to harvest in pre-industrial agriculture due to chronic seed
shortages and more risk-averse behavior on the part of farm-
ers.

With respect to the differences between different grains,
Edvinsson et al. (2009) employed aggregate official statis-
tics at a national level for the period 1803-1955 (with a
gap between the years 1821 and 1859). They found that
wheat and rye harvests were positively correlated with Oc-
tober through April temperatures, that barley harvests were
positively correlated with temperatures in April, May, and
August—September, and finally that oat harvests were neg-
atively correlated with June—July temperatures. Harvests of
all the mentioned grains were positively associated with in-
creased precipitation in May through July. Wheat and rye
harvests were negatively associated with increased precipi-
tation in March, whereas the same was true for barley and
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oat harvests in relation to precipitation in September. These
results are possibly skewed towards the late 19th century and
especially the first half of the 20th century considering the
gap between 1821 and 1859 as well as the dramatic shifts in
the types of cultivated grain varieties that Sweden underwent
in the late 19th century (Leino, 2017). Beside the study from
Edvinsson et al. (2009), Palm (1997) tried to estimate the re-
lationship between the yields of various grains at a farm in
Halland between ca. 1750 and 1870, with limited results.

The division of Sweden into a southern and northern
half in regards to the main agrometeorological constraints
for agriculture and grain production made by Utterstrom
(1957) and later affirmed by Edvinsson et al. (2009) arguably
needs to be complemented. As discussed by Huhtamaa and
Ljungqvist (2021), the relationships between climate and
agriculture in Scandinavia vary from region to region. From
an agronomic perspective, southern Sweden is a diverse place
in terms of natural geography. Northwestern Scania and the
provinces further north on the west coast (Bohuslidn, Halland,
Vistra Gotaland) are wetter and colder than most of Scania,
whereas most of the east coast of southern Sweden is drier
(especially during spring and autumn) and experiences on
average a few hundred extra hours of sun each year (Pers-
son et al., 2012). As mentioned previously, Scania stands
out relative to the rest of southern Sweden in terms of the
duration of the growing season (Osvald, 1959). Huhtamaa
and Ljungqvist (2021) propose that in neighboring Denmark
hosting similar conditions for grain production, the shorten-
ing of the growing season during wetter and/or colder years
might not have led to major issues related to frost. Impor-
tant additions to these considerations of natural geography
include the question of what types of grain varieties were
cultivated and in what type of farming system.

In the following sections, I attempt to estimate the rela-
tionship between climate variability and grain production in
Scania during the period 1702-1911, divided into an early
study period (1702-1865) and a later study period (1865—
1911). First, I describe and discuss the sources and methods
employed, followed by a presentation and a discussion of the
results. Finally, I conclude the article by interpreting and con-
textualizing the obtained results.

3 Sources and methods

3.1 Sources on agriculture and grain production

Scania stands out in the Swedish context regarding the
availability and extent of specific historical source material,
namely the priestly tithes (sw. prdstetionde), which in many
parts of Scania remained flexible and proportional to output
throughout the 18th and 19th centuries (Olsson and Svens-
son, 2010). Using surviving tithe records from 36 parishes in
Scania, Olsson and Svensson have produced a database, the
Historical Database of Scanian Agriculture (HDSA), with
roughly 85000 unique farm-level observations covering the
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period 1702-1881, wherein one observation is one farm’s
production in 1 year (Olsson and Svensson, 2017b). The
structure of the HDSA is that of an unbalanced panel and
includes, besides production data on crops and animals, data
on farm size and household characteristics, land tenure and
other institutional factors, soil quality and land size, geo-
graphical factors, and relative crop and animal prices.

The soil data in the HDSA are based on modern soil grad-
ing. Previous historical studies have relied on modern soil
grading, arguing that it better captures the “natural” fertility
of agricultural landscapes compared to those found in histor-
ical sources. For instance, Brunt (2004) used national survey
data from the 1950s and 1960s in his study of historical grain
production in England. The English national soil survey was
predominantly based on geological and climatological indi-
cators (Gilg, 1975). Bohman (2010) used data from Gorans-
son (1972), who performed a local study of soils in Scania
based on the gradient system established by the Swedish na-
tional soil survey published in 1971, which was based on a
mix of geological, yield, and price data as well as local ex-
pertise (Lantbruksstyrelsen, 1971). The data from Goéransson
(1972) have subsequently been incorporated into the HDSA.
The soil grading system was based on 10 levels; 1 denotes
the lowest and 10 the highest-quality soils. According to the
national survey, Scania was the only region in Sweden with
grade 10 soils (Lantbruksstyrelsen, 1971).

Constructing grain production series for the earlier pe-
riod 1702—-1865 from the HDSA involves attempting to solve
some issues. Firstly, there is an issue related to how the tithe
was collected, i.e., that it was collected before threshing, and
the amount of seed that was obtained by threshing the same
type of grain differed across parishes and farming districts.
Therefore, all crop production series are adjusted to local
threshing coefficients based on actual threshing accounts in
different parishes, in line with Olsson and Svensson (2017a).

Secondly, there are issues of nonstationarity in grain pro-
duction time series, particularly in the 18th century and be-
yond, requiring detrending methods in order to obtain reli-
able and linear estimations of relationships (Jorberg, 1972;
Huhtamaa, 2015; Shumway and Stoffer, 2017). At the same
time, detrending risks removing information related to the
long-term effects of climate variability on grain production
(see Esper et al., 2017, and Ljungqvist et al., 2021b, for a
discussion of this in the context of historical grain prices).
I estimate normalized production anomalies (NPAs) in line
with Beillouin et al. (2020) by employing a locally weighted
scatterplot smoothing (loess) for each grain as well as to-
tal grain production in the HDSA. Beillouin et al. (2020)
used the term normalized yield anomalies, but given that this
study mainly relies on production or harvest data, the term
yield has been substituted with the term production to avoid
confusion (since, for example, sowing intensity per area unit
can vary, it is often important to distinguish the harvest from
yield in general when discussing agricultural production). A
common smoothing span of 0.25 is used for all series. The
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formula for the NPA is
@ = (Y I‘Lt)’ )
Kt
where @ is the normalized production anomaly for a given
grain in a cluster or aggregate region at each ¢ year. Y; is
the average of the observed annual production outcome for
the specific grain. yu, is the expected production outcome ac-
cording to the loess fit.

Thirdly, there is the issue that the HDSA panel is unbal-
anced. Similar to, for example, tree-ring-based temperature
reconstructions, with the number of tree rings available for
the reconstruction usually declining further back in time (Es-
per et al., 2016), the number of farms in the HDSA is lower
in the early decades of the 18th century (the number of farms
also goes down in the final decades of the database cover-
age). This introduces an increased risk of sampling bias. This
problem is partly counteracted by the loess detrending and
partly by clustering the data into most similar clusters using
hierarchical cluster analysis, as described in Sect. 2.2.

Grain production data are only available up until 1865 in
the HDSA. After 1865 there are instead official statistics on
grain production on the county and parish levels based on
reports from the local rural societies (sw. Hushdllningssdll-
skapen) up until 1911, henceforth referred to as the BiSOS
data (SCB, 2021). I rely on county-level data only. The 19th
century Swedish official statistics have been subject to some
important criticisms. The manner in which the data were col-
lected varied to some extent locally as it was up to the local
representatives in the rural societies to establish data collec-
tion procedures (Svensson, 1965). This is less of an issue
considering that I do not compare different parishes with the
BiSOS data. Moreover, it is commonly argued that total crop
production and the amount of arable area are systematically
underreported and underestimated in the official statistics.
Again, this is not an issue to the extent that I am principally
interested in the variations in output over time that are associ-
ated with climate variability. There are no obvious reasons to
suspect that this part of the variation in output is related to the
general underestimation in official statistics. BiSOS data are
detrended by applying the same technique as for the HDSA,
namely with estimations of NPA (see Eq. 1).

3.2 Clustering

Considering the institutional and geographical diversity of
Scania, aggregating the data risks masking location- or type-
specific relationships between agriculture and climate or,
conversely, some localized trends distorting the overall pic-
ture. To homogenize data from the HDSA, obtain clearer sig-
nals, and reduce the risk of introducing a geographical or in-
stitutional bias by grouping the data by parish, type of farm-
ing district, or cadastral status, all villages in the sample are
divided into three different clusters using a hierarchical clus-
ter analysis (HCA).
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HCA is an algorithmic-based method that clusters the data
into “most similar” groups based on a chosen parameter in
the data, in this case threshing-adjusted rye production over
time on the village level (see Sect. 2.1). Rye was one of the
two most important grains during the study period, and since
it was mainly grown as an autumn crop it required some
specific management practices at the village level and there-
fore serves as a more appropriate distinguisher than barley or
oats. I use an agglomerative HCA, whereby each village ini-
tially forms a cluster by itself, pairing up with other villages
as the hierarchy “moves up” (Day and Edelsbrunner, 1984).
Distances between groups are estimated using the Ward’s D
method and Euclidean distances. Euclidean distance is the
straight line between two points in classical metric space
(Howard, 1994). In HCA the true or optimal number of clus-
ters is not known and the number of clusters is therefore de-
termined by some metric or criteria determined by the re-
searcher. Multiple such criteria have been suggested in the
literature, often relating to the largest visible or measurable
distances between the branches in the cluster dendrogram.
One of the most common such metrics is the gap statistic
(Tibshirani et al., 2001). Specifically, I use the clusGap func-
tion in the factoextra package in R, setting the maximum
number of potential clusters at 10 and running 100 bootstrap
samples (Kassambra and Mundt, 2020).

Some descriptive and interpretative issues come with this
approach. If a resulting cluster consists of several differ-
ent types of farming districts and administrative units, e.g.,
parishes, separated into different clusters, then describing,
interpreting, and contextualizing results become difficult. In
order to reduce the descriptive and interpretative issues re-
lated to the HCA, the clustering results thus obtained are
contextualized using the most common historical categoriza-
tions found in the historical literature when discussing re-
gional specialization in agricultural production, namely the
type of farming district (see Sect. 1.3). Clusters are also de-
scribed in terms of cadastral status and soil characteristics
using information available in the HDSA.

3.3 Grain production clusters

Figure 2 shows the cluster dendrogram obtained using the
method described in Sect. 2.2, cut at three clusters. Describ-
ing these clusters in terms of historical and geographical cat-
egorizations, some distinguishing patterns emerge.

Figure 3 reveals that all clusters are represented by villages
in the northernmost parishes of Hjdrnarp and Tostarp, the for-
est and mixed farming districts centered around Billinge and
Kagerdd parishes, and the parishes located in the forest and
mixed farming districts around lake Vomb in southern Sca-
nia. Cluster 1 is most heavily represented by the parishes in
the proximity of Billinge and Kagerdd as well as around lake
Vomb. Cluster 2 is the most geographically spread, covering
all of the areas of the total sample, except the plain district
parishes around Malmé and Lund. Finally, cluster 3 is mostly
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Figure 2. Cluster dendrogram illustrating the sorting process lead-
ing to three most similar clusters. Source: HDSA.

concentrated on the parishes around Malmé and Lund, with
some villages in parishes around Rostanga and Kagerod as
well as around the southern edges of lake Vomb.

Table 1 shows the outcome from the clustering in terms
of proportion of arable land in each grade. Cluster 1 has
the largest share of the low-quality soils (grade 1 to 4) of
roughly 39 %, as well as the least amount of high and moder-
ately high-quality soils (grade 7-8 and 9-10). Cluster 2 has
the largest variance in terms of shares in different types of
soils as well as the largest share of moderately high-quality
soils of ca. 54 %. Finally, cluster 3 has the largest share of the
highest-quality soils at 16 %, as well as the largest amount of
moderate soils at 44 %.

Figure 4 below shows the number of villages from each
type of farming district in the three clusters as well as the
institutional make-up in terms of property rights regimes of
each cluster (i.e., freehold land owned and managed by peas-
ant farmers, crown land owned by the state but managed by
tenants, and manorial land owned by the nobility but man-
aged by their tenants). Cluster 1 is more mixed, with farms in
all three different types of farming districts, albeit with most
farms in the intermediate and forest districts, with a moder-
ate share of peasant-owned and managed farms. Cluster 2 has
the largest number of manorial farms and almost all farms are
located in the intermediate and forest districts. The largest
number of plain district farms can be found in cluster 3,
which also has the largest number of crown and peasant-
owned farms. Furthermore, cluster 3 contains almost no in-
termediate district farms and a moderate number of farms in
the forest districts.

In terms of grain production, cluster 3 has the largest av-
erage production of all grains over time as well as the largest
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Figure 3. Geographical and administrative (parish) representation of each cluster. Source: author’s own edit of the parish map of Scania

from Wikimedia Commons (Mrkommun, 2010).

share of rye and barley in its production, which is not sur-
prising given that it has the largest share of plain district vil-
lages as well as the largest share of the highest-quality soils,
as shown in Fig. 5. Cluster 2 has similar average production
levels as cluster 3 in the first decades of the 18th century, fol-
lowed by a slight stagnation for the rest of the century, then
by large increases in production of all grains, in particular
oats, during the first half of the 19th century. The cluster with
the lowest-quality soils, cluster 1, also has the lowest aver-
age production levels, although it shows continual increases
throughout the period 1702-1865.
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To summarize, cluster 1 is institutionally mixed and has
the lowest-quality soils; cluster 2 is more manorial, has the
largest share of soil grades 6-10 of all the clusters, and is
the most geographically spread cluster. Finally, cluster 3 is
mostly peasant-owned or managed and has the largest share
of the highest-quality soils (grade 8-10) and lands in the
plain districts, notably in the plains around Lund. Average
production levels increase in ascending order from cluster 1
(the lowest) to cluster 3 (the highest), although there is some
variation over time.
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Figure 4. Institutional status of farms, including type of farming district. Each bar plot represents a cluster with each cluster denoted in the
grey-marked area. 1 denotes plain districts, 2 mixed districts, and 3 forest districts. Source: HDSA.
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Figure 5. Average grain production (threshed hectoliters) in each cluster over time, including estimated loess. For cluster 1 the years 1743—
1746 are covered by only one farm, heavily skewing the average for those years. Therefore, I have substituted the values for rye and barley
for the years 1743—1746 with values obtained from a linear estimation of the relationship between the production of that farm and the average
production in the cluster in the years 1727—-1742. Source: HDSA.
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Table 1. Descriptive statistics for each cluster, including propor-
tions of soils of different qualities.

Clusters 1-3 1 2 3
Years covered 1711-1864  1702-1861  1702-1860
Villages 173 137 71
Village-level observations 8511 4311 5551
Farms 481 514 389
Farm-level observations 32420 22054 31432
Soil grades by proportion in each cluster

1 0 0.001 0
2 0 0.001 0
3 0.16 0.04 0.01
4 0.23 0.11 0.08
5 0.15 0.12 0.25
6 0.16 0.16 0.19
7 0.15 0.38 0.10
8 0.07 0.15 0.21
9 0.02 0.04 0.01
10 0.06 0 0.15

Note that there are no grade 1-2 soils in the sample, whereas the amount of the highest-grade
(8-10) soils is quite large. Source: HDSA.

3.4 Sources on the climate

Temperature is one of the most important agrometeorologi-
cal indicators, especially during the growing season. Instru-
mental temperature measurement data are available from the
city of Lund from the year 1753. The series contains gaps
and has several noted inhomogeneities in the form of instru-
ment relocations, instrument replacements, and changes in
observers (Tidblom, 1876). For the purposes of this study, the
temperature series was homogenized and gaps were filled us-
ing adapted Caussinus—Mestre algorithm (ACMANT) soft-
ware relying on the target unhomogenized temperature se-
ries as well as a network of homogenized temperature series
(Domonokos and Coll, 2017). The homogenization proce-
dure is further detailed in Appendix A. Results of the ho-
mogenization procedure are also presented and discussed in
Sect. 3.2 and 3.4. I use a homogenized monthly temperature
time series centered on Lund from 1702-1865, including in-
filling of gaps between 1702-1752 and 1820-1833.

I also use precipitation data from Lund, available from
1748, as well as the number of rainy days per month (Tid-
blom, 1876). Hydroclimate is much less spatially coherent
compared to temperature; hence, a similar homogenization
approach in line with the temperature series is not suit-
able. Therefore, I supplement the instrumental precipita-
tion data with regional hydroclimate reconstructions. I use
three hydroclimate reconstructions. The first, from Cook
et al. (2015), is a Palmer Drought Severity Index (hence-
forth, PDSI) reconstruction from the Old World Drought
Atlas, covering the entire study period; I use the grid cell
centered at 55.75°N, 13.75°E, roughly corresponding to
east-central Scania. The second is a reconstructed stan-
dardized precipitation—evapotranspiration index (henceforth,
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Figure 6. Reconstruction of southern Scandinavian SPEI, 1659-
1920. Source: Seftigen et al. (2017).

SPEI) for southern Scandinavia compiled by Seftigen et
al. (2017), which also covers the whole study period (see
Fig. 6). These two reconstructions are independent and based
on mutually exclusive data. The third and final hydroclimate
reconstruction is a May through July precipitation recon-
struction (henceforth, MJJpr) by Seftigen et al. (2020) based
on the wood densitometric indicator referred to as blue in-
tensity (BI), covering the period after 1798. The second and
third reconstructions are not strictly independent given that
they are based on the same tree-ring data, although they are
extracted using different methods and the MJJpr is more ori-
ented towards capturing high-frequency variability (Seftigen
et al., 2020).

For the period after 1865, I use monthly average, mini-
mum, and maximum temperatures and monthly accumulated
precipitation instrumental data, also from Lund, available at
the Swedish Meteorology and Hydrology Institute (SMHI,
2021), as well as the hydroclimate reconstructions mentioned
above. I also use daily air temperature data from Lund dur-
ing the period 1863-1911 to calculate the average occur-
rence of the first autumn frost and last spring frost. Given
that ground temperature can vary from air temperature, I use
a slightly conservative estimate; days with 1 °C or less in av-
erage temperature between January and May are considered
days with spring frosts and between June and December are
autumn frosts. These estimates are then compared to estima-
tions made by SMHI for the period 1960-1990.

Some studies employ climate variables based on annual
change, month-to-month changes, or anomalies from some
long-term or moving trend when estimating the relation-
ship between historical grain production and climate (Brunt,
2004; Edvinsson et al., 2019; Bekar, 2019). However, the ev-
idence of any potential information added by increasing the
complexity of the climate variable involved has been limited
(E. Vogel et al., 2009; M. M. Vogel et al., 2019). Thus, I fol-
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low the example of Beillouin et al. (2020) and use “simple”
climate variables.

3.5 Estimating the relationship between grain
production and climate

The main analysis is based on cluster-wise Pearson correla-
tion analysis of pairs of variables. I estimate correlation co-
efficients between annual normalized yield anomalies of rye,
barley, oats, total grain production, and climatic variables on
a monthly and seasonal basis using HDSA for the early study
period 1702-1865 and the BiSOS data for the later period
1865—-1911. Given that harvesting was usually completed in
late August or during September, I have used lagged (i.e., the
values from the previous year) climatic variables for the au-
tumn and early winter months (OND). In addition, I estimate
the same relationships during drier and wetter years, respec-
tively. Wet and dry years for the HDSA are defined according
to the 33rd (dry) and 67th (wet) percentiles of the SPEI dur-
ing the period 1651-1951. For the HDSA period, this trans-
lates to 58 dry years and 55 wet years (see Tables B1 and B2
in Appendix B). Due to the low # in the latter period 1865—
1911 (n =47), 1 split the data into two halves, each repre-
senting the lower (drier, n = 23) and higher (wetter, n = 24)
halves of the SPEI during those years (see Tables B3 and B4
in Appendix B).

4 Results

4.1 Estimations of past temperatures and frequencies of
growing season frosts in Scania

In this section, I present the results from the estimations
of two agrometeorological indicators, both specifically re-
lated to temperature. First, I present the main results from
the monthly temperature series homogenization for the early
study period. Second, I describe the results regarding the av-
erage occurrence of the first autumn frosts and last spring
frosts during the late study period.

4.1.1  Monthly temperature series homogenization

After homogenization of the Lund monthly temperature se-
ries, the largest corrections occur during the summer (JJA)
and autumn (SON) months, with temperatures adjusted up-
wards, especially during the late 18th century (see Figs. 7
and 8). There is a slight tendency for upwards adjustments for
the spring (MAM) and winter (DJF) temperatures as well, al-
though it is comparably small. Several breaks were detected
in the temperature series, almost exclusively at points in time
when there was a change in observer and change in obser-
vation location (see Appendix A). The largest breaks oc-
curred in the late 18th century, and smaller inhomogeneities
were detected throughout the early instrumental period, ex-
cept for the 2 earliest decades, 1753—1774, when no signif-
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Figure 7. Raw and homogenized seasonal JJA and MAM mean
temperatures at Lund, 1701-1870. Sources: Copenhagen (Cappe-
len et al., 2019), Berlin—Dahlem (DWD, 2018), De Bilt (Durre et
al., 2008; Lawrimore et al., 2011), Lund (Tidblom, 1876), Upp-
sala (Bergstrom and Moberg, 2002), and Stockholm (Moberg et
al., 2002; Moberg, 2021). Note: see Appendix A for a further dis-
cussion of the homogenization process.
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Figure 8. Raw and homogenized seasonal DJF and SON mean
temperatures at Lund, 1701-1870. Sources: Copenhagen (Cappe-
len et al., 2019), Berlin—-Dahlem (DWD, 2018), De Bilt (Durre et
al., 2008; Lawrimore et al., 2011), Lund (Tidblom, 1876), Upp-
sala (Bergstrom and Moberg, 2002), and Stockholm (Moberg et
al., 2002; Moberg, 2021). Note: see Appendix A for a further dis-
cussion of the homogenization process.

icant breaks were detected. The homogenization process is
discussed in more detail in Appendix A.

4.1.2 Average occurrence of the first autumn frost and
last spring frost, 1863—-1911

The average date for the last spring frost during the 1863—
1911 period was 15 April. In almost half (44 %) of these
years, there were no occurrences of temperature measure-
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ments below 1 °C. Only 2 years experienced late spring frosts
in May, namely the years 1864 and 1867, in which the latest
estimated spring frost was 24 May in 1867, a year which is
known for its exceptionally cold spring (Visterbro, 2018).
The average date for the first autumn frost was 8§ November.
The earliest estimated autumn frost occurred on 16 October
1879. These dates are similar to those estimated by SMHI
using data from the 1960-1990 period, for which the aver-
age date for the first spring frost was between 1 and 15 April
in the western and southwestern edges of Scania, between
15 April and 1 May for the rest of western and southern
Scania, and finally between 1 and 15 May in northern and
northeastern Scania (SMHI, 2017a). The average date for the
first occurrence of autumn frosts follow a similar geographi-
cal pattern, e.g., between 15 November and 1 December for
the western edges of Scania to between 1 and 15 October for
the northernmost forested areas bordering Sméaland (SMHI,
2017b).

4.2 Relationship between climate variability and grain
production

In this section, I present the correlation results between cli-
mate and grain production indicators in the early and late
study periods, respectively. Furthermore, I present correla-
tion results of restricted samples with years including dry or
wet summers analyzed separately.

4.2.1  Grain production and climate variability
1702-1865

During the bulk of the period of 1702-1865, there is a neg-
ative association between summer temperatures and grain
production in all three clusters, with July and June produc-
ing the strongest signal, as shown in Fig. 9. May yields low
negative correlation coefficients for rye in clusters 1 and 3,
and August yields a low negative coefficient for barley in
cluster 1. Overall, the signal obtained from the oats series
is weak and mostly divergent from the other grains, except
for its strong positive association with a higher SPEL i.e.,
wetter summer conditions, which it has in common with the
other grains. The seasonal temperature indicators largely cor-
respond to monthly indicators, with JJA consistently showing
strong negative associations with total grain production in all
clusters. Except a low positive association between oat pro-
duction and spring temperatures in cluster 3, monthly and
seasonal temperature indicators for the spring and autumn
give almost no statistically significant results.

The results revealed by Fig. 10 for monthly summer pre-
cipitation show the inverse of those of temperature and hy-
droclimate: strong positive correlations with grain produc-
tion. In addition, there are more differences between the var-
ious clusters and grains. There are no significant correlations
between rye production and the instrumental summer precip-
itation variables, although in clusters 2 and 3 there is a pos-
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itive correlation with reconstructed MJJ. On the other hand,
there is a negative association between January (and Febru-
ary in cluster 1) precipitation and rye production in all clus-
ters. Barley, oats, and total grain production all show large
positive correlations with June and July precipitation and
with reconstructed MJJ. The number of rainy days in June
and July produce a strong positive signal in relation to al-
most all grain production, especially barley production, in
clusters 2 and 3. There is also a positive, albeit weak, as-
sociation between the number of rainy days in May and oat
production in cluster 2 and rye production in cluster 3.

Overall, the magnitude of the correlations are similar
across grains and climate indicators, except correlations in-
volving barley production that provide the strongest effects.
Cluster 3 stands out in relation to the other clusters in pro-
ducing a stronger signal between most grain production and
precipitation.

4.2.2 Grain production and climate variability
1865-1911

The results from the later study period, depicted in Fig. 11,
are for the most part consistent with those of the earlier pe-
riod using the HDSA data, although only for the spring grains
(excluding spring rye and spring wheat). Notably, the coeffi-
cients are much higher for the latter period compared to the
earlier period: roughly double in magnitude. May and to a
larger extent June and July temperatures are negatively asso-
ciated with the series for oats, barley, and mixed grain. Fur-
thermore, maximum and minimum June temperatures also
yield negative coefficients. Similar to the 1702—1865 period,
the SPEI is positively correlated with the spring grains. The
related MJJpr yields positive coefficients which are strong
(between r = 0.46 for barley and r =0.57 for oats). June
precipitation is positive for the three spring grains, whereas
no statistically significant results are obtained for July, which
is surprising considering the importance of July precipita-
tion in the period 1702—1865. Autumn rye and autumn wheat
only show one statistically significant relationship each, with
November precipitation for autumn rye (r = —0.41) and with
MlIJpr for autumn wheat (r = 0.46).

4.2.3 Grain production and climate variability during
years with dry and wet summers

Repeating the analysis on restricted samples for which only
the years with the driest and wettest summers are included,
the direction of the relationships remains consistent. Fi-
gure 12 shows the results of the correlation analysis in the
early period considering only dry years (as defined by the
SPEI). The magnitude of the negative association between
summer temperatures and all grain production except for oats
increases, yielding correlation coefficients between —0.3 and
—0.52.
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Figure 9. Correlations of grain series vs. temperature and hydroclimate indicators, ca. 1702-1865. Note: only statistically significant
(p <0.05) correlations are colored. Clusters are signified by number. Sources: HDSA, Cook et al. (2015), Seftigen et al. (2017), and the

homogenized monthly temperature series (Appendix A).

There is no statistically significant effect from monthly
summer precipitation except for the MJJpr, which shows a
positive association with most grain production in all clusters
except oats in clusters 2 and 3. Considering only wet years in
the early period (Fig. 13), summer temperatures are still neg-
atively associated with grain production in all clusters, espe-
cially cluster 1. Additionally, there is a positive association
between rye production and September temperatures in clus-
ters 2 and 3 in wet years. Notably, the highest correlation co-
efficients are obtained by the correlation between grain pro-
duction and precipitation during June, and especially July,
during wet years in the early 1702-1865 period (r between
0.31 and 0.78).

5 Discussion

The main result obtained in this study was the negative as-
sociation between all grain production and summer temper-
atures as well as a corresponding positive association with
summer precipitation, especially during the high summer
months of June and July, in the early study period (1702—
1865) and for spring crops in the late study period (1865—
1911). Another important finding was the lack of signal for
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autumn grains in the late study period as well as the weak
relationship between autumn and spring temperatures and
grain production during the whole study period. Finally, dur-
ing homogenization of the monthly temperature series from
Lund a cold bias was identified in the late 18th century and
multiple statistically identified breaks, almost all of which
could be associated in time with changes in observers and/or
instrument locations. In the following sections, all these re-
sults are discussed in more detail.

5.1 The relationship between temperature, precipitation

and grain production across the seasons

For roughly 2 centuries, between the early 18th and early
20th centuries, the results of this study show that Scanian
grain production had a reversed relationship to temperature
compared to other parts of Scandinavia, as well as other parts
of Europe (Esper et al., 2017; Pribyl, 2017; Brunt, 2015;
Holopainen et al., 2012; Waldinger, 2012; Holopainen and
Helama, 2009). This merits some further discussion.
Precipitation and drought during the growing season were
pointed to by Utterstorm (1957) and later by Edvinsson et
al. (2009) as the primary agrometeorological constraints for
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Figure 10. Correlations of grain series vs. precipitation indicators, ca. 1748-1865. Note: only statistically significant (p < 0.05) correlations
are colored. Clusters are signified by number. Sources: HDSA, Sefitgen et al. (2020), and Tidblom (1876).

pre-industrial agriculture in southern Sweden. Much of the
arable land in Scania, as elsewhere in southern Sweden, was
situated on well-drained and elevated soils, whereas mead-
ows were often on more low-lying and wet soils (Dahl, 1942;
Gadd, 2001). These circumstantial factors, combined with
the consistent findings of negative associations with June and
July temperatures and positive associations with precipita-
tion in June and July, indicate that summer drought was the
greatest agrometeorological risk to grain production. Rela-
tive to the benefits of intensive grain production in the region,
this was by all accounts a risk worth taking. Indeed, most of
the land improvements that occupied farmers in the 19th cen-
tury after enclosures were about transforming wetter lands to
well-drained arable lands, primarily through ditching, rather
than efforts to preserve soil moisture (Bohman, 2010).
Nonetheless, it is worth considering what farmers could
do to mitigate the risk of drought: in regards to the grain
cultivation on well-drained soils, probably very little. It was
after all the very same characteristics in the soil that in-
creased the risk of drought that also made a large produc-
tion of grains possible. Grain production in the cluster with
the best soils in this study, cluster 3, showed a relationship
with climate variability that was of similar or greater mag-
nitude than the other clusters. Cluster 3 also has the largest
share of peasant-owned and crown-owned farms. Theoreti-
cally, it can be expected that with increased private own-
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ership of farms, risk-taking will also increase in compari-
son with tenant farms. One concrete example of such risk-
taking would be to make long-term land improvements in
the form of drainage. A version of this argument is com-
monly made in reference to enclosure. Nystrom (2018), for
example, found that enclosed farms experienced more risk
in agricultural production compared to non-enclosed farms
in Scania during the period 1750-1850. The results obtained
here support the notion that privately owned farms engaged
in greater risk-taking. However, a more conclusive affirma-
tion of this hypothesis in the Scanian context would require a
more in-depth study of farms with similar soil characteristics
but different property rights regimes.

The extensive land reclamation efforts that took place dur-
ing the 18th and 19th century could have helped mitigate
drought as an unintentional and temporary side effect by
making new lands of variable qualities, not least in terms of
drainage, available (Hékansson, 1997). A diversified compo-
sition of grain production also helped to some extent to make
grain farming more resilient in Scania. The slight but impor-
tant variation between the grains in terms of their relationship
to summer temperatures and precipitation, with oats and rye
more sensitive to variation in May and in particular June and
barley more sensitive to variation in July, accordingly spread
out risks. Diversity within each grain variety would also have
been helpful in mitigating the risk to drought or other cli-
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Figure 11. Correlations of grain series vs. climate indicators 1865—
1911. Note: Only statistically significant (p < 0.05) correlations are
colored. Sources: SCB (2021), Seftigen et al. (2017, 2020), and
SMHI (2021).

mate anomalies (Hagenblad et al., 2012, 2016; Leino, 2017;
Lundstrém et al., 2018).

As noted in Sect. 1.4, Edvinsson et al. (2009) suggested
that before the agrarian transformations in the 18th and 19th
centuries, yields were in general so low as to lead to a
chronic shortage of seeds, which they suggested overrode
the effects from climate variability and hence the weak re-
lationship between temperatures and grain yields. Theoret-
ically, low yields leading to low seed quantities could ob-
fuscate the effect of temperature, necessitating some kind of
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control for the previous year’s weather. For example, Bekar
(2019) found that English manorial harvests in the 13th and
14th centuries were persistent, i.e., subpar harvests, partly
induced by “weather shocks”, persisted into the subsequent
year for both wheat and other grain crops like barley and oats.
Notwithstanding these results, the relevance of 14th century
England for 18th century Scandinavia is arguably limited.
In instances in which one might assume persistent harvests
would be more apparent (although it is arguably an under-
studied phenomenon), like northern Finland, one still finds
strong current-year temperature effects on grain yields and
production during the early modern period (Huhtamaa and
Helama, 2017b; Huhtamaa, 2015; Solantie, 1988). Having
limited amounts of seed did not obfuscate or exclude the ef-
fects from weather. Rather, the evidence seems to suggest it
made farmers more vulnerable and the effects more apparent.
There are few reasons to suspect that chronic seed shortages
were a major issue in 18th century Scania, given that it was
mostly an exporter of grains and experienced more or less
ongoing increases in production during the period (Olsson
and Svensson, 2010).

In relation to this argument, I would highlight another im-
portant result of this study, namely the absence of a climate
signal in the spring and autumn months, as well as the last
summer month of August to some extent. In the neighboring
lands of Denmark, Huhtamaa and Ljungqvist (2021) suggest
that it is possible that frosts were not a major problem, even
in the wetter and colder periods of the LIA. The results from
Sect. 3.1.2 show that the average date for the first occurrence
of autumn frost in Lund was 8 November and not earlier than
October in the northernmost areas of Scania, well after the
harvest month of August as well as the sowing of autumn rye.
In many years there were no spring frosts later than March,
whereas in those years when they occurred after March the
average date was 15 April in Lund. In the highlands in the
north, spring frosts on average occurred later. Nonetheless,
spring frosts, when they occurred, generally did so just be-
fore or at the start of the growing season. Thus, the results in
this study point to spring and autumn frosts not being a sys-
tematic threat to grain production, except in localized con-
ditions. An implication of this is that the combination of the
climate in Scania with the farming systems Scanian farmers
adhered to offered good margins for the spring and autumn
agricultural work seasons, for example by allowing for de-
lays in sowing and harvesting.

Based on the findings in this study, I would revise the
notion forwarded by Utterstrom (1957) and Edvinsson et
al. (2009). It was not only precipitation but rather the com-
bination of temperature and precipitation during the sum-
mer that constituted the main constraints for the production
of spring grains during the whole study period and for all
grains in the early study period. Furthermore, I would not
only frame the relationship in the form of constraints and
risks. Grain farming in Scania was adapted to, and benefit-
ted by, cool and humid summer conditions. Even in years
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Figure 12. Correlations of grain series vs. climate indicators ca. 17
tistically significant (p < 0.05) correlations are colored. Clusters are
Seftigen et al. (2017, 2020), SMHI (2021), and the homogenized mon

with wet summers there was a positive association between
grain production and summer precipitation and a negative as-
sociation between the former and summer temperatures. This
would likely also be the case in other parts of southern Swe-
den where similar grain varieties were cultivated in the same
type of farming systems on well-drained soils. In the later
study period, both maximum and minimum June and July
temperatures were negatively correlated with the production
of spring grains, suggesting an optimal temperature range for
these crops during these months and that the occurrence of
extreme cold and heat had some detrimental effect.

5.2 The role of grain varieties

An account of the relationship between grain production and
climate variability has to account for the type and varieties
of grains being cultivated as well as the farming system more
broadly. In Scania in the late 19th century, new autumn grain
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climate indicator

02-1865 and 1865-1911 during relatively dry years. Note: only sta-
signified by number. Sources: HDSA, SCB (2021), Tidblom (1876),
thly temperature series (Appendix A).

varieties, similar to those on the European continent, gradu-
ally replaced the old varieties that were more similar to those
in other parts of Fennoscandia. I argue that this, rather than
changes in the climate, was the most likely cause behind the
diminished signal in the relationship between climate vari-
ability and autumn grains in the latter study period, given
that the relationship with climate variability remained intact
for most of the spring crops. Edvinsson et al. (2009) also ar-
gued that the shift towards new grain varieties changed the
underlying relationship between grain production and cli-
mate variability from a negative to a positive association
with temperatures, especially in the spring and early summer.
The farming systems of Scania likewise underwent changes
whereby arable lands were expanded and intensified with
new crop rotations, land improvements, increased drainage,
external sources of fertilizer, and burgeoning mechanization.
All these changes created conditions that were more favor-
able for the new grain varieties.
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Figure 13. Correlations of grain series vs. climate indicators ca. 1702-1865 and 1865-1911 during relatively wet years. Note: only sta-
tistically significant (p < 0.05) correlations are colored. Clusters are signified by number. Sources: HDSA, SCB (2021), Tidblom (1876),
Seftigen et al. (2017, 2020), SMHI (2021), and the homogenized monthly temperature series (Appendix A).

Nonetheless, it is possible that climate changes over a
longer timescale were an active driver in the relationship
between climate variability and grain production, consider-
ing that the historical grain varieties were changeable and
adapted to changing circumstances, not least climate vari-
ability at different timescales (Leino, 2017). It can be argued
that farming in Scania during the 17th up until the late 19th
century had adapted over time to a more cool and humid sum-
mer climate, having experienced multiple cold years and ex-
tended periods with reduced average temperatures during the
LIA in the 16th and 17th centuries, possibly earlier as well.
Current evidence suggests that the grain varieties cultivated
during these centuries were similar to or of the same group of
varieties grown in more northerly and cold latitudes. For ex-
ample, in regards to rye, Larsson et al. (2019) found through
genetic analysis of preserved Fennoscandian rye seeds that
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they all belonged to the same meta-population of rye lan-
draces that had been stable for at least the last 350 years. Sim-
ilarly, Aslan et al. (2015) found that barley landraces from
Fennoscandia form a homogenous group of barley landraces,
distinct from other parts of Europe. This particular group of
northern European barley varieties carries the nonresponsive
ppd-H1 allele that prolongs flowering when exposed to peri-
ods with increasing daylight hours. Presumably, this would
be beneficial during cooler and wetter periods by taking full
advantage of the extended growing season. Studies of mod-
ern Finnish barley cultivars have shown that yields for most
varieties are negatively correlated with excess rain or drought
around the sowing season and positive in the subsequent
stages of crop development, whereas they are negatively cor-
related with temperature at most stages of crop development,
especially before heading (Hakala et al., 2012). The homo-
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geneity of barley landraces over time in southern Sweden
was confirmed by Lundstrom et al. (2018), who traced it
back to at least the late 17th century. While Lundstrom et
al. (2018) argued that such homogeneity was maintained de-
spite repeated crop failures in southern Sweden between the
1700s and the 1900s, I would argue, at least when consider-
ing Scania, that such homogeneity was probably maintained
because of the lack of repeated crop failures.

The discussion of the results on the relationship between
specific grains and climate variability should also be put in a
broader perspective. In terms of crop composition and the
type of field system (a Swedish variant of the open-field
systems called tegskifte), the farming systems of Scania re-
mained more or less the same until the 19th century, when
enclosure and new crop rotation systems started to be intro-
duced, starting in the plains districts. All the same, even after
the introduction of new crop rotations, which normally meant
increasing shares of fodder crops, in Scania grain production
continued to retain its primacy, at least in the plains districts
(Bohman, 2010). This motivates the argument that the farm-
ing systems of Scania overall were resilient to colder condi-
tions, at least until the late 19th century, given the importance
of grain production. However, the relationship between live-
stock production, total agricultural production, and climate
variability would require a study of its own.

5.3 Implications of the late 18th century cold bias and
ACMANT detected breaks

Previous research that identified increasing soil erosion and
sand drift in Scania during the 18th century partly blamed the
coldness of the last 4 decades of the 18th century as indicated
by the instrumental temperature measurements taken in Lund
(Mattsson, 1987). After homogenization of the Lund temper-
ature series 1753—1870, the largest corrections due were for
upwards adjustments for summer temperatures in the same
period, i.e., the late 18th century. In other words, the results
suggest that the ca. 1770-1800 period was not as cold as sug-
gested by Mattsson (1987) or the unhomogenized Lund tem-
perature series. While these findings speak against a regional
climate-driven ecological crisis, they do align with the results
of Bohman (2017a, b), who downplayed the spatial scale of
the ecological crisis, emphasizing its local and conditional
character, as well as the counteracting efforts by local com-
munities and authorities.

The breaks detected through the ACMANT procedure
could almost all be associated with changes in observers
and/or instrument location. While there is uncertainty in the
number of times the instruments were replaced, those known
could not be associated in time with the detected breaks. This
suggests that the human factor, i.e., the degree of consis-
tency in training, skills, and interest in observers, was the pri-
mary determinant in measurement quality and homogeneity.
Faulty instruments or station location biases could in the end
only be perceived, understood, and subsequently corrected or
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adjusted for by the human observer. The first decades, 1753—
1774, can be considered a period of more competent (mete-
orological) observers, followed by the period after ca. 1850
when training and methodologies in meteorological observa-
tions had improved. Nonetheless, for most of the homoge-
nization period there were issues of inhomogeneity requiring
corrections.

5.4 Hydroclimate and historical grain production

Three different hydroclimate reconstructions were employed
for this study. In the early period (1702-1865) very few and
mostly inconsistent results were obtained using the scPDSI
from the OWDA (Old World Drought Atlas), and no statisti-
cally significant results were found for the late period (1865—
1911). The SPEI from Seftigen et al. (2017) was found to be
positively associated with most grain production except bar-
ley, consistent over different samples and periods as well as
with results from instrumental precipitation. The results of
the MJJpr and SPEI could be interpreted as more important
for estimating hydroclimatic conditions relevant for grain
production in the early summer (May and June, in particu-
lar). This is supported by the lack of statistically significant
effects found between May and June climate variables and
barley production as well as the fact that the most important
month for barley seems to have been July, at least in the early
period. This also offers an explanation as to why sorting dry
and wet periods with the SPEI indicator led to much larger
associations between precipitation and temperature in June
and July with grain production. If conditions were wet or dry
in the early summer, the effects from subsequent temperature
and precipitation later in June and especially July would the-
oretically have been amplified. A similar argument was made
by Brunt (2004), who showed that it was more beneficial to
have precipitation spread out during the growing season. An
important caveat to these interpretations is that a large degree
of uncertainty remains as to what specific hydroclimate ef-
fects are captured by or represented in these reconstructions,
beyond MJJ or JJA averages. Nonetheless, there does seem
to be a relationship between the conditions for tree growth in
southern Sweden as represented in these reconstructions and
grain production in Scania during the study period. Seftigen
et al. (2015) asserted that even though most high-resolution
climate proxies in northern-latitude regions are temperature-
based, there is also a need for precipitation-based proxies due
to the importance of precipitation patterns for economic sec-
tors such as agriculture. The results obtained here confirm
both the importance of precipitation patterns for agriculture
and the relevance of the proxy reconstructions in studying
that relationship.

6 Conclusions

This article demonstrates the possibilities of estimating the
relationship between climate variability and grain produc-
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tion in Scania during the pre-industrial period using avail-
able grain production data, climate reconstructions, and the
network of early instrumental records. Grain production in
Scania did not show any systematic relationship or vulnera-
bility to climate variability in the spring and autumn seasons,
whereas a more clear signal could be detected between grain
production and climate variability during the summer season,
especially in the months of June and July. Until the introduc-
tion of new varieties of autumn crops in the late 19th cen-
tury, grain production was benefitted by cool and wet con-
ditions throughout the summer, although there was a slight
but important differentiation between rye and oats, which
were more sensitive to conditions in May and June, and bar-
ley, which was mostly sensitive to conditions in July. The
most apparent agrometeorological risk was summer drought.
However, severe droughts like the one in the summer of 2018
were rare in Scania and the diversification within and be-
tween historical grain varieties cultivated meant that, by and
large, this risk was manageable, especially when compared to
the benefits of intensive grain production in the region. Sca-
nia largely conforms to the previous, albeit sparse, picture in
the Swedish historiography of the relationship between his-
torical grain production and climate in southern Sweden. At
the same time it stands out compared to studies of other parts
of Scandinavia and continental Europe wherein positive as-
sociations between grain production and summer tempera-
tures have been identified.

The results obtained here should be further developed by
integrating them into a broader model of the impacts of cli-
mate variability on agriculture, with other factors, e.g., mar-
ket prices and access as well as institutional and other geo-
graphical factors like soil conditions, formally accounted for.
This need is not least implied by the fact that even in the con-
fined geographical area of Scania there was differentiation
among sets of villages in regards to the relationship between
their grain production and climate.

Appendix A: Homogenization of the Lund
temperature series

Daily meteorological observations began in Lund in 1740,
spearheaded by the professor of mathematics Daniel Menlos.
Systematic instrumental meteorological observations began
in 1747 for precipitation and late 1752 for temperature and
air pressure under the responsibility of a formally appointed
observer. Naturally, these observers changed over time. In-
struments were also replaced or upgraded on a few occasions.
More problematic from a perspective of consistency and re-
liability, the location of the instruments also changed multi-
ple times. There is also a gap in (quality) temperature mea-
surements between the years 1821 and 1833 as well as some
other minor gaps over the period 1753-1870 (see Fig. Al).
Issues relating to the nonhomogeneity of these meteorolog-
ical series, not least the temperature series, were already
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Figure A1. Gaps in the Lund temperature series, 1753-1870.
Source: Tidblom (1876). Note: blue signifies available data and red
signifies a gap. Measurement units are in the form of pentad (5d)
averages.

partly identified and discussed in the 19th century by Tid-
blom (1876). Schalén et al. (1968) and Birring et al. (1999)
also discussed inhomogeneities in the series relating to the
station history.

Tidblom (1876) published the Lund temperature series in
the form of pentad averages. He removed the daytime mea-
surements and used only the morning and evening measure-
ments, arguing that these were less affected by the location
of the thermometer. He also did some minor manual cor-
rections for September through December in 1834 and in-
dividual days in June in 1842 and 1843. Overall, the adjust-
ments made by Tidblom (1876) should be considered minor
and it seems probable that inhomogeneities remain in the se-
ries. Nonetheless, the temperature series have subsequently
been employed in at least a few historical studies. For ex-
ample Palm (1997) used the series to estimate the impact
of temperature variations on grain yields on a farm in Hal-
land, southwestern Sweden, during the years 1758-1865. To
fill in the gaps Palm bridged the Lund series with data from
Copenhagen using average differences. Mattsson (1986) ob-
served the trends in the Lund series and argued that a reduc-
tion in temperatures in the last 3 decades of the 18th cen-
tury, combined with changes in wind patterns, contributed to
widespread soil erosion in Scania during the 18th and early
19th centuries. Using inhomogeneous data sets carries many
important drawbacks, not least the risks of spurious and un-
reliable results (Aguilar et al., 2003). Hence, it is necessary
for the purposes of this study to homogenize the temperature
series.
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Given that the exact location and relocations of the mea-
surements for the period up until 1780 are unknown, it is dif-
ficult to identify periods of measurement error and estimate
correction coefficients manually. The most tested approaches
for homogenization of temperature series involve using in-
terpolation techniques relying on homogenized data from
nearby stations or networks of stations (Venema et al., 2012).
It is generally advisable to use more than one station for in-
terpolation since it reduces the probability of a single sta-
tion bias as well as the general reliability of the interpola-
tion (Conrad and Pollak, 1950). Again, applying interpola-
tion manually is problematic since it risks introducing new
biases for the less detailed parts of the Lund measurement
station history. There are also computational difficulties in
manually interpolating from a network of stations. There-
fore, I employ the adapted Caussinus—Mestre algorithm for
homogenizing Networks of Temperature Series (ACMANT)
software. ACMANT relies on a homogenized network of sta-
tions and a computationally efficient algorithm for homoge-
nizing climate data and data infilling.

I use a network of homogenized monthly tempera-
ture series located in the northwestern part of Europe
for the homogenization process, namely Berlin—Dahlem
(from 1719 with a gap between 1722-1727), central Eng-
land (from 1659), Copenhagen (from 1768 with gaps be-
tween 1777-1781 and 1789-1797), De Bilt (from 1706),
Stockholm (from 1756), and Uppsala (from 1722) (DWD,
2018; Bergstrom and Moberg, 2002; Cappellen et al., 2019;
Moberg et al., 2002; van Engelen et al., 2001; Labrijn, 1945;
Parker et al., 1992; van Engelen, 1995; Manley, 1973). Given
that spatial correlations in temperatures on a daily or weekly
basis are lower across the network region compared with
monthly or seasonal averages and that daily temperature
series are not available at all network stations, I employ
monthly averages for homogenization. The ACMANT ho-
mogenization procedure requires spatial correlation coeffi-
cients of at least 0.4 with network stations and a minimum
of four network time series. Spatial correlation coefficients
are calculated from the increments in the time series after
monthly climatic means have been removed (Domonokos
and Coll, 2017). Table Al shows the descriptive statistics
of the network stations, including monthly correlations and
spatial correlations.

A1 Detected breaks and station history

The ACMANT homogenization procedure detects eight
breaks in the Lund temperature series. These breaks can be
interpreted in light of what is known about the station his-
tory. Figure A2 shows known or suspected relocations and
changes in observers between 1753 and 1870 as well as the
detected breaks (Nenzelius, 1775; Tidblom 1876; Schalén et
al., 1968; Birring et al., 1999).

For the first 22 years, no breaks are detected, even though
there is one change in observer (1763) and several replace-
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Figure A2. Station history and ACMANT-detected breaks, 1753—
1870. Sources: Tidblom (1876), Schalén et al. (1968), and Birring
et al. (1999). Note: each colored area represents a distinct period lo-
cation, observer, or set of instruments. s denotes multiple changes
during the indicated period. Detected breaks are shown by the ver-
tical red lines. Gaps in white signify missing data.

ments of instruments. The location of the instruments ap-
pears to have been constant. Furthermore, in 1770 there was
a Royal Ordinance that the results from all monthly meteoro-
logical observations were to be sent in to the Swedish Royal
Academy of Sciences. The first 2 decades of measurements
were published by the Swedish Royal Academy of Sciences
(Nenzelius, 1775). It is possible that the attention and interest
given to meteorological observations as a preeminent scien-
tific venture at this particular moment in time led the first
two observers, Nils Schenmark and Olof Nenzelius, to make
serious efforts to make sure the series was consistent or as
correct as possible. Tidblom (1876) argued that were was
no reason to suspect that the instruments or observers were
lacking in quality or skill, at least during Schenmark’s time
(1753-1763). In the 1770s, there are some intermittent notes
from this period of corrections to faulty instruments, some-
thing that is much sparser in the subsequent period (Tidblom,
1876).

The first detected break occurs in 1775, the same year in
which Anders Lidtgren and his assistant Pehr Tegman took
over observation responsibilities. It is possible that the ther-
mometer also changed location at this time. Another break
occurs in 1780, approximately coinciding with the change in
location for the instruments in late 1779 to the upper story of
Kungshuset. In 1798, 1804, and 1813 there are further breaks
detected in the series. Nothing formally appears in the station
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Table A1. Correlations between monthly temperatures in Lund and other network series.

Copenhagen  Central England  Uppsala  Stockholm  Berlin-Dahlem  De Bilt
January 0.93 0.73 0.85 0.88 0.83 0.82
February 0.95 0.78 0.84 0.87 0.89 0.86
March 0.93 0.80 0.83 0.86 0.90 0.88
April 0.77 0.66 0.72 0.71 0.77 0.80
May 0.69 0.43 0.72 0.70 0.76 0.60
June 0.40 0.16 0.55 0.51 0.53 0.45
July 0.56 0.32 0.59 0.57 0.61 0.49
August 0.64 0.41 0.71 0.70 0.66 0.59
September 0.45 0.31 0.60 0.58 0.64 0.47
October 0.70 0.51 0.73 0.75 0.85 0.79
November 0.83 0.41 0.73 0.77 0.83 0.76
December 0.93 0.76 0.86 0.88 0.89 0.80
Annual 0.51 0.67 0.72 0.72 0.77 0.80
Spatial correlation 0.94 0.62 0.83 0.84 0.84 0.75

Sources are as follows: Central England (Manley, 1973, Parker et al., 1992), Copenhagen (Cappelen et al., 2019), Berlin—-Dahlem (DWD, 2018),
De Bilt (Durre et al., 2008; Lawrimore et al., 2011), Lund (Tidblom, 1876), Uppsala (Bergstrom and Moberg, 2002), and Stockholm (Moberg et
al., 2002; Moberg, 2021). Note that spatial correlation coefficients are obtained by ACMANT, with increment series correlated after monthly

climatic means have been removed (Domonokos and Coll, 2017).

history that could explain the 1798 break. However, the re-
sponsible observers, A. Lidtgren and P. Tegman, were both
increasingly occupied with other duties, suggesting that ac-
tual meteorological observations were undertaken by some
other unknown assistant. P. Tegman became a professor of
mathematics in 1787, was awarded membership in the Royal
Swedish Academy of Sciences in 1795, and was awarded
membership in the board of mathematics in 1798. Further-
more, he was appointed dean of Lund University in 1795 and
became responsible for a church deanery in 1797. A. Lidt-
gren was also awarded membership in the board of mathe-
matics in the Royal Swedish Academy of Sciences in 1798
(Stahl, 1834; Dahlgren, 1915). A. Lidtgren was recognized
for his work in astronomy and astronomical observations,
whereas much less is known about his work with meteoro-
logical observations (Dahl, 1948). Unlike their predecessors,
neither P. Tegman nor A. Lidtgren made any publications re-
garding meteorological observations.

Both the 1804 and 1813 breaks occur during times of more
apparent and known changes in the station history. In 1804
the instruments changed location several times, and in 1813
there was a change in observer to Adolph Frederic Knieberg,
who supposedly also relocated the instruments to his living
residence (Tidblom, 1876). Finally, there are detected breaks
in 1845, 1846, and 1859. Between the 1820s and mid-1830s
the instruments changed location on a number of occasions
(leading to the gap in the temperature series between 1821
and 1833 due to the low quality of the temperature data in
that period). The location of the instruments is then not men-
tioned in the records until 1846 when they again appear to
have changed location. In 1858, there was a change in ob-
servers, but there are no changes in location close in time to
the 1859 break.

Clim. Past, 18, 405433, 2022

Thus, almost all detected breaks occur in the same year
as or the subsequent year to a change in observer or station
location. Furthermore, almost all known changes in station
location and observers are detected as breaks, at least in the
18th century. The largest exception is the break in 1845 that
occurs more than a year after the latest known change in the
station history, which is when there was a change in observer
in 1843. However, in 1846 there is both a station relocation
and a detected break. The latest detected break occur in 1859,
shortly after a change in observers in 1858.

Overall, the change in instruments appears to have been a
less important factor in causing inhomogeneities in the series
compared with changes in observer and instrument location.
Not one of the known changes in thermometers occurred at
a point in time proximate to a detected break. Presumably,
if an instrument was faulty the more skilled observers, as
is noted on several occasions in the station records, could
correct for this. Similarly, an unskilled or careless observer
would have been less likely to identify faulty instruments,
accurately read and note down observations, and appreciate
the consequences of moving the instruments to a particular
location (see Pfister et al., 2019, who discuss issues related
to the maintenance of reliable and consistent observers).

A2 The late 18th century cold bias

As shown in Figs. 7 and 8, the largest corrections in the ho-
mogenization procedure occurred during the summer months
and to a lesser extent spring months of the last decades of the
18th century, signified by the two detected breaks in 1775
and 1780 (Fig. A2). Other studies attempting to homoge-
nize early instrumental temperature series have also found
summers to be a larger source of measurement bias com-
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Table A2. Average time of day for morning and evening measurements, 1753—1870.

Period (morning)  1753-1774  1775-1806  1807-1849  1850-1858 1859-1870
January 08:24 08:00 07:54 06:00 08:00
February 07:36 07:06 07:30 06:00 08:00
March 06:48 06:00 06:54 07:00 08:00
April 06:42 05:12 06:18 07:00 08:00
May 06:36 04:36 06:12 07:00 08:00
June 06:42 04:30 06:12 07:00 08:00
July 06:30 04:24 06:06 07:00 08:00
August 06:36 04:42 06:12 07:00 08:00
September 06:42 05:30 06:18 07:00 08:00
October 07:06 06:36 06:36 07:00 08:00
November 07:54 07:36 07:12 07:00 08:00
December 08:30 08:12 07:36 07:00 08:00
Period (evening)  1769-1791  1792-1820  1834-1849 JF 1850 M 1850-1870
21:54 20:30 21:48 22:00 21:00

Source: Tidblom (1876). Note: single letters in the “Period” row denote months; e.g., JF denotes January—February.

pared with the other seasons. For example, when performing
manual testing during homogenization of the Stockholm in-
strumental temperature series (beginning in 1756) Moberg et
al. (2002) noted, in line with Modén (1963), that the largest
discrepancies due to station location were to be observed dur-
ing the summer months. Dobrovolny et al. (2010) also found
a similar seasonal pattern in their study of early instrumental
temperature series in central Europe. They argued that ther-
mometers, which during the late 18th and early 18th century
were mostly placed in a north-facing direction and without
proper sheltering, were subject to a systematic summer sea-
son warm bias. They also conceded that this bias differed for
different stations, depending on latitude, altitude, and other
station-specific conditions.

In the Lund early instrumental period, particularly in the
late 18th century, it appears conditions were reversed from
those in central Europe; namely, there is a cold bias during
the summer season as well as the during the growing sea-
son (AMIJJAS) as a whole. Across the entire homogenization
period, there is a slight correction upwards for spring and
summer temperatures, which can be explained by the use of
morning and evening observations, excluding daytime obser-
vations. To explain the much larger corrections made from
1775 until 1804 one has to consider the specifics of the sta-
tion history during that period. During the years 1775-1806,
the average time of the morning observations occurred up to
2 h earlier during the months of MJJA compared to the pre-
vious period 1753-1774. For the other months of the year
the differences were much smaller; see Table A2. Further-
more, in late 1779 the thermometer was moved to the upper
room of the Kungshuset, located at an altitude of 61m. Bér-
ring et al. (1999) argue that these facilities probably were
unheated until the 1830s. Given these conditions, it is fea-
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sible that the thermometer location between 1779 and 1804
was colder than the preceding and succeeding locations.
Thus, a consideration of the specifics of the station history,
notably the change in observers, observation practices, and
station relocation, in combination with the homogenization
results, suggests that the Lund temperature series exhibits a
cold bias in the last decades of the 18th century. This result
has bearing on historical climate reconstructions generally,
but also for the agrarian and climate history of Scania and
southwestern Sweden, specifically, as discussed in Sect. 4.3
(Mattsson, 1986; Palm, 1997; Bohman, 2017a, b).

Appendix B

Table B1. Years at or below the 33th percentile of SPEI (drier con-
ditions) during the years 1702-1865.

1704 1709 1712 1719 1726 1727 1740 1741
1747 1748 1749 1771 1774 1775 1781 1782
1783 1784 1785 1786 1787 1788 1789 1790
1798 1801 1803 1807 1808 1810 1811 1812
1816 1818 1819 1820 1821 1822 1823 1824
1825 1826 1827 1828 1829 1838 1843 1845
1846 1847 1850 1852 1853 1854 1855 1857
1859 1861

Source: Seftigen et al. (2017).
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Table B2. Years at or above the 67th percentile of SPEI (wetter
conditions) during the years 1702—1865.

1706 1707 1708 1713 1715 1717 1718 1720
1722 1725 1730 1731 1732 1733 1734 1735
1736 1737 1738 1742 1744 1745 1750 1751
1752 1753 1754 1755 1756 1757 1759 1761
1763 1764 1765 1766 1767 1769 1776 1777
1778 1779 1793 1794 1797 1799 1805 1815
1817 1834 1835 1851 1860 1862 1865

Source: Seftigen et al. (2017).

Table B3. Years below the median of SPEI (drier conditions) during
the years 1865-1911.

1868 1873 1874 1875 1876 1877 1879 1880
1881 1883 1887 1888 1889 1891 1893 1895
1896 1901 1902 1904 1905 1906 1911

Source: Seftigen et al. (2017).

Table B4. Years above or at the median of SPEI (wetter conditions)
during the years 1865-1911.

1865 1866 1867 1869 1870 1871 1872 1878
1882 1884 1885 1886 1890 1892 1894 1897
1898 1899 1900 1903 1907 1908 1909 1910

Source: Seftigen et al. (2017).

Data availability. The original data used for this article can all
be obtained through publicly available repositories, except for the
historical temperature data from Copenhagen, which since 2019 is
only available upon request; see below. The homogenized monthly
mean temperature series compiled as part of this paper is available
through request to the author.

HDSA data and related files can be obtained from the repository
website of the Department of Economic History at Lund Uni-
versity; see https://www.lusem.lu.se/economic-history/databases/
economic- history-data/historical-database-of-scanian-agriculture
(last access: 26 January 2022). See also as Ols-
son and  Svensson  (2017a;  https://lup.lub.lu.se/record/
94£24113-£810-4c1d-bd34-22405¢41185b, last access: 23 April
2021) for a detailed description of the data.

Lund temperature and precipitation data are available in
published format in Tidblom (1876) and are also available
in digitized format upon request to the author. Further-
more, monthly precipitation data for Lund are available at
the SMHI open data repository, https://www.smhi.se/data/
meteorologi/ladda-ner- meteorologiska-observationer#param=
precipitationMonthlySum,stations=all, stationid=53430 (last
access: 26 January 2022, SMHI, 2021).

De Bilt monthly mean temperature data can be obtained
from the Global Historical Climatology Network monthly
(GHCNm  v3), https://www.ncei.noaa.gov/pub/data/ghcn/v3/,
last access: 26 January 2022. See Lawrimore et al. (2011,
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https://doi.org/10.1029/2011JD016187) for a description of the
data.

Central England monthly mean temperature data can be obtained
from the Met Office Hadley Centre data repository for obser-
vation datasets,  https://www.metoffice.gov.uk/hadobs/hadcet/
(last access: 26 January 2022). See Parker et al. (1992,
https://doi.org/10.1002/joc.3370120402) and Manley (1974,
https://doi.org/10.1002/qj.49710042511) for a description of the
data.

Historical monthly mean temperature data from Copenhagen
data can be obtained by contacting the customer service of the Dan-
ish Meteorological Institute (DMI), see http://research.dmi.dk/data/
(last access: 26 January 2022). For a description of the data, see
Cappelen et al. (2019).

Berlin-Dahlem temperature data can be obtained from the
open data repository of the Deutscher Wetterdienst (DWD),
available at https://opendata.dwd.de/climate_environment/CDC/
observations_germany/climate/monthly/kl/historical/ (last access:
2 February 2022). See also DWD (2018).
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