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The potential of agricultural management to alleviate extreme
weather impacts on Swedish crop production

Abstract

Climate change, stagnating crop yields and the increased demand for food pose
challenges to future agriculture. Therefore, it is of great importance to assess the
potential of agricultural management practices to mitigate the effects of climate
change, and especially extreme weather events, on crop productivity. In this thesis,
I assessed (1) the spatiotemporal patterns of crop species diversity and crop yields,
(2) the vulnerability of crops to extreme weather and the importance of soil
properties in mitigating such impacts, and (3) the influence of agricultural
management on soil health indicators in Sweden. The analysis of historical crop data
revealed an increase in crop diversity from the north to the south of Sweden, in line
with increasing temperatures, implying that climatic conditions limit the diversity of
crops that can be grown. A continued increase in cereal yields in southern Sweden
since the 1960s, and an increase over time in crop diversity in several counties,
indicate a potential also for future improvements. Crop yields were shown to be
sensitive to excess water and favoured by increased temperatures in northern
Sweden, while in southern Sweden, drought effects were more pronounced and
increased temperatures had a negative impact on crop yields. Estimates based on
satellite images showed a lower winter wheat growth rate and lower peak green leaf
area index during drought compared to normal weather conditions. A high
importance of plant available water during drought was shown by faster growth of
winter wheat on fields with higher plant available water capacity, and by greater
spring-sown cereal yield losses on lighter soils at the county level. On-farm analyses
showed that higher crop rotational diversity, lower tillage intensity, higher use of
organic fertilizers and less fungicide use were associated with improved soil health,
and crop yields were influenced by organic matter content, wet aggregate stability
and bulk density. Overall, this thesis suggests that targeted site- and crop adaptations
are needed to mitigate the effects of extreme weather events on crop productivity.

Keywords: crop yield, extreme weather, crop diversity, crop development, soil
properties, soil health, agricultural management






Brukningsmetoders potential for att mildra effekter av
extremvader pa svenska grédor

Sammanfattning

Klimatforandringarna, minskade skordar och den 6kade efterfrigan pa livsmedel
utgdr utmaningar for framtidens jordbruk. Det dr darfor av storsta vikt att undersoka
potentialen for brukningsmetoder att motverka paverkan fran extremviader pé svensk
grodproduktion. I denna avhandling undersokte jag (1) de rumsliga och tidsméssiga
monstren for mangfald av grédor och skoérdar, (2) skordarnas och grodutvecklingens
sarbarhet for extrema véderforhallanden och markegenskapernas betydelse for att
mildra sédana effekter och (3) brukningsmetoders inverkan pé jordhélsa i Sverige.
Analyser av historiska data visade att mangfalden av grodor har 6kat fran norr till
soder i och med att klimatet blir varmare. En potential for 6kande skordar i framtiden
visar sig genom att spannmalsskordarna fortsatt att 6ka i sodra Sverige sedan 1960-
talet, och genom laga skordar i norr. De sistndmnda visar sig vara kéinsliga for
vattendverskott och har gynnats av ett varmare klimat. I soder, ddremot, ar effekten
av torka mera uttalad, vilket medfor att ett varmare klimat fatt en negativ inverkan
pa skordarna. Jag konstaterade ocksé att varsadda grodor var mer kénsliga for torka
an hostsddda grodor. Uppskattningar med hjélp av satellitbilder visade pé liagre
tillvéxthastighet for hostvete och ett ldgre index for den maximala grona bladytan
under torka. Hostvetet hade snabbare tillvixt med hogre vaxttillgdngligt vatten under
torka och det var storre skordeforluster i lan som Overlag hade hogre sandhalt i
jorden, detta visar pa betydelsen av markens formaga att halla vatten i ett allt torrare
klimat. Analyser pa gardsniva visade pa forbéttrad jordhilsa pa gardar med en storre
mangfald av grodor i véxtfoljden, mindre intensiv jordbearbetning, oftare
anvéndning av organiska gddselmedel och mindre anvdndning av fungicider, och
skordarna paverkades av organiskt material, aggregatstabilitet och bulkdensitet.
Denna avhandling tyder pa att anpassningar efter olika platser och grodor behdvs for
att mildra effekterna av extremt véder pa grodors produktivitet i framtiden.

Nyckelord: skordar, extremvider, grododiversitet, grodans utveckling,
markegenskaper, jordhilsa, brukningsmetoder



Contents

List of publications...........ccooiiiiiiiiiii e, 9
Abbreviations and central variables...............cccvvviiiiiiiiiiiiiiiiiiiiiis 11
1. INTrOAUCHION .. 13
1.1 Global crop production............cooceiieiiiiie e 13
1.2  Climate change and implications for crop production................. 14
1.3 The role of soil properties and agricultural management in
mitigating extreme weather effects ............ccoovi i 15
1.4  Swedish climatic conditions and crop production ....................... 16
2. Aim and objectives........coccieiii i 21
3. Materials and MethodsS..........ccovveiiiiiiiiicc e, 23
3.1 Weather data and climatic indices (Papers I-IV).........ccccccunnee... 23
3.2 National crop and soil data (Papers I, Il and IV) .........cccccevnenee. 24
3.3 Agricultural management data (Papers lll and IV)...................... 26
3.4  Soil analyses in farmers’ fields (Paper Illl and V) ..........cc.uue..... 28
3.5  Satellite data analysis (Paper 1) .........cccoeeeieiiiiiee e, 29
3.6  Statistical analysis (Papers I-IV) ..o 30
4. RESUIS.....ee e 31
4.1 Spatial and temporal variation of crop types and crop yields across
=T =Y o SRS 31
4.2 Relationships between extreme weather and crop yields across
RS =To [T o PSPPSR 34

4.3  Impact of drought on winter wheat development on farm fields.. 36
4.4  Relationships between agricultural management, soil properties
F= Lo I o7 o] o J0Y/ =1 Lo U 39

5. DS CUSSION ...t eaaen 43



5.1 There is potential to increase Swedish crop diversity and yields

ACTOSS SWEAEBI ...t e et e e e e e e e e e eneeeeeenneeas 43
5.2 Changes in climate have positive and negative impacts on crop
Production iN SWEAEN ........ccceiiiiiiiiiieee e e e e 45
5.3  Soil properties regulate drought impacts ...........cccccceeeeeeeinnnnenn. 47
5.4  Agricultural management practices can improve soil health....... 47
5.5  Strengths and limitations of national and large datasets versus
landscape studies and smaller datasets.........cccccooeviiiieeiiieiiiiiiieee e, 49
6. Conclusions and future perspective ..........ccccceevieiiiiiiiiinnnnnn.. 51
REFEIENCES ... 55
Popular SCIeNCe SUMMANY ............uuuiviiiiiiiiiiiiiiiiiiiiiieeeieiiiieeeeeeneeeees 69
Popularvetenskaplig sammanfattning ...............oeeeviiiiiiiiiiiiiiiiininnn, 73

Acknowledgements ..o 77






List of publications

This thesis is based on the work contained in the following papers, referred
to by Roman numerals in the text:

I.  Sjulgard H, Colombi T, Keller T. 2022. Spatiotemporal patterns of
crop diversity reveal potential for diversification in Swedish
agriculture. Agriculture, Ecosystems & Environment. 336:108046.
https://doi.org/10.1016/j.agee.2022.108046

Il. Sjulgard H, Keller T, Garland G, Colombi T. 2023. Relationships
between weather and yield anomalies vary with crop type and
latitude in Sweden. Agricultural Systems. 211:103757.
https://doi.org/10.1016/j.agsy.2023.103757

lll. Sjulgard H, Graf L.V, Colombi T, Hirte J, Keller T, Aasen H. Earth
observation reveals reduced winter wheat growth and the
importance of soil water storing capacity during drought.
Submitted.

IV. Sjulgard H, Colombi T, Garland G, Coucheney C, Keller T. Farm-
based analysis of relationship between agricultural management,
soil health indicators and crop yields across two regions in
southern Sweden. Manuscript.

Papers I and II are reproduced with the permission of the publishers.



The contribution of Hanna Sjulgérd to the papers included in this thesis was
as follows:

I. Planning of the study collaboratively with the co-authors. Data
collection and analysis. Prepared the manuscript with help from
the co-authors.

II. Planning of the study together with Thomas Keller and Tino
Colombi. Data collection and analysis. Prepared the manuscript
with help from the co-authors.

lll. Planning of the study together with Thomas Keller and Helge
Aasen. Data collection with assistance from Lukas Graf. Data
analyses. Prepared the manuscript with help from the co-authors.

IV. Soil sampling and field measurements. Some of the laboratory
analyses. Data analyses. Prepared the manuscript with help from
the co-authors.

10



Abbreviations and central variables

DMI
HWI
SPEI
CDI
FDI
STIR
GLAI
Sp-Rich

De Martonne Aridity Index

Heat Wave Index

Standardized Precipitation Evaporation Index
Crop Species Diversity Index

Functional Crop Diversity Index

Soil Tillage Intensity Rating

Green Leaf Area Index

Crop Species Richness

11






1. Introduction

1.1 Global crop production

Agricultural land covers 38% of the global surface, with one-third used as
cropland and two-thirds used as grazing land for livestock. In 2022, the
global production of crops reached 9.7 billion tonnes, half of which was
produced in Asia (FAO 2024). Since the 1960s, global crop production has
increased by 250%, and an estimated 89% of this increase was the result of
agricultural intensification and 11% due to the expansion of cropland area
(Blomgqvist et al. 2020). Increases in crop yields are associated with the green
revolution around 1960s due to new technologies and practices, for example
irrigation, enhanced crop varieties and an increase in the use of inputs such
as pesticides and fertilizers (Pinstrup-Andersen and Hazell 1985; Pingali
2012).

Despite these positive trends, recent studies indicate that crop yields are
no longer increasing at the same pace, have stagnated or even started to
decrease in many countries (Peltonen-Sainio et al. 2009; Finger 2010;
Brisson et al. 2010; Ray et al. 2012; Gerber et al. 2024). Globally, areas
where crop yields have stagnated cover around 37%, 35% and 26% of the
total global production of wheat, rice and maize, respectively, according to
Ray et al. (2012). This stagnation of crop yields largely started during the
1990s and has been mainly attributed to more environmentally friendly
agricultural policies and reduced inputs by farmers, lack of investments and
climate change (Peltonen-Sainio et al. 2009; Finger 2010; Brisson et al.
2010; Ray et al. 2012; Gerber et al. 2024).

In the future, the demand for food will increase, driven by both an
increase in population and income per capita. The global food demand has
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been projected to increase up to around 50% between 2010 and 2050 (van
Dijk et al. 2021). However, increased crop yields are challenged by
environmental regulations, which can reduce fertilizer inputs and by which
the use of synthetic pesticides may be reduced or even banned (Brunelle et
al. 2024). At the same time, future cropping systems need to become more
sustainable and have a lower negative impact on the environment (FAO
2020). The growing demand for food, together with the stagnating or reduced
crop yields, presents significant challenges for future food production.

1.2 Climate change and implications for crop production

Climate change, showcasing rising temperatures, changes in rainfall patterns
and an increase in the frequency and severity of extreme weather events since
pre-industrial times, poses increased challenges for global agricultural
production. Projections indicate that the average global temperature will
continue to increase in the future (IPCC 2022). The impact of higher
temperatures on crop growth and production can vary depending on the local
climatic context. Increased average temperatures have been shown to reduce
crop yields in temperate and tropical climates (Hatfield et al. 2011; Zhao et
al. 2017), as rising temperatures can decrease the length of the grain-filling
period and shorten the crop life cycle (Farooq et al. 2011; Hatfield and
Prueger 2015). On the contrary, increased temperatures in cold climates can
increase the growth of crops and extend the length of the growing season,
which may favour crop yields (Olesen et al. 2011). However, in cold
climates, overwintering problems of autumn-sown crops could increase in
areas with temperatures near 0 °C as a result of higher winter temperatures
(Uleberg et al. 2014).

Extreme weather events, such as heavy rainfall and periods of drought
and extreme heat, have already shown to have a substantial impact on global
crop productivity (Zampieri et al. 2017; Santini et al. 2022; Heino et al.
2023). Crop responses to extreme weather vary between crop species and the
phenological stage of the crop. In general, the reproductive periods are more
sensitive to extreme heat compared with the vegetative phase (Luo 2011;
Hatfield and Prueger 2015). Temperatures outside the optimal range may
lead to reduced grain number, weight and pollen abortion, resulting in yield
losses (Hatfield et al. 2011; Farooq et al. 2011). During drought, most crop
phenological stages are affected by water stress, but drought during
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flowering is thought to result in the largest yield losses (Dietz et al. 2021).
Cereals have been shown to be more drought resistant than legumes and
root/tuber crops due to a deeper root system (Daryanto et al. 2017; Cohen et
al. 2021). On the other hand, excess water can also have a negative impact
on crop yields, as excess water limits oxygen availability and hinders root
development (Kaur et al. 2020). Understanding how extreme weather affects
crop production is essential for developing strategies to adapt cropping
systems to climate change.

1.3 The role of soil properties and agricultural
management in mitigating extreme weather effects

Agricultural soil is a vital multifunctional resource providing a number of
key ecosystem functions including erosion control, habitat creation and the
regulation of climate, pests and diseases (Smith et al. 2021; Adla et al. 2022).
The magnitude of the effects of extreme weather events on crop production
also depends on soil properties and overall soil health. The health of soil has
been broadly defined as the combination of physical, chemical, and
biological properties that contribute to its ability to support humans, plants,
and animals while maintaining or improving environmental quality (Doran
and Parkin 1994). A healthy soil can retain enough water and nutrients to
support plant growth (Stockdale et al. 2002), provide good soil structure for
water to infiltrate, and for roots to grow to access the water and, thereby, also
soil nutrient resources (Bronick and Lal 2005). A healthy soil is therefore
thought to have higher resilience to extreme weather events due to the ability
to provide water and nutrients during dry conditions and reduce the risk of
waterlogging during extreme rainfall (Lipiec et al. 2013; He and Dijkstra
2014; Bodner et al. 2015).

Soil properties largely depend on inherent factors, among which soil
texture is strongly linked to many other soil properties including water
holding capacity, bulk density, porosity and the ability to retain nutrients
(Mobilian and Craft 2022). Soil properties can also be affected by
agricultural management. When cultivating crops, several agricultural
management practices, including tillage, addition of organic and synthetic
fertilizers, application of pesticides, irrigation, crop rotation and the use of
cover crops, are typically used in the field (Komatsuzaki and Ohta 2007;
Stagnari et al. 2010). For example, studies have shown that increased crop
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diversity and no-tillage can improve soil health (Balota et al. 2014; Mitchell
etal. 2017; Nunes et al. 2018; Wulanningtyas et al. 2021). Other studies have
shown that soil health can be improved by including organic fertilizers (Das
et al. 2023; Li et al. 2023) and with less pesticide use (Aktar et al. 2009;
Baweja et al. 2020).

Due to the importance of soils for crop production, it is crucial to sustain
healthy agricultural soils. Nevertheless, intensive crop production has
resulted in degraded soils. FAO estimated that 33% of the soils globally have
already been moderately to highly degraded, primarily due to agricultural
management practices resulting in compaction, erosion, acidification,
salinization or chemical pollution (FAO and ITPS 2015). Soil degradation
reduces soil health and can decrease crop productivity, with projections
indicating a 12% reduction in global food production over the next 25 years
from 2015 (ELD 2015). The slow process of soil restoration, which can span
several decades (Lal 2015) further worsens this problem, highlighting the
need to adapt agricultural management practices to increase soil health.

1.4 Swedish climatic conditions and crop production

Sweden is located in northern Europe, with the arable land located between
latitudes of 55°N and 68°N (Fig. 1). The climatic conditions differ within the
country, with a colder climate in the north compared to the south, and more
precipitation in the west compared to the east (SMHI 2023a). The average
temperature between 1991 and 2020 varied from 7 to 9 °C in the south and
0 to -2 °C in the north. In the same time period, the average annual
precipitation varied from 400 to 600 mm in the southeastern parts up to 1000
mm in the west (SMHI 2022). Due to the higher temperatures and longer
growing season in the south, most of the arable land is located in the south
and central regions (Fig. 1). In the north, the cropping area is mostly used for
ley, and the arable crops are mainly spring-sown oat, barley and potato (SCB
2024). In Sweden, the area of different crops cultivated have changed over
time. In the 1960s, barley was the dominant and oat the second most common
field crop. Over time, cultivation of winter wheat has increased and the
cultivation of barley and oat decreased (Fig. 1). The increase in winter wheat
is mainly due to its high yields. A declining number of cows and pigs in
Sweden have resulted in a lower demand for barley as animal feed, and oats
have overall resulted in less profit in comparison to other crops (Ekl6f2014).
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Figure 1. Agriculture in Sweden as shown in terms of (a) spatial distribution with the
cropping area shown in brown (black lines delimit administrative counties) and (b)
major crops and their percentage of the harvested area each year between 1965 and
2019. Adapted from Paper 1.

In Sweden, the total cropping area has decreased since the 1960s, from 3.2
million hectares in 1965 to approximately 2.5 million hectares in 2023 (Fig.
2). This decrease is mainly due to conversion of cropping land into forest, as
well as for the construction of houses and roads (Jordbruksverket 2021). The
productivity of field crops had a rapid increase from the 1960s until the
1980s, but after that, the increase has been slow or even levelled off (Fig. 2).
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Figure 2. The change in total cropping area (including cropping area from farms
with > 2 ha cropped land, and from year 2010 with > 5 ha cropped land) and the
total crop productivity in Sweden between 1965 and 2023. Based on data from
Statistics Sweden (SCB 2024).

Future climate projections for Sweden show an increase in average
temperatures, with the highest increases in the north, based on the moderate
climate change scenario RCP 4.5 (SMHI 2024a). The result will be a longer
growing season. Due to both higher temperature and a longer growing
season, it is expected that new crop species can be introduced, especially in
the south (Eckersten and Kornher 2012). It is also expected that crop
production will expand towards higher latitudes (Franke et al. 2022). King et
al. (2018) estimated that, by 2055 the area within the boreal region in
northern Sweden that reaches growing degree days above 1200 will increase
from the current 8% to 41%, where 1200 growing degree days refer to the
minimal climatic requirement for small cereal crops such as barley and oat.
The average precipitation is also estimated to increase across Sweden in
the future, with the largest increase during winter and spring and with higher
increase in the north compared to in the south (SMHI 2024a). With an
expected wetter and warmer climate in the future, plant diseases and pests
are projected to increase, both for the present pests and diseases, and for new
types (Wivstad 2010; Roos et al. 2011). Higher temperatures will also lead
to increased evapotranspiration, and the risk of drought will increase,
especially on the east coast in the southern and central parts of Sweden
(SMHI 2019a). As a result, the need for irrigation of cereal crops during the
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early season has been projected to increase in the south and central parts of
Sweden (Grusson et al. 2021).

In the future, the frequency and intensity of extreme weather events are
projected to increase, such as short-term heavy rainfalls, extreme heat and
drought (SMHI 2019b). These events can have a large impact on Swedish
agriculture. For example, the summer drought in 2018 resulted in 44% lower
total crop production compared to the previous five-year average (SCB
2018). In addition, an increase in intensive rainfall and waterlogged soils
could lead to yield losses due to hypoxic soil conditions (Kaur et al. 2020),
delayed sowing, a shorter duration of various growth phases and, in turn, an
increased risk of drought and heat stress during summer (Dickin and Wright
2008; Shah et al. 2020). Harvesting could also be delayed due to lodging
(when the stems of cereals are bent), thus resulting in yield losses as well
(Kristensen et al. 2011).

While climate change can lead to additional challenges for Swedish crop
production, the negative impact of weather on crop yields is expected to be
more severe in many other regions of the world (Santini et al. 2022; Heino
et al. 2023). As a result, the countries responsible for producing a larger
proportion of global food will likely shift northward to reduce yield losses
resulting from climate change (Franke et al. 2022), ultimately giving Sweden
a larger responsibility for global food production in the future.

A global evaluation of temporal yield developments by Gerber et al.
(2024) showed that wheat yields in central Sweden have reached stagnation
since the 1970s. Eckersten et al. (2012) predicted that the yield of maize will
continue to increase in the future but at a lower rate than between 2003 and
2009 for the current cultivars. They also suggested that reduced water
availability, resulting from increased temperature in the future, will limit the
increase in maize yield (Eckersten et al. 2012). In addition, Morel et al.
(2021) estimated that higher temperatures in the future will favour spring-
sown cereal yields more in the north than in the south of Sweden.

However, to adapt cropping systems to climate change, agricultural
management practices have to be adapted. One strategy currently promoted
both in Sweden and globally is the introduction of diverse crop rotations into
agricultural systems. A high crop diversity has been suggested not only to
alleviate the negative impacts of extreme weather on crop production
(Renard et al. 2023), but also to decrease the economic risks (Zabala et al.
2023). In line with agricultural intensification since the 1950s and 1960s
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(Pingali 2012; Ickowitz et al. 2019), field sizes have increased and there have
been a reduction of agricultural biodiversity (Matson 1997; Frison et al.
2011). Schaak et al. (2023) showed that functional crop diversity (with the
crops divided into groups based on functional traits) declined on Swedish
farms between 2001 and 2018. However, information about the development
of crop diversity over several decades and geographical regions of Sweden
is lacking.

Soil health also has an important role in mitigating extreme weather
impacts on crop production, and is strongly influenced by agricultural
management. However, the exact links between soil management, soil
health, and mitigation of the effects of climate change are still unknown. In
southern Sweden, Daverkosen et al. (2022) investigated the impact on soil
health of management practices related to regenerative agriculture on 17
farm fields. They found that a higher share of perennials in combination with
reduced tillage had positive effects on wet aggregate stability, vegetation
density, and root abundance and depth. Williams et al. (2020) calculated a
soil management index for 20 farm fields in southern Sweden, where a high
index resulted from fewer tillage operations, higher crop diversity and higher
number of organic amendment applications. They found that a higher index
was related to better soil health, with higher levels of active carbon (a
measure of easily-oxidisable organic matter), proteins, aggregate stability,
respiration and total soil organic matter. These types of on-farm studies are
important to evaluate agricultural management practices for improved soil
health, but only few have been conducted in a Swedish context and more
evaluations are needed to fully understand the relationships. Improved soil
health is not only important for mitigating extreme weather impacts on
current crop production, but it is also key for contributing to sustainable
future cropping systems.
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2. Aim and objectives

In this thesis, my overall aim was to assess the potential of agricultural
management practises to alleviate extreme weather impacts on Swedish crop
production. This involved analyses of different time periods, spanning from
years to decades, and on different spatial scales, from single fields to the
entire country. The specific objectives of this thesis were to:

1. Assess the potential for diverse crop rotations in Sweden
(Paper I) and for increased cereal yields at the county level.

2. ldentify the vulnerability of different crop types to extreme weather
events across geographic regions and soil texture classes in
Sweden (Paper II).

3. Assess the importance of soil properties for winter wheat
development during drought conditions using satellite images at
farmers’ fields (Paper Ill).

4. Evaluate effects of agricultural management practices on the soil
health and crop yield (Paper IV).
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3. Materials and Methods

3.1 Weather data and climatic indices (Papers I-IV)

The analyses shown in this thesis cover different study areas, from national
to county level (Fig. 3a), as well as landscape scale including farm fields in
Vistra Gotaland and Ostergdtland counties (Fig. 3b). Daily values of
cumulative precipitation and average temperature were acquired from the
Swedish Meteorological and Hydrological Institute, both from multiple
weather stations in each county (Paper I and II) (SMHI 2024b) and from
gridded interpolated weather data at the location of each farmers’ fields
(Paper III and IV) (SMHI 2023b). In Paper II1, the air temperature sum
was calculated by totalling the daily mean temperatures exceeding the
threshold value of 0 °C from the 1st of January through the growing season
during the years 2018 and 2021. Based on the daily temperature and
precipitation data, I calculated the standardized precipitation evaporation
index (SPEI) (Vicente Serrano et al. 2010), heat wave index (HWI) (Paper
II; Russo et al. 2015) and De Martonne aridity index (DMI) (Paper I1I; De
Martonne 1926). The SPEI was used to assess the impacts of droughts and
excessive water, the HWI was used to quantify the occurrence and intensity
of heat waves, and the DMI was used to assess aridity. A higher DMI
suggests more arid conditions, SPEI values > 1.5 are referred to as extremely
wet and values < -1.5 as extremely dry conditions, and HWI values > 3 are
referred to as extreme heat waves.
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Figure 4. a) Map of Sweden with the borders of the 21 counties. b) Locations of fields
included in Paper IV. The county to the west is Véstra Gotaland and to the east
Ostergotland. The 13 fields also included in Paper III are coloured in blue.

3.2 National crop and soil data (Papers I, Il and V)

Yearly data on harvested areca (Paper I) and average yields (Paper II) of
different arable crops for each county in Sweden were obtained from
Statistics Sweden (SCB 2024). The harvested area of the 13 main crops
cultivated in Sweden between 1965 and 2019 was used to assess crop species
richness and crop species diversity. These crops consisted of barley
(Hordeum vulgare), oat (Avena sativa), winter and spring wheat (7riticum
aestivum), rye (Secale cereale), sugar beet (Beta vulgaris), potato (Solanum
tuberosum), maize (Zea mays), oil flax (Linum usitatissimum), winter and
spring turnip rape (Brassica rapa subsp. oleifera) and winter and spring rape
(Brassica napus). Crop species richness was calculated as the total number
of crop species. The crop species diversity index (CDI) was defined as the
exponential of the Shannon diversity index (H) as follows:

CDI = el = e(-LZizapilnp) Eq.1

where p is the proportion of crop i of the total crop area.

Of these 13 crops, the eleven crops for which regular yield data existed at
the national level were used for further analysis in Paper II. These crops
were oat, spring barley, rye, spring and winter wheat, sugar beet, potato,
winter and spring rapeseed and winter and spring turnip rape. The average
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crop yields were obtained between 1965 and 2020 for each Swedish county
(Paper II). Yield anomalies were calculated from detrended time series,
which were used to separate variations in yield caused by weather anomalies
from increases in yield due to agricultural development and intensification.
The detrended time series were obtained through either linear regression or
linear plateau models, and the best fit was selected based on the lowest
Akaike Information Criterion for each crop-county combination (Fig. 4). A
low Akaike Information Criterion implies that the model fits the data better.
Where the linear regression had no significant change over time, a horizontal
trend based on the mean values was used (Paper II). The eleven crops were
then divided into different categories consisting of spring- and winter-sown
cereals, spring- and winter-sown oil crops and root/tuber crops.

From the Swedish monitoring program of arable soils, I obtained county
average soil texture classifications from topsoil samples (0-20 cm depth)
(Miljodata-MVM 2020), which were used in Paper I and II. The counties
with the most clayey and sandy average soil texture were used in Paper 11
to evaluate the impact of soil texture on yield responses to weather
anomalies, resulting in three counties included in the texture class clay and
seven counties as sandy loam.
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Figure 3. Examples of the different best fitted detrending methods assessing patterns in
crop yield over time as (a) no temporal change, (b) linear increase and (c) stagnation.

3.3 Agricultural management data (Papers Ill and V)

In Paper IV, 32 farmers participated with approximately two fields each,
resulting in 67 fields (Fig. 3). The farmers were asked to select a ”’good” field
with high and/or stable yields and a “poor” field with low and/or unstable
yields. The farmers were asked to provide data on crop yield and agricultural
management (i.e. crop rotation, cover crops, fertilizers, pesticide use, and
tillage methods and depth) for the selected fields for five years, from 2017 to
2021. A relative yield was calculated based on the yield obtained from the
farmers together with the average county yield obtained from Statistics of
Sweden from the years 2017 to 2021 (SCB 2024). A relative yield (RY) for
each field was then calculated as:
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Yfarmer;j— Y

RY,; =¥ ik % 100% Eq. 4

Yjk

where Y fmer is the yield obtained from farmers, Y is the average county
yield, i indicates the year, j is the crop species and k the county. The relative
yield was used for fields where the relative yield was based on at least three
years of data (29 fields out of 67). A positive relative yield implies that a
field performed better than the county average crop yield.

Based on the management information, a functional crop diversity index,
soil tillage intensity rating, the frequency of years with organic fertilizer
application and the average number of pesticide categories (insecticides,
herbicides and fungicides) used per year (2017 to 2021) were calculated for
each field. The soil tillage intensity rating (STIR) was developed by the
USDA-NRCS (2007) and calculated as:

5
STIR = Z(TTi X 3.25) X (Speed; x 0.5) x Depth; X AD; Eq.2

i=1

where TT is the tillage type factor, AD the share of the area disturbed by
tillage, and the depth (inch) and the speed (mph) for each individual field
operation in year i. The tillage type factor was 1.0 for ploughing, 0.8 for
mixing and some inversion operations, 0.4 for subsoiler and 0.15 for roller.
The area disturbed and the speed was based on default values from USDA—
NRCS (2007). A functional crop diversity index (FDI) was also calculated
from the management information for each field over the five-year crop
rotation, as follows:

5 5
> S
FDI = (Z FGL-> X <%> Eq.3
i=1

where FG is the number of unique functional crop groups and S the number
of species (including cover crops) in the year i. The functional crop groups
were divided into 1) cereals, 2) ley, 3) legumes, 4) potatoes and 5) oilseed
crops.

In Paper 111, the crop rotation was used to select the farmers’ fields that
had winter wheat grown in both 2018 and 2021 (Fig. 3).

27



3.4 Soil analyses in farmers’ fields (Paper Il and 1V)

Soil sampling was conducted in 2021 on the 67 farmers’ fields. Both loose
soil and intact soil cores were collected at five evenly distributed locations
per field. The loose soil from the five locations was pooled and homogenized,
and a subsample was used for further analyses. The soil was analysed for soil
texture and physical properties, including wet aggregate stability, bulk
density, penetration resistance, and plant available water capacity. Chemical
analyses included pH and cation exchange capacity. Biological analyses
included soil organic matter content and basal respiration.

The plant available water content was determined as the difference in soil
water content between field capacity and the permanent wilting point,
corresponding to -10 and -1500 kPa matric potential, respectively. The soil
water content at the permanent wilting point (-1500 kPa) was assessed in
loose soil sieved at 2 mm with a pressure plate extractor. Soil water content
at field capacity was determined by equilibrating the soil cores to -10 kPa on
ceramic plates (ecoTec, Bonn). Bulk density was assessed by drying the soil
core samples at 105 °C for 48 h. Wet aggregate stability was measured using
a Cornell Sprinkle Infiltrometer (Cornell University, Ithaca, NY) following
the Comprehensive Assessment of Soil Health (CASH) protocol (Moebius-
Clune et al. 2016). Soil organic matter content was determined as loss on
ignition. Soil pH was determined in a 1:5 soil-water suspension, and the
exchangeable base cations were analysed using an inductively coupled
plasma—optical emission spectrometer (ICP-OES). Titratable acidity to pH 7
was determined, and the cation exchange capacity at pH 7 (CECpu7) was
calculated as the sum of this acidity and the exchangeable base cations. Soil
basal respiration was assessed using a Respicond respirometer (Nordgren
1988). Air-dried soil sieved to <2 mm was rewetted and the CO; emitted by
soil microorganisms was measured. In addition, soil texture, including the
content of clay (< 0.002 mm) and sand (0.06-2 mm), was determined by
sedimentation.

In the field, soil penetration resistance was measured using a hand-held
penetrologger (Royal Eijkelkamp Company, Netherlands) to a depth of
40 cm. Due to that some fields were tilled after harvest and before measuring
penetration resistance, only the subsoil measurements at 20-40 cm depth
were used in the analyses.
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3.5 Satellite data analysis (Paper llI)

Sentinel-2 scenes obtained during the growing season in the years 2018 and
2021 were used to assess the green leaf area index (GLAI) development on
the farmers’ fields cultivated with winter wheat in both years (Paper III).
The sentinel-2 scenes were downloaded and processed using the open-source
Python Earth Observation Data Analysis Library (EOdal, Graf et al. 2022).
Pixels of 10 m x 10 m within the fields containing for example clouds, dark
areas, shadows and snow were filtered out before analysis. The green leaf
area index (GLAI) was estimated for each pixel using the radiative transfer
model PROSAIL (Graf et al. 2023). An average GLAI was calculated from
all the pixels within each field for each Sentinel-2 scene. From the
development curve of the GLAI, three estimations for crop growth were
derived for each field and year: winter wheat growth rate, peak GLAI and
the timing of the latter (Fig. 5).
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Figure 4. Illustration of the crop growth variables obtained from the green leaf area index
(GLAI) temporal development for one field. The growth rate during the vegetative
growth phase was obtained from the slope of a linear regression, spanning between a
temperature sum of 200 °C until the start of the linear plateau (Paper III). The peak
GLAI and its timing, in terms of temperature sum, were obtained from the smoothed
curve. Reproduced from Paper III.
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3.6 Statistical analysis (Papers I-1V)

All statistical analyses were conducted using R (R Core Team 2023). Linear
regression was used to assess the temporal development of crop species
richness (Sp-rich) and crop species diversity (CDI) over years. Linear
regression was also used to analyse relationships between clay content, mean
annual temperature and precipitation, respectively, and Sp-rich and CDI,
respectively, in Paper L. In Paper IIL, linear regressions were used to assess
the relationships between crop growth variables and soil properties. Multiple
linear regression models were used in Paper IV to analyse relationships
between agricultural management indices, soil health indicators, and relative
crop yield, while accounting for differences in climatic conditions and soil
texture.

Pearson’s correlation coefficients were used to estimate the relationships
between crop yield anomalies and temperature and precipitation anomalies,
SPEI and HWI in Paper II. Spearman’s rank correlation coefficients were
calculated to investigate the relationships between sand content and crop
yield anomalies during extremely dry and wet conditions in Paper II, and
between the three crop growth variables (Fig. 5) and soil properties in Paper
II1, and between pesticide application and basal respiration on the farm fields
in Paper IV. Spearman’s rank correlation coefficients were used when some
of the variables were not normally distributed or when the sample size was
small. The non-parametric Mann-Whitney U test was used to assess
differences in yield anomalies between years with extreme weather and with
normal weather conditions, and, in Paper II, to assess differences between
sandy loam and clay soils regarding yield anomalies during extremely wet
and extremely dry years. The Mann-Whitney U test was also used to assess
differences in soil properties between agricultural fields in Paper IV. In
Paper 111, a t-test was used to test differences in two of the winter wheat
crop growth variables, growth rate and peak GLAI, between the dry year
(2018) and the year with normal weather conditions (2021). In Paper III,
Correlation-Adjusted coRelation (CAR) scores (Zuber and Strimmer 2011)
were calculated to estimate the relative importance of soil properties in
explaining the variation in the crop growth variables in both the dry and
normal weather condition years. Further details of the statistical analyses are
available in the respective papers.
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4. Results

4.1 Spatial and temporal variation of crop types and crop
yields across Sweden

The spatiotemporal patterns of crop species richness (Sp-rich) and crop
diversity index (CDI) at the county level were assessed over the period from
1965 to 2019, showing variations in both average number of crops (Sp-rich)
and CDI between counties (Fig. 6). In the northern part of Sweden, barley,
potato and oat are the dominant field crops, which resulted in a low CDI with
an average of 2.1. In the southern part, all major field crops were grown in
the southernmost county Skane, which had an average CDI of 6.3. A higher
CDI indicates that more crop species were grown and/or were more evenly
distributed across a county. Between 1965 and 2019, CDI increased in
thirteen counties, located mainly in the northern and southwestern parts.
However, CDI was still lowest in the northern counties.
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Figure 5. Maps showing the county mean values for the years 1965 to 2019 of (a) crop
species richness (Sp-rich) and (b) crop species diversity index (CDI) (see definitions in
section 3.3). Maps displaying the change over time as a slope of linear regression
between 1965 and 2019 in (c) Sp-rich and (d) CDI. Reproduced from Paper I.

The temporal development in crop yields differed between counties and
crops. For southern Sweden, the regressions over time indicated that
assuming a linear increase in yields was correct for most counties, except for
spring wheat, which showed stagnation in yield over time in four counties
(Fig. 7). In central Sweden, the number of counties with stagnating cereal
yields was larger. Oat and spring barley experienced a stagnation in yield in
around half of the counties and spring wheat for all counties with data
available, while winter wheat had a linear increase in five and a stagnation
in two counties. In most northern counties, no change in spring barley yield
over time occurred, showing that yield levels have remained similar from the
1960s through the 2010s (Fig. 7). The crop yields were also generally higher
in the southern than in the northern counties. For example, spring barley
yields in the northernmost county Norrbotten were on average 2130 kg ha™!
between 1965 and 2020, while in the 2010s spring barley yields reached
around 5800 kg ha™! in the southernmost county Skane (SCB 2024).
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Figure 6. Bar plots show the number of Swedish counties with no change, linear increase
or stagnation of crop yields between 1965 and 2020 for oat, rye, spring barley, spring
wheat and winter wheat in the northern, central and southern parts of Sweden. The map
displays the areas denoted as ‘northern’, ‘central’ and ‘southern’ parts of Sweden. The
five counties belonging to the northern part are Norrbotten, Visterbotten, Jamtland,
Visternorrland and Gévleborg; the seven counties in the central part are Dalarna,
Uppsala, Vistmanland, Orebro, Virmland, Stockholm and Sédermanland; the nine
counties belonging to the southern part are Ostergotland, Vistra Gotaland, Jonkoping,
Gotland, Kalmar, Kronoberg, Halland, Blekinge and Skéne.
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4.2 Relationships between extreme weather and crop
yields across Sweden

Detrending of the crop yield time series were conducted and yield anomalies
were obtained. The county level analysis of yield anomalies revealed that the
yield of spring-sown crops, including spring cereals, oil crops, and root/tuber
crops, are particularly vulnerable to extremely dry summer conditions (Fig.
8). In southern Sweden, these crops experienced the largest yield losses
during dry summers, with average reductions of 16% for cereals, 18% for
root/tuber crops and 15% for oilseed crops. In the central counties, the yield
losses were slightly lower than in the southern counties. The autumn-sown
cereals and oilseed crops were less sensitive to extremely dry conditions
during summer, with significant yield losses only for autumn-sown oil crops
in the central counties. In addition, the spring-sown cereals and root/tuber
crops were found sensitive to extremely wet summer conditions in all parts
of Sweden, with the most pronounced yield losses occurring in the northern
counties and decreasing towards the south (Fig. 8).

Extremely hot summers negatively impacted the yield of spring-sown
crops (Fig. 8). The latter experienced yield losses on average between 13%
and 19% in both the southern and central counties. However, in the north,
extreme heatwaves did not result in yield losses for the spring-sown crops.
The autumn-sown crops were less affected by heat stress than were the
spring-sown crops, showing no significant difference in yield between the
years with extreme heat and years with normal weather conditions in the
central and southern counties (Fig. 8).
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Figure 7. Average yield anomalies of root/tuber crops, spring- and winter-sown cereals
and oil crops in northern, central and southern Sweden. (a) Years with extremely dry
(SPEI < -1.5), normal (-1.5 < SPEI < 1.5) and wet (SPEI > 1.5) summers, and (b)
summers with extreme heat (HWI > 3) and normal summers (HWI < 3). Comparisons to
years with normal weather conditions during summer (-1.5 < SPEI < 1.5, and HWI < 3)
were conducted with the Mann-Whitney U test. The significance levels are * p < 0.05,
**p <0.01, *** p <0.001. Reproduced from Paper II.

The relationship between soil texture and yield anomalies during
extremely dry and wet summers from 1965 to 2020 was analysed across
counties. During years with extremely dry summer conditions, there were
higher yield losses for spring-sown cereals in counties with sandy loam soil
than in those with clay soils. However, for autumn-sown cereals, no
relationship was found between yield anomalies and soil texture (Fig. 9). In
years with extremely wet summers, no difference was found in yield
anomalies between counties with sandy loam soil compared to clay soils.
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Figure 9. County level yield anomalies for (a) spring-sown cereals and (b) autumn-sown
cereals in fields with average topsoil texture of clay (Cl) and sandy loam (SaLo) during
extremely dry (SPEI < -1.5) and extremely wet conditions (SPEI > 1.5) between 1965
and 2020. Mann-Whitney U test was used for the comparison of yield anomalies between
the soil texture classes, with a significance level of p <0.05. Reproduced from Paper II.

4.3 Impact of drought on winter wheat development on
farm fields

Satellite images were used to estimate growth variables for winter wheat on
farmers’ fields. Winter wheat growth rate was lower during the dry year
(2018) compared with a year with closer to normal weather conditions (2021)
(p = 0.038; Fig. 9), indicating a negative impact of drought on plant growth.
In addition, the peak GLAI was also lower in this dry year compared to the
normal year (p < 0.001; Fig. 9).
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Figure 8. Winter wheat growth rate (a) and peak green leaf area index (GLAI, b) in the
dry (2018) and normal weather condition year (2021). p values are obtained from t-test
with n = 13. Reproduced from Paper III.

The impact of soil properties on winter wheat growth rate and peak GLAI
was also assessed. In the dry year (2018), there was a positive relationship
between growth rate and plant available water capacity (Tab. 1). However,
no relationship was found between plant available water capacity and peak
GLAL In the year with normal weather conditions (2021), neither growth
rate nor peak GLAI was correlated with plant available water capacity.
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Table 1. Coefficients and p values from linear regression analyses examining the
relationships between plant available water capacity on farmers’ fields and winter
wheat growth rate and the peak green leaf area index (GLAI) during one extremely
dry year (2018) and a year with normal weather conditions (2021). Bold style
indicates statistically significant results, p < 0.05. Based on Paper III.

Relationship with plant available water capacity [%]

2018 2021

Coefficient p value Coefficient p value
Growth rate 0.001 0.049 -5.03 x 107 0.870
[mZ m-2 oc-I]
Peak GLAI [m> m?] 0.183 0.143 -0.032 0.594

Following the same approach as in Paper III, I estimated the peak GLAI
from satellite images for all the farmers’ fields in Paper IV with winter
wheat grown in 2021. The peak GLAI was then compared with available
yield data from 29 fields. The results show that the peak GLAI was well
related to the yield obtained from the farmers, with higher yields associated
with increased peak GLAI (Fig. 10). The relationship had a coefficient of
determination (R?) of 0.78, indicating that a large proportion of the yield
variability could be explained by the peak GLALI.

Peak GLAI [m m]
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Figure 9. Peak green leaf area index (GLAI) plotted against crop yield obtained from the
farmers for fields grown with winter wheat in 2021 (n = 29).
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4.4 Relationships between agricultural management, soil
properties and crop yield

The impact of agricultural management practices on soil properties was
evaluated across farmers’ fields. For example, I examined whether and how
more diverse crop rotations influence soil health indicators. The multiple
linear regression models showed a positive relationship between functional
crop diversity index (FDI) and basal respiration, which is an indicator of
microbial activity (Tab. 2). Fields with higher FDI typically included several
years with ley in the crop rotation. As shown in Fig. 11, fields with ley in the
crop rotation between 2017 and 2021 had a higher average basal respiration
0f 0.0117 mg CO,-C (g soil)! day!, compared to 0.0095 mg CO,-C (g soil)
! day! for fields without ley.
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Figure 10. Boxplots of basal respiration in fields with ley (n = 18) and without ley (n =
49) in the crop rotation from 2017 to 2021. The p value is obtained from the Mann-
Whitney U test.

In addition, the results revealed that a higher frequency of years with
pesticide use was negatively correlated with basal respiration. Further
analysis revealed that among different pesticide groups, fungicides had the
largest impact on basal respiration, with basal respiration decreasing as the
frequency of years with fungicide use increased (Fig. 12). The number of
fields with insecticide use was too small to evaluate statistically. For
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herbicides, there was no relationship between the number of years with
application and basal respiration.
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Figure 11. Relationship between basal respiration and the number of years with
applications of (a) fungicides, (b) insecticides and (c) herbicides from 2017 to 2021.
Regression line and Spearman correlation coefficient (r) are included where the
correlation is significant at the p < 0.05 level.

Multiple linear regression models were used to investigate relationships
between agricultural management practices and soil properties across fields.
The results from the multiple linear regression showed that a higher soil
tillage intensity rating, indicating a higher soil disturbance, was related to
lower soil organic matter content, lower basal respiration and lower wet
aggregate stability (Tab. 2). On the other hand, a higher frequency of years
with use of organic fertilizers was related with higher basal respiration.
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Table 2. Coefficients and p values from multiple linear regression models assessing
relationships between agricultural management practices and soil properties.
Relationships were assessed between on the one hand soil tillage intensity rating (STIR),
frequency of years with organic fertilizer use (Org-fert) and crop diversity index (CDI),
and on the other hand soil properties such as soil organic matter content (SOM), basal
respiration, subsoil penetration resistance (PR), bulk density, pH, wet aggregate
stability (WAS), cation exchange capacity (CEC) and plant available water capacity
(PAWC).

STIR Org-fert CDI Pest

SOM [%] -0.59%* 0.10 0.14 .04
Basal respiration -0.55* 0.31%%  0.47%%* -0.30 *
[mg CO:2-C (g soil)! day]

Subsoil PR [MPa] 0.08 0.16 -0.04 0.01
Bulk density [g cm™®] 0.05 -0.03 0.05 -0.07
pH -0.17 0.19 0.05 -0.06
WAS [%] -0.64 =¥*  0.11 0.03  -0.08
CEC [cmol kg™!] -0.27 0.05 003 001
PAWC [%] 0.08 -0.09 0.08 -0.08

The fields sampled belonged to farmers that were asked to select a good”
field with high and/or stable yields and a “poor” field with low and/or
unstable yields. Due to the overall lower relative yield in the “poor” fields
(Paper 1V), relationships between relative yield and the soil health indicators
were assessed separately for the “good” and “poor” fields. In the “good”
fields, the multiple linear regressions showed that a higher soil organic
matter content, a higher wet aggregate stability, and a lower bulk density
were related to higher relative yield (Tab. 3). In the “poor” fields, none of
the soil health indictors were related to the relative yield.

41



Table 3. Multiple linear regression coefficients from assessing relationships between
relative yield for the “good” (n=16) and “poor” (n=13) fields separately to the soil health
indicators (soil organic matter content (SOM), basal respiration, subsoil penetration
resistance (PR), bulk density, pH, wet aggregate stability (WAS), cation exchange
capacity (CEC) and plant available water capacity (PAWC)). Variables of significance:
*p <0.05, ** p<0.01 and *** p < 0.001. Based on Paper IV.

“Good” fields “Poor” fields

SOM [ %] 0.57* 0.40
Basal respiration [mg CO:-C (g soil)! day™] 0.11 -0.11
Subsoil PR [MPa] -0.45 -0.50
Bulk density [g cm™®] -0.51% -0.01
pH -0.34 0.17
WAS [%] 0.58* 0.35
CEC [emol kg™'] 0.19 0.36
PAWC [%] -0.03 027

42



5. Discussion

5.1 There is potential to increase Swedish crop diversity
and yields across Sweden

My results demonstrate that climate (temperature, length of growing season)
limits crop production in the north of Sweden, as shown by a gradient of
increasing crop species richness and CDI from north to south (Fig. 6). In
some counties, an increase in CDI occurred between 1965 and 2019, while
other counties experienced a decrease. The temporal increase in CDI in
several counties shows that it should be possible to further increase crop
diversity at the county level in Sweden. Higher crop diversity has been
shown beneficial for adapting cropping systems to climate change by
improving soil health (Volsi et al. 2022) and by reducing the farmer’s
economic risks by spreading the risk over several crops (Zabala et al. 2023).
For some counties, the increase in CDI was favoured by a change in climatic
conditions. Higher average temperatures can enable northward expansion of
winter-sown crops as a result of shorter winters, and a longer growing season
can favour the introduction of new species in the south (Eckersten and
Kornher 2012; Wiréhn 2018). For example, an increased cultivation of
winter wheat was found in Dalarna County (central Sweden), and maize has
been introduced in the south of Sweden since the 1960s. In addition to
increased temperatures, breeding has helped adapt crops to lower
temperatures and thereby favoured the northward expansion (Leipner and
Stamp 2009).

While the increase in crop yields since the 1960s has been shown to level
off or even decrease in many countries (Peltonen-Sainio et al. 2009; Finger
2010; Brisson et al. 2010; Ray et al. 2012), my findings indicate that yields
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for most cereals are still increasing in southern Sweden (Fig. 7). The
continuous linear increase in yield since the 1960s suggests a potential for
further increases in crop production. However, the yield of spring-sown
cereals has stagnated in many counties in the central part of Sweden. In the
northern counties, spring barley yields have remained unchanged since the
1960s, with an average of 2130 kg ha' in the northernmost county
Norrbotten. The southernmost county Skéne surpassed this levels with yields
around 2200 kg ha™! as early as in the 1920s, and reached around 5800 kg ha
" in the 2010s (SCB 2024). The higher crop yields in warmer regions
illustrate the potential for higher future yields in the north of Sweden, with
the projected climate change.

However, not all patterns and changes in crop diversity and crop yields
can be explained by climatic conditions. The differences in changes of crop
diversity over time between neighbouring counties suggest that also
socioeconomic factors play an important role. These factors could include
profit, market access and cultural traditions (Le et al. 2024). For example,
sugar beet cultivation is located in specific areas in the south of Sweden due
to the favorable growing environment and the existing infrastructure for
processing of sugar beet (Ness and Brogaard 2008). The overall higher yields
and profit in comparison to other cereals have resulted in winter wheat being
the major field crop in Sweden. To include a higher variety of crops in the
crop rotation is an investment for farmers in both time and money (Knutson
etal. 2011), even though cultivating many different crops can buffer the farm
business risk (Zabala et al. 2023).

The stagnation of spring-sown cereal yields in central Sweden and spring
wheat in some counties in southern Sweden, despite the linear increase of the
other cereals in the south, likely also reflects the influence of socioeconomic
factors. Stagnated yields in many countries of the world have been attributed
to more environmentally friendly agricultural policies resulting in less
external inputs by farmers, lack of investments and climate change
(Peltonen-Sainio et al. 2009; Finger 2010; Brisson et al. 2010; Ray et al.
2012). However, due to the similarities in agricultural policies and climatic
changes between the south and central part of Sweden, probably other
drivers, especially socioeconomic factors, are more important in influencing
yield trends. For example, an annual report based on interviews with 1,000
Swedish farmers indicated that the perceived profitability is highest in the
southern part of the country (Swedbank et al. 2023). A lower profit may limit
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a farmers’ ability to invest in crop production, which can result in lower yield
improvements over time. To fully understand the influencing factors, further
assessment of farmers’ motivations is necessary to determine the underlying
causes.

5.2 Changes in climate have positive and negative
impacts on crop production in Sweden

Changes in climatic conditions and extreme weather events influence crop
production (Hatfield et al. 2011; Santini et al. 2022; Heino et al. 2023). At
the county level, my findings indicate that extremely dry and hot summer
conditions have led to substantial yield losses for spring-sown cereals, oil
and root/tuber crops in the southern and central counties of Sweden between
1965 and 2020 (Paper II; Fig. 8). In contrast, the yield of autumn-sown crops
was less affected by extreme drought and heat, probably due to the more
advanced developmental stage of the crop during the extreme weather
occurrence, such as a deeper root system (Thorup-Kristensen et al. 2009) that
reaches plant-available water in deeper soil layers.

However, winter wheat development was affected by extreme drought
during summer, as observed on farmers’ fields (Fig. 9). In the extremely dry
year (2018), winter wheat had a lower growth rate and lower peak GLAI
compared to a year with normal weather conditions (2021). A higher growth
rate was related to a higher peak GLAI in the dry year (Paper III),
suggesting that faster growth can support a higher biomass during drought
stress. The peak GLAI has been related to crop yield in earlier studies
(Lambert et al. 2018; He et al. 2020; Yamamoto et al. 2023), with Lambert
et al. (2018) reporting R? values of 0.62 for maize and 0.80 for millet. In this
thesis, I combined the peak GLAI assessed from satellite images with the
winter wheat yields obtained from the farmers. The analyses revealed that
there was a strong positive relationship between peak GLAI and crop yield
(Fig. 10), with an R? of 0.78. This suggests that the peak GLAI can be used
as an indicator of crop yield under normal weather conditions. However, the
prediction accuracy of crop yield may decrease when crops are exposed to
extreme weather events later in the growing season. For example, extremely
high temperatures have been shown particularly harmful to wheat during the
reproductive period (Pradhan et al. 2012; Barlow et al. 2015), which can
result in lower yield.
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In northern Sweden, extreme heatwaves or drought did not result in
significant yield losses for any crop group in the county level analyses that
considered the years 1965 to 2020 (Fig. 8). Instead, there was a positive
effect of increased average temperatures on spring-sown cereal yields
(Paper II), indicating that crop production in the north might benefit from
the projected increased temperature in the future. Higher average
temperatures could allow for earlier sowing of spring-sown crops, resulting
in an extended growing season and potentially increased crop yield. For
example, a change in sowing date has already been observed in Finland, with
an overall earlier sowing of spring cereals in the 1990s and 2000s than in the
1970s and 1980s (Peltonen-Sainio and Jauhiainen 2014).

Nevertheless, the projected increase in precipitation in the future (SMHI
2024a) might challenge an earlier sowing strategy (Kaur et al. 2020). For
example, my results showed that extremely wet conditions during spring
were related to yield losses in southern Sweden. In addition, negative impacts
of extremely wet summer conditions on the yield of spring-sown cereals and
root/tuber crops were shown across Sweden, with the largest yield losses in
the north (Fig. 8). Improvements in drainage systems may therefore be
important to cope with increased precipitation and heavy rainfall in the
future. In Sweden, one fourth of the arable land is estimated to need new tile
drainage or renovation of the existing tile drainage system (Jordbruksverket
2016). However, this requires large investments for farmers, which together
with policies hinders the improvements (Wiréhn 2018). An alternative or
complementary strategy for water management is enhancing soil structure to
improve water infiltration and soil water retention. Agricultural management
strategies that improve soil structure will therefore play an important role in
mitigating the impacts of extreme weather on crop production.

Even though there will be an increase in precipitation, the increase in
temperatures will also result in higher evapotranspiration, and the risk of a
shortage of soil moisture will increase in the future, especially on the east
coast of the southern and central parts of Sweden (SMHI 2019a). Grusson et
al. (2021) projected an increased need for irrigation in the future, especially
during dry years. lizumi et al. (2024) suggested that the irrigation of winter
wheat in southern Sweden has not increased at the pace that is needed to
counteract the negative consequences of climate change. The positive effects
of irrigation on crop productivity during drought are well known, but there
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are also constraints on the use of irrigation due to water saving restrictions,
and high costs make the willingness to invest low (Grusson et al. 2021).

5.3 Soil properties regulate drought impacts

At the county level, the results showed higher spring cereal yield losses
in counties with an average soil texture of sandy loam compared to clay soil
during extremely dry summers (Paper II, Tab. 1). This suggests that a higher
sand content exacerbates drought effects on spring-sown cereal yield losses,
due to the smaller water holding capacity of sandy soils compared to clay
soils (He et al. 2014; Yu et al. 2023). The amount of plant available water
also depends on the depth of the root system. Deeper root systems of barley
and oat have been found on clay compared to sandy soils (Wiklert 1961),
which reduces the risk of drought stress. On the farmers’ fields analysed in
Paper 111, the fields with higher plant available water capacity were shown
to support a higher winter wheat growth rate during the dry year 2018 (Tab.
2). This suggests that soils with higher available water capacity can sustain
a faster crop growth under drought stress, aligning with previous research
which has shown the importance of soil water holding capacity in mitigating
drought effects on crops (Wang et al. 2009; Huang et al. 2020).

5.4 Agricultural management practices can improve soil
health

Agricultural management practices can influence soil health, which in turn
affects crop productivity and cropping system sustainability. However, none
of the management practices assessed at the farmers’ fields was directly
shown to influence the plant available water capacity which was shown to be
important in mitigating drought impacts. This shows the difficulties in stating
that certain management practices will increase plant available water
capacity, however, enhanced water retention and water movement in the soil
could also be affected indirectly by for instance an improved soil structure.
According to my results, there was a positive effect of lower soil disturbance
on increased wet aggregate stability and increased soil organic matter
content. A high wet aggregate stability implies better soil structural stability,
enhanced water and nutrient movements (Mikha et al. 2021), and increased
soil organic matter content has been shown to favour soil health by
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preserving soil moisture, increasing soil structure stability, favouring
biological activity and nutrient storage and turnover (Carter 2002; Fageria
2012). In addition, the results showed that a higher relative yield was related
to a higher wet aggregate stability, higher soil organic matter content and
lower bulk density in the “good” fields. This is probably also due to some
indirect effects such as enhanced root growth as a result of improved soil
structure, water retention, aeration and nutrient availability.

Overall for all fields, my results showed that increased crop diversity and
the inclusion of ley in the crop rotations were associated with higher basal
respiration in the soil (Tab. 2 and Fig. 11). Leys include higher species
diversity and richness, and often result in higher soil carbon and nitrogen
availability for microorganisms (Cong et al. 2014). Soil microorganisms
have been shown to play a crucial role in many processes and functions in
the soil, such as assisting plants in pathogen resistance (Wei et al. 2024),
nutrient cycling and breaking down organic matter (Wang et al. 2024; Alori
et al. 2024). The use of organic fertilizers also contributes to the addition of
carbon to the soil, providing additional resources that can be used by
microorganisms (Lazcano et al. 2021). This probably influenced the positive
relationship I found between the number of years with organic fertilizer use
and basal respiration (Tab. 2). Perennial crops, such as leys, also decrease
soil disturbance, supporting soil organic matter accumulation and
microorganisms in the soil (Means et al. 2022). This likely explains parts of
the findings of higher basal respiration and greater soil organic matter
content in fields with lower soil disturbance.

Basal respiration was also negatively influenced by fungicides (Fig. 12).
This corresponds to earlier studies which found a negative impact of
fungicides on microbial activity (Chen et al. 2001; Ba¢maga et al. 2016;
Karpun et al. 2021), as fungicides can have toxic effects on non-targeted
organisms. With increased temperatures and precipitation in the future, pests
and diseases are projected to increase. Today, Sweden uses relatively low
levels of pesticides compared to the global level, mainly due to its cold
winters (Roos et al. 2011; FAO 2022), but the negative impact of fungicides
on microorganisms shows that the expected increase in pesticide use to
manage these new challenges could result in a negative impact on soil health.

Overall my findings show that agricultural management practices can
improve certain soil health indicators. I found that lower tillage intensity was
related to a higher wet aggregate stability and higher soil organic matter
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content, and that basal respiration was related to all management practices
assessed. The relationships between a higher relative yield to higher wet
aggregate stability, higher soil organic matter content and lower bulk density
also show the importance of soil health for crop productivity.

Increased intensification of agriculture has in many countries led to soil
degradation (FAO and ITPS 2015; Kopittke et al. 2019). In Sweden, there is
a relatively small proportion of land affected by soil degradation (Pravilie et
al. 2024), with a higher amount of degraded soils in the southern part
(Gianoli et al. 2023) likely due to the more intensive crop production
compared to the north. As climate change will potentially lead to more
intensive crop production moving northwards, it will be crucial to use
agricultural practices that do not degrade Swedish soils, but instead aim to
maintain or enhance soil health.

5.5 Strengths and limitations of national and large
datasets versus landscape studies and smaller
datasets

In this thesis, various types of data were used, covering both small and large
datasets, and different spatiotemporal scales. Crop yields, harvested areas,
and weather data were obtained at the county level from public databases for
the whole of Sweden spanning over six decades. At a smaller spatial scale, |
collected soil samples, agricultural management information and obtained
satellite images on 67 fields belonging to commercial farmers. Conducting
analyses using large or small datasets and at larger or smaller spatial scales
has different advantages and disadvantages (Flather et al. 1997; Wilbanks
and Kates 1999; Levin et al. 2016). Large datasets are important for
identifying long term trends and spatial patterns. Information about long term
trends is important for anticipating future directions and providing support
for decisions and policy making (Wilbanks and Kates 1999). A large amount
of data also enhances the statistical power, enabling more robust analyses in
comparison to small datasets (Kaplan et al. 2014; Columb and Atkinson
2016).

In on-farm studies, it is common to collect the data oneself through soil
and crop samples and interviews, which often results in limited and smaller
amounts of data. However, collecting the data oneself can result in a deeper
understanding of the context and the underlying factors influencing the
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results. For example, in my thesis, two of the fields cultivated with winter
wheat in 2021 had a high peak GLAI but very low yield compared to the
other winter wheat fields. Because I visited the fields during the soil
sampling in 2021, [ was aware that those two fields had a significant amount
of weeds, which affected the GLAI estimations. This background knowledge
enabled me to understand the outlier result and I could therefore exclude
those fields from the analysis presented in Fig. 10.

However, when collecting the data oneself, the data are often more
geographically limited and it is more difficult to capture long-term trends.
Data gathered by someone else, for example public sector records or
published sources, are therefore useful for covering larger areas and
timespans, even though the data may contain fewer details (Taherdoost
2021). However, large scale data often cannot capture the local variations.
For example, data at the national level will miss the regional differences
within a country (Vermeulen et al. 2012) as illustrated in my Paper I. In this
paper, I found no significant change in CDI over time at the national level in
Sweden, but I identified different temporal patterns between counties.
County level analyses can help develop more tailored policies and climate
change adaptation strategies for specific counties.

Using data covering different scales to assess similar questions could give
different insights and increase the overall robustness of the findings. In my
thesis, similar findings were found at different scales. For example, the
importance of soil moisture availability for mitigating yield losses during
summer droughts was indicated by the higher spring-sown cereal yield losses
in counties with sandy loam soils compared to clay soils (Fig. 9), and this
was also confirmed by the positive impact of plant available water capacity
on winter wheat growth assessed on farmers’ fields (Tab. 1). In addition, the
negative impact of drought on crops was shown by yield losses for winter-
sown crops during summer drought in southern Sweden (Fig. 8), and at a
more detailed level, by the lower winter wheat growth rate and peak GLAI
during a dry summer (Fig. 9).
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6. Conclusions and future perspective

The overall aim of this thesis was to evaluate the potential of agricultural
management practices to alleviate extreme weather impacts on Swedish crop
production. This was done through the analysis of historical data to assess
the future potential of crop productivity and crop diversity across Sweden in
the context of climate change. It was also done from analyses of the impact
of agricultural management practices for improved soil health and in turn
crop yield, and the importance of soil properties in mitigating drought
impacts on crop development.

Despite trends of stagnated or declining crop yields in many countries,
the results revealed that cereal yields in southern Sweden have been
continuously increasing since the 1960s, indicating a potential for increased
crop productivity in the future. In the north, the results revealed that the cold
climatic conditions currently limit crop production, but there is potential to
increase crop diversity and yields with the projected warmer temperatures
and longer growing periods in the future. The differences in crop diversity
trends between counties, and the different temporal development of cereal
yields in different parts of Sweden, highlight the influence of not only
climatic but also socioeconomic factors. Socioeconomic factors are therefore
crucial to take into consideration and adapt as needed to achieve the full
potential of diversified cropping systems and increased crop productivity in
the future. Future research should further investigate which socioeconomic
factors are limiting increases in crop yields, and which factors need to change
to enable a sustainable crop production in the future.

In this thesis, I demonstrated that climate change presents both
opportunities and challenges for Swedish crop production. While northern
regions may benefit from warmer temperatures, they will continue to face
challenges related to excess water on crop productivity. The southern regions
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were shown more vulnerable to drought, and higher temperatures will pose
increased challenges. The findings also revealed differences in the sensibility
to extreme weather events between crop types, where spring-sown crops
were more negatively affected by extreme weather compared to autumn-
sown crops. The different impacts between regions and crops suggest that
targeted site and crop adaptation strategies to climate change will be needed
in the future. However, this study did not explore differences between crop
varieties. Therefore, future research could identify waterlogging-resistant
varieties, especially for the north, and drought-resistant varieties, especially
for southern Sweden, to alleviate extreme weather impacts.

A healthy soil is important for mitigating the negative effects of extreme
weather. The results showed the importance of higher plant available water
capacity in mitigating drought impacts, both because winter wheat grew
better in fields with higher plant available water capacity during drought, and
because yield losses in dry summers for spring—sown cereals were higher in
counties with more sandy soils compared to clay soils. However, none of the
agricultural management practices were shown to directly impact the plant
available water capacity, and here further assessments have to be conducted
to understand the agricultural management practices most important to
reduce yield losses during drought. Nevertheless, lower tillage intensity was
related to a higher wet aggregate stability and higher soil organic matter
content which indirect can favour water retention in the soil. Basal
respiration was also shown related to all management practices, but further
research is needed to fully understand the implication of the changes in basal
respiration.

In the farmer identified “good” field, a higher relative yield was related
to a higher soil organic matter content, a higher wet aggregate stability, and
a lower bulk density. These relationships are probably also due to the indirect
effects by enhanced root growth, water retention, aeration and nutrient
availability from higher wet aggregate stability, higher soil organic matter
content and lower bulk density. This shows the importance of soil health for
improved crop yield.

In conclusion, this thesis highlights the importance of certain soil
properties in enhancing drought resilience and increasing crop yields. The
findings emphasize the necessity of adapted agricultural management
practices, which may need to be adjusted based on crop type and site
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conditions, to better mitigate the effects of extreme weather on future crop
production in Sweden.

53






References

Adla K, Dejan K, Neira D, Dragana S. 2022. Chapter 9 - Degradation of ecosystems
and loss of ecosystem services. In: Prata JC, Ribeiro Al, Rocha-Santos T, editors.
One Health, Academic Press; p. 281-327. https://doi.org/10.1016/B978-0-12-
822794-7.00008-3

Aktar MdW, Sengupta D, Chowdhury A. 2009. Impact of pesticides use in
agriculture: their benefits and hazards. Interdiscip Toxicol. 2(1):1-12.
https://doi.org/10.2478/v10102-009-0001-7

Alori ET, Osemwegie OO, Ibaba AL, Daramola FY, Olaniyan FT, Lewu FB,
Babalola OO. 2024. The Importance of Soil Microorganisms in Regulating Soil
Health. Communications in Soil Science and Plant Analysis. 55(17):2636-2650.
https://doi.org/10.1080/00103624.2024.2367246

Ba¢maga M, Wyszkowska J, Kucharski J. 2016. The effect of the Falcon 460 EC
fungicide on soil microbial communities, enzyme activities and plant growth.
Ecotoxicology. 25(8):1575-1587. https://doi.org/10.1007/s10646-016-1713-z

Balota EL, Calegari A, Nakatani AS, Coyne MS. 2014. Benefits of winter cover
crops and no-tillage for microbial parameters in a Brazilian Oxisol: A long-term
study. Agriculture, Ecosystems & Environment. 197:31-40.
https://doi.org/10.1016/j.agee.2014.07.010

Barlow KM, Christy BP, O’Leary GJ, Riffkin PA, Nuttall JG. 2015. Simulating the
impact of extreme heat and frost events on wheat crop production: A review. Field
Crops Research. 171:109—119. https://doi.org/10.1016/j.fcr.2014.11.010

Baweja P, Kumar S, Kumar G. 2020. Fertilizers and Pesticides: Their Impact on Soil
Health and Environment. In: Giri B, Varma A, editors. Soil Health [Internet]. Cham:
Springer International Publishing; [accessed 2024 Aug 1]; p. 265-285.
https://doi.org/10.1007/978-3-030-44364-1 15

Blomqvist L, Yates L, Brook BW. 2020. Drivers of increasing global crop

production: A decomposition analysis. Environ Res Lett. 15(9):0940b6.
https://doi.org/10.1088/1748-9326/ab9e9¢

55



Bodner G, Nakhforoosh A, Kaul H-P. 2015. Management of crop water under
drought: a review. Agron Sustain Dev. 35(2):401-442.
https://doi.org/10.1007/s13593-015-0283-4

Brisson N, Gate P, Gouache D, Charmet G, Oury F-X, Huard F. 2010. Why are
wheat yields stagnating in Europe? A comprehensive data analysis for France. Field
Crops Research. 119(1):201-212. https://doi.org/10.1016/j.fcr.2010.07.012

Bronick CJ, Lal R. 2005. Soil structure and management: a review. Geoderma.
124(1):3-22. https://doi.org/10.1016/j.geoderma.2004.03.005

Brunelle T, Chakir R, Carpentier A, Dorin B, Goll D, Guilpart N, Maggi F,
Makowski D, Nesme T, Roosen J, Tang FHM. 2024. Reducing chemical inputs in
agriculture requires a system change. Commun Earth Environ. 5(1):1-9.
https://doi.org/10.1038/s43247-024-01533-1

Carter MR. 2002. Soil Quality for Sustainable Land Management. Agronomy
Journal. 94(1):38-47. https://doi.org/10.2134/agronj2002.3800

Chen S-K, Edwards CA, Subler S. 2001. Effects of the fungicides benomyl, captan
and chlorothalonil on soil microbial activity and nitrogen dynamics in laboratory
incubations. Soil Biology  and Biochemistry. 33(14):1971-1980.
https://doi.org/10.1016/S0038-0717(01)00131-6

Cohen I, Zandalinas SI, Huck C, Fritschi FB, Mittler R. 2021. Meta-analysis of
drought and heat stress combination impact on crop yield and yield components.
Physiologia Plantarum. 171(1):66-76. https://doi.org/10.1111/ppl.13203

Columb M, Atkinson M. 2016. Statistical analysis: sample size and power
estimations. BJA Education. 16(5):159-161. https://doi.org/10.1093/bjaed/mkv034

Cong W-F, van Ruijven J, Mommer L, De Deyn GB, Berendse F, Hoffland E. 2014.
Plant species richness promotes soil carbon and nitrogen stocks in grasslands without
legumes. Journal of Ecology. 102(5):1163—1170. https://doi.org/10.1111/1365-
2745.12280

Daryanto S, Wang L, Jacinthe P-A. 2017. Global synthesis of drought effects on
cereal, legume, tuber and root crops production: A review. Agricultural Water
Management. 179:18-33. https://doi.org/10.1016/j.agwat.2016.04.022

Das S, Liptzin D, Maharjan B. 2023. Long-term manure application improves soil
health and stabilizes carbon in continuous maize production system. Geoderma.
430:116338. https://doi.org/10.1016/j.geoderma.2023.116338

56



Daverkosen L, Holzknecht A, Friedel JK, Keller T, Strobel BW, Wendeberg A,
Jordan S. 2022. The potential of regenerative agriculture to improve soil health on
Gotland, Sweden. Journal of Plant Nutrition and Soil Science. 185(6):901-914.
https://doi.org/10.1002/jpln.202200200

De Martonne E. 1926. L’indice d’aridité. Bulletin de I’ Association de Géographes
Francais. 3(9):3-5. https://doi.org/10.3406/bagf.1926.6321

Dickin E, Wright D. 2008. The effects of winter waterlogging and summer drought
on the growth and yield of winter wheat (7riticum aestivum L.). European Journal
of Agronomy. 28(3):234-244. https://doi.org/10.1016/j.€ja.2007.07.010

Dietz K-J, Zérb C, Geilfus C-M. 2021. Drought and crop yield. Plant Biology.
23(6):881-893. https://doi.org/10.1111/plb.13304

van Dijk M, Morley T, Rau ML, Saghai Y. 2021. A meta-analysis of projected global
food demand and population at risk of hunger for the period 2010-2050. Nat Food.
2(7):494-501. https://doi.org/10.1038/s43016-021-00322-9

Doran JW, Parkin TB. 1994. Defining and Assessing Soil Quality. In: Defining Soil
Quality for a Sustainable Environment: John Wiley & Sons, Ltd; p. 1-21.
https://doi.org/10.2136/sssaspecpub35.cl

Eckersten H, Herrmann A, Kornher A, Halling M, Sindhgj E, Lewan E. 2012.
Predicting silage maize yield and quality in Sweden as influenced by climate change
and variability. Acta Agriculturae Scandinavica, Section B — Soil & Plant Science.
62(2):151-165. https://doi.org/10.1080/09064710.2011.585176

Eckersten H, Kornher A. 2012. Klimatfordndringars effekter pa jordbrukets
véxtproduktion i Sverige — scenarier och berdkningssystem [Internet]. Swedish
University of Agricultural Sciences (SLU) Uppsala: Department of Crop Production
Ecology. ISBN 978-91-576-9067-8

Eklof P. 2014. Marknadsoversikt - Spannmal [Internet]. [place unknown]:
Jordbruksverket. ISSN 1102-3007. ISSN 1102-3007

Fageria NK. 2012. Role of Soil Organic Matter in Maintaining Sustainability of
Cropping Systems. Communications in Soil Science and Plant Analysis.

43(16):2063-2113. https://doi.org/10.1080/00103624.2012.697234

FAO. 2020. Agricultural value chains and social and environmental impacts: Trends,
challenges, and policy options: FAO. https://doi.org/10.4060/cb0715en

FAO. 2022. Pesticides use, pesticides trade and pesticides indicators. Rome, Italy.

57



FAO. 2024. Crops and livestock products [Internet]. [accessed 2024 Jul 11].
https://www.fao.org/faostat/en/#data/QCL

FAO and ITPS. 2015. Status of the World’s Soil Resources: Main Report [Internet].
Rome, Italy; [accessed 2024 Jul 17].
https://openknowledge.fao.org/items/f16010ce-1874-4108-bd03-a6a592e2e53a

Farooq M, Bramley H, Palta JA, Siddique KHM. 2011. Heat Stress in Wheat during
Reproductive and Grain-Filling Phases. Critical Reviews in Plant Sciences.
30(6):491-507. https://doi.org/10.1080/07352689.2011.615687

Finger R. 2010. Evidence of slowing yield growth — The example of Swiss cereal
yields. Food Policy. 35(2):175-182. https://doi.org/10.1016/j.foodpol.2009.11.004

Flather MD, Farkouh ME, Pogue JM, Yusuf S. 1997. Strengths and limitations of
meta-analysis: Larger studies may be more reliable. Controlled Clinical Trials.
18(6):568-579. https://doi.org/10.1016/S0197-2456(97)00024-X

Franke JA, Miiller C, Minoli S, Elliott J, Folberth C, Gardner C, Hank T, Izaurralde
RC, Jagermeyr J, Jones CD, et al. 2022. Agricultural breadbaskets shift poleward
given adaptive farmer behavior under climate change. Global Change Biology.
28(1):167—181. https://doi.org/10.1111/gcb.15868

Frison EA, Cherfas J, Hodgkin T. 2011. Agricultural Biodiversity Is Essential for a
Sustainable Improvement in Food and Nutrition Security. Sustainability. 3(1):238—
253. https://doi.org/10.3390/5u3010238

Gerber JS, Ray DK, Makowski D, Butler EE, Mueller ND, West PC, Johnson JA,
Polasky S, Samberg LH, Siebert S, Sloat L. 2024. Global spatially explicit yield gap
time trends reveal regions at risk of future crop yield stagnation. Nat Food. 5(2):125—
135. https://doi.org/10.1038/s43016-023-00913-8

Gianoli F, Weynants M, Cherlet M. 2023. Land degradation in the European
Union—Where does the evidence converge? Land Degradation & Development.
34(8):2256-2275. https://doi.org/10.1002/1dr.4606

Graf LV, Merz QN, Walter A, Aasen H. 2023. Insights from field phenotyping
improve satellite remote sensing based in-season estimation of winter wheat growth
and  phenology. Remote  Sensing of  Environment.  299:113860.
https://doi.org/10.1016/j.rse.2023.113860

Graf LV, Perich G, Aasen H. 2022. EOA-team/eodal notebooks: EOdal Notebooks

(Graf et al., 2022) [Internet]. [accessed 2023 Jul 20].
https://doi.org/10.5281/ZENODO.7278252

58



Grusson Y. Wesstrom I. Joel A. 2021. Impact of climate change on Swedish
agriculture: Growing season rain deficit and irrigation need. Agricultural Water
Management. 251:106858. https://doi.org/10.1016/j.agwat.2021.106858

Hatfield JL, Boote KJ, Kimball BA, Ziska LH, Izaurralde RC, Ort D, Thomson AM,
Wolfe D. 2011. Climate Impacts on Agriculture: Implications for Crop Production.
Agronomy Journal. 103(2):351-370. https://doi.org/10.2134/agronj2010.0303

Hatfield JL, Prueger JH. 2015. Temperature extremes: Effect on plant growth and
development. Weather and Climate Extremes. 10:4-10.
https://doi.org/10.1016/j.wace.2015.08.001

HeJ, ShiY, Zhao J, Yu Z, He J, Shi Y, Zhao J, Yu Z. 2020. Strip rotary tillage with
subsoiling increases winter wheat yield by alleviating leaf senescence and increasing
grain filling. Crop Journal. 8(2):327-340.

He M, Dijkstra FA. 2014. Drought effect on plant nitrogen and phosphorus: a meta-
analysis. New Phytologist. 204(4):924-931. https://doi.org/10.1111/nph.12952

He Y, Hou L, Wang H, Hu K, McConkey B. 2014. A modelling approach to evaluate
the long-term effect of soil texture on spring wheat productivity under a rain-fed
condition. Sci Rep. 4(1):5736. https://doi.org/10.1038/srep05736

Heino M, Kinnunen P, Anderson W, Ray DK, Puma MJ, Varis O, Siebert S, Kummu
M. 2023. Increased probability of hot and dry weather extremes during the growing
season threatens global  crop  yields. Sci Rep. 13(1):3583.
https://doi.org/10.1038/s41598-023-29378-2

Huang Z, Liu Y, Tian F-P, Wu G-L. 2020. Soil water availability threshold indicator
was determined by using plant physiological responses under drought conditions.
Ecological Indicators. 118:106740. https://doi.org/10.1016/j.ecolind.2020.106740

Ickowitz A, Powell B, Rowland D, Jones A, Sunderland T. 2019. Agricultural
intensification, dietary diversity, and markets in the global food security narrative.
Global Food Security. 20:9-16. https://doi.org/10.1016/j.gfs.2018.11.002

lizumi T, Sakai T, Masaki Y, Oyoshi K, Takimoto T, Shiogama H, Imada Y,
Makowski D. 2024. Management and climate effects to global changes in crop yield
stability. https://doi.org/10.21203/rs.3.rs-3895355/v1

IPCC. 2022. Climate Change 2022: Impacts, Adaptation and Vulnerability Working

Group II Contribution to the Sixth Assessment Report of the Intergovernmental
Panel on Climate Change. https://doi.org/10.1017/9781009325844

59



Jordbruksverket. 2021. Exploatering av jordbruksmark 2016-2020.

Kaplan RM, Chambers DA, Glasgow RE. 2014. Big Data and Large Sample Size:
A Cautionary Note on the Potential for Bias. Clin Transl Sci. 7(4):342-346.
https://doi.org/10.1111/cts. 12178

Karpun NN, Yanushevskaya EB, Mikhailova YV, Diaz-Torrijo J, Krutyakov YA,
Gusev AA, Neaman A. 2021. Side effects of traditional pesticides on soil microbial
respiration in orchards on the Russian Black Sea coast. Chemosphere. 275:130040.
https://doi.org/10.1016/j.chemosphere.2021.130040

Kaur G, Singh G, Motavalli PP, Nelson KA, Orlowski JM, Golden BR. 2020.
Impacts and management strategies for crop production in waterlogged or flooded
soils: A review. Agronomy Journal. 112(3):1475-1501.
https://doi.org/10.1002/agj2.20093

King M, Altdorff D, Li P, Galagedara L, Holden J, Unc A. 2018. Northward shift of
the agricultural climate zone under 21st-century global climate change. Sci Rep.
8(1):7904. https://doi.org/10.1038/s41598-018-26321-8

Knutson CL, Haigh T, Hayes MJ, Widhalm M, Nothwehr J, Kleinschmidt M, Graf
L. 2011. Farmer perceptions of sustainable agriculture practices and drought risk
reduction in Nebraska, USA. Renew Agric Food Syst. 26(3):255-266.
https://doi.org/10.1017/S174217051100010X

Komatsuzaki M, Ohta H. 2007. Soil management practices for sustainable agro-
ecosystems. Sustain Sci. 2(1):103—-120. https://doi.org/10.1007/s11625-006-0014-5

Kopittke PM, Menzies NW, Wang P, McKenna BA, Lombi E. 2019. Soil and the
intensification of agriculture for global food security. Environment International.
132:105078. https://doi.org/10.1016/j.envint.2019.105078

Kristensen K, Schelde K, Olesen JE. 2011. Winter wheat yield response to climate
variability in Denmark. J Agric Sci. 149(1):33-47.
https://doi.org/10.1017/S0021859610000675

Lambert M-J, Traoré PCS, Blaes X, Baret P, Defourny P. 2018. Estimating
smallholder crops production at village level from Sentinel-2 time series in Mali’s

cotton belt. Remote Sensing of  Environment. 216:647-657.
https://doi.org/10.1016/j.rse.2018.06.036

Lazcano C, Zhu-Barker X, Decock C. 2021. Effects of Organic Fertilizers on the

Soil Microorganisms Responsible for N2O Emissions: A Review. Microorganisms.
9(5):983. https://doi.org/10.3390/microorganisms9050983

60



Le THL, Kristiansen P, Vo B, Moss J, Welch M. 2024. Understanding factors
influencing farmers’ crop choice and agricultural transformation in the Upper
Vietnamese Mekong Delta. Agricultural Systems. 216:103899.
https://doi.org/10.1016/j.agsy.2024.103899

Leipner J, Stamp P. 2009. Chilling Stress in Maize Seedlings. In: Bennetzen JL,
Hake SC, editors. Handbook of Maize: Its Biology. New York, NY: Springer; p.
291-310. https://doi.org/10.1007/978-0-387-79418-1 15

Levin N, Crandall D, Kark S. 2016. Scale matters: differences between local,
regional, and global analyses. Ecological Applications. 26(7):2359-2362.
https://doi.org/10.1002/eap.1397

Li X, Qiao L, Huang Y, Li D, Xu M, Ge T, Meersmans J, Zhang W. 2023. Manuring
improves soil health by sustaining multifunction at relatively high levels in
subtropical area. Agriculture, Ecosystems & Environment. 353:108539.
https://doi.org/10.1016/j.agee.2023.108539

Lipiec J, Doussan C, Nosalewicz A, Kondracka K. 2013. Effect of drought and heat
stresses on plant growth and yield: a review. International Agrophysics. 27:463—477.
https://doi.org/10.2478/intag-2013-0017

Luo Q. 2011. Temperature thresholds and crop production: a review. Climatic
Change. 109(3):583—598. https://doi.org/10.1007/s10584-011-0028-6

Matson PA. 1997. Agricultural Intensification and Ecosystem Properties. Science.
277(5325):504-509. https://doi.org/10.1126/science.277.5325.504

Means M, Crews T, Souza L. 2022. Annual and perennial crop composition impacts
on soil carbon and nitrogen dynamics at two different depths. Renewable Agriculture
and Food Systems. 37(5):437—444. https://doi.org/10.1017/S1742170522000084

Mikha MM, Jin VL, Johnson JMF, Lehman RM, Karlen DL, Jabro JD. 2021. Land
management effects on wet aggregate stability and carbon content. Soil Science
Society of America Journal. 85(6):2149-2168. https://doi.org/10.1002/saj2.20333

Miljodata-MVM. 2020. Swedish University of Agricultural Sciences (SLU).
National data host lakes and watercourses, and national data host agricultural land
[Internet]. [accessed 2020 Nov 13]. https://miljodata.slu.se/mvm/

Mitchell JP, Shrestha A, Mathesius K, Scow KM, Southard RJ, Haney RL, Schmidt
R, Munk DS, Horwath WR. 2017. Cover cropping and no-tillage improve soil health
in an arid irrigated cropping system in California’s San Joaquin Valley, USA. Soil
and Tillage Research. 165:325-335. https://doi.org/10.1016/j.stil1.2016.09.001

61



Mobilian C, Craft CB. 2022. Wetland Soils: Physical and Chemical Properties and
Biogeochemical Processes. In: Mehner T, Tockner K, editors. Encyclopedia of
Inland  Waters (Second Edition). Oxford: Elsevier; p. 157-168.
https://doi.org/10.1016/B978-0-12-819166-8.00049-9

Moebius-Clune BN, Moebius-Clune DJ, Gugino BK, Idowu OJ, Schindelbeck RR,
Ristow AJ, Es HM van, Thies JE, Shayler HA, McBride, MB, et al. 2016.
Comprehensive Assessment of Soil Health. 3rd ed. New York: Cornell University.

Morel J, 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.
https://www.frontiersin.org/articles/10.3389/fsufs.2021.665025

Ness B, Brogaard S. 2008. GIS proximity analysis and environmental assessment of
sugar beet transport in  Scania, Sweden. Area. 40(4):459-471.
https://doi.org/10.1111/j.1475-4762.2008.00838.x

Nordgren A. 1988. Apparatus for the continuous, long-term monitoring of soil
respiration rate in large numbers of samples. Soil Biology and Biochemistry.
20(6):955-957. https://doi.org/10.1016/0038-0717(88)90110-1

Nunes MR, van Es HM, Schindelbeck R, Ristow AJ, Ryan M. 2018. No-till and
cropping system diversification improve soil health and crop yield. Geoderma.
328:30-43. https://doi.org/10.1016/j.geoderma.2018.04.031

Olesen JE, Trnka M, Kersebaum KC, Skjelvdg AO, Seguin B, Peltonen-Sainio P,
Rossi F, Kozyra J, Micale F. 2011. Impacts and adaptation of European crop
production systems to climate change. European Journal of Agronomy. 34(2):96—
112. https://doi.org/10.1016/j.eja.2010.11.003

Peltonen-Sainio P, Jauhiainen L. 2014. Lessons from the past in weather variability:
sowing to ripening dynamics and yield penalties for northern agriculture from 1970
to 2012. Reg Environ Change. 14(4):1505-1516. https://doi.org/10.1007/s10113-
014-0594-z

Peltonen-Sainio P, Jauhiainen L, Laurila IP. 2009. Cereal yield trends in northern
European conditions: Changes in yield potential and its realisation. Field Crops

Research. 110(1):85-90. https://doi.org/10.1016/j.fcr.2008.07.007

Pingali PL. 2012. Green Revolution: Impacts, limits, and the path ahead. Proc Natl
Acad Sci USA. 109(31):12302—-12308. https://doi.org/10.1073/pnas.0912953109

62



Pinstrup-Andersen P, Hazell PBR. 1985. The impact of the green revolution and
prospects for the future. Food Reviews International.  1(1):1-25.
https://doi.org/10.1080/87559128509540765

Pradhan GP, Prasad PVV, Fritz AK, Kirkham MB, Gill BS. 2012. Effects of drought
and high temperature stress on synthetic hexaploid wheat. Functional Plant Biol.
39(3):190-198. https://doi.org/10.1071/FP11245

Pravilie R, Borrelli P, Panagos P, Ballabio C, Lugato E, Chappell A, Miguez-Macho
G, Maggi F, Peng J, Niculitd M, et al. 2024. A unifying modelling of multiple land
degradation  pathways in Europe. Nat Commun. 15(1):3862.
https://doi.org/10.1038/s41467-024-48252-x

R Core Team. 2023. R: The R Project for Statistical Computing. R Foundation for
Statistical Computing. Vienna, Austria. [Internet]. [accessed 2023 Apr 6].
https://www.r-project.org/

Ray DK, Ramankutty N, Mueller ND, West PC, Foley JA. 2012. Recent patterns of
crop yield growth and  stagnation. Nat  Commun.  3(1):1293.
https://doi.org/10.1038/ncomms2296

Renard D, Mahaut L, Noack F. 2023. Crop diversity buffers the impact of droughts
and high temperatures on food production. Environ Res Lett. 18(4):045002.
https://doi.org/10.1088/1748-9326/acc2d6

Roos J, Hopkins R, Kvarnheden A, Dixelius C. 2011. The impact of global warming
on plant diseases and insect vectors in Sweden. Eur J Plant Pathol. 129(1):9-19.
https://doi.org/10.1007/s10658-010-9692-z

Russo S, Sillmann J, Fischer EM. 2015. Top ten European heatwaves since 1950 and
their occurrence in the coming decades. Environ Res Lett. 10(12):124003.
https://doi.org/10.1088/1748-9326/10/12/124003

Santini M, Noce S, Antonelli M, Caporaso L. 2022. Complex drought patterns
robustly explain global yield loss for major crops. Sci Rep. 12:5792.
https://doi.org/10.1038/s41598-022-09611-0

SCB. 2018. Production of cereal crops, dried pulses and oilseed crops in 2018.
Statistiska meddelanden. JO 19 SM 1801.

SCB. 2024. Statistikdatabasen [Internet]. [accessed 2024 Jun 11].
https://www.statistikdatabasen.scb.se/pxweb/sv/ssd/

63



Schaak H, Bommarco R, Hansson H, Kuns B, Nilsson P. 2023. Long-term trends in
functional crop diversity across Swedish farms. Agriculture, Ecosystems &
Environment. 343:108269. https://doi.org/10.1016/j.agee.2022.108269

Shah F, Coulter JA, Ye C, Wu W. 2020. Yield penalty due to delayed sowing of
winter wheat and the mitigatory role of increased seeding rate. European Journal of
Agronomy. 119:126120. https://doi.org/10.1016/j.ja.2020.126120

SMHI. 2019a. Sveriges vattentillgdng utifran perspektivet vattenbrist och torka —
Delrapport 1 i regeringsuppdrag om éatgérder for att motverka vattenbrist i
ytvattentdkter. Hydrologi, No. 120, ISSN: 0283-7722.

SMHI. 2019b. Climate extremes for Sweden [Internet]. [accessed 2024 Jul 9].
https://doi.org/10.17200/Climate_Extremes_Sweden

SMHI. 2022. Normalperioden 1991-2020 [Internet]. [accessed 2024 Aug 8].
https://www.smhi.se/kunskapsbanken/klimat/normaler/normalperioden-1991-2020-
1.166930

SMHI. 2023a. Sveriges klimat [Internet]. [accessed 2024 Jul 18].
https://www.smhi.se/kunskapsbanken/klimat/sveriges-klimat

SMHI. 2023b. Nedladdning av griddad nederbord- och temperaturdata (PTHBV)
[Internet]. [accessed 2023 Mar 8]. https://www.smhi.se/data/ladda-ner-
data/griddade-nederbord-och-temperaturdata-pthbv

SMHI. 2024a. Fordjupad klimatscenariotjénst [Internet]. [accessed 2024 Aug 30].
https://www.smhi.se/klimat/framtidens-klimat/fordjupade-
klimatscenarier/met/sverige/medeltemperatur/rcp45/2041-2070/year/anom

SMHI. 2024b. Ladda ner meteorologiska observationer [Internet]. [accessed 2024
Jun 11]. https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-
observationer#param=airtemperaturelnstant,stations=core

Smith P, Keesstra SD, Silver WL, Adhya TK. 2021. The role of soils in delivering
Nature’s Contributions to People. Philosophical Transactions of the Royal Society
B: Biological Sciences. 376(1834):20200169.
https://doi.org/10.1098/rstb.2020.0169

Stagnari F, Ramazzotti S, Pisante M. 2010. Conservation Agriculture: A Different
Approach for Crop Production Through Sustainable Soil and Water Management: A
Review. In: Lichtfouse E, editor. Organic Farming, Pest Control and Remediation
of Soil Pollutants: Organic farming, pest control and remediation of soil pollutants

64



[Internet]. Dordrecht: Springer Netherlands; [accessed 2024 Jul 11]; p. 55-83.
https://doi.org/10.1007/978-1-4020-9654-9 5

Stockdale E a., Shepherd M a., Fortune S, Cuttle S p. 2002. Soil fertility in organic
farming systems — fundamentally different? Soil Use and Management. 18(s1):301—
308. https://doi.org/10.1111/j.1475-2743.2002.tb00272.x

Swedbank, Ludvig & Co, Sparbankerna. 2023. Lantbruksbarometern 2023
[Internet]. https://ludvig.se/rapport-kategorier/lantbruk/

Taherdoost H. 2021. Data Collection Methods and Tools for Research; A Step-by-
Step Guide to Choose Data Collection Technique for Academic and Business
Research Projects.

Thorup-Kristensen K, Salmerén Cortasa M, Loges R. 2009. Winter wheat roots grow
twice as deep as spring wheat roots, is this important for N uptake and N leaching
losses? Plant Soil. 322(1):101-114. https://doi.org/10.1007/s11104-009-9898-z

Uleberg E, Hanssen-Bauer I, van Oort B, Dalmannsdottir S. 2014. Impact of climate
change on agriculture in Northern Norway and potential strategies for adaptation.
Climatic Change. 122(1):27-39. https://doi.org/10.1007/s10584-013-0983-1

USDA-NRCS. 2007. The Soil Tillage Intensity Rating (STIR). Idaho.

Vermeulen SJ, Aggarwal PK, Ainslie A, Angelone C, Campbell BM, Challinor AJ,
Hansen J, Ingram JSI, Jarvis A, Kristjanson PM, et al. 2012. Options for support to
agriculture and food security under climate change.

Vicente Serrano SM, Begueria S, Lopez-Moreno JI. 2010. A multi-scalar drought
index sensitive to global warming: the standardized precipitation evapotranspiration
index — SPEI [Internet]. https://doi.org/10.1175/2009JCLI2909.1

Volsi B, Higashi GE, Bordin I, Telles TS. 2022. The diversification of species in
crop rotation increases the profitability of grain production systems. Sci Rep.
12(1):19849. https://doi.org/10.1038/s41598-022-23718-4

Wang E, Cresswell H, Xu J, Jiang Q. 2009. Capacity of soils to buffer impact of
climate variability and value of seasonal forecasts. Agricultural and Forest
Meteorology. 149(1):38-50. https://doi.org/10.1016/j.agrformet.2008.07.001

Wang X, Chi Y, Song S. 2024. Important soil microbiota’s effects on plants and

soils: a comprehensive 30-year systematic literature review. Front Microbiol.
15:1347745. https://doi.org/10.3389/fmicb.2024.1347745

65



Wei X, Xie B, Wan C, Song R, Zhong W, Xin S, Song K. 2024. Enhancing Soil
Health and Plant Growth through Microbial Fertilizers: Mechanisms, Benefits, and
Sustainable Agricultural Practices. Agronomy. 14(3):609.
https://doi.org/10.3390/agronomy14030609

Wiklert P. 1961. Om sambandet mellan markstruktur, rotutveckling och
upptorkningsforlopp. Grundforbattring. 14(4):221-239.

Wilbanks TJ, Kates RW. 1999. Global Change in Local Places: How Scale Matters.
Climatic Change. 43(3):601-628. https://doi.org/10.1023/A:1005418924748

Williams H, Colombi T, Keller T. 2020. The influence of soil management on soil
health: An on-farm study in southern Sweden. Geoderma. 360:114010.
https://doi.org/10.1016/j.geoderma.2019.114010

Wiréhn L. 2018. Nordic agriculture under climate change: A systematic review of
challenges, opportunities and adaptation strategies for crop production. Land Use
Policy. 77:63—-74. https://doi.org/10.1016/j.1andusepol.2018.04.059

Wivstad M. 2010. Klimatféréndringarna : — en utmaning for jordbruket och Giftfri
miljo [Internet]. Sundbyberg; [accessed 2023 Feb 21].
http://urn.kb.se/resolve?urn=urn:nbn:se:naturvardsverket:diva-1566

Wulanningtyas HS, Gong Y, Li P, Sakagami N, Nishiwaki J, Komatsuzaki M. 2021.
A cover crop and no-tillage system for enhancing soil health by increasing soil
organic matter in soybean cultivation. Soil and Tillage Research. 205:104749.
https://doi.org/10.1016/j.stil1.2020.104749

Yamamoto S, Hashimoto N, Homma K. 2023. Evaluation of LAI Dynamics by
Using Plant Canopy Analyzer and Its Relationship to Yield Variation of Soybean in
Farmer Field. Agriculture. 13(3):609. https://doi.org/10.3390/agriculture 13030609

Yu M, Zhang J, Wei L, Wang G, Dong W, Liu X. 2023. Impact of soil textures on
agricultural drought evolution and field capacity estimation in humid regions.
Journal of Hydrology. 626:130257. https://doi.org/10.1016/j.jhydrol.2023.130257

Zabala JA, Martinez-Garcia V, Martinez-Paz JM, Lopez-Becerra EI, Nasso M, Diaz-
Pereira E, Sanchez-Navarro V, Alvaro-Fuentes J, Gonzalez-Rosado M, Farina R, et
al. 2023. Crop diversification practices in Europe: an economic cross-case study
comparison. Sustainability Science. 18(6):2691-2706.
https://doi.org/10.1007/S11625-023-01413-1

66



Zampieri M, Ceglar A, Dentener F, Toreti A. 2017. Wheat yield loss attributable to
heat waves, drought and water excess at the global, national and subnational scales.
Environ Res Lett. 12(6):064008. https://doi.org/10.1088/1748-9326/aa723b

Zhao C, Liu B, Piao S, Wang X, Lobell DB, Huang Y, Huang M, Yao Y, Bassu S,
Ciais P, et al. 2017. Temperature increase reduces global yields of major crops in
four independent estimates. Proceedings of the National Academy of Sciences.
114(35):9326-9331. https://doi.org/10.1073/pnas.1701762114

Zuber V, Strimmer K. 2011. High-Dimensional Regression and Variable Selection
Using CAR Scores. Statistical Applications in Genetics and Molecular Biology.
10(1). https://doi.org/10.2202/1544-6115.1730

67






Popular science summary

As the global population continues to grow and income levels rise, the
demand for food is projected to increase in the coming decades. Meeting this
demand presents challenges to agriculture, particularly when considering
additional challenges due to climate change, which has already been shown
to affect crop productivity worldwide. Since the green revolution in the 1950
and 1960s, more intensive agriculture and advancements in technologies and
practices have led to increases in crop yields. However, in recent years, this
increasing trend has slowed down, levelled off, or even turned into a decline
in harvest in some countries, raising concerns about the ability to meet future
food demand.

Climate change plays a key role in challenging future food production.
With climate change, extreme weather events such as droughts, heat and
heavy rainfall are projected to increase in frequency and severity in the
future, and have already led to substantial yield losses globally. However,
soils can help mitigate extreme weather impacts on crop productivity.
Healthy soils are capable of supporting plant growth and mitigating negative
impacts on crop yields from extreme weather due to their ability to retain
plant available water, provide nutrients, and maintain a structure that allows
for root development, infiltration of water and soil aeration. Soil degradation
is an increasing problem globally, with severe negative consequences for
crop productivity. Agricultural management practices must be adapted to
prevent further degradation of agricultural soils while maintaining or
increasing crop productivity.

The overall aim of this thesis was to evaluate the potential of agricultural
management to alleviate extreme weather impacts on Swedish crop
production. This was accomplished using historical data across Sweden to
estimate potential future impact of climate change on crop yields and to
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assess the potential of increased crop diversity. In addition, I also assessed
the importance of soil texture to help mitigate negative effects of extreme
weather impacts, as well as relationship between management practices and
soil health on farmers’ fields. The results showed that climatic conditions
limit what can be grown in different regions of Sweden, particularly in the
north with its colder climate and shorter growing seasons. With climate
change there is a possibility of northward expansion of certain crops due to
increased temperatures and longer growing seasons, as well as a potential for
new crops to be introduced in the south. An examination of crop production
over time since the 1960s showed that cereal yields were overall still
increasing in the south of Sweden in most counties, indicating a potential for
increased crop production in the future. In contrast, stagnating cereal yields
were dominant in the central regions, while in the north, cereal yields have
been at the same level since the 1960s. Low yield levels in the north suggest
that there is potential to increase the production under more favourable
growing conditions in the future.

My results showed that different counties and crop categories varied in
their vulnerability to extreme weather events. The crops grown in the south
were more negatively affected by drought and warmer temperatures, while
in the north, the crops were more sensitive to water excess while higher
temperatures were beneficial. Spring-sown crops were more sensitive to
extreme weather in comparison to autumn-sown crops. This may be
attributed to the more advanced developmental stage of the autumn-sown
crop when extreme weather occurs, which is mainly in summer. These results
highlight the need for tailored adaptation strategies for different regions and
crops in the future.

The importance of higher supply of plant available water in the soil for
improved crop productivity during drought was shown by a faster winter
wheat growth in farmers’ fields with higher plant available water capacity
during a dry year, and also by larger spring-sown cereal yield losses in
counties with higher sand content. The results also indicate that soil health
can be enhanced through management practices such as higher diversity of
crop rotations (with inclusion of leys), lower tillage intensity, higher use of
organic fertilizers and less fungicide use. These practices can therefore help
to sustain and enhance soil health, which is of utmost importance for future
crop production.
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In conclusion, this thesis underscores the need for adapted agricultural
management practices, which could vary between crops and sites, to mitigate
extreme weather impacts on Swedish crop production in the future.
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Popularvetenskaplig sammanfattning

I takt med att vérldens befolkning fortsétter véxa och inkomstnivéaerna stiger
forvéntas efterfragan pa livsmedel 6ka under de kommande decennierna. Att
tillgodose denna efterfragan innebdr utmaningar for jordbruket, sirskilt med
tanke pa klimatforandringarna, som redan har visat sig paverka grodors
produktivitet Gver hela virlden. Sedan starten pa den grona revolutionen pa
1950-60 talet har ett mer intensivt jordbruk och framsteg inom teknik och
brukningsmetoder lett till okade skordar. P4 senare &r har dock dessa
skordeokningar saktat in, stagnerat eller till och med O&vergatt till
skordeminskning i vissa ldnder. Detta vicker farhdgor om mdjligheterna att
tillgodose en framtida dkad efterfragan pa livsmedel.

I och med klimatforandringarna forvéntas extremvader sdsom torka, hetta
och kraftiga regn bli allt virre och vanligare. Ett sitt att sprida riskerna ar att
odla fler olika sorters grodor och ha en dkad grododiversitet. Akermarkens
egenskaper kan ocksd hjdlpa till att mildra de negativa effekterna av
extremvéder pd grodornas produktivitet. En god jordhélsa innebér att marken
till exempel kan halla ett storre forrad av vatten och bidra med néringsdmnen
till grodorna. En god jordhilsa innebér ocksa god markstruktur som gynnar
rotutveckling och infiltration av vatten. Jordhédlsan &r dock hotad pa grund
av intensiva brukningsmetoder som har lett till en forsdmring av
jordbruksmarken 6verlag. Brukningsmetoderna maste darfor anpassas for att
forhindra ytterligare forsdmring av jordbruksmarken i framtiden.

Det Overgripande syftet med denna avhandling var att utvérdera
jordbrukets potential att mildra effekterna av extrema vaderférhallanden pa
svensk vaxtproduktion. Jag anvénde historiska data 6ver hela Sverige for att
uppskatta potentiell framtida paverkan av klimatférandringar pa skord, och
potentialen att 6ka méngfalden av grodor. Dessutom beddmde jag betydelsen
av markens textur for att mildra effekterna av extremt vider pa grodor,
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liksom forhéllandet mellan brukningsmetoder och jordhilsa pé lantbrukares
falt. Resultaten visar att klimatforhallandena begrénsar vad som kan odlas i
olika delar av Sverige, med kallare klimat och kortare vixtperiod i norr. Men
med Okande temperatur och lidngre véxtperiod kan det ske en utbredning
norrut av varmekravande grodor, och nya grodor kan introduceras i sdder.
Spannmalsskordarna har 6verlag okat sedan 60-talet i de flesta 14n i s6dra
Sverige, vilket visar en potential for okad véxtproduktion i framtiden. I
mellersta Sverige dominerar istéllet stagnerade spannmalsskordar, det vill
sdga skordedkningen har avstannat. I norr har spannmélsskdrdarna legat pé
samma nivé sedan 1960-talet. Den laga avkastningsnivan i norr tyder dock
pa att det finns potential att 4ven dir 6ka skdrdarna under mer gynnsamma
odlingsforhallanden i framtiden.

Resultaten for olika ldn visar att grodor i Sverige skiljer sig i sarbarhet for
extremvéder. Grodorna som odlas i sdder paverkas negativt av torka och
varmare temperaturer. Grodorna i norr, ddremot, & mer kénsliga for
vattendverskott och en hogre temperatur visar sig istéllet vara gynnsam.
Vérsadda grodor dr mera kénsliga for extremvader dn hostsddda grodor,
vilket kan bero pé att den hostsddda grodan har kommit lédngre i sin
utveckling nér det extrema védret intrédffar pd sommaren. Dessa resultat
understryker behovet av skrdddarsydda anpassningsstrategier mellan grodor
och regioner i framtiden.

Tillvaxthastigheten och den maximala biomassan i hostvete var ligre
under det extremt torra aret 2018 &n under det normala véderaret 2021.
Betydelsen av mer vixttillgdngligt vatten i marken for forbéttrad
grodproduktivitet under torka visades genom snabbare tillvixthastighet av
hostvete under det torra aret 2018 pa falt med mer vaxttillgdngligt vatten.
Men dven genom storre skordeforluster for vérsddd spannmal i ldn med
overlag hogre sandhalt jamfort med 14n med hogre lerhalt under torra somrar.
Resultaten visar dven att jordhdlsan kan forbattras genom brukningsmetoder
som till exempel en mer varierad véxtfoljd (och med vall inkluderat), mindre
intensiv jordbearbetning, oftare anvindning av organiska godselmedel och
mindre  anvindning av  fungicider  (bekdmpningsmedel  mot
svampsjukdomar). Dessa strategier kan dérfor bidra till att upprétthalla och
forbéttra jordhélsan, vilket &r av storsta vikt for den framtida
matproduktionen.

Sammanfattningsvis understryker denna avhandling behovet av
anpassade brukningsmetoder, som kan skilja sig mellan grodor och platser,
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for att mildra paverkan av extremt vdder pa svensk véxtproduktion i
framtiden.
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Increasing crop species diversity within a region could improve agricultural sustainability, but knowledge of the
spatiotemporal variation of crop species diversity and how this is related to pedo-climatic conditions is limited.
In the current study, we used historical crop data records to quantify how crop species diversity is related to
pedo-climatic conditions, and how crop diversity developed over time at the national and regional scale in
Sweden between 1965 and 2019. Crop diversity was quantified using the exponent of the Shannon index. We
found spatial differences across the country, with a significant increase in crop diversity from the north to the
south, showing that there is a strong natural control of latitude and associated mean annual temperature on crop
diversity in Sweden. Mean annual precipitation and soil texture had no significant relationship with crop di-
versity across Sweden. At the national level, crop diversity had no significant change over time. At the county
level, our analyses revealed different temporal trends between counties. Crop diversity increased over time in
certain counties, while in others no change or a decrease occurred. The temporal changes could not be explained
by climate trends, and were likely influenced by socioeconomic factors. However, more than half of the counties
showed an increase in crop diversity, suggesting that it is possible to increase crop diversity in Sweden. Our study
shows that both natural and socioeconomic factors need to be considered to achieve an increase in crop diversity

in the future.

1. Introduction

Agricultural intensification and expansion of agricultural land dur-
ing the last century have led to a simplification of landscapes (Landis,
2017; Matson, 1997). Larger field sizes, removal of non-crop habitats,
increased input of pesticides and fertilizers, and monoculture optimized
and simplified crop production. However, these developments resulted
in a loss in biodiversity (Frison et al., 2011; Matson, 1997). Biodiversity
in agriculture includes species and varieties of crops and livestock, their
wild relatives, as well as weeds, soil fauna, pollinators, pests and pred-
ators (Altieri, 1999; Zimmerer, 2010). Crop species diversity is crucial
for the biodiversity of arable cropping systems as it strongly influences
the diversity of non-crop species. High crop diversity in the landscape
may increase resource continuity and provides nesting sites for insects,
which has been associated with a greater diversity of pollinators
(Aguilera et al., 2020) and natural antagonists of pests (Palmu et al.,
2014). Moreover, higher crop diversity may also increase the diversity of
soil microbial communities (D°Acunto et al., 2018; Gonzalez-Chavez

* Corresponding author.
E-mail address: hanna.sjulgard@slu.se (H. Sjulgérd).

https://doi.org/10.1016/j.agee.2022.108046

etal., 2010; Lupwayi et al., 1998; Venter et al., 2016), due to diversity in
root exudates (Steinauer et al., 2016) and plant litter (D"Acunto et al.,
2018). In summary, crop species diversity affects entire agro-ecosystems
and thus multiple ecosystem services essential to crop production, such
as pest and disease regulation, and nutrient and water cycling (Altieri,
1999).

It has been suggested that crop species diversity will be key to adapt
arable systems to climate change (Lin, 2011) by improving crop pro-
ductivity (Burchfield et al., 2019; Smith et al., 2008) as well as yield
stability (Gaudin et al., 2015; Marini et al., 2020; Renard and Tilman,
2019). The frequency and magnitude of extreme weather events such as
droughts and heatwaves are projected to increase in the future (IPCC,
2013). Higher crop diversity may alleviate the effects of heat stress
(Degani et al., 2019; Marini et al., 2020) and drought (Bowles et al.,
2020; Marini et al., 2020) on crop yields. Moreover, diseases and pests
are both predicted to increase due to climate change in the future (Lin,
2011). A diverse cropping system can reduce disease pressure (Krupin-
sky et al., 2002) and promote populations of natural antagonists
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(Redlich et al., 2018). Therefore, crop diversity will play a crucial role in
the functioning of agro-ecosystems under climate change.

The relationships between increased crop diversity, productivity and
ecosystem services are complex, and depend on the type of diversifica-
tion strategy used (Beillouin et al., 2020) and on agricultural inputs such
as fertilizers and pesticides (Swift et al., 2004), making the effect of crop
diversity context dependent. Strategies to increase crop species diver-
sification may be achieved by including a higher number of crop species
into crop rotations, intercropping of several crop species in the field, or
by including cover crops (Altieri, 1999; Hufnagel et al., 2020). To a
certain degree, crop diversity in a region is determined by natural factors
such as soil type, precipitation, temperature and the length of the
vegetation period. In addition, socioeconomic factors (Cutforth et al.,
2001) and national or regional policies, such as frameworks for sub-
sidies, may affect which crops that are grown and therefore also crop
species diversity (Song et al., 2021).

Historical data records on crop diversity can be used to quantify
spatial and temporal patterns of crop species diversity at the regional,
national or global scale (Aguilar et al., 2015; Aizen et al., 2019; Hijmans
etal., 2016; Smith et al., 2019; Vannoppen et al., 2021). However, there
is still limited information on spatiotemporal development of crop spe-
cies diversity and how these trends are related to differences in climate
or soil type. Such studies are essential to evaluate the potential to in-
crease crop species diversity in order to adapt cropping systems to
climate change. The aims of this study were (i) to quantify spatiotem-
poral patterns of crop species diversity at the regional and national scale
in Sweden, and (ii) to examine relationships between crop diversity and
climatic factors and soil texture.

2. Materials and methods
2.1. Study area

Sweden is located in northern Europe between 55° N and 69° N. Due
to the large differences in latitude between north and south, the climate
in Sweden varies strongly across the country. Southern Sweden belongs
to the hemiboreal climate, while central and northern Sweden belong to
the subarctic climate (Peel et al., 2007). Sweden is divided into 21
counties (administrative units), and the counties were used as regional
entities in our analyses (Fig. 1). To identify the cropping areas of each
county, we used a map layer including all arable fields in Sweden ob-
tained from the Swedish Board of Agriculture (Jordbruksverket, 2020).
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Arable crops are grown in all counties of Sweden, but less agricultural
fields are located in the mountain range in north-western Sweden
(Fig. 1). For each county, the central coordinates of the cropping areas
were determined using the field map layer.

2.2. Data sources and data assembling

Precipitation and temperature are measured by the Swedish Meteo-
rological and Hydrological Institute at meteorological stations across
Sweden (SMHI, 2020). Daily values of precipitation and temperature
from two to eleven (average four) weather stations per county, located
within the cropping areas, were included in the analyses (Fig. 1). Mean
annual temperature (MAT) and mean annual precipitation (MAP) were
then calculated for each county for each year from 1965 to 2019. Mean
values of soil texture for each county were obtained from the national
database “Miljédata MVM” (Miljodata-MVM, 2020) that includes data of
topsoils (0-20 cm depth) of arable fields.

Yearly data from 1965 to 2019 of the harvested area of different
arable crops at the county and national level were acquired from Sta-
tistics Sweden (SCB, 2020). The data acquisition method changed during
the time period considered in the present study. Until 1999, the data
were collected through paper surveys, while from 2000 onwards, the
acres were mainly based on information from administrative registers.
In our study, we included data for thirteen field crops in Sweden. The
crops included were: winter and spring wheat (Triticum aestivum), barley
(Hordeum vulgare), rye (Secale cereale), oat (Avena sativa), potato (Sola-
num tuberosum), sugar beet (Beta vulgaris), maize (Zea mays), oil flax
(Linum usitatissimum), winter and spring rape (Brassica napus) and
winter and spring turnip rape (Brassica rapa). Barley and rye were
separated into spring and winter varieties in some years, while in other
years, spring and winter varieties were summarized. To obtain a
consistent data set, we merged spring and winter barley, and spring and
winter rye, for all years. Apart from these thirteen crops, another three
crop species were reported in the statistics by SCB (2020): triticale (x
Triticosecale Wittmack), green peas (Pisum sativum) and brown beans
(Phaseolus vulgaris). Those crops were included in groups of “mixed
grain” or “legumes” for all years until the 1990 s. Hence, due to many
years of missing data, these three crops were excluded from the analyses.
The thirteen crops included in the study accounted for 94-100% of the
total harvested area of all crops (Fig. 1). The total area of all field crops
in Sweden was 1.5 million ha in 1965; the area decreased with time, to
1.2 million ha in 2019 (Fig. S1).

e ey ————
1970 1980 1990 2000 2010

Other crops Barley Winter wheat

Oat Rye s Spring wheat

Winter turnip rape s \Winter rape == Spring rape
= Spring tumip rape == Potato Maize

Qil flax we= Sugar beet

Fig. 1. (Left) Map of Sweden divided into the 21 administrative counties, with cropping areas indicated in brown and the location of representative weather stations
indicated by red dots. The figure to the right displays the distribution of different arable crops in Sweden as a percentage of the total harvested area between 1965

and 2019.
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2.3. Quantification of crop species richness and crop diversity

Crop species richness and crop diversity were determined at the
county and national level for every year from 1965 to 2019. We
excluded crop species with a harvested area smaller than 0.1% of the
total area from any further analyses. Crop species richness was defined
as the total number of crop species. Crop species diversity (D) was
calculated as the exponential of Shannon diversity index (H) as follows:
D = o =Xl &)
where p; is the proportion of crop i of the total crop area. The value of D
is equivalent to D species at equal areas (Jost, 2006).

2.4. Data analysis and statistics

To evaluate the temporal changes in mean annual temperature,
mean annual precipitation, crop species richness, and crop diversity, a
five-year moving average was used. The moving average included the
four preceding years and the year of interest, and was calculated as:

Lo
Y= 2% 2
52 2)

where Y, denotes the value in the year of interest and Y, denotes the
five-year moving average of the year of interest.

A principal component analysis (PCA) was performed to identify
general patterns between crop species richness, crop diversity, mean
annual temperature, mean annual precipitation, longitude, latitude, and
clay and sand content. The variables were scaled to obtain the same
standard deviation and due to the differences in units of the variables.
Linear correlations were applied to relate crop species richness and crop
diversity to mean annual temperature, mean annual precipitation and
soil texture. Linear regression analysis was used to evaluate temporal
trends of crop species richness, crop diversity, mean annual temperature
and mean annual precipitation. All statistical analyses were conducted
with R version 3.6.3 (R Core Team, 2020) using the packages dplyr and
sf to process spatial data, and ggplot2, tmap, plotly and factoextra for
visualization of data in plots and maps (Kassambara and Mundt, 2020;
Pebesma et al., 2021; Sievert et al., 2021; Tennekes et al., 2021; Wick-
ham et al., 2021, 2020).

3. Results
3.1. Spatial variation of crop diversity and pedo-climatic conditions

Soil texture varies across Sweden, and soils in the central-eastern
parts are generally rich in clay, while soils in the south are lighter

Clay MAT

CENO o s QNS
366663363
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(Fig. 2; Fig. S3). The climate pattern differs across the country, with
mean annual temperature increasing from north to south, from about
1-8 °C (Fig. 2). Mean annual precipitation decreases from the west coast
with about 800 mm per year to 500 mm per year at the east coast
(Fig. 2). Since 1965, the mean annual temperature has increased in
Sweden. Across counties, the increase in average annual temperature
varied between 0.02 and 0.05 °C/year (p < 0.05). In the same period,
the average annual precipitation increased in most counties with yearly
increases between 0.87 and 4.54 mm/year (p < 0.05) (Fig. S2).

We found a strong effect of latitude on crop species richness and crop
diversity. In the north of Sweden, only a few crops are grown, and these
are barley, potato and oat. In the southernmost counties, nine to eleven
crops were grown on average during the years 1965-2019. Similarly, the
crop diversity increased from north (D = 2.1) to south (D = 6.3). Some
neighbouring counties had similar average crop diversity, for instance
Jamtland and Vasterbotten county in the north of Sweden (D = 1.7;
Fig. 2; Table 1).

The principal component analysis revealed that crop diversity was
positively related to mean annual temperature and negatively associated

Table 1

Total crop area, average crop diversity (D), species richness (n) and the slopes of
the linear regression of crop diversity and species richness as a function of time
for all Swedish counties, sorted by latitude. Also, crop diversity and slope of
linear regression for the entire Sweden. NS indicates non-significant correlation
(p > 0.05).

County Latitude ~ Area [x 10° D Dslope n n slope
ha]
Norrbotten 66.4 7.0 2.1 0.010 4.7 0.042
Visterbotten 64.5 19.2 1.7 0.003 4.6 0.029
Jamtland 63.1 5.7 1.7 NS 4.6 0.034
Vasternorrland 63.0 11.6 1.9  0.006 49  0.028
Gavleborg 61.4 27.0 2.6 0.013 7.6 NS
Dalarna 60.8 26.8 31 0.038 83 NS
Uppsala 60.1 98.1 4.6 -0.007 102 0.036
Vérmland 59.8 44.2 3.7 0.014 9.1 0.029
Viéstmanland 59.8 81.7 4.4 0.007 9.4 0.020
Stockholm 59.5 49.0 5.1 -0.021 10.3 0.032
Orebro 59.4 66.8 4.7  0.021 9.7 0.018
Sodermanland 59.1 78.6 5.0 NS 10.3 0.028
Ostergétland 58.4 124.3 56  -0.022 10.2  0.008
VistraGotaland ~ 58.2 259.2 4.4 0.023 9.6  0.029
Jonkoping 57.5 26.2 3.0 0.011 8.8 -0.029
Gotland 57.5 41.8 5.6 -0.016 10.7 -0.028
Kalmar 57.2 52.4 5.4 -0.008 10.5 NS
Halland 56.9 63.0 4.6  0.032 10.1 NS
Kronoberg 56.7 15.6 3.1 0.014 9.1 NS
Blekinge 56.2 17.4 6.2 0.005 9.4 NS
Skéne 55.9 325.9 6.3 -0.025 10.0  -0.018
Sweden 58 NS
MAP CSR D

500 mm 4 i 1

555 mm 5 M

610 mm 6 3

665 mm 7 "

720 mm 8 :

775 mm ° 6

830 mm :? 7

Fig. 2. County mean values (average for the years 1965-2019) of clay content, mean annual temperature (MAT), mean annual precipitation (MAP), crop species

richness (CSR) and crop diversity (D).
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with latitude (Fig. S4), which was also obtained from correlation ana-
lyses. Crop species richness and mean annual temperature were strongly
correlated (r = 0.93, p < 0.001). Similarly, the average (1965-2019)
crop diversity was positively correlated to mean annual temperature
(r = 0.88, p < 0.001; Fig. 3). The principal component analysis and the
correlation analyses also indicated that crop species richness and the
crop diversity were not related to soil texture or mean annual precipi-
tation (Fig. 3; Fig. S3 and S4). However, latitude and mean annual
temperature could not explain all differences in crop species richness
and crop diversity among counties. We found pronounced differences in
average crop diversity between certain neighbouring counties located at
similar latitudes, for instance J6nképing (D = 3.0) and Kalmar (D = 5.4)
county located in the south of Sweden (Fig. 2; Table 1).

3.2. Temporal patterns of crop species richness and crop diversity

Dominant arable crops in Sweden are winter wheat, barley and oat
(37 %, 27 % and 13 %, respectively, of the total area in 2019). Since
1965, the acreage of winter wheat has more than doubled, while the
area of oat and barley decreased considerably over the same time. More
recently, the area of spring rape, winter turnip rape and spring turnip
rape have decreased and cover now less than 1 % of the total area
(Fig. 1). The crop diversity at the national level experienced fluctuations
over time and was in 2019 at a similar level as at the end of the 1960s.
Thus, crop species diversity had no significant change over time for the
entire country (p > 0.05) (Fig. 4; Fig. 5).

The temporal change in crop species richness and crop diversity
differed among counties (Fig. 5). Between 1965 and 2019, crop species
richness increased in twelve counties mainly located in the north and
central parts of Sweden, with average yearly increases between 0.008
and 0.042 (p < 0.05). In three other counties, located in the south of
Sweden, crop species richness decreased, with linear regression slopes
between — 0.029 and — 0.018 (p < 0.05). Between 1965 and 2019,
Norrbotten county in the north of Sweden (cf. Fig. 1) showed the largest
increase in crop species richness, while Jonkoping county, located in the
south (cf. Fig. 1), showed the largest decrease (Fig. 4).

Crop diversity increased in several counties from 1965 to 2019. In
2019, the crop diversity was highest in the southern and central parts of
the country, but still at a low level in the north. Between 1965 and 2019,
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the crop diversity increased in thirteen counties located in the northern
and southwestern parts of Sweden, with average yearly increases be-
tween 0.003 and 0.038, (p < 0.05). In six other counties, located in the
southern and eastern parts of Sweden, the crop diversity decreased, with
linear regression slopes between — 0.025 and — 0.01 (p < 0.05). Be-
tween 1965 and 2019, Dalarna in the central part of Sweden (cf. Fig. 1)
showed the largest increase in crop diversity, and Skane in the central
part (cf. Fig. 1) showed the highest decrease (Fig. 4; Fig. 5; Table 1).

4. Discussion

In the current study, we used historical crop data records, which
allowed us to analyse spatiotemporal patterns of crop diversity in
Sweden. The crop species richness increased from north to south and
increased with increasing mean annual temperatures, which implies that
there is a strong natural control of geographic location (i.e. latitude) on
crop species richness. Latitude controls both the mean annual temper-
ature and the length of the growing season. Therefore, crop diversity
also increased from north to south within Sweden. Despite differences in
mean annual precipitation and soil texture among counties, precipita-
tion and soil texture were not significantly related to crop diversity at
the national scale (Fig. 2; Fig. 3).

At the national level, the crop diversity experienced fluctuations over
time with values between five and seven (Fig. 5; Fig. 4). Earlier research
suggests that a high crop diversity in agricultural systems is beneficial
(Aguilera et al., 2020; D’Acunto et al., 2018; Lin, 2011; Palmu et al.,
2014). However, it is difficult to define a critical threshold for crop di-
versity, above which a system significantly improves important
ecosystem services. Crop diversity was lower in Sweden (D = 6.4) than
the average global level (D = 8.8) in 2016 according to data from Aizen
et al. (2019). However, cropping systems vary greatly between coun-
tries. In comparison to countries with similar climatic conditions, Swe-
den had a higher crop diversity than the neighbouring counties Norway
and Finland (D = 4.6 and 5.0, respectively) (Aizen et al., 2019). Crop
production in Finland is more concentrated at higher latitudes than in
Sweden (Mela, 1996), and the mountainous terrain in Norway affects
Norwegian agriculture (Fjellstad and Dramstad, 1999). Hence, differ-
ences in crop diversity between countries might be explained by natural
factors such as climate, soil properties, or topography that set
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Fig. 3. Scatterplots between county mean values (for years 1965-2019) of crop species richness (CSR; top panels) and crop diversity (D; bottom panels), and clay
content, mean annual temperature (MAT) and mean annual precipitation (MAP). Pearson correlation coefficients (r) and regression lines are included for significant

correlations at p < 0.05.
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Fig. 4. (Left) Crop diversity (D) at the national and mean county level between 1965 and 2019. The lightest blue show the 10th and 90th percentile range and the
darker shade the 25th and 75th percentile range of average crop diversity at county level. (Right) Temporal development of crop diversity in the four counties
Ostergotland, Stockholm, Halland and Dalarna. Displayed lines and the percentiles are based on five-year moving average values (Eq. 2).

1969 1979 1989 1999

2009 2019 1965-2019

Fig. 5. Maps depicting temporal changes in (top) crop species richness (CSR) and (bottom) crop diversity (D, i.e. the exponent of the Shannon diversity, Eq. 1) at the
county level (large maps) and at the national level (small maps). Temporal development is presented to the right using slopes of the linear regression of crop species
richness and crop diversity as a function of time. NS indicates no significant temporal change (p > 0.05). Displayed data and analyses are based on five-year moving

average values (Eq. 2).

constraints to which crops that can be grown. Furthermore, socioeco-
nomic factors such as country-specific policies might also influence
differences in crop diversity between countries. For instance in
Switzerland, which is not part of the European Union, crop diversity was
higher than in the bordering countries Germany and France, which was
ascribed to differences in agricultural policies (Garland et al., 2021).
Crop diversity did not change significantly over time in Sweden and
was at a similar level in 2019 as at the end of the 1960s (Fig. 5; Fig. 4). At
the county level, the temporal trend differed between counties, for both
crop species richness and crop diversity. Crop species richness and crop
diversity increased in several counties, while it did not significantly
change or decreased over time in other counties. Similarly, results from
previous studies conducted in other countries revealed differences in
temporal trends of crop diversity between national and regional scales
(Aguilar et al., 2015; Hijmans et al., 2016; Smith et al., 2019). Here we
show that analysing crop diversity at the national scale does not reveal
enough information to identify temporal trends and to identify factors

controlling diversity. Among counties, the variation in average crop
diversity declined over time, which implies that crop diversity become
more even across counties (Fig. 4). Mainly the counties with the lowest
average crop diversity experienced a temporal increase while mainly the
counties with the highest crop diversity decreased over time (Fig. 5;
Table 1).

Between 1965 and 2019, crop species richness increased in the north
and central parts of Sweden, while the counties with a decrease were
located in the south (Fig. 5; Table 1). Oilseed crops are mainly cultivated
in the southern counties, and the cultivation of spring-sown oilseed
crops, especially spring turnip rape, declined in many counties mainly in
response to the ban of certain neonicotinoids in 2013 (Johnsson, 2015).
The cultivation of winter turnip rape has decreased over time and even
disappeared now in most of the counties. Warmer climate, more winter
hardy varieties and higher yields for winter rape in comparison to winter
turnip rape all contributed to this decline (Jordbruksverket, 2011). In
central Sweden, the increase in species richness over time was mainly
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because of oil flax. Due to small production, oil flax was only reported in
the statistics in 1969 and from 1996 and onwards which resulted in a
temporal increase in species richness in several counties. In the most
northern part of Sweden, the increased cultivation of spring oilseed
crops and spring wheat resulted in increased crop species richness.

Six counties showed a temporal decrease and thirteen counties an
increase in crop diversity. The six counties with a decrease in crop di-
versity were located in the south and eastern parts of Sweden, and half of
those counties experienced a temporal decrease in crop species richness
as well. Skane county, in the southern part of Sweden, had the largest
temporal decrease in crop diversity due to both a decline in species
richness and more unevenly distributed areas between the crops (Fig. 4;
Fig. 5; Table 1). Over time, the cultivated area of several crops decreased
while the cultivation of winter wheat increased. In 2018, there were two
dominant crops in the county, barley and winter wheat, which together
accounted for around 60 % of the total area. The cultivated area of
winter wheat has increased in several counties in Sweden over time,
especially in the southern part, and is in general the cereal with the
highest yield in Sweden. In most counties, the cultivated area of barley
and oat decreased over time. The cultivated area of barley has decreased
in Sweden mainly due to less demand for feed grain because of the
decline in the number of pigs and cows, and oat has decreased mainly
due to profitability problems in comparison to other crops (Eklof, 2014).

The thirteen counties with an increase in crop diversity were located
mainly in the north and southwestern parts of Sweden. Some counties
showed an increase in crop diversity in combination with no temporal
change in species richness, which indicates that the cultivated area
became more evenly distributed between different crops. For instance,
Dalarna county had the highest increase in crop diversity, resulting from
more evenly distributed areas between different crops (Fig. 4; Fig. 5).
The crops became more evenly distributed with time partly because of
increased area of winter wheat and winter rapeseed as a result of
increased temperatures (Melin et al., 2010), and also due to a decrease in
the dominant crop barley. Increased temperatures extend the length of
the growing season, and due to climate change, the length of the
growing season is projected to continue to increase in the future in
Sweden (Fogelfors et al., 2009). Higher temperatures and longer
growing seasons increase the possibilities to grow winter-sown crops in
northern Sweden due to shorter winters, and to introduce new crop
species especially in the south of Sweden in the future (Eckersten and
Kornher, 2012). For instance, the cultivation of maize has increased
during the 21st century, mainly in the south of Sweden, and was
included in the statistics from 2007. With increasing temperatures,
maize is projected to be cultivated at a larger extent and “migrate” north
in the future (Eckersten et al., 2008; Melin et al., 2010). However, in the
most northern counties, it remains challenging to increase crop diversity
due to the short crop growing season and the long winter (Melin et al.,
2010).

Diverse cropping systems will become more important in the future,
since crop diversity may alleviate effects of heat stress and drought on
crop yields (Marini et al., 2020), which are projected to become more
frequent and severe due to climate change (IPCC, 2013). Mean annual
temperature and precipitation have already increased in Sweden during
the time period analysed in this study (Fig. S2), and the temporal in-
crease in crop diversity in thirteen counties shows that it is possible to
increase crop diversity under a changing climate in Sweden. According
to our results, crop diversity can differ considerably between neigh-
bouring counties at similar latitude (Fig. 2; Table 1). Moreover, some
neighbouring counties even had opposite temporal trends of crop di-
versity, for example, Uppland and Vastmanland county in the central
parts of Sweden (Fig. 5; Table 1). Due to similar climatic conditions in
neighbouring counties, these opposite trends imply that the farmers’
choice of crops was likely influenced by socioeconomic factors. The
ecosystem benefits of more diverse cropping systems are well known
(Altieri, 1999; Lin, 2011). However, a cropping system must also benefit
the farmers both economically and socially, and to increase crop
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diversity might require financial investments for a farmer (Knutson
et al., 2011), which can hinder diversification. Therefore, to promote
diversification of agricultural crops, socioeconomic factors need to be
taken into account, and suitable policies may need to be developed to
ensure food security.

5. Conclusion

Within a country, natural factors limit the number of crop species
that can be grown. The increase in crop species diversity from north to
the south observed here demonstrates how mean annual temperature
and length of the growing season control the spatial pattern of crop
diversity. At the national scale, crop diversity did not change signifi-
cantly over time. While at the county level, there was an increase in crop
diversity in certain counties over the last 55 years, and no change or a
temporal decrease in other counties. This highlights the importance of
looking beyond national scales when evaluating historical developments
of cropping systems. Although crop diversity was at a similar level in
2019 as at the end of the 1960 s the temporal increase in crop diversity
observed in several counties demonstrates that it is possible to increase
crop diversity in Sweden. The variation in the spatiotemporal patterns
between counties suggests that crop diversity is affected by an interplay
between natural and socioeconomic factors. Climatic conditions
constrain crop species richness and diversity, but in order to exploit the
full potential of crop diversity, socioeconomic factors may need to
change to promote diversified cropping systems.
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Figure S1. Total harvested area of arable field crops in Sweden between 1965 and 2019. In
addition to the ten crops included in this study, also triticale, mixed grain, winter turnip rape, oil
flax, green peas and black beans are included here (which accounted for 2-10% of the total
area).
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Figure S2. Change in mean annual temperature (MAT) and mean annual precipitation (MAP)
between 1965 and 2019 at regional level (large maps), presented by the slope of linear
regression. NS indicates non-significant correlation (p > 0.05). The small maps correspond to
the national level.
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Figure S3. The map displays average sand content in all counties in Sweden. Scatterplots
show the relation between average values for each county of crop species richness (CSR) or
crop diversity index (CDI) and sand content. P-values higher than 0.05 indicates non-
significant correlation coefficient.
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Figure S4. The map presents mean values for each county of Shannon diversity index (SDI)
between 1965 and 2019. The scatterplots display the relation between average values of
Shannon diversity index and clay content, annual temperature (MAT) and annual precipitation
(MAP) in all counties. Pearson correlation coefficients (r) and regression lines are included for
significant correlations at p<0.05.
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Figure S5. Biplot obtained from principal component analysis illustrating the relationship
between PC1 and PC2 for the variables temperature (Temp), precipitation (Prec), crop species
richness (n), crop diversity index (CDI), longitude (Long), latitude (Lat), and sand and clay
content in the Swedish counties between 1965 and 2019 (n=1155). The dots represent the
counties in each year. Colour scale denotes latitude. Presented data are based on five-year
moving average values (Eq. 3)
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Figure S6. Crop diversity index (CDI) at the national level, and mean, 10th and 90th percentile
values of crop diversity index (CDI) at county level from 1965 to 2019. Displayed data are
based on five-year moving average values (Eq. 3).
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Figure S7. Temporal development of crop diversity index (CDI) in the four counties Skane,
Vastra Goétaland, Dalarna and Kalmar. Displayed data are based on five-year moving average
values (Eq. 3).
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Figure S8. The large time-series maps present Shannon diversity index (SDI) in the different
counties for the years 1969, 1979, 1989, 2009 and 2019. The small maps correspond to the
national scale. Temporal development is presented to the right, using slopes of the linear
regression of Shannon diversity index as a function of time from 1965 to 2019. NS indicates
no significant temporal change (p > 0.05). Displayed data and analyses are based on five-year
moving average values (Eq. 3).
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CONTEXT: Information on how crop yields are affected by weather variations and extreme weather is needed to
develop climate adaptation measures for arable cropping systems. Here, we analysed the effects of weather
anomalies and soil texture on crop yield anomalies across Sweden from 1965 to 2020.

OBJECTIVE: The aims of this study were to (i) assess the effects of temperature and precipitation anomalies and
extreme weather on crop yield anomalies for major field crops across Sweden, (ii) quantify how crop responses to
weather anomalies vary along the north-south climate gradient across Sweden, and (iii) elucidate the impacts of
soil texture on yield responses to weather anomalies.

METHODS: We used daily mean air temperature, daily total precipitation, soil texture and crop yield data from
public databases covering all 21 counties in Sweden. Yield data was detrended to account for the effects of
agricultural intensification on crop productivity. To assess seasonal weather influences on crop yields, temporal
trends of daily average temperature and daily total precipitation were detrended for each season containing a
three-month period. We also used a water balance index and a heat wave index to evaluate the impact of extreme
weather.

RESULTS AND CONCLUSIONS: Our analyses showed that years with extreme weather during summer (i.e. heat
waves, drought or water excess) resulted in the largest negative yield anomalies. Spring-sown crops were more
negatively affected by extreme weather compared to autumn-sown crops, which we associate with differences in
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the lengths of the growth period for autumn- and spring-sown crops. Effects of soil texture on yield anomalies
were found for spring-sown cereals, where negative effects of drought were exacerbated with increasing sand
content. Moreover, we showed that the effects of weather conditions on crop yield anomalies differed between
different regions within the country. In northern Sweden, crop yields were more sensitive to excess water, while
drought effects were more pronounced in southern Sweden. Similarly, increased summer temperatures favoured
crop yields in northern Sweden but had a negative impact on crop yields in the southern part of the country.
SIGNIFICANCE: Our study demonstrates that weather impacts on yields vary between crops and locations, and
that adaptation to future climate will require crop- and site-specific strategies.

1. Introduction

Crop production is highly sensitive to weather variations, and the
increased frequency and severity of extreme weather events associated
with climate change have a significant impact on global crop produc-
tivity (Powell and Reinhard, 2016; Lesk et al., 2022; Monteleone et al.,
2022). This poses a major challenge to food production, as one-third of
crop yield variability is suggested to be explained by weather variability
(Ray et al., 2015). Moreover, changes in average temperature and pre-
cipitation, and the increase in the frequency and severity of extreme
weather events such as heavy rain, drought periods and heat waves are
expected to increase with climate change (IPCC, 2022).

The impact of specific weather conditions on crop growth and
development depends on the severity of a given weather event, the crop
species, and the phenological stage of the crop (Hatfield and Prueger,
2015). In cold climates, increased temperatures reduce the risk of frost
or cold damage and foster crop establishment and root growth, and
improve crop development during winter (Uleberg et al., 2014). How-
ever, in areas with winter temperatures around 0 °C, a slight increase in
temperature might increase the risk of crop damage when snow cover
becomes rare and soil and plants are exposed to low temperatures and
frequent freeze-thaw cycles (Uleberg et al., 2014; Vico et al., 2014).
High annual mean temperature can also accelerate plant development,
which leads to earlier maturity and reduced crop yields (Shah and
Paulsen, 2003; Gourdji et al., 2013; Jannat et al., 2022). Extremely high
temperatures are particularly damaging to crops during the reproduc-
tive period due to pollen abortion and reduced grain number and grain
weight (Pradhan et al., 2012; Barlow et al., 2015). However, depending
on the location, increased temperatures can also increase crop yields due
to improved photosynthesis and crop growth (Tian et al., 2014; Lopes,
2022). These beneficial effects of increasing temperature are particu-
larly pronounced in regions where water is not limiting and average
temperatures are relatively low (Lobell et al., 2011; Zhao et al., 2016).

It is important to note that the effects of weather events on crop
yields can also greatly depend on site-specific soil properties such as
texture (Huang et al., 2021; Gupta et al., 2022). Soil texture controls
numerous crop-water related properties and functions, including water
holding capacity and water transport, which contribute to crop pro-
ductivity (Juma, 1993; Wang et al., 2022). Precipitation levels, soil
water holding capacity, infiltration capacity of the soil, and water loss
through evapotranspiration determine the severity of the effects of
drought and heavy rainfall on crop yields (Fahad et al., 2017). Huang
et al. (2021) found that crops were more sensitive to precipitation and
temperature variability in coarse-textured soils compared to medium-
and fine- textured soils. Similarly, wheat yields in Sweden and Canada
have been shown to be lower during dry years on sandy soils compared
to clayey soils (Delin and Berglund, 2005; He et al., 2014). On the other
hand, waterlogging after heavy rainfall occurs more often on clayey soils
and can lead to oxygen deficiency (Najeeb et al., 2015), resulting in crop
damage yield losses (Hakala et al., 2012; Li et al., 2019).

At high northern latitudes, low temperatures and short growing pe-
riods are the main limitations for crop growth and productivity (Olesen
etal., 2011). However, by the end of the 21st century, it is predicted that
many areas in high northern latitudes will not only have increased
annual precipitation but will have some of the highest projected

increases in average temperature across the globe (IPCC, 2022). Yet the
magnitude of the changes in temperature and precipitation might differ
between seasons and between local cropping regions. The impact of
climate change on crop production will therefore likely differ between
crops and among and within countries. Previous research investigating
relationships between agricultural production and weather variability at
high latitudes based on historical data records has focused on crop yield
data and average temperature and precipitation in a few key areas
(Almaraz et al., 2008; Eckersten et al., 2010; Peltonen-Sainio et al.,
2010; Klink et al., 2014). Some studies have modelled the impact of
climate change on future yields for a few selected crops (Rotter et al.,
2011; Eckersten et al., 2012; Rotter et al., 2013; Smith et al., 2013;
Belyaeva and Bokusheva, 2018; Morel et al., 2021). As a consequence,
there is still limited understanding of how yields of main arable crops are
impacted by weather variability for many regions at high latitudes.
Particularly, there is limited understanding of how the yield of different
field crops is impacted by weather anomalies and extreme weather
events during different growing seasons. Gaining a better understanding
of crop yield responses to weather anomalies and weather extremes can
help farmers, advisors, researchers and policymakers to design more
resilient cropping systems by identifying crops and regions that are most
vulnerable to weather anomalies.

To improve our understanding of the impacts of weather variability
and weather extremes on crop production at high latitude agricultural
regions, the present study aimed to (i) assess the effects of temperature
and precipitation anomalies and extreme weather on crop yield anom-
alies for spring-sown cereals, oil crops, and root and tuber crops, and for
autumn-sown cereals and oil crops across Sweden, (ii) quantify how
crop responses to weather anomalies vary along the north-south climate
gradient across Sweden, and (iii) elucidate the impacts of soil texture on
yield responses to weather anomalies. To do so, we used daily mean air
temperature, daily total precipitation, soil texture and crop yield data
from public databases covering all 21 counties in Sweden.

2. Materials and methods
2.1. Study area

Sweden is located in northern Europe, divided into 21 counties, and
encompasses a relatively large latitudinal climate gradient between 55°
and 69° N (Fig. la). This climate gradient results in a large within-
country variation in mean annual temperature (Fig. 1b, Supplemen-
tary Table S1), with the north belonging to the subarctic climate, while
the south is considered a hemiboreal climate (Peel et al., 2007). Since
1965, the mean annual temperatures have increased in southern, central
and northern Sweden (Fig. 1b), while there is no clear temporal trend in
annual total precipitation (Supplementary Fig. S1). The annual total
precipitation is less variable along the south-north direction, but is
higher on the west coast than on the east coast (Supplementary
Table S1).

We calculated the average length of the growing season for the south,
central and northern part of Sweden for the period 1965 to 2020. To do
so, we used data of the start and end of the vegetation period in every
year provided by the Swedish Meteorological and Hydrological Institute
(SMHI, 2022). The average length of the growing season is more than
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two months longer in the south of Sweden compared to the northern part
(219 days in the south compared to 148 days in the north; Fig. 1a). This
pronounced difference in the growing season caused by climatic dif-
ferences within the country is a major driver of the variation in the
number and types of crops cultivated across Sweden (Sjulgard et al.,
2022). In the northern part, autumn-sown crops are less common
compared to southern regions due to the long winters. Since the 1960s,
the total area with spring-sown crops has decreased in the whole
country, while the area of autumn-sown crops has increased in central
and southern Sweden (Supplementary Fig. S2).

2.2. Climate, crop yield, and soil texture data

Crop yields and harvested areas for the main arable crops grown in
Sweden were obtained for each of the 21 counties from Statistics of
Sweden (SCB, 2023). The arable crops included in our study were oat
(Avena sativa L.), spring barley (Hordeum vulgare L.), rye (Secale cereale
L.), spring and winter wheat (Triticum aestivum L.), sugar beet (Beta
vulgaris L.), potato (Solanum tuberosum L.), winter and spring rapeseed
(Brassica napus L.) and winter and spring turnip rape (Brassica rapa spp.
oleifera). These eleven crops covered around 95% of the total area of all
field crops in Sweden in 2019 (Sjulgard et al., 2022). Winter wheat,
spring barley and oat are the dominant arable crops, with a total pro-
duction of about 3 x 10° tons, 1.4 x 10° tons and 8.1 x 10° tons,
respectively, in 2020 (SCB 2020). The database included 56 years of
data (from 1965 to 2020), and we included each crop-county combi-
nation that consisted of at least ten years of crop yield data in our study.
For all analyses, the eleven crop species were grouped into five cate-
gories based on sowing period and crop type: autumn-sown cereals
including winter wheat and rye, spring-sown cereals including spring
wheat, spring barley and oats, autumn-sown oil crops including winter
rapeseed winter turnip rape, spring-sown oil crops including spring
rapeseed, spring turnip rape and tuber/root crops including potatoes
and sugar beets. Pearson’s correlations between the different crop spe-
cies within these five categories were assessed. In most counties, mod-
erate to strong correlations (r > 0.5) between the yield anomalies of the
different crop species within one category occurred (Supplementary
Table S2).

Soil texture for each county was obtained from “Miljodata MVM”
(Miljodata-MVM, 2020), which is a national database including analyses
of soil data of arable fields across Sweden. In this study, we used the
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average topsoil (0-20 cm depth) sand content (particle size: 0.06-2
mm), silt content (0.002-0.06 mm) and clay content (< 0.002 mm) of
each county, and grouped the counties into soil textural classes (Avery,
2006). Soil texture classes at the county level included clay (three
counties, n = 3), clay loam (n = 8), sandy silty loam (n = 3) and sandy
loam (n = 7) (Supplementary Table S1).

Data on total daily precipitation and daily mean air temperature was
obtained from the Swedish Meteorological and Hydrological Institute
(SMHI; SMHI, 2020). For the analyses included here, we used data from
an average of four weather stations per county that were all located in
the cropping areas of the different counties (Sjulgard et al., 2022). To
assess seasonal weather influences on crop yields, the daily precipitation
and temperature data were divided into four, three-month periods:
winter (December-February), spring (March-May), summer (June-Au-
gust) and autumn (September-November).

2.3. Determination of yield anomalies and weather

Data analysis and visualisation were carried out in R version 4.2.1 (R
Core Team, 2023). To separate yield variations resulting from weather
anomalies from general yield increases due to agricultural progress and
intensification (e.g. fertilisation, crop breeding, pest and disease man-
agement), crop yields were detrended. The detrended time series were
obtained through either linear regression or linear plateau models for
each crop-county combination (Supplementary Fig. S3). For each com-
bination, the model with the lowest Akaike Information Criterion
(Akaike, 1974) was selected as the best representation of the yield trend.
If the slope of the linear trend was not significant (p > 0.05) for a certain
combination, the overall mean of all years was used as the reference.

Yield anomalies were then calculated as the relative yield residuals
(0) from the detrended time series, i.e. the difference between actual and
detrended yield, to be able to compare yield anomalies among species
and counties:

YK % 100%

Oijx =

Vs =D
— 1
5 M

ik

where Y is the observed crop yield and D is the expected yield obtained
from the long-term trend, i indicates the year, j the crop species and k the
county. Temporal trends of daily average temperature and daily total
precipitation were also detrended due to temporal increases over time in
some counties (Fig. 1b), and this was done for each season containing a
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Fig. 1. a) Map of Sweden showing the 21 counties and indicating the length of the average growing season in days (green shadings) for each county. The counties
were categorized into three regions, namely “north” (light green, 130-160 days growing season), “central” (green, 160-190 days growing season), and “south” (dark
green, 190-220 days growing season). (b) Temporal development of mean annual temperature in southern, central and northern Sweden from 1965 to 2020. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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three-month period using linear regression models, yielding seasonal
temperature and precipitation anomalies.

2.4. Water balance and heat wave index calculation

To assess the impact of extreme weather, we calculated a water
balance index and a heat wave index. For this, we used the Standardized
Precipitation Evaporation Index (SPEL Vicente Serrano et al., 2010), and
the heat wave index (HWI) defined by Russo et al. (2015). Both indices
have the advantage that they allow for comparisons between different
regions and between years. The SPEI was used to assess the impacts of
the magnitude of droughts and excess water, which has been shown as
one of the most suitable indices for capturing the impacts of agricultural
drought (Vicente-Serrano et al., 2012; Wang et al., 2016). We used the 3-
month SPEI, which includes moisture conditions from the current month
and the two preceding months. The water surplus or deficit (D) was
aggregated at a 3-month time scale and standardized to obtain the SPEI
for each season. The value of D was calculated as the difference between
precipitation (P) and the reference evapotranspiration (ETy) for the
month (i) as:

D; = P; —ETy; 2

The monthly reference evapotranspiration was calculated using a
modified form of the Hargreaves method (Droogers and Allen, 2002):

ETy = 0.0013 x 0.408RA X (T, +17) ((T — Tpin) — 0.0123P)°7  (3)

where RA is the mean external radiation estimated from the latitude in
the centre of a county and the month of the year, Tqy is the average daily
temperature, Tpqy is the daily maximum temperature, and Ty, is the
daily minimum temperature. The package SPEI (Begueria and Vicente-
Serrano, 2017) was used for the calculations of SPEI.

The heat wave index (HWI) was calculated to quantify the occur-
rence and intensity of heat waves. Because heat waves in Sweden occur
almost exclusively during the summer months June-August, we only
calculated HWI for the summer period. The HWI takes into account both
the amplitude and duration of the heat wave. A heat wave has a duration
of at least three consecutive days with a maximum temperature above a
daily temperature threshold based on the reference period 1981-2010.
The threshold for each county was defined as the 90th percentile of the
daily maximum temperature (Tpay) for a 31-day running window during
the reference period 1981-2010. HWI was then calculated as the sum of
all heat wave magnitudes during the summer months in a particular
year. The daily magnitude Mq(T4) was calculated as:

Ts — Tao0sp .
Ts0,750 — Ts0525p #Ta> Toonsy 4
0if Ty < Tappsp

M(T,) =

where Ty is the maximum daily temperature on day d during the heat-
wave. T3oy2s5p are the 25th and T3gy7sp the 75th percentile values of Tmax
from the 30 year reference period (Russo et al., 2015). The HWMId
function in the package extRemes (Gilleland, 2022) was used to obtain
the HWIL

To classify periods of the year as extremely dry or wet, values of SPEL
were categorized based on commonly used classifications (Ming et al.,
2014; Labudova et al., 2017; Zhao et al., 2018). Values equal to or >1.5
were considered severely or extremely wet and referred to as “extremely
wet” in the remainder of this study, values between 1.5 and —1.5 were
considered moderate or normal and referred to as “normal” years, and
values equal to or smaller than —1.5 were considered severely or
extremely dry and hereafter referred to as “extremely dry” conditions
(Vicente Serrano et al., 2010). For the HWI, values equal to or larger
than 3 were considered as severe or extreme heat waves and referred to
as “extreme heat waves”, while values smaller than 3 were considered as
moderate or normal heat and hereafter referred to as summers with
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“normal” heat conditions. A HWI of 3 means that the temperature
anomaly is three times the difference between the 25th and 75th
percentile of the maximum temperature (Chakraborty et al., 2019). SPEI
and HWI were not detrended. There was no significant change in the
frequency or magnitude of extreme weather events over time (Supple-
mentary Table S4) for almost all season-county combinations.

2.5. Statistical evaluation of effects of weather conditions and soil texture
on yield anomalies

Linear regressions and Pearson’s correlation coefficients were used
to assess the strength of the relationships between crop yield anomalies
of each crop type and weather anomalies (precipitation and temperature
anomalies), SPEI and HWI. All correlations were conducted at the sig-
nificance level of p < 0.05. To account for the non-normal distribution of
crop yield anomalies in years with only extreme weather, the non-
parametric Mann-Whitney U test was used to test for significant differ-
ences in yield anomalies between years with extreme weather and years
with normal conditions. Mann-Whitney U tests were also used to assess
differences in yield anomalies between the most sandy (sandy loam,
(sand 50-70%, clay 15-18%)) and the most clayey soils (clay, sand
0-45%, clay 55-100%)), for extremely dry (SPEI < —1.5) and extremely
wet (SPEI >1.5) years. Spearman’s rank coefficients were used to assess
the relationships between sand content and crop yield anomalies under
extremely dry and extremely wet conditions.

3. Results

3.1. Relationships between extreme temperatures and crop yield
anomalies

Pearson’s correlation coefficients illustrate the differences in the
influence of temperature anomalies and HWI on yield anomalies be-
tween crop types and along the north-south gradient in Sweden.
Combining the average yield anomalies during years with extreme heat
waves (HWI >3) shows the magnitude and resulting yield losses or gains
(Fig. 2 and Fig. 3). In the southern and central part of Sweden, there was
a negative relationship between HWI and temperature on crop yields.
Spring-sown cereals and root/tuber crops were particularly impacted by
changes in temperature, while the autumn-sown crops were less affected
by heat waves during summer (Fig. 2). The average yield anomalies
during years with extreme heat waves showed that heat stress was
related to average yield declines for the spring-sown crops between 12%
and 17% in the central and between 13% and 19% in the southern part
(Fig. 3). There was less impact on the autumn-sown crops, with no
significant difference in average yield anomalies during extremely hot
years compared to normal years (Fig. 3). In contrast, crop yields of
spring-sown cereals and root/tuber crops in the northern part showed a
positive relationship between temperature anomalies and HWI to yield
anomalies (Fig. 2). This indicated a tendency of yield gains during years
with extreme heat waves compared to normal years in northern Sweden,
although these differences were not significant (Fig. 3).

During spring and winter, there were positive correlations in almost
all counties in the central and southern parts between temperature and
yield anomalies of autumn-sown cereals. For spring-sown cereals, the
relationships between spring and winter temperature anomalies were
only positively related to yield anomalies in central and northern Swe-
den. Similar yet less pronounced results were found for oil crops. In
certain counties in central and southern Sweden, there was a positive
relationship between spring temperatures and yield anomalies of both
autumn- and spring-sown oil crops, while winter temperatures had a
comparatively weak impact on yield anomalies of oil crops (Fig. 2,
Supplementary Fig. S4).



H. Sjulgdrd et al.

Spring-sown cereals

Autumn-sown cereals

Spring-sown oil

Autumn-sown oil

Agricultural Systems 211 (2023) 103757

Root/tuber

North

©®NO oA WN

Central

South

b Bt Gt et

Summer-

SPEI
Temp
SPEI
Temp
SPEI
Temp

HwI
SPEI
Temp

|
1

Winter
Spring
Summer-
Autumn

SPEI
Temp
SPEI
Temp
SPEI
Temp
HwI
SPEI
Temp

Winter
Spring:
Summer-
Autumn

SPEI
Temp
SPEI |
Temp
SPEI
Temp
HwWI
SPEI
Temp

|

Winter
Spring
Summer-
Autumn

Fig. 2. Pearson’s correlation coefficients between yield anomalies of each crop group and Standardized Precipitation Evaporation Index (SPEI), heat wave index
(HWI) and temperature anomalies (Temp) for each county based on crop yield and climate data from 1965 to 2020. The counties are sorted by decreasing latitude
with the corresponding number from Fig. 1 and grouped into the northern, central or southern regions of Sweden. The brown colour shows a negative relationship to
crop yield anomaly while blue colour represents a positive relationship. Non-significant (NS; p > 0.05) correlations are denoted by grey colour. White areas indicate
counties with little or no cropping area of a certain crop group (NA). (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

) North Central South
” 20% 15 21 30 25 32 38
2
©
] J
c 0, -
s 0% == Ll |
@ s *k *k
= *k
% *
@ 900 ke
§ Rl il ok
<
. Root/tuber
-40% ey Spring-sown cereals
SPEIs-15 -1.5<SPEI<1.5 SPEI21.5  SPEIS-1.5 -1.5<SPEI<1.5 SPEI21.5 SPEIS-1.5 -1.5<SPEI<15 SPER1.5 [ Spring-sown oil

b) o Autumn-sown cereals

20% 71 102 98 g
& Autumn-sown oil
o
©
£
2 oyl —— Em —_—
@
o
2
>
Q * Fk
g -20% *
% *okk

-40%

HWI<3 HWIZ3 HWI<3 HwWIz3 HWI<3 HWIZ3

Fig. 3. Average yield anomalies in northern, central and southern Sweden during years with a) extremely dry (SPEI < —1.5) and wet (SPEI >1.5) summers, and b)
extreme heatwaves (HWI >3) during summer. Significance levels are shown for comparison to years with normal weather conditions (—1.5 < SPEI <1.5 and HWI <
3, respectively) as shown with a grey background. The significance levels are * p < 0.05, ** p < 0.01, ***p < 0.001 using the Mann-Whitney U test. Green colour
represents spring-sown crops and pink colour autumn-sown crops. The numbers displayed on top of the graphs indicates the number of county and year combinations
with the extreme weather. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



H. Sjulgdrd et al.
3.2. Relationships between SPEI and crop yield anomalies

The correlations between SPEI and precipitation anomalies were
strong (Supplementary Fig. S5) and as SPEI better describes wet and dry
conditions, only SPEI is presented in the results. Summer droughts were
shown to have negative effects on yield anomalies for all spring-sown
crops. This effect was most pronounced in southern Sweden, as indi-
cated by the yield losses during years with extremely dry summers
compare to normal years and the positive correlations between SPEI and
yield anomalies in the majority of counties in the south (Fig. 2 and
Fig. 3). Yield losses during years with extremely dry summers were 16%
for spring-sown cereals, 18% for root/tuber, and 15% for spring-sown
oil crops. In the central part, there were also negative effects of
drought during summer on spring-sown crops, but with less impact than
in the southern part, with associated yield losses between 10% and 16%
(Fig. 3). The autumn-sown crops were less affected by drought during
summer than the spring-sown crops. Only autumn-sown oil crops in
central Sweden experienced yield losses during years with extremely dry
summers (Fig. 3).

The spring-sown cereals and root/tuber crops were not only found to
be sensitive to extremely dry but also to extremely wet conditions during
summer, and this was the case in all parts of Sweden (Fig. 3). However,
the yield losses were lower during years with extremely wet summers
compared to years with extremely dry summers in the southern part. In
the northern part in contrast, we found negative correlations between
SPEI and yield anomalies (Fig. 2), with the highest yield losses of 38%
for spring-sown cereals and 26% for root/tuber crops in years with
extremely wet summers (Fig. 3). In the central and southern parts,
autumn-sown cereals also experienced yield losses during years with
extremely wet summers (Fig. 3), but with lower yield losses compared to
years with extreme drought.

A negative relationship between yield anomalies and SPEI during
spring was found for spring- and autumn-sown cereals and root/tuber
crops in several of the southern counties (Fig. 2). Yield losses were 9%
for spring-sown cereals and 8% for autumn-sown cereals during years
with an extremely wet spring in the south. Root/tuber crops were
instead favoured by extremely dry spring conditions compare to normal
years with yield gains of 5% (Supplementary Fig. S4). In the north, a
positive effect of dry conditions in spring on spring-sown cereal yield
anomalies were found as indicated by the negative correlation of yield
anomalies and SPEI in several counties (Fig. 3). The average yield gain
during years with an extremely dry spring was 12% in northern Sweden
(Supplementary Fig. S4). During winter, autumn-sown oil crops showed
a positive relationship between yield anomalies and SPEI in the central
part, with an average yield gain of 19% during years with an extremely
wet winter.

3.3. Influence of soil texture on yield anomalies

In years with normal summer conditions (1.5 > SPEI > —1.5) i.e.
when water was presumably not limiting and there was no excess of
water, we found no relationships between average sand content in the
counties to crop yield anomalies for any crop type (Supplementary
Table S5). However, in years with an extremely dry (SPEI < —1.5) or wet
(SPEI >1.5) summer, our results indicate an influence of soil texture on
yield responses, but the impact was different for different crops. For
years with an extremely dry summer, we found that yield anomalies of
spring-sown cereals were lower in the counties with sandy loam soils
compared to clay soils (Fig. 4). Thus, greater sand content exacerbated
drought effects on yield losses of spring-sown cereals. However, during
years with extremely wet summers, no relationships were found be-
tween sand content and yield anomalies of spring-sown cereals (Fig. 4).
There were also no differences between clay and sandy loam soils in crop
yield anomalies for autumn-sown cereals, oil crops or root/tuber crops
during years with either an extremely dry or extremely wet summer
(Supplementary Fig. S6 and S7).
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with average soil texture of clay (Cl) and sandy loam (SaLo) for spring-sown
cereals and sand content of cropped lands during extremely dry (SPEI <
—1.5), normal (—1.5 < SPEI <1.5) and extremely wet conditions (SPEI >1.5),
based on crop yield data from 1965 to 2020. p values in are obtained from
Mann-Whitney U test for comparison of yield anomalies between the soil
texture classes.

4. Discussion

4.1. Influence of temperature anomalies on yield anomalies varies by crop
and location

Our results demonstrate that relationships between temperature
anomalies and HWI, respectively, and crop yield anomalies are strongly
dependent on latitude and crop type (Figs. 2 and 3). Higher average
summer temperatures and a higher HWI were related to yield losses, i.e.
higher negative yield anomalies, in most counties in central and
southern Sweden for spring-sown cereals and root/tuber crops. The
same relationship occurred in a few counties for oil crops and autumn-
sown cereals (Fig. 2). This is consistent with previous studies showing
that warming during summer reduces crop yield (Gammans et al., 2017;
Ceglar et al., 2020; Eck et al., 2020) by accelerating crop development
and reducing the duration to maturity (Gourdji et al., 2013; Jannat et al.,
2022). Heat waves have been shown to be particularly damaging to
crops during the reproductive period during summer (Pradhan et al.,
2012; Barlow et al., 2015; Koscielny et al., 2018; Magno Massuia et al.,
2021).

In years with extreme heatwaves, our results showed that there were
substantial yield losses for all spring-sown crops in southern and central
Sweden, while autumn-sown crops were less affected by such heat waves
(Fig. 3). Similarly, Giannakaki and Calanca (2019) found a stronger
negative association between heat stress and yield for spring wheat than
winter wheat in Russia. We attribute this to the fact that the flowering of
spring-sown crops occurs later in summer when temperatures are
generally higher than for autumn-sown crops (Koppensteiner et al.,
2021). To adapt to a warmer climate in the future, an adaptation could
also be shifting from spring-sown to autumn-sown varieties (Trnka et al.,
2011) in southern and central Sweden. Our data already shows that the
cultivated areas of spring-sown crops have decreased since 1965, and
autumn-sown crops have increased in southern and central Sweden
(Supplementary Fig. S2). In the north, higher summer temperatures
resulted in increased crop yields for spring-sown cereals and root/tuber
crops (Fig. 2), and extreme heatwaves did not result in yield losses in
northern Sweden (Fig. 3). Low temperatures and a short growing season
in northern Sweden are currently limiting crop growth (Olesen et al.,
2011), and crop production might therefore benefit from increased
temperatures. Therefore, in the north, crop yields can be expected to
increase in the future.

Above average temperatures during spring showed a positive asso-
ciation with increased crop yields for all crop groups (Fig. 2). This is
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likely due to the positive effect of higher spring temperatures on the
growth of autumn-sown crops, and the possibility for earlier sowing of
spring-sown crops (Olesen et al., 2011; Rotter et al., 2013). Thereby,
plants are more vigorous and further advanced in their development
before the potential occurrence of high temperatures and droughts in
mid to late summer. In the future, warmer spring temperatures will
prolong the growing season, which can promote autumn-sown crops to
expand northwards as well as enable earlier sowing of spring-sown
crops. However, the also projected increase in precipitation in north-
ern latitudes (Eklund et al., 2015) could complicate sowing and there-
fore also limit the opportunities for earlier sowing.

Temperature anomalies during winter also showed a positive rela-
tionship to the yield anomalies of autumn-sown cereals in both south
and central Sweden. Warmer winter temperatures might favour crop
establishment and root growth, and a decreased risk of frost or cold
damage is probably of higher importance in the central part compare to
the south due to lower average winter temperatures. Average temper-
ature in Sweden are projected to increase during all seasons, and the
highest increase in temperature is forecasted for the winters in the
northern counties, with increases between 3 and 5 °C until the end of the
century compared to 1961-1990 (Eklund et al., 2015). Due to the pro-
jected increased winter temperatures, overwintering problems could
increase in central and northern Sweden. This may limit the expansion
of autumn-sown crops to the north more than the potential increase in
area due to the projected warmer springs and summers (Uleberg et al.,
2014).

4.2. Influence of drought and water excess on yield varies by crop and
location

Similar to temperature anomalies and HWI, our results showed that
the relationships between SPEI and crop yield anomalies are heavily
dependent on latitude and crop type (Figs. 2 and 3). In southern and
central Sweden, yield losses due to drier conditions during summer,
indicated by larger negative yield anomalies, were much more pro-
nounced in spring- than in autumn-sown crops (Figs. 2 and 3). Yield
losses of spring-sown cereals during years with extremely dry summers
were further exacerbated with higher sand content (Fig. 4 and Supple-
mentary Fig. $6), showing that the severity of yield losses due to extreme
weather events may vary with soil texture. Similarly, He et al. (2014)
found that spring wheat yields were lower during dry years on sandy
soils compared to clayey soils. For the other categories of crops included
here, we did not observe such relationships between drought effects and
soil texture (Supplementary Fig. S7 and S7). We attribute the differences
between the sensitivity to drought between spring- and autumn-sown
crops to the fact that autumn-sown crops are further in their develop-
ment and thus have larger and deeper root systems in spring and early
summer compared to spring-sown crops. Therefore, autumn-sown crops
are less sensitive to drought due to their ability to better access water
pools in deeper soil layers.

The analyses provided here also revealed yield reductions during
years with an extremely wet summer for spring- and autumn-sown ce-
reals and root/tuber crops (Fig. 3). The average yield loss during years
with extremely wet summers was highest for the spring-sown cereals in
northern Sweden. Due to low temperatures and less evapotranspiration
in colder northern climates, there is a higher risk of waterlogging during
periods of excess water in northern latitudes, which can lead to oxygen
deficit in the soil, resulting in crop damage and yield losses (Hakala
et al., 2012; Li et al., 2019). During wetter than average spring condi-
tions, autumn- and spring-sown cereals and root/tuber crops showed
lower yields in southern Sweden, and also for spring-sown cereals in the
north. The amount of precipitation in spring has been shown to explain
delays in the sowing of spring-sown cereals (Peltonen-Sainio and Jau-
hiainen, 2014) and potatoes (Jiang et al., 2021), resulting in reduced
yield due to the shortening of the growing period. The autumn-sown
cereals also experienced yield losses in years with an extremely wet
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spring in the south (Fig. 3), supporting previous studies showing that
autumn-sown cereals can be sensitive to waterlogging early in the sea-
son (Peltonen-Sainio et al., 2010; de San Celedonio et al., 2014; Plo-
schuk et al., 2018). Oil crops were barely affected by variations in spring
precipitation patterns according to our results (Fig. 2), which contra-
dicts results from earlier studies in Argentina where oil crops were
shown to be more sensitive to waterlogging than cereals (Ploschuk et al.,
2018; Ploschuk et al., 2020). However, almost half of the Swedish
rapeseed production is in Skdne (SCB, 2020b), the southernmost
Swedish county (cf. Fig. 1a). Skane has relatively sandy soils (Supple-
mentary Table S1) and these soils are less prone to waterlogging than
soils with higher clay content, which may explain our findings.

Our results show that both dry and wet conditions are influencing
crop yield. In the future, the sensitivity of crop yields to excess water
especially in the north of Sweden may be a major challenge due to the
largest predicted increase in precipitation in the northern part (Eklund
et al., 2015). However, due to the negative impact of drought on crop
yields in central and southern Sweden, the future projected increase in
precipitation could potentially be beneficial for crop yields. Neverthe-
less, the increased precipitation might be too small to compensate for the
increased evapotranspiration and higher crop biomass as a result of the
increased temperature and longer growing season in the future (Ylhaisi
et al., 2010).

4.3. Implications

Understanding the influence of weather variations and extreme
weather on crop yields is crucial for farmers and advisors to develop soil
and crop management strategies and for policymakers to design future
agricultural development programs and climate change adaptation
measures. Our results highlight the differences in sensitivity to weather
variations and extreme weather between crop types and geographical
locations. These findings provide stakeholders with information
regarding weather-vulnerable counties and crops in Sweden, which al-
lows policymakers to prioritize support for climate change adaptation
measures. Moreover, farmers and advisors need such information to
develop management strategies that are adapted to their location.
Adaptation measures could include crop breeding programs, techno-
logical developments and farm management practices such as crop
choice, diversification, irrigation and adjusted sowing dates (Smit and
Skinner, 2002; Howden et al., 2007; Raza et al., 2019).

5. Conclusions

In this study, we assessed relationships between weather variations
and crop yield anomalies for the major Swedish arable crop species. Our
work highlights the differences in sensitivity to weather variations and
extreme weather between crop types and geographical locations. The
already on-going climate change poses challenges to crop production
and our study suggests that targeted site- and crop adaptations are
needed to help mitigate potential yield losses. The results demonstrate
the need for site-specific adaptation strategies in the future, due to dif-
ferences in the influence and magnitude of weather anomalies along the
north-south gradient and due to the influence of soil texture on crop
yields in years with extremely dry summers. Crop-specific adaptation
strategies are also of high importance, as demonstrated by the differ-
ences in sensibility to weather anomalies and extreme weather between
crops, especially between autumn- and spring-sown crops. The results
can be used by agricultural policymakers to identify weather-vulnerable
counties and crops in Sweden and use them as a basis for the develop-
ment of regional suitable agricultural programs and support for adap-
tation strategies.
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Supplementary Information

Supplementary Information to “Relationships between weather and yield anomalies vary with crop

type and latitude in Sweden” by Sjulgard et al.

Supplementary Table S1. Total annual precipitation and mean annual temperature between 1965-

2020, and the soil texture class for each county consisting of clay (Cl), clay loam (CILo), sandy silty

loam (SaSiLo) and sandy loam (SaLo). The counties are listed by decreasing latitude.

County Total annual Mean annual  Soil
precipitation  temperature texture
(mm) (°C) class
Norrbottens 559 2.2 SaSiLo
Vasterbottens 562 2.5 SaSiLo
Jamtlands 663 2.9 ClLo
Vésternorrlands 664 3.8 ClLo
Gavleborgs 607 5.5 ClLo
Dalarnas 602 4.9 SaSiLo
Uppsala 590 6.2 cl
Varmlands 694 5.7 ClLo
Vastmanlands 599 6.3 cl
Stockholms 572 6.6 ClLo
Orebro 680 6.5 ClLo
Sédermanlands 536 7.0 cl
Ostergotlands 546 6.8 ClLo
Vastra Gotalands 743 7.2 ClLo
Jonkopings 673 6.2 Salo
Gotlands 572 7.4 Salo
Kalmar 500 7.5 Salo
Hallands 810 8.2 Salo
Kronobergs 726 6.8 Salo
Blekinge 577 7.6 Salo
Skane 672 8.2 Salo




Supplementary Table S2. Pearson’s correlation coefficients between crop yields of different crop
species in the different crop categories. NA indicates counties with little or no area of at least one of

the crops within a crop category. The counties are listed by decreasing latitude.

Root/tuber Autumn-  Spring- Spring- Spring- Spring- Autumn-

sown sown sown sown sown oil  sown oil
cereals cereals cereals cereals

Sugar Rye — Spring Spring Spring Spring Winter

beets - winter barley - barley - wheat - rapeseed rapeseed

potatoes  wheat oats spring oats —turnip =turnip

wheat rape rape

Norrbottens NA NA 0.92 NA NA NA NA
Vasterbottens  NA NA 0.74 NA NA NA NA
Jamtlands NA NA 0.80 NA NA NA NA
Vasternorrlands NA NA 0.84 NA NA NA NA
Gavleborgs NA NA 0.81 0.72 0.69 NA NA
Dalarnas NA NA 0.66 0.83 0.77 NA NA
Uppsala NA 0.85 0.83 0.84 0.76 0.68 0.30
Véarmlands NA 0.29 0.87 0.81 0.86 0.73 NA
Vastmanlands NA 0.68 0.76 0.80 0.65 0.70 0.63
Stockholms NA 0.79 0.77 0.69 0.63 0.43 0.29
Orebro NA 0.76 0.87 0.78 0.74 0.67 0.82
Sédermanlands NA 0.73 NA NA 0.58 0.32 0.47
Ostergotlands  NA 0.78 0.86 0.77 0.71 0.40 0.65
Vistra NA 0.17 0.81 0.16 0.16 NA 0.19
Gotalands
Jonkopings NA NA 0.84 0.75 0.83 0.82 NA
Gotlands 0.31 0.66 0.78 0.75 0.74 0.42 0.70
Kalmar 0.31 0.75 0.86 0.64 0.59 0.39 0.63
Hallands 0.37 0.55 0.89 0.61 0.64 0.76 NA
Kronobergs NA NA 0.73 0.33 0.58 0.55 NA
Blekinge 0.21 0.65 0.82 0.81 0.81 NA NA
Skane -0.13 0.65 0.82 0.75 0.74 0.49 -0.10




Supplementary Table S3. For each season, the number of years with extreme weather (extremely dry

(SPEI <£-1.5) and wet conditions (SPEI > 1.5) and extreme heat waves (HWI>3)) were summarized for

every decade (1970s, 1980s, 1990s, 2000s and 2010s). The temporal development were assessed

with Pearson’s correlation coefficients and displayed in the table. Significant correlations are

denoted as bold and with an asterisk. The counties are listed by decreasing latitude. NA indicates

counties where the extreme weather did not occur during any year in at least three of the decades.

County Winter Winter Spring Spring Summer Summer Autumn Autumn Summer
SPEI21.5 SPEI< - SPEI21.5 SPEI<- SPEI21.5 SPEIS- SPEI21.5 SPEI< - HWI23
1.5 1.5 1.5 1.5

Norrbottens NA NA 0.79 -0.94* NA -0.87 NA NA -0.51
Vasterbottens  -0.73 NA 0.85 -0.29 0.87 NA -0.87 NA -0.24
Jamtlands -0.37 NA 0.84 -0.71 NA NA NA NA -0.62
Vasternorrlands -0.69 0.94 0.00 -0.94* NA NA 0.26 NA -0.52
Gavleborgs NA NA 0.85 -0.58 0.77 NA NA NA -0.47
Dalarnas NA NA -0.29 -0.71 NA NA -0.97 0.94 -0.74
Uppsala NA NA -0.35 0.00 -0.28 NA -0.95 NA 0.42
Véarmlands NA NA 0.83 0.74 NA -0.85 -0.68 -0.69 -0.69
Vastmanlands NA NA 0.71 0.90* -0.50 NA NA NA -0.76
Stockholms NA NA 0.85 -0.35 NA -0.76 -0.87 NA -0.52
Orebro NA NA 0.91* -0.58 0.00 NA 0.17 NA -0.42
Sédermanlands NA NA 0.29 0.88 NA NA -0.77 NA 0.42
Ostergétlands  NA 0.19 0.80 0.57 NA NA NA NA 0.10
Vastra NA NA 0.86 0.87 0.77 NA NA NA 0.38
Gotalands

Jonkopings NA -0.94 0.80 0.38 0.94 NA -0.98 NA -0.57
Gotlands -0.87 NA 0.85 0.84 NA -0.76 -0.73 NA -0.42
Kalmar NA NA 0.88 0.71 NA -0.24 NA NA -0.62
Hallands 0.00 NA 0.87 -0.71 -0.87 NA 0.10 NA -0.22
Kronobergs NA -0.94 0.82 -0.58 0.00 -0.69 NA NA -0.35
Blekinge 0.76 NA 0.87 0.30 NA -0.69 -0.88 NA -0.73
Skane 0.87 -0.94 0.84 0.00 NA -0.76 -0.69 NA -0.65




Supplementary Table S4. The change in the magnitude of the value of SPEI or HWI during years with

extreme weather (extremely dry (SPEI < -1.5) and wet conditions (SPEI 2 1.5) and extreme heat

waves (HWI23)) were assessed temporally between 1965 and 2020. The temporal development were

assessed with Pearson’s correlation coefficients and displayed in the table. Significant correlations

are denoted as bold and with an asterisk. The counties are listed by decreasing latitude. NA indicates

counties with less than four years with the extreme weather condition.

County Winter Winter Spring Spring Summer Summer Autumn Autumn Summer
SPEI21.5 SPEI< - SPEI21.5 SPEI<- SPEI21.5 SPEI<- SPEI21.5 SPEIS- HWI23
1.5 1.5 1.5 1.5

Norrbottens NA NA -0.92 0.73 0.99* 0.57 NA 0.39 0.15
Vasterbottens NA -0.79 NA 0.88 -0.01 -0.54 0.98 -0.05 0.48
Jamtlands -0.15 -0.48 0.85 0.34 0.50 -0.03 0.92 -0.71 0.13
Vésternorrlands -0.72 -0.48 0.76 0.94 0.99 -0.85 0.62 0.15 0.02
Gavleborgs -0.87 -0.37 -0.08 0.90 NA 0.10 1.00* NA -0.03
Dalarnas NA -0.55 -0.31 NA -0.71 0.54 0.53 -0.51 0.00
Uppsala 0.82 -0.48 -0.58 0.13 -0.66 1.00* -0.87 -0.53 0.10
Varmlands 0.02 NA 0.65 -0.67 -0.01 0.14 -0.76 -0.11 0.12
Vastmanlands NA NA -0.59 0.21 0.52 0.46 -0.97 0.49 0.08
Stockholms -0.14 NA NA 0.32 -0.28 NA -0.36 -0.43 -0.13
Orebro -0.39 NA NA 0.45 -0.17 0.58 NA -094* -0.03
Sédermanlands NA -0.48 NA NA -0.31 -0.97 0.66 -0.68 0.45
Ostergdtlands  -0.94 NA 0.98 0.93 -0.74 -1.00 -1.00* NA -0.11
Vastra 0.58 0.10 -0.05 0.90 -0.94 0.62 0.67 0.32 -0.67
Gotalands

Jonkopings -0.78 -0.99* -0.28 0.87 -0.72 -0.93 0.55 0.64 0.18
Gotlands 0.97 1.00* -0.89 0.59 -0.76 -1.00* NA 0.68 0.21
Kalmar -096* -0.95 0.36 0.52 -0.76 NA NA -0.92 0.29
Hallands NA 0.37 0.56 -0.32 -0.20 0.29 -0.54 0.69 -0.34
Kronobergs 0.22 0.99 -0.63 0.45 -0.90 0.98* 0.34 0.74 0.20
Blekinge 0.91 -0.57 NA -0.38 0.46 0.29 -0.32 -0.27 0.27
Skane 0.82 0.05 -0.22 -0.05 0.21 -0.23 -0.71 1.00* -0.15




Supplementary Table S5. Spearman correlation coefficients (r) and p-values between average topsoil
sand content of cropped lands and crop yield anomalies for each crop group during normal moisture

conditions (1.5 > SPEI > -1.5).

1.5 > SPEI >-1.5

Crop group r p-value
Root/tuber 0.01 0.68
Autumn-sown cereals -0.01 0.67
Spring-sown cereals 0.02 0.30
Autumn-sown oil -0.04 0.34
Spring-sown oil 0.07 0.06
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Supplementary Figure S1. Temporal development of mean total precipitation in southern, central

and northern Sweden (cf. Fig. 1) from 1965 to 2020.
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Supplementary Figure S2. Temporal development of the arable cropping area used for spring-sown
crops (spring wheat, spring barley, oats, spring rapeseed, spring turnip rape, potatoes and sugar
beets) and autumn-sown crops (winter wheat, rye, winter rapeseed, winter turnip rape) in southern,

central and northern Sweden from 1965 to 2020.
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Supplementary Figure S3. Examples of detrending of crop yield, using either linear or linear plateau
model. Yield anomalies were then obtained as the relative difference (in %) between actual and

detrended yield for each year.
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c) winter. Significance levels are shown for comparison to years with normal weather conditions (-
1.5< SPEI <1.5) as shown with a grey background. The significance levels are * p<0.05, ** p<0.01,
***p<0.001 calculated from the Wilcoxon-Mann-Whitney test. Green colour represents spring-sown

crops and pink colour autumn-sown crops.
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Supplementary Figure S5. Relationship between precipitation anomalies and SPEI for the four
seasons of a year with Pearson’s correlation coefficients (r). Data from all 21 counties and 56 years

are included.
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Supplementary Figure S6. Boxplots of yield anomalies for the different crop groups harvested in

counties with the average soil texture of clay (Cl) or sandy loam (SaLo) during extremely dry (SPEI < -
1.5) and extremely wet conditions (SPEI > 1.5), based on crop yield data from 1965 to 2020. p values
are obtained from Mann-Whitney U test for comparison of yield anomalies between the soil texture

classes.
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