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Abstract

Today, sorghum is a minor crop in Europe cultivated on only ~0.1% of the cropland area. Nonetheless, sorghum is of
growing interest due to its high heat tolerance compared to other crops and better adaptation to future hot and dry
summers. In this study, we investigated the feasibility of expanding sorghum cultivation in Europe under current and
future climatic conditions. We also explored the possibility of replacing maize with locally-produced sorghum for feeding
livestock. To this end, we developed a machine-learning model that predicts sorghum yields from high-resolution climate
data. The model was trained on historical sorghum yield data collected at the county level in France, Italy, Spain, and the
USA. Then, we used the model to predict sorghum yields for current and future climate conditions, following different
climate change scenarios. In almost all scenarios, sorghum yields decreased by up to -1.5t ha™ in the southern part of
Europe but increased substantially by up to + 3 t ha™ in the northern part of Europe by end-of-century. We found that at
least 90% of maize currently used to feed livestock could be replaced by sorghum in Europe if grown in one out of three
years. These results provide valuable information for improving feed security in Europe in the face of climate change.

Introduction

Climate change is associated with shifts in precipitation patterns and temperature regimes, posing challenges to current
and future crop production (Olesen et al., 2011). Moreover, projections predict an increasing frequency and intensity of
extreme meteorological conditions, including heavy rainfall, droughts, and rising temperatures (IPCC, 2023). These
meteorological risks concern in particular the summer months, which are of major importance for crop growth.

Consequently, there is a growing urgency for the agricultural sector to adapt to these changing conditions (Vautard et al.,
2023). An essential strategy for adaptation involves the careful selection of crops that can withstand these challenging
circumstances (Labeyrie et al., 2021; Sloat et al., 2021). This approach not only helps maintain agricultural productivity
but also contributes to food security and economic stability in the face of climate change since the world population is
expected to reach 10.4 billion by 2100, an increase of 30 percent from today (United Nations, 2022). Coupled with an
improving standard of living in developing countries, the expected population growth and shift in diet will increase
demand for food and animal feed (Gouel and Guimbard, 2019; Van Dijk et al., 2021) and raise concerns about food and
feed security.

In this regard, sorghum has gained attention as an attractive crop for climate change adaptation due to its high heat
tolerance and resilience to water stress compared to other crops (Farré and Faci, 2006; Hossain et al., 2022; Schaffasz et
al., 2019; Schittenhelm and Schroetter, 2014; Prasad, Bheemanahalli, and Jagadish, 2017; Rezaei et al., 2023; Negri et al.,
2024; Kunrath et al., 2020). Sorghum holds the fifth position worldwide in terms of both grain production and cultivation
area (Hariprasanna and Rakshit 2016). Africa and the USA are the primary regions for sorghum production, accounting
for 42% and 17% of global production over the period of 2000—2020, respectively (FAOSTAT, 2023). Sorghum is still a
minor crop in Europe (here defined as all 44 countries in Europe except for Iceland and Russia but including Turkey)
where it was cultivated on only ~ 0.1% of the cropland area between 2017 and 2021 (FAOSTAT, 2023). Nonetheless, its
production is expanding in this region, with a 57% increase during the second decade compared to the first decade of the
21st century (FAOSTAT, 2023) (Figure S1).

A number of recent studies illustrate the growing interest in cultivating sorghum in Europe in the face of climate change
(Didenko et al., 2023; Schaffasz et al., 2019; Téth et al., 2023; Von Cossel et al., 2019). Sorghum is usually considered a
good alternative to maize in environments with limited water availability because of its high water and nitrogen use
efficiency, and ability to better withstand heat and water stress (Rooney et al. 2007; Shoemaker et al., 2010). The
productivity of sorghum has been found to be less sensitive to water limitation than maize in some experimental studies
from Germany (Schittenhelm and Schroetter, 2014) and Spain (Farré and Faci, 2006). However, despite this growing
interest in sorghum, only a few studies assessed the effect of climate change on potential sorghum production in Europe
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(Tubiello et al., 2000; Rinaldi and De Luca, 2012; Gral et al., 2015; Pohle et al. 2015). Yet, these studies focused on
specific regions (primarily in Italy and Germany) and did not address the full diversity of European climates and
agricultural landscapes.

Similar to maize, sorghum is mainly used for feeding livestock in Europe (80% of sorghum grown in Europe is used as
livestock feed (Lidea Seeds, 2023)). Various studies have highlighted the interchangeable nutritional values of sorghum
and maize grains in feeding livestock, provided that animals can be progressively acclimated to sorghum-based feed
products (Ciurescu et al., 2023; Mengistu Urge, 2015; Onunkwo et al., 2015). Notably, sorghum grains have been
demonstrated to offer comparable benefits to maize grains, with higher protein content and energy provision while being
more cost-effective. Ronda et al. (2018) compared the nutritional values of sorghum and maize fed to dairy cattle. They
showed that sorghum has 6% more protein content and provides more energy than maize, while being 30% less
expensive. Consequently, some farmers have recently incorporated more sorghum into their feed: pork pig producers in
Romania and Hungary replaced some of their maize with sorghum in the feed formulation (Lidea Seeds, 2023). They
demonstrated that pigs fed with sorghum grains showed the same weight gain as those fed with maize grains. However,
to date, the potential for sorghum-based feed production has not been evaluated across Europe in its entirety.

Therefore, there is a need for a comprehensive study that examines the impact of climate change on sorghum yields
under different future climate scenarios across Europe, and the associated potential for sorghum-based feed production.
Such a study would allow for better decision-making on adaptation strategies and sustainable agricultural practices in
the face of climate change. In this context, the main goals of the present study are to investigate 1) the feasibility of
expanding sorghum cultivation in Europe under current and future (middle and end of the 21st century) climatic
conditions, and 2) the possibility of replacing maize with locally-produced sorghum for feeding livestock in Europe. To
this end, we developed a machine learning model for predicting sorghum grain yield as a function of key climate inputs
based on a random forest algorithm over the eight months of the sorghum growing season (April-November) (USDA
IPAD, 2024). The model was trained on historical sorghum grain yield data collected at the county or department level in
France, Italy, Spain, and the USA, covering the period from 2000 to 2020. Our historical sorghum yield dataset comprises
11,644 data points covering a large range of climate zones. Climate conditions were further expanded with the inclusion
of yield data where yields can be reasonably assumed to be zero due to climatic conditions incompatible with crop
growth (for instance Arctic and desert regions). Gridded monthly values of climate variables (solar radiation, minimum
and maximum temperature, rainfall, and relative humidity) were used as predictors. For each climate parameter, we
calculated monthly averages over an 8-month season (April-November) during which sorghum can be cultivated (i.e., a
total of 40 predictors). For future projections, we covered a total of twenty climate change scenarios generated with five
climate models, two Representative Concentration Pathways (SSP1-RCP2.6 and SSP5-RCP8.5) and targeting the two
future periods of the mid and late 21st century. The SSP1-RCP2.6 scenario represents a high mitigation pathway with
moderate warming, characterized by sustainable development, low-carbon energy sources, and significant global efforts
to reduce greenhouse gas emissions. In contrast, the SSP5-RCP8.5 scenario represents a low mitigation pathway with
strong warming, depicting a future with continued high fossil fuel emissions, limited climate change mitigation, and more
pronounced global temperature increases. This is the first data-driven assessment of the probable sorghum performance
across the continent of Europe, taking climate change into account.

Results and discussion

Evaluation of model performance

Evaluated based on a 5-fold cross-validation against observed yields, the random forest model shows a good

performance with an R? of 0.83, a root-mean-squared error (RMSE) of 0.94 t ha™ !, and a Nash-Sutcliffe model efficiency
(NSE, unitless) of 0.82 (Figure S2). Two additional sets of cross-validation analyses were performed to assess the
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random forest model's ability to predict yields in time and space. For transferability in time, we first excluded yield data
for one year from the dataset. Then, the random forest model was trained on the remaining yield data to predict yields for
the year excluded. The random forest model exhibited an average NSE of 0.71, an average NRMSE of 34%, and an
average R? of 73% across the different yearly datasets produced by the cross-validation (Table S1). This indicates that
the model can reliably predict yields for new years, even when faced with new, previously unseen data in time.

To assess the transferability in space, we evaluated model performance using buffer zones ranging from 100 to 1,000 km
around randomly selected departments in France, Italy, and Spain. Our findings revealed that as the distance between
training and test datasets increases, the model's predictive ability diminishes. Specifically, we observed a notable decline
in performance beyond a threshold of 800 km (Table S2). However, most of Europe is less than 800 km from three
important European sorghum producers (France, Italy, and Spain) from which a substantial amount of yield data was
collected and included in our training dataset. Most of the predicted yield values thus fall within the 800 km range of
these three countries, especially the high yielding regions. This gives us reasonable confidence in yield projections from
the model for areas where sorghum is not grown today, but caution is advised for projections in East Europe (Ukraine,
Belarus) which are more uncertain.

The model shows a slight tendency to overestimate low yields and underestimate high yields, but residuals revealed a
symmetrical and centered distribution, with most residuals falling between - 1 and + 1t ha™ ' (Figure S3). These results
suggest a good performance of the model despite its conservative behavior, which is consistent with previous studies
applying random forest models to predict crop yields for other crop species (Jeong et al., 2016; Igbal et al., 2018; Guilpart
et al., 2022).

Among the climate variables considered as predictors, relative humidity of the fourth (July) and fifth (August) months of
the growing season were found to be the most influential variables, followed by solar radiation across 7 months of the
growing season (Figure S4A). This is consistent with existing literature that emphasizes the importance of relative
humidity in sorghum growth and development (Choudhary et al., 2013; Hoffman et al., 2020; Pettigrew et al., 1990;
Shekoofa et al., 2014). Relative humidity affects stomatal conductance, transpiration rates, and water use efficiency in
sorghum, thereby influencing overall crop productivity.

The importance of solar radiation across most of the growing season as an influential predictor of sorghum yields aligns
with our understanding of sorghum physiology. Sorghum yield is known to be sensitive to crop growth rate during the
critical period for yield formation, particularly through its effect on grain number. This critical period typically occurs
around the fourth month of growth, slightly before anthesis. The crop growth rate during this crucial phase is significantly
influenced by solar radiation (Van Oosterom & Hammer, 2008). Adequate solar radiation during this period promotes
photosynthesis and assimilate production, which are essential for determining the number of grains and, consequently,
the final yield.

We further found that the optimum growing temperature as well as critical minimum and maximum temperatures
estimated by our model (Figure S5) are consistent with results reported in experimental studies (Emendack et al., 2021;
Hoffman et al., 2020; Tack et al., 2017, Prasad et al., 2015). Specifically, these studies demonstrated that during the main
growth phase, sorghum has an optimum range of daily maximum temperatures between 27°C to 30°C. They also showed
that sorghum needs a minimum temperature of 15°C for growth, while its yields decrease rapidly when the daily
maximum temperature exceeds 32.5°C. These findings suggest that our model simulations are consistent with the
current understanding of sorghum physiology.

Sorghum yield projections under current climate
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Yield projections for current climate conditions revealed three distinct regions in Europe with contrasted sorghum yields

under current (2000-2020) climate conditions (Fig. 1A). The first region shows the highest yield levels and is located in
central Europe, with predicted average yields above 5t ha™'. The second region is characterized by medium yield values,
ranging from 2.5tha™to 4t ha™', and covers the southern part of Europe (e.g., center of Spain, southern France, and
Italy), the center of Germany and Poland, and the northern part of Ukraine. The third region shows lower productivity (less

than 2 tha™ ") and covers the north of Europe, where climate conditions are less favorable to sorghum.

According to our projections, at least 88 Mha (45%) of European croplands could support sorghum yields higher than 4 t
ha™ 7, the current average sorghum yield in Europe in the last two decades (FAOSTAT, 2023). If we assume that sorghum
would be planted in rotations in one out of three years, the annual sorghum production area in Europe could thus be 400
times larger (88 Mha) than what it is today (0.22 Mha from FAOSTAT, 2023).

Sorghum yield projections under future climate

Yield projections reveal that sorghum would maintain its productivity in Europe under future climate for the mid and late
21st Century. Figure 1 (B and C) shows the projected rainfed sorghum yields for high- (SSP1-RCP2.6) and low-mitigation
(SSP5-RCP8.5) climate scenarios at two time horizons: the middle and the end of the 21st century. For both scenarios,
we used the projections of five global circulation models from the CMIP6 ensemble (Eyring et al., 2016). The reported
yield values represent the average of the five predictions based on these global climate models. In both climate
scenarios, sorghum yields are projected to decrease by up to 1.5t ha™ " in the southern part of Europe (e.g., center of
Spain, south of France, and Italy), but to increase substantially by up to 3 t ha™ ' in the northern part (e.g., north of
Germany, Poland, and Lithuania) until the end of the 21st century (Fig. 2). This is consistent with previous local studies
showing that sorghum yields will decrease in Italy (Tubiello et al., 2000; Rinaldi and De Luca 2012) while they increase in
Germany (Gral et al., 2015; Pohle et al., 2015) under future climate.

At the European scale, our projections suggest that climate change will have a positive impact on sorghum yields. Over
the whole European cropland area, the mean projected sorghum yield was indeed expected to increase from 3tha™’
under historical climate (1995-2014) to 3.4 tha™ ' (SSP1-RCP2.6) and 3.5t ha™ ' (SSP5-RCP8.5) by mid-century, and up
to 3.5tha”' (SSP1-RCP2.6) and 3.8 t ha™ '(SSP5-RCP8.5) by end of the century. This average yield gain resulted from an
increase in sorghum yields in presently low-yielding and large cropland areas of e.g., Northern Germany, Poland, and
Lithuania, which exceeded the projected yield decrease in currently high-yielding but small cropland areas in e.g., Central
Spain, Southern France, and Italy. Projected increases in average yield across Europe were higher under SSP5-RCP8.5
than under SSP1-RCP2.6.

Analyses of the standard variation between sorghum yields projected from the five global climate models revealed that
the variability of future yields between climate models was higher under SSP1-RCP2.6 scenarios than that under SSP5-
RCP8.5 scenarios (Fig. 1D, 1E). Under both SSP1-RCP2.6 and SSP5-RCP8.5 scenarios, yield predictions obtained with the
five global climate models led to similar yield projections, except for the low-yielding areas of Northern Europe (e.qg.,
Norway, northern Germany, and Poland), where the inter-model standard variation reached up to 1t ha™'. While there may
be increased uncertainty in the yield predictions towards the end of the century, it is important to note that only a small
fraction (0.27%) of the grid-cells in future climate scenarios lies outside the range covered by the training data (Table S3),
which indicates that our model is almost never applied outside its climate range.

Figure 3 shows the percentage of total European cropland area (based on the cropland area in the year 2000, Ramankutty
et al., 2008) with different yield levels. In all scenarios, at least 88 Mha (45%) of European croplands are projected to
support sorghum yields higher than 4 t ha™" (the current average yield in Europe in the last two decades) (FAOSTAT,
2023). This percentage is expected to reach 54% in both scenarios (SSP1-RCP2.6 and SSP5-RCP8.5) by mid-century, and
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54% (SSP1-RCP2.6) and 57% (SSP5-RCP8.5) by the end of the century. Climate change will thus lead to an increase in
cropland areas able to produce high sorghum yields.

Suitable areas leading to resilient sorghum production

We assumed that, in the future, sorghum will be preferentially grown in areas with high and stable yields. To this end, we
established two primary selection criteria: an average inter-annual yield higher than 4 t ha™ " (the average sorghum yield
in Europe in the last 20 years, (FAOSTAT, 2023)) and an inter-annual yield standard variation less than 0.5t ha™ " over
each future time period in 5 climate model projections. While the standard variation criterion was consistently applied
across all models, we retained only those grid cells that met the average yield threshold in at least 4 out of 5 models. The
corresponding areas are further referred to as “suitable areas”. Suitable areas were identified separately for the historical
period and the current climate condition and for the different climate change scenarios in each of the two future periods
(2041-2060 and 2081-2100).

Results suggest that the suitable areas for sorghum increase more substantially under SSP5-RCP8.5 compared to SSP1-
RCP2.6 across both mid and end-century periods, especially at the end of the century. Under SSP1-RCP2.6, the proportion
of suitable areas rises from 22% in the historical period to 24% by mid-century (2041-2060) and 29% by the end of the
century (2081-2100) (Fig. 4). In contrast, the suitable areas are larger under SSP5-RCP8.5 with 29% of the total European
cropland by mid-century (2041-2060) and 34% of cropland by the end of the century (2081-2100) (Fig. 4). Although our
results indicated that average yields might increase by up to 3t ha™ in the currently low-yielding cropland areas for
sorghum, such as Northern Germany, Poland, and Lithuania, climate change would reduce yield stability in these areas,
as indicated by the higher standard variation between annual yields. In contrast, currently high-yielding cropland areas,
such as France, Italy, and Central Europe, might experience a reduction in average yields, but their yield stability over time

will remain relatively high and their average yield will remain higher than the current European average.
Replacing maize with locally-produced sorghum for feeding livestock in Europe

During the last five years, Europe produced on average 114 Mt of grain (silage) maize per year for domestic supply
(FAOSTAT, 2023), of which 75% were used for feeding livestock (Erenstein et al., 2022). Although the total EU cereal area,
including maize, is projected to decrease marginally to 57.2 Mha by 2032 (EUROSTAT, 2022), it is plausible to assume
that the total amount of grain maize used for feeding livestock will remain at a high level in the future. This is because the
livestock population in Europe is expected to increase slightly from 9,415 kg-per animal per year in 2012 to 10,394 kg per
animal per year by 2050 (FAO, 2018).

Given these challenges in maize production and livestock feed requirements, we explored the possibility of replacing
grain maize with locally-produced sorghum for feeding livestock in Europe. To this end, we followed a four-step
procedure. Firstly, we assumed that one kilogram of sorghum has an equivalent nutritional value as one kilogram of
maize since different studies show that sorghum can serve as a suitable alternative to grain maize for feeding livestock,
as it contains comparable amounts of essential nutrients (including proteins) required for maintaining a healthy diet
(Ronda et al., 2018; Liagat, et al., 2024). Secondly, we restricted sorghum cultivation to existing cropland in the year 2000
(Ramankutty et al., 2008), excluding permanent pastures protected by the European Union’s Common Agricultural Policy
(Guilpart et al., 2022). We then explored one year out of three years scenario for sorghum frequency in crop rotations,
which is equivalent to 33% of the cropland area under sorghum. Finally, we assumed that, in the future, sorghum will be
preferentially grown in “suitable area” (defined in the last section)

Table 1 summarizes our projections of total sorghum production in Europe in future scenarios with sorghum frequency of
one year out of three in crop rotations, which corresponds to 33% of cropland area under sorghum. SSP5-RCP8.5
scenarios resulted in higher sorghum production levels compared to SSP1-RCP2.6 scenarios over both time horizons
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(2041-2060 and 2081-2100). Under SSP1-RCP2.6, the projected annual sorghum production was 79 Mt at mid-century,
which falls short of the 86 Mt needed for livestock feed, with a deficit of 7 Mt. However, by the end-century, sorghum
production increases to 98 Mt, with a surplus of about 13 Mt above livestock feed requirements. In contrast, under SSP5-
RCP8.5, sorghum production would be sufficient to replace maize for livestock feed, with a surplus of 9 Mt in the 2041-
2060 period and 25 Mt in the 2081-2100 period. Under both scenarios, the sorghum production increased from the mid-
century to the end-of-century period. Notably, under SSP5-RCP8.5, the increase is much more obvious and there is no
shortfall in both time periods. At present and through the 21st century, regardless of the scenario, if sorghum was grown
in one out of three years, at least 90% of maize used as livestock feed could be replaced by sorghum in Europe (Table
S4). These findings suggest that sorghum cultivation could be a viable alternative to grain maize for feeding livestock in
Europe.

Impact of expanding sorghum on other crops

Potential changes in sorghum-suitable areas and the possible expansion of sorghum cultivation in Europe could have
significant implications for land use in Europe. For instance, achieving 50% (feed self-sufficiency) in sorghum production
(i.e., approximately 42.5 Mt) would likely impact the cultivation of other crops. Our analysis indicates that four crops
currently dominate the suitable area for sorghum cultivation. If sorghum were grown in one out of three years, for the
mid-century period (2041-2060), under the SSP1-RCP2.6 scenario, sorghum cultivation could lead to reductions in the
area used for wheat (29%), maize (44%), barley (18%), and sunflower (25%) (Table S5). Under the more extreme SSP5-
RCP8.5 scenario for the same period, these losses are projected to increase to 35% for wheat, 54% for maize, 22% for
barley, and 33% for sunflower. By the end of the century (2081-2100), the SSP1-RCP2.6 scenario projects land
reallocation of 47% for wheat, 57% for maize, 22% for barley, and 31% for sunflower. Under the SSP5-RCP8.5 scenario,
these figures are expected to reach 44% for wheat, 49% for maize, 34% for barley, and 36% for sunflower (Table S5).

These projections highlight that maize, being the primary summer crop, is most affected across all scenarios, aligning
with the focus on replacing maize with sorghum for livestock feed. Moreover, since wheat and a large part of barley are
most often winter crops and as sorghum is often proposed as an alternative crop to replace maize for feeding livestock,
we discuss here mainly the consequences of a substitution of maize for sorghum. Based on the suitable area estimates
in Fig. 4, our results suggest that the sorghum production could reach 98.5 Mt (SSP1-RCP2.6 by the end of the century)
and 111.1 Mt (SSP5-RCP8.5 by the end of the century) if sorghum is grown one year in three and if the aim is to use it as
a replacement of maize. These values correspond to 114-130% feed self-sufficiency in sorghum. However, assuming
sorghum production area to expand at the expense of maize only, this would lead to a dramatic reduction in the European
maize production area of 8 to 9 Mha (-44% to -57%) which is unlikely as Europe is currently not self-sufficient in maize
(average self-sufficiency ratio of 82% over 2018-2022, FAOSTAT, 2023). These results highlight the need to identify
where, and under which conditions a maize-to-sorghum substitution would lead to the higher benefits.

Environmental impacts of sorghum expansion in Europe

Sorghum is considered a drought-tolerant crop with high water-use efficiency. The cultivation of sorghum may permit
saving water consumption for irrigation, depending on the types of crops replaced by sorghum. For example, in France,
about 30% of the maize production area is irrigated while this value is only 5% for sorghum (Agreste 2024). However,
conflicting evidence exists regarding the relative performance of rainfed sorghum and maize under water-limited
conditions. Some studies suggest that modern rainfed maize hybrids may be more productive than sorghum in regions
like the US and Argentina under drought (Rotundo et al., 2024; Parra et al., 2020; Parra et al., 2022), while others indicate
that sorghum productivity is less sensitive to water limitation compared to maize in Europe (Lemaire et al., 1996; Farré
and Faci, 2006; Schittenhelm and Schroetter, 2014; Kunrath et al., 2020). Further investigation specific to European
conditions may be necessary to assess the potential impact on crop water demand and irrigation requirements of an
expansion of sorghum areas, especially in regions frequently impacted by drought. Sorghum expansion may also provide
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benefits associated with less nitrogen fertilization, pesticide use, and crop diversification. Indeed, sorghum nitrogen
fertilization is usually much lower than for maize, which is expected to reduce risks of nitrate leaching and GHG
emissions (due to synthetic fertilizer manufacture and field application of fertilizers). For example, in France in 2021, a
comprehensive farmers survey revealed that the average nitrogen fertilization rate was 111 kgN ha™ ' for sorghum and
199 kgN ha™ ' for maize (Agreste, 2024). Moreover, some studies suggest that sorghum has a higher capacity to absorb
nitrogen from the soil and maintain its nitrogen nutrition than maize, especially under drought (Lemaire et al. 1996;
Kunrath et al. 2020). Pesticide use intensity on sorghum is among the lowest of all field crops, with a treatment
frequency index of 2.0 compared to 2.9 for maize, 5.1 for wheat, and 6.4 for rapeseed (Agreste 2024). An expansion of
sorghum production area is therefore expected to contribute to pesticide use reduction in Europe. Sorghum expansion
would also contribute to diversify the crop sequences in Europe that are dominated by cereals and winter crops (Ballot et
al, 2023), with a range of associated benefits (Beillouin et al. 2021)

Limitations of the model

Our model has some limitations because it doesn't consider all variables that might affect sorghum growth and yield,
including soil properties, atmospheric CO, levels, and changes in management practices. Soil properties can be an
important local driver of crop growth, affecting availability of moisture and nutrients in the root zone as well as root
development (Correa et al., 2022; Rrogo et al., 2003). However, reliable global data on soil properties that matter for crop
production (especially rootable soil depth) are not available to our knowledge (Folberth et al., 2016; Guilpart et al., 2017).
Thus, we did not include soil properties as predictors in our model. Nevertheless, a recent study at the global scale
suggests that root growth is not a major limiting factor in European soils (Shangguan et al., 2017).

We also chose not to include the effects of increasing atmospheric CO, levels on sorghum yields in our model. C4 crops
such as sorghum are generally considered to be less responsive to CO, than C3 crops. The interactions effect between
CO, levels, plant growth, and other environmental factors on sorghum yields are complex and not well understood (Asadi
& Eshghizadeh, 2021; Gleadow et al., 2016; Ellis et al., 1995; Ottman et al., 2001; De Souza et al., 2015). However, some
recent studies suggest that higher CO,, levels might increase yields of C4 crops such as sorghum (Li et al., 2019;
Vijayalakshmi et al., 2024). Fu et al. (2016) found that when CO, concentrations rose from 200 to 480 parts per million

(ppm), there was a substantial increase in grain yield, amounting to an additional 1.7 t ha™'. However, further increases in
CO, from 480 to 950 ppm resulted in only a modest yield gain of 0.2 t ha™'. This might further support our finding that
large opportunities exist to improve sorghum production in Europe under climate change.

In our model, we considered a sorghum growing period of eight months, from April to November. In reality, the length of
the growing season from sowing to harvest is often no longer than five months, although early and late sowing generates
some variations in the duration of the growing periods. However, examining the possibilities of earlier and later planting
would be very challenging because accurate data on sowing dates are lacking. Because these climate change adaptation
options are not considered in our approach, our results likely underestimate the potential production of sorghum in
Europe under climate change.

For future research, it would be valuable to use more detailed crop models that can capture these complex processes.
These models could account for variable planting dates, different sorghum varieties, and the intricate interactions
between plants and their environment (Carcedo et al. 2023; Raymundo et al. 2021). Comparing results from these
detailed models with our current predictions would give us a more complete picture of how climate change might affect
sorghum production in Europe.

Conclusion
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Our analysis shows that sorghum could play a critical role in feeding livestock in the future, particularly as a substitute for
maize, which is widely used for livestock feed in Europe. Sorghum is already utilized in several livestock systems,
including pigs, cattle, and poultry production. They demonstrated that animals fed with sorghum grains showed the same
weight gain as those that fed by maize grains.

The use of sorghum in livestock feed offers several advantages. It provides comparable nutritional value to maize, with
some studies suggesting even higher protein content and energy provision. Moreover, sorghum'’s adaptability to various
climatic conditions, particularly its high heat tolerance and resilience to water stress compared to other crops, makes it
an attractive option for ensuring feed security in the face of climate change.

Our analysis indicates that expanding sorghum production in Europe could significantly contribute to meeting livestock
feed demand, reducing reliance on maize. If sorghum were grown in one out of three years, it could replace at least 90%
of the maize currently used for livestock feed across Europe, regardless of the climate change scenario considered. This
finding suggests that transitioning to sorghum-based feed could be a viable strategy for maintaining or even improving
feed security in Europe as climate conditions evolve.

Method

Sorghum yield and climate data

Our training dataset was built from national databases, including grain yield data at the county level covering a time
period of at least 10 years since 2000. We collected sorghum grain yield data from 2000 to 2020 in France, Italy, Spain,
and the USA, resulting in a total of 11,644 yield data points (Table S6). The inclusion of the USA data was relevant, given
its climatic conditions and agricultural practices that are similar to many European regions. Moreover, the larger climatic
variability in the USA allowed us to train our machine learning model with data that are representative of both current and
future climatic conditions projected for Europe. In contrast, we avoided data from tropical sorghum-producing nations
such as those in Africa, India, Brazil, and Bolivia, as their growing conditions differ significantly from those in Europe.
Furthermore, to maintain consistency in crop calendars and seasonal patterns, we focused solely on northern
hemisphere countries, omitting data from southern hemisphere nations like Argentina and Mexico. It is important to note
that we specifically focused on grain sorghum data and excluded silage sorghum data from our analysis, as our study
aims to assess grain production potential. Sorghum grain yield (t ha™ ") statistics of each country are available at the
subnational administrative level (department, NUTS3 (http://ec.europa.eu/eurostat/web/nuts/overview)) in European
countries (with an average area of 5,961 km? in France, of 2,663 km? in Italy, and of 11,264 km? in Spain), and at the
county level in the USA (with an average area of 2,320 km?) (Figures S7 and S8). However, for Italy, sorghum data is
available from 2006 only (Table S6). As we focus on only rainfed sorghum production, we treated our dataset as follows:
For the USA and Spain, where official statistics distinguish between rainfed and irrigated sorghum, we excluded all data
flagged as irrigated from these databases. For France and Italy, the official databases do not make this distinction for
sorghum. However, since the majority of sorghum in these countries is grown under rainfed conditions, we assumed all
data from France (Agreste, 2022, 7% of agricultural land in France irrigated in 2020) and Italy (Todorovic et al., 2007, 4.5%
of the total cultivation of cereal crops in Italy is irrigated) to be rainfed.

An enhanced global dataset for the land component of the fifth generation of European reanalysis (ERA5-land) was used
for current climate data (2000-2020) (Muiioz-Sabater et al., 2021). This dataset provides gridded values of various
climate variables at a spatial resolution of 0.25° and a temporal resolution of three hours. We first aggregated these
values to daily averages. Then, we aggregated the daily averages to monthly averages. This way, we reduced the
dimensionality and noise of the data and obtained a smoother representation of the seasonal climate patterns (Chen et

al., 2024). The set of climate predictors are solar radiation (rsds, MJ m~ 2 day” '), minimum (tasmin, °C) and maximum
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(tasmax, °C) temperature, total precipitation (pr, mm day™ '), and relative humidity (hurs, %). To align the climate data with
yield statistics, we used shapefiles (GADM, 2018) representing the boundaries of each NUTS3 region for European
countries and each county for the USA. By applying these shapefiles, we masked the climate data to keep only the
information relevant for each NUTS3 and county. Next, we identified the grid-cells within each NUTS3 region and county
that were considered cropland in 2000 (Ramankutty et al., 2008). A grid-cell can have from 0 to 100% cropland. Therefore,
we performed a cropland area-weighted average where a pixel with 100% cropland would not have the same weight when
calculating the average than a pixel with 5% cropland. The remaining grid-cells were used to calculate the monthly
average value for each climate predictor within each NUTS3 region or county.

Climatic zones unsuitable for sorghum production

To allow the model to better discriminate between suitable and unsuitable areas for sorghum, we added data points to
the training data representing sites where yields can be assumed zero due to climate conditions. It was shown, in a
previous study, that this approach was able to improve model predictive performances (Guilpart et al., 2022). This
procedure involved adding grid-cells located in climatic zones generally known to be unsuitable for crop production, such
as deserts and arctic areas. We selected six climate zones based on the Képpen—Geiger classification (Kottek et al.,
2006), including polar tundra (EF), polar frost (ET), snow with fully humid with cool summer (Dfc), snow with fully humid
with extremely continental (Dfd), hot arid desert (BWh), and cold arid desert (BWKk) (Figure S9). In each selected climate
zone, 15 grid-cells were randomly chosen and added as zero yield values, so that 20% of the final dataset represented
zero yield values. The final dataset (including zero yield values) comprised a total of 11,644 yield data.

Random forest model

A random forest model was developed to predict sorghum yields from 5 climate variables averaged for each of the eight
months of the sorghum growing season (April-November) (USDA IPAD, 2024). The random forest model was fitted using
the R v4.3.0 software. The ranger() function of the ranger package (Wright and Ziegler, 2017) was used to train the
random forest with 500 trees, 5-fold cross-validation, and default values for other parameters. We used a mean decrease
in impurity (Gini importance) (Breiman, 2001) to compare the variable importance of climate variables. Gini importance
evaluates the feature's contribution to reducing impurity in decision trees, indicating its significance in splitting nodes to
improve model performance. To show the effects of each climate variable on the random forest predictions while
keeping all other climate variables constant, partial dependence plots and accumulated local effects (Apley and Zhu,
2020) were produced. The model_profile() function of the DALEX package was used to plot partial dependence plots and
accumulated local effects.

Transferability in time and space

Two additional sets of cross-validation analyses were performed to assess the random forest model's predictive ability in
time and space. The normalized root-mean-squared error (NRMSE, unitless), the Nash—Sutcliffe model efficiency (NSE,
unitless), and R2 were used to measure the transferability of the random forest model in space and time. For
transferability in time, we first excluded yield data for one year from the dataset. Then, the random forest was trained on
the remaining yield data to predict yields for the year excluded. To assess the transferability in space, we followed a five-
step procedure. First, we randomly selected a department (county) in one of the European countries included in our
dataset (France, Italy, or Spain). Then, six buffer zones of varying sizes (100, 200, 400, 600, 800, and 1,000 km) were
defined around the barycenter of the selected department. For each buffer zone, neighboring departments within the
buffer zone were removed to train the random forest model on the rest of the dataset outside the buffer zone. Next, we
predicted yields for the randomly selected department and we computed R?, NSE, and NRMSE between observed and
predicted yields for the selected department. We repeated this procedure over 10 departments in each European country
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(France, Italy, and Spain) to estimate transferability in space for various degrees of spatial proximity between the training
and test datasets.

Sorghum yield projections

We applied the random forest model to 20 future climate change scenarios and five (near-present-day) historical
scenarios using bias-corrected climate data of five Global Climate Models (UKESM1-0-LL, MRI-ESM2-0, MPI-ESM1-2-HR,
IPSL-CM6A-LR, and GFDL-ESM4) produced by the Coupled Model Intercomparison Project phase 6 (CMIP6) (Eyring et al.,
2016), following two combinations of Socio-economic pathways (SSPs) and Representative Concentration Pathways
scenarios (RCPs) (SSP1-RCP2.6 and SSP5-RCP8.5 refers to high mitigation (moderate warming) and low mitigation
(strong warming) scenarios, respectively) (O'Neill et al., 2016), and focusing on two future periods (2041-2060 and
2081-2100) and the recent historical period 1995-2014. A more detailed description of the bias-correction method and
combination of Socio-economic pathways (SSPs) and Representative Concentration Pathways scenarios (RCPs) can be
found in Eyring et al. (2016)d Neill et al. (2016), respectively. Here, we present the difference between the average
predicted sorghum yields of future scenarios and a historical scenario (1995-2014) over five climate models. For both
historical and future scenarios, we projected sorghum yield in grid-cells considered to contain cropland in the year 2000
(Ramankutty et al., 2008).

In our initial analysis, we used vapor pressure deficit (VPD) as a predictor of sorghum yield instead of relative humidity
(RH). However, to maintain consistency with climate parameters included in the future climate projections (CMIP6
ensemble), RH was used instead of VPD. Both variables are highly correlated, and despite this change, our model showed
the same performance (VPD vs RH) (Figure S4). Therefore, we used RH instead of VPD.

Estimation of livestock feed demand

To assess the potential for replacing maize with sorghum in livestock feed, we estimated the current and future demand
for grain maize as animal feed in Europe. We used data from FAOSTAT (2023) to determine the average domestic supply
in Europe over the last five years. Based on Erenstein et al. (2022), we assumed that 75% of this maize production is used
for livestock feed.

To account for future changes, we considered that although the total EU cereal area, including maize, is projected to
decrease marginally to 57.2 million hectares by 2032 (EUROSTAT, 2022), it is plausible to assume that the total amount
of maize for feeding livestock will remain at a high level in the future. This is because the livestock population in Europe
is expected to increase slightly from 9,415 kg-per animal per year in 2012 to 10,394 kg per animal per year by 2050 (FAO,
2018). Consequently, we considered the same quantity for maize production for livestock feed in our future projections.

We used these figures to estimate the amount of sorghum that would be needed to replace maize in livestock feed.
Several studies suggest that sorghum offers similar nutritional benefits to maize, providing comparable energy and
protein levels, allowing for a 1:1 replacement ratio based on nutritional equivalence (Ronda et al., 2018; Liagat et al.,
2024). We further analyzed the potential for replacing maize with locally-produced sorghum across different climate
scenarios.

Scenarios of sorghum expansion in Europe

We explored the possibility of replacing maize with locally-produced sorghum for feeding livestock in Europe. To this end,
we followed a four-step procedure. Firstly, we assumed that one kg of sorghum has an equivalent nutritional value to one
kg of maize since different studies show that sorghum can serve as a suitable alternative to maize for feeding livestock,
as it contains comparable amounts of essential nutrients (including proteins) required for maintaining a healthy diet
(Ronda et al., 2018; Liagat, et al., 2024). Secondly, we restricted sorghum cultivation to existing cropland in the year 2000
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(Ramankutty et al., 2008), excluding permanent pastures protected by the European Union's Common Agricultural Policy
(Guilpart et al., 2022). We then explored one year out of three years scenario for sorghum frequency in crop rotations,
which is equivalent to 33% of sorghum cropland area in each grid-cell.

Finally, to identify suitable areas for sorghum cultivation, for each combination of climate scenario and time period, we
first calculated the ensemble mean of the five climate models and computed the inter-annual mean yield and standard
variation for each grid cell. We established two primary selection criteria: an average inter-annual yield higher than 4 t ha™
T (the average sorghum yield in Europe in the last 20 years, (FAOSTAT, 2023)) and an inter-annual yield standard variation
less than 0.5tha™".

While the standard variation criterion was consistently applied across all models, we retained only those grid cells that
met the average yield threshold in at least 4 out of 5 models, ensuring a robust and conservative selection of suitable
sorghum cultivation areas.

The selection of a 0.5 t ha™ ' standard variation threshold for yield stability was informed by existing research on crop
yield variability. Cernay et al. (2015) showed that the standard deviation of yield anomalies for sorghum in Europe and the
Americas over the period 1961-2013 was less than 0.10. Consequently, we established a conservative threshold that
allows for some variability while ensuring overall crop stability. This approach provides a robust method for identifying
reliable sorghum cultivation areas that can maintain consistent productivity across different environmental conditions.
Suitable areas were identified separately for the historical period and the current climate condition and for the different
climate change scenarios in each of the two future periods (2041-2060 and 2081-2100).
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Table

Table 1. Potential production of sorghum in Europe under future climate scenarios. These estimates assume 33% of
cropland area in a grid-cell cultivated with sorghum (i.e., sorghum one year out of three in crop rotation). The suitable

area for growing sorghum is defined as grid-cells with an average inter-annual yield higher than 4 t ha™ (the average

sorghum yield in Europe in the last 20 years) and an inter-annual yield standard variation less than 0.5 t ha™. While the
standard variation criterion was consistently applied across all models, we retained only those grid cells that met the
average yield threshold in at least 4 out of 5 models.
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Scenario Time period Potential sorghum production (Mt)
Historical 1995-2014 72

SSP1-RCP2.6  mid-century (2041-2060) 79

SSP5-RCP8.5  mid-century (2041-2060) 95

SSP1-RCP2.6  end-century (2081-2100) 98

SSP5-RCP8.5  end-century (2081-2100) 111
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Figure 1

Sorghum yield projections in Europe under current and future climates. (A) Mean projected sorghum yield (t ha™) using
ERA5-land dataset for current climate (2000-2020). Mean (B, C) and standard variation (D, E) of projected sorghum yield
(t ha™) over the five global climate models for future climate scenarios by end-century (2081-2100) under SSP1-RCP2.6
(B, D) and SSP5-RCP8.5 (C, E), respectively. The higher the standard variation over the five global climate models, the
higher the disagreement between sorghum yield projections using climate projections from the different climate models.
See text for details.
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Figure 2

Difference in projected mean yields (t ha™) between future and historical conditions (1995-2014). (A, B) Differences in
mean projected sorghum yield over the five global climate models for future climate scenarios between mid-century
(2041-2060) (A), end-century (2081-2100) (B), under SSP1-RCP2.6, and historical climate (1995-2014). Differences in
mean projected sorghum yield over the five global climate models for future climate scenarios between mid-century
(2041-2060) (C), end-century (2081-2100) (D) under SSP5-RCP8.5, and historical climate (1995-2014).
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Figure 3

Percentage of total cropland area (198 Mh, based on the cropland area reported for the year 2000) with different average
yield levels under current and historical (current (Erra5)_2000-2020, historical_1995-2014) ) and future climates (SSP1-
RCP2.6 and SSP5-RCP8.5 for two time periods: mid-century (2041-2060) and end-century (2081-2100)).
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Figure 4

Cropland area with high and consistent sorghum yield (an average inter-annual yield higher than 4 t ha™ and an inter-
annual yield standard variation less than 0.5t ha™. While the standard variation criterion was consistently applied across
all models, we retained only those grid cells that met the average yield threshold in at least 4 out of 5 models, ensuring a
robust and conservative selection of suitable sorghum cultivation areas. (A, B) suitable area over the five global climate
models (Eyring et al., 2016) for future climate scenarios for mid-century (2041-2060) under SSP1-RCP2.6 and SSP5-
RCP8.5 with 24% and 29% of the total cropland, respectively. (C, D) suitable areas over the five global climate models for
future climate scenarios for the end-century (2081-2100) under SSP1-RCP2.6 and SSP5-RCP8.5 with 29% and 34% of the
total cropland, respectively. (E) suitable areas over the five global climate models for historical climate between 1995-
2014 with 22% of the total cropland.
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