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A B S T R A C T

Background: Soybean oil is a major dietary source of the essential fatty acids linoleic acid (LA) and α-linolenic acid (ALA); however, high-daytime
temperatures during seed development reduce desaturase activity in soybeans. The resultant reduction in LA and ALA levels is a phenomenon well-
known to soybean breeders, although the impact of this interaction between plants and environment on human nutrition is poorly understood.
Objectives: Using data from the literature, we developed a model for soybean essential fatty acid composition. Combining this model with contemporary
agricultural and meteorological data sets, we determined whether insufficiency of essential fatty acids could result from geographic, intrayear, or interyear
variability.
Methods:We modeled this change using 233 data points from 16 studies that provided fatty acid composition data from plants grown under daytime high
temperatures ranging from 15�C to 40�C.
Results: As temperature increased, LA and ALA concentrations decreased from 55% to 30% and 13% to 3.5%, respectively. Application of the model to
daytime high temperatures from 2 growth periods over 6 y showed significant regional, interyear, and intrayear variation in essential fatty acid content (P
< 0.05). Using county yield data, we developed oil fatty acid models for the 3 top-producing regions of the United States. From this work, it was
determined that soybean oil manufactured from soybeans in the southern United States may contain insufficient ALA to meet human nutritional needs
because of high-daytime temperatures.
Conclusions: This work suggests that climate-based variation may result in many human populations not achieving an adequate daily intake of ALA.
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Introduction

Predicting the impact of climate change on human nutrition is
challenging because most crop models use yield as the primary end
point. In recent decades, models developed for nutritional staples,
including maize [1,2], potatoes [3,4], wheat [5], and other crops [6–8],
have been used to predict the impact of precipitation, irrigation, ni-
trogen, organic matter, and other agronomic factors on yield. Some
factors in climate change can increase yield while decreasing the
nutritional value of food. For example, increased atmospheric carbon
dioxide concentration can increase yield in rice [9,10], wheat [11],
potatoes [4], cassava [12], and beans [13] because of carbon
dioxide-promoted carbohydrate synthesis, despite a decrease in nutri-
tional metrics, such as protein and/or trace mineral content. One
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proposed mechanism suggests that elevated carbon dioxide concen-
tration increases carbohydrate synthesis and storage, resulting in the
dilution of other nutrients; however, changes in cultivar and transpi-
ration may also play a role in this effect [13,14]. This is an example of
how an extrinsic quality, such as yield, can mask intrinsic changes in
nutritional quality that may result in “hidden hunger” [15]. In this work,
we expand on this “hidden hunger" concept to include essential fatty
acids.

Soybean oil is second only behind palm oil as the most commer-
cially abundant plant oil globally [16]. During 2016–2021, the global
consumption of soybean oil averaged 56.3 million metric tons annually
(Figure 1). Excluding oil diverted for industrial and biofuel use [17],
45.4 million metric tons of soybean oil entered the food supply, rep-
resenting 29.0% of all plant-based food oils consumed. This is
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Figure 1. Global oil consumption from USDA Economic Research Service,
Oil Crops Yearbook [16] and USDA FAS Production, Supply, and Distri-
bution database [17]. For each year, columns are ordered by descending
contribution, with palm, soybean, and rapeseed oils, respectively. The cate-
gory “all other plant oils” includes, in descending order of contribution,
sunflower seed, palm kernel, peanut, cotton seed, coconut, and olive oils.
Percentages represent the percent of food-grade oil consumed that year. In-
dustrial oils are shown for scale but not included in the calculation. FAS,
Foreign Agricultural Service.
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approximately twice the amount of the second-most consumed oil,
rapeseed (including canola, 13.2%), and over 15-times more than olive
oil (1.9%). Soybean oil is a staple dietary fat in human nutrition [18].

Nutritionally, soybean oil is high in unsaturated fats, such as oleic
acid (OA), linoleic acid (LA), and α-linolenic acid (ALA, Table 1), and
represents an important way for consumers to reduce the intake of
SFAs, as recommended in the Dietary Guidelines for Americans [19].
LA and ALA are essential fatty acids that must be obtained through
dietary intake. In the American diet, soybean oil is the most common
source of LA and ALA [20]. Additionally, diets high in LA and ALA,
essential omega-6 and ω-3 fatty acids, respectively, have been linked
with a decreased risk of cardiovascular disease and reductions in
concentrations of cardiovascular disease risk markers, such as total
cholesterol, LDL cholesterol, and plasma triacylglycerol [21–24].

Fatty acid composition of soybean varies with both cultivar and
environment [25]. Soybeans are uniquely suited for this study because
there is a well-characterized biochemical mechanism underlying the
relationship between temperature and fatty acid composition. The
global ubiquity of soybean as a commodity crop makes modeling
climate effects relevant across diverse environments. Mechanistically,
the major factors impacting the LA and ALA content in soybeans are
Table 1
Average fatty acid composition and human health relevance for soybean oil
components

Composition1 Fatty acid Type Relevance

22.1% OA MUFA nonessential
50.9% LA PUFA; ω-6 essential in diet
6.62% ALA PUFA; ω-3 essential in diet
14.9% SFA linked to negative health outcomes

Abbreviations: ALA, α-linolenic acid; LA, linoleic acid; OA, oleic acid.
1 United States Department of Agriculture, Agricultural Research Service.

Food Data Central 2022 [cited February 1, 2023]. Available from: https://fdc.
nal.usda.gov/.
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the activity of fatty acid desaturase (FAD) enzymes, FAD2 and FAD3,
respectively [26,27]. As temperature during seed development in-
creases, FAD3 activity decreases in soybeans, wheat, and peanuts
[28–32]. As first reported over 65 y ago [33], the critical determinant
for fatty acid composition is daytime high temperature during the
pod-filling stage of seed development [32], denoted reproductive stage
5 (R5) [31,34]. Genetic factors impacting the rate of plant develop-
ment, including sensitivity to photoperiod and temperature, result in
cultivars of different maturity groups (early-, mid-, or late-maturing)
reaching the seed-filling stage of soybean development (reproductive
stage 5 [R5]) at different points in the growing season [35]. Develop-
ment during R5 is responsible for ~79% of seed-storage lipids in
soybeans [36], and increases in temperatures during this period reduce
the activity and expression of FAD enzymes [31,32,37]. Soybean is
planted across a wide range of latitudes per the maturity group, which
should result in geographic variability in fatty acid composition [38].
Additional intrayear variability may result from double cropping,
where soybean is planted after another crop in the same year [39]. The
broad cultivation of soybean and its vital agricultural, economic, and
nutritional roles have led to extensive crop modeling to assess the
impact of climate change on yield [1,8,40–45], although the connection
with compositional outcomes regarding nutrition remains unclear.

A decrease in the concentration of essential fatty acids has a pro-
found nutritional impact, and accurate composition data for soybean oil
are essential for determining its dietary status. High-OA–producing
soybean cultivars bred for improved shelf stability have lower ALA
and LA levels, and replacement of conventional soybean oil with high-
OA blends can put some populations at risk of insufficient daily ALA
intake [46], with such blends resulting in ALA concentrations of
<5.68%. Subsequent dietary modeling work for children aged 1–8 y
suggested inadequate ALA intake for children at concentrations
equivalent to 5% ALA [47]. Here, we demonstrate that ALA concen-
tration can decline to this level in conventional soybean oil because of
increasing temperatures during the growing season. We construct a
general model for fatty composition as a function of daytime high
temperature from publicly available data, illustrate significant
geographic, interyear, and intrayear variation in essential fatty acid
content, and determine the fatty acid concentration for model oils from
3 regions of the United States.

Methods

Literature search and data selection
Literature values for soybean fatty acid composition were gathered

according to the applicable methods detailed in the PRISMA Extension
for Scoping Reviews [48], as shown in Figure 2. Using the search
engines PubMed, Google Scholar, and PubAg, queries were generated
with the following search terms in different combinations and orders:
soybean, oilseed, vegetable oil, soybean oil, temperature effects, fatty
acid concentration, fatty acid distribution, linolenic acid, linoleic acid,
fatty acid desaturase, fatty acid desaturase 3, FAD3, and increasing
temperature. The search included all results up to July 2022. Full-text
articles were evaluated per the following criteria:

1) Included studies should be original research articles containing primary data.
Review data were excluded from the study.

2) Articles must include fatty acid compositional data for OA, LA, and ALA,
with a detailed description of the analytic method by which they were ob-
tained from the soybean seed. Articles without experimental details that
described how fatty acid profiles were obtained were excluded.

https://fdc.nal.usda.gov/
https://fdc.nal.usda.gov/


Figure 2. Flowchart for the selection of literature sources and data
for modeling.
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3) Temperature data during seed filling must be reported. For field studies,
reports of daytime high temperatures during seed development were deemed
appropriate. For controlled-environment studies, reports of high tempera-
tures during the daylight phase of growth were required. Night-time tem-
peratures were not assessed. Studies reporting seasonal averages were
excluded from the model.

4) Conventional soybeans were included in the analysis, but high-OA varieties
were not considered. Soybean cultivar information was desirable but not
required for inclusion.

All literature obtained from this search were evaluated manually
from the corresponding author, and citations were reviewed to evaluate
additional data sources. Two additional studies were added in this
manner. Data are presented in Supplementary Table S1.
Model development
Data for OA, LA, and ALAwere fitted by regression to a sigmoidal

function (Equation 1). Because SFA reporting was not consistent over
the period examined, all SFAs were expressed as a group sum. The total
SFAvalues were modeled by linear regression. All regressions included
both confidence and prediction bands (Figure 3). Model-fit parameters
for sigmoidal functions for LA and ALA are reported in Table 2.

mFA ¼ c1 þ
0
@ c2�

1þ e
μ�T
c3

�
1
A 1

where mFA is the mass percent of a fatty acid; T is the daytime high temperature
(�C); and c1, c2, c3, and μ are fitting coefficients in Igor Pro 8 (Wavemetrics,
Inc.).
Figure 3. Models of soybean fatty acid response to temperature from ref-
erences in Supplementary Table S1 for (A) OA, (B) LA, and (C) ALA. The
thick black line represents the best fit; thin black lines represent 95% con-
fidence intervals; dashed lines represent 95% prediction interval with RMSD
reported for each model. Fit coefficients are presented in Table 2. ALA,
α-linolenic acid; LA, linoleic acid; OA, oleic acid; RMSA, root mean
square deviation.
Determining distribution of soybean crop and dates of
seed filling

Two data sets were used to model soybean development to deter-
mine local daytime high temperatures during seed filling. Production
data were obtained at the county-level from the National Agricultural
Statistics Service (NASS) Quick Stats Database [49] and converted
from bushels to kilograms of soybean oil using conversion factors from
the United States Soybean Export Council [50]. Planting progress for
60



Table 2
Model coefficients for fatty acid composition models in Equation 1

Coefficient Fatty acids1

OA LA ALA

c1 7.0586 59.231 64.957
c2 179.53 �220.58 �65.036
c3 15.225 9.6018 16.241
μ 58.853 57.627 �10.969

Abbreviations: ALA, α-linolenic acid; EMG, early-maturing group; LA,
linoleic acid; MMG, midmaturing group; OA, oleic acid.
1 SFA were modeled by linear regression (slope ¼ 0.14764, intercept ¼

12.829, and r2¼ 0.0509).
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2016–2021 were obtained from the criteria shown in Supplementary
Table S2. Planting dates for the years 2016–2021 were assessed using
reported weekly sowing progress statistics for each state with the pa-
rameters in Supplementary Table S2. The planting data were reported
by NASS as cumulative weekly progress recorded for the week of the
year (e.g., week 1–52). To determine the typical date for planting, the
first derivative of weekly planting progress data was taken. Derivatives
were aligned by week and normalized for each state over the 6-y range
(Supplementary Figure S2). The first maximum for each state was used
to establish a representative planting week for the counties there, which
was correlated to the day and month for each year from 2016 to 2021.

Using the development model of Fehr and Caviness [34], we
considered 2 classes of soybean, early-maturing (EMG) and mid-
maturing groups (MMG), with pod-filling occurring between 39 and 50
d postplanting and 74–89 d postplanting, respectively. The addition of
these durations to the planting dates defined the date ranges for
meteorological data (Supplementary Table S3).
Figure 4. Geographic and intrayear variability in FA composition based on 5-
EMG soybeans (A) LA and (B) ALA; MMG soybeans (C) LA and (D) ALA; and i
mean with second and third quartiles; whiskers extend to 2nd and 98th percentiles.
P < 0.001. Latitude delineations are not to scale. ALA, α-linolenic acid; EMG
oleic acid.
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Meteorological data
The USDA NASS Cropland Data Layer 30-m data set was inter-

sected with a 4-km gridMET climate grid to identify climate grid cells
containing >5% cover of soybeans in any year from 2008 to 2021 [51,
52]. This approach excluded possible interference because of elevated
temperatures from land used for nonagricultural purposes and excluded
nonrepresentative temperatures in portions of counties not suitable for
soybean production. Daily minimum and maximum temperatures for
soybean-producing areas were averaged across each county. Finally,
the means (SDs) for daily maximum temperatures were calculated
across the key soybean physiologic date ranges described above
(Supplementary Table S3). Spatial climate analyses were conducted
using the raster package in the statistical program R [53,54].
Generation and analysis of fatty acid data
The mean daytime high temperatures for each county for EMG and

MMG soybeans were input into the model (Equation 1) with the cor-
responding coefficients for OA, LA, and ALA as shown in Figure 4
(Supplementary Figures S3, S4). Counties were grouped by the latitude
of the county polygon centroid in 5� increments with A, B, C, D, and E
covering ranges from 25�N–30�N, 30�N–35�N, 35�N–40�N,
40�N–45�N, and 45�N–49�N, respectively (Table 3, Figure 5).
Counties contributing <0.015% to national soybean production were
excluded from the interyear variability analysis.
Modeling soybean oil
Mapping the yield for the top 20% of soybean-producing counties

showed 3 geographically distinct regions of high production (Supple-
mentary Figure S5). The North was a 3-state region in or around the
Red River Valley of MN, ND, and SD. The Central region contained
y mean (2016–2021). Geographic variation in fatty acid concentration for
solated by latitude in 5� intervals for (E) LA and (F) ALA. Box plots show the
Different letters represent differences by Bonferroni correction post hoc test at
, early-maturing group; LA, linoleic acid; MMG, midmaturing group; OA,



TABLE 3
Predicted variation in fatty acid composition from 2016–2021 expressed as 6-y mean by latitude group and maturity group

Group Latitude range n Maturity LA1 (% � SD) ALA (% � SD)

A 25�N–30�N 11 EMG 49.6 � 0.68 4.14 � 0.13
MMG 48.1 � 1.52 3.88 � 0.24

B 30�N–35�N 253 EMG 49.8 � 1.34 4.19 � 0.27
MMG 49.3 � 1.27 4.08 � 0.22

C 35�N–40�N 699 EMG 50.9 � 1.45 4.43 � 0.32
MMG 52.2 � 1.30 4.73 � 0.32

D 40�N–45�N 602 EMG 53.2 � 1.06 5.03 � 0.31
MMG 54.4 � 1.02 5.42 � 0.37

E 45�N–49�N 126 EMG 54.3 � 0.87 5.38 � 0.30
MMG 55.4 � 0.78 5.83 � 0.31

Abbreviations: ALA, α-linolenic acid; EMG, early-maturing group; LA, linoleic acid; MMG, midmaturing group; OA, oleic acid.
1 Fatty acid concentrations are stated as mass percentage fatty acid with SD.
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counties in IN and IL, while the South region stretched along the
Mississippi River Valley between AR and MS. Soybean processing
was regionally distributed across the United States [55]; within each
region identified, 10 contiguous high-producing counties were group-
ed, and the soybean yield for each county was expressed as a fraction of
the yield within that group (Supplementary Table S4). The fractional
yield for each county was multiplied by the fatty acid distribution for
each year, and the sum for each region by year is shown in Figure 6
along with fatty acid composition values from the USDA FoodData
Central (FDC) Foundation Foods data set.
Statistical analysis and graphic representation
Statistical analyses were performed in RStudio 2022.12.0 Build 353

(Posit Software) running R version 4.2.1 [54] with the tidyverse library
[56] and associated packages (ggplot2, usmap, and dplyer). Fatty acid
composition values were compared across counties, maturity groups,
and years using 3-way analysis of variance. Additionally, fatty acid
values were grouped by latitude, year, and maturity group. These
groups were compared by multiple paired t tests using the Bonferroni
correction to control for type-1 errors. Box plots were constructed
using Igor Pro 8 (Wavemetrics, Inc.).

Results

Assessment of literature
The literature review found 42 candidate articles, with 2 additional

articles from citations there (Figure 2). After applying the screening
criteria, data from 16 studies were included for analysis, resulting in a
data set containing 233 data points for mean daytime high temperatures
and fatty acid composition (Supplementary Table S1). Literature
spanned the years 1957–2013 and represented a mix of growth-
chamber, greenhouse, and field experiments [31,33,57–70]. Tempera-
tures ranged from 15�C to 40�C. In some cases, temperature repre-
sented 1 of several variables, including land management [65] or
drought stress [60]; however, the temperature-responsive fatty acid
changes appeared to be independent of those variables.

The soybean cultivars represented various nontransgenic lines
grown in the temperate regions of the United States, Canada, and
Argentina. Because soybean oil in the human diet is a composite ma-
terial representing various cultivars, individual cultivar contributions
were not considered further.

Analytic techniques for determining the fatty acid composition re-
flected advances in methodology over time. Howell and Collins [33]
employed a spectrophotometric method for the determination of LA
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and ALA, but OA and SFA were not measured. Two groups used
near-infrared methods for fatty acid analysis, reporting SFAs (palmitic
acid and stearic acid), OA, LA, and ALA [64,66]. The remaining
studies employed fatty acid methyl ester analysis using gas chroma-
tography after either acid-catalyzed [31,59] or base-catalyzed [57,58,
60–63,65,67–69] transesterification. Data expressed as mass percent-
age are presented in Supplementary Table S1.
Modeling the fatty acid response
Fatty acid composition data extracted from the literature were

plotted against the corresponding temperature data and fitted by
regression to a sigmoidal function for OA, LA, and ALA. The model
for SFA is shown in Supplementary Figure S1. Increasing temperatures
from 15�C to 40�C decreased the concentrations of LA (55%–30%)
and ALA (13%–3.5%). Fit parameters for the sigmoidal regression are
presented in Table 2. Prediction and confidence intervals are displayed
in Figure 3. For any conventional soybean sample, the fatty acid
composition should fall within the predicted intervals (dashed lines)
95% of the time. In contrast, the confidence interval (solid line) shows
the range where the mean for a population of soybeans grown at that
temperature would occur, which is more representative of the com-
posite nature of soybean oil reaching the consumer.
Determining daytime high temperatures from the planting
date

Planting progress data for states followed 1 of 3 patterns. Some
states had singular maxima between the 19th and 21st weeks of the
year (Supplementary Figure S2, red bars). A pattern suggestive of
double cropping appeared as 2 distinct planting date maxima, 1
around the 17th wk, and a second 3–5 wk later (Supplementary
Figure S2, green bars) (39); however, NASS data on this practice were
insufficient for inclusion in the model. For many states, planting
occurred over ~6-wk, starting on or about the 18th week of the year
(Supplementary Figure S2, blue bars). Variations in weather, planting
practices, or state geography may all impact planting progress,
although the absence of metadata, such as county or agricultural
district planting progress, precluded attribution for the observed
variation. For this model, the critical aspect was the observation that
planting dates, and therefore maturity dates, are distributed throughout
the growing season and thus lead to intrayear variability. This work
used a single planting maximum and soybeans of differing maturity
groups, early-maturing soybeans (EMG) and midmaturing soybeans
(MMG), to examine this effect [34], although the observation of
planting variability bolsters the argument for intrayear compositional



Figure 5. Mean (solid diamond) and median (outline) for the mass percent of LA (left column) and ALA (right column). Box plots show the mean with
second and third quartiles; whiskers extend to 2nd and 98th percentiles. Pairs marked (a) indicate intrayear differences after Bonferroni correction (P < 0.001),
and (b) indicate interyear differences between groups at the same relative time of year (P < 0.001). ALA, α-linolenic acid; EMG, early-maturing group; LA,
linoleic acid; MMG, midmaturing group.
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variation. Mean daytime high temperatures over the relevant date
ranges were used in the composition models.

Weather-based geographic variability
Predicted fatty acid composition based on daily maximum tem-

perature demonstrated increased concentration of LA and ALA at a
higher latitude for both EMG andMMG (Figure 4A–D). Counties were
grouped by latitude at 5� intervals (Table 3). From South to North, the
model predicted increases of 48.1%–55.4% for LA and 3.88%–5.83%
for ALA as the temperatures declined. MMG soybeans were predicted
63
to have increased LA and ALA for latitude groups C, D, and E, when
compared with EMG soybeans at the same latitude. Each latitude group
showed a normal distribution for components (Figure 4E, F). The
temperature difference between midsummer (late June–early July) and
late summer (August) also impacted the predicted fatty acid compo-
sition; cooler August temperatures increased the concentration of LA
and ALA. Differences between groups A and B were nonsignificant for
LA at either maturity group time point, although significant (P <

0.001) differences between maturity groups within the same latitude
were evident for both fatty acids in groups E and D.



Figure 6. Modeled soybean oil composition based on temperature differ-
ences across 3 high-producing regions during 2016–2021 for (A) LA and (B)
ALA. FDC compositional values are included in the rightmost column [72].
Box plots show the mean with second and third quartiles; whiskers extend to
2nd and 98th percentiles. Pairs marked (a) indicate intrayear differences after
Bonferroni correction (P < 0.001), outliers outside the 1.5 interquartile range
are shown with solid markers. ALA, α-linolenic acid; EMG, early-maturing
group; FDC, FoodData Central; LA, linoleic acid; MMG, midmatur-
ing group.
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Composition varied with year as well as with geographic region
(Supplementary Figures S3, S4). Cooler August temperatures across
the northern plains, upper Midwest, and upstate New York in 2017 and
2019 increased LA and ALA concentrations (Figure 4A–D).
Conversely, higher August temperatures in OK and northeast TX
decreased LA and ALA content in 2016, 2018, and 2020.

The greatest intrayear variation in fatty acid composition was ex-
pected for latitude groups C, D, and E (Figure 5). For most years
examined, temperature decreased between July and August, resulting
in significantly higher predicted concentrations for PUFA species (P <

0.001). The exception was in 2021 for groups C and D, where the
PUFA content decreased because of higher August temperatures.
Similarly, the 2017 MMG and 2019 MMG periods for group E had
significantly higher predicted PUFA content than equivalent periods in
the immediately preceding and following years (P < 0.001).

Composition of modeled soybean oils
The 3 model soybean oils for the North, Central, and Southern

regions are shown in Figure 6, with each point representing a year from
2016 to 2021. Results are reported alongside values from the USDA
FDC Foundation Foods data set, with each point representing an
analyzed sample [71,72]. The modeled oils from the Central region
were significantly higher in LA (P< 0.05) than the other modeled oils,
whereas those from the South were significantly lower in ALA. The
empirical measurements reported in the Foundation Foods data set
were higher for ALA than our predicted values for all model oils,
although the values for LA overlapped with predicted values for several
modeled oils. In nearly all cases, the modeled soybean fatty acid
content demonstrated wider variability than the empirical measure-
ments in this dataset.

Discussion

To our knowledge, this project is the first study modeling the impact
of climate on essential nutrients in a dietary staple, with a clear
biochemical link to climate. For >100 y, the USDA has been a global
leader in providing food composition data used by consumers, re-
searchers, and private entities worldwide to make informed choices
about thousands of foods in the human diet [71]. Values in databases
represent a snapshot; composition changes due to genetics, environ-
ment, and food system variables are not captured. Given a cost of ~$50,
000 per snapshot [71], assembling a dynamic picture of food compo-
sition in response to rapidly changing variables, such as climate, is
expensive. Integrating nutrition, plant physiology, and data science
makes it possible to highlight where and when nutritionally relevant
composition changes should occur, guiding both research activities and
potential human health interventions. Soybean oil is ideal for this in-
tegrated analysis because soybeans are a well-characterized crop grown
globally across temperate, tropical, and subtropical regions [73]. In the
United States, soybean oil represents a major source of essential fatty
acids in the diet [20], and the biochemical mechanism connecting fatty
acid composition with growing temperature is well understood.

Based on the increasing availability of high-OAvegetable oils in the
American diet, Raatz et al. [46] used data from the NHANES and the
What We Eat In America survey to model the impact of replacing
traditional vegetable oils with high-OAvariants at 10%, 25%, and 50%
replacement in the American diet for 12 adult populations. Their model
predicted that a >25% substitution would result in some age or sex
groups not meeting the adequate daily intake levels for ALA, and at
50% replacement, most demographic groups fell short. These
64
replacement levels correspond to an oil containing ALA at concen-
trations of 5.68% and 4.55%, respectively. Further, when Belury et al.
[47] performed a complimentary modeling analysis for populations of
children aged 1–8 y, they found that a high-OA substitution rate of
40%, equivalent to an ALA concentration of 5.00% in soybean oil,
would result in inadequate daily intake of ALA for all children. The
results of our model demonstrate that these thresholds can be readily
crossed through increased growth temperature alone, irrespective of the
soybean cultivar. Our regional modeled oils showed ALA content of
<5.68% for most groups (Figure 6), with ALA concentrations in EMG
groups for the North and Central model oils reaching <5.0 %. Our
model also reported ALA concentrations of <4.55% for the modeled
oil from the South region, irrespective of the maturity group.

Comparing the model output to reported values used by the nutri-
tion community illustrates the importance of performing a broad ex-
amination for variability. The USDA FDC Foundation Foods database
includes metadata for samples, such as the date and location of
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sampling, as well as brand information [72]. Of the 4 samples within
FDC, 3 are from private-label or store brands (Kroger, Great Value, and
Amazon Happy Belly) and 1 represents a name brand (Crisco). These
samples were obtained on or about June 20, 2019, and all but 1 were
purchased in the Blacksburg or Christiansburg region of VA. As a
geographic and temporal snapshot, the measured distribution of LA
was much less variable than our model results (Figure 6A). The con-
centration of ALA in the name-brand oil represents an outlier to the
lower side of the distribution (Figure 6B). When Equation 1was solved
for temperature using the mean fatty acid concentrations of LA and
ALA from FDC, the model predicted daytime high temperatures of
26.5�C and 24.1�C, respectively. These calculated values fell within
the bounds of the confidence intervals in Figure 3 and may be a
consequence of more temperate growing conditions, similar to those
reported by Carrera et al. [64], although additional metadata are
necessary to confirm this hypothesis.

Our work addresses a gap between nutrition and agricultural
modeling by providing mathematical functions linking a common
model parameter to nutritional outcomes beyond yield. In agriculture,
process-based modeling employs functions that describe the contri-
bution of variables, such as nitrogen availability, water, temperature,
and photoperiod to predict yield [74]. Temperature is used in these
models to describe plant development and growth rate [75,76], and
with the addition of the parameters described in Table 2, it is possible to
estimate fatty acid composition. Previous modeling studies for fatty
acid composition as a function of temperature used geographically
limited data sets either from the literature or field studies [33,77,78].
Schulte et al. [79] developed a temperature-responsive model for the
fatty acid content of oil seeds, including soybean, from a more limited
literature search, with validation based on a field study in KS. They
performed a linear regression with 13 data points; however, the
resultant model generated negative values for ALA concentration at
40�C. With this larger data set, we could employ a logistic curve that
was more representative of biologic processes and allowed extrapola-
tion to include extreme temperatures predicted by some climate
projections.

With the data used in our model, microclimate effects within the
same latitude are evident. For example, the differences that were pre-
dicted for ND, SD, MS, WI, MI, and upstate NY, which share a
common latitude but different climate effects due to the proximity to
Great Lake. A similar phenomenon was observed empirically by
Abdelghany et al. [80] in the analysis of 1025 soybean samples from
across China, where samples obtained from temperate highland pla-
teaus of interior China exhibited significantly higher LA content than
those obtained from warmer coastal regions, irrespective of the latitude.
Building on our work, a more sophisticated model would require
higher-resolution data. The frequency and spatial resolution of mete-
orological data are superior to those of agronomic data. Planting
progress data are collected on a statewide basis, resulting in features,
such as the discontinuity that sets MO apart from neighboring states
(Supplementary Figures S3 and S4). County-level agronomic data
would improve the application of our model.

In considering ways to enhance our model, a strategy for collecting
additional fatty acid compositional data would greatly improve model
accuracy. An excellent example of the quality of data needed is pro-
duced by the Canadian Grain Commission for canola [81]. Annually,
they analyze approximately 2000 individual and composite samples
from 37 census agricultural regions across Canada for several nutri-
tionally relevant components, including fatty acids. Because our pur-
pose in modeling is based on nutrition and the systemic impact of
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temperature on composition, the model would need the composite fatty
acid data and the temperature during seed development within each
census agricultural region.

Analogously, soybean and oilseed processing in the United States is
regionally distributed primarily east of the Rocky Mountains.
Compositional analysis of samples from regional processors would
allow for the determination of geospatial variation in the soybean oil
supply. Further, because processing occurs year-round, anonymized
regional metadata would generate intrayear variability data for fatty
acid composition based on temperature. From this information, an
improved model assessing the impact of increased daytime high tem-
peratures on the nutritional quality of soybean oil could be constructed.
Furthermore, variables, such as increased night-time temperatures,
which impact lipid composition in soybeans and other crops, could be
included [28,67].

Although our model provides fit parameters for OA and LA, the
major human health concern presented was ALA insufficiency, largely
because within our model the LA content varied between 30% and 55%
over the studied temperature range. This range for LA content is
comparable to that of sunflower, safflower, and corn oils, which are
alternative dietary sources for LA, although none have ALA content of
>2% [82]. Thus, conventionally grown oils provide sufficient LA
content, and we believe that an insufficient intake of ALA is more
likely a consequence of increasing temperatures. Looking beyond the
conventional soybean varieties; however, the growing market for
high-OA oils may offer a major challenge for the intake of both
essential fatty acids. Oils high in OA and low in PUFA species have
been commercially desirable because of increased oxidative stability
and long shelf life [83]. To meet this commercial need, breeders have
used both transgenic and conventional breeding methods to develop
soybean cultivars producing low PUFA concentrations [84,85]. Mar-
keted as having LA and ALA concentrations �10% and �3%,
respectively, these materials are grown and processed within
identity-preserved supply chains to prevent mixing with conventional
soybeans [86]. This trend toward high-OA oils can also be seen in
sunflower and canola oils [87,88]. Given that the incorporation of these
high-OA products is predicted to result in ALA insufficiency for large
portions of the population [46,47], temperature-based suppression of
fatty acid desaturation may also put populations at risk for LA insuf-
ficiency. Further research is needed to assess the impact of environ-
mental stressors on the rapidly changing food system.

In conclusion, we determined the potential impact of daytime high
temperature on the essential fatty acid content of soybean oil using
publicly available data. When applied to the United States soybean
crops, our model predicts a decrease in the consumption of essential
fatty acids that may be nutritionally significant. The greatest limitation
of our model is the low availability of empirical measurements of fatty
acid composition with corresponding geographic and agronomic met-
adata. Our observations are cultivar-independent and with further study
both within the United States and internationally, we can derive a
broadly applicable global model suitable for use in current and pro-
jected climatic regimes.
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