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Introduction 
Effective and defensible rangeland management requires reliable information on the status and 
trend of ecosystems. Many different techniques for assessing and monitoring rangeland 
ecosystems have been developed including quantitative (Herrick et al. 2005) and qualitative 
(Pyke et al. 2002; Pellant et al. 2005) field methods, low-altitude or ground-based aerial 
photography methods (Booth et al. 2003; Booth and Cox 2008) and remote sensing methods 
(Hunt et al. 2003; Booth and Tueller 2003). Each of these methods has known strengths and 
weaknesses that make it suitable for some applications, but not others. In addition, it is difficult 
to determine how different methods can be combined to answer questions across scales. In the 
absence of a structure for identifying the best method, or combination of methods, for addressing 
a particular management objective, the selection of methods can be ad hoc.  
 
A major impediment to integrating many of the new landscape-scale assessment and monitoring 
methods with every-day rangeland management is that there is generally a poor understanding of 
the kinds of information they really provide for making management decisions, how this 
information relates to management objectives, and how these new techniques fit with existing 
methods and data. A second major difficulty in selecting from and implementing the myriad 
rangeland assessment and monitoring methods comes from a poor understanding of spatial scale 
and how it relates to rangeland management. We have expanded on an existing management 
information framework to incorporate the notions that: 1) the scale of data collection, analysis 
and inference should be explicitly defined with respect to management and ecological processes, 
2) information needs and availability may change with scale, and 2) different methods should be 
combined to get the most complete picture of rangeland condition at any scale. 
 

The Influence of Scale in Rangeland Assessment and Monitoring 
Scale is a characteristic of a set of observations (Turner et al. 1989) that have a definable grain 
and extent where grain is the finest level of observable detail and extent is the maximum area 
under consideration (Wheatley and Johnson 2009). Together, grain and extent set the limits of 
what can be observed because elements or patterns below the grain size cannot be detected, and 
observations within the extent may only represent a portion of patterns that exist across a larger 
area (Wiens 1989; Burnett and Blaschke 2003). Not all observations can be considered to have 
spatial scale. Wheatley and Johnson (2009) differentiate between spatial observations and 
observations having scale (i.e., scalar observations). In the former, location is important for 
describing the attribute being measured, but because the level of spatial resolution (i.e., grain) 
and maximum area of consideration have not been specified, location-based observations in 
themselves do not have scale. A collection of point observations across an allotment can be 
considered spatial observations without scale.  
 
The specification of a grain and extent gives a set of observations a scale (Wheatley et al. 2009), 
and an appropriately defined scale can reveal patterns in data while filtering out unnecessary 
information (i.e., noise). It is important to note that the grain does not have to be a set of units 
with uniform size and shape (e.g., square image pixels). Any set of units by which spatial 
observations can be aggregated represents a scale for looking at a landscape. All of the following 
would be considered different scales because they define a resolution and an extent: 
- pastures within an allotment, 
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- allotments within a BLM District, 
- subwatersheds within a major river basin, or 
- NRCS SSURGO soil map units within a Major Land Resource Area. 
 
In this light, a scale is a set of units for dividing a larger region into a set of component parts. it is 
important to note that the scales listed above, could in some cases, be considered arbitrary if they 
are not defined in reference to the dynamics of the natural system that is being measured. Each 
unit can be characterized by a single spatial observation either if the entire unit can be sampled 
or if a representative area within the unit can be found. Alternatively, multiple spatial 
observations can be sampled within a grain unit and the results averaged, totaled, or otherwise 
combined to characterize the unit. 
 
Scale also has ecological and management interpretations because grain and extent can be 
defined with respect to how ecological or management processes create patterns across a 
landscape. In this light, grain refers to the smallest elements upon which a process depends, and 
extent refers to the coarsest set of patterns a process produces (Addicott et al. 1987; Kotlair and 
Wiens 1990). Thus, from an ecological or management perspective, scale is tied directly to a 
specific process and is not an inherent property of a system (Wiens and Milne 1989). In other 
words, there is no one “management scale,” and a significant challenge in rangeland 
management is defining the right scales for measuring the effects of specific management actions 
and ecological processes. 
 
The importance of scale for rangeland assessment and monitoring is twofold. First, the ability to 
detect a trend, pattern, or event is partly a product of the observation scale, and selecting the 
wrong scale can make it difficult or impossible to detect important trends and patterns. For 
example, Feitosa et al. (2006) found that more accurate vegetation maps could be produced from 
some scales than from others. Addink at el (2007) found similar results for predicting the values 
of continuous variables (e.g., density, percent cover) and also found that what might be 
considered an “ideal” or “optimal” scale for one variable might not be so for another (see also 
Karl and Maurer, in review). The implication of this is that a priori, arbitrary scales applied to a 
rangeland might yield vague or contradictory results. Pringle et al. (2006), found that monitoring 
plots across watersheds suggested stable rangeland condition whereas aerial surveys revealed a 
declining condition. They concluded that condition was, in fact, declining, but the scale of the 
monitoring plots was not able to detect the change. This has led to the development of several 
different “data-driven” approaches to defining appropriate scales directly from a set of spatial 
observations (either field or remote-sensing observations or a combination of the two).  
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The second way in which scale is important to rangeland assessment and monitoring is that the 
relationships between measured variables and the processes of interest for assessment and 
monitoring may not be the same at different scales. This concept is familiar to most rangeland 
ecologists and managers 
already (i.e., the definition of 
what is good condition 
rangeland can be different for 
a 50-ac patch, an allotment, 
and a BLM district). Karl and 
Maurer (in review) showed 
that the relationships between 
field and satellite image data 
for a rangeland study area 
were consistent across a range 
of scales, but once the grain 
units became coarse enough, 
changed abruptly to a new set 
of relationships. Because most 
management objectives can be 
addressed at more than one 
scale (see sidebar), scales that match the objective are an important consideration for how data 
are collected (i.e., what methods are used and the distribution of spatial samples) and how the 
data are interpreted and used to make management decisions. Using the wrong scale for 
measuring an ecosystem can lead to important patterns being missed or misinterpreted.  
 

Scale in Field and Image Data 
The concept of scale can have different expressions for field and remote sensing data. With field 
data, a set of observations can be made without reference to any particular spatial scale. Field 
data exhibit scale properties when they are applied to a set of units that has a defined grain and 
extent. The adoption of an ecologically-relevant scale can allow a set of field observations to be 
used to make inferences or predictions over a larger area.  
 
In the case of image data collected by remote sensors, a scale is built into an image, but that de 
facto scale can be easily changed. The dimensions of the image pixels (i.e., resolution) and the 
maximum dimension of the image define the default spatial scale of an image. For image data, 
the grain is typically square (or rectangular) and determined by the lens used and altitude of the 
sensor. Likewise, image extent is also controlled by the lens and altitude of the sensor, but 
multiple images can be joined together to create larger extents, or the image can be subsetted for 
smaller extents. At its default resolution, each image pixel represents a single grain with only one 
observation per grain and it not possible to describe within-grain variability – an important 
property for describing rangeland landscapes. However, as pixels are aggregated together to 
increase grain, the number of observations per grain increases and it becomes possible to 
characterize heterogeneity within each grain unit. 
 

Addressing a management objective at different scales: 
example ����������	
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Often the same question can be asked at different scales, and may require 
different information to answer it at each scale. Below are examples of how 
the question of Sage Grouse habitat could be asked at three different scales. 

Coarse scale 

Medium scale 

Fine scale 

·  Where are areas with contiguous sagebrush cover? 
·  How much has sagebrush habitat been lost to agricultural conversion or 

development across the range Sage Grouse? 

·  What areas support the mixture of habitats necessary for Sage Grouse 
complex life history? 

·  Where are nearby agricultural areas that may be good foraging and brood 
rearing habitats? 

·  Where are areas of adequate sagebrush and understory cover for nest 
concealment? 

·  Is Sage Grouse habitat quality sensitive to disturbances common to 
agriculture/development? 

- state/region-wide level 

- district or working-group 

- allotment/pasture or local site 
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A challenge in applying field or remote sensing data to rangeland assessment and monitoring is 
how to define the scale (i.e., a set of analysis units) appropriate to the processes being measured 
and the management objective. Remotely-sensed image data can be used to define a set of 
analysis units (i.e., a scale) regardless of whether the assessment or monitoring measurements of 
those units will ultimately be from field or remote sensing methods. This, of course, assumes that 
the image-defined units are a good reflection of rangeland patterns relevant to assessment and 
monitoring objectives. The ability to define relevant scales from imagery is partly a product of 
the original scale of the image because patterns smaller than the image resolution will be missed. 
This argues for the use of high-resolution imagery for defining management-relevant scales from 
imagery. 
 
A relatively new image processing technique, object-based image analysis (OBIA), is a data 
driven approach to defining scales from imagery. Karl and Maurer (in review) found that OBIA 
produced scales with higher correlations between field and image data than scales made up of 
square pixels. In a study in the Castle Creek area of southern Idaho, J. Karl and K. Colson 
(unpublished data) found that the variance of field samples was lower when the sampling took 
place within a single OBIA-derived analysis unit than when samples spanned more than one unit. 
These results suggest that OBIA can be used to define scales relevant to rangeland management 
and that these scales can provide a basis for developing a multi-scale framework for assessment 
and monitoring. 
 

Management Information Frameworks for Rangelands 
A management information framework (see Appendix A for a glossary of terms in bold) is a 
means for organizing and applying data on and knowledge of an ecosystem to a management 
need (Herrick et al. 2006). As opposed to an ad hoc system of determining what kinds of 
information to collect and how to collect and analyze it, a management information framework 
organizes available methods and technologies around the best understanding of an ecosystem to 
identify the kinds of information needed to answer management questions and the best suite of 
methods to obtain it. A framework not only provides a way to coordinate existing tools and 
methods but also gives a structure, based on information needs, into which new tools and 
knowledge can be integrated as they are developed. This allows the framework to be flexible 
enough to work for different management objectives, evolve as new understanding of 
ecosystems emerges, identify knowledge gaps, and incorporate new technologies and methods. 
 
Management information frameworks have been successfully used in rangeland management and 
can be a very effective way to collect, organize and apply information to rangeland management 
decision making (Herrick et al. 2006). Herrick et al.’s rangeland assessment and monitoring 
framework has five main components (Figure 1a). The core of their framework is a system of 
classifying land based on its current vegetation and its site potential. In the western United 
States, the USDA NRCS ecological sites are the most common approach used for this. Their 
second component was a set of conceptual models about how known ecological processes lead to 
changes in the plant communities on a landscape. For each ecological site, a state-and-
transition (S/T) model was created that describes, according to our best understanding of the 
site, the different possible vegetation communities (or states) that can occur there, the transition 
pathways between the states, the processes that cause transitions to occur, and the likelihood of 
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those processes occurring. Not intended to be perfect representations of rangeland systems, S/T 
models attempt to capture the body of knowledge about the system, highlight important 
processes for assessment and monitoring, and point out knowledge gaps. The third component of 
Herrick et al.’s rangeland information framework was a database with protocols for organizing, 
storing, and analyzing rangeland data and a set of definitions of desired conditions or rangeland 
health. The last two components of the existing rangeland monitoring and assessment framework 
are the actual assessment and monitoring methods which are selected to measure the effects of 
processes elucidated by the S/T models and relevant to the management objective. 

A Multi-scale Assessment and Monitoring Framework 
The multi-scale assessment and monitoring framework described here is an expansion of Herrick 
et al.’s (2006) management information framework that explicitly addresses issues of scale in 
rangeland management. The term “multi-scale” means two things. First, the framework applies 
at any scale as long as a valid objective can be defined at that scale. For example, the multi-scale 
framework will work at site-specific scales (e.g., an extent of a few hundred to a few thousand 
acres with a very fine grain) to help in planning and monitoring of a particular restoration 
activity. Conversely, the same framework also could be used for statewide planning efforts. 
Second, “multi-scale” means that information from different scales can be effectively integrated 
for addressing a specific objective (i.e., a coarse-scale assessment might identify an allotment as 
being in marginal condition, and fine-scale assessments might be used to quantify the amount 
and distribution of bare ground due to grazing). By recognizing the scale of data and being aware 
of how interpretations of those data can change as scale changes, it is possible to derive scaling 
functions for upscaling or downscaling data. 
 
For our multi-scale framework, we expanded on Herrick et al.’s (2006) existing assessment and 
monitoring framework to incorporate the notions that: 1) the scale of data collection and analysis 
needs to be explicitly defined and considered, and 2) information needs and availability may 
change with scale. Our modification to the original framework inserts a step between the S/T 
models and the selection of assessment and monitoring protocols where a scale (or a range of 
scales) relevant to the ecological and management processes of interest is defined (Figure 1b). 
Wheatley and Johnson (2009) found that most studies select arbitrary scales of observation 
without any connection to the system being studied. Thus, an understanding of the processes 
related to the management objective is necessary before selecting a scale because the objective is 
to maximize the ability to detect the patterns produced by those processes. Once a scale is 
selected along with the objective it is then possible to select the specific assessment and 
monitoring methods and specify the sample design (e.g., number of samples and their placement 
for field data, resolution of imagery for remote sensing). Scale also influences the analysis and 
interpretation of the data collected and how they are recorded in databases. 
 
The multi-scale assessment and monitoring framework is a structure for storing existing 
knowledge on rangelands and suggesting how it should be appropriately used and interpreted. It 
also gives a process for identifying the best scales at which to ask management questions, 
information needs to answer the question, and how that information might be collected and 
analyzed. Applying our proposed multi-scale framework takes six main steps. 
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1. Define the Management and Assessment or Monitori ng Objectives 
Defining a clear goal is the first step of any assessment and monitoring program. If assessment 
and monitoring data are to support management goals, it is essential that both those management 
goals and the assessment and monitoring objectives be stated as clearly and specifically as 
possible (Herrick et al. 2005). Management objectives relate to either the short-term or long-
terms goals for the area being managed. Assessment and monitoring objectives should follow 
directly from the management objectives and should relate to the ability to measure progress 
toward reaching management objectives. 

 
As part of defining the management objectives, the geographic extent of the management (and 
by extension, the assessment and monitoring) should also be established. While the extent of 
management is typically set by ownership or administrative boundaries, if ecological processes 
are important to management, an expanded extent that is large enough to capture the dynamics of 
the important ecological processes may be warranted. For example, if wildland fire is an 
important process for the management objective, then an area large enough to capture the 
dynamics of multiple fire events may allow for the impacts of fire to be more fully considered.  

 

2. Select a Site-Potential-Based Vegetation Classif ication System 
A vegetation classification system is a way of characterizing vegetation communities into 
discrete categories. Site potential refers to the range of vegetation communities (i.e., classes) 

Figure 1. (a) The conceptual diagram of the rangeland assessment and monitoring framework 
proposed by Herrick et al. (2006) has been demonstrated to be an effective way of collecting, 
organizing, and applying information for rangeland management. However, it is specific to one 
scale of management and not flexible enough to handle the range of scales at which rangeland 
management questions can be asked. We modified this framework (b) based on Wu’s (1999) 
scaling concepts to explicitly consider the different scales of rangeland processes and how they 
affect the kinds of information needed to answer management questions and how that information 
will be collected and used. 

b) a) 
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that a particular place on the ground can support. Site potential is a complex function of soils, 
climate, current and historic vegetation, and management history. Traditionally, site potential 
was viewed through the lens of Clementsian secondary succession where, absent disturbance, 
plant communities would phase in and out in an orderly manner until some climax plant 
community was reached. Over the past two decades, this view of site potential was shown 
generally not to be the norm in rangeland ecosystems, and the concept of site potential now 
refers to a series of interrelated plant communities that can all occupy a given place.  

 
Classifications based on site-potential help determine the areas to which assessment and 
monitoring results are most relevant (Herrick et al. 2006). Additionally, classification systems 
based on site potential have an advantage over ones based solely on current vegetation because it 
is possible to determine the possible transitions in community type that may occur as a result of 
management actions. 

 
On BLM and private lands in the United States, the most common site-potential-based 
classification system is the USDA Natural Resources Conservation Service’s (NRCS) ecological 
sites system. Other potential-based classifications exist (e.g., US Forest Service’s Terrestrial 
Ecosystem Unit Inventory, Landfire’s Biophysical Settings). These classification systems can 
differ in their applicability to specific areas, applicability to organizational requirements, or level 
of detail for describing communities. For example, the NRCS ecological sites are not defined for 
US Forest Service lands. Because ecological sites are fairly detailed and it would take a lot of 
them to cover a large area like a state, they can be cumbersome to work with at very coarse 
scales. Accordingly, scale (namely the extent of the management area and the level of detail 
needed for addressing the management objectives) is also a factor in selecting a site-potential-
based classification system. 

 

3. Develop State-and-Transition Models and Identify  Key Processes 
An S/T model is the characterization of our best understanding of how rangeland ecosystems 
work. Typically, an S/T model is created for each class in the site-potential-based classification 
system. Within the S/T model, the different discrete vegetation communities are described and 
the pathways for how one vegetation community can transition into another are elucidated 
(Figure 2). The transition pathways in the S/T model represent the effects of different ecological 
or management processes or events. The development and use of S/T models for a management 
information framework is critical because in most cases assessment and monitoring objectives 
are focused on understanding or assessing the impact of management actions or ecological 
processes. The S/T model specifies what processes affect what vegetation communities and how 
these impacts are manifest. In turn, this information is necessary for identifying what should be 
measured and monitored in the field. 

 
Once a set of S/T models have been developed that characterize the management area, the 
ecological and management processes relevant to the objectives can be identified. From this set 
of relevant processes, it should be determined which set of rangeland attributes to measure and 
monitor. 
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For example, consider the management objective of preventing the increase of cheatgrass-
dominated sites in a pasture with a monitoring objective of being able to detect a 10% increase in 
cheatgrass-dominated areas. The S/T model for the pasture indicates that excessive grazing can 
cause a transition from healthy shrub communities to depleted shrub communities with little 
cover of native bunchgrasses and forbs. This happens as livestock remove bunchgrasses and 
forbs and expose bare soil. With continued improper grazing, these depleted shrub communities 
can transition into cheatgrass-dominated sites. From the information in the S/T model, it is clear 
that not only should the amount of the land that is cheat-grass dominated by measured, but the 
amount that is in a depleted shrub category also. For this, it is necessary to measure the cover of 
shrubs, native forbs and bunchgrasses, and bare ground. 

 

 

4. Select Appropriate Scales for Measuring Key Proc esses 
Once the key processes related to the assessment and monitoring objective have been identified 
and the attributes to be measured have been selected, appropriate scales for measuring the 
attributes must be considered. Feitosa et al. (2006) and Addink et al. (2007) demonstrated 
methods for selecting “optimal” scales of remote-sensing analysis for a particular attribute. Karl 
and Maurer (in review), however, found that accurate results could be obtained over a range of 
scales. Karl and Maurer also found evidence of thresholds where the relationship between field 
and image data changed abruptly (i.e., the imagery correlated strongly with one set of variables 
at scales finer than the threshold and a different set of variables at scales coarser than the 
threshold). Together these results suggest that appropriate scales for rangeland assessment and 
monitoring should be determined by selecting scales that 1) are not near scaling thresholds, and 
2) provide an amount of detail that is sufficient for management but that filters out unnecessary 
information.  

 

Figure 2. Example state-and-transition (S/T) model from the NRCS Ecological Site 
Description of Loamy 12-16 Three-tip sage/Idaho fescue. 

Transition De scriptions  
1.1A – Develops with improper 

grazing management and in the 
absence of fire 

1.2A – Develops with prescribed 
grazing in the absence of fire 

1.1B – Develops with fire 
1.3A – Develops with prescribed 

grazing in the absence of fire 
T1A – Develops with frequent fire or 

improper grazing management 
T1B – Develops with fire with 

improper grazing management 
T2A – Results from range seeding 
T2B – Improper grazing management 

or other site disturbance causing 
excessive soil loss or changes in 
hydrologic cycle 
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The range of appropriate scales for assessment and monitoring will depend on the characteristics 
of the key processes. With regard to observational scale, ecological and management processes 
can be characterized by three properties: frequency (i.e., how often an event occurs), magnitude 
(i.e., how intense an event is at a given location), and size (i.e., how large of an area is affected 
with each event). These properties interact to produce patterns (e.g., patches, gradients) across a 
landscape that can be detected with a range of scales. 

 

Determining ecologically-relevant scales 
 
Several methods exist for examining the effects of scale on observations of management or 
ecological processes in order to select relevant scales for assessment and monitoring. All of these 
methods, however, require either some pre-existing knowledge about the key process(es) or 
some empirical data collected in a manner that allows the effects of scale to be examined. The 
method described here is based on semivariogram analysis (see Appendix B for a description of 
semivariogram analysis). 
 
In order to select appropriate scales for assessment or monitoring, it is first necessary to 
understand the spatial dependence (i.e., how similarity of features decreases as the distance 
between them grows) of the process being measured. Constructing a semivariogram from 
existing (or pilot) field data (called an empirical semivariogram) is an easy and informative way 
to explore spatial dependence of patterns resulting from an ecological or management process. 
ArcGIS and several other software packages will easily construct semivariograms from field data 
having geographic coordinates.  
 
For determining appropriate scales for assessment and monitoring, the range of the variogram is 
one of the most important measures. The range of a semivariogram is directly related to the 
spatial dependence of the process being measured. With large magnitude and size processes, 
conditions will change slowly across a landscape, and large patches can form. This high degree 
of spatial dependence is manifest as a long range in the semivariogram. Conversely, where 
frequent, small size events occur, conditions can change quickly across a landscape. This is 
short-range spatial dependence. 
 
Consider the following example from Laidlaw Park in the Craters of the Moon National 
Monument, Idaho. Empirical semivariograms and semivariogram models were constructed for 
percent shrub and bare ground cover from 159 field observations taken over an approximately 
38,000-ha area (Figure 4). At each site percent cover was estimated using line-point-intercept 
transect data collected according to Herrick et al. (2005). The semivariogram for percent shrub 
cover showed a much longer range (i.e., observations were spatially autocorrelated over a greater 
distance) than the semivariogram for bare ground cover. This suggests that the observed patterns 
of bare ground changed faster across the landscape than did those of shrub cover. The differences 
in range between the shrub-cover and bare-ground-cover semivariograms also suggest the 
processes related to shrub cover in Laidlaw Park (e.g., fire, Aroga moth larvae infestation, 
sagebrush removal) were characteristically different than the processes related to percent bare 
ground cover (e.g., grazing).  
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The range of a semivariogram also has practical implications on the ability to draw inferences 
from samples. This can be seen in maps depicting the standard deviation of shrub and bare-
ground cover predictions made using a geostatistical interpolation technique called regression 
kriging (see Karl, in review, for a description of the method) and the semivariogram models 
shown in Figure 4. The predictor’s standard deviation was lowest (equal to the variogram 
nugget) at the location of a sample observation (Figure 5). Standard deviation increased as the 
distance from the observation increased. However, the longer range of shrub cover (i.e., 
approximately 2km) led to a more gradual decrease and, consequently, more of Laidlaw Park 
having lower standard deviations for shrub cover predictions. For bare ground cover, the short 
range means that each observation location influences prediction accuracy in only a small area 
around the observation. As a result, a finer-scale of sampling may be necessary for assessing or 
monitoring bare ground than shrub cover in Laidlaw Park. 
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Figure 4. Empirical semivariograms and semivariogram models for percent shrub and bare ground 
cover from Laidlaw Park in the Craters of the Moon National Monument. Shrub cover showed spatial 
dependence over a longer range than did bare ground cover. 
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Combined with the OBIA technique described above, the semivariogram-based method of 
understanding the effects of scale on the attributes to be measured can be used to select a range 
of scales that are appropriate for rangeland assessment and monitoring. Karl and Maurer (in 
review), using the OBIA technique, found strong evidence for scaling domains (i.e., ranges of 
scales all giving the same interpretation of a set of observations, see Wiens 1989) and scale 
thresholds in their rangeland study system. They reported two additional important findings. 
First, image objects having a median distance between their centers equal to a peak in the 
semivariogram (corresponding to the semivariogram range in Figure 4) all belonged to the same 
scale domain (i.e., all scales provided the same interpretation of the field data, just with differing 
amounts of detail). Second, the peak (i.e., range) of the semi-variogram identified a scaling 
threshold for the variables. When the image objects were separated by a distance that was past 
the peak in the semivariogram, however, the correlation structure changed. This signifies that a 
scaling threshold was crossed and that the image objects at the coarser scales no longer had the 
same interpretation as before. 

 
The significance of these results is that semivariogram analysis can be used in conjunction with 
OBIA to identify scaling thresholds and define scales that are suitable for rangeland assessment 
and monitoring. Selection of a particular scale from a range of relevant scales would depend on 
which scale offered the level of detail needed for management decision making. A procedure for 
selecting scales might proceed as follows: 

1. Construct empirical semivariograms from existing (or pilot) field data on the assessment 
and monitoring attributes. 

2. Define the range of the semivariogram and relate the range to ecological or management 
processes described in the S/T models. 

3. Using high-resolution imagery, create a series of image object sets representing different 
scales for looking at the study area. 

4. Identify those scales whose median object separation distance equals the variogram 
range. This should be near the scaling threshold for the variable being measured. 

Figure 5. Effects of differences in spatial dependence on the standard deviation of predictions of percent 
shrub (left) and bare ground (right) cover for Laidlaw Park. 

Shrub Cover 
Standard Deviation 
of Prediction 

Bare Ground 
Cover  
Standard Deviation 
of Prediction 
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5. From the scales finer than the scaling threshold, select the scale that has enough detail for 
the management objective. Choosing too fine of a scale can introduce unnecessary 
information into the analysis and limit the area over which inferences can be drawn from 
field samples 

 

5. Choose Appropriate Methods and 
Sampling Design Based on 
Objective and Scale 

 
The factors which most heavily influence the 
selection of appropriate assessment and 
monitoring methods are: the attributes being 
measured (a product of the objective), the level of 
precision required, and the frequency with which 
samples need to be taken. Scale helps determine 
the density of sampling that is required, and can 
also help determine when a field or remote-
sensing approach is warranted. 

 
As part of the Landscape Toolbox project, we 
developed the Rangeland Assessment and 
Monitoring Methods Guide (the methods guide, 
Figure 6, http://www.rangelandmethods.org), a 
web-based tool for assisting in the selection of 
assessment and monitoring methods for a 
particular objective and scale. Starting with an 
objective and a particular scale in mind, users of 
the methods guide are presented with a short 
series of questions related to their objective and 
then presented with a set of field and remote 
sensing methods relevant to the stated objective 
and scale. Each of the methods listed in the output 
is scored by how likely it is to give useful 
information, ease of implementation, cost, and 
reported (or expected) accuracy at that scale. 
Information to assign scores is based on literature 
reviews and the experience of experts. Also, 
recommendations are given on how the listed field 
and remote sensing methods can be used together 
to answer the management question. Finally, each 
method entry is linked to an abstract that provides 
more information on the method such as 
descriptions, successful rangeland uses of it, other 
people who are using it, and technical references. 
Information in the RAMMG (e.g., library of 

Figure 6. The Rangeland Assessment and Monitoring 
Methods Guide (http://www.rangelandmethods.org) is a 
web tool for selecting field and remote sensing methods 
for specific objectives and scales. 
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management questions, method reviews) and its abstracts are currently in development, and new 
content is being continually added. 

 

6. Collect and Analyze the Data and Draw Conclusion s 
Once the previous steps of selecting an appropriate scale, picking relevant methods for 
assessment and monitoring, and designing the sampling to address the desired scale, data 
collection and analysis proceeds with only a few additional considerations. First, it is important 
that care be taken to ensure that data are collected in as precise a manner as possible. For 
monitoring, imprecision introduced through poor sampling methods or carelessness with how 
sampling protocols are implemented increases the amount of time needed to detect a trend 
(Sulkava et al. 2007). 
 
Second, with any scale selected, it is crucial that sampling within the grain unit be a good 
representation of the entire grain. To be an appropriate scale, each grain unit should be able to be 
considered homogeneous with respect to the attribute being measured (i.e., each grain unit 
should represent a patch of similar condition) If grain units contain a high degree of variability 
with regard to the variable being measured for assessment and monitoring, then a finer scale may 
be warranted. Sampling of atypical areas within a grain unit may obscure patterns or trends that 
are present. Tradeoffs may have to be made in selecting coarse grains that match the scale of 
management decision making and finer grains that minimize within-object variability. 
 
Second, an important aspect of Herrick et al.’s (2006) original framework was the adoption of 
formal database systems for cataloging, storing, and using data collected for assessment and 
monitoring. The extension of this concept, to account for scaling, is that the scales used for 
designing sampling schemes and for analyzing the information collected should also be recorded 
in a database system. Additionally, because a set of spatial observations may be used at different 
scales for different objectives, precision in recording the location of the observations is critical. 
 
Third, analysis of the data collected must recognize the scale of the original objective (and thus 
the scale of the data collection) and the fact that the data collected do not represent statistically 
independent samples. In the case of field data, statistical techniques that can deal with correlation 
between observations (e.g., generalized least squares regression) may be required. In the case of 
working with remote-sensing data, classifiers or geostatistical interpolation techniques that take 
advantage of the spatial dependence in the data may yield more accurate results and allow for 
mapping of uncertainty (see Karl, in review, for an example). 

 
Finally, with the recognition that scale is an important factor to consider in designing and 
implementing assessment and monitoring programs comes the realization that the results of an 
analysis are also specific to the scale at which they were created. Because relationships between 
entities may change with scale (see sidebar above), it is important that conclusions not be drawn 
to scales different than that for which the analysis was done. 

Conclusion 
Implementation of this framework requires thoughtful consideration of the processes related to a 
management objective and the discovery of scales that are relevant to those processes. However, 
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once the initial scale selection process has occurred, data collection and processing proceeds as 
usual with the selected scale serving as a guide to analysis and interpretation of the collected 
observations. 
 
Management information frameworks have the potential to increase the degree to which 
rangeland management is based on scientific evidence (Herrick et al. 2006). This will occur 
because acknowledging the importance of selecting appropriate scales for measuring attributes 
rangeland ecosystems will increase the probability that important patterns or trends in rangeland 
ecosystems can be detected. The explicit incorporation of scale into a management information 
framework, as described above, will lead to greater confidence in the results of rangeland 
assessment and monitoring and ultimately a better understanding of how management and 
ecological processes affect rangeland resources.  
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Appendix A. Glossary of Terms 
 
Downscaling – the process of converting data or information from its original scale to a finer 

scale. Data at coarser scales lacks details that finer scale data have. One challenge in 
downscaling is trying to recapture or approximate the details at the new, finer scale. 

 
Ecological Site – “…an area of land with specific physical characteristics that differs from other 

kinds of land in its ability to produce a distinctive kind and amount of vegetation and to 
respond to management” (Bedell 1998) 

 
Management Information Framework – a means for organizing and applying data on and 

knowledge of an ecosystem to a management objective. 
 
Scalar Observations – observations that are associated with units having a grain and extent 

defined. Scalar observations are dependent on the grain and the extent, and inferences drawn 
from one set of scalar observations may not translate directly to another scale (see Wheatley 
et al. 2009). 

 
Scale – a characteristic of a set of observations that determines which patterns can be observed 

and the limits of inferences that can be drawn from the observations. Scale is usually defined 
by the combination of grain (i.e., the finest level of detail that is observable) and extent (i.e., 
the maximum area being considered). 

 
Scaling Function – a defined method for converting data from one scale to another scale. 

Aggregating pixels of a satellite image or a raster GIS layer to produce a coarser-resolution 
version of the layer, where the coarse-pixel value is determined by the average of the original 
pixel values, is a common example of a scaling function. For field data, averaging across 
multiple field sites is also a simple scaling function. Scaling functions define what is the 
important information that should be carried through to the new scale and what information 
can be filtered out. For a more detailed discussion of scaling functions, see Wu and Li 
(2006). 

 
Semivariance – a measure of the spatial dependence between two observations as a function of 

the distance between them. 
 
Semivariogram – a graph of how semivariance changes as the distance between observations 

changes. Semivariograms are used for measuring the degree of dissimilarity between 
observations as a function of distance. Based on the “first rule of geography” that things 
close together are more similar than things far apart, semi-variance is generally low when 
two locations are close to each other (i.e., observations at each point are likely to be similar 
to each other). Typically, semi-variance increases as the distance between the locations 
grows until at some point the locations are considered independent of each other and semi-
variance no longer increases. 
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Site Potential – the ability of a site to support a specific set of vegetation communities as 
determined by the site’s soils, climate, and history. 

 
Spatial Dependence – The tendency for observations close together in space to be more highly 

correlated than those that are further apart. Also called spatial autocorrelation. Spatial 
dependence imputes that up to some distance apart from each other, two observations at 
different locations are not statistically independent. 

 
Spatial Observations – measurements of properties where location in space is important (see 

Wheatley et al. 2009). Spatial observations can include measures of location, distance to 
something, or occupancy, but spatial observations do not have scale because there is no 
defined grain or extent associated with the observations. 

 
State-and-Transition (S/T) Model – a representation of our best understanding of the 

ecological dynamics of a vegetation community on a site. S/T models define the different 
possible vegetation communities (or states) that can occur on the site, the ways that the site 
can transition between the states, the processes that cause transitions to occur, and the 
likelihood of those processes occurring. 

 
Upscaling – the process of converting data or information from its original scale to a coarser 

scale. Upscaling requires determination of that information should be carried through to the 
new, coarser scale and what information from the original scale is considered noise and can 
be filtered out. 

 
Vegetation Classification System – a set of mutually-exclusive classes that describe all of the 

possible vegetation communities in an area. Vegetation classification systems can be based 
on either current, short-term potential, or long-term potential vegetation and can also vary in 
their amount of detail used to describe communities (e.g., shrub-steppe vs. Wyoming big 
sagebrush/bluebunch wheatgrass). 
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Appendix B. Spatial Dependence and Semivariance Ana lysis 
The widely cited “first rule of geography” is that things close together are more similar than 
things far apart (Tobler 1970). This axiom is the basis for the field of geostatistics, and a 
common measurement for how dissimilar observations in space are from each other, or spatial 
dependence, is called semivariance. Semivariance is a measurement of how dissimilar two 
observations are considering the distance that separates them. If semivariance is calculated 
between every member of a set of observations, the resulting semivariance measures can be 
plotted against the distances between the points to produce a semivariogram (Figure 3). 
Semivariograms describe the change in spatial dependence as the distance between observations 
increases, and can be used to identify scales appropriate for assessment and monitoring of 
rangeland processes. See Karl (in review) for a more detailed description of calculating 
semivariance and semivariograms. 

 
A variogram is usually 
characterized by three measures 
(Figure 3). The nugget refers to 
the variability in the field data that 
cannot be explained by distance 
between the observations 
(Kravchenko 2003). Many factors 
influence the magnitude of the 
nugget including imprecision in 
sampling techniques and 
underlying variability of the 
attribute that is being measured. 
Also, the minimum spacing 
between observations can 
influence the nugget because if 
there are no observations located 
close to each other, it is 

impossible to estimate “close-range” spatial dependence.  
 

The sill refers to the maximum observed variability in the data. In theory, the sill corresponds to 
the variance of the data as normally estimated in statistics. The difference between the sill and 
the nugget represents the amount of observed variation that can be explained by distance 
between observations. An ideal situation would consist of a small nugget and a large sill (i.e., 
there is much spatial dependence and a lot could be inferred about an unobserved location based 
on its distance from an observed site).  

 
Finally, the range is the point at which the semivariance stops increasing. The range represents 
the distance at which two observations are unrelated (i.e., independent). Often a model is fit to 
the empirical variogram to aid in interpretation and in order to make use of the spatial 
dependence in other statistical techniques. 

Figure 3. Example semivariogram. A plot of the measures of 
semivariance from different lags (i.e., distances between observations) 
produces an empirical semivariogram (points). These points can be 
approximated by a semivariogram model (solid line) to estimate the 
actual semivariance of the attribute being measured. Variograms 
generally are described by their nugget, sill, and range. 


