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Abstract

We usd an eoosydem modd copled to a Geogrgphic  Informetion Sydem (GIS) to Smulae etid  vaiahili-
ty in storage and fluxes of C and N within grassland ecosystems. The GIS contained information on driving
variables required to run the model. These were soil texture, monthly precipitation and monthly minimum
ad maximum tempaaures We ovalayed pdygon mges of the aove vaiddes to produce a diving vaiade
map o our dudy rggon The find mep hed 768 poygosin 160 unique deses The eoosydem modd wes
run to a steady state for each class and NPP, soil organic matter (SOM), net N mineralization and trace gas
emission weae mgoped bak into the GIS far diglay. Vaidion in dl of the above propatiess ooccured within
the region. NPP was primarily controlled by climate and patterns followed spatial variation in precipitation
dody. Sal oganic mate, in contredt, wes conrdlled largdy by <ol tedure within this dimaic range Error

associated with aggregation within the study area showed that spatial averages over the study area could be
used to drive simulations of NPP, which is linearly related to rainfall. More spatial detail had to be preserved
for accurate smulation of SOM, which is nonlinearly related to texture. Mechanistic regional models form

a valuable link between process studies and global models.

1. Introduction

Recently much attention has been focused on spa-
tial patterns in ecosydem propaties a& scdes rang-
ing from microtopographc to global (Pastor et al.
1984; Schimel et al. 1985, 1988; Rosswall et al.
1988). In many studies, spatial variation is used as
a tool for examining multiple controls over pro-
cesses, quch & the intgadions of moisure, temper-
ature, and texture in controlling soil organic matter

turnover or net primary productivity (Burke et al.
1989; Sala et al. 1986; Schimel et al. 1985 and
many others). Clearly, heterogeneity in soils,
hydrology and vegetation will modulate the effects
of globa environmental change at landscape and
regond <des (Adke 1989, Schimd et al. in prex).
Regional data on CO, and trace gas fluxes must in-
clude knowledge of spatia variability for uncer-
tainty analysis of globa budgets (Schimel et al.
1988; Bowden 1986; Folorunzo and Ralston 1984;
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Fig. 1. Study areain northeastern Colorado used for the geo-
referenced ecosystem simulation model. Boundaries denote
counties, with Weld County split into two soil survey areas.

Bolin and Cook 1983). Proces levd, regiond-scde
models are an essential intermediate between un-
derstanding of plant and microbial processes and
modeling of global biogeochemical cycles.

The linkage of ecosystem simulation models to
geographic information systems provides techno-
logical support for analyzing spatial variability in
ecosystem properties and processes. Mgjor con-
trdling vaisdes over eosydem procesess have in
herently different patterns and scales of variation.
A geographic information system (GIS) is an ap-
propriate tool to integrate databases as multiple
layers of driving variables for modeling ecosystem
processes. Across any region, interactions among
driving variables are complex; simulation modeling
is an important tool for analyzing such interac-
tions. The combination of ecosystem simulation
models and geographic information systems is a
powerful tool for spatia integration of biogeo-
chemical cycling-rates and storage.

This paper will address the application of an
ecosystem simulation model, Century, to a geo-
graphic information system of driving variables for
the prediction of ecosystem state variables and
processes in U.S. Central Grasslands. Previous
regional applications of Century have been limited
to gpatia variation of climate variables only, with

no inclusion of the regiona variation in soils or
management (Parton et al. 1987, 1988; Schimmel
et al. 1989; Cole et al. 1988). In this study, we
conducted an analysis of the grasslands of eas-
tern Colorado using both climate and soils data-
bases.

2. Methods

The aea we doe for adyds wes the notheetem
quarter of Colorado (Fig. 1), extending from lati-
tude 39°35’ to 41 and longitude 1027 to 105°1, and
comprisng 9 ocounties

2.1. Century Ecosystem Model Description

Century (Fig. 2) was developed to simulate grass-
lad s/dams end hes ben desribad edendvdy in
the literature (Parton et al. 1987, 1988). The modd
wes desgned to regire a minmum rnuvba o site-
gedfic inpuis for modding of ecosydem  processes
using monthly time steps for long time periods,
hence the name Century. Processes represented in-
clude plant production, alocation of plant residue
and mgjor elements into several organic matter
fractions, mineralization of those elements into in-
oganic fom, and recyding into plant  components
Atmospheric inputs and outputs are included in the
model. Century has aso been modified to include
cropping practices with various levels of residue
return (Cole et al. 1988) and grazing influences
(Holland 1988).

Of paticuar rdevance to this sudy ae the inclu-
sion of climate and soil texture as driving variables
for production and decomposition in the model
(Fig. 2). Required input variables are mean month-
ly maximum temperature, mean monthly minimum
temperature, mean monthly precipitation, and soil
sand content. Precipitation drives net primary
production, which is condrained by nurient availa-
bility. Precipitation and temperature are combined
into a climatic decomposition parameter, controll-
ing the rate of decomposition of plant residue and
all fractions of soil organic matter. Conversion of
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Fig. 2. Geneal smcwre of the Century ecosystem model (Par-
ton er al.1987), reprinted from Schimel et al. (1989).

soil organic matter from active pools to intermedi-
ate pools is controlled by both the climatic decom-
position factor and soil texture. As sand content
deoreses a higher propartion of adive ol organic
matter is moved to the intermediate pool, simulat-
ing the effect of fine soil particles on physical and
chemical protection of soil organic matter from
decomposition (Jenkinson 1977; Sorenson 1981).

2.2. Database description

We compiled dimete and soils detebesss from  long
term U.S. Weather Bureau records (U.S. Depart-
ment of Commerce, 1964), and USDA Soil Conser-
vaion Savice (SCS il suveys repadivdy. The
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- climate database consisted of 20 weather stations

located within or adjacent to our study area, for

~ which ‘monthly precipitation and maximum and

minimum temperature were available. The soils
database was compiled using 1:250,000 soil maps
for eech <0l auvey aea within or dudy aea Map
unit delineations at this scale have a resolution of
approximately 2.5 km2. Each map unit represents
wvad rdaed 0l sHies Gengd dfributes of exch
il sies as wdl as the paoent of mgp unit aea oc-
aped by eech aea ae desxibed in the sl srvey
text. Soil texture, organie matter and area data for
each series were manualy trandated from the soil
avey ted and a wdghted avaape tedue was cd-
adaed This procedure was repested for mep  units
of al soil survey aress.

2.3. Construction of the GZS

We used the ARC/INFO geographic information
system for all data entry and analysis, running on
VAX Station 3200 workstations. Wesather station
data were entered into INFO, registered by latitude
and longitude. Data for each station included 36
variables; monthly data for maximum and mini-
mum temperature and precipitation. Rather than
aede 36 mas for dimae ovalays we ceated only
two climate maps, one each for average annual
precipitation and mean maximum temperature. We
assumed that seasonality within a mean annual
precipitation class or mean temperature zone was
constant. Point data for mean maximum tempera-
ture (more variance than mean minimum tempera-
ture) were entered into ARC/INFO's TIN pro-
gram, creating a Triagulated Irregular Network.
The TIN wes then contoured & an intavd of 1 “C,
a reduion we conddaed guproprige for the Cer
tury model. Monthly maximum and minimum
values were then averaged within bands and the
mean assigned to the contour band. The same
procedure was followed for precipitation, using
annual precipitation as a contouring variable, and
averaging monthly data within each contour inter-
va (2 cm intervals).

Generalized county soils maps were individually
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Fig. 3a, b. Contour maps of annua precipitation and mean
monthly maximum temperature, generated from 20 weather
stations.

digitized and projected into the UTM (Univera
Transverse Mercator) coordinate system. Soil as-
sociation names were registered with each polygon
o exch mgp, ad il texdture dases regderad with
each association. Using the soil texture triangle
(Soil Survey Staff 1982), we assigned a sand class

(i.e., 0-20%, 20—40%, etc) to each soil texture.

This class interval was appropriate given the sensi-

tivity of relationships in the Century model. The 10
county maps (Weld County in two sections) were
then edgematched, resulting in a composite map
with 677 polygons (Fig. 4a). The ARC/INFO ‘dis-

solve’ subprogram was used to eliminate lines be-

tween polygons in the same sand class. The result-
ing soil texture map had 293 polygons (Fig. 4b).

2.4. Regional modeling

Three sets of driving variables were now mapped
for our dudy aea We ovalad these three mgps to
produce a 768-polygon driving variable overlay
map for the regional ecosystem simulation.

Rather than running simulations for each of the
768 polygons, we ran the model for each unique
combination of driving variables (i.e., 8 precipita-
tion classes x 4 temperature classes x § soil texture
classes = 160). The model was run to steady state
(about 10,000 years) under moderate grazing. Out-
put for soil organic carbon, annual aboveground
net primary production, net N mineraization,
and nitrogen oxide (dinitrogen, nitrous and nitric
oxides, lumped) flux was then mapped to the ap-
propriate polygons.

3. Results and discussion
3.1. Climate maps

Contoured annual precipitation, ranging from 33
to 47 cm, indicates two orographic effects on
precipitation (Fig. 3a) in our area. Within 50 km of
the wesen edge of the dudy aeg predipitation in-
creases in a westerly direction. This is due to in-
ceedng devaion and the efet of upslope flov on
winter precipitation. A larger scale orographic ef- '
fect is shown in the slow increase in precipitation
with easterly direction, beginning in the middle of
the study area and extending eastwards. Contoured
mean maximum temperature, ranging from 15.5 to
18.5°C, shows a general increase in temperature in
a southeasterly direction (Fig. 3b).
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Fig. 4. (8 Composite map including al map units from genera-
ized county soils maps in northeastern Colorado. (b) Fina soil

texture map produced from composite soils map, including 5
texture  classes.

3.2. Soil map

The final soil texture map (Fig. 4b) illustrates the
complexity of soils within this section of Colorado.
Much of the area in the region is loamy uplands.
The southwest corner of the study area is character-
ized by fing linear fluvial features representing cur-
rent drainages and paloechannels. Yuma County,
located in the southeast corner of the study area, is
characterized by patchy eoian features. These sand
hills were formed during the late Holocene by

49

northeasterly paleowinds that transported sands
from the Platte River basin (Muhs 1985). The
smalest paches represent the oldest, most resistant
sand hills from an earlier period during the Holo-
cene (Muhs 1985).

Severa problems are evident for soils data in the
composite texture map (Figs. 4a and b). First,
severa political boundaries were not dissolved be-
tween map units, because soils on either side were
assigned to different texture classes. To some ex-
tent, these units represent a textural gradient that
is imposed at a political boundary. A second error
type can be seen in the lower left-hand corner where
two county maps seem to be offset by about 2 km.
Because we did not ground-truth the soils maps, it
is difficult to tell which map border is correct. Both
these problems and other boundary issues will be
resolved with the advent of the new State General
Soil Geographic Database (STATSGO) (Soil Con-
servation Service 1984) SCS soils maps, due to be
released soon.

3.3. Model output

Simulated spatial patterns in ecosystem properties
reflect the response of the model to input data as
they vary across the region. Thus, patterns in out-
put are the necessary result of spatial variation in
input variables, and of the relationships built into
the model.

Simulated aboveground net primary production
(NPP) ranged from less than 165 to 210 g/m?2/year
(Fig. 5a). These values overestimate total above-
ground NPP estimated at the Central Plains Ex-
perimentd  Range (Sms and Singh 1978, Dodd and
Lauenroth 1979; Schimel et al. 1985) (Table 1), and
predicted by other models (Lauenroth 1979; Sala ef
al. 1979). This overestimation by the model occurs
because precipitation data used for the polygon are
higher than the actual site precipitation. Spatial
patterns in simulated NPP correlate most closely
with annua precipitation contours (Fig. 3a), with
an effect of soil texture only in the 37-39 precipita-
tion zone. It is well-established that in our area, net
primary production is mainly limited by precipita-
tion (Lauenroth, Dodd and Sims 1978; Sala et al.
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Table 1.

et a. 1988; Schimel et a. 1985 and Lauenroth and Miechunas, unpubl. date).

Soil biogeochemical properties measured at different landscape positions at the Centrd Plains Experimenta Range (Parton

Landscape Soil  organic carbon Range of edtimated Net annud N N,O
(to 20 cm) annual  aboveground mineralization
net primary  production
Grass Total
(g m)

Swale 3385 55-132 79-139 55 0.01
Midslope 1626 33-89 36-92 41 0.02
Ridgetop 1695 37-89 40-102 30 ND
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Table 2. Regiond estimates of biogeochemical properties and processes in northeastern Colorado. Edtimates were made at 3 levels of
resolution, association (n = 768, resolution = 25 km?), county level (n = 10, resolution = 1500 km?), and multi-county level (n = 1,

resolution = 4000 km?2).

Properties Mean (g/m?) Standard  deviation Totd (g)
Net primary production
-associgtion  level  estimate 184 i 7.36 x 1012
— county level estimate 186 12 7.44 x 1012
- multi-county level estimate 184 7.36 x 101
Soil organic carbon
- association level  estimate 3135 761 1.25x 104
- county level estimate 3273 575 131x 101
-~ multi-county level estimate 2710 - 1.08 x 104
N,O production
— association level  estimate 0.66 0.05 2.64 x 1010
- county level estimate 0.67 0.05 2.67 x 1010
- multi-county level estimate 0.64 - 255 x 110

1988), thus the model constrains NPP by precipita-
tion (Parton et al. 1987), and smulated spatial NPP
patterns correspond with precipitation pattern. In
the 37-39 cm precipitation zone, areas with fine-
textured soils were predicted to have lower net pri-
mary production, as a result of nutrient limitation
through microbial competition for nutrients. The
model simulated greater microbial biomass in these
fine-textured soils (Schimel 1986), apparently com-
peting with plant uptake for available nutrients.
Simulated soil organic carbon ranged from less
than 2000 to greater than 5000 g/m? (to 20 cm
depth) as previously documented (Schimel et al.
1985) (Table 1), with spatia patterns correlating
closely with soil texture (Fig. 4b). With increasing
sand content, the model predicts less stabilization
of soil organic matter and hence more decomposi-
tion, and lower soil carbon pools. Yonker et al.
(2983) ad Buke et a. (1989 found sSmilar resits
with data collected across landscape and regional
gradients in soil texture. At the northwest edge of
the dudy aes an efet of tempedure is d0 evi-
dat, with highe sl cabon smuaed due to dow
er decomposition. The lack of correspondence be-
tween precipitation and soil organic carbon
suggests that, at this scale, soil organic carbon
pools are relatively independent of net primary
production, being primarily controlled by decom-
position and SOM stabilization rates. Thisisan in-

taeding cotragt to the drong dimdic dependency

shown at regiona (Jenny 1941) and global scales
(Post et al. 1985). -

Predicted patterns of net N mineralization are
domn in Hg S¢. N mingdizaion raes wae simu-
lated to range between 2.3 and 3.3 g/m?/yr, cor- -
reponding best with raes estimaed & ridgetop po-
stions at the Centra Plains Experimenta Range
(Table 1). Texture, precipitation, and temperature
exerted influence over N mineralization (Parton et
al. 1987), with higher rates of N mineralization
uda wame ad weler condtiors Ng& N ming-
aization was predicted to be lower in fine-textured
soils, indicating the influence of higher soil organic
matter, greater microbial biomass, and higher tur-
nover of nitrogen through the microbial biomass.
Spatial patterns in net N mineralization were thus
predicted to be quite complex, due to the modeled
interactions among the three mgjor driving varia-
bles included in this analysis.

Predicted oxidized nitrogen emission rates
ranged from 056 g/m? to 0.73 g/m?,and incressed
with tempaaue madue ad sand ocotet  (Fg
5d). The range of N,O predicted is high compared
to estimates from the Central Plains Experimental
Raxe (Parton e al. 1983 Sthimd et al. 1988) (Ta
ble 1), however, the simulations include N that has
been reduced to NO and N, as well as N,O. These
predicted rates are difficult to validate because of
the problems associated with measuring NO and
N, and will require further work.
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34. Scale-dependence of results

Using the output from the georeferenced ecosystem
simulation model, we examined the relationship be-
tween spatial scale of input and estimates of region-
al biogeochemical fluxes. To do this, we estimated
regional output with three spatial scales of inputs,
the soil association level (finest scale), county level,
and multi-county level (Table 2). Association scale
estimates were made by multiplying output from
Century by the area of each polygon, and summing
the polygons to produce the best regiona estimate.
We then obtained a single set of driving variables
for each county, weighting the polygons in the driv-
ing variable overlay. For each county, then, we had
an average precipitation class with its associated
monthly inputs, an average temperature class, and
an average soil texture class. A single model run
could be associated with each county, the output
multiplied by the area of the county, the counties
summed, and a second regional estimate formulat-
ed. Finaly, we performed the same procedure for
the entire study area, calculating a weighted-by-
area mean precipitation class, temperature class,
and texture class. Output for this class of driving
variables was multiplied by the whole area for a
find regiona egtimate.

There were no differences among estimates of net
primary production at the assocation, county, and
multi-county level. The net primary production
map indicated that NPP is most closely related to
annual precipitation. In the model, annual precipi-
tation is linearly related to NPP. Since we obtained
an average precipitation for each county and the
region using a linear weighting agorithm, and
precipitation is linearly related to NPP, there were
no nonlinear effects introduced.

The results of the exercise for soil organic car-
bon, however, indicated that the multi-county level
estimate underestimated carbon by approximately
14%. The mgor control over SOM in this area was
soil texture. The model has a nonlinear relationship
(negative quadratic) between soil texture and total
carbon. Thus, linear averaging of the input data
(soil texture class) caused underestimation of the
regional average. County level estimates were not
subject to as much error as the multi-county level

estimate; this was probably because the counties in
the study area correlated fairly well with soil tex-
ture. Similar results were obtained for oxidized
nitrogen gas production, although the underesti-
mate in this case was small.

4, Conclusions

A critical decision in georeferenced modeling is the
choice of spatial resolution. Processes such as or-
ganic matter stabilization or trace gas emission may
have nonlinear relationships to driving variables.
Smal aress with high or low vaues for driving vari-
ables can have a disproportionate impact on the
results. Such areas may be included by use of fine
sde daabases, or by nonlinear weighted averaging
within polygons. Thus, resolution of databases
should be a function of the relationship between
driving and output variables, and of the scale of
variation of the driving variable. In our study, cli-
matic data could be aggregated to a coarse scale,
while preserving reasonable estimates of NPP.
More detail had to be preserved for soil texture, be-
cause of nonlinear relationships.” Fundamental
limits are set by the scale at which the input data
were collected.

The analysis of scale-dependant error is impor-
tant for application of georeferenced models. First,
we must know the error of regiona estimates for in-
clusion in continental or global studies; this error is
in part a function of the fundamental scale of the
driving variable database. Second, we must know
within-polygon error when using a polygon esti-
mate to make inferences about a specific point
within a cell. if the average texture of a polygon is
loam, how much in error is the estimated SOM for
a loamy sand contained within that polygon? The
former concern is criticd to use of regiond models
in globa studies. The latter is critical when geo-
referenced models are applied in ecosystem man-
agement .

In the future, we will extend this analysis to
cropland and incorporate management informa-
tion into our georeferenced ecosystem simulation
model. Data on management history and current
practices such as rotation scheme, tillage intensity,
and fertilization regime are critical to an accurate



assessment of soil organic matter, NPP, and other
ecosystem processes (Alway 1909; Russel 1929;
Hilde and Metzger 1939; Haas et al. 1957; and
many others). In addition, we hope to include satel-
lite imagery a a means of sensng driving variables
that have strong temporal variability. Remote sens-
ing may aso be especialy useful in validating rela
tive spatial and tempora variations in predictions
of net primary production. Such a validation would
allow us to identify areas in which our input data
are inaccurate or incomplete.
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