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Abstract Managers of the nearly 0.5 million ha of public

lands in North and South Dakota, USA rely heavily on

manual measurements of canopy height in autumn to

ensure conservation of grassland structure for wildlife and

forage for livestock. However, more comprehensive

assessment of vegetation structure could be achieved for

mixed-grass prairie by integrating field survey, topographic

position (summit, mid and toeslope) and spectral reflec-

tance data. Thus, we examined the variation of mixed-grass

prairie structural attributes (canopy leaf area, standing crop

mass, canopy height, nitrogen, and water content) and

spectral vegetation indices (VIs) with variation in topo-

graphic position at the Grand River National Grassland

(GRNG), South Dakota. We conducted the study on a

36,000-ha herbaceous area within the GRNG, where ran-

domly selected plots (1 km2 in size) were geolocated and

included summit, mid and toeslope positions. We tested for

effects of topographic position on measured vegetation

attributes and VIs calculated from Landsat TM and

Advanced Spaceborne Thermal Emission and Reflection

Radiometer (ASTER) data collected in July 2010. Leaf

area, standing crop mass, canopy height, nitrogen, and

water content were lower at summits than at toeslopes. The

simple ratio of Landsat Band 7/Band 1 (SR71) was the VI

most highly correlated with canopy standing crop and

height at plot and landscape scales. Results suggest field

and remote sensing-based grassland assessment techniques

could more comprehensively target low structure areas at

minimal expense by layering modeled imagery over a

landscape stratified into topographic position groups.

Keywords Landsat � ASTER � Remote sensing �
Biomass � VOR � Canopy height

Introduction

The US Forest Service (USFS) grassland management plan

requires public lands within the Dakota Prairie Grasslands

(DPG) provide forage for domestic livestock as well as

wildlife habitat. Maintenance of grassland canopy structure

is important for nesting and predation cover for many avian

species (Larivière 2003). Grassland assessments often rely

on visual obstruction reading (VOR) data collected at

random points after livestock removal in autumn (Svingen

2009). Collecting VOR data require that large field crews

work at remote locations, where \1 % of the total land

area is physically surveyed (Sjursen 2009; Uresk and Juntti

2008). Synoptic data available from satellite-borne sensors

could facilitate comprehensive assessment of current

grassland condition using parameters known to vary with

structure, such as standing crop biomass or leaf area (Chen

1996; Washington-Allen and others 2006). As managers

are faced with additional demands and shrinking resources,

new approaches for grassland assessment are needed to

inform adaptive management strategies. Elevation data

coupled with data derived from satellite-borne sensors and

field surveys might be used to develop creative applications
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that complement existing efforts with economical grass-

land assessment tools.

The Robel pole is commonly used to measure VOR as

an indicator of canopy height (Robel and others 1970). One

reason for the wide acceptance of this particular method as

an indicator of structure is the strong correlation between

height and standing crop biomass, which was reported for

grasslands in Texas (Vermiere and others 2002), Wyoming

(Uresk and Juntti 2008), South Dakota (Uresk and Benson

2007) Oklahoma (Vermiere and Gillen 2001) and Kansas

(Robel and others 1970). These correlations indicate the

Robel pole measurement integrates both stand height and

density, thereby providing a proxy for vegetation structure.

Other variables indicative of grassland canopy structure are

less-easily measured, such as percentage of bare ground

cover, percentage of mid-grass versus short-grass cover,

leaf area, photosynthetically-active vegetation (PV) mass,

non-photosynthetically active vegetation (NPV) mass,

canopy water content, litter depth, and phenology (Fisher

and Davis 2010). Structure at a broader scale may also be

important for defining landscape descriptors, such as patch

size, habitat patch length and Shannon’s diversity index

(Luoto and others 2004).

Remote-sensing systems generally acquire data suitable

for the evaluation of a grassland’s horizontal dimension

(e.g. standing crop mass, nitrogen content), given their

established sensitivity to variations in pigment (Moran and

others 1997; Hunt and others 2003; Beeri and others 2007).

Several spectral indices available from Landsat TM and

Advanced Spaceborne Thermal Emission and Reflection

Radiometer (ASTER) are known to co-vary with grassland

properties during the growing season (Moran and others

1997; Hunt and others 2003), particularly the chlorophyll-

based indices such as the normalized difference vegetation

index (NDVI) and the enhanced vegetation index (EVI).

These indices rely on the spectral reflectance contrast

between red and near-infrared (NIR) bands. NDVI and EVI

are sensitive to leaf chlorophyll content, which tends to

increase with standing crop, particularly where leaf area

index values are \2.5 (Roberts and others 1998). Other

indices, such as those that use the mid-infrared (Mid-IR)

range of data, are more sensitive to leaf water content of

vegetation (Hardinsky and others 1983; Hunt and Rock

1989). Spectra in the blue region (Landsat 5 Band 1;

0.45–0.52 lm) are sensitive to atmospheric scattering,

which minimize atmospheric interference in other wave-

bands (Ceccato and others 2002; Moran and others 1997).

Canopies with low water contents would be more reflective

in the Mid-IR than canopies with higher water contents

(Ceccato and others 2002). A simple ratio using blue band

data in the denominator and Mid-IR in the numerator, such

as Landsat TM Band 7/Band 1 (SR71), will increase with

reflectance in the Mid-IR and when scatter in the blue band

decreases. Simple ratios between two bands minimize

shadow effects (Lawrence and Ripple 1998) and may be

more strongly correlated with grassland height than nor-

malized vegetation indices (Hall and others 2010).

Grassland topographic position often affects vegetation

composition (Milchunas and others 1989; Knapp and oth-

ers 1993) and reflectance (Moran and others 1997), so

topographic and reflectance data could be combined to

assist with landscape-scale vegetation assessments. Freely

available DEM data from the US Geological Survey

(Gesch and others 2002) represent underlying surface

topography, and these data assist with identifying those

more static landscape features associated with geomor-

phology. Widely available, passive sensor data from

satellite-borne platforms such as Landsat TM and MODIS

depict seasonal changes in vegetation reflectance, such as

productivity and greenness. Current data available from

imagery are important for grasslands because structural

attributes, such as height and standing crop, vary substan-

tively during the growing season in response to weather

and land use (Roberts and others 1998). The application of

these low-cost indicators of productivity, however, is lar-

gely driven by scale (Beeri and others 2005). For example,

daily indicators of productivity (such as NDVI) collected

from the MODIS sensor do not provide the level of spatial

resolution needed to assess vegetation changes within a

square kilometer. Here, we test a data application within

the constraints of scale and cost using remote-sensing

based data (Landsat TM and ASTER), DEM and field data.

Our objective was to develop a low-cost method for

threshold-based assessment of grassland vegetation cano-

pies for a 36,000 ha landscape. We aimed to model DEM,

satellite-based spectra and field-based canopy structure

data to determine how canopy structure and spectra vary

with topographic position (summit, midslope and toeslope).

Data collections during peak growing season were needed

because these broadband spectral indices indicate produc-

tivity when plants are green. The first step in this process

was to determine if mixed-grass prairie summits found at

the GRNG were lower in structure than at other topo-

graphic positions, as reported for shortgrass (Milchunas

and others 1989; Singh and others 1998) and tallgrass

prairie (Knapp and others 1993). We hypothesized these

mixed-grass prairie structural characteristics, including leaf

area, standing crop mass, canopy height, canopy nitrogen

(N) mass, and canopy water content would be lower at

summits than at toeslopes. In accordance with changes in

canopy cover characteristics from summits to toeslopes, we

hypothesized summit NDVI values would be lower and

SR71 values would be higher at summits than at toeslopes.

We used the pre-established Robel pole management

minimum value of 9 cm to guide selection of a spectral

index value indicative of this height threshold. If summit
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vegetation were below the canopy height threshold even at

peak standing-crop, this would indicate a need to stratify

the landscape by topographic position prior to landscape

assessment.

Methods

Landscape Description, Classification,

and Stratification

The GRNG is located in northwestern South Dakota, USA

(45.7�N, 102.5�W; Fig. 1) within the Northern Great Plains

ecoregion (Omernik 1987). About 75 % of the annual

precipitation (350 mm) occurs during the growing season

(April–September). Average monthly temperature is high-

est in July (21 �C) and lowest in January (-9 �C).

Topography ranges from open plains to rolling grassland

prairie, with elevations from 670 to 880 m. Soils are pre-

dominantly well-drained, moderately deep, moderately

permeable, fine-loamy, mixed, superactive, frigid Typic

Argiustolls (NRCS 2011). The GRNG is a mixed-grass

prairie ecosystem characterized by blue grama [Bouteloua

gracilis (H. B. K.) Lag. Ex Griffiths] and western wheat-

grass [Pascopyron smithii (Rybd) L}ove]. Many of the

GRNG lowlands were farmed in the early twentieth cen-

tury and are now stands of crested wheatgrass [Agropyron

cristatum (L.) Gaertn.]. The GRNG is seasonally grazed by

Fig. 1 Location of the

36,000 ha landscape-of-interest

at the Grand River National

Grassland (GRNG) near

Lemmon, SD. The four colors
indicate different historical

reflectance index (HRI) groups,

which was based on an

unsupervised classification of a

10-year MODIS EVI data set.

Locations of the field plots are

outlined in bold
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cattle (May–October), and stocking rates are approximately

one animal unit per hectare. Federally-managed lands are

fragmented by many privately-held enclaves, so the GRNG

is not contiguous (Hansen 2008).

The region-of-interest for this project was initially defined

as an approximately 100,000-ha tract of land located in the

center of the GRNG (NE corner 45�560200N, 102�1003500W;

SW corner 45�3301200N, 102�3405800W). Included in this tract

were herbaceous and non-herbaceous vegetation, roads,

rivers, and buildings. To narrow the landscape to herbaceous

grassland vegetation only, the tract was separated into her-

baceous and non-herbaceous vegetation using an object-

based classification method applied to a Landsat 5 image

(acquired July 10, 2008). Groundtruth consisted of known

herbaceous vegetation field points geo-located by the USFS

(Sjursen 2009). Six Landsat bands (between 0.45 and

2.35 lm wavelengths; Table 1) were used to delineate

polygons with similar spectral features (Benz and others

2004) using Definiens eCognition Developer (v.7)� object-

based classification software. A binary recursive classifica-

tion and regression tree algorithm (Feldesman 2002)

implemented in the R� statistical package (R Development

Core Team 2009) was used to classify the polygons into

herbaceous and non-herbaceous vegetation classes (Bitten-

court and Clarke 2003). Only the herbaceous vegetation

cover was of interest for this study, therefore non-herbaceous

areas were removed. The classification resulted in 36,000 ha

of USFS land area, which was used on all subsequent anal-

yses (Fig. 1) and is herein referred to as our landscape-of-

interest (LOI).

To ensure we included a potentially wide range of canopy

characteristics and reflectance values representative of our

LOI, we evaluated the landscape for spatial trends in vege-

tation greenness (Huete and others 2002) over the last

10 years. The 16-day, Moderate Resolution Imaging Spec-

trometer (MODIS)-based, enhanced vegetation index (EVI)

data for June and July from 2000 to 2009 were downloaded

from the MODIS global subsets website (http://daac.ornl.

gov/MODIS/modis.shtml). Forty images of EVI data were

combined into one multi-temporal-band image, and an

unsupervised classification was performed using ENVI/

IDL� to identify those areas where EVI was consistently

higher or lower than surrounding areas over the 10-year

period. The classification yielded four historical reflectance

index (HRI) groups, which accounted for 98 % of the LOI

(Fig. 1): low historical reflectance (depicted as red), med-

ium–low historical reflectance (depicted as green), medium–

high historical reflectance (depicted as blue), and high

historical reflectance (depicted as yellow). The HRI classi-

fication was then used to facilitate collection of field data

representing a range of grassland canopy properties for this

mixed-grass prairie landscape.

DEM data, 10-m pixel resolution, were accessed from

the USGS National Elevation Dataset [http://ned.usgs.gov/

(Gesch and others 2002)]. We used the DEM to stratify the

landscape into three topographic positions: summits,

midslopes or toeslopes (Qin and others 2009). ArcGIS

spatial analyst was used to generate the landform data from

the DEM (Jenness 2006), and a neighborhood analysis

(8 9 8 pixel moving window) was used to identify local

maxima and minima locations and flow directions. Slope,

aspect and curvature were calculated by fitting a quadratic

surface to the DEM for an 80-m kernel size and taking the

appropriate derivatives (MacMillan and others 2000; Wood

1996). A cluster tolerance of 70 m was used for the topo-

graphic zones because this was the minimum distance

between summits, midslopes and toeslopes observed at our

field-sites. The 80-m kernel size represented a buffered

distance slightly longer than the observed 70 m minimum

between positions.

We compared modeled topographic position with actual

topographic position at our 72 field sites. Most (90 %) of

the modeled summit, midslope and toeslope positions were

correctly classified when compared with field-sites. Ele-

vation data from the DEM were similar to elevation data

collected with the GPS. The regression of elevation from

DEM on measured elevation was linear (r2 = 0.97).

Modeled topographic position polygons were used as input

for subsequent landscape analyses. Delineation of summits,

midslopes and toeslopes facilitated landscape analysis that

included both image reflectance and topographic position.

We layered modeled topographic position polygons (vector

data) and image pixels located within each polygon (raster

data). We found the average spectral index value for each

topographic position polygon using only those pixels

located completely within a polygon. Pixels crossing into

more than one polygon and polygons \1,000 m2 were not

included. The resulting dataset included over 9,000 topo-

graphic position polygons, and each polygon was spatially-

linked to a spectral index value.

Table 1 Spectral data available from space-borne imaging spectrometers Landsat TM (http://ned.usgs.gov/) and the ASTER

(http://www.science.aster.ersdac.or.jp/en/index.html) indicating spectral region and band width

Sensor Blue Green (lm) Red (lm) Near infrared (lm) Mid infrared Short-wave infrared

Landsat 5 0.45–0.52 lm 0.52–0.60 0.63–0.69 0.76–0.90 1.55–1.75 lm 2.085–2.35 lm

ASTER Not available 0.52–0.60 0.63–0.69 0.76–0.86 Not operational Not operational
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Plot Selection and Field Data Collection

Six field plots were randomly selected within each of the

four color-coded HRI groups listed above and mapped in

Fig. 1 using 1-km MODIS pixels. Sample plots were

selected to be homogenous (no multiple HRI classes within

a pixel) and to represent summit, midslopes and toeslope

locations. This resulted in 18 points per HRI (6 plots 9 3

topographic positions). These random points (MODIS pixel

centers) were generated in Arc Map and geo-located in the

field (Dauwalter and others 2006) using a submeter, real-

time, differential Trimble Geo XT Global Positioning

System (GPS) and Beacon receiver (Trimble Navigation,

Sunnyvale, CA). Those points that were not safely acces-

sible with an all-terrain vehicle were removed and replaced

with new points to achieve a total of six field-plots per

category (Fig. 1). Accessibility was problematic for the

low HRI areas (red), which is why the six plots border each

other. From the center of each plot, the nearest south-facing

slope was geo-located and logged using a GPS, along with

summit, midslope and toeslope positions. We selected the

nearest south facing slopes in order to minimize any effects

of aspect and sun exposure variation on plant properties

examined, so that observed differences in sampling loca-

tions could be attributed to topographic position and not

aspect (Milchunas and others 1989). The shape file geo-

referencing specific topographic position within each plot

was used for field data collection and for Landsat TM and

ASTER data extraction. The range of elevations recorded

at field sites was 740–850 m. Each position was flagged for

subsequent sample collection (Fig. 2).

Functional land cover (FLC) groups were characterized at

each of the 72 sites (24 plots 9 three positions) between 20

June and 15 July 2010 using Daubenmire frames (1959),

which provide a method to visually estimate percent cover

using a predetermined set of ranges. Frames (0.5 9 0.2 m)

were placed both 1 and 2 m from the center of the plot in the

cardinal directions (Fig. 2). This resulted in a total of eight

frames per site. We estimated species cover within each

frame as either \5 %, 5–25 %, 25–50 %, 50–75 %, or

greater than 75 %. Minor species representing \5 % of plant

cover that could not be identified were logged as unknown

vegetation. All species representing more than 5 % of the

canopy were identified. Average species cover was calcu-

lated using all eight frames at each site and each species was

assigned to one of three FLC categories: forb, mid-grass or

short-grass. Rocks and bare ground were assigned to a non-

vegetation group and senescent vegetation was assigned to

the litter group. Dominant and co-dominant species based on

percent cover were identified for the four frames closest to

center, and the four frames furthest from the center of the

plot. Ecological site names (a soil-based classification sys-

tem) were identified (http://soildatamart.nrcs.usda.gov/) and

also listed for each of the 72 sites.

Both cattle grazing and fire occur on the GRNG, with

variable fire locations, grazing intensities and cattle turnout

dates by paddock. Small paddock sizes precluded specifically

controlling for cattle use and fire in this study. Stocking rates

in 2010 were similar among paddocks within our LOI. During

the collection of field data in July (see below), cattle use was

not evident for the high HRI (yellow) plots located at the south

end of the LOI (Fig. 1), where cattle turn-out was delayed to

Fig. 2 The field sampling

design for collection of

vegetation attributes associated

with canopy structure. At each

field plot, aboveground

vegetation data were collected

according to the figure inset at

summit, mid and toeslope

positions

918 Environmental Management (2012) 50:914–928
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mid-July. The high HRI plots were also located in areas with

no history of tillage. We found evidence of recent fire at two of

the medium–high HRI plots (blue) located at the north-center

section of the LOI. The USFS confirmed that prescribed burns

occurred at these two plots in April 2010. Inclusion of grazed,

ungrazed, recently-burned, and unburned plots provided for

collection of a full range of data representative of multiple

stages of plant growth and development, as recommended for

large landscapes (Luoto and others 2004) where assessments

under realistic conditions are needed.

Standing crop mass (both green and total), leaf area (both

green and total), unattached vegetation (litter), canopy height,

N content, water content, and spectra from satellite-based

sensors were collected at field plots during the week of both

Landsat TM and ASTER flyovers (July 15–19, 2010). The

Robel pole was used to measure canopy height at four points in

the cardinal directions 4 m from flagged center (Fig. 2). A

large L-shaped area (10 m2) was mowed to 2 cm height using

a cycle-bar mower. This configuration was selected to incor-

porate spatial variability in standing crop biomass represen-

tative of the 15-m (ASTER) or 30-m (Landsat TM) pixels

(Beeri and others 2007). Actual area mowed was recorded and

total wet mass determined in the field with a Mettler-Toledo

(SB32001-GA) scale (Mettler-Toledo, Columbus, OH). A

sub-sample of mowed vegetation was retained for determi-

nation of dry mass in the laboratory. A 0.1 m2 frame was also

placed northeast of the mowed area and materials collected for

plant separation and laboratory analyses. Standing vegetation

within the frame was clipped to 2 cm height and stored at

4 �C. The standing material was separated into green or brown

vegetation groups, leaf area measured with a LI-3100C Area

Meter (LICOR Inc., Lincoln, Nebraska, USA), dried at 60 �C,

ground through a 1-mm mesh, and analyzed for total N using

dry combustion on a Carlo Erba Model NA 1500 Series 2N/C/

S analyzer (CE Elantech, Lakewood, NJ).

Litter (unattached plant material) in the small frame was

collected and dried at 60 �C. All data are reported on a dry

mass basis. The proportion of green material collected in

the small frame was used to calculate the mass of green

material in standing crop for the 10 m2 mowed areas (Beeri

and others 2007). Small-frame data were used to determine

the correlation between mass and leaf area and for canopy

water content. Canopy water content was determined as the

difference in mass before and after oven drying. Canopy N

and water contents included both green and brown mate-

rials. Both mass and leaf area data are reported as total

amounts and amounts for green vegetation only.

Remote Sensing-Based Data Acquisition

and Processing

An ASTER Level 1B image collected on July 15, 2010 was

downloaded from the ASTER data website. The Level 1B

data were projected UTM Zone 13 North, WGS-84. Stan-

dard ASTER radiometric calibration and geometric cor-

rection coefficients were used for re-sampling (Fujisada

1998). The instrument digital numbers for the visible bands

were converted to at-satellite radiance (W m-2 sr-1 lm-1)

for each channel using the gain and offset coefficients

provided in Level 1B metadata (Tonooka and others 2003).

The geometric data correction results were fine-tuned using

a GPS with sub-meter resolution collected in the field and

from road network vectors for the study area. The resulting

ortho-rectified images were co-registered within 0.5 pixel

root mean square error (RMSE).

A cloud-free Landsat TM image was collected on July

16, 2010 (http://glovis.usgs.gov/). We calibrated the

Landsat raw radiometric data by applying Landsat date-

specific instrument calibration parameter files (Markham

and Barker 1987) converting 8-bit satellite-quantized cal-

ibrated digital numbers (DN) into top of the atmosphere

(TOA) reflectance. These data were converted to TOA:

Lsat ¼ DN� Bð Þ=G ð1Þ

where Lsat is the band-specific TOA radiance (W m-2 sr-1

lm-1), DN is the satellite quantized calibrated digital

number, B is the band-specific bias in DN from Landsat

calibration parameter files, and G is the band-specific gain

(m2 sr lm W-1) from Landsat calibration parameter files.

We then converted the radiance data into at-satellite

reflectance using:

q
ASR
¼ p� Lsatð Þ
ðE0 � cosðHÞÞ ð2Þ

where qASR is the band-specific at-satellite reflectance,

E0 is the exoatmospheric solar constant (W m-2 lm-1)

corrected for solar distance, and H is the solar zenith angle.

NDVI and SR71 spectral indices were calculated using

reflectance data scaled between 0 and 1.

NDVI ¼ qNIR�qRedð Þ= qNIR þ qRedð Þ ð3Þ
SR71 ¼ qMid�IRð Þ= qBlueð Þ ð4Þ

where qRed, qNIR, qBlue, and qMid-IR are surface reflectances

in red, near infrared, blue and mid infrared portions of the

electromagnetic spectrum (Huete and others 2002).

Statistical Analyses

Field Site Characteristics, Reflectance,

and Topographic Position

Vegetation data were analyzed by fitting a generalized linear

mixed model (SAS System for Windows, copyright�
2002–2008, SAS Institute Inc., Cary, NC, USA). The model

fixed effects included topographic position, HRI group, and

Environmental Management (2012) 50:914–928 919
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the interaction of topographic position and HRI group, and

random effects included plot and plot x topographic position.

A Tukey–Kramer test was used to determine if least-square

mean values at specific topographic positions or specific HRI

groups were significantly different from each other. Mea-

sured percent cover for each of the five FLCs (rock/bare soil,

litter, forb, short-grass, mid-grass) were fitted statistically to a

beta distribution because these categorical data were not

normally distributed. Green standing crop (kg ha-1), total

standing crop (kg ha-1), green leaf area (cm2 cm-2), total

leaf area (cm2 cm-2), unattached litter (kg ha-1) canopy N

mass (kg ha-1), canopy water content (kg ha-1), canopy

height (cm), Landsat-NDVI, ASTER-NDVI, and Landsat-

SR71 data were normally distributed and were analyzed

separately using the same mixed model. Total and green leaf

areas were modeled as functions of total and green standing

crop using the small frame data to establish predictive

equations for leaf area. Standing crop mass data collected

from the large ‘‘L’’-shaped area (Fig. 2) were used in all

statistical analyses and were regressed on canopy height

(Uresk and Benson 2007; Vermiere and others 2002). Spec-

tral VI data were also analyzed to determine which spectral

index correlated most highly (highest r2) with canopy height.

Landscape Reflectance and Topographic Position

Similar analyses were performed to determine relationships

between topographic position and spectral VIs for the

entire LOI. We tested for the fixed effects of topographic

position, HRI group, and the topographic position x HRI

group interaction on the spectral VI and sensor most highly

correlated with canopy height. This step was also per-

formed on Landsat and ASTER-NDVI data to evaluate if

the influence of topographic position on NDVI was evident

at both field-site and landscape scales. Statistical signifi-

cance was set at P \ 0.05.

Results

Field Site Percent Cover

Percent cover per unit area (%) by FLC did not vary with

HRI group but did vary with topographic position for the

rock/bare soil (F2,40 = 3.91; P \ 0.05), short-grass

(F2,40 = 12.15; P \ 0.0001), and mid-grass (F2,40 =

39.25; P \ 0.0001). Percent cover per unit area for forbs

and litter did not vary with topographic position. Summit

mid-grass percent cover was significantly lower than that at

mid and toeslope positions. Average [(±standard error

(se)] mid-grass percent cover increased from summit

(9 ± 1 %), to midslope (21 ± 2 %), to toeslope (29 ±

2 %) positions. Average rock/bare soil at summit (22 ±

2 %) and midslope positions (14 ± 2 %) tended to be

greater than rock/bare soil cover for the toeslope position

(9 ± 2 %). Average short-grass percent cover was greatest

at the summit (35 ± 2 %) and lowest at the toeslope

(20 ± 2 %). However, short-grass percent cover at the

toeslopes for the high HRI group (yellow) was approxi-

mately 15 % greater than short-grass cover for the other

HRI groups, likely due to the lack of tillage history at the

south end of the GRNG. The test for effects of HRI group

by topographic position on short-grass cover indicated the

interaction was significant (F6,40 = 3.90; P \ 0.01). Litter

and forb cover, however, varied little with topographic

position and averaged 20 % (±4) and 17 % (±3 %) across

all field sties, respectively.

An average of five species was inventoried at all 72 field

sites, regardless of topographic position (Table 2). The

predominance of short-grasses such as B. gracilis at the

summits and mid-grasses such as A. cristatum at the toes-

lopes are evident in both species occurrence data (Table 2)

and percent cover data (Fig. 3). Ecological site data were

mapped to characterize selected plot soil characteristics

(NRCS 2011). These ranged from sandy to clayey, and

most were classified as silty across all landscape categories

(Table 3).

Field Site Standing Crop, Leaf Area, N, Water,

and Height

Measured vegetation properties varied significantly with

topographic position, including green standing crop

(F2,40 = 8.91; P \ 0.001), total standing crop (F2,40 =

4.32; P \ 0.05), green leaf area (F2,40 = 9.68; P \ 0.001),

total leaf area (F2,40 = 15.05; P \ 0.0001), canopy N mass

(F2,40 = 23.66; P \ 0.0001), canopy water (F2,40 = 11.25;

P \ 0.0001), and canopy height (F2,40 = 26.22; P \
0.0001). These did not vary with HRI group, which indi-

cated the effects of topographic position on these variables

were similar within our herbaceous vegetation LOI. Clear

topographic position trends for leaf area and standing crop

(total and green material only) are illustrated in Fig. 4a, b

and parallel trends in canopy N mass, water content and

height (data not shown). Highest average (±se) value for

canopy N at toeslope (36 ± 3 kg ha-1), was followed by

midslope (26 ± 2 kg ha-1) and summit (18 ± 2 kg ha-1).

Average water content at toeslope (924 ± 63 kg ha-1) was

significantly greater than midslope (723 ± 66 kg ha-1)

and summit (579 ± 68 kg ha-1) positions. Similarly,

average canopy height at toeslope (15 ± 1 cm) and mids-

lope (13 ± 1 cm) was significantly greater than at summit

(8 ± 1 cm). Summit average height was lower than the

previously established threshold value of 9 cm, whereas

average height at the mid and toeslope positions exceeded

this threshold (Fig. 5a). Canopy height, however, was
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also marginally affected by HRI group (F2,40 = 3.70;

P = 0.051). Canopy height for the high HRI (yellow)

tended to be higher than the other HRI groups (Fig. 5a)

possibly because cattle had not yet visited these plots prior

to our field sampling. The topographic position by HRI

group interaction was not significant. Average amount of

litter at summit was 234 (±92), at midslope was 583

(±156), and at toeslope was 554 (±138), and these were

not significantly different.

The linear regressions of total leaf area (TLA) and green

leaf area (GLA) on standing crop mass (kg ha-1) yielded

the following predictive equations:

TLA ¼ 0:1424þ 0:0004� TSC; r2 ¼ 0:85 ð5Þ

GLA ¼ 0:1408þ 0:0003� GSC; r2 ¼ 0:79 ð6Þ

The best relationship between total standing crop (TSC)

and canopy height was fitted with a quadratic polynomial

(Fig. 6):

TSC ¼ �53þ 129� heightþ 2� height2; r2 ¼ 0:65

ð7Þ

Field Site and Landscape Reflectance

NDVI pixel values varied significantly with topographic

position for both Landsat TM (F2,40 = 37.62; P \ 0.0001)

and ASTER (F2,40 = 28.10; P \ 0.0001) but not with HRI

group (Fig. 7a). Average NDVI (±se) for Landsat ranged

from 0.24 (±0.01) at summits to 0.33 (±0.01) at toeslopes,

while ASTER average NDVI ranged from 0.11 (±0.01) at

summits to 0.20 (±0.01) at toeslopes. Field site values for

NDVI ranged from 0.20 to 0.45 for Landsat and from 0.07

to 0.29 for ASTER. NDVI was weakly correlated with

Fig. 3 Average (±standard error) percent cover by group, including

rock/bare soil and senescent vegetation classified as litter. Letters
above error bars denote those groups that varied significantly with

topographic position
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canopy height measured at the field sites (r2 \ 0.28).

Landscape statistics performed on NDVI values calculated

for each modeled elevation polygon in our LOI indicated

both Landsat (F2,9509 = 772.55; P \ 0.0001) and ASTER

(F2,11003 = 849.69; P \ 0.0001) varied significantly with

topographic position and not HRI group (Fig. 7b). Landsat

average NDVI for the LOI ranged from 0.28 (±0.01) at

summits to 0.33 (±0.01) at toeslopes, while ASTER

average NDVI ranged from 0.15 (±0.01) at summits to

0.21 (±0.01) at toeslopes. Summit values for Landsat and

ASTER-NDVI at both field-site and landscape scales were

significantly lower than their counterparts at mid and

toeslope positions.

Similar to NDVI, SR71 pixel values from Landsat also

varied significantly with topographic position for

(F2,40 = 20.36; P \ 0.0001). Like NDVI, SR71 was not

affected by HRI class. However, there was an inverse

relationship between canopy height and SR71, with highest

SR71 values at summits (Fig. 8). Average field-site SR71

ranged from 0.80 ± 0.01 at summits to 0.73 ± 0.01 at

toeslopes (Fig. 5a). Individual site SR71 ranged from 0.45

to 0.90. Similar to data collected on the ground, the best

relationship between Landsat SR71 and canopy height was

fitted with a quadratic polynomial (Fig. 8):

Fig. 4 a Average (±standard error) leaf area for green material only

and for total leaf area by topographic position; b standing crop

biomass for green material and total standing crop. Letters above
error bars denote significant differences among topographic positions

Fig. 5 a Canopy height average (±standard error) by HRI group and

topographic position. The 9 cm height threshold is indicated by the

broken line for reference; b Landsat SR71 by HRI group and

topographic position. Average summit SR71 value is indicated by the

broken line for reference. Letters above error bars denote significant

differences among topographic positions

Fig. 6 Total standing crop biomass versus canopy height measured at

72 sites, July 2010
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Height¼ 87� 144�Landsat SR71þ 58�Landsat SR712;

r2 ¼ 0:53 ð8Þ
Landscape application of SR71 indicated higher average

SR71 values were consistently found at summits

(0.74 ± 0.01), followed by midslope (0.70 ± 0.01) and

then toeslope (0.68 ± 0.01) position groups (Fig. 5b).

However, average SR71 values for the high HRI group

(yellow) were lower than all other HRIs at all positions.

These results collected over the entire LOI mirrored the

SR71 pixel data collected at field-sites (Fig. 5b). This trend

for lower SR71 values for the high HRI group (where

canopy height was greater) was similar to trends for greater

heights observed in the field for this HRI (Fig. 5a).

The Landsat SR71 index correlated with canopy height

better than NDVI, with higher values at summits than at

mid and toeslopes. We identified 29 sites where canopy

height was below the 9 cm management threshold. Eigh-

teen of these low structure sites were located at summits,

ten at midslopes and one at a toeslope. Average Landsat

SR71 collected at these sites was 0.8, which we used as a

canopy height threshold. Sites where SR71 \0.8 repre-

sented areas where structure exceeded the minimum value.

At the remaining 43 sites, SR71 was \0.8 and canopy

height exceeded 9 cm at 40 sites. For NDVI, the 29 sites

below 9 cm averaged 0.27, and NDVI values \0.27 were

considered potential areas of low structure. NDVI values

for the 43 sites where height exceeded 9 cm were expected

to be [0.27, but NDVI was [0.27 at only 31 of the 43

sites. We mapped SR71 values for July 16, 2010 (Fig. 9) to

illustrate large-scale approximation of areas low in struc-

ture. The elevation drape illustrates low-lying areas that

were below the threshold in July 2010, such as the area to

the east that was burned and the area to the south that was

fallowed (Fig. 9).

Discussion

We aimed to develop a grassland assessment method for a

36,000 ha landscape using Landsat, DEM and canopy

structure data, where structure included plant FLC group,

height, standing crop mass, leaf area, N mass, and water

content. To this end, we tested the hypothesis that grass-

land canopy structure at summit positions are significantly

different from mid and toeslope positions. We found

summits were lower in all of these structural attributes, as

compared to mid and toeslope positions. Accordingly, we

found significantly lower values at summits for NDVI and

higher values for SR71. A threshold value for SR71 (0.8)

was established, where sites below than this value were

considered above the structural management minimum.

Fig. 7 a NDVI average (±standard error) collected by Landsat (July

16, 2010) and ASTER (July 15, 2010) sensors for 72 field sites by

topographic position; b NDVI average (±standard error) collected by

Landsat (July 16, 2010) and ASTER (July 15, 2010) sensors for the

LOI by modeled elevation polygon. Letters above error bars denote

significant differences among topographic positions

Fig. 8 Canopy height measured using the Robel pole versus Landsat

SR71 index collected at 72 field sites for each topographic position

group. The 95 % confidence bands are the lines shown in grey. Image

data were acquired July 16, 2010
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Conversely, sites where SR71 exceeded this value repre-

sented areas where structural attributes were considered

below the management minimum. This method supported

comprehensive assessment of the GRNG with respect to

grassland canopy structure, where specific areas below the

threshold could be highlighted in a single image (Fig. 9).

Fundamental to grassland canopy management is bio-

mass production, which is regulated by precipitation and

topography (Knapp and others 1993). At the GRNG in

2010, 28 cm of rainfall (80 % of the annual average)

occurred prior to the mid-July field sampling [North

Dakota Agricultural Weather Network (NDAWN) 2000].

Therefore, standing crop and leaf area reported in 2010

were likely above average, although they are within the

range reported at other North Dakota mixed-grass prairie

ecosystem sites (Biodini and Manske 1996; Frank and

Dugas 2001). We report only 1 year of data, but previous

long-term studies have shown that structure at summits is

consistently lower than at toeslopes (Knapp and others

1993; Milchunas and others 1989; Singh and others 1998).

Both Milchunas and others (1989) and Knapp and others

(1993) also found vegetation canopy characteristics were

lower at summits and higher at toeslopes. Shortgrass prairie

summits were lower than toeslopes with respect to

aboveground net primary production (Milchunas and La-

uenroth 1993), plant density and cover (Milchunas and

others 1989), and root and crown biomass (Milchunas and

others 1989), and soil organic matter (Burke and others

1999). Tallgrass prairie summits were lower in canopy N,

canopy water and net primary production, as compared to

lowlands (Knapp and others 1993). Knapp and others

(1993) concluded that topographic position was an

important predictor of tallgrass ecosystem productivity,

and we found similar relationships for mixed-grass prairie.

Comprehensive assessment of our 36,000-ha LOI

required a different experimental design and alternative data

collection methods than previous Robel pole studies

(Benkobi and others 2000; Robel and others 1970; Uresk

and Benson 2007; Uresk and Juntti 2008; Vermiere and

others 2002). We needed to collect standing crop biomass at

a scale representative of the variability within a large pixel,

since our primary aim was to correlate canopy structural

attributes and pixel data rather than canopy height and

standing crop (Beeri and others 2007). Further, we aimed to

detect natural variation in canopy structure for 30 m pixels,

while others averaged multiple Robel pole readings col-

lected along 200 m transects (Uresk and Benson 2007;

Vermiere and others 2002). Consequently, our regression of

standing crop on height was not as strong as reported by

others (Uresk and Benson 2007). Better relationships

between height and biomass were obtained when homoge-

nous stands of vegetation were used (Robel and others

1970), where transects were stratified into high, medium or

low structure groups (Benkobi and others 2000; Uresk and

Benson 2007; Uresk and Juntti 2008), and where shortgrass,

mixed-grass, and tallgrass prairie were compared (Vermiere

and others 2002). Our random points typically comprised

multiple species (Table 2), and species mixtures changed

dramatically with topographic position (Fig. 3).

Landscape features limited the range of possible remote

sensing-based data sources used in this study. For example,

we needed to assess 36,000 ha of area, but important nat-

ural variation in structure occurred within a 70 m distance.

Consequently, we applied medium-resolution satellite data

(B30-m pixel size), where swath widths were 60 km

(ASTER) and 185 km (Landsat TM). Working with 10- to

30-m pixel data required that we categorically analyze only

three topographic positions, as compared to running tran-

sects along a toposequence and evaluating structure at

multiple elevations. Advanced, high spatial-resolution

(\3 m) data acquisitions for DEM and spectral reflectance

could be tasked if finer-scale landscape models are needed.

In these cases, acquisition and data processing costs for

airborne sensor data could limit comprehensive spatial

assessment to only a subset of the LOI.

Medium spatial resolution reflectance data from Landsat

represent multiple canopy features (e.g., N mass and water

content, plant architecture, and soil background), so spec-

tra-based grassland models are often ecosystem-specific.

Different spectral indices will apply for ecosystems where

Fig. 9 Subset of the LOI where low-structure pixels below the

Landsat SR71 index threshold are delineated in purple, as compared

to pixels above the index threshold delineated in green on July 16,

2010. The elevation drape illustrates effects of topography on low-

structure pixels. The area to the west was burned in April 2010 and

grazed by cattle in July
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bare soil cover is high (Qi and others 1994), such as in the

arid southwestern US (Holifield Collins and others 2008;

Marsett and others 2006). Here, we measured multiple

mixed-grass prairie canopy attributes known to influence

spectra and found distinct patterns in land cover with

topography but not soil series (Table 3). While SR71

provided an indication of areas relatively lower in struc-

ture, we did not attempt to tease apart these variables, in

part because the Landsat data are spectrally and spatially

too coarse for this heterogeneous grassland. We focused on

relative differences in canopy structure that follow the

topographic gradient for this ecosystem. Knowledge of

these differences in conjunction with spectral VIs can assist

managers identify canopies below management thresholds

at landscape scales.

Data collected at the pixel scale for NDVI indicated

strong effects of topography on NDVI, and this was cor-

roborated by the full LOI analysis (Fig. 7). Figure 7 sug-

gests that our sampling design provided a reasonable

representation of the landscape. However, our threshold-

based approach to canopy structure using NDVI did not

identify areas low in structure as well as the SR71. While

SR71 was most highly correlated with canopy height,

observed scatter (Fig. 6) precludes application of this tool

as a quantitative measure.

Instead, the SR71 provided a broad-scale indicator of

areas that may be below the minimum height (Figs. 9, 10).

The above- versus below-threshold approach is limited to

addressing the yes or no question ‘‘Is this area above the

management threshold?’’ In this study, 3 of 43 sites were

incorrectly classified as low structure when they were

actually above the minimum value. This may have been

due to the 30 m Landsat pixel size, where data were col-

lected outside of the measurement area (Fig. 2). Better

representation of mixed-grass prairie canopies using

imagery may be achieved by collecting a greater number of

canopy height measurements within a pixel.

The addition of topography to spectral index analyses

highlights inherent landscape variability with the potential

to complement grassland assessment methodologies.

Larger differences in index values between summits and

toeslopes over the landscape would suggest greater

standing crop and structure. Conversely, if summit and

toeslope index values were similar, standing crop and

structure may be compromised and adaptive management

needed. Each image should be evaluated with modeled

DEM and field data to determine the index and threshold

value that best represents landscape variation in structure.

Continued application of topographic, field, and spectral

index data could be refined to assist managers more

comprehensively identify areas potentially low in struc-

ture (Fig. 10) and adapt to annual variations in grassland

production.

Conclusion

We conclude that grassland structure varies with topo-

graphic position, and that comprehensive grassland

assessment should include both topography and spectral VI

layers. Here, we defined canopy structure as a combination

of FLC group, standing crop mass, canopy height, leaf

area, N mass, and water content, since spectral reflectance

is influenced by all of these features. We suggest reflec-

tance values at toeslopes that are similar to summits are

likely low in structure, and these anomalies may be due to

management (fire, grazing) or to other factors limiting

plant productivity. Management adaptation would be nee-

ded where biological potential for structure or productivity

cannot be met (Fig. 10). Grassland assessment in July

(using this threshold-based approach) would facilitate

landscape evaluation among stakeholders, when manage-

ment adjustments are feasible and inherent limitations to

plant productivity (e.g., disease, pests, and soil erosion) are

readily apparent. Managers may find these comprehensive

data will also advance understanding of these large land-

scapes by delineating subtle variations in livestock or

wildlife habitat (Fig. 9), such as habitat heterogeneity.

Continued application of archived and current SR71 and

NDVI indices in conjunction with field and topographic

data could help bridge the gap between climatic variation

and grassland productivity. Finally, expanding this research

to include finer-scale, hyperspectral data could improve the

predictive power of spectra to estimate key grassland

structural variables.
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