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Abstract

The US Corn Belt supports agroecosystems that flourish in a temperate climate regime that
could see significant changes in the next few decades. Because Wisconsin is situated on the
northern, cooler fringes of this region, it may be the beneficiary of a warmer climate that could
help support higher corn and soybean yields. Here we show that trends in precipitation and
temperature during the growing season from 19762006 explained 40% and 35% of county
corn and soybean yield trends, respectively. Using county level yield information combined
with climate data, we determined that both corn and soybean yield trends were enhanced in
counties that experienced a trend towards cooler and wetter conditions during the summer. Our
results suggest that for each additional degree ( °C) of future warming during summer months,
corn and soybean yields could potentially decrease by 13% and 16%, respectively, whereas if
modest increases in total summer precipitation (i.e. 50 mm) were to occur, yields may be
boosted by 5-10%, counteracting a portion of the negative effects associated with increased
temperature. While northern US Corn Belt regions such as Wisconsin may benefit from a
warmer climate regime and management changes that lengthen the crop-growing period in
spring and autumn, mid- to high-latitude crop productivity may be challenged by additional

summertime warming unless adaptive measures are taken.
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1. Introduction

Worldwide agricultural production is governed by the combi-
nation of climate, soil tilth, technology, genetic resources, and
farm management decisions such as tillage, manure and fertil-
izer applications, and crop variety selection [1, 2]. In general,
advances in technology and changing agronomic practices are
responsible for significant increases in corn and soybean yields
across the US Corn Belt [1, 3-7]. For example, Kucharik [8]
suggested that trends toward earlier planting [9], helping to
support the adoption of longer-season hybrids, contributed be-
tween 19 and 53% of state level increases in corn yield across
the northern Corn Belt from 1979 through 2005. Addition-
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ally, recent climate change may be playing a significant role
in observed yield trends. Lobell and Asner [10] suggested
that trends toward cooler growing season temperatures from
1982 to 1998 were responsible for up to 20% of US corn and
soybean yield increases, thereby decreasing the previous con-
tribution of technology and improvements in agronomic man-
agement. On a global scale, warming temperatures have been
shown to impact crop productivity and phenological develop-
ment [11-13], potentially contributing to significant yield and
economic losses [14].

An improved understanding of the contributions of various
factors to yield trends, such as the introduction of new hybrids
versus climate and management changes could help formulate
adaptive strategies to take advantage of, or counteract, new
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Figure 1. Wisconsin county level trends from 1976-2006 for (a) corn yields, (b) June—August average temperature, (c) June—July total
precipitation, (d) soybean yields, (e) July—August average temperature, and (f) June—August total precipitation.

climate regimes in agricultural regions [15, 16].  Across
the US Corn Belt, a significant gradient in growing period
length (GPL), growing degree-days (GDD), rainfall, and crop
varieties exists; therefore, recent climate change may have
affected corn and soybean yield trends differently in a spatial
context. Furthermore, monthly or seasonal meteorological
quantities that are significant drivers to change in one
locale may not have the same impact in another location.
Consequently, future variability in climate change may dictate
the need for one set of adaptive measures in one region, and
a different strategy elsewhere. Therefore, it is necessary to
continue to synthesize new climate and crop yield data for
regions that share similar climate and management regimes,
such as crop reporting districts or entire states [17—19].

Here, our investigation focuses on quantifying the
previous impact of temperature and precipitation trends on
corn and soybean yield trends across Wisconsin from 1976
through 2006 (figure 1). In this region, the latest [PCC [20]
projections suggest mean summer (June—August) temperatures
will increase 3—4 °C by the end of the current century (e.g.,
approximately 0.35-0.5°C decade™"), while the long-term
projections for summertime precipitation are more uncertain.
However, it appears this region is more likely to experience

slightly drier conditions during the growing season based on
the suite of [PCC models used in the 4th assessment.

2. Methods

We used an 8 km x 8 km gridded daily climate dataset
for the state of Wisconsin [21].  Daily minimum and
maximum temperature along with total daily precipitation data
were obtained from the NOAA cooperative (COOP) observer
network for the period 1950-2006. These observations were
interpolated to a terrestrial 5 min X 5 min grid using an inverse
distance-weighting algorithm within the ArcGIS software
package to generate a continuous 57 yr time series of daily
weather. Approximately 133 temperature and 176 precipitation
stations were used in the development of the dataset, giving
an average distance between observing stations of 25.0 km for
temperature, and 21.2 km for precipitation. The 8 km daily
and monthly gridded data were linearly interpolated to 1 km
to improve edge matching within the boundaries of interest,
and county level averages were calculated for all pixels within
each county based on political boundaries that corresponded
with latitude and longitude information available from the
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Figure 2. Scatter plots and regression statistics of county trends (61 counties analyzed from 1976-2006) in (a) corn yields and June—August
average temperature, (b) corn yields and June—July total precipitation, (c) soybean yields and July—August average temperature, and
(d) soybean yields and June—August total precipitation. A best-fit linear regression line is plotted in each graph.

US Census website (www.census.gov/geo/www/cob/co2000.
html). Maximum (tmax), minimum (tmin), and average (tavg)
temperature and total precipitation (prcp) were determined
for each Wisconsin county (n = 72) at daily and monthly
temporal scales for the entire period. For corn and soybean
crop data, we utilized the US Department of Agriculture’s
(USDA) National Agricultural Statistic Service (NASS) data
on Wisconsin county level yields (available at http://www.nass.
usa.gov).

We focused on the last 31 yrs (1976-2006) of the data
record and calculated monthly climate and corn and soybean
yield trends for each county. The beginning year of 1976 was
chosen to coincide with the initiation of the most recent period
of sustained warming in the 20th century, whereby the rate
of annual average temperature increase has been comparable
to the rate of projected warming for the rest of the 21st
century. We calculated trends for county corn and soybean
yields (Mg ha™! yr!) and the county average monthly tmax,
tmin, and tavg temperatures (°C yr~') and prcp (mm yr—')
for each month of the year using linear regression analysis
and the JMP (v.5.01) statistical software package (SAS, Cary
NCO). The qualitative definition of ‘trends’ in yield and climate

variables is the generalized direction of change in these values
over the 31 yr period, while the quantitative measure of the
change over time is the slope of the linear regression analyses
performed. We determined that 61 counties in Wisconsin
had continuous corn and soybean yield records for 1976—
2006 (figure 1), and computed a total of 2928 climate variable
regressions (12 months x 4 variables x 61 counties) and 128
total crop yield regressions as a first step. We also computed
multiple month average climate values for two and three
consecutive month periods (e.g., Mar—Apr, Jun—Aug, Aug—
Sep, etc), allowing for additional predictor variables to be
tested as part of the regression analysis.

In order to study the relationship between crop yield
trends and climate trends across Wisconsin, we developed
multiple regression models using the monthly, two-month,
and seasonal (i.e. three-month) composite tmax, tmin, tavg,
and prcp values as predictor variables and corn and soybean
yield trends as the response variables [10]. To do so, we
first studied the independent regression relationships between
all possible climate variable trends and yield trends using all
61 counties as replicates (e.g., figure 2). We selected the
most significant predictor variables based on their coefficient
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of determination (R?) values. In general, all predictor
variables that were ranked high (based on R? values) had a
significant relationship with corn and soybean yield trends
(P < 0.001). The analyses were performed separately for
corn and soybean, so predictor variables could potentially be
different for each crop type. We limited the final selection of
variables to one unique temperature related quantity and one
unique precipitation variable for each crop that was a key driver
to crop phenology and growth. While many other predictor
variables might have had a significant relationship with yield
trends, we chose a limited set of variables to generalize how
corn and soybean yield trends have been influenced by climate
trends and explained the greatest amount of variability.

The common belief is that empirical regression models
relating crop yields to climate capture the composite effect of
all climate change impacts on yield trends, and cannot offer
a true explanation of the underlying cause of the changes,
whether it be phenological, biophysical, or management
related [14]. However, by focusing on a small region
of the Corn Belt, we are attempting to minimize the
varied contribution of slowing changing factors such as crop
management and assume that changes in management are
consistent for each Wisconsin county through the period.
Improvements in hybrids and technology that are used by
farmers are assumed to be uniform across the entire region as
we have no reason to believe that farmers in one portion of the
state would have a decisive edge over others in obtaining new
hybrids or equipment that might help support a trend towards
higher productivity.

One of the largest documented management changes in
the central US has been a trend towards earlier corn and
soybean planting. Wisconsin corn planting dates have shifted
to approximately 10 days earlier since the late 1970s [9], and
Kucharik [8] suggested that earlier planting across Wisconsin
during the 1979-2005 timeframe has contributed 22% to corn
yield trends. That contribution is largely believed to be due
to the ability to plant longer-season hybrids with higher yield
potential via a prolonged growing period length. However,
Kucharik [9] noted that the trend towards earlier planting was
not strongly correlated with warmer springtime temperatures
during this period, and was more likely due to improvements
in technology and management that have been implemented
statewide.

3. Results

3.1. Spatial patterns of county level crop yield and climate
trends

Corn yield trends across Wisconsin varied between approx-
imately 40 kg ha=! yr=! in far northwest, northcentral, and
far southeast counties, to 140 kg ha=! yr~! in southwestern
and some westcentral counties (figure 1(a)). Several coun-
ties in central Wisconsin also had lower yield increases rang-
ing between 50 and 80 kg ha~! yr~'. We determined that the
June—Aug tavg trend had the strongest correlation with corn
yield trends (R> = 0.28) (figure 2(a)) compared to all other
temperature predictor variables. While the June—Aug tmax

(R?> = 0.26) and tmin (R?> = 0.11) variables also had a sig-
nificant correlation with corn yield trends (P < 0.01), they did
not explain as much variability at the county level as tavg for
the same time period. We note, however, that tmax played a
stronger role than tmin during the summer in creating variabil-
ity in yield trends for Wisconsin corn. For precipitation, the
two-month June through July composite prcp trend yielded the
highest correlation (R?* = 0.27) (figure 2(b)) with corn yield
trends. We also found that trends in April (R*> = 0.08), May
(R? = 0.09), and June (R? = 0.25) prep had a significant re-
lationship with corn yield trends (P < 0.05); however, a trend
towards more precipitation during the springtime planting sea-
son was correlated with higher county yield trends.

The majority of Wisconsin counties experienced warming
trends in monthly tavg during meteorological summer
(i.e. June—August) of between 0.05 and 0.2°C decade™!
(figure 1(b)), with the largest increases in far northcentral,
westcentral, and southeast. However, several counties in
the southwest corner of the state have experienced a trend
towards cooler June—August tavg, up to —0.1°C decade™'.
The observed June—July total prcp trends suggested that the
majority of locations have been receiving more precipitation,
centered on an axis from the southwest through northeast
portion of the state (figure 1(c)). For example, many
areas saw increased prcp in June—July, ranging between 5—
20 mm decade™!. However, this pattern was not uniform
and several northcentral and southeastern counties saw a
decreasing trend in prcp during this period of —5 to
—15 mm decade™!.

Soybean yield trends have varied between 5 kg ha=! yr~!
in the far southeast counties to as high as 50 kg ha=! yr~! in
the southwest (figure 1(d)). The northern extent of the soybean
growing region saw a yield trend around 15 kg ha™!' yr~!,
while the large majority of counties in the central portion of
the state have seen increases of 3040 kg ha~! yr~!. We found
that the July—Aug tavg trend (figure 1(e)) had the strongest
correlation with soybean yield trends (R?> =0.16) (figure 2(c))
compared to all other temperature predictor variables that were
tested. While the July—Aug tmax (R?> = 0.11) and tmin (R? =
0.09) variables also had a significant correlation with corn yield
trends (P < 0.05), they did not explain as much variability
at the county level as tavg. During springtime, only trends
in March tmax and May tmin were correlated with soybean
yield trends (P < 0.05), and linear regression suggested
that warming during these months was correlated with a trend
towards decreasing yields. For precipitation, we determined
that the three-month composite total for the summer growing
season (June—Aug) had the highest correlation with soybean
yield trends (R* = 0.26) (figures 1(f) and 2(d)). For
individual months, trends in March (R2 = 0.16), April
(R*> = 0.08), and May (R* = 0.09) precipitation had
significant, but weaker correlations with soybean yield trends
than summer precipitation. A trend towards higher March
and April precipitation was correlated with increased yields,
whereas increases in May precipitation were correlated with
decreasing yields.

A large number of Wisconsin counties experienced
warming trends in monthly tavg during July—Aug of between
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0.05 and 0.15°C decade™! (figure 1(e)), with the largest
increases within lakeshore counties, the far northcentral, and
westcentral. However, the southwest corner of the state
experienced a trend towards cooler July—Aug tavg, up to
—0.25°C decade™", and several other counties across the state
also experienced cooling trends. The June—Aug total prcp
trends suggested that a trend towards more precipitation was
centered on a small axis from the southwest through northeast
portion of the state (figure 1(f)). In this region, and a
small portion of the westcentral part of the state, total prcp
in June-Aug increased by 5-20 mm decade™'. However,
many counties clustered in the northwest, northcentral, and
southeastern counties saw a significant trend of decreasing prcp
during this period of —5 to —30 mm decade™! (figure 1(f)).

3.2. General relationships of crop yields and temperature and
precipitation trends

Overall, the highest corn and soybean yield increases were
supported by a trend towards cooler and wetter conditions
during the summer (figures 2(a)—(d), figures 3(a)—(b)). We
determined ‘climate-adjusted’ yield trends, or an estimate
of what crop yield trends would have been with climate
held constant, by choosing the intercept (i.e. the yield
trend corresponding to climate trends of either 0.0°C yr~!
or 0.0 mmyr~!) that resulted from linear regression
analyses [10]. The linear regression between county level
trends in corn yield and trends in interpolated Jun—Aug
tavg produced a climate-adjusted average yield trend of
109.7 kgha=!' yr~! (figure 2(a)), which was 15.5% greater
than the observed trend of 95.0 kgha™!yr~! (table 1).
This suggests that the trends in corn yields were potentially
suppressed by increasing summertime temperatures across the
state, and yield trends would have been greater if climate
had not changed simultaneously. For the linear regression
between county level precipitation (Jun—Jul) and corn yield,
the climate-adjusted average yield trend was 84.4 kg ha=! yr~!
(figure 2(b)) suggesting that if trends in precipitation had not
occurred, yield trends would have been 11.2% lower than
observed. The linear regression between county level trends
in soybean yield and trends in Jul-Aug tavg produced a
climate-adjusted average yield trend was 34.5 kg ha=! yr™!
(figure 2(c)) which was 11.3% higher than the observed
soybean yield trend of 31.8 kgha~' yr™!. For the linear
regression between county level precipitation (Jun—Aug) and
soybean yield, the climate-adjusted average yield trend was
31.8 kg ha~! yr~!, or very comparable to the observed trend
(figure 2(d)).

For corn, each degree of warming during June—Aug (tavg)
appears to be capable of suppressing yields by as much
as —1633 kgha™! (figure 2(a)), which is equivalent to a
19% decrease compared to current (i.e. 2000-2007 average)
state average yields. For Jun-Jul total prcp, every 50 mm
of additional precipitation could potentially boost yields by
755 kg ha™! higher (figure 2(b)), or 9% higher compared to
the current average state yields of 8.5 tha~!. For soybeans,
based on the independent linear regression models, for each
degree of warming during July—Aug (tavg) a decrease in

yields of —579 kg ha™! (figure 2(c)) could occur, which is
a 22% decrease compared to the current state average yield
of 2.6 tha~!. For June-Aug total prcp, soybean yields were
274 kg ha~! higher with each additional 50 mm of precipitation
(figure 2(d)), an 11% increase compared to the current state
average.

While the general effects of temperature and precipitation
are apparent on corn and soybean yield trends, there appears to
be a weak correlation between temperature and precipitation
trends (figures 3(a)-(b)). It is not surprising that trends
toward warmer conditions are correlated with trends toward
less precipitation, which is an important discovery in helping
to better understand how climate change is actually occurring.
Figure 3 also illustrates that corn and soybean yield trends on
a county-by-county basis have been impacted differently by
climate trends. For example, figure 3(a) depicts a grouping
of county corn yield trends based on a ranking of the top 25%
(blue color), middle 50% (green), and bottom 25% (red) of
county values. When those rankings are used and plotted in
figure 3(b) for soybeans, it is clear that the ordering is no
longer applicable. This suggests that climate changes have led
to varied impacts on these two crops. In some counties, the
climate changes have benefited corn more than soybeans, and
vice versa in other locations. Potential reasons for this result
will be discussed later.

In figure 4(a), the bottom-end county level corn
yield trends in Wisconsin (i.e. ~50 kg ha=!yr~!) were
predominantly found when the Jun—Aug tavg temperature
trends were highest (~0.25-0.3°C decade™), and Jun-Jul
prcp trends were lowest (~—5 to —10 mm decade™!). The
highest trends in recent corn yields (i.e. >115 kg ha™! yr™!)
were mostly found where Jun—-Aug tavg trends were
negative, and Jun—Jul precipitation was increasing through
the period. @ The same general response was observed
for soybeans, although precipitation plays a slightly more
dominant role given similar soybean yield trends were found
across a larger continuum of Jul-Aug tavg trends (—0.1 to
0.15°C decade™) (figure 4(b)). The highest soybean yield
trends (>45 kgha~'yr~!) occurred in counties that saw
increases in Jun—Aug precipitation, and a cooling trend in Jul—
Aug.

3.3. Contribution of climate trends to yield trends

We used multiple linear regression analysis, with temperature
and precipitation trends at the county level as independent,
predictor variables, and trends in corn and soybean yields
as the dependent variables, to quantify the separate effects
of those factors.  Overall, approximately 40% of corn
and 35% of soybean yield trends could be explained
by a combination of the most important climate factors
(table 1). The climate-adjusted average corn yield trend
was 99.0 kgha=! yr~!, or 5.3% higher than the observed
value. For soybeans, the climate-adjusted average soybean
yield trend was 33.5 kgha=' yr™!, or 9.7% higher than the
observed average trend (table 1). Therefore, it appears that
climate changes have suppressed yield trends by 5-10% during
the 1976-2006 period. However, trends toward warmer
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Table 1. Summary of multiple regression statistics and models between trends in crop yields and climate at the county level for 1976-2006.

2000-07 Avyield A yield
yield Average yield tavg per tavg  per prcp
average  trend Predictor Intercept coefficient prep coefficient 41°C 450 mm
Crop  (tha™') (kgha™'yr~!) variables (kgha™! yr~ 1) R? P-value (kgha='°C~!) (kgha™! mm™") (%) (%)
Corn 8.5 95.0 June—Aug tavg  99.0 0.40 <0.0001 —1141 10.1 13.4 59
June—Jul prcp
Soybean 2.6 31.8 July—Aug tavg  33.5 0.35 <0.0001 —419 5.0 16.1 9.6
June—Aug prcp
~ The resulting coefficients for tavg and prcp for corn
L 3 (@) (—1141 kg ha='°C~", 10.1 kg ha~! mm~") from the multiple
E Corn yield trend regression analysis suggest that for every 1 °C perturbation in
‘é 2 (kg ha-1 yr1) temperature for Jun—Aug tavg, yields could be affected by
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Figure 4. Distribution of trends in county (a) corn and (b) soybean
yields when compared simultaneously to county level trends in
temperature and precipitation.

conditions during the growing season, which clearly have a
negative impact on yield trends for both crops, have been
counterbalanced by increases in precipitation during these
months in many areas, thereby helping to offset yield losses.

The partial correlations of corn yield trends with the
tavg and prcp variables were —0.53 and 0.52, respectively,
suggesting that the two contributed almost equally to the
end result. Likewise, the partial correlations of soybean
yield trends with predictor variables were —0.40 and 0.51
for tavg and prcp, respectively. In the case of soybeans,
trends in precipitation had a slightly larger impact on the
overall multiple regression results. Cross-correlations between
temperature and precipitation were not significant predictors
for either corn or soybeans (P > 0.3).

4. Discussion
4.1. Predictor variables

The most influential climate factors we selected were not
identical for each crop type, but there are several potential
explanations for this outcome. Corn development and growth
is more tightly connected to temperature fluctuations for an
extended period of time compared to soybeans (in our study
June—Aug, compared to July—Aug) because corn is planted
approximately two weeks earlier and therefore has a longer
growing period length. In terms of precipitation, the June—
July period might be a more significant determinant of corn
yield variability because leaf area expansion occurs rapidly
from mid-June though late-July, and end-of-season corn yield
is particularly sensitive to soil moisture stress occurring near
the silking stage in mid- to late-July when pollination occurs
and the rate of crop growth is peaking [22]. For soybeans there
are generally two time periods when soil moisture is critical
for optimum growth; (1) during the very early vegetative stage
when water stress can impact yield by reducing the number
of seeds that develop, and (2) from flowering through the
seed-filling period (approximately July through early- to mid-
September in Wisconsin), when water stress can accelerate
leaf senescence, and shorten the period of seed-filling [23].
Therefore, total precipitation over the June—August timeframe
might be a more important determinant of soybean yield
variability.  Another potential reason for the discrepancy
between the selected variables is that the geographic pattern
and total amount of corn and soybean harvested areas in each
county across the state are not identical; therefore, the apparent
impact of climate trends on long-term yield increases at the
county level likely varies between these two crops. Finally,
the corn cultivars used across counties and changes in corn
varieties over the 31 year period may have had a different
response to climate changes compared to soybean cultivars.
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While we selected very specific multiple month predictor
variables as the single most influential determinants driving
variability in county level yield trends, we reiterate that other
climate variables—which explained a much smaller amount of
yield trend variability—were also identified. For corn, these
included June, July, August, and September tmax, May, June,
Aug, and Sept tmin, and April, May, June, Sept, and October
prep.  For soybean, significant relationships were detected
between yield and monthly climate trends for March, August,
Sept, and Oct tmax, May, Aug, and Oct tmin, and March, Apr,
May, June, and Aug prcp. However, a much higher percentage
of variability was typically explained (R?) by meteorological
indices that were aggregated over multiple months because
single month indices are not likely to best represent the
composite effect of weather events over an entire growing
season on yield variability. While tmax and tmin variables
undoubtedly correspond to specific biological processes such
as the impact of heat stress on photosynthesis or cold tolerance,
the tavg variables consistently explained a higher percentage of
variability in yield trends for all composite indices we studied.

In cases where there was a significant relationship between
springtime (March—-May) climate and yield trends, a trend
towards warmer temperatures was correlated with decreased
yield trends, and increases in precipitation contributed to
higher yield trends. This result is somewhat surprising given
that cooler and wetter springtime conditions would likely
delay planting of corn and soybeans and contribute to yield
losses. Recent research has shown that for each day of delayed
corn planting in Wisconsin, a yield decrease of 63 kg ha™!
typically occurs [8]. However, superimposed on our regression
analysis is a long-term trend towards earlier planting that has
been supported by advances in seed engineering and improved
agronomic practices [9]. Therefore, this confounding factor
may make it difficult to detect the true impact of trends in
springtime temperature or precipitation on yield trends in the
US Corn Belt.

4.2. Comparison with other studies of climate change impacts
on crop productivity

The results presented here are in agreement with recent
studies [10], but contradict other reports concerning the future
impact of global climate change on agricultural productivity in
the Corn Belt. Our overall corn yield response to warming
(13% for 1°C) in this mid-latitude region is much greater
than discussed in the [PCC 4th assessment, where corn yields
are projected to decrease by 5-20% with up to 3-4°C of
warming without adaptation. With adaptive measures, yields
were projected to be able to remain at or slightly above
current levels [20]. An increase in productivity related to
global warming has been suggested by other comprehensive
assessments, where corn yields were projected to increase 15%
by the year 2030 with projected climate changes [24]. A
study by Jones et al [25] that used the CROPGRO soybean
model reported that a +2°C change in temperature would
contribute to only a —0.4% decline in soybean yields in
the Madison, Wisconsin region, which is a more favorable
outcome compared to our 16% decline in soybean yield trends

associated with 1°C of warming (table 1). The magnitude
of the yield response in our study was also significantly
greater per 1°C of warming compared to the Lobell ef al
[14] global scale results that reported a —8.3% decrease (per
1°C) for maize and —1.3% for soybean. Changnon and
Hollinger [17] reported that a 10-25% increase in growing
season precipitation may only help to boost corn yields by
up to 3% based on field trials in Illinois. In support of that
outcome, our analysis suggests that a 50 mm increase in June—
Jul prcp, which is about a 25% increase, corresponded to a
5.9% increase in corn yields (table 1).

4.3. Potential confounding effects of increasing atmospheric
CO;

While we did not account for other management changes or
trends in atmospheric CO, [26], ozone, or pests and disease
in this study [27], we presume that these had minimal impact
on our overall results given their contributions would have
likely been uniform across a small region. Furthermore, new
experimental data from carbon dioxide enrichment (FACE)
experiments suggest that C4 photosynthesis (corn) is already
saturated at the current levels of atmospheric CO,, and
future increases in CO, (550 ppm) will not be effective at
boosting productivity [26, 28]. For soybeans, it appears
that yields may be increased by 13-17% as CO, approaches
550 ppm [26, 28, 29]. Therefore, the impacts of increasing CO,
on corn yield trends over the past 31 years in Wisconsin appear
to be negligible, while a ~4% contribution to the soybean
yield trend has potentially occurred. This potential gain has
been roughly offset by the impacts of recent climate change,
and as Lobell er al [14] discuss, contradicts what previous
assessments have stated about the benefits of increased CO, on
crop productivity compared to the effects of global warming.
In addition, research performed by Amthor [30] documented
wheat yield response to increased CO, and temperature and
suggested that warming of only a few degrees may offset
the positive impact of higher CO, on productivity. This
is largely believed to occur due to an acceleration of plant
development associated with warmer temperatures, and the
sensitivity of grain crops to daily temperature during the grain
fill period [31].

5. Conclusions

Our study suggests that crop productivity along the northern
perimeter of the Corn Belt could be adversely affected
by continued temperature rises during the summer growing
season, and the response could be even greater than anticipated
if heat and drought combine together. —One hypothesis
presented here is that farmers may not be switching cultivars as
quickly as needed to adapt to recent regional climate change.
It appears that a significant amount of spatial variability
in climate trends at the county level across Wisconsin has
contributed to variable trends of soybean and corn yields.
Some regions with the highest yield gains over the past
30 yrs have experienced a trend towards cooler and wetter
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conditions during the summer, while other areas that have
experienced a trend towards drier and warmer conditions have
experienced suppressed yield gains. These widely varying
climate trends could make it more difficult for farmers to adapt
to long-term local climate change. Future studies of regional
hybrid performance under varied climate change scenarios
are needed so that more precise county or crop district level
recommendations for adaptation could be made.

If a trend towards warmer and drier conditions during the
spring planting time and fall harvest occurred in the future,
this could help boost yields in northern Corn Belt locations
like Wisconsin that have a shorter growing season. Farmers
in the northern US Corn Belt often plant crop hybrids with
lower yield potential that are more suited for a shorter growing
season, and farmers may benefit from warmer and drier
springtime weather conditions that support earlier planting
and the use of higher yield potential cultivars. However,
if warming trends continued during summer as documented
in this study, it could impede crop productivity gains by
accelerating phenological development, causing the plant to
mature more rapidly, thereby losing valuable calendar days in
the field to accumulate biomass during grain fill. Furthermore,
additional heat and soil moisture stress during pollination
and an increased frequency of very warm days (e.g., tmax
> 35 °C) could counteract the potential benefits of an extension
of the growing season via decreased carbon assimilation
during the day and increased nighttime respiration. The take
home message is that recent warming during the summer
in Wisconsin has not been entirely beneficial to supporting
increased crop productivity.

As future forecasts are made about the impacts of global
climate change on agriculture, we stress the importance of
identifying the biological processes or management options
that are most likely to be impacted. Previous assessments have
stated that mid- and high-latitude corn and soybean growers
may ultimately benefit from warming temperatures, but we
argue that warming outside of the core of the growing season
will be most beneficial to supporting higher yields. We stress
that future modeling studies should analyze the potentially
competing effects of warming in spring and fall versus summer
by simulating the effectiveness of adaptive measures. This
will help to improve projections of agricultural productivity
by considering specific changes in land management such as
planting date, or the effect of switching to different cultivars.
There is need for continued regional-scale research in this field
because of the large uncertainty in crop productivity responses
to climate change and increasing atmospheric CO, and Os.
On the path towards continuing long-term yield increases are
potential climate roadblocks that pose threats to the expanding
biofuels market and global food security.
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