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Ongoing climate change is already affecting crop production patterns worldwide. Our

aim was to investigate how increasing temperature and CO2 as well as changes in

precipitation could affect potential yields for different historical pedoclimatic conditions at

high latitudes (i.e.,>55◦). The APSIM cropmodel was used to simulate the productivity of

four annual crops (barley, forage maize, oats, and spring wheat) over five sites in Sweden

ranging between 55 and 64◦N. A first set of simulations was run using site-specific

daily weather data acquired between 1980 and 2005. A second set of simulations

was then run using incremental changes in precipitation, temperature and CO2 levels,

corresponding to a range of potential future climate scenarios. All simulation sets were

compared in terms of production and risk of failure. Projected future trends showed

that barley and oats will reach a maximum increase in yield with a 1◦C increase in

temperature compared to the 1980–2005 baseline. The optimum temperature for spring

wheat was similar, except at the northernmost site (63.8◦N), where the highest yield was

obtained with a 4◦C increase in temperature. Forage maize showed best performances

for temperature increases of 2–3◦C in all locations, except for the northernmost site,

where the highest simulated yield was reached with a 5◦C increase. Changes in

temperatures and CO2 were the main factors explaining the changes in productivity,

with ∼89% of variance explained, whereas changes in precipitation explained ∼11%. At

the northernmost site, forage maize, oats and spring wheat showed decreasing risk of

crop failure with increasing temperatures. The results of this modeling exercise suggest

that the cultivation of annual crops in Sweden should, to some degree, benefit from

the expected increase of temperature in the coming decades, provided that little to no

water stress affects their growth and development. These results might be relevant to

agriculture studies in regions of similar latitudes, especially the Nordic countries, and

support the general assumption that climate change should have a positive impact on

crop production at high latitudes.
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INTRODUCTION

Climate change is expected to have both positive and negative
impacts on crop production and food security around the world
(Schleussner et al., 2018; Ray et al., 2019), depending on the area
considered and on adaptation strategies (Olesen et al., 2011).
In the Nordic countries and more generally at high latitudes,
the agricultural sector could benefit from an increased arable
area and longer growing seasons, due to temperature rise (King
et al., 2018) and CO2 fertilization (e.g., Thivierge et al., 2016).
Suitable areas for the cultivation of maize and, to a lesser extent,
for wheat, might increase, while no change is expected for oats
under future climate for high latitudes (Elsgaard et al., 2012).
However, it is also expected that adverse effects could happen at
such latitudes, mostly because of extreme climate events, such as
droughts (Trnka et al., 2014; Wiréhn, 2018). In Sweden, this was
recently illustrated with the extreme drought observed during
the summer of 2018 (Wilcke et al., 2020). Swedish agriculture is
built to a large extent on rainfed systems, and is dependent upon
a recharged soil water profile in spring, and subsequent regular
precipitation. Many farmers in 2018 were not able to sow their
crops due to low surface soil water content, and even perennial
forages were yielding lower than normal, eventually resulting in
the slaughtering of livestock. For annual crops, reduced and poor
quality yields were obtained due to the combined effects of water
stress and high temperatures. Quantifying the potential impacts
of climate change on Swedish agricultural systems could help to
identify upcoming opportunities and challenges.

One way to perform such quantification is to use mechanistic
crop models and assess their response to various climate
scenarios. Mechanistic crop models are versatile numerical tools
that are widely used to predict potential yields (e.g., van Ittersum
et al., 2013; Silva et al., 2017), identify optimal farming practices
(e.g., O’Grady and O’Hare, 2017; Pelak et al., 2017; Rodriguez
et al., 2018) or forecast the effects of climate change on crops (e.g.,
Bindi et al., 2015; Ewert et al., 2015).

In the Nordic countries, examples include the work from
Rötter et al. (2013), who simulated barley climate-induced
stresses using the WOFOST crop model for Finnish conditions.
They showed that CO2 fertilization and adjusted sowing windows
can lead to small increase barley yields for most regions of
Finland. Eckersten et al. (2012) and Nkurunziza et al. (2014)
used the MAISPROQ model to simulate the potential yield
of maize in Sweden under a changing climate. Their results
suggest that the likeliness of reaching an appropriate fodder
quality would increase for most regions in Sweden, with some
exceptions due to the effects of water stress, and that yield should
not significantly increase under future climate conditions. More
recently, Macholdt et al. (2021) used the DAISY crop model to
simulate the impact of future climate on yield risk of winter wheat
in eastern Denmark. There results showed that adapted nitrogen
supply and soil organic contents could mitigate the effects of
climate change on the yield.

Another relevant option to evaluate the effects of climate
change on crop production is the APSIM crop model (Keating
et al., 2003). Although it has not previously been applied
for climate change scenario analysis in the context of Nordic

countries, APSIM has an open source code, is supported by an
active user and developer community, and most importantly,
already includes useful submodules to simulate the crops assessed
in this study and the effects of changes in precipitation and
temperature on the phenology and yield of the crops. Examples of
APSIM being used for such tasks include Pembleton et al. (2016),
Phelan et al. (2014), or Bahri et al. (2019).

We chose four major cereals (barley, maize, oat, and spring
wheat) and used the APSIM crop model to simulate the growth
and phenology across five pedo-climatic representative areas of
Sweden. The broader aim of the research was to examine how
these crops may perform in the future, and explore possibilities to
revise, adapt, and formulate new production scenarios to increase
the benefits for producers while reducing the risks. The specific
aim of this study was to simulate potential trends of future crop
production in Sweden using combined incremental changes in
temperatures, CO2, and precipitation.

MATERIALS AND METHODS

Crop Modeling
Simulations of plant growth and development were performed
using the mechanistic crop model APSIM (version 7.10).
Mechanistic crop models can simulate crop growth and
development as a function of soil, climate and agronomic
management, providing information on interactions of genotype,
environment andmanagement (GxExM). Theminimumweather
information required to run APSIM includes daily precipitation,
minimum and maximum air temperatures, and solar radiation.
The reader is referred to Keating et al. (2003) and Holzwortha
et al. (2014) for a detailed description of the general framework
of APSIM. Soil and climate data were organized for each location,
along with farming practices for each crop, as inputs for APSIM.

Parameterization of APSIM

Soil Data
All simulations were conducted as a succession of independent
growing seasons, i.e., all soil initial conditions were reset at the
start of each simulation. The soil water content was set to full
capacity at sowing due to the snowmelt in spring, as proposed by
Eckersten et al. (2012).

For all locations except Uppsala (Figure 1), soil profiles were
collected by the authors for 10 layers (Umeå) or 6 layers
(Kristianstad, Lidköping, and Färjestaden) to a depth of 120 cm.

Soil physical and chemical characteristics were measured
using laboratory methods and are available in a public dataset
(Morel et al., 2019). For Uppsala, soil data acquired by Wiklert
et al. (1983) were used to compute an estimation of the soil water
characteristics using the SPAWmodel (Saxton and Rawls, 2006).
Soil data are available in Supplementary Materials.

Farming Practices
Farming practices (including sowing dates, plant densities and
depths) were defined for each crop based on local expert
knowledge (Table 1). Sowing and cut-off harvest dates were
defined based on usual practices for each crop whenever possible.
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FIGURE 1 | Locations used in the study. Black circles indicate locations with soil sampling performed by the authors. The pink circle shows the location for which soil

data were acquired from a previous report (Wiklert et al., 1983).

TABLE 1 | Sowing and harvest dates for each crop and location of the study.

Crop

Barley Maize Oats Spring wheat

Location Färjestaden 05/05, 15/10 05/05, 15/10 05/05, 15/10 05/05, 15/10

Kristianstad 05/05, 15/10 05/05, 15/10 05/05, 15/10 05/05, 15/10

Lidköping 05/05, 15/10 05/05, 15/10 05/05, 15/10 05/05, 15/10

Umeå 25/05, 01/10 01/06*, 01/10* 25/05, 01/10 01/06*, 01/10*

Uppsala 10/05, 15/10 10/05, 15/10 10/05, 15/10 10/05, 15/10

*indicates an estimated date for a location where the crop is not currently grown.

In the case of spring wheat and forage maize in Umeå,
dates of sowing and harvest were estimated based on expert
knowledge, as these crops are not currently cultivated in this area.
Nitrogen fertilizer rates were higher than recommended rates, to
avoid any potential influence of nitrogen-related stress on crop
photosynthesis and production.

Climate Datasets
Quantification of the impact of climate on crop yields and
food security requires long-term historical daily weather data to
obtain a robust conclusion. Long term daily weather data are not
easily available for many regions. To overcome these limitations,
gridded weather databases are available, for which the data are
typically derived from (1) global circulations models (GCM), (2)
interpolated weather station data, or (3) remotely sensed surface
data from satellites. The research program on Climate Change,

Agriculture and Food Security (CCAFS) is one of such platforms
that provides downscaled gridded data of a region from GCMs
outputs. Based on the coordinates of the locations of interest, data
can be downloaded for climate impact studies.

In a context of climate change, increases in temperature
for Sweden under the IPCC scenario with highest emissions
(RCP8.5) are around 3◦C by 2050, when compared to the baseline
1961–1990 (Hagman et al., 2018). The predicted increase is
higher in northern Sweden (around 5◦C). Similarly, an increase
in precipitation by 10% is project for Sweden, and 20–25% when
considering only the northern region. The prediction for CO2

concentration is between 450 and 600 ppm by 2050, depending
on the emission scenario (IPCC AR5). In order to account for
all these potential changes, the synthetic data was genereated to
quantify different combinations of the predicted climate factors
for selected locations in north and south Sweden. Two sets of
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TABLE 2 | Summary of the baseline climate for each location.

Location GDD, base

5◦C

Precipitation

mm.year−1

Mean annual

temperature◦C

Solar

radiation

MJ.m−2.yr−1

Färjestaden 1,645 477 7.5 3,966

Kristianstad 1,571 618 7.4 3,806

Lidköping 1,444 625 6.4 3,640

Umeå 1,048 613 2.8 3,498

Uppsala 1,406 533 5.7 3,614

GDD are accumulated growing degree days.

climate data were used in this study, each of them containing
daily rainfall, solar radiation, and minimum and maximum
air temperatures.

The first dataset (hereinafter refered to as the baseline
scenario) consisted of a daily data series from 1980 to 2005
of bias-corrected gridded weather data downloaded for each
location from the CCAFS website (see http://www.ccafs-climate.
org/ for more details). A summary of the main climate variables
is provided in Table 2.

A second weather dataset (hereinafter refered to as future
scenarios) was constructed using an incremental method as used
by Lana et al. (2017). Incrementalmethods are commonly applied
in climate scenario construction to study the sensitivity of an
exposure unit (like e.g., yield) to a wide range of variations
in climate and to construct impact response surfaces over
multivariate climate spaces. Using the APSIM factorial tool, daily
maximum and minimum temperatures were increased in 1◦C
steps until a total increment of +5◦C, concomitantly with CO2

concentrations increasing from 350 to 560 ppm. Precipitation
amount was changed by applying multiplication factors from
−20, −10, −5, +5, and +15% to each precipitation event from
the baseline scenario. Each temperature/CO2 combination was
then factorially combined with changes in daily precipitation,
resulting in 30 future scenarios.

Varietal Calibration
The values of the parameters describing the crop cultivars used
in this study were obtained from previous studies: Kumar and
Parsons (2020) and (Kumar et al., 2021) for barley and oats,
Morel et al. (2020b) for maize and Asseng et al. (2019) for spring
wheat. The reader is referred to the Supplementary Materials for
further details on the calibration of the cultivars used in the study.

Approach to Compare the Baseline and
Future Scenarios
APSIM output files were imported and analyzed with R 3.6.2 (R
Core Team, 2019). The crop production response was assessed
using two indicators: yield change and yield variability.

Yield change (δy, expressed in %) is crop and site specific and
was computed as

δy =
(my−ry)

ry
(1)

where my is the median yield of a given crop for a given climate
scenario and site, and ry is the reference yield of the given crop,
which was computed as

ry =
∑n

1 bn
n

(2)

where bn is the median yield of a given crop under the baseline
climate, for the nth location.

Yield variability (vy, expressed in %) was calculated as the
coefficient of variation of the yield of a given crop-location-
climate scenario combination

vy =
σy
µy

(3)

where σy and µy are, respectively, the standard deviation
and the mean of the yields for a given crop-location-climate
scenario combination.

Rules to consider a given crop as a failure were defined based
on simulated phenological stages in APSIM. Forage maize was
considered a failure if the grain filling process was less than
half completed. For barley, oats, and spring wheat, the crop was
considered a failure if the physiological maturity stage was not
completed. Crop failure risk was computed as the percentage of
failures for a given crop-location-climate scenario combination.

RESULTS

The results obtained for the baseline dataset are consistent
with the expected productivity in farmer fields for each crop,
with average grain yields of 5.4, 4.4, and 5.7 t.ha−1 for barley,
oats and spring wheat, respectively, and an average dry matter
yield of 11.5 t.ha−1 for forage maize. The reader is referred to
the Supplementary Materials for a more formal comparison of
simulated and observed yields (Supplementary Figure 1).

Changes in Yields
The results presented in this section refer to relative yield (dry
matter of grain yield for threshed cereals or aboveground dry
matter yield for forage maize).

Barley
The simulated barley yields are lower in Umeå than at the
locations in southern Sweden (Figure 2A). Yield variability,
particularly in scenarios with increases in temperature, are also
higher in Umeå than for the other locations, where barley
yields decrease with increasing temperatures. The productivity
is not affected by changes in precipitation. In Uppsala,
maximum yield is observed with a 1◦C increase in temperature.
Subsequent increases in temperature lead to a decreasing yield.
Changes in precipitation do not affect the yield, irrespective of
temperature increase.

At Lidköping, simulated yields for the baseline climate are
higher compared to Uppsala, whereas increasing temperature
leads to a greater decrease in yield compared to Uppsala. Similar
yields are observed for all future scenarios with 3 to 5◦C of
temperature increase. Yield variability is similar for all scenarios,
including the baseline. At Färjestaden, the baseline yield is similar
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FIGURE 2 | Changes in crops yields for the five locations of the study. Brown colors indicate a decrease in yield while blue colors indicate an increase in yield. The size

of the points indicates the variability of the yield (coefficient of variation). The dashed line indicates a 0% change in precipitation. The yield reference value (0%) was

computed as the mean of the baselines of the five locations. νyield: yield variability. δyield: yield change. (A) Barley, (B) Maize, (C) Oats, and (D) Spring wheat.

to Lidköping. The maximum yield is observed with a 1◦C
increase in temperature, although higher precipitation results
in slightly higher yields. Subsequent increases in temperature
lead to a decrease in yield. The yield variability does not
change meaningly with the combinations of temperature and
precipitation. At Kristianstad, the yields and yield variabilities
of all combinations of temperature and precipitation are similar

to Färjestaden, with a maximum yield obtained for a 1◦C
temperature increase and the minimum yield obtained for an
increase of 5◦C.

Maize
The results suggest that maize should benefit from the expected
increase of temperature, with higher yields and reduced
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variability observed for all locations (Figure 2B). However,
the optimal conditions vary depending on the location. In
Kristianstad, the simulation results show that the aboveground
dry matter yield of maize increases along with temperature when
compared to baseline results, while the yield variability decreases.
The maximum increase of yield is obtained for a temperature
increase of 2–3◦C.

Results are similar in Lidköping, with an overall increase in
yield and a decrease in variability, and a maximum yield gain
obtained with a 2–3◦C increase. In Umeå, where maize is not
currently cultivated, the baseline results showed a lower yield
in comparison with the mean of all baseline simulations. The
increase in temperatures results in a continuous increase of
yield and a decrease in yield variability. In Uppsala, the baseline
results are noticeably lower than the average of all locations, and
the increase in temperature results in a progressive increase in
yields, although the effects are less pronounced than in Umeå.
In Färjestaden, the baseline results show the highest yield and
a slightly reduced variability, and the maximum increase of
production is observed for a temperature increase of 1–2◦C. In
all studied location, variations in precipitation do not influence
the yield.

Oats
In general, the greatest decreases in oats yields at higher
temperature are observed at Umeå and Lidköping. At all
locations, maximum yield is observed with a 1◦C increase in
temperature (Figure 2C). Above a 1◦C increase in temperature,
the positive effect of CO2 fertilization does not reduce the
negative impact of increased temperature on yield. At Umeå,
maximum yield is observed with 1◦C increase in temperature
with lowest yield variability. Subsequent increase in temperature
induces a decreasing yield, with the highest decrease at 5◦C. Yield
variabilities are similar from 2 to 5◦C temperature increases with
all precipitation combinations. In Uppsala, the maximum yield
is observed at 1◦C increase in temperature, with precipitation
slightly influencing the performances. Subsequent increases in
temperatures induce a decrease in yield, the lowest one being
obtained with 5◦C of temperatures increases. The yield variability
is similar for all climate scenarios.

At Lidköping, similar to Uppsala, yields were higher at 1◦C.
Greater temperatures increases lead to a decreased yield and
increased variability. The lowest yield is observed for a 5◦C
temperature increase with all combinations of precipitation. At
Färjestaden and Kristianstad, similar to other southern locations,
yield is maximum at 1◦C and then decreases with further
increasing temperature for all combinations of precipitation, the
lowest yield being obtained with a 5◦C increase of temperature.
Yield variability is similar for all scenarios.

Spring Wheat
Wheat yield trends at all five sites are shown in Figure 2D.
The impact of change in temperature at Kristianstad depicts
a significant positive effect on grain yield for a 1◦C increase,
while the variability in yield increases at 3 to 5◦C. Temperature
and rainfall increase also show a positive effect on grain yield

of wheat at Lidköping but with higher variability compared
to Kristianstad.

Wheat yield in Umeå (where wheat is not currently cultivated)
increases concomitantly with temperature. Higher temperature
at Umeå depicts higher yield from 5 to 15% increase in rainfall,
while variability in yield is slightly decreasing due to increased
temperature under both 5 and 15% rainfall regimes. At Uppsala
the trend in wheat yield shows that it remains highest at 1◦C
temperature for all rainfall change regimes. Further increases in
temperature result in declined wheat yield for all precipitation
change regimes. Wheat yields at Färjestaden are highest with
1◦C of increase compared with higher temperature changes of
4 to 5◦C. Yield outcomes decrease with decreased precipitation
and increased temperature, accompanied by increasing yield
variability at Färjestaden. The highest decline in yield is observed
at 5◦C with 20% decrease in rainfall. However, increased rainfall
(15%) results in higher yield even at 5◦C temperature compared
with decreased rainfall.

Risk of Crop Failure
Crop failure as presented here describes the risk of the crop
not reaching the physiological maturity stage (for barley, spring
wheat, and oats) or, in the case of maize, having the grain
filling process interrupted before it was half completed. For the
baseline scenarios, risk of failure for threshed cereals was high in
Umeå (27% for spring wheat, 23% for barley, and 21% for oats)
when compared to other locations. Simulations with increased
temperatures showed no negative effects on the risk of failure. In
the case of barley, oats and spring wheat, failure risk showed little
to no location or climate scenario-dependent variation, and are
therefore not presented here. Results for maize showed a more
pronounced dynamic, especially in Umeå (Table 3).

The risk of failure remains very low for Kristianstad,
Lidköping, and Färjestaden. In Uppsala, the risk of failure for
the baseline simulations is noticeably higher compared to future
climate simulations. In Umeå, however, the risk of failure for the
baseline simulations is very high, with 0% of baseline simulations
reaching the maturity required for forage maize. The projected
increases in temperatures rapidly lead to a reduction of the risk
of failure, with virtually no risk for scenarios with temperatures
increased by 4 and 5◦C.

DISCUSSION

Model Parameterization and Calibration
Modeling natural processes is a delicate exercise of balancing the
simplification of a set of complex phenomena while maintaining
a high level of accuracy in the final output. In this study, we
used simplifications and approximations to define some of the
driving parameters of APSIM (e.g., sowing dates, definition of
a crop failure). Although the simplifications that we made can
be eventually modified, we consider the results obtained as an
acceptable first approximation of the potential trend of four
important annual crops cultivated in Sweden in the incoming
decades. The results are also an efficient way to point out the
knowledge gaps that need to be further assessed to increase our
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TABLE 3 | Risk of crop failure (%) for silage maize in Umeå.

Temperature increase (◦C)

0 +1◦C +2◦C +3◦C +4◦C +5◦C

Changes in precipitation (%) −20% 88.5 53.8 11.5 0 0

−10% 88.5 53.8 11.5 0 0

−5% 88.5 53.8 11.5 0 0

0% 100 88.5 53.8 11.5 0 0

5% 88.5 53.8 11.5 0 0

15% 88.5 53.8 11.5 0 0

understanding of what the future of food production could be in
Sweden and other Nordic countries.

Limitations of Climate Scenarios
The method used here to define synthetic climate scenarios
is also a simplification of a complex task—predicting climate
change. The data used in this study account for a change in
magnitude of the climate variables (warmer temperatures, more
or less precipitation), but do not consider potential changes in the
variability of the climate (e.g., distribution of precipitation), thus
might not represent the current forecasted climate for the coming
decades. However, we consider that this factorial combination
of increased temperatures and associated CO2 concentrations,
and both increased and decreased precipitation amounts as an
important tool to assess the respective effects of temperature,
CO2, and precipitation on the development and growth of
the crops.

Production and Risks of Failure Predicted
Trends
All crops show an increase of yield concomitant with
temperatures and CO2 concentrations increases, although
the optimal range of temperatures for increases varies from
one crop and locations combination to another. This has been
reported in previous studies, as e.g., in Rötter et al. (2011),
Rötter et al. (2013), Ozturk et al. (2018), Macholdt et al. (2021),
Palosuo et al. (2021). All these studies emphasize that crops in
the Nordic countries can benefit from increased temperatures
until a certain threshold, depending on the crop, location and
model considered. To the best of our knowledge, the present
study is the first to confirm these findings for Sweden.

From the perspective of risk of failure, the results obtained
here suggest that there are few or no negative effects of climate
change if the current management is kept constant. This is
consistent with expectations as the increase of temperatures
induces a reduction of the days required to reach grain maturity,
provided that there is no or little water stress. The simulation
averaged phenology-related water stress was zero for barley
and spring wheat simulations, while a very limited stress was
reported for maize simulations in Uppsala (Figure 3). Water
stress affecting phenology was more frequent for oats, especially
at Färjestaden, yet simulated stresses did not result in any
noticeable change in terms of risk of failure. In Sweden, and
more generally in the Nordic countries, crops are, in general,

more prone to temperature-related stresses rather than water-
related stresses. In the case of our study, this is illustrated in
Figure 4, which shows a comparison of the respective effects
of temperature and CO2 vs. precipitation on the variability of
yields, expressed by coefficient of variation. Temperature and
CO2 concentrations appear to largely influence the variability of
yields compared to precipitation, with the exception of spring
wheat in Färjestaden. This exception could be explained by the
fact that Färjestaden is a relatively dry place compared to the
other locations, and also because wheat has a long growing
season, which can result in a greater sensitivity to a reduction
of precipitation. Overall, temperature and CO2 explain more
than 89% of the variability, while precipitation only accounts for
11%. One important aspect in Nordic regions is that frequently
the soil soils are at field capacity at the beginning of the
cropping season, allowing a better establishment of the crops
and a lower dependency on the total precipitation during the
cropping season.

The absence of negative effects of mild climate change on
crop production in Sweden could also partly be explained by
the fact that increased CO2 levels can compensate to some
extent for droughts effects, as reported in previous studies, as
for example Manderscheid and Weigel (2007) or Robredo et al.
(2007). However, this question needs to be further assessed in
order to develop a better understanding of the physiological
processes that link CO2 concentrations, water use efficiency and
stresses affecting the plant, as suggested by Boote et al. (2013).

Simulated yields for high increase of temperatures and
decrease of precipitation suggest that maize will perform
better than other crops in conditions with increased risk of
drought. Especially, barley and oats tend to be more sensitive
to increases in temperature and CO2 (Figures 2A,C). This
could be because, under increased temperatures, crops would
progress more rapidly through phenological stages, thus having
less time to accumulate biomass, as suggested by Wang et al.
(2009). Maize, as a C4 plant, is expected to perform better with
warmer temperatures than currently typical for Nordic countries.
Another reason is that the root system of maize can penetrate soil
deeper when compared to other crops, which limits the effects of
low surface moisture levels.

Opportunities for Further Studies
The structure of APSIM is complex and requires fine-tuning
of many parameters that heavily influence the final outputs of
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FIGURE 3 | Simulation averaged phenology-related water stress. Barley, spring wheat and to a lesser extent, maize, showed little to no water stress. Oats, on the

other hand, and especially at Färjestaden, appears to have a more prononced water stress affecting its phenology, although this does not impacted its risk of failure.

FIGURE 4 | Comparison of temperature-CO2 vs. precipitation related coefficients of variation of simulated yields. The coefficient of variation is computed over the 26

years of simulation of a given scenario for the same site and crop and regrouped according to the increase in temperature and CO2 (to assess the effects of

precipitation) or changes in precipitation (to assess the effects of temperature and CO2). B., M., O. and S. W. stand for barley, maize, oats, and spring wheat,

respectively.

the model. This task is particularly hard when simulating crop
production for various locations with different farming practices
and soils. Different methods, including e.g., Bayesian statistics or
satellite remote sensing should be tested, with the expectation of

a reduced uncertainty on some of the most critical parameters of
APSIM. In this study, fixed sowing dates were used for each crop
and location to simulate the growth of the plants. Using sowing
windows with flexible sowing rules could make results more
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representative of actual conditions, as suggested in Thornton
et al. (2017). Similarly, simulations were set up in such a way that
the nitrogen stress was kept low. Testing the effect of fertilization
rates on crop development and growth might provide good
farming strategies to mitigate the effects of increased water
and temperature stresses. Another limitation comes from the
fact that the current parameterization of APSIM 7.10 does
not account for differences in transpiration efficiency between
different plants, and more especially between C3 and C4 crops,
which has been highlighted by Ainsworth and Long (2004).
Finally, we emphasize that this work is an impact study using
current management. Future adaptation studies can assess the
opportunities for different adaptation options, such as breeding
cultivars that take advantage of the extended growing season.

CONCLUSION

We used the APSIM crop model to simulate the growth
of four crops in five locations in Sweden under various
climate scenarios. Baseline climate (1980 to 2005) simulations
were run and compared with synthetic future scenarios, with
incremental increases in temperatures and both increases
and decreases in precipitation. The results suggested that
crops will perform differently depending on locations and
climate scenarios: although all crops should benefit from an
increase in temperatures, the maximum yield will often be
reached with small (1◦C) temperature increases for barley,
oats and spring wheat, whereas forage maize can benefit from
greater temperatures increases. Changes in temperature did not
dramatically affect the risk of failure, with the exception of maize
in Umeå, where risk decreased with increasing temperature. This
change might have been partly reached, as Hogda et al. (2001)
reported already 20 years ago that the length of the growing
season considerably increased between 1981 and 1999. Changes
in precipitation showed limited influence on both productivity
and risk of failure of crops. In the case of a high increase
of temperature and decrease in precipitation, oats was most
negatively affected compared to the baseline simulations, whereas
forage maize showed the highest increase in production. In
conclusion, this work suggests that the cultivation of annual
crops in Sweden should to some extent benefit from the expected
rise in temperature linked with climate change, provided that

little to no water stress affects the growth and development
of the crops. Potential improvements in the methodology and
in the research area have been highlighted and should help
to increase the representativeness of this modeling exercise.
Although focusing on Sweden only, these results might be
relevant to agriculture in regions of similar latitudes, especially
the Nordic countries.
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