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ABSTRACT 

Vegetation mapping is often considered the process of identifying landscape 

patterns of individuals or clusters of species or life forms (LF). At the landscape scale, 

the larger pattern represented by individuals or clusters represents the conceptualization 

of "vegetation mapping" and can be used as a building block to describe an ecosystem. 

To represent these building blocks or LF a "common entity (CE)" concept is introduced 

to represent the components of Formations as described by the National Vegetation 

Classification (NVC) system. The NVC has established protocols to consistently 

represent plant communities and promote coordinated management, particularly across 

jurisdictional boundaries. However, it is not a universal standard and the methods of 

producing detailed maps of vegetation CE from very high spatial resolution (VHR) 

remote sensing data are important research questions. 

 This research addressed how best to understand and represent plant cover in arid 

regions, the most effective methods of mapping vegetation cover using high spatial 

resolution data, how to assess the accuracy of these maps, and their value in establishing 

more standardized mapping protocols across ecosystems. Utilizing VHR products from 

the IKONOS and QuickBird sensors the study focused on the Coronado National 

Memorial and Chiricahua National Monument in Arizona and Los Ajos and Pinacate - 

Grand Desierto Biosphere Reserves in México. Individual CE were semi-automatically 

mapped incorporating spectral, textural and geostatistical variables. The results were 

evaluated across sensors, study sites, and input variables. In addition, multiple methods of 

acquiring field data for accuracy assessment were evaluated and then an evaluation was 

made of a semi-automatic determination of Formation based on CE. 



 

 

26 

 The results of the study suggest consistency across study sites using the IKONOS 

data. A comparison between VHR products from the same place is feasible but sensor 

spectral differences may affect which derived bands would improve classification. CE 

classification procedures were not significantly different across sensors. The overall 

accuracy obtained for each Park was 59.5% for Chiricahua using QuickBird and 51.9% 

using IKONOS; at Pinacate 70.0% using IKONOS, and 55.9% for Ajos. Incorporating 

the geostatistical semi-variogram variables improved CE accuracy for some CE but not 

all. 
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CHAPTER I:  INTRODUCTION 

1.1 Concepts, Background and Considerations: Physiognomy, Synusias, Phenology, Life 

Form 

 The word vegetation will be referred to as “the mosaic of plant communities in 

the landscape” (Küchler, 1967; Tucker, 1979). This definition is appropriate for those 

focused on representing vegetation mapping units that represent landscape patterns or 

homogeneous arrays of plants. Other factors such as the physiography, the soils, and the 

history of the study area also play an important role in how vegetation is distributed. 

However, mapping vegetation cover also involves the appearance of a plant’s form (de-

Laubensfels, 1975) in terms of shape, size, and individual characteristics of its leaf, bark, 

and spacing among individuals. These shapes, sizes, and characteristics can be monitored 

patterns that offer an unlimited combination of mapping properties, which change over 

time, and vary as a response to climate, topography, human activity, and environment. 

The conceptualization of “vegetation mapping” as a scientific activity appears 

confusing despite the large amount of work in the area. The question remains whether a 

plant community can be treated as an entity separated from its ecosystem and be 

presented as an isolated unit.  Not always clearly delineated in vegetation maps is the 

distinction  between plant community and ecosystem (Küchler, 1967; Laubenfels, 1975). 

Some proposed variables to make a world-wide comparison are physiognomy and 

structure, which are not associated with specific ecological habitats or environment 

(UNESCO, 1973). Some important distinctions need to be made in order to describe and 

represent the ecosystem, which is divided into biotic and abiotic components (living and 

non-living components). The biotic aspect can be separated into three different 
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components: plants, animals, and microbes.  Küchler (1967) explains that these are 

integral parts of the ecosystem, calling them 1) phytocenose, 2) zoocenose, and 3) 

microbiocenose. Küchler also suggests that these differences should be well understood 

to improve studies on vegetation mapping. 

 The specific scope of this work is to focus on the phytocenose or vegetation 

cover. The array of plant life forms determine a plant community's appearance, called 

plant physiognomy or plant structure (height, spacing, and shape), growth form (gross 

morphology and growth aspect, and external appearance (leaf seasonality, phenology, 

duration, size, shape, and texture) (Jennings et al., 2002). The physiognomy can be 

quantitatively measured (Howard and Clagg, 1963) and be compatible with the plant 

taxonomy (Corporate-Author, 1964); however, this work will not focus on describing 

plant taxonomy. Instead, it will focus on mapping natural vegetation describing specific 

plant life forms and the physiognomic units called “Formation” (Whittaker, 1962).  

Formation is a hierarchical category within the US National Classification Systems 

(USNVC or NVC) that describes the plant's physiognomic characteristics that broadly 

describes an environment. (Grossman, 1998). 

 

1.2 General Problem Statements 
 
 Some of the limitations in applying consistent monitoring programs in National 

Parks (NP) between the U.S. and México have been the high cost required to generate 

accurate vegetation maps and the lack of transferable information to facilitate their use 

locally, regionally, and internationally. Previous work conducted to generate vegetation 

maps at Chiricahua National Monument (CHIR) in Southern Arizona have demonstrated 
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the lack of contiguity of these efforts and the necessity to match previous classification 

systems (Brown, 1982; Roseberry and Dole, 1983; Scott et al., 1993b). Other federal 

institutions such as the US Department of Agriculture (USDA) and the US Forest Service 

(USFS), have also expressed the need for standard protocols that can provide consistency, 

reliability, and cost-efficiency (O'Brien et al., June 2003).  Other classification systems 

such as GAP (Scott et al., 1993b) have been widely implemented; nevertheless,  GAP 

describes vegetation cover at  a coarser resolution level that makes map products 

unsuitable for management in National Parks. Federal programs such as the Interior West 

Forest Inventory and Analysis (IW-FIA) have also proved to be limited when used for 

analyzing rangelands and forest health and functionality; because IW-FIA exclude 

riparian categories and present categorical information based on percent cover, limiting 

its use to the categories represented (O'Brien et al., June 2003).   

The use of established protocols is not common across countries and thre is little 

basis for trans-boundary management coordination; established protocols would 

significantly facilitate management across regions and institutions. As in the US, in 

México there are two broadly used classification systems, one developed by the 

Technical Commission for Stocking Rates (COTECOCA, 1978) and INEGI classification 

based on Land use and Vegetation (www.inegi.gob.mx). These two systems have pursued 

completely different objectives and have not been defined as systems that are exclusively 

focused on vegetation.  The Brown and Lowe (1994) and the COTECOCA classification 

systems have been proposed as a common classification scheme between the US and 

México  (Heilman et al., 2000) and some efforts were completed to support and integrate 

land cover classification in both countries (MacEwen et al., 2005). Within this 
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framework, such un-standardized systems have not been considered as standard protocols 

in the US and México. Instead other protocols have received more attention and previous 

work based on COTECOCA (1978) and Brown and Lowe (1994) will need to be 

reinterpreted in order utilize these previous efforts.  In the US., the FGDC has considered 

the US National Vegetation Classification (NVC) as the standard classification system 

(Anderson et al., 1998) and institutions such as the National Park Service have adopted 

this classification  for implementation in the Southwest (Drake et al., 2006; Drake et al., 

2005).  

Coupled with the need to address transborder mapping systems is the need to 

evaluate new very high resolution (VHR) remote sensing data for mapping vegetation 

cover. We evaluated VHR sensors in order to overcome the level of subjectivity 

generated by visually interpreting vegetation cover. This methodology has been 

commonly used to generate detailed vegetation maps by interpreting plant physiognomic 

characteristics. Measurable mapping units have not yet been described so that automatic 

procedures can be applied or perhaps direct information extraction can be obtained from 

VHR sensors to generate accurate vegetation maps. If the information extracted can be 

related to physical measurements rather than estimates, mapping products will provide 

stronger physical evidence about plant cover for the scientific community.  

Aside from the inconsistent use of classification protocols and mapping units that 

represent physical measurements directly related to plant cover, other challenges exist. 

These include the need determine how best to assess the accuracy of these products and 

their effectiveness at addressing natural resource issues.  
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1.3 Goals and Objectives 

 The primary goal of this work is to gain a better understanding of the different 

concepts, limiting factors, and conceptual and technical challenges that are involved in 

creating a vegetation map. This work explores new possibilities to improve our mapping 

tools, to accurately represent plant cover information qualitatively and quantitatively. 

One aspect that was taken into consideration was the need to evaluate remote sensing 

based vegetation mapping at high spatial resolution by evaluating methods initially 

developed for Southern Arizona National Parks to other sites both in the U.S. and Mexico 

and thus offer a cross comparison among mapping protocols and methodologies. 

Specifics objectives were to:  

1. Evaluate the classification schemes used regionally and across the US-

Mexican border;  

2. to offer a comparative framework emphasizing the schemes that have been 

widely accepted for standardization purposes and  

3. to explore different ways of representing information related to plant life form 

and physiognomy. 

4. Compare the performance of very high spatial resolution remote sensing 

system for mapping vegetation common entities.  

5. Evaluate different image classification techniques by comparing the accuracy 

of the results and their capability to extract information about plant cover. 

This would help to implement, improve and test new cost-effective digital 
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image processing techniques to produce accurate maps of vegetation 

resources.  

6. Evaluate field mapping techniques for accuracy assessment and for use with 

remote sensing data to extract more information about vegetation spatial 

distribution. 

 The mapping of vegetation Common Entities (CE) could help to expand the 

analysis of new procedures for digital image processing techniques to produce accurate 

maps of vegetation resources. Evaluation of classification techniques will assure results 

and their capability to extract information about plant cover. This would help to 

implement, improve and test new cost-effective digital image processing techniques to 

produce accurate maps of vegetation resources. The idea of creating mapping products 

that can aid in identification of not only life-forms but can also numerically quantify 

relative abundance could serve as a valuable tool for plant monitoring.  

1.4 Considerations and Limitations of High Spatial Resolution Remote Sensing to 

Vegetation Mapping 

 Vegetation extraction from satellite images in many instances involves the use of 

image classification.  This procedure requires the use of categorical information that 

helps generalize and group individual classes (Steve E. Franklin, 2001). The reason why 

we classify is to categorically indentify parts that compose an specific function or entity. 

Vegetation cover as a subject of classification can be break down into hierarchical groups 

distinguished by its level or information detail (NatureServe_Explorer, 2001). 

 The resources contained in US National Parks (NP) offer a laboratory for the 

study of vegetation and landscape ecology. The parks in the Southwest United States 



 

 

33 

(US) and Northwest México offer an especially attractive opportunity for pooling 

knowledge and experience.  However, there are two challenges that must be overcome 

before this opportunity can be realized.  First, the U.S. has several vegetation 

classification systems (Brown, 1982; Roseberry and Dole, 1983; Scott et al., 1993b). 

These systems are broadly comparable, but not directly interchangeable.   Thus, direct 

comparisons are not currently possible, limiting the types of research that could be 

conducted to transcend site-specific studies.  Mapping products should provide good 

quality, accuracy, frequency, and standards to support monitoring, conservation, 

reestablishment, and protection programs; this research work addresses these issues.  

First, it compiles different land-cover studies to reconcile the vegetation classification 

studies that use VHR sensors. Second, these methods were implemented to represent land 

cover information based on the NVC system approved by the FGDC.  The data output 

provides relevant information for management that is more accurate and less costly than 

what is currently available (Drake et al., 2006; Drake et al., 2005). 

 

1.5 Previous Work and Vegetation Map Conceptualization 

 Previous work at Chiricahua National Monument (CHIR) and Coronado National 

Memorial (CORO) evaluated and tested these classification methodologies. This prior 

work improved classification methods applied to plant cover to support NPS monitoring 

activities (Drake et al., 2006; Drake et al., 2005). I developed a classification method 

using high-spatial resolution images (IKONOS) to produce maps that conform to the 

NVC system. To match the NVC system a new concept was introduced, “Common 

Entities” (CE), defined as classified pixels that correspond to pure type units (e.g., tree, 
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shrub, herbaceous, bare soil, and rock) that could be mapped using high spatial resolution 

remote sensing data.  The terminology is comparable to vegetation continuous fields 

(VCF) developed by the MODIS global land cover facility 

(http://glcf.umiacs.umd.edu/data/modis/vcf/) and to synusias which is defined as a “ 

group of plants of one or several related life forms, growing under similar environmental 

conditions” (Küchler, 1967). Actually, synusias is not a popular term in vegetation 

mapping in the U.S.; however, its description is similar to what CE would represent in 

terms of plant life forms but not in terms of the limiting environmental conditions. This 

concept was also discussed by Ustin (2004) where mapping of “land cover traits” was 

recommended over discrete classification systems because of its ability to support studies 

that are oriented to the processing and analysis of remote sensing data  (Ustin, 2004a). 

Ustin (2004) notes that its main advantage is its ability in monitoring by providing a 

comparable unit to measure change and by allowing the user to be more empowered in 

defining land cover classes. 

  At CORO and CHIR, CE proved to be useful to assess plant structural 

composition, which could then be related to NVC Formations. Formations were defined 

by the mixed coverage of trees, shrubs, and herbaceous cover represented by Forest, 

Woodland, Shrubland, Wooded Shrubland, Tree Savannah, Shrub Savannah, and 

Grasslands. However, further life forms such as rosette types of plants (Agave and 

Yucca) as well as cacti and other succulent plants are as important and should be also 

used to help define an ecosystem’s characteristics. This work tested and refined the 

methods first developed at CHIR and CORO (Drake et al., 2006), improving our 
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methodological capability to map and monitor plant distribution and to  improve our 

understanding of the capabilities of these new mapping procedures.   

 Also, based on the methodologies used at CORO and CHIR, the results suggest 

the possibility of further describing some of the rules that identify Formations as 

described by the NVC system  (Drake et al., 2006) and the ability to implement and 

improve this mapping method over parks in the U.S. and Mexico. These suggestions were 

described as “mapping problems” and were discussed during the workshop for NPs 

realized during April, 2006 in Hermosillo Son, México and are listed below:  

1) There is a need for up-to-date information that might be generated based on 

hierarchical standards and the parks’ information needs. 

2) Official sources of information about plant cover in the U.S. and México are 

outdated and produce general mapping units that are not suitable for management 

decision making in most cases. 

3) The available classification schemes do not describe structural differences among 

groups that are floristically similar.  

4) Riparian ecosystems need special descriptions in relation to water availability and 

plants physiognomic variability.  

5) Shrubland composition presents challenging combinations mainly among mixed 

plants of succulents, agaves, and yucca and among plants with and without thorns mixed 

with plants showing phenological differences making them evergreen, mixed evergreen 

deciduous and deciduous plants. 
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6) A clear separation between denuded versus vegetated ground is needed in a 

classification scheme so that the impact on non-vegetated areas can be assessed based on 

erosion caused by human activity. 

7) Plant transition on bare ground may be used to identify the advance from denuded 

to other cover due to plant encroachment; similarly, sparsely vegetated areas could be 

considered a special class type to identify early indicators of invasion or be used to assess 

sparse shrublands/grasslands on gravel or rocky soils. 

8) Mapping efforts need to use well-described classification schemes, considering 

standard methods and well described hierarchical classification schemes that describe 

transitional shrublands/grasslands and plants within coastal zones that are structurally 

different and/or are salt tolerant.  

 To solve these issues will not be easy; but their resolution will lead to quality 

information for more efficient implementation of conservation studies and restoration 

programs. 

 Based on these needs we focus this work on four general characteristics that can 

be improved based on the work completed at CORO and CHIR (Drake et al., 2006; 

Drake et al., 2005). The information obtained addresses information needs related to 

divergent classification schemes:  

1) The lack of accurate map products that suit the needs of these parks for 

information to promote restoration, management, and monitoring.  

2) The need for classifications schemes that capture information that can help to 

depict recovered and/or degraded areas.  
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3) The need to help identify accurately and analyze transitional vegetation change 

that may indicate encroachment and/or species invasion. 

4) The need to provide accurate location information and physically quantify 

relative abundance.  

 To improve upon these issues would ultimately improve inventories of endemic 

plants and could be used to measure impacts on protected areas that are difficult to guard. 

Clearly, the products provide restoration status and recovery trends to support decision 

making and conservation efforts. 

 Some of the steps used to describe Formations were based on depicting CE 

(Drake et al., 2006; Drake et al., 2005). CE is the mapping unit used to define Formation 

by quantifying CE cover. CE cover is calculated using a computer program that estimates 

Formations using a set of rules shown in Table 1. These vegetation products can aid our 

understanding of transitional communities either by understanding plant life form 

changes (CE) or by assessing physiognomic changes due to variation in plant 

composition. These mapping products could support plant studies at a finer level and will 

positively impact the changes caused by native or invasive plants, assess causes affecting 

environmental impacts, accurately locate endemic plants and monitor their extraction, 

which is not accurately reported in many parks. 
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Table 1. Criteria tested with an Arc Macro Language (AML) program to determine 

Formations by percent cover of three different CE. %Tree = T, %Shrub = S, 

%Grass = G.   

 

 

 

   

     1.5.1 Advantages of VHR-Images Textural Properties 

 IKONOS and QuickBird images have been widely used for their ground sample 

resolution of 4 meters for multispectral data and panchromatic data at the sub meter level 

(<= 1 m) (Meyer et al., 1996; Sugumaran et al., 2003). These two sensors provide not 

only small pixel size but also spectral information that can be enhanced to improve 

vegetation studies. Several studies have been conducted to compare image products with 

VHR data from the IKONOS and QuickBird sensors (Hong and Zhang, 2005; Wang et 

al., 2004). QuickBird provides a finer ground sample resolution (Wang et al., 2004), 

which can be capable of improving textural-based analysis. Using IKONOS and 

QuickBird panchromatic bands, Wang Le et al., (2004), found that when the 

panchromatic band is used during the classification process, it slightly increases 

classification accuracy (Wang et al., 2004).  Most of these studies do not present any 

further correction after radiometric adjustment to the image values and before processing 

the images (Cablk and Minor, 2001; Hong and Zhang, 2005; Meyer et al., 1996; 

Sugumaran et al., 2003; Wang et al., 2004).  It seems that the best use of high resolution 

Formations % Tree % Shrub % Grass 

Forest T ≥ 60% N/A N/A 
Woodland T < 60% &  > 20% N/A 2 *T > G 

Tree savannah       T > 10% & < 60% N/A T < G 
Shrub land T ≤ 10% S ≥ 10% S > G 
Grassland T < 10% S < 10% G > 10% 
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information should rely more on physiognomic characteristics rather than on the ability to 

discriminate on the basis of spectral information.  

 Prior research has also investigated the use of object-oriented or image 

segmentation classification systems that discriminate vegetation on the basis of 

physiognomic characteristics (Cablk and Minor, 2001). Other studies using the IKONOS 

panchromatic band applied different window sizes to evaluate the sensor capability to 

discriminate Douglas-fir forest edge classes (Franklin et al., 2001). Studies completed by 

Franklin et al. (2001) and Cablk and Minor (2001) demonstrated the importance of 

object-base classification, first using segmentation where most classified objects had a 

specific size and the second using a range of windows sized to reflect the importance of 

cluster sizes. Similar studies developed physiognomic-based information to improve 

image classification. Puissant et al  (Puissant et al., 2005) used statistical techniques to 

aggregate pixels into 3 different cover types using different window sizes where a 

window of 7 x 7 applied to an image of 1 m pixel size proved to be optimal. The method 

of Puissant et al., (2005) is improved using spectral information; however, it does not 

provide any reason why a 7 x 7 window size presented optimum results.  It is considered 

that this 7 x 7 window size may reflect specific landscape patterns at their study site, 

which according to Riera et al., (1998) varies with topography and land cover (Riera et 

al., 1998). Riera et al., (1998) used spatial autocorrelation to evaluate NDVI results 

obtained from a Landsat sensor and they determined that there were several factors such 

as scale and pixel size which were correlated with specific landscape patterns (Riera et 

al., 1998). Wallace and Marsh (2005) applied spatial autocorrelation on NDVI results 

obtained from the IKONOS sensor; they studied pronghorn antelope sighttings and their 
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results proved to be representative of preferred plant community for pronghorn (Wallace 

and Marsh, 2005). These studies suggested that the size of landscape patterns should be 

taken into consideration and that filter-sizes must be chosen based upon individual 

landscape patterns. 

 

     1.5.2 Advantages of VHR_Images Spectral Properties 

 The research completed at CHIR and CORO (Drake et al., 2006; Drake et al., 

2005) incorporated both manual and computer-based classification based on the image 

spectral information. IKONOS images were tested for their capability to identify trees, 

shrubs, herbaceous cover, bare ground, and rock outcrop, so-called CE. This method 

combined the computer-based algorithm ISODATA (Schowengert, 1997) and visual 

interpretation to separate these classes. The methodology also utilized enhanced products 

derived from the IKONOS data such as band ratios, Normalized Differential Vegetation 

Index (NDVI) (Tucker, 1979), Soil Adjusted Vegetation Index (SAVI) (Huete, 1988), 

and products derived from Digital Elevation Models (DEMs). The process was completed 

in several steps that included: a hill-shade correction to minimize classification errors 

introduced by hill shadow (Civco, 1989); separation of bare soil from sparse vegetation 

through a threshold sensitivity analysis using SAVI (Huete, 1988); unsupervised 

classification to extract CE utilizing principal components analysis (PCA) (Jensen, 

1996b); cover type assessment and threshold sensitivity analysis for annuals; and 

correcting for canopy shadow and rock cliff shadow using a purpose-designed spatial 

filter (Drake et al., 2006).  
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 The semi-automatic approach using CE yielded an overall accuracy of 79.9% 

(Drake et al., 2006); nevertheless, the accuracy evaluation does not reflect several 

additional limitations: 1) the field assessment was completed four years after the image 

acquisition date and with slightly greener vegetation conditions; 2) the field assessment 

needed to compare pixels values at 1x1 m and to match pixel locations requires 

differential GPS to determine position at the sub-meter level;  3) identification of sparse 

vegetation and shadows could be improved; and 4) litter was not assessed as another CE 

and may be misinterpreted as leafless trees and/or shrubs. 

 

1.6 The Dissertation - Mapping Vegetation at High Spatial Resolution 

          In the context of finding the computer process that can help to extract CE using 

VHR images. A series of analysis and verification procedures were applied across 

National Parks in the U.S. and Mexico. This comparison tested the methods used and 

their capability to extract CE in three different parks: Chiricahua National Monument 

(AZ, US), Ajos-Bavispe (Sonora, México), and El Pinacate y Gran Desierto (Sonora, 

México). We collected information about vegetation cover to measure and validate our 

end products. It is considered important for this research not only to recognize the 

importance of assessing the mapping product, but also to evaluate the sources of the field 

information used to validate these results.  Therefore, three different designs of data 

collection were tested and compared against our end products to evaluate their 

performance in terms of time, cost, and reliability.  Time relates directly with cost and 

reliability and this was evaluated in terms of how well data was spatially and statistically 

represented.  Previously proposed variables to evaluate spatial infromation are based on 
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six different vairables: "(1) appropriateness of data types, (2) required labor, (3) required 

expertise, (4) stage of analysis, (5) number and types of themes to be generated, and (6) 

issues of reliability and validity" (Gery and Russell, 2003). 

 

     1.6.1 Sampling Methods 

           Part of validating mapping products is to consider the identification of categorical 

information represented as spatial clusters. This categorical information is used to 

represent mapping classes related to vegetation cover that require to be tested for 

reliability and validity.   Several ground-truth methods have been used to collect ground 

information using different sampling tecniques (Lal, 1998) such as: 1) random sampling, 

2) random transects, and 3) stratification.  These sampling methods can be adapted to 

target specific spatial information.   

 Sample size and sampling distribution are aspects related to the extent of the 

study area and the variety of categories to cover (Congalton and Green, 1999).  Sampling 

methods do not always reflect all the categories within the study area and also they 

introduce some bias if the sampling method does not target the subject. Some sampling 

methods can eliminate spatial distribution and decrease the real variance of the target 

categories.   

 It is crucial to relate and convey field data and remote sensing data considering 

not only spatial correlation, but also the nature of the collected data in terms of what it 

represents and how the collected information is depicted by satellite images. It is not a 

simple matter to understand all the factors affecting the satellite information or to find the 

precise field methods that can help to collect all variables involved without investing a 
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considerable amount of time and money.  A third issue arises when we need to 

communicate the information in a comprehensive manner so that all spatial information 

portrays what is found in the field. 

 A field study in California, focusing on shrub species distribution, found the 

advantages of using remote sensing to describe areas where it is difficult to collect field 

samples (Roos K. Meetemeyer, 2001). Satellite information can assist in interpreting 

areas out of reach; however, interpreted units may still mislead by collecting field data 

which can be either describing finer variability (Roos K. Meetemeyer, 2001) or miss the 

real variables depicted by satellite images. Some field methods commonly used, such as 

the line transect, are used to collect information across representative areas to obtain 

vegetation distribution (Livio G et al., 2001). Other studies have used line transects to 

identify older versus younger Spruce-Fir stands by assessing gap fractions along transects 

(Nel et al., 1994). Transects in these two examples meet the goals of describing the 

variables under study using remote sensing methods. Transect were initially considered to 

evaluate CE; however, surveyed information detail required to perfectly match spatial 

data shown in satellite data. 

Other field methods were also tested to cover CE spatial distribution and evaluate 

the acquisition time for acquiring ground date across the study areas. To include spatial 

distribution of visually interpreted CE using polygon based information is one of the 

faster ways of collecting data by selecting points from different CEs inside each cluster.  

These methods were statistically compared to test numerical similarities and understand 

the nature of the CE from two different data sets. Comparing CE and satellite images was 



 

 

44 

done on the basis of the spatial correspondence between CE and computer based 

classification results.  

 To categorize CE a combination of supervised and unsupervised computer based 

classifications were selected. The unsupervised classification is based on the “Interactive 

Self-Organize Data Analysis Technique” (ISODATA) and the supervised classification is 

based on the Maximum Likelihood parametric rules (Leica Geosystems Geospatial 

Imaging, 2008). These classification methods were selected to consistently extract CE 

based on interpreted features and later evaluated the end products using three different 

ground-truth data collection methods.  

           To represent CE several factors need to be taken into consideration: the first is that 

we are using continus numerical values to represent discrete values, second is that when 

information scale is compared to CE scale, VHR sensors can give space to describe 

something more detailed than CE.  Generalization takes place when information 

resolution is describing something more complex than what is intended to be represented. 

In this case CE are discrete data but spectral and spatial properties are used to group CE 

and represent clusters by CE type. VHR sensors, because of their high spatial resolution 

can identify greater heterogeneity within CE groups, especially along the border of CE 

clusters.  

Inter-annual variability of vegetation cover can not be disregarded as part of the 

normal cycle in vegetation. In places such as NPs we should expect less impact due to 

over grassing and more due to seasonal periods that disfavor and hearten the conditions 

under which plants grow.  Some studies have characterized the seasonality in terms of 

high, mean, and low green-up based on NDVI values (Salinas-Zavala C., 2002). This 
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same study relates the effect of El Niño Southern Oscillation (ENSO) and therefore over 

the response that plants have and is show calculating NDVI values (Salinas-Zavala C., 

2002). ENSO influence on precipitation is related to the response that plants have after 

precipitation occurs. This response does not occur immediately; there is a lag between 

greening of the plant and the water availability (Salinas-Zavala C., 2002). Salinas-Zavala 

C. (2002) describes two factors to explain the plants' response to water availability: first 

is related with the plant’s physiology and the second with the water that is suddenly 

obtainable from the soil. Some plants adaptation with shallow roots such as herbaceous 

and cactus can be observed with sudden greening after rain occurs.  These plants take 

advantage of the water available at or near the surface.  Other plants with deeper roots 

such as shrubs and trees will responded later as water infiltrates into the soil (Salinas-

Zavala C., 2002). Therefore conditions on the ground should be assessed as soon as 

possible before any sudden change that may mislead plant cover categories.  This effect 

can also be used to categorize vegetation based on its seasonal response and improve 

vegetation maps.  

 Vegetation maps are generated to meet specific purposes. Not all vegetation maps 

will serve all purposes with the same precision and efficiency.  Nevertheless, our purpose 

is to be able to extract simple mapping units that can be used to build the information 

needed to estimate Formations as described by the USNVC. Ultimately, by knowing the 

percent cover of discrete data such CE; a set of rules can be applied to defining 

Formation types. Equally important can be to identify not only CE and Formation, but 

also two products that combined could be used to better identify the potential ecosystems 
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and that can provide the basis to assess other potential vegetation map products aimed 

using a floristic approach. 
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CHAPTER II: INITIAL STUDIES:  A PERSPECTIVE ON COMMON ENTITIES AND FORMATIONS AS 

BUILDING ELEMENTS FOLLOWING THE STATE AND TRANSITION MODEL 

 

2.1 Introduction  

 Vegetation maps are scarce and the ones that do exist can be limiting in terms of 

information resolution and accuracy. A four-class vegetation map generated by Ruffner 

and Johnson (Ruffner and Johnson, 1991b) was based on small amounts of information 

collected in the ground.  Based on this information only four cover classes represent 

CORO, two xeroriparian classes, a grassland and a mixed woodland.  A second 

vegetation map over CORO was from the Gap Analysis Project.  Gap Analysis Project 

was based on Landsat Thematic Mapper (TM) obtained in 1990 with a minimum 

mapping unit 100 hectares; the ~2000 hectares park was cover by only 6 coarse 

vegetation types. A promising source of high resolution information would it be 

photogrammetry which also provides higher cost due to the level of processing involved 

in the developing of a vegetation map based on ground and visual interpretation.  

A comparative vegetation mapping study at CORO was completed using: 1) digital 

orthophoto quarter quads (DOQQs) scale high-altitude aerial photography at 1:40,000, 

and 2) high spatial resolution IKONOS multispectral satellite imagery.  Both image types 

have the same spatial resolution but different spectral properties.  DOQQ are of public 

domain that just required reproduction cost and doesn’t provide many options on 

acquisition dates.  On the other hand, IKONOS images are commercially sold at a price 

range between $10 - $50 Km2, depending on the type of license (academic or 

commercial).  This section tests these two images capabilities to identify and delineate 
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vegetation communities as defined by the U.S. National Vegetation Classification System 

(NVC). The FGDC accepted NVC plant community as a federal standard which includes 

Park Service. 

 Plant communities’ representation is rarely represented by sharp disjunctures in 

nature any map generated will have some degree of generalization with some degree of 

approximation to the real ground cover. This approximation will depend on the 

interpreter’s ability to estimate percent cover by tree type. For example, woodland could 

be defined by the percent cover range of oak and shrub and the combination range they 

represent. 

 

     2.1.1 The U.S. National Vegetation Classification System 

 The U.S. NVC can be used to combine two ways of describing vegetation cover. 

This system offers a hierarchical approach that combines plant’s physiognomic-floristic 

characteristics.  A hierarchical approach combines plants’ structure (physiognomic) at 

higher level and species description (floristic) at a lower level. A two level description 

occurs and can be used to describe natural, semi-natural, planted, wetlands, and cultivated 

vegetation types.  The system identifies plants based on a quantitative and qualitative data 

that when combined is used to characterize plant cover. A taxonomic array organized 

hierarchically is illustrated in Appendix A. Appendix A describes Formation 

(Physiognomy) as the structural characteristic that describe plant array, density, and 

distribution. Alliances and Associations are based on species composition (floristic) that 

describe relative abundance by species.  Formations and Alliances were the aim in 

mapping cover types and plant cover. Formations enclose alliances which can structurally 
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share the same Formations, meaning that physiognomically several Alliances can be 

found to be a single Formation. Alliances can share dominant species which normally are 

found in the Alliance’s upper most strata.  Another floristic category is also described by 

the USNVC as Association which also should share same physiognomic properties. This 

category is in many cases inclusive for understory plants and they remain covered and are 

rarely discriminated using satellite sensors.   

 

2.2 A Perspective on Common Entities (CE) and Formations as Building Elements 

Following the State and Transition Model 

 Common Entities (CE) can be used to describe the inter-related elements 

comprising the ecosystem. These mapping units are proposed to provide the means to 

study an ecosystem and its dynamics by describing systematically the interaction among 

the elements within an ecosystem. State and Transition Models require describing the 

individual components and their interactions within systems.  The State and Transition 

Model is an alternative model that provides the conceptual dynamic to understand states 

that are not always clearly defined (Westoby et al., 1991) and without limiting the 

number of recognizable discrete states it helps to accumulate knowledge within the 

different transitional states (Westoby et al., 1991) by considering internal and external 

factors that are found to be affecting an ecosystem creating disturbance.  Individual 

components such as CE could be used as indicators of change and define not only 

discrete states but also measure transitional states that are not clearly defined. The 

vegetation mapping research in this dissertation must also consider how it can be used to 

better understand ecosystems and help conceptualize changes in ecosystems and the 
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impact of external forcing or management practices. First we need to discuss some of the 

ecological concepts of disturbance in order to understand the dynamics of a given system 

and its functions. 

Information about vegetation cover can describe patterns, textures, and spatial 

relationships. When this information is depicted on vegetation maps over time, we are 

able to assess changes related to disturbance.  Disturbance itself, according to Pickett, 

Kolasa et al. (1988) is inadequate to generate a general theory of ecological disturbance  

(Pickett et al., 1988) because these concepts were based on known systems instead of 

using an applicable characterization for a broader range of ecological systems. In the 

theory, disturbance was seen in general terms, as processes occurring across the entire 

ecosystems where all environmental entities were affected. To better describe changes 

related to disturbance, Pickett et al. (1988) and Kolasa et al. (1988) suggest three 

applicable definitions: “1) identify the object disturbed, 2) distinguish between direct and 

indirect change in the object that is disturbed versus changes that is not; and 3) 

distinguish between direct and indirect consequences of disturbance.”  Some 

phenological changes are natural variations; if these phenological variations are well 

documented in terms of how plant types responds to climate we can describe timing of 

vegetation greenup and senescence using vegetation indices (Xiaoyang et al., 2003). An 

important focus of Pickett and Kolasa et al. (1988) is to provide a structural system 

organized hierarchically in order to identify change. Table 2 lists the identifiable entities 

and sub units within each CE.  These sub-units can be part of the entities and/or a 

significant element that support the entity. The interaction among them is vital to describe 

the element composing an ecosystem; i.e. a plant structurally represented can be seen in 
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Figure 1. This scheme simplifies the plant’s elements or sub-units comprising one of our 

CEs. 

 

Table 2.  List of some of the identifiable entities or CE and sub-units that can be 

organized hierarchically to represent the structure of different ecosystems. 

Entity or CE Subunit 

Perennial Trees (PT) Foliage or leaf, Bark, Soil (f, b, s) 
Deciduous Trees (DT) Foliage or leaf, Bark, Soil (f, b, s) 

Shrubs (SH) Foliage or leaf, Bark, Soil (f, b, s) 
Herbaceous (HR) Green tissue/Stem, Roots/Underground stem, Soil (g, r, s)  
Bare Ground (BG) Composition, Chemistry, Physical Properties (c, h, p) 

 

Pattee (1973) and Simons, (1973) described some of the fundamental concepts to 

build hierarchical controls. The entities and sub-units can help to conceptualize and build 

the ecosystem structure by distinguishing their interaction, identifying the object under 

disturbance, and reducing the subjectivity sometimes used to describe ecosystems. Figure 

1 represents the structure of a CE for which, at human scale, changes can be observed at 

the sub-units. These sub-units or minimal structures are the objects subject to disturbance 

as a result of factors outside the unit (red arrow Figure 1 and 2). To describe these 

factors, we propose to distinguish external factors not directly related to the system and 

internal factors originating within the system (see Table 3). Red arrows in Figure 1 and 2 

represent pressure on an ecosystem from factors outside the system.  
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Figure 1. Entity (tree, or shrub) structural representation showing the interaction between 

Sub-units representing the structure of a CE. CE sub-units are foliage (f), bark 

(b), soil (s). 

 

This same principle can be applied at higher hierarchical levels where CE can be 

used to represent the physiognomic (Formations) characteristic within another 

hierarchical structure placed in a second order (Pickett et al., 1988). To be able to 

represent physiognomic characteristics we can take the same examples given in Table 1, 

where the cover composition of the different CEs can define forest, woodlands, wooded 

shrub lands, tree savannah, shrub land, and grasslands.  These physiognomic 

characterizations can be represented structurally by using CEs and their corresponding 

sub-units. The interactions (blue lines, Figure 1 and Figure 2) represent the material 

transfer between entities (CEs and sub-units) that take place within a system. These 

interactions can also be the conditions created by each entity at different levels, which 

can affect other structural entities at higher or lower hierarchical levels (Pickett et al., 

1988). In addition to external factors causing disturbance (red solid lines with arrows, 

Figure 1, and Figure 2) Pickett et al. (1988) and Westoby et al. (1991) describe how plant 

 f 

  s   b 

Sub-Unit of 
CE 

Interaction 

External factors 
causing disturbance 

CE 



 

 

53 

competition represents factors that internally cause disturbance and that can be originated 

at the CE or subunit level.   

 Disturbance as describe in Table 3 can be either external or internal forces related 

with events that generate change such plants’ adaptations related to either allelophaty 

and/or shading, which creates competition and places some plants at an advantage or 

disadvantage (Westoby et al., 1991). These factors described as internal in Table 3 are 

plants’ adaptations acting as objects of disturbance/competition that could be an 

interesting topic of study to evaluate the impact of these internal factors over the 

ecosystem (red dotted arrows, Figure 2 and Table 3) either as a reason for change or as 

conservation mechanisms to maintain stability. Figure 2 portrays a forest represented by 

four CEs: shrubs, herbaceous, trees, and bare ground. Forest Formation is not limited to 

four CEs, shrubs and herbaceous aren’t necessary elements within a Forest but they can 

be an integral part of the system. 

 The main external factors that Westoby et al. (1991) consider are not directly 

associated with the ecosystem; for example, they can be a combination of circumstances 

created by management actions and/or climatic conditions, which can be acting at 

different hierarchical levels and at different degrees of disturbance on each sub-unit, CE, 

and Formation. In regions where topography is a major factor, the sunlight condition 

varies, creating circumstances that are favorable for the establishment of certain groups 

of plants. These circumstances may be important to understanding what direction the 

succession would take once disturbance occurs.  The state and transition model studies 

the environmental status and the combination of factors that influence the environment 

toward a different configuration i.e.; a drastic shifting from forest to bare ground due to 



 

 

54 

the presence of an intense fire season or a gradual transition from grasslands to forest due 

to favorable climatic patters.  

 

Table 3. Examples of external and internal factors that produce disturbance and/or 

generate change on the entities within the ecosystem.  

External Forces Internal Factors 

Insects  and/or Fungi outbreaks Alleophaty 
Herbivores Shading 
Droughts Nurse Plants 

Precipitation Spreading Mechanisms 
Management Actions Plant Adaptations 

Fire Frequency Reproductive Mechanisms 
Frozen Periods Symbiotic Life forms  

Livestock Soil Physical Properties 
People Soil Chemical Properties 

Wild Life Geomorphology 
 Temperature Topography 

 

To represent a forest configuration, Figure 2 describes how forest entities and 

their relationships can be organized to structurally represent the forest’s physiognomic 

characteristics.  Forest in Table 1 is defined by the cover composition among different 

CEs. This definition is not limited to cover, other variables such as density can be used; 

however, for cartographic purposes this research uses cover as a measurable practical 

variable. 
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Figure 2.  Forest representation describing two levels of structural organization and 

interactions between CEs -SH= Shrub, T=Tree, HR = Herbaceous, BG = Bare 

Ground- and CE sub-units -foliage (f), bark (b), soil (s), Green tissue/Stem (g), 

Roots/Underground stem (r)-.  The red arrows represent the external (solid lines) 

and internal (dotted lines) factors causing disturbance; modified from Pickett, 

Kolasa et al. (1988).  

 

     2.2.1 CE Sub-units, CE, and Formation as Conceptual Entities Under the State and 

Transition Model 

 Once the different components are defined and structurally organized within a 

given ecological system, models such as the State and Transition Model can be used to 

assist management practices and maintain optimum ecosystem conditions (Westoby et 

al., 1991). The discussion concerning how models should be used to represent the 

environment and all its components is far from finished. There are clear discrepancies 
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related to how models work and describe an ecosystem (Briske et al., 2003; Westoby et 

al., 1991). The state and transition model describes the ecosystem conditions based on a 

series of mechanisms that are relevant to the system. These mechanisms produce a 

variety of possibilities creating a complex interaction to represent the ecosystem process 

(Westoby et al., 1991) using discontinuous and non-reversible vegetation dynamics 

(Briske et al., 2003). The state and transition model is a qualitative model that posses us 

the capability to integrate different types of knowledge and information related to 

vegetation management. To understand how ecosystems function under the state and 

transition model, the model needs to integrate most of the mechanisms related to the 

ecosystem. Westoby, et al. (1991) summarize five different mechanisms: a) demographic 

inertia, b) grazing catastrophe, c) priority in competition, d) fire positive feedback, and e) 

vegetation change that triggers a persistent change in soil.  

The state is defined as “an abstraction encompassing a certain amount of variation 

in space and time” (Westoby et al., 1991). These states can be objects of disturbance that 

will trigger a transition from one state to another. States and transitions could be 

represented as movement of entities within the context of Formations. 

These transitions in some circumstances are better represented by the concept of 

threshold, which means that the change from one state to another can be discontinuous 

(Friedel, 1991).  This concept describes how in some cases transition from one state to 

another should reach certain points or levels of disturbance from which it will be hard to 

return to the prior state without the presence of external or internal drivers (Laycock, 

1991). Laycock (1991) describes the notion of stability in terms of internal and/or 

external factors acting upon the ecosystem which can drive the ecosystem in different 
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directions. While a stable state will have the capability to return to its original condition 

an unstable state will easily cross the threshold from which it will take a completely 

different direction toward a completely different state (Laycock, 1991). Laycock (1991) 

explains “climax” as the single stable state that presents the most resistance. Friedel 

(1991) notes the weaknesses of using the climax approach for several reasons: 1) climax 

is not always the most desirable condition; 2) pristine conditions may not be the actual 

climax for a site; 3) it does not allow for exotic species; and 4) it is not well suited for 

woodlands and forested rangelands (Friedel, 1991). Friedel (1991) further recommends 

that vegetation state should be considered based on its function and use. Friedel (1991) 

strongly supports the use of “3 tiers of assessment” as indicators of site deterioration: 

herbaceous layer, soils, and tree-shrub layer. This approach lends itself to our use of 

mapping CE as a monitoring tool and as an important indicator of site condition. Figure 2 

graphically presents how CE can be used to describe “site deterioration” which will bring 

the ecosystem to a less structurally complex state. Mapping on the basis of CEs could 

also be used to explain how disturbance acts upon a state, triggering transition toward a 

structurally more complex state as shown in Figure 3.  To understand the transitions 

between these states (Formations) Table 4 summarizes the codes used by Formation or 

States and Transitions between Formations. The arrows in Figure 4 represent the 

potential direction that a Formation takes during transition, two arrows describes a 

reversible transition that may occur between Formations, and one arrow represents an 

irreversible state change that does not pass through other Formations or is achieved 

through a drastic management action such as fire control.  
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Table 4. Formation code used to represent the transitions and the relationships between 

Formations. 

Formation Code 
Forest FS 

Woodland WD 
Shrubland SL 

Wooded Shrubland WS 
Tree Savanna TS 

Shrub Savanna SS 
Herbaceous (Grasslands) GS 

Sparsely Vegetated SV 
Stable Bare Soil  BS 

Unstable Soils (Barren) UN 

 

 Figure 3 represents each Formation enclosing a structural representation of CE 

and sub-units as shown in Figure 2 and Figure 1. Structural variation depends upon the 

presence or absence of the main building components within a Formation, CEs. Within 

the context of vegetation mapping, CEs define Formation depending on the percent cover 

of each CE. Each Formation is defined by a set of rules that take into consideration the 

proportion of coverage per CE as the example shown in Table 5. These rules will be 

extended and explained in detail in Section 2.2.1 Table 5. However, to explain the 

Formations represented structurally in Figure 3 we have CEs (Tree, Shrubs, Herbaceous, 

and Bare ground) as the main components represented within each Formation. These 

components are also composed of sub-units listed in Table 2. A circle enclosing three 

connected circles (sub-units) represents a CE (Stable Bare Soil –BS- and Unstable Soils – 

UN-); these two states are the minimum structural unit where the potential difference can 

be described by changes at the sub-unit level (Composition, Chemistry, Physical 

Properties -c, h, p-).  
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Figure 3. Modified state and transition model for plants structure (Physiognomy) lands 

depicting nine cover types (Formations): FS=Forest, WD=Woodland, 

SL=Shrubland, WS=Wooded Shrubland, TS=Tree Savanna, SS=Shrub Savanna, 

GS=Herbaceous (Grasslands), SV=Sparsely Vegetated, BS=Stable Bare Soil, 

UN=Unstable Soils (Barren); and fourteen potential transition cases. 

 

Table 5. Examples of vegetation Formations defined by a set of rules 

 Formation Definition 

1 Forest Tree cover >60% with crowns mostly overlapping.   

2 
Intermittently Flooded 
Forest 

Xeroriparian systems in proximity to surface water present for 
brief periods associated with storms. 

3 Woodland 
Shrubs + herbaceous cover <= tree cover, and tree cover 10%-
60% with crowns not generally overlapping. 
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2.2.2 Description of Formations in the Context of Mapping CE 

Herbaceous or Grasslands (GS) areas are rangelands dominated by herbaceous 

and/or annual plants. GS status can present a wide variety of characteristics dominated by 

species composition among forbs and herbaceous plants that can be palatable or 

unpalatable, perennials or annuals. Other grasslands are complicated and difficult to 

describe, this ecosystem has herbaceous plants from  desert ecosystems where the 

dominance of herbaceous plants is not obvious but still the area is called grassland 

(McClaran and Van_Devender, 1995). For grasslands the main factor that defines this 

status is related to the dominant presence of herbaceous cover and/or grasses, which due 

to their abundance defines the function of the Formation. Other functions can be defined 

based on the presences palatable or unpalatable, annuals or perennials plants, and species 

composition. These functions can be also described as secondary functions after the 

ecosystem has been defined as grasslands, which offer a complex combination of plant 

species and characteristics. To describe all these characteristics would be difficult as well 

as to decide/describe what thresholds should be considered once a GS becomes another 

Formation; also it can be difficult to establish the typical GS example to explain all GS 

characteristics.  If we relate the state of climax as a state at which the Formation remains 

stable, it may be easier to understand and apply the notion of threshold (Friedel, 1991; 

Westoby et al., 1991) as an event that will occur along the dynamic transitions, see 

arrows in Figure 3, that can be used to define the moment when a given land cover type 

becomes another.  To define GS we can structurally describe it as a land cover type 

composed of two concentrically organized CEs (circles) that represent bare ground and 

herbaceous cover. 
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Shrub Savannah (SS) is described as herbaceous dominated areas with scattered 

individual shrubs and/or clusters of shrubs. Similar to grasslands, the complexity of states 

can be overwhelming; however, some variations can be described for SS based on species 

composition, perennial, and deciduous characteristics. These variations help to determine 

a perennial SS or a deciduous SS based on the leaf persistence and on the height of the 

woody plant. For the purpose of this study, it was necessary to define a threshold value of 

two meters to separate shrubs from trees. (Some exceptions can be made for specific 

plant types such as Agavaceae and Cactae.) We can confine our definition of SS based 

upon the dominance of herbaceous plants over shrubs. Bare ground can be present but it 

is not a defining factor for this Formation. Scattered clusters of shrubs present a challenge 

for this research in terms of representative mapping units because VHR sensors can 

depict individual shrubs and the size of clustered of shrubs should be defined in order to 

separate SS from Shrublands (SL). The structural representation of SS is composed of 

three concentrically organized CEs representing bare ground, herbaceous and shrub 

cover.  

Tree Savanna (TS) is similar to SS, with the difference being that most woody 

plants cross the two meter height threshold.  This Formation can be specific for some 

woody species and can present perennial and deciduous herbaceous/woody plants, such 

characteristics will help to further describe TS either as perennial TS or deciduous TS. 

Other types of TS types are described as tropical and sub-tropical, montane, 

Mediterranean and temperate TS.  Trees Savannah (TS) is similar to Shrub Savannah 

(SH) with the only difference being that the woody component can be either dominated 

by trees (> 2 m.) or by shrubs (2m.) respectively.  The structural representation of TS is 
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composed by four concentrically organized CEs representing herbaceous, shrub, and tree 

cover and a central CE representing bare ground. 

Shrub Lands (SL) are ecosystems dominated by woody plants that do not pass the 

two meter height threshold. Trees are present but in a smaller proportion than any other 

CE within the Formation. Shrub cover is the dominant factor over grass and any other CE 

present in the Formation. This Formation encompasses a wide variety of representative of 

Desert, Montane, Mediterranean, Tropical and Subtropical environments. Even more 

complex combination can be described based on the presence of cacti and thorny shrubs 

like acacias. Our structural representation of SL is composed of four concentrically 

organized CEs representing herbaceous, shrub, tree cover and a central CE representing 

bare ground. The SL structural representation is not necessarily limited to four CEs, bare 

ground and shrubs can be the only CEs present within the Formation. 

Wooded Shrubland (WS) can be described as an area dominated by woody plants 

in general. The proportion of shrubs is generally greater than trees. Grass and bare ground 

is present but are not required to define the Formation characteristics. Tree cover 

dominates over all CEs but not over shrubs. WS may present open areas with no closed 

tree canopies or dense shrub cover mixed with trees. WS structural representation in not 

limited to four CEs, bare ground, trees, and shrubs can be the only CEs present within the 

Formation. Herbaceous cover is present but is not a defining factor for this Formation. 

Woodland (WD) is a woody plant dominated area where the tree cover is greater 

than shrub cover without presenting a closed tree canopy. This can be the main 

distinction between Forest and Woodlands. The shadowing generated by tree cover 

should not be a dominant factor since these areas can have presence (as in WS) of open 
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spaces where understory plants are composed of herbs, grasses, and shrubs. WD 

structural representation in not limited to four CEs, bare ground, trees, and shrubs can be 

the only CEs present within the Formation as in WS. 

Table 6. Normal Transitional Cases Shown in Figure 3. 

Transition Description 

T-I 
 
 

Transition I. Soil degradation, the soil’s chemical composition is degraded and soils cohesive 
characteristics makes the soils more vulnerable to wind and water erosion. Some of the causes 
can be due to extended droughts after fire events and/or intensive use of land with not positive 
inputs to the system. 

T-II 
Transition II. Soil chemical and mechanical properties are retained favoring the preservation 
of sufficient nutrients to promote vascular plants establishment.  

T-III 
 

Transition III. Grazing and fire suppression promotes the establishment of scattered woody 
plants. Rested areas after precipitation conditions return to normal and plant reestablishment 
and succession begin with water availability. The scarcity of water and/or frequent droughts 
will affect species abundance decreasing grazing activities as well. 

T-IV 
Transition IV. When climate conditions continue without any negative impact on woody 
plants encroachment of woody plants can change the landscape. 

T-V 
Transition V. Frequency of grazing and fire events can eliminate adapted woody cover. 
Drought events would negatively change woody plant reestablishment as well as 
mismanagement 

T-VI 
Transition VI. Climate and woody species determine the difference between shrub savanna 
and tree savanna.   

T-VII & T-VIII Transitions VII and VIII. The loss or gain of tree cover defines shrub land or wooded shrub 
land. This transition is specifically defined by changes in tree cover. 

T-IX 
Transition IX. Unlike transitions VII and VIII, this transition is defined by changes occurring 
in shrub cover. Herbaceous cover and tree cover remains.  

T-X, TXI, T-XIII, 
T-IV, & T-XV Transition X, XI, XII, XIII, XIV, and XV. These transitions could occur after intensive fires 

followed by a drought or precipitation conditions returning to normal.  

T-XVI & T-XVII 
Transitions XVI and XVII. Constant climate condition with adequate humidity promotes trees. 
This environmental factor when remain for longer periods of times transform woodland into 
forest.  

 

Forest (FS) is dominated by tree cover presenting a more closed canopy. This 

Formation can be further described by species composition and by the leaf persistence on 

the tree canopies. The cover ratio presented by perennial trees such as pines and 

deciduous trees such oaks can be a characteristic and can help define a perennial or 

deciduous forest. The main defining factor is tree cover and other CEs can also be present 

but are not critical to defining this Formation. The FS structural representation is not 

limited to four CEs, bare ground and trees and it can be the only CEs present. This 



 

 

64 

Formation is closely related to riparian ecosystems with the difference their tie to 

perennial or intermittent streams. These two Formations will be included within the forest 

Formation although further analysis should be considered to integrate riparian ecosystems 

into this technique.           

Examples of Extreme Transitional Cases: 

 Many factors related with human activities cause disturbance. These are generated 

either by implementing management practices by increasing the system stability or by 

reestablishing and/or by negatively changing the system’s state due to recreational 

activities (Briske et al., 2003). The “state and transition” model will represent ecosystems 

by limiting internal factors such as the plant-herbivores relationship and give more 

importance to climate-plants-human relationship. The model emphasizes external 

disturbance such climate and limits other factors such as herbivore activity.  These 

activities can be represented or described as activities that can represent a drastic 

transition that may not occur under normal conditions; these transitions are represented 

by red dotted lines in Figure 4.  Other important factors considered natural can be the 

dramatic climate events that are occurring today as a result of global climate change. The 

results of these events can also be described as states or Formations drastically shifting as 

shown in Figure 4. 



 

 

65 

 

Figure 4. Dramatic transition (DT) pathway (red dotted lines) that can reflect the shift 

from one Formation to another. Formations labels are FS=Forest, 

WD=Woodland, SL=Shrubland, WS=Wooded Shrubland, TS=Tree Savanna, 

SS=Shrub Savanna, GS=Herbaceous (Grasslands), SV=Sparsely Vegetated, 

BS=Stable Bare Soil, UN=Unstable Soils (Barren). Drastic transitions DT are 

further described in section 2.2.2. 
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Table 7. Drastic Transitional Cases Shown in Figure 4. 

Drastic 

Transition Description 

DT-I 
Drastic Transition I, Sudden lost of tress due to fire, disease, logging, or any other natural 
or human caused condition. 

DT-II Drastic Transition II, Partial loss of trees due to the same reasons describe in DT-I 

DT-III 
Drastic Transition III, Lost of woody cover, selective elimination of woody plants (mainly 
shrubs) and/or sudden recovery after damage of herbaceous cover. 

DT-IV 
Drastic Transition IV, Loss of woody cover, selective elimination of woody plants (mainly 
tress) and/or sudden recovery after damage of herbaceous cover. 

DT-V 
Drastic Transition V, Loss of woody cover mainly shrubs due to fire, disease, logging or 
any drastic event caused by humans or any other naturally caused event. 

DT-VI 
Drastic Transition VI, Selective lost of woody cover, mainly trees. Shrubs and herbaceous 
cover remains. 

DT-VII 
Drastic Transition VII, Selective loss of shrub cover, tree cover remains as well as 
herbaceous cover. 

DT-VIII Drastic Transition VIII, Drastic loss of trees, shrub and herbaceous cover remains. 

DT-IX 
Drastic Transition IX, Selective loss of trees and/or vegetation transition from trees to 
shrubs. Herbaceous cover remains. 

 

2.3 Further Considerations to Reach Sustainable Management  

 To maintain the normal function of environmental systems is one of the main 

goals of sustainable management. Ecosystem response to a given activity can be 

controlled in order to maintain the site’s function within an ecological, environmental, or 

social framework. This management depends on many factors and can be related to 

specific sites, climate, and function. Specific management practices would take place 

within each of these areas at different levels. Management activities can be site specific 

and be implemented at local, regional, and global scale.  Traditionally, models are 

associated with management to describe either equilibrium conditions or possible states 

due to different transitions (Westoby et al., 1991).  

Improved models could result in more sophisticated management policies. These 

policies would now be based on cataloged knowledge integrating different disciplines 

and states that will be able to provide specific activities by region and climate 
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characteristics.  In the past, management policies were focused on controlling the main 

activity supported by a system. Now climate, soils, plant diversity, and human activities 

can be considered as integrated entities within the process to predict consequences as a 

result of a give event. Policies would have to be flexible to adapt management, intervene 

when negative effects are present, respond earlier to possible hazards, and even improve 

the system.  

Adaptive management could be implemented to respond to events or hazards 

where there are not specific policies to help or prevent the system deterioration or 

possible social conflicts.  Modern models would have to also consider the economic 

aspect behind the problem to avoid social conflicts. Another aspect that will have to be 

considered by policy makers is the scale of the problem and the impact that it would have 

at local, regional, and global levels.  Modern models will have to evaluate the magnitude 

of the events and perhaps seek new ways to extrapolate or integrate spatial correlation 

with other systems to be able to predict the magnitude of a given issue outside the study 

area.  

Models are abstractions of reality and their main purpose is to support the 

decision making process as an information tool. The use of old models oversimplified the 

dynamics within the ecosystems and the first results were criticized because of their 

inefficiency in informing management. When these models represent the reality based on 

concrete and practical functions, the model’s outcomes will provide insightful 

information improving the decision making process and management policies.  

Improved models such as the “state and transition” model, consider external 

disturbance (climate change, activity of herbivores, and management practices) 
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associated with the system’s condition.  Management could be adapted to the magnitude 

of the external disturbance rather than trying to control inherited variables within the 

system that are difficult to modify. Improved models based on new research that support 

empirical knowledge, should provide the means to reevaluate actual management 

practices and modify policies based on what conditions we want to maintain in the 

system. The use of these improved models could be connected to the CE mapping 

products presented as one possible tool that will extend our ability to study plant cover 

variation and recovery as well as the impact of different actions. 

CE conceptually provides a simplified description of ground units or plant 

clusters that can be used to build up to a more complex representation of ground cover 

such as plant structure. VHR sensors can provide in some cases, the means to map CE or 

ground units and clump clusters. In other cases, VHR does not help to describe one 

ground unit using a single pixel. This issue is due the size of the ground object and the 

sensor’s spatial and spectral resolution. In terms of size, most plants can be depicted 

individually and can be represented as a CE cluster. By describing single CEs or groups 

as a CE cluster we could have the means to monitor complex ecosystems, CEs are the 

objects that directly show disturbance and can be tracked to understand change. Also in 

terms of modeling, the capability that CE offers to conceptually break down an 

ecosystem and describe its components is promising.  

 

2.4 Mapping Common Entities Using Very High Resolution Sensors 

 The very high resolution (VHR) sensors used in this study have the ability to 

identify specific cover entities (eg. Trees, shrubs) and map their spatial distribution on the 
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landscape. These sensors have been widely used in vegetation studies to depict changes 

in cover heterogeneity and textural patterns related to cover, thus providing the potential 

tool for creating maps of CE. Textural studies relating the heterogeneity of arid 

vegetation evaluated changes in scale as heterogeneity increased (Ustin, 2004a). Other 

spatial assessments based on statistics described how information is lost as pixel size 

increases in relationship to the mean size of shrubs (Phinn et al., 1986); this same study 

demonstrated the impact of pixel size will be less over grass cover (Phinn et al., 1986). 

The general rule on pixel size to depict land cover types is that in order to depict textural 

changes it is required that the pixel size must be smaller than the dominant landscape 

types (Phinn et al., 1986; Ustin, 2004a). Terminology related to textural studies 

developed by Woodcock and Strahler (1987); describe the H and L (-H- landscape units 

size are bigger than the pixel size; -L- landscape units size is smaller than the pixel size)  

resolution by comparing the size of the landscape describe in relationship with the pixel 

size (Woodcock and Strahler, 1987). Therefore, H resolution means that the landscape 

being depicted using a smaller pixel size than the landscape type and L resolution 

describes studies where the pixels size is actually bigger than the landscape unit 

(Woodcock and Strahler, 1987). The landscape unit size can be considered a CE, which 

depending on its size can be either too small to be depicted by a pixel, or too small to 

represent a CE (L resolution) and the same time a CE can be big enough that is well 

represented by several pixels (H resolution). 

Landscape and image texture have been compared here to emphasize the 

importance of pixels size in studies related to CE (tree -pine or oak-, shrubs, herbaceous, 

bare soils and surface modified by humans). When CEs are bigger than a pixel (eg: trees) 
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the chances are that this CE will be easy to resolve (H-resolution); on the other hand, if a 

CE is representing a small object (eg: individual forbs) there will be little chance that the 

CE will be depicted (L-resolution) (Ustin, 2004a).  

 

Figure 5. Orthogonal view represents plant information in three dimensions 

(lower diagram) while maps show clusters of plants in two dimensions (upper diagram). 

 

2.5 Consistency of Mapping Protocols 

For vegetation mapping it is not practical to assume a direct relationship between 

plant cover with floristic descriptions; these relationships need to be built based on direct 

in situ observations. It is common to find vegetation maps showing the mapping units 

related to landscape patterns with a generalized group of plant species or single species. 

This has been the common notion of how plant studies relate to vegetation maps when 

measuring encroachment, land cover impact, or land cover monitoring.  It is important to 

realize that these studies are better served by vegetation maps, when the mapping units 
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focus on measuring information such as plant structure and the heterogeneity of the land 

cover; which is in most cases directly related with the plant’s physiognomic 

characteristics or Formations. It is also important to emphasize the limitations related to 

representing information in two dimensions when in fact we are dealing with a complex 

three dimensional environment (Figure 5).  

 Some classification systems and the methodologies followed in the past have been 

examined to evaluate how vegetation maps have operated to define mapping units, and to 

evaluate how these tools have served as communication tools. Through examples, this 

section will suggest some revision to classification systems. These revisions are discussed 

from the perspective of how the information is acquired and presented. Previous sections 

have tried to conceptualize the elements that would help convey or at least establish a 

solid basis for understanding transitions.   

To better understand these issues we can also learn from other forms of natural 

resource mapping such as geologic mapping, where similar issues have being raised 

(Varnes, 1974).   The work developed by Varnes (1974) parallels issues related to 

mapping in general (Varnes, 1974).  Maps represent a selection of identified entities or 

mapping units that can be categorically placed within a classification system. These 

mapping units are general representation of the real world and for this reason it has 

already one obstacle to overcome, which in many instances it is just as important to 

realize the need for generalization. The next step in vegetation mapping will be to 

conceptualize the information in order to allocate the mapping unit based on their 

properties and/or similarities. Here it is important to describe boundaries and a 

framework that can help to conceptually separate the different mapping units. Being able 
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to map transformation is the part of the methodologies used to extract the information 

about plants; this part of the process has been developed thanks to the improvement of 

modern sensors and the new technologies in image processing. However, this process 

does not replace direct observation and still presents temporal, spectral, and spatial 

limitations that make it necessary to continue to assess these methods individually or in 

combination..  

Assuming that we successfully complete all the processing steps to finish a 

vegetation map that meets our immediate goal, the next step will be to understand that 

vegetation maps are only a representation of vegetation cover at a given time and it is 

important to consider standard protocol that will take the information record for historical 

and/or monitoring studies. Therefore, to discuss in detail some of these factors would be 

revised over the study cases that have been realized inside NPS and reserves, the 

classification systems widely used as well as some of the common classifications 

methods applied to extract information about the vegetation cover. 

     2.5.1 Contiguity of Classification Systems 

 Current vegetation monitoring systems have not always employed adequate 

and/or standardized classification schemes useful for vegetation mapping in the U.S.-

Mexico borderland or for Parks in México and some Parks in the US (Brown, 1982; 

Roseberry and Dole, 1983; Scott et al., 1993b). This makes programs, related to 

vegetation cover mapping, difficult to implement among parks because the information 

exchange needs special interpretation or is site-specific. Some classification system, such 

as COTECOCA in Northern México, focus on mapping grasses making it unsuitable for 

conservation because it was implemented in México (SAGARPA) to promote grazing. 
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The Instituto Nacional de Estadística y Geografía e Informática (INEGI) classification 

system for land-cover and land-use change produces vegetation cover information, which 

like COTECOCA is not a standardized system and in many cases, is too general and out 

of date for mapping the Parks in the borderlands. However, The Ecological Society of 

America (The_Ecological_Society_of_America) has been working together with Nature 

Serve in Mexico to discuss the use of non-standardized classification systems and the 

challenge to unify information systems in the Americas. Many of these issues were 

outlined in the International Conference held in Mérida, México on January 8-12, 2006. 

They documented promising efforts to improve the Mexican National Vegetation 

Classification (Mexican NVC) system, which can be used to describe, interpret, and 

standardize the information related to plant cover and use it to provide insight on plants 

cover just as like the U.S. NVC. 

 

      2.5.2 U.S. National Vegetation Classification (USNVC). 

      Standardization efforts are lead by the National Park Service and National 

Biological Survey (NPS/NBS) to implement a classification scheme accepted by the 

Federal Geographic Data Committee -FGDC- (NatureServe_Explorer, 2001). These 

efforts promote the National Vegetation Classification System (NVCS) as a standard 

classification system.  Vegetation communities are hierarchically organized and 

described to maintain an extensive database of plant communities 

(NatureServe_Explorer, 2001). NVCS classification describes two methods one floristic 

and one physiognomic. As previously stated the physiognomic method describes plant 

structure, spacing, distribution, and life forms. Plant textural properties are described 
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within a group called a Formation which generally encloses the group types described in 

Table 8.  This research takes into consideration the importance of using standardized 

methods that can be carried on into the future and provide information that can be related 

to other studies.  Formations as an end product for remote sensing appears more feasible 

than floristic properties and may be equally important as species composition to describe 

an ecosystem.  How this method can be used systematically across parks in Mexico and 

the U.S. is described in Table 8.  

Table 8.  Taxonomic hierarchy of the National Vegetation Classification System 

Level Primary Basis for Classification Formation Examples 

Order Dominant vegetation Tree-dominated 

Class Growth form and structure of vegetation Woodland 

Subclass Growth form characteristics, e.g. leaf phenology Deciduous woodland 

Group Leaf types, corresponding to climate Cold-deciduous woodland 

Subgroup Relative human impact Natural, Semi-natural 

Formation Additional physiognomic and environmental factors, 
including hydrology 

Temporarily flooded cold-deciduous 
woodland 

Alliance Dominant/diagnostic species of uppermost or dominant 
stratum 

Populus deltoides temporarily flooded 
woodland alliance 

Association Additional dominant/diagnostic species from any strata Populus deltoides – (Salix amygdaloides) / 
Salix exigua woodland 

 

 To understand stratum is relevant to be able to organize how plants can be 

represented.  Plant cover information uses some notations to separate vegetation strata 

with a slash ( / ) which separates vegetation layers or strata, examples are trees, shrubs, 

and grasses.  Plants within the same stratum or layer are separated by a dash ( – ). All 

species that show more abundance should be listed at the beginning of each stratum.   

The specifics related to defining abundance are left to the interpreter.  Some species can 

be barely found but are still part of an Alliance; in most cases this species is enclosed by 
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parenthesis meaning that these are scarce or lees dominant.  The system provides a great 

guide for describing plant cover; however, it is still not definitive. 

 

     2.5.3 Mexican System for Land Use and Vegetation (Uso de Suelo y Vegetación) 

            The Instituto Nacional de Estadística y Geografía (INEGI) or National Institute of 

Geography and Statistics is responsible for maintaining and generating information 

related to plant cover.  This classification system does include information about floristic 

and physiognomic information. As a source of information it does not meet in many 

cases the information resolution required for management and inventory and it does not 

describe in detail life forms and plant distribution (INEGI, 2005). This classification does 

not offer the basis or potential to be broadly applicable and does not specify the 

systematic approach to define plant texture. Therefore, we consider that in terms of 

standardization more considerations should be made to apply such systems outside 

México.  The implementation of NVC for México and in Latin America is being 

discussed and in some instances used (González Medrano, 1999). Efforts to establish 

some simplified schematic methods that can be applied across borders, study areas, and 

climates should continue so that land cover is represented in a format that can be easily 

understood and helpful regardless of the goals and/or objectives of the research 

(Anderson et al., 1998).  

 

2.6 Information Tools for Vegetation Mapping 

            Plant cover studies can rely on information obtained from several sources. Three 

common sources are field studies, aerial photography, and satellite remote sensing.  They 
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are in most cases complementary or can be used individually to evaluate plant cover 

when the information is sufficient to explain a problem. However, data validation 

requires study of those aspects that affect vegetation cover as well s making direct 

measurements or observation.  For example, water availability will explain vegetation 

greenup and/or senescence; therefore, to assess the magnitude in vegetation change due 

to water supply, field measurements such as precipitation or river flow could help to 

assess the magnitude of water volume that maintains plant conditions along a riparian 

corridor (Zamora-Arroyo et al., 2001).  One important aspect is to recognize the 

advantages and disadvantages behind each source of information.  

 

2.7 Maps with Similar Intentions 

 Vegetation maps are generated to meet specific purposes. Not all vegetation maps 

will serve all purpose with the same precision and efficiency.  Nevertheless, our purpose 

is to be able to extract simple mapping units that can be used to build up the information 

bases to estimate Formations as described by the USNVC. Ultimately, by knowing the 

percent cover of discrete data such CE; then a set of rules can be applied to defining 

Formation types. Equally important and complementary can be to identify not only CE 

and Formation, but also two products that combined could be used to better identify the 

potential ecosystems that can provide the bases to assess other potential vegetation map 

products aimed on a floristic approach. 
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2.8 Spatial Autocorrelation 
 

 Geostatistics provides a means of characterizing spatial autocorrelation and thus 

the structure found in natural systems (Isaaks, E.H., and R.M. Srivastava. 1989; Cressie, 

N. 1993). The spatial patterns of a particular land cover can be characterized 

quantitatively by an experimental variogram, which can then be fitted with a matching 

theoretical model variogram having specific mathematical properties. Variation in 

reflectance influences the shape of the model variogram (Isaaks, E.H., and R.M. 

Srivastava. 1989; Leibhold, A. M., Rossi, R. E., and Kemp, W. P. 1993). The distance 

over which data are correlated (the range or lag), the amount of random variation within 

the data (the nugget), and the total variation (the sill) are used to represent patterns of 

surface brightness. Prior research has also demonstrated that these geostatistical 

techniques can be employed to discriminate between different vegetation communities in 

remotely sensed images of arid and semi-arid regions (Phinn et al., 1986).   

 Some studies using textural characterization improved spatial pattern 

characterization and image classification. Wallace and Marsh (2005) were able to 

discriminate specific landscape patterns associated with species-specific associations by 

estimating local variogram parameters (nugget, sill, and range) (Wallace and Marsh, 

2005).  Using a classified IKONOS image, two different models were applied using a 

fixed window size of 25 by 25 meters. Similarly, Qi and Peng (2004) observed an 

increase of the kappa statistic from 0.24 to 0.76 (Qi and Peng, 2004) using variogram 

parameters within five different window sizes. Their results suggest that any of the 

variogram parameters can lead to an improvement in classification accuracy (Qi and 

Peng, 2004).  
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CHAPTER III: METHODOLOGY 

 

3.1 Introduction  

 Implementing a campaign of aerial photography and analysis for high spatial 

resolution vegetation mapping can be extremely costly. However, we now have available 

high spatial resolution (≤ 1m) multispectral satellite remote sensing data from the 

IKONOS and QuickBird satellites that can be applied to vegetation monitoring. These 

digital data sets can be analyzed using a combination of manual techniques and digital 

image processing to map and monitor vegetation resources effectively.  Using these tools 

we can monitor park resources, biomes, wildlife habitat, and also quantify changes over 

time. Thus, effective vegetation mapping using these data could play an important role 

monitoring, management, and research.  IKONOS and QuickBird data costs are 

becoming more practical for monitoring and this study therefore focused on their 

effective application. 

 

3.2 The Initial Study & Study Areas  

 In 2002-2006 under the direction of Principal Investigator Samuel Drake (Arizona 

Remote Sensing Center) I was involved in the initial evaluation of very high spatial 

resolution vegetation mapping of the Coronado National Memorial (CORO) and the 

Chiricahua National Monument (CHIR) for the National Park Service. The focus of that 

initial study was a comparative analysis of digital orthophoto data (DOQQ) and IKONOS 

digital satellite data for mapping vegetation at these two sites. The results of that initial 

study formed the final report submitted by Drake, Rodriguez, (Drake et al., 2006; Drake 
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et al., 2005) and are summarized below for background. This initial work at CORO and 

CHIR was then extended by me to Parks in México including Ajos-Bavispe and Pinacate 

and Gran Desierto which exhibit a range of different ecosystems and conditions.  

 

     3.2.1 Chiricahua National Monument (CHIR) 

 The study area encompases CHIR itself and a 500 m buffer zones covering about 

65.5 km2 (Figure 6 and 7). CHIR is located in the Chiricahua Mountains in South Eastern 

Arizona. It contains shurblands and grasslands at lower elevations (1550 m) with dense 

vegetation of pines in upper elevations (2370 m). Its unique rock Formations give shape 

to narrow canyons, rock columns, and mesas.  It is located at the Northern end of the 

Chiricahua Mountains within Cochise County; 41 miles Southeast of Wilcox town (see 

Figure 5 and 6). The park is considered a “sky island” and its vegetation extends as part 

of the Madrean Archipelago sited along the Sierra Madre. Climate conditions are 

moderate with mean temperatures in of January of 4 C˚ and 23 C˚ in July. Annual 

precipitation is about 48 cm during summer time, with irregular snow cover during the 

winter. Within the Park the elevation ranges above the sea level from the lower 

grasslands 1550 m. to the highest peak 2370 m. in the Northeast corner of the park. The 

geology is complex and some features are particularly known for the presence of unique 

eroded rock Formations; those features form unique biomes where dense vegetation 

stands among high cliff and narrow valleys. These canyons are dominated by Cupressus 

arizonica, Pinus cembroide, and other tree species from the genus Pinus. These shaded 

canyons appear to provide cooler microclimates by protecting plant cover from extreme 

weather and directing water downhill and accumulating runoff water. These forest 
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Formations develop inside creeks and canyons, they grow along natural streams channels 

formed during monsoon periods.  Surrounding these areas we can find two types of 

Formations (Forest and Woodlands); dominated by three types of oak Quercus arizonica, 

Quercus emoryi, and Quercus hypoleucoides with scattered trees of the Juniperus genus.  

Scattered dense patches of shrub-lands Formations are found dominated by 

Arctostaphylos pungens, while in low lands other shrub-lands are dominated by Yucca 

baccata, Yucca schottii, and Agave palmer in areas with steep South facing slopes, or 

rocky hilly platforms. These areas mark the transitional regions to more deserts-like 

ecosystems were also shrub-land Formations are found dominated by Prosopsis 

glandulosa, and Acacia gregii. These low lands surrounded by grasslands and Savannah-

like Formations buffer zone, have a xeroriparian and a mesoriparian class, grassland and 

mixed woodland and forest class. The species distribution is highly variable and the 

transition from one community to another is sometimes indistinguishable between 

woodlands and forest.   

Three vegetation mapping efforts are known to have taken place at CHIR, in 1939 the 

first was completed by Roseberry and Dole (1939) but it lacked a well established 

classification system (Roseberry and Dole, 1983). A comparison later was done from 

Roseberry and Dole work with the herachical Brown, Lowe and Pase (BLP) system 

(Brown, 1982) by Kunzmann et al. (1996) whom applied a modified BLP (Kunzmann et 

al., 1996). Another important work was done by Bennett et al (1996) who described 

many of the plants communities in his work “Annotated List of Vascular Plants of the 

Chiricahua Mountains” (Bennett et al., 1996). An effort based on Thematic Mapper 

(TM) helped describe the Park using only six coarse categories during the GAP Analysis 
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project in the 1990’s (Scott et al., 1993a) (Figure 8). However, the generalization made in 

this mapping meant that the product could not meet the mapping and monitoring goals of 

the NPS. 

 

 

 

Figure 6. Location of study sites located in the U.S. and Mexico used in this dissertation.  

 

 

 

 

 

 

 



 

 

82 

 

 

 

 

 

Figure 7. Chiricahua National Monument study site.  
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Figure 8.  Portion of the Arizona GAP Analysis Project vegetation map covering 

Chiricahua National Monument and the 500 m buffer (Scott et al., 1993b). 

 

     3.2.2 Pinacate and Gran Desierto (Sonoran Desert)  

 The Sonoran desert is one of the hottest and lowest deserts in North America 

(Turner et al., 2003). The Pinacate Biosphere Reserve is located within the Sonoran 

desert located 70 km north-east of Puerto Peñasco (see Figure 9) and covers an area of 

1,900 km2. This study focused on a study area of 55 km2 located in the south-east portion 

of the park. The area encloses the small mountain range called “Batamote” with an 

elevation difference of more that 200 m.  Geographically it is located between 

31º40’47.5” and 31º45’24.5’’North latitude, and 113º14’41.0” and 113º18’53” West 

longitude. Rainfall is sporadic and during the “monsoon season” rainfall of 10.2 to 12.7 

cm may fall (Ives, 1964; Turner et al., 2003). There are scattered shrubs all across the 

park from a range of 130 m to 250 m of elevation. Lower elevations are dominated by 
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bare ground and seasonal forbs and herbaceous plants. Herbaceous cover and forbs may 

survive weeks or months at high temperature without precipitation and humidity values 

below the wilting point (Turner et al., 2003). Some herbaceous invasive-species such as 

Brassica tournefortii and Schismus arabicus are reported to be dominant in low lands 

(Sánchez-Flores and Yool, 2007). Droughts that extend more than 11 months are not rare 

and precipitation during summer months is more important for desert vegetation than 

winter precipitation (Turner et al., 2003).  

 The Pinacate desert presents a wide variety of terrain forms, stable and dynamic 

sand dunes (Burquez and Castillo, 1994) with intermittent creeks running north-south 

giving life to scattered mesquite forest and dense shrub-lands. Most plant communities 

found in sandy soils are represented by Larrea tridentate and Ambrosia dumosa; other 

species reported for this region are Cylindropuntia spp., Fouquieria splendens, Carnegia 

gigantea, Olneya tesota (Felger, 2000). Soil is the main factor that controls vegetation 

cover due to its water retaining properties (Turner et al., 2003).  The Pinacate region 

presents fewer Formations than CHIR, and most of them are dominated by scattered 

shrubs and cacti. 

 Climate in the southern lower arid lands of Arizona is a factor limiting plants 

density and promoting sparsely vegetation distribution that in region with more mesic 

properties where denser plant cover can be found.  To characterize these complex biomes 

is challenging in terms of dominant species; cover may not be representative of dominant 

species if biomass is also considered and estimated. Results may vary for plant species 

within environmental condition that will either favor or limit growth; for example a tree 

Prosopis velutina and/or Quercus turbinelle at Ajos depending on the soils conditions 
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will support a plant reaching more than two meters and/or represent a short shrub. Plant 

Formations as described by NVC, which can represent similar plant’s species 

composition with different structures.  Other observations were noticed based on scatter 

trees or shrubs over extended grasslands as representing savannas where either trees or 

small shrub or both can be consistently found in valleys and gentle slopes around ePBR 

and at CHIR. 

 

Figure 9. Study area located in the Eastern portion of the Pinacate Biosphere Reserve 

(ePBR) location along the Sonoyta-Puerto Peñasco interstate 8 road. 
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     3.2.3 Los Ajos-Bavispe (Los Ajos) 

 Los Ajos is located in northeast Sonora, within Naco County or Naco Municipio. 

The city of Cananea is found East of Los Ajos-Bavispe along interstate highway 2. The 

area of the park is 3006 km2 and includes the mountain ranges “Los Ajos”, “Buenos 

Aires”, and “Púrica”. The area mapped for this project is located within the Los Ajos 

range and covers a total of 14.74 km2 (Figure 10). Ajos-Bavispe forest reserve is 

considered a Sky Island, with a humid subtropical climate and a maximum elevation of 

2640 m above mean sea level. Structurally, the vegetation is composed of pine forest, 

pine-oak forest, oak-pine forest, and oak forest. There are many riparian ecosystems of 

Acer grandidentatum and other broadleaf species which follow intermittently flooded 

streams. These areas are surrounded at lower elevations near the park’s limits by desert 

scrublands and grasslands. The region shares many oak and pine species with CHIR and 

CORO; furthermore, records from 1992 showed the presence of Lilium parryi, the only 

site in México with records for this species (Salazar, 1993). The grasslands extend from 

Cananea to the US-Mexican border and a pronounced density diference between the US 

and México is evident due to uncontrolled overgrazing activities on the Mexican side of 

the border. Along the mountain ranges, frequent fires and unlawful timber cutting have 

also contributed to the periodic negative impacts on trees such as Tsuga spp. and Pinus 

spp (Salazar, 1993). 

The Sierra Madre is locally one of the most important weather factors affecting 

conditions and vegetation in the area, primarily during the monsoon season.  In lower 

lands, valleys with desert-shrubs and other desert plants are more related to topography 

and plants found in the Sonoran desert.  
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Figure 10. Ajos-Bavispe Location. 

 

     3.2.4 Coronado National Memorial (CORO) 
 
 Coronado National Memorial covers a total area of 20 km2 of woodland, oak-pine 

woodland, shurblands and grasslands within an elevation range from 1500 to 2400 meters 

from the southeastern corner to the Moctezuma Peak, see Figure 11.  It is located 25 

miles west of Bisbee, Arizona on the US-Mexico border in the upper San Pedro River 

Valley, at the southern end of the Huachuca Mountains. This area is similar to Chiricahua 

National Monument as grasslands are found in low lands with scattered shrubs and oaks. 

In higher elevations it is common to find mixed shrubs and trees dominated by 

Arctostaphylos pungens, Pinus edulis, Pinus discolor, Juniperus depeanda and Emory 

oak. Four communities have been recognized at CORO: 1) Oak-Mexican Pinyion Pine-
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Juniper Woodland Association, 2) Gramma Grass (Bouteloua spp.)- Mixed Grass-Mixed 

Shrub Grassland Association, 3) Western Honey Mesquite (Prosopis glandulosa)- Mixed 

Shrub Grassland Association, and 4) Arizona Sycamore (Platanus wrightii) – Arizona 

Walnut (Juglans major)- Oak Riparian Forest Association (Ruffner and Johnson, 1991a). 

Precipitation varies between 300 to 780 mm with an average of 500 mm and temperatures 

range between 0.0 ºC (January) and 31 ºC (June) (Ruffner and Johnson, 1991a).  

 

Figure 11. Coronado National Monument Location. 

 

 



 

 

89 

 

3.3 Preliminary Study – Image Processing of Scanned Aerial Photography - CORO 

 As part of the initial image interpretation study, preliminary field surveys were 

conducted between March and June 2002 at CORO Park to ground truth plant cover. A 

second field campaign was conducted to be able to identify actual plant species and relate 

image features to plant abundance and their arrangement in biotopes. For these specific 

purposes six field reconnaissance trips were completed over CORO during the summer of 

2003 and between May 2003 and September 2003.  The regular protocol was to visually 

observe the plant’s characteristics in terms of distribution by becoming aware of the 

phenologic and floristic attributes, especially those related to the NVC that determines 

Formations.    The dates and objectives for each field trip are listed.    

Field Trips dates & objectives: 

1) May 9-10, 2003; to recognize major associated woody plants and some 

herbaceous plants 

2) June 6-8, 2003; to recognize plant structure within different previously surveyed 

plots (See appendix A) 

3) July 7-9, 2003; to recognize some of the major woody plant associated species 

within the park and 500m buffer zone 

4) August 22-24, 2003; to build the corresponding plant species associated by strata 

within each Formation 

5) September 5-7, 2003; to list the potential alliances by Formation based on the 

USNVC system  
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6) September 26-28, 2003; to revise the classified IKONOS images by Formation 

and strata. (See Appendix A). 

Table 9.  NVC Formations and Alliances identified in the field and used during visual 

interpretation of the DOQQ imagery in CORO. 

Formations 
Alliances 

Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) forest alliance 

Pinus ponderosa (Pinus discolor) forest alliance 

Forest 

(including 

intermittently 

flooded) Quercus emoryi (Quercus arizonica – mixed broadleaf deciduous) intermittently flooded forest alliance  

Intermittently 

Flooded Forest 
N/A 

Quercus emoryi – Quercus arizonica / Arctostaphylos pungens – Agave palmeri woodland alliance 

Quercus emoryi – Quercus arizonica – (Pinus discolor – Juniperus deppeana) woodland alliance  

Quercus arizonica – Quercus emoryi / (Arctostaphylos pungens – Agave palmeri) woodland alliance  

Woodland 

Pinus discolor – Juniperus deppeana – Quercus emoryi woodland alliance  

 Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) woodland alliance  

 Pinus discolor – Juniperus deppeana (Quercus emoryi – Quercus arizonica) woodland alliance, rocky 

Nolina microcarpa – Agave palmeri – Arctostaphylos pungens – mixed shrub shrubland alliance  Shrubland 
Fouquieria splendens – Agave palmeri – mixed shrub shrubland alliance  

 Agave palmeri – (Nolina microcarpa – mixed shrub) shrubland alliance, rocky 

(Quercus emoryi – Pinus discolor – Juniperus deppeana) / Agave palmeri – Nolina microcarpa – 

Arctostaphylos pungens wooded shrubland alliance  
Wooded Shrubland 

(Juniperus deppeana – Quercus emoryi) / Cercocarpus montanus – Arctostaphylos pungens wooded 
shrubland alliance 

Prosopis velutina / Eragrostis lehmanniana tree savanna alliance Tree Savanna 
Quercus emoryi – Quercus arizonica – (Prosopis velutina / Agave palmeri) / Eragrostis lehmanniana – 
mixed grass tree savanna alliance 

Nolina microcarpa – Agave palmeri – mixed shrub / mixed grass shrub savanna alliance 
Shrub Savanna 

Agave palmeri / mixed grass shrub savanna alliance 

Bouteloua spp. – mixed grass herbaceous alliance Herbaceous 

Vegetation 

Eragrostis lehmanniana - (Bouteloua spp. / Agave palmeri) herbaceous alliance 

Rock Outcrop N/A 

Bare soil, roads or 

surface modified by 

human activity 
N/A 

    

Some observations were made with the help of a Swarovsky AT 80 spotting 

telescope. This telescope allowed us to extend our range of area surveyed on steep 

canyons. Plant features such as trees, shrubs, herbaceous, bare ground, rock, and burned 
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areas were identified.  Comparisons were made with Formation from previous surveys. 

Considerations were made to interpret these same NVC Formations and Alliances with 

the DOQQ carried into the field see Table 9. This began our pre-mapping assessment of 

the cover types. 

 

     3.3.1 DOQQ Image Description 

 The images studied were one meter resolution orthophotos that covered 3.75-

minutes of latitude by 3.75-minutes of longitude in geographic extent. The geometric 

qualities allow direct measurement of distances, areas, angles, and location.  To generate 

orthogonally rectified images several inputs are required: 1) the unrectified raster image 

scanned from the diapositive or directly acquired from a digital camera, 2) a digital 

elevation model with the same area of coverage as the digital orthophoto, 3) the image 

and ground coordinates of photo-identifiable ground control points, 4) calibration 

information about the camera, and 5) a user parameter file. 

 DOQQ characteristics: 

• Extent:  Each image covers 1/4 of a USGS 7.5 minute quadrangle 

• Resolution (ground sample distance):  ~1 meter 

• Scale:  n/a, dependent on display parameters 

• Spatial accuracy:  33.3 feet (10.15 meters) (Circular Error, 90% confidence) 

• Format:  GeoTIFF 8-bits per pixel 

• File size:  154MB for color-IR 

• Projection:  UTM, zone 12 

• Coordinates:  Meters 
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• Datum:  NAD83 

• Spheroid:  GRS80 

• Cloud cover:  0% 

• Use restrictions:  None 

The prior information is found at http://edcwww.cr.usgs.gov/Webglis/glisbin/ 

guide.pl/glis/hyper/guide/usgs_doq and from Standards for Digital Orthophotos (USGS 

1996). 

 

     3.3.2 Visual and Computer Based Classification of Plant Cover Type Using DOQQ 

 This test assessed a computer/visual based classification to extract ground features 

from a scanned DOQQ image using two methods, one visually interpreting land cover 

types and a second using a digital unsupervised classification. This panchromatic band  

was first visually interpreted using an enhanced DOQQ to delineate vegetation polygons. 

A second analysis was conducted using IR-DOQQ and multispectral IKONOS to 

evaluate their capability to depict vegetation cover.  

An unsupervised classification was performed on the DOQQ scanned photo using 

2, 3, 5 and 10 classes.  Variation between bands was poor with highly correlated values; 

it was difficult to separate vegetation based on the scanned DOQQ since dark vegetation 

and dark non-vegetated features were seen as the same class. Further enhancement was 

applied using spatial texture filters based on the method of Shih and Schowengerdt (Shih 

and Schowengerdt, 1983).  The filters were applied to all bands and classified photo. No 

further improvements were observed after classifying bands and textural results; 

however, the texture enhancement improves visual distinction between plants and soils. 
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Based on the previous exploratory assessment the following conclusions were made 

• DOQQ data did not provide sufficient spatial variability to be able to consistently 

extract feature classes related to plant cover. 

• Textural information based on spatial filters should improve visual assessment as 

vegetation cover is interpreted. 

• Spatial pattern difference between plants can be exploited to increase feature 

extraction between uniform patches versus rugged plant-patches. 

 Other means were used to test DOQQ imagery since computer based 

classification did not produce satisfactory results. Therefore, a visual interpretation was 

completed by on screen digitalization. A traditional polygon based map was produced 

based on the DOQQ. Careful judgment was made to disregard cover changes due to 

difference in the terrain, slope, shadow, or soil background. Clusters of plant cover were 

related to size, shape, color (NIR reflectance displayed in red), texture, and color contrast 

within the context of geometry and potential plant correlation with neighboring features. 

Based on the interpreter’s knowledge of vegetation distribution obtained from ground 

reconnaissance.  Further visits to the park were made as the mapping progress continued 

to corroborate cover types and polygons boundaries. This included reinterpretation of the 

polygons, aggregation of new polygons, and relabeling based on the Alliances inside 

interpreted Formations (woodland, savannah, forest, etc.).  

A list of potential Alliances were developed during each field trip to guide the 

interpretation and “potential” Alliances within CORO. This list was continually updated. 

Alliances and Formations were created for CORO as some of them were not found in the 

official NVC list. These Formations and alliances were described by direct observation of 
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the plant communities, no direct measurements were applied to determine abundance or 

percent cover.  Ten different Formations were defined and are shown in Table 9. Table 9 

provides the final list of 20 Alliances mapped using a DOQQ image. To be able to define 

strata it was required to be able to define plant life forms following some guidelines 

given by the NVC: 

• tree = woody plant > 2 meters tall 

• shrub = woody, succulent or rosette plant < 2 meters tall 

• herbaceous plant = graminoid, forbs, or half-shrub 

• non-vascular plant = bryophyte, lichen, moss, or alga 

Table 10.  Definition of vegetation Formations identified in CORO and CHIR  

 Formation Definition 

1 Forest Tree cover >60% with crowns mostly overlapping.   

2 
Intermittently 
Flooded Forest 

Xeroriparian systems in proximity to surface water present for brief 
periods associated with storms. 

3 Woodland 
Shrubs + herbaceous cover <= tree cover, and tree cover 10%-60% with 
crowns not generally overlapping. 

4 Shrubland 
Shrub cover >10%, and not woodland, savanna or forest (shrub cover 
exceeds any other life form). 

5 Wooded Shrubland Shrubs + herbaceous cover > tree cover, and tree cover < 20%. 

6 Tree Savanna More herbaceous cover than woody cover, and tree cover 10%-60%. 

7 Shrub Savanna More herbaceous cover than woody cover, and shrub cover 10%-60%. 

8 
Herbaceous 
Vegetation 

Herbaceous cover >10%, and not savanna, shrubland, woodland or 
forest. 

9 Rock Outcrop Unvegetated natural rock surface 

10 
Bare soil, roads, or 
surface modified by 
human activity 

Unvegetated surface other than rock, or agro-pastoral land (active or 
abandoned) with visible evidence of cultivation. 

 

 Several co-dominant life forms may comprise a Formation, and these life forms 

need to be characterized to describe a particular vegetation cover. A Formation as defined 

by the NVC is often misleading because different life forms can co-dominate in terms of 
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biomass and cover. Realistically, to create a vegetation map at CORO is a complex task 

as species such as Prosopis velutina and shrub oak Quercus turbinella are assessed, 

depending on the soils moisture can vary in size representing a shrub or a tree.  Some 

plant mixing can create shrub savanna, tree savanna, and wooded and wooded shrubland 

making even more complex a graphical representation of plant cover. 

 The drafted map with interpreted polygons was used to guide field surveys over 

complex areas that challenge plant interpretation. Two more field trips were completed to 

verify and adjust interpreted polygon with complex vegetation cover; some of which 

were observed remotely using spotting telescope. Others were directly survey using GPS-

connected handheld iPAQ computer running ArcPad software to locate targeted areas. 

 

3.4 Preliminary Study – Image Processing of IKONOS and Quickbird Data 

 In order to compare IKONOS and DOQQ, horizontal accuracy was needed it to 

be assessed. Therefore, DOQQ has a known horizontal accuracy of 10 m, we used it as a 

base map to co-register IKONOS to DOQQ using well distributed points from corners in 

large buildings and other well identified features. UTM coordinates were used on 

selected points in both images, after correcting the horizontal position a comparing both 

images demonstrated that a shift between images is about +3 m  in “x” direction (E-W) 

and -3 m in “y” (N-S). This analysis does not state which data set is correct and closer to 

the real world, but it does claim that a good agreement will be most likely.   
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      3.4.1 IKONOS Images 

 Space Imaging, Inc offers four spectral bands blue, green, red, and NIR which 

are integrated in each IKONOS image. Table 13 lists the spectral properties per band on 

each IKONOS image. The spatial resolution is originally 4 m; the image includes a 

panchromatic broad band at 1 m spatial resolution. The original 4 m pixel resolution can 

be increased by “pan-sharpening” all bands using the panchromatic band to reduce and 

display all spectral bands as 1 m spatial resolution. Other considered corrections are 

related with the terrain distortion caused on the images due to view angle and terrain 

surface properties. A process called orthorectification used a digital elevation model 

(DEM) to reduce distortion caused by the terrain. The product order from Space Imaging, 

Inc was a “Pro” level pan-sharpened 1 meter resolution bundle orthorectified to a 10 m. 

DOQQ. 

 

Table 11.  Specifications of DOQQ- and IKONOS-based maps 

 DOQQ map IKONOS map 

Format vector, ESRI coverage raster, ESRI grid 

MMU ~ 4 m2 1 m2 

Mapped area ~ 2943 ha  (11.36 mi2) ~ 2943 ha  (11.36 mi2) 

Scale dependent on display dependent on display 

Spatial accuracy 10.15 meters  CE90 10 meters  CE90 

Projection UTM, zone 12 UTM, zone 12 

Coordinates meters meters 

Datum NAD83 NAD83 

Spheroid GRS80 GRS80 

Cloud cover 0% 0% 

Base image acquisition June 1, 1996 March 5, 2002 

NVC Formations mapped 9 9 

Formation-level accuracy 64.4% 79.6% 

NVC Alliances mapped 20 15 

Alliance-level accuracy 52.2% 71.2% 

Base imagery cost $200 $1,100 

Approx. time to first draft 360 hrs. 140 hrs. 

Use restrictions none None 
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     3.4.2 Mapping with IKONOS imagery  

Preliminary analysis for vegetation mapping using the IKONOS data employed a 

digital data set acquired on March 5, 2002. Analysis procedures followed a combined 

interpretation using visual and computer based methods. Initially, the 4-band IKONOS 

image was transformed image using principal components analysis (PCA) to reduce 

image redundancy and concentrate variability in a limited number of axes (Schowengert, 

1997; Taylor, 1977). The PCA image was created using ERDAS Imaging software and 

then interpreted visually using on-screen digitizing.  

IKONOS was first interpreted to the vegetation Formation level and later to 

Alliance level as completed for the DOQQ-based map. Initial mapping efforts were 

aimed at classifying physiognomically-based vegetation Formations, they were visually 

interpreted and manually delineated using ArcGIS. Subsequent unsupervised 

classifications were generated by classifying PCA images at 50 classes per interpreted 

Formation. All classified pixels were aggregated into representative clusters of possible 

“Alliances” or CE inside interpreted Formations.  Size, shape, texture and shadows cast 

were used by the interpreter in the analysis.  Formations included forest, intermittently 

flooded forest, woodland, shrubland, wooded shrubland, tree savanna, shrub savanna, 

herbaceous vegetation, rock outcrop and surface modified by human activity (See Tables 

10).  Some Formations created for this area did not exist in the official NVC list. These 

communities were not assembled by quantitative means but by a semi-quantitative 

observation of plant species proportions.  
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     3.4.3 Mapping With QuickBird Imagery 

 Similar procedures used with the IKONOS imagery were applied to the somewhat 

higher spatial resolution Quickbird data. An initial base map was prepared by visually 

interpreting ten different Formations: 1) forest, 2) intermittently flooded forest, 3) 

woodland, 4) wooded scrubland, 5) scrubland, 6) tree savannah, 7) grassland, 8)shrub 

savannah, 9)intermittently flooded ( not extracted in the final product), and 10)surface 

modified by human activities. This procedure was assisted by the use of a background 

image composed of three bands Blue, Green, and NIR. This false color composite image 

helped to relate ground features with the Formation described by the USNVC system. 

During the creation of this map all Formations were individually identified and the area 

per Formation was determined.  

After comparing IKONOS and DOQQ, a second comparison was made between 

the IKONOS and Quickbird VHR sensors (Table 12) but before proceeding calibration of 

the data for cross-comparison had to be made. The aim was to create some level of 

consistency for subsequent image processing. The IKONOS and QuickBird sensors 

present radiometric differences displayed in Tables 13 and 14.  These differences need to 

be taken into consideration to radiometrically correct the images produced by each 

sensor.  As the sensor generates an image, other factors such as date, time, resolution, and 

bits per pixel per image will influence other properties related to incident light and the 

shadow cast by trees and topography. To prepare and compare results from IKONOS and 

QuickBird, a radiometric correction was applied to two images generated by each sensor. 

The pixel values or Digital Numbers (DN) were converted to radiance at the top of the 

atmosphere (Digital_Globe, 2005; Space_Imaging, 2005). 
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 Table 13 and Table 14 list the radiometric parameters used to estimate radiance; 

these values are influenced by the atmosphere. The values of radiance obtained cannot be 

directly compared from one sensor to another; first, because the spectral information 

varies from one sensor to another and second, because irradiance changes with time. In 

addition, the atmospheric conditions play an important role in the energy transferred from 

the ground to the sensor and change over time make it difficult to absolutely compare 

different images of the study site. These conditions can be sometimes measured or 

assumed directly or indirectly.  

Table 12. Time and geometric characteristics of the two images generated by 

theIKONOS and QuickBird sensor and used during this study. 

 IKONOS-CHIR QuickBird-CHIR IKONOS-Ajos IKONOS-ePBR 

Date 4/7/2001 4/15/2005 05/15/2005 12/05/2003 
Sun Angle 
Azimuth 140.5425 degrees 140.7 degrees 131.4332 163.9580 degrees 
Sun Angle 
Elevation 30.34305 degrees 26.9000 degrees 16.76813 degrees 34.57924 degrees 
Time 18:04 GMT 18:09:36 GMT 18:23GMT 18:27 GMT 

Resolution 4.0 (MSI), 1m (Pan) 2.4 m (MSI), 0.62 m (Pan) 4.0 m (MSI), 1.0 m (PAN) 4.0 (MSI), 1m (Pan) 
Bits per Pixel per 
Band 11 bits 11 bits 11 bits 11 bits 
Julian Day 97 105 135 339 
Earth-Sun 
Distance 1.0011 AU 1.0033 AU 1.0109 AU 0.9860 AU 

 

Table 13. IKONOS radiometric specifications. 
    IKONOS  

 Band Pass 
Band Width 

µm 
Calibration Coefficient 

[DN / (mW / m2*sr] 
Band-Average Solar Spectral 

Irradiance [W*m-2*um-1] 

Band 1 0.4447 – 0.5160 0.0713 728 1930.9 
Band 2 0.5064 -0.5950 0.0886 727 1854.8 
Band 3 0.6319 – 0.6977 0.0658 949 1556.5 
Band 4 0.7573 – 0.8527 0.0954 843 1156.9 

Panchromatic 0.5258 – 0.9285 0.4030 n/a 1375.8 

 
 

Table 14. QuickBird radiometric specifications. 

                                         QuickBird  

 50% Band Pass 
Band Width 

µm 
Calibration Coefficient 
[W*m-2*sr-1*count-1] 

Band-Average Solar Spectral 
Irradiance [W*m-2*um-1] 

Band 1 0.4467 - 0.5119 0.0652 1.604120 e -02 1924.59 
Band 2 0.4987 - 0.5945 0.0958 1.438470 e -02 1843.08 
Band 3 0.6202 - 0.6878 0.0676 1.267550 e -02 1574.77 
Band 4 0.7552 - 0.8740 0.1188 1.542420 e -02 1113.71 

Panchromatic 0.5252 - 0.9245 0.3993 6.44760 e -02 1381.79 
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     3.4.4 Radiometric Calibration 
 
 To process the IKONOS data, the raw digital numbers (DN) are converted to 

radiometric values. Information about the sensor calibration and the calibration 

coefficients required to transform DN can be found at: 

http://www.spaceimaging.com/products/ikonos/spectral.htm . Also, values in Table 15 

list the calibration coefficient values for IKONOS to give band radiance (L) at sensor 

aperture in mW/cm2-sr, by the equation L = DN / coefficient.  Space Imaging (now 

GeoEye) published in 2005 the calibration coefficients that helps transform Digital 

Numbers (DN) to planetary reflectance using the following equations (Space_Imaging, 

2005): 

 
 

ρ =  __π * Lλ * d2                                       
                                      [1]                                            

Esun λ * cos θs 

Where,  

 ρ = Unitless planetary reflectance 

 Lλ = Radiance for spectral band λ at the sensor’s aperture (W/m2/µm/sr) 

 d  = Earth-Sun distance in astronomical units (AU)  

Esun λ = Mean solar exoatmospheric irradiance (W/m2/µm) from Table 13 

θs =  Solar zenith angle. 

Were solar zenith angle is, 

 θs = 90º – sunEl (Sun elevation) see Table 12 

Radiance for spectral band λ at the sensor’s aperture Lλ is obtained by applying two 

different equations, one for IKONOS and another for QuickBird. The equations use a 
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calibration coefficient (CalCoef λ) in the case of IKONOS and a K factor for QuickBird. 

These values help convert DN to irradiance using the following equation for IKONOS: 

 
Lλ = ___  10

4
 * DNλ_______

                       
                                      [2] 

       CalCoef λ *Bandwidth 
 
Where, 

 Calcoef λ = Radiometric calibration coefficient [DN/mW/cm2-sr)] Table 15. 

 Bandwidth λ = Bandwidth of spectral bandλ (nm) Table 13. 

Attention should be made based on the number of bits in the image and the acquisition 

date.  These two characteristics will determine the CalCoef to be used to correct each 

IKONOS band (see Table 15). 

The QuickBird sensor uses a different equation to estimate irradiance where the K 

factor  from Table 15, applies based on the date of the image acquisition, before and after 

June 06, 2003 and whether it is 8 or 16 bit data.  These values are updated irregularly to 

evaluate the sensor’s optical degradation.  The equation for irradiance is the following: 

 
Lλ = K factor* qλ

                       
                                                      [3] 

Where,  

K Factors are listed in Table 15    

qλ = is the radiometrically corrected pixel value 

The equation for planetary reflectance applies as it is for both sensors once “Lλ” is 

estimated.  Earth-Sun distance “d” and solar zenith angle “θs” are given by 

(Digital_Globe, 2005). These variables depend on the time and location, at which the 

images were acquired. 
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3.5 Pansharpening 

Table 15.  Calibration coefficients and mean solar exoatmospheric irradiance estimated 

for each band for each sensor.  

IKONOS 

CalCoefλ 8/11bits 

DN / (mW/cm2-sr) 

Esunλ 

(W/m
2

/µm/sr) 

8/8/2000 (8 bits)     

B1 79 1930.9 
B2 81 1854.8 
B3 105 1556.5 
B4 93 1156.9 
PAN   1375.8 

8/24/2005 (11 bits)     

B1 728 1930.9 
B2 727 1854.8 
B3 949 1556.5 
B4 843 1156.9 
PAN   1375.8 

2/27/2007 (8 bits)     

B1 91 1930.9 
B2 91 1854.8 
B3 119 1556.5 
B4 105 1156.9 
PAN   1375.8 

QuickBird 

K Factor 8/16 bits 

(W/m2.sr) 
Esunλ 

(W/m
2

/µm/sr) 

3/18/2008 (8 Bits )     

B1 7.49026E-02 1924.59 
B2 1.00259E-01 1843.08 
B3 6.82255E-02 1574.77 
B4 8.70213E-02 1113.71 
PAN (8 Bits) 4.66106E-01 1381.79 

12/6/2006 (16Bits)     

B1 1.60412E-02 1924.59 
B2 1.43847E-02 1843.08 
B3 1.26735E-02 1574.77 
B4 1.54242E-02 1113.71 
PAN (16Bits) 8.38188E-02 1381.79 

 

IKONOS and QuickBird images are produced at two different spatial resolutions. The 

standard procedure to improve spatial resolution of the spectral information is by merging 

a low resolution spectral image with a high resolution grayscale image (panchromatic). 

There are several algorithms available; however to increase spatial resolution of the 

spectral information a Gram-Schmidt Spectral Sharpening process was conducted using 
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ENVI 4.2.  Gram-Schmidt uses high spatial resolution data to pan-sharpen all four 

spectral bands taking into consideration the bands spectral properties (Laben and Brower, 

2000) 

 

3.6 Atmospheric Correction 

 A correction procedure to minimize the effect of varying atmospheric conditions 

was applied to the data using a radiometric model to determine energy transfer under 

different atmospheric conditions. The objective of this atmospheric correction process is 

to achieve a correction based on radiometric units.  An improved version of LOWTRAN 

and MODTRAN (Berk et al., 1983; Kneizys et al., 1983) was developed to provide an 

easy and comprehensive way to analyze the radiation budget. The Santa Barbara 

Atmospheric Radiative Transfer (SBDART) program is a software tool that allows 

modifying potential cloud characteristics as observed to approximate gas concentrations 

(Ricchiazzi et al., 1998).  To apply this model to IKONOS and QuickBird images, 

SBDART estimated the energy leaving the atmosphere (W/m2) at intervals of 0.01 µm 

within a wavelength range of 0.25 to 1.0 µm. This wavelength spectrum covers the range 

acquired by IKONOS and QuickBird. This energy was estimated using different albedo 

values ranging from 0.0 to 1.0 at intervals of 0.10. The energy reaching the Earth‘s 

atmosphere from the sun was also estimated to calculate ρTOA.  Two hypothetical 

atmospheric conditions were established using the parameters as shown in Table 16. 

 The SBDART model uses known trace gases including ozone (O3), carbon 

dioxide (CO2), methane (CH4), and nitrous oxide (N2O).  To run SBDART, the solar 

zenith angle (SZA) was obtained from the image metadata; O3 concentration and CO2 
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concentration were obtained for the image-acquisition date from the Total Ozone 

Mapping Spectrometer  (http://www.jwocky.gsfc.nasa.gov) and the Goddard Institute for 

Space Studies (http://www.giss.nasa.gov) (Drake et al., 2005; Küchler, 1967; Ricchiazzi 

et al., 1998; Wang et al., 2004). The real atmospheric conditions for trace gases for this 

particular area may be unknown. A justification for changing O3 concentration and CO2 

concentration for the two images dates (IKONOS 2001, QuickBird 2005) was made 

based on site proximity to and feasibility of obtaining real O3 measurements for the 

Tucson area, and also justified by the global variability of CO2 concentration over time.  

 

Table 16. SBDART parameters selected to describe the hypothetical atmospheric 

conditions. These are approximate values that approach the conditions on the 

imagery-acquisition date. 

 
QuickBird 

CHIR 

IKONOS 

CHIR 

IKONOS 

Ajos 

IKONOS 

ePBR 

Run Description:        

Atmospheric Profile:  US-62 US-62 Mid-Latitude Summer Mid-Latitude Winter 
Calculating the flux from the 
Top Up (W/m^2)   

  

Wavelength (microns = um) 
range 

 0.2500 to 1.0000 
with a step of 0.0100 

 0.2500 to 1.0000 with 
a step of 0.0100 

0.2500 to 1.0000 with 
a step of 0.0100 

0.2500 to 1.0000 
with a step of 0.0100 

Solar Zenith Angle:  63.1 59.65 73.23 34.58 
Applying flat filter using 
spectrum range: 0.2500 to 4.0000 um 0.2500 to 4.0000 um 

0.2500 to 4.0000 um 0.2500 to 4.0000 um 

Ozone Concentration with 
selected profile 0.3320 ATM-cm 0.2936 ATM-cm 

 
Default 

 
Default 

Trace Gasses:       

CO2 378.4000 ppm 371.1500 ppm 379.4800 ppm 375.6000 ppm 
CH4 1.7400 ppm 1.7400 ppm 1.7727 ppm 1.7500 ppm 
N2O 0.3200 ppm 0.3200 ppm 0.3195 ppm 0.318 ppm 

Aerosol Parameters: Layers 

not active  N/A  N/A  
  

N/A 
  

N/A 

Cloud Parameters: Layers 

not active  N/A    N/A 
  

N/A 
 

 N/A 

 

Once the atmospheric conditions and the parameters are set up, the output of the 

model can estimate the energy that reaches the atmosphere (Up-down W/m2) and the 

energy that bounces back from the Earth’s surface after it crosses the atmosphere (Top–
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up W/m2). These Up-down and Top–up energies help to estimate ρTOA using the 

SBDART model. The graphs below show an example of how these values look for the 

conditions observed during the images-acquisition time for IKONOS DN/or QuickBird 

(see Figure 12).  Figure 12 shows an example of the energy output at different albedo 

values used to process the Quickbird data, similar plots were also generated to process  

images from the IKONOS sensor under the conditions presented in Table 16. 

SBDART Energy Transfer by Albedo
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Figure 12. Example of energy transfer results obtained for QuickBird sensor at different 

albedo values ranging from 0.00 to 1.00, and total incoming energy from the 

Sun TD.      
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     3.6.1 Comparison Between ρTOA/albedo from SBDART and ρTOA from IKONOS 

and QuickBird Sensors. 

  To transform the images' ρTOA to albedo it was used the results obtained 

from the SBDART model. These results allowed us to compute the regression line for 

each band and each sensor (see Figure 13) using different albedos.  The assumption is 

that the images’ ρTOA is correlated to ρTOA obtained from SBDART, therefore to 

albedo.  This comparison relies on the selected atmospheric parameters meeting, or at 

least approximating, the real conditions at the time the images were taken.  To estimate 

the linear-regression equation, the results obtained from SBDART software were used to 

plot ρTOA against albedo. The average ρTOA was obtained for the specific wavelength 

range listed in Table 13 and Table 14. Then under the assumption that the images’ ρTOA 

is related to the SBDART ρTOA we directly related albedo and the images’ ρTOA using 

linear-regression equations see Table 17 and 18. 

To apply the equations listed in Table 17 and 18, ERDAS imaging was used to 

relate the IKONOS and QuickBird ρTOAs to albedo.  The ERDAS modeler tool was 

used to compare ρTOA values in the images to obtain values for albedo. Therefore, 

albedo values obtained from IKONOS and QuickBird were corrected taking into account 

both radiometric properties and atmospheric conditions. This processing level should 

minimize differences between images, making them suitable for a stronger spatial 

autocorrelation. After albedo was estimated, the images minimum and maximum values 

per band were evaluated for correspondence to albedo values which are between 0 and 1.  

Those bands that presented pixel values less than zero and more than one represented less 

than 1% of the total pixels and were transformed using the process known as Dark Object 
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Subtraction (DOS) where values below zero become zero and values above one become 

one. 

 

 

QuickBird-NIR Regression Line
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Figure 13. Regression-line sample of SBDART-ρTOA and albedo to calculate the plot 

equation for an IKONOS_NIR band. 

 

Table 17. Regression-linear equations estimated per band for the IKONOS and 

QuickBird sensors at the CHIR test site. 

 QuickBird CHIR   IKONOS CHIR   

 Linear Regression R2 Linear Regression R2 

Band 1 Albedo = 1.1072 (ρTOA) - 0.0695 0.99 Albedo = 1.2103 (ρTOA) - 0.1648 0.99 
Band 2 Albedo = 1.1459 (ρTOA) - 0.0398 0.99 Albedo = 1.2619 (ρTOA) - 0.0928 0.99 
Band 3 Albedo = 1.1209  (ρTOA) - 0.0212 0.99 Albedo = 1.1974 (ρTOA) - 0.0340 0.99 
Band 4 Albedo = 1.1522 (ρTOA) - 0.0094 1.00 Albedo = 1.2232 (ρTOA) - 0.0195 0.99 
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Table 18. Regression-linear equations estimated per band for IKONOS at Los Ajos and 

ePBR. 

 IKONOS Los Ajos   IKONOS ePBR   

 Linear Regression R2 Linear Regression R2 

Band 1 Albedo = 1.1145 (ρTOA) - 0.0694 0.99 Albedo = 1.2141 (ρTOA) - 0.1403 0.99 
Band 2 Albedo = 1.1757 (ρTOA) - 0.0408 0.99 Albedo = 1.2516 (ρTOA) - 0.0834 0.99 
Band 3 Albedo = 1.1518 (ρTOA) - 0.0189 0.99 Albedo = 1.1456 (ρTOA) - 0.0467 0.99 
Band 4  Albedo = 1.2232 (ρTOA) - 0.0096 1.00 Albedo = 1.0888 (ρTOA) - 0.0307 0.99 

 

3.7 Vegetation Mapping Considerations and Image Correction Prior to  

Classification 

 Vegetation mapping needs not only a well defined classification system that can 

be used to describe plant cover but also an understanding of the most appropriate spatial 

minimum mapping unit (MMU) to assess the size of the features that will be used to 

represent plant cover. In the preliminary visual interpretation completed at CHIR and 

CORO, plant cover was indentified visually and represented using vectors (polygons). 

Polygon sizes were tested to analyze MMU of plant cover using different MMU. In the 

case of raster information, MMU is dictated by the size of the pixel.  

 

     3.7.1 Effects of Varying the Minimum Mapping Unit (MMU) 

 In order to compare map products it is often useful to integrate information by 

reducing detail or granularity. This integration can be applied by reducing the Minimum 

Mapping Unit (MMU) size by dissolving smaller polygon into neighboring polygons to 

which they share a longer arc. This can be done automatically using geographic 

information system (GIS) such as ArcInfo.  ArcInfo’s commands help by merging 

selected polygons with bigger unselected polygons by erasing their longest shared arc. 
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Dissolved polygons are not necessarily part of the vegetation class they were merged into 

and area distribution per class can change.  

A vegetation map obtained from an interpreted DOQQ at 4m2 (four pixels) MMU 

and 32 assumed vegetation Alliances was used to examine variation in MMU. Two 

different MMUs were used 5000 m2 and 10,000 m2 and results were examined to 

evaluate change in class area. 

 

     3.7.2 Hill-Shade Correction 

 The mountainous terrain at CHIR, Los Ajos, and ePBR creates topographic 

shading and shadowing which have an adverse effect on the spectral interpretability of 

imagery.  Spectral signatures recorded from under-illuminated (Northwest) aspects, or 

over-illuminated South hillsides, affect reflectance which in turn creates classification 

errors.  To normalize the imagery and minimize classification errors introduced by 

hillshading, we applied the 'two-stage' (4-step) technique of Civco (1989), the first stage 

of which is based on solar zenith angle and slope azimuth relative to the sun for a given 

satellite viewing geometry at the time of image acquisition, and the second stage uses 

within-image pixel radiance information for normalization. 

The topographic input used to perform the hillshade correction using Civco’s 

model was a seamless National Elevation Dataset DEM which covers CHIR.  The 10-m 

DEM was obtained from http://gisdata.usgs.gov/seamless/, and re-projected using bi-

linear interpolation from geographic coordinates to UTM coordinates to match the 

imagery. Seamless data was not obtained for Los Ajos and ePBR; therefore, a 30 m DEM 

was used which affect the quality of the results. In all cases, the corrected image values 
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were rescaled to an appropriate range of magnitude to emulate Civco's (1989) Landsat 

source image data. The hillshade model was then applied using the known (from 

metadata) solar azimuth and elevation angles at the time of image acquisition. These 

values are listed in Table 12. 

 Civco's (1989) correction begins by applying a linear transformation to each band 

of raw image data (equation (2)), to derive a first-stage topographically normalized 

image. 

 

δDNλij = DNλij + (DNλij  *  [(µk – Xij) / µk])                        [4] 

 

where δDNλij = the first-stage normalized radiance value for pixel ij in spectral band λ, 

DNλij = the raw radiance value for pixel ij in band λ, 

µk = the mean value for the entire scaled (0 – 255) illumination model, and 

Xij = the scaled (0 – 255) illumination value for pixel ij. 

 

 In the second stage, an empirically-derived calibration coefficient is determined 

by comparing the spectral responses from large samples of equal numbers of pixels 

falling on North- and South-facing slopes with the overall mean spectral response for the 

category "deciduous forest."  Since at CHIR there is no well-defined deciduous forest as 

used by Civco (1989), spectral response values were obtained from a combination of the 

forest, intermittently flooded forest, and woodland Formations as visually interpreted in 

the imagery.  Similarly, Civco's (1989) generic North- and South-facing aspects were 
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tailored to our actual solar azimuth direction. The empirical calibration coefficient, Cλ , 

differs for each band λ and is calculated as: 

Cλ = [ (µλ - Nλ) / ((µλ - Nλ) – (µλ - N’λ)) + (µλ - Sλ) / ((µλ - Sλ) – (µλ - S’λ))] / 2                    [5] 

 

where µλ = the overall mean radiance value for the deciduous forest category before any 

correction, 

Nλ = the mean aspect on North slopes in uncalibrated (raw) data; the North facing slope 

was defined as a 45º degree angle facing the sun and centered along the sun azimuth 

direction. N’λ = the mean on North slopes after the first stage of normalization (equation 

(2) applied), Sλ = the mean on South slopes in uncalibrated data; the South facing slope 

was defined as a 45º degree angle against the sun and centered along the sun azimuth, and 

S’λ = the mean on South slopes after the first stage of normalization. 

The image-derived calibration coefficient, Cλ , is incorporated into equation (2) 

for the second-stage correction, calculated as: 

 

δDNλij = DNλij + (DNλij  *  [(µk – Xij) / µk] * Cλ)                     [6] 

 

where δDNλij = the second-stage normalized radiance value for pixel ij in band λ, 

DNλij = the raw radiance value for pixel ij in band λ, µk = the mean value for the entire 

scaled (0 – 255) illumination model (199.629), Xij = the scaled (0 – 255) illumination 

value for pixel ij , and 

Cλ = as calculated in equation (3). 
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As an additional step in the correction process, Civco (1989) suggested modifying 

the empirical correction coefficients Cλ in light of a simple physical model of surface 

irradiance and atmospheric scattering.  In regression analysis, he found a logarithmic 

relationship (R2 = 0.97) between empirically-derived coefficients and modeled ones, 

denoted as C λ’’ in equation (5): 

 

C λ’’ = 1.0549 + 0.7209 * ln(Cλ)                 [7] 

 

 We performed this modification and re-corrected the CHIR image using C λ’’, but 

doubt the value of this for our use and decided to only use empirically derived C λ’.  The 

physical model was developed with reference to Landsat TM band 2, and for other 

reasons it is less appropriate to use than the empirically-derived result.               

After the hillshade correction was applied the general results were visually and 

statistically assessed by comparing North and South facing slopes. Each topographically 

corrected image was rescaled to values between 0-255 in order to evaluate the changes 

before and after the corrections were applied.  

 

3.8 Information Enhancement Using Band Ratios and Vegetation Indices  

 After radiometric correction and minimization of hillshade effect, the image data 

were enhanced through band combinations, ratios and vegetation indices.  
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     3.8.1 Band Ratios 

 Several studies on band ratios have shown them to be helpful to depict soil and 

vegetation (Satterwhite and Henley, 1987) some tested correlation proved to evaluate 

forest damaged of spruce-fir with ground information (Vogelmann and Barrett, 1988) 

using Landsat. Several studies have suggested that band ratio can distinguish biochemical 

differences in plants and canopy cover (Ustin, 2004b). Therefore, we considered band 

ratios as being potentially useful to evaluate cover and biochemical differences among 

plants to increase potential differences among plant during classification. These 

enhancements were calculated based on the IKONOS and QuickBird TOA data: Red/Nir, 

Red/Green, Green/Blue, Blue/Nir, Green/Nir, Red/Blue.  Using ERDAS Imagine 

(Modeler) all band ratios were calculated and integrated to form ten band IKONOS and 

QuickBird datasets. 

 

     3.8.2 Vegetation Indices 

 Many indices have been developed to better depict vegetation cover; some of 

them are listed in Table 19. These indices were calculated and also combined with the 

original four band data and six ratios.  

Table 19. Vegetation Indices used to extract information about plant cover.  
Index Name Citation 

NDVI Normalized Differential Vegetation Index (Rouse et al., 1973) 
NDVIgreen NDVI using green band instead of red (Gitelson and Merzlyak, 1997) 

EVI Enhanced Vegetation Index (Huete et al., 1999) 
ARVI Atmospherically Resistant Vegetation Index (Yoram and Didier, 1992) 
SAVI Soil Adjusted Vegetation Index (Huete, 1988) 

TSAVI Transformed SAVI (Baret et al., 1989) 
MSAVI Modified SAVI (J. Qi et al., 1994) 

MSAVI2 Second Version of  Modified SAVI (J. Qi et al., 1994) 
PVI Perpendicular Vegetation Index (Richardson and Wiegand, 1977) 

TGDVI Three –band Gradient Difference Vegetation Index (Tang et al., 2003) 
WDVI Weighted Vegetation Index (Richardson and Wiegand, 1977) 
DVI Difference Vegetation Index (Tucker, 1979) 
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 Vegetation indices equations are applied using the corrected value after 

atmospheric correction was completed. The following equations describe only the terms 

that are not repeated among indices. 

1) Normalized Differential Vegetation Index 

 NDVI= ρNIR – ρRed / ρNIR + ρRed                                                               [8] 

Where: 

ρNIR = Apparent surface reflectance at the top of the atmosphere, near infrared 

band, and 

ρRed = Apparent surface reflectance at the top of the atmosphere, red band. 

2) NDVI using green band instead of red 

 NDVIgreen = [ρNIR – ρRed 506.4-595.0] / [ρNIR + ρRed 506.4-595.0]
  
                                      [9] 

Where: 

ρRed 506.4-595.0 =The corresponding apparent surface reflectance at the top of the 

atmosphere band with 506.4-595.0 spectral range. 

3) Enhanced Vegetation Index 

EVI = [ρNIR – ρRed / (ρNIR + C1* ρRed – C2 * ρBlue+ C3)] * G                            [10] 

Where: 

ρBlue= Apparent surface reflectance at the top of the atmosphere, blue band 

C1 = 6.0, C2 = 7.5, C3 = 1.0, G = 2.5 

4) Atmospherically Resistant Vegetation Index 

d) ARVI =  (ρNIR – rb) / (ρNIR + rb) ; rb = ρRed – γ  (ρBlue - ρRed)                         [11] 

Where: 

γ =1 
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5) Soil Adjusted Vegetation Index 

 SAVI =  (ρNIR –  ρRed / ρNIR +  ρRed – L) * (1+ L)     
                                      [12] 

Where: 

L= 0.5 

6) Transformed SAVI 

 TSAVI = a(ρNIR – a ρRed –c)/ (ρNIR + ρRed – ac + X(1+a
2
))

  
                                   [13] 

Where: 

X = 0.08 

7) Modified SAVI 

 MSAVI =(ρNIR –  ρRed / ρNIR +  ρRed – L’) * (1+ L’)
                

                                   [14] 

Where: 

L’ = 1 – 2* a* NDVI * WDVI 

8) Second Version of  Modified SAVI 

MSAVI2 = ρNIR + 1 -  √((ρNIR + 1)2- 8(ρNIR –  ρRed)) 
        

                                      [15] 

9) Perpendicular Vegetation Index 

PVI = ( ρNIR – a ρRed – c) / a
2
 + 1* √a

2
+1            

                       
                                      [16] 

Where “a” and “c” are gain and offset obtained from the soil line parameters 

respectively: 

a = 1.5093, c = - 0.3808 

10) Three –band Gradient Difference Vegetation Index 

TGDVI =((ρNIR –  ρRed) / (λnir- λred)) / ((ρRed +  ρGreen) /( λRed- λGreen))                   [17] 

Where λ is the band center in nanometers and 

ρGreen = Apparent surface reflectance at the top of the atmosphere, green band 
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λnir = 805.0 nm,  λred =664.8 nm, λGreen = 550.7 nm 

11) Weighted Vegetation Index 

WDVI = ρNIR – a ρRed                                                                                                         [18] 

Where: 

a = 1.5093 

12) Difference Vegetation Index 

DVI = ρNIR –  ρRed                                                 
                      

                                      [20] 

 

3.9 Computer Based Classification  

 The initial field visual interpretation completed at CORO and CHIR using 

IKONOS and DOQQ helped to categorize vegetation cover based directly on NVC 

categories, Alliances and Formations (See Appendix A). However, as images were 

processed using computer based methods the approach was modified to break down the 

components that form either an Alliance or a Formation. During the classification study 

completed at CHIR, Ajos, and ePBR, no alliances were used during the classification; 

only CE and Formations were described to illustrate land cover and for this purpose we 

based our classes not on already defined NVC classes but on CE which can be used to 

determine plant cover components by stratum so that Formations can then be determined 

and evaluated in relationship to NVC classes.  

The experience gained as part of the initial NPS sponsored studies at CHIR and 

CORO provided the starting point for further classification studies.  We were then able to 

experiment with the use of the concept of CEs as a mapping unit.   



 

 

117 

To be able to represent these entities a pixel based classification was completed to 

group plant cover by CE. These classified pixels were visually identified and clustered 

using ERDAS Imagine based on their correspondence to different plant forms - trees, 

shrubs, and herbaceous, and a special distinction separated trees with broad leaf (oak, 

maple) from needle leaf (pine, juniper).  Unvegetated cover was either identified as 

surface modified by human activity or bare soils which also included gravel and rock 

surface.   

To distinguish between CE and group clusters of pixels that belong to a given 

class two different classifications were completed: an unsupervised and a supervised 

classification. This method is describes by Schowengerdt R. (1997: p. 410) where a 

hybrid supervised/unsupervised training is performed based on increasing the number of 

classes that later are assigned to the corresponding cluster type. The class code 

assignation results after the class is interpreted based on ground data or aerial 

photography. However, the advantage of using a VHR sensor is that feature classes can 

generally be easily identified. An interpreter that is familiarized with the different cover 

types found in different landscapes can generally assess the main CE to which each 

classified pixel corresponds.  

 

     3.9.1 Feature Analyst (Pre-classification Evaluation) 

 Before any classification was applied to the VHR images, an experiment was 

completed using the original 4-bands IKONOS and ArcView (Feature Analysis extension 

sold by Visual Learning Systems, Inc.).  Feature Analysis (FA) is a computer program 
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that automatically clusters similar pixels not only based on its spectral properties but also 

based on the relationship it has with neighboring pixels.  

 

     3.9.2 Principal Components Analysis (PCA) 

 Principal Component Transformation (PCT) or Principal Components Analysis 

(PCA) are similar terms that describe a statistical transformation used to in remote 

sensing to reduce the amount of information due to redundancy (Steve E. Franklin, 2001). 

This method enhances feature extraction by creating uncorrelated data (Leica Geosystems 

Geospatial Imaging, 2008).  The band values were integrated before applying PCA, all 

information includes TOA reflectance  four bands, twelve vegetation indices; and six 

band ratios. Once the results were integrated, they were stacked in a single image to be 

analyzed.  Twenty two bands were analyzed using PCA and the covariance matrix results 

were used to determine the information content of the output components.   

 

          3.9.2.1 Analysis to Select Main Components 

The underlying principle used to select the most useful output principal 

components was based on the amount of information that each band contributes. In the 

case of the twenty two bands used we analyzed the amount of information provided for 

each different component within each study site and the results were then compared. 

Using ERDAS Imagine 9.2 the corresponding Eigenvalues for each PCA were inspected. 

Each Eigenvalue can be also evaluated to determine which band appears to contribute the 

most within each PCA- component. ERDAS Imagine also generates an Eigen matrix. A 
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comparison of these results for each study site allowed for the comparison of variables 

for vegetation mapping in different arid environments.  

Preliminary analysis indicated that fourteen components represent more than 

99.999% of the total information generated and these were used to classify the image 

data.  PCA will in this regard help us identify the information that contributes the most 

but is not clear if this information is relevant for vegetation cover discrimination and is 

expected that soils plays a major role in some area than others. 

 

3.10 Thematic Classification 

 A preliminary classification was made based on past mapping work completed at 

CORO and applied at CHIR. The classification procedures were aimed at successfully 

mapping CE.  To achieve these goals we applied a three step method to complete a 

thematic classification: 1) feature extraction, 2) training, and 3) labeling (Schowengert, 

1997). To classify CE we used the components obtained from the PCA-analysis.  Then 

the images were classified using a hybrid supervised/unsupervised method.  This method 

set the default to 50 different unsupervised clusters and then these initial results were “re-

clustered” based on the visual interpretation.   

 

     3.10.1 Classification of Vegetation Common Entities 

 Interactive development of classification methods were initially applied to a small 

subset (~ 3 km2) area at CHIR. Multiple classifications were attempted to minimize 

human interpretation, to extract CE and then aggregate classified pixels into groups of 

CE.  This separation was not expected to separate all CE, CE fields were systematically 
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extracted in series of several individual processes to extract and define the classes 

shadow, pine, oak, shrub, herbaceous, bare ground, and surface modified by human 

activity.  The following sections describe how CE were extracted and refined: 1) 

separation of rock/gravel and surfaces modified by human activity, 2) separation of bare 

soil and sparse vegetation from denser vegetation, 3) unsupervised classification of 

vegetated areas and shadow, 4) reclassification of trees + shrubs (woody) vs. woody 

mixed with herbaceous, 5) texture analysis to extract herbaceous vegetation from trees, 6) 

tree class spatial corrections, and 7) minimizing canopy and rock cliff shadow. 

Field work played a key role in developing the multi-step classification process. 

The class Surfaces Modified by Human Activities was mainly visually interpreted and 

added as a cover type, in Ajos-Bavispe Park this cover was mainly observed as bare 

ground since there were no obvious surfaces other than roads that were manmade. Trees 

and shrubs are grouped based on height, where woody plants above 2.0 meter are 

classified as trees while shorter woody plants are classified as shrubs. These two plant 

types were categorized based on height; shrubs and trees in general are divided by a 

stratum limited by a 2 meter distance. Within each stratum other plant life forms can be 

found, either below the canopy or mixed in smaller amounts. To refine the plant 

classifications, additional plant characteristics were interpreted to differentiate between 

pine and oak trees. These distinctions were made based on direct observations in the 

field. As the measurements and observations were recorded these records were use to 

annotate hard copies of the images. Once these records were completed, inferred clusters 

within the visited polygon were also manually mapped, (see sections 3.13.2, 3.13.4, and 

3.13.5 describe in more detail field methods for mapping and accuracy assessment).  
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     3.10.2 Extraction of Rock Outcrop/Gravel and Surfaces Modified by Human Activity 

 After running the first unsupervised classification the rock outcrop and bare 

ground class was easily distinguished and filtered out from the rest of the image. To 

compare how well this class was depicted, a comparison was made using the IR-false 

color composite using the “swip” tool to visually assess comparisons by overlying images 

in ERDAS Imagine to identify clearly visible areas of outcrop. Classified pixels 

identified as rock outcrop were recoded as Rock CE type (Table 20). This class also 

includes gravel and cobble surfaces. Surfaces modified by human activity were identified 

from previously interpreted Formation map (Drake, Rodriguez-Gallegos et al. 2006). 

This cover type is a relatively small portion of the total area of the study sites and 

encloses roads, parking area, buildings, and house roofs.    

 
Table 20. Preliminary Common Entities (CE) for extraction. 

ID Cover Type 

1 Tree 
2 Shrub 
3 Bare Soil 
4 Sparsely Vegetated 
5 Rock Outcrop 
6 Shadow/Rock 
7 Herbaceous 
8 Surface Modified 
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Figure 14 relates the subsequent steps during the extraction of CE as we can see there, 

section “A” describe how the image it is first treated to mask out Rock Outcrop and 

Surface Modified by human activities. The subsequent steps were aimed at depicting the 

remaining CEs.  

 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 14. Processing diagram for extracting common entities 

      

     3.10.3 Separation of Bare Soil and Sparse Vegetation from Denser Vegetation 

 Utilizing field knowledge of areas with sparse plant cover (~0 to 10%) we applied 

a modified version of the Soil Adjusted Vegetation Index (SAVI) (Huete, 1988) to 

separate soils and sparsely vegetated areas. Since SAVI is estimated from surface 

reflectance we applied a modified version that uses radiance (Colombo et al., 2003) 

where: 

Classified VHR sensor 

b) Rock/Gravel 

c) Vegetated 

f) Herbaceous g) Woody/Herbaceous 

j) Trees 
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h) Shadow 

m) Trees 
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SAVI = (NIR – a Red – c) / (NIR + Red + L)                    [21] 
 

 The vector “a” is the value of the slope and “c” the intercept obtained from a 

scatter plot built from selected pixels in the NIR and Red spectral range. To cover a wide 

array of values dark and bright pixels were obtained from asphalt and unpaved bright 

soils. ERDAS Imagine was used to extract NIR and Red band data from these targets and 

create a scatter plot where the soils line was used as reference to estimate the intercept 

“c” and slope ”a”. L factor is equal to 0.5 as in SAVI equation; values for slope and 

intercept varied between QuickBird and IKONOS images (Table 37).   

 

     3.10.4 Unsupervised Classification of Vegetated Areas and Shadow 

 After extracting and masking rock outcrop, bare ground, buildings and sparsely 

vegetated surfaces, we then applied an unsupervised classification on the remaining areas 

of the image data.  This procedure was a combination of a computer and visual 

interpretation to depict trees, shrubs, shadow, and herbaceous.  Based on the procedures 

described in section 3.10 we utilized 14 principal components and ran the unsupervised 

classification with the following settings: 

• Initialize from statistics 

• 50 output classes 

• Initialize means along principal axis (not diagonal, the default) 

• Scaling range 1.00 standard deviations. 

 The initial output of clusters allowed us to produce three reliable groups: 1) 

shadow, 2) herbaceous vegetation, and 3) ambiguous – an apparent mix of woody 
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vegetation with forbs/grass. Classified pixels with no clear correspondence with one CE 

but with two or more where treated as a mix class that were subsequently treated as 

explained below.  

 

     3.10.5 Reclassification of Woody Vegetation and Shrubs vs. Woody Vegetation and 

Annuals/Grass (Mixed CE) 

 Herbaceous vegetation and woody vegetation mixed with forbs/grass, mixed 

classes such as trees/shrub, shrubs/herbaceous, herbaceous/tree required further 

processing following the procedures described in section 3.4.3 applied only to these areas 

of mixed pixels.  This reclassification and re-clustering process further allowed to 

separate trees from herbaceous and shrubs from trees. However, not all reclassified pixels 

were successfully extracted and further analysis was considered based on textural 

properties. ERDAS- Imaging 9.2 was used enhance textural properties between tress and 

herbaceous were enhanced using first a 3 x 3 and later a 5 x 5 variance textural filter 

using the NIR band . The output texturally filtered image was used in conjunction with 

our field knowledge to separate herbaceous surfaces from more heterogeneous tree 

surfaces.  A threshold value was selected and applied to separate herbaceous with have 

smaller texture values from trees with higher texture values. These procedures permitted 

the separation of woody plants, but one group of mixed tress and forbs/grass was still 

present.  
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       3.10.6 Texture Analysis to Separate Herbaceous Vegetation from Trees  

 The textural properties of tress and herbaceous plants allowed further separation 

within this specific mixed group where differences were noted on the rugged and smooth 

surface presented by tress and herbaceous respectively. Textural values are not expected 

to be consistent across the scene, shadow is affected by view angle, sun angle, and 

seasonality. Another variation was tested by increasing the textural filter size to 5x5 

pixels to smooth out texture values among small shrubs and increase the extent of areas 

inside bigger trees.   

 

     3.10.7 Tree Class Spatial Correction 

 Some known clusters identified as shrubs were identified as trees. These 

misclassified pixels were found scattered\co around the lower valleys around the park 

required additional processing based on cluster size.  We used the ERDAS-Imagine 

Clump tool to estimate the cluster size an recoded all cluster bellow 10 m2 as shrub. This 

procedure was expected to correct for most clusters; however, we should not ignore that 

some exceptions to the assigned area of 10 m2 can be found.  

 

     3.10.8 Minimizing Interpreted Errors due to Canopy Shadow and Rock Cliff Shadow 

 As the classified pixels were re-evaluated to build CE clusters; several areas close 

to high canopies and rock cliffs were found to have shadows cast over other class that 

needed to be correctly assigned to its corresponding CE.  This effect required a different 

approach to reassign classified pixels as shadow into another non-shadow CE type.  

Neighboring CEs were considered to be the most likely class for re-assignment. A 5 x 5 
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median spatial filter was designed to reassign pixels preferentially along the azimuth 

direction and angle of the sun.  Figure 15 explains the median spatial filter design as 

applied to re-classify pixels.  

            The gridded filter resample the dark area were the upper right and lower left 

corners of filter were excluded from calculation of median value of the surrounding 

classes.  This exclusion was aimed at identifying dominant surrounding class without 

including shadowed areas.  The solar azimuth in imagery was approximately 140 degrees 

at CHIR, 131 degrees at Ajos, and 164 degrees at ePBR. The 5 x 5 filter used to correct 

for canopy shadow was the last correction after completion of all the prior steps to extract 

CE, then a comparison was made with Formations that had been visually interpreted. The 

results obtained after canopy shadow correction were evaluated based on unaligned 

random points. These methods are explained in section 3.13.4. 

 

 

 

Figure 15. A median directional filter of 5x5 pixels was applied to cluster pixels and to 

recode pixels under tree canopy and rock cliff shadow.   
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3.11 Spatial Autocorrelation (Semivariograms) 

 After completing the first analysis of the Parks, further improvements were 

attempted. These improvements were aimed at evaluating if by adding the geospatial 

autocorrelation of cover classes using semivariograms increased classification accuracy 

could be achieved. . This analysis utilizes the spatial autocorrelation among neighboring 

pixels. Autocorrelation is a statistical method that analyzes a variable by comparing 

paired samples at different distances. When this variable is used to describe spatial 

distribution, it describes the relationship from a given point to the same variable 

measured at another location away from the original point. According to Urban (2003), 

before any further statistical analysis, it is important to determine if the variable is 

independent. The autocorrelation outcome can determine if the variable is randomly 

distributed or not. Data autocorrelation is sometimes determined based on sampling 

methods using traditional statistical techniques. Traditional statistics assume that residual 

variation is independent. When the autocorrelation suggests randomness, we can assume 

that sampling data is independent enough to disregard any possible influence from any 

nearby values.  

Autocorrelation can be used to evaluate the structure of data taken from specific 

points over time or distance. When the series of data sets are dependent to each other, it is 

said that there are not random elements. In contrast, it is assumed that all the data 

collected in the field is independent and “the first law of Geography” states that closer 

entities are more related (Montello et al., 2003). Field data collection either stratified or 

random does not assure that the information collected will be distant enough to be 
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independent. On the other hand, we do not know how “distance” influences the variable 

behind studied or whether the first law of geography is the case or not. 

 

     3.11.1 Vegetation Indices as Input to Evaluate Variograms 

 To evaluate if utilizing spatial autocorrelation derived from the components of the 

semivariogram could improve classification we test four widely used vegetation indices: 

NDVI, EVI, SAVI and MSAVI. The evaluation was carried out using a subset of the 

classification using the QuickBird image at CHIR  The unsupervised classification 

utilized the four bands and 25 different cluster classes were produced.  Then all were 

visually interpreted and assigned to a CE.  

 

     3.11.2 Variogram Variables Estimated Using Matlab (R2000 7b) Software 

 In section 2.8 we describe the principles behind spatial autocorrelation to 

determine the spatial relationship among neighboring pixels.  To be able to evaluate a 

pixels’ autocorrelation among neighboring pixels we used Matlab (R2007 b) image 

processing toolbox (The_MathWorks_Inc., 2007). This program allowed us to evaluate 

sill, nugget, range, and slope as describe in Figure 16.    

Matlab provided the framework to develop the code required to process the VI 

data. This framework allowed us to manipulate small moving windows across the image 

and select within a window all paired pixels where the center pixel was located by the 

center of the moving window.  The center pixel was paired within the window with all 

pixels inside at different lags. These lags were constrained by the size of the window. It is 

important to define the size of the windows to be used during the analysis.  The size of 
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the window should be able to enclose scene characteristic because some studies have 

suggested that the behavior of the variogram has shown similarities with the scene 

(Woodcock and Strahler, 1987). In this context we considered it important that the 

window size should be able to capture the maximum sill value at which no more spatial 

autocorrelation can be found.  However, this may not just be a fixed number for a 

window size since cluster size can be just as important  (Cablk and Minor, 2001; Franklin 

et al., 2001). However, given the realities of working with image data we decided to used 

a 7x7 window to evaluate the variogram because it had proved to be optimal on images of 

1 m resolution in previous research (Puissant et al., 2005).  

 

 

Figure 16. “Typical Variogram” according to Cressie (1993).  Lag distance (1-9 

pixels/ 0.6-7 m.) is the horizontal axis at all directions from reference pixel and paired 

pixel.  Variogram values are indicated in the vertical axis “Gamma (h)”. Range (a) 

indicates the distance where paired pixels are correlated. Nugget (Co) expresses values 

with random variability. Sill expresses total and random and structural variability.  
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The Matlab program generated several output layers consisting of the variogram 

variables intercept (nugget), slope, and lags. These values were imported into ERDAS 

Imagine and the sill was estimated using the average of Lags 6, 7, and 8; and the range is 

effectively the [(sill-nugget)/ slope]. These four variables were the final results which 

were stacked and integrated with the four calibrated spectral bands. 

 

     3.11.3 Semivariogram Analysis Integrated With Radiance 

 Several methods were used to compare the capability of the variogram variables 

to discriminate CE. In this work the focus was to assess how variograms may play a role 

in discriminating CE. These methods were based on comparisons between plots of CE 

from the initial classification of the QuickBird spectral data and the variogram results 

obtained from SAVI index. First, each CE and its corresponding values were plotted 

using histograms to compare data distribution and separability. Then an analysis of 

Covariance (ANOVA) was used to test statistical similarities among groups of CE. 

Finally, a Divergence analysis was conducted to test pairs of CE using several band 

combinations and to determine the difference between pairs of CE. 

 

          3.11.3.1 Histograms Comparison  

 Eight scatter plots showing the data distribution per CE and the overlap with 

cover types were generated and compared to depict CE. Similarly, variogram variables 

were used to generate scatter plots to assess the spatial autocorrelation among CE and the 

clusters they represent.  Visually, all these comparisons were designed to give an initial 

assessment of the data structure. 
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          3.11.3.2 Analysis of Covariance (ANOVA) 

 Comparison between histograms values provided a quick view of relationship per 

CE without any numerical meaning. A more quantitative approach was then used 

employing an Analysis of Covariance (ANOVA) which can provide a statistical 

assessment between two independent groups (Ferguson, 2005). In order to compare CE, 

the thematic map results previously obtained from CE were used to apply ANOVA using 

the same numerical values used in the histogram comparison. CE values extracted for 

each variogram band were used to test whether or not the two populations of CE were 

statistical similar.  

All CE values extracted within the blue, red and Sill values were compared 

against another CE type from the same band, for example: Pine_Blue vs. Oak_Blue, 

Oak_Blue vs. Shurb_Blue. In order to evaluate ANOVA Excel 2007 (Microsoft Inc.) 

software was used to estimate one way ANOVA, where estimated F should be lower than 

critical F. This means that when estimated F is lower than critical F, we accept the Null 

hypothesis (Ho) which means that both CE classes are statisticaly similar.  These 

similarities are shown in Figure 43 and 44 where all band distribution values are 

represented by Whisker plots were an asterisk symbol *, stands next to CE groups that is 

statisticaly similar based on ANOVA.  

 

          3.11.3.3 Divergence Analysis for Feature Selection  

 CE separation with the addition of the variogram variables was also analyzed 

using a Divergence analysis.  As performed on supervised classifications divergence tests 

the separability of two groups using the mean and covariance (Jensen, 1996b).  
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Divergence evaluates the separability between two groups, c and d, which can be denoted 

as Divercd. These values can be computed using the following formula: 

Divercd = 1/2tr[(Vc – Vd) (Vd-1- Vc-1)] + 1/2tr[(Vc-1 – Vd-1) (Mc- Md) (Mc – Md)T]  [22] 

 Where tr[*] is the trace of the matrix which is the sum of the elements inside the 

matrix located diagonally.  Vc and Vd are the covariance of two CE classes and Mc and 

Md are expressions of the mean vector values of two potential CE as well (Jensen, 

1996b). When more than two classes are present the computation needs to be done 

between all possible pairs of classes. In the case of multiband data, when more bands are 

used the matrix dimension will be determined by the number of bands used.  For 

example, if eight bands are used to determine the divergence the matrix dimension will 

have an 8 x 8 structure.  

A second divergence method is applied based on the possibilities that some easily 

separated classes may over represent class divergence over another and a second equation 

is proposed to scale values into constrained values between 0 and 2000.  This 

transformed divergence “normalizes” values among classes and the equation is described 

as: 

TDivercd = 2000[ 1- exp(-Divercd/8)]                                                                              [23] 

 

 Jensen (1996: 225) states that the transformed divergence is used to find the 

potential number of bands that can be used to discriminate between CE. A transformed 

divergence value near 2000 represent classes with excellent separation properties.  Values 

higher than 1900 are define as groups having a good separation, and below 1700 groups 
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have poor separation (Jensen, 1996b). This original work focused on defining the 

minimum number of bands required to obtain a high degree of separation. 

 

3.12 Formation Determination and Assessment 

 The procedures followed in section 3.4 to describe Formations (first at CORO and 

then at CHIR) demonstrated how important it was to identify the relationship between 

neighboring pixels. These relationships were first established by identifying plant cover 

visually and then with the aid of computer algorithms, both included some degree of 

subjectivity not only as an interpreter identifies cover type but also as fractional plant 

cover is estimated. This subjective way to map Formations based on the interpreted plant 

cover can be challenging because we should estimate not only cover type, and fractional 

cover it is also important to know the relationship between Formation name and the 

arrangement of vegetation types with the area. . By focusing the image processing to 

depict CE and refine this cover type extraction, Formation can be determined by applying 

a series of spatial analyses and defining rules to establish relationships. The set of rules 

shown in Table 21 are applied using spatial analysis procedures. To identify Formations 

and evaluate them, two different approaches were used. (1) a visual assessments was 

completed during a field campaign; where different trained persons were instructed to 

visually estimate CE fractional cover and assign a specific Formation based on the set of 

rules established in Table 21. This was completed while in the field and all estimates 

were recorded on tables and on printed maps and the location was recorded. (2) 

Classified CEs were used to automatically map Formation based on percent cover.  
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CE is conceptually considered the building block of a given Formation. While we tested 

our capability to distinguish CE we also relied on CE to describe Formations.  We 

evaluated these procedures to determine their suitability to describe plant cover 

physiognomy or Formations as described by the NVC. This approach has the potential to 

avoid visual interpretation subjectivity, lower the amount of effort invested in the field, 

and improve our capability to expand vegetation cover knowledge by objectively 

determining related to plant cover.   

 

     3.12.1 Spatial Analysis of Classified Common Entities to NVC Formations 

 Table 21 shows the set of rules that were used during the spatial analysis. These 

set of rules depend on fractional cover of CE using a 10 x 10 pixel area. CE percentage 

area was calculated for all identified trees, shrubs, herbaceous, and bare ground which 

included soil, gravel, rock, and surface modified by human activity. These procedures 

were completed using Arc Macro Language (AML) see Appendix D to see the code used; 

diagrammatically, the program’s diagram build in AML is also displayed in Figures 17 

and 18 and provide the two flow charts to determine Formations as follow: 

1. A previously classified map with CE is gridded and uniquely coded by CE 

type. 

2. The program isolates Tree, Shrub, and Herbaceous recode their values and 

generates individual grids. 

3. Each grid is used to perform a spatial analysis using a 10 x 10 pixel size filter 

to determine percent cover per CE type.  This step generates three more grids 

with percent cover by Tree, Shurb, and Herbaceous.  
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4. The rules shown in Table 21 are applied based on conditional statements. 

Some classes like surface modified by human, and rock, outcrop/bare ground 

were not included initially and are added at the end, once the program 

finished. The results are Formation at 1 x 1 m or 0.6 x 0.6 m resolution 

depending on the VHR sensor type. Each point in the image is now defined 

based on the neighboring pixels. 

In Table 21 we can see the rules that define Formation following those described by the 

NVC system as close as possible. Some Formation types are not normally considered as a 

Formation in the NVC system (Wooded Shrubland and the Savannas), but previous field 

information shows that there are possibilities to encounter this type of cover combination 

across many Parks. Formation 14 “Sparse Wooded Shrubland” was generated as a result 

of the presence of mixed cover types. Sparse Wooded Shrubland and defining rules 

appear to fill in most of those mixed cover types that were not considered. Fewer gaps 

were still found and more development on the rules needs to be assessed.   
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Table 21. Defining Formation rules established based on the fractional vegetation 

estimated within a 10 x 10- pixel area.  The rules relate % tree, % Shrub, and % 

herbaceous to assign a given Formation.  

ID Formation Rules based on % Tree, % Shrub, and % Herbaceous 

1 Forest % Tree >= 60 

2 Intermittently Flooded To be determined 

3 Woodland % Tree < 60, % Tree > 20, 2 times % Tree > % Herbaceous 

4 Shrubland 
% Tree <= 20, % Shrub >= % Tree, % Shrub > % Herbaceous, % 
Shrub + % Tree + % Herbaceous >= 15 

5 Wooded Shrubland 
% Tree <= 20, % Tree > 10,  % Shrub >= 20, 2 times % Shrub >= 
% Herbaceous 

6 Tree Savanna 
% Tree >= 10, % Tree < 20, % Tree < 2 times % Herbaceous, % 
Tree > % Shrub 

7 Shrub Savanna 
% Tree <= 20, % Shrub >= % Tree, % Herbaceous >= 10, % 
Herbaceous >= % Shrub, 2 times % Herbaceous > % Tree + % 
Shrub, % Herbaceous < 50 

8 Herbaceous 
% Tree < 20, % Shrub < 30, % Herbaceous >= 50, % Shrub > % 
Tree 

9 Sparsely Vegetated % Tree + % Shrub + % Herbaceous <= 10 

10 Bare Soil From IKONOS classification 

11 Rock Outcrop From IKONOS classification 

12 
Surface modified by human 
activity 

By visual interpretation 

13 Uncorrected Shadow From IKONOS classification 

14 Sparse Wooded Shrubland  
% Tree + % Shrub + % Herbaceous > 15, % Tree + % Shrub < 
50, % Shrub + % Tree < % Herbaceous, % Herbaceous > 50 
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Figure 17.  Diagram I showing the process for combining Common Entities into 

vegetation Formations. 

IKONOS Common Entities 
 

Flow Chart I. Diagram of AML Program that runs in Arc/Info GRID. It uses Common 
Entities to determine percent cover by tree, shrub, and herbaceous, pixels and then (Flow 
Chart II) applies the criteria in Table 21 to create a map of Formations.  
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Figure 18.  Diagram II showing the process for combining Common Entities into 

vegetation Formations 

Flow Chart II.  Application of Formation 
 criteria from Table 21.  
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 Formations are conceptually complex and in most cases their name does not 

completely define their composition in terms of plant species or percent cover. However, 

plant cover and the general characteristic that some plant species offer can be used to 

numerically represent a given Formation by assuming that some plant characteristics are 

present in a given proportion. Using the results obtained for CE we can evaluate the 

possibility of determining specific Formation. These Formation mapping protocols were 

first applied at CHIR to avoid a subjective visual interpretation and determined the 

percent cover of each CE using a spatial filter.  

 

3.13 Accuracy Assessment Methods  

 Establishing the accuracy of classification maps derived from very high 

resolution remote sensing data is complicated by both the scale of the image data, our 

ability to accurately geo-locate meter or sub meter pixels, and ultimately the objectives of 

the classification map. Because this last criteria changed between Park study areas we 

developed and tested four methods of accuracy assessment for this study. These methods 

were compared in terms of their logistical difficulty and personnel time required to 

complete the acquisition of points for accuracy assessment. The initial method was tested 

at CORO where surveys were implemented as square plots in which plant cover and type 

were measured. The second site used was CHIR where new methods were implemented, 

tested and compared. The random line transects which are similar to the line intersect 

method (Affleck, 2008) were used to address fractional cover and cover type along 

transects. A third method called stratified random points was implemented at CHIR, 

Ajos, and ePBR by using a hand-held computer equipped with a GPS which provided a 
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VHR image of the area and exact location; these sampling methods are shown in Figure 

19. The fourth method was a combination of visual interpretation and ground surveys 

resembling the method known as a "belt transect" (Shupe, 2005). This was modified to  

address the features found and interpreted as seen in the image and encloses CE 

polygons, see figure 19. These visual interpretations along the belt took place along 

previously surveyed transects, which later were revisited to change and re-adjust 

interpreted polygons. This information was later used to evaluate CE classification 

accuracy. These methods individually present their own limitations and advantages. The 

following sections will describe in detail the procedures followed during the collection of 

field data.    

 

Figure 19. Sampling methods applied by study area are shown in red using line, circles, 

and polygons (transects, stratified random points, and interpreted polygons). 

Green patches represent plant clusters interpreted as common entities or life 

forms. 
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     3.13.1 Accuracy Assessment Using Plots at CORO 
 
 The classification accuracy assessment was conducted at CORO and overall 

data from 33 field plots was collected. Figure 20 below shows the locations across the 

park for each plot.  Survey plots were laid out either using a 20 x 20 m (23 total) or 10 x 

40 m (10 total) rectangles. Plot’s boundaries were aligned with a cardinal compass and 

the GPS coordinates of the Northwest corner was established. Each plot was subdivided 

into 10 x 10 m subareas where plant species information and area were collected and 

assigned to an Alliance name. Plots were randomly located considering vegetation 

diversity and elevation. Plant species were identified and plant cover were visually 

assessed and compared with line cover estimates; photographs at each subarea were 

taken.  Given the spatial coordinates for each plot an ArcView shape file was generated 

to integrate all plot data and it was overlaid onto the DOQQ and IKONOS classification 

maps.   

 

          3.13.1.1 Field Plot Data and Interpretation 

 Ground information obtained was interpreted by identifying Common Entities 

such as 1) Grass, 2) Shrubs, and 3) Trees; these entities were individually identified. To 

assess foliar coverage six categories were used to group plant cover: 0-1%, 1-5%, 5-25%, 

25-50%, 50-75% and 75-100%. Plant height was categorized into the following 

categories <0.5m, 0.5-2m and >2m. Foliar cover was applied only in the 10 x 10 m 

Northwest and Southwest corner of a subarea and all measurements were made in the 1 x 

1 m quadrants.  Across the center of each subarea a 10 m transect was used to measure 

every 10 cm any intersecting plant species, bare soil, rock, litter, or plant base. 
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Intersecting plant leaves at each high range were also evaluated to estimate cover. Basal 

diameter of tress over 15 cm diameter was recorded while other plants were recorded as 

poles. Assignment of Alliances and corresponding Formation name at each subarea was 

determine, this assessment had to be done with estimates of herbaceous cover in relation 

to woody cover as well as estimating the dominant cover of tree or shrub present. This 

allowed distinctions to be made between Formations such as woodland, tree savanna, 

shrub savanna, and herbaceous vegetation.   

 

          3.13.1.2 Matching Field Data with Map Data 

 Alliance names were developed in the field completely independently of any 

consideration of previous maps of Alliance and reflected the species found at each 

subarea. Alliances listed in the field were not used to find best-fit Alliances. A criteria 

had to be used to evaluate whether a module is correct relative to the field data. This 

criteria was set based on the number of plant species by stratum (tree, shrub, and 

herbaceous) at each Alliance name. For example: 

1. An herbaceous Alliance mapped was interpreted and given a name based on the 

Alliances listed from field observation. This alliance indicates a dominant specie 

Eragrostis lehmanniana if this same species is found in the area as the dominant 

species for herbaceous the Alliance was scored as the same. 

2. Alliances that contain shrubs and/or tress were scored as correct if: a) at least one 

species is shared between woody layers, b) Formation was correctly identified, 

and c) herbaceous cover was also correctly identified based on the previous 

criteria. 
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3. If either Alliances mapped or field-derived name had four species at least two 

species had to be listed in both Alliances. 

4. When many Alliances were found in an area, that area was scored as correct if 

any of the Alliances mapped meet the criteria shown in number 2. 

 Figure 20.   Accuracy assessment field plot locationso surveyed at CORO. 

 

 In addition to the accuracy assessment completed on the basis of alliance, an 

evaluation was also completed on Formations name. Ignoring species, here Formation 

was correct if any of the areas matched interpreted results. DOQQ and IKONOS were 

analyzed individually but using the same criteria. Overall accuracy was calculated in 

percentage of subarea correctly scored out of the total.  Because some module presented 

more than one alliance on interpreted maps a coherent error matrix was not built and 

further quality analysis was not assured. For Alliances further samples would be required 

and stratified by Formation or Alliances instead of elevation. An error assessment leaning 

to identify causes should be aimed on positional of modules, correction of spatial maps, 
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species dominances determination, as well as relative abundance.  Any map was altered 

based on the actual accuracy assessment results. 

      

     3.13.2 Common Entities Accuracy Assessment Using Line Transects at CHIR 

 Between July and August 2005 field information was collected to evaluate the CE 

accuracy across the CHIR. The objectives during this field survey were:  

• to quantify the accuracy of each Common Entity (CE) class extracted from a 

classified IKONOS image, using ground samples as reference data 

• to compare estimates of percent cover of each class derived from visual 

assessment at ground sample sites to estimates provided by the classified map. 

 Given the steep and difficult terrain at CHIR access to the area was difficult We 

therefore limited the area to utilize for accuracy assessment was limited to areas with 

slopes less than 12% and within reasonable walking or driving access.  Sampling points 

were stratified based on the variety of CE distribution and its complexity.  A GIS was 

used to determine access area using a USGS 10 m DEM to estimate slopes below 12% 

and accessibility through roads and trails (See Figure 21). Light green areas in Figure 21 

shows areas with slope below 12% with access, beige represents areas with slopes below 

12% but without easy access, and white areas are sections in the park without access and 

with slopes greater than 12%.  Once the study area was evaluated in terms of areas than 

can be potentially surveyed, another important factor was also considered. This was 

based on the degree of complexity that plant cover present across the park. This 

variability was estimated by using a 50 x 50 variance filter to determine the number of 

different CE found in this area. Resulting values ranged from 1 to 7 different CE which 
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for simplification purposes was arranged into two categories or “Variance Classes” (VC): 

VC1 = 1- 4 (8.6 hectares, green in Figure 22, VC2 = 5 (28.1 ha, blue), VC3 = 6-7 (20.7 

ha, red).   To cover the Park all potential sampling sites were stratified by VC area. All 

sampling points were randomly placed across areas with access using ArcView’s 

Random Points Generator v1.3 (Jensen, 1996a).  

 

 
Figure 21.  Map showing surveyed transect with access over 1.3% of the Park’s area 

(light green). Green and beige areas with less than 12% slope.  Transect locations 

are indicated by numbers. 
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 Field information was collected from 54 sampling sites representing each transect 

where a 50 to 60 meters line was overlaid with a random azimuth (1-360 degrees) over 

the CE map.  Before field surveys were performed, transects were sketched on maps 

using ArcView's Distance and Azimuth Tool v1.6 (Jensen, 1996a). Each meter along a 

transect will be match and represent a 1 x 1 m pixel on the ground and these were utilized 

to evaluate CE accuracy.  This sampling protocol was aimed at saving personnel time 

while collecting very detailed field information on a meter by meter basis. In addition, 

final alignment of the transects in the field was established based upon unmistakable 

landmarks on the image that could be seen in the field to insure a confident match 

between the VHR image and the field transect.   

 For this accuracy assessment a group of students was trained and familiarized 

with the procedures and data collection protocols. Teams of two persons were given the 

sketched transect with the IKONOS images at full resolution as background (1:3,000 

scale) for locating the transect in the field and another map for precise identification of 

ground features (1:1,000 scale, see Figure 23. These two maps printed on 11 x 17 inch 

paper were used for transects location and for scoring ground features. Each team was 

also provided with a Garmin GPS-iPAQ system using HGIS software to display the 

background imagery (which could be zoomed to varying resolution), the nominal 

transects, as well as current position. This system proved to be critical for transect 

location and for implementing the accuracy assessment.  Ground information was 

collected using the data sheet shown in Figure 24. 
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Figure 22.  Transects random distribution over Variance Class (VC) indicated by the 

numbers.  
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Figure 23.  Example of hardcopy image print used in the field to lay out transects and 

locate ground features to relate CE results with transect in the field. 
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Figure 24.  Example of a completed field data sheet to collect information about CE 

along transects. 

 

          3.13.2.1 Concepts and Ground Rules Considered While Collecting Field Data 

A set of ground rules were established to for field data collection to evaluate CE clusters. 

Individual CE were conceptually identified as follow: 1) Tree: Any woody plant 2 meters 

tall or taller, regardless of species, at the time you are observing it. 2) Shrub: Any woody 

or semi-woody plant less than 2 meters tall; includes cacti and succulents, rosette plants. 

3) Herbaceous: All species of grasses and forbs. 4) Sparsely Vegetated: Less than 10% 

total plant cover in quadrant. 5) Bare Soil: Nonvegetated natural soil surface, sand texture 
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or finer. 6) Rock Outcrop / Gravel: Nonvegetated natural rock or gravel surface; note 

lichen if present but don't count it as vegetation. 7) Surface Modified: Surface visibly 

modified by human activity -- roads, agricultural land, irrigated pasture, etc. 

As field information was collected on the ground some rules were followed to score CE. 
 

1. Be sure you are looking at the same pixel both on the ground and in the image. 

2. Mentally view the pixel straight down from a point above the tallest plant on it. 

3. Score the pixel based on the uppermost plant canopy or ground surface you see. 

4. Check the one most appropriate box for each pixel to identify the majority CF 

therein. 

Complicated situations that were not able to be solved using the rules were noted and 

documented for reference.   

 

          3.13.2.2 General Procedures to Align Transects  

 The field team as they approach the location (according with maps and GPS) of 

the transect to survey land marks were found on the images and on the ground as 

reference.  The transects were not all straight but in all cases small segments had up a 

distance of 50 meter or more using a 50 meter tape and flagging to mark landmarks as 

well as the beginning and end of the transect. After the transect was laid out on the 

ground scoring was done by matching maps and field information.  As the procedures 

were carried out key information recorded included: 1) actual start and end points of the 

sampling transect segments being scored; 2) Common Entities (CE) identification for 

each pixel along the transect; and 3) the percent cover of each CE in the 50-meter radius 
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circular plot.  The final path of the transect was also documented by sketching its path on 

the map.   

 

          3.13.2.3 Matching Ground and Map Transects and Assessing Map Accuracy  

 Field data collected for all transects was digitized from the sketches drawn on 

maps at 1:1,000 scale. ArcView 3.3 was used to digitize on screen with the IKONOS 

image as background. Figure 25 illustrates a transect diagonally oriented and a blow up 

of a portion to demonstrate the spatial matching between a digitized transect and its 

correspondence with CE products. Lines parallel to the original transect (red thick line) 

display the buffer area and the resampled 1-meter size (1 pixel) and 2-meter size (4 

pixels). Circular lines were used to estimate a buffer area. The key information is mainly 

the concentric squares (1 pixel and 4 pixel sizes) along the example transect shown for 

subsequent determination of CE (see Figure 25).  The matching of pixels is generalized in 

Figure 25. 

 

          3.13.2.4 Scoring Map Accuracy 

 Assessing CE accuracy was based on both the specific pixel matching the transect 

location (1x1 pixel) and by looking a 2x2 meter (4 pixel) area to compensate for 

inevitable location errors. Mapped pixels along a transect were considered correct if any 

corresponding CE fell within the matching area on the transect and if it matched the label 

given in the field. This method served to handle some of the error introduced by transect 

misalignment by considering a full or partial match of correctly classified CE. In Figure 

25 for sample point 26 we can see that by considering a single pixel accuracy assessment 
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the classification could be either tree (dark green) or shrub (beige). However, by 

considering the 2x2 pixel area we can see that shrub is the dominant CE and it could be 

matched to the field data label for accuracy assessment. 

 

 
Figure 25. This figure illustrate digitized transect obtained in the field on the 

corresponding IKONOS image. Classified CE shows correspondence with field data and 

map products during the scoring of pixels as to their accuracy within 1x1 pixel (1 m2) and 

2x2 pixel (4 m2) areas. 

 

     3.13.3 Estimating Percent Cover of Each Contiguous Field around Transects 

 The final stage of the field work along each transect was to visually evaluate 

percent cover for each CE where the surveyor made an estimate within a 50 meters radius 

of the transect. Considerations were made to imagine the area looking from above while 

looking at the printed map; then visually estimation was done for CE present at the 

transect location and summing to 100%.   
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     3.13.4 Accuracy Assessment of CE Using Random Points Collected in CHIR, Ajos, 

and ePBR 

 The third accuracy assessment method was assessed at three of the study areas – 

CHIR NM, (US) Ajos-Bavispe (México), and ePBR (México).  A collection of field 

points was acquired using a systematic unaligned random sample design (Sanchez-Flores 

et al., 2008). The three Parks were surveyed using this method by previously describing 

the Formation and landscapes types where all Formations were covered by collecting as 

many CE as possible within each Formation/Landscape. The method required that all 

Formations were visited inside each Park. The field work was carried out with the help of 

Park officials and volunteers equipped with updated versions of the hand-held devices 

used at CHIR (Orr et al., 2006). Data collection was stratified based on a prior visual 

interpretation of the images from each Park. This interpretation produced a map of 

polygons that represented a preliminary map of differing landscapes or Formations and 

this map was used to direct field work. Observations were recorded with printed tables 

which included the coordinates of identified features over the image (See Figure 26). 

These features were annotated and attributed using printed maps and hand-held 

computers.  The field data was collected during the summer of 2006 and 334 field points 

were collected at the “El Pinacate” Biosphere Reserve (ePBR), 90 field points in “Ajos-

Bavispe” Biosphere Reserve (AVBR) and 669 points were collect at CHIR.  
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Figure 26. Interpreted transect polygons using a randomly located point from which the 

survey was conducted. A buffer zone of 5 m was established to identify along a 50 m 

transect all potential CE. 

 

     3.13.5 Accuracy Assessment of CE Using Interpreted Polygons along Transects in 

CHIR 

 A fourth method was tested to evaluate CE and Formations from a different 

perspective where the information collected on the ground was collected from plant 

clusters representing different CE.  These cluster were visually interpreted in the 

laboratory by digitizing on screen across 16 transects, see example in Figure 27. Each CE 

was identified across all transects using polygons that were corroborated on the ground. 

Each polygon was surveyed and tagged using the 6 CE: 1) Pine, 2) Oak, 3) Shrub, 4) 

Herbaceous, 5) Bare ground, and 6) Surface modified by human activities.  The same 

rules described in section 3.13.2.1 were used to match-up ground information as well as 

50 m transect 
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the spatial tools to locate, identify, collect, and document information about CE (Orr et 

al., 2006). At each field site the image was used as a base to draw and label polygons that 

represented the extent of each CE found. This method provided a complete 

characterization of the plants and cover found at each site and permits the analyst to take 

into account the dimensionality, spatial correlation, and plant transitions while ignoring 

natural mixing that occur within CE clusters. 

 

3.14 Comparison of Field Sampling Methods 

We then evaluated the number of samples needed to accurately assess the 

accuracy of the classifications and to compare the different accuracy assessment methods. 

During this procedure, we compared those methods that relied on point measurements 

thus eliminating the plot survey completed at CORO and the visual assessment of 

Formations done at CHIR.  We considered the number of samples surveyed either using 

random points, polygons, or transects.  Two scenarios are presented below; one using 7-

categories based on Variance Class (VC) at CHIR, the other using 6-categories of CE at 

Ajos, ePBR, and CHIR. 

 

     3.14.1 Assessment of sampling points using Variance Classes (VC) 

 In this case a map representing 7-categories (CE) was analyzed using Tortora 

(1978) and Congalton and Green (1999) methods which assume a multinomial 

distribution where a finite number of k (samples) with probabilities p1, p2,…..p7 and p1 

+ p2 + …..p7 = 1 exist (Congalton and Mead, 1983; Tortora, 1978).  The equation is 

described as: 
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    N  =   B Πi (1- Пi)                                                       [24] 
          bi

2 
  
 Where “N” represents the number of samples needed per class, Пi represents the 

fraction of the area cover by ith class out of k classes with a proportion closest to 50%, bi
 

is the preferred precision (e.g. 5%), B is the upper (α/k) x 100th percentile of the Chi-

square (χ2) distribution with 1 degree of freedom, and k is the total number of classes. 

The confidence level was equal to α = 0.05 and determined B as  χ2
(1, 0.993) = 7.381. All 

these values were used to estimate “N” with the equation 24 and for all CE categories 

used. For example at CHIR the Tree CE made up 41.1% of the area were:  

 
 
   N =  7.381 * 0.411 * 0.589   ≈   715              
           (0.05)2 
 

 Therefore, at CHIR 715 sample points were distributed across the areas with 

access and proportionally to the fractional cover by each CE. The confidence value is 

95% that our estimates of accuracy fall within 5% of its real value.  Instead of 

distributing sampling points by CE it was decided to do it by Variance Class (VC). A 

post-hoc analysis demonstrated that the distribution was proportional to the area 

represented by each CE.  
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Table 22. Total area and number of samples in percentage that were surveyed by CE 

across the park.  

 
Common Entity % Area % Samples # Samples 

(1) Tree 41.1 33.4 638 

(2) Shrub 23.6 21.7 414 

(3) Herbaceous 17.9 22.1 423 

(4) Sparsely Vegetated 5.5 3.4 65 

(5) Bare Soil 0.7 0.4 8 

(6) Rock / Gravel 10.3 17.3 331 

(7) Surface Modified 0.5 1.6 31 

 

 Out of all 54 sites selected all were located on areas that had potential access. 

Some were inside private land outside the limits of the park. Some transects were not 

easily accessible due to not having land owner permission, no clear landmarks were 

visible to permit creation of the transects, or there being significant change in cover 

between image acquisition and our field work. After consideration of these issues we had 

a total of 37 transects ranging from 50 to 61 meters in length which were surveyed and 

stratified into three levels of variance – low, medium, and high (VC1 = 9 transects, VC2 

= 18 transects, VC3 = 10 transects). Overall the information surveyed along transects 

produced 1910 pixel areas for evaluation.  

 Based on the values estimated, the number of samples surveyed for CHIR using 

systematic transects and interpreted CE polygons; the sampling size surpassed the 

number of samples needed at the 95% confidence level using 6 classes and considering 

each pixel within the transect as a different sampling site and a polygon as a different 

sampling site. Interpreted polygons across 16 different pre-surveyed transects add up to a 

total of 1176 sampling sites. A simple one way ANOVA was used to test correspondence 
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of the point and polygon field sampling methods. Ultimately, the number of points and 

length of transects varied by park.  

 

3.15 Dataset Selection to Improve CE Extraction 

 Feature selection based on divergence analysis was used to help explain why 

some CE can be more successfully classified by a given combination of bands. This 

analysis was also used to help select the potential number of bands that are necessary to 

separate CE. An assessment based on divergence or transformed divergence is useful 

when comparing paired CE.. We based this analysis on the results obtained from feature 

extraction, were a series of band combination were used to perform a thematic 

classification to generate CE. Then, based on the thematic results obtained for each band 

combination, we tested the results by comparing each thematic map with the ground 

survey data based on interpreted polygons (section 3.13.5). This assessment helped 

determine the accuracy per band combination and CE as demonstrated in Table 59. 

 Structurally plant Formations can be defined by the total cover present of each CE 

or life-form class. In order to evaluate Formations, a selective CE extraction was 

completed based on the results obtained in Table 59.  Based on these results, individual 

CE extraction was carried out using the specific band combination that reflect the best 

accuracy. For example, the band combination that reflected a better extraction for CE = 

Pine, were all bands combined of radiance (Blue, Green, Red, and NIR) as well as all 

variogram variables (Sill, Nugget, Range, and Slope). Similarly, radiance bands alone 

were able to better depict CE = herbaceous; without adding any other source of 

information. Each CE was extracted using the results reflected in Table 59, by 
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performing individual unsupervised classification of 25 different thematic classes. Each 

thematic class was individually interpreted to identify the target CE with a given band 

combination. Then, a previously extracted CE was masked out form the following 

classification. By having this CE masked out from the next thematic classification, a 

constrained classification was preformed for the remaining CE.  Once all CE were 

extracted, each category was merged together to form a single classified image. This 

operation was completed by spatially selecting the minimum values across all CE results. 

Each CE was identified by an ID code assigned as follow: 1 Pine, 2) Oak, 3) Shrub, 4) 

Herbaceous, 5) Bare Ground and 6) Surface Modified by Human Activity. Based on the 

ID assigned, priority was given to the CEs with lower values as they were selected by 

minimum value. These values also follow the order at which each CE was extracted. 

Once all results were integrated, some pixels did not appear classified as any of the 

classes extracted.  These areas were mainly shrubs associated with Oaks, and Pines. To 

assign a given values to these areas a focal 3 *3 median filter was applied to minimize 

associated classes with pine and oak, once all associated pixels were transformed the 

remaining unclassified pixels were allocate as shrubs.  The resulting CEs were evaluated 

using interpreted CE as polygon in the field to assess accuracy. The results are shown in 

Table 60. 
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Figure 27. CE field information obtained from interpreted CE as polygons and 

corroborated in the field. Grey area shows the potential area that can be used to estimate 

Formation using the AML program described in section 3.12. 

 

3.16 Accuracy Assessment at the Formation Level  

 To be able to estimate accuracy at the Formation level it was necessary to have 

reliable and validated data obtained on the ground that represents CE spatial distribution. 

This dataset should allow us to measure CE fractional cover and then apply the set of 

rules described in section 3.12.1. Ground information was useful to determine Formation 

using interpreted CE polygons. Figure 27 shows the spatial distribution presented by CE 

(solid bright colors) along one transect.  Section 3.12 describes how Formations are 

determined using a 10 x 10 moving filter across the entire classified image; however, 

insure field verification only CE that were located 7 pixels inside the edge of the transects 

were used to define Formation. Figure 27 shows this area highlighted in grey, this is the 

Area that can 
be used to 
determine 
Formations 

7 pixels away 

from edge 
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portion of the transect that was used to determine Formation using the AML program 

shown in Appendix C as described in section 3.12.     
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CHAPTER IV - RESULTS 
 
 
4.1 Comparison of DOQQ and IKONOS Maps and Mapping Methods - CHIR 

 A DOQQ vector-based map obtained from visual interpreting plant cover was 

compared to a IKONOS raster-based map obtained through machine assisted on-screen 

mapping and features showed significant similarities at Alliance and Formation levels.  

While DOQQ based map was generated by visually interpreting plant cover types, 

IKONOS products were based on a visual and computer based classification to identify 

CE, and Formation.  Alliances and CEs were difficult to extract, many Alliances 

identified within Formations lost distinction, as images sections were individually 

classified using different image subsets by Formation. Tables 23, 24 and 25 summarize 

the results of the preliminary study.  

 The DOQQ-based map product presents 20 NVC Alliances and 9 vegetation 

Formations in Table 23 using a 2 m2 MMU. The results for each vegetation category are 

shown in Table 23 in square kilometer and percentage per Formation and Alliance within 

the study area. Dominant Alliance categories are Quercus emoryi – Quercus arizonica 

/Arctostaphylos pungens – Agave palmeri woodland alliance (18%), Quercus emoryi – 

Quercus arizonica – (Prosopis velutina) / (Agave palmeri) / Eragrostis lehmanniana – 

mixed grass tree savanna alliance (15%), and Bouteloua spp. – mixed grass herbaceous 

alliance (13%). 
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Table 23. Mapped area of NVC Formations and Alliances obtained from an interpreted 

DOQQ-based map. 

DOQQ DOQQ   

Area 

(Km2) Area 

(%) Formations and Alliances 

3.49 11.9 Forest 

0.69 2.3 Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) forest alliance  

1.13 3.8 Pinus ponderosa –  (Pinus discolor) forest alliance  

1.67 5.7 Quercus emoryi (Quercus arizonica – mixed broadleaf deciduous) intermittently flooded forest alliance  

9.44 32.1 Woodland 

5.28 18.0 Quercus emoryi – Quercus arizonica / Arctostaphylos pungens – Agave palmeri woodland alliance 

0.06 0.2 Quercus emoryi – Quercus arizonica – (Pinus discolor – Juniperus deppeana) woodland alliance  

0.62 2.1 Quercus arizonica – Quercus emoryi / (Arctostaphylos pungens – Agave palmeri) woodland alliance  

2.27 7.7 Pinus discolor – Juniperus deppeana – Quercus emoryi woodland alliance  

0.53 1.8 Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) woodland alliance  

0.68 2.3 Pinus discolor – Juniperus deppeana (Quercus emoryi – Quercus arizonica) woodland alliance, rocky 

2.29 7.8 Shrubland 

1.78 6.1 Nolina microcarpa – Agave palmeri – Arctostaphylos pungens – mixed shrub shrubland alliance  

0.08 0.3 Fouquieria splendens – Agave palmeri – mixed shrub shrubland alliance  

0.43 1.5 Agave palmeri – (Nolina microcarpa – mixed shrub) shrubland alliance, rocky 

1.70 5.8 Wooded Shrubland 

0.92 3.1 
(Quercus emoryi – Pinus discolor – Juniperus deppeana) / Agave palmeri – Nolina microcarpa – 

Arctostaphylos pungens wooded shrubland alliance  

0.78 2.7 
(Juniperus deppeana – Quercus emoryi) / Cercocarpus montanus – Arctostaphylos pungens wooded 
shrubland alliance 

4.48 15.2 Tree Savanna 

0.06 0.2 Prosopis velutina / Eragrostis lehmanniana tree savanna alliance 

4.42 15.0 
Quercus emoryi – Quercus arizonica – (Prosopis velutina) / (Agave palmeri) / Eragrostis lehmanniana – 
mixed grass tree savanna alliance  

1.44 4.9 Shrub Savanna 

0.65 2.2 Agave palmeri / mixed grass shrub savanna alliance 

0.79 2.7 Nolina microcarpa – Agave palmeri – mixed shrub / mixed grass shrub savanna alliance  

6.11 20.8 Herbaceous vegetation 

3.72 12.7 Bouteloua spp. – mixed grass herbaceous alliance  

2.39 8.1 Eragrostis lehmanniana – (Bouteloua spp. / Agave palmeri) herbaceous alliance  

0.16 0.5 Rock Outcrop  

0.27 0.9 Bare soil, roads, or surface modified by human activity 

   

29.38 100  Total mapped area (rounding approximation) 

 
 

 

 

 

 

 

 

 

 

 

 

 



 

 

164 

 

 

Table 24.  Mapped area of NVC Formations and Alliances in the IKONOS-based map. 

IKONOS IKONOS   

Area 

(Km2) 

Area 

(%) 
Formations and Alliances 

3.01 10.2 Forest 

0.65 2.2 Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) forest alliance  

1.70 5.8 Pinus ponderosa –  (Pinus discolor) forest alliance  

0.66 2.2 Quercus emoryi (Quercus arizonica – mixed broadleaf deciduous) intermittently flooded forest alliance  

4.80 16.3 Woodland 

0.07 0.2 Quercus emoryi – Quercus arizonica / Arctostaphylos pungens – Agave palmeri woodland alliance 

4.14 14.0 Quercus emoryi – Quercus arizonica – (Pinus discolor – Juniperus deppeana) woodland alliance  

- - Quercus arizonica – Quercus emoryi / (Arctostaphylos pungens – Agave palmeri) woodland alliance  

- - Pinus discolor – Juniperus deppeana – Quercus emoryi woodland alliance  

- - Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) woodland alliance  

0.59 2.0 Pinus discolor – Juniperus deppeana (Quercus emoryi – Quercus arizonica) woodland alliance, rocky 

0.62 2.1 Shrubland 

0.21 0.7 Nolina microcarpa – Agave palmeri – Arctostaphylos pungens – mixed shrub shrubland alliance  

0.41 1.4 Fouquieria splendens – Agave palmeri – mixed shrub shrubland alliance  

- - Agave palmeri – (Nolina microcarpa – mixed shrub) shrubland alliance, rocky 

3.80 12.9 Wooded Shrubland 

2.31 7.8 
(Quercus emoryi – Pinus discolor – Juniperus deppeana) / Agave palmeri – Nolina microcarpa – 

Arctostaphylos pungens wooded shrubland alliance  

1.49 5.1 
(Juniperus deppeana – Quercus emoryi) / Cercocarpus montanus – Arctostaphylos pungens wooded 
shrubland alliance 

2.81 9.5 Tree Savanna 

0.07 0.2 Prosopis velutina / Eragrostis lehmanniana tree savanna alliance 

2.74 9.3 
Quercus emoryi – Quercus arizonica – (Prosopis velutina) / (Agave palmeri) / Eragrostis lehmanniana – 
mixed grass tree savanna alliance  

4.76 16.1 Shrub Savanna 

- - Agave palmeri / mixed grass shrub savanna alliance 

4.76 16.1 Nolina microcarpa – Agave palmeri – mixed shrub / mixed grass shrub savanna alliance  

6.92 23.5 Herbaceous vegetation 

4.14 14.0 Bouteloua spp. – mixed grass herbaceous alliance  

2.78 9.4 Eragrostis lehmanniana – (Bouteloua spp. / Agave palmeri) herbaceous alliance  

0.56 1.9 Rock Outcrop  

2.20 7.5 Bare soil, roads, or surface modified by human activity 

   

29.48 100  Total mapped area (rounding approximation) 

 
  

 Using IKONOS, fifteen different NVC alliances were identified within nine 

Formations (Table 24) at a MMU of one pixel (1m 2). A detail description of the different 

Alliances described by Formation are included in Table 25.  Table 24 shows all mapped 

areas in km2 and percent of total areas mapped by Formation and Alliance. Cover values 

describe dominant cover types and proportion found by each of them. 
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Table 25. Mapped area of vegetation Alliances in DOQQ- and IKONOS- based maps 

IKONOS DOQQ   

Area 

(Km2) 

Area 

(Km2) Formations and Alliances 

3.01 3.49 Forest 

0.65 0.69 Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) forest alliance  

1.70 1.13 Pinus ponderosa –  (Pinus discolor) forest alliance  

0.66 1.67 Quercus emoryi (Quercus arizonica – mixed broadleaf deciduous) intermittently flooded forest alliance  

4.80 9.44 Woodland 

0.07 5.28 Quercus emoryi – Quercus arizonica / Arctostaphylos pungens – Agave palmeri woodland alliance 

4.14 0.06 Quercus emoryi – Quercus arizonica – (Pinus discolor – Juniperus deppeana) woodland alliance  

- 0.62 Quercus arizonica – Quercus emoryi / (Arctostaphylos pungens – Agave palmeri) woodland alliance  

- 2.27 Pinus discolor – Juniperus deppeana – Quercus emoryi woodland alliance  

- 0.53 Pinus discolor – Juniperus deppeana – (Quercus arizonica – Quercus emoryi) woodland alliance  

0.59 0.68 Pinus discolor – Juniperus deppeana (Quercus emoryi – Quercus arizonica) woodland alliance, rocky 

0.62 2.29 Shrubland 

0.21 1.78 Nolina microcarpa – Agave palmeri – Arctostaphylos pungens – mixed shrub shrubland alliance  

0.41 0.08 Fouquieria splendens – Agave palmeri – mixed shrub shrubland alliance  

- 0.43 Agave palmeri – (Nolina microcarpa – mixed shrub) shrubland alliance, rocky 

3.80 1.70 Wooded Shrubland 

2.31 0.92 
(Quercus emoryi – Pinus discolor – Juniperus deppeana) / Agave palmeri – Nolina microcarpa – 

Arctostaphylos pungens wooded shrubland alliance  

1.49 0.78 
(Juniperus deppeana – Quercus emoryi) / Cercocarpus montanus – Arctostaphylos pungens wooded 
shrubland alliance 

2.81 4.48 Tree Savanna 

0.07 0.06 Prosopis velutina / Eragrostis lehmanniana tree savanna alliance 

2.74 4.42 
Quercus emoryi – Quercus arizonica – (Prosopis velutina) / (Agave palmeri) / Eragrostis lehmanniana – 
mixed grass tree savanna alliance  

4.76 1.44 Shrub Savanna 

- 0.65 Agave palmeri / mixed grass shrub savanna alliance 

4.76 0.79 Nolina microcarpa – Agave palmeri – mixed shrub / mixed grass shrub savanna alliance  

6092 6011 Herbaceous vegetation 

4.14 3.72 Bouteloua spp. – mixed grass herbaceous alliance  

2.78 2.39 Eragrostis lehmanniana – (Bouteloua spp. / Agave palmeri) herbaceous alliance  

0.56 0.16 Rock Outcrop  

2.20 0.27 Bare soil, roads, or surface modified by human activity 

   

29.48 29.38  Total mapped area (approx.); difference due to rounding error and edge effects 

 

4.2 Results of the QuickBird Image Analysis and Visual Interpretation of Formation - 

CHIR. 

 QuickBird data was used to interpret Formations at CHIR using visual 

interpretation (Figure 28). This study was designed to assess a visual assessment of 

Formation and relate it to estimates made visually on the ground.  As the high resolution 

QuickBird image was interpreted to delineate Formations, the aim was to accurately 
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depict segments with homogeneous representation of plant cover; a summary of the 

results obtained per area are shown in Table 26. 

 

 
Figure 28.  Visually interpreted vegetation Formations at Chiricahua National Monument. 
 

 
 
 
 
Table 26. Area of vegetation Formations on the visually interpreted map. 

 
 
 
 
 
 
 
 
 

 

Code Formation Area % Area m
2
 

1 Forest 18.97 12,188,075 
2 Intermittently Flooded 8.58 5,510,834 
3 Woodland 33.95 21,808,641 
4 Shrubland 2.48 1,591,622 
5 Wooded Shrubland 19.27 12,378,856 
6 Tree Savanna 1.62 1,041,465 
7 Shrub Savanna 4.25 2,732,664 
8 Herbaceous 5.22 3,353,721 
9 Rock Outcrop 5.19 3,332,851 

10 Surface Modified 0.47 302,223 
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Mapped vs. Visually Estimated

Tree % Cover
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 All Formation types visually identified were visited in the field; and a validation 

of fractional cover was determined by visually determining % cover by tree, shrub, 

herbaceous, and bare ground. The results reflect fractional cover estimates made by seven 

different observers. The results obtained reflect the differences in mapping between using 

the image and the different observers in the field (See Figures 29, 30, 31, and 32). All 

visual estimates of CE percent cover made by all crew members recorded within a 50 m 

field radius were compared with the CE percent cover estimated using the Quickbird 

data.  

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 

Figure 29.  Mapped vs. visually estimated (in the field) percent tree cover. 
 
 
 
 
 
 
 
 

0.8461 



 

 

168 

Mapped vs. Visually Estimated

Shrub % Cover
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Mapped vs. Visually Estimated

Herbaceous % Cover
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Figure 30.  Mapped vs. visually estimated (in the field) percent shrub cover. 

 
 
 

 

 

 

 

 

 

 

 

 

Figure 31.  Mapped vs. visually estimated (in the field) percent herbaceous cover. 
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Mapped vs. Visually Estimated

Bare Ground % Cover
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Figure 32.  Mapped vs. visually estimated (in the field) percent bare ground cover. 
 

4.3 Image Normalization 

 Before classifying the images, it is important to normalize all images at least to 

the point where all show similar physical units. Irradiance was obtained using the 

sensor’s calibration coefficients describe in section 3.4.4. These operations can help 

estimate surface reflectance at the top of the atmosphere (ρTOA). ρTOA are the 

radiometric readings on the ground without compensating for the atmosphere.  Therefore, 

further corrections were considered to minimize this effect. Section 3.6 shows the 

procedures followed to estimate albedo using a program called SBDART. This program 

provided us with some insight to physically compare VHR sensor units across platforms. 

The results are shown bellow.  

 

 

0.4592 
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     4.3.1 IKONOS and QuickBird Sensors Cross Comparison 

 Some of the assumptions made after standardizing IKONOS and QuickBird 

images were that as the DN values were further transformed to ρTOA and later the 

atmospheric effect was minimized the values for albedo between these two sensors would 

be closer or at least related. The atmospheric correction was applied using SBDART for 

these two VHR sensors obtained over CHIR. This dataset presented an opportunity to 

study performance of methodologies across platforms for cross comparisons and/or 

monitoring purposes. To test the results obtained between sensors a set of eight “invariant 

targets” were selected: 1) bare soils, 2) dark soil I, 3) shadow, 4) shadow over asphalt, 5) 

dark house-roof, 6) dark container, 7) dark soil II, and 8) water. The spectral information 

for each target and sensors were extracted within an area averaging 3 x 3 meters. The 

observed reflectance differences between IKONOS and QuickBird were clearly high 

across all bands. Table 27 shows the percent difference between IKONOS and QuickBird 

for their corresponding bands. 

Table 27. Difference observed in percent reflectance of IKONOS over QuickBird for 

each band. 

IKONOS-bands Dif. % 

Band 1 26.85 
Band 2 21.13 
Band 3 21.09 
Band 4 3.78 

 

4.4 Vegetation Mapping Considerations and Image Correction Prior to Classification 

 Features size representation and information representation were evaluated to 

measure the impact of changing MMU. VHR sensors may have the advantage of smaller 
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pixels sizes but the problem of mixed pixels and being able to discern greater variability 

within similar targets remains an issue.  

 

     4.4.1 Effects of Varying the Minimum Mapping Unit (MMU) 
 
 NVC suggest a 5000 m2

 MMU, which frames the representation of Alliances.  

The MMU analysis used an AML program in ArcInfo (See APPENDIX B) to help us test 

the effect of changing MMUs on mapping vegetation. The total area represented per each 

Alliance was estimated using ArcGis 9.0.  This analysis was applied over DOQQ 32 

classes, which were further refined to 22 after simplifying some cover types. Results 

indicate that all areas per Alliance change in general as MMU increases; most classes 

change less than 5%, but a few classes changed by up to 13% at 5000 m2 and 25% at a 

MMU of 10,000 m2.  Table 28 gives the results of this analysis. These results indicate 

that the effect of changing the MMU is highly dependent on the type of Alliance and this 

lack of consistency must be understood when deciding on the optimum MMU for 

vegetation mapping.  
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Table 28.  Change in mapped area of selected Alliances with increasing MMU 

 
Alliance Name 

Area 

(ha) MMU = 

4 m2 

Net change 

(ha) 

MMU = 5000 

m2 

Net change 

(%) 

MMU = 

5000 m2
 

Net change 

(ha) 

MMU = 

10,000 m2
 

Net Change 

(%) 

MMU =  

10,000 m2 

Quercus emoryi – (Quercus arizonica) intermittently 
flooded forest alliance 

70 - 9 - 13 % - 17 - 25 % 

Quercus emoryi – Quercus arizonica - (Prosopis 

velutina / Agave palmeri) / Eragrostis lehmanniana – 
mixed grass tree savanna alliance 

441 - 9 - 2 % - 10 - 2 % 

D
ec

re
a

se
 i

n
 A

re
a

 

Juniperus deppeana - Pinus discolor – Quercus  emoryi 
rock outcrop woodland alliance * 

55 - 4 - 7 % - 7 - 12 % 

(Quercus emoryi – Pinus discolor -Juniperus 

deppeana) / Nolina microcarpa – Arctostaphylos 

pungens wooded shrubland alliance 
8 0 0 0 0 

Quercus emoryi – Quercus arizonica - (Pinus discolor 

– Juniperus deppeana) woodland alliance 
10 0 0 0 0 

N
o

 C
h

a
n

g
e 

in
 A

re
a

 

Juniperus deppeana - Pinus discolor - Quercus emoryi 

woodland alliance 
167 0 0 0 0 

Pinus ponderosa – (Pinus discolor) forest alliance 256 + 4 + 1 % + 4 + 2 % 
(Juniperus deppeana – Quercus emoryi) / Cercocarpus 

montanus – Arctostaphylos pungens wooded shrubland 
alliance 

78 + 4 + 5 % + 8 + 10 % 

Quercus emoryi - Quercus arizonica /Agave palmeri - 

Arctostaphylos pungens woodland alliance 
97 + 6 + 7 % + 11 + 11 % 

In
cr

ea
se

 i
n

 A
re

a
 

Bouteloua spp. - (Agave palmeri, Eragrostis 

lehmanniana) herbaceous alliance* 
396 + 3 + 1 % + 13 + 3 % 

*This alliance does not appear in the final map because it was aggregated into another class with similar plant structure and species composition. 

 

     4.4.2 Hill-Shade Correction. 

 Shadows are present at all of the study sites and their impact on our ability to 

produce accurate classifications varied with sun angle. Features such as houses, trees, 

rock boulders, and mountains unmistakably cast shadow over features lowering and/or 

hiding objects from the sensor. For classification purposes this hill-shadow effect was 

minimized. Section 3.7.2 describes the hill-shade correction method that we implemented 

following the techniques proposed by Civco (Civco, 1989). This correction was applied 

to the CHIR, Ajos, and ePBR study site data. Tables 29 and 30 summarize the parameters 

used in the correction and Figure 33 demonstrates the appearance of a false color 

composite image before and after the hill-shadow correction. Tables 31-34 provide the 
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mean and standard deviation of the image data for each band with and without the 

correction. 

 

Table 29. Mean spectral radiance values per band for forest, intermittently flooded forest, 

and woodland Formations combined; uncorrected and corrected (denoted by 

prime ' ) values on North and South aspects; and empirically-derived correction 

coefficients, Cλ.  

IKONOS-CHIR Meanλ Northλ North’λ Southλ South’λ Cλ 

Band1 69.716 68.274 102.043 90.016 24.465 0.17619221 
Band2 60.960 57.902 85.895 80.869 21.806 0.22316117 
Band3 65.996 62.845 91.892 93.814 25.179 0.25689139 
Band4 91.025 62.449 103.659 115.426 29.682 0.4890018 

QuickBird-CHIR       

Band1 43.696 44.164 68.516 48.118 13.514 0.0542853 
Band2 40.869 41.195 63.54 46.407 12.946 0.0754584 
Band3 41.842 42.592 64.892 50.446 13.974 0.1011374 
Band4 71.865 69.113 106.87 78.077 21.731 0.0915673 

IKONOS-ePBR       

Band1 79.54 67.79 81.109 71.347 74.225 1.86448348 
Band2 66.905 48.648 56.736 54.134 55.784 4.99864738 
Band3 76.732 46.275 51.89 55.205 56.092 14.8468342 
Band4 92.726 54.786 61.348 67.449 68.448 15.5420381 

IKONOS-Ajos       

Band1 53.919 55.914 48.96 52.475 57.452 0.28850993 
Band2 51.781 54.774 47.962 49.666 54.353 0.44530992 
Band3 52.436 56.319 49.316 49.515 554.188 0.28013228 
Band4 97.995 107.432 94.068 91.781 100.299 0.71783241 

 

Table 30. Empirically-derived (Cλ ) and modeled (Cλ'') topographic correction 

coefficients. 

  IKONOS-CHIR QuickBird-CHIR  IKONOS-ePBR IKONOS-Ajos 

 Cλ Cλ''  Cλ Cλ''  Cλ Cλ''  Cλ Cλ''  

Band1 0.17619 -0.19671 0.05429 -0.19671 1.86448 -1.73618 0.28851 -1.73618 
Band2 0.22316 -0.02635 0.07546 -0.02635 4.99865 -1.49986 0.44531 -1.49986 
Band3 0.25689 0.07512 0.10114 0.07512 14.84683 -1.35910 0.28013 -1.35910 
Band4 0.48900 0.53918 0.09157 0.53918 15.54204 -0.71539 0.71783 -0.71539 
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Figure 33. IKONOS false-color composite images - (A) uncorrected and (B) after the 

hillshade correction has been applied.  

Table 31. Mean and standard deviation values of the IKONOS bands from CHIR scaled 

(0, 255) before and after the second phase of (Civco 1989) topographic 

normalization. 

Without topographic 

normalization 

 With  topographic 

normalization 
IKONOS 

band 
µ σ  µ σ 

1    80.370 36.075  79.386 34.916 
2 70.544 32.179  69.252 30.794 
3 79.620 42.664  77.606 40.611 
4 93.189   41.503  88.192 38.740 
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Table 32. Mean and standard deviation values of the QuickBird bands from CHIR scaled 

(0, 255) before and after the second phase of (Civco 1989) topographic 

normalization. 

Without topographic 

normalization 

 With  topographic 

normalization 
IKONOS 

band 
µ σ  µ σ 

1 46.216 7.266  46.158      7.012 
2    43.940 8.818  43.836 8.459 
3 46.745 13.608  46.529 13.076 
4 74.105 11.585  73.902 10.876 

 

Table 33. Mean and standard deviation values of the IKONOS bands from Los Ajos 

scaled (0, 255) before and after the second phase of (Civco 1989) topographic 

normalization. 

Without topographic 

normalization 

 With  topographic 

normalization 
IKONOS 

band 
µ σ  µ σ 

1 55.471 6.671  55.468 6.886 
2 53.311 8.522  53.279 8.738 
3 53.991 12.494  53.917 12.800 
4 99.988 20.821  99.580 20.123 

 

Table 34. Mean and standard deviation values of the IKONOS bands from ePBR scaled 

(0, 255) before and after the first phase of (Civco 1989) topographic normalization. 

Without topographic 

normalization 

 With  topographic 

normalization 
IKONOS 

band 
µ σ  µ σ 

1 55.273 16.938  55.107 16.220 
2 65.075 20.415  65.997 19.582 
3 77.839 25.082  77.860 24.185 
4 104.002 26.887  104.646 25.263 
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4.5 Images Enhancement before Computer-Based Classification 

 All the information generated from band ratios and vegetation indices describe in 

Section 3.8 were stacked into a single image including the original dataset; the 

redundancy inherent in using all these derived bands was analyzed through PCA analysis. 

Table 35 provides the cumulative variance per component and these results show that a 

total of 14 components will represent essential 100% of the variance present in the entire 

data set.  

 We then evaluated the eigenvector weighting (contribution) of each original band 

to the 14 PCAs for each study site and VHR sensor.  Table 36 lists those bands that make 

the greatest contribution and it is clear that there are differences and similarities. It 

appears that the vegetation indices are used first, particularly utilizing the IKONOS data 

and that there are differences between primary bands utilized at the same site (CHIR) 

when different sensors are utilized.  

Table 35. Accumulated variance distribution by study site using IKONOS and QuickBird 

sensors.  The 14 PCA component was selected after all bands met the 100% 

accumulated variance.  

  Accumulated Variance % 

PCA 
component Ajos-IKONOS ePBR-IKONOS CHIR-QuickBird CHIR-IKONOS 

1 88.457 73.753 96.833 96.007 

2 96.474 88.761 98.952 98.179 

3 99.361 96.652 99.563 99.695 
4 99.759 98.698 99.914 99.834 
5 99.888 99.277 99.955 99.915 
6 99.934 99.602 99.984 99.965 

7 99.967 99.864 99.991 99.994 
8 99.983 99.945 99.998 99.997 
9 99.990 99.987 99.999 99.999 

10 99.995 99.993 100.000 100.000 
11 99.997 99.997 100.000 100.000 

12 99.999 99.998 100.000 100.000 
13 100.000 99.999 100.000 100.000 

14 100.000 100.000 100.000 100.000 

15 100.000 100.000 100.000 100.000 
16 100.000 100.000 100.000 100.000 
17 100.000 100.000 100.000 100.000 
18 100.000 100.000 100.000 100.000 
19 100.000 100.000 100.000 100.000 
20 100.000 100.000 100.000 100.000 

21 100.000 100.000 100.000 100.000 
22 100.000 100.000 100.000 100.000 
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Table 36. Primary original band contributions to each PCA component at each study site 

and VHR sensor utilized.  

PCA 
CHIR 

IKONOS 
CHIR  

QuickBird 
Ajos  

IKONOS 
ePBR  

IKONOS 

1 NDVIgreen Blue/Nir NDVIgreen WDVI 

2 TSAVI TSAVI TSAVI SAVI 

3 NDVI SAVI NDVI TSAVI 

4 DVI Green/Nir WDVI Red/Blue 

5 WDVI NDVIgreen ARVI Blue/Nir 

6 TGDVI WDVI Red/Nir Red/Green 

7 PVI Green/Blue Green/Nir NDVIgreen 

8 SAVI Red/Green MSAVI DVI 

9 MSAVI2 DVI PVI NDVI 

10 B1 Red/Nir SAVI TGDVI 

11 B4 MSAVI2 Blue/Nir MSAVI2 

12 Red/Nir NDVI MSAVI2 PVI 

13 Red/Blue Red/Blue DVI ARVI 

14 Blue/Nir TGDVI EVI Red/Nir 

 

4.6 Thematic Classification 

 The classification process was completed multiple steps; first non-vegetated areas 

were extracted and second all vegetated areas were processed individually to extract plant 

CE classes. Gravel and rock extraction was based on unsupervised classification and then 

bare ground was extracted using a threshold analysis using SAVI (Table 37). The visual 

assessment phase of the feature extraction is shown in Figure 34, where different 

threshold values for SAVI depict different areas of bare ground (red areas). 

Table 37. Slope “a” and (negative) intercept “c” values corresponding to the soil line in 

two images; equation is y = a x + c. 

 a c 

IKONOS, CHIR 1.7188 -2.892 
QuickBird Pan-Sharpened, CORO 1.2452 -7.801 
QuickBird Not Sharpened, CORO 1.2452 -7.801 
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Figure 34. Extracting bare ground and sparse plant cover by visual inspection using 

several threshold values of SAVI (clockwise from upper left): A) False-color 

composite image (Blue = Blue, Green = Green, Red = NIR), B) SAVI threshold 

value = 0.100, C) SAVI threshold value = 0.125, D) SAVI threshold value = 

0.150. 

After extracting rock and soil an unsupervised classification was applied to map surfaces 

with vegetation. This was an integrative procedure to facilitate mapping and the final 

procedure also re-coded misclassified areas as a result of tree shading.  

 

4.7 CE Accuracy Assessment 

 The following sections describe how the accuracy of the various classification 

methods were evaluated by correlating map products and ground information. Five 

different ground-truth methods are compared as we look for efficient ways to collect field 

data and assess our mapping products as well as to appraise how our collected 

information represents true ground data and how it compares with our mapping products. 
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     4.7.1 Park CE Accuracy Assessment Comparison 

            The classification methods used across study sites to determine CE were based on 

the thematic classification explained in section 3.10. These results were compared against 

the unaligned-random sampling points collected over CHIR, Ajos, and ePBR to assess 

accuracy.  There were some considerations made based on the CE found at each study 

site. For example: surfaces modified by human activities was visually interpreted and 

taken out of the analysis; tree cover found at ePBR does not distinguish between 

perennial or deciduous leaf. At ePBR, tree cover is dominated by mesquite which 

encompasses areas of highly dense vegetation cover across riparian ecosystems.   Tables 

38 to 45 show the confusion matrices with the overall accuracy and accuracy assessment 

per CE at each Park. The greatest overall accuracy is found in ePBR using IKONOS with 

70.00% overall accuracy, while the lowest is reported in CHIR using IKONOS with 

51.90% overall accuracy and confusion matrices, see Tables 38 to 45. 

 
 

Table 38. CE confusion Matrix Ajos-Bavispe, IKONOS image.  
 

 Ground Reference Data 

CF Class Pine Oak Shrub Herb. Bare row sum 

Pine 21 6 0 0 0 27 

Oak 7 16 4 0 0 27 

Shrub 5 6 6 6 0 23 

Herb. 0 0 4 1 1 6 

Bare 0 0 2 0 8 10 

R
S

 C
la

s
s
if
ic

a
ti
o
n
 

column sum 33 28 16 7 9 93 

Overall Accuracy 55.91% 

Kappa 41.36% 
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Table 39. Accuracy assessment of CE at Ajos-Bavispe, IKONOS image. 
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Pine 63.64 36.36 77.78 22.22 

Oak 57.14 42.86 59.26 40.74 

Shrub 37.50 62.50 26.09 73.91 

Herb. 14.29 85.71 16.67 83.33 

Bare 88.89 11.11 80.00 20.00 

 
 

 

 

Table 40. CE confusion Matrix CHIR, QuickBird image. 

 

 Ground Reference Data 

CF Class Pine Oak Shrub Herb. Bare row sum 

Pine 94 51 2 1 1 149 

Oak 51 53 7 0 0 111 

Shrub 13 22 177 12 1 225 

Herb. 6 11 61 33 15 126 

Bare 0 0 7 6 35 48 

R
S

 C
la

s
s
if
ic

a
ti
o
n
 

column sum 164 137 254 52 52 659 

Overall Accuracy 59.48% 

Kappa 46.43% 
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Table 41. Accuracy assessment of CE at CHIR, QuickBird image. 
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Pine 57.32 42.68 63.09 36.91 
Oak 38.69 61.31 47.75 52.25 

Shrub 69.69 30.31 78.67 21.33 
Herb. 58.66 41.34 26.19 73.81 
Bare 67.31 32.69 72.92 27.08 

 
 

 

Table 42. CE confusion Matrix CHIR, IKONOS image. 

 

 Ground Reference Data 

CF Class Pine Oak Shrub Herb. Bare row sum 

Pine 95 63 26 0 2 186 

Oak 38 54 22 0 1 115 

Shrub 21 17 126 3 0 167 

Herb. 6 3 30 24 10 73 

Bare 6 1 41 26 42 116 

R
S

 C
la

s
s
if
ic

a
ti
o
n
 

column sum 166 138 245 53 55 657 

Overall Accuracy 51.90% 

Kappa 37.79% 
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Table 43. Accuracy assessment of CE at CHIR, IKONOS image. 
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Pine 57.23 42.77 51.08 48.92 

Oak 39.13 60.87 46.96 53.04 

Shrub 51.43 48.57 75.45 24.55 

Herb. 45.28 54.72 32.88 67.12 

Bare 76.36 23.64 36.21 63.79 

 
 

 

 

 

Table 44. CE confusion Matrix for ePBR, IKONOS image 

 

 Ground Reference Data 

CF Class Tree Shrub Herb. S/B/R row sum 

Tree 9 4 1 0 14 

Shrub 9 223 1 5 238 

Herbaceous 4 55 13 0 72 

Sparse/Bare/Rock 7 28 0 21 56 

column sum 29 310 15 26 380 R
S

 C
la

s
s
if
ic

a
ti
o
n
 

      
Overall Accuracy 70.00 % 

Kappa 35.99 % 
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Table 45. Accuracy assessment of CE at ePBR. IKONOS image. 
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Tree 31.03 68.97 64.29 35.71 
Shrub 71.94 28.06 93.70 6.30 

Herbaceous 86.67 13.33 18.06 81.94 
Sparse/Bare/Rock 80.77 19.23 37.50 62.50 

 
      

     4.7.2 Accuracy Assessment using Transects over CHIR, QuickBird image 

 The second methods used consisted of using all transects surveyed across CHIR 

park. This procedure follows steps described in section 3.13.2. Two different ways to 

match field and image CE were used, one by scoring true classified pixels within an area 

of 1 x 1 m. and another by using an area of 2 x 2 m. True pixels were scored as true 

regardless of whether it cover a large or small proportion of the 2 x 2 area.  When this 

survey was designed pine coverage was aggregated and later discarded to generalize tree 

cover and compare fewer CE, this increase slight accuracy in both instances, using 1 m2 

and 4 m2 area.  

 

          4.7.2.1 Accuracy Assessment Results Utilizing Transects  

 Table 46 shows how the information collected from each transect was organized. 

This arrangement provides a feasible way for error checking as well as allowing the 

estimation of the error matrices provided in Tables 47 and 48.  A table including all sites 

surveyed had almost 2000 rows. In this table grouping all the information from transects 

were used to create error matrices. A preliminary review demonstrated a consistent error 
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among CE related to bare ground, sparsely vegetated areas, and rock. These CE presented 

a challenge related to discriminating ground partially covered by plants; therefore 

grouping of these classes (as shown in section 4.7) was applied. A 5-class confusion 

matrix was then generated. Tables 47 – 49, shows the accuracy assessment results using 1 

x 1 and 2 x 2 pixel sizes.  

 

Table 46. Example of transect 49 (T49) summarizing the information collected along 

transects: A Transect Identified (Transect ID), Distance (Dist), Field CE (Survey), 

Map CE results (Map), CE at 1-pixel and 2-pixel (CE-1P, and CE-2P), correct CE 

at 1-pixel (COR1) and correct CE at within a 2 pixel area (COR2).  
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T49 1 2 2 2 2 1 1 0 2 0 0 0 0 0 0 2 0 0 0 0 0 

T49 2 6 3 3 3 0 0 0 0 0 0 0 3 0 0 0 0 0 0 3 0 

T49 3 6 4 4 4 0 0 0 0 0 0 0 4 0 0 0 0 0 0 4 0 

T49 4 6 4 4 4 0 0 0 0 0 0 0 4 0 0 0 0 0 0 4 0 

T49 5 6 3 3 3 0 0 0 0 0 0 0 3 0 0 0 0 0 0 3 0 

T49 6 6 4 4 4 0 0 0 0 0 0 0 4 0 0 0 0 0 0 4 0 

T49 7 2 3 2 2 1 1 0 2 0 0 0 0 0 0 2 0 0 0 0 0 

T49 8 2 2 2 2 1 1 0 2 0 0 0 0 0 0 2 0 0 0 0 0 

T49 9 2 2 2 2 1 1 0 2 0 0 0 0 0 0 2 0 0 0 0 0 

T49 10 2 2 2 2 1 1 0 2 0 0 0 0 0 0 2 0 0 0 0 0 

T49 11 2 2 2 2 1 1 0 2 0 0 0 0 0 0 2 0 0 0 0 0 

T49 12 2 2 2 2 1 1 0 2 0 0 0 0 0 0 2 0 0 0 0 0 
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T49 47 6 4 6 6 1 1 0 0 0 0 0 6 0 0 0 0 0 0 6 0 

T49 48 6 4 4 6 0 1 0 0 0 0 0 4 0 0 0 0 0 0 6 0 

T49 49 6 3 6 6 1 1 0 0 0 0 0 6 0 0 0 0 0 0 6 0 

T49 50 6 4 4 6 0 1 0 0 0 0 0 4 0 0 0 0 0 0 6 0 

T49 51 3 4 3 3 1 1 0 0 3 0 0 0 0 0 0 3 0 0 0 0 

 
  

The attributes information that corresponds to the columns in Table 46, are describe in 

more detail below. Transect ID Transect identification number 
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Dist. =  Distance from transect origin, meters (= pixels) 

Survey  = CE value surveyed on the ground 

Map = CE value of mapped pixel 

CE-1P = Survey value if Survey = Map; otherwise value = Map, for 1x1 pixel size 

sampling box 

CE-2P = Survey value if Survey = Map; otherwise value = Map, for 2x2 pixel size 

sampling box 

COR1 = 1 if Survey = Map; otherwise value = 0, for 1x1 pixel size box 

COR2 = 1 if Survey = Map; otherwise value = 0, for 2x2 pixel size box 

Table 47. Confusion Matrix for 1x1 pixel size box, for 5 classes. 

1x1 pixel box 

 Ground Reference Data 

CF Class Tree Shrub Herb. S/B/R SM row sum 

Tree 472 44 18 28 5 567 

Shrub 120 296 29 72 2 519 

Herbaceous 20 46 367 67 0 500 

Sparse/Bare/Rock 26 28 9 237 0 300 

Surface Modified 0 0 0 0 24 24 R
S

 C
la

s
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n
 

column sum 638 414 423 404 31 1910 

Overall Accuracy 73.09% 
Kappa 64.14% 

 

Table 48. Confusion Matrix for 2x2 pixel size box, for 5 classes. 

2x2 pixel box 

 Ground Reference Data 

CF Class Tree Shrub Herb. S/B/R SM row sum 

Tree 505 36 13 27 4 585 

Shrub 91 333 18 64 0 506 

Herbaceous 17 25 389 55 0 486 

Sparse/Bare/Rock 25 20 3 258 0 306 

Surface Modified 0 0 0 0 27 27 R
S

 C
la

s
s
if
ic

a
ti
o
n
 

column sum 638 414 423 404 31 1910 

Overall Accuracy 79.16% 
Kappa 72.21% 
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Table 49. Accuracy and error estimates for 1x1 and 2x2 pixel size sampling boxes. 
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 1x1 pixel sampling box 2x2 pixel sampling box 

Tree 73.98 26.02 83.25 16.75 79.15 20.85 86.32 13.68 

Shrub 71.50 28.50 57.03 42.97 80.43 19.57 65.81 34.19 

Herbaceous 86.76 13.24 73.40 26.60 91.96 8.04 80.04 19.96 

Sparse/Bare/Rock 58.66 41.34 79.00 21.00 63.86 36.14 84.31 15.69 

Surface Modified 77.42 22.58 100.00 0.00 87.10 12.90 100.00 0.00 

 
 

     4.7.3 Accuracy Assessment of CE Using Interpreted Polygons along some Transects 

in CHIR 

 Accuracy assessment sampling using interpreted polygons utilized 16 different 

transects that had been surveyed (section 3.13.5). Polygon delineation was also adjusted 

to match the cluster’s shape associated with CE type. While the survey took place a 

second set of data was also collected, this data set was similar to the data set used in 

section 3.13.4. The only difference is that these new points were carefully located and 

placed at the center of the cluster and labeled in the field. A hand held computer equipped 

with a GPS and the QuickBird Images in the background was extremely helpful to locate 

and identify these sampling points; the results are shown in Table 50. 
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Table 50. Confusion Matrix for un-aligned random points collected in CHIR 

 

 Ground Reference Data 

 

  Pine Oak Shrub Herbaceous Bare Human Total 

Pine 132 30 1 1 0 0 164 

Oak 14 86 1 0 0 0 101 

Shrub 15 20 232 2 0 0 269 

Herbaceous 4 1 8 45 8 0 66 

Bare 1 1 1 4 46 0 53 

Human 0 0 0 0 0 16 16 

R
S

 C
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Total 166 138 243 52 54 16 668 

  Overall Accuracy 83.23%  

  Kappa 77.74%  

 

 

Table 51. Accuracy and error estimates using un-aligned random points collected in 

CHIR 
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Pine 79.52 20.48 80.49 19.51 

Oak 62.32 37.68 85.15 14.85 

Shrub 95.47 4.53 86.25 13.75 

Herbaceous 86.54 13.46 68.18 31.82 

Bare 85.19 14.81 86.79 13.21 

Human 100.00 0.00 100.00 0.00 
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Table 52. Confusion Matrix for polygons interpreted in CHIR 

 

 Ground Reference Data 
   Pine Oak Shrub Herbaceous Bare Human Total 

Pine 1608 353 738 5 36 0 2740 

Oak 1639 762 2069 154 155 0 4779 

Shrub 797 972 4759 1278 964 0 8770 

Herbaceous 454 208 1818 7064 2383 0 11927 

Bare 16 10 274 1767 3254 0 5321 

Human 0 0 0 1 18 104 123 

R
S

 C
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Total 4514 2305 9658 10269 6810 104 33660 

Overall Accuracy  52.14% 

Kappa  37.40% 

 
 

Table 53. Accuracy and error estimates for polygons interpreted collected in CHIR 
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Pine 35.62% 64.38% 58.69% 41.31% 

Oak 33.06% 66.94% 15.94% 84.06% 

Shrub 49.28% 50.72% 54.26% 45.74% 

Herbaceous 68.79% 31.21% 59.23% 40.77% 

Bare 47.78% 52.22% 61.15% 38.85% 

Human 100.00% 0.00% 84.55% 15.45% 

 

 

4.8 Assessment of Sampling Requirements Using Transects, Polygons, and Points 

 Two estimates of the number of samples required to be within 5% of the true 

accuracy of the classifications were completed at the 95% and 90% confidence intervals. 

All but Ajos-Bavispe Park appear to be exceed the number required to meet at least the 

90% confidence level. In principle, this area was complicated to survey due to the steep 

terrain and the lack of access to many representative Formations. For the rest of the 

Parks, the numbers of samples obtained are located between 90% and 95% confidence 
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level. In two instances we interpret points along transect by using the number of pixels 

surveyed (CHIR Transects) and the number of polygons observed (CHIR Polygons). 

These two data sets represent the highest confidence level; however they also represent 

the most time and labor intensive efforts required to collect detailed ground cover 

samples. Numbers collected under “No. points” are the points that were surveyed at N 

95% and N 90% (Table 54). 

 

Table 54. Total points collected and required per Park at 95% and 90% confidence. 

Park No. Samples No. Points N 95% N 90% 

CHIR Transects 34 transects 1910 759 190 

CHIR Polygons 16 transects 1176 759 190 

CHIR Points NA 669 759 190 

Ajos-Bavispe Points NA 90 1565 391 

ePBR Points NA 334 1045 261 

 
 
4.9 Spatial Autocorrelation 

 The final technique applied to improve classification results relied on the potential 

spatial auto-correlation that exist between neighboring pixels. The study of 

semivariograms offers the capability to assess the spatial autocorrelation among adjacent 

pixels. The analysis was first applied to find potential layers or data sets that may offer a 

better separation among CE, and then these layers were included in the classification 

procedures. It was recognized that that clusters of CE will present different results 

dependent on terrain differences between study sites. However, it would still be possible 

at each study site to evaluate which data layers provide the best means of extracting CE.  

This work was divided in two parts: 1) Ground data that has higher confidence was 

needed it to test CE autocorrelation and extraction vs. several band products and then 

select the dataset that provides better separation among CE.  The representative nature of 
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the field data was evaluated against CE based on ground information obtained from all 

points and all polygons generated and surveyed in CHIR using ρTOA . 2) The selected 

spectral data were then used to generate sill, nugget, slope, and range; the semivariogram 

parameters that were later evaluated as part of the thematic classification. The purpose 

was to test the possibilities of applying new methods with the intention to improve CE 

extraction.  

 

     4.9.1 Data Set Selection to Evaluate Spatial Autocorrelation 

 Autocorrelation among CE, we tested four different VIs (NDVI, EVI, SAVI, and 

MSAVI). These indices are commonly used in remote sensing and we decided to evaluate 

their performance against values obtained from different known CEs based on our field 

knowledge. VI results are expected to perform better since most CE types are plant 

related; the VI index that provided better separation of values with the least amount of 

overlap and the greatest separation (low within class variance and greater differences in 

mean between classes). Table 55 summarizes the results obtained where NDVI and SAVI 

clearly show some advantage over the other three VIs. Between NDVI and SAVI, we 

considered that SAVI will better minimize the effect of soil background across semiarid 

and arid ecosystems; therefore, we used SAVI to estimate all semivariogram variables. 
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Table 55. Average and variance comparison among CE using four different VIs: NDVI, 

EVI, SAVI, and MSAVI. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

     4.9.2. Evaluation of Variogram Variables Based on Field Data and Previously 

Classified CE  

 Section 3.11.2 describes the methods followed during the calculation of the 

semivariogram variables. Based on SAVI four variogram parameters were calculated: 

sill, nugget, slope, and range. These values were generated in Matlab (R2007 b) and 

NDVI        

Category CE Average Variance Mean_Dif Var_Dif % Dif_Mean/100 %_Dif_Var/100 

1 Human 82.23 5.93     
2 Bare 114.47 86.49 32.24 80.56 0.50 0.21 
3 Herbaceous 119.80 47.78 5.33 38.70 0.08 0.10 
4 Shrub 129.14 242.20 9.35 194.41 0.15 0.51 
5 Oak 138.55 240.79 9.40 1.41 0.15 0.00 
6 Pine 146.07 304.10 7.53 63.31 0.12 0.17 

 Total   63.84 378.39 1.00 1.00 
EVI        

Category CE Average Variance Mean_Dif Var_Dif % Dif_Mean %_Dif_Var 

1 Human 59.49 0.06     
2 Bare 63.52 2.77 4.03 2.71 0.39 0.16 
3 Herbaceous 63.81 1.33 0.29 1.44 0.03 0.09 
4 Shrub 66.11 7.30 2.30 5.98 0.22 0.36 
5 Oak 67.63 8.53 1.52 1.23 0.15 0.07 
6 Pine 69.79 13.95 2.15 5.42 0.21 0.32 

 Total   10.30 16.78 1.00 1.00 
SAVI        

Category CE Average Variance Mean_Dif Var_Dif % Dif_Mean %_Dif_Var 

1 Human 49.49 5.19     
2 Bare 87.24 194.30 37.75 189.12 0.44 0.22 
3 Herbaceous 91.22 92.37 3.98 101.93 0.05 0.12 
4 Shrub 108.16 435.58 16.94 343.21 0.20 0.41 
5 Oak 120.59 470.46 12.43 34.88 0.15 0.04 
6 Pine 134.91 644.37 14.32 173.91 0.17 0.21 

  Total   85.42 843.05 1.00 1.00 
MSAVI        

Category CE Average Variance Mean_Dif Var_Dif % Dif_Mean %_Dif_Var 

1 Human 21.84 1.16     
2 Bare 42.28 56.59 20.43 55.44 0.43 0.14 
3 Herbaceous 44.15 26.21 1.87 30.38 0.04 0.08 
4 Shrub 52.51 150.98 8.36 124.77 0.18 0.32 
5 Oak 59.58 197.61 7.07 46.63 0.15 0.12 
6 Pine 69.26 326.12 9.67 128.51 0.20 0.33 

 Total   47.41 385.72 1.00 1.00 
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imported into ERDAS imagine 9.2 as additional bands. To evaluate variogram 

parameters, ground data was considered to compare previously classified CE against 

ρTOA for blue, red, green, and NIR bands as well as all variogram parameters. The 

ground information collected at CHIR as point and as polygons was considered to be 

more reliable with higher accuracy and better CE spatial representation. All interpreted 

polygons across 16 different transects and all random points collected were used to 

evaluate weather polygons and points were statistical similar or different. Further testing 

was applied to analyze CE overlap using histograms to compare CE values against each 

other and get insight into possible extraction of CE.  Table 56 highlights in brown field 

datasets which are similar or different between CEs. This assumes that both datasets are 

valuable and both represent real variability on the ground; therefore, both were used to 

see CE variance/overlap across all VHR spectral bands and variogram variables (see 

Figures 35 to 42).  

Similar to the histograms from figures 35 to 42 we also used the Whisker plots to 

observe CE classes relationships while at the same time evaluating statistically 

differences between CE by dataset, see Figures 43 and 44. Whisker plots allow us to 

represent the distribution of the values (shown in solid colors) as well as the outliers 

which are defined as 1.5 X IQR (interquartiles range). Outliers are represented by crosses 

outside of what is considered the normal range of data distribution, see Figures 43 and 

44. 
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Table 56. ANOVA comparison between field data set extracted using points and 

polygons. The brown boxes represent the sections that for a specific band and CE 

the extracted values were statistically similar. 

 Blue   Green   Red   NIR   Sill   Nugget   Slope   Range   

 Poly Pts Poly Pts Poly Pts Poly Pts Poly Pts Poly Pts Poly Pts Poly Pts 

Pine                                 

Oak                                 

Shrub                                 

Herb                                 

Bare                                 

Human                                 

                 

     Equal              

     Different             

 

 

 

 
 

Figure 35. Histogram comparison of CE using the Blue band. 
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Figure 36. Histogram comparison of CE using the Green band. 
 
 

 
 

Figure 37. Histogram comparison of CE using the Red band. 
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Figure 38. Histogram comparison of CE using the NIR band. 
 

 
 

Figure 39. Histogram comparison of CE using the Sill band. 
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Figure 40. Histogram comparison of CE using the Nugget band. 
 
 

 
 

Figure 41. Histogram comparison of CE using the Slope band. 
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Figure 42. Histogram comparison of CE using the Range band. 
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Figure 43. Box and Whisker plots for layers’ rescaled values using CE (Pine = P, Oak = 

O, Shrub = S, Herbaceous = H, Bare Ground = B, Human = H). Each CE value 

was extracted using points and polygons sampled. ANOVA analysis was applied 

to evaluate CE similarities in blue, green, red, NIR bands; * symbols represent CE 

groups that are statistically similar between group samples. Cross marks resample 

outliers which are defined as 1.5 X IQR (interquartiles range).  
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Figure 44. Box and Whisker plots for layers’ rescaled values using CE (Pine = P, Oak = 

O, Shrub = S, Herbaceous = H, Bare Ground = B, Human = H). Each CE value 

was extracted using polygons sampled. ANOVA analysis was applied to evaluate 

CE similarities in sill, nugget, slope, and Range bands; * symbols represent CE 

groups that are statistically similar between group samples. Cross marks resample 

outliers which are defined as 1.5 X IQR (interquartiles range). 
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     4.9.3 Divergence Analysis for Feature Selection 

 CE separation depends on the dataset properties to distinguish land cover types; 

therefore, a Divergence analysis was used to test two groups at a time based on equation 

[22] (section 3.11.3.3). This separability can be tested based on the number of bands and 

combination of bands. Divergence aims is to evaluate those bands and number of bands 

that would provide maximum separability between two groups by setting up mean values 

that will describe how much separability paired groups will offer in relationship to the 

type of data. The results for the first Divergence analysis are shown in Table 57 

 

Table 57.  Table with Divergence values using 4, 5, 6, and 7 bands and all potential CE 

pairs. 

 Divergence Estimations using Four, Six, and Seven Different Band Combinations 

  Class Combinations 

Bands Pine Pine Pine Pine Pine Oak Oak Oak Oak Shrub Shrub Shrub Herb Herb Bare 

Combination Oak Shrub Herb Bare Human Shrub Herb Bare Human Herb Bare Human Bare Human Human 

1 2 3 4 0.94 2.22 24.68 29.12 171.17 1.65 25.33 31.77 116.23 15.75 20.87 83.37 2.20 40.24 27.51 

1 2 3 4 5 1.34 3.24 31.69 30.33 453.86 2.00 28.94 32.15 272.07 18.67 21.09 233.68 3.99 103.48 174.83 

1 2 3 4 6 1.03 2.62 28.35 29.67 212.93 1.80 27.68 32.01 143.78 17.44 21.01 103.80 3.08 45.62 44.92 

1 2 3 4 7 0.97 2.27 25.11 29.13 173.82 1.66 25.58 31.78 118.03 15.92 20.90 84.78 2.52 40.53 28.52 

1 2 3 4 8 1.17 2.64 28.98 29.61 444.32 1.84 27.57 31.99 262.95 17.82 21.03 237.59 3.41 93.95 168.71 

1 2 3 4 5 6 1.44 3.45 34.77 30.80 504.77 2.06 30.87 32.42 301.68 20.06 21.20 265.91 4.85 114.53 209.60 

1 2 3 4 5 7 1.37 3.30 32.12 30.34 456.51 2.01 29.18 32.16 273.88 18.84 21.12 235.03 4.31 103.77 175.83 

1 2 3 4 5 8 1.46 4.65 35.36 31.67 571.85 4.19 31.38 34.19 338.78 20.33 21.14 394.20 5.02 159.00 318.50 

1 2 3 4 6 7 1.06 2.68 28.79 29.69 216.33 1.81 27.94 32.04 146.09 17.61 21.04 105.24 3.41 45.98 46.06 

1 2 3 4 6 8 1.25 2.99 32.52 30.17 493.84 1.95 29.80 32.21 294.84 19.39 21.14 263.21 4.25 101.58 192.25 

1 2 3 4 7 8 1.20 2.69 29.41 29.62 454.96 1.85 27.81 32.00 269.07 17.99 21.06 243.99 3.73 95.47 173.17 

1 2 3 4 5 8 7 1.49 4.72 35.80 31.69 582.47 4.25 31.65 34.24 345.26 20.50 21.17 402.86 5.35 161.48 325.34 

1 2 3 4 5 8 6 1.60 108.96 82.09 146.49 588.79 181.31 107.53 228.46 350.01 21.68 21.29 503.44 5.86 203.62 446.15 

Bands: 1. Blue, 2. Green, 3. Red, 4. NIR, 5. Sill, 6. Nugget, 7. Slope, 8. Range 

Note: The larger the values the greater the separability between those two CE. 

 

 An improvement over equation [22] is shown in equation [23]; equation [23] 

helps to normalize values for divergence and constrains values to a maximum of 2000. 

Basically the results can be classified as having good separation above 1700 and low 

separation bellow 1700. However, for the purpose of this research it was important to 

assess the range of separatibility,  
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Table 58.  Table with Transformed Divergence values using 4, 5, 6, and 7 bands and all 

potential CE pairs. 

 Transformed Divergence Estimations using Four, Six, and Seven Different Band Combinations 

  Class Combinations 

 Pine Pine Pine Pine Pine Oak Oak Oak Oak Shrub Shrub Shrub Herb Herb Bare 
Bands Combination Oak Shrub Herb Bare Human Shrub Herb Bare Human Herb Bare Human Bare Human Human 

1 2 3 4 222 484 1909 1948 2000 373 1916 1962 2000 1721 1853 2000 480.3 1987 1935.8 

1 2 3 4 5 308 666 1962 1955 2000 442 1946 1964 2000 1806 1857 2000 784.9 2000 2000 

1 2 3 4 6 241 559 1942 1951 2000 403 1937 1963 2000 1774 1855 2000 639.7 1993 1992.7 

1 2 3 4 7 228 495 1913 1948 2000 375 1918 1962 2000 1727 1853 2000 540.2 1987 1943.4 

1 2 3 4 8 272 562 1947 1951 2000 411 1936 1963 2000 1784 1856 2000 694.3 2000 2000 

1 2 3 4 5 6 329 701 1974 1957 2000 455 1958 1965 2000 1837 1859 2000 908.6 2000 2000 
1 2 3 4 5 7 314 676 1964 1955 2000 444 1948 1964 2000 1810 1857 2000 832.8 2000 2000 
1 2 3 4 5 8 333 882 1976 1962 2000 815 1960 1972 2000 1842 1858 2000 932.7 2000 2000 
1 2 3 4 6 7 248 569 1945 1951 2000 406 1939 1964 2000 1779 1856 2000 693.4 1994 1993.7 

1 2 3 4 6 8 289 624 1966 1954 2000 432 1952 1964 2000 1823 1858 2000 823.7 2000 2000 

1 2 3 4 7 8 278 572 1949 1951 2000 413 1938 1963 2000 1789 1856 2000 746 2000 2000 

1 2 3 4 5 8 7 340 891 1977 1962 2000 824 1962 1972 2000 1846 1858 2000 974.9 2000 2000 
1 2 3 4 5 8 6 363 2000 2000 2000 2000 2000 2000 2000 2000 1867 1860 2000 1039 2000 2000 

Bands: 1. Blue, 2. Green, 3. Red, 4. NIR, 5. Sill, 6. Nugget, 7. Slope, 8. Range 

 

     4.9.4 Dataset Selection to Improve CE Extraction 

 As we combined variance variables with reflectance data it was clear that not all 

bands would evenly contribute to the separation of CE and that a specific number of 

bands and types of bands would provide a specific combination that will better extract a 

given CE. The results obtained in Table 59 reflect this pattern where we can see 

extraction of CE performance as we combine a specific number of bands and assess 

accuracy.  

 Based on these results a sequential classification was performed by running an 

unsupervised classification with the best combination of reflectance and semivariogram 

bands to extract each CE. For example, once a class (e.g. Pine) was classified (for Pine 

using the combined bands of ρTOA-Sill-Range-Nugget-Slope) pixels were identified as 

pine and then it served as a mask for subsequent classification for each CE. This process 

was followed until all CE were extracted with the specific dataset combinations shown in 

Table 59. This process ultimately left a small number of pixels unclassified and a 3x3 

majority filter for the Pine, Oak, and Shrub classes was used. Any remaining unclassified 
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pixels were recoded as Shrub based upon its dominance as a class. Once completed the 

accuracy of this classification was assessed using the combined ρTOA and 

semivariogram variables (Table 60). Clearly, this technique did not  

 

Table 59. General accuracy assessments and accuracy assessments per CE using different 

spectral bands: Blue, Green, Red, and NIR, as well as the four variogram 

variables: Sill, Nugget, Range, and Slope. The blue text highlights the highest 

accuracy per column.   

 CE 

Bands Combination 
Overall 

Accuracy Pine Oak Shrub Herb Bare Human 

Nugget 13.64% 32.40% 19.79% n/a 11.98% 41.71% 100.00% 
Nugget-Sill 15.68% 34.21% 10.43% 24.64% 11.93% 43.37% 100.00% 
Sill 20.21% 30.51% 10.01% 30.82% 10.35% 52.48% 100.00% 
ρTOA-nugget-Range 51.45% 87.31% 31.79% 47.42% 51.55% 58.35% 100.00% 
ρTOA-Sill-Range-Nugget-Slope 51.53% 87.34% 29.93% 48.89% 50.23% 55.92% 100.00% 
ρTOA-Nugget-Sill-Range 52.64% 87.30% 31.48% 50.34% 51.64% 58.22% 100.00% 
ρTOA 52.72% 74.43% 49.67% 49.53% 60.86% 59.27% 100.00% 
ρTOA-Nugget 56.25% 85.20% 38.29% 55.20% 55.48% 59.59% 100.00% 
ρTOA-Nugget-Sill 58.11% 84.41% 40.48% 59.07% 55.15% 60.22% 100.00% 

 

Table 60. CE accuracy assessment results obtained after extracting each CE using the 

band combination that provided maximum accuracy.  

CE 
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Pine 51.62% 48.38% 52.89% 47.11% 
Oak 52.69% 47.31% 22.25% 77.75% 
Shrub 33.01% 66.99% 57.73% 42.27% 
Herb 44.18% 55.82% 43.72% 56.28% 
Bare 17.83% 82.17% 22.01% 77.99% 
Human 100.00% 0.00% 73.08% 26.92% 
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4.10 Formation Accuracy Assessment 

The methods utilized to assess the accuracy of Formation maps is described in 

section 3.16. These Formations were first estimated using CE clusters classified based 

VI, Band Ratios and ρTOA. Then a second CE classification was used to determine 

Formations based on ρTOA and the variogram combination described in Table 59. The 

results were compared against visually interpreted CE polygons to determine accuracy. 

Table 61 presents a list of Formations showing the producers and users accuracies.  

 

Table 61. Formations accuracy assessment using previously CE obtained using 

Vegetation Indices (VI) results and CE using Variogram variables. 

  Using ρTOA ,VI, and Band Ratios Values Using ρTOA and Variogram Variables 
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Pine Forest (PF) 47.71% 52.29% 52.53% 47.47% 48.55% 51.45% 36.86% 63.14% 
Oak Forest (OF) 3.57% 96.43% 1.43% 98.57% 57.48% 42.52% 16.69% 83.31% 
Pine Woodland (PW) 46.67% 53.33% 3.18% 96.82% 39.85% 60.15% 16.64% 83.36% 
Oak Woodland (OW) 2.13% 97.87% 30.77% 69.23% 7.23% 92.77% 53.86% 46.14% 
Shrubland (SH) 46.82% 53.18% 52.74% 47.26% 29.87% 70.13% 99.22% 0.78% 
Wooded Shrubland (WS) 13.79% 86.21% 15.79% 84.21% 3.01% 96.99% 11.27% 88.73% 
Tree Savanna (TS) 5.00% 95.00% 16.67% 83.33% 32.04% 67.96% 13.79% 86.21% 
Shrub Savanna (SS) 0.00% 100.00% 0.00% 100.00% 19.17% 80.83% 7.26% 92.74% 
Herbaceous (HE) 75.66% 24.34% 77.53% 22.47% 0.00% 100.00% 0.00% 100.00% 
Bare Soil (BS) 46.09% 53.91% 69.43% 30.57% 21.79% 78.21% 15.32% 84.68% 
Surface modified by human activity (SM) 100.00% 0.00% 66.67% 33.33% 100.00% 0.00% 48.08% 51.92% 

Overall Accuracy       44.75%       27.28% 

 
 Individual clusters or patches were enclosed by digitized polygons interpreted as 

pine, oak, shrub, herbaceous, bare ground, or surface modified by human activities.  

These CE were confirmed by during a field visit to each transect and each interpreted 

polygon along transects. The ground truth data collected based on polygons (Section 

4.7.3) was processed as describe in this section to obtain a close representation of a given 

Formation. 
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 To visually compare results obtained for all Formations by using CE extraction 

and by visually interpreting Formations using IKONOS imagery the following figure was 

created using fractional cover of CE. As shown in Figure 45 the general patterns of plant 

cover are followed but further assessment of its utility will need to be made in future 

research 

Figure 45. Preliminary Formation maps comparison to evaluate results between semi-

automated rule based Formation map and a visually derived Formation map.   
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CHAPTER V: DISCUSSION AND LESSONS LEARNED 

 

5.1 Differences Between IKONOS and DOQQ Mapping Units (Alliances) 

 Visual interpretation and interpretation relies on the mental integration of colors, 

shapes, textures and dimensions; our brains are well suited to making these combined 

judgments and a trained interpreter using VHR image data can generally achieve far 

greater accuracy than a computer algorithm. A single interpreter can also be quite 

consistent but the precision of these interpretations are subject to inaccuracies as well. An 

example is in the mixed Quercus – Pinus – Juniperus woodlands, with or without a 

significant shrub layer (Table 25); a miss interpretation of shrub cover can lead to a 

different Formation.  These differences are understandable in the sense that humans and 

computers differ in how texture and spectral properties are interpretable on an image.  

Small differences in area were noticed among Alliances that were easily distinguishable, 

either visually or spectrally, likewise for Alliances that area relatively homogeneous and 

clearly different (forest and grasslands).  Larger differences were noticed among groups 

with greater heterogeneity and apparently similar to one or more Alliances. Some 

potential reasons for these greater differences depend on: 1) the effects of “interstitial 

gaps” in the IKONOS map vs. uniform polygons in the DOQQ map; 2) differences in the 

capability of the two processing methods to separate and delineate a given Alliance; and 

3) differences in the interpretation of the interpreter as to the most appropriate Alliance 

name for polygons or pixel classes that cover substantial areas.  

The first factor is the most important considering that it includes how error affects 

smaller areas in IKONOS compared to the DOQQ.  Interpretation of the DOQQ was 
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broader and included scattered individual plants such as shrubs, trees, and clusters of 

herbaceous plants labeled as woodland.  The IKONOS classification, on the other hand, 

allows smaller clustering of individual plants, clusters of grass and shrubs that can be 

labeled apart from woodlands. Individual trees of the surrounding were also labeled as 

woodland with small and medium size clusters showing similarities among themselves. 

DOQQ’s pixels labeled as woodlands appear as wooded shrubland, shrub savanna or 

herbaceous Alliance in the IKONOS image. These two mapping methods rely on the 

effective grain size of the two maps used and the scale of the observation. The map utility 

is solely dependent on the maps purpose and target information.  Apparently, more 

Alliances can be visually identified than can be spectrally separated as we can see some 

classes with no representation in IKONOS while they appear quite prominent on the 

DOQQ. The interpreter’s judgment to assign Alliance names is difficult to assess and a 

comparison of the interpreter’s judgment to assign Alliances names appear consistent in 

both data sets. Differences are undeniable due to internal variations and seasonal effects 

due to differences in time of image acquisition. 

The four bands of IKONOS spectral data offers advantages to differentiate 

vegetation and bare ground, especially classes composed of gravel and rocks. As we 

compare the patch size between IKONOS and DOQQ; IKONOS presents more classes 

associated with rock and gravel, while the DOQQ data shows fewer classes represented 

by rock and gravel. The IKONOS system is more flexible than DOQQ in terms of 

availability; this program has proved consistent since 1999 and data can be ordered with 

limited cloud cover or free of cloud cover. Monitoring programs can be better assisted by 
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IKONOS imagery because it’s flexibility in terms of acquisition time and offers data 

consistency.  

 

5.1.1 DOQQ Map Accuracy and  Visual Interpretation 

 The results obtained for overall accuracy assessment for DOQQ at the Alliance 

level is 52.2% and 64.4% at the Formation level (Drake, 2003). Due to the inherent 

limitation of the field methods this result may not be realistic. Out of 132 field plots-

modules surveyed, 63 named Alliances incorrectly and 47 named incorrect Formations. 

Analyzing Formations errors we observed that a savanna like Formation mistaken by 

woodland (this was a mixed woodland-grass components related to relative abundance 

miscalculations). This occurs with less frequency in other Formations while species 

composition were reasonably correct, although if modules did not meet the set of rules 

previously describe (Section 3.13.1), modules will be incorrect if Formation is scored as 

incorrect. Because Formation is defined based on relative abundance and its proportion 

between herbaceous and woody plants some misrepresentation will be a significant 

source for error at Formation and Alliance level. An under- or over-estimation of grass 

cover on imagery such as a Formation defined by homogeneous plant cover at one 

stratum would have more of a chance to be correct that those mixing land cover types at 

different stratum.  

 Other errors were due to misinterpretation between tree cover vs. shrub cover. 

A misinterpretation between shrubs and trees would lead to a misclassification of 

shrublands and wooded shurblands. By looking at the interpretation of large shrubs 

(>2m) such as Garrya wrightii and Arctostaphylos pungens it is apparent that there were 
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some confusion over tree species - usually oaks.  A Formation is truly wrong when many 

shrubs are misinterpreted as tress; however when tree cover is dominant and only few 

shrubs are present the difference cannot be significant and Formation can be scored as 

correct.  

 In other instances errors were not due to misclassification of shrubs as tress but 

small shrubs that were not seen at all during the interpretation. Shrublands and shrub-

savannas were mapped as herbaceous cover. Texture did not seem to depict these plants 

presence because the shrub size did not seem to make a difference relative to the pixel 

area.  

 

    5.1.2 IKONOS Map Accuracy and Visual Interpretation 

 IKONOS overall accuracy is 71.2% at the alliance level and 79.6% at the 

Formation level (Drake, 2003). Because of the nature of the procedures and the 

limitations discussed previously, these numbers should not be taken as absolute. A review 

was completed to understand step-by-step mismatch between field data and mapped 

categories.  Out of 132 field plot surveyed 38 modules were incorrectly named at 

Alliance level and 27 at Formation level. In the case of IKONOS many errors related to 

DOQQ are applied to IKONOS and they will not be discussed again. However, 

differences in formats between vector and raster will be addressed to see the effect 

overall accuracy assessment 

 Since a 10 x 10 window over IKONOS contains 100 pixels, the expectation is that 

each window will contain more than one class of pixels. Some windows with 5 or 6 

Alliances present was not uncommon. As we retrieve the scoring rules where any of the 
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matching Alliances associated can be scored correct according to Section 3.13.1. This 

arbitrary rule then might give IKONOS an advantage over the DOQQ accuracy 

assessment. However, it is important to assess how much of an advantage this might be. 

 A list of IKONOS derived Alliances were compared with window derived 

Alliances. It was noticed that IKONOS- derived Alliance scored correctly comprised in 

most cases the highest or second highest majority, meaning that the correct Alliance 

makes the larger portion of the field scored Alliance. Few modules were “unfairly” 

scored as correct. A change in rule that will require the most abundant Alliance will 

slightly change the accuracy assessment results. This analysis for in general seems to 

match the field data relatively closely.  Accuracy seems generally good, IKONOS does 

contain errors and most are due to difficulty in matching specific spatial data similar to 

those found in the DOQQ. Nevertheless, few errors are due to misinterpretation. 

 

    5.1.3 Map Data Extraction and Comparison with Ground-truth Data (Plots) 

 Spatial correlation between the DOQQ and IKONOS data is about 10 meters. 

This would mean that the operable difference between plots and window locations on 

generated maps is about 10 m and could be as much as 20 m. This lack of exact 

congruence of plots and windows being compared could cause serious errors during the 

accuracy assessment. Multiple alliances can be mapped inside windows, while field data 

provides one Alliance per accuracy assessment site which prevented direct scoring of 

each module and required some “fuzzy” adjustments.  
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     5.1.4 IKONOS Advantages Over DOQQ 

 Delineation of Interpreted Polygons can be made using a similar approach for 

both IKONOS and DOQQ. However, computer enhancement and data processing 

methods favored IKONOS. Although, computer based methods favors IKONOS; the 

production of a vegetation map does not rely exclusively on computer algorithms. More 

meaningful elements fits the map categories when combined knowledge from the ground 

match represented features. Computer procedures act as tool to extract and represent 

accurately interpreted vegetation cover making the combined procedures more powerful 

(Drake, 2003). 

 

     5.1.5 Preliminary computer based classification using IKONOS 

 Interpreted polygons digitized to outline Formations were used to subset 14-

PCA bands per Formation. This procedure enclosed groups of pixels that visually share 

vegetation cover textural properties. Each subset portion of the PCA that represents a 

particular Formation was individually classified using an unsupervised classification 

(Tou and Gonzales, 1974) that targeted 8 to 12 clusters assigned based on the level of 

complexity of each Formation.  This procedure limited the range of the scene variability 

and the computer algorithm was constrained to work with pixels with less individual 

variability increasing the possibilities to extract land cover features.  This forethought 

was made to potentially represent vegetation Alliances within Formations and make 

interpretation easier. Alliances were assigned based on ground-truth information obtained 

in the field and this knowledge was extrapolated to other areas that were visual similar.  
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The results were examined and there were some clusters that did not accurately 

represent Alliances in some Formations as interpreted in the field. Clusters appeared 

coarse relative to the degree of variability seen in the field.  Alternatively, these mixed 

clusters were masked out to reclassify this group using more classes than specified 

earlier. Alternatively it would be a good option to try this over the entire image; we chose 

to reclassify mixed clusters by Formations using 50 different classes.  This procedure 

generated less plant mixing and more flexibility to regroup interpreted Alliances. This 

procedure makes sense because at 1x1 pixel resolution actually can represent individual 

rocks, shrubs, trees, as well as portions of tree canopy. 50 different classes were later re-

clustered into homogeneous categories of soil, grass, tree canopy, etc. These categories 

were integrated into Alliances within Formations. 

The re-clustering of the classes was completed based on identifying tree canopy 

i.e. oak trees, then adding neighboring pixels that are part of the canopy. Then another 

visually identified class within the Formation will be aggregated in the same way. Not all 

pixels were accurately identified, in many cases they were inferred based on accurately 

identified pixels and later corroborated in the field. 

 

5.2 QuickBird Image Data Visual Interpretation of Formation 

 Quickbird at its higher spatial resolution does not significantly improve visual 

interpretation; but it allows the interpreter to make faster decisions as the interpretation 

takes place.  Distinction of ground features is improved at this higher spatial resolution. 

An analysis of the visual interpretation differences between IKONOS and QuickBird 

were not intended. Extraction of Formation by visual interpretation was evaluated by 
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using visual estimates of Formation on the ground. Figures 30, 31, 32, and 33 in section 

4.2 reflect our capability to estimate fractional cover. In order to accurately distinguish a 

given Formation, fractional cover needs to be estimated within ranges that can help to 

apply the rules describe in Table 21. Figures 30-33 provide the interpreter’s ability to 

accurately interpreted fractional cover. Bare ground, herbaceous, shrubs, and tress are in 

most cases integrated as part of one or several Formations. Data from field estimates of 

fractional tree cover provides better estimates based on the image. In the case of bare 

ground, our estimates of fractional cover are considerably different from our estimates 

based on the image.  Therefore, collection of ground-truth data for fractional cover is 

quick but unreliable considering that neither product compares to each other nor either 

product is truly based on quantitative field protocols (e.g. line and transect data 

collection).  

 

5.3 Atmospheric Adjustment to Evaluate VHR Sensor Cross Comparisons 

 The results obtained in Table 27 and later Table 62 and 63 reflect the difficulty of 

quantitatively integrating or comparing these sensors. The possibility to develop a 

standard methodologies for integration or cross comparison should continue but clearly 

more direct methods of cross calibration such as the vicarious calibration techniques 

developed by the Remote Sensing Group at the University of Arizona need to be 

implemented. The differences encountered were not expected and a NASA team has 

documented the over-estimation of IKONOS and under-estimation of QuickBird as 

spectral radiance calibrations is re-calculated. Therefore, significant sources of error are 

introduced due calibration error in both sensors. These errors had to be assessed before a 
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cross comparison between sensors could be made. Work completed in March 14-16, 2006 

at the Stennis Space Center reflected a potential source of error that could explain the 

disparities (Holekamp, 2006). This work reports calibration differences between 

IKONOS and QuickBird (see Table 62 and Table 63). These differences do not reflect 

the total percent differences seen in Table 27 but overall difference may be introduced 

during the transformation of radiance to reflectance. Further correction could be applied 

to a second set of calibration coefficients taking into account the work of Holekamp 

(2006) to minimize calibration error and retest the atmospheric adjustments based on 

SBDART. 

 

Table 62. 2004/2005 IKONOS radiometric assessment, in band Radiance calibration 

coefficient (Holekamp, 2006).  

Bandwidth 
FWHM 
µm 

NASA 
Estimate 

[DN/(W/m2 sr)] 

IKONOS 
Provided 

[DN/(W/m2 sr)] 
% 

Difference 

1     0.450 - 0.520 67.8 +/- 2.6 72.8 -7.4% 

2     0.510 - 0.600 71.2 +/- 2.9 72.7 -2.1% 

3     0.630 - 0.700 93.0 +/- 3.3 94.9 -2.0% 

4     0.760 - 0.850 82.3 +/- 2.1 84.3 -2.4% 

Note: percent difference is calculated by (1-IKONOS/NASA Mean) 

Table 63. 2004/2005 QuickBird radiometric assessment, in band Radiance calibration 

coefficient (Holekamp, 2006).  

Bandwidth 
FWHM 
µm 

NASA 
Estimate 

(W/m2 sr µm DN) 

IKONOS 
Provided 

(W/m2 sr µm DN) 
% 

Difference 

1     0.445 - 0.510 0.26 +/- 0.02 0.236 9.2% 

2     0.500 - 0.595 0.16 +/- 0.01 0.145 9.4% 

3     0.620 - 0.690 0.19 +/- 0.01 0.179 5.8% 

4     0.755 - 0.875 0.14 +/- 0.01 0.135 3.6% 

Note: percent difference is calculated by (1-QuickBird/NASA Mean) 
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5.4 Mapping Considerations before Applying a Computer-Based Classification 

 The subjectivity and complexity of identifying vegetation Formations are 

challenging when using VHR images. Many life forms are observed and can be related to 

CE, as well as used as mapped units representing individual plants or sometimes 

Alliances as defined by the NVC.  However, small differences in plant relative 

abundance between life forms or CE can be extensive and not well defined without 

extensive field work and skilled human interpretation.  Nevertheless, considerations were 

made based on the Formation as a composite block that can be conceptually defined by 

using CE or life forms as Formation sub-units or building blocks.  CE can be classified 

and extracted as simplified plant life form or individual plants through image processing 

techniques. Once CEs have being defined, identified, and extracted, we can estimate CE 

relative abundance and use that to create a preliminary map of Formations.  

It should be noted that depending on spatial resolution a pixel can under- or over-

represent CEs; in some instances a individual cluster of a CE type will present mixed CE 

cover while other aggregated pixels forming clusters can be an individual CE 

representing another cover type or the same CE type.  During this clustering procedure it 

was noticed that a plant’s appearance was not consistent across steeper terrain. These 

differences were due to the effect of shading and shadowing and a clean extraction of a 

given CE will be complicated and that spectral signatures across similar CE over a 

complex terrain will vary and must be taken into consideration when classifying VHR 

data.  
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5.5 Principal Components Analysis (PCA) 

Four bands were used to generate six different band ratios and twelve vegetation 

indices for a total of 22 stacked bands that represents different combinations of 

information represented in the four original bands. This PCA analysis has been discussed 

by Schowengerdt (1997) and Jensen (1996) stating that spectral correlation, band overlap, 

and topography are some of the factors affecting redundancy (Schowengerdt, 1997, 

Jensen, 1996). As indicated in table 35 the PCA was applied and 14 different components 

were selected and processed using ERDAS Image 9.0. This initial procedure incorporated 

a manual and a computer-base classification; to test our ability to distinguish and extract 

CE as described in section 3.9.2. This classification was based on the ISODATA 

algorithm (Schowengerdt, 1997).  This unsupervised classification was run to generate 50 

different classes and each was reinterpreted visually to generate new clusters based on 

shared characteristics by CE.  By comparing results with the base imagery we evaluated 

CE correspondence of interpreted vegetation cover types, some of which were tentatively 

identified in the field. The re-interpenetration of classified pixels using a false color 

composite image was reviewed to help during the decision making process of assigning 

CE to a class. 

As this process was carried out we noted some interesting differences among 

components and between Park test sites. Table 36 shows all the products that corresponds 

to each PCA. In Table 36 we can see how most of the information variance for CHIR and 

Ajos is dominated by the NDVIgreen band using IKONOS while at CHIR using 

QuickBird data the band that dominates the variance is the Blue/NIR. At ePBR using 

IKONOS the band that dominates variance is WDVI. These similarities and differences 
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could be attributed to three factors: 1) differences/similarities related to the sensors 

spectral properties and/or the failure to normalize across the two sensors, 2) 

differences/similarities related to the surface characteristics and/or seasonal variation, and 

3) differences in sensor viewing geometry. It was beyond the scope of this research to 

separate these differences but in combination we can learn from these results. This 

comparison suggests that there is consistence between IKONOS images, a least across 

parks that present similar ground properties such as Ajos and CHIR. A direct comparison 

between classified PCA-Images using two different sensors from the same place is 

feasible but sensor differences may affect which derived bands are used in the 

classification (see CHIR PCA results using IKONOS and QuickBird in Table 36). In 

order to explain the dominance of derived bands across sensors plant properties would 

have to studied by cover type focusing on the spectral properties of each cover type/CE. 

This assessment can be helpful to further understand the real driving factors that strongly 

affect the classification between sensors. One important aspect to consider, if such 

research comparison is considered, is that during this work the sensors calibration would 

have to be improved in order to assure credible results. Clearly, the early nature of our 

work with respect to availability of data from these sensors coupled with limited funding 

for image data prohibited our ability to standardize acquisition of the data across study 

sites. In the future such standardization should be implemented for long-term monitoring 

programs. 
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5.6 Thematic Classification 

 CEs were extracted using two different sensors, IKONOS and QuickBird at three 

different locations. In principle, a preliminary classification was completed at CORO but 

only tree sites were used to conduct the classifications. During the classification process, 

pixels were cluster by visually interpreting its correspondence to CE or life form; this 

procedure was not significantly different across sensors and park study sites.  Clustered 

CE identified as shadow clearly showed a relationship with the solar geometry and at 

CHIR and Ajos the correction for canopy shadow had to be applied iteratively until the 

shadow class was completely reclassified based upon neighboring pixels. In areas such as 

the ePBR there was no need to do a correction for canopy shadow due to the high solar 

elevation angle and shorter mesquite canopy. Mixed CE of herbaceous plus trees were 

not obviously indentified at Ajos, perhaps because the study area did not include low 

valleys with extended areas of grass. In some cases it was noticed that water was 

classified as shadow or grass. Water was located in some areas where there were tanks or 

small ponds and we observed that in some cases the algae concentration in the standing 

water affected the color with a distinctive dark green color.  As we analyzed 

distinguishing pine trees from oak trees, it was also noticed that there were differences 

between mature and healthy oak/pine species; which made interpretation a little more 

confusing when smaller trees were found not growing normally due to harsh conditions 

or any other limiting factor. As we compare tree cover from the desert ecosystem at 

ePBR, with trees from the higher elevations at CHIR and Ajos; plant foliage from shrubs 

and small annual plants can have a similar signal and present mixed classes of CE.  

Visually these features became apparent as we observed classified pixels from trees and 
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shrubs; size also was important to distinguish shrubs and trees during the interpretation.  

It was also noted that as we classified the IKONOS image from ePBR soils presented a 

wide range of response. Soil background presented a wide range of color from dark 

volcanic gravel to bright sand dunes. We suspect that WDVI is strongly affected by soil 

background and the possibility exists that this index may help to classify soil type 

because of the wide range of classified pixels observed during the thematic classification 

at this site. 

 

     5.6.1 Gravel and Soils Extraction 

 Using SAVI, a series of values were used in trial-and-error tests to visually 

evaluate the performance of this index at CORO.  Figure 33 displays three different trails 

as different threshold values are increased.  ERDAS Imagine was used to automatically 

generate a series of binary images at different values of SAVI and then the results were 

compared using a false color composite image.  Based upon this analysis bare ground 

(probably with some very sparse plant cover) was discriminated using a SAVI value of 

0.3 as demonstrated in Figure 34.  

Clearly, this threshold analysis would be impractical to implement on an 

operational basis since we are not able to assure that all sensors, across all parks will 

behave similarly to apply a fixed threshold value. This procedure would have to be 

repeated every time assuming that we have good training sites, where we can assure good 

extraction of bare ground from herbaceous plants. To define a threshold value to separate 

bare ground and herbaceous plants is a fine line that cannot be interpreted from the image 

alone, especially when herbaceous plants form clusters smaller that the pixel size.  
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5.7 Accuracy Assessment for CE 

 Our research also focused on developing operationally viable procedures to 

perform accuracy assessment when mapping CE or life form using VHR sensors. This 

was done initially at CORO where we discovered that the field design was unsatisfactory 

and later at CHIR, ePBR, and Ajos using more consistent methods. Only at CHIR were 

data from both sensors available. 

 At CHIR we first tested our mapping products using a straight line transect 

oriented randomly (see section 3.13.2). Subsequently we evaluated our vegetation 

mapping results using two more methods, collection of unaligned random points (see 

section 3.13.4) and interpreted polygons to evaluate CE (see section 3.13.5). In order the 

compare our mapping product across three Parks (CHIR, Ajos, and ePBR), we only used 

the unaligned random point collection.  The following section discuss the results obtained 

based on each field method applied followed by the accuracy assessment results. 

 

     5.7.1 Sampling Plots (CORO) 

 In the case of the accuracy assessment completed at CORO using Plots many 

difficulties were found as mapping products and field products were difficult to evaluate. 

Inventory and Monitoring (I&M) NPS sampling protocols were used to collect ground 

information however, these methods were not appropriate to identify life form and 

sampling pixels that can be well located and unequivocally surveyed on the ground 

(Drake, 2003). 
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     5.7.2 Sampling Transects (CHIR)  

 This particular method allowed us to collect sampling points along straight 

lines, the method also allowed us to survey clusters of CEs across a tape measurement, 

which was setup on the ground to survey all CE along the transect. The beginning and the 

end of the tape was carefully located on printed maps for reference; also the end point 

coordinates were obtained and plotted over digital maps. These procedures were very 

time consuming and labor intensive. Practically, this work had to be conducted by at least 

by two persons. Once the information was organized, we evaluated the CE maps. The 

nature of all the transects and its orientation presented some difficulties in co-locating 

ground and image pixels. Image pixels are square units oriented North-South and 

surveyed pixels present a random orientation that in many cases did not naturally follow 

the pixel’s position on the map. In order to minimize spatial mismatch two different 

scoring methods were tested one using a  1x1 m and another 2x2 meter area. All pixels 

tested were scored as true if a small fraction of the classified pixels fit inside the tested 

areas.  In a way the procedure taken to represent our vegetation product needs some 

adjustments and as they do not follow natural CE spatial patterns. The accuracy 

assessment results obtained using this method where 73.09% using a 1x1 m area and 

79.16% using a 2x2 m area. The 2x2 m area decision clearly helped compensate for 

location inaccuracies and the reduced rigor of the assessment did not produce 

significantly better accuracies.  
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     5.7.3 Unaligned Random Sampling Points (CHIR, Ajos, ePBR) 

 A second field campaign was completed over Ajos, ePBR, and CHIR to collect 

field data from clusters as described in section 3.13.4. This method requires the use of a 

hand-held computer connected to a GPS. This device allowed us to collect a large 

number of samples across a wide range of Formations in a short period of time.  Points 

located over identified clusters are labeled as tree, pine, oak, shrub, herbaceous, bare 

ground, or surface modified by human activities. While CE are identified in the field a 

point is placed over the land cover type towards the center of the cluster.  This sampling 

technique was stratified by Formation were all Formations are visited and surveyed.  The 

overall accuracy obtained for each Park were 59.5% for CHIR using QuickBird and 

51.9% using IKONOS; at ePBR 70.0% using IKONOS, and 55.9 for Ajos (see Tables 41, 

43, 45, and 39 respectively, with confidence intervals of 95%, 95%, 90%, and <90% 

respectively). At Ajos the number of sampling points was not sufficient to reach a 90% 

confidence interval because the site presented complex terrain that in most cases was 

hard to access.  

 However, we believe this type of sampling is still not ideal for assess the 

accuracy of CE mapping because as the thematic classification took place, most of the 

variation and complexity occurs towards the edge of the clusters. It is along these 

transition areas between clusters is where most of the mixing takes place. Therefore, 

these points selected when sampling CE have little variability and lack representation of 

the transitional areas between clusters.     
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          5.7.3.1 Comparison Between IKONOS and QuickBird Sensors 

 Clearly QuickBird, due to its finer spatial resolution, provided a better basis to 

indentify features and assure the correct classification of CE. Decisions about what kind 

of CE we are dealing with during the identification of unsupervised pixels are made faster 

because of its greater textural contrast. However, this statement can be biased because 

QuickBird was the last image interpreted and the interpreter become more familiar with 

the sites.  There is no spectral advantage of one VHR sensor over another. The computer 

based classification is in both instances feasible and consistent. The IKONOS sensor 

proved to be consistent across Ajos and CHIR, two different parks with relatively similar 

vegetation composition and terrain. At these two locations at least 96% of the variance 

was dominated by NDVIgreen, TSAVI, and NDVI. However, IKONOS did not show this 

result at ePBR, suggesting that differences in bare ground and desert vegetation and 

affirms that ecosystem type will affect the most significant variables for CE separation.  

 Attempts to apply the same image processing methods with both sensors are 

feasible because part of the classification relays on the interpreter’s field knowledge. This 

is the part of the classification process that may remain inconsistent if these procedures 

are implemented by more than one person. If less subjectivity is desired and a standard 

method is required, more effort will be required to acquire data with consistent view 

angle and timing and to successfully radiometrically and atmospherically normalize the 

data. 
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         5.7.3.2 Comparison Between Sites 

 Considerable cover differences exist between the Parks; ranging from dense 

forested areas to areas dominant by desert ecosystems. CHIR and Ajos share not only 

terrain similarities but also vegetation composition and species richness. These 

differences were reflected in the PCA analysis. The variance at CHIR and Ajos are 

dominated by the same PCA components, while at CHIR using QuickBird, the dominant 

components were different. Looking at the results obtained at ePBR using IKONOS 

clearly the dominance of non-vegetated surfaces and its spectral variability are playing a 

significant role and may change drastically with plant growth during monsoonal rainfall. 

It is clear that optimum bands for classification will vary with site and season and 

selecting the most appropriate combinations of derived bands should be assessed by 

testing isolated areas with vegetation and without vegetation cover and repeating the PCA 

analysis as in section 4.7.  

 

     5.7.4 Polygons 

 In order to improve CE representation we applied this field sampling method 

based on preliminary visual interpretation that was later corroborated and adjusted during 

ground-truth assessment. This visual interpretation first focused on identifying CE 

clusters while still in the lab and delineating them on-screen by digitized these polygons 

using ArcView 3.2. Our goal was to identify and enclose clusters of CE as identified on 

the image to later use them as sampling strata for our accuracy assessment. This 

procedure, compared to the work invested to align transects and design the transect 

scheme is less labor intensive. While in the field the aim is to visit each interpreted 
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polygon and adjust the interpreted boundaries using a marker over printed maps and to 

later correct these polygons. The intensity of this part of the work was controlled by the 

complexity of the site, the more clusters there are, the more labor intensive the survey 

becomes.  

The interpretation and correction of the polygons did not suffer from issues 

related to spatial agreement because all samples were virtually placed over surveyed 

clusters. All polygons were located using a hand-held computer connected to a GPS, a 

background image provided useful reference information that helped the surveyor 

identify adjacent features and relate target features to ground features. This procedure 

was straightforward once the surveyor became familiar with the image and features 

observed in the field. It was noticed that detailed interpretation and lab work can 

minimize correction on the ground; interpreted polygons had to be checked for boundary 

correspondence with the actual CE cluster. The procedure permitted making adjustments 

to the polygons as well as making sure that the CE cluster is well represented. Compared 

to previous surveys, polygons represent ground information in a more realistic way. This 

data collection procedure includes not only the center part of the cluster as did the use of 

unaligned random points, but it also allowed for transitions occurring between clusters to 

be captured, something also lacking in the transect approach.    

The overall accuracy observed using this method was 52.1% (See Table 53). Thus 

there is no significant difference from the values observed using the unaligned random 

points. However, as we tested a second survey using unaligned random points over 

CHIR, we obtained points from clearly defined cluster and placed the sampling points 

right at the center of the cluster. Once we processed this information and determined the 
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accuracy the results increased to 83.2% (See Table 51). These points were clearly 

representing our mapping products accurately towards the center of the cluster and as we 

extended our data collection towards the cluster edge the accuracy decreases. This made 

it clear that these mixing and transitional areas are responsible for a significant amount of 

the classification error. In fact, interpretation of classified pixels are easily identified and 

regrouped when located towards the center of polygons, but this identification and 

reclassification procedure becomes difficult as the remaining classified pixels show signs 

of mixing; therefore they had to be extracted and the classification re-run to increase 

separation.  

 

5.8 Accuracy Assessment Method Comparison 

 To evaluate the for accuracy assessment methods (surveyed plots, line transects, 

unaligned random points, and CE polygons) we considered how much time it takes to 

collect the information and how well the information collected represents what was 

actually on the ground at each location. In terms of effort invested; line transects were the 

most time consuming, requiring significant effort to exactly match at 1-m the start and 

stop points and points along the survey. However, the data did a good job of representing 

cover across clusters as well as transition areas.  

Unaligned random points is a quick way to obtain ground samples, each collected 

point represent a pixel and one person can cover a wide area in few days. There are no 

special skills required to process the information, which can be easily interpreted. 

However, because of the difficulty of representing the variability of clusters and 

transitions zones, acquiring a sufficient number of random points is difficult. In order to 
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increase representativeness careful collection of samples will have to be done from the 

center of the cluster towards the edge and to define a line where one CE becomes 

another. 

CE polygon interpretation takes more effort than unaligned random points but less 

effort than transects. Detailed interpretation of the image in the lab can save some time 

and most of the work is focused on carefully locating each CE cluster in the field. 

Changes indentified on the ground are minor if the interpretation is detailed. Once the 

information is collected, the CE interpreted polygons are readjusted and recoded 

according to was observed in the field. The information not only represents pure clusters 

but also depicts transitional areas and helps define the edge of the clusters. This method is 

preferred in terms of effort invested and how thoroughly it represents mapping products. 

 

5.9 Selection to Estimate Variogram Parameters  

Section 4.10 described the potential improvements to classification that might be 

achieved by  analyzing the spatial autocorrelation between pixels. The results suggest the 

use of SAVI as a good band to use during the spatial autocorrelation analysis. This was 

concluded after reviewing the results presented in Table 55 which suggests high variance 

and greater mean difference among CEs. 

 

5.10 ANOVA Analysis 

 ANOVA is a useful statistical tool to evaluate variogram performance. ANOVA 

analysis was based on ground information with more than 95% confidence. For this 

purpose, it was necessary to combine ground-truth data to assess the performance of the 
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variogram variables, while we integrated this information during the thematic 

classification. In order to increase confidence we selected two representative sets of 

information; first, we evaluated differences among unaligned random points and the 

polygon data and finally we used these two data sets combined.  Ultimately we felt that 

the data that we judged to be more accurate at describing CEs was the polygon dataset 

because they represented the natural variation that occur in these clusters as well as 

providing a larger and more representative sample compared to the point samples. Also, 

we used unaligned random samples to first test their differences as suggested by the 

accuracy assessment results at CHIR. Before we combine these two datasets, we tested 

their capability to accurately represent CE. The results reflected in Table 56 demonstrate 

clear statistical differences which are considered relevant for this comparison. Therefore, 

we decided to combine both dataset to increase confidence and CE coverage and 

representativeness.  

 

5.11 Features Selection Analysis 

 Our results lead to the use of SAVI to estimate all variogram parameters using 

Matlab (R2007 b) as indicated in section 3.11.2. These variogram parameters were 

combined with the original ρTOA from the QuickBird bands.   

 

     5.11.1 Histogram Comparison to Evaluate CE Extraction 

 Several comparisons were conducted using histogram plots shown from Figures 

35 to Figure 42. This preliminary test demonstrated and visual assessment provided a 

quick means of how each band depicts CE. These plots suggest that the original sensor’s 
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bands are better suited to extract CE than all variogram parameters; however, we used 

other means to really measure differences between CE the classification input variables.  

 

     5.12.2 Box and Whisker Plots to Evaluate CE Extraction 

 The Box and Whisker allowed us to statistically measure differences among 

datasets. Figures 42 and 43 show that there are statistical differences between CE clusters 

in the case of variance variables; and that we should be able to improve classification if 

we used spatial means during a thematic classification. In Figure 42, the blue and green 

bands show separation while the red and NIR bands have two and three CE’s showing 

similarity. Pine and oak are not statistically different when described by the red band, 

while the NIR also shows oak, pine, and herbaceous as similar. In Figure 43 the ANOVA 

analysis for the variance variable slope appears with most CE groups that are statistical 

similar and this may not improve CE classification; therefore, for these analysis blue, 

green, red, NIR, Sill, Nugget, and Ranges were the only data set used to determine 

divergence among  different CE.  

 

     5.12.3 Divergence Analysis to Evaluate CE Extraction 

 Tables 57 and 58 show combined CE classes against a given number of bands.  

The greater the divergence values the more potential separation among CEs.  The results 

indicate that a common trend is that as we increase the number of bands we also increase 

the separation among groups. However, it also shows that not all band combinations will 

improve separation among groups. To evaluate the number and type of bands that seem 

better at improving separation, Table 59 list the overall accuracy assessment values 
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estimated for each CE type as we combined different bands. The colored boxes highlight 

the highest accuracy values found for a given combination of datasets. These results 

suggest the possibility to improve results by selectively extracting our CE groups using 

specific combination of bands.  

 

5.13 Formations Considerations and Discussions 

 The next step after improving CE extraction was to estimate fractional cover and 

determine Formations. As we classified the images using all the image processing 

techniques describe here, we expected to advance our capabilities to accurately represent 

vegetation cover as we corrected and tested different aspects affecting our classification. 

In general, to be able to obtain Formations is more complex and to assure an accurate 

Formation map we rely on CE units and our ability to extract CE from the images.  After 

testing variogram variables and divergence to determine feature selection, we were able 

to select specific combinations of datasets that we used to extract CE. The results 

obtained were used to apply the Formation rules shown in Table 21 (section 3.12.1).  

These results were also assessed using ρTOA-VI-Band Ratios. Table 61 shows the 

accuracy assessment results obtained using these two products (Images that include 22 

bands (ρTOA, VI values, & band ratios) and images that include 8 bands (ρTOA  and 

Variogram Variables). These results demonstrate that CE extraction improves for some 

Formations. The selective extraction of CE favors some cover types increasing accuracy. 

Table 61 suggest that in general, variogram variables cannot improve overall result but 

they can definitely perform better for some Formation types than our classification using 

Vegetation Indices.    
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5.14. Lessons Learned  

 Different mapping methods using VHR images can produce drastic differences 

among vegetation map products for a given area despite of using the same floristic 

naming convention. Polygon based maps would easily enclose areas that in general are 

interpreted as homogeneous and generalize landscape patterns in a more simplified way 

disregarding smaller variability inside polygons. This can be considered an advantage 

when dominant mapping unit size is approaching natural cluster sizes as interpreted by 

the observer. However, it may not be practical when significant variability occurs inside 

polygons and this variability does not favor the interpreted class.  This variability will be 

easy to miss by polygons but not by raster based classification. The issue of scale means 

that neither the raster or polygon method is uniformly ideal for classification but the 

raster approach with the kind of interactive approach used in our analysis can be useful. 

A vector map where most classes were interpreted based on patterns that resemble a 

given cover type would enclose more information variability into larger patches as well 

as spatial heterogeneity if merged.  To illustrate how raster based information can map a 

savanna, which is composed of two cover types - trees (10%) and grass (60%) the 

interpreter would have to assess percent cover and determine fractional composition to 

assign a class name, while raster based information could assist in the determination of 

the spatial distribution and determine fractional composition by subunits within a given 

cover type. 
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     5.14.1 Satellite Image Visual Interpretation 

  A second lesson learned is described by the subjectivity added by the interpreter 

as the VHR imagery’s is processed and interpreted.  This procedure implies some 

interpenetration based on the knowledge to relate spectral characteristics, texture, size, 

shape, and context to plant species and plant clusters, all this supported by well 

established computer algorithms. The operator’s ability to identify and relate plant 

properties with image characteristics are difficult to consistently maintain and measure. 

Therefore, the judgment based on the interpreter knowledge determines at some level the 

objectivity and accuracy of the results. Some of the cues used by the interpreter to 

identify plant cover types aren’t used to evaluate the interpreter’s performance but are 

key to understanding some of the image properties used to understand plant cover.  Not 

all image procedures where tried during this study and it is likely that some image 

procedures would target plant properties based on spatial properties reflected by the 

images. This can assist in seeking out image processing aids that would target these 

properties and make the interpretation faster, more objective and accurate. 

 

     5.14.2 Field Data 

 The third lesson learned is perhaps the most important because no vegetation 

study is complete without a reliable source of ground information for interpretation and 

accuracy assessment. This information was evaluated from two perspectives one related 

to cost and the other related to information acquisition - the amount and quality of the 

information acquired. Cost is directly affected depending of the effort invested to collect 

the needed information. Emphasis was given to consider costs as a list of Alliances were 
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developed in the field; as well as developing the skills and experience required to 

distinguish meaningful information on the images that can be associated with a list of 

previously identified Alliances. The information collection was assisted by two different 

tools: 1) an iPAQ that helps display background information as well as the user position 

through a GPS, this tool helps to refine mapping and verification over suitable terrain that 

can be directly observed; 2) a spotting telescope for initial reconnaissance that can be 

used to observe steep and dense vegetation which is hard to reach thus reducing field 

time. 

 

     5.14.3 Accuracy Assessment 

 The fourth lesson learned was based on the means used to acquire data that 

accurately and consistently facilitate qualitative and quantitative measurement of 

vegetation type and cover.  Field data should constitute a true representation of plant type 

and cover and be suitable for map data comparison. We need to avoid the undesired case 

of mismatching information due to lack of planning for data collection and/or when plant 

units are misrepresented by map classes. These issues have to be evaluated in relation to 

the proportion of the sampling size to mapping unit size or mapped cluster size. Sampling 

size and number of sample needs prior consideration along with how much mixing occurs 

on the ground and what is the nature of the spatial information. Despite the fact that the 

same accuracy assessment was applied to the QuickBird and IKONOS data, different 

field methods would create more insight over ground survey efforts and how data 

compares with ground data and how vegetation cover is represented on vegetation maps. 
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5.15 Further Considerations 

 The use of multi-temporal data by processing two or more IKONOS or QuickBird 

images taken during different seasons should allow exploitation of plant phenology 

differences to improve classification.  Information on local climate conditions correlated 

to known phenological events (leaf drop, growing conditions, and foliage) will permit 

selection of the best dates for acquiring imagery to differentiate vegetation types within 

the study areas (Huete, 1988). This practice has been shown to be useful for 

differentiating deciduous tree species (Huete, 1988) and to improve the accuracy of 

vegetation classification procedures (Jensen, 1996b). It could also provide descriptive 

information about the percent cover by tree, shrub, and grass within each mapping unit -- 

data that is nearly impossible to acquire from Landsat imagery with 30 x 30 m spatial 

resolution. Extraction of current CE such as “tree” could be divided into deciduous trees 

and evergreen trees, using their phenological differences.  Such distinctions will provide 

the means to refine Formations. For example, deciduous forest can be differentiated from 

evergreen forest and mixed forest (See Table 64). 

 
 
Table 64. Example of three different refined Formations based on phenological 

characteristics. 
Phenology Forest Woodland Shrubland 

> Perennial Leaf Evergreen Forest Evergreen woodland Evergreen Shrubland 

Mixed 
Mixed Evergreen- Deciduous 

Forest 
Mixed Evergreen-Deciduous 

Woodland 
Mixed evergreen-Deciduous 

Shrubland 
> Occasional Leaf Deciduous Forest Deciduous Woodland Deciduous Shrubland 

 

 

 Similarly, this information can be applied to wooded-shrubland, shrublands, and 

other Formations. This process will also be used to assess desert shrublands for 

differences between woody, cacti, and succulent plants. To refine herbaceous Formations 

using multi-temporal data, ecological information on the response of plants to 
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precipitation can be used to strategically select the image scene that shows the greatest 

difference between key species. To complete this process the steps that consider 

multitemporal information will help to enhance these procedures and incorporated in 

phenology variation to generate improved new maps of CE. Specifically, new efforts can 

focus on testing the capability to depict CE by increasing the number from 8 (Tree, 

Shrub, Herbaceous, Bare Soil, Sparsely Vegetated, Rock, Surface Modified by Human 

Activity and Shadow) to 11 or more classes (e.g. Deciduous Tree, Evergreen Tree, 

Cactus, Rosette plant (such as Agave), Woody Shrub, Herbaceous, Bare Soil, Sparsely 

vegetated, Rock, Surface Modified by Human Activity, Litter, and Shadow). Refined CE 

will provide greater detail to subdivide Formations and improve to a greater detail the 

rules defining plant Formations structurally (Table 1).  

Plant spatial variability derived from the variograms, as well as phenological response 

derived from the multitemporal data, will then be integrated into the analysis procedures 

in combination. This process is expected to not only improve classification schemes, but 

also provide insight into the relationships between Formation types and plant functional 

types within various mapping units.  

The size of the clustered CE and Formations are different and they do not exclude 

each other but represent two completely different levels of information. The CE mapping 

unit size remains at the lowest level provided by the sensor’s spatial resolution.  CE and 

Formations can not only help influence the study of ecological processes in a different 

manner, but also each of these products present different patterns at different scales.  

Before computer based classification techniques were implement visual 

assessments were used to categorize vegetation cover.  Then, these classification schemes 
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were accepted for vegetation classification and there were no clear reasons to adopt a 

particular method to classify land cover type. In many ways the results were driven by the 

nature of the spatial information and what classification schemes the scientist was 

familiar with.  Later consistency, reliability and cost became an issue and were the focus 

of this Dissertation as new vegetation products were discussed to improve upon the 

information generated. Systems such as the GAP (Scott et al., 1993b), COTECOCA 

(COTECOCA, 1978), INEGI’s land use and vegetation classification 

(www.inegi.gob.mx), have followed specific guidelines that do not necessarily focus on 

sustainability, conservation, and/or monitoring. Some of them such as COTECOCA were 

focusing on productive lands for grazing. Other such as GAP and INEGI’s classification 

are too general and can’t meet the demands of information needs to accomplish specific 

monitoring goals and/or specify information related to a plant’s physiognomy and species 

composition.  In this sense some improvements are available from the Ecological Society 

of America (The_Ecological_Society_of_America) over the increasing use of 

classification systems based on combining plant structure and species, which helps 

extend its capability to meet mapping and monitoring needs. This system is the NVC, 

which provides the guidelines to categorize vegetation cover, it also proved to be flexible 

to relate two types or mapping units such as polygons and pixels in categories such as 

Alliances and CE respectively. These two mapping categories were greatly supported by 

the nature of VHR sensors; which served to help break down some basic land categories, 

in order to hierarchically organize land cover information. The association found between 

VHR sensors and the NVC system proved to be a promising starting point to help define 

vegetation systems using the NVC and identify their potential correlation, dimensions, 
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and arrangements. Just as it is done in conceptual modeling where the main components 

need to be defined and identified in order to study their parts and correlations.  

The issues related to the consistent use and adoption of the NVC system remain. 

This is especially true for mapping products obtained from coarser sensors such as 

Landsat, where the real fractional cover will be mixed and other means will be required 

to assess Formation and it is impossible to represent CE.  The suggested 5000 m2 by the 

NVC as a minimum MMU means that there is a spatial disconnect between the sub meter 

resolution of the VHR sensors and their ability to identify specific lifeforms at the coarser 

MMU. This remains an issue that remains to be resolved in future research related to 

mapping and monitoring using VHR sensors while trying to maintain consistent 

classification schemes and protocols. 
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CHAPTER VI: CONCLUSSIONS 

6.1  IKONOS Advantages Over DOQQ 

� Computer based methods favor the use of IKONOS; the production of a 

vegetation map does not rely exclusively on computer algorithms. More meaningful 

elements fit map categories when combined knowledge from the ground match 

represented features. 

 

6.2  QuickBird Image Data Visual Interpretation of Formation 

� Quickbird at its higher spatial resolution does not significantly improve visual 

interpretation. However, it allows the interpreter to make faster decisions as the 

interpretation takes place.  Distinction of ground features is improved at this higher 

spatial resolution. An analysis of the visual interpretation differences between IKONOS 

and QuickBird were not part of this research. 

  

6.3  Atmospheric Adjustment to Evaluate VHR Sensor Cross Comparisons 

� Significant sources of error are introduced as a result of calibration error in both 

sensors. These errors had to be assessed before a cross comparison between sensors could 

be made. Recent work completed in March 14-16, 2006 at the Stennis Space Center 

reflected a potential source of error that could explain the disparities (Holekamp, 2006).  

� Further correction could be applied to a second set of calibration coefficients 

taking into account the work of Holekamp (2006) to minimize calibration error and retest 

the atmospheric adjustments based on SBDART.  



 

 

238 

� Cross calibration of the IKONOS and QuickBird sensors proved to be difficult 

and further adjustments should be investigated for a successful cross comparison between 

sensors. 

 

6.4  Mapping Considerations before Applying a Computer-Based Classification 

� Spatial resolution on a pixel basis can under- or over-represent CEs; in some 

instances a individual cluster of a CE type will present mixed CE cover while other 

aggregated pixels forming clusters can be an individual CE representing another cover 

type or the same CE type.   

� The appearance of plants was not consistent across steeper terrain due to the 

effect of shading and shadowing and without a clean extraction of a given CE spectral 

signatures comparisons will be complicated, especially in a complex terrain. 

� Differences in sensor viewing geometry existed across sensors and study sites and 

differences in performance for extracting CE are definitely affected by hill-shadow and 

canopy shadow. 

 

6.5  Field Methods 

� Sampling Transects (CHIR):  These procedures were very time consuming and 

labor intensive. The nature of all the transects and their orientation presented some 

difficulties in co-locating ground and image pixels. Image pixels are square units oriented 

North-South and surveyed pixels present a random orientation that in many cases did not 

naturally follow the pixel’s position on the map. 
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� Unaligned Random Sampling Points (CHIR, Ajos, ePBR): Allowed us to 

collect a large number of samples across a wide range of Formations in a short period of 

time. Sampling CE had little variability and lacked representation of the transitional areas 

between clusters of cover. 

� Polygons (CHIR): This procedure, compared to the work invested to align 

transects and design the transect scheme is less labor intensive. The aim of the field work 

is to visit each interpreted polygon and adjust the interpreted boundaries using a marker 

over printed maps and to later correct these polygons.  The intensity of this part of the 

work was controlled by the complexity of the site, the more clusters there are, the more 

labor intensive the survey becomes. The interpretation and correction of the polygons did 

not suffer from issues related to spatial agreement because all samples were virtually 

placed over surveyed clusters. Polygons represent ground information in a more realistic 

way.  

� Field methods should maintaing/improve representation accuracy while time 

and effort invested should be reduced. Table 65 presents in terms of time, effort and 

representation accuracy some reasons to implement the polygon survey method over 

transects and stratified random points. 
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Table 65. Comparison of field methods to assess time to complete the work, the 

effort invested, and groud information representation accuracy. 

Survey  Time Effort Representation Accuracy 

Transects H H M 

Stratified Random Points  L L L 

Polygons  M M H 

L  = Low;  M = Medium;  H = High  

 

6.6   Comparison between IKONOS and QuickBird Sensors and Sites 

� The PCA variogram analysis reflects considerable differences that can be 

attributed to differences between study sites; the same analysis demonstrates that the 

similar ecosystems at CHIR and AJOS show consistencies using the same sensor but the 

same consistency was not present across sensors. 

� During the classification visual clustering provides more consistency at the CE 

level but not at the Formation level. 

� The classification method across study sites is visually guided; the semiautomatic 

implementation decreases subjectivity and improves consistency across study sites.  

� Clustered CE identified as shadow clearly showed a relationship with the solar 

geometry and at CHIR and Ajos the correction for canopy shadow had to be applied 

iteratively. 

� In areas such as the ePBR there were considerable differences due to vegetation 

characteristics that should be further considered when studying different sites. These 
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include the effect of soil reflectance properties and plant distribution and cover versus 

plant species composition 

 

6.7  Divergence Analysis to Evaluate CE Extraction 

� The results indicate that a common trend is that as we increase the number of 

bands we also increase the separation among groups. However, it also shows that not all 

band combinations will improve separation among groups.  

 

6.8   Formations Considerations and Discussions 

� CE extraction improves for some Formations. The selective extraction of CE 

favors some cover types increasing accuracy. Table 61 suggests that in general, 

variogram variables cannot improve overall result but they can definitely perform better 

for some Formation types than our classifications using vegetation indices.    
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 APPENDIX A: LIST OF ALLIANCES AND FORMATIONS 

 

List of Alliances and Formations identified during the field trips completed at CORO and 

CHIR the objective was to list the corresponding plant species associated by strata within 

each Formation. For these it was necessary to list and identify major plant species by 

strata within each Formation. Some of the most abundant species documented by strata 

(tree, shrub, and herbaceous) are listed on Tables 1-3.  This information provided 

direction to identify in the field some of the most abundant species and build as in the 

NVC system the alliances that are more likely to be found with each Formation.   

 
Table 1. Scientific and common names of the most abundant tree species identified 

within the park. 

  Trees   

Id Scientific Name Common Name 

1 Arbutus arizonica  Arizona Madrone 
2 Chilopsis linearis * Desert willow 
3 Cupressus arizonica  Cypress 
4 Fraxinus pennsylvanica * Velvet ash 
5 Juniperus deppeana  Alligator Juniper 
6 Juniperus monosperma  One-seed Juniper 
7 Pinus cembroides  Mexican pinyon pine 
8 Pinus edulis  Pinyon pine 

9 Pinus engelmannii  Apache pine 
10 Pinus leiophylla  Chihuahua pine 
11 Pinus ponderosa  Ponderosa pine 
12 Plantanus wrightii * Arizona sycamore 
13 Prosopsis glandulosa * Honey mesquite 
14 Psueudotsuga menziesii Douglas fir, Oregon pine 
15 Quercus arizonica  White oak 
16 Quercus emoryi  Emory Oak 
17 Quercus hypoleucoides  Silverleaf Oak 
18 Quercus rugosa  or reticulata, Neatleaf oak 
19 Quercus toumeyii * Toumey oak 
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Table 2. Scientific and common name of most abundant shrub strata species identified 

within the park. * Can be species indicator or present considerable structural differences 

among Formations. Usually these species are not as abundant as the rest of the other 

species and need specific field assessment. 

  Shrubs   

Id Scientific Name Common Name 

20 Acacia gregii * Cat-claw 
21 Agave palmeri  Palmer's agave 
22 Arctostaphylos pungens  Pointleaf manzanita 
23 Cercocarpus montanus  Hairy Mountain Mahagany 
24 Dasilyrion wheeleri  sotol 

25 Euphorbia spp.*   
26 Ericameria laricifolia  rabbitbrush 
27 Garrya wrightii  Silk Tassel 
28 Gutierrezia sarothrae * broom snakeweed 
29 Isocoma tenuisecta * burroweed 
30 Opuntia engelmannii*  cactus apple 
31 Prosopsis glandulosa  Honey mesquite 
32 Quercus rugosa * or reticulata, Neatleaf oak 
33 Nolina microcarpa  Beargrass 
34 Rhus trilobata * skunkbush sumac 
35 Yucca baccata * banana yucca 
36 Yucca schottii  Schott's Yucca 

 

Table 3. Scientific and common names of most abundant herbaceous strata species 

identified within the park 

  Herbaceous   

id Scientific Name Common Name 

37 Aristida spp.* threeawn 
38 Bouteloua gracilis * blue grama 
39 Bromus spp. * brome 
40 Eragrostis intermedia * plains lovegrass 
41 Eragrostis lehmanniana * Lovegrass 
42 Gutierrezia sarothrae * broom snakeweed 
43 Isocoma tenuisecta * burroweed 
44 Muhlenbergia spp.*   

 

 

The following Alliances describe the species composition by strata (trees, shrubs, end 

herbaceous).  These species groups were listed from planned and random visits to the 

park either from visited ground plots and random sites. The Alliances within each 

Formation represent the most common plants species and species composition found. 

Despite the fact that CE is the smaller unit used it cannot represent Alliances as listed in 

the list below, the reason are due to the fact that no stratum is distinguished and species 
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within the same stratum are usually clumped within a given CE cluster.  However, as key 

references the Alliances below can be used to identify associated CE divided by the back 

slash symbol “/”.  This assumption can still produce a general separation since we further 

try to extract pines from oaks and these two CEs can be found within the same stratum. 

Forest Alliances: 

1) Pinus edulis -Quercus hypoleucoides -Pinus leiophylla -Pinus engelmannii 

/Arctostaphylos pungens -Yucca schottii -Nolina microcarpa -Cercocarpus montanus 

/mix grass forest alliance 

2) Pinus edulis -Quercus arizonica -Quercus hypoleucoides -Juniperus deppeana 

/Cercocarpus montanus -Arctostaphylos pungens -Yucca schottii -Nolina microcarpa 

/mix grass forest alliance 

3) Pinus engelmannii -Pinus ponderosa -Quercus hypoleucoides -Juniperus deppeana 

/Arctostaphylos pungens -Yucca schottii -Nolina microcarpa -Cercocarpus montanus 

/mix grass forest alliance 

4) Quercus hypoleucoides -Pinus cembroides -Cupressus arizonica -Juniperus deppeana 

/Arctostaphylos pungens -Nolina microcarpa -Dasilyrion wheeleri -Dasilyrion wheeleri 

/mix grass forest alliance 

Intermittently Flooded Alliances: 

5) Cupressus arizonica -Quercus hypoleucoides -Juniperus deppeana -Quercus arizonica 

/Arctostaphylos pungens -Nolina microcarpa -Yucca schottii -Rhus trilobata /mix grass 

Intermittently flooded forest alliance 
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6) Pinus leiophylla -Pinus engelmannii -Juniperus deppeana -Quercus hypoleucoides 

/Arctostaphylos pungens -Nolina microcarpa -Yucca schottii -Garrya wrightii /mix grass 

Intermittently flooded forest alliance 

Woodland Alliances: 

7) Juniperus deppeana -Pinus edulis Quercus arizonica -Pinus cembroides 

/Arctostaphylos pungens -Nolina microcarpa -Garrya wrightii -Agave palmeri /mix grass 

woodland alliance 

8) Juniperus deppeana -Quercus arizonica -Pinus edulis -Pinus cembroides /Nolina 

microcarpa -Garrya wrightii -Yucca schottii -Arctostaphylos pungens /mix grass 

woodland alliance 

9) Pinus cembroides -Quercus hypoleucoides -Juniperus deppeana -Pinus cembroides 

/Arctostaphylos pungens -Dasilyrion wheeleri -Dasilyrion wheeleri -Nolina microcarpa 

/mix grass woodland alliance 

10) Pinus cembroides -Quercus hypoleucoides -Juniperus deppeana -Pinus cembroides 

/Arctostaphylos pungens -Dasilyrion wheeleri -Dasilyrion wheeleri -Nolina microcarpa 

/mix grass woodland alliance 

11) Pinus ponderosa -Pinus cembroides -Quercus hypoleucoides -Cupressus arizonica 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa -Dasilyrion wheeleri 

/mix grass woodland alliance 

12) Quercus arizonica -Juniperus deppeana -Quercus emoryi -Pinus cembroides 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa -Dasilyrion wheeleri 

/mix grass woodland alliance 
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13) Quercus arizonica -Juniperus deppeana -Quercus emoryi -Pinus cembroides 

/Arctostaphylos pungens -Yucca schottii -Nolina microcarpa -Dasilyrion wheeleri /mix 

grass woodland alliance 

14) Quercus arizonica -Pinus cembroides -Quercus emoryi -Juniperus deppeana 

/Arctostaphylos pungens -Quercus toumeyii -Nolina microcarpa -Yucca schottii /mix 

grass woodland alliance 

15) Quercus arizonica -Pinus cembroides -Quercus rugosa -Quercus hypoleucoides 

/Dasilyrion wheeleri -Arctostaphylos pungens -Dasilyrion wheeleri /mix grass woodland 

alliance 

16) Quercus hypoleucoides -Pinus leiophylla -Cupressus arizonica -Pinus cembroides 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa -Garrya wrightii /mix 

grass woodland alliance 

Shrubland Alliances: 

17) Pinups cembroides -Juniperus deppeana /Dasilyrion wheeleri -Arctostaphylos 

pungens -Dasilyrion wheeleri -Nolina microcarpa /mix grass shrub savannah 

Wooded Shrubland Alliances: 

18) Juniperus deppeana -Pinus cembroides -Quercus hypoleucoides -Cupressus arizonica 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa /mix grass wooded 

whrubland alliance 

19) Juniperus deppeana -Pinus cembroides -Quercus rugosa -Juniperus deppeana 

/Dasilyrion wheeleri -Arctostaphylos pungens -Cercocarpus montanus -Garrya wrightii 

/mix grass wooded whrubland alliance 
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20) Juniperus deppeana -Quercus arizonica -Quercus emoryi -Pinus cembroides 

/Cercocarpus montanus -Arctostaphylos pungens -Nolina microcarpa -Yucca schottii 

/mix grass wooded whrubland alliance 

21) Pinus cembroides -Juniperus deppeana /Dasilyrion wheeleri -Arctostaphylos pungens 

-Dasilyrion wheeleri -Nolina microcarpa /mix grass wooded whrubland alliance 

22) Pinus cembroides -Juniperus deppeana /Dasilyrion wheeleri -Arctostaphylos pungens 

-Dasilyrion wheeleri -Nolina microcarpa /mix grass wooded whrubland alliance 

23) Quercus hypoleucoides -Cupressus arizonica -Quercus arizonica -Arbutus arizonica 

/Yucca schottii -Arctostaphylos pungens -Cercocarpus montanus -Garrya wrightii /mix 

grass wooded Shrubland alliance 

24) Quercus hypoleucoides -Pinus cembroides -Cupressus arizonica -Quercus rugosa 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa -Garrya wrightii /mix 

grass wooded Shrubland alliance 

25) Quercus hypoleucoides -Pinus cembroides -Juniperus deppeana -Cupressus arizonica 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa /mix grass wooded 

Shrubland alliance 

26) Quercus hypoleucoides -Pinus cembroides -Juniperus deppeana -Cupressus arizonica 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa -Dasilyrion wheeleri 

/mix grass wooded Shrubland alliance 

27) Quercus hypoleucoides -Pinus leiophylla -Cupressus arizonica -Pinus cembroides 

/Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa -Garrya wrightii /mix 

grass woodland alliance 
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28) Quercus hypoleucoides -Quercus emoryi -Quercus arizonica -Pinus cembroides 

/Arctostaphylos pungens -Dasilyrion wheeleri -Dasilyrion wheeleri -Nolina microcarpa 

/mix grass wooded Shrubland alliance 

29) Quercus rugosa -Quercus hypoleucoides -Pinus cembroides /Dasilyrion wheeleri -

Arctostaphylos pungens -Dasilyrion wheeleri -Nolina microcarpa /mix grass wooded 

Shrubland alliance 

Tree Savannah Alliance: 

30) Quercus emoryi -Juniperus deppeana -Juniperus monosperma -Quercus arizonica 

/Prosopsis glandulosa -Arctostaphylos pungens -Nolina microcarpa -Agave palmeri /mix 

grass tree Savannah alliance 

Shrub Savannah Alliance: 

31) Juniperus deppeana -Quercus hypoleucoides -Quercus arizonica /Nolina microcarpa -

Dasilyrion wheeleri -Yucca schottii -Arctostaphylos pungens /mix grass shrub savannah 

alliance 

Herbaceous Alliance: 

32) Juniperus deppeana -Quercus emoryi /Cercocarpus montanus -Prosopsis glandulosa -

Ericameria laricifolia -Nolina microcarpa /mix grass grassland alliance 

 

The total number Alliances describe here are 32; however, we should point out that 

potentially more could be possible depending on the array of the mapping units described 

and the sampling size.  
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APPENDIX B: ARC MACRO LANGUAGE PROGRAM, MMU CODE 

Arc Macro Language Program, MMU code used in ArcInfo 

 
/* Converts classified veg cover into arcinfo format*/ 
shapearc Veg-class-corrected.shp for-corr test 
clean for-corr # # 0.000001 poly 
createlabels for-corr 
build for-corr poly 
regionpoly for-corr for-corr1 test data.dat 
/* Dissolving equal classes using the alliances/* 
dissolve for-corr1 2veg Alliance_n 
/* Eliminates polygons smaller than half of a hectare 
eliminate 2veg 2veg5000 nokeepedge 
res area < 5000 
~ 
n 
n 
eliminate 2veg 2veg10000 nokeepedge 
res area < 10000 
~ 
n 
n 
clean 2veg5000 
build 2veg5000 
clean 2veg10000 
build 2veg10000 
/* end /* 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



 

 

250 

APPENDIX C: ARC MACRO LANGUAGE PROGRAM, FORMATION CODE 
/********************************************************************

***** 
/* AML program 
/* This program runes within Arc/Info grid. It uses continues fields to determine percent  
/* cover by tree, shrubs, herbaceous, and bare ground, and apply the criteria in table 5 to 
/* estimate Formations. 
/***********************************************************************

** 
/* Converting Class Type as grid, class = 1, other values = 0 
&if [exist rock -grid] &then   
   kill rock all 
rock = con(tsg-cover == 5, 5, 0) 
&if [exist sparse -grid] &then   
   kill sparse all 
sparse = con(tsg-cover == 4, 4, 0) 
&if [exist human -grid] &then   
  kill human all 
Human = con(tsg-cover == 10, 10, 0) 
reclass = con(tsg-cover == 1, 1000.000, con(tsg-cover == 2, 1.0, con(tsg-cover == 3, 

0.001, con(tsg-cover == 9, 0.001, con(tsg-cover == 4, 0.00, con(tsg-cover == 8, 0, 
con(tsg-cover == 5, 0, 0 ))))))) 

&if [exist rock -grid] &then   
   kill rock all 
/* Percent cover estimation using a 10 * 10 sq meters filter 
&if [exist percover -grid] &then   
  kill percover all 
setcell 10 
percover = focalsum(reclass, rectangle, 10, 10, NODATA) 
/* Formation Criteria 
/* Forest Percent Cover 
&if [exist petree -grid] &then   
  kill petree all 
petree = int(percover / 1000.000) 
/* Shrub Percent Cover 
&if [exist peshrub2 -grid] &then   
  kill peshrub2 all 
peshrub2 = int(percover - (petree * 1000.000)) 
/* Grass Percent Cover 
&if [exist pegrass2 -grid] &then   
  kill pegrass2 all 
pegrass2 = ((percover - int(percover)) * 1000.000) 
/* determination of Formation based on percent cover criteria 
/*Forest determination 
&if [exist forest -grid] &then   
  kill forest all 
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forest = con(petree >= 60, 1, 0) 
/* Woodland determination 
&if [exist woodland -grid] &then   
  kill woodland all 
woodland = con(petree >= 20, con(petree < 60, con(2 * petree > pegrass2, 3, 0), 0), 0) 
/* Woodeed shrubland determination 
&if [exist woodshrub -grid] &then   
  kill woodshrub all 
woodshrub = con(petree <= 20, con(petree > 10, con(peshrub2 >= 20, con(peshrub2 > 

pegrass2, 5, 0), 0), 0), 0) 
/* Shrub determination 
&if [exist shrub -grid] &then   
  kill shrub all 
shrub = con(peshrub2 >= 10, con(petree <= 10, con(peshrub2 > pegrass2, 4, 0), 0), 0) 
/* Tree savannah determination 
&if [exist treesava -grid] &then   
  kill treesava all 
treesava = con(petree >= 10, con(petree < 60, con(pegrass2 > petree, con(pegrass2 > 

peshrub2, 6, 0), 0), 0), 0) 
/* shrub savanna determination 
&if [exist shrubsava -grid] &then   
  kill shrubsava all 
shrubsava = con(peshrub2 >= 10, con(pegrass2 >= 10, con(pegrass2 > peshrub2, 

con(petree < 10, 7, 0), 0), 0), 0) 
/* Grassland determination 
&if [exist grassland -grid] &then   
  kill grassland all 
grassland = con(pegrass2 > 10, con(peshrub2 <= 10, con(petree < 10, 8, 0), 0), 0) 
/* &if [exist sparse -grid] &then   
/*  kill sparse all 
/*sparse = con(petree + pegrass2 + peshrub2 <= 10, 11, 0) 
/*Setting 0 values = to null values before merging classes grid 
&if [exist human2 -grid] &then   
  kill human2 all 
human2 = setnull(human == 0, human) 
&if [exist forest2 -grid] &then   
  kill forest2 all 
forest2 = setnull(forest == 0, forest) 
&if [exist woodland2 -grid] &then   
  kill woodland2 all 
woodland2 = setnull(woodland == 0, woodland)` 
&if [exist woodshrub2 -grid] &then   
  kill woodshrub2 all 
woodshrub2 = setnull(woodshrub == 0, woodshrub) 
&if [exist shrub2 -grid] &then   
  kill shrub2 all 
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shrub2 = setnull(shrub == 0, shrub) 
&if [exist treesava2 -grid] &then   
  kill treesava2 all 
treesava2 = setnull(treesava == 0, treesava) 
&if [exist shrubsava2 -grid] &then   
  kill shrubsava2 all 
shrubsava2 = setnull(shrubsava == 0, shrubsava) 
&if [exist rock2 -grid] &then   
   kill rock2 all 
rock2 = setnull(rock == 0, rock) 
&if [exist grassland2 -grid] &then   
  kill grassland2 all 
grassland2 = setnull(grassland == 0, grassland) 
&if [exist sparse2 -grid] &then   
  kill sparse2 all 
sparse2 = setnull(sparse == 0, sparse) 
/*Merging classes to create Formations map 
&if [exist Formations -grid] &then   
  kill Formations all 
Formations = merge(human2, forest2, woodland2, woodshrub2, shrub2, treesava2, 

shrubsava2, grassland2, sparse2, rock2) 
Kill human2 all 
Kill forest2 all 
kill wooland2 all 
kill woodshrub2 all 
kill shrub2 all 
kill treesava2 all 
kill shrubsava2 all 
kill grassland2 all 
kill rock2 all 
kill sparse2 all  
kill forest all 
kill woodland all 
kill woodshrub all 
kill shrub all  
kill treesava all 
kill shrubsava all 
kill grassland all 
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