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ABSTRACT 

Remote sensing and geographic information system 

techniques have proved to be effective tools to detect, 

analyze, and evaluate land cover and land use changes over 

time. 

In this research project, changes in land cover and land 

use were detected in northwestern Sonora, Mexico between 1972 

and 1992 using Landsat MSS imagery. About 40% of the entire 

land cover in the study area changed during that period of 

time. Considering all the six classes assigned to the imagery, 

cropland was the class with the highest rate of change being 

modified into riparian areas by more than 60%, more than 20% 

into plains vegetation, and about 8% into bajadas with 

vegetation. 

From the two classification methods utilized in this 

study, the seeding pixels method yielded an overall accuracy 

over 96%, while the seeding polygons method generated overall 

accuracy values smaller than 82% probably to user's error. 
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The term Laiid Cover relates to the type of feature 

present on the surface of the earth including vegetation and 

nonvegetation features. Urban buildings, lakes, dense forests, 

and glacial ice are all examples of land cover types. The term 

Land Use relates to the human activity associated with a 

specific part of land and usually emphasizes the functional 

role of that land for economic activities (Lillesand, 1987; 

Campbell, 1987). 

Changes occurring in land cover and land use can 

generally be attributed to either natural or anthropogenic 

forces. Natural changes relate to both seasonal and annual 

variations in climatic conditions, and are often reflected by 

variations in natural land cover; natural changes can also be 

related to fire. Changes resulting from anthropogenic forces 

are the result of human modification of the environment (Pilon 

et al., 1988). It is important to mention that the overall 

land use classes may change little in long periods of time, 

but the impact on wildlife populations and other components of 

affected ecosystems can be major (Green, 1994). 

The assessment of land cover changes over time on a large 

scale framework is a vital prerequisite to the detection of 

changes in global conditions, and the broad spatial coverage 

of satellite imagery analysis is an appropriate data source to 
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determine rates of change over wide geographical areas. 

Information about local changes in land cover and land use is 

also of value to those interested in such topics as the 

history of settlement, ecological succession, preservation of 

natural systems, and human impacts on the landscape. Massive 

land conversions continue with the result that habitats, vital 

to the maintenance of biotic biodiversity, are being lost, and 

many of the ecological functions of the landscape can no 

longer be supported (Iverson and Risser, 1987). 

A chronological sequence of aerial photographs has been 

commonly used to detect regional land cover and land use 

change. This method involves defining land use categories from 

aerial photographs for each period of time and measuring their 

areas using a dot grid, planimeter, or digitizer. By comparing 

the area data between two or more periods of time, the land 

cover and land use change in the region can be measured. 

However, this type of land use change data is static (it can 

not be modified by any Kind of algorithms like filtering, 

overlaying, ratioing, etc. as can digital data), and cannot 

reveal the process of change that has occurred in space for 

each category of land use (Lo and Shipman, 1990). In addition, 

this process can require many hours of work in manipulating 

photos to define the different land classes involved in the 

study. Determining the area for each defined class can include 

measurement accuracy errors, and a laborious cross-referencing 
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of each category of change in its spatial location. 

Geographic information systems (GIS) and remote sensing 

techniques are powerful tools in the analysis of temporal 

changes in land cover or land use, because spatial information 

from two or more time intervals can be compared more readily 

than by non computer-based methods. Since the earliest Landsat 

imagery appeared in 1972, paired images from subsequent dates 

have been used to detect land cover and land use changes in 

the landscape (Iverson and Risser, 1987). In comparison to 

photogrammetric processing, GIS and remote sensing techniques 

have some advantages for performing land cover and land use 

change analysis using multitemporal data, including easy 

manipulation of data, easy detection of changes on the 

composite images, speed of analysis, and higher accuracy 

results due to the direct computer-based manipulation of the 

data. However, these advantages are ultimately balanced by 

limitations imposed by the original spatial resolution of the 

data. 

Much research has been done in different parts of the 

world to detect and evaluate temporal changes in land cover 

and land use using remote sensing techniques. Some researchers 

involved in change-detection studies using Landsat 

Hultispectral Scanner (HSS) data have advocated a range of 

methods most of which involve either image enhancement or 

multispectral classification. 
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Pilon et al. (1988) conducted an enhanced classification 

approach to detect changes in semi-arid environments of 

northwestern Nigeria after construction of a dam. The 

technique includes an overlay enhancement of band 5 images 

which, after testing various enhancement techniques, provided 

the most accurate identification of spectral change within the 

study area. The results show land erosion in flood plain areas 

downstream from the dam after a nine-year period. Comparisons 

with ground survey data confirmed that the enhanced 

classification approach provides more accurate change 

information by minimizing errors associated with 

misregistration and misclassification and by allowing the 

suppression of environmental factors through the separation of 

natural and human-induced change. 

In 1983, Howarth and Boasson demonstrated the advantages 

and capabilities of Landsat digital enhancements as an 

alternative to photogrammetric techniques for change detection 

in urban environments. They generated three different color 

enhancements, an overlay of band 5, ratios of bands 5 and 7, 

and a vegetation index using 1974 and 1978 Landsat MSS data of 

Hamilton, Ontario. Results indicated that a simple overlay of 

band 5 from two dates, one assigned to the blue and the other 

assigned to the green gun of the CRT monitor and the other to 

the red gun, is a simple and very effective means of 

identifying change in urban areas. 
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They concluded that compared with classification, digital 

enhancements using multitemporally registered data have the 

advantages of increased sensitivity to change, easy 

manipulation of data, easy detection on the composite image, 

and speed of analysis. 

In another case study, Howarth and Wickware (1981) 

demonstrated that change detection in the Peace-Atabasca Delta 

in northern Alberta using Landsat digital data can be carried 

out using several methods. They suggested that band ratioing, 

classification, change matrices, binary theme prints and 

conflict character assignment maps provide a practical and 

logical sequence for analyzing hydrologic and vegetation 

changes. The amount of information required will depend on the 

complexity of the problem and the level and type of resource 

management decision to be made. 

In 1987, Iverson and Risser combined GIS and remote 

sensing techniques to perform an analysis of long-term changes 

in vegetation and land use in southwestern Illinois. They 

combined Landsat data from 1978 with data from 1984 for a 

heavily forested area. The GIS overlay techniques facilitated 

the evaluation of land use changes over various parts of 

Illinois. It was found that significant changes have occurred 

in the Illinois landscape since European settlement, primarily 

because of conversion to agricultural use and, in certain 

parts of the State, due to urbanization. 



15 

The analysis conducted by Lo and Shipman (1990) for East 

Tuen Mun in Hong Kong for the period from 1976 to 1987 

demonstrated that the GIS approach is most powerful in 

detecting land use change and assessing the impacts of these 

changes. They found that the image overlaying and binary 

masking techniques were particularly useful in revealing the 

quantitative change in each category of land use which was 

impossible to accomplish by the conventional change detection 

technique since the latter technique generates static change 

data and cannot reveal the processes of changes which occurred 

in space for each category of land use. 

In relation to other methods that utilize satellite 

imagery, the Normalized Difference Vegetation Index (NDVI) is 

a widely used method to detect vegetation changes in the arid 

and semi-arid environments. This method involves calculating 

the ratio between the red and near infrared spectral bands by 

the following mathematical expression: 

NDVI = Red - Near Infrared / Red + Near Infrared 

Although this method has been used in many studies, 

Chavez and Mac Kinnon (1994), Huete (1987), and Chuvieco 

(1990), demonstrated that in desert environments, this index 

is significantly influenced by high reflectance in both the 

red and near infrared bands of the soils supporting vegetation 
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which produces misleading NDVI values. 

Another method utilized for change detection is the image 

ratioing method. It reduces the effect of some environmental 

factors like shadows and reflectance differences due to sun 

angle (Jensen, 1986; Campbell, 1987). The mathematical 

operation of this method consists of dividing the digital 

brightness values of the image at time A by the brightness 

values of image at time B. Thus, pixels with no change will 

have the same brightness value on both dates yielding a ratio 

value of 1.0. Pixels with change will display ratio values 

different from 1.0. Robinson (1979) and Jensen (1986), 

concluded that image ratioing is a statistically invalid 

method because it often produces non-Gaussian distributions. 

Land use patterns in the study area which is included in 

the Municiplo (the equivalent of a U.S. county) of Sonoyta, 

are changing in nature and intensity. Agricultural expansion 

increased from 2,168 hectares in 1978 to nearly 10,000 

hectares in 1987 and the population of Sonoyta city has 

increased in the same period from less than 10,000 to more 

than 15,000 inhabitants (Bennett and Kunzmann, 1987). This 

growth suggests that the demand for urban and agricultural use 

of water will continue to expand. 

The exploitation of the underground water table in the 

Sonoyta River watershed (Fig. 1) and the expansion of 

agricultural activities in this region, are presenting a 
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serious threat to the wildlife and vegetation dependent on the 

surface water resources of this river. Thus, these 

anthropogenic activities affect the biotic resources of 

different ecosystems included in and/or adjacent to important 

biological reserves such as EL Pinacate National Park, in 

Mexico, the Organ Pipe Cactus National Monument (ORPI), and 

the Cabeza Prieta National Wildlife Refuge, in the U.S.A. 

(Fig. 2). 

Brown et al. (1983) did an inventory of surface water 

resources at ORPI (Fig. 3) and found that gains in surface 

water sources have occurred due to the creation of many 

artificial water sources, including stock tanks, sewage 

disposal ponds, and wells with their attendant watering 

troughs. However, important losses of water sources have also 

occurred. Reviewing historical information, they found that in 

the early 1930s there were permanent cienegas (marshes) 

located along the Sonoyta River just south of the monument 

which indicates there was an important source of underground 

water in the watershed to support surface water bodies. Thus, 

they concluded that... "the current pumping of ground water 

for agricultural purposes, has further lowered the water 

table. As a consequence, the Sonoyta River today is a greatly 

depleted remnant of the surface water resource it once was. 

Historically, the flow from the warm springs at Quitobaquito 

had a surface connection with the Sonoyta River; this is no 
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Figure 2. Reserves of the biosphere affected by the over 
use of the Sonoyta River watershed underground 
and surface water. 
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Figure 3. Water bodies along the USA border affected by 
the over use of the Sonoyta River watershed 
underground and surface water (after Brown et 
al., 1983). 
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longer the case". Carruth (1994) reports water-level decline 

on Quitovaquito springs area caused by pumping near the Rio 

Sonoyta, in Mexico. 

Several studies related to the desert pupfish (Cyprinodon 

macularius) indicate that the distribution and depletion of 

this species in the Sonoyta River has been influenced by the 

over exploitation of water resources for agricultural 

activities (Miller and Fuiman, 1987; Juarez-Romero et al, 

1988; Hendrickson and Varela-Romero, 1989). 

Also, Halvorson (1993) reported that agriculture 

contributes to airborne contaminants that may affect adjoining 

areas. Wind carries soils, chemicals, and seeds of non-native 

plants from agricultural areas to adjacent park lands. 

The principal objective of this study was to estimate the 

land cover and land use changes that occurred in an area 

located in the Sonoyta River watershed between 1972 and 1992. 

The second objective was to estimate the contribution each 

cover type made to the addition and loss of other cover types. 

The third objective was to compare the seeding pixels and 

seeding polygons classification method estimates of land cover 

change. The fourth objective was to describe the relationship 

between the land cover and land use change with temperature 

and precipitation patterns over this period. Remote sensing 

and GIS techniques were used to address the three first 

objectives. Written records and results from the three first 



objectives were used to address the fourth objective. 
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Study Area 

The study area has an extent of 8595 km2 and is located 

in the northwestern part of Sonora, Mexico and southwestern 

Arizona, U.S.A., between North latitudes 31° 22' 55.3" and 32° 

05' 49.5", and West longitudes 112° 09' 30.5" and 113° 18' 

58.3" (Fig. 4). Its climate is dry with a mean annual 

temperature of 21.4°C, maximum temperature of 45.1°C and a 

minimum temperature of -3.3°C. The mean annual precipitation 

is 209.7 mm (SARH, 1994). 

The physiography of the area is characterized by 

extensive sandy valleys with slopes from 5% to 2% descending 

to the Sonoyta River. There are parallel sierras (mountain 

ranges) oriented from northwest to southeast and presenting 

elevations from 400 to 1200 meters above sea level. 

The vegetation type in the area is known as Matorral 

Xerofilo (Rzedowski, 1983) which is a desert shrubland 

vegetation type characterized by creosotebush fLarrea 

tridentata [DC.] Coville), saguaro (Carneaiea qiaantea 

[Engelm.] Britt. & Rose), organ pipe fLemaireocereus thurberi 

[Engelm.] Britt. & Rose ), chollas (Qpuntia spp.) and, in 

arroyos and less dry areas, mesquite fProsopis velutina 

Woot.), palo verde (Cercidium microphyllum [Torr.] Rose & 

Johnston), and ironwood fOlneya tesota Gray). 
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Figure 4. Extent of the study area. 
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Image Processing 

Change detection in land use class areas was determined 

using Landsat MSS data that was processed with the remote 

sensing program ERDAS version 7.5 produced by Erdas, Inc., and 

the IDRISI GIS program version 4.1 developed by Clark 

University, Massachussets. The three different scenes used in 

this study were acquired from the EROS Data Center of the U.S. 

Geological Survey in Sioux Falls, SD. Two scenes were united 

to create the 1972 image for the study area and were labeled 

A and B. Those scenes, are dated from September 28 and 29 of 

1972, respectively. The scene for 1992 was recorded on October 

14 1992. The three subsets defining the 1972 and 1992 study 

areas (two for 1972 and one for 1992) were extracted from the 

original scenes using the ERDAS program and the satellite 

imagery processing equipment available in the Arizona Remote 

Sensing Center of the University of Arizona at the Office of 

Arid Lands Studies. 

Satellite image data is recorded by sensors in such a way 

that the digital image created does not match a 

planimetrically correct map. Therefore, it is necessary to 

perform a geometric correction or georeferencing to rearrange 

the pixels of the image to match the map. In this operation, 

the most important phase is to determine an appropriate 

number, localization and distribution of ground control points 

(GCPs) on the map. The number of GCPs will depend on the image 
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size and its geometric complexity. Although some authors 

recommend picking only 3 or 4 GCPs for MSS images, it is 

advisable to use a greater number to assure more precise 

results. GCPs should be fixed features (i.e. road 

intersections, hills) rather than features that tend to change 

spatial distribution over time (natural water streams). GCPs 

should be evenly distributed throughout the entire area to be 

georeferenced (Chuvieco, 1990). 

After selecting all the GCPs, the next step was to 

calculate residual errors using the map coordinates and the 

image pixels for those GCPs to determine the accuracy of the 

geometric correction. To do this, a mathematical 

transformation algorithm and an error tolerance value are 

designated by the user. The recommended order of 

transformation is 1.0 and the error tolerance within a rank of 

0.5 to 1.0 pixel (Erdas, 1991). After the first error analysis 

is performed, it is possible to have all the GCPs with error 

values under the error tolerance previously specified. If this 

occurrs, the geometric correction is complete. However, if one 

point presents an error value above the error tolerance 

designed, that point must be removed and a new error matrix 

executed until all points show error values under the error 

tolerance desired. The last step is to create a georeferenced 

output image defining a pixel size resolution in meters. 

For this study, the geometric correction was done using 
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the ERDAS program, taking as reference data, regional 

topographic UTM grid projected charts with a scale of 1:50,000 

and aerial black-and-white photographs with a scale of 

1:60,000, both edited by the mexican federal agency INEGI 

(Instituto Nacional de Estadlstica, Geografla e Xnformdtica). 

In this process, 10 GCPs from the ancillary data (maps, aerial 

photos) were selected for georeferencing the first subset of 

the 1972 image, six (6) for the second subset, and 21 for the 

1992 image; the mathematical transformation order was l.0# and 

the error tolerance was 1.0 pixel. The pixel size considered 

for the output georeferenced image was 57 m by 79 m. 

There are several methods to eliminate the atmospheric 

scattering effects that can degrade image quality or influence 

the accuracy of interpretations. The most common technique to 

perform atmospheric corrections and that used in this study is 

the Histogram Minimum Method (HMM). This involves the 

adjustment of the image histogram to zero by subtracting the 

minimum pixel value of that band from all pixels in the image 

(Chavez, 1975; Campbell, 1987; Schowengerdt, 1983). 

After geometric and atmospheric correction, the two 1972 

subset images were joined to produce a single 1972 image for 

the study area, and then the 1972 and 1992 images were 

registered. The identical geographic coordinates of the two 

image allow overlay operations to compare geographic changes 

between the two dates of the images. With the intention of 
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increasing contrast between different vegetation and other 

land cover classes on 1972 and 1992 images, color composite 

images were created for combining bands l (0.5-0.6 um), 2 

(0.6-0.7 um) and 4 (0.8-1.1 um) of the two images (Lillesand, 

1987). 

Image Classification 

To define changes between two images, it is necessary to 

identify and classify the objects present on those images. As 

a preliminary image processing stage, an unsupervised 

classification was done to define the possible number of land 

cover and land use classes. Six different classes were 

adopted: croplands, Bajadas with vegetation, Plains with 

vegetation, Riparian Vegetation, Hills, and Bare Soil. The 

criteria used to distinguish these land cover classes was 

based principally on topography (slope), reflectance values, 

the association to other features on the image like streams, 

and straight border on irrigated fields. Croplands was defined 

by straight-bordered irrigated fields, land cover classes with 

wild vegetation (bajadas, plains, riparian) by slope, 

reflectance values and stream courses. The reflectance values 

do not necessarily indicate differences in plant species 

present in those areas because many species are found in at 

least two of the classes (Felger et al. 1992). Instead the 

reflectance values represent plant physiological activity and 
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extent of plant biomass relative to bare soil. Hills class 

included objects on the image defined as rock outcrops. Bare 

soil class was created considering mainly the reflectance 

values; thus, this land cover class includes non-vegetated 

areas and other areas including sand dunes, and no sown 

croplands were included in this class. 

After two field trips to the site and revising the 

ancillary data to obtain ground truth data, it was possible to 

identify training areas for a supervised classification. Two 

methods were used for supervised classification: Seeding 

pixels and seeding polygons. Seeding pixels uses spectral 

values from pixels of known land cover or land use features on 

the image and identifies all pixels with the same spectral 

value(s) (Erdas, 1991). For example, the spectral value for a 

known cropland pixel was used to select all pixels with 

spectral values within two standard deviations of the value 

for the known pixel. Several spectral values can be combined 

to identify a land cover or land use class. 

Seeding polygons is less laborious classification method 

than seeding pixels because less effort is involved in the 

selection of the spectral values assigned to a land cover or 

land use class. For example, a polygon or border surrounding 

a known area of plains vegetation is used to identify the 

variety of spectral values associated with this land cover 

class. These spectral values form the basis for selecting 
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pixels with similar spectral values amd assigning those pixels 

to the plains vegetation class (Erdas, 1991). The training 

polygons should be as homogeneous as possible, containing only 

pixels that represent a particular land cover or land use 

class. Each polygon should contain an adequate number of 

pixels for statistical characterization. Eastman (1993b) 

recommends that the number of pixels in each training set 

(i.e. the total over all sites for a single land cover class) 

should not be less than 10 times the number of bands. Thus, in 

this study where 3 bands were used, not less than 30 pixels 

per signature were permitted. After doing this repeatedly, the 

spectral signatures representing the desired classes were 

generated and the pixels of these signatures were sorted into 

classes using Maximum Likelihood classification decision rules 

(Erdas, 1991). 

An error matrix of incorrect classification due to 

omission and commission was performed on the 1972 image. 

Ground truth information was used as the correct 

classification and the seeding pixels and seeding polygons 

classifications were compared to the ground truth information 

to complete the error matrix (Aronoff, 1982). In accordance 

with Harsh et al. (1994), the error matrix analysis included 

errors of omission and commission, overall error measure, 

variance, and a Kappa Index of Agreement (KIA) (Eastman, 

1993a). 
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Change Detection 

Change analysis by image differencing (Jensen, 1986; 

Campbell, 1987; Singh, 1989) was used to detect land cover and 

land use differences between 1972 and 1992. This method 

calculates the difference in reflectance values between two 

sets of Landsat data by subtracting the imagery of one date 

from that of another on a pixel by pixel basis. The 

subtraction process results in positive and negative values 

for pixels with reflectance value change and zero values for 

pixels with no change. This procedure produces values for each 

band that are approximately Gaussian distributed, where pixels 

of no brightness value change are distributed around the mean 

and pixels of change are found in the tails of the 

distribution (Jensen, 1986). In this study, change detection 

was performed by subtracting the 1972 image from the 1992 

image. 

I compared the change among the land cover and land use 

classes with a measure of stability that is based on the 

percentage of the area within a class that did not change in 

classification between 1972 and 1992. 

In addition to describing the absolute change in area for 

the classes, I used a transition matrix to identify the fate 

of 1972 classes in 1992, and the source of 1992 classes from 

1972. For example, to estimate the fate of 1972 croplands that 

changed to other classes by 1992, the 1972 cropland class is 
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separated from all classes, then it is overlaid on the 1992 

map, and the area for the fate for the 1972 cropland is 

calculated. To determine the source land cover classes 

contributing to the amount of area in a class in 1992, the 

1992 cropland was separated from all classes, then it was 

overlaid on the 1972 image, and the area of the source of 1992 

cropland was calculated. 

The transition matrix can be described using 1) absolute 

area changes, 2) percentage of 1972 area that changed by 1992 

(fate) and 3) percentage of 1992 class originating from the 

1972 classes (source). 

The two classification methods utilized in this study, 

seeding pixels and seeding polygons, were evaluated. In 

addition to using error matrices, rates of overall accuracy, 

values of the variance, and the Kappa Index of Agreement (KIA) 

were used. To compare the seeding pixels and seeding polygons 

classification methods, I compared classified image maps to 

aerial photographs and topographic maps, and I compared the 

two estimates for cropland change with official SARH estimates 

of cropland area. 

To estimate the influence of weather patterns on land 

cover and land use changes between 1972 and 1992, I compared 

the annual precipitation and the mean annual temperature 

before the 1972 image (1960-1971) with the 12 years before 

1992 (1980-1991). In addition, I compared the occurrence of 



33 

extreme dry or wet years prior to the date of the two images. 
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Image Processing 

Total RMS error for the geometric correction was smaller 

than 1.0 which was the error tolerance designated to accept or 

reject the geometric correction performed (Tables 1, 2, and 

3). However, some points were eliminated from the 

georeferencing process because the maximum acceptable error 

was greater than designated. After removing the unsuitable 

points, new iterations were performed using the remaining 

points until only points with error values smaller than the 

error tolerance were used. Thus, for subset image A three 

points were eliminated, subset image B retained all 6 GCPs 

selected for geometric correction, and the 1992 image was 

georeferenced using a total of 14 points from the original 

number of 21. 

The successful HMM atmospheric correction for the 1972 

and 1992 images required different reflectance value 

subtractions for each of the three images was (Table 4). For 

each band, the subtraction displaced the pixel value to the 

origin (zero value) by removing the effects of the atmosphere 

(haze and scattering) during the scanning operation of the 

satellite sensors (Figures 5, 6, 7). 

It is possible to distinguish some land cover and land 

use classes in the false color composite images resulted from 
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Table 1. Error matrix values for subset A of 1972 Landsat image 
after performing geometric correction. 

POINT MAP COORDINATES PIXEL COORDINATES 
NUMBER X Y X Y ERROR 

1 289600 3524575 318 430 0.9171 
2 297350 3525650 444 397 0.9381 
3 303275 3520000 570 451 0.9745 
4 316175 3528350 749 314 0.7718 
5 314850 3517450 778 453 1.4007* 
6 325800 3528300 912 290 0.5358 
7 329550 3525450 989 316 0.4562 
8 327675 3515275 1007 448 1.3562* 
9 350275 3511950 1407 430 1.0370* 

10 347800 3494150 1451 655 0.8166 

Order of Transformation: 1.0 
X RMS Error: 0.74422 
Y RMS Error: 0.61371 
Total RMS Error: 0.96463 
Maximum Acceptable RMS Error specified: 1.00000 

* = points rejected for being higher than maximum error 
specified 



Table 2. Error matrix values for subset B of 1972 Landsat image 
after performing geometric correction. 

POINT MAP COORDINATES PIXEL COORDINATES 
NUMBER X Y X Y ERROR 

1 350275 3511950 71 516 0.4081 
2 347800 3494150 108 739 0.1719 
3 359725 3499000 288 653 0.8584 
4 366350 3497525 406 655 0.2518 
5 369325 3492375 479 710 0.6246 
6 365150 3487150 431 784 0.4078 

Order of Transformation: 1.0 
X RMS Error: 0.24483 
Y RMS Error: 0.44593 
Total RMS Error: 0.50872 
Maximum Acceptable RMS Error specified: 1.00000 
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Table 3. Error matrix values for the 1992 Landsat image after 
performing geometric correction. 

POINT MAP COORDINATES PIXEL COORDINATES 

NUMBER X Y X Y ERROR 

1 289600 3524575 750 950 0.2855 

2 289075 3537075 700 736 0.7699 
3 303175 3536750 945 697 1.5701* 
4 297350 3525650 879 906 0.8722 

5 303275 3520000 1000 985 0.2626 
6 316175 3528350 1195 798 0.5696 

7 314850 3517450 1208 991 1.0314* 
8 325800 3528300 1361 768 0.4967 

9 329550 3525450 1433 804 1.6395* 

10 327675 3515275 1435 988 0.9199 

11 350275 3511950 1834 972 0.8507 

12 347800 3494150 1849 1286 1.1034* 
13 359725 3499000 2038 1165 0.6862 
14 366350 3497525 2157 1168 0.4324 

15 369325 3492375 2224 1247 0.7175 

16 365150 3487150 2169 1352 0.5510 

17 319050 3512225 1296 1068 0.0218 

18 326425 3501950 1456 1221 0.6684 

19 334675 3504075 1589 1159 2.1097* 

20 335175 3492475 1637 1358 1.0384* 

21 334000 3509350 1563 1068 1.2392* 

Order of Transformation: 1.0 
X RMS Error: 0.66093 

Y RMS Error: 0.72024 
Total RMS Error: 0.97754 
Maximum Acceptable RMS Error specified: 1.00000 

* = points rejected for being higher than maximum error 
specified. 



Table 4. Reflectance values subtracted from 
the original values of each of the 
three images to perform the atmos
pheric correction. 

BAND IMAGES 

NUMBER 1972 A 1972B 1992 

1 20 21 11 
2 9 16 8 
4 0 3 7 
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Figure 5. Frequency of pixel values for bands 1, 2 and 
4 of the 1972 image (subset A) before and 
after atmospheric correction. 
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Figure 6. Frequency of pixel values for bands 1, 2 and 
4 of the 1972 image (subset B) before and 
after atmospheric correction. 
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Figure 7. Frequency of pixel values for bands 1, 2 and 
4 of the 1992 image before and after atmos
pheric correction. 
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combining bands 1, 2 and 4 of 1972 and 1992 MSS images 

(Figures 8 and 9). For example, it is easy to perceive the 

croplands by their shapes and red tones in color, and the 

riparian vegetation growing along the streams and also 

presenting red colors; bare ground areas are shown in bright 

yellowish tones and some hills in dark colors. 

Image Classification 

Both errors of omission and commission were more frequent 

for classification using polygons than seeding pixels (Table 

5). Error matrices for the seeding pixels classification 

method show more accuracy than matrices resulting from 

classification performed using seeding polygons (Table 6). 

This is illustrated by the higher values obtained in the 

seeding pixels technique for overall accuracy and overall 

kappa index of agreement, and the smaller values in variance. 

Conspicuous differences can be seen in the extent of the 

land cover classes areas between the two different years and 

between the classification methods (Figures 10-13). Croplands 

appear as straight-bordered polygons. Bajadas with vegetation 

extend across slope gradients descending from hills to the 

river and other streams and to the valleys. Plains with 

vegetation are located in the valleys, between the bajadas and 

streams. Riparian vegetation class is typically found along 

the river and other streams located in the valleys, but it is 



Figure 8* False color coapeslte Image of the study area In 1972 



Figurtt 9* False color o••posit• luge of the study area in 1992* 
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Table 5. Comparison of errors of omission and commission on the 1972 image 
using seeding pixels and seeding polygons classifications. The 
accuracy of the classification process is given as percent correct. 

Accuracy of image classification by seeding pixels 

% ERRORS OF % ERRORS OF PERCENT 
CLASS OMISSION COMMISSION CORRECT 

Croplands - - -

Bajadas 04.35 05.80 95.65 
Plains 01.32 02.63 98.68 
Riparian 04.35 04.35 95.65 
Hills 27.27 09.09 72.73 
Bare Soil - - 100.0 

OVERALL: 04.00 04.00 96.00 

Accuracy of image classification by seeding polygons 

% ERRORS OF % ERRORS OF PERCENT 
CLASS OMISSION COMMISSION CORRECT 

Croplands - 100.0 -

Bajadas 03.08 30.77 96.92 
Plains 12.99 15.58 87.01 
Riparian 80.00 06.67 20.00 
Hills 18.18 - 81.82 
Bare Soil - 17.65 100.0 

OVERALL: 19.00 19.00 81.00 



Table 6. Comparison of matrices for the 1972 image classification between the seeding pixels 
and seeding polygons classification methods. 

Error Matrix for 1972 image after classified by seeding pixels. 

REFERENCE DATA 
CLASSIFIED 

IMAGE Bare ROW 
Croplands Bajadas Plains Riparian Hills Soil TOTAL 

Croplands 0 0 0 0 0 0 0 

Veg, Bajadas 0 66 1 1 2 0 70 
Veg. Plains 0 2 75 0 0 0 77 
Veg, Riparian 0 0 0 22 1 0 23 
Hills 0 1 0 0 8 0 9 

Bare Soil 0 0 0 0 0 21 21 

COL TOTAL 0 69 76 23 11 21 200 

Overall Accuracy: 0.96 Overall Kappa: 0.9434 Variance: 0.000395 

Error Matrix for 1972 image after classified by seeding polygons. 

REFERENCE DATA 

CLASSIFIED 
IMAGE Bare ROW 

Croplands Bajadas Plains Riparian Hills Soil TOTAL 

Croplands 0 0 0 1 0 0 1 
Veg. Bajadas 0 63 7 11 2 0 83 
Veg. Plains 0 0 67 12 0 0 79 
Veg. Riparian 0 2 0 6 0 0 8 
Hills 0 0 0 0 9 0 9 
Bare Soil 0 0 3 0 0 17 20 

COL. TOT. 0 65 77 30 11 17 200 

Overall Accuracy: 0.81 Overall Kappa: 0.7270 Variance: 0.001782 
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Figure 10* Distribution ot land cover and land use classes assigned 
to the 1972 image after performing classification "by 
seeding pixels* 
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Figure 11* Distribution of land cover and land usa classes assigned 
to the 1992 la&ge after perforaing olassification by 
seeding pixels* 
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Figure 12* Distribution of land cover and land use classes assigned 
to the 1972 image after performing classification ty 
seeding polygons* 
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Figure 13* Distribution of land cover and land use classes assigned 
to the 1992 image after performing classification by-
seeding polygons* 
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also identified in the hill areas in the southern part of the 

image. Hills appear as dispersed group of pixels irregularly 

shaped which were defined by the pixels with the lowest 

reflectance values. Bare soil class is located mainly in the 

valleys and was defined by the pixels with highest reflectance 

values. 

Change Detection 

Between 1972 and 1992, both classification methods 

recorded more than 58% of the area as unaltered, 40.7%-41.6% 

of the changes registered on the study area occurred in 

natural vegetation areas and was not associated with obvious 

human activity and less than 1.0% of the change was associated 

with human activities, primarily agriculture (Table 7). 

The greatest positive change was in croplands and 

riparian vegetation for both classification methods; bajadas 

vegetation and bare soil decreased using both methods, but the 

direction of change in plains vegetation and hills was 

different between the two classification methods (Table 8 and 

Figures 14 and 15). 

Among the six classes analyzed in this study, croplands 

was the least stable class: between 1972 and 1992 less than 3% 

remained unchanged when performing classification by seeding 

pixels and less than 4% when using polygons (Figures 16 and 

17). However, the most stable class was plains when using the 



Table 7. Percentages of change estimated for 
the study area considering the two 
classification methods. 

TYPE OF SEEDING SEEDING 
CHANGE PIXELS POLYGONS 

No Change 58.24% 58.99% 
Natural Change 41.60% 40.74% 
Anthropogenic Change 0.16% 0.27% 
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Table 8. Comparison of area and percentage occupied by different classes on 1972 
and 1992 images and percentage of change between those years, using 
the seeding pixels and seeding polygons classification methods. 

Seeding Pixels 

TYPE 1972 1992 Percentage Change 
OF between 

FEATURE Percentage Hectares Percentage Hectares 1972-1992 

Croplands 0.05 394.01 0.16 1346.85 241.83 
Bajadas 33.09 284439.7 24.47 210288.8 -26.07 
Plains 37.92 325981.2 41.48 356570.5 9.38 
Riparian 12.93 111098.1 22.96 197368.7 77.65 
Hiils 4.79 41204.25 3.63 31170.67 -24.35 
Bare Soil 11.22 96420.04 7.30 62791.63 -34.88 

TOTAL 100 859537.2 100 859537.2 

Seeding Polygons 

TYPE 1972 1992 Percentage Change 
OF between 

FEATURE Percentage Hectares Percentage Hectares 1972-1992 

Croplands 0.18 1543.18 0.28 2410.91 56.23 
Bajadas 40.25 345957.4 26.62 228811.8 -33.86 
Plains 40.31 346493.7 35.19 302449.4 -12.71 
Riparian 4.17 35855.14 23.95 205876.3 474.19 
Hills 4.04 34765.41 4.73 40672 16.99 
Bare Soil 11.05 94922.34 9.23 79316.74 -16.44 

TOTAL 100 859537.1 100 859537.2 
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Figure 14. Percentage change for each land cover class between 
1972-1992 after doing image classification by 
seeding pixels. C=Croplands; VB=Bajadas; VP=Plains; 
VR=Riparian; H=Hills; BS=Bare Soil. 
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Figure 15. Percentage change for each land cover class between 
1972-1992 after doing image classification by 
seeding polygons. C=Croplands; VB=Bajadas; 
VP=Plains; VR=Riparian; H=Hills; BS=Bare Soil. 
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Figure 16. Stability for land cover classes between 1972 -
1992 measured by percent persistence after doing 
image classification by seeding pixels. 
C=Croplands; VB=Bajadas; VP=Plains; VR=Riparian; 
H=Hills; BS=Bare Soil. 
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Figure 17, Stability for land cover classes between 1972 -
1992 measured by percent persistence after doing 
image classification by seeding polygons. 
C=Croplands; VB=Bajadas; VP=Plains? VR=Riparian; 
H=Hills; BS=Bare Soil. 
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seeding classification method compared to riparian using the 

seeding polygons classification method. 

The transition matrices for land cover and land use 

dynamics from 1972 to 1992 show some conversion of all classes 

to all other classes using both the seeding pixels and seeding 

pixels classification methods (Table 9). 

The fate of 1972 land cover and land use in 1992 was 

similar for the seeding pixels and the seeding polygons 

classification methods (Table 10 and Figures 18 and 19). 

Although the absolute percentage values were different in all 

cases, the relative ranking among the 1992 classes was 

identical for the fate of croplands, bajadas and hills between 

the classification methods. The greatest difference in the 

fate values between the two methods was for bare soil. Both 

classification methods identify conversion to riparian 

vegetation as the most likely fate of 1972 croplands. The most 

likely fate of all other classes from 1972 to 1992 was to 

remain unchanged. Focusing on cropland fate, both 

classification methods indicate that over 60% was converted to 

riparian vegetation and over 20% to plains vegetation between 

1972 and 1992. 

The source of 1992 land cover and land use classes was 

less similar between the seeding pixels and seeding polygons 

classification methods than the results for the fate of 1972 

classes (Table 11 and Figures 20 and 21). The relative 
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Table 9. Comparison of transition matrices describing the change of land cover and land use 
classes from 1972 to 1992 between image classification by seeding pixels and 
seeding polygons. 

Classification by seeding pixels 
1992 CLASS 

1972 CLASS Cropland Bajadas Plains Riparian Hills Bare Soil TOTAL 1972 
(hectares) 

Croplands 10.81 30.62 80.15 268.83 0.45 3.15 394.01 
Bajadas 176,97 157129.9 33995.85 83023.16 9508.99 604.75 284439.65 
Plains 775.87 19701.98 231537.1 54419.66 529.55 19017.07 325981.19 
Riparian 335.47 19265.64 36698.1 51295.92 1638.64 1864.24 111098.01 
Hills 0.9 13746.76 1150.52 6737.39 19461.97 106.72 41204.26 
Bare Soil 46.83 413.83 53108.83 1623.78 31.07 41195.7 96420.04 

TOTAL 1992: 1346.85 210288.8 356570.5 197368.7 31170.67 62791.63 859537.16 

Classification by seeding polygons 
1992 CLASS 

1972 CLASS Cropland Bajadas Plains Riparian Hills Bare Soil TOTAL 1972 
(hectares) 

Croplands 76.1 135.99 311.16 966.79 6.3 46.83 1543.17 
Bajadas 424.18 190364.3 32554.44 104720 16035.18 1859.29 345957.38 
Plains 1578.3 27472.8 218979.1 68405.97 487.68 29569.85 346493.69 
Riparian 260.27 2226.28 4359.35 27356.18 1440.96 212.09 35855.13 
Hills 3.15 7906.82 288.64 3827.55 22688.37 50.88 34765.41 
Bare Soil 68.9 705.62 45956,72 599.8 13.51 47577.8 94922.35 

TOTAL 1992: 2410.9 228811.8 302449.4 205876.3 40672 79316.74 859537.13 
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Table 10. Comparison of 1972 land cover class in 1992 expressed as percent of 1972 
total area for each class after doing image classification by seeding pixels 
and seeding polygons. 

Classification by seeding pixels 
1992 CLASS 

1972 CLASS Cropland Bajadas Plains Riparian Hills Bare Soil TOTAL 1972 
(percent) 

Croplands 2.74 7.77 20.34 68.23 0.12 0.80 100 
Bajadas 0.06 55.24 11.95 29.19 3.35 0.21 100 
Plains 0.24 6.04 71.03 16.7 0.16 5.83 100 
Riparian 0.30 17.34 33.03 46.17 1.48 1.68 100 
Hills 0.01 33.36 2.79 16.35 47.24 0.25 100 
Bare Soil 0.05 0.43 55.08 1.68 0.03 42.73 100 

Classification by seeding polygons 
1992 CLASS 

1972 CLASS Cropland Bajadas Plains Riparian Hills Bare Soil TOTAL 1972 
(percent) 

Croplands 4.93 8.81 20.16 62.65 0.41 3.04 100 
Bajadas 0.12 55.02 9.41 30.27 4.64 0.54 100 
Plains 0.46 7.93 63.20 19.74 0.14 8.53 100 
Riparian 0.72 6.21 12.16 76.30 4.02 0.59 100 
Hills 0.01 22.74 0.83 11.01 65.26 0.15 100 
Bare Soil 0.07 0.74 48.42 0.63 0.02 50.12 100 
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Figure 18. Fate of 1972 land cover class in 1992 expressed as 
percent of 1972 total area after doing image 
classification by seeding pixels. C=Croplands; 
VB=Bajadas; VP=Plains; VR=Hiparian; H=Hills; 
BS=Bare Soil. 

»•¥ 'JL 

mm 

suA/i- r- —, 
sswaw;..; 

B1*JS 

Ti ̂
 3__  ̂

t̂ rTT- -.1̂ , 
fis&wT" ^v=U,^52S'^2 li/Vj t.YNb'^A-

if!r 'JLTi*f-
WM" O 40 

sse&i&rjjl 
J: 

f?Z * 

mm 

mm zvM 
mmm m% ss" 
i'fx-'ijjkiii 
8®«fewsK* 

VB VP VR H 

1972 Land Cover Classes 

Plains 

Bare Soil 

Croplands H Bajadas 

Riparian fS\ Hills 



62 

Figure 19. Fate of 1972 land cover class in 1992 expressed as 
percent of 1972 total area after doing image 
classification by seeding polygons. C=Croplands; 
VB=Bajadas; VP=Plains; VR=Riparian; H=Hills; 
BS=Bare Soil. 
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Table 11. Comparison of the source of 1992 land cover expressed as percent of 
1992 total area for each class between image classification by seeding 
pixels and seeding polygons. 

Classification by seeding pixels 
1992 CLASS 

1972 CLASS Croplands Bajadas Plains Riparian Hills Bare Soil 

Croplands 0.80 0.01 0.04 0.14 0.01 0.01 
Bajadas 13.14 74.72 9.53 42.07 30.50 0.96 
Plains 57.60 9.37 64.93 27.57 1.70 30.28 
Riparian 24.91 9.16 10.29 25.99 5.26 2.97 
Hills 0.07 6.54 0.32 3.41 62.43 0.17 
Bare Soil 3.48 0.20 14.89 0.82 0.10 65.61 

TOTAL 1992 100 100 100 100 100 100 

Classification by seeding polygons 
1992 CLASS 

1972 CLASS Croplands Bajadas Plains Riparian Hills Bare Soil 

Croplands 3.16 0.06 0.10 0.47 0.02 0.06 
Bajadas 17.59 83.20 10.76 50.86 39.43 2.34 
Plains 65.46 12.01 72.40 33.23 1.20 37.28 
Riparian 10.80 0.97 1.44 13.29 3.54 0.27 
Hills 0.13 3.45 0.10 1.86 55.78 0.06 
Bare Soil 2.86 0.31 15.20 0.29 0.03 59.99 

TOTAL 1992 100 100 100 100 100 100 
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Figure 20. Source of 1992 land cover class expressed as 
percentage of 1992 total for each class using the 
seeding pixels classification method. C=Croplands; 
VB=Bajadas; VP=Plains; VR=Riparian? H=Hills; 
BS=Bare Soil. 
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Figure 21. Source of 1992 land cover class expressed as 
percentage of 1992 total for each class using the 
seeding polygons classification method. 
C=Croplands; VB=Bajadas; VP=Plains; VR=Riparian; 
H=Hills; BS=Bare Soil. 
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rankings among the 1972 classes as sources for 1992 classes 

were identical for the two classification methods only for the 

hills class, and the greatest difference in the relative 

rankings was for croplands. Both classification methods 

identify plains as the greatest source of 1992 croplands and 

bajadas as the greatest source of 1992 riparian vegetation. 

For all other classes the greatest source of the 1992 extent 

was from the same class. Focusing on the source of 1992 

croplands, both classification methods indicate that plains 

contributed 57-65%, but the seeding pixels method identified 

nearly 25% from riparian areas as the second greatest 

contributor, whereas seeding polygons identified over 17% from 

bajadas as the second greatest contributor. 

An official report for the Mexican agency SARH 

(Secretaria de Agricultura y Recursos Hidraulicos) shows the 

sustained increase of agricultural activities in the study 

area (SARH, 1989). This paper reports five plant species as 

the principal crops sown in an area of 4469 hectares in 1980; 

in 1985, the number of important crops increased to seven and 

the area sown to 6800; in 1989, 14 crops were cultivated on 

8090 hectares. In 1989, more than 4,300 hectares were sown in 

the study area on the Fall-Winter season. If we consider that 

this agricultural period starts in late-November or early-

December, the croplands recorded on the study images probably 

correspond with perennial crops including 1,229 hectares which 
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is a number very similar to that obtained for 1992 (1,347) 

when classifying the image by the seeding pixels method. This 

number is not as close for the seeding polygons method. 

Statistical analyses indicate no significant difference 

(p>0.05) in annual precipitation and a significant difference 

(p>0.025) for mean annual temperature between the periods 

before 1972 (1960-1971) and before 1992 (1980-1991). This can 

be seen in tables 12 and 13 and figures 22 and 23. 
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Table 12. Comparison of annual precipitation 
between the periods 1960-1371 
and 1980-1991, by performing a 
t-test. 

TIME 
PERIOD MEAN STDEV SE MEAN 

1960-71 203.4 76.6 22 
1980-91 222.6 99.2 29 

t = -0.53 p = 0.60 df = 20 
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Table 13. Comparison of mean annual tern 
perature between the periods 
1960-1971 and 1980-1991, by 
performing a t-test, 

TIME 
PERIOD MEAN STDEV SE MEAN 

1960-71 21.01 0.949 0.27 
1980-91 21.78 0.543 0.16 

t — -2.43 p = 0.027 df = 17 
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Figure 22. Curve of precipitation for the study area. 
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Figure 23. Curve of temperature for the study area. 
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The results of the image differencing process demonstrate 

that about 40% of the entire land cover in the study area 

changed between 1972 and 1992. Because desert vegetation is 

soon modified by climatic changes and considering that 

precipitation in the study area is the only factor of the 

environment which can cause a rapid change on vegetation 

(Cloudsley, 1977), it is presumed that most of the changes 

were due to natural causes. Less than 1.0% of the area changed 

as a result of direct human activities such as agriculture. 

These anthropogenic changes occurred as a result of Mexican 

government policies to generate jobs and improve the regional 

economy of Sonoyta by financing clearing of natural areas for 

agriculture and developing new wells to irrigate those new 

farmlands. Thus, the croplands changed from almost 300 

hectares in 1972 to about 10,000 in 1992, and the number of 

wells increased from 4 in 1972 to 170 in 1992 (F. Mexia-

Berumen, pers. comm.; SARH, 1989). 

Cropland was the class with the highest rate of change 

being principally modified into riparian areas by more than 

60%, more than 20% into plains vegetation, and about 8% into 

bajadas. Croplands in 1972 were abandoned due to problems of 

salinity, erosion, and soil fungi diseases and the new 

farmlands are the result of conversion to replace abandoned 
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farmlands and create additional farmlands (F. Mexia-Bervimen, 

pers. comm.)- New croplands in 1992 were constituted 

principally by areas coining from riparian (25%), plains (58%), 

and bajadas (13%). This is probably evidence that former 

settlers in the study area used these particular land cover 

classes to develop their agricultural activities, and perhaps 

the same pattern of land selection is still being used by the 

new farmers. However, this does not mean that these classes 

can be totally converted into croplands due to some particular 

characteristics that make them unavailable for agricultural 

exploitation including steepness, salinity, soil texture, and 

scarcity of water sources for crops irrigation. 

The stability shown by the different land cover classes 

was given by the rate of change they presented. A class with 

100% stability is a class with no change. Croplands was the 

most unstable class between 1972 and 1992. 

Although the anthropogenic changes obtained in this study 

do not represent a significant percent in terras of area, they 

are very important in terms of environmental impact because 

they have generated a considerable number of ecological 

problems including the depletion of the groundwater table; 

disappearance of former perennial water bodies and streams 

that were sources of water and habitat for wildlife and plant 

species; reduction on the wildlife population species in the 

area; modification and suppression of natural habitats and 
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ecosystems; ecosystems pollution by extensive and intensive 

use of agrochemicals; and weed dispersion and introduction 

into natural adjacent ecosystems. 

There are several techniques to classify satellite 

imagery, all of them differing in processing time, algorithms 

used, and accuracy yielded. In this study image classification 

was performed using two different methods: seeding pixels and 

seeding polygons. Those classification methods were 

demonstrated to be uncomplicated, easy to understand and 

manipulate, and provided with reasonable levels of accuracy. 

The second method, which is widely used, can yield good 

results, with acceptable level of accuracy, and in a 

relatively short period of processing time which is a good 

characteristic desired in every classification method. The 

principal disadvantage of this method is that when polygons 

are not homogeneously drawn (when enclosing pixels for a given 

class), the number of errors of omission and commission will 

increase and the level of accuracy of that classification will 

be too small to be considered acceptable for satisfactory 

results. When this occurs, new operations have to be performed 

until good results are obtained. Thus, this method depends 

principally on the user's ability and eyesight to distinguish 

between pixels with very similar reflectance values. 

On the other hand, the seeding pixels method is more time 

consuming than the other method but this relative disadvantage 
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is compensated in the high level of accuracy it can yield. 

Since this method operates on a pixel by pixel basis, the 

probability of having errors of omission and commission is 

minimized, increasing the accuracy and generating better 

results. 

The seeding pixels classification method yielded an 

overall accuracy over 96% in both 1972 and 1992 images, while 

the seeding polygons method generated overall accuracy values 

smaller than 82% probably due to user's error. 

Accuracy tends to degenerate when grid-cell resolution 

approaches the image pixel dimension (Owe, 1984). In this 

study, pixel size (57m x 79m) was big enough to include 

several dissimilar classes each with its own spectral 

properties. A pixel's spectral intensities could indicate one 

of the contained classes or an average of all, resulting in an 

unrelated surface. Most of the more common errors are related 

to these spectral anomalies. This could explain the fact that 

large areas in the hills appear with the same reflectance 

values than riparian vegetation zones along the Sonoyta river. 

Thus, under more homogeneous land-use conditions, or more 

regional applications, or using higher resolution satellite 

imagery, the seeding polygons classification method could 

yield more accurate results. 

The percentage of change for riparian vegetation between 

1972 and 1992 when using classification by seeding polygons is 
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excessively high (more than 400%). This could be explained by 

the vast number of errors of omission realized during the 

classification process of the 1972 image by seeding polygons. 

Eighty percent in errors of omission and only 20% correct for 

riparian vegetation created a poor classification accuracy for 

that land cover class. 

In comparison to other life zones, the desert displays 

changes of land cover that are not consistent and may only 

manifest recent variations in rainfall, and may not be 

significant in a longer period of time (Hastings, 1980). In 

environments like the study area, climatic variations from 

year to year are substantial and, as a consequence, a natural 

change can be evident as occurred in these two dates studied. 

As we can see in table 12, there is a consistent 

difference between precipitation means (19.2) but this 

difference is small considering the variability of the 

measurements (STDEVi = 76.6, STDEVa = 99.2). The computed t-

value (-0.53) has a p-value of 0.60, indicating very little 

evidence of a difference in precipitation between those 

periods of time. However, extreme changes in precipitation 

pattern in some years (i.e. 1968 and 1983) could have affected 

the vegetation land cover class resulting in spectral 

differences between 1972 and 1992 images, and interpreted as 

a natural change (Figure 22). For example, the very wet 

condition in 1983 may have increased vegetation cover 
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resulting in less bare soil in 1992 than 1972. 

In relation to temperature, statistical analyses indicate 

a significant difference (p>0.025) in mean annual temperature 

between the periods compared (1960-1971 and 1980-1991). This 

is defined in table 13 by the t-value calculated (-2.43) which 

is less than the t-value (2.11) given for a p>0.025. 

It is recommended to make change detection approaches in 

short periods of time (i.e. each five years) in order to 

create simulation models of the change processes and, this 

way, have a better understanding of how different factors are 

interacting to cause classes modification and predict possible 

changes in the future. 
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