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Twenty-metre biophysical variability within the
northern mixed-grass prairie
Joseph M. Piwowar, University of Regina (joe.piwowar@uregina.ca)

Abstract: The northern Great Plains of North America are second only to the
Arctic, for their sensitivity to climate change in Canada. This study is part of a
larger research project that is using remote sensing data to understand the climate
impacts on native mixed-grass prairie environments. The primary objective of
this study is to develop an understanding of the how grassland vegetation and soil
characteristics vary within the spatial domain of a medium-resolution satellite
image pixel. A secondary objective is to identify the native vegetation communities,
‘climate indicator’ regions, that will likely show the clearest climate signals when
analyzing the 30-year remote sensing image record. During the summer months of
2006 and 2007 field data were collected from over 60 sites in Grasslands National
Park of Canada. Measurements were made of the vegetation type, percent ground
cover, soil colour, soil moisture, and spectral reflectance over a 20m by 20m area
at each site.
The results show that at sub-20m scales, the grasslands are remarkably
heterogeneous, both biophysically and spectrally. There is a tendency toward
more consistent vegetative covers where soils are moister: at higher elevations and
along coulee bottoms. These may be key places to monitor for climate change
because impacts may be first apparent there. This study also revealed that at sub20m scales, ground cover variability is markedly different than spectrally measured
variability. This suggests that remote sensing observations acquired at finer spatial
resolutions than 20m may not be useful for monitoring vegetation communities for
climate impacts.

Climate Change on the Northern Great Plains
The Great Plains of North America are significant for three reasons: (i)
They are the source for much of the food produced in this continent (Riley
et al. 2007); (ii) They encompass the last remaining native habitats of many
endangered species (COSEWIC 2009); and (iii) Their vulnerability to climate
change is second in North America only to the Arctic (Sauchyn et al.
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2003). Paleoclimate records for the northern Great Plains show prolonged
droughts far more extreme than those that have been experienced since
European settlement (Sauchyn et al. 2003). There is concern that one of
the most immediate impacts of global warming in this region will be a
return to past dry conditions, putting tremendous strains on the
sustainability of natural, physical and social prairie infrastructures
(Herrington et al. 1997, Lemmen et al. 1997, Seager et al. 2005).
This study is part of a larger research project in which we are trying to
understand climate impacts on native mixed-grass prairie environments.
Data collected by remote sensors on Earth-orbiting satellites play a key
role in this analysis because of their routine, repetitive, and synoptic
coverage (LeDrew 1992). The spatial resolutions of pixel data in the longest
archives of remote sensing images range from 80m, for Landsat
Multispectral Scanner data from 1972, to 30m, for Landsat Thematic Mapper
(TM) data from 1982, and 20m, for SPOT High Resolution Visible (HRV)
data from 1986. The primary objective of this study is to assess the
variability of vegetation and soil classes found in native mixed-grass prairie
grasslands at a sub-Landsat and SPOT pixel scales to develop a clearer
understanding of the biophysical contributions of these environments to
their measured spectral reflectances.
The remote sensing image archive is a temporally and spatially rich
source of global land cover information spanning over three decades. It is
expected that image time series will be useful to define environmental
normals and contain evidence of recent shorter-term shifts in climatic
conditions (Piwowar 2008). Climate impacts are evident as departures
from long-term normal conditions, particularly departures that can be
spatially and temporally correlated with known atmospheric anomalies.
There are many false-positive results in such an analysis because there
are many non-climate related activities that can produce changes in land
cover. Since the largest factor precipitating land cover change generally is
human disturbance, regions with natural and undisturbed ground covers
are key environments to monitor for climate impacts. However, just as
weather patterns change from year-to-year, a considerable amount of interannual land cover variability exists, even in natural environments. Before
it is possible to mine the remote sensing data archive for climate change
signals, specific regions or land covers that have the potential to show
definitive changes above the noise of inter-annual variability must be
found. Thus an important secondary objective of this study is to identify
the native vegetation communities, “climate indicator” regions, that will
likely show the clearest climate signals.
The focus of this study is on native mixed-grass prairie environments
in Grasslands National Park of Canada. Grasslands National Park (GNP) is
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Figure 1: Grasslands National Park East Block.

situated in the northern Great Plains of North America, along the
Saskatchewan-Montana border (Figure 1). This region has a continental
climate with long, cold winters and short, hot summers. The semi-arid
environment receives less than 350mm of precipitation annually, mostly
during heavy summer thunderstorms. This climate supports the natural
growth of both short and mid-height grasses that are regionally referred to
as the ‘mixed-grass’ prairie (Parks Canada 2001). The northern mixedgrass prairie in and around GNP is an important preserve for many plants
and animals included on Canada’s list of endangered species (COSEWIC
2009). The topographic expression of GNP includes gently rolling hills,
coulees, badlands, and wide-open spaces with elevations ranging from
750m a.s.l. along the river channels of its southern limits to 1000m a.s.l. in
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the Wood Mountain Uplands in the north. Administratively, GNP is divided
into two sections: the West Block and the East Block. Our research is
concentrated in the East Block where there are more tracts of native prairie
that have not been disturbed by human management practices.

Field Methods
During the summer months of 2006 and 2007 field data were collected
from over 60 sites in GNP. As described below, these sites were selected
from nine spectral classes that were found to be representative of the
vegetation found within the northern mixed-grass prairie ecosystem. In
situ measurements were made of the vegetation type, percent ground
cover, soil colour, soil moisture, and spectral reflectance over a 20m by
20m area at each site.

Field Site Selection
An initial analysis by the author of the growth-senescence cycles of
the major grasses found on the mixed-grass prairie indicated that, when
the data are spatially averaged across landscape scales, the vegetation
growth reaches a maximum around July 1. This was corroborated by a
multi-temporal analysis of low-resolution AVHRR satellite imagery that
showed the annual normalized difference vegetation index (NDVI) values
over the mixed-grass prairie to also peak shortly after the Northern
Hemisphere summer solstice. Consequently, July 1 was selected as a
nominal data collection target date: all data were collected within a threeweek window of this day.
Potential field sampling sites were identified at locations that had
unique spectral responses in remote sensing imagery that were assumed
to be related to singular vegetation and soil characteristics. Potential sites
were chosen by from a sample of the classes created by an unsupervised
classification of a Landsat 5 Thematic Mapper (TM) image from July 17,
2006. This image was selected because of its high optical clarity and
because it was acquired within three weeks of July 1. The image data from
TM bands 3, 4, 5, and 7, and only those pixels which fell within the proposed
park boundary, were segmented into nine classes by an ISODATA
clustering algorithm.1 Potential field sites were randomly selected from
each of the nine spectral classes. The probability for including mixed
1

Using the software PCI Geomatica V10.1.
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pixels was minimized by excluding points that fell within a one-pixel buffer
distance between the sample point and an adjoining class.
Since we were ultimately interested in understanding the spectral
appearance of mixed-grass prairie in satellite remote sensing data, we
concentrated our data collection on those surface characteristics that are
important in influencing vertical spectral reflectance: plant species and
their areal extents, as well as soil colour and moisture content (Csillag et al.
2001, McCoy 2005). During mid-summer, when the field data for this research
study were collected, many native grass species are approaching
senescence and have a similar spectral appearance, limiting the potential
of their spectral separation. Therefore, field data collection was more
focused on those features that would most heavily influence a spatiallyaveraged spectral response: the relative proportions of green and
senescent vegetation cover and the amount of exposed soil, soil colour
and moisture content (Davidson and Csillag 2001).
Once in the field, sites to be surveyed were selected from the list of
potential field sites based on: their representativeness of the nine spectral
classes (to ensure that several sites from each class were visited); their
accessibility; and their proximity to other sites (of any class) that could be
measured at the same time (to maximize sampling efficiency). Sixty different
field sites were visited during the summers of 2006 and 2007 (Figure 1).

Field Site Data
The UTM coordinates of the selected sites were loaded into a
handheld GPS and used for field navigation. All sites were visited on foot
since vehicle movement within GNP is restricted. With the Wide Area
Augmentation System (WAAS) feature enabled on the GPS units, field
sites were located with a nominal accuracy of 5m, well within the spatial
resolution of the SPOT HRV and Landsat TM sensors.
The air temperature, wind speed, and relative humidity were taken at
each sampling site at a height of 1.5m with a Speedtech Instruments
Skymaster SM-28 device. These data were collected to determine the
relative atmospheric optical clarity influencing the spectral data. Additional
site data included date, time, and site elevation (from the GPS).

Within-Site Quadrat Data
In order to quantify the spatial variability of vegetation and soil features
that could be expected over an area approximately the size of a medium
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Figure 2: Sampling Site configuration showing the relative locations
of the 1m2 quadrats.

resolution satellite image pixel, data were collected from five 1m2 quadrats
within each sampling site. These quadrats were: the site centre (as indicated
by the site’s location coordinates); and one quadrat located at a nominal
distance of 10m from the centre to the southwest, southeast, northwest,
and northeast (Figure 2). The purpose of this arrangement was to simulate
the spatial variation that could be present within a 20m SPOT HRV or 30m
Landsat TM pixel. Each quadrat within a site was assigned a letter
designation - C, SW, SE, NW, NE - to indicate its place. Measurements
were taken at each quadrat of the soil and vegetation characteristics and
in situ spectral reflectance, as described below.
Soils data:
When there is incomplete ground cover, as is frequently the case in
the mixed-grass prairie, soil characteristics can have a large influence on
the spectral reflectances measured by space-borne sensors (Huete 1988).
The two most important soil characteristics that influence spectral
reflectance in the visible and near-infrared regions of the electromagnetic
spectrum are its colour and moisture content (McCoy 2005). To make an
accurate assessment of soil colour, a standard Munsell Soil Color Chart
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was used (Munsell 2000). Soil colour data were recorded for each 1m2
quadrat where the ground was exposed to a vertical view by an incomplete
vegetative cover.
Where there were exposed soils, soil moisture data were also collected.
However, since the largest contribution of soil moisture to soil spectral
reflectance is evident in tonal changes (that are already included in the
soil colour data), these data were not directly used in this analysis.
Vegetation data:
Visual estimates were made of the percent of each quadrat that was
covered by photosynthetically active vegetation (G - green), senescent or
dead vegetation (B - brown), and bare ground (S - soil). Mean canopy
height within the quadrat was also measured. A colour digital vertical
photograph of each quadrat was taken.
Spectral data:
Solar reflectances were collected with an Analytical Spectral Devices
(ASD) FieldSpec 3 JR field spectroradiometer. Spectra were acquired over
the range from 0.35 – 2.5 μm at a spectral resolution of 0.003 μm in the
visible and 0.03 μm in the infrared spectral regions. A white reference
calibration was made at each field site before the spectral measurements
were made. Twenty spectral measurements were averaged at each of the
five site quadrat positions by pointing the fibre-optic probe vertically
down to the ground from a height of 1.5 m. From this height, the bare fibreoptic probe had a 0.6 m (nominal) circular field-of-view.

Analysis Methods
The native mixed-grass prairie is a diverse assemblage of grasses,
mosses, and exposed soils (Davidson and Csillag 2003, Davidson et al.
2007). Measures of spatial and spectral heterogeneity were needed to
parameterize the variability of the ground cover and its in situ spectral
reflectance. A review of existing empirical (e.g., Woodcock and Strahler
1987, Woodcock et al. 1988a, Woodcock et al. 1988b), probabilistic (e.g.,
(Haralick and Shanmugam 1974, De Cola 1989), and mathematical (e.g.,
Davidson and Csillag 2003, He et al. 2006) heterogeneity measures
determined that these indices were unsuitable for this analysis because:
(a) their methods were not adaptable to the field and spectral data collected
here; and/or (b) their data requirements were too restrictive. Consequently
two new empirical heterogeneity indices were developed for this study.
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Within site ground cover variability was measured by determining
the first-order statistics of the field data. In particular, the standard
deviations of each of the green vegetation (Gσ), brown or senescent
vegetation (Bσ), and bare soil measurements (Sσ) from the 5 quadrats were
calculated. A ground cover heterogeneity index (GHI) was then created
by summing these standard deviations and the number of different soil
colours present within the five quadrats (C):

GHI = Gσ + Bσ + S σ + nC
The number of soil colours (C) was adjusted with a scalar (n = 10) to
balance its range with the other three factors. Theoretically, the GHI
ranges from 0 for a totally homogeneous ground cover (Gσ = Bσ = Sσ = 0)
with no exposed soil (C = 0) to 215 for a site where the five quadrats have
completely different ground covers (Gσ = Bσ = Sσ = 55)2 and exposed soil
colours (C = 5). Our experience with the GHI shows, however, that in
reality the GHI for a mixed-grass prairie rarely exceeds 100.
The ASD instrument acquired reflectance spectra in 2151 samples
over the range from 0.35 – 2.5 ìm. Data between 1.36 – 1.42 ìm, between
1.80 – 1.98 ìm, and between 2.42 – 2.50 ìm were masked from further
analyses because of atmospheric attenuation in these bands. The
variances among the five quadrat spectra for each of the 1818 remaining
samples were calculated. A spectral heterogeneity index (SHI) was then
created as the average variance for all samples from a site:

SHI =

1 n 2
∑σ λ
n 1

where: σ2 is the variance of the measured spectral reflectances in a
particular wavelength range λ; and n = 1818. The SHI varies with spectral
heterogeneity: larger spectral variances will produce higher SHI values.
Theoretical SHI values range from 0 to 10,000; but in reality SHI maximums
rarely exceed 100.

Results
The field site data were sorted into two separate rankings: increasing
GHI and increasing SHI. The characteristics of similarly ranked sites were
2

The value 55 is the maximum possible standard deviation of five numbers taken from
within the range {0..100}.

Prairie Perspectives (Vol. 12)

87

evaluated to develop an understanding of why they had comparable index
values. Evaluation criteria included site elevation, slope, aspect, soil
moisture, and soil colour data. When appropriate, corresponding
broadband spectral reflectances extracted from a Landsat TM scene
acquired on July 17, 2006 and vegetation community classifications from a
GNP vegetation survey (Michalsky and Ellis 1994) were also examined.
The results are presented below for sites with low ground cover
heterogeneity, low spectral heterogeneity, high spectral heterogeneity,
and high ground cover heterogeneity.
Low ground cover heterogeneity:
Sites with low ground cover heterogeneity have GHI values less than
25 and have almost complete green vegetative cover with no exposed soil.
There are two vegetation communities that characterize this group. The
first is that of the buckbrush (Symphoricarpos occidentalis) community
that lines the coulee bottoms (Figure 3b). Buckbrush is a dense, woody
shrub that grows up to 1.5m in height (Michalsky and Ellis 1994). When
viewed vertically from above, there is a complete (100%) green vegetation
cover that is very spectrally homogeneous at scales greater than 1m (Figure
3a,c).
The second vegetation community of low ground cover heterogeneity
is a mixture of two dominant grasses, western wheatgrass (Agropyron
smithii) and needle-and-thread grass (Stipa comata), that typify the native
mixed-grass prairie (Vance et al. 1999). In early July these grasses form a
90% green vegetative cover intermixed with up to 10% senescent or litter
vegetation (Figure 3d). Spectra acquired in different quadrats are
reasonably consistent and produce moderately low (~20) SHI values (Figure
3f). In the East Block of GNP, this vegetation community is found primarily
on level slopes at higher elevations (above 900m a.s.l.) (Fargey et al. 2000).
Low spectral heterogeneity:
Not only does buckbrush have a low GHI, it also produces some of
the lowest SHI values measured (Figure 3c). Of the grasses, the needleand-thread grass (Stipa comata) – blue grama grass (Bouteloua gracilis)
- pasture sage (Artemesia frigida) community exhibits very low spectral
variability, with some sites producing SHI values close to 1 (Figure 4c).
Interestingly, this vegetation community has a diverse expression on the
ground with a mixture of grass types and small sage plants (Figure 4b).
Within the sampled quadrats, there is about 70% green vegetation, 25%
senescent and litter vegetation, and 5% soil exposure, as well as 2-3 different
soil colours and textures (Figure 4a). Ground heterogeneity index values
between 50 and 70 are common.

Figure 3: Low ground cover heterogeneity.
GHI – ground cover heterogeneity index
SHI – spectral heterogeneity index
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Figure 4: Low spectral heterogeneity.
GHI – ground cover heterogeneity index
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SHI – spectral heterogeneity index

High spectral heterogeneity:
The spectral heterogeneity of the vegetation tends to increase in
areas of sparser ground cover. The highest SHI values observed (SHI =
204) were derived from data collected over seasonally flooded pans (Figure
5c). The exposed Solonetzic soils are highly reflective and are interspersed
with darker patches of alkali grass (Distichlis stricta) in a 70%:30% ratio
(Figure 5b). It was common to observe 3-4 different soil colours and
textures that appeared to be related to small changes in soil moisture.
Interestingly, the ground cover heterogeneity indices for the sites of high
and low spectral variability are similar (Figure 4c, Figure 5c).
A similar spectral heterogeneity is observed between reflectances
retrieved from several Landsat TM pixels sampled from within this region
(Figure 5c).

90

Figure 5: High spectral heterogeneity.
GHI – ground cover heterogeneity index
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SHI – spectral heterogeneity index

High ground cover variability:
Although the seasonally flooded pans discussed above have a
moderate amount of ground cover variability, the areas with the highest
GHI values observed (GHI > 90) are found in the lowland pasture sage
(Artemesia frigida) – wheatgrass (Agropyron smithii) – cactus (Opuntia
polycantha) vegetation communities. The grass and shrub growth in
these areas is not dense and many sites have up to 50% Spikemoss
(Selaginella densa) cover and frequent soil exposure (Figure 6a). Although
the vegetation is very heterogeneous spatially (Figure 6b), the spectral
measurements taken both in situ and remotely indicate that at 20m

Prairie Perspectives (Vol. 12)

91

Figure 6: High ground cover heterogeneity.
GHI – ground cover heterogeneity index SHI – spectral heterogeneity index

resolution, this vegetation community produces a relatively homogeneous
signature (Figure 6c).

Discussion
Grasslands National Park is situated in the mixed-grass prairie of the
Great Plains of North America. The label ‘mixed-grass prairie’ is given to
this region because it lies along a transition between the tall-grass prairie
to the east and the short-grass prairie further west. By definition, therefore,
we would expect to find a variety of short and tall grasses in this region
(Parks Canada 2001). Not surprisingly, the GHI value averaged across all
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sites was relatively high (~50) with a low standard deviation (~15). This
suggests that, in general, there is much variation in surface expression
across the study area, regardless of the specific ground covers. Because
of this, finding a clear inter-annual spectral signal that could be useful for
monitoring climate variations using the remote sensing archive could be
difficult. However, there is a tendency toward more consistent vegetative
covers where soils are moister: at higher elevations and along coulee
bottoms. These, then, may be key places to monitor since climate change
impacts may be first apparent there.
As noted above, there can be remarkably consistent, or remarkably
variable, ground coverage at the ends of the SHI scale. Interestingly,
those grassland communities which had the lowest/highest GHI values
did not have the most extreme SHI measurements. The converse was also
true: The ground cover variability indices for the sites of the highest and
lowest SHIs were similar. A subsequent correlation analysis between the
SHI and GHI values, however, showed no linear relationship between
them (Figure 7). The reasons behind this incongruity likely stem from
differences in the fundamental modes of observation used in this study.
Although there may be many different vegetative species occupying a
particular quadrat, when viewed from a vertical remote sensing perspective
(as in Figure 4a), much of it is monochromatic. In mid-summer, when the
field data were collected, most of the native grass species were approaching
senescence and have limited photosynthetic activity, particularly in their

Figure 7: The ground-spectral heterogeneity relationship.
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leaves. Although these grasses are quite healthy, their spectral responses
are subdued, particularly in the near-IR (Figure 4c), regardless of the
particular species in the field of view. Clearly then, ground cover variability
cannot be used to infer spectral variability, or vice versa. Therefore
caution must be exercised when attempting to understand the spectral
contributions of ground features in a fine-resolution satellite image pixel.
Scale is a critical factor when measuring the variability of the northern
mixed-grass prairie. At the sub-20m scales measured here, ground cover
variability is markedly different than spectrally measured variability. This
suggests that remote sensing observations at these scales may not be
useful for monitoring vegetation communities for climate impacts. Other
studies by Davidson and Csillag (2001), Guo et al. (2004), and He et al.
(2006) found that this situation is resolved at 30-50m scales. At 30-50m
scales, much of the spatial variation of grassland communities is retained
in the spectral observations.

Conclusions
Recognizing and understanding the linkages between our changing
climate and natural ecosystems is the underlying theme of this research.
Climate change is expected to impact different areas at different rates,
however. The identification of ‘climate indicator’ regions, where a strong
climate change signal might first be evident above the background annual
variations, is an important contribution. This study has shown that at
sub-20m scales, the grasslands are remarkably heterogeneous, both
biophysically and spectrally, but the heterogeneity increases on drier soils.
This suggests that the moister, less heterogeneous communities may be
ideal climate indicator regions to be explored when analyzing the satellite
image archive for significant changes.
This study also revealed that at sub-20m scales, ground cover
variability is markedly different than spectrally measured variability. This
suggests that remote sensing observations at these scales may not be
useful for monitoring vegetation communities for climate impacts. A new
study is already underway to measure spectral variability from spaceborne
sensors at 10m, 20m, 30m, 80m, 250m, 500m, and 1000m ground spacing
distances. This will be the subject of a future communication.
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