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Introduction: Climate change is expected to alter environmental suitability for
crops. In the United States, the Northern Great Plains (NGP), a primary production
area for many crops including oilseeds, is at particular risk for decreasing cropland
suitability under climate change. While canola (Brassica napus L.) has historically
dominated oilseed production in the NGP, camelina (Camelinasativa L.) has been
suggested as a potential climate-smart oilseed crop for the future due to
agronomic attributes including drought tolerance, low input requirements, and
cold hardiness.

Methods: In this study, we examine the viability of both camelina and canola
under future climate scenarios by first defining theircurrent environmental niche
and then projecting their potential distribution under two different carbon
emission scenarios.

Results: While both crops are currently grown primarily in the NGP, we found
that they have distinct spatial and environmental ranges, and that these ranges
are largely consistent with what is described in the literature about their differing
biological niches. We also find that under future climate change scenarios,
environmental suitability for both crops is projected to decrease, though more
so for canola.

Discussion: This study helps to identify specific regions that may experience
shifts (positive or negative) in environmental suitability for growing canola and
camelina, but more broadly sheds light on the nonstationary and shifting range
suitability that might be expected for crops under climate change.

camelina, canola, rapeseed, oilseed, climate smart agriculture, soil, climate change
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Introduction

Plant distributions are sensitive to the effects of climate change,
including changes to temperature, precipitation, and increased
carbon dioxide (CO,) levels (Bakkenes et al., 2002; Kelly and
Goulden, 2008). Agricultural species are no exception (Leng and
Huang, 2017; Ramankutty et al., 2002). Moreover, climate change
impacts on other aspects of working lands, such as soil and water
resources, are likely to exacerbate effects on agricultural
productivity, food security, and the health and livelihood of rural
communities (Gowda et al., 2018). Global estimates of cropland
suitability under climate change have identified the North Central
United States (US) as one of the most vulnerable cropping regions
to changes in temperature and the US Great Plains as one of the
most sensitive regions to changes in precipitation (Knapp et al,
2023; Ramankutty et al., 2002). These are established, highly
productive cropping regions of the US, particularly for corn,
soybeans, small grains, and oilseed crops (NASS, 2024). This
highlights the need for adaptation strategies for farmers, such as
the introduction of alternative crops that are better suited to new
and projected environmental conditions (Howden et al., 2007).

Camelina (Camelina sativa) has been broadly lauded in recent
decades by the scientific community and industry as a potential
alternative oilseed crop to support a climate-smart crops future
(Sydor et al,, 2022). Camelina was historically grown in Europe and
Russia until the 1940s when it was displaced by more productive
oilseed crops like rapeseed (Brassica napus) (Ehrensing and Guy,
2021). Throughout the mid-20" century, efforts to breed oilseeds
resulted in the production of new varieties, including canola during
the 1970s (Brassica napus, B. rapa, B. juncea, though B. napus is
primarily grown in the US today) (Phillips et al., 2001; Stefansson
and Kondra, 1975). Since then, canola has continued to receive
substantial agricultural research investment (Chen et al., 2005;
Pavlista et al., 2011; Sparks, 1993) and has become one of the
most widely cultivated crops in the Great Plains today (NASS, 2024;
United States Department of Agriculture (USDA), 2015). However,
the moisture requirements of canola are not well suited to the
dryland conditions of parts of the Great Plains (Pavlista et al., 2012),
and given projected changes to precipitation in this region, there is
interest in alternative, more drought tolerant oilseed crops (Zanetti
et al., 2021).

Compared to canola, camelina has been characterized as more
drought and cold tolerant, better suited to marginal lands, lower
input, and less susceptible to economic damage by pests and
pathogens (Ehrensing and Guy, 2021; Kuzmanovic¢ et al.,, 2021;
McVay and Lamb, 2008; Obour et al., 2015; Zanetti et al., 2021).
Both of these Brassica crops (camelina and canola) have spring and
winter varieties (Mirek, 1960), and when grown as winter cover
crops can provide additional ecosystem services such as enhanced
soil health (Obour et al, 2015; Weyers et al., 2019), spring weed
suppression (Hoerning et al., 2020), and pollinator forage (Eberle
et al, 2015). Camelina seed can be harvested for oil and shows
promise for fuel, food, feed, and industrial applications (reviewed
in: Sydor et al,, 2022). Due to these attractive properties, camelina
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production expanded rapidly in the Northern Great Plains
(particularly Montana) in the 2000s. However, low yields, lack of
a robust market, and low profits have restricted more widespread
adoption of camelina by farmers (Jewett, 2015; Obour et al., 2015).
Expanded breeding efforts (Ehrensing and Guy, 2021; Obour et al.,
2015) and incentives for biodiesel production (WAPMC, 2012)
could ameliorate some of these effects.

Overall, there is a need to understand agricultural vulnerabilities
exposed by climate change in order to proactively plan interventions
and implement policies for a climate smart future (Rosenberg, 1992).
In this study, we assess the current environmental niche of camelina
and canola within the US and project how the distributions of these
crops may shift under projected climate change scenarios. We
contrast the current established ranges of these crops with what is
suggested in the literature about their respective niches and discuss
opportunities for changes to region-specific agriculture in the near
future (50 years).

Methods
Crop and environmental variable data

Land use data for camelina and canola were obtained from the
National Agricultural Statistics Service Cropland Data Layer (CDL),
which has 30 m resolution (USDA NASS, 2024). We obtained data
for the five most recent available years at the time of this study
(2019-2023) and created a raster mosaic to summarize the
maximum range of either crop across the US over these 5 years.
All data analysis and visualization were completed in R version 4.4.0
(R Core Team, 2024).

Annual Downscaled Climate Projections for the US, originally
published in Pearson et al. (2014) was accessed via NASA Center for
Climate Simulation (nccs.nasa.gov). This data has been downscaled
to 800 m spatial resolution, has a temporal range of 2010-2100, an
annual temporal resolution, and is provided for two different
greenhouse gas emissions scenarios: a reference/high-CO2
concentration of 750 ppm scenario (WRE) and a policy/
stabilization at 450 ppm scenario (LEV). These predictions were
developed based on the MAGICC/SCENGEN framework (UCAR,
2007) developed in the IPCC Fourth Assessment Report (IPCC,
2024) and use an ensemble of five atmosphere-ocean general
circulation models (Fordham et al., 2012; Pierce et al., 2009). We
selected 11 bioclimatic variables (isothermality, annual
precipitation, annual mean temperature, and precipitation and
mean temperature of the wettest, driest, warmest, and coldest
quarters). Quarterly climate data provide seasonal granularity,
which is important for modeling land use suitability for crops
across their lifecycles. Moreover, by parameterizing data by
seasonally relevant terms (e.g., coldest quarter) rather than set,
three-month periods, these quarters can vary by location and are
thus more biologically relevant. These bioclimatic variables are
commonly used to model species distributions (Busby 1991;
Booth et al., 2014) and responses to climate change (O’Donnell
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and Ignizio, 2012). To ensure internal consistency across climate
variables in both spatial resolution and interpolation method, we
used these projections to describe both the current (2019-2023) and
future (2069-2073) climate conditions. Previous studies find that
the ensemble of models used to create these estimates effectively
reproduces recent climate observations (Fordham et al., 2012).

Data on soil productivity (Schaetzl et al., 2012) and soil drainage
(Schaetzl et al., 2009) was accessed via the USDA Forest Service
forest health data repository. Each of these layers has a spatial
resolution of 240 m. The soil Productivity Index (PI) is an ordinal
index developed by Schaetzl et al. (2012) that uses family-level soil
taxonomy information along with modifiers to assign a value from 1
to 19, with 19 representing the most productive soils. The PI has
been shown to be strongly correlated with crop productivity
(Schaetzl et al,, 2012). The soil Drainage Index (DI) is based on
work by Hole (1978); Hole and Campbell (1985), and Schaetzl
(1986) and is likewise an ordinal index. It quantifies long-term soil
wetness, that is, “the quantity of water that soil contains and makes
available to plants under normal, long-term climatic conditions”
(Schaetzl et al., 2009). It is based on the water table depth and the
volume of soil available for rooting. DI values range from 0
(impervious surface) to 99 (open water), with higher values
representing soils that are more capable of supplying more water
to plants. These indices are temporally static.

The distribution of managed species is influenced by both
environmental and socioeconomic factors. While projected
environmental conditions (e.g., precipitation and temperature) are
somewhat predictable, socioeconomic drivers are influenced by a
multitude of factors and thus more difficult to forecast (Lant et al.,
2016). Therefore, for our model, we have decided to focus entirely
on environmental suitability. This assumes that the socioeconomic
factors (e.g., markets, processing facilities) impacting the current
distribution of either crop are independent of environmental
factors. While excluding socioeconomic factors is certainly a
limitation of this study (see Discussion), it also allows for the
possibility of socioeconomic adaptations (technology, policy, etc.)
that could support agile expansion of either crop into new,
environmentally suitable regions.

Crop niche

Each of these data layers was read into R using the raster
package (Hijmans, 2023). We extracted environmental data (ie.,
climate and soils data, described above) for the locations where each
crop was grown between 2019-2023 under either scenario using the
exactextractr package (Baston, 2023). Data were averaged across
years, and we calculated the standard deviation, mean, and median
of these environmental values. To understand how the
environmental niches of the two crops differ, we used t-tests to
compare the distribution of environmental conditions between
crops for the current period 2019-2023. Because the estimates for
the current period were nearly identical for the two climate change
scenarios (Supplementary Figure S1), we present only the results
from the LEV scenario when describing environmental niche.
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Crop suitability

To estimate current and projected crop suitability, we first
summarized the environmental niche distributions using empirical
cumulative distribution functions (ECDFs). For visualization
purposes, we estimate and plot crop suitability across a hexbin
surface for the conterminous US, created using the sf package
(Pebesma, 2018; Pebesma and Bivand, 2023). These maps comprise
72,406 full (approximately 110 km?) or partial hexbins.

Using the ECDFs, we estimated crop suitability by calculating
probability (area under the curve) for each hex value
(environmental values, averaged across hex area) + 1 standard
deviation (Figure 1; see Crop niche above). Environmental
variables with low probability (< 20%) of supporting each crop
were designated as limiting factors. This cutoff was intended to
represent conditions that may be too far outside of a “goldilocks
zone,” where it might be impractical to overcome an environmental
limitation via agronomic intervention. We chose this cutoff after
visualizing the probability distributions and assessing alternative
thresholds (0%, 50%, 75%; data not shown). Then, to determine
crop suitability across the US, we took the average probability across
all 13 environmental variables, treating the limiting environmental
factors as having zero probability. We did this for each crop, climate
scenario, and time period and calculated the change in
environmental suitability as the difference in hexbin value
between the two time periods (2019-2023; 2069-2073) under each
climate scenario. For visualization purposes, we present only the
LEV scenarios when mapping suitability (Figures 2, 3). A full
version of future suitability estimates (Figure 3) is available in the
Supplement (Supplementary Figure 52), but a full version of current
estimates (Figure 2) is not shown, given the high correlation
between scenarios. When plotting time comparisons, we use
estimates from the same scenario for consistency (Figure 4; ie.,
LEV vs. LEV and WRE vs. WRE).

Throughout this manuscript, we define suitability based on the
environmental conditions where each crop is currently grown. In
the absence of absolute knowledge of physiological response curves
for the species of interest, habitat suitability assessments often use
occurrence or abundance records and associated environmental
data to parameterize models (Mohammadi et al., 2022; Shen et al,,
20215 Suetal., 2021; Wang et al., 2021), as we have done here. These
relationships by no means imply a cause-and-effect and may be
limited, particularly in managed systems (see Discussion for
further explanation).

We used log-normal regression models to correlate the
probability of environmental suitability (based on our niche
model) with actual crop density (based on binned CDL data).
Due to the heavily skewed nature of each crop’s area
(Supplementary Figure S1), for these regressions we assess only
locations where the crop is currently present (i.e., proportional area
> 0). Areas where the crop is produced are known be suitable, but
areas where it is absent are of unknown suitability. To compare crop
suitability within each time period, we used two-sample t-tests.
Similarly, to compare the change in environmental suitability
between the two time periods, we used one-sample t-tests to
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FIGURE 1

Point-range plots (mean + 1 standard deviation) showing differences in the environmental conditions where canola and camelina are currently
(2019-2023) grown in the US. Each crop'’s relationship to the listed climate variables is based on data from a scenario where CO, emissions stabilize
at 450 ppm. The soil Productivity Index and Drainage Index are ordinal indices, isothermality is shown as a percentage, temperature variables are

shown in degrees Celsius, and precipitation is shown in millimeters.

assess if the overall change was significantly different from zero, and
two-sample t-test to compare the two distributions (camelina and
canola) for each climate scenario.

Results

Between 2019-2023, canola was grown across 32,047 km? of the
US (~0.2% of conterminous US land area) and camelina was grown
across 272.8 km® (~0.002%). Camelina is grown more extensively in
warmer, dryer conditions and in areas with less productive soils
(Figure 1). Canola, by comparison, is grown in areas with lower
annual mean temperatures (Au= 1.7°C, t= 616.15, p < 0.01),
specifically areas that are ~4.3°C cooler, on average, during the
coldest quarter (t=1074.2, p < 0.01) and 3.6°C cooler during the
driest quarter (t=334.14, p < 0.01). However, canola is grown in
slightly warmer areas during the wettest (Au= -1.2°C, t= -163.22, p
< 0.01) and warmest (Au= -0.1°C, t= -30.10, p < 0.01) quarters.
Isothermality (the magnitude of diurnal temperature variability
relative to annual temperature variability) was likewise lower in
areas where canola was more extensively grown by 5.7% (t=1367.3,
p < 0.01). That is, canola is grown in areas with more temperature
variability across the year than within the average month. Canola is
also grown in areas that receive more precipitation annually (Ap=-
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104.8 mm, t=-887.10, p = 0.01), particularly in the warmest quarter
(Ap=-56.65 mm, t=-1064.45, p < 0.01) and wettest quarter (Apu=-
39.21 mm, t=-875.23, p < 0.01) but only slightly more precipitation
in the coldest (Au=-10.77 mm, t=-265.80, p < 0.01) and driest
quarters (Au=-5.07 mm, t=-317.30, p < 0.01). Furthermore, canola
is grown on wetter (Au=-12.27, t=-878.14, p < 0.01) and more
productive (Au=-1.25, t=-2.65, p < 0.01) soils, based on the soil
Drainage Index and Productivity Index, respectively.

Using these environmental niches, we estimated the probability
for either crop across the conterminous US (Figure 2). For both
crops, the current primary production region is the Northern Great
Plains, with camelina dominating in Montana, while canola is more
prevalent in North Dakota. Both crops’ suitability range extended
south through the Plains states, and show some suitability in the
Midwest, Southwest, and Northeast. Our estimates, based on the
environmental niche of either crop, largely fell within their primary
production ranges. In locations where each crop is currently grown,
there was a positive correlation between our estimated probability
values and the current proportion of cropped land for both
camelina (R*> = 0.17, Fia634 = 532.9, p < 0.01, Figure 2B) and
canola (R = 0.38, Fy 13541 = 8360, p < 0.01, Figure 2D). On average,
we estimate current suitability to be about 1.5% higher for canola
(u= 23.0%) than camelina (U= 21.5%) across the US (t;q4415 =
-18.32, p< 0.01; 95% confidence interval = 1.67, 1.35).
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A. Camelina 2019-2023 Stabilizing Emission Scenario
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C. Canola 2019-2023 Stabilizing Emission Scenario
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B. Camelina 2019-2023
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Estimated environmental suitability (shading) of camelina (A) and canola (C) for 2019-2023 in the continental US based on a scenario where CO,
emissions stabilize at 450 ppm. Suitability is the average probability across 13 environmental variables. Lighter shaded regions indicate areas with
higher probability of environmental suitability, based on environmental conditions where each crop is currently grown. The 2019-2023 regions of
highest productivity (top 5%, based on proportional area within each hexbin) are highlighted by a white polygon. (B) (camelina) and (D) (canola) show
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proportional area within each hexbin (represented by points). Given the heavily right-skewed distribution of both camelina and canola data, only

locations with non-zero proportional area are plotted in (B, D)

Under future climate scenarios (Figure 3), we estimate
suitability to be about 1% higher for canola (U gy= 20.2%, Lwre=
20.4%) than camelina (U gy= 19.2%, Uwre= 19.1%), on average
across the US (LEV: ty44795 = -14.59, p< 0.01; WRE: t; 44780 = -17.88,
p< 0.01). Overall, suitability is expected to decrease for both
camelina (LEV: u= -2.32%, ty2495 = -121.29, p< 0.01; WRE: p=-
2.44%, t 73405 = -103.3, p< 0.01) and canola (LEV: u=-2.76%, t 75405
= -152.94, p< 0.01; WRE: [1=-3.50%, t;2405= -146.56, p< 0.01) by
2069-2073. Environmental suitability for canola is predicted to
decrease more than camelina (LEV: tj436 = -16.97, p< 0.01;
WRE: t14479, = -31.56, p< 0.01) (Figures 4C, 4F), with the
difference greater under the high emissions scenario (5.94%
versus 5.08%). We predict that the Northern Great Plains will
remain the most productive region for both crops (Figure 3), but
changes in suitability will not be spatially constant (Figure 4). Both
camelina and canola are projected to decrease in their current
primary production ranges (Montana and North Dakota,
respectively) by 25% or more [e.g., decrease in suitability of 0.2
(Figure 4), where suitability was previously 0.8 (Figure 3)]. For
camelina, opportunities are projected to open throughout the upper
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Midwest, Pacific Northwest, and Southern Plains. Meanwhile, for
canola, the Southwest is one of the only regions that is projected to
increase in suitability in the future. It should be noted, however, that
while the Southwest is projected to improve for both crops, overall
suitability is expected to remain low (Figure 3) with several
environmental factors limiting suitability in this region
(Supplementary Figure S5).

Precipitation was the primary limiting factor for both crops
under both emissions scenarios (Figure 5). That is, precipitation
values, such as annual precipitation and precipitation during the
wettest and warmest quarters, had the lowest probability of
supporting each crop across the widest portion of the US. This is
particularly notable in the eastern US, which receives excessive
rainfall compared to either crop’s current distribution
(Supplementary Figures S4I-M). However, as drought conditions
in the western US intensify under future climate scenarios,
particularly during the driest quarter, both crops will be limited
by low precipitation in their western range (Supplementary Figure
S4K). This is expected to become more of an issue for canola than
camelina (Supplementary Figure S3).
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A. Camelina 2069-2073 Stabilizing Emission Scenario
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B. Canola 2069-2073 Stabilizing Emission Scenario
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Future (2069-2073) estimates of camelina (A) and canola (B) suitability under a stabilizing emission scenario (CO, emissions stabilize at 450 ppm).
Shading indicates average probability of environmental suitability with lighter regions indicating higher probability. The current (2019-2023) top 5%
most productive range for each crop is shown as a white outline. A full figure also showing estimates for the high emission scenario is available in

the supplement (Supplementary Figure S6).

Canola is also expected to become more limited than camelina
by temperature under future climate scenarios — across the year and
in the coldest and driest quarters (Supplementary Figure S3).
Increasing temperatures in the south are expected to limit
suitability, particularly for canola, in the future (Supplementary
Figures S4-C, F, H). Thus, it seems likely that increasing
temperatures are contributing to the greater decrease in canola
suitability expected in the future.

Soil conditions represented the greatest difference in suitability
between crops (Figure 5). Canola was much more limited by soil
productivity than camelina (Supplementary Figure S4A).
Throughout most of the country, except the Central US, soil
productivity was too low to support canola. Camelina, on the
other hand, was limited by soil wetness (measured by the soil
drainage index). Our model suggests that much of the eastern US
has soils that are too wet to support camelina.

Discussion

We examined environmental suitability for two oilseed crops,
canola and camelina, under two alternative climate change emissions
scenarios. Our findings on each crop’s environmental niche are
consistent with what has been suggested in the literature about their
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respective agronomic attributes (i.e., that camelina is a low-input,
drought-tolerant crop, compared to canola) (Ehrensing and Guy,
2021; Obour et al, 2015). Currently, on average, environmental
conditions across the US are more suitable to canola than camelina,
based on our analysis of the available data. Under both climate
change scenarios environmental suitability for each crop is expected
to decrease in the near future (~ -25% in the primary production
regions for either crop in 50 years). Our analysis suggests that this
decrease will be more extreme for canola than camelina, but that
average suitability across the country will remain higher for canola
than camelina. This work builds on the growing literature examining
the implications of climate change on land use suitability for crop
production (Knapp et al., 2023; Lant et al., 2016; Ramankutty et al.,
2002). Notably, our work is similar to that of Lant et al. (2016) who
forecasted land use changes for several staple crops in the Central US
based on climate models, soil characteristics, and topography across
three time periods (2040, 2070, and 2100). Similar to our estimates in
canola and camelina’s primary production rage, Lant et al. (2016)
predicted a 22% decrease in suitability for corn, a 17% decrease for
soybeans, and a 20% decrease for cotton by 2070, with a general
northward shift in suitability. Overall, our findings add support to
the idea that with shifting climate conditions, camelina may indeed
be a viable alternative oilseed for farmers to consider for a climate-
smart future.
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A. Camelina Change Stabilizing Emission Scenario

B. Canola Change Stabilizing Emission Scenario
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C. Change Under Stabilizing
Emission Scenario
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FIGURE 4

Change in current (2019-2023) versus projected (2069-2073) range of camelina (A, D) and canola (B, E) under a stabilizing emission scenario (CO, emissions
stabilize at 450 ppm; A-C) and a high emission scenario (D-F). The current (2019-2023) top 5% most productive range for either crop is shown as navy
outlines (A, B, D, E). Positive changes in the projected crop distribution are shown in blue, and negative changes are shown in red, with darker shades of
either color indicating greater change in suitability (change in average probability). The distribution of these changes for either crop under each emissions
scenario are shown in (C) (stabilizing scenario) and (F) (high emissions scenario) as a density distribution with the mean (dashed line).

We show that currently, camelina is grown in warmer, drier,
less productive regions of the US than canola, which is largely
consistent with each crop’s biological characteristics. One of the
primary advantages of camelina, highlighted across studies, is its
capacity to grow on marginal land with minimal inputs (Berti et al.,
2016; Blackshaw et al., 2011; Ehrensing and Guy, 2021; Moser and
Vaughn, 2010; Putnam et al., 1993; Steppuhn et al., 2010; Von
Cossel et al.,, 2019). We affirm this in our study by showing that
canola is currently grown on significantly more productive land,
based on the soil Productivity Index, compared to camelina.
Notably, throughout most of the US, except for the Plains, our
model suggests that soil productivity is a limiting factor for canola
suitability, but less so for camelina (Supplementary Figures S4A),
illustrating camelina’s potential edge.

Likewise, several previous studies suggest that camelina is
drought tolerant (Agarwal, 2017; Czarnik et al., 2018; Moser and
Vaughn, 2010; Putnam et al., 1993; Steppuhn et al., 2010), which is
consistent with camelina being grown in regions with lower
precipitation throughout the year and in regions with a lower soil
Drainage Index. Currently, our results suggest that high
precipitation during the driest quarter limits both crops from
being grown in the eastern US. Thus, while camelina is drought
tolerant, our findings also suggest its potential may be limited in
regions with higher precipitation and/or in regions with high soil
wetness. Under future climate scenarios, drought conditions in the
western US are expected to further limit suitability for both crops,
but especially canola (Supplementary Figures S41-M). This is
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consistent with suggestions that canola is poorly suited to dryland
conditions (Pavlista et al, 2012), and that camelina may be a
desirable alternative crop.

Inconsistent with the existing literature, we found that camelina is
currently grown in warmer regions than canola. Spring camelina is
suggested to be more freeze tolerant than canola (McVay and Lamb,
2008; Obour et al, 2015) and winter camelina varieties require a
vernalization period (Anderson et al, 2018) and are described as
extremely winter hardy (Gesch and Archer, 2013). Thus, we would
have expected camelina to be grown in colder regions, particularly
those with the lowest winter temperatures (coldest quarter), but we
observed the opposite. This discrepancy likely highlights a limitation of
our study approach, rather than a true biological effect. Because
camelina is currently less extensively grown than camelina, our
model may fail to capture its entire potential biological range, based
on its current realized niche. Thus, our results may provide
conservative estimates, and further adoption of winter camelina
varieties, for example, could expand camelina’s range.

Examining these temperature constraints spatially, we see that
warm temperatures during the warmest quarter are primarily a
limiting factor in the southern US (Supplementary Figures S4G, H)
and are currently more limiting for canola (Figure 5). Indeed, high
temperatures during the warmest quarter seem to be a primary
limiting factor in suitability for canola under a future, high
emissions scenario (Supplementary Figures S4G). Phenologically,
the warmest quarter is the time when seeds are developing in these
spring-blooming crops. Previous work by Gan et al. (2004) shows
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FIGURE 5

Limiting factors (< 20% probability) in determining the environmental suitability for camelina and canola growth for each hexbin. Variables show the
temperature (Temp) and precipitation (Ppt) of the driest, warmest, wettest, or coldest quarter (Q) as well as soil Drainage Index (DI) or Productivity
Index (Pl). See Supplementary Figure S4 for a map of the distribution and direction of each of these limiting factors. The number of hexbins where
soil DI (drainage index) was a limiting factor for camelina was low (~10,000) in each year/scenario, and therefore not plotted.

that canola and other oilseed mustards are more susceptible to
temperature stress during seed development than at earlier stages
(i.e., bud development or flowering). Temperature stress during
seed development can lead to lower seed yields and lower seed
weights for both crops (Aksouh-Harradj et al, 2006; Gan et al,
2004; Nadakuduti et al., 2023) and has been shown to reduce oil
production and alter fatty acid profiles for camelina (Aksouh-
Harradj et al., 2006; Nadakuduti et al., 2023).

These crops’ distinct environmental niches were reflected in
differences in their potential spatial distributions. Camelina shows
suitability in Montana and throughout the Plains. Meanwhile, we
estimate canola to have a more easterly range, extending further
into the Dakotas. Camelina is not currently a widely cultivated crop
(particularly when compared to canola), but these finding help
identify additional areas that would be suitable for production.
Notably, both crops are currently grown primarily in the Northern
Great Plains, but our model suggests that each could be grown more
extensively throughout the western US (Figure 2, Supplementary
Figure S5). There have been several extension publications from
Oregon State University, Washington State University, and
University of Idaho over the past decade covering the biology and
management of camelina (Ehrensing and Guy, 2021; Hulbert et al.,
2012; Moore et al., 2019; Schillinger et al., 2013), which suggest
interest by farmers in the region in adopting the crop. Based on our
estimates of suitability, these areas are more suitable for camelina
than canola and are likely to remain somewhat suitable in the next
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50 years (though show some decrease in suitability). Additionally,
our study highlights the upper Midwest as becoming more suitable
for camelina in the future. Studies such as ours that project future
environmental suitability for crops could help extension
professionals and growers build capacity for crops that are likely
to become suited to their region in the near future.

Opverall, we show that at broad spatial scales, the current, realized
niches of these two crops largely follow their distinct biological
characteristics. This is interesting when considering the additional
release and constraints that anthropogenic factors such as
management (e.g., irrigation, fertilizer application) and social
constrains (e.g., markets, government incentives, land availability,
and farmer capacity/desire to grow certain crops) can introduce into
the distribution of a managed species. Though, perhaps not
surprising considering the economics (i.e., added inputs and lower
yields) of growing a crop outside its ideal range. In the future, more
environmental factors are projected to become limiting to the
cultivation of these crops (Supplementary Figure S5). That is, while
there are currently regions where all measured environmental factors
show a high probability of supporting crop production
(Supplementary Figure S5), under climate change, more factors
(especially temperature) are expected to limit suitability, which
could lead to a need for greater agronomic inputs.

Still, camelina is a highly adaptable crop (Zanetti et al., 2021;
Zubr, 2003) that has been successfully grown across several regions
of the US - from the Corn Belt (Gesch et al., 2014) to the Plains
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(Aiken et al,, 2015; Berti et al., 2015), Pacific Northwest (Schillinger
et al, 2012), and Southwest (under irrigation) (Hunsaker et al,
2011). A key limitation of our study is that our model is
parameterized by the current production range for either crop.
While we show this largely reflects what is known about these crops’
biology, it disregards each plants’ plasticity, adaptability, and the
influence of plant variety. It also disregards socioeconomic factors
such as possible differences in market quality standards for either
crop and the production requirements to meet these standards.
Substantially greater investment has been made into breeding
varieties of canola for yield, oil quality, and environmental
tolerance (Chen et al., 2005; Obour et al., 2015; Pavlista et al.,
20115 Sparks, 1993), which likely explains its greater adoption and
wider range. Similar breeding efforts for camelina could increase
yield and oil quality (Ehrensing and Guy, 2021), as demonstrated by
previous studies investigating camelina varieties in different
environments to understand gene-by-environment interactions
and effects on yields and oil quality (Jiang et al., 2014; Obour
et al,, 2017; Zanetti et al., 2017). Our models also assume that yield
and quality are highest in the current production region, but this
may not necessarily be the case given socioeconomic factors such as
government incentives, processing facilities, and market
opportunities (Reimer and Zheng, 2017; WAPMC, 2012). Due to
lack of available yield data, we were unable to integrate yield
estimates in our models, but this could be an important future
direction if data become available. Alternatively, high-dimensional
greenhouse studies, aimed at defining the productivity of these
crops across a range of environmental conditions could be used.
Such studies could expand our scope of understanding of the
relative role and interactive effects of temperature, precipitation/
water availability, and soil conditions/nutrient availability as well as
solar radiation and genetic variety/cultivar on crop yields.

Breeding efforts for camelina may help improve yield and oil
quality (e.g., fatty acid composition) which could improve
marketability (Obour et al., 2015). Indeed, an advantage of our
study is that it identifies the likely limiting environmental factors
under future climate change scenarios, which could be used to
proactively breed new cultivars of either crop that are well suited to
future regional conditions. However, doing so should be approached
with caution, given the uncertainty around these climate projections.
While the projections we used were rigorously developed (Fordham
et al, 2012; Pearson et al., 2014; Pierce et al., 2009), they do not
account for several important factors such as seasonal variation in
atmospheric CO, concentrations or solar radiation which could affect
yields (Biabani et al., 2021; Black, 1964; Monteith et al., 1997; Qian
et al,, 2019; Uddin et al., 2018), effects of extreme weather (Gornall
et al, 2010), nor do they use the most current projections. There are
also other agroecological aspects, related to climate change, such as
pest pressure that we were unable to account for in these models
(Gornall et al., 2010), though an additional advantage of camelina is
its low susceptibility to the pests that cause economic damage to
canola (Ehrensing and Guy, 2021).

Overall, we demonstrate that the environmental niche of these
two crops is distinct, leading to distinct suitable ranges presently
and under future climate scenarios. Consistent with the literature,
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camelina seems more resilient to certain aspects of climate change,
which is likely to expand its suitable distribution, more than that of
canola, in the near future. Future adoption of this crop could be
supported by expanding farmer knowledge, breeding efforts,
and marketability.
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