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Abstract

Amazônia is one of the most important ecosystems of the planet, containing the largest extent of contiguous tropical rain forest on earth,

over 5 million square kilometers. While most of the region remains forested, rapid development has led, over the past two decades, to the

destruction of over 589,000 km2 of forests in Brazil alone. Forest clearing can alter the transport of sediments, organic matter and associated

nutrients to the rivers. In this article, we present the results of an integrated analysis of the landscape characteristics, including soil properties,

river network, topography, and land use/cover of a tropical meso-scale river. This physical template was developed as a comprehensive tool,

based on Remote Sensing and GIS, to support the understanding of the biogeochemistry of surface waters of the Ji-Paraná river basin, State

of Rondônia, Western Amazônia. Our primary objective was to demonstrate how this tool can help the understanding of complex

environmental questions, such as the effects of land-use changes in the biogeochemistry of riverine systems. River sites and basin

characteristics were calculated using the data sets compiled as layers in Arc-Info GIS. A land-use/cover map for 1999 was produced from a

digital classification of Landsat 7-ETM+ images. To test the effects of the landscape characteristics on river water chemistry, we performed a

multiple linear regression analysis. Average slope, river network density, effective cation exchange capacity (ECEC), and proportion of

pasture were treated as independent variables. River water electrical conductivity (EC) and Na+, Ca2 +, Mg2 +, K+, Cl� and PO4
3�

concentrations were the dependent variables. Spatially, higher values of all ions were associated with areas dominated by pasture, with the

highest concentrations found in the central part of the basin, where pasture areas are at a maximum. As the river enters the lower reaches,

forests dominate the landscape, and the concentrations drop. The percentage of the basin area covered by pasture was consistently the best

predictor of EC (r2 = 0.872), PO4
3� (r2 = 0.794), Na+ (r2 = 0.754), Cl� (r2 = 0.692) and K+ (r2 = 0.626). For Ca2 +, both ECEC (r2 = 0.538) and

pasture (r2 = 0.502) explained most of the observed variability. The same pattern was found for Mg2 + (r2 = 0.498 and 0.502, respectively).

D 2003 Elsevier Inc. All rights reserved.
Keywords: Land use and land cover; Deforestation; Tropical rivers; Amazon, Brazil

1. Introduction While most of the region remains forested, rapid develop-
Amazônia is one of the most important ecosystems of the

planet, containing over 5 million square kilometers of forest,

the largest contiguous extent of tropical rain forest on earth.
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ment has led over the past two decades to the destruction of

over 589,000 km2 of forest in Brazil alone (Brasil, 2001).

Changes in land use and land cover in the Amazon, and

particularly extensive deforestation and burning, reached

dramatic levels between 1985–1990. Estimates of defores-

tation rates for this period ranged from 30,000 to 40,000 km2

per year, and smoke plumes from clearing fires could be

detected over millions of square kilometers. Although some-

what lower during the 1990s, deforestation rates remained

close to 15,000 km2 per year from 1992 to 1994, and

increased to an alarming rate of 29,000 km2 in 1995 (Brasil,

2001). A lower deforestation rate was found in 1996, when
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13,000 km2 were deforested and, in 1999, estimates were

around 18,000 km2 (Brasil, 2001).

Land use and land cover play important roles in shaping

the environment at global, regional, and local scales. In

terms of the global carbon budget, from 1850 to 1990 about

112 Pg of C were released to the atmosphere as a result of

changes in land use, 85% from forests either logged or

converted to other uses and the rest largely from cultivation

of prairie soils (Houghton & Skole, 1995). The conversion

of natural ecosystems to crop lands and pastures was

responsible for net releases to the atmosphere of 63 and

10 Pg C, respectively. For the decade of the 1980s the net

release of carbon from changes in land use averaged

1.6F 0.7 Pg C year� 1 (Houghton & Hackler, 2001).

Evidence of the effects of land-use change at the regional

scale is provided by Culf, Esteves, and Rocha (1996). These

authors found that, on average, the effect of replacing forest

by pasture in Amazônia is to reduce the net radiation at the

surface by about 11% as a result of both changes in albedo

and in the long wave radiation balance. Local related

biogeochemical cycles are also altered by land-cover

changes. Rates of net nitrogen mineralization and net

nitrification, for example, have been shown to be lower

for 21-year-old pasture than forest (Neill, Piccolo, Melillo,

Steudler, & Cerri, 1999).

Forest clearing can lead to increases in soil temperature,

erosion and modifications in the water balance and nutrient

availability (Ballester et al., 1999; Cerri et al., 2001;

Ometto, Martinelli, & Ballester, 2000; Williams & Melack,

1997). As a consequence, the transport of sediments, organ-

ic matter and associated nutrients to the rivers is also altered

(Hunsaker & Levine, 1995; Melack, 1995; Meyer et al.,

1988; Sharpley et al., 1995; Thomas, Neill, Deegan, Kru-

sche, & Victoria, submitted for publication). In tropical

areas, there are only a few studies showing the consequen-

ces of land-use/cover changes on the river biogeochemistry.

Williams and Melack (1997) showed that deforestation in

upland catchments of the central Amazon alters the hydro-

chemical balance of streams by decreasing evapotranspira-

tion and, thereby increasing discharge and solute transport.

At the micro-scale level, recent studies (Thomas et al.,

submitted) found that in forested streams, the absence of

aquatic vegetation in the channels was associated with high

dissolved oxygen levels, low PO4
3� concentrations caused

by iron and aluminum sorption in soil and sediments, high

NO3
� quantities delivered from the watershed and P and

light limitation of periphyton. When forest was replaced by

pasture in streams of 1st to 2nd order, an increase of aquatic

vegetation in the channels was observed and associated with

decreases in dissolved oxygen and PO4
3� concentrations,

NO3
� increase caused by in-channel nitrification, and a

change of P to N limitation of periphyton. Regardless of

these results, at the meso-scale level there is still a lack of

information on how these variables (river’s biogeochemical

composition) vary along a gradient of different land tenure

intensities.
Landscape characteristics that describe the amount and

arrangement of human-altered land in a catchment provide a

direct way to measure human impacts and can be correlated

with water biogeochemistry (Gergel, Turner, Miller, Melack

& Stantely, 2002). Landscapes are distinguished by spatial

relations among component parts, and can be characterized

by both their composition and configuration (Dunning,

Danielson, & Pulliam, 1992; Turner, 1989). These two

aspects of a landscape can affect ecological processes and

organisms independently or in combination (McGarical &

Marks, 1995).

In this article, we present the results of an integrated

analysis of the landscape characteristics of a tropical meso-

scale river, based on the spatial analysis of its patterns,

including soil properties, river network, topography, and

land use/land cover. This physical template was developed

as a comprehensive tool, based on Remote Sensing (RS) and

Geographic Information System (GIS), to support the un-

derstanding of the biogeochemistry of surface waters of the

Ji-Paraná river basin, in the State of Rondônia, Western

Amazônia. Our primary objective was to demonstrate how a

RS/GIS-based physical template can help the understanding

of complex environmental questions, such as the effects of

land-use changes in the biogeochemistry of riverine sys-

tems. To exemplify that, we relate selected water quality

parameters to both naturally existing spatial heterogeneity

and land-use changes. Finally, based on the observed

patterns of human intervention, predictions are made in

terms of the most probable areas of future development in

this basin and, consequently, environmental concern.
2. Study area

The Ji-Paraná river basin, located in the State of Rondô-

nia, Western Amazônia (Fig. 1), drains an area of 75,000

km2. This basin is characterized by extensive development

in the upper part, and slight alteration in the lower 400 km

before the confluence with the Madeira River, near the city

of Calama. From headwaters to its middle sectors, the river

is highly impacted, with a predominance of pastures and

agriculture. The lower reach, below the intersection with

Jaru and Machadinho rivers, reverts to relatively pristine

natural forest surroundings. This allows the study of how

biogeochemical signals change during transport along the

river.
3. Methods

We divided the Ji-Paraná river basin into 14 drainage

units, according to the river network morphology and

degree of land-use impact (Table 1, Fig. 2). Four categories

of land use impact were determined as a function of the

percentage of pasture coverage: low (0–15%); medium

(15–30%); high (30–50%) and very high (50–75%). Each
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Table 1

Identification of the landscape units at the Ji-Paraná river basin

Site/Code River Order Level of

land-use impact

COM-1 Comemorac�ão 3rd low

COM-2 Comemorac�ão 5th medium

PB-1 Pimenta Bueno 3rd low

PB-2 Pimenta Bueno 6th medium

JIP-1 Ji-Paraná 6th high

ROLIM Rolim de Moura 5th very high

URUPÁ Urupá 5th very high

JIP-2 Ji-Paraná 6th very high

JIP-3 Ji-Paraná 6th high

JARU Jaru 6th high

MACH Machadinho 5th low

JIP-4 Ji-Paraná 7th low

JIP-5 Ji-Paraná 7th low

PRETO Preto 6th low

The level of land use impact was determined using the percentage of

pasture coverage in each sector, classified as: low, 0–15%; medium, 15–

30%; high, 30–50%; very high, 50–75%.
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sector corresponded to a sampling point where river bigeo-

chemistry is being determinated by our group, as described

in detail elsewhere (Victoria et al., 2000). Briefly, water

samples were taken from the middle of the river channel

with a Niskin bottle. Aliquots of sample were filtered, stored

in polyethylene bottles and preserved with thymol. Concen-

trations of ions (Ca2 +, Mg2 +, Na+, K+, Cl� and the soluble

reactive form of the nutrient phosphate—PO4
3�) were later

determined in the laboratory by liquid chromatography, with

a Dionex DX500. Electrical conductivity was measured in

the field with an Amber Science portable meter, model

1481-61. Another important characteristic of these units is

that they integrate a variety of environmental processes and

human impacts on the landscape. The headwaters are

formed by the Comemorac� ão and Pimenta Bueno rivers,

both with an initial low degree of land-use impact. The

confluence of these two rivers results in the Ji-Paraná River.

Along its course, the Ji-Paraná receives the contributions of

five other main tributaries: Rolim de Moura, Urupá, Jaru,

Machadinho and Preto. As the river increases in order, it

drains areas with medium, high, very high and low degrees

of land-use/cover changes (Fig. 2).

3.1. Basin characterization

River sites and basin characteristics were calculated

using the data sets compiled as layers in Arc-Info (ESRI,

1997) Geographical Information System (GIS) and ERDAS-

IMAGINE (Image Processing) software. To delineate sub-

basins boundaries of the sampling sites, a 50-m horizontal

and vertical resolution Digital Elevation Model (DEM) and

the river network were derived from 1:100,000 maps from

the Brazilian Institute of Geography and Statistics (IBGE,

www.ibge.gov.br). Latitude and longitude coordinates of the

14 sampling sites were recorded in the field using a Global
Positioning System unit (Garmin, GPS48 Model), and then

imported into ArcInfo, where they were matched to the

nearest point in the DEM. Watershed boundaries were

delineated using Arc-Info-GIS hydrological modeling tools.

First, a depressionless DEM was produced by identifying

and filling all sinks. Then, flow direction and accumulation

were derived from this DEM, using the approach developed

by Jenson and Domingues (1988). Finally, watersheds were

delineated, assuming a minimum contributing area of 50

cells above a set of cells in a grid, or as the total area

flowing to a given outlet (each sampling point in this case).

The accuracy of the final DEM was evaluated by comparing

a derived river network with the digitized maps. The

calculated error was 0.84%.

Each delineated drainage area was individually character-

ized in terms of topography (average altitude and slope),

soils, river network and land use. River order was calculated

using the Strahler method (1963). Soil units were derived

from four EMBRAPA (1983) 1:500,000 maps, manually

digitized. The average mean square error was 1.2 m. Soil

properties, here classified based on cation content (ACa2 +,
Mg2 +, Na+ and K+), effective cation exchange capacity

(ECEC= ACa2 +, Mg2 +, Na+, K+, H+, Al3 +), base saturation

(cation content/ECEC) and soil texture (clay, sand and silt

content) maps, were created using the SIGTERON data set

(Cochrane & Cochrane, 1998).

Spatial features of these types of data sets, such as the

location of extreme values, the overall trend, or the degree

of continuity, are often of considerable interest. If the intent

is to capture these characteristics, none of the univariate and

bivariate descriptive statistics are able to capture such spatial

features (Isaaks & Srivastava, 1989). Therefore, cation

content, effective cation exchange capacity and base satu-

ration maps were calculated from separated layers of Ca2 +,

Mg2 +, Na+, K+, H+ and Al3 + using Arc-GIS Geostatistical

Analyst extension. Each individual map was produced from

the SIGTERON data set (Cochrane & Cochrane, 1998).

First, soil properties were depth averaged using the top 20

cm for 1041 soil profiles, individually. To obtain a contin-

uous surface, a geostatistical procedure was applied. For all

elements, we employed an ordinary kriging method, with a

spherical model with 12 lags. For calcium and magnesium a

logarithmic transformation was applied to the sample points

to obtain a normal distribution. Individual geostatistical

parameters for each element are presented in Table 2.

3.2. Landscape composition and configuration

Using ERDAS-IMAGINE (version 8.4), a land-use/cover

map for 1999 was produced from a digital classification of

eight Landsat 7-ETM+ scenes. The images were acquired

from the Tropical Rain Forest Information Center (TRFIC)

at Michigan State University, as 1G products, radiometri-

cally and geometrically corrected 0R images. Geodetic

errors of these products are approximately 30 m and this

precision was achieved employing ground control points

 http:\\www.ibge.gov.br 


Fig. 2. Ji-Paraná river basin drainage units: COM-1 and COM-2, Comemorac�ão River; PB-1 and PB-2, Pimenta Bueno River; JIP-1, JIP-2, JIP-3, JIP-4, and

JIP-5, Ji-Paraná River; Rolim, Rolim de Moura River; Urupá, Urupá River; Jaru, Jaru River; Mach, Machadinho River; Preto, Preto River.
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Table 2

Geostatistical parameters employed to obtain the Ji-Paraná river basin

Ca2 +, Mg2 +, K+, Na+, H+, and Al3 + maps

Element Number of

outliers removed

Lag size Range Sill Nugget

Calcium 3 10,000 80,307 1.359 0.728

Magnesium 3 5000 34,453 0.497 0.369

Potassium none 10,883 95,713 0.013 0.014

Sodium 1 5000 39,162 0.00125 0.00075

Hydrogen none 5000 29,395 0.121 0.137

Aluminum 1 4500 27,472 0.489 0.528

Lag size—size of a distance class into which pairs of locations are grouped

to reduce the number of possible combinations for the semivariogram

values; Range—distance at which the semivariogram model reaches its

limiting value; Sill—limiting value; Nugget—represent the measurement

error and/or micro scale variation (Johnston, Ver Hoef, Krivoruchko, &

Lucas, 2001).
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(http://www.bsrsi.msu.edu/trfic/data�portal/Landsat7doc).

To cover the entire basin, we used the following 1999

scenes (path-row): 232-66, September 14; 231-67, August

06; 232-67, October 16; 231-66, August 06; 231-68, August

06; 230-68, August 16; 230-69, July 30; 229-69, August 08.

Visual inspection was used to determine geo-registration

consistency between neighborhood scenes. The following

adjustments were necessary: (1) Scene 232-66 was not

consistent with 231-66, which was apparent from examining

the rivers at the image borders. The image was moved down

( y axis) six pixels and to the left (x axis) four pixels; 2)

Scene 229-69 was also, in some places, inconsistent with

scene 230-69, but these two to three pixel problems were

not consistent along the border and therefore could not be

corrected. This inconsistency is probably due to re-sampling

of scene 229-69, in order to change it from UTM zone 21 to

UTM zone 20 (to which all other scenes belonged); (3)

Scene 232-67 was approximately 12 pixels too low ( y axis),

but this was not considered a relevant bias, because only

100 m2 of the basin is contained in this scene, at the very

northeast corner, in an area that is composed of forests or

covered by clouds. In the remaining images, no visual edge-

mismatches were found.

Pre-classification processing included haze reduction in

input images using the method based on the Tasseled Cap

transformation, which yields a component, correlated with

haze, that is then removed, and the image is transformed

back into RGB space (ERDAS-IMAGINE, 1999). We also

used a histogram match before creating a final mosaic.

Color composites were created for each scene from bands

1–5 and 7 and visually inspected. Scene 231-68 was used as

the reference image because: (a) it was representative of the

entire study area; (b) it contained no visible clouds or

smoke, and (c) it had a good distribution of the different

land covers known to exist in the study area. Each individ-

ual band, from all other images, was histogram-matched to

the corresponding band of scene 231-68. The supervised

classification consisted of 183 signatures from training sites

found throughout the mosaic; training sites were chosen in a
spatially even and thorough manner across the entire image

and processed as encoded radiance. The final classification

included nine classes: (1) forest; (2) water; (3) pasture; (4)

riparian/regrowth; (5) savanna; (6) annual crops; (7) urban;

(8) bare/burned soils; and (9) clouds/cloud shadows. These

classes were selected because, as in previous land-use/cover

classifications using Landsat TM data (Kimes, Nelson,

Skole, & Sala, 1998; Roberts et al., in press), we were not

able to distinguish accurately other land-use/cover classes,

such as crop types, perennial crops and second growth forest

ages.

The classification contained < 1% of pixels which could

not be correctly classified with the training sites. Shadow

pixels (mainly along the edges of forest and large rivers)

were misclassified as either water or burned soils; these

pixels are, for the most part, isolated or in groups of 2 or 3.

In order to correct this problem the following four steps

were taken: (1) re-code the classified image into a binary

mask containing only water and burned soil pixels (value of

1); (2) in this mask, group all connected pixels into separate

entities; (3) filter out any groups smaller than four pixels in

size, this left a layer of all of the water and burned soil

pixels which were not to be altered; (4) obtain a shadow

mask by recoding this layer so that all of these pixels had a

value of 1; (5) this mask was overlayed on the classified

image and using a neighborhood analysis operating in a

5� 5 window, the shadow pixels were changed to the value

of their surroundings.

Fifteen 1999 1-m resolution videography mosaics of

selected areas were produced and provided by the Brazilian

National Institute for Space Research (INPE). This data set

was originally acquired as part of the four Validation Over

flights for Amazon Mosaics (VOAM) aerial video surveys

fulfilled by Hess et al. (2002). The 1999 flight used a digital

camrecorder system, circumscribing the Brazilian Amazon,

documenting ground conditions for wetlands, forests, sav-

annas, and human-impacted areas. Global Positioning Sys-

tem information encoded on the video audio track was

extracted by mosaicking software that automatically gener-

ate geocoded digital mosaics from video clips. A laser

altimeter recorded profiles of terrain and vegetation canopy

heights. A more detailed description of these data can be

found in Hess et al. (2002). With a resolution of 1 m, the

videography was sufficient to be considered ‘‘top-quality’’

ground reference data. The coordinates of 17 points, and the

associated land use/cover, were selected from these 15

videography mosaics to constitute reference data for the

classification accuracy assessment. The points were located

in the most remote areas of the basin, where ground access

is very difficult (Fig. 1).

Accuracy assessment also included 147 control points

collected in the field and later brought into the ERDAS-

IMAGINE accuracy assessment module. The classification

points (class values) and ground truth points (reference

points) were compared and quantitatively summarized to

compute a matrix and an accuracy assessment report.

 http:\\www.bsrsi.msu.edu\trfic\data_portal\Landsat7doc 
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3.3. Physical template and river biogeochemistry

To demonstrate how this physical template can be used to

understand the biogeochemical processes that control river

water chemistry, and the influences of land-use changes on

them, we performed a multiple linear regression analysis.

Although there are several multivariate statistical techniques

available to determinate the correlation between landscape

features and river biogeochemical responses (Cooper, Jen-

kins, Skeffington, & Gannon, 2000; Evans, Davies, Wiging-

ton, Trater, & Kretser, 1996), multiple linear regressions are

judged the most suitable (Allan, Erickson, & Fay, 1997;

Arheimer, Andersson, & Lepisto, 1996; Basnyat, Teeter,

Lockaby, & Flyn, 2000; Gergel, Turner, & Kratz, 1999;

Herlihy, Stoddard, & Johnson, 1998; Hunsaker & Levine,

1995; Johnson, Richards, Host, & Arthur, 1997). As inde-

pendent variables we considered the following landscape

attributes: average slope, river network density, effective

cation exchange capacity (ECEC), and proportion of pasture

cover. The zonal statistic function of Arc-Info was used to

calculate average values of ECEC and slope in the areas

drained by each of the 14 river sectors.

River water conductivity and concentrations of selected

major ions (Na+, Ca2 +, Mg2 +, K+, and Cl�) and the soluble

reactive form of the nutrient phosphate (PO4
3�) were treated

as the dependent variables. We chose this parameters

because: (1) major ions are conservative, i.e. their cycles

are not significantly altered by in-channel biological pro-

cessing; (2) concentrations of calcium, magnesium and

potassium in the river can be altered by cattle excretion.

Feces are excretion pathways for calcium and magnesium,

while potassium is mainly excreted in the urine, products

that can easily be leached into the rivers (Dias-Filho,

Davidson, & Reis, 2001) and; (3) phosphate is a nutrient

that can cause profound impacts in primary production of

water systems and previous studies have shown that clearing

M.V.R. Ballester et al. / Remote Sen
Table 3

Morphometric characteristics of the Ji-Paraná river network

Sector Area Altitude (m)

(km2)
Min. Max. Average

COM-1 132 456 600 590 (F 16

PB-1 152 400 600 535 (F 53

COM-2 5762 200 600 339 (F 10

PB-1 9966 200 600 322 (F 69

JIP-1 1831 200 400 242 (F 42

ROLIM 1349 200 400 253 (F 45

URUPÁ 4209 200 550 253 (F 35

JIP-2 9392 189 500 239 (F 50

JIP-3 6668 150 549 234 (F 64

JARU 7275 150 550 232 (F 50

MACH 3250 100 350 196 (F 27

JIP-4 10,508 100 500 169 (F 44

JIP-5 3800 100 300 127 (F 38

PRETO 10,970 75 250 120 (F 32

Basin 75,260 75 600 224 (F 92

Altitude and slope are presented as average F 1 standard deviation.
tropical forests for pasture in the Amazon basin alters rates

of soil phosphorus cycling (Neill, Deegan, Thomas, & Cerri,

2001).

The reliability of multiple-linear-regression equations to

accurately represent the relationships among variables is

diminished by non-normal distributions of the variable

through unequal weighting by extreme values (Norman,

1983). Therefore, descriptive statistics were calculated for

the landscape and water chemistry data and distributional

properties of all variables were assessed to test for non-

normal distributions by the Kolomogorov–Smirnov test at

the 95% level of significance. River network density and

slope were the only tested variables that presented non-

normal distribution. Accordingly, these two data groups

were log-base transformed. To reduce collinearity between

pasture areal extent and ECEC arcsine transformations were

used, as suggested by Basnyat et al. (2000).
4. Results and analysis

4.1. Basin characteristics

4.1.1. Topography and river network

The physical characteristics of the Ji-Paraná river basin

are presented in Table 3. The topography of the basin is

relatively flat, with altitudes ranging from 75 to 600 m

above sea level, and an average slope of 0.62j. Low order

streams (1st to 3rd) are dominant, accounting for a total

length of 27,497 km. The main river channel has a total

length of 972 km and varies in width from 150 to 500 m,

whereas the channels of the major tributaries range from 100

to 400 m.

The headwaters are characterized by gently undulating

terrain, with altitudes ranging from 200 to 600 m, and

average slope of 0.56–1.1j. In this sector, the river network
Slope (degrees) Density Frequency

(km km� 2) (No. km� 2)

) 0.56 (F 0.26) 0.37 0.11

) 1.07 (F 0.15) 0.54 0.18

4) 0.6 (F 0.25) 0.67 0.44

) 0.58 (F 0.29) 0.66 0.45

) 0.55 (F 0.13) 0.68 0.35

) 0.33 (F 0.22) 0.68 0.44

9) 0.72 (F 1.19) 0.68 0.42

) 0.57 (F 0.45) 0.63 0.37

) 1.38 (F 0.43) 0.9 0.83

) 0.96 (F 0.5) 0.71 0.47

) 0.55 (F 0.3) 0.8 0.62

) 0.61 (F 0.31) 0.81 0.68

) 0.22 (F 0.16) 0.66 0.36

) 0.2 (F 0.14) 0.67 0.39

) 0.62 (F 1.74) 0.71 0.49



Fig. 3. Soil map of the Ji-Paraná river basin (EMBRAPA, 1983).
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Table 4

Average values of cation content (CC), base saturation (BS) and the effective cation exchange capacity (ECEC) and the area cover by eutrofic and distrofic soils

in each drainage sector

CC (cMolc kg� 1) BS (cMolc kg� 1) ECEC (cMolc kg� 1) Area of eutro-phic

soil (%)

Area of distrofic

soil (%)

COM-1 0.45 (F 0.05) 33.4 (F 3.3) 1.35 (F 0.1) 0.0 100

PB-1 0.37 (F 0.03) 25.7 (F 1.6) 1.45 (F 0.05) 0.0 100

COM-2 1.04 (F 1.0) 38.9 (F 15) 2.30 (F 1.5) 24.6 75.4

PB-2 3.16 (F 2.4) 65.5 (F 20.5) 4.4 (F 2.6) 77.9 22.1

JIP-1 2.36 (F 2.1) 57.4 (F 22.8) 3.20 (F 2.3) 45.9 54.1

ROLIM 3.33 (F 2.5) 77.9 (F 15.7) 3.94 (F 2.4) 8.1 91.9

URUPÁ 4.01 (F 2.1) 88.3 (F 10.5) 4.4 (F 2.0) 0.0 100.0

JIP-2 2.64 (F 1.9) 64.7 (F 22.3) 3.67 (F 2.1) 33.0 67.0

JIP-3 2.74 (F 1.9) 69.9 (F 21.6) 3.61 (F 1.9) 19.8 80.2

JARU 3.45 (F 1.3) 90.6 (F 8.2) 3.74 (F 1.3) 0.0 100

MACH 1.64 (F 0.6) 66.7 (F 16.6) 2.39 (F 0.4) 18.2 81.8

JIP-4 2.43 (F 1.8) 66.5 (F 25.6) 3.36 (F 1.7) 26.0 74.0

JIP-5 2.31 (F 1.8) 63.6 (F 27.4) 3.29 (F 1.7) 30.3 69.7

PRETO 0.65 (F 0.3) 28.4 (F 11.3) 2.29 (F 0.4) 93.4 6.6

Data is presented as averages F 1 standard deviation.

Table 5

Accuracy assessment report of the digital classification of eight Landsat 7

ETM+ images of the Ji-Paraná river basin in 1999

Classification Reference data Accuracy

data
P F W U S AC R BS Totals Producer’s User’s

P 39 0 0 0 0 1 1 1 48 92.9 81.3

F 0 17 2 0 0 0 0 0 18 73.9 94.4

W 0 6 9 0 0 0 0 0 10 81.8 90

U 0 0 0 27 1 0 0 0 28 96.4 93.1

S 0 0 0 1 10 0 0 0 11 90.9 90.9

AC 1 0 0 0 0 19 0 0 20 95 95

R 2 1 0 0 0 0 5 0 7 83.3 71.4

BS 0 0 0 0 0 0 0 5 5 83.3 100

Totals 42 23 11 28 11 20 6 6 147 – –

Accuracy is reported as a percentage of 100%. P—Pasture; F—Forest; W—

Water; U—Urban; S—Savanna; AC—Annual Crops; R—Regrowth; BS—

Bare Soils. Overall accuracy: 89.12%; Overall Kappa Statistic: 0.8667.
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has the lowest density and frequency of the system. As the

river enters the next sector, relief becomes flatter, with

altitudes between 75 and 500 m. The average slope drops

to values ranging from 0.2 to 0.57j. The landscape is

dominated by larger channels while the river network

becomes more dendritic. Whether integrated or not, most

of the variability observed in each physical characteristic

of the sampled sectors occurs along the Urupá, Jaru and

JIP-3 sectors, in reaches that are 256, 238 and 553 km

long, with average slopes of 0.72, 0.96 and 1.4j, respec-
tively (Table 3).

4.1.2. Soils

Oxisols and Ultisols are the predominant soil types in the

basin, encompassing 47% and 24% of the total drainage

area, respectively. Entisols cover 14%, Alfisols 13% and

Eptisols 2% of the basin (Fig. 3). In general, these soils had

an average content of 57.9% sand, 32.8% clay and 9.3% silt

for the first 15 or 20 cm. At this same depth, cation content

(ACa2 +, Mg2 +, Na+ and K+), ECEC ( = ECa2 +, Mg2 +, Na+,

K+, H+, Al3 +) and base saturation (cation content/ECEC)

average values were 2.1 cMolc kg� 1 (F 1.8), 3.14 cMolc

kg� 1 (F 1.62) and 58.4% (F 28.6), respectively. Cation

content ranged from 0.18 to 13.7 cMolc kg� 1. Most rivers

in the basin drain soils with low cation content, 75.5% of the

total drainage area contains soils with 0.18–3 cMolc kg� 1,

16.4% is covered by soils with 3–5 cMolc kg� 1 and only

8.1% with soils with 5–13 cMolc kg� 1. Low H+ and Al2 +

concentrations resulted in higher values of base saturation,

39.6% of the basin is covered by distrofic soils (base

saturation lower than 50%) and 60.4% is covered by

eutrofic soils (base saturation higher that 50%).

Table 4 presents the average values of cation content,

base saturation and the effective cation exchange capacity

and the area (expressed as percentage) covered by eutrofic

and distrofic soils in each drainage sector. In general, lower

values are observed at COM-1, PB-1 and Preto sectors.
Higher values are found in the Southwest and Central parts

of the basin.

4.2. Land use in the Ji-Paraná river basin and the

colonization process in Rondônia

Overall classification accuracy was 89.12%, with an

overall Kappa Statistic of 0.8667 (Table 5). These values

were above the minimum limits for acceptance described in

the literature (85%; Guptill & Morrison, 1995).

Fig. 4 presents the land-use/cover map of the Ji-Paraná

river basin in 1999 produced by this study. Cloud presence

compromised 2.6% of the mapped area. Spatially, clouds

were mainly found in the north (JIP-5, 7.5%), northwest

(Preto, 66%) and southwest (PB-2, 26.5%) regions. The

remaining 97.4% were composed of pastures (30.1%),

forests (63.1%), savannas (1.4%), secondary growth

(3.9%), urban areas (0.2%), annual crops (0.1%) and bare

soils (0.7%). However, the spatial distribution along the

basin was highly heterogeneous (Table 6).



Fig. 4. Land-use/cover map of the Ji-Paraná river basin in 1999 produced by the digital classification of eight Landsat 7 ETM+ images.
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The headwaters include the area drained by the

Comemoração and Pimenta Bueno rivers. Land-cover

changes are more substantial in the COM-1 sector. More

than half of the original forest was already converted into

annual crops (42.8%) or pasture (16.6%). The remaining

natural forest covered only 47.3% of this drainage area.

In contrast, the other headwater sector (PB-1) remains

practically intact, with 90% of the area still covered by

natural forest, and only 8.4% converted to pasture. The

area covered with annual crops is insignificant (0.1%)

and regrowth occupies a small fraction of this sector

(1.1%).

As the river enters the subsequent sectors (COM-2 and

PB-2), this pattern reverses. Pimenta Bueno had 32.6% of

pasture, 2.9% of regrowth and 0.04% of urbanization. A

large portion of this drainage sector (58.9%) is forested, and

a small fragment of savanna was present (0.4%). Natural

forest covered 66% of the COM-2 sector. Pasture extent was

28.8% with 2.5% covered by forest regrowth. The average

area of other categories was 0.5%. Another important

characteristic of this area was the existence of one of the

larger urban areas in the basin, the city of Vilhena, which

comprised 2.42% of the sector area.

The central part of the basin was divided into six

drainage sectors: Rolim de Moura, Urupá, JIP-1, JIP-2,

JIP-3 and Jaru. Among them, JIP-1 had the larger conver-

sions; 68.9% of the area was pasture in 1999. From the

original tropical forest cover, only 27.5% was left. A similar

pattern was found for the Rolim de Moura in terms of

pasture (65.8%) and forest (26.2%). The difference was in

the urban area (0.02% and 0.7% at JIP-1 and Rolim,

respectively) and regrowth (6.5% and 0.5% at JIP-1 and

Rolim, respectively). Regrowth values were very similar at

the Urupá sector (6.3%), where forest occupied 49.9% of the

area and pasture 42.6%. JIP-2 and Jaru also presented

similarities in terms of pasture (55.7% and 52.8%, respec-

tively) and forest (36.8% and 36.2%, respectively). How-
Table 6

Land use/cover areas, as percentage of each sector, of the nine classes derived

classification of eight Landsat 7 ETM+ images

Sector Pasture Forest Water Urban Savann

COM-1 12.60 47.37 0.03 1.86 0.02

PB-1 8.40 90.0 0.00 0.04 0.00

COM-2 28.8 66.72 0.26 0.64 0.39

PB-1 32.63 58.93 0.21 0.30 0.45

JIP-1 65.84 26.17 0.05 0.67 0.47

ROLIM 68.95 27.45 0.23 1.45 0.97

URUPÁ 42.60 49.88 0.09 0.29 0.33

JIP-2 55.70 36.80 0.32 0.82 0.94

JIP-3 52.84 36.19 0.10 0.53 0.22

JARU 39.93 53.36 0.50 1.09 0.29

MACH 21.69 68.28 0.03 0.21 0.08

JIP-4 7.90 86.41 0.63 0.12 2.10

JIP-5 0.56 89.37 1.96 0.09 1.80

PRETO 3.49 78.26 1.25 0.14 0.01

Basin 29.6 61.5 0.38 0.18 1.39
ever, forest regrowth was more intense at the Jaru system

(9.4%) than at JIP-2 (4.4%).

The main characteristic of final part of the Ji-Paraná river

basin is the reversion of the land-cover pattern observed in

the preceding areas. Pasture becomes less common and the

moist tropical forest and some savannas dominate. At

Machadinho sector, 21.7% was pasture in 1999, 68.3%

forest and 9.6% forest regrowth. These less intense mod-

ifications can be associated with the more recent establish-

ment of the Machadinho settlement project, in the 1980s.

Part of the effects of this project was also reflected at the

JIP-4, where 7.9% of the area was already converted into

pastures in 1999. The remaining area was occupied by forest

(86.4%) and the largest patch of savanna in the basin (221

km2). The final portion of the river basin is composed of

less disturbed area; JIP-5 had less than 1% of pasture, 89.4%

of forest and 1.8% of savannas. The western part of the

basin is slightly modified, and the Preto sector had 4% of

pasture and 87% of forest.

4.3. Physical template and river biogeochemistry

In terms of ionic content, the river waters of the Ji-Paraná

river basin can be divided into three distinct groups (Table

7): (1) ion-depleted waters, with electrical conductivities of

5–25 AS cm� 1. COM-1, COM-2, Mach, Preto and PB-1

belong to this group, in which observed average concen-

trations range from 3.8 to 23.3 AM for Ca2 +, from 2.8 to

21.2 AM for Mg2 +, from 4.7 to 41.6 AM for K+, from 6 to

35.3 AM for Na+, from 7.7 to 11.1 AM for Cl� and from 0.1

to 0.6 AM for PO4
3�; (2) rivers with intermediate ionic

content and electrical conductivities of 25–50 AS cm� 1.

This group includes PB-2 and all Ji-Paraná river waters,

with average concentrations ranging from 50.9 to 77.7 AM
for Ca2 +, from 37.9 to 55.6 AM for Mg2 +, from 40.7 to 60.9

AM for K+, from 42.9 to 72.9 AM for Na+, from 10.4 to 23.9

AM for Cl� and from 0.3 to 0.8 AM for PO4
3� and; (3) rivers
from the 1999 map of the Ji-Paraná River basin, produced by the digital

a Annual crops Regrowth Bare soils Clouds

32.41 0.32 5.38 0

0.13 1.15 0.27 0

0.41 2.47 0.30 0

0.02 2.85 0.10 4.51

0.00 6.50 0.29 0

0.02 0.57 0.37 0

0.01 6.27 0.52 0

0.05 4.43 0.94 0

0.01 9.43 0.68 0.00

0.10 3.80 0.94 0.00

0.03 9.57 0.11 0.00

0.02 2.52 0.31 0.00

0.00 2.83 0.03 3.35

0.01 6.63 0.04 10.18

0.13 3.64 0.57 2.57



Table 7

Annual average values of river water quality parameters at the 14 sampling stations of the Ji-Paraná river basin

Conductivity Ca2 + Mg2 + K+ Na+ Cl� PO4
3�

COM-1 8.6 (F 3.2) 3.8 (F 2.4) 2.8 (F 1.9) 4.7 (F 3.7) 7.4 (F 3.4) 7.71 (F 4.7) 0.4 (F 0.4)

PB-1 8.1 (F 2.9) 4.3 (F 1.9) 5.6 (F 1.6) 16.7 (F 2.0) 6.0 (F 2.4) 5.74 (F 1.5) 0.1 (F 0.2)

COM-2 13.2 (F 3.5) 18.5 (F 4.3) 15.0 (F 4.3) 25.3 (F 6.5) 20.6 (F 4.7) 11.1 (F 6.4) 0.6 (F 0.9)

PB-2 34.8 (F 5.1) 77.2 (F 13.4) 55.6 (F 13.6) 44.3 (F 12.6) 47.9 (F 7.9) 10.4 (F 2.6) 0.8 (F 0.8)

JIP-1 27.0 (F 3.2) 55.2 (F 7.6) 41.5 (F 8.7) 40.7 (F 9.3) 42.9 (F 6.1) 11.2 (F 2.9) 0.7 (F 0.7)

ROLIM 62.6 (F 8.7) 128.4 (F 22) 94.2 (F 27.2) 68.0 (F 26.7) 139.8 (F 27.5) 20.5 (F 17.0) 1.3 (F 0.8)

URUPÁ 60.1 (F 14.2) 121.7 (F 23.8) 88.1 (F 25.7) 91.1 (F 56.8) 122.6 (F 29.6) 23.7 (F 16.0) 0.8 (F 0.7)

JIP-2 35.8 (F 4.5) 69.3 (F 6.7) 53.1 (F 11.7) 53.2 (F 12.6) 70.3 (F 14.1) 23.9 (F 12.7) 0.5 (F 0.7)

JIP-3 36.1 (F 2.5) 67.1 (F 7.2) 51.7 (F 11.8) 60.9 (F 19.3) 72.9 (F 13.3) 17.2 (F 10.0) 0.8 (F 0.6)

JARU 50.7 (F 8.3) 104.5 (F 22.5) 66.0 (F 20.3) 103.4 (F 52.9) 108.7 (F 14.2) 26.7 (F 16.6) 0.8 (F 1.0)

MACH 21.9 (F 12.4) 23.3 (F 5.8) 21.2 (F 6.4) 41.6 (F 11.1) 35.3 (F 7.9) 13.0 (F 5.3) 0.4 (F 0.7)

JIP-4 29.4 (F 6.6) 52.6 (F 7.2) 41.3 (F 12.1) 53.6 (F 13.8) 61.5 (F 16.5) 17.1 (F 7.9) 0.7 (F 0.6)

JIP-5 28.8 (F 6.5) 50.9 (F 9.8) 37.9 (F 10.7) 52.5 (F 17.2) 59.4 (F 13.0) 14.8 (F 5.5) 0.3 (F 0.4)

PRETO 8.9 (F 3.1) 7.6 (F 3.5) 4.2 (F 1.3) 13.3 (F 5.1) 15.7 (F 7.7) 8.8 (F 2.3) 0.1 (F 0.05)

Concentrations of ions expressed in AM.
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with the highest ionic content and electrical conductivities

of 50–100 AS cm� 1. Average observed concentration

values ranged from 105 to 128 AM for Ca2 +, from 66 to

94.2 AM for Mg2 +, from 68 to 103 AM for K+, from 109 to

140 AM for Na+, from 20.5 to 26.7 AM for Cl� and from 0.8

to 1.3 AM for PO4
3�. Three drainage units are included in

this group, Rolim, Urupá and Jaru.

In terms of the consequences for river biogeochemistry,

the heterogeneous spatial distribution of deforestation and

soil properties along the basin translate into different signals

(Richey et al., 2001; Victoria et al., 2000). The sectors of the

river with lower nutrient soils also had waters with lower

ionic content, whereas higher nutrient soils relate to waters

with higher concentrations of salts. For most of the analyzed

parameters, the spatial distribution of the three ionic groups

is consistent with the spatial distribution of pasture areas.

Our multiple regression analysis shows that the river water

quality characteristics have a statistically significant relation

with pasture cover (Table 8), which explains most of the

variability observed for all parameters, except for calcium

and magnesium. In these cases, ECEC and then pasture

were good predictors of cation concentrations. No relations

were observed for slope and river density.
Table 8

Multiple linear regression results between selected river quality parameters and ph

river basin

r2 F(4,9) p STEE Beta (BS

Pasture

EC 0.872 15.3 0.0005 7.8 0.606 (0.

Na+ 0.853 13.0 0.001 19.4 0.754* (0

Ca2 + 0.907 22.0 0.0001 15.2 0.502* (0

Mg2 + 0.919 10.0 0.0001 10.0 0.498* (0

K+ 0.777 7.8 0.005 15.9 0.626* (0

Cl� 0.708 5.5 0.016 4.0 0.692* (0

PO4
3� 0.784 5.2 0.005 0.18 0.794* (0

EC—electric conductivity; STEE—standard error of the estimate; (BSTE) Beta’s

*Values statistically significant at 95% level.
5. Discussion and conclusions

One of the main causes of deforestation in Amazônia has

been the conversion of natural primary forest to pastures for

cattle, the dominant land use in deforested areas of all

Amazônia. Slash and burn is the most widely used practice

in the conversion of forests to pasture. This mechanism

leads to a cation enrichment on surface soils in pastures and

secondary forests, derived from the inputs from the forest

plant biomass to the soil as ash during forest clearing and

burning (Kauffman, Cummings, & Ward, 1998; Markewitz,

Davidson, Figueiredo, Victoria, & Krusche, 2001).

The transformation of tropical forests to pastures and

crops in Rondônia was rapidly developed under a series of

governmental projects for resettling small farmers from

southern Brazil. These projects resulted in high deforesta-

tion rates, which has been well documented since the early

1980s through the use of satellite imagery (Brasil, 2001;

Skole & Tucker, 1993; Woodwell, Houghton, Stone, &

Park, 1986, among others). Several other studies have been

developed on different aspects of land-use and land-cover

change to understand the evolution of typical deforestation

spatial patterns (fish-bone type) associated with the coloni-
ysical and human (land use) characteristics of the landscape of the Ji-Paraná

TE)

Slope Density ECEC

20) 0.016 (0.14) � 0.035 (0.18) 0.396 (0.25)

.22) 0.091 (0.18) � 0.01 (0.13) 0.202 (0.26)

.17) 0.065 (0.14) � 0.07 (0.11) 0.538* (0.21)

.16) 0.042 (0.13) � 0.07 (0.10) 0.551* (0.19)

.26) 0.145 (� 0.16) � 0.03 (0.22) 0.145 (0.31)

.30) 0.085 (0.18) � 0.05 (0.25) 0.198 (0.36)

.26) � 0.01 (0.16) � 0.17 (0.21) 0.182 (0.31)

standard error.
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zation process (Dale, O’Neil, Pedlowski, & Southworth,

1993; Moran, 1992), its consequences for carbon cycling in

terrestrial ecosystems (Alves et al., 1997) and the extent of

secondary forest regrowth (Rignot, Salas, & Skole, 1997;

Salas, Ducey, Rignot, & Skole, 2002). These studies have

employed various remote sensing methods (Alves, Pereira,

De Sousa, Soares, & Yamaguchi, 1999; Dale, O’Neil,

Southworth, & Pedlowski, 1994), including visual interpre-

tation (Brasil, 2001) and digital classification (Pedlowsky,

Dale, Matricardi, & da Silva Filho, 1997; Roberts et al., in

press) and, in terms of spatial scale, cover from several

hundred to close to 100,000 km2. Moreover, the primary

focus of these studies has been on the settlement areas in the

central east region of the state, mainly in the counties of

Ariquemes, Ji-Paraná and Ouro Preto do Oeste. This work is

not an attempt to improve previous classifications, but

instead to provide more recent data, however comparisons

between these studies are limited by these different

approaches.

More recently, presentation of accuracy assessments have

become common, which allows us to check these results

with those published studies which employ similar

approaches. Comparing the accuracy of our results with

those reported in the literature for the same region and

similar classes, we found that our final map has a degree of

accuracy equal or even higher. The Kappa coefficient of

agreement for the deforestation map produced by Alves et

al. (1999) from the 231-67 landsat-TM scene was 0.89.

Roberts et al. (in press) calculated an overall accuracy of

85.4% with a Kappa of 0.761. In our study, the main source

of error in the classification resulted from a confusion

between secondary regrowth and pasture classes and could

result in an overestimation of pasture area. However, our

field observations show that in several instances, pastures

are invaded by initial stages of secondary growth due to

abandonment. These areas, known in Brazil as ‘‘dirty

pasture’’ (‘‘pasto sujo’’) do not necessarily evolve into the

next stages of secondary succession. Usually, after some

period of recess, usually every 2–3 years (Kauffman et al.,

1998), they are burned and converted into pasture again.

Similar results were obtained by Salimon, Brown, & Stone

(this issue) in Acre (Western Amazônia). Analyzing a time

series to identify trends in pasture abandonment and sec-

ondary growth status, they found that most of their classi-

fication errors were associated with new secondary growth

being assigned as pastures.

In Rondônia, and especially in the Ji-Paraná river basin,

widespread deforestation has been primarily related to road

development and colonization programs (Dale et al., 1993,

1994; Pedlowski et al., 1997). Large areas of previously

untouched rainforest have undergone rapid change since the

early 1970s due to extensive immigration and colonization.

In just 20 years (1980–2001), the population grew by

2800%, and the state lost over 24.4% of its native forest

cover (Brasil, 2001). Of the total deforested area in the

Amazon until 1999, almost 10% (or 58,143 km2) was in
Rondônia (Brasil, 2001). Spatially, the deforestation process

is more intense along the highway BR 364, between Cuibá

and Porto Velho, which was constructed in 1965, improved

in 1969 (Fujisaka, Bell, Thomas, Hurtado, & Crawford,

1996) and finally paved in 1984 (Roberts et al., in press).

This increase in the rates of changes in land ownership

and land use/cover became significant in the early 1970s

also as a result of official settlement projects, developed by

the Federal Government and managed by the National

Institute of ‘‘Reforma Agrária’’—INCRA. Most of these

projects were concentrated along highway BR-364, which

constituted a faster route for the transportation of people and

goods. The projects developed between 1970 and 1986

covered an area of around 47,300 km2. Of this total, 59%

(or 27,928 km2) were located within the limits of the Ji-

Paraná river basin. As a consequence, in 1986, of all the

deforested areas in Rondônia, 59% were located in the Ji-

Paraná river basin. The occupation of other areas in the State

reduced this percentage progressively to 54.3% in 1992,

50.3% in 1996 and 45% in 1999.

Our results show that the colonization programs have a

strong impact on the spatial distribution of deforestation,

resulting in more intensive land-use and land-cover changes

in the central part of the Ji-Paraná river basin, where most of

the projects were established and road opening was con-

centrated (Fig. 5). Over 27,330 km2 were used for settle-

ments, compromising 36.3% of the river basin. The most

important ones in terms of areal extent were three Integrated

Colonization Projects: Ouro Preto (1970), Ji-Paraná (1973)

and Padre Adolpho Rohl (1973), encompassing an original

area of about 13,425 km2 (around 18% of the area of the Ji-

Paraná river basin). As a consequence, the disruption of

natural ecosystems is concentrated in these areas. Compar-

ing the portions of agricultural lands, regrowth and forested

areas found within the limits of the settlement project with

those of the entire basin, we found that, in 1999, 63% of the

total cleared area was located within the limits of a coloni-

zation project. More striking was the amount of undisturbed

forest found at the settlement areas. Only 25% of the total

forest cover of the basin is found associated with these

regions. Forest regrowth was also more intensive in these

areas, as 57% was located in settlement project areas. The

expansion of the agricultural frontier in the central part of

the basin is also limited by land ownership. Large patches of

continuous undisturbed forest can be found in the JIP-2, JIP-

3, Jaru and Urupá basins. Most or even all of this area

belongs to Indian reservations and national parks.

Road proximity has been also identified as one of the

major agents of deforestation spread in Amazônia (Moran,

1992; Parayil & Tong, 1998). In Rondônia, infrastructure

and government policy are considered the primary drivers

controlling the time and spatial scales of deforestation in

Rondônia (Dale et al., 1994; Fujisaka et al., 1996). For

example, Alves et al. (1999), analyzing the central-east part

of the state, found that about 79% of the total deforested area

in a settlement project in 1995 was located within a buffer



Fig. 5. Settlement Projects, Indian reserves and national parks location in the Ji-Paraná river basin.
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region of 12.5 km from the region’s first road. Our data

indicated that in 1999, deforestation was more intense in a

buffer area of 10 km from a main road; 48% of the total

deforested area in the basin is found in this region. Similar

values to those reported by Alves et al. were obtained when

the buffer area was extended to 20 km, accounting for 72%

of the total deforested areas. This difference can be attributed

to the fact that the total area of the present study involves

larger patches of forest, not computed in the other study.

Another important factor determinating the spatial and

temporal patterns of pasture dispersion, which has received

less attention in previous studies, is soil properties. Never-

theless, when comparing three different colonization areas

in Rondônia, Roberts et al. (in press) found differences in

pasture and secondary growth patterns for areas with similar

initial conditions in terms of infrastructure and government

policy. Our results indicate that pasture areas are spatially

associated with soils where base saturation are higher, and

that this relation is statistically significant at the 99% level

(r2 = 0.70998, p < 0.001).

In general, the State of Rondônia has mainly old and

highly weathered soils that have lost their reservoirs of

primary minerals. The agricultural potential for most of

these soils is limited by factors such as low nutrient levels,

high acidity, low exchange capacity and poor drainage

conditions (Diegues, 1999). The Ji-Paraná river basin is an

exception to this general pattern, with most of the basin

(f 60%) covered by eutrofic soils which are favorable for

agricultural activities (IBGE, 1993). Our results indicate that

in 1999, pasture areas were mainly associated with the

higher nutrient level soils of the central part of the basin

(JIP-1, 2 and 3, Rolim, Urupá and Jaru sectors). Of the total

area mapped as pasture, 89.6% was located in eutrofic soils

and only 10.4% in distrofic ones. In areas with pristine

vegetation (forests and savannas), the opposite occurs,

although percentages of each soil type are similar. Roughly

48% of the natural vegetation was located in eutrofic soils

and 52% in distrofic soils. However, the spatial distribution

of the richer soils under forest is not homogeneous in the

basin. While the headwaters (COM-1, COM-2 and PB-2)

were dominated by sandy and distrofic soils, eutrofic soils

were concentrated at the lower reaches of the river.

We could find few literature studies of the effects of

landscape characteristics, including land use and cover and

soil properties, on the biogeochemistry of meso-scale rivers

in Amazônia (for an exception, see Biggs, Dunne, Dom-

ingues, & Martinelli, 2002). Our results show that pasture

was a good predictor of river water composition. In terms of

spatial distribution, higher values of all ions analyzed here

were associated with sectors dominated by pasture. Concen-

trations of these elements showed a consistent increase as the

river drained areas with an increase in the proportion of

pasture. The highest concentrations were found in the central

part of the basin, where pasture areas are at a maximum. As

the river enters the lower reaches, forests dominate the

landscape, and the concentrations drop (Table 7).
The percentage of the basin area covered by pasture was

consistently the best predictor of electrical conductivity

(r2 = 0.872), phosphate (r2 = 0.794), sodium (r2 = 0.754),

chloride (r2 = 0.692) and potassium (r2 = 0.626). For calci-

um, both ECEC (r2 = 0.538) and pasture (r2 = 0.502)

explained most of the observed variability. The same pattern

was found for magnesium (r2 = 0.498 and 0.502, respective-

ly). These results could indicate that naturally occurring

spatial variability, such as soil cation content is an important

determinant of river water quality (Biggs et al., 2002;

Markewitz et al. 2001). However, Elsenbeer, Newton,

Dunne, and de Moraes (1999) showed that compaction of

soil pastures increased the potential for lateral flow, which,

when combined with inadequate pasture management (Dias-

Filho et al., 2001; Kauffman et al., 1998) or cattle excretions

runoff (feces and urine), could also influence the chemical

composition of these waters. The relative importance of

each process in Amazonian waters is yet to be determined.

ECEC is a measurement of soil ability to retain cations

(Parker & Rae, 1998) and, regardless the fact that differences

in ECEC have been reported for cattle pasture of different

ages in Amazônia (Moraes, Volkoff, Cerri, & Bernoux,

1996), neither statistically significant trends have been

identified, nor have dramatic losses or gains in surface soil

nutrient pools been found when comparing pasture to pri-

mary forest in the Amazon (Kauffman, Cummings, Ward, &

Babbitt, 1995; Kauffman et al., 1998; Moraes et al., 1996).

Moreover, when pasture areas are installed, an increase in

Ca2 +, Mg 2 + and K+ concentrations in the top soil layer (0–5

cm) was found during the first 1–5 years. This increase has

been attributed to the effect of ash deposition. However,

decreases in soil availability due to leaching became signif-

icant after 6 years of pasture installation (Kauffman et al.,

1998; Moraes el al., 1996). This could be the case of most

pasture in the Ji-Paraná river basin, where the use of fire is a

widespread practice of slash disposal and pasture manage-

ment. Concurrently, the fact that pasture was the best

predictor for PO4
3�, is also an indication that changes in

the landscape composition have a potential impact on river

biogeochemistry. Our results indicate that the substitution of

forest by pasture can result in dramatic changes in PO4
3�

concentration in the rivers. According to our regression

analysis, an increase of 10% in the pasture area of the lower

Ji-Paraná river sector (JIP-5) could result in an increase of

three times the phosphate concentration in the water.

Detecting human impacts in riverine system is challeng-

ing because of the diverse biological, chemical, hydrological

and geophysical components that must be assessed (Gergel

et al., 2002). The development and analysis of a GIS

physical template, including land use/cover, soil and terrain

properties and river network characteristics offers the op-

portunity to establish statistically which landscape charac-

teristics are the most useful in understanding how river

biogeochemical signals are generated and altered by human

intervention. The analysis of spatial patterns of land-use

tenure and soil properties in the basin allows identification
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and isolation of key attributes of each drainage unit, and a

further development of a comprehensive model of river

functioning. Coupling GIS and biogeochemical tracers

allowed us to establish statistically the relations between

river biogeochemistry and the landscape characteristics

generating it, and to identify the best predictor of river

biogeochemistry among physical and human factors.

Based on the pasture establishment patterns observed in

this study, it is not likely that deforestation will occur in the

head waters of the basin, due to soils characteristics of this

region. Environmental concerns about deforestation should

focus instead on the lower reaches of the river, where forest

occupies potential agricultural areas. In terms of consequen-

ces for river biogeochemistry, little change resulting from

forest to pasture conversion should be expected in the

headwaters due to the limitations of soils properties (nutrient

limited soils). Simultaneously, if areas located in the lower

reaches of the river were deforested and converted into

pasture, we would expect changes in river water composi-

tion similar to those observed in the central part of the basin.
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Landsat TM imagery. International Journal of Remote Sensing,

20(14), 2877–2882.

Alves, D., Soares, J. V., Amaral, S., Mello, E. M. K., Almeida, S. A. S., Da

Silva, O. F., & Silveira, A. M. (1997). Biomass of primary and secon-
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