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ABSTRACT

Crop production depends not only on the yield but also on the area harvested. The yield response to climate
change has been widely examined, but the sensitivity of crop land use to hypothetical climate change has not
been examined directly. Crop land-use regression models for estimating crop area indices (CAls)—the percent
of land used for corn, soybean, wheat, and sorghum production—are presented. Inputs to the models include
available water-holding capacity of the soil, percent of land available for rain-fed agricultural production, annual
precipitation, and annual temperature. The total variance of CAI explained by the models ranged from 78%
for wheat to 87% for sorghum, and the root-mean-square errors ranged from 1.74% for sorghum to 4.24% for
corn. The introduction of additional climatic variables to the models did not significantly improve their per-
formance.

The crop land-use models were used to predict the CAl for every crop reporting district in the United States
for the current climatic condition and for possible future climate change scenarios (various combinations of
temperature and precipitation changes over a range of —3° to +6°C and ~20% to +20%, respectively). The
magnitude of climatic warming suggested by GCMs ( GISS and GFDL) is from 3.5° to 5.9°C for regions of the
United States. For this magnitude of warming, the model suggests corn and soybean production areas may
decline while wheat and sorghum production areas may expand. If the warming is accompanied by a decrease
in annual precipitation from 1% to 10%, then the areas used for corn and soybean production could decrease
by as much as 20% and 40%, respectively. The area for sorghum and wheat under these conditions would
increase by as much as 80% and 70%, respectively; the exact amount depending strongly on the change in
precipitation. In general, small changes in temperature or precipitation produced larger corresponding changes
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(on a percentage basis) in soybean, wheat, and sorghum area than in corn area.

1. Introduction

Both yield and area harvested contribute to total
production. Most of the studies on agricultural sensi-
tivity to potential climate change have focused on yield
response at a point or in a region (Liverman et al.
1986; Rosenzweig 1990; Easterling et al. 1992). In this
study we examine whether the amount of land area
used in crop production is itself related to climate. We
derive a statistical model to estimate crop geographic
distribution in the United States that quantifies, to the
extent possible based on input variables, the natural
climate and land resources. Climate inputs used in the
analysis were long-term averages. Land resources con-
sidered were the soil water-holding characteristics and
total land area available for farming. Corn, soybean,
wheat, and sorghum were selected for study because
these crops are well established in major agricultural
production areas of the United States.

We also explore possible changes in land use by using
the crop land-use model to derive a crop distribution

Corresponding author address: Dr. Kenneth G. Hubbard, De-
partment of Agricultural Meteorology, Institute of Agriculture and
Natural Resources, 242 L. W. Chase Hall, University of Nebraska,
Lincoln, NE 68583-0728.

© 1995 American Meteorological Society

for a number of climate change scenarios. No provision
is made in this study for the direct response of crops
to CO, (Rosenberg 1981; Cure and Acock 1986; Idso
1989; Acock 1990), light intensity, nutrient level, or
other environmental factors (Bannister 1979; Morison
1988; Norman 1989). Additionally, although the sta-
tistical models were formed over a wide range of climate
conditions, it is certain that factors not included will
contribute to future land-use decisions. All results are
presented with these caveats in mind.

2. Materials and methods

Annual data on crop production for each of 308
crop-reporting districts (CRDs) in the continental
United States were obtained from the U.S. Department
of Agriculture (USDA) for the period 1972-1986.
From this data, the average land areas devoted to se-
lected crops were developed for each crop-reporting
district. For this study, the crop area index (CAI) was
defined for each crop as the percent of land usually
devoted to that crop. The CAI was calculated by taking
a ratio of the average total area harvested for that crop
to the total land area and multiplying the result by 100.
All CAIs are for rain-fed conditions. A CAI was de-
veloped for each of the crops selected for this study
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(corn, soybean, wheat, and sorghum). The distribution
of CAI values in the United States is shown in Figs.
la-d.

Another variable used in this study was the percent
of total land available for crop production in each CRD.
This variable was determined from the USDA crop
production dataset by summing the fraction of land
area devoted to every crop (exclusive of irrigation ) an-
nually and then averaging over the period of record.
This variable represents the overall suitability of a CRD
for farming.

A single value of available water capacity was used
to characterize soils in each district. Elsewhere, a single
value was used in larger-scale applications such as cal-
culating drought indices (Palmer 1965) for each cli-
mate division and in modeling general circulation
where soil water was represented (Milly 1992) at each
grid point. A map of the available water capacity by
district is given in Main ( 1979).

Climatological data were taken from the Climatog-
raphy of the United States No. 20 (NOAA 1985) for
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the period 1951-1980. The weather station nearest the
centroid of each CRD was determined, and values for
mean annual temperature, mean total precipitation,
mean number of days in the freeze-free period, days
with temperature above 32°C (90°F), growing degree
days, and days with precipitation greater than 13 mm
(0.5 in) were tabulated. The units for CAl, percent of
land available for rain-fed farming, available water ca-
pacity, precipitation, and temperature are CAl (%), F
(%), W (mm), P (mm), and T (°C).

The model was formed for each crop using multiple
linear regression of the form

CAIcrop = Acrop + Bcrop,le + Bcrop,2X2

+ Bcrop,3X3 st ( 1 )
The independent variables (X;) represent the natural
resources of the CRD. Variables were transformed be-
fore regression if a nonlinear relationship to CAI was
observed.

Actual Soybean CAl

Actual Sorghum CAl

FIG. 1. (a) The average percent of land used for rain-fed corn production (CAl,m) during the period 1972-1986. (b) The average percent
of land used for rain-fed soybean production (CAl,,,) during the period 1972-1986. (c) The average percent of land used for rain-fed wheat
production (CAl,u) during the period 1972-1986. (d) The average percent of land used for rain-fed sorghum production (CAly) during
the period 1972-1986.
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Data for each CRD wherein the actual CAI for a
crop exceeded 3% were included in the dataset for that
crop. A stepwise process was used to derive the coef-
ficients to be used in ( 1) for individual crops. First, the
available water capacity (W) and the percent of total
land available for rain-fed farming (F) were included.
Then the temperature ( T) and precipitation (P) were
added. All climate variables were added one by one to
determine if their inclusion significantly increased the
proportion of the variance explained (72).

Errors in the model estimates could combine in such
a way that the resulting total area of predicted land
uses would exceed the historically determined area of
farmland. To prevent this, we adopted the practice of
developing a model for the first crop and diminishing
the land potentially available (F) to each subsequent
crop for rain-fed farming. The order of model devel-
opment was arbitrarily chosen as corn, soybean, wheat,
and sorghum; subscripts were added to F values for
each crop (Fcorn = Fa Fsoy = Fcorn - CAIcorn; tht
= Fsoy - CAIsoy; and Fsorg = Fom — CIA*Iwht)-

This technique, together with two rules, ensured that
the sum of CAI values did not exceed the total land
available for farming (CAlm + CAley + CAlwn
+ CAlr < F). First, when the CAI for a given crop
exceeded its F value, CAI was set to the F value and
CAI values for subsequent crops in that CRD were set
to zero. Second, any CAI values below zero were set
to zero. Goodness of fit of the model was determined
by evaluating the proportion of variance accounted for
(r?) and the root-mean-square error (rmse). We also
visually compared the crop patterns formed by model
estimates to patterns formed by actual crop land-use
data. Maps were produced by plotting contour lines
from a field of CAI values placed at the centroid of
each of the 308 CRDs. Contour placement was deter-
mined by the Kriging technique using Golden Graphics
software.!

These methods were used to derive CAI values for
all four crops in the “no change” scenario (i.e., no
change in independent variables). Several “climate
change” scenarios were then selected to span the range
of changes calculated by a number of numerical global
circulation models (GCMs). Regional predictions from
the GISS and GFDL models of average annual tem-
perature change and precipitation ratio (future-cur-
rent) for a doubling of CO, were previously summa-
rized by Adams et al. (1990) in their study on agri-
cultural productivity. Briefly, regional estimates (and
models) of the precipitation ratio ranged from a low
of 0.92 (GISS) for the southern Plains to 1.15 (GISS)
for the Pacific region. Model differences within a region
were from 2% to 19%. Predicted temperature changes

! Mention of a manufacturer or vendor name is only for the in-
formation of the reader and does not constitute an endorsement of
the product over other products.
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ranged from 3.5°C (GISS) in the Southeast to 5.9°C
(GFDL) in the northern Plains. Prediction differences
were as low as zero in the Pacific region to as high as
1.4°C in the Southeast.

Climate change scenarios in this study were con-
structed by pairing various assumed temperature and
precipitation changes. Precipitation changes ranged
from —20% to 20%, and temperature changes ranged
from —3° to 6°C. These ranges were chosen to encom-
pass the GCM predictions of precipitation and tem-
perature change discussed above. For a given climate
change scenario, the temperature and precipitation
were recalculated for all CRDs, and new CAI values
were derived. The amount of land used for each crop
in the climate change scenario was then compared to
the “no change” model estimates of land use to derive
the change in land use for each crop. Climate change
modelers employ a similar approach in comparing
temperature from GCM outputs in “no change” and
CO, doubling scenarios. This technique of comparing
two distinct model outputs avoids any systematic dif-
ferences that may be present between the observed and
model values if the observed values were taken as the
base values.

3. Results and discussion
a. Model development

The first model was developed for corn. The regres-
sion process resulted in the following relationship:

CAL,, = —23.91 + 0.52F + 0.02W
+ 0.01P + 12.32¢7003T-100?  (9)

The r? for this equation was 0.83 and the rmse was
4.24. 1t was found that addition of climate variables,
other than precipitation and temperature, did not sig-
nificantly increase the variance explained. The tem-
perature term was transformed. The values of CAI were
found to be a maximum at mean annual temperatures
of 10°C and to decrease above or below that value.

Figure 1a was prepared using the actual CAlcm val-
ues calculated from crop statistics for each of the 308
CRDs. More than 35% of the land in parts of lowa and
Illinois is used in rain-fed corn production. The major
axis of the crop pattern runs through northwest lowa
and north-central Illinois. CAI values are small outside
of the corn belt, with only two areas (not shown) in
southern Alabama and from south-central New York
to eastern South Carolina having CAls higher than 5.

Figure 2a was prepared using estimated CAl,, val-
ues from the model represented by (2). The model
estimated CAI values above 35% in both Iowa and II-
linois. The estimated CAI values in Fig. 2a drop off in
a manner similar to the actual CAI values in Fig. la
for the states of Wisconsin, Michigan, Ohio, and Ken-
tucky. The estimated CAI extends farther south, how-
ever, along the Mississippi River Valley. The model
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FIG. 2. (a) Estimated CAl,. (b) Estimated CAl,,. (c) Estimated CAly,. (d) Estimated CAlor.

also produced values of CAI higher than 10 over most
of Kansas, the eastern Dakotas, and northwest Min-
nesota. Contours of CAI less than 10 were omitted
because the error, judged by the rmse, was considered
to be excessive in that range.

Model development for soybean resulted in the fol-
lowing relationship:

CAlyy = 2.05 + 0.698 Foy — 0.014W
+0.004P — 0.417T. (3)

The r? for this model was 0.86 and the rmse was 3.04.
There were no transformations of variables.

The actual CAI values for soybean are shown in Fig.
1b. Land used for soybean production is concentrated
in two geographical areas. One is located along the
Iowa—-Minnesota border and the other extends from
central Indiana and Illinois down the Mississippi River
Valley. The CAI value is still 10 or above in parts of
Louisiana. There is considerable overlap in the major
areas of land use for corn and soybean.

The estimated CAI for soybean, from (3), appears
in Fig. 2b. The model estimates an area of 25%-30%
along the Minnesota-Iowa border and an area of 25%

in central Illinois. Compared to the actual values of
CALl, the model values spread out over more geograph-
ical area. For instance, the 10% contour line for the
model estimates (Fig. 2b) encompasses the eastern
Dakotas and the eastern portions of Nebraska and
Kansas.

The derivation of coeflicients for (1) corresponding
to all wheat resulted in the following equation:

CAlLyy = 0.18 + 0.585 Foupe — 0.008 W
—0.028P + 1.611T. (4)

The r? for this equation was 0.78 and the rmse
was 3.80.

The actual CAI values for wheat are shown in Fig.
Ic. Areas of concentrated wheat farming appear in
Kansas and Oklahoma (CAI values exceed 20% in
much of the area) and also in North Dakota along the
Canadian border (where CAI values exceed 20% in
much of the area). Wheat growing in the Northwest
uses more than 10% of the land in eastern Washington.

Wheat CAI estimates (Fig. 2c) exceed 20% over
much of Kansas and Oklahoma, 20% along the Ca-
nadian border, and 10% in Washington state. The
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F1G. 3. Predicted change (%) in land used for corn production in
the United States for various precipitation and temperature changes.

model estimates are higher in some instances—for ex-
ample, in northern Texas, southern Illinois, and parts
of South Dakota and Minnesota. The western bound-
ary of the estimated wheat growing area on the Plains
closely matches the actual wheat CAI boundary (10%).

In the case of sorghum, the following equation was
derived:

CAlgy = —8.22 + 0.599 Fopp + 0.026W
+ 0.0001 P + 0.1667. (5)

The r? for this relationship was 0.87 and the rmse
was 1.74.

Actual sorghum CAI values have been plotted in
Fig. 1d. CAI values for sorghum indicate that less than
15% of the land is used in any CRD for sorghum pro-
duction and that the areas of greatest use are in south-

east Texas and in an area centered on the Kansas— -

Nebraska border.

By applying (5), the estimated CAI values for
sorghum were obtained and displayed in Fig. 2d. The
two areas of sorghum production mentioned above are
present, but an area that exceeds 10% is formed over
eastern North Dakota.

b. Sensitivity to climate change

The net change in United States land used for corn
production (Fig. 3), obtained by determining the dif-
ference between the total land in the control and cli-
mate change scenarios, is predicted to be negative in
most cases. According to the simulation, a precipitation
reduction of 15% and a temperature increase of 3°C
would result in a 15% reduction in land used for corn
in the United States. The only increases in land used
for corn are associated with cooler, wetter scenarios—

HUBBARD AND FLORES-MENDOZA
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Change (%) U.S. area used for soybean production
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F1G. 4. Predicted change (%) in land used for soybean production
in the United States for various precipitation and temperature changes.

that is, 1°-3°C cooling and 15%-20% precipitation in-
crease.

Soybean production area (Fig. 4) is predicted to in-
crease with a 1°-4°C warming, provided the precipi-
tation does not change by more than a few percent.
Otherwise, for warming scenarios, the land area used
for soybean production generally decreased. The largest
decrease was more than 60%, associated with changes
of 6°C and —20% in temperature and precipitation,
respectively. Increases in net soybean production area
were observed only in cooler, wetter climate scenarios.
The largest increase in area was more than 25% at
(—3°C, 20%).

Change (%) U.S. area used for wheat production
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FIG. 5. Predicted change (%) in land used for wheat production in
the United States for various precipitation and temperature changes.
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Land use for wheat (Fig. 5) is estimated to expand,
particularly in a warmer, drier climate—the same con-
ditions that lead to decreases in both corn and soybean
area. On the other hand, an increase in precipitation
accompanied by cooling is estimated to lead to a de-
crease in wheat area by as much as 50% at (—3°, 20%).

Land area planted to sorghum is predicted to in-
crease under most climate change scenarios (Fig. 6).
Barring a climatic cooling, it would appear that land
used for sorghum production will stay about the same
or increase. Increases up to 70% are suggested for a
warming of 3°C and no change in precipitation.

In general, a change in temperature or precipitation
produced larger changes (in terms of percentage) in
soybean, wheat, and sorghum area than in corn area.

4. Summary and conclusions

Models to estimate the current crop geography of
corn, soybean, wheat, and sorghum were developed
for the United States. Crop production areas overlap
considerably in some cases, but a sequential application
of the models allowed partitioning of the land available
for particular crops. The resulting nested models ex-
plain 83%, 86%, 78%, and 87% of the variance in corn,
soybean, wheat, and sorghum crop patterns, respec-
tively, over the areas where crop production is con-
centrated (actual CAI > 3%).

The addition of other climate variables, beyond
temperature and precipitation, did not significantly in-
crease the proportion of variance explained. This does
not mean that these variables are less important, be-
cause the high correlation between average temperature
and variables (like average length of frost-free season
or growing-degree days) indicates that temperature
could be replaced by one of these variables as model
input with little change in performance.

The model estimates are similar to the actual values
of CAl in the areas where crop production is most con-
centrated. Of course, data from these areas were used
in the development of the models, so this result is ba-
sically a confirmation of the high correlation between
CAI and the independent variables. The model pro-
duced some fairly large CAI values outside of the cur-
rent areas of production. There are several possible ex-
planations for this. Current model inputs may not rep-
resent factors that prohibit successful crop production
in these areas. It is certainly possible that diseases, pests,
and/or climate conditions on a growing season (or
shorter) timescale may be important in further refining
the crop land-use models in these areas.

Similarly, it is also unclear why CAI models some-
times indicated no difference between regions that pro-
duce dissimilar crops. For instance, more than 10% of
the land in northern Missouri is used in corn produc-
tion. The model values agree closely with this number.
The model also predicts 10% of the area in much of
Kansas, however, where actual CAI values are all less.
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Change (%) U.S. area used for sorghum production
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FIG. 6. Predicted change (%) in land used for sorghum production
in the United States for various precipitation and temperature changes.

This supports the notion that the climate, soils, and
available farm land (taken as a whole) are not signif-
icantly different in Kansas. It may be that technical
limitations exist in Kansas. The momentum of past
agricultural investment choices for farm equipment,
transportation, and storage facilities may dictate the
crops that are produced. For these or other reasons,
the performance of the four crops is probably not lim-
ited to only those areas where they are now grown. The
implications of this to climate change are important
and may point to a need to integrate economical and
societal issues into further studies.

For the magnitude of climatic warming suggested
by GCMs (3.5°-5.9°C), the following conclusions are
suggested by the results of this study. Corn and soybean
production areas are predicted to decline while wheat
and sorghum production areas will expand. If the
warming is accompanied by a decrease in annual pre-
cipitation from 1% to 10%, then the areas used for corn
and soybean production could decrease by as much as
20% and 40%, respectively. The area for sorghum and
wheat under these conditions may increase by as much
as 80% and 70%, respectively, the exact amount de-
pending strongly on the change in precipitation.

Regression models may perform poorly in situations
that require extrapolation, so results from these models
should be viewed as a sensitivity analysis in applications
where the input conditions are outside the range of
conditions used in deriving the models.
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