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ABSTRACT 
 

 

At a time of increasing climatological and anthropogenic impacts, managers of 

Natural Protected Areas in Mexico require monitoring efforts to assess the ecological 

integrity of their regions and adapt management activities accordingly. However, for 

many of these areas, like the Pinacate and Gran Desierto de Altar Biosphere Reserve 

(PBR), the location and extent of land cover impacts are generally unknown. An analysis 

of the natural vegetation of this area, with the use of several remote sensing techniques, 

concluded that it continues to be relatively stable at a landscape level. Any perceivable 

changes appear to be the result of natural vegetative response to climatological factors 

affecting this protected area. However, these same results show that the plant 

communities located on the PBR are more sensitive to change, making them especially 

vulnerable to continuous drought and other impacts due to human activities such as 

groundwater depletion and mass tourism from nearby communities.  
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CHAPTER ONE 
 

INTRODUCTION 
 

In Mexico, Biosphere Reserves account for nearly 58.5% of the surface occupied 

by natural protected areas (Susana, 2005). These areas have great international and/or 

national significance. They contain ecosystems that have not been significantly altered by 

man and support species that are representative of the Mexico’s great biodiversity; 

including those that are endemic, threatened or endangered. The activities that are 

normally permitted within these areas are the preservation and restoration of habitats, 

scientific research, and environmental education; and they prohibit or limit human 

activities that can alter the ecosystem (CONANP, 2005).  

Over the last three decades, Mexican authorities have viewed biosphere reserves 

as the best way to ensure the protection of important ecosystems, endangered species and 

unique cultural artifacts. Biosphere reserves are also meant to foment partnerships among 

local communities, managers and other stakeholders within a region that has clear 

boundaries for landscape protection and sustainable economic development. However, 

many specialists believe that protected areas in Mexico have failed to meet these 

objectives; concluding that many legal and illegal human activities within and around the 

reserve boundaries continue to threaten the ecological integrity of these areas (Young, 

1999).  

Generally called paper parks, Mexican biosphere reserves, and other natural 

protected areas, face many problems that restrict their ability to protect the country’s 

valuable resources. Some problems faced have been impacts on the natural/cultural 
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resources, inadequate funding for management, and institutional and capacity problems 

(Hockings, 2003). Fortunately there has been an increased effort in the protection of 

Mexico’s natural areas and biodiversity by Mexican government officials, managers, 

binational NGO’s and other environmental institutions. During the last decade, Mexico 

has taken the lead internationally in the development of biosphere reserves (Gomez-

Pompa and Kaus, 1999).  

Current environmental laws also demonstrate this shift towards a better protection 

of Mexico’s natural resources. Article 45 in Mexico’s Ley General de Equilibrio 

Ecológico y Protección al Ambiente (General Law for Ecological Equilibrium and 

Environmental Protection; LEGEEPA, 1993) ascertains the necessity of implementing 

natural protected areas that should protect representative and fragile ecosystems, guard 

historical/archeological monuments, safeguard genetic diversity, and promote a 

sustainable use of the country’s ecological regions through the advancement of 

knowledge and technology.  

Article 46 classifies the different types of natural protected areas and establishes 

Biosphere Reserves as the highest rank of protection. Since 1995, under SEMARNAT’s 

(Secretariat for the Environment and Natural Resources) Environmental Program, 

conservation has received more emphasis and the government has agreed to the economic 

subsidization of several natural protected areas (SEMARNAT, 1995). Some of the largest 

protected areas in Mexico are located in remote, sparsely populated and arid areas of little 

economic value (Stoleson et al., 2005).  
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One such area, the El Pinacate and Gran Desierto de Altar Biosphere Reserve 

(PBR) is the fourth largest protected area in Mexico (Melo Gallegos, 2002). This natural 

protected area is in the process of obtaining some of the necessary factors, such as 

funding, exchange of information, cooperation, local participation, education and training 

(Batisse, 1997), to successfully manage its natural and cultural resources. As an example, 

the World Bank and The Nature Conservancy, through the Parks in Peril program, have 

aided in the conservation of important ecosystems along the U.S.-Mexico border region 

by providing funding for salaries and programs. This funding aided it in its consolidation 

as a Biosphere Reserve (Morales, 2003).  

Additionally, Mexico has received grants from the Global Environmental Facility 

and the Fondo Mexicano para la Conservación de la Naturaleza (Mexican Fund for the 

Conservation of Nature; FMCN, 2005) to fund projects in 10 of its 18 biosphere reserves. 

Mexican authorities are applying for additional grants to fund the remaining biosphere 

reserves, including the PBR, starting in 2006.  The PBR has also received continuous 

funding from national and state sources and initial support from the state and federal 

government and local communities.  

This collaborative effort has been facilitated through several meetings between 

the managers and the ejido members (Murrieta, 2000). It has also been recognized as a 

Global 200 ecoregion; identifying it as an area critical for conservation that presents 

relative stability (WWF, 2001). Since its declaration, a management plan has been 

written and implemented; making the PBR one of only three reserves in Mexico with an 

approved management plan.   
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However, in view of rapid population growth, an increase in problems along the 

U.S.-Mexico border, and an intensification of economic activities within and around the 

Biosphere Reserve, one has to wonder if the PBR has been able to create a balance 

between complex ecological and socioeconomic systems, while protecting its ecological, 

geological and cultural values. Under the regulations of the PBR, inhabitants from 

surrounding municipalities and within the PBR (approximately 1, 288 people) have the 

right to use and affect the land in the PBR (INE, 1995; Murrieta, 2000; Brusca et al., 

2004). So far, due to its arid climate and low human population, the PBR had been able to 

keep most of its ecological integrity. Unfortunately, the existing social and economic 

inequalities in this region have limited the reserve’s capability for sustainable 

development (Moreno and Martinez, 2003).  

The main economic activities that now take place legally or illegally in the PBR 

include agriculture, ranching, mining, use and extraction of natural resources, hunting 

and tourism. These activities have occasioned a number of threats that have had direct 

impact on the region in the form of fragmented habitats, waste, destruction of 

archeological artifacts, and the reduction of endangered species, to name a few 

(SEMARNAT, 1995; TNC, 2000; Moreno and Martinez, 2003; Brusca et al., 2004). 

It is important to point out that in 1992, a change was made to the Mexican 

Agrarian Law which now allows ejidatarios (ejido members) to sell their lands and has 

resulted in the development of previously “off limits” properties around the PBR 

(Yetman and Burquez, 1998). This modification to the law has also caused the 

withdrawal of government programs and agricultural subsidies (Simon, 1997; Murrieta, 
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2000).  This development can have significant impact in the local communities as well as 

those surrounding the PBR producing encroachment and increases in illicit activities 

In this case, it is clear that land use patterns in areas within and surrounding the 

PBR have been changing in nature and intensity since its implementation. In order for the 

PBR to be managed effectively it must be able to identify and address new and old threats 

and conflicts that are currently affecting this region. For that reason it is important to 

recognize how major impacts have affected different areas within the PBR. Of the main 

threats discussed above, mining, agriculture and ranching are identified as having the 

greatest impact in the PBR. These threats have caused significant changes in the natural 

landscape and destruction of the vegetation cover (SEMARNAT, 1995). Other studies 

have identified additional threats that have similar effects on the vegetation such as the 

extraction of non-timber resources, formation of new paths by uncontrolled access and 

recreation in the area, and climatic changes.  

Deserts are fragile ecosystems where perturbations can cause large changes in the 

landscape. However, the size, remoteness and harsh climate of these areas make it 

difficult to monitor these landscapes by land (Okin and Roberts, 2004). Therefore, there 

is little information on the existence, scale and location of these impacts in the PBR. 

Fortunately the use of satellite imagery can diminish some of the costs and manpower 

requirements that can limit large-scale ecological surveys. In addition, satellite imagery 

can be used to determine vegetation distributions and occurrence for very large areas in a 

short time (Domaç et al., 2004) and can aid in the assessment of vegetation distribution 
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(Smith et al., 1990) and land cover changes and trends through time in the PBR (Kepner 

et al., 2000; Graham et al., 1991; Urban et al., 1987). 

This type of analysis could aid managers and other stakeholders in understanding 

some of the forces that could be leading land cover changes in the PBR. For this purpose, 

this study sets out to accomplish these objectives:  

1. Quantify and analyze spatio-temporal vegetation changes in the El Pinacate 
Biosphere Reserve from 1993 to 2005, through the use of remote sensing 
techniques. 

 
2. Describe some possible causes that have contributed to the observed vegetation 

changes. 
3. Prioritize areas according to the amount of observed impact, as well as managers’ 

perceptions, where action needs to be taken for the preservation of this ecosystem. 
 
4. Evaluate effectiveness of this approach for monitoring arid, large-scale 

landscapes. 
 
5. Establish a baseline and protocol for future monitoring efforts 

This analysis of vegetation changes in the PBR could also allow managers to 

prioritize conservation efforts according to the severity of the problem and adapt existing 

management strategies accordingly. Accordingly, these types of spatial products have 

also aided in the decision-making process relating to the socio-economic and ecological 

impacts (Mas et al., 2002) like the ones that are affecting the PBR. In addition, it can also 

serve as a baseline for future monitoring activities that might take place in the PBR in 

some foreseeable future.  
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1.1 Study Area 

The PBR was decreed as a biosphere reserve in June 10, 1993, “based on the 

necessity to conserve biodiversity and the scenic and aesthetic values of a unique 

landscape in the world and that together with its socioeconomic characteristics allow for 

a better and easier management” (INE, 1995). This area must also deal with international 

values imposed by UNESCO’s biosphere model which include ecosystem management, 

sustainable development, research, and local participation (UNESCO, 2000).  The PBR 

lies northeast of the Gulf of California and south of the U.S.-Mexico border (see Figure 

1; Turner, 1990). Having an area of 714,556 hectares, it protects important ecosystems, 

endangered and endemic species, and cultural/historical resources of the Sonoran Desert 

(INE, 1994; Moreno and Martinez, 2003).  

The PBR is divided into separate 2 core areas (covering 38% of the land), which 

are set aside for conservation and have restricted uses, emphasizing research and 

recreation. Land tenancy in these core areas is mostly composed of federal land (56%) 

and the rest are undeveloped ejido lands (land is held communally by several families, 

but plots are farmed individually). The remainder of the PBR is made up of the buffer 

zone (62%), which in turn is divided into federal lands (13%), ejido land (87%) and 

private property (1%; Moreno and Martinez, 2003). In this portion of the Sonoran Desert, 

there are a reported 560 species of plants (more than 20% of which are endemic and three 

are under protection), 41 species of mammals (5 are endangered), 100 species of birds 

(15 are endangered), 42 species of reptiles (21 are endangered), and four species of 

amphibians (INE, 1995; Felger, 2000: Brusca et al., 2004). 
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Figure 1. El Pinacate and Desierto de Altar Biosphere Reserve (Moreno and Martinez, 2003). 

 

1.1.1 Climate 

Situated in one of the most arid regions of North America, this area has long, hot 

and dry summers, with winter and spring rains interrupted by spring and fall drought 

periods (Bahre and Bradbury, 1978; Murrieta, 2000). The PBR is climatically and 

geographically part of the Sonoran Desert (Ives, 1964). The average annual temperature 

is between 18 and 22 oC (65-72 oF) and the annual precipitation is less than 200 mm (~8 

inches) (INE, 1995; Kresan, 1997). The greatest extremes occur in this portion of the 

Sonoran Desert, where summer temperatures can exceed 49oC and winter temperatures 

can fall below freezing (Burquez et al., 1999).  
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Rainfall is bimodal and tends to be spotty and unpredictable (Ives, 1964). There is 

a precipitation gradient in this region that declines from east to west and from higher to 

lower elevations, varying from 50 up to 300mm (Felger et al., 1997). The winter rains 

extend from December to the end of March or the middle of April and the summer rains 

are limited from July to early September. The winter rains are prolonged and usually 

occur over wide areas, while the summer monsoons are brief and limited to small areas 

(Shreve, 1964; Turner et al., 2003). These winter rains are considered as the most 

important in terms of the vegetation, as the lower temperatures reduce water loss by 

evaporation (Burquez and Castillo, 1993). However, annual and seasonal precipitations 

tend to fluctuate considerably in arid areas (Ezcurra and Rodriguez, 1986; Felger et al., 

1997), and drought periods can last up to five years (Challenger, 2000).  

 

1.1.2 Local Geomorphology 

The elevation in the PBR varies between 200 and 1,290 meters (655-4230 feet) 

above mean sea level. The landscape is characterized by landforms from the Basin and 

Range Physiographic Province (Peterson, 1981). Landform descriptions that were used 

for the classification of vegetation types in this study have been described by several 

studies in this region (Shreve, 1964; Peterson, 1981; Ezcurra et al., 1987; Burquez and 

Castillo, 1994; de Lira-Reyes, 1997; Felger, 2000). According to this literature, there are 

three main categories of landforms within the boundaries of the PBR: (1) constructional 

landforms, (2) climatic or arid zone landforms, and (3) erosional landforms.  
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The constructional landforms include the granitic mountain ranges and the 

volcanic shield. The main soils found on these landforms are lithosols (INE, 1994). The 

volcanic shield known as Sierra del Pinacate, or Sierra Santa Clara, is a broad basaltic 

formation that occupies an area of 194,250 hectares (Greely et al., 1984). Soils largely 

consist of wind deposited sands and silts derived from Colorado River delta sediments 

and airborne dust. It is composed of lava fields, volcanic ash deposits, Maar craters and 

cinder cones (Kresan, 1997). It is surrounded by irregular basalt lava flows (Gonzalez-

Romero, 1995; Bezy et al., 2000) that merge into the adjoining desert plains. The granitic 

mountain ranges occupy a small portion of the PBR (Burquez and Castillo, 1994). The 

altitude of the mountain ranges varies from 300 – 810 meters (INE, 1994). These are 

characteristically narrow, fairly linear and are generally oriented in a northwest-southeast 

direction with broad valleys in between (Burquez et al., 1999; Felger, 2000). These 

ranges are remnants of larger mountain ranges that have been shortened due to their 

brittleness and erosion.  

The climatic landforms include the bajadas, playas and sand dunes. In the PBR, 

bajadas, or alluvial fans, are located on the some of the slopes of the volcanic shield and 

the granitic ranges. These are semiconical deposits that are usually narrow with an 

extension of a hundred meters. They have high fluvial activity during rainy periods and 

the soils are dominated by coarse sedimentary material, mainly regosols (INE, 1994). The 

bajadas that arise from the granitic mountain ranges are fine-gravelly or sandy in nature, 

while those that come from the volcanic shield tend to be more gravelly (de Lira-Reyes, 

1997).  Associated to the bajadas are the sandy desert plains, which are deposition zones 
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with lower slopes (5–2%) than alluvial fans (Valdez Zamudio, 1994). Soils are 

characterized by fine gravels, sands and silts (de Lira-Reyes, 1997).  

Another important landform is the playa (salt lake) that is represented by flatter 

and lower altitude areas in a basin with fine particle soil, (de Lira-Reyes, 1997) made up 

of vertizols (INE, 1994). These tend to be barren of vegetation due to extreme salinity. 

The most important playas are the Playa Diaz and Los Vidrios, located on the northwest 

portion of the crater Cerro Colorado, and inside the craters of the volcanic shield. A 

greater extension of the PBR (approximately 75%) is covered by sand dune fields. These 

dunes are the result of sands and silts blown from the delta of the Rio Colorado, from at 

least 10,000 years ago (Kresan, 1997). The largest and most complex dunes (crescentic, 

transversal and star dunes) are located in the central areas (southeast of the volcanic 

shield and south of Sierra del Rosario), while lower surrounding dunes converge into 

areas of stabilized sands along the northwestern and eastern margins of the volcanic field 

(Greeley et al., 1984; Blount and Landcaster, 1990; Burquez and Castillo, 1993).  

The erosional landforms in the PBR are only represented by the Sonoyta River 

and other ephemeral washes; constituting this region’s main hydrological areas. The 

river, which originates outside the PBR, runs west past the city of Sonoyta and then turns 

south, along the eastern portion of the volcanic shield and disappears near the ejido Los 

Vidrios Viejos (May, 1973; Peterson, 1981; Burquez and Castillo, 1993; INE, 1995; 

Felger 2000). The type of soil found within and along the riverbeds are fluvisols (INE, 

1995).   
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1.1.3 Vegetation 

The main vegetation type for the whole area is considered to be desert scrubland 

(Ives, 1964; Rzedowski, 1983; Turner, 1990). In the drier areas of the Pinacate region, 

there is only 3% vegetation cover, while in the wetter areas (Sonoyta region) there can be 

up to 20-30% vegetation cover. The height of the vegetation can go from 0.5 to 1.5 

meters (Rzedowski, 1981). The PBR is actually composed of two main biotic 

communities (Shreve, 1964). The Arizona Upland subdivision, known as the Palo Verde 

– Saguaro community, occurs in a small northeastern portion (near the Sonoyta River) 

and at the higher elevations of the biosphere reserve. This subdivision is more diversified 

and it is typically dominated by trees and tall cacti (Brown, 1994); having the appearance 

of a low woodland of leguminous trees with intervening spaces filled with shrub and 

perennial succulents (Bahre, 1991). The flora includes saguaro (Carnegiea gigantea), 

creosote bush (Larrea tridentata), palo verde (Cercidum microphyllum) and ocotillo 

(Fouquieria splendens; Anderson, 1997).  

As the desert floor dips below 325 m to the south and west of the Sonoyta River, 

the Arizona Uplands turns into the Lower Colorado subdivision, where there is a decline 

in plant species and a replacement of plant taxa. The Lower Colorado Valley Subdivision 

is the most xeric; with high winter and summer temperatures and low, highly irregular, 

annual precipitation. The vegetation in this subdivision reflects these environmental 

extremes by its simple species composition, sparseness and uniformity. It is dominated by 

two plant species, creosote bush and white bursage (Ambrosia dumosa; Shreve, 1964).  
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Within these two main vegetation subdivisions, the PBR’s unique topography has 

given origin to a greater variety of habitats with its subsequent biological richness 

(Burquez and Castillo, 1993; Arriaga Cabrera et al., 2000). Different studies continue to 

divide the vegetation of the PBR into specific ecological zones that are defined by 

landform, altitude, soil type, soil moisture, temperature and precipitation (May, 1973; 

Felger, 1980; Ezcurra et al., 1987; Turner, 1990; Parker, 1991; Felger, 1992; Felger et al., 

1997; Felger, 2000). The open structure of arid vegetation communities, its low 

biodiversity and the presence of abundant dominant plant species (Challenger, 2000) 

have aided in the identification of the PBR’s main ecotones.  

One such ecosystem, the Sonoyta Region and the major washes possess a richer 

diversity than the other portions of the PBR, with the presence of at least 314 plant 

species. The main riparian vegetation of the Sonoyta River is composed of mesquite 

(Prosopis glandulosa), palo verde and ironwood (Olneya tesota; Valdez-Zamudio, 1994); 

with invasion of thick stands of salt cedar (Tamarix ramosissima) along most of its 

course, which has largely replaced mesquite. Typical species in this habitat also include 

Prosopis glandulosa, desert wolfberry (Lycium spp), Atriplex polycarpa and Baccharis 

salicifolia on the banks, while Psorotamnus spinosa, Croton californicus, and Pethalonix 

thurberii dominate the riverbed (Ezcurra et al., 1987).  

Other plants include canyon ragweed (Ambrosia ambroisioides), Anemopsis 

californica, Atriplex lentiformis, Baccharis salicifolia, Cynodon dactylon, Cyperus 

laevigatus, Heliotropium curassavicum, Hymenoclea monogura, Juncus articus, 

Leptochloa fusca, Machaeranthera arida, M. carnosa, Meliolotus indica, Nitrophila 
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occidentalis, Phalaris minor, Pluchea sericea, Polygonum hydropiperoides, Polypogon 

monspeliensis, Potamogeton pectinatus, Prosopis pubescens, Rumex inconspicuus, Salix 

gooddingii, Scirpus americanus, Spergularia salina, Sporobolus airoides, Suaeda 

moquinii, Symphyotrichum subulatum, Typha domingensis and Zannichellia palustris.  

In the washes around the Pinacate lava field, a number of the Lower Colorado 

Valley species have replaced the Arizona Upland species (Felger, 1997). Along the 

bottom of the larger washes one can also find ironwood, mesquite, palo verde, ironwood, 

and blue palo verde (Parkisonia florida) hugging the river margins. These washes also 

include desert willow (Chilopis linearis), desert honeysuckle (Anisacanthus thurberi), 

white (Ambrosia dumosa), brittlebush (Encelia farinosa), Fouquieria splendens, Larrea 

divaricata and Atriplex canescens, hummingbird bush (Justicia californica), and desert 

lavender (Hyptis emoryi; Turner and Brown, 1994; Felger, 2000); as well as several other 

species of ephemerals and perennials. A number of species occur exclusively in the 

Sonoyta region, as well as in the upper levels of the Sierra Pinacate: Daucus pusillus, 

Dichelostemma pulchellum, Digitaria californica, Jatropha cinerea, Malacothrix 

sonorae, Muhlenbergia porteri, and Pectocarya recurvata (Felger, 1992; Felger, 2000).  

The Pinacate volcanic shield and other highland ecosystems present a higher 

biodiversity (40% more, with up to 309 plants species). The volcanic shield vegetation, 

along with that of the granitic mountain ranges in this region, is characterized by shrubs 

trees and succulents such as brittlebush, sangregado (Jatropha cuneata), ocotillo, palo 

verde, ironwood, viejitos (Mammillaria spp), mezcal (Agave spp), chollas (Opuntia spp) 

and viznagas (Ferocactus spp). Most of these plants are often on north-facing slopes, 
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while the south and west facing slope present more xeric vegetation, characterized by the 

presence of Larrea (Felger, 2000). Vegetation on the PBR’s sky island includes Daucus 

pusillus, Dichelostemma pulchellum, Digitaria californica, Jatropha cinerea, 

Malacothrix sonorae, Muhlenbergia porteri, Pectocarya recurvata, and Phacelia 

cryptantha. This sky island also has an endemic species, Senecio pinacatensis (Felger, 

1991).  

Additionally, these higher areas of the PBR support twenty three plants that do 

not occur anywhere else in northwestern Mexico: Artemisia ludoviciana, Astrolepis 

cochisensis, A. sinuata, Berberis haematocarpa, Bothriochloa barbinodis, Bromus 

berterianus, Calycoseris parryi, Cleome isomeris, Gilia inconspicua, Glandularia 

gooddingii, Keckiella antirrhinoides, Mentzelia veatchiana, Opuntia chlorotica, Pellaea 

mucronata, Pholistima auritum, Rafinesquia californica, Rhus aromatica, Salvia 

mohavensis, Sphaeralcea ambigua subsp. rosacea, Stipa speciosa, Teucrium galndulosum 

and Zephyrenathes longifolia (Felger, 2000).  

The vegetation of the lava flows is composed of perennials such as brittlebush, 

creosote bush, palo verde, saguaro, and teddybear cholla (Opuntia bigelovii), triangle-leaf 

bursage (Ambrosia deltoidea), white bursage, ocotillo, ironwood, limberbush, Elephant 

tree (Bursera microphylla), barrel cactus (Ferocactus cylindraceus), pygmy cedar 

(Peucephyllum schottii), ratany (Krameria grayi), globe mallow (Sphaeralcea ambigua), 

sweetbrush (Bebbia juncea), Agave deserti, Trixis californica, Hyptis emoryi, Krameria 

canescens, Accacia constricta, Celtis pallida, Lycium andersonii, Encelia frutescens and 

Dyssodia porophylloides (Shreve, 1964; Felger, 2000; MacMahon, 2000).   
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Most of the species found in the entire Pinacate region can be found in several of 

the craters (Felger, 1997). Vegetation is very rich and has a very similar composition, 

especially between craters of comparable size and depth. The playa flora (inside lowest 

points of craters) is similar to those other playas in the Pinacate region.  Plants include 

mesquite, spiny poppy (Argemone gracilenta), Cercidium floridum and Chamaesyce 

albomarginata, Boerhavia spp, Bouteloa aristidoides, B. barbata, Cuscuta spp, Delea 

mollis, Kallstroemia grandifolia, Leptochloa mucronata, Oliaomeris linifolia, Pectis 

papposa, Proboscidea altheifolia, and Schismus arabicus. There is a clear vegetational 

zonation, with mesquite, ragweed (Ambrosia confertiflora), spiny poppy, spurge 

(Euphorbia albomarginata) blue palo verde, and devil's claw (Proboscidea althaeafolia) 

in a concentric distribution around the playas (Felger, 2000).   

The south and west facing slopes of the craters have harsher environments, where 

only a couple of perennial species are present, such as white bursage and creosote bush, 

or only bursage. The north-facing slopes have a larger number of perennials, although 

their density is low, these include brittlebush, ocotillo, creosote bush, and senita.  

Following favorable winter-spring rains, there is an appearance of many ephemerals 

which normally grow in pockets between the lava rocks. These ephemerals are Allionia 

incarnata, Aristida adscensionis, Chaenactis carphoclinia, Cryptantha angustifolia, C. 

Maritima, Erigonum spp., Geraea canescens, Perityle emoryi, Phacelia ambigua and 

Plantago ovata (Turner, 1990; Felger, 1992). 

The vegetation found in the Gran Desierto (85 species) is widely represented by 

both of the two main biotic communities: the creosote bush-bursage community and the 
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palo verde community. The creosote community is composed of shrubs (Lowe, 1964, as 

seen in May, 1973) that cover large areas of low relief, such as valleys, mesas and plains 

between the mountain ranges (May, 1973). As the name indicates, this community is 

dominated by creosote bush and white bursage, as well as big galleta grasses (Hilaria 

rigida). The palo verde-saguaro community has both trees and shrubs which are located 

on rocky hills, bajadas and other coarse soiled slopes. The principal plants of this 

community are foothill palo verde, ironwood, elephant tree, chollas, and senita. During 

favorable years, the dunes may present several species of ephemerals during late winter 

and spring and can constitute up to 65% of the dune flora (Davis et al., 1990). The 

vegetation has various adaptations to this environment, compared to their non-dune 

relatives, among them are gigantism, plants are taller and more slender, possess whitish 

herbage and deep roots (Felger, 1980).  

At a larger scale, the Sonoran Desert bajadas consist of coarse-textured soils near 

mountain fronts and finer textured soils towards the basin floors; producing a vegetation 

continuum along the slope of the bajadas (McAuliffe, 1994). There are three main plant 

associations: (1) Larrea association (white bursage, palo verde and creosote bush) at the 

foot of bajadas and into the desert plains, (2) a floristically diverse association (Acacia 

constricta, A. greggi, triangle-leaf bursage, mormon tea, brittlebush, ironwood, mesquite, 

and chollas at the top, and (3) a connecting ecotone (triangle-leaf bursage, palo verde, 

saguaro, ocotillo , Condalia lycioides, Jatropha cardiophylla, and Opuntia leptocaulis) in 

the middle (Shreve, 1964; Bowers, 1988). In addition, on the rocky soils of the bajadas, 
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flat rocky areas and along the washes there are palo verde trees, smoke trees (Dalea 

spinosa), and ironwoods. 

There are two particular cases that present differentiated vegetation from the other 

areas mentioned previously. One is the Sierra del Rosario, which suffers from increased 

aridity and isolation. More than two dozen species in the northwestern ranges are lacking 

in the Sierra del Rosario, presenting only 150 spp, with nearly 40 species common to 

both the dunes and the granitic mountain ranges (Felger, 2000). The other is an isolated 

zone located on the southern portion of the PBR is characterized by halophytic 

vegetation. This vegetation is characteristic of areas that present high concentrations of 

saline depressions (Webster, 2001) in intercoastal areas. It includes Atriplex polycarpa, 

A. canescens, Maytenus phyllanthoides, Frankeria palmeri, Rhizophora mangle and 

Avicennia germinans (Challenger, 2000). 

 

1.2 Land Cover Change Analysis 

Land cover change can be defined as a visible alteration in the surface structure 

and composition of vegetation communities (Milne, 1988; Pilon et al., 1988). This is one 

of the most pervasive forms of landscape alteration and it is commonly linked to other 

forms of environmental degradation including erosion, habitat and biodiversity loss, 

alteration of biogeochemical cycles, groundwater depletion, and invasive species 

(Lambin and Strahler, 1994; Bright, 1998). Even though vegetation changes may take 

long periods of time, a minor change in vegetation can signify major impacts on wildlife 

populations and other components (Green et al., 1994). Therefore, apparent modifications 
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in the vegetation of a region can serve as important indicators of natural and 

anthropogenic impacts (Smith et al., 1990; Enzo, 1998; Velazquez, et al., 2002).  

Arid landscapes are very sensitive to climate changes and surface transformations. 

In arid lands, “the low organic matter content in soils and the sparse woody vegetation 

cover result in a lack of buffering to resist against environmental degradation” 

(Challenger, 2000; Huete and Didan, 2004). However, the location, extent and 

characteristics of these land cover changes are often unknown. Once arid lands are 

degraded, they are unlikely to revert, unless a high input of resources are injected (de 

Lira-Reyes, 1997). Therefore, the “long-term monitoring of plant communities is an 

essential prerequisite for understanding and eventually predicting responses of vegetation 

to both long-term climatic change and short-term anthropogenic or natural 

disturbances…” (Goldberg and Turner, 1986), allowing land managers to conduct a 

better and more informed use and protection of land resources.  

A large collection of studies has shown that the use of remote sensing to monitor 

vegetation changes is a useful method for studying arid and semiarid ecosystems 

(Schmidt and Karnieli, 2000); considering that the size, remoteness and harsh climate of 

these areas can make it difficult and expensive to monitor land cover change using 

ground measurements (Okin and Roberts, 2004). The maps that can be produced with the 

aid of remote sensing can describe the distribution and pattern of land cover changes 

through the use of classification algorithms that link recorded digital number values by 

the satellite system to specific land cover characteristics (Jensen, 2000).  
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1.2.1 Satellite Systems 

The use of the same sensor system provides information with the same spatial 

resolution, viewing conditions, spectral bands and time of day (Rogan and Yool, 2001); 

further reducing variability that has to be accounted for in the land cover change analysis. 

The Landsat satellites collect data in seven electromagnetic bands, from visible to the 

thermal infrared (see Table 1) that allow researchers to classify surface features and 

discriminate vegetation type (Jensen 2000; USGS, 2006). Since the initial satellite was 

launched in March 1, 1984, the Landsat MSS, TM and ETM+ sensors have collected high 

spatial, spectral, temporal and radiometric resolution imagery (Jensen, 2000), which can 

aid in the detection of subtle reflection differences that are crucial for improved land 

cover change classification accuracy (Goward and Williams, 1997).  

Band No. Wavelength
Interval (µm)

Spectral 
Response Resolution (m) 

1 0.45 – 0.52 Blue-Green 30 
2 0.52 – 0.60 Green 30 
3 0.63 – 0.69 Red 30 
4 0.76 – 0.90 Near IR 30 
5 1.55 – 1.75 Mid-IR 30 
7 2.08 – 2.35 Mid-IR 30 

Table 1.  Landsat TM (Nicholas, 2006) and Landsat ETM (NASA, 2004) satellites. 
 

The Landsat TM satellite system orbits at an altitude of 705 km at the Equator and 

provides a 16-day repeat cycle with a 185 km swath. Landsat TM5 has a sun-

synchronous orbit with an equatorial crossing time of 9:45 a.m. with an orbital inclination 

of 98.2◦ (Jensen 2000; USGS, 2006). The orbit of Landsat 7 is also, circular and sun-

synchronous, crossing the Equator from north to south 10:00 AM and 10:15 a.m. (NASA, 
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2004).  Its spatial resolution of 30*30 m pixels is sufficient to recognize trends in 

vegetation change (Khorram et al., 1999).  

Another satellite sensor that has provided useful information on the condition of 

vegetation at a large-scale has been the Moderate Resolution Imaging Spectroradiometer 

(MODIS). MODIS captures both NDVI and enhanced vegetation index (EVI) data at 1-

km, 500 m and 250m resolutions. This data has already been corrected for Rayleigh and 

Mie scattering and ozone absorptions. The data is obtained as a composite image made 

up of multiple observations, over a 16-day period, which only contain high quality and 

cloud free data (Huete et al., 2002). Image composition is performed to guarantee a 

cloud-free image every few days, thus providing large datasets for land cover analysis 

(Cihlar, 2000).  

 

1.2.2 Image Analysis and Normalization 

The EDC Landsat processing system provides radiometric and geometric 

correction of the TM data. Radiometric calibration is the process of converting raw 

digital numbers (DN) observed by the sensor into at-sensor-radiance. The radiometric 

calibration of Landsat TM is done in two steps: (1) absolute calibration that performs the 

DN to radiance conversion by modeling the characteristics of the optics and electronics 

of the sensor; and (2) relative calibration to remove the residual errors to improve the 

qualitative appearance of the data (USGS, 2006).  

The geometric correction performed by the U.S. Geological Service removes 

systematic geometric distortions in an image (scan skew, mirror-scan velocity, panoramic 
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distortion, platform velocity and earth rotation; Jensen, 1996) and remaps it to a regular 

grid in a standard map projection (USGS, 2006). However, additional geometric 

correction for non-systematic errors (variations through time in the position and altitude 

angles of the satellite platforms; Jensen, 1996), are still necessary for consistent and 

accurate mapping of land cover change detection (Armston et al., 2002). 

 

1.2.2.1 Geometric Correction 

Pre-processing of satellite scenes must be conducted prior to change detection to 

remove any remaining data acquisition errors and noise (Coppin et al., 2004).  For any 

image, image misregistration can lead to change detection commission errors that will 

corrupt the results and even create unreal change phenomena (Coppin and Bauer, 1996), 

which are almost impossible to correct through post-processing operations (Johnson and 

Kasischke, 1998). This misregistration can be fixed through image-to-map or image-to-

image registration. This can be accomplished with the use of Ground Control Points 

(GCPs; Jensen, 1996). GCPs are specific pixels for which both the source coordinates 

(image being rectified) and the references coordinates (reference image to which the 

source image is being rectified) are known (ERDAS, 1997). GCPs should be fixed 

features, like road intersections and hills, and they should be as evenly distributed across 

the entire scene (Chuvieco, 1990).  

Once a network of GCPs is selected throughout both the reference and the source 

image, the next step is to use a model to process the geometric correction.  A useful 

method considered for this study was the first order linear polynomial correction due to 
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its ability to preserve original recorded pixel radiances (Jensen, 1996). Furthermore, this 

technique allows for the translation, rotation and scaling correction of the images; which 

need to be registered to sub-pixel accuracy to avoid false results when detecting changes 

(Armston et al., 2002). The misregistration between the scenes can then be calculated 

through Root Mean Square (RMS) error. The RMS error is the distance between the input 

location of a GCP and the location of that same for the output (ERDAS, 1997). The RMS 

equation is: 

  RMS error = 22 )()( irir yyxx −+−  (1) 

where xi and yi are the target scene easting and northing and xr and yr are the overlap 

image easting and northing (Armston et al., 2002). An RMS error of 0.5 and 1 pixel is 

generally necessary for sparsely vegetated areas such as the PBR. 

 

1.2.2.2 Radiometric Correction 

Studies involving multi-temporal change detection and classification require 

additional atmospheric corrections so that all the data is on the same radiometric scale to 

be able to monitor terrestrial surfaces over time (Lu et al., 2002; Song et al., 2001). These 

radiometric corrections will reduce the error in estimating surface reflectance caused by 

the scattering and absorption by gases and aerosols found in the Earth’s atmosphere. 

Landsat TM bands are placed in sections of the spectrum that are moderately affected by 

gaseous absorption and where Rayleigh scattering can be well characterized (Jensen, 

1996; Song et al., 2001). 
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Rayleigh scattering is wavelength-dependent, affecting the visible and near-

infrared wavelengths the most. It has an additive effect on the radiation reaching the 

satellite sensor by increasing the amount of electromagnetic energy sensed by the 

detectors of the satellite system (Chavez, 1989). As a result, any image processing 

technique that analyses the relative spectral response of different spectral bands, or 

requires quantitative analysis, will be affected by the composition of the atmosphere at 

the time of data capture and will require atmospheric correction (Lu et al., 2002).   

According to Lu, et al. (2002), there are three main categories of atmospheric 

correction models: physically-based models, absolute atmospheric correction models and 

relative atmospheric correction models. Physically-based models are considered as some 

of the most accurate methods, but they require in-situ atmospheric parameters coincident 

with image data acquisition which are generally unavailable for many historic satellite 

data. The other two categories rely on algorithms that use information found in the image 

itself to perform the atmospheric correction.  

The second category, relative models are based on the assumption that 

atmospheric scattering is only concentrated on the visible wavelengths, with little or no 

effect on the near and middle infrared bands. In this type of models, the DN values 

represent the reflectance values for the corrected images, even though it might not be the 

same as the reflectance values on the ground. Therefore these types of models can have 

high degrees of inaccuracy and are not compatible with automatic change detection for 

large areas. 
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The last category, absolute models can convert the digital number (DN) to surface 

reflectance. The most widely used absolute method used for classification and change 

detection application is the dark object subtraction (DOS) approach. This approach 

assumes that dark objects (having zero or small surface reflectance) exist through out the 

satellite images. Therefore, the minimum DN value found in the histogram for an entire 

scene is due to an effect in the atmosphere and can be subtracted from all the pixels 

(Chavez, 1988; Song et al., 2001; Lu et al., 2002).   

The main advantage of this method is that it does not require ground 

measurements of atmospheric information at the time the image was taken; instead 

important parameters can be found in the metadata or derived with just the image’s 

acquisition date. Other assumptions made by this model are that atmospheric effects are 

constant, the surface is Lambertian and the path radiance is uniform, which could affect 

the model’s results for areas with rough terrain that would require additional topographic 

correction to account for changes in solar irradiance from the ground (Lu et al., 2002).  

The COST method is a modification the dark object subtraction method. This 

method’s main assumption is that of the presence of pixels within the image that are 

completely black (zero surface reflectance), due to shadows from topography or clouds. 

So that any recorded radiance values for these pixels have to be the result of atmospheric 

scattering (path radiance). The COST method also assumes that the reflectance recorded 

for every band is a function of the solar zenith angle (Chavez, 1989). Therefore, this 

method allows for the removal of the cosine effect of different solar zenith angles due to 

the time difference between the images (Chander and Markham, 2003). In this manner, 
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the COST method can provide a good approximation of atmospheric effects on the 

imagery; making the results as accurate as those obtained through field measures 

(Chavez, 1996).  

 

1.3 Change Detection Techniques 

“Change detection is the process of identifying differences in the state of an 

object or phenomenon” (Singh, 1989). One can monitor differences in land cover when 

observations are made on at least two spectral images or land cover classifications in time 

(Lambin and Ehrlich, 1997; Nackaerts et al., 2005). Land cover changes can be observed 

through remote sensing techniques as spatial entities that become a different category, 

change shape, shift position or fragment or unite with time (Coppin et al., 2004). 

Khorram et al. (1999) stated that observed changes could “affect entire areas uniformly 

and instantaneously, while others may take the form of slow advances or retreats of 

boundaries between classes and still other changes may have very complex spatial 

textures”.  

“Change detection provides a technique to ascertain the location, quantity and 

trends of environmental processes” (Khorram et al., 1999). Satellite imagery can be 

converted to land cover maps that show the pattern and distribution of change by using 

several types of algorithms that can link observed reflectance values to specific land 

cover change classes (Smith et al., 2003). There are several methods that can be used to 

monitor vegetation change. Most of the existing techniques can be grouped into two 

classes: (1) multi-temporal data classification and (2) comparison of two independent 
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land cover classifications (Singh, 1989; Mas, 1999). The first set of methods include band 

differencing, vegetation indices differencing, ratioing, regression, principal components, 

tasseled cap and change vector analysis, among others (Johnson and Kasischke, 1998).  

The second group of methods requires an independent classification of land cover 

type for every one of the images, and then the resulting product maps are compared to 

determine change (Wang et al., 2004). An example of this type of methods is supervised 

and unsupervised classification procedures. The similarity between all of these change 

detection methods is that they are based on the conjecture that land cover changes result 

in persistent, measurable differences in the spectral signature of the affected land surface 

(Yuan et al., 1998). Also, vegetation change detection should compare the differences in 

reflectance values recoded by satellite imagery, while controlling as much of the 

variances caused by differences in external variables (noise, sensor differences, 

atmospheric conditions, biophysical differences, etc.; Singh, 1989; Green et al., 1994). 

So far there is a lack of agreement on the effectiveness of particular change 

methods considering different change algorithms can produce different qualitative and 

quantitative results (Coppin et al., 2004; Lu et al., 2004).  The selection of a particular 

change detection method depends largely on data availability, analyst’s experience, the 

geographic area of study and time and computing constraints (Seto et al., 2002). 

However, the most important aspect to be considered during the selection process is the 

change algorithm’s ability to detect if a change has occurred, identify the nature of the 

change, measure the area of change and assess the pattern of the change (MacLeod and 

Congalton, 1998).  
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1.3.1 Image Differencing Method 

 Of all of the available methods, image differencing is the most common and 

simplest change detection approach. This technique merely requires the subtraction of an 

original satellite image or its transformation at an initial date from that of a second date 

(X2 – X1; Coppin and Bauer, 1996). Once the difference images are generated, it is still 

necessary to distinguish between the change and no change areas located in the scenes. 

The histogram thresholding method is the most widely used technique for this purpose 

(Yuan et al., 1998).  

 The histogram thresholding method works under the conjecture that the histogram 

of the difference image normally has a Gaussian distribution. This type of distribution 

confers positive and negative values in areas of reflectance change and zero values in 

areas of no change between the two time periods (Sohl, 1999; Cakir, 2006). The 

determination of the changed from unchanged pixels in the images is obtained by 

interactively setting a series of thresholds values depending on the number of standard 

deviations from the mean and evaluating the image display (Singh, 1989; Macleod and 

Congalton, 1998). 

 The main assumptions of threshold selection is that land cover changes are 

represented by significant changes in radiance and that only a few changes occur in the 

study area between the two dates (Bruzzone and Fernandez, 2000). Therefore pixels with 

a value close to the mean are unchanged, representing minor changes or just noise 

(atmospheric conditions that were not corrected during the normalization process), while 
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those greater or less than 0.0 represent some type of change and are normally present 

along the histogram tails (see Figure 2; Fung and Drew, 1988; Sohl, 1999).  

  

 

 
 
 
 

  

 

 

 Vegetation index differencing is a method that is easy to use and interpret and 

provides spatial data on areas of vegetation change. This method allows for quick 

verification of change for any area, which permits managers and researchers to conduct a 

rapid assessment of how vegetation might be responding to any particular event. 

However this method only provides information on the spatial and temporal variability of 

land cover, so that it is still necessary to use other methods to obtain information of 

vegetation composition for the PBR (Sohl, 1999; Shupe and Marsh, 2004). 

 

1.3.2 Vegetation Indices 

Vegetation indices (VIs) are useful in identifying vegetation changes over large 

regions. VIs are dimensionless, radiometric measures that can function as indicators of 

the relative abundance and activity of vegetation. They are based on the difference in 

absorption, transmittance and reflectance of solar energy by vegetation in the red and 

Figure 2 The histogram depicts a range of values from negative to positive, where 
those clustered around zero represent no change while those at either tail represent 
negative or positive changes (Cakir et al., 2006). 
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near-infrared portions of the electromagnetic spectrum (see Figure 2; Lyon et al., 1998; 

Rondeaux et al., 1996). The study of vegetation characteristics through remote sensing is 

based on the knowledge that the Earth’s vegetation intercepts radiant energy from the 

sun, which then produces a spectral reflectance from the leaves. Most advanced satellite 

sensors collect multi-year spatial data across a wide spectrum of energy – ultraviolet, 

visible, infrared and microwave (0.35-3.0 μm; Lindsey and Herring, 2000; Jensen, 2000).  

Figure 3 below shows that the red chlorophyll absorption band for healthy green 

vegetation has more contrast than the blue and green bands because of reduced 

atmospheric attenuation, while the NIR band is very responsive to the amount of 

vegetative biomass present in a scene (Jensen, 2000). The low reflectance in the visible 

part of the spectrum versus the high reflectance of the near infrared portion creates a 

strong positive relationship between the perceived upwelling radiance and the presence of 

vegetation cover in natural ecosystems (Jensen, 2000, Coppin et al., 2004). This 

combination of spectral bands emphasizes the contrast between vegetated and non-

vegetated areas (Huete, 1996; de Lira-Reyes, 1997; Camacho de Coca et al., 2004) and 

allows spatio-temporal comparisons of vegetation structural, phenological and 

biophysical characteristics (Huete et al., 2002).  

Other advantages of vegetation indices are that they can reduce data volume for 

processing and analysis (Coppin and Bauer, 1996) as well as normalize external effects 

such as sun angle, viewing angle, and the atmosphere to create consistent spatial and 

temporal comparisons. They can also normalize internal effects like topography (slope 

and aspect), soil variations and differences in senesced or woody vegetation (Jensen, 
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2000; Huete and Justice, 1999; Running et al., 1994), which all together allow for more 

accurate vegetation change detection. With the use of vegetation indices, researchers can 

determine how densely or sparsely vegetated a region is and according to the amount of 

sunlight that is absorbed by vegetation one can identify changes in vegetation that can 

signal stress, such as pollution, drought or anthropogenic impacts (Lindsey and Herring, 

2000).  

 

Figure 3.  Spectral signature curve based on the absorption and emission features from the mesophyll tissue 
found in the leaves of healthy vegetation (NOAA, 2006) 

 

A previous study in the Sonoyta river portion of the PBR used the Normalized 

Difference Vegetation Index (NDVI) to determine vegetation changes between 1972 and 

1992 (Valdez-Zamudio, 1994). NDVI has been commonly used to detect vegetation 

changes in other large, arid and semi-arid environments covering large areas. These 

vegetation changes have helped categorize and measure areas that have been impacted by 
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human activities and/or natural phenomena. NDVI is defined as the ratio of the near-

infrared (NIR) and red (R) radiances for each pixel in the image: 

NDVI =    (NIR-R)    (7) 
                      (NIR+R) 
 
This ratio yields a measure of photosynthetic capacity (degree of greenness) with 

high values indicating areas with green vegetation and low values indicating low 

vegetation, barren and cloud covered areas. However, other studies have shown that 

NDVI is influenced by soil reflectance, which can provide misleading NDVI values 

(Deering et al., 1975; Valdez-Zamudio, 1994; Enzo, 1998). Previous studies have also 

demonstrated that contributions from the atmosphere to NDVI results are significant and 

can account up to 50% of the perceived reflectance in areas with sparse vegetation (Song 

et al., 2001).   

The main issue for this study is that the brightness of the soil beneath the 

vegetation can influence this vegetation index’s ability to detect green vegetation (Huete 

et al., 1985; Huete and Jackson, 1987; Huete, 1988; Qi et al., 1994; Huete et al., 1997). 

Considering that arid lands, like the PBR, tend to have low biomass production and low 

vegetation cover (de Lira-Reyes, 1997); this could have a direct impact on the results, 

leading to the detection of false vegetation changes or omitting important changes. For 

this reason, new VIs that have been generated to reduce NDVI’s problems with canopy 

background, atmospheric effects and saturation (Huete et al., 1994; Huete et al., 1997) 

would be more appropriate for this research. 

Several of these improved indices integrate a soil adjustment factor and/or a blue 

band in the correction of the red band for atmospheric aerosol scattering. The canopy 
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background correction factor is designed to render VIs insensitive to background 

variations that can affect land cover change results. Therefore, improving vegetation 

discrimination and soil noise levels (Huete, 1988). On such vegetation index is the Soil 

Adjusted Vegetation Index (SAVI): 

 SAVI = (1 + L) + (NIR – R) / (NIR + R + L),  (8) 

where L is a soil adjustment factor and the multiplication factor (1+L) is needed to 

maintain the dynamic range of the index similar to that of the NDVI (-1 to 1; Rondeaux 

et al., 1996).  According to Huete (1988), there are three optimal adjustment factors, L= 1 

for low vegetation density, L = 0.5 for intermediate vegetation and L = 0.25 for higher 

densities.  

Another widely used vegetation index is the Vegetation Index (EVI). The MODIS 

satellite regularly produces worldwide NDVI and EVI data. EVI data is comparable to 

SAVI data as it also posses canopy correction adjustment that aids in the monitoring of 

open canopies. The EVI formula is:  

EVI = ______ρ*
nir - ρ*

red_______   * G   (9) 
             ρ*

nir + C1ρ*
red – C2ρ*

blue + L  
 

where L is the canopy background adjustment (L = 1) that accounts for the nonlinear NIR 

and red wavelength transfer through the vegetation canopy. G is the standard gain factor 

(G = 2.5). C1 and C2 are coefficients which use the blue band to correct for water vapor 

and aerosol influences on the red band (C1 = 6, C2 = 7.5; Huete et al., 1994; Huete et al., 

1997; Huete, 2002; Gao, 2003). The use of these coefficients can effectively reduce soil 

type, litter and water content variations (Fensholt and Sandholt, 2005).  
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1.3.3 Multi-temporal Kauth-Thomas Transformation 

The Kauth-Thomas transformation (KT) or Tasseled Cap is a linear 

transformation of the Landsat data that converts satellite data into a new two-dimensional 

coordinate system where each new axis is independent (orthogonal) and corresponds to 

distinct biophysical scene characteristics (Campbell, 1987). Similar to the VIs, this 

transformation is based the observation that the correlation between the visible and near-

infrared bands cause vegetation and soil related information in the scene to fall into a 

single plane (see Figure4; Crist, 1984). It is stipulated that the first three axes obtained by 

this method represent the only physical features of importance in the Landsat datasets 

(Rogan and Yool, 2001), as they capture at least 95% of the spectral variability in scenes 

dominated by vegetation and soils (Crist and Cicone, 1984; Crist et al.,1986; Crist and 

Kauth, 1986). 

 

Figure 4.  Dispersion of Landsat data is between two perpendicular planes and a transition zone between 
the two. Data from fully vegetated areas are located on the plane of vegetation, while bare soils fall in the 
plain of soils (or soil line). The transition zone represents a continuance of vegetated areas with both visible 
vegetation and bare soils (Kauth and Thomas, 1976; Crist, 1984).  

 

The soil line is defined by the generally defined by a linear equation with slope a 

and intercept b, representing the bare soil pixels in the scene (Schmidt and Karnieli, 

2001). The use of a universally predetermined soil line allows this algorithm to compute 



   

 

44

green vegetation signals, while maintaining the soil background constant (Huete et al., 

1985; Schowengerdt, 1997; Lawrence and Ripple, 1998). This type of data 

transformation facilitates data analysis by reducing the number of bands to be considered 

and providing a direct association between physical process on the ground and signal 

response (Crist et al., 1986).  Studies using both Landsat TM and ETM data show that the 

first axis consistently corresponds to ‘brightness.’ This feature has been defined as the 

partial sum of all bands and is directly correlated to the differences in soil reflectance.  

The second axis has been denoted as ‘greenness, being associated with changes in 

vegetation. These changes in vegetation are captured by the differences between the 

visible and NIR bands, with the mid-infrared bands cancelling out each other. The third 

axis is known as ‘wetness’ because it has shown that the contrast between shortwave-

infrared and visible/near-infrared reflectance is linked to the moisture content and 

vegetation density (Crist, 1984; Crist and Kauth, 1986; Crist et al., 1986; Seto et al., 

2002; Nackaerts et al., 2005). 

 

1.3.4 Unsupervised Classification 

As was mentioned beforehand, post-classification analysis requires the 

comparison of two independent land cover classifications for two different dates (Mas, 

1999; Sohl, 1999). Existing classification techniques can consist of supervised, 

unsupervised classifications or fuzzy classification logic (Khorram et al., 1999; Wang et 

al., 2004). Both of these image classification methods have the ability to link specific 

pixel spectra to dominant scene components or class (Smith et al., 1990).  
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For the purpose of the study, I will only discuss the unsupervised classification 

briefly. This method takes into account the spectral characteristics of the area and groups 

areas with similar signals into clusters that have to be labeled by the user. The important 

advantage of this method is that concerns about the location and representativeness of the 

ground data are much reduced because the clusters are homogenous by definition (Cihlar, 

2000) and it does not require prior knowledge of the study area (ERDAS, 1997; 

McDermid et al., 2005). One of the major problems with unsupervised classification is 

the effect of controlled parameters (i.e. number of clusters) since changes in these can 

produce different final results. Another important limitation is that independent ground 

information is required to match the spectral clusters and thematic classes (ERDAS, 

1997; Cihlar, 2000).  

 

1.3.4.1 Accuracy Assessment 

Accuracy assessment is based on the selection of samples using field observations 

or fine resolution images to catalog the discrepancies between the land cover map and the 

reference data. There are two main accuracy assessment techniques that express the 

accuracy of the map as a percentage of the area that has been classified correctly when it 

has been compared the reference data or ground measurements. The first technique relies 

on the error matrix for the quantification and interpretation of error in change detection 

exercises (Khorram et al., 1999). 

This error matrix is a square array of numbers set out in rows (representing the 

classified) and columns (representing the reference data) which express the number of 
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sample units (i.e. pixels) assigned to a particular category relative to the actual category 

as verified on the ground (see Figure 5).  In this method, the sum of the entries that form 

the major diagonal, which represent the number of correct classification per class, divided 

by the total number of samples taken represent the overall accuracy of the classification. 

It can also describe both user’s accuracy (commission errors) and producer’s accuracy 

(omission errors) (Story and Congalton, 1986; Congalton, 1991; Khorram et al., 1999). 

    

 

 

 

 

 

 

 

 

Figure 5. Example of error matrix (Congalton, 1991). 
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CHAPTER TWO 

MATERIALS AND METHODS 

 

2.1 Geometric Correction  

For the purpose of this study, several remote satellite images (P37R38 and 

P38R38) were selected for the measurement of vegetation change for the PBR at a 

landscape level. Land cover change was analyzed with images from three dates between 

1993 and 2005 from the Landsat sensors (see Table 6). The main requirements for these 

images were little or no cloud cover, good image quality, same satellite sensor, and 

within the same month to reduce the effect of certain environmental factors, such as 

rainfall, differences in plant phenology and atmospheric factors, such as sun angle and 

irradiance (Pilon, 1988; Yuan et al., 1998).  

The periodicity of these images depended on the availability of data of acceptable 

quality. Nonetheless, these dates provide a good interval to detect vegetation changes, 

which previous studies have stipulated to be of at least five years (Coppin et al., 2004).   

During the georectification process, the Landsat imagery was co-registered to the 

Universal Transverse Mercator (UTM) projection, WGS84, zones 11 and 12, using 

ERDAS Imagine 9.0 software. Both 2005 images were selected as base images and all 

other images were georeferenced to them.  For this study, a nearest neighbor re-sampling 

approach was used to rectify the images and calculate the RMS error.  
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2.2 Radiometric Correction 

For this project, I used the COST model which is based on work by Chavez 

(1989, 1996) for the conversion of DN to surface reflectance. The COST method is able 

to correct for the effects of both path radiance and atmospheric transmittance (Song et al., 

2000). The initial step of this technique was to perform a radiometric calibration through 

the conversion of Digital Numbers (DN) to radiance units (W / m2 * sr * μm), by using 

the following equation: 

RADi(X,Y) = (DNi(X,Y) - OFFSETi) / GAINi           (2) 

where DNi(X,Y) is the output digital value for band i at pixel (X,Y), GAIN is the gain 

factor used for band i, RADi(X,Y) is the radiance value as perceived by the detector at 

pixel (X,Y) for band i, and OFFSETi is the offset factor used for band i. GAIN and 

OFSSET coefficient values were acquired from the remote sensing image header file.  

The next step was to convert radiance to at-satellite radiance for each pixel by 

correcting for both solar and atmospheric effects. The equation used for this purpose is 

(Skirvin, 2004; Chander and Markham, 2003; Chavez, 1996): 

Lλsensor = (LMAXλ – LMINλ )  Qcal min + LMINλ                                                          (3)  

           Qcal max 
                                                       

where; Lλsensor is the spectral radiance at the sensor’s aperture in W/(m2 * sr * μm), 

Qcalmin equals the minimum quantized calibrated pixel value (minimum DN value; see 

Table 2), Qcalmax is the maximum quantized calibrated pixel value (DN = 255), LMINλ is 

the constant spectral radiance that is scaled to Qcal min (see Table 2 and 3), and LMAXλ – 

constant spectral radiance that is scaled to Qcal max (see Table 2 and 3). 
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Landsat TM 5 Postcalibration Dynamic Ranges 

Processing Date From March 1, 1984 to 
May 4, 2003 After May 5, 2003 

Band LMINλ LMAXλ LMINλ LMAXλ 
1 -1.52 152.10 -1.52 193.0 
2 -2.84 296.81 -2.84 365.0 
3 -1.17 204.30 -1.17 264.0 
4 -1.51 206.20 -1.51 221.0 
5 -0.37 27.19 -0.37 30.2 
6 1.2378 15.303 1.2378 15.303 
7 -0.15 14.38 -0.15 16.5 

Table 2 - Landsat TM 5 Postcalibration Dynamic Ranges for U.S.. Spectral radiances LMINλ and LMAXλ 
are in W/m2 * sr * μm (Chander and Markham, 2003) 
 

For desert regions, it is recommended that the post-calibration dynamic ranges 

for, a) bands 1 to 3 be set to high gain, except where sun elevation is greater than 28° to 

avoid bright desert target saturation; b) band 4 should be set to high gain, except where 

sun elevation is greater than 45° (then set to low gain) to avoid saturation; c) bands 5 and 

7 should be set to high gain, except where sun elevation is greater than 38o to avoid 

saturation; and d) band 6 be set to low gain (NASA, 2004). For this study, results showed 

that setting all bands to low gain worked best than high gain, seeing that low gain 

provides a greater saturation radiance allowing the user to image a wider range of 

brightness values (Markham et al., 2006). This condition is important for the PBR, as this 

area presents extreme soil differences between the desert sands and the volcanic rock.  

As for the minimum DN selection, Sanchez (2007) concluded that the inert lava 

flows around the central northeast portion of the volcanic shield could serve as true dark 

objects. The minimum DN values were selected the modified histogram method, 
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according to Mauz (2002), that allows the user to find the minimum DN value from the 

frequency histogram for every band of the image (see Table 4).  

ETM+ Postcalibration Dynamic Ranges (W/(m2 * sr * μm) 
Before July 1, 2000 After July 1, 2000 

Low Gain High Gain Low Gain High Gain 

 
 

Band 
LMIN LMAX LMIN LMAX LMIN LMAX LMIN LMAX

1 -6.2 297.5 -6.2 194.3 -6.2 293.7 -6.2 191.6 
2 -6 303.4 -6 202.4 -6.4 300.9 -6.4 196.5 
3 -4.5 235.5 -4.5 158.6 -5 234.4 -5 152.9 
4 -4.5 235 -4.5 157.5 -5.1 241.1 -5.1 157.4 
5 -1 47.7 -1 31.76 -1 47.57 -1 31.06 
6 0 17.04 3.2 12.65 0 17.04 3.2 12.65 
7 -0.35 16.6 -0.35 10.932 -0.35 16.54 -0.35 10.8 
8 -5 244 -5 158.4 -4.7 243.1 -4.7 158.3 

Table 3 – ETM+, relative to TM data, includes high-gain and low-gain states for each of the bands 
(Markham et al., 2006). These values were obtained from NASA (2004).  
 

Minimum DN Values 
Band 03.01.1994 03.10.1994 03.18.2000 03.25.2000 03.08.2005 03.15.2005

1 43 43 51 56 42 52 
2 13 13 31 35 12 18 
3 9 9 22 25 9 13 
4 5 5 8 9 5 8 
5 1 3 1 3 1 1 
7 1 1 3 2 1 1 

Table 4 – DN values were calculated using Mauz (2002). 
 

The third step was to convert at-satellite radiance to reflectance by using the 

COST model equation: 

ρ = (π * d2) * (Lλ– Lλhaze)/(ESUNλ * cos2θsun)]         (4) 

where, ρ equals surface reflectance, d is equal to the  Earth-Sun distance (see Table 5), 

ESUNλ is the exoatmospheric spectral irradiance (see Table 5), theta is solar zenith angle 
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(90 degrees minus solar zenith angle; see Table 6), and Lλhaze (HAZE) is equal to 

atmospheric scattering caused by path radiance. 

Exoatmospheric Spectral Irradiances (W / m2 * μm) 
Band Landsat 4 Landsat 5 Landsat 7  

1 1957 1957 1969 
2 1825 1826 1840 
3 1557 1554 1551 
4 1033 1036 1044 
5 214.9 215 225.7 
7 80.72 80.67 82.07 

Table 5 - Landsat TM Solar Exoatmospheric Spectral Irradiances (Chander and 
Markham, 2003) 

 

Haze is an important component in this method for the temporal and spatial 

calibration of each image by correcting for atmospheric effects. Its main assumption 

when correcting high-resolution scanner data (such as Landsat TM and MSS imagery) is 

that, due to its small field of view, the atmospheric conditions within each individual 

scene are constant. 

Image Acquisition 
Date 

Day of Year 
(Julian Day) 

Earth-Sun Distance  
(Astronomical Units) 

Solar Zenith 
Angle 

March 1, 1994 60 0.991 38.75 
March 10, 1994 69 0.9932 41.75 
March 18, 2000 78 0.9957 49.65 
March 25, 2000 85 0.9977 52.19 
March 8, 2005 67 0.9927 45.14 
March 15, 2005 74 0.9946 47.68 

Table 6 – Earth-Sun distance values were calculated using the Astronomical Almanac (1994, 2000, 2007), 
while remaining values where obtained from the image’s metadata. 
 
 

The haze correction was also calculated by using the computed minimum DN values. 

However, considering that truly dark pixels are very hard to locate in any given image, 
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the use of a minimum reflectance value of 1% or 2% for the minimum DN value is more 

realistic (Chavez, 1988; Chavez, 1989; Chavez, 1996; Skirvin 2004); with the following 

equations: 

Lλ, haze = LMINλ – Lλ, 1%      (5) 

Lλ, 1% = 0.01 * d2 * cos2 θsun / (π * ESUNλ)   (6) 
 

The output values for reflectance from this method should range from 0 to 1.0 

(Skirvin, 2004). Another important consideration that must be taken for the cos2 θsun is 

that, for Landsat data, sun elevations below 45o have shown to have an affect on the 

reflectance values by exceeding the desired value of 1.0.  It might therefore be necessary 

to modify the sun elevation angles to get to avoid secondary effects on the results on the 

different change detection algorithms used in this investigation (Skirvin, 2004).  

 

2.3 Vegetation Index Differencing  

Several land cover change detection techniques were used during this project to 

meet the proposed research objectives. This approach can help decide whether observed 

changes are due to actual vegetation change or they are due to soil background, 

atmospheric effects or other reasons (Hannon, 1989). This is an important consideration 

for areas like the PBR, where the availability of long-term reference data is limited and 

its accuracy and veracity of the existing information is unknown. For this study, SAVI 

was used to detect vegetation in each of the images.  

A value of L = 1 was chosen, as most of the vegetation within the PBR presents 

less than 30% vegetation cover (Felger, 1980).  The resulting scenes were analyzed using 
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the vegetation index difference approach. The 1994 SAVI results were then subtracted 

from the 2000 to analyze a first period of change. The 2000 SAVI images were also 

subtracted from the 2005 results to analyze the second period of vegetation change in the 

PBR. These difference images were change from no change areas were determined using 

the thresholding method discussed previously.  

 

2.4 Multitemporal Kauth Thomas (MTK) Transformation 

Kauth-Thomas matrix transformation coefficients for Landsat TM (see Table 7) 

and Landsat ETM+ (see Table 8) were used to transform all of the images into brightness, 

greenness and wetness features.  

Component  Band 1   Band 2  Band 3  Band 4  Band 5  Band 7 
Brightness  0.3037 0.2793 0.4743 0.5585 0.5082 0.1863 
Greenness  -0.2848 -0.2435 -0.5436 0.7243 0.0840 -0.1800 
Wetness 0.1509 0.1973 0.3279 0.3406 -0.7112 -0.4572 

Table 7 Tasseled cap coefficients for Landsat TM data at-satellite reflectance (Crist and Cicone, 1984; 
Schowengerdt, 1997). 
 
Component  Band 1   Band 2  Band 3  Band 4  Band 5  Band 7 
Brightness  0.3561 0.3972 0.3904 0.6966 0.2286 0.1596 
Greenness  -0.3344 -0.3544 -0.4556 0.6966 -0.0242 -0.2630 
Wetness 0.2626 0.2141 0.0926 0.0656 -0.7629 -0.5388 

Table 8 - Tasseled cap coefficients for Landsat ETM+ data at-satellite reflectance (Huang et al. 2002). 
 

The Multitemporal Kauth-Thomas analysis, as with the VI image differencing, 

also consists of calculating the difference of every scene pixel to represent changes in 

brightness, greenness and wetness between any two dates. The change/no change area 

were also determined through empirically derived threshold values and were then 

compared to the SAVI difference image to locate areas that presented similar and 
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differing types of vegetation change.  The main disadvantage of the use of arbitrary 

thresholds by the vegetation index and Kauth-Thomas differencing methods can be 

disadvantageous because it is subjective and scene dependent, making it almost 

impossible to replicable. In addition, the assessment of the veracity of the perceived 

changes normally requires extensive ground reference information (Lu et al., 2004; 

Sanchez, 2007). 

 

2.5 MODIS-EVI Comparison 

In order to assess the accuracy of the SAVI and MKT results, I used additional 

satellite data from MODIS in attempt to detect vegetation change similar to that detected 

by the Landsat satellite system. For this purpose, I utilized EVI data for the period of 

March and April for consecutive years between 2001 and 2005 (available 2006 data for 

this period showed excessive stripping errors and was removed from the analysis). The 

image differencing was used to detect vegetation changes between the 2000 and 2005 

time periods. This difference image was then directly compared to the Landsat difference 

image for that same time periods. 

The utilization of the blue band has the ability to reduce background effects 

thanks to the fact that soil reflectance at this wavelength is relatively low (<10%), but 

tends to increase with wavelength through the visible and infrared regions of the 

spectrum (Rondeaux et al., 1996).  However, this same blue band can become 

problematic (out of range) over bright areas that can be further aggravated by 

atmospheric correction (Didan and Huete, 2006). This problem was experimented with 
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the Landsat data when attempting to calculate EVI values over the Gran Desierto sand 

fields, for which I then switched to SAVI to conduct my vegetation change analysis.  

 

2.6 Unsupervised Classification 

In order to identify individual vegetation types and acquire information on 

changes occurring within vegetation classes, a post-classification analysis was conducted. 

After taking into consideration the satellite imagery’s problems detecting low cover and 

non-photosynthetic vegetation characteristic of the PBR, two additional features were 

added to the visible and infrared bands before conducting the unsupervised classification. 

These were the SAVI and Greenness features obtained through the previous methods to 

enhance the presence of vegetation. This form of enhanced classification provides a more 

accurate depiction of change by minimizing errors associated with cluster 

misclassification (Pilon et al., 1988).  For this study, I performed an unsupervised 

classification of each Landsat image to classify changes in the different vegetation types 

found in the PBR. Under the unsupervised classification and after several trials, I selected 

the Iterative Self-Organizing Data Analysis Technique (ISODATA) with 50 clusters 

(additional number of clusters formed clusters in areas of known homogeneity) with 25 

iterations and 0.95% convergence threshold.   

Vegetation classes were based on previous studies of the PBR which determined 

vegetation types by vegetation association with landform and soil type (Ezcurra et al., 

1987; Felger, 1980; Felger, 1997; Felger, 2000; Sanchez, 2007), as these features have 

shown to be the best predictors of species distribution (Ezcurra et al., 1987). Other 
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ancillary information sources (i.e. vegetation maps) from INEGI (Mexican National 

Institute of Statistics, Geography and Information), expert knowledge of the managers of 

the PBR and personal experience in the area were used to aid in the classification of 

vegetation communities. The main limitation with this method it compounds any 

misclassification and misregistration errors that can be present in the individual 

classifications (Pilon et al.,1988), which could become a major issue when there is little 

reference data a for that of the PBR. 

 

2.6.1 Accuracy Assessment 

Ground samples used in the error matrix were obtained from personal field work 

in the PBR and from previous field surveys performed by Sanchez (2007). Erick Sanchez 

classified the vegetation for the Sierra El Pinacate core area of the PBR with the use of an 

IKONOS image and field point data set of over 500 points.  The main problem that can 

be encountered with the unsupervised classification performed for this study is that the 

resulting change map can only be as accurate as the product of the accuracy of each of 

the individual classification for each date (Lambin and Strahler, 1994). This is due to the 

fact that land cover classifications are not deterministic as vegetation tends to shift 

continuously due to weather, natural processes and human activity (Khorram et al., 

1999). For this reason, this data was used to assess the accuracy of the 2005 land cover 

map, as the available ground samples can be used to better describe this image.  
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2.6.2 Rate of Change 

Change between vegetation classes will be measured through their rate of change. 

The rate of change between the different classifications will be computed through the use 

of an equation previously used by Velazquez et al. (2002) and Mas et al. (2004) to 

analyze vegetation change in all of Mexico: 

δn = (S2 / S1)1/n  - 1                 (6) 

where δn is the annual rate of change, S2 is the area at time 2, S1 is the area at time 1, and 

n is the number of years between the two years. This post-classification change analysis 

will provide both quantitative and qualitative data for each of the vegetation types 

identified for the PBR.  

 It is important to mention that all of the images were clipped using the boundary 

of the buffer area of the PBR in order to reduce processing time. Once all of the tests 

were finished, all of the images were mosaicked and filtered with a 5x5 majority filter to 

remove the salt and pepper appearance of the change detection maps and as an attempt to 

improve the accuracy of the vegetation classification of the PBR. 

           

2.7 Key Interviews and Sketch Mapping 

Owing to the limited availability of ground information for this area, additional 

efforts were made to collect data through key interviews and sketch mapping. Previous 

studies have identified these techniques as useful tools to link social science and remote 

sensing data (Dennis et al., 2005; Haan et al., 2000). It has been shown that local experts 

are a valuable source of information as they are in close contact with a region’s 
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environment and possess intimate knowledge of their landscape. Sketch maps and 

surveys allow interviewees to express and analyze their knowledge of a particular region. 

This tool also permits people to easily identify their needs, opportunities, problems and 

threats (Anyaegbunam et al., 2004).  

Paper sketch maps produced with the aid of ArcGIS were presented to the PBR’s 

managers for them to identify natural resource distribution, location and types of resource 

use and areas of perceived vegetation change, as well as reasons for these changes and 

the location of socioeconomic and management activities. The managers and other 

experts were also presented with the preliminary change detection results for them to 

assess the probability that what was being captured by the sensor had actually happened 

on the ground. Additionally a short survey and timeline was applied at the time of the 

meeting in order to try to understand some of the possible causes that could be leading to 

the observed changes in the PBR, as well as to gain an understanding of the usefulness of 

these products for management purposes. Other questions asked were concerned with the 

future stability and appearance of threats in the PBR (see Appendix B for questionnaire).  

The managers will receive a copy of all of the original input data, as well as all of the 

resulting land cover maps from this study. 
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CHAPTER THREE 

RESULTS AND DISCUSSION 

 

3.1 Image Analysis and Normalization 

Within the scenes, I was able to find at least eight well-spaced ground control 

points for the P37R38 images and five points for the P38R38 images. These provided an 

RMS error that 0.5 of a pixel or less for every one of the georeferenced images. As to the 

atmospheric correction, most of the normalized images presented acceptable results, 

keeping the pixel values within the pre-accepted range. Except for the two 1994 images 

that presented sun elevations below 45o, which affected output ranges. Therefore it was 

necessary to modify these values and evaluate the outcomes from the application of the 

different recommended angles (35o, 40o or 45o; Skirvin 2004). Results indicated that both 

1994 Landsat ETM images required a change to a final sun angle elevation of 45o to 

maintain desired reflectance values (see Table 12 for final radiometric correction 

statistics).  

 

3.2 Vegetation Index Differencing Results 

After both the SAVI and MKT algorithms were applied to every scene, 

conservative thresholds of over two standard deviations from the mean were selected to 

locate areas of vegetation change. The selection of these thresholds was based on the 

knowledge that the detection of significant land cover changes has generally been 

specified by one or two standard deviations from the mean (Lu et al., 2004). At the same 
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time, a study by Rogan and Yool (2001) report that for arid areas, values found beyond 

the third standard deviation tend to characterize extreme changes in the vegetation. Also 

the given thresholds also produced results that were consistent with vegetated areas 

apparent in the false color images. Additionally, these same change areas were detected 

by all vegetation indices used in this study. To facilitate the interpretation of the 

vegetation index results, a summary of these results can be found in Table 13.  

 

3.2.1 SAVI Differencing Results  

The 1994-2000 SAVI difference images report that the most prominent loss of 

vegetation has taken place in the sandy desert plains located on the southeastern and 

northwestern regions surrounding the Pinacate volcanic shield (see Figure 7a). According 

to the data, these losses in vegetation are mostly low and moderate in nature, with large 

and extreme losses only occurring within small, explicit areas. The overall loss of 

vegetation on the northern portions next to the volcanic shield represents a drop off in 

vegetation within the sand dune vegetation community of the PBR. While the southern 

losses in vegetation represent a more direct impact on the microphyllous and sand dune 

vegetations found in those areas (see Appendix E for land cover maps). 

Additional losses that might be of concern are located on the higher elevations of 

Pinacate Peak, which could signify the loss of a high number of unique endemic species. 

There are also minor vegetation losses within the Sonoyta riverbed, where remaining 

stands of mesquite and other riparian species are already being replaced by salt cedar 

invasions. The presence of both vegetation loss and healthy vegetation so close to each 
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other in Sonoyta River could be evidence of thriving salt cedar communities as riparian 

plants tend to die before salt cedar (R. Turner, personal comm.). 

Contrary to the areas described beforehand, this same difference image revealed 

smaller areas of vegetation increase located on the volcanic shield, especially on its 

northern portion, as well smaller increases of vegetation on the granitic mountains. These 

areas tend to have a higher biodiversity than the adjoining sandy plains and bajadas and 

are mostly characterized by areas of sarcocaulescent and mixed desert scrubs. The soils 

found on these zones contain a higher proportion of rock and sand which are more 

favorable for plant development than soils that are made up of clay, caliche or pavement. 

(Peterson, 1981).  

This is due to the fact that rocky soils can retain higher amounts of soil moisture, 

with excess water running down the rocky pediments (Ezcurra et al., 1987). This can be 

clearly seen in this scene were areas of vegetation increase are generally following the 

linear patterns of ephemeral streams. On the other hand, one can observe areas where the 

ephemeral washes in nearby sandy desert plains, on the northeastern topmost corner of 

the PBR, sustain vegetation losses all along their riverbanks, as their sandy soils retain 

less water moisture leading to faster responses of the vegetation to water loss.  

The 2000-2005 difference scene reveals that the opposite vegetation changes 

occurred compared with the first time period (see Figure 7b). The desert plains that 

presented losses in vegetation have now completely recovered their vegetation. Areas like 

the northwestern corner next to the volcanic shield and the higher elevations of Pinacate 

Peak are experiencing increases in vegetation that far surpass any vegetation losses that 
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happened during the previous time period. This difference image also presents areas of 

vegetation increase on the western region of the PBR, along the lower portions of the 

bajadas of the granitic mountains and Sierra del Rosario, were little or no change had 

occurred between 1994 and 2000. This could mean that the vegetation in these areas is 

merely experiencing a short-term periodic loss of biomass and they have not been 

seriously impacted, considering that to a greater extent the perceived changes have a low 

intensity and none of the changes appear to have been permanent.  

However, even though the increase of vegetation is considerable, several areas 

that show vegetation increase do not appear to make up for the vegetation lost up to 2000. 

One can observe that not all of the vegetation recovered completely. The area east of 

Sonoyta River presents extensive areas of vegetation recovery, but these do not match up 

to the total extension of vegetation loss experienced by the year 2000.  Furthermore, areas 

further southeast of the volcanic shield do not present any change, even though large 

portions previously experienced vegetation loss. At the same time, an important 

consideration during the time of analysis is that the volcanic shield presents gains in 

vegetation throughout both time periods.  

This demonstrates not only that the vegetation on the eastern and southeastern 

sandy areas of the PBR appear to change more rapidly than that found on rockier soils, 

but that vegetation recovery takes a longer time. This could signify that soils in this area 

not only determine plant distribution in this area (Ezcurra et al., 1987), but they also play 

an important role in plant survival. It also implies that the vegetation is highly sensitive to 

water availability in this area. These dynamic areas located within the Arizona Uplands 



   

 

63

subdivision also present high plant diversity, so if they were to experience permanent 

vegetation loss, it would signify an important decrease in the biodiversity of this area. 

Sanchez (2007) also found that portions of the PBR with volcanic origins 

appeared to be more resilient to land cover changes than areas associated with 

sedimentary soils at lower elevations. However, the sand dunes on the western portion of 

the PBR do not seem to be as sensitive to change as the one on the eastern portion. 

According to the managers of the PBR, these areas have received little or not impact by 

any human activities and their more xeric nature exhibits areas with no or little vegetation 

cover.  A troubling discovery for this area is that even though the vegetation of the PBR 

shows the capacity to recover considerably, there is a portion of the Sonoyta River that is 

still suffering from vegetation loss. Considering the fact that portions pf the Sonoyta river 

was experiencing vegetation increases during the first time period, at the time when the 

rest of the PBR was generally experiencing broad losses in vegetation, the more recent 

losses in vegetation could be the result of a decrease in water flow in the river. This can 

also be seen in the small flood area east of the Sonoyta River that presents the same 

pattern as the river. This possible drop in the water tables could also explain why most of 

the riparian vegetation shown little or no change, during the period when drier areas 

showed significant increases in vegetation.  

 

3.2.2 MKT Differencing Results 

The brightness image for the 1994-2000 time periods (Figure 8a) presents the 

same general areas of vegetation loss and increase as seen in the SAVI differencing 
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scenes. Sanchez (2007) observed similar changes in brightness along the western and 

southern portion of the volcanic shield, which he concluded could be related to the effect 

of grazing and agriculture in these areas. The main differences lie in that Sanchez 

identified larger areas of vegetation loss, signalized by increases of perceived soil, on the 

northwestern corner of the volcanic shield. However, these changes are minimized in the 

SAVI results.  

Sanchez’s pattern of vegetation loss corresponds better with observed vegetation 

increases for that same area in the SAVI 2000-2005 results. The other area that is 

experimenting larger amounts of vegetation loss and that is unreported in the SAVI 

results occurs on the northeast portion of the volcanic shield. This significant loss of 

vegetation could be affecting microphyllous desert scrub communities found in this area. 

The 2000-2005 brightness difference image (Figure 9a) shows almost the exact same 

results as that of SAVI for the same time period.  

The greenness and wetness 1994-2000 images (Figure 8b and 8c respectively) 

show more concordant change areas between them and the SAVI difference image for the 

same period. The same goes for the 2000-2005 images for both vegetation indices 

(Figures 9b and 9c respectively). Still, it seems that the greenness and wetness features 

are less sensitive to vegetation changes than the SAVI algorithm. This is apparent in the 

lack of observed vegetation changes along the southeastern sandy desert area next to the 

volcanic shield that were clearly captured by the SAVI 1994-2000 image. However, an 

interesting finding on the wetness images is the presence of an apparent decrease in soil 



   

 

65

moisture throughout the reserve, being more apparent on the sandy soils than on the 

rocky soils, which could account for the observed patterns of vegetation loss.  

Overall this study’s findings, plus those of Sanchez (2006), imply that the same 

phenomenon was responsible for the changes observed in the PBR between 1989 and 

2000.  Also, this phenomenon appears to be closely related to the overall decrease in soil 

moisture observed by the wetness feature for 1994-2000. Furthermore, considering the 

large extent of those changes, it appears to be directly related to climatic factors. Further 

discussion on the possible causes for the observed changes will be addressed in the next 

section. 

A large limitation with both SAVI and MTK methods was the appearance of 

spurious pixels located throughout the scenes. It was concluded that these pixels 

represented noise, and not areas of greater index sensitivity, as they were normally 

located in areas that were known to have little or no vegetation cover. These areas also 

correspond to zones that support shifting sand dunes, so that the indication of vegetation 

could be most probably caused by shadows. This indicates that the images are still 

plagued by atmospheric and soil effects that could not be removed by the atmospheric 

correction and SAVI’s soil correction coefficient. Another general observation is that the 

MKT differencing method seems to be more sensitive to atmospheric effects and soil 

background problems than the SAVI algorithm.  

This can be seen by the increase of spurious noise still present in the image, even 

after atmospheric correction, than that present in the SAVI differencing scenes. This 

same sensitivity could account for the differences in change detection between both 
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methods. Moreover, any differences between SAVI and greenness results can be 

explained by the greenness’ feature inability to deal with soil effects in low vegetation 

cover environments, reducing its ability to distinguish differences in vegetation cover 

(Lawrence and Ripple, 1998).  

 

3.2.3 MODIS-EVI Comparison 

The MODIS EVI difference image also reiterates the small and moderate 

increases of vegetation seen in the PBR between 2000 and 2005 (see Figure 10). This 

increase in vegetation is closely related to the higher elevations of the granitic mountain 

ranges and the volcanic shield and the sandy valleys at the foot of these landforms. This 

sensor detects larger amounts of vegetation increase than any of the other vegetation 

indices of this area. This could be in part due to the compositing method used to create 

these images or to EVI’s ability to diminish soil background effects that are affecting the 

other vegetation indices. However, the reasons behind the differences between these two 

sensors and the methods used will not be discussed further as the only the purpose of the 

MODIS difference image was to determine whether vegetation changes perceived by 

both the Landsat Tm and ETM+ were correct.  

One must keep in mind that the results for the SAVI and MKT difference images 

only represent a conservative estimate of the vegetation changes that could be occurring 

in the PBR. By targeting values located at the tails of the histogram only the areas that 

present significant change are chosen. Observable vegetation changes might actually 

constitute only a percentage of the real changes that have occurred in this area during the 
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last decade; especially smaller changes that might provide a better indication of specific 

impacts that might be affecting this area, such as agriculture, grazing or tourism. 

Nonetheless, these techniques provide a good estimate of vegetation change at a 

landscape level, which can give a good idea on the ecological integrity of this region.  

It has been proven that vegetation indices can underestimate biomass in deserts, 

are insensitive to non-photosynthetic vegetation and are sensitive to soil variations due to 

low vegetation cover. All of these factors tend to “swamp out the spectral contribution of 

vegetation and variable soil surfaces can contribute to within-scene variability” (Okin and 

Roberts, 2004).  Additionally, the detection of small areas of change might be deterred by 

plant adaptations in this region, such as wax coatings on leaves, leaves that change 

orientation depending on the time of day or non-photosynthetic vegetation (Shupe and 

Marsh, 2004; Okin and Roberts, 2004); that can dramatically lower the amount of 

radiation perceived by the satellite sensor.  This could be one of the reasons why both the 

Greenness and Wetness results for the 2000-2005 showed losses of vegetation on the 

volcanic shield. This loss could also be indicating a change in vegetation composition 

from communities possibly dominated by palo verde and mesquite, as these areas seem to 

be mainly associated with ephemeral washes, to those dominated by ocotillo and saguaro. 

This same change in vegetation composition has been observed in more mesic areas 

within the playas of McDougal crater as a direct response to climatic factors (R. Turner, 

personal communication).  
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3.3 Causes of Land Cover Change  
 

Lambin and Ehrlich (1997) consider that land cover changes are driven by five 

principal causes (1) long-term natural changes in climatic conditions; (2) geomorphologic 

and ecological processes, like soil erosion and natural vegetation dynamics; (3) human-

induced vegetation alterations of vegetation cover and landscapes; (4) interannual 

climatic variability (drought); and (5) human-induced climatic changes. Several studies 

have concluded that vegetation changes can be observed in the PBR every decade and 

these are most probably associated with rainfall cycles (Ives, 1955; Ives, 1964; Martin 

and Turner, 1977; Ezcurra et al., 1987). According to Nash et al (2003), “in the absence 

of anthropogenic impacts and extreme natural events (fire, flood, etc.), vegetation cover 

is related directly to rainfall.”   

This conclusion has been reiterated by another study by Valdez Zamudio (1994), 

who concluded that observed vegetation changes in the Sonoyta riparian vegetation were 

caused solely by climatic changes. What's more, recorded climate data by CONAGUA 

(2006) and precipitation data from the meteorological stations at the PBR’s headquarters 

show that this region experiences periodic episodes of drought and wet years (Sanchez, 

2006). The differences in vegetation recorded by the satellite imagery correspond with 

years suffering long periods of climatic fluctuation (see Figure 6). The loss of vegetation 

observed between 1994 and 2000 relates to a below average precipitation interlude from 

1993 to 2000 (Garcia Jimenez et al. 2002). Meanwhile the increase in vegetation between 

2000 and 2005 relates to above-average precipitation from 2003 till 2005. Therefore, it 
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seems that observed vegetation changes are directly correlated to climate variability in 

this region.   

Also, changes observed in the PBR are most probably related to the presence of 

winter ephemerals during wet years. Annuals are an important part of the biodiversity of 

this region, as they make up to 50% of the local flora of the PBR (Venable and Pake, 

1999). The appearance of these annuals is highly responsive to rainfall variations, 

especially during El Niño weather events that result in higher than average winter 

precipitation. This type of change has been observed previously by Ives (1964), who 

reported that this increase of annual plants was followed by a slight decrease in 

perennials, the net result being a greening up of the desert. This recorded decrease in 

perennial could also be a reason for the perceived losses of perennial vegetation on the 

volcanic shiled that were reported previously.  Ephemerals compromise up to 55% of the 

vegetation of the sand dunes of the PBR (Felger, 1980) and include several herbaceous 

species like Abronia, Eschscholazia, Lupinus, Oenothera, Salvia, and Gilia, as well as 

many Asteraceae, Brassicaceea and Boraginaceae (Shreve, 1951; Webster, 2001). These 

changes were also not perceived in known areas of perennial species like Larrea, 

Prosopis and Cercidium or in areas with seasonal species like Jathropa, Fouquieria, and 

Bursera that tend to keep their green foliage months after the rains (Challenger, 2000).  
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Figure 6. Z-scores of precipitation data from the Pinacate Biosphere Reserve Head Quarters 
meteorological stations indicating the below average precipitation throughout 1999 and the above 
average winter precipitation in 2003 and 2004 (Sanchez, 2007). 
 

As to the anthropogenic impacts that could be affecting this region, a map 

produced by Mexico’s Procuraduría Federal para Protección del Ambiente (PROFEPA; 

Moreno and Martinez, 2001) shows areas presenting large-scale impacts on the 

vegetation by human activities (but fails to mention their effect on the vegetation), such 

as illegal crossings along the US-Mexico border and subsequent militarization, 

uncontrolled recreation, urban encroachment and poaching of large plants such as 

mesquite and ironwood. However, this study did not detect evidence of these types of 

impacts on any of the satellite analyses or on the ground.  

 

3.4 Unsupervised Classification Results 

As to the results from the post classification analysis, the unsupervised 

classification resulted in six distinct vegetation classes for the PBR (see Table 14).  The 

resulting land cover maps (Figures 11a, 11b and 11c) reported the higher elevations of 
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the volcanic field and the granitic mountain ranges as dominated by sarcocaulescent 

desert scrub, while the vegetation transitioned to mixed desert scrub on the lower rocky 

pediments. The former vegetation type occupies around 15% of the PBR, while the latter 

occupies 13% of the area. Adjacent flat lowlands were dominated by microphyllous 

desert scrub, extending over 13% of the PBR. This vegetation then gives way to sand 

dune vegetation and exposed soil, where soils are dominated by sands from the Gran 

Desierto, which is the most extensive occupying around 57% of the PBR. Another mayor 

class was bare soil in area southwest of the volcanic shield where moving crescentic 

dunes impede vegetation establishment, taking up to 5% of the PBR. 

The unsupervised method also detected a relatively small, but distinct portion of 

halophytic vegetation on the south border of the PBR. This method had problems 

differentiating between the Sonoyta River riparian vegetation and that found at the higher 

elevations zones of the PBR. For this reason, and under the request of the PBR’s 

managers, a mask was used to delineate this riparian area from the rest of the scene. 

According to Sanchez (2006), this riparian vegetation makes up 2% of the overall 

vegetation of the PBR.  

This classification was dependent on the resolution of the sensor data and includes 

more generalized classes than those found in other studies for the PBR. However these 

studies used better resolution images like IKONOS and involved extensive team-based 

fieldwork that were not possible during this study. This study’s classification for 

microphyllous desert scrub can be further subdivided into microphyllous desert scrub, 

dominated by exclusively by Larrea tridentata or microphyllous desert scrub dominated 
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by Ambrosia dumosa. This class can also be characterized by a combination of 

microphyllous desert scrub and crassicaulescent desert scrub which includes patches of 

land that support additional cacti species such as Opuntia bigelovii, Opuntia fulgida, 

Ferocactus acanthodes and Carnegia gigantea (Sanchez, 2006; Ezcurra et al., 1987). 

There are other classes that have been reported for the PBR, but were not detected by this 

unsupervised classification. One is the mix of microphyllous desert scrub and thorny 

desert scrub present on the playas and Sonoyta river valley. Other vegetative classes were 

herbaceous land near the floodplains and grasslands on the flat lowlands (Ezcurra et al., 

1987; Sanchez 2006). 

 

3.4.1 Accuracy Assessment 

Two classes were omitted from the accuracy assessment; these were bare soil and 

halophytic vegetation because they were not represented in any of the samples as these 

classes were located in highly inaccessible areas. However their presence and overall 

extent were confirmed by the managers of the PBR.  The overall accuracy for the 

remaining classes in this classification was 70% (see Table 9). This accuracy, though not 

perfect, is still within the acceptable accuracy ranges of 60% to 95% (Kepner et al., 

2000). As reported by Sanchez (2006), the vegetation is very homogeneous and mostly 

dominated by a few plant species. This homogeneity caused problems at the time of 

classification, especially for those areas representing transition zones. The producer’s 

accuracy, normally known as the probability of a pixel being correctly classified or 

omission error, varied from 49% for mixed desert scrub up to 80% for the riparian 
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vegetation. The user’s accuracy, also known as omission error or as the probability that a 

classified pixel actually represent a category on the ground, ranged from 36% for the san 

dune vegetation and 86% for the microphyllous desert scrub.  

The large commission errors seen for mixed desert scrub can be due to the sensors 

inability to detect differences in spectral responses when this class transitions to either 

sarcocaulescent desert scrub at higher elevations or slowly transforms into microphyllous 

desert scrub at lower and sandier soils. This same reason is probably responsible for the 

high commission error registered for this same vegetation class. Meanwhile, the largest 

omission errors were related with the sand dune vegetation (36%). This class tended to be 

easily confused with microphyllous desert scrub with extremely low vegetation cover. 

This same problem can be perceived in the higher commission errors experienced for 

sand dune vegetation.  

Another class, the riparian vegetation presented both the lowest amount of 

commission and omission errors detected for the PBR which signifies that the mask was 

correctly delineated within the land cover map. Another class that presented low 

commission and omission errors was microphyllous desert scrub. The errors in this class 

were mostly located in transition areas were the vegetation gave way to san dune 

vegetation, determined by a shift from soils with a higher clay content to those made up 

entirely by sand (Sanchez , 2006).  

Land classification accuracy can be compromised by the need to designate static 

land cover types; especially in transition zones that are not distinct boundaries as 

portrayed in the land cover map (Khorram et al., 1999; Biging et al., 1998). Additionally, 
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data classification techniques have been shown to perform less well in sparsely vegetated 

areas (Smith et al., 1990) like the PBR. The spectral separability and spatial resolution of 

the Landsat imagery might also account for the inability to capture the full complement 

of land cover classes reported in the literature for the PBR (Oetter et al., 2000). 

Additionally, Okin and Roberts (2004) report that most desert shrubs are not different 

enough to allow full discernment of vegetation types. This could be further compounded 

by the satellite system’s inability to distinguish areas in the PBR dominated by non-

photosynthetic vegetation or those presenting very low vegetation covers.  However, the 

land cover maps produced during this project can still be used as a baseline to document 

current ecological conditions and for assessments of future changes. 

  Reference Data   

  SDS CFL SDV MDS RV 
row 
total 

User's 
accuracy

SDS 21 8 0 6 1 36 58% 
CFL 5 23 0 9 0 37 62% 
SDV 1 4 44 67 5 121 36% 
MDS 3 12 20 229 3 267 86% 

Classified 
Data 

RV 0 0 0 8 36 44 82% 

 column 
total 30 47 64 319 45 505  

 
Producer's 
accuracy 70% 49% 69% 72% 80%     

Table 9. Error matrix for land cover classes. Overall classification accuracy equaled 70%.  Note. The 
classification for bare soil was excluded from this analysis as there was no available ground information for 
this class. The location for this classification was confirmed by the PBR’s botanist.  
 

Land Cover Categories 
SDS = Sarcocaulescent desert scrub 
CFL = Mixed desert scrub 
SDV = San dune vegetation 
MDS = Microphyllous desert scrub 
RV = Riparian Vegetation 
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3.4.2 Rate of change 

  The land cover maps showed areas of change among the vegetation types (see 

Table 10). The Sarcocaulescent desert scrub shows a slight decrease of less than eight 

percent between 1994 and 2000, at an annual rate of 1.44% (see Table 11). This loss is 

probably only related to losses in vegetative cover as long–term studies in this area show 

that changes in the more mesic vegetation, like sarcocaulescent and mixed desert scrub, 

could be characterized by initial losses of palo verdes and their replacement in some 

cases by saguaros (R. Turner, personal comm.). This decrease in sarcocaulescent scrub 

could be leading the slight increase seen within the mixed desert scrub, which could be 

accounted by this method’s perceived inability to clearly differentiate these two classes. 

This vegetation class then makes a full recovery by 2005, with the increases in  

precipitation, with a recovery rate of 1.93%. 

  

 

 
       Table 10. Changes in vegetation area extent between 1994 and 2005.  Units = square          
kilometers. This analysis excluded the riparian vegetation class as it represented a static feature 
that registered no change between time periods. 

 

The mixed desert scrub, apart from the small increase of vegetation, has been 

constantly decreasing at an annual rate of 4.13%. This decrease in vegetation is most 

apparent on the flanks of the granitic mountains on the west and on the area located 

within the Arizona uplands subdivision, north of Sonoyta River. This vegetation class 

 SDS CFL MDS SDV BS HV 
1994 1036.52 718.082 962.708 4095.75 328.666 0.26 
2000 949.851 760.26 951.655 3784.2 687.96 0 
2005 1065.32 590.172 810.463 4067.43 614.701 0 
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appears to be being replaced by microphyllous desert scrub, as it moves to areas with 

higher soil moisture.  

Meanwhile, the microphyllous desert community has been experiencing constant 

losses in vegetation constant losses in vegetation and the rate of these losses has been 

increasing from 0.96% in 2000 to a current rate of 2.64%. The land cover maps show that 

most of these losses have taken place on the northern border of the PBR, on each side of 

the volcanic shield. Other losses of microphyllous scrub have occurred on the eastern side 

of the volcanic shield. The decrease in vegetation may have been captured by the 

brightness difference image and the SAVI difference image for the period of 1994-2000, 

which reported high vegetation losses for those areas and that later failed to show 

vegetation recovery.  

The sand dune vegetation showed a small decrease in area during the first time 

period, to a rate of 1.31% a year.  This could be related to the considerable increase of 

bare soil on the southwestern portion of the volcanic shield, which almost double during 

the 1994 – 2000 drought period at an annual rate of 13.10%. In other words, the year-to-

year land cover comprised of bare soil increased an average of 13%/year during this 

period.  The second time period shows that areas of exposed soil, and possible sand dune 

vegetation, have replaced those areas in the northeast of the PBR that used to be 

characterized by microphyllous desert scrub.  

The impacts on the southwest sand dunes that lost their vegetation seem to be 

taking a long time to recover, as areas reported bare soil have only slightly decreased in 

the last 5 years. And last, the halophytic vegetation seems to have been completely lost to 
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drought. This class registered extreme vegetation loss during the first time period, as seen 

on the SAVI 2000-2005 difference image and the 1994-2000 wetness image and was no 

longer registered as a distinct class, but was greatly replaced by microphyllous desert 

scrub vegetation.  

 SDS CFL MDS SDV BS HV overall change 
1994 - 2000 -1.44% 0.96% -0.19% -1.31% 13.10% -100.00% -14.81% 
2000 - 2005 1.93% -4.13% -2.64% 1.21% -1.86% 0.00% -0.92% 

Table 11. Rate of change between vegetation types in the PBR. 
 

Overall, most the PBR has shown favorable patterns of vegetation loss and 

recovery, especially within sarcocaulessent and sand dune vegetative communities that 

have rates of recovery that make up for any losses that may have occurred during drier 

years. On the other hand, other communities are experiencing constant vegetation loss 

and changes in composition. These communities are made up of mixed desert scrub and 

microphyllous desert scrub, especially within the eastern portion of the PBR. More 

troubling, their rate of vegetation loss has more than doubled during the last five years.  

However, Velazquez et al (2002) and Mas et al (2004) reported that scrubland 

vegetation in Mexico was diminishing with an annual rate of 0.33% between 1976 and 

2000. These studies show that overall Mexico is undergoing rapid land cover changes, 

with high rates of deforestation and land degradation. The PBR showed lower annual 

rates of change than that of the rest of the country; with annual estimates of less than 

0.03% of vegetation loss, even at times of prolonged drought. The effective delineation of 

the PBR’s boundaries and the ongoing management activities have minimized impacts 

that are actively changing surrounding areas.  
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3.5 Key Interviews and Sketch Mapping 

The PBR managers proved to be an invaluable source of information for this 

study.  They were able to point out areas within the land cover maps that were classified 

erroneously. Their  proposed changes probably played a big role in obtaining a high level 

of accuracy for these maps. They also identified the areas that they considered to be 

highly important for the sustainability of this area on the sketch map (Figure 14). These 

areas were (1) the portion of the PBR located within the Arizona  Uplands subdivision as 

this area supports vegetation communities of higher diversity than the rest of the PBR; (2) 

the Sonoyta River as important habitat for riparian plant species and as essencial habitat 

for the endangered Desert pupfish (Cyprinodon macularius) and longfin dace (Agosia 

chrysogaster; Burquez and Castillo, 1993); (3) the volcanic shield for its great aesthetic 

value and PBR managers also agree that this area continues to be largely unperturbed by 

human activities, except for localized impacts such as those caused by the campgrounds.; 

and (4) those areas that have been identified as Sonoran prognhorn (Antilocarpa 

americana sonorensis; Burquez and Castillo, 1993) habitats.  

The managers consider that the groups that most affect the PBR are residents, 

tourists, migrants and surrounding communities (these are named in order of importance). 

Appreciable impacts from the activities conducted from these groups, as well as others 

identified on the sketch map, could not be appreciated in the imaging results. They also 

identified several natural or human-made events that have affected the PBR during the 

last decade. This information was used to create a timeline of events (see Table 15). The 

results from this timeline show that most of the anthropogenic impacts, even though they 
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might have lasted for long periods of time, impact the vegetation in such a way that is 

difficult to detect with the current spatial resolution of this project’s data.  

 During the interview, the PBR managers wanted to see how the same techniques 

used to determine the ecological integrity of the vegetative communities at a landscape 

level, Even though this local analysis did turn up important observation on the abilities of 

the land cover change techniques to detect change in arid lands, overall they were not 

able to detect additional changes from those recorded by the previous methods. However, 

they were able to show that the PBR has been successful in some manner to decrease or 

limit impacts from certain human activities such as agriculture.  

 

3.5.1 Local Analysis of Vegetation Changes 

When presented with these results, the PBR managers showed an interest in 

testing this method’s ability to detect particular impacts on the vegetation caused by such 

activities as agriculture and grazing. They acknowledged that the main agricultural areas 

were located on the eastern portion of the PBR, near the visitor center, while the main 

grazing areas are located on the northeastern portion of the PBR, taking place in areas 

with appreciable vegetation cover extending from the volcanic shield, south of McDougal 

crater, going north up the desert plains at the foot of the western mountain ranges. Two 

smaller portions of the images where these activities were identified as taking place were 

clipped from the main scenes and new 1994-2005 SAVI differences were calculated and 

thresholded for these areas, using procedures similar to how it was done for the whole 

images.  
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Grazing has been reported as one of the largest threat to this area (Moreno and 

Martinez, 2003). Grazing in the PBR occurs in the ejidos of San Luis Rio Colorado and 

Plutarco Elias Calles (Burquez and Castillo, 1993). This activity tends to be extensive in 

nature (Challenger, 2000); requiring more than twenty hectares per animal due to the low 

quality of the stock range (Brusca et al., 2004). The managers reported that there are 

about 100 heads of cattle that use the PBR at any given time, which translates into a 

potential impact of over 20,000 hectares in the PBR. Burgess (1993) recognized that “the 

livestock grazing load that can be sustained in one season can cause major losses in 

perennial plants if it is maintained during drought,” since consumption of native plants is 

increased when forage is scarce leading to potential changes in plant species composition 

and vegetation cover and cause soil compaction and erosion (Hobbs, 1996; Manzano and 

Navar, 2000).  

The grazing area under study is located on the western border of the volcanic 

shield. This area was selected in an attempt to identify whether cattle grazing might be 

having more of an impact on the vegetation of the volcanic area or that of the sandy 

desert plains adjacent to it (see Figure 12). Even though recent reports confirm the 

presence of overgrazing in some areas (Brusca et al., 2004), this study’s methodology 

was unable to detect any significant changes in any of the areas that were pointed out as 

possibly being affected by cattle ranching. One reason for the satellite’s inability to detect 

grazing impacts is that cattle effects on the local vegetation in arid lands can be easily 

confused with the reduction of biomass caused by extended drought, like the ones that 

were observed during the 1994 – 2000 period.  However, these areas should be better 
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studied, be it with better image resolution or fieldwork, as cattle can cause simplification 

of ecosystems by fostering the introduction of invasive species, especially grasses. These 

exotic species may displace native plants, change fire regimens, and may provoke 

irreparable damage to endemic species in the PBR (Challenger, 1998). 

The other area of study included agricultural fields located near the visitor center, 

both within and outside the PBR boundaries to compare how these activities had been 

changing differently on both side of the buffer area. Areas of active agriculture stand out 

in high contrast to the low cover desert vegetation, making agricultural land easy to 

identify in arid regions (see Figure 13, Okin and Roberts, 2004).  Management of the 

PBR is being effective as the overall analysis of the PBR shows that there has been no 

increase of agricultural activities within its boundaries since the decree of the biosphere 

reserve. The image shows that the agricultural plots that were found within the PBR have 

had no activity during the past decade. As many other agricultural lands in the PBR, these 

are now abandoned (INE, 1995). Meanwhile, agricultural practices that take place on the 

outer limits of the PBR seem have stayed the same, but they have caused permanent 

losses in vegetation on the abandoned fields and the roads that lead to these areas that can 

be seen on the false color images, but cannot be detected by SAVI because these impacts 

predate the period of the image analysis.  

Fortunately the effects of agriculture have been limited and this is probably due to 

the fact that agriculture has not been successful in this arid region (Brusca et al., 2004), as 

they are largely dependent on costly groundwater for irrigation. However, thanks to the 

use of these same sources of water for additional residential, industrial and recreational 
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purposes, most of the aquifers are now overexploited (CONAGUA, 2006). This is the 

same case for the aquifer that feeds the Sonoyta River, whose water is used to irrigate 

extensive fields located west of the city of Sonoyta. Groundwater is now being 

withdrawn at 2.5 times the annual recharge rate, which could cause loss of superficial 

water flow of the Sonoyta river to the great detriment of the flora and fauna of this region 

(Murguia Ruiz, 2000); becoming an important environmental problem for this area 

(Arriaga Cabrera et al (2000). As droughts in this region continue and groundwater 

becomes scarce all of the PBR’s vegetation could become subject to profound changes in 

composition or lead to the extinction of native vegetation.   

As the results of the vegetation differencing index showed, there are already 

perceivable changes in the condition of the riparian vegetation of the Sonoyta River. It is 

reported that river flow tends to stop near the population of Los Vidrios Viejos, but at 

times of increased precipitation it can carry water all along its riverbed (INE, 1995). 

However, large reductions in the vegetation could come as a response to a decrease in the 

water flow due to groundwater depletion. Future changes in the vegetation of areas 

surrounding the river might become perceivable in coming years if this pattern of 

groundwater and subsequent surface water depletion continues. 

It is also possible that this study’s methodology might was simply not capable of 

detecting changes in vegetation due to any of the activities mentioned before, or any 

other large scale anthropological impacts, as most of these impacts occurred before the 

decree of the PBR. As was shown by the analysis of the agricultural areas, permanent 

changes to the vegetation could not be detected by the difference image method. Also, 
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studies show that arid vegetation recovery from significant impacts may take at least 50 

years and that these changes are small in terms of plant density and cover (Guo, 2004). 

This research only takes into account decadal changes in vegetation, and this slow 

recovery in vegetation might account for the lack of perceived changes in some of the 

previously impacted areas of the PBR 

An important change that did occur in this area was the permanent loss of a large, 

localized patch of creosote bush (see Fig 13). The perceived changes in Larrea field could 

be a result of extended drought in the area that causes these plants to lose some or all of 

its leaves (Rzedowski, 1978; Challenger, 2000). This plant is known to suffer episodic 

die-off in times of extreme drought (Mirity et al., 2007). The reason why these impacts 

are localized and whether they could affect larger areas of Larrea is unknown. Another 

possible cause could be the effect of erosion and sedimentation. Rainy seasons and 

drought can change the soil composition, affecting water availability, which could 

explain the localized pattern of this change. According to the managers, this patch of 

creosote bush died off around 1996, which could mean that this plant’s mortality may 

correspond with the 1993-1996 drought period reported for this area (CONAGUA, 2006). 

Nonetheless, further fieldwork would be necessary to determine the real causes of this 

loss of vegetation.  

This area was pointed out by the PBR botanist and it had not appeared during the 

analysis for the whole PBR. This phenomenon could signify that change detection for this 

area is scene dependent. By delimiting smaller areas of an image, it allows for fewer 

variations that need to be analyzed. This permits vegetation algorithms to do a better job 
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at locating smaller, more localized areas that have suffered land cover changes. However, 

researchers would need to have a pretty good idea of the general location of these 

impacted areas. Otherwise, the creation of subscenes would needlessly increase 

processing time and better results would be obtained by using higher spatial resolution 

images. Similarly, differences between results reported by Sanchez (2006) could also 

signify that the MKT transformation is also scene dependent. Sanchez found large 

decreases in greenness and wetness in grazing and agricultural areas in the southeast 

portion of the PBR that were not detected by this study. 

Other reasons for the inability of the previous techniques to detect other small 

areas of change have been discussed by Challenger (2000) who reports that many 

activities only affect the relative abundance of certain vegetation, which can make change 

detection difficult in desert scrub communities. Another problem with desert scrub is that 

changes in vegetation composition due to perturbations depend on the gradual increase of 

vegetation that is better adapted to the present conditions, but that are already present in 

the original community (Challenger, 2000). He suggests that to catch these changes one 

must conduct continuous field monitoring on these areas.  
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CHAPTER FOUR 
 

CONCLUSIONS 
 
 

Burquez and Castillo (1993) reported that the level of perturbation in the PBR 

was minimal and that the few cases of grave alterations were confined to small areas. 

This more recent study confirms these findings. Land cover perturbations in the PBR 

continue to be minimal which leads to the conclusion that its boundaries have been 

effective at protecting most of the PBR’s valuable areas; even after years of increasing 

anthropogenic impacts in the region. The area that continues to exhibit the least impact is 

the volcanic shield, whose aesthetic characteristics are unique in the world according to 

the PBR managers.  

The vegetation of the volcanic shield and that of the surrounding desert 

communities has been relatively stable, with no obvious changes in the perennial 

vegetation during the past decade. This stability is due to a variety of factors including; 

the ability of perennial plants to survive long periods of time without precipitation and 

with soil moisture values below the wilting point (Turner et al.,2003), thanks to their 

slowness of growth, great longevity, and low rate of establishment among the perennials 

in this region (Shreve, 1917). It is these characteristics of perennial species that prevent 

large changes in community composition by seedling recruitment and conversely, losses 

due to climate variation (Miriti et al., 2007).  

The presence of a great number of annuals during the 2000-2005 time period can 

also substantiate the relative stability of the PBR, as these plants occur in relatively 

undisturbed natural communities (Venable and Pake, 1999). Perceived vegetation 
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changes in winter annuals where mostly caused by annual changes in precipitation, most 

probably in direct relationship with prolonged drought periods in this area. To support 

this statement, Turner’s (1990) long-term study at the PBR has also concluded that 

vegetation change in this area is most often caused by rainfall variation. However, this 

same study also showed that vegetation communities that had previously presented long-

term stability can decline abruptly to give rapid rise to new populations, normally caused 

by severe drought periods. This means that most impacts that occur in the PBR will 

continue to have long lasting effects and widespread impacts can cause detrimental 

changes in vegetation composition, decreasing biodiversity and possibly decreasing the 

vegetation’s ability to withstand future threats.  

The eastern and northern areas of the PBR presented periods of vegetation loss 

and recovery on all the difference images, whereas other regions presented little or no 

change during the past decade. These eastern and northern areas appear to be the most 

dynamic in the PBR. This can be corroborated by Sanchez (2006) who found that the 

most dynamic areas could be found along the eastern portion of the PBR. This same 

dynamism opens these areas to the threat of invasion by non-native species.  

His study predicts that the areas in the eastern and northwestern portion of the 

PBR will be especially sensitive to invasion by both B. tournefortii and S. arabicus; as 

vegetation stress, whether it is caused by man-made or climatological factors, can lead to 

the introduction and establishment of invasive species. Several invasive species can 

already be observed within the riparian areas of the PBR, as well as other pseudoriparian 

(road edges, etc.) habitats. Additionally, areas dominated by annuals, like the ones 
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showing the most change in the PBR, are open to invasion by nonnative species thanks to 

their rapid population dynamics (Venable and Parker, 1999).  

These species include Tamarix ramosissima (salt cedar) which has already 

become widely distributed in the Sonoyta riverbed, where it has displaced the native 

riparian vegetation (Van Devender et al., 1997; Felger, 2000). Another species that was 

encountered sporadically along the edges of the main highways of the PBR is buffelgrass 

(Pennisetum ciliare), Should it reach the higher elevations of the Pinacate it could begin 

to displace native plants (Van Devender et al., 1997). Other invasives that are now easily 

found within the microphyllous desert scrub and sand dune vegetation are Sahara mustard 

(Brassica tournefortii) and Arabian grass (Schismus arabicus). Both of these species are 

known to cause changes in community composition and species abundance.  

This does not appear to be the case yet, but it could become a bigger issue in the 

near future. As this area continues to be altered, additional non-native species will enter 

this region (Felger, 2000). Therefore, these areas should be targeted for future 

management activities and monitoring efforts by the managers of the PBR. Any 

significant changes to plant biomass or community composition will most likely be 

experienced in these areas before any of the more stable areas on the higher elevations or 

the more xeric environments of the PBR are affected. 

Another area identified by the managers as important for the PBR was that 

portion of the PBR that belongs to the Arizona uplands subdivision. This area, due to its 

high biodiversity, is important for the ecological integrity of this region. This area is also 

important as habitat for the endangered desert pupfish (PBR managers, personal 
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communication). Results showed that this area has been undergoing changes in the 

composition of several of the vegetation types present in this area. Of these changes, the 

most serious is the constant loss of vegetation seen in the more mesic vegetation 

communities and within the riparian of the Sonoyta River.  

Riparian vegetation in the PBR has been diminishing since the 1970s due to 

extensive groundwater pumping in the Sonoyta valley (Valdez Zamudio, 1994; Felger, 

2000) for agricultural and residential use. This aquifer is presently overexploited (CNA, 

2006), which will only cause further impacts on the riparian vegetation as surface water 

levels continue to fall and less water reaches the PBR. Felger (2000) expects that local 

extinctions will result from the drying and destruction of the remaining riparian habitats. 

This same water loss will also have direct impacts on the endangered population of 

Sonoran pronghorn and Desert pupfish. Increased tourism and the current expansion 

housing development at Rocky Point will only exacerbate this water issue.  

Dr. Raymond Turner (personal communication) agrees that the AZ Uplands 

would be the most vulnerable in the case of further depletion of the aquifer and the 

decrease of surface water in the Sonoyta River. This is further compounded by the fact 

that the vegetation that has been relatively stable, with gradual changes in composition 

being brought on by large impacts, is being increasingly affected by climatic conditions. 

This study shows that continued monitoring and protection of the PBR’s vegetation is an 

important endeavor as any impacts in this area would be greatly detrimental to the 

ecological integrity of this area (Enriquez-Andrade et al., 2005).  
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On a different note, results shows that the methods used in this study, as well as 

similar methods, are a valuable tool for the analysis of the overall ecological integrity of 

the PBR. These methods were able to provide the necessary information that is 

considered as essential for change detection research, such as area change and change 

rate, spatial distribution of changed types and accuracy assessment of change detection 

results (Lu et al., 2004). The techniques used in this study also provided a valuable source  

of data from which land cover information was extracted efficiently and cheaply in order 

to inventory and monitor changes in land cover.  

Nevertheless, the main disadvantage of this method is that it requires a steep 

learning curve and available images that meet temporal and data quality requirements 

may be limited.  However, this study showed that in view of the lack of reliable reference 

data, concerted efforts between researchers and managers provide an invaluable tool to 

surmount these deficiencies. Also, PBR managers found that a copy of this data would 

provide a good monitoring baseline and to help focus future studies in those areas that 

have been experimenting vegetation loss.   

 

4.1 Future Work 

The similarities between MODIS and Landsat TM and ETM+ data, as well as the 

results obtained during the local analysis, imply that further vegetation change analysis in 

the PBR would be better served by satellite images with better resolution that the sensors 

used during this study.  The rising costs of this new data would require better 

coordination with the managers and scientists of the PBR, in order to identify specific 
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areas of suspected or known change and target those areas during the acquisition of new 

images. This would serve a better function, by allowing managers and researcher to target 

areas of importance that can have better results on the evaluation management impacts or 

understanding the origin and behavior of known areas of change. Additional research 

with the PBR managers also concerns their reaction to the rate of change recorded during 

this study, as this data was not presented to them due to time limitations.  

The PBR managers are also interested in using this type of data to conduct other 

investigations. These include research on (1) the current condition of the region’s aquifer, 

(2) the analysis of the impact caused by economic activities that are taking place along 

the highway between the populations of Sonoyta and Puerto Peñasco, (3) analysis of the 

impacts of increased tourism in the area, especially for those occurring within the 

camping grounds of the PBR, (4) analysis of the impact of grazing and agricultural 

activities in the PBR, (5) determination of the impact of new infrastructure near the PBR, 

whether is the new highway or new construction fueled by tourism in Puerto Peñasco and 

(6) analyze impacts from continuing use of all-terrain vehicles by international 

recreational agencies in the Gran Desierto.  

This data could also be used to prove that biosphere reserves have been a 

successful conservation scheme for this region, aiding in the protection of important 

endemic and threatened species. Also, the same satellite imagery could be used to 

conduct similar land cover change analysis for the Colorado and River Delta Biosphere 

Reserve and the Cienega de Santa Clara. This sharing of information would strengthen 
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ties between managers and the scientific community and forte collaboration among 

nearby protected areas.  
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APPENDIX A – RADIOMETRIC CORRECTION RESULTS  
 

 
  Band Min Max Mean  Sd. Dev. 

1 0.0000 0.5438 0.0990 0.0770 
2 0.0000 0.8287 0.1220 0.1040 
3 0.0000 0.8874 0.1490 0.1410 
4 0.0000 0.9398 0.1900 0.1840 
5 0.0000 0.8667 0.2110 0.2190 

March 1, 1994 

7 0.0000 1.2621 0.1880 0.2050 
      

  Band Min Max Mean  Sd. Dev. 
1 0.0000 0.6171 0.1010 0.0780 
2 0.0000 0.9177 0.1230 0.1020 
3 0.0000 0.9922 0.1540 0.135 
4 0.0000 1.1422 0.2150 0.1860 
5 0.0000 0.9817 0.2560 0.2300 

March 10, 
1994 

7 0.0000 1.2677 0.1940 0.1790 
      

  Band Min Max Mean  Sd. Dev. 
1 0.0000 0.3854 0.0300 0.0450
2 0.0000 0.4925 0.0590 0.0820
3 0.0000 0.4845 0.0940 0.1300
4 0.0000 0.9721 0.1430 0.1890
5 0.0000 0.7383 0.1670 0.2250

March 18, 
2000 

7 0.0000 0.7057 0.1400 0.1910
      

  Band Min Max Mean  Sd. Dev. 
1 0.0000 0.3457 0.0280 0.0490
2 0.0000 0.4474 0.0520 0.0870
3 0.0000 0.4442 0.0800 0.1340
4 0.0000 0.9135 0.1200 0.1890
5 0.0000 0.6897 0.1330 0.2180

March 25, 
2000 

7 0.0000 0.6593 0.1120 0.1890
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  Band Min Max Mean  Sd. Dev. 
1 0.0000 0.5216 0.0600 0.0500
2 0.0000 1.0419 0.0890 0.0760
3 0.0000 1.0243 0.1100 0.1020
4 0.0000 1.3074 0.2000 0.1740
5 0.0000 0.8655 0.2010 0.1840

March 8, 2005 

7 0.0000 1.2603 0.1590 0.1510
      

  Band Min Max Mean  Sd. Dev. 
1 0.0000 0.4598 0.0740 0.0660
2 0.0000 0.7016 0.1040 0.0970
3 0.0000 0.8202 0.1390 0.1400
4 0.0000 0.9724 0.2040 0.2040
5 0.0000 0.7985 0.2260 0.2350

March 15, 
2005 

7 0.0000 1.6270 0.1970 0.2160
Table 12. Statistical results of the atmospheric correction 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



   

 

94

APPENDIX B – QUESTIONNAIRE 
 

Status of the vegetation of the Reserve  
1. Which are the natural areas that you consider are important in the PBR and why? 

Please locate them on the map 
 
2. Who are the people that use these areas (please select them by order of importance)  
         No. per year Location  Activities 
____Residents     
____Tourists     
____Local Communities  
____Researchers    
____Others 
 
3. Have any of the following events or threats that could have affected the vegetation 

occurred in the PBR since its decree? 
 Event         Impact on the vegetation Location Period 

___Disasters 
(natural or human causes)    
___Drought                       
___Management activities  
___Economic activities  
___Resource extraction       
___Cattle ranching                     
 ___Agriculture            
___Mining                 
 ___Pollution          
___Erosion            
___New roads or infrastructure 
___Others     

 
4. Are there any areas that have received that have received little or no impact? Why?  
 
5. Are there any areas without any vegetation? Where? 
 
6. Have there been any? If not, are there any areas that need to be restored? Please 

identify them on the map.  
 
 
Change Detection Analysis 
 

1. Looking at the each change detection maps, and according to your experience in 
the PBR, do you agree with the results? Why?  
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2. Would you make changes to these maps? Which ones and why? 
 

3. Do you consider that this type of information would be useful for the management 
of the PBR? What could be some of the uses given to this data?  

 
4. What other spatial information would be of use to you?  

 
Future of the PBR 
 

1. Which of the threats identified beforehand, do you consider will continue to have 
a long-term effect on the vegetation of the PBR?  

 
2. What are some new threats that could begin to impact the vegetation and how? 

 
3. What are the actions that need to be taken to deal with these problems in the 

PBR?  
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APPENDIX C - IMAGE DIFFERENCING IMAGES
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Figure 7a. Land cover changes obtained through SAVI Differencing for the PBR between 1994 and 2000 
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Figure 7b. Land cover changes obtained through SAVI Differencing for the PBR between 2000 and 2005 
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Figure 8a Land cover changes detected by the Brightness feature for the PBR between 1994 and 2000 
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Figure 8b. Land cover changes detected by the Greenness feature for the PBR between 1994 and 2000 



   

 

101

 
Figure 8c. Land cover changes detected by the Wetness feature for the PBR between 1994 and 2000 
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Figure 9a. Land cover changes detected by the Brightness feature for the PBR between 2000 and 2005. 
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Figure 9b. Land cover changes detected by the Greenness feature for the PBR between 2000 and 2005. 
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Figure 9c. Land cover changes detected by the Wetnees feature for the PBR between 2000 and 2005. 



   

 

105

 

 
Figure 10. Land cover changes detected by MODIS-EVI data for the PBR between 2000 and 2005. 
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APPENDIX D- IMAGE DIFFERENCING SUMMARY 
 

 Landforms 

 
Sandy dunes and 

desert plains Volcanic shield  Sonoyta river Granitic mountains Ephemeral Washes 
on desert plains 

SAVI 
1994-
2000 

low to extreme 
vegetation loss, 

mostly east of the 
volcanic shield 

low to moderate 
vegetation increase, 

especially along 
ephemeral washes / 

recovery of 
vegetation at higher 

elevations 

low to moderate 
vegetation increase 

nearer the headwaters 
/ low vegetation loss 
or no change for the 
remaining portion 

low to moderate 
vegetation increase at 

higher elevations 

low vegetation loss, 
on bajadas northeast 

of volcanic shield 

SAVI 
2000-
2004 

low to extreme 
vegetation increase, 
recovery of most of 

the plants that 
suffered loss in the 

previous period  

low to moderate 
vegetation increase, 

small loss of 
vegetation at higher 

elevations 

overall loss of 
vegetation  

low to moderate 
vegetation increase at 

higher and lower 
elevations 

no appreciable 
change 

Brightness 
1994-
2000 

decreases in 
vegetation, most 

prominently on the 
northern portion of 
the volcanic shield 

vegetation increase 
more rocky soils / 
vegetation loss in 
combination rock-

sand soils at margins 
of shield 

highest vegetation 
increase nearer 

headwaters / 
vegetation loss on 

rest of river channel 

vegetation increase at 
the higher elevations 
/ vegetation loss at 
lower elevations 

low to extreme 
vegetation loss, on 

bajadas northeast of 
volcanic shield 

Brightness 
2000-
2004 

increase of vegetation 
in areas previously 

experiencing 
vegetation loss, 
except on the 

northeastern side of 
shield 

no appreciable 
change 

no appreciable 
change 

no appreciable 
change 

no appreciable 
change 
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Greenness 
1994-
2000 

low to moderate 
vegetation loss, 

mostly east and north 
of shield 

low increase in 
vegetation 

vegetation loss in 
portions of river 

channel 

low increase in 
vegetation 

no appreciable 
change 

Greenness 
2000-
2005 

widespread increases 
of vegetation east and 
west of the volcanic 

shield  

presents both 
localized areas with 

low increase in 
vegetation and losses 

in vegetation 

no appreciable 
change 

small decreases in 
vegetation in western 

ranges 

small increases of 
vegetation in western 

washes, no 
appreciable change 
on eastern portion 

Wetness 
1994-
2000 

widespread decrease 
of vegetation west of 
the volcanic shield. 

Smaller losses east of 
the shield 

localized increases of 
vegetation, especially 

along ephemeral 
washes  

localized losses of 
vegetation 

small increases of 
vegetation 

low losses of 
vegetation  

Wetness 
2000-
2004 

widespread increases 
of vegetation east and 
west of the volcanic 

shield.  

localized decreases of 
vegetation  

no appreciable 
change 

small decreases in 
vegetation in western 

ranges 

no appreciable 
change 

MODIS 
2000-
2005 

low to moderate 
vegetation increase 

low to moderate 
vegetation increases, 
especially on higher 

elevations of the 
shield 

no appreciable 
change 

low to moderate 
vegetation increase, 
appreciable increase 

on lower bajadas 

no appreciable 
change 

Table  13. Summary of change detection results in major landforms that suffered vegetation changes as perceived by the different vegetation index 
algorithms. Generally it is assumed that an increase in brightness or a decrease in moisture are directly associated with a decrease in vegetation and vice 
versa. 
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APPENDIX  E - LAND COVER CLASSIFICATION 
 

No. Domain  Characteristic Plant Species  Landform Soil 
Composition 

1 Desert Dune Vegetation - 
Exposed Soil 

Helianthus niveus, Pethalonix thurberi, Croton 
wigginsii, Psorothamus emoryi, Erigorium deserticola, 

Ephedra trifurca, Tilaquilia plicate, Hilaria rigida, 
Cercidium floridum and Prosopis glandulosa 

Dune fields Sand 

2 Microphyllous desert scrub  Larrea tridentata,  Ambrosia dumosa Bajadas - 
desert plains 

Sand - fine 
gravel 

3 Sarcocaulescent desert scrub 

Encelia farinosa, Fouquieria splendens, Opuntia 
bigelovii, Justicia californica, Carnegia gigantea, 
Olneya tesota, Cercidium mycrophyllum, Cereus 

schottii, Hymenoclea salsola, Bursera microphyllum, 
Jatropha cuneata 

Volcanic 
shield - 
granitic 

mountain 
ranges 

Rocks 

4 

Mixed desert scrub 
(Cercidium microphyllum, 

Fouquieria splendens, Larrea 
tridentata) 

Encelia farinosa, Bursera microphylla, Carnegia 
gigantea, Cercidium microphyllum, Ferocactus 

acanthodes, Olneya tesota, Krameria grayi, Opuntia 
fulgida, Larrea tridentata,  Ambrosia deltoidea. 

 Rocky 
pediments Rocks- sand 

5 Riparian vegetation Prosopis glandulosa, Cercidium mycrophyllum, 
Hymenoclea salsola, Tamarix ramosissima 

Sonoyta River 
valley Sand  

6 Halophytic vegetation 
Atriplex polycarpa, A. canescens, Maytenus 

phyllanthoides, Frankeria palmeri, Rhizophora mangle, 
Avicennia germinans 

Coastal plains Sand 

7 Bare Soil No vegetation High moving 
dunes  Sand 

Table 14. Land cover classes extracted from the Landsat images 
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APPENDIX F – LAND COVER MAPS 
 



   

 

110

 
Figure 11a. Vegetation distribution in the PBR during 1994 
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Figure 11b. Vegetation distribution in the PBR during 2000. 
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Figure 11c. Vegetation distribution in the PBR during 2005 
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APPENDIX G – TIMELINE 
 

Event Impact on vegetation Localization Period 

Drought Biomass loss, even death throughout the PBR 1996-1998, 2006-
2007 

Muerdago Disease 
(Loranthaceae) 

Locally known as toji, infestations can reduce 
plant vigor, impair growth and kill trees like palo 

verde, mesquite and ironwood. 
It had minimum impact throughout the PBR 1998 

Agriculture loss  of native vegetation around heavily used 
areas outside of the PBR, east of visitor center 

BDP, seasonal - 
dependent on 

precipitation and 
irrigation 

Cattle ranching 
decrease of native species, especially on endemic 
species, and increase of invasive plants, like B. 

tournefortii and S. arabicus 

on the north and northwestern portions of the 
PBR 

BDP 
Seasonal - dependent 

on precipitation  
Extraction of plant 

species 
decrease and possible extinction of species such 

as ironwood, loss of biodiversity throughout the PBR BDP 

Road effects increased runoff can lead to changes in plant 
composition in narrow strips next to roads along the two major highways BDP 

Erosion loss of soil moisture can decrease in plant 
abundance 

very punctual, mostly along highway 8, outside 
of the PBR BDP 

Mining loss of vegetation, pollution 
extraction of morusa on northern portion of 

volcanic shield, near  Crater Celaya and sand 
extraction from Sonoyta River 

BDP 

New 
roads/infrastructure habitat fragmentation 

new road construction on the southern border of 
the PBR, between the communities of San Luis 

Rio Colorado and Puerto Penasco 
after 2006 

Table 15. Events that have occurred in the PBR that have had a visible effect on the vegetation. *BDP = before decree of the PBR till present 
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APPENDIX H  - LOCAL ANALYSIS OF VEGETATION CHANGES 

   
Figure 12. Local analysis of grazing impacts on the western portion of the volcanic shield. 



   

 

115

 

 
Figure 13. Local analysis of agricultural impacts on desert plain located on the souteastern portion of the volcanic shield. 
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APPENDIX I – SKETCH MAP 

 
    Figure 14. Sketch Map results as identified by PBR managers. 
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