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Cereal production around the world is critical to the food supply for the human
population. Crop productivity is primarily determined by a combination of temperature
and precipitation because temperatures have to be in the range for plant growth
and precipitation has to supply crop water requirements for a given environment. The
question is often asked about the changes in productivity and what we can expect
in the future and we evaluated the causes for variation in historical annual statewide
wheat grain yields in Oklahoma, Kansas, and North Dakota across the Great Plains of
United States. Wheat (Triticum aestivum L.) is adapted to this area and we focused
on production in these states from 1950 to 2016. This analysis used a framework
for annual yields using yield gaps between attainable and actual yields and found the
primary cause of the variation among years were attributable to inadequate precipitation
during the grain-filling period. In Oklahoma, wheat yields were reduced when April and
May precipitation was limited (2 = 0.70), while in Kansas, May precipitation was the
dominant factor (2 = 0.78), and in North Dakota June-July precipitation was the factor
explaining yield variation (2 = 0.65). Temperature varied among seasons and at the
statewide level did not explain a significant portion of the yield variation. The pattern of
increased variation in precipitation will cause further variation in wheat production across
the Great Plains. Reducing yield variation among years will require adaptation practices
that increase water availability to the crop coupled with the positive impact derived from
other management practices, e.g., cultivars, fertilizer management, etc.
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INTRODUCTION

Agricultural ecosystems convert light, water, carbon dioxide, and nutrients into a variety of
diverse plant products, e.g., carbohydrates, proteins, starch, etc. However, the changing climate,
affects water availability, temperature, and atmospheric CO, concentrations which in turn directly
influences the plant growth processes and ultimately the ability of plants to efficiently produce
the protein, starch, and other plant products that the human race requires as food. These effects
are especially critical in cereal crops because of the importance in the human food supply. It is
important to understand the role climate has on crop productivity and on individual plants and
plant communities as part of agroecosystems.
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Production variability in cereal crops in Queensland, Australia
has been related to availability of precipitation and temperatures
during the growing season (Yu et al, 2014). They found
precipitation during the vegetative stage was the positive factor
and most beneficial in determining grain yield, while exposure to
high maximum temperatures depressed grain yields. Assessments
of the future impacts of climate on agricultural productivity
have been the subject of several recent summaries (Hatfield
et al,, 2011). These summaries have fostered extensive efforts
to model the effects of future climate and have revealed that
the continual increase in temperatures will depress wheat yields
by 6% per °C increase (Asseng et al., 2015). Increasing carbon
dioxide levels will increase growth; however, the positive effects
are often offset by exposure to high temperatures and reduced
precipitation (Hatfield et al., 2011). The Great Plains of the
United States represent one of the most extensive areas of wheat
(Triticum aestivum L.) production. Historical yields across the
Great Plains provide an opportunity to evaluate the change in
production relative to climate trends and to determine the effect
of a changing climate on grain yields. One potential avenue to
evaluate yield response is to examine the change in the yield gap,
defined as the difference between the potential and actual yield.
Licker et al. (2010) and van Brussel et al. (2015) have shown
the value of yield gaps in being able to assess productivity in
crops across the globe. Hatfield et al. (2017) utilized yield gap
analysis across the Midwest for corn (Zea mays L.) and soybean
[Glycine max (L.) Merr.] to determine the relationship between
yield gaps and the meteorological conditions during the growing
season. They found that July maximum, August minimum,
and July-August precipitation totals were the dominant factors
explaining yield gaps in these two crops across the Midwest. They
utilized these relationships to estimate the potential impact of a
changing climate across the Midwest and found with increasing
temperatures and more variable summer precipitation there
would be significant decreases in corn and soybean production.

Yield gap analysis was applied to the Great Plains of the
United States using Kansas, Oklahoma, and North Dakota
statewide yield data as examples of the changes in wheat
productivity. These states were selected because Kansas and
Oklahoma wheat yields at the state-wide production have shown
a decline since 2000 with a recovery in yields in 2016 to near
record levels (Figure 1). These trends are in contrast to wheat
yields in in North Dakota that have continued to exhibit a yield
increase with the typical annual variation due to variable weather
during the growing season (Figure 1). Our goal was to evaluate
the yield gaps in these three states and relate these yield gaps to
the meteorological conditions during the growing season.

YIELD GAPS IN CEREALS

Throughout the history of agriculture, there has been the
development of indices that describe how crops respond to
the weather or how climate affects the distribution of crops
around the world. Temperature and precipitation have been
the two primary variables used in the development of these
indices because of the availability of these data from public
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FIGURE 1 | Attainable yield, actual yield, and yield gap for (A) Oklahoma,
(B) Kansas, and (C) North Dakota statewide wheat yields since 1950 (data
obtained from www.nass.usda.gov, accessed 2-December-2016).

sources; however, the relationship of these indices to yield gaps
has not been conducted. A recent study by Holzkimper et al.
(2013) incorporated six factors into a crop suitability index
that included average daily minimum temperatures below 0°C
for frost impacts, daily mean temperature to determine plant
growth, average daily maximum temperature above 35°C for
heat stress, average daily soil water availability (precipitation-
reference evapotranspiration), and length of the phenological
period (days) to account for the effects of changing phenological
development on biomass accumulation and crop yield. They
were able to relate their index to maize yields for a number
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of locations around the world with a positive relationship
between productivity and the suitability index. This approach is a
refinement of the original approach by Neild and Richman (1981)
to add more factors into their index to more closely match crop
physiological responses.

Temperature impacts crop phenology and each species has
a specific lower temperature value or base temperature, an
optimum temperature value, and an upper temperature limit
(Hatfield et al., 2011). Increases in temperature above the
optimum have shown a negative impact on wheat yield with a
projected 5.3% (Innes et al., 2015), and 6% (Asseng et al., 2015)
yield reduction per 1°C rise. In wheat, exposure to frost or high
temperatures during pollination has a significant effect on yield
(Prasad and Djanaguiraman, 2014; Rezaei et al., 2015).

Adequate soil water supplies to the crop can offset the impacts
of temperature extremes that are projected to increase during the
growing season (Hansen et al., 2012; Collins et al., 2013; Walsh
et al.,, 2014). These are difficult concepts to evaluate; however,
understanding the linkage between historical yields and climate
provides a foundation for future management scenarios.

To evaluate this framework, we computed the yield gaps
for wheat production in Kansas, Oklahoma, and North Dakota
following the approach of Egli and Hatfield (2014a) and Hatfield
et al. (2017) using state level yield data since 1950. We selected
1950 as the beginning point in these analyses because this
represents the agricultural era with modern technology. Yield
gaps are computed as the difference between attainable yield,
defined as the highest yields observed over the period of
record, and the actual yield. Attainable yields are assumed to
represent wheat yields under conditions that are non-limiting
during the production year and a regression line is fit through
these yields to obtain an attainable yield for each year. In
this case study we used statewide yields rather than county
yields to show the impact of climate variables at a large scale.
It is evident for these three states that the attainable yield
varies among states. For example, in Oklahoma, state level
yields have shown only a modest increase since 1980 while
Kansas and North Dakota have shown significant increases in
grain production (Figure 1). Yield gaps for all three states
showed variation from 1950 to 2016 and a statistical analysis
of the yield gap with monthly maximum and minimum
temperatures and precipitation observations was conducted.
Regression analysis of monthly statewide average maximum
and minimum temperatures and precipitation (data obtained
from the Regional Climate Center) for the months of October,
November, April, May, and June for Oklahoma and Kansas
and April, May, June, and July for North Dakota against
yield gaps for these three states revealed that precipitation
was the only consistent and significant factor explaining yield
gaps. For Oklahoma, the yield gap was explained by total
April and May precipitation with a > = 0.7 and in Kansas
the yield gap was due to May precipitation (r> = 0.78). In
North Dakota, with the later maturing crop, June and July
precipitation was the dominant factor explaining 0.65 of the yield
gap. Temperature for these three states showed no significant
relationship to the variation in yield gap, even though there
were years with temperatures that deviated from normal, these
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FIGURE 2 | Production lost due to yield gaps occurring in (A) Oklahoma,
(B) Kansas, and (C) North Dakota since 1950.

deviations were not sufficient to cause a change in statewide
yields. Precipitation amounts below normal increased the yield
gap and while low precipitation events are often associated with
high temperatures, the phenology of the wheat crop with the
grain-filling period earlier in the year reduces the potential for
high temperature events. Although there were years in which
the temperatures were above normal, these were not above
the maximum temperature range for wheat for a significant
period of time to become a significant factor reducing yield.
Evaluating the effect of increasing temperatures has to account
for the temperature increase relative to the temperature ranges
of the crop. For example, Ahmed et al. (2017) showed an
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increase in wheat yields in the Pacific Northwest; however,
these temperature increases are still within temperature ranges
for the crop. We evaluated temperature effects using different
temperature parameters for these data and found no consistent
and significant relationships. This could be related to the fact that
high temperature events or frost occur over short time periods,
e.g., less than 5 days, and in more localized areas that are not
detectable in monthly average data at the statewide scale, but
can have significant impacts on local productivity (Prasad and
Djanaguiraman, 2014; Rezaei et al., 2015). This does raise a
caution about the scale being used in analysis of climate impacts
on agriculture.

The primary inability to close the yield gap in the Great Plains
was the lack of soil water to meet the water requirements of the
wheat crop and insufficient precipitation amounts to recharge
the soil profile during the grain-filling period. Egli and Hatfield
(2014a,b) demonstrated that maize and soybean productivity
were directly related to the ability of the soil to supply water
during the grain-filling period. The dynamics of this response
has been described by Hatfield (2012) to show the largest effect
on maize yields in the central United States was the lack of
sufficient water availability during the grain-filling period to meet
the evaporative demand. The increase in precipitation variability
with climate change will increase variation in crop yield (Hatfield
et al., 2011). Soil water becomes the dominant factor affecting
vegetative productivity in both cultivated and natural systems
and the ability of the soil to infiltrate and store precipitation
will become a critical factor to offset the impact of increasing
variability in the changing precipitation regime. Increases in soil
organic matter and the resultant impact on soil water holding
capacity will increase the ability of a soil to store water and
increase the infiltration rate. Both of these factors will increase
the efficiency of a soil to offset variation in precipitation due to
climate change.

The magnitude of the yield gaps creates a large loss in
wheat production across the Great Plains (Figure 2) and average
about 20% of the attainable yield. The largest lost production
in a given year was over 3 million Mg in Oklahoma, 6
million Mg in Kansas, and 4 million Mg in North Dakota
during this period. This is a significant economic factor in
each of these state economies. Since 1950, the production lost
in these three states exceeds 65 million Mg in Oklahoma,
180 million Mg in Kansas, and 91 million Mg in North
Dakota. These represent extremely large losses across the Great
Plains and can be partially offset by management practices
to increase climate resilience in our cropping systems. These
management practices encompass how we manage the soil for
water and nutrients, along with cultivar selection, and agronomic
practices related to crop management for weeds, pests, and
diseases.

COPING WITH CLIMATE CHANGE

Variation in cereal production is directly linked with variations in
precipitation and temperature and evident in the historical yield

records. Projections of future changes in climate with warming
temperatures and more variable precipitation will have impacts
on crop productivity (Tao et al., 2009; Hao et al., 2013) and the
recent analysis by Hatfield et al. (2017) for maize and soybean
revealed that a combination of July maximum temperatures,
August minimum temperatures, and July-August precipitation
explained yield gaps across the Corn Belt. In this research study,
we found for wheat in the Great Plains of the United States that
precipitation was the dominant factor, with amounts during the
grain-filling period the most critical in terms of affecting yield.
Projections of precipitation for the critical months for wheat
production in the Midwest obtained from https://climatetoolbox.
org/tool/future-climate show that amounts will increase coupled
with increased variation. We could expect yield variation among
years to increase; however, the tendency to increase total amounts
would suggest years with low yields may decrease leading to an
overall increase in wheat productivity across the Great Plains
until temperature increases become the dominant factor affecting
grain yields. The projection that precipitation will become more
variable during the spring months creates a situation in which
management of soil water for the crop will be a necessary
adaptation strategy to cope with climate change (Melillo et al.,
2014). Protection of the soil resource to ensure available soil water
will be critical to overcoming these impacts.

There is evidence in the literature to suggest that increasing
temperatures will become more significant in affecting wheat
productivity; however, some of this impact can be offset by
ensuring these crops have an adequate soil water supply.
Although, precipitation was a dominant factor in historical yields
for these states, the recent results by Prasad and Djanaguiraman
(2014), Tack et al. (2015), Karimi et al. (2017), and Kaur
et al. (2017) suggest that we need to devote more attention to
the effects of temperature on wheat productivity and suggest
analyses and simulation models be utilized to evaluate the
potential growing regions and productivity for wheat under
future climate scenarios. To ensure continual advances in wheat
productivity will require an integrated approach combining
genetic improvement along with management practices and the
approach we have outlined in the paper provides a framework
for evaluating how we are progressing toward reducing the gap
between genetic potential and actual yield.
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