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ECOLOGICAL IMPACT OF HISTORICAL LAND-USE PATTERNS IN THE
GREAT PLAINS: A METHODOLOGICAL ASSESSMENT
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Abstract. This paper demonstrates a method for using historical county-level agricul-
tural land-use data to drive an ecosystem model. Four case study counties from the U.S.
Great Plains during the 19th and 20th centuries are used to represent different agroeco-
systems. The paper also examines the sensitivity of the estimates of county-level ecosystem
properties when using different levels of detail in the land-use histories. Using weighted
averages of multiple-model runs for grassland, dryland cropping, and irrigated cropping
improved prediction over a simple, single-run approach that models the prevailing land
use. Model runs with the same land use and environment generally reach similar levels of
soil carbon and nitrogen mineralization after ~50 years, no matter when they began, with
faster convergence for irrigated cropland. Model results show that cultivation of grasslands
results in large losses of soil carbon and an increase in soil nitrogen mineralization for the
first 20-30 years of cultivation, which is followed by low soil carbon loss and nitrogen
mineralization 50 years after cultivation started. The recently observed increasein irrigated
agriculture in the central and northern Great Plains (2.7 million ha) has resulted in a net
carbon storage of 21.3 Tg carbon, while irrigated cotton production has resulted in a net

loss of 12.1 Tg carbon.
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INTRODUCTION

In recent years, scientists have expressed consider-
able interest in understanding the impact of historical
land-use patterns on natural and managed ecosystems
(Ojima et al. 1993, Houghton 1994, Ramankutty and
Foley 1999, Parton et al. 2003, Palm et al. 2005). Spe-
cifically, there is interest in how changes in land use
have shaped the carbon budget, trace gas fluxes, and
nutrient cycling, as well as the overall sustainability of
ecosystems at local, regional, and global scales (Mat-
son et al. 1997, Del Grosso et al. 2002a, b). This in-
terest is driven by concern regarding the impact of
anthropogenic activities on greenhouse gas fluxes and
the impact of greenhouse gas concentrations on the
global climate system. This scientific concern has led
to numerous efforts to quantify historical land-use pat-
terns at regional and global scales. Newly available
historical land-use data are being used to drive eco-
system models capable of simulating changes in eco-
system dynamics resulting from observed historical
land-use patterns.

The historical land-use data needed to drive ecosys-
tem models in the Great Plains include information
about temporal changes in crop rotations, tillage prac-
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tices, inorganic and organic fertilizer additions, crop
yields, crop harvesting practices, crop varieties, and
planting and harvesting dates. Thistype of information
is available in electronic format for dates after about
1960, but the information for dates prior to 1960 is
much less complete, difficult to compile, and is not
generally available. A number of research groups are
attempting to collate this type of historical land-use
data at regional and global scales and in a consistent
electronic format so it can be used to drive ecosystem
simulation models (Ramankutty and Foley 1999). The
U.S. Agriculture Census Data contains many of the
elements required for this purpose beginning as early
as 1850; similar databases exist for historical land-use
patternsin Europe and other devel oped countries, while
there are less informative data for most other |ocations.

The primary goal of this paper isto demonstrate how
detailed land-use data can be linked to ecological mod-
els and then to evaluate the sensitivity of those model
resultsto different levels of information about temporal
changes in historical and dominant land-use practices.
Specifically, we link the CENTURY Agroecosystem
Model (Parton et al. 1993) to detailed land-use data
from four counties in the U.S. Great Plains (Hamilton,
Nebraska; Pawnee, Kansas; Hockley, Texas; and Ram-
sey, North Dakota). The land-use data are primarily
derived from U.S. Agricultural Census Data, available
on a 5- to 10-year basis since the 1870s, and are main-
tained in the Great Plains Population and Environment
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Database (Gutmann et al. 1998, Gutmann 2000; avail-
able online).* The selected counties represent a variety
of land-use patterns in the Great Plains, including dry-
land agriculture, irrigated agriculture, grazing, and the
implementation of the Conservation Reserve Program
(CRP) on land previously used for other purposes
(Mitchell 1988).

The U.S. Agricultural Census Data contain county-
level information about planted and harvested acreage
and production for major crops, as well as acreage de-
voted to grazing and total farmland. Additional infor-
mation, including the economic value of harvested
crops and other products, numbers of livestock, and
land in soil conservation programs is also available.
We used other data sources for information about tem-
poral changesin inorganic fertilizer levelsfor different
crops (Skinner 1931, Ross and Mehring 1938, USDA
1938, 1946, 1954, 1966, Smalley et al. 1939, Ibach et
al. 1964, Ibach and Adams 1967, Alexander and Smith
1990, ERS 1994, 2003, NRIAI 2003), and descriptions
of dominant crop rotations (Chilcott 1907, Spillman
1908, Briggs and Belz 1910, Kezer 1917, Piper et al.
1924, Wooten 1924, Sewell and Call 1925, Steinel
1926, Hardies and Hume 1927, Bonnen and Rogers
1928, Ellsworth 1929, Rogers and Elliott 1929, Hodges
et al. 1930, Bonnen and Elliott 1931, von Trebra and
Wagner 1932, Elliott 1933, Hargreaves 1993, Hurt
1994, NRI 1997, CTIC 1998, Miner 1998, Brenner et
al. 2002). The crop rotation data include information
about tillage practices, crop varieties, planting and har-
vest dates, crop harvest practices, and organic fertilizer
application for the dominant crop rotations used in the
United States during the last 150 years.

These detailed land-use data were used to develop
CENTURY model schedule files that describe year-to-
year changes in agricultural land use during the last
150 years. CENTURY model land-use schedule files
were developed for dryland agriculture, irrigated ag-
riculture, grazing land and CRP land, and were applied
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to each county. For this paper, CENTURY model runs
were designed to simulate changes in nitrogen min-
eralization and soil carbon levels resulting from his-
torical land-use practices. Model runs were also de-
signed to assess the sensitivity of ecosystem dynamics
(soil carbon and nitrogen mineralization) to the degree
of detail used to represent observed temporal changes
in land-use patterns and the number of cropping sys-
tems used to represent ecosystem dynamics. This ap-
proach was designed to answer a series of specific
methodological questions, whichwewill explain, along
with the approach we used to answer them.

CENTURY model description

CENTURY is a generalized ecosystem model that
simulates the dynamics of carbon (C), nitrogen (N),
and phosphorus in grassland, forest, savanna, and crop
systems (Metherell et al. 1993, Parton et al. 1993). The
model includes plant production, nutrient cycling, wa-
ter flow, and soil organic matter submodels (Fig. 1).
The plant production and water flow models use month-
ly time steps, while the nutrient cycling and soil organic
matter submodels use weekly time steps. Observed
monthly precipitation and average daily maximum and
minimum temperatures are the major abiotic drivers
for the model. Soil texture, bulk density, soil depth,
soil field capacity, and wilting point are the major soil
input variables. The model has been well tested using
observed plant production, soil organic matter, and nu-
trient cycling data from crop, grassland, and forest sys-
tems (Parton et al. 1993, Parton and Rasmussen 1994,
Kelly et al. 1997). The cropping system and grassland
components of CENTURY have been tested exten-
sively, showing that the model can correctly simulate
the impact of different cultivation practices (Metherell
et al. 1995), cropping systems (Kelly et al. 1997), and
organic and inorganic fertilizer applications (Paustian
et al. 1992) on observed changesin soil C and N levels,
soil nitrogen mineralization, and crop yields.

The CENTURY model calculates potential plant pro-
duction and nutrient uptake as a function of soil water
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stress, leaf area index, and soil temperature, and then
limits plant production based on soil nutrient avail-
ability. Soil nutrients are mineralized as a result of
decomposition of dead plant material and soil organic
matter pools. The soil organic matter submodel in-
cludes dead plant material and three soil organic matter
pools (active, slow, and passive). A complete descrip-
tion of the structure of the CENTURY model and the
equations used to describe carbon and nutrient flows
are presented by Parton et al. (1993). Soil C and N,
and N mineralization rates, represent values for the 0—
20 cm soil depth.

The CENTURY model is designed to represent the
impact of land-use changes on ecosystem dynamics. To
accomplish this, it makes use of schedule files that
define the land use and management practices for each
month of the year during the time period (retrospective
or prospective) for which the model is run. The model
has a software package (Metherell et al. 1993) that
allowsthe model user to definetiming of different land-
use management practices and includes a library of
crop tillage practices, inorganic and organic fertilizer
amounts, harvest practices, tree removal practices, tree
and grass burning practices, and different crops, trees,
and grasses. For example, the user can specify the crop
to be grown, the planting date of the crop, tillage
events, fertilizer applications, and types of harvest for
the crop. The CENTURY model has been parameter-
ized for the major crops, grasses, and trees grown in
the world and can be easily adjusted to represent them
specifically at agiven site by creating anew crop, grass,
or tree to be included in the library. The next section
of the paper will discuss how the Great Plains land-
use data were collected and give examples of how the
data were used to construct CENTURY schedule files
(crop management files).

The U.S. Agriculture Census Data for the four coun-
ties report area harvested and production, allowing us
to calculate county-level crop yield data for the major
crops (corn, wheat, and cotton). Because separate
yields for irrigated and nonirrigated land are not gen-
erally available, estimated crop yields were calculated
by weighting the simulated crop yields for the dryland
and irrigated runs based on the fraction of the total
observed harvested area that was either irrigated or
dryland and then compared with the observed total
county crop yield. These data were used to test CEN-
TURY model-simulated crop yields for corn, wheat,
and cotton for the four counties during the last 100
years. Fig. 2 shows the comparison of observed and
simulated corn yields for Nebraska and wheat yields
for Kansas. The model results compare well with the
observed yield data, and they show the observed pat-
tern of low yields prior to 1940 and increasing yields
from 1940 to 1980. An aggregated comparison of sim-
ulated and observed crop yields for all of the counties
show that r2 = 0.92, r2 = 0.38, and r2 = 0.37, respec-
tively, for corn, wheat, and cotton.
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Fic. 2. Comparison of simulated vs. observed (a) corn
yield in Hamilton County, Nebraska (NE), and (b) wheat
yields for Pawnee County, Kansas (KS), USA, for the years
1880-1996.

Land-use change data

The primary data for describing land-use change
come from the U.S. Agricultural Census tabulations
from 1850 to 1997. In order to achieve successful re-
sults in both our models and in our interpretation of
the historical record, we made a number of simplifying
assumptions. These assumptions allowed us to present
a stylized view of past land use and environmental
change while still preserving the broad outlines of real
experience. This paper tests the accuracy of the esti-
mates made by the CENTURY model with specific data
(see Fig. 2), and evaluates different strategies for de-
signing model runs.

Our stylized view of the transformation of agricul-
tural land use over time implies a series of transitions
from certain patterns of land cover/land use from the
mid-19th century until the present. We assume, first,
that all the land in our study counties was initially
covered in native grasses. Some time after that, Eu-
ropean settlement began, and over some period of time
(generally 20-50 years), native grasses were plowed
up and dryland crops were planted. Later, irrigation
was introduced, generally, but not always, to replace
dryland cropping. Finally, some land in dryland crop-
ping was converted back to grassland through CRP.

The data available from the agricultural censuses
give us sufficient detail to understand the processesjust
described. Every ten years from 1870 until 1920, and
roughly every five years since, the census records the
amount of land harvested by crop, which can be
summed to total cropland. In most years, the amount
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of cropland harvested is also divided into irrigated and
nonirrigated land, so that we could separate irrigated
cropland from dryland cropland. Finally, beginning
with the 1987 Census of Agriculture, the amount of
land in each county contracted to CRP is listed.

One of the most important assumptions we made is
that, in each county, there is a single dominant cropping
structure and rotation at any given time. For example,
while we may know the distribution of cropped acreage
within a county among a variety of crops (say corn,
wheat, sorghum, hay, etc.), we represent all thedryland
acreage in a county with a single set of crops and ro-
tations. In other words, we have performed our analysis
based on the assumption that all the dryland agriculture
within a county operated in one way, and all the irri-
gated agriculture in a different way, even if we know
that there was some diversity of practices between
farms, or even on a single farm. We used the observed
farming practices, which have changed over time, im-
plying that the single set of dryland farming practices
may have been different in 1920 from 1940 or 1960.
Beyond that, the most important assumptions we made
about the land-use data are the following: (1) Total land
in pasture was equal to the difference between total
cropland and total land in the county. (2) The dryland
cropping areawas equal to the difference between total
cropland and land in irrigated production.

Fig. 3 shows the changes in land area in irrigated,
dryland, pastureland, and CRP land during the last 150
years for the four counties. For Hamilton County, Ne-
braska, most of the plow-out of grassland occurred dur-
ing the 20 years from 1870 to 1890. There was a large
increase in irrigation from 1950 to 1980, and a trivial
amount of CRP land. The increase in irrigated land
primarily came from dryland cropping because the
grassland area changed little from 1950 to 1980. The
Pawnee County, Kansas, data show that the major
grassland plow-out started in 1880 and continued until
1930. Irrigation did not start until 1960, with most of
the irrigated land coming out of dryland cropping.
There was a substantial amount of dryland cropping
that transitioned into CRP land during the 1980s and
1990s. Hockley, Texas, represents the southern Great
Plains, where plow-out of grasslands started in 1925
and was almost complete by 1950. Irrigation of cotton,
the main crop in Hockley, began in 1940, increased to
its maximum land area by 1960, and primarily came
from grassland. Grassland area decreased, while dry-
land cropping remained fairly constant from 1940 to
1970. Ramsey, North Dakota, represents the northern
Great Plains, where the plow-out of grassland primarily
occurred from 1880 to 1920; there has been minimal
irrigated cropping and <5% of the land has been con-
verted to CRP. Unfortunately, the agricultural census
data does not specifically allow us to determine prior
land use when large land areas are added to new land
uses such as the irrigated land added during the 1960s
and 1970s. In some cases, we can draw strong infer-
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Fic. 3. Observed changesin county land areafor dryland
crops, irrigated crops, grassland, and Conservation Reserve
Program (CRP) for (a) Hamilton, Nebraska (NE), (b) Pawnee,
Kansas (KS), (c) Hockley, Texas (TX), and (d) Ramsey, North
Dakota (ND).

ences about the prior land use, such as the Hamilton,
Nebraska, data showing that irrigated land came from
dryland cropping, while in Pawnee, Kansas, it is more
difficult to determine the prior land use of the added
irrigated land.

In recent years, each county has had a distinctive
cropping pattern. In Hamilton County, Nebraska, the
primary crops are winter wheat and corn with both
crops planted annually because there is sufficient rain-
fall. Dryland winter wheat and corn were dominant
prior to 1950, but irrigated corn is currently the dom-
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inant cropping system. In Pawnee County, Kansas, the
primary crops are dryland winter wheat, using both
wheat/fallow and continuous wheat-cropping systems.
Sorghum and cotton are grown in Hockley County,
Texas, with irrigated cotton being the dominant crop
at the present time. In Ramsey County, North Dakota,
the primary crops are spring wheat grown in both
wheat/fallow and continuous wheat-cropping systems.

The information on historical cropping practices
used for the four county CENTURY simulations was
gathered from avariety of sources with differing scales
of coverage that ranged from the experience of asingle
farmer (Miner 1998) to the information recorded in
national databases (NASS 1995-1999). The goal was
to gain as much knowledge as possible from the time
of plow-out and the ‘‘pioneer’” stage of subsistence
farming until modern farming regions and practices.
Information on individual crops and early crop rota-
tions was gathered from literature dating as far back
as the horse-drawn era of the late 1880s (Shelton et al.
1889, Georgeson et al. 1890, Spillman 1902, 1905,
Clark 1904, Carleton 1914) through the emergence and
eventual dominance of today’s technologies (Chilcott
1910, Leighty 1938, Kifer et al. 1940, Haas and Evans
1957, Bogue 1963, Cochrane 1993, Hargreaves 1993,
Hurt 1994, NRI 1997, CTIC 1998, Miner 1998, Sisk
1998, USDA FSA 2000, Brenner et al. 2002, NRIAI
2003). Data were also accumulated on the changing
use of manure and inorganic fertilizers (Brooks 1901,
Anonymous 1924, Fraps and Asbury 1931, Skinner
1931, Ross and Mehring 1938, Salter and Schollen-
berger 1938, USDA 1938, 1946, 1954, 1966, Smalley
et al. 1939, Ibach et al. 1964, Ibach and Adams 1967,
Alexander and Smith 1990, ERS 1994, 2003, Lander
and Moffitt 1996, NRIAI 2003). Many early studies of
cropping systems by region were investigated (Holmes
1903, Warren 1911, Smith 1912, Kezer 1917, Wallace
and Bressman 1923, Sewell and Call 1925, Steinel
1926, Bonnen and Rogers 1928, Elliott and Tapp 1928,
Ellsworth 1929, Hodges et al. 1930, Bonnen and Elliott
1931, Throckmorton and Duley 1935, Matthews and
Cole 1938). One such study by Elliott (1933), subdi-
vided the United States into 14 major farm types and
over 500 subregions. These databases were used to con-
struct CENTURY schedule files that describe changes
in crop rotations, tillage practices, crop varieties, har-
vest practices, and fertilizer inputs by time period for
the state level major land resource area (MLRA) re-
gions in the United States (USDA SCS 1981). From
this universe of background information, we construct-
ed CENTURY schedule files for the dominant irrigated
and dryland crop rotation in each of the four counties
for the current CENTURY model runs.

These historical farming practices were used to de-
sign four CENTURY schedule files for each county,
each representing the record of farming practices for
one of the four land-use practices: grassland, dryland
cropping, irrigated cropping, and CRP. In effect, we
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Fic. 4. Historical changesin the crop rotations and sched-
ule file for irrigated and dryland cropping in Hamilton, Ne-
braska.

used the histories to tell us what crop rotations were
predominant at different times, and how farming prac-
tices changed over time. Generally speaking, dryland
cropping rotations were the first, beginning after the
grasslands were plowed out for cultivation.

As an example, Fig. 4 shows the dominant crop ro-
tations for dryland and irrigated agriculture in Ham-
ilton County, Nebraska. In order to make the CEN-
TURY model perform in a satisfactory way, all the
models were started in the year 0 and were run with
stable, moderately grazed grassland until at least 1880.
The dryland system used a corn—-wheat—fallow rotation
from 1880 to 1940, a corn—wheat rotation from 1940
to 1950, and continuous dryland corn from 1950 to
2000. The irrigated schedule file used the same sched-
ule as dryland (corn—wheat—fallow) prior to 1940 be-
cause there was essentially no irrigation prior to 1940
and land that was moved into irrigation came from
cultivated dryland agriculture. Irrigated land used a
corn—corn—sorghum rotation from 1940 to 1960, a con-
tinuous corn rotation from 1960 to 1990, and a corn—
corn—soybean rotation after 1990. Irrigated land added
after 1940 used the dryland schedule file until the start
of irrigation, and the appropriate irrigated schedulefile
after irrigation began. For CRP land, we used the dry-
land schedule file until 1987 and then started a grass-
land that was not grazed or fertilized. The grassland
schedule file assumed that there was moderate grazing
during the whole model run (0—2000).

Fig. 4 shows the information required to build a
CENTURY schedule file: For each month of each sim-
ulation run, the user needs to specify a detailed land-
use and land-management record. For example, during
the first year of the irrigated corn—corn—sorghum ro-
tation, the soil is cultivated in April, planted with corn,
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TABLE 1.
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Historical changes in area in grassland, dryland, cropping, irrigated cropping, and

Conservation Reserve Program (CRP) for Hamilton County, Nebraska, USA, with the area-

weighted percentage for each model run.

Dryland Irrigated CRP
Weighted Weighted area Grassland
Year Area (ha) percentage Area(ha) percentage (ha)t area (ha) T
1880 45668 6.82 0 0 0 93286
1890 91969 6.92 0 0 0 46 985
1900 107 138 2.27 0 0 0 31816
1910 107 138 0.00 0 0 0 31816
1920 108 206 0.16 0 0 0 30747
1925 109938 0.26 0 0 0 29016
1930 110998 0.16 0 0 0 27956
1935 114160 0.47 0 0 0 24794
1940 114160 0.00 2755 1.98 0 24794
1945 115091 0.14 5510 1.98 0 23862
1950 106 827 0.00 8265 1.98 0 23862
1954 99 768 0.00 15323 5.08 0 23862
1959 72001 0.06 43468 20.25 0 23485
1964 72512 0.20 44298 0.60 0 22144
1969 63251 0.23 55074 7.76 0 20629
1974 48543 0.27 71560 11.86 0 18852
1978 38370 0.75 86 753 10.93 0 13830
1982 38370 0.00 86753 0.00 0 13830
1987 39344 0.30 86753 0.00 611 11840
1992 39344 0.00 87159 0.29 611 11840
1997 39344 0.00 96 208 6.51 611 11840

T Area-weighted percentages for the grassland and CRP runs were 0.44% and 11.69%, re-

spectively.

and cultivated and irrigated in May, cultivated and ir-
rigated in June, irrigated in July and August, and har-
vested in September. Each of the four counties has its
own schedule files for the major land-use patterns for
the historically dominant crop rotations in each region.
An important difference between the four counties is
that, for Pawnee and Hamilton, the irrigated land came
from dryland, while for Hockley, the irrigated land
came from uncultivated grassland. There was negli-
gible irrigation in Ramsey County, North Dakota.

For this project, we undertook a separate CENTURY
model run for each area of land that was plowed out
for dryland agriculture or was added to irrigated ag-
riculture. The area of land added during a given time
period will bethe weight factor used to cal cul ate county
average level carbon and N mineralization rates. Each
area of land added to irrigated and dryland agriculture
has its own schedule file representing the unique his-
tory for that land. For example, dryland agricultural
land converted in 1920 from grassland uses acomposite
schedule file including the grassland schedule infor-
mation until 1920 and the dryland schedul einformation
from 1920 to 2000. Dryland agricultural land converted
in 1930 from grassland would use grassland schedule
information until 1930, and dryland schedule infor-
mation from 1930 to 2000.

Land that underwent two transitions adds more com-
plexity, and we responded with another simplification
in order to reduce the number of model runs and reflect
the limitations of the data. We assumed (as it is not
possible to know the exact time) that the first transition

of land converting from grassland to dryland cropping,
and then later to irrigated cropping, occurred when 50%
of the land converted to dryland agriculture. In our
Hamilton County, Nebraska, example, land in dryland
cropping that converted to irrigated land in 1970 would
use grassland schedul e information until 1890 (the date
when 50% of the land that would eventually be in dry-
land agriculture had been plowed out from native grass-
lands), and would then use dryland schedule infor-
mation from 1890 until 1970, finishing with the irri-
gated schedule information from 1970 to 2000. We also
did not represent land-use transitions where irrigated
land went to dryland or pasture, nor where dryland
cropping systems were transformed to grasslands.
These systems were not represented because more de-
tailed time series of photographic and remote sensing
land-use data are needed to evaluate these land-use
transfers.

Summarizing the model runs

Once the model runs were completed, we summed
the weighted results. Table 1 is the land-use history for
Hamilton County, Nebraska. Between 1870 and 1880,
the first settlers occupied the land, plowing up the
grassland and planting dryland wheat. By 1890, they
had plowed and planted more than one-fourth of the
land in the county, and more than half of the land that
eventually would go into dryland cropping. By 1940,
they gradually added land to the dryland base, with the
last dryland cropping area added during the first half
of the 1930s. Beginning with the 1940 agricultural cen-
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sus, we see irrigated acreage added, with most in place
by 1978. The last significant land-use change leads to
land coming out of dryland farming and going into the
CRP in the 1980s and 1990s. A separate model run is
set up for each time that grassland is converted to ir-
rigated or dryland cropping with 27 runs set up for
Hamilton County, Nebraska. Weight factors for each
run are shown in Table 1; each is the fraction of the
total area in the county represented by a single model
run. This history can be reduced to these four types of
model-building scenarios: (1) Some land (11.7%) stays
in grassland for the entire history of the county (one
model run); (2) some land (18.9%) begins as grassland,
and between 1880 and 1935 is gradually converted to
dry cropland, whereit stays until 2000 (14 model runs);
(3) some land (69.0%) beginsas grassland, is converted
to dry cropland, and between 1950 and 1977 is grad-
ually converted toirrigated cropland, where it stays (11
model runs); and (4) some land (0.4%) begins as grass-
land, is converted in the 1880s to dry cropland, and is
reconverted in 1987 to CRP land (one model run).

MoDEL RESULTS

This section describes the results from the model
simulations for the four counties in the Great Plains.
The results are set up to demonstrate: (1) the impact
of the timing of plow-out, and (2) the system’s sensi-
tivity to including the dominant cropping systems.
Model results will focus on the impact of these changes
on the total system carbon and soil nitrogen mineral-
ization rates. The soil nitrogen mineralization rate is a
good index of soil fertility since availability of soil
nitrogen is one of the primary factors limiting plant
production. Most agricultural systems in the United
States currently add fertilizer to achieve near-maximum
plant production rates. The model runs demonstrate the
potential errors possible in estimating current levels of
N mineralization and soil carbon levels as a function
of the number of agricultural systems included and the
number of computer runs used to represent plow-out
dates for irrigated and dryland agriculture.

Fig. 5 shows the impact of different plow-out dates
(1890—-1969) on the soil carbon and N mineralization
for dryland agriculture in Pawnee, Kansas. The results
show that soil carbon increases (Fig. 5a) for afew years
following plow-out (addition of dead grass roots to the
soil), and then drops by 50% during the next 30 years.
Another 10-15% of the soil carbon is lost from 30 to
60 years after cultivation started. This same pattern of
carbon loss is observed for all of the different dates
when plow-out is initiated. The results show that year
2000 soil carbon levels are lowest for the 1890 plow-
out run and are progressively higher when the plow-
out dateis later (and time period in cultivation is short-
er). This suggests that year 2000 soil carbon levelswill
be overestimated if the assumed plow-out date is later
than the observed plow-out date and underestimated if
it is earlier. However, differences in 2000 soil carbon
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Fic.5. CENTURY model-simulated (a) soil carbonlevels

and (b) soil nitrogen mineralization rates for a dryland crop-
ping system in Pawnee, Kansas (KS), where cultivation of
the native grassland started in 1890, 1930, 1950, and 1969.

levels are <300 g C/m? for the plow-out dates prior to
1950, suggesting that errors associated with estimating
plow-out dates prior to 1950 are relatively minor. The
results from dryland agriculture in Pawnee, Kansas, are
similar to the results from the other three Great Plains
counties (results not shown).

The results for the time series of N mineralization
(Fig. 5b) as a function of time since plow-out (1890—
1969) show that N mineralization increases rapidly fol-
lowing plow-out and stays high for the next 10-15
years. Nitrogen mineralization starts to decrease after
15 years of cultivation reaching values that are 15% of
initial N mineralization rates after 60 years of culti-
vation. The initial increase of N mineralization occurs
because of the release of N associated with the rapid
loss of soil carbon during the first 10-30 years of cul-
tivation. Results from the different plow-out dates
show a similar pattern. The N mineralization rates in
2000 are the lowest for the 1890 plow-out run, but
become progressively higher as the date of plow-out
gets later, and are quite similar for plow-out dates >50
years ago. These results suggest that 2000 N miner-
alization rateswill be overestimated if the assumed date
of plow-out is later than the actual plow-out date, and
that errors associated with estimating 2000 N miner-
alization will be minimal if the time of plow-out is >50
years ago.

The impact of starting irrigation at different dates on
soil carbon and N mineralization was evaluated for
Pawnee, Kansas, where we assumed that irrigated crop-
ping will take place on land that has previously been
cultivated using dryland agriculture techniques. The
results (Fig. 6) show that irrigation will cause soil car-
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Fic.6. CENTURY model-simulated (a) soil carbonlevels

and (b) soil nitrogen mineralization rates for irrigated crop-
ping systemsin Pawnee, Kansas (KS), where cultivation start-
ed in 1890, 1930, 1950, and 1969.

bon to increase relative to values at the beginning of
irrigation if it is started later than 1900, that the dif-
ferent runs approach a new equilibrium soil carbon
level of ~2800 g C/m?, and that the simulated 2000
soil carbon levels are similar for runs where irrigation
was started as late as 1960. The simulated increasesin
soil carbon occur because the irrigated agriculture uses
a higher production corn/alfalfa crop rotation that adds
substantially more carbon to the soil than dryland crop
rotations. These results suggest that errorsin estimating
current soil C levels will be minimal if irrigated ag-
riculture starts before 1960 and that the irrigated corn/
alfalfa rotation approaches a new equilibrium soil car-
bon level quite rapidly (most of the increase occurs
after the first 30 years of initiating the crop rotation).
Theresultsare similar to the results one gets by starting
irrigation at different times for the Nebraska county,
which uses a similar corn/alfalfa rotation. The model
results suggest that ~800 g C/m? has been stored in
the soil after initiation of irrigated agriculture in the
1960s.

The results for N mineralization show a pattern sim-
ilar to those for soil carbon, with near equilibrium lev-
els of ~6 g N-m=2.yr~1. The current values of N min-
eralization ratesare similar for runswheretheirrigation
crop rotation was started before 1960. Increased N min-
eralization results from nitrogen fixation associated
with the alfalfa crop and nitrogen fertilizer additions
to the corn crop after 1960. These results suggest that
errors associated with estimating current N minerali-
zation rates will be minimal if the irrigated crop ro-
tation started prior to 1960.
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Cotton is the main crop in Hockley, Texas, where
both irrigated and dryland cotton are grown. The land-
use data (Fig. 3) show that irrigated land in Hockley
came from grassland soils that had not previously been
cultivated. This contrasts with the Nebraska county,
where irrigation was started on land that had been cul-
tivated using dryland agriculture. Results (Fig. 7) show
that the commencement of irrigated farming causes a
big decrease in soil C, with most of the decreases in
soil C coming during the first 20 years. The results for
the dryland cotton system (not shown) are similar to
their irrigated counterpart, except that soil carbon lev-
€els decrease more rapidly with theirrigated system and
approach lower levels of soil carbon with the irrigated
system (contrasting increase with corn/alfalfa irriga-
tion). The large losses of soil carbon occur because the
cotton system puts relatively small amounts of carbon
back into the soil, and the wetter soil associated with
irrigation enhances the carbon loss by increasing the
decomposition rate in these warmer regions of the
Great Plains (wetter soils have substantially higher de-
composition rates). The results for both the irrigated
and dryland cotton rotations show that soil carbon lev-
els in 2000 are fairly similar (within 400 g C/m?) for
runs whereinitiation of cultivation started before 1970.

Results for Hockley, Texas, show that N minerali-
zation rates increase rapidly (for 10 years) following
initiation of irrigated agriculture, decline for the next
20 years, and then reach an equilibrium at ~75% of
the rates for the undisturbed grassland. The N miner-
alization rates for 2000 are quite similar for all of the
runs where cultivation was started prior to 1970. The
relatively high N mineralization rates after the com-
mencement of irrigated cotton agriculture result from
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Fic. 7. Simulated (@) soil carbon levels and (b) soil ni-
trogen mineralization rates for an irrigated cropping system
in Hockley, Texas (TX), where cultivation started in 1910,
1930, 1950, and 1969.
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FiG. 8. System carbon levels for a single-model run that

started when 50% of dryland cropping occurred compared
with the weighted average of multiple-model runs that rep-
resent the actual timing of dryland cultivation (actual) in (a)
Hamilton, Nebraska (NE), (b) Pawnee, Kansas (KS), (c)
Hockley, Texas (TX), and (d) Ramsey, North Dakota (ND).

the addition of N fertilizer to the cotton rotation after
1940 (30-70 gm N-ha*-yr-1). Clearly these results
demonstrate that errors in estimating the starting date
for the irrigated cotton system will have little impact
on current N mineralization rates if it began before
1970.

Fig. 8 shows the soil C levels obtained when it was
assumed that dryland cultivation started when 50% of
the land was cultivated compared with soil C levels
obtained by using multiple computer runs to represent
the observed cultivation dates. Fig. 3 shows that it
generally took 20—40 years for most of the grassland
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area to be converted to dryland agriculture after cul-
tivation began in Great Plains counties. A set of runs
that represent the actual times when grasslands were
cultivated were performed, and the results were weight-
ed by the area that was cultivated at a given time for
each of the counties (Fig. 8). We will refer to the
weighted average soil carbon levels as the actual soil
carbon level; in contrast to the 50% run, which rep-
resents a single run that imposes the change at the time
when 50% of the change had taken place. The results
for all of the counties show that the 50% run can be
quite different from the actual soil carbon level for up
to 60 years after initiation of dryland cultivation. The
50% run is quite similar to the actual soil carbon level
in 2000, and there is generally little difference between
the actual carbon level and the 50% run after 60 years
of cultivation. These results confirm the conclusion
from the previous results (Figs. 5, 6, and 7) showing
relatively small differences between soil carbon and N
mineralization rates for computer model runswhen cul-
tivation started >50 years ago.

We also set up model runs to evaluate the sensitivity
of county-level total system carbon to the inclusion of
the different major land uses in the county. The major
agriculture systemsin our Great Plains countiesinclude
dryland agriculture, irrigated agriculture, rangeland,
and CRP land. We tested the assumption that all of the
county land could be represented by four alternatives:
the dominant agriculture land use (one land use for all
country land), the top two agricultural land uses, the
top three agricultural land uses, and the top four ag-
ricultural land uses. Fig. 9 shows the comparison of
the total system carbon at the county level (all four
counties) evaluated with the different assumptions
about the number of land uses. With all of these runs
we assumed that initiation of cultivation or irrigation
would start after 50% of the land conversion happened.
The results show that including one or two of the major
land uses can result in significant differences (500 g
C/m? difference for Pawnee, Kansas) from the best es-
timate of total system carbon (all land uses considered),
while including three of the four land uses has soil C
levels similar to the four-land-use runs (lines for the
three- and four-land-use runs are overlapped on the
graphs). In all the counties, CRP has the smallest frac-
tion of land compared to other land uses (<15% of the
land area). This explains why including CRP as the
fourth land use has little impact on total county system
carbon. The results from the CRP land (not shown) for
the different counties show that soil carbon levelswere
increased by 20-50 g C:-m-2yr-* during the first 10
years, and soil N mineralization rates were only in-
creased slightly (<5%).

Table 2 shows a comparison of system-level carbon
and soil N mineralization in the year 2000 derived by
including different combinations of the dominant land
uses. The results show that using only the dominant
land use can result in significant differences in year
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Fic. 9. Comparison of the simulated county-level system
carbon for the model runs that represent the county using the
dominant land use, the top two, the top three, and the four
dominant land usesfor (a) Hamilton, Nebraska (NE), (b) Paw-
nee, Kansas (KS), (c) Hockley, Texas (TX), and (d) Ramsey,
North Dakota (ND). The land-use patterns are different for
each of the counties. The actual land uses included for each
county are shown in Table 2.

2000 system carbon and N mineralization, when com-
pared to the best estimated values derived by using all
of the land uses. The biggest error is for Pawnee, Kan-
sas, while there is little difference for Hamilton, Ne-
braska. Table 2 also shows that year 2000 total system
carbon and N mineralization derived by using the four-
land-use runs (four model runs) are similar to county-
level values derived by using the actual timing of land
conversion (all) for the dominant land uses (30-50
model runs depending on the county). These results
indicate that substantial errorsin year 2000 system car-
bon and N mineralization can result if only the dom-
inant land useis used to represent the county dynamics,
compared with using the three or four most important
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land uses. However, including the actual timing of con-
version of land for different land uses has little impact
on year 2000 values. The insensitivity of year 2000
system C and N mineralization to the detailed repre-
sentation of timing of land-use conversions is consis-
tent with the results in Fig. 8 and occurred from the
fact that most of the major land-use conversions took
place >50 years ago. A comparison of the year 2000
soil carbon levels for the runs with one, two, three, and
four dominant land uses with the soil carbon levelsin
undisturbed grasslands shows that all of the runs do a
reasonable job of representing the large carbon loss
associated with introduction of agriculture and suggest
that even using the simplest representation of land-use
change correctly represents the major loss of soil car-
bon associated with agricultural land-use conversion.

DiscussioN

The main objectives of this paper were to evaluate
the impact of Great Plains historical land-use patterns
on crop yields, soil carbon, and soil N mineralization
for counties that represent the major land uses in the
Great Plains. The paper demonstrates an approach for
using observed changes in land use derived from the
Agricultural Census Data to drive the CENTURY
plant—soil ecosystem model. A set of computer simu-
lations were also set up to evaluate the potential sen-
sitivity of county average soil carbon and N mineral-
ization rates to the degree of resolution used to rep-
resent the timing of plow-out of grasslands, initiation
of irrigated agriculture in the 1960s, and the extent to
which the major agricultural systems (e.g., dryland ag-
riculture, grazing, irrigated agriculture, CRP) are rep-
resented in the model simulations.

The model results for dryland agriculture show a
general pattern of large losses (~50%) of soil carbon
during the first 50 years following plow-out of native
grasslands with most of the carbon loss coming during
the first 20-30 years. Soil N mineralization follows a
general pattern of increased N mineralization for 10—
20 years following plow-out of the grassland, and a
sharp decrease 20-50 years after plow-out with the
rates approaching 20% of grassland levels after 50
years of cultivation. These simulated patterns in soil
carbon and N mineralization are consistent with nu-
merous studies (Haas and Evans 1957, Rasmussen and
Parton 1994), which show rapid losses of soil carbon
following plow-out of grassland soils, stabilization of
soil carbon levels at 50% of initial values after 50 years
of cultivation, and substantial decreases in soil min-
eralization after 50 years of dryland cultivation. The
high N mineralization rates following plow-out of
grassland soils is consistent with the observation that
N fertilizer responses are minimal for dryland wheat
fields in the Great Plains that have been cultivated for
<30 years (Greb et al. 1974, Metherell et al. 1995).

Land-use data from the Great Plains (Fig. 3) show
that one of the major changes in land use during the
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TaBLE 2. Comparison of total system carbon and county-level soil N mineralization in year
2000 for computer runs that only included the dominant land use, the top two, three, and

four land uses.

Top four
Top two Top three  (irrigated,
(irrigated,  (irrigated, dry,
State Grassland Dominantt dry) dry, grass) grass, CRP)  ALL
Soil carbon (g C/m?)
Nebraska 5676 3690 3568 3748 3830 3805
Kansas 5114 2037 2131 2488 2505 2563
Texas 4040 2094 1978 2322 2340 2448
North Dakota 3346 1910 2086 2084 NA 2124
Net N mineralization (g N-m=2:yr-1)
Nebraska 7.6 8.6 8.6 8.5 8.5 8.4
Kansas 8.1 2.0 2.3 3.0 3.0 3.4
Texas 54 4.2 4.1 4.4 4.2 4.3
North Dakota 3.4 11 14 14 NA 15

Notes: County-level system soil carbon and N mineralization in year 2000 derived by in-
cluding all of the four dominant land uses (CRP, Conservation Reserve Program). The actual
timing of conversion of land to dryland, irrigated, and CRP land uses is also presented (All).
The undisturbed grassland soil carbon and N mineralization rates for year 2000 are also pre-
sented. Each county has a different set of dominant land-use patterns.

T The dominant land use isirrigated agriculture for Nebraska and dryland for Kansas, Texas,

and North Dakota.

last 50 years has been the dramatic expansion of irri-
gated agriculture from 1960 to 1980 with over 2.7 mil-
lion ha of irrigated land being added during that time
period. In the northern and central Great Plains, corn
and alfalfa are the major crops grown on the irrigated
land, while cotton is the dominant crop grown in the
southern Great Plains (Texas and Oklahoma). The land-
use data suggest that most of the irrigated land in the
northern and central Great Plains was land that had
been previously cultivated using dryland agriculture.
The model results (Figs. 2 and 7) from Pawnee and
Hamilton Counties show that starting irrigated corn/
alfalfa rotations in the 1960s resulted in substantial
increases in crop yields, soil carbon levels, and soil N
mineralization rates. Most of the increases in soil car-
bon and N mineralization occurred from 1970 to 1990
because of the large increases in the amount of carbon
(300—400 g C:'m-2yr-* added as corn stover) and N
(100-150 g N-m-2-yr-1 fertilizer) added to the system
with irrigated agriculture. Model results indicate that
soil carbon levels increased by >800 g C/m? for irri-
gated land in Pawnee and Hamilton Countiesfrom 1970
to 2000. Extrapolating these carbon accumulation rates
to the 2.7 million ha of irrigated land added from 1960
to 1980 for the central and northern Great Plainswould
result in 21.3 Tg of carbon sequestered in the soil.
The results from Hockley, Texas, for irrigated crop-
ping stand in contrast to our results and show that ir-
rigation of native grasslands results in large losses of
soil carbon (2000 g C/m?) after 30 years of cultivating
using atypical cotton rotation. The simulated |osses of
soil carbon are aresult of the enhanced decomposition
resulting from irrigation and relatively small inputs of
plant carbon to the soil system (100 g C-m~2-yr—1) from
the cotton rotation. This contrasts with the corn/alfalfa

system in the central Great Plains where 400-500 g
C-m~2yr—!is added to the soil. Comparison of the car-
bon levels for the dryland and irrigated rotations (Figs.
5 and 8) in Hockley, Texas, show that soil carbon levels
are lower for the irrigated runs in spite of the fact that
carbon inputs are higher for the irrigated rotation and
demonstrate the impact of irrigation on increasing soil
decomposition rates. Combining the warmer air tem-
peratures of the southern Great Plains with irrigation
resultsin very high soil decomposition rates. This sug-
gests that it is difficult to store carbon using irrigation
rotations in the southern Great Plains unless inputs of
plant residues are substantial. Extrapolating the sim-
ulated large losses of soil carbon from irrigated cotton
cultivation in Hockley, Texas, to the 0.6 million ha of
irrigated cotton land in the southern Great Plainswould
resultin 12.1 Tg of carbon lost from the soil (compared
to 21.3 Tg sequestered in irrigated soils in the central
and northern Great Plains).

A series of computer runs were set up to determine
the sensitivity of county-level total system carbon and
soil N mineralization rates to the approaches used to
represent land-use history in ecosystem models. A typ-
ical way to represent land-use history for a given coun-
ty is to only represent the dominant land use and as-
sume that the conversion of natural systems to agri-
cultural systems occurs at a specified time (Schimel et
al. 2000, Del Grosso et al. 2002a). Model results sug-
gest that using a single model run (started when 50%
of the county has been converted to cropland) to sim-
ulate conversion of grassland to cropland will result in
substantially different estimates of soil carbon and N
mineralization compared to a detailed representation of
the timing of cropland conversion if the time period
after conversion to cropland is <50—-60 years. Detailed
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representation of the timing of cropland conversion has
little impact on estimates of soil carbon and N min-
eralization rates if conversion of land to cropland start-
ed >60 years ago. The model results show that irrigated
cropping rotations can reach near equilibrium levels of
soil carbon and N mineralization rates sooner (20—30
years) than dryland crop rotations, and that N miner-
alization rates tend to converge more rapidly to equi-
librium levels than soil carbon levels. The results sug-
gest that uncertainty in estimating the timing of con-
version of grasslandsto crop land will havelittleimpact
on soil C and N mineralization rates if the initiation of
cropland conversion started >50-60 years ago for dry-
land systems and 30—40 years ago for irrigated sys-
tems. Using only the dominant cropping pattern to rep-
resent a county can lead to substantial errors in sim-
ulating soil carbon and N mineralization rates; this sug-
gests that all of the major cropping systems (>80% of
the land use) should be represented when simulating
the ecosystem dynamics of acounty. Simulation results
indicate that the ecosystem dynamics of the four Great
Plains counties studied here could be well represented
by using four dominant crop rotations to represent the
major land-use patterns in each county (e.g., grass-
lands, dryland crops, irrigated crops, CRP land) and
start the timing of major land-use conversions when
50% of the land has been converted from one land use
to another. Our results suggest that the simulated total
carbon loss due to cultivation of Great Plains' soilsin
year 2000 is relatively insensitive to assumptions about
when cultivation started; however, the time series of
carbon loss during the last 150 years is sensitive to
assumptions about when cultivation started. Theresults
show (Fig. 6) that most of the carbon loss due to cul-
tivation occurred during the 50 years following initi-
ation of cultivation. Thus, studies that are interested in
evaluating the time series of carbon loss from land-use
change need to know the date when cultivation of na-
tive ecosystems starts and note that most of the land-
use conversion will occur during the 30—40 year period
following the initiation of cultivation (see Fig. 3).
This paper has demonstrated that the U.S. Agricul-
tural Census land-use data are quite useful for showing
the magjor historical changes in agricultural land-use
practices (e.g., major expansion of irrigated land from
1960 to 1980); however, the data is not as definitive
for determining prior land use that was converted to
new land use (e.g., expansive irrigation in the 1960s).
Theresults from the modeling effort have demonstrated
that the purpose of the initial land use before it was
converted to agricultural land can make a difference.
For example, Fig. 6 shows that the initial soil carbon
and N mineralization rates for dry agricultural land
converted to irrigated land would be much lower com-
pared to the initial rates when native grassland is con-
verted to irrigated land. The only way to determine the
land-use conversions for a specific land area is to use
historical remote sensing or photographic data sets.
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Clearly, the combination of the U.S. Agricultural Cen-
sus Data and historical remote sensing land-use and
photographic data is an approach that should be used
to determine the dominant patterns for agricultural
land-use transitions.
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