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Abstract

The Northern Great Plains grasslands respond differently under various climatic conditions; however, there have been no
detailed studies investigating the interannual variability in carbon exchange across the entire Northern Great Plains grassland
ecosystem. We developed a piecewise regression model to integrate flux tower data with remotely sensed data and mapped the
8-d and 500-m net ecosystem exchange (NEE) for the years from 2000 to 2006. We studied the interannual variability of NEE,
characterized the interannual NEE difference in climatically different years, and identified the drought impact on NEE. The
results showed that NEE was highly variable in space and time across the 7 yr. Specifically, NEE was consistently low (235 to
32 g C ?m22 ? yr21) with an average annual NEE of 22 6 24 g C ?m22 ? yr21 and a cumulative flux of 215 g C ?m22. The
Northern Great Plains grassland was a weak source for carbon during 2000–2006 because of frequent droughts, which strongly
affected the carbon balance, especially in the Western High Plains and Northwestern Great Plains. Comparison of the NEE map
with a drought monitor map confirmed a substantial correlation between drought and carbon dynamics. If drought severity or
frequency increases in the future, the Northern Great Plains grasslands may become an even greater carbon source.

Resumen

Los pastizales de las grandes planicies del norte responden de manera diferente bajo diversas condiciones climáticas; sin embargo, no
ha habido ningún estudio en detalle que investigue la variabilidad entre años en el intercambio de carbono a través de todo el
ecosistema de los pastizales de las grandes planicies del norte. Desarrollamos un modelo de regresión para integrar los datos de la torre
de flujo con datos medidos de forma remota y establecer el intercambio de ecosistema neto (NEE) de 8 dı́as y 500-m durante los años
del 2000 al 2006. Estudiamos la variabilidad de NEE entre años caracterizando las diferencias climáticas entre años, e identificando el
impacto de sequı́a en NEE. Los resultados mostraron que NEE fue demasiado variable en espacio y tiempo a través de los 7 años.
Especı́ficamente, NEE fue constantemente bajo (235 to 32 g C ?m22 ?yr21) con un promedio anual NEE de22 6 24 g C ?m22 ?yr21

y una variación acumulada de 215 g C ?m22. Los pastizales de las planicies del norte fueron una fuente baja de carbono durante los
años 2000–2006 debido a las sequı́as frecuentes, que afectan considerablemente el equilibrio de carbono, especialmente en la parte
occidental de las altas planicies y en el noroeste de las grandes planicies. Comparación del registro de NEE con un mapa de monitoreo
de la sequı́a confirmó una sustancial correlación entre la sequı́a y la dinámica del carbono. Si la gravedad o frecuencia de la sequı́a es
aumenta en el futuro, los pastizales de las grandes planicies del norte pueden convertirse en una fuente de carbono aún mayor.

Key Words: drought, flux tower, Moderate Resolution Imaging Spectroradiometer (MODIS), normalized difference vegetation
index (NDVI), piecewise regression tree

INTRODUCTION

Grasslands constitute approximately 40% of the Earth’s
terrestrial land area, excluding areas of permanent ice cover

(World Resources Institute 2000). The grasslands in the US
Great Plains, occupying about 1.5 million km2, are character-
ized by different photosynthetic pathways that change from C3

dominance in the north to C4 dominance in the south (Tieszen
et al. 1997). These grasslands serve as resources for livestock
production in North America and are important contributors
to climate regulation and global carbon balance. Previous
studies have suggested that grassland ecosystems may function
as potential carbon sinks, or are near equilibrium, and could
contribute to balancing the global carbon budget in the
tallgrass prairie (Dugas et al. 1999), mixed-grass prairie (Frank
and Dugas 2001; Sims and Bradford 2001; Frank 2004;
Haferkamp and MacNeil 2004), sagebrush steppe (Gilmanov
et al. 2006), and other temperate grassland ecosystems
(Janssens et al. 2003; Piao et al. 2007). However, grassland
ecosystems also release carbon into the atmosphere during
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drought (Kim et al. 1992; Granier et al. 2007; Pereira et al. 2007;
Arnone et al. 2008). Droughts usually limit grass growth and are
the main cause of interannual variation in terrestrial carbon
sequestration because they cause large reductions in both gross
primary production (GPP) and net ecosystem exchange (NEE).
Researchers reported that grassland ecosystems shifted from a
carbon sink in a nondrought year to a carbon source in a drought
year in the Southern Great Plains (Meyers 2001), a semiarid
sandy grassland in the Great Hungarian Plain (Nagy et al. 2007),
a European grassland (Gilmanov et al. 2007), and a Mediter-
ranean grassland (Aires et al. 2008).

During the 20th century, annual average temperatures in the
Northern Great Plains have risen more than 1uC and nearly 3uC
in portions of Montana, North Dakota, and South Dakota
(Joyce et al. 2001). Temperatures are predicted to continue to
rise throughout the region, with the largest increases in the
northern and western parts of the Great Plains (Joyce et al.
2001). The desiccating effect of higher temperatures is expected
to more than offset the benefit of higher precipitation, resulting
in lower soil water content and increased drought throughout
most of the Great Plains (Morgan et al. 2008). During the past
100 years, annual precipitation has decreased by 10% in eastern
Montana, North Dakota, eastern Wyoming, and Colorado
(Joyce et al. 2001). Severe droughts experienced throughout the
Great Plains in 2002 and 2006 (National Climatic Data Center
[NCDC] 2009) support the prediction of increased drought.

Understanding carbon sink or source behaviors in the
Northern Great Plains grasslands under various climatic
conditions, especially drought, requires knowledge of interan-
nual variation in ecosystem carbon exchange with the
atmosphere. So far, at least six flux towers have been
operational in grasslands of the Northern Great Plains.
Although these towers acquire useful flux information about
grassland ecosystems, the contributions of grasslands to local
and regional carbon budgets and their sensitivity to climatic
perturbations (e.g., drought) remain uncertain because of the
limited number of long-term measurement sites for these
expansive grassland ecosystems. Most of the existing estimates
of interannual variation of NEE in the Northern Great Plains
grasslands were investigated at specific sites based on the eddy-
covariance and Bowen Ratio Energy Balance (BREB) measure-
ments (Frank and Dugas 2001; Flanagan et al. 2002; Frank
2004; Gilmanov et al. 2005; Heitschmidt et al. 2005; Svejcar et
al. 2008). At the regional scale, Phillips and Beeri (2008)
recently investigated growing season NEE in North Dakota
grasslands under the Conservation Reserve Program where
NEE showed a high regional and temporal variability.
However, there have been no detailed long-term estimates of
CO2 exchange or studies investigating the interannual variabil-
ity across the entire Northern Great Plains.

Global satellite data sets, based on the relationships between
grassland CO2 and spectral vegetation indices (Wylie et al. 2004;
Gilmanov et al. 2005), have provided opportunities for regional
monitoring of temporal variation of terrestrial ecosystems. By
combining flux tower data and remotely sensed environmental
variables, diverse empirical models have been developed for
estimating GPP or NEE at regional and continental scales through
the use of the support vector machine approach (Yang et al.
2007), piecewise regression tree (Wylie et al. 2007; Zhang et al.
2007; Xiao et al. 2008), stepwise linear regression (Phillips and

Beeri 2008), and physiologically based models (Oechel et al.
2000; Turner et al. 2003; Hassan et al. 2006). To address the
absence of the detailed analysis of the long-term carbon budget in
the Northern Great Plains under different climatic conditions, we
developed a remote sensing–based empirical model, the rule-based
piecewise regression (PWR) model. We recently enhanced our
PWR model by improving input data sets from the earlier model
(Wylie et al. 2007; Zhang et al. 2007). The improvements include
1) use of Moderate Resolution Imaging Spectroradiometer
(MODIS) data with higher temporal (8-d), spatial (500-m), and
spectral resolutions (seven-band), 2) incorporation of actual
vegetation evapotranspiration data that takes into account soil
moisture and land surface phenology, and 3) addition of another
flux tower at Brookings, South Dakota, and additional years at
other existing flux towers for model development and assessment.

In this study, we applied the PWR model to all pixels in the
satellite images to map NEE at 8-d intervals and 500-m spatial
resolution for 2000–2006 in the Northern Great Plains
grasslands. Our primary objectives in this study were to 1)
quantify the interannual variability of NEE and characterize
interannual differences in NEE in climatically different years, 2)
identify the carbon sink and source areas in spatial and
temporal space, and 3) identify the drought impact on
grassland ecosystems. Our research hypothesis was that the
Northern Great Plains grassland ecosystem will respond
differently under various climatic conditions and that drought
will strongly affect the carbon balance in these grasslands. In
our study, we used the ecological sign convention (opposite of
atmospheric science) to show efflux of CO2 as negative and
uptake of CO2 from the atmosphere as positive.

MATERIALS AND METHODS

Study Area and Flux Tower
We conducted this study in the Northern Great Plains (lat
39u009–49u009N, long 95u009–115u009W), which crosses parts
of six states including North Dakota, South Dakota, Montana,
Wyoming, Nebraska, and Colorado (Fig. 1). The Northern
Great Plains encompass the Northern Glaciated Plains,
Northwestern Glaciated Plains, Northwestern Great Plains,
Western High Plains, and Montana Valley and Foothill Prairies
as defined by Omernik’s level III ecoregions (Omernik 1987).
We used the 2001 National Land Cover Database (NLCD)
(Homer et al. 2004) to identify grassland areas, which include
two NLCD land cover classes: grassland and pasture.

The climate in the Northern Great Plains follows a north–
south temperature gradient and an east–west precipitation
gradient. Based on 30-yr (1961–1999) normals (High Plains
Regional Climate Center, http://www.hprcc.unl.edu), the mean
annual precipitation in this region varies from 380 mm in the
west to 760 mm in the east. Precipitation occurs primarily during
the summer months. The mean annual temperature ranges from
4uC in the north to 11uC in the south. Grassland constitutes the
major land cover (49.7%) in the Northern Great Plains (NLCD
2001 data; Homer et al. 2004), with the C3 grassland dominant
in the north and C4 species prevalent in the south. The grasses
transition from western wheatgrass (Pascopyrum smithii),
porcupinegrass (Hesperostipa spartea [Trin.] Barkworth), grama
grass (Bouteloua sp.), and buffalo grass (Bouteloua dactyloides
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[Nutt.] J.T. Columbus) in the north to grama and buffalo grasses
in the south, and from wheatgrass, bluestem (Andropogon
gerardii Vitman), needlegrass, and Indiangrass (Sorghastrum
nutans [L.] Nash) in the east to the subhumid grassland and
semiarid grazing land in the west (Omernik 1987).

Grassland NEE was measured at six flux towers that are
evenly distributed throughout the Northern Great Plains
(Fig. 1). These sites represent wide spatial, ecological, and
climatological ranges of grasslands across this region. The gap-
filled NEE data for these sites (originally from AmeriFlux and
AgriFlux networks) were taken from the WorldGrassAgriflux
data sets (Gilmanov et al. 2010). The three AmeriFlux towers
(Lethbridge, Canada; Fort Peck, Montana; Brookings, South
Dakota) use the eddy covariance technique, and the other three
AgriFlux towers (Mandan, North Dakota; Miles City, Mon-
tana; Central Plains Experimental Range, Colorado) use the
BREB technique (Table 1). Both the eddy covariance and BREB
methods have been shown to provide accurate and consistent
measurements of carbon fluxes in the short-statured plant
communities of the Northern Great Plains (Gilmanov et al.
2005) and the Southern Plains (Gilmanov et al. 2003). In this
study, we used tower-measured NEE as the training data set for
the PWR model and the testing data set for model validation.

Model Method
In this study, we used the rule-based piecewise regression model
(Wylie et al. 2007; Zhang et al. 2007) to estimate the grassland

carbon fluxes above the Northern Great Plains. The PWR
model integrates spatial data sets and flux data from six
grassland towers to estimate the spatiotemporal carbon fluxes
across the study area by exploring the empirical relationship
among environmental variables and tower measurements. The
PWR model was developed using Cubist software (http://www.
rulequest.com; Quinlan 1993), in which training samples are
recursively partitioned into homogeneous subsets according to
a gain ratio criterion. The subsets are expressed as a series of
rules where each rule defines the conditions under which a
multivariate linear regression model is established based on a
variant of least-squares estimation. In Cubist, the accuracy of
the constructed piecewise regression tree is measured with
average error, relative error, and product–moment correlation
coefficient, which were also used to select the most relevant
predictive variables. These piecewise rules are adaptive,
allowing NEE to be estimated for any given 8-d period for
any rangeland pixel within the ecoregion (Wylie et al. 2007).
The final regression tree model was based on the most relevant
predictive variables and all available training data and then
applied through time and space to estimate the 8-d and 500-m
NEE.

In this study, the PWR model required two types of data sets
as input: 1) flux tower data for model training and validation
and 2) explanatory or predictive remotely sensed and climatic
data sets. The regression tree method was used to identify the
most important variables for estimating NEE maps. A
preliminary analysis of the frequency of use and relevance in

Figure 1. Study area and grassland flux towers in the Northern Great Plains. In the Omernik Level III Ecoregions map on the right-central panel, the
number represents: 1 Northwestern Glaciated Plains, 2 Northwestern Great Plains, 3 Northern Glaciated Plains, 4 Montana Valley and Foothill
Prairies, and 5 Western High Plains.
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the regression models revealed the most important predictive
variable for the final PWR model. The remotely sensed
predictors included the 8-d composite and 500-m MODIS
normalized difference vegetation index (NDVI), normalized
difference water index (NDWI), and phenological metrics. The
phenological metrics were calculated from a time series of
annual smoothed MODIS NDVI data on a per-pixel basis for
each year from 2000 to 2006, using the delayed moving
average method (Reed et al. 1994; Reed 2006). The phenolog-
ical metrics chosen in the PWR model included day of year
(DOY), day of maximum NDVI (MAXT), day of the start of
the growing season (SOST), and seasonally time-integrated
NDVI (TIN). The climatic variables included precipitation
(PPT) data, temperature data, photosynthetically active radia-
tion (PAR), and actual vegetation evapotranspiration. The
long-term climatic precipitation and temperature data were
acquired from the National Oceanic and Atmospheric Admin-
istration (NOAA) Climate Prediction Center, and PAR data
were obtained from the NOAA National Environmental
Satellite, Data and Information Service (NESDIS; http://www.
atmos.umd.edu/,srb/gcip). The actual vegetation evapotrans-
piration data were derived from a VegET model (Senay 2008)
that integrated the commonly used water balance algorithm
with the remotely sensed land surface phenology parameter to
estimate landscape actual evapotranspiration. For the regional
application, all spatial inputs were resampled to 500-m
resolution raster data.

We took the 10 selected variables (most relevant predictors)
to train the final PWR model. The final model estimated NEE
reasonably well with r5 0.84. The PWR model consisted of
five rules, each of which was made of a regression function. For
example, one of the rules is listed here:

Rule 1: if DOY # 177, SOST # 118, MAXT # 183,
then

NEE~{606:6z4:1INDVI{0:85DOYz1:8PAR

{3:38TINz1:2SOST{0:31PPTz0:04MAXT

{0:16NDWI

Model Assessment
Leave-one-out cross validation (LOOCV) was applied to
evaluate the PWR model and NEE map accuracy, which is an
effective method to compensate for the effect of a limited
number of training sites. In LOOCV, one data subset (one site
or one year) is withheld as a test sample for assessing the model

and map accuracies, and the remaining samples are used as
training samples for the model development. Each site (or year)
was successively withheld as the test samples, and NEE was
then estimated for the withheld site (or year) from the model
developed with the remaining sites (or years). For the site-
withheld LOOCV, the actual NEE value measured at each flux
tower site was compared to the model-estimated NEE value
using the training data set of all other sites. Similarly, for the
year-withheld LOOCV, the actual NEE value measured for a
year was compared to the model-estimated NEE value using the
training data set of all other years. By comparing the measured
and estimated samples, the Pearson’s correlation coefficient (r)
and root mean square error (RMSE) were used to quantify the
model and map accuracies. At the Lethbridge site, estimates
from the PWR model were unavailable because of a lack of
meteorological data in Canada. The tower-measured NEE and
climate data at the Lethbridge tower were used as the training
data for developing the PWR model.

RESULTS AND DISCUSSION

Model Accuracy Assessment
We compared the PWR-estimated NEE with the tower-
measured NEE using LOOCV by withholding each site and
each year (Figs. 2 and 3). The performance of the PWR models
varied depending on which flux tower site or which measure-
ment year was withheld. The high model accuracy is
represented by the scatter plots that have estimates closer to
the 1:1 line, high correlations between tower-measured and
PWR-estimated NEE, and low RMSE (Figs. 2 and 3; Table 2).
The regressions of tower-measured and PWR-estimated NEE in
the LOOCV indicated r5 0.752 0.91 and RMSE50.29
2 0.59 g C ?m22 ?d21 for NEE estimation by withholding
sites, and r5 0.762 0.84 and RMSE50.3820.46 g C ?

m22 ?d21 for withholding years. The means and standard
deviation (SD) values for each pair of the tower-measured and
PWR NEE are close (as represented by the low differences of
means and SD), which indicates high precision of the PWR
model estimation (Table 2).

The accuracy of NEE estimations was relatively low when
withholding the Mandan and Miles City sites compared to
other sites (r5 0.77 at Mandan and r50.75 at Miles City),
which implies that the Mandan and Miles City sites were
influential sites for training the PWR model. The Mandan site
represents a wet site because the total precipitation at the
Mandan site for the 2000 and 2001 growing seasons was
458 mm and 429 mm, respectively, which is generally higher

Table 1. Description of the grassland flux towers in the Northern Great Plains.

Site Year Ecosystem Latitude, longitude Elevation (m) Principal investigator

Lethbridge 2000–2001 Northern mixed-short grass prairie 49u429N, 112u569W 960 Flanagan, L. B.

Fort Peck 2000, 2002 Northern mixed prairie 48u189N, 105u069W 634 Meyers, T. P.

Mandan 2000–2002 Mixed prairie 46u469N, 100u559W 518 Frank, A. B.

Miles City 2000–2001 Northern mixed prairie 46u189N, 105u589W 719 Haferkamp, M. R.

Brookings 2006 Tallgrass prairie 44u199N, 96u489W 510 Meyers, T. P.

Central Plains Experimental Range 2000–2001 Shortgrass steppe 40u419N, 104u459W 1 660 Morgan, J. A.
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than other sites or years. The Miles City site in 2000 and the
Mandan site in 2002 represent dry sites. When withholding the
years 2000 and 2002, the accuracy of NEE estimations was
relatively low with r5 0.76 for both years, which implies that
the two years were influential for the PWR model. The year
2000 represented a wet year and 2002 a dry year in the training
data sets. In general, the PWR model performed well when it
was developed based on adequate samples of flux tower sites
and years, which represent a broad extent of geographic
characteristics, climatic variability, and plant biophysical
features (e.g., different photosynthetic pathways [C3/C4]). By
including the data sets of all the sites and all the years from the
six flux towers, the final model robustness was maximized for a

wide range of geographic, climatic, and ecological conditions.
After assessing model performance with the LOOCV method,
we trained the final model using the complete flux tower data
sets. The final PWR model accuracy for NEE estimates was
reasonably high with r50.84.

Issues regarding model accuracy need to be addressed. First,
an ideal NEE estimation based on the flux towers should not be
extrapolated beyond a reasonable range from the training data
set. In this study, the series of PWR model equations
constrained their predictions to not exceed 10% beyond the
training range. Second, the winter flux estimation was probably
the weakest component of our PWR model because some of the
flux tower data sets did not span the entire winter period and

Figure 2. Comparison of tower-measured and piecewise regression (PWR)–estimated net ecosystem exchange (NEE) through cross validation by
withholding each site. Graphs are labeled with the name of the withheld site. The dashed line represents the regression line. The solid line represents the 1:1 line.

Figure 3. Comparison of tower-measured and piecewise regression (PWR)–estimated net ecosystem exchange (NEE) through cross validation by withholding
each year. Graphs are labeled with the name of the withheld year. The dashed line represents the regression line. The solid line represents the 1:1 line.
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captured only early spring and late winter dormant periods.
Third, flux towers have errors in estimating NEE, which causes
uncertainties in the NEE estimation. However, we expect the
errors to be lower in flatter and windier grassland sites in the
Northern Great Plains compared to other ecosystems (e.g.,
forested ecosystems [Baldocchi 2003]). Grassland flux towers
had a negligible carbon storage term and had consistent winds
that ensured relatively stable flux measurement. In addition,
the flux data used in this study were carefully screened to
remove erroneous outliers and fill data gaps (Gilmanov et al.
2003).

Interannual NEE Variability (2000–2006)
According to our 2000–2006 NEE maps for the Northern
Great Plains grasslands, annual NEE varied from
235 g C ?m22 ? yr21 (source) in 2006 to 32 g C ?m22 ? yr21

(sink) in 2001; the drier years (2002, 2004, and 2006) were
sources, and the other years were sinks (Table 3). The large
interannual NEE variation for the Northern Great Plains
grasslands is similar to that from other grassland ecosystems.
For example, large variability was reported for 20 European
grasslands with NEE varying from 2164 to 654 g C ?m22 ? yr21

(Gilmanov et al. 2007); these grasslands were carbon sinks during
years with favorable precipitation and carbon sources in drought

years. Similar variability was also reported for a pasture in the
Southern Great Plains (2155 to 118 g C ?m22 ? yr21; Meyers
2001), Canadian temperate mixed prairie (218 to
21 g C ?m22 ? yr21; Flanagan et al. 2002), Mediterranean grass-
lands in California (2155 to 256 g C ?m22 ? yr21; Ma et al.
2007), semiarid grasslands in Hungary (280 to 188 g C ?

m22 ? yr21; Nagy et al. 2007), and grazed Mediterranean
grasslands in southern Portugal (249 to 190 g C ?m22 ? yr21;
Aires et al. 2008). In the Northern Great Plains grasslands, the
area of carbon sinks ranging from 0 to 150 g C ?m22 ? yr21 were
noticeably larger in 2000, 2001, 2003, and 2005 than in 2002 and
2006 (Fig. 4). Most of the areas in 2001 were carbon sinks with
about 76 g C ?m22 ? yr21. At the other extreme, most of the areas
in 2002 were carbon sources with about 210 g C ?m22 ? yr21.

In recent studies, values of cumulative NEE during the
measurement years indicated that a Southern Plains mixed-
grass prairie (Sims and Bradford 2001), the central Mongolian
steppe (Li et al. 2005), and Mediterranean grasslands (Aires et
al. 2008) were sinks for atmospheric CO2. However, other
studies conducted at a tallgrass native prairie in Texas (Dugas
et al. 1999), nongrazed mixed-grass prairie in North Dakota
(Frank and Dugas 2001), and C4-dominated tallgrass in
Oklahoma (Suyker et al. 2003) indicated that these sites were
near equilibrium for carbon. Although the previously men-
tioned studies suggested that grasslands may be carbon sinks or
near equilibrium, alternations between carbon sink and source
were not unusual, especially with extreme weather (e.g.,
drought; Ciais et al. 2005; Gilmanov et al. 2007). During our
study period, the average annual NEE was
22 6 24 g C ?m22 ? yr21, and the cumulative flux during the
7 yr was 215 g C ?m22. The Northern Great Plains grassland
was a weak source for carbon during 2000–2006 because of a
high frequency of drought.

Figure 5 illustrates the spatial distribution of annual NEE
above the Northern Great Plains grasslands and shows the
strong influence of precipitation on NEE. Considerable spatial
heterogeneity was observed with extensive carbon sources in
the western regions and carbon sinks in the eastern regions,
generally following a west–east precipitation gradient across
this region. Spatial patterns in annual NEE maps confirmed

Table 2. Leave-one-out cross validation of piecewise regression (PWR)–estimated net ecosystem exchange (NEE) by withholding each site or
each year.1

Parameter

Withholding site Withholding year

Lethbridge
Fort
Peck Mandan

Miles
City Brookings CPER2 2000 2001 2002 2006

n (no. of observations) 70 45 84 58 28 61 136 129 53 28

Mean of tower NEE (T nee ; g C ?m22 ? d21) 0.03 20.19 0.37 20.15 0.61 0.27 0.06 0.31 20.29 0.61

SD of tower NEE (g C ?m22 ? d21) 0.86 0.73 0.86 0.78 1.65 1.20 0.85 1.02 0.69 1.65

Mean of PWR NEE (Pnee ; g C ?m22 ? d21) 0.12 20.26 0.38 20.08 0.66 0.20 0.04 0.35 20.27 0.66

SD of PWR NEE (g C ?m22 ? d21) 0.69 0.62 0.71 0.54 1.12 0.98 0.62 0.86 0.58 1.12

Difference of mean between PWR and tower NEE (Pnee � T nee )

(g C ?m22 ? d21) 0.08 20.07 0.01 0.07 0.05 20.07 20.02 0.04 0.02 0.05

Difference of SD between PWR and tower NEE (g C ?m22 ? d21) 20.17 20.11 20.15 20.24 20.53 20.22 20.23 20.16 20.11 20.53

r 0.88 0.89 0.77 0.75 0.91 0.80 0.76 0.84 0.76 0.91

Root mean square error (g C ?m22 ? d21) 0.34 0.29 0.46 0.36 0.46 0.59 0.40 0.46 0.38 0.46
1The statistics for withholding the Brookings site and withholding the year 2006 are the same because Brookings is the only site with flux data for 2006.
2Central Plains Experimental Range.

Table 3. Annual net ecosystem exchange (NEE) and total precipitation
(April–June) for the Northern Great Plains grasslands.

Year

NEE
Total precipitation

(April–June)

g C ?m22 ? yr21 mm

2000 11 179

2001 32 198

2002 227 129

2003 14 190

2004 213 154

2005 4 257

2006 235 150

Mean 6 SD 22 6 24 180 6 42
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that 2002, 2004, and 2006 were different from other years with
relatively large and extensive carbon sources. Temporally,
grassland ecosystems in this region were carbon sinks from
April to the end of June and then changed to carbon sources
after early July, shortly after the summer solstice. The monthly
NEE had different spatial distributions for the normal year
(2001) and the dry year (2002). In July and August 2001, NEE
was dominated by negative values (sources) in the west but
positive values (sinks) in the east. However, extensive sources
were observed throughout the Northern Great Plains in July
and August 2002.

Carbon Sink and Source by Ecoregion
Within the Northern Great Plains, individual ecoregions
differed in NEE (Fig. 6). The Northern Glaciated Plains and
Northwestern Glaciated Plains were always strong carbon
sinks, but the Northwestern Great Plains, Western High Plains,
and Montana Valley and Foothill Prairies each had a net
carbon release for the 7-yr period. The Northern Glaciated

Plains were the largest carbon sink with an average of
39 g C ?m22 ? yr21, varying from 35 g C ?m22 ? yr21 in 2006
to 44 g C ?m22 ? yr21 in 2002. The Northwestern Great Plains
showed the largest carbon source with an average annual NEE
of 232 g C ?m22 ? yr21, varying from 279 g C ?m22 ? yr21 in
2006 to 17 g C ?m22 ? yr21 in 2001.

The Northwestern Great Plains had the lowest mean growing
season precipitation of 266 mm during the 7-yr period compared
to more than 300 mm in other ecoregions of the Northern Great
Plains. A large standard deviation in annual NEE was observed
over the Northwestern Great Plains during the 7 yr, especially in
the northern and eastern portion of this ecoregion (Fig. 7).
Precipitation decreased by 10%, 13%, and 13% in the
Northwestern Great Plains for the dry years 2002, 2004, and
2006, respectively, which resulted in considerable carbon loss
(265, 256, and 279 g C ?m22 ? yr21, respectively). The North-
western Great Plains released a relatively small amount of carbon
(28,27, and223 g C ?m22 ? yr21) in 2000, 2003, and 2005 and
was a carbon sink (18 g C ?m22 ? yr21) in the normal year, 2001.

Figure 4. Areal distribution of annual net ecosystem exchange (NEE) in the Northern Great Plains grasslands during 2000–2006.

Figure 5. Maps of annual net ecosystem exchange (NEE) in the Northern Great Plains grasslands during 2000–2006.
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Drought Impact on Grassland Ecosystems
The interannual variability of NEE in grasslands depends, to a
great extent, on the amount and distribution of seasonal
precipitation (Flanagan et al. 2002; Heitschmidt et al. 2005;
Aires et al. 2008), especially precipitation during April and

June (Haferkamp and MacNeil 2004; Xu and Baldocchi 2004;
Gilmanov et al. 2006; Ma et al. 2007). In the northern mixed-
grass prairie of the Great Plains, the amounts of precipitation
for April, May, and June are particularly important for grass
production (Smart et al. 2005). In the study area, carbon sinks
potentially occur in April–June; thus, the amount of April–June
precipitation is a dominant factor in determining grassland
carbon balance. The amount of precipitation received in the
study area was highly variable between 2000 and 2006.
Moderate to extreme droughts were extensive across the Great
Plains in 2002 and 2006 (NCDC 2009), which caused large
temporal differences in NEE.

The Drought Monitor maps (http://drought.unl.edu/dm) are
produced weekly for tracking and displaying the magnitude
and spatial extent of drought and its impacts across the United
States. The Drought Monitor map classifies drought magnitude
into four levels: D1, D2, D3, and D4 (Svoboda et al. 2002). D1
indicates areas with moderate drought, which have an 11–20%
probability of occurring in any given year out of 100 yr. D2
(severe drought) events occur 6–10% of the time. The
probabilities of D3 (extreme) or D4 (exceptional) droughts
occurring are even more remote with 3–5% and 2% or less,
respectively. A fifth category, D0, designates those areas
experiencing ‘‘abnormally dry’’ conditions, which may precede
a drought or exhibit lingering impacts after a drought, and has
a 21–30% probability of occurring. In our study, we calculated
the mean annual percent drought-affected area defined by
categories D0–D4 using the Drought Monitor maps for the

Figure 6. Average annual net ecosystem exchange (NEE) from 2000 to
2006 in five ecoregions (error bar: standard deviation of 7-yr estimated
annual NEE).

Figure 7. Map of standard deviation of annual net ecosystem exchange (NEE) from 2000 to 2006.
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High Plains. We compared the PWR-estimated annual NEE
with the mean annual percent drought-affected area (Fig. 8)
and found a moderately high correlation of r 5 0.75.

During dry years, carbon sequestration was greatly restrict-
ed. Climatic conditions in 2002, 2004, and 2006 were
characterized by extreme dryness with low April–June precip-
itation (Table 3). As a result, grasslands released considerable
carbon to the atmosphere, and the estimated annual net carbon
fluxes were 227, 213, and 235 g C ?m22 ? yr21 during the dry
years of 2002, 2004, and 2006, respectively, when the April–
June precipitation was about 36%, 25%, and 26% below the
7-yr average, respectively. In 2003 and 2005, years following
the drought years, the ecosystem switched to being a carbon
sink when the region received relatively high precipitation
during spring and summer.

IMPLICATIONS

We found that NEE estimated with a PWR model in the
Northern Great Plains grasslands was consistently low (235 to
32 g C ?m22 ? yr21) and fluctuated near zero during 2000–
2006. Although previous studies showed that the grassland
ecosystem is a potential carbon sink or near equilibrium, our
study showed that the Northern Great Plains grassland was a
weak source for atmospheric carbon with a cumulative flux of
215 g C ?m22 during 2000–2006. This period included three
drought-affected years. NEE exhibited large spatial variation
with carbon sources in the drier west and carbon sinks in the
wetter east. The Northwestern Great Plains was the largest
carbon source and released carbon during 6 of the 7 yr (except
2001) with NEE ranging from 279 g C ?m22 ? yr21 in 2006 to
17 g C ?m22 ? yr21 in 2001.

Drought greatly influenced the carbon budget and can alter
long-term carbon balances across Northern Great Plains
grasslands, especially in the Western High Plains and North-
western Great Plains. In our 7-yr study period with three dry
years (2002, 2004, and 2006), the region was a carbon source,
particularly during July and August. Precipitation during April

and June was the major factor that drove the interannual
variations in NEE. When April–June precipitation was reduced
from 25% to 36% of the 7-yr average, estimated annual NEE
was 227, 213, and 235 g C ?m22 ? yr21 in 2002, 2004, and
2006, respectively. If drought severity or frequency increases in
the future, the Northern Great Plains grasslands may become
an even greater carbon source until a new steady state is
attained. Results from our study supported our hypothesis that
grassland ecosystems respond differently to various climatic
conditions and that drought strongly affects the carbon balance
in Northern Great Plains grasslands.
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