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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 

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





Sammanfattning 
Klimatförändringarna, minskade skördar och den ökade efterfrågan på livsmedel 
utgör utmaningar för framtidens jordbruk. Det är därför av största vikt att undersöka 
potentialen för brukningsmetoder att motverka påverkan från extremväder på svensk 
grödproduktion. I denna avhandling undersökte jag (1) de rumsliga och tidsmässiga 
mönstren för mångfald av grödor och skördar, (2) skördarnas och grödutvecklingens 
sårbarhet för extrema väderförhållanden och markegenskapernas betydelse för att 
mildra sådana effekter och (3) brukningsmetoders inverkan på jordhälsa i Sverige. 
Analyser av historiska data visade att mångfalden av grödor har ökat från norr till 
söder i och med att klimatet blir varmare. En potential för ökande skördar i framtiden 
visar sig genom att spannmålsskördarna fortsatt att öka i södra Sverige sedan 1960-
talet, och genom låga skördar i norr. De sistnämnda visar sig vara känsliga för 
vattenöverskott och har gynnats av ett varmare klimat. I söder, däremot, är effekten 
av torka mera uttalad, vilket medför att ett varmare klimat fått en negativ inverkan 
på skördarna. Jag konstaterade också att vårsådda grödor var mer känsliga för torka 
än höstsådda grödor. Uppskattningar med hjälp av satellitbilder visade på lägre 
tillväxthastighet för höstvete och ett lägre index för den maximala gröna bladytan 
under torka. Höstvetet hade snabbare tillväxt med högre växttillgängligt vatten under 
torka och det var större skördeförluster i län som överlag hade högre sandhalt i 
jorden, detta visar på betydelsen av markens förmåga att hålla vatten i ett allt torrare 
klimat. Analyser på gårdsnivå visade på förbättrad jordhälsa på gårdar med en större 
mångfald av grödor i växtföljden, mindre intensiv jordbearbetning, oftare 
användning av organiska gödselmedel och mindre användning av fungicider, och 
skördarna påverkades av organiskt material, aggregatstabilitet och bulkdensitet.  
Denna avhandling tyder på att anpassningar efter olika platser och grödor behövs för 
att mildra effekterna av extremt väder på grödors produktivitet i framtiden. 

Nyckelord: skördar, extremväder, grödodiversitet, grödans utveckling, 
markegenskaper, jordhälsa, brukningsmetoder 

Brukningsmetoders potential för att mildra effekter av 
extremväder på svenska grödor
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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 
(Blomqvist 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 

1. Introduction
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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 
et al. 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 (Eklöf 2014). 



17 

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 I. 

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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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. Identify 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 III). 

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

 
 
 

 
 
 
 
 

2. Aim and objectives 
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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 
Västra Götaland and Östergötland 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 III, 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 III; 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.  

 

3. Materials and Methods 
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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 Västra Götaland and to the east 
Östergötland. The 13 fields also included in Paper III are coloured in blue. 

3.2 National crop and soil data (Papers I, II and IV) 
Yearly data on harvested area (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 (Triticum 
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:  

𝐶𝐶𝐶𝐶𝐶𝐶 =  𝑒𝑒𝐻𝐻 = 𝑒𝑒(−∑ 𝑝𝑝𝑖𝑖𝑙𝑙𝑙𝑙𝑛𝑛
𝑖𝑖=1 𝑝𝑝𝑖𝑖)  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) 
(Miljödata-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 II 
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 III and IV) 
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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𝑅𝑅𝑅𝑅𝑖𝑖,𝑗𝑗 = ∑𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑌𝑖𝑖,𝑗𝑗 −  𝑌𝑌𝑗𝑗,𝑘𝑘

𝑌𝑌𝑗𝑗,𝑘𝑘
× 100%               Eq. 4 

where Yfarmer is the yield obtained from farmers, Ȳ 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: 

𝑆𝑆𝑆𝑆𝐶𝐶𝑅𝑅 = �(𝑆𝑆𝑆𝑆𝑖𝑖  × 3.25) × (𝑆𝑆𝑆𝑆𝑒𝑒𝑒𝑒𝑆𝑆𝑖𝑖  × 0.5) × 𝐶𝐶𝑒𝑒𝑆𝑆𝐷𝐷ℎ𝑖𝑖 × 𝐴𝐴𝐶𝐶𝑖𝑖   

5

𝑖𝑖=1

 Eq. 2 

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: 

𝐹𝐹𝐶𝐶𝐶𝐶 = ��𝐹𝐹𝐹𝐹𝑖𝑖

5

𝑖𝑖=1

� × �
∑ 𝑆𝑆𝑖𝑖5
𝑖𝑖=1

5 �   Eq. 3 

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 III, the crop rotation was used to select the farmers’ fields that 
had winter wheat grown in both 2018 and 2021 (Fig. 3). 
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3.4 Soil analyses in farmers’ fields (Paper III and IV) 
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 (CECpH7) 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 CO2 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 III) 
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).  

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-IV) 
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 I. In Paper III, 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 
III, 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 III, 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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4.1 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 Skåne, 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. 

4. Results
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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-1 
between 1965 and 2020, while in the 2010s spring barley yields reached 
around 5800 kg ha-1 in the southernmost county Skåne (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, Västerbotten, Jämtland, 
Västernorrland and Gävleborg; the seven counties in the central part are Dalarna, 
Uppsala, Västmanland, Örebro, Värmland, Stockholm and Södermanland; the nine 
counties belonging to the southern part are Östergötland, Västra Götaland, Jönköping, 
Gotland, Kalmar, Kronoberg, Halland, Blekinge and Skåne.  
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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 
GLAI. 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  
[m2 m-2 °C-1] 

0.001 0.049 -5.03 × 10-5 0.870 

Peak GLAI [m2 m-2] 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 (R²) of 0.78, indicating that a large proportion of the yield 
variability could be explained by the peak GLAI. 

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 
of 0.0117 mg CO2-C (g soil)-1 day-1, compared to 0.0095 mg CO2-C (g soil)-

1 day-1 for fields without ley.  

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. 

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 
 

-0.04 

Basal respiration  
[mg CO2-C (g soil)-1 day-1] 

-0.55* 0.31** 0.47*** -0.30 * 

Subsoil PR [MPa] 0.08 
 

0.16 
 

-0.04 
 

0.01 
 

Bulk density [g cm-3] 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-1] -0.27 
 

0.05 
 

0.03 
 

0.01 
 

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 IV), 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. 
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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 CO2-C (g soil)-1 day-1] 0.11 -0.11

Subsoil PR [MPa] -0.45 -0.50

Bulk density [g cm-3] -0.51* -0.01

pH -0.34 0.17

WAS [%] 0.58* 0.35

CEC [cmol kg-1] 0.19 0.36

PAWC [%] -0.03 0.27
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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 

5. Discussion
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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-1 in the northernmost county 
Norrbotten. The southernmost county Skåne surpassed this levels with yields 
around 2200 kg ha-1 as early as in the 1920s, and reached around 5800 kg ha-

1 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 
et al. 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 R² 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 R2 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. Iizumi 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 III, 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; Baćmaga 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 (Prăvălie 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, I 
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, I 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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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 

6. Conclusions and future perspective
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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. 
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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 

Popular science summary 
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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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I takt med att världens befolkning fortsätter växa och inkomstnivåerna stiger 
förväntas efterfrågan på livsmedel öka under de kommande decennierna. Att 
tillgodose denna efterfrågan innebär utmaningar för jordbruket, särskilt med 
tanke på klimatförändringarna, som redan har visat sig påverka grödors 
produktivitet över hela världen. Sedan starten på den gröna revolutionen på 
1950-60 talet har ett mer intensivt jordbruk och framsteg inom teknik och 
brukningsmetoder lett till ökade skördar. På senare år har dock dessa 
skördeökningar saktat in, stagnerat eller till och med övergått till 
skördeminskning i vissa länder. Detta väcker farhågor om möjligheterna att 
tillgodose en framtida ökad efterfrågan på livsmedel. 

I och med klimatförändringarna förväntas extremväder såsom torka, hetta 
och kraftiga regn bli allt värre och vanligare. Ett sätt att sprida riskerna är att 
odla fler olika sorters grödor och ha en ökad grödodiversitet. Åkermarkens 
egenskaper kan också hjälpa till att mildra de negativa effekterna av 
extremväder på grödornas produktivitet. En god jordhälsa innebär att marken 
till exempel kan hålla ett större förråd av vatten och bidra med näringsämnen 
till grödorna. En god jordhälsa innebär också god markstruktur som gynnar 
rotutveckling och infiltration av vatten. Jordhälsan är dock hotad på grund 
av intensiva brukningsmetoder som har lett till en försämring av 
jordbruksmarken överlag. Brukningsmetoderna måste därför anpassas för att 
förhindra ytterligare försämring av jordbruksmarken i framtiden. 

Det övergripande syftet med denna avhandling var att utvärdera 
jordbrukets potential att mildra effekterna av extrema väderförhållanden på 
svensk växtproduktion. Jag använde historiska data över hela Sverige för att 
uppskatta potentiell framtida påverkan av klimatförändringar på skörd, och 
potentialen att öka mångfalden av grödor. Dessutom bedömde jag betydelsen 
av markens textur för att mildra effekterna av extremt väder på grödor, 
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liksom förhållandet mellan brukningsmetoder och jordhälsa på lantbrukares 
fält. Resultaten visar att klimatförhållandena begränsar vad som kan odlas i 
olika delar av Sverige, med kallare klimat och kortare växtperiod i norr. Men 
med ökande temperatur och längre växtperiod kan det ske en utbredning 
norrut av värmekrävande grödor, och nya grödor kan introduceras i söder. 
Spannmålsskördarna har överlag ökat sedan 60-talet i de flesta län i södra 
Sverige, vilket visar en potential för ökad växtproduktion i framtiden. I 
mellersta Sverige dominerar istället stagnerade spannmålsskördar, det vill 
säga skördeökningen har avstannat. I norr har spannmålsskördarna legat på 
samma nivå sedan 1960-talet. Den låga avkastningsnivån i norr tyder dock 
på att det finns potential att även där öka skördarna under mer gynnsamma 
odlingsförhållanden i framtiden.  

Resultaten för olika län visar att grödor i Sverige skiljer sig i sårbarhet för 
extremväder. Grödorna som odlas i söder påverkas negativt av torka och 
varmare temperaturer. Grödorna i norr, däremot, är mer känsliga för 
vattenöverskott och en högre temperatur visar sig istället vara gynnsam. 
Vårsådda grödor är mera känsliga för extremväder än höstsådda grödor, 
vilket kan bero på att den höstsådda grödan har kommit längre i sin 
utveckling när det extrema vädret inträffar på sommaren. Dessa resultat 
understryker behovet av skräddarsydda anpassningsstrategier mellan grödor 
och regioner i framtiden.  

Tillväxthastigheten och den maximala biomassan i höstvete var lägre 
under det extremt torra året 2018 än under det normala väderåret 2021. 
Betydelsen av mer växttillgängligt vatten i marken för förbättrad 
grödproduktivitet under torka visades genom snabbare tillväxthastighet av 
höstvete under det torra året 2018 på fält med mer växttillgängligt vatten. 
Men även genom större skördeförluster för vårsådd spannmål i län med 
överlag högre sandhalt jämfört med län med högre lerhalt under torra somrar. 
Resultaten visar även att jordhälsan kan förbättras genom brukningsmetoder 
som till exempel en mer varierad växtföljd (och med vall inkluderat), mindre 
intensiv jordbearbetning, oftare användning av organiska gödselmedel och 
mindre användning av fungicider (bekämpningsmedel mot 
svampsjukdomar). Dessa strategier kan därför bidra till att upprätthålla och 
förbättra jordhälsan, vilket är av största vikt för den framtida 
matproduktionen.  

Sammanfattningsvis understryker denna avhandling behovet av 
anpassade brukningsmetoder, som kan skilja sig mellan grödor och platser, 
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för att mildra påverkan av extremt väder på svensk växtproduktion i 
framtiden. 
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A B S T R A C T   

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; González-Chávez 

et al., 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 
et al., 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). 

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 “Miljödata MVM” (Miljödata-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 (×
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). 

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 = eH = e(−
∑n

i=1
pi lnpi) (1)  

where pi 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: 

Yav =
1
5
∑n

n− 4
Yn (2)  

where Yn denotes the value in the year of interest and Yav 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 

(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 
Jämtland and Västerbotten 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 

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). 

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 [× 103 

ha] 
D D slope n n slope 

Norrbotten  66.4  7.0  2.1 0.010  4.7 0.042 
Västerbotten  64.5  19.2  1.7 0.003  4.6 0.029 
Jämtland  63.1  5.7  1.7 NS  4.6 0.034 
Västernorrland  63.0  11.6  1.9 0.006  4.9 0.028 
Gävleborg  61.4  27.0  2.6 0.013  7.6 NS 
Dalarna  60.8  26.8  3.1 0.038  8.3 NS 
Uppsala  60.1  98.1  4.6 -0.007  10.2 0.036 
Värmland  59.8  44.2  3.7 0.014  9.1 0.029 
Västmanland  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 
Örebro  59.4  66.8  4.7 0.021  9.7 0.018 
Södermanland  59.1  78.6  5.0 NS  10.3 0.028 
Östergötland  58.4  124.3  5.6 -0.022  10.2 0.008 
Västra Götaland  58.2  259.2  4.4 0.023  9.6 0.029 
Jönköping  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 
Skåne  55.9  325.9  6.3 -0.025  10.0 -0.018 
Sweden      5.8 NS     
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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 Jönköping (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 Jönköping 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, 

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 Skåne 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 

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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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 

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 
Östergötland, Stockholm, Halland and Dalarna. Displayed lines and the percentiles are based on five-year moving average values (Eq. 2). 

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). 
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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. Skåne 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 (Eklöf, 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 Västmanland 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 

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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Geiger climate classification. Hydrol. Earth Syst. Sci. 11, 1633–1644. https://doi. 
org/10.5194/hess-11-1633-2007. 

R Core Team, 2020. R: The R Project for Statistical Computing. R Foundation for 
Statistical Computing. Vienna, Austria. [WWW Document]. URL https://www.r-pro 
ject.org/ (accessed 1.18.21). 

Redlich, S., Martin, E.A., Steffan-Dewenter, I., 2018. Landscape-level crop diversity 
benefits biological pest control. J. Appl. Ecol. 55, 2419–2428. https://doi.org/ 
10.1111/1365-2664.13126. 

Renard, D., Tilman, D., 2019. National food production stabilized by crop diversity. 
Nature 571, 257–260. https://doi.org/10.1038/s41586-019-1316-y. 

SCB, 2020. Statistikdatabasen [WWW Document]. URL http://www.statistikdatabasen. 
scb.se/pxweb/sv/ssd/START__JO/ (accessed 11.13.20). 

Sievert, C., Parmer, C., Hocking, T., Chamberlain, S., Ram, K., Corvellec, M., Despouy, P., 
Brüggemann, S., Inc, P.T., 2021. plotly: Create Interactive Web Graphics via “plotly. 
js.” 

SMHI, 2020. Ladda ner meteorologiska observationer [WWW Document]. URL 
https://www.smhi.se/data/meteorologi/ladda-ner-meteorologiska-observatione 
r#param=precipitation24HourSum,stations=all (accessed 12.22.20). 

Smith, J.C., Ghosh, A., Hijmans, R.J., 2019. Agricultural intensification was associated 
with crop diversification in India (1947-2014). PLoS ONE 14, e0225555. https://doi. 
org/10.1371/journal.pone.0225555. 

Smith, R.G., Gross, K.L., Robertson, G.P., 2008. Effects of crop diversity on 
agroecosystem function: crop yield response. Ecosystems 11, 355–366. https://doi. 
org/10.1007/s10021-008-9124-5. 

Song, X., Wang, X., Li, X., Zhang, W., Scheffran, J., 2021. Policy-oriented versus market- 
induced: factors influencing crop diversity across China. Ecol. Econ. 190, 107184 
https://doi.org/10.1016/j.ecolecon.2021.107184. 

Steinauer, K., Chatzinotas, A., Eisenhauer, N., 2016. Root exudate cocktails: the link 
between plant diversity and soil microorganisms? Ecol. Evol. 6, 7387–7396. https:// 
doi.org/10.1002/ece3.2454. 

Swift, M.J., Izac, A.-M.N., van Noordwijk, M., 2004. Biodiversity and ecosystem services 
in agricultural landscapes—are we asking the right questions? Agric. Ecosyst. 
Environ., Environ. Serv. Land Use Chang.: Bridg. Gap Policy Res. Southeast Asia 104, 
113–134. https://doi.org/10.1016/j.agee.2004.01.013. 

Tennekes, M., Nowosad, J., Gombin, J., Jeworutzki, S., Russell, K., Clouse, J., Zijdeman, 
R., Clouse, J., Lovelace, R., Muenchow, J., 2021. tmap: Thematic Maps. 
Comprehensive R Archive Network (CRAN). 

Vannoppen, A., Degerickx, J., Gobin, A., 2021. Evaluating landscape attractiveness with 
geospatial data, a case study in flanders, Belgium. Land 10, 703. https://doi.org/ 
10.3390/land10070703. 

Venter, Z.S., Jacobs, K., Hawkins, H.-J., 2016. The impact of crop rotation on soil 
microbial diversity: a meta-analysis. Pedobiologia 59, 215–223. https://doi.org/ 
10.1016/j.pedobi.2016.04.001. 

Wickham, H., Chang, W., Henry, L., 2020. ggplot2: Create Elegant Data Visualisations 
Using the Grammar of Graphics. Comprehensive R Archive Network (CRAN). 

Wickham, H., François, R., Henry, L., Müller, K., 2021. dplyr: A Grammar of Data 
Manipulation. Comprehensive R Archive Network (CRAN). 

Zimmerer, K.S., 2010. Biological diversity in agriculture and global change. Annu. Rev. 
Environ. Resour. 35, 137–166. https://doi.org/10.1146/annurev-environ-040309- 
113840. 

H. Sjulgård et al.                                                                                                                                                                                                                                





1 
 

Supplementary information  
Supplementary information to “Spatiotemporal patterns of crop diversity reveal potential for 
diversification in Swedish agriculture” by Sjulgård et al. 

 

 
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).  

 

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. 

 

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) 

 

 

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 Skåne, 
Västra Götaland, Dalarna and Kalmar. Displayed data are based on five-year moving average 
values (Eq. 3).  

 

 

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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• The impacts of seasonal weather anom-
alies and soil texture on crop yields were 
assessed in this study. 

• Years with extreme weather during 
summer resulted in the largest average 
yield losses. 

• Spring-sown crops were more negatively 
affected by extreme weather than 
autumn-sown crops. 

• Strategies for adapting crop production 
to future climate must consider differ-
ences between crop species and 
locations.  
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A B S T R A C T   

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 
et al., 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 (Rötter et al., 
2011; Eckersten et al., 2012; Rötter 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. 1a). 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 (Sjulgård 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 (Sjulgård et al., 2022). Winter wheat, 
spring barley and oat are the dominant arable crops, with a total pro-
duction of about 3 × 106 tons, 1.4 × 106 tons and 8.1 × 105 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 “Miljödata MVM” 
(Miljödata-MVM, 2020), which is a national database including analyses 
of soil data of arable fields across Sweden. In this study, we used the 

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 (Sjulgård 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 
(θ) 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: 

θi,j,k =
Yi,j,k − Di,j,k

Di,j,k
× 100% (1)  

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 

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 (SPEI; 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 (ET0) for the 
month (i) as: 

Di = Pi − ET0i (2) 

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

ET0i = 0.0013× 0.408RA×
(
Tavg + 17

) (
(Tmax − Tmin) − 0.0123P)0.76 (3)  

where RA is the mean external radiation estimated from the latitude in 
the centre of a county and the month of the year, Tavg is the average daily 
temperature, Tmax is the daily maximum temperature, and Tmin is the 
daily minimum temperature. The package SPEI (Beguería 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 (Tmax) 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 Md(Td) was calculated as: 

Md(Td) =

⎧
⎪⎨

⎪⎩

Td − T30y25p

T30y75p − T30y25p
if Td > T30y25p

0 if Td ≤ T30y25p

(4)  

where Td is the maximum daily temperature on day d during the heat-
wave. T30y25p are the 25th and T30y75p 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 HWI. 

To classify periods of the year as extremely dry or wet, values of SPEI 
were categorized based on commonly used classifications (Ming et al., 
2014; Labudová 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 

“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). 
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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.) 

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.) 
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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). 

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 

Fig. 4. Boxplots of yield anomalies for spring-sown cereals between counties 
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. 
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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; Rötter 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. S6), 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 

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 Skåne (SCB, 2020b), the southernmost 
Swedish county (cf. Fig. 1a). Skåne 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 (Ylhäisi 
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 Sjulgård 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 (ClLo), sandy silty 

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

County Total annual 

precipitation 

(mm) 

Mean annual 

temperature 

(°C) 

Soil 

texture 

class 

Norrbottens 559 2.2 SaSiLo 

Västerbottens 562 2.5 SaSiLo 

Jämtlands 663 2.9 ClLo 

Västernorrlands 664 3.8 ClLo 

Gävleborgs 607 5.5 ClLo 

Dalarnas 602 4.9 SaSiLo 

Uppsala 590 6.2 Cl 

Värmlands 694 5.7 ClLo 

Västmanlands 599 6.3 Cl 

Stockholms 572 6.6 ClLo 

Örebro 680 6.5 ClLo 

Södermanlands 536 7.0 Cl 

Östergötlands 546 6.8 ClLo 

Västra Götalands 743 7.2 ClLo 

Jönköpings 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 

Skåne 672 8.2 SaLo 
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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-

sown 

cereals 

Spring-

sown 

cereals 

Spring-

sown 

cereals 

Spring-

sown 

cereals 

Spring-

sown oil 

Autumn-

sown oil 

Sugar 

beets - 

potatoes 

Rye – 

winter 

wheat 

Spring 

barley - 

oats 

Spring 

barley - 

spring 

wheat 

Spring 

wheat - 

oats 

Spring 

rapeseed 

–turnip 

rape 

Winter 

rapeseed 

–turnip 

rape 

Norrbottens NA NA 0.92 NA NA NA NA 

Västerbottens NA NA 0.74 NA NA NA NA 

Jämtlands NA NA 0.80 NA NA NA NA 

Västernorrlands NA NA 0.84 NA NA NA NA 

Gävleborgs 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 

Värmlands NA 0.29 0.87 0.81 0.86 0.73 NA 

Västmanlands 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 

Örebro NA 0.76 0.87 0.78 0.74 0.67 0.82 

Södermanlands NA 0.73 NA NA 0.58 0.32 0.47 

Östergötlands NA 0.78 0.86 0.77 0.71 0.40 0.65 

Västra 

Götalands 

NA 0.17 0.81 0.16 0.16 NA 0.19 

Jönköpings 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 

Skåne -0.13 0.65 0.82 0.75 0.74 0.49 -0.10 
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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 

SPEI≥1.5  

Winter 

SPEI≤ - 

1.5  

Spring 

SPEI≥1.5  

Spring 

SPEI≤ - 

1.5  

Summer 

SPEI≥1.5  

Summer 

SPEI≤ - 

1.5  

Autumn 

SPEI≥1.5 

Autumn 

SPEI≤ - 

1.5  

Summer 

HWI≥3 

Norrbottens NA NA 0.79 -0.94 * NA -0.87 NA NA -0.51 

Västerbottens -0.73 NA 0.85 -0.29 0.87 NA -0.87 NA -0.24 

Jämtlands -0.37 NA 0.84 -0.71 NA NA NA NA -0.62 

Västernorrlands -0.69 0.94 0.00 -0.94 * NA NA 0.26 NA -0.52 

Gävleborgs 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 

Värmlands NA NA 0.83 0.74 NA -0.85 -0.68 -0.69 -0.69 

Västmanlands 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 

Örebro NA NA 0.91 * -0.58 0.00 NA 0.17 NA -0.42 

Södermanlands NA NA 0.29 0.88 NA NA -0.77 NA 0.42 

Östergötlands NA 0.19 0.80 0.57 NA NA NA NA 0.10 

Västra 

Götalands 

NA NA 0.86 0.87 0.77 NA NA NA 0.38 

Jönköpings 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 

Skåne 0.87 -0.94 0.84 0.00 NA -0.76 -0.69 NA -0.65 
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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 ≥ 1.5) and extreme heat 

waves (HWI≥3)) 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 

SPEI≥1.5 

Winter 

SPEI≤ - 

1.5 

Spring 

SPEI≥1.5 

Spring 

SPEI≤ - 

1.5 

Summer 

SPEI≥1.5 

Summer 

SPEI≤ - 

1.5 

Autumn 

SPEI≥1.5 

Autumn 

SPEI≤ - 

1.5 

Summer 

HWI≥3 

Norrbottens NA NA -0.92 0.73 0.99 * 0.57 NA 0.39 0.15 

Västerbottens NA -0.79 NA 0.88 -0.01 -0.54 0.98 -0.05 0.48 

Jämtlands -0.15 -0.48 0.85 0.34 0.50 -0.03 0.92 -0.71 0.13 

Västernorrlands -0.72 -0.48 0.76 0.94 0.99 -0.85 0.62 0.15 0.02 

Gävleborgs -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 

Värmlands 0.02 NA 0.65 -0.67 -0.01 0.14 -0.76 -0.11 0.12 

Västmanlands 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 

Örebro -0.39 NA NA 0.45 -0.17 0.58 NA -0.94 * -0.03 

Södermanlands NA -0.48 NA NA -0.31 -0.97 0.66 -0.68 0.45 

Östergötlands -0.94 NA 0.98 0.93 -0.74 -1.00 -1.00 * NA -0.11 

Västra 

Götalands 

0.58 0.10 -0.05 0.90 -0.94 0.62 0.67 0.32 -0.67 

Jönköpings -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 -0.96 *  -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 

Skåne 0.82 0.05 -0.22 -0.05 0.21 -0.23 -0.71 1.00 * -0.15 
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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.  

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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Supplementary Figure S4. Average yield anomalies in northern, central and southern Sweden during 

years with extremely dry (SPEI ≤-1.5) and wet (SPEI ≥1.5) conditions during a) spring, b) autumn, and 

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.   



10 

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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Supplementary Figure S7. Scatterplots between yield anomalies during extremely dry (SPEI ≤ -1.5) 

and extremely wet conditions (SPEI ≥ 1.5) for the different crop groups and average topsoil sand 

content of cropped lands, based on crop yield data for 1965 to 2020. Spearman correlation 

coefficient (r) and regression line are included for significant correlation at p < 0.05. 
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