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Abstract 

The spatial heterogeneity of hydrology and vegetation during high-water periods in geomorphically distinct reaches of the 
Amazon River in Brazil was determined based on semivariance statistics. The spatial statistics were derived from three classified 
Landsat Thematic Mapper images representing upstream to downstream geomorphic characteristics. In the upstream fiver reach, 
scroll-bar topography o:a the floodplain tends to channelize floodwater into floodplain drainage channels, thus reducing the 
diversity of water types by reducing opportunities for mixing of flooding river water with locally derived floodplain water. The 
highest diversity of vegetation types is along floodplain drainage channels, while the rest of the floodplain has a more homoge- 
neous cover. In the middle reach of the fiver the diversity of wetland classes as measured by semivariance is higher than both 
upstream and downstream, perhaps because of exposure to more water types and landforms. The diversity of water types is high, 
because flooding river water flows onto the floodplain as diffuse, non-channelized overbank flow, as well as through drainage 
channels. The non-chan~telized overbank flow readily mixes with locally derived floodplain water. Floodplain landforms available 
for colonization by vegetation include scroll bars, swales, lake shores, lake deltas, and floodplain drainage channels. In the 
downstream reach where the floodplain is wide, relatively flat, and covered with huge lakes, the floodplain supports a moderately 
heterogeneous mix of vegetation communities. Where landforms are similar, the spatial distribution of the vegetation is similar 
to that of the middle reach of the fiver. In the downstream reach flooded forest comprised only 37% of the wetland vegetation. 
In contrast, in both the upstream and middle reaches, over 70% of the wetland vegetation was flooded forest. Agricultural cleating 
of the floodplain is more common in downstream reaches and may account for the smaller percent of floodplain forest cover. 

I. Introduction 

The spatial and temporal patterns and rates of  water, 
sediment, and nutrients transfer through the Amazon 
floodplain directly inl]uence the geomorphology and 
biogeochemistry of  the Amazon River (Richey,  1983; 

0169-555x/95/$09.50 © 1995 Elsevier Science B.V. All rights reserved 
SSDIO169-555X ( 95 )O0038-O 

Forsberg et al., 1988; Richey et al., 1989; Engle and 
Melack, 1993; Mertes, 1994; Mertes et al., 1995; Les- 
ack and Melack, 1995). Junk et al. (1989) described 
the " f lood-pulse"  as a moving littoral zone of  ever- 
increasing inundation on the floodplain. This descrip- 
tion only partially characterizes the patterns and rates 
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of water transfer of the Amazon floodplain due to the 
variety of pathways for water to enter the floodplain. 
Annual inundation of the floodplain is the result of the 
hydrology of different water types as they enter the 
floodplain, either directly from rainfall, over land off 
surrounding slopes, flooding of local tributaries, 
groundwater, or exchange with the main channel 
(Richey et al., 1989). The spatial and temporal patterns 
of the hydrology are in turn influenced by the topog- 
raphy, soils, and vegetation of the floodplain. The var- 
iation in the patterns of mixing of different water types 
is such that in some reaches the floodplain fills with 
water from local sources long before the mainstem river 
flow overtops its banks. In other reaches river water 
may overtop the banks and inundate a dry floodplain. 
The manner in which the flood pulse passes through 
the floodplain should result in variability in the vege- 
tation communities of the wetlands, given that several 
studies of Amazon wetland environments show suc- 
cession, adaptation, and zonation of species influenced 
by hydroperiod (duration of inundation), degree of 
disturbance (e.g., deforestation, channel migration), 
and water chemistry (Worbes et al., 1992; Worbes, 
1985; Lamotte, 1990; Kalliola et al., 1991, 1992; 
Campbell et al., 1992; Salo et al., 1986; Dumont et al., 
1990; Parodi and Freitas, 1990). 

Variation in spatial heterogeneity of the landscape is 
therefore expected on geomorphically and hydrologi- 
cally distinct floodplains. Using semivariance statistics, 
we analyze the spatial relationship between the hydro- 
geomorphology and the pattern of vegetation cover of 
the Amazon River floodplain in Brazil during high 
water. Classified Landsat images for three reaches of 
the river that represent the geomorphology of the chan- 
nel-floodplain system were analyzed to show the 
upstream to downstream variation in the spatial heter- 
ogeneity of the floodplain environments. In addition to 
hydrogeomorphic influence, in the downstream reaches 
vegetation heterogeneity appears to be impacted by 
human activities, in that flooded forest covers a smaller 
percent of the floodplain. 

2. Background 

Many wetlands studies have emphasized gaining a 
broad understanding of the relationships among hydro- 
period, vegetation and wildlife communities (e.g., 

Bedinger, 1971; Leitman et al., 1984; Worbes, 1985; 
Keeland and Sharitz, 1992), and biogeochemistry 
(e.g., Devol et al., 1990; Maltby et al., 1992), and 
documenting average sedimentation rates (Hupp and 
Morris, 1990; Kleiss, 1992). Vegetation successional 
patterns associated with differently aged geomorphic 
surfaces (e.g., Sigafoos, 1961; Hupp and Osterkamp, 
1985; Salo et al., 1986) illustrate the dynamic nature 
of riverine wetland templates. The topography, soil 
texture, and soil composition that characterize the phys- 
ical template of wetlands are primarily controlled by 
channel migration and geomorphic processes active on 
the floodplain during inundation. However, the proc- 
esses controlling the transfer of water between rivers 
and their associated wetlands and the transport of mate- 
rials in the inundated sites are not well understood. 

Investigation of the relation between hydrogeomor- 
phology and vegetation communities has a long history 
on both temperate rivers (e.g., Sigafoos, 1961; Bedin- 
ger, 1971; Yanosky, 1982; Osterkamp and Hupp, 1984; 
Leitman et al., 1984; Hupp and Osterkamp, 1985; Brin- 
son, 1993) and tropical rivers (e.g., Prance, 1979; 
Junk, 1984, 1989; Worbes, 1985; Klinge et al., 1990). 
For the Peruvian Amazon the debate has centered on 
whether the diversity of the forested wetlands is greater 
than the diversity of upland forests because of river 
dynamics (Salo et al., 1986; Kalliola et al., 1992) or 
whether the upland forests are more diverse due to 
relatively stable conditions compared to wetland for- 
ests (Dumont et al., 1990). In contrast, in the Brazilian 
Amazon the emphasis has been to determine the species 
and community relations to age patterns which in part 
determine the successional stages present (Worbes et 
al., 1992) or the impact of hydroperiod (Worbes, 
1985) and sedimentation rates (Campbell et al., 1992) 
on species distribution and survival. 

To use vegetation patterns to infer floodplain hydrol- 
ogy or the reverse requires knowledge of the seasonal 
and long-term patterns of inundation. There are a few 
field studies on the hydrology and hydraulics of flood- 
plain flows (Wolman and Leopold, 1957; Popov and 
Gavrin, 1970; Velikanova and Yarnykh, 1970; Hughes, 
1978; Lewin and Hughes, 1980; Mertes, 1990, 1994; 
Lesack and Melack, 1995). Hughes (1978, 1980) and 
Lewin and Hughes (1980) analyzed the relationship 
between the hydrology of a generic flood and the trans- 
fer of water between a channel and floodplain. They 
concluded that there will be a hysteresis in the relation- 
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ship between the change in the stage of a flood and the 
area of inundated floodplain, in that a floodplain typi- 
cally will drain more slowly than fill, regardless of the 
rate of stage change. In addition, they suggested that 
the rate of rise and fall of the flood controls the size of 
the inundated area. For instance, if flow in the channel 
rises and falls rapidly, then less of the floodplain will 
be inundated, because the water cannot travel to the far 
reaches of the floodplain before the flow begins to 
recede. In this case, ,even though a flood may have a 
larger discharge than another smaller and slower-rising 
flood, less of the floodplain may be inundated. Water 
input associated wi~:h rainfall and local drainages 
directly flowing onto the floodplain would complicate 
further the patterns suggested by Hughes ( 1978, 1980) 
and Lewin and Hughes (1980). 

Given the potential for variation of flooding, water 
mixing, geomorphology, and vegetation it would be 
ideal to determine a set of pattern metrics (Hunsaker 
and Levine, 1995) that would define the scale of 
' 'patchiness" of these wetland landscapes such that the 
metrics could be used to infer hydrologic, geomorphic, 
and biogeochemical process. The emphasis of this 
paper is to determine: the relationships between Ama- 
zon floodplain hydrogeomorphology and vegetation by 
analyzing the spatial heterogeneity of the floodplain 
landscape. 

3. Study area 

Wetlands on the alluvial floodplains of the Amazon 
River and tributaries in Brazil are believed to cover 
over 300,000 km 2 (Klinge et al., 1990). The alluvial 
deposits along just the mainstem Amazon River in Bra- 
zil cover approximately 92,000 km 2 (Sippel et al., 
1992). In this paper we describe results derived from 
analysis of 3 Landsat images (Fig. 1 ) that each cover 
900 km 2 and represent geomorphically distinct reaches 
of the river in Brazil (Mertes et al., 1995). The first 
image is near the Japur~i River confluence (Reach J), 
the second is near the town of Manacapur6 (Reach M), 
and the third is near ldae town of 0bidos (Reach T). 

The Amazon River and floodplain in Brazil show an 
upstream to downstream trend in channel behavior and 
geomorphology (Mertes et al., 1995). Representative 
floodplain types include a wide, scroll-bar floodplain 
with long, narrow lakes in Reach J (Fig. 1), a narrow 

floodplain with both long, narrow lakes and more 
equant lakes in Reach M, and a floodplain with a 
smooth surface with huge, multi-input, shallow lakes 
in Reach T. Rates of channel migration are higher in 
the upstream reaches, about 1.5% of the channel area 
is reworked annually, than the downstream reaches, 
less than 1% of the Channel area is reworked annually 
(Mertes et al., 1995). 

The Amazon floodplain can also be divided into the 
vfirzea, which is flooded by sediment- and nutrient-fich 
water (white water), and igapf, which is flooded by 
sediment- and nutrient-poor water (black water) 
(Sioli, 1968). The floodplain vegetation generally con- 
sists of forest, grassland, and "floating meadows" 
(Junk, 1970, 1984; Sternberg, 1975) whose spatial 
distribution, until recently, was described based pri- 
marily on detailed field studies at a few locations. 
Corves and Place (1994) and Melack et al. (1994) 
described the distribution of general categories of wet- 
land vegetation based on classification of Landsat data 
and field data for areas in the central Amazon. 

3.1. Hydrology 

The pattern of inundation of the mainstem floodplain 
and the degree to which the different water types inter- 
mingle on the floodplain varies with position along the 
channel as shown by water storage computations based 
on combining data on bank topography with results 
from a one-dimensional (Muskingum) flood routing 
of the Amazon fioodwave (Richey et al., 1989; Dunne 
et al., 1995). Elevations of fiver banks (Fig. 2) meas- 
ured relative to the low-water surface at several sites 
along the mainstem of the river (Mertes, 1990) show 
a gradual decrease in a downstream direction from 11 
m or more in the upstream reaches to less than 8 m in 
the downstream reaches (Fig. 2). The maximum dif- 
ference in stage (Fig. 2) also decreases in a down- 
stream direction from 12 to 13 m at upstream gages to 
7.5 m at the furthest downstream gage at Obidos. 

Rates of overbank discharge per meter of bank length 
for the 1981 flood, with a recurrence interval of less 
than 5 years, are shown for the three reaches of the fiver 
(Fig. 3). The number of days of overbank discharge 
for this average flood are substantial, with 270 days in 
Reach J, 240 days in Reach M, and 156 days in Reach 
T. The later start to the floods downstream is primarily 
the result of the attenuation and diffusion of the flood- 
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Fig. 1. Location map of the Amazon River in Brazil with the area outlined for each of the Landsat Thematic Mapper images described in this 
paper. J = Japur~ Image, M = Manacapur~ Image, and T = Tapajds Image. 

wave which travels at an average rate of 0.3 m/s  along 
the Brazilian reaches of the fiver (Richey et al., 1989). 

The data shown in Fig. 3 indicate the rate of flooding 
assuming that all the water over-tops the bank once the 
channel is filled to capacity. However, mechanisms for 
flooding other than overbank flow are at work on the 
floodplain. For example, based on field data and two- 
dimensional numerical simulations of hydrology for 
Reach M, inundation appears to occur in three stages 
(Mertes, 1990). Initially, the floodplain begins to fill, 
at a river stage approximately 3 m above low water, as 
a result of a rising water table and water flowing 
through levee breaks associated with the deepest flood- 
plain drainage channels. At this time the rate of filling 
directly by river water is minimal; less than 1% of the 
main channel discharge reaches the floodplain. How- 
ever, lakes connected to the fiver by these deep drainage 
channels have nearly 100% mainstem water during this 

period of initial rise (Lesack and Melack, 1995). As 
the stage increases 4 to 7 m the numerous levee breaks 
associated with shallower floodplain channels are inun- 
dated, but the floodplain water still is comprised of local 
tributary, rain, or ground water, Finally, river water 
begins to enter the floodplain rapidly overbank once 
the stage exceeds approximately l0 m above the low- 
water level. A high correlation between the rise in stage 
and degree of inundation in this reach also was shown 
by Sippel et al. (1994) based on inundation area as 
determined from passive microwave data. 

This three-stage inundation pattern is typical for the 
entire length of the fiver in Brazil and results in a nearly 
continuous net flow of water from the floodplain to the 
channel for all times of the year except during the 
middle part of the flood period (fig. 4 in Richey et al., 
1989). One would expect that spatial and temporal 
variation in this three-stage pattern would be directly 
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Fig. 2. Bank height with respect to low water based on topographic surveys of banks (Mertes, 1990) compared to the maximum difference 
between the lowest and highest river stage at mainstem gaging stations (hydrologic data from the Departamento Nacional de Aguas e Energia 
E16trica). 

related to the geomorphology of each reach as well as 
the hydrology. For ex ample, in reaches where the banks 
are low and inundation is long, there is the greatest 
potential for exchange between the main channel and 
floodplain, and, hence, the greatest potential for mixing 
of the various types of water on the floodplain surface. 
In contrast, where local rainfall is substantial and pre- 
cedes the flood crest, main channel waters can be 
blocked from entering the floodplain. 

4 .  L a n d s a t  d a t a  

Three Landsat Thematic Mapper (TM) images (J, 
M, and T in Fig. 1 ) were made available through R. 
Almeida Filho of the Institute Nacional Pesquisas 
Especiais (INPE). Image J was recorded on April 4, 
1989 along Path 001/Row 062 with the center of the 
image at 2°54'S and 65°08'W. Image M was recorded 
on August 2, 1989 along Path 231/Row 062 with the 
center of the image at 2054 ' S and 60034 ' W. Image T 
is located at the confluence of the Amazon and Tapaj6s 
River, just downstream from the town of Obidos which 
is the site for the last :rnainstem gaging station not influ- 
enced by tidal fluctuations. It was recorded on August 
3, 1988 along Path 227/Row 62 with the center of the 
image at 2°54'S and 54°22'W. 

Images were selected because the water levels were 
high and the floodplain was inundated. Approximate 
water discharges for the river for the time when these 
images were recorded (Fig. 4) include 80,700 m3/s 
for Image J, 143,400 m3/s for Image M, and 202,200 
m3/s at Obidos for Image T (J. Richey, unpubl, data). 

5 .  M e t h o d s  

5.1. Spectral mixture analysis 

A remotely sensed, multispectral image encodes 
information on atmosphere, lighting, and instrument 
conditions as well as information on the properties of 
surface materials. In addition to these potential inputs, 
every pixel may include information on a mixture of 
surface materials. In order to extract information 
regarding the surface materials, one must account for 
all of these distortions, which is possible using the 
technique of spectral mixture analysis (e.g., Smith et 
al., 1990). Briefly, spectral mixture analysis accounts 
for the pixel-by-pixel variation in the mixture compo- 
sition by calculating the least-squares, best fit for each 
pixel along mixing lines bounded by spectra for end- 
members. An endmember ideally represents a pure 
component of the mixtures present in the pixels of the 
image, e.g., soil or water. Previous applications of this 
technique to Landsat images of Amazon environments 
include Adams et al. (1990), Mertes et al. (1993), and 
Adams et al. (1995). 

In this study spectral mixture analysis was used to 
determine the vegetation cover on the Amazon flood- 
plain and the relative concentrations of suspended sed- 
iment in surface waters of the inundated floodplain. 
Bands 1 through 5 and 7 were used in all analyses, with 
an initial nominal calibration for path radiance by sub- 
tracting the minimum brightness value (DN) from 
each band. A complete calibration for atmospheric and 
instrument gains and offsets was not performed, 
because the analyses of these images was based on the 



220 L.A.K. Mertes et al. /Geomorphology 13 (1995) 215-232 

1.0 

0.8 

? 
E 

0.6 
P 

~ 0.4 

. Q  

O 

0.2 

0.0 

Tupe-Jutica (Image J) M) 
Anori-Manacapuru (Image 
Paura-Obidos (Image T) 

i I \ x  

I II 

i I 

,/ 

,/ 

j 
/ /  

i I 

i t 

I 

i I 

1 I 

11 

100 200 300 400 
Days from September 1, 1980 

Fig. 3. Overbank water discharge for the 1981 water year (water year starts September 1 ). Data plotted for three reaches of the Amazon River 
located close to the areas recorded in the Landsat images. Method for calculation described by Dunne et al. (1995) and Richey et al. (1989). 
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Fig. 5. Spectra for image endmembers selected from each Landsat 
TM scene for use in spectral mixture analysis. 

distribution of the vegetation during just the time when 
the image was recerded and not across a temporal 
sequence of images. The spectral mixture analysis tech- 
nique allows one to work with uncalibrated image data 
through the use of image endmembers. 

For a multispectral image the image endmembers 
represent the purest sample of each component on the 
image. Image endmembers are similar to training data 
selected for use in other classification procedures such 
as maximum likelihood (Jensen, 1986), but differ in 
that ideally they represent one component of a land- 
cover mixture like soil. Training data will often repre- 
sent the entire mixture, e.g., forested wetland. For our 
analysis of the distribution of vegetation and sediment- 
laden water we selected three image endmembers for 
each image: vegetation, shade, and sediment-water 
(Fig. 5). The vegetation endmember was selected 
from pixels that show the most vigorous and dense 
vegetation growth. The shade endmember represents 
the darkest pixels and was always selected from deep, 

clear water bodies. Hence, the shade endmember pro- 
vides information on the amount of both clear water 
and shade in a mixed pixel. The sediment-water end- 
member was selected from pixels that apparently had 
the highest sediment concentrations, which was always 
in the main channel. The sediment-water concentra- 
tions tend to be high enough to also represent some of 
the soils on the land surface. 

Once these image endmembers were selected, they 
were used as input for a spectral mixture analysis, the 
result of which is a "fraction" image for each end- 
member. These fraction images show on a pixel-by- 
pixel basis the proportion (from 0 to 1.0) that is 
contributed by the spectra of the corresponding end- 
member. For example, a pixel from clear water would 
have fractions of 1.0 shade, 0 sediment water, and 0 
vegetation. A pixel from a moderately dense, dry forest 
might have fractions of 0.2 shade, due to self-shading 
by leaves and branches (Roberts et al., 1990), 0.2 sed- 
iment water, due to reflectance from soil visible through 
the canopy, and 0.6 vegetation. 

The fraction images can be viewed and interpreted 
individually or can be combined to provide an overall 
landcover classification from the processed image data 
(Adams et al., 1995). We passed the three fraction 
images for each Landsat scene (J, M, and T) through 
a parallelepiped classifier (Jensen, 1986) with thresh- 
olds that were set to distinguish four separate vegetation 
groups, five sediment-water groups, and five shade 
groups. For the vegetation the fractions ranged from 
- 0.2 to 0.25, 0.26 to 0.50, 0.51 to 0.75, 0.76 to 1.2 for 
the four groups. The sediment water groups ranged 
from - 0 . 2  to 0.0, 0.1 to 0.25, 0.26 to 0.50, 0.51 to 
0.75, 0.76 to 1.2. The shade groups were calculated as 
the difference between 1.0 and the sum of the vegeta- 
tion and sediment-water fractions. This differencing 
step is appropriate in our analysis, because in the spec- 
tral mixture modelling we constrained the fractions to 
sum to 1.0. Using this combination of fractions we had 
the potential to identify 14 different classes, which was 
considered sufficient resolution to analyze spatial het- 
erogeneity on the floodplain. 

The modelling allowed for a 20% fraction overflow 
( > 1.0) and fraction underflow ( < 0.0) to compensate 
for slight variations in atmospheric conditions across 
the uncalibrated image. Fraction overflow and under- 
flow indicate that the image endmembers selected are 
not the purest examples of endmembers for the image. 
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With variable atmospheric conditions a pure endmem- 
ber in one part of a scene may also be brighter or darker 
than the identical surface elsewhere, simply due to light 
scattering in the atmosphere. 

After completing the parallelepiped separation of the 
fraction data into classes with specified combinations 
of fractions we viewed each image and compared them 
to ground data to determine the general categories of 
wetland vegetation. For Image J a sequence of aerial 
photographs was taken October 6, 1984 (when dis- 
charge in the main channel was 38,700 m3/s) and for 
Image M a sequence of aerial photographs was taken 
August 14, 1989 (two weeks after the image was 
recorded). The floodplain features documented with 
aerial photographs on August 14, 1989 in the area of 
Image M were confirmed with ground surveys follow- 
ing the August 14 flight. We also compared all of the 
Landsat results qualitatively to the side-looking radar 
mosaics of the Radambrasil (1972) project. Because 
of the close timing of the acquisition of Image M and 
the corresponding aerial photographs, we used this 
image for testing the validity of our spectral mixture 
analysis. We could not complete a full accuracy assess- 
ment, because the aerial photography was at such 
oblique angles that it was not possible to register the 
photograph to the image. However, detailed viewing 
of the images and the aerial photographs allowed us to 
confidently determine the general characteristics of the 
vegetation classes. 

5.2. Spatial analysis 

Two different image sizes were analyzed for spatial 
information on class distribution: a large image of 1000 
by 1000 pixels (30 by 30 km) and a smaller image, 
subsampled from the large image, with only 500 pixels 
(15 km) on each side totalling 250,000 pixels. The 
large image contained floodplain, main channel, and 
small areas of upland (terrafirme) environments. The 
small image only contained floodplain environments. 

The percent cover and areal cover were calculated 
from histograms for each of the six images for all of 
the classes present in the images. 

Semivariograms were calculated for the three 
smaller images to measure the spatial scale of the het- 
erogeneity of the classes in each image. Semivario- 
grams measure the spatial variation in a regionalized 
variable (Woodcock et al., 1988a, b). This type of 

random variable has a known position in either space 
or time. The theory of regionalized variables provides 
a simple means of measuring the spatial dependence of 
such variables (Curran, 1988). The semivariogram is 
a function that relates semivariance to spatial separa- 
tion. 

The semivariogram statistics were calculated 
directly from the image data, and distances were ini- 
tially assigned as between-pixel distances and con- 
verted to meters ( 30 m per pixel) after the computation 
was completed. Specifically, the semivariogram or 
T(h) is calculated as: 

1 n-h 
y(h) 2 ( n - h )  E [Z(Xl)-Z(Xiq-h)]2 (1) 

i ~ l  

where h is the lag (or distance) over which y (semi- 
variance) is measured, n is the number of observations 
used in the estimate of 3'(h), and z is the value of the 
variable of interest at spatial position xi (Journal and 
Huijbregts, 1978). The maximum semivariance 
reached is the sill. The distance, h, at which the sill is 
reached is called the range. The range is related to the 
spatial dependency in the image. At distances beyond 
the range samples can be described as independent. The 
sill reflects the magnitude of the variability. 

For spectral data ~/(h) typically estimates the vari- 
ability of radiance as a function of spatial separation 
(Cohen et al., 1990). For our data ~/(h) estimates the 
variability of categorical classes that were assigned 
arbitrary numeric values. Therefore, the semivariance 
calculated is meaningful for a relative comparison 
among images with the same class categories. 

6. Analysis of results 

6.1. Endmembers for spectral mixture analysis 

Fig. 5 shows the pseudospectra, i.e., brightness val- 
ues per band, for the image endmembers that were 
selected for each image. As expected, vegetation is very 
bright (high DN) in the infrared (Band 4) and rela- 
tively dark in the visible bands ( 1, 2, and 3), suggesting 
vigorous vegetation growth (Jensen, 1986). The sedi- 
ment-water endmembers are very bright in the visible 
bands due to the increased scattering of light by the 
sediment particles in the water (Mertes et al., 1993; 
Kirk, 1986). In contrast the signal drops rapidly in the 



L.A.K. Mertes et al. / Geomorphology 13 (1995) 215-232 223 

near infrared and infrared bands due to the high rate of  
energy absorption by the water (Kirk,  1986). The 
shade endmember represents both shade and clear 
water and comprises the darkest pixels on the images. 
The ordinate values for the shade endmembers are a 
tenth of  the vegetation values and half of  the values for 
the sediment-water  endmembers.  The relative changes 
in the DN ' s  for each image endmember  are physical ly 
reasonable, given the landcover types they represent. 

6.2. W e t l a n d  c lasses  

Our final group of  classified wetland communities 
and their associated fractions are listed in Table 1, and 
Figs. 6-8  show the classified images. Five different 
categories of  water types were distinguished, with var- 
ying amounts of  sediment present in the water. The 
three classes with the lowest sediment-water  fractions 
( - 0.2 to 0.5) were grouped into one class n a m e d '  ' low 
sediment water"  ( L S W ) .  Although we did not abso- 
lutely calibrate the ,;ediment concentrations to milli- 
grams per liter (Mertes et al., 1993), the spatial pattern 
of  these classes suggest that these L S W  classes repre- 
sent water that l ikely did not originate from overbank 
flow of  the main channel, and is instead locally derived 
floodplain water. In contrast, two fraction groups with 
sediment-water  fractions from 0.51 to 1.2 were com- 
bined into the "h igh  sediment water"  ( H S W )  class 
that probably represents water that originated in the 

Table 1 
Classes from parallelepit~,~d classification 

main channel. In Image J (Fig. 6),  the Japurfi River 

which lies on the northeastern side of  the image also 
provides sediment-laden water to the floodplain. In the 
Tapaj6s image (Fig. 8 ) the class with a sediment-water  
fraction from 0.26 to 0.5 was put into the HSW class 
representing river water instead of  L S W  representing 
local floodplain water. Suspended sediment concentra- 

tions in the river are lower in the downstream reaches 

(Meade,  1985; Richey et al., 1986), and hence the 

fraction breakpoint between fiver and local-floodplain 

water is estimated to be lower in this downstream reach. 

We distinguished two forest types, a dense flooded 

forest ( D F F )  and a low density flooded forest (L D FF) .  

In the wetland forests trees have several strategies and 
adaptations for surviving in many cases nearly 200 days 

of  deep inundation (Worbes  et al., 1992). Hence, the 
phenology is often a direct function of  the hydrology. 

While  investigating the anomalies in growth rings for 

trees in the area near Image M, Worbes (1985) found 

that the formation of  the distinctive annual rings was 
directly influenced by the pattern of  defoliation of  the 

trees. The strategies vary seasonally by species, which 

can directly affect the spectral response. For  example, 

fewer leaves on a tree mean that more bark and sub- 

stratum will be exposed (Roberts et al., 1990; Adams 

et al., 1995). I f  a substantial portion of  the forest defo- 

liates during high flows, then overall the forest will 
appear spectrally as less vigorous vegetation, and will 

Class symbol Class; color Class description Fractions 

Vegetation Sedwater Shade 

LSW dark blue water with low sediment concentrations -0.2 to 0.25 -0.2 to 0.0 0.75 to 1.0 
LSW dark blue water with low sediment concentrations -0.2 to 0.25 0.1 to 0.25 0.5 to 1.0 
LSW a dark blue water with low sediment concentrations - 0.2 to 0.25 0.26 to 0.5 0.25 to 0.75 
HSW cyan water with high sediment concentrations - 0.2 to 0.25 0.51 to 0.75 0.0 to 0.5 
HSW cyan water with high sediment concentrations - 0.2 to 0.25 0.76 to 1.2 0.0 to 0.25 
DFF magenta dense flooded forest 0.26 to 0.5 - 0.2 to 0.0 0.5 to 0.75 
LDFF maroon low density flooded forest 0.26 to 0.5 0.1 to 0.25 0.25 to 0.75 
SM yellow senescent macrophyte 0.26 to 0.5 0.26 to 0.5 0.0 to 0.5 
M/TFF light g reen  macrophyte/terrafirme forest 0.51 to 0.75 -0.2 to 0.0 0.25 to 0.5 
DM dark green dense macrophyte 0.51 to 0.75 -0.2 to 0.0 0.25 to 0.5 
U b l a c k :  unclassified/farmland? mixed groups 

aHSW on Tapaj6s image, see text. 
The class symbol is an acronym for the class description. Class colors are colors shown on Figures 5, 6, 7 and 8. Last three columns list the 
spectral mixture analysis :fractions that were combined in a parallelepiped classification to yield each class. 
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J A P U R A  IMAGE - APRIL 4, 1989 

N 

IIIIII I 

t 30 kilometers t 
Fig. 6. Classified Landsat TM Image from the Japur~i area (Image J) of the Amazon River and floodplain. Black outline shows location of 
subimage. Classes and corresponding colors are listed in Table 1. 

show more spectral influence of the substratum, like 
flooding water. In our classification we characterized 
the dense flooded forest as having a 0.26 to 0.5 fraction 
of vegetation, essentially zero contribution from sedi- 
ment-water, and a 0.5 to 0.75 shade fraction. We com- 
pared this category in detail for Image,M with oblique 
aerial photographs and confirmed that the forested areas 
in this class appeared to have a more complete canopy 
cover than the LDFF class. The LDFF class had the 
same vegetation fractions, but a higher fraction of sed- 
iment-water, suggesting more substratum was 

exposed. Exposed bark may also account for the 
increase in the sediment-water fractions, because it has 
a similar spectrum to sediment or soils (Roberts et al., 
1990). Evaluation of the aerial photographs showed 
that areas covered by the LDFF appeared to have lower 
and less dense canopies than the DFF. 

Three categories of macrophytes were distinguished 
and their type confirmed on Image M based on com- 
paring oblique aerial photographs. Macrophytes in gen- 
eral have relatively smooth surfaces with respect to 
light scattering, and therefore tend to return a much 
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M A N A C A P U R 0  IMAGE - AUGUST 2, 1989 

N 

I 30 kilometers I 
Fig. 7. Classified Landsat TM Image from the Manacapuna area (Image M ) of the Amazon River and floodplain. White outline shows location 
of subimage. Classes and corresponding colors are listed in Table 1. 

brighter signal than a tree canopy with complex limb 
structure and leaf self-shading. The dense macrophyte 
class (DM) had a w;ry high vegetation fraction (0.76 
to 1.2), a small amount of sediment-water (0.26 to 
0.5) and no shade, q~is combination of fractions is a 
physically reasonable representation of a very dense, 
vigorously growing macrophyte bed. The less dense 
macrophytes (M) have a smaller vegetation fraction, 
with a slight increase in shade or clear water patches. 
This class also shows up in the terraf irme forest, which 
is reasonable given ~Lhat, in contrast to the floodplain 

forests, the t erra f i rme forest typically has more dense 
vegetation cover and a higher degree of self-shading 
(Adams et al., 1995). The third macrophyte class has 
a smaller vegetation fraction (0.26 to 0.5), higher sed- 
iment-water fraction (0.26 to 0.5), and variable 
amounts of shade. We identified these areas as senesced 
macrophytes with variable proportions of green and 
brown vegetation. Again, the browned vegetation 
would have spectral properties similar to the sediment- 
water endmember. The spatial pattern of the senesced 
macrophytes also corresponds to the expected location 
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TAPAJ6S IMAGE - AUGUST 3, 1988 

N 

I 30 kilometers I 
Fig. 8. Classified Landsat TM Image from the Tapaj6s area (Image T) of the Amazon River and floodplain. White outline shows location of 
subimage. Classes and corresponding colors are listed in Table 1. 

of .floating mats of dead grasses. They tended to be 
located in zones of poor water circulation, such as 
blocked channels. 

6.3. Spatial analysis 

Figs. 6--8 show that the spatial distribution of all of 
the classes varies from upstreamto downstream. 

When considering the spatial relation between 
hydrology and geomorphology, one way to track the 
pathways of water flow on the floodplain is to look for 

the regions that receive main channel floodwater. For 
Image J we estimated that the sediment-laden water of 
the main channel crossed a maximum of 5 km of the 
floodplain measured perpendicular to the main channel 
during this relatively high water period (Fig. 4). In 
addition, the only places on the floodplain where sub- 
stantial flow of sediment-rich water existed was 
through the floodplain drainage channels that cross the 
floodplain surface (Fig. 6). Almost all of the other 
open water bodies were classified as LSW. In contrast, 
in Image M and Image T the water of the main channel 
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Table 2 
Percent and areal cover for classes 

L.A.K. Mertes et al. / Geomorphology 13 (1995) 215-232 

Class Japur~i image Manacapurti image Tapaj6s image 

Large Small Large Small Large Small 

Wa~rtypes 
LSW 17 (155) 
HSW 10 (94) 

Floodplainforest~pes 
DFF 
LDFF 

Macrophytes 
DM 
M/TFF 

U 

14 (31) 39 (352) 63 (141) 54 (485) 75 (168) 
0.3 (0.7) 19 (171) 0.7 (2) 28 (252) 4 (9) 

41 (370) 61 (137) 6 (50) 3 (8) 2 (23) 3 (7) 
4 (32) 3 (8) 8 (76) 10 (24) 5 (43) 4 (8) 

0.3 (2.7) 0.l (0.3) 4 (34) 6 (14) 0.4 (4) 0.3 (0.7) 
~ 14 /~7  19/0 (44/0) 16/0 (140/0) 10/0 (22/0) 8/0 (77/0) 12/0 (28/0) 
( ~ 130/~70) 
5 (41) 2 (4) 5 (44) 3 (7) 0 0 

The percent cover and areal cover in square kilometers (in parentheses) for the different classes are listed for each river reach based on an 
analysis of two images - - a  large image comprised of one million pixels (900 km 2 ) and a small image comprised of 250,000 pixels (225 km 2 ) 
that was subsampled from the larger image to include only floodplain environments, i.e., no mainstem environments. No unclassified pixels 
were observed on the Tapajfs image. 

appears to have more diffuse access to the floodplain 
and travels an average distance of 15 km into the flood- 
plain on Image M, and 20 km into the floodplain on 
Image T. In addition, in both Image M and T, open 
water bodies have some flow of  sediment-laden water 
from the main channel. In particular, the detail in Fig. 9 
shows two ' 'sedimentary jetties" (usage Bird, 1964 as 

described by Blake and Oilier, 1971) where sediment 
from muddy river water is gradually building a deltalike 
feature at the edge of  the lake. The delta channels pro- 
vide additional flow paths for water from the main 
channel to enter large lakes during main channel floods. 

In all three images the largest bodies of  water that 
were classified as LSW are lakes with large local drain- 
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Fig. 10. Semivariogram for subimages of the three Landsat TM scenes shown in Figs. 6, 7, and 8. The meter scale on the abscissa represents the 
spatial scale of the variance shown on the ordinate. Semivariance values should be considered in a relative sense, as they are based on analysis 
of categorical classes with arbitrary numeric values. 
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ages. In Image J, Tef6 Lake lies in the southwestern 
corner of the image (Fig. 6). The northwestern corner 
of Image M is dominated by the Cabaliana Lake com- 
plex (Fig. 7). The Tapajrs River and mouthbay cover 
the entire bottom half of Image T (Fig. 8). As 
described by Forsberg et al. (1988), for lakes con- 
nected to the main channel through floodplain drainage 
channels, the ratio of local drainage basin area to lake 
area controls the relative proportions of local water and 
river water contributing to the lake on a seasonal basis. 
The larger the local drainage area, i.e., a ratio greater 
than 20, the less likely that river water incursion would 
significantly influence the lake hydrology. The three 
large lakes on these images all have very large drainage 
areas contributing flow. Hence, incursion of river water 
may occur but is not significant, or is typically chan- 
nelized in a sedimentary jetty during high flow periods 
such as recorded in these images. 

Summary statistic.'; for the percent cover and areal 
cover for each wetland class are listed in Table 2. The 
primary difference be, tween the large and small images 
is that the small images contain only floodplain envi- 
ronments. Therefore, it is not surprising that the largest 
differences between the class covers in all three images 
are the percents of the HSW class. In all three images, 
less main channel water of high sediment concentration 
was found on the smaller subimage. The relative pro- 
portion of the LSW water increased for Image M and 
T, because the small subimage still contained large 
areas of sediment-poor lake water, while the subimage 
for Image J was taken on the north bank of the river 
where the lakes are small. 

Excluding HSW and LSW, the large and small 
images have a similar distribution of classes. The most 
abundant classes are DFF and M/TFF for Image J and 
M/TFF and LDFF for Images M and T. Excluding 
water cover (HSW and LSW) for each of the small 
images, the percentages for the largest classes are 72% 
of DFF for Image J, 40% of LDFF for Image M, and 
62% of M/TFF for Image T. Of the total wetland veg- 
etation cover, flooded forest comprises over 75% of 
both Image J and M, and less than 50% of Image T. 

Percent cover does not provide information on the 
degree of heterogeneity or fragmentation of the land- 
scape. Semivariance (~/) versus distance of separation 
or lag (h) is plotted for each of the subimages in 
Fig. 10. The curves show that the spatial scales of 
variation in all three images are similar. For example, 

all three images show some degree of variance at 30 
m, the smallest lag considered due to the spatial reso- 
lution of the pixels. The differences among the images 
are that at each lag the semivariance is the smallest for 
Image J, second for Image T, and largest for Image M. 
Therefore, Image M has qualitatively higher hetero- 
geneity of the wetland classes at all spatial scales than 
the other two images. 

7. Discussion 

Combining information on the hydrology, geomor- 
phology, and vegetation of a floodplain environment 
makes it possible to identify the physical constraints 
that are the greatest influence on the transfer and storage 
of water, sediment, and other materials during inun- 
dation of the floodplain. Our analysis of three Landsat 
images selected to document high water periods in three 
geomorphically distinct reaches shows that there is a 
downstream variation in the hydrology, pattern of sed- 
iment transport, and spatial distribution of the vegeta- 
tion. In the upstream reaches of the river the scroll-bar 
floodplain of Image J (Fig. 6) is typical (Mertes et al., 
1995). As seen in Image J water flow onto the flood- 
plain tends to be channelized. River water flows 
directly from the channel into lakes and floodplain areas 
at distances greater than 5 km, only by flowing through 
floodplain drainage channels. Given the fragmentation 
of the floodplain by the scroll-bar topography it is sur- 
prising that the vegetation distribution in Image J is 
relatively homogeneous. The most heterogeneous veg- 
etation patterns are observed on islands in the main 
channel and along the boundaries of the floodplain 
drainage channels. It may be that the relative homo- 
geneity of the rest of the floodplain surface is due to 
the fact that very little river water directly floods these 
areas, and the supply of nutrients and sediment is lower 
than near channels carrying river water. In addition, the 
environments are relatively stable because channel 
migration has probably not recently reworked the sites 
(Mertes et al., 1995). The vegetation communities 
therefore may be older and more homogeneous, similar 
to patterns described for western Amazonia (Salo et 
al., 1986). 

Image M (Fig. 7) is located in the reaches of the 
river where the floodplain is typically narrow, has some 
scroll bars, and is covered by a mixture of long, narrow 
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lakes and small, rounder lakes (Mertes et al., 1995). 
The overbank flow of river water onto the floodplain is 
both channelized (center part of Image M) and non- 
channelized or diffuse (along both river banks). Both 
the lakes and drainage channels on the northern half of 
the floodplain appear to be filled with river water 
(HSW) and the general flow across the floodplain is 
from the southwest corner to the northeast corner. The 
spatial heterogeneity of the wetland classes is high, 
even at the smallest spatial separation of 30 m 
(Fig. 10). Finer resolution images may reveal that het- 
erogeneity is high at even finer spatial scales. Corre- 
sponding aerial photographs and ground surveys show 
that the wetlands are indeed a complex mosaic of clas- 
ses. This high heterogeneity suggests that the wetlands 
in this area might be exposed to a more diverse hydrol- 
ogy and mixing of water types (seasonal variations of 
local and river water mixing have been documented in 
this area, J. Melack, unpublished data), which may 
promote diversity. In addition, the types of landforms 
available for colonization by vegetation are more 
diverse in this section of the floodplain and include 
scroll bars, swales, lake shores, drainage channels, and 
lake deltas (Fig. 9). Each of these landforms would 
experience a slightly different inundation sequence of 
water flow, sediment transport, and nutrient supply, 
promoting greater vegetation diversity. 

The wide floodplain near Image T (Fig. 8) gener- 
ally has a surface with lower relief than upstream and 
is covered by huge, shallow, multi-input, round lakes 
(Mertes et al., 1995). As documented on Image T flow 
of water directly onto the floodplain from the main 
channel may be nonchannelized, channelized, or 
blocked by water flowing out of a large tributary. The 
longest pathway for incursion of river water, 20 km, 
into the large lake of the Tapaj6s River is along the 
sedimentary jetty (Fig. 9). Non-channelized flow into 
the large lake was not observed, unlike the nonchan- 
nelized flow of river water across the lakes in Image 
M. The spatial heterogeneity of the wetland classes of 
Image T is intermediate between Image J and Image 
M. When the wetlands are viewed in detail, it appears 
that the diversity of classes is highest on the lake delta 
(Fig. 9) and main channel islands, where the land- 
forms are diverse and, in the case of the islands, rela- 
tively unstable (Mertes et al., 1995). The more 
homogeneous cover along the edge of the lake where 
only a small percent of floodplain forest is present, 

compared to higher percents in the same environments 
upstream, may in part be the result of land use practices 
in this area where agricultural clearing of the floodplain 
is common (Smith et al., 1991). 

8. Conclusions 

Two landscape metrics, percent cover and semivar- 
iance, were used to describe the spatial distribution and 
heterogeneity of wetland classes in representative 
reaches of the Amazon River and floodplain in Brazil. 
Three processed Landsat images representing the 
upstream to downstream character of the hydrology and 
geomorphology of the channel-floodplain system show 
unique spatifil patterns of wetland classes. This type of 
landscape mapping provides insight into the physical 
processes controlling construction and maintenance of 
floodplain landforms and the growth of distinct vege- 
tation communities. In turn, these unique associations 
of hydrology, geomorphology, and vegetation, as 
defined by the metrics, potentially provide information 
on patterns of nutrient utilization and the associated 
biogeochemistry of the wetland environments. Tem- 
poral and spatial variations in the spectral response 
resulting from seasonal changes in the phenology of 
the different forest species may result in seasonally 
different landscape metrics. Seasonal changes are being 
investigated with temporal sequences of images. 
Efforts to link landscape metrics to the hydrologic, 
geomorphic, vegetative, and biogeochemical character 
of the entire mainstem Amazon floodplain in Brazil are 
underway. 
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