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ABSTRACT
The Great Plains of the United States is character-
ized by a large west–east gradient in annual precip-
itation and a similar large north–south gradient in
annual temperature. Native grasslands and winter
wheat are found over a large portion of the precip-
itation and temperature gradients. In this article, we
use long-term data to analyze the differences in the
patterns in aboveground net primary production
and precipitation-use efficiency between wheat and
native grassland ecosystems in the central portion
of Great Plains, and their relationships to potential
water availability (precipitation). Aboveground net
primary production of native grasslands shows a
large response to precipitation. Aboveground net
primary production of winter wheat has a smaller
response to changing precipitation. Annual precip-
itation-use efficiency of native grasslands is unaf-
fected by increases in average annual precipitation,

but precipitation-use efficiency of summer-fallow
wheat ecosystems decreases substantially with in-
creased average precipitation. Our results suggest
that in the wetter portion of the central Great
Plains, summer-fallow wheat management is rela-
tively inefficient, because increased water availabil-
ity results in diminishing returns. Comparisons
with data from continuously cropped wheat con-
firmed this result. Shifts across the region to con-
tinuous cropping of wheat potentially could have
significant impacts on regional wheat yield, carbon
balance, and economic status.

Key words: precipitation-use efficiency; summer-
fallow wheat management; summer-fallow rota-
tion system; aboveground net primary production;
grasslands.

INTRODUCTION

Human land use has dramatically transformed the
surface of the earth (Turner and others 1990). In
the central grassland region of the United States,

approximately half of the original native perennial
grasslands have been replaced by annual croplands
(Lauenroth and others 1999). The areas remaining
in grassland either are in the driest parts of the
region or have soils unsuitable for cultivation
(Burke and others 1994). Two crops, wheat and
corn, account for the majority of the area of crop-
land.
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The environment of the grassland region is char-
acterized by strong climatic gradients. Mean annual
precipitation increases from less than 300 mm in
the west to more than 1000 mm in the east (Lauen-
roth and Burke 1995). Mean annual temperature
increases from 2°C in the north to greater than
20°C in the south (Lauenroth and Burke 1995).
Associated with these climatic gradients are gradi-
ents in the composition of the native vegetation
(Lauenroth and Burke 1995; Epstein and others
1997), and nitrogen availability and carbon storage
(Burke and others 1989, 1997).

The dry western portion of the central grassland
region of the US has large areas remaining in native
grasslands (Figure 1). The wet eastern portion is the
major corn growing region of the US, and the in-
termediate area is the major wheat growing region
of the US. Approximately 75% of the wheat pro-
duction of the entire country is grown in this region
(USDA NASS 1997), which receives less than 800
mm/y of annual precipitation and comprises
1.883 3 107 ha. In the driest part of this area, wheat
is grown only on the most favorable soils, using a
summer-fallow rotation system (USDA ARS 1974).
A typical crop cycle using the summer-fallow rota-
tion system for winter wheat consists of a 15-month
fallow period that extends from harvest in the sum-
mer of one year to planting in the fall of the fol-
lowing year. In the wettest areas, wheat is grown
continuously on a wide variety of soils. Nitrogen
fertilizer is used on wheat fields over the entire
precipitation gradient.

Our objective for this analysis was to answer two
specific questions: (a) How has the conversion of

native grasslands to croplands, specifically summer-
fallow winter wheat, altered aboveground net pri-
mary production (ANPP) and precipitation-use ef-
ficiency (PUE) (Le Houerou 1984)? (b) Does the
PUE of wheat ecosystems justify (in terms of in-
creased ANPP) the use of a fallow rotation through-
out the region? Our approach was to constrain our
assessment of ANPP to the portion of the area in
which winter wheat is grown using the summer-
fallow rotation system. We used data collected by
state and federal agencies to compare ANPP of
grasslands and winter wheat by developing spatial
and temporal models (sensu Lauenroth and Sala
1992). Spatial models represent the average re-
sponse of a series of locations to average environ-
mental driving variables, and temporal models rep-
resent the annual response of a single location to a
time series of environmental variables (Lauenroth
and Sala 1992; Paruelo and others 1999). Previous
analyses for grasslands have shown this to be a
powerful method for analyzing patterns of ANPP
over large areas and long time spans (Lauenroth
and Sala 1992; Paruelo and others 1999).

METHODS

Data Collection

We identified a one-country-wide transect (19 total
counties) from north central Colorado through north-
ern Kansas that traversed the summer-fallow wheat
zone in the central Great Plains (Figure 1 and 2).
Wheat is grown on approximately 1.09 3 106 ha in
the counties encompassed by the transect. We col-

Figure 1. Land-use patterns
in the central Great Plains of
the United States (the data
were obtained from the web
site of the United States Geo-
logical Survey’s North Amer-
ica Land Cover Characteris-
tics Data Base http://
edcwww.cr.usgs.gov/
landdaac/glcc/na_int.html).
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lected data for both grassland ANPP and winter wheat
grain production across the entire transect. Long-term
monthly temperature and precipitation data for the
transect were available from the CLIMATEDATA
(1988) database. Mean annual precipitation along the
transect ranges from 300 to greater than 800 mm and
mean annual temperature ranges from less than 8°C
to 12°C. The correlation between mean annual pre-
cipitation and mean annual temperature along this
gradient is 0.87 (P , 0.05; n 5 375). From each of
the 19 counties in the area of the transect, we
obtained 26 years of grain yield and precipitation
data from the state offices of the National Agri-
cultural Statistics Service (http://www.usda.gov/nass/
sso-rpts.htm). ANPP data for native perennial grass-
lands in “favorable,” “normal,” and “unfavorable”
years were obtained from the Natural Resource
Conservation Service’s State Soil Geographic data-
base (STATSGO) (USDA SCS 1991). “Favorable,”
“normal,” and “unfavorable” years are categories
used in STATSGO to indicate the range of ANPP
that should be expected for a location. The data for
ANPP of native grasslands were summarized at the
level of STATSGO polygons (USDA SCS 1989). All
of the polygons within the 19 transect counties that
had an area of less than 10 km2 were eliminated
from the analyses. The remaining 375 polygons
ranged in size from 10 to 3200 km2. Only six of the
polygons were larger than 1000 km2.

We converted data for grain yield to ANPP by
using a relationship between grain yield and straw
yield. Campbell and Zentner (1997) developed a
relationship between grain yield and straw produc-
tion based upon 24 years of data from the Great
Plains in Canada. Their equation is:

Straw yield (g/m2) 5 154 1 1.5 *

Grain yield (g/m2) ~r2 5 0.7; n 5 424!.

Total aboveground biomass production during the
crop year was calculated from summing straw yield
and grain yield. Despite the fact that the Campbell
and Zentner (1997) data are for spring wheat, our
comparison of their relationship to data from east-
ern Colorado (G. Peterson unpublished data) indi-
cated good correspondence (r 5 0.59; P # 0.01;
n 5 83) although the Colorado data were quite
variable. Because under the summer-fallow system
a crop is produced only once in 2 years, we calcu-
lated ANPP by dividing total aboveground biomass
production during the crop year by two. This should
be an underestimate of ANPP because it ignores the
biomass associated with weeds produced during the
fallow year. Because the objective of the fallow year
is to store water, weeds are controlled by cultivation
or herbicides. Therefore, weed production is likely
low on average and ignoring them in our estimates
of ANPP should result in a small underestimate.

Analysis

We derived spatial and temporal models of primary
productivity for both wheat and native grasslands.
The models are simple regressions that relate ANPP
(dependent variable) to annual precipitation (inde-
pendent variable). For the spatial models, the input
variables represent long-term means, and the indi-
vidual cases are separate locations in space (either
sites or polygons, depending on the data source).
The slope of the spatial model (bs) is an estimate of
average ecosystem-level PUE over the spatial gradi-
ent and indicates how average ANPP changes as
mean annual precipitation increases. For the tem-
poral models, the input variables represent annual
rates at one location, and the individual cases are
separate years for that location; thus, there is a
temporal model for each site in our database, and
we conducted analyses of the sets of temporal mod-
els. The slope of the temporal models (bt) is an
estimate of average ecosystem-level PUE over time
and indicates how ANPP changes as a result of
fluctuations in annual precipitation.

We derived the spatial model for winter wheat by
regressing average ANPP for each county on mean
annual precipitation for the county. Temporal mod-
els for winter wheat were fit for each of the 19 sites
by using the 26 years of data from each site and a
linear regression procedure. Because winter wheat
is planted in the fall, we used water year precipita-
tion (September–August) rather than calendar year
precipitation for the temporal models. Although
calendar year calculations produce different num-
bers from annual calculations, the two are highly
correlated (Lane 1995).

The spatial model for the native grasslands was

Figure 2. Environmental space (mean annual precipita-
tion, mean annual temperature) encompassed by the
transect. C, Colorado, K, Kansas.
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constructed using linear regression on the normal
ANPP for the 375 STATSGO polygons and the respec-
tive mean annual precipitation. We constructed tem-
poral models for the native grasslands (one for each of
the 375 polygons) by using maximum (favorable) and
minimum (unfavorable) ANPP data for each polygon.
Maximum and minimum ANPP represent the values
estimated for the wettest and driest years at a location.
We estimated the amount of precipitation associated
with these wet and dry intervals by assuming that
annual precipitation at each of the 375 polygons is
normally distributed and calculated the upper limit as
3# 11.282s and the lower limit as 3# 21.282s (3# and
s were calculated for each polygon). This results in a
range of values that covers approximately 80% of the
distribution and translates into the assumption that
ANPP in unfavorable years represents the driest 10%
of the years and ANPP in favorable years represents
the wettest 10% of the years. We tested the sensitivity
of our results to this assumption by varying the pro-
portion of the distribution covered from 70% to 90%
and found that although the value of the slopes and
intercepts of the models changed, the spatial pattern
over the transect was unchanged. The slope of the
temporal models was calculated by the formula:

bt 5 (ANPPmax 2 ANPPmin)/(MAP 1 1.282s

2 MAP 2 1.282s),

where MAP is mean annual precipitation.

RESULTS

Spatial Models

The spatial model for the native perennial grass-
lands along the transect is

ANPP (grassland) 5 2156 1 0.82 MAP

~r2 5 0.79; n 5 375; P , 0.001!.

Analysis of the ANPP data for winter wheat pro-
duced an analogous spatial model of the form:

ANPP (wheat) 5 201 1 0.2 MAP

~r2 5 0.67; n 5 19; P , 0.001!.

Both the intercepts and the slopes of the models are
different (F 5 30.27; P # 0.05) (Figure 3). The
grassland model has a negative y-intercept, suggest-
ing that a minimum amount of water is required to
maintain the system at zero production (Noy-Meir
1973). The wheat model has a positive intercept,
implying a positive ANPP as a result of water stored
during the fallow year even in the absence of an-
nual precipitation. The slope of the grassland
model, an estimate of PUE, indicates that on aver-
age, 0.82 g/m2 of ANPP are added for every milli-
meter of mean annual precipitation above 156 mm.
By contrast, the slope of the wheat model suggests
that on average just 0.2 g/m2 of ANPP is added for
each millimeter of mean annual precipitation above
201 mm. Finally, average ANPP of wheat is greater
than that of native grasslands at mean annual pre-
cipitation less than or equal to 570 mm and less at
greater values of mean annual precipitation.

Temporal Models

The slope of the spatial model represents an estimate
of average ecosystem level PUE across the precipita-
tion gradient. By contrast, the slopes of the temporal

Figure 3. Spatial models of the relationship between
mean annual precipitation and average aboveground net
primary production for native grasslands and winter
wheat. Solid line is the model for winter wheat, and the
dashed line is the model for native grasslands.

Figure 4. Relationship between the slopes of the tempo-
ral models for aboveground net primary production of
native grasslands and mean annual precipitation. The
data points are the slopes, and the dashed line is the slope
of the spatial model (C, Colorado; K, Kansas). The appar-
ent pattern in the data is the result of locations with
identical estimates of average aboveground net primary
production but different mean annual precipitation.
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models represent the PUE for a particular ecosystem
over time at a particular location. The estimates of
PUE from the temporal models of native grasslands
ranged from 0.1 to 1.0 g m22 mm21. The majority of
the location-specific PUEs were less than the average
value from the spatial model. To assess the general
patterns among the temporal models, we regressed
the slope estimates (that is PUE) for the sites against
the mean annual temperature and precipitation for
each site. There was no significant relationship with
either mean annual precipitation or mean annual
temperature (Figure 4). Because of the high correla-
tion between mean annual precipitation and temper-
ature, only precipitation is presented.

The slopes of the winter wheat temporal models
ranged from 0.4 g m22 mm21 to less than zero,
showing again a lower PUE for wheat than grass-
lands. Because the majority of values are greater
than zero, we assume that the negative PUEs are
the result of errors in data collection. PUE of winter
wheat was negatively related to mean annual pre-
cipitation (r2 5 0.64; n 5 17) (Figure 5). PUEs at
mean annual precipitation greater than 600 mm
were less than 0.05 g m22 mm.

DISCUSSION

Productivity and PUE of Grasslands
vs Wheat

Our initial analysis of the relationship between
ANPP of winter wheat and native grasslands sug-
gests that in the driest areas, the conversion of
grasslands to croplands results in an increase in
ANPP, and in the wettest areas a decrease. The
difference is approximately 150 g/m2 at the dry end

in favor of wheat and 125 g/m2 at the wet end in
favor of native grasslands. These conclusions would
very likely be different if data were available for
belowground net primary production.

Across the central grassland region gradient, our
data demonstrate that ANPP of summer-fallow
wheat ecosystems has a lesser dependence on the
change in mean annual precipitation than does
ANPP of native grasslands. The difference in ANPP
of wheat between the driest to the wettest site is 92
g/m2, whereas the difference for native grasslands is
372 g/m2. Our data suggest that the amount of
water stored during the fallow period results in this
lack of sensitivity of wheat to increasing mean an-
nual precipitation.

The analysis shows that the slopes of the native
grassland temporal models are lower than the spa-
tial model, similar to results published by Lauen-
roth and Sala (1992). The temporal models repre-
sent the response of a single plant community
structure (for example, species, life form, and/or
functional type composition) and a single set of
biogeochemical processes (for example, N mineral-
ization) at a particular point along the precipitation
gradient to fluctuating precipitation. At each point
along the spatial precipitation gradient, plant com-
munity structure and biogeochemical processes are
different and are significantly related to the average
amount of precipitation received at the point
(Burke and others 1997; Epstein and others 1997,
1998. The differences in slopes between the spatial
and temporal models suggest that a site that nor-
mally receives low precipitation will not produce as
much as a site that normally receives higher pre-
cipitation, even if in the same year, they receive the
same amount of precipitation. This pattern is likely
related to differences in plant community structure
and biogeochemical processes across the spatial gra-
dient. In our analysis, the largest values of the
temporal slopes occurred at intermediate values of
mean annual precipitation, roughly corresponding
to a similar peak reported by Paruelo and others
(1999) using published estimates of ANPP. Their
explanation was that at these intermediate values
of water availability, relative to the entire grassland
region gradient, the constraining effects of both
vegetation structure and biogeochemical processes
are lowest. These intermediate values of water
availability correspond to the mixed prairies of the
grassland region that contain species from both the
dry and wet ends of the gradient.

Similar to the native grasslands, winter wheat
also had predominantly lower slopes for the tem-
poral models than for the spatial model, although
this was not true at the driest sites. Because the

Figure 5. Relationship between the slopes of the tempo-
ral models for aboveground net primary production of
winter wheat and mean annual precipitation. The data
points are the slopes, the solid line is a regression fit to the
data, and the dashed line is the slope of the spatial model
(C, Colorado; K, Kansas).
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winter wheat plant community consists of the same
single species across the gradient (although differ-
ent varieties), and furthermore because nitrogen
fertilizer is added to all fields, releasing some degree
of biogeochemical constraint, the explanation must
be different from that for native grasslands. Our
interpretation is that the low slopes for the tempo-
ral models indicate that at most sites, the summer-
fallow system is supplying more water than the
crop is able to use, such that increases in water
availability do not increase productivity. This is not
the case at the driest sites. Our limited sampling of
roots in winter wheat fields (W.K. Lauenroth and
others unpublished data) supports data from the
literature that suggests a belowground–
aboveground biomass ratio in the range of 0.1 to
0.25 (Smith and others 1983; Baret and others
1992). By contrast, at the dry end of the gradient,
the belowground–aboveground biomass ratio for
native grasslands is 10, and at the wet end it is
approximately 1.5 (Sims and others 1978). It may
be that the relatively small allocation to roots rep-
resents the key limitation of wheat to using water
stored by the summer-fallow management system.

Most of the temporal models for the native grass-
land sites we studied (77%) had negative y-inter-
cepts, indicating that a portion of the water received
each year does not result in increases in ANPP
(Noy-Meir 1973; Webb and others 1978). This can
be interpreted as an indication of the importance of
the perennial structure of the system and the cost in
terms of water to maintain it. There is no analogous
permanent structure for winter wheat ecosystems.
All of the y-intercepts for the winter wheat tempo-
ral models were positive, suggesting that the fallow
period significantly reduces the dependence of
ANPP on precipitation received during the crop year.

Evaluation of Effectiveness of the
Summer-Fallow System

How effective is the summer-fallow system with
respect to increasing the productivity of wheat sys-
tems? Wheat PUE, as calculated from the temporal
models, decreases across the gradient of increasing
mean annual precipitation (Figure 5). This trend
suggests that the efficiency of the summer-fallow
system, that is, the extent to which additional water
storage is effectively translated into increased pro-
duction, decreases with increasing precipitation. At
what level of mean annual precipitation is this loss
in efficiency sufficient to change from summer fal-
low to continuous cropping? Evaluation of current
practices suggests an indirect answer based upon
the decisions made by wheat farmers. The percent-
age of the wheat produced on our transect that is

grown using the summer-fallow rotation system
decreases from west to east as mean annual precip-
itation increases (Figure 6). The shape of the func-
tion that describes the rate of decrease suggests that
there is an important change in management sys-
tems at approximately 500 mm mean annual pre-
cipitation. Our analysis of ANPP and PUE suggests
two answers to the efficiency question based upon
estimates of how the amount of water received in
precipitation is translated into aboveground bio-
mass production. First, the average PUE for sum-
mer-fallow wheat for the entire region (generated
from the spatial model) is 0.2 g ANPP m22 mm21

mean annual precipitation; all wheat systems re-
ceiving more than 395 mm precipitation y21 have a
lower PUE than this value (Figure 4). This analysis
suggests that 395 mm annual precipitation repre-
sents a reasonable estimate of the point at which
wheat-fallow systems are no longer efficient (be-
cause they are below the average), and a level at
which continuous cropping may be an appropriate
management strategy. Second, the simple compar-
ison of wheat versus native grassland responses to
mean annual precipitation (the spatial models, Fig-
ure 3) suggests that wheat is more productive than
grasslands below 570 mm. At mean annual precip-
itation less than 570 mm, the efficiency of the sum-
mer-fallow management system results in an in-
crease in ANPP compared with native grasslands
despite the fact that production only occurs once
every 2 years. Above 570 mm annual precipitation,
summer-fallow winter wheat is less productive
than the native grasslands, suggesting that the spe-
cies and management system are not optimal for

Figure 6. Relationship between the average percentage
of the wheat-growing area of the transect on which the
summer-fallow system is used (1970–1996) and mean
annual precipitation. The lines are regressions fit to the
data (summer fallow (%) 5 106.2 2 0.22 *MAP (mm);
r2 5 0.48; n 5 9; summer fallow (%) 5 232.3 2 0.28
*MAP (mm); r2 5 0.92; n 5 12).
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these precipitation regimes. It is likely that contin-
uous cropping would result in higher production.

Comparing ANPP of summer-fallow wheat di-
rectly with ANPP of continuous wheat across the
gradient results in a different view of the utility of
the summer-fallow management system (continu-
ous wheat data from http://www.usda.gov/nass/
sso-rpts.htm (Figure 7). ANPP data indicate that at
every point across the transect, continuously grown
wheat is more productive than wheat grown under
the summer-fallow management system. On aver-
age, continuously grown wheat is 1.7 times more
productive than summer-fallow wheat (ANPP con-
tinuous 5 1.75 *summer fallow 2 27; r2 5 0.84;
n 5 19).

Many recent studies have questioned the utility
of summer-fallow rotation in the Great Plains
(Dhuyvetter and others 1996; Kolberg and others
1996; Peterson and others 1996; McGee and others
1997; Farahani and others 1998a, 1998b). In all of
these studies, a more intense cropping strategy
(larger number of crop cycles per unit area per unit
time) was superior to the summer-fallow rotation,
with respect to productivity, economic risk, and
organic matter storage. For example, Dhuyvetter
and others (1996) reported that in Kansas a wheat-
sorghum-fallow rotation had lower economic risks
than wheat fallow. Their general conclusion for the
Great Plains was that intensive rotations with min-
imal tillage were more costly to implement than
wheat fallow, but they also resulted in greater net
returns and lower financial risks. Kolberg and oth-
ers (1996) compared wheat-corn fallow with wheat
fallow and found that grain production per unit
nitrogen uptake was 70% greater with the more
intensive system and required only a 44% increase

in nitrogen application. Peterson and others (1996),
McGee and others (1997), Farahani and others
(1998a; 1998b) all explored issues with water use in
wheat fallow rotations and concluded that increas-
ing cropping intensity resulted in an increase in the
amount of water that went into crop production
compared with that lost by evaporation. Wood and
others (1991) reported that increased cropping in-
tensity increased soil organic matter storage over
conventional wheat-fallow rotations.

Given our results and the accumulating evidence
from the literature that summer-fallow wheat rota-
tions are less productive than several other alterna-
tives, why does anyone continue to use summer-
fallow management? The most likely reasons are
related to economics, federal programs, and tradi-
tion. Dhuyvetter and others (1996) analyzed eco-
nomic returns from 10 locations in the Great Plains
and found that they were greater on 9 of the 10
when crops were grown on 67%–75% of the area.
They also found that federal payments represented
from 30% to almost 70% of economic returns.
Planting restrictions and penalties associated with
federal programs limit alternatives to wheat-fallow
rotations. Finally, because more intensive rotations
may require additional investments in equipment
and certainly require more effort and investment,
many farmers may be reluctant to change from
their established patterns of cropping.

If our analysis is correct, then a large part of the
Great Plains that is currently under the summer-
fallow management system with alternate year
cropping could be converted to continuous crop-
ping. This conversion would have very significant
ecological and economic effects on the region.
Grain yield per unit area could effectively be dou-
bled (a factor of 1.75 in our analysis) for the con-
verted area. Carbon balance could be dramatically
shifted as well, for two reasons. First, carbon inputs
would increase as a result of a crop being grown
every year. Second, the cultivation associated with
maintaining summer-fallow fields is widely recog-
nized to dramatically increase both decomposition
and erosion rates (Alway 1909; Haas and others
1957; Aguilar and others 1988; Burke and others
1989); reducing cultivation frequency by continu-
ous cropping potentially could decrease carbon
losses from systems.
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