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Land-Use Change After Deforestation
in Amazonia

Emilio F. Moran and Eduardo Brondizio

This chapter describes a project that linked traditional social scienc.e and
biological field methods with remotely sensed data to further understanding of
how human decisions about land use have influenced both rates of deforestation
and subsequent secondary successional rates of regrowth in Amazonia. The
impetus for this project was a workshop held in 1987 that introduced ecologitfal
anthropologists to remotely sensed data as a tool in addressing substantive social
science questions at a regional scale. The workshop emphasized the importance
of developing a partnership between social scientists and colleagues having suf-
ficient expertise in remote sensing to solve the complex technical problems likely
to be faced, and it did so without failing to note that this partnership would be best
served if the social scientists developed a minimum level of proficiency in remote
sensing to facilitate joint research and analysis.

Much of the promise of the new remote sensing techniques comes from
expanding the areal extent of studies so that regional-scale phenomena such as
land-use change can be addressed. The very advantages of small-scale studies
(intimacy with informants, richness of the social network, insights into household
structure) limit the ability of investigators to examine larger-scale phenomena.
Remote sensing’s larger spatial capabilities expand the kinds of questions that
can be studied.

The published work on Amazonia in the 1970s and early 1980s spoke of
devastating deforestation, desestification in the humid tropics, and wholesale
conversion of tropical forest to pasture; it also made incorrect assumptions, such
as 100 percent combustion of forest biomass (Lean and Warrilow, 1989; Booth,

1989). These themes, commonly expressed in studies based on remotely sensed
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data, did not ring true to those who formulated the project documented in this
chapter. Past social science research in the area had noted farmers’ complaints
about the difficulties they faced from rapid regrowth of the vegetation cover
following cutting and burning of forest (Moran, 1976, 1981). Sccondary succes-
sion rapidly covered exposed ground and resulted in substantial land cover. Yet
the large-scale work using remotely sensed data hardly mentioned secondary suc-
cessional vegetation and rarely if ever suggested the significance of this vegetation
to processes such as carbon sequestration, biodiversity, and land-cover dynamics.!

The result of these reflections was the decision to craft a set of proposals
based on the same technology as that used by the remote sensing community—
Landsat Thematic Mapper (TM) digital data—to understand land-use/land-cover
change dynamics following deforestation, particularly the factors that might ex-
plain the differential rates of secondary succession. A grant provided by the
National Science Foundation’s (NSF) Cultural Anthropology Program enabled
one of the authors (Moran) to become familiar with the theory and techniques of
remote sensing. In fact, the Senior Scholar’s Methodological Training Grant
program? has provided support for several environmentally oriented anthropolo-
gists to acquire technical skills in other disciplines and has substantially increased
the number of scholars engaging in this type of work. The following chapter by
Entwistle et al. is an example of another means of linking remote sensing and
social science. Following this 1-year learning period, grant support from the NSF
Geography and Regional Science and Human Dimensions of Global Change
programs made it possible to apply these newly acquired skills to the questions
raised above.

The second author of this chapter (Brondizio), who had acquired some of
these skills at Brazil’s National Institute for Space Research (INPE), followed a
reverse trajectory. He had familiarity with agronomy, vegetation ecology, land-use
studies, and remote sensing research and undertook to learn social science methods,
especially ethnographic skills, while pursuing a Ph.D. in environmental sciences.3

A common research question meaningful to the social and environmental
sciences—what forms of land use lead to given rates of secondary successional
regrowth in Amazonia—provided the epistemological basis for our collabora-
tion. The choice of soil by a homesteader, the choice of arca to be cleared, the
method used for clearing, the timing of burning, the choice and sequence of crops
planted, and the frequency of weeding all affect the rate at which pioneer species
can colonize an area of land, the composition of that succession, and the differen-
tial survival of mature forest species. The study of secondary succession requires
integration of conventional site-specific research methods in vegetation ecology and
ethnographic data with more inclusive scales through remote sensing analysis of
land-use and land-cover patterns (Moran et al., 1994; Brondizio et al., 1996).

This chapter presents examples from our work that illustrate the linking of
remote sensing and human ecological questions in understanding land-use and
land-cover change in Amazonia. The chapter does not describe specific method-
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ology and technical details related to image processing, spectral analysis, and
vegetalion/soil inventory techniques. for which readers are referred to publi‘shed
papers written by the authors and their collaborators (Mausel et al.,, 1993; Moran
f“ al., 1994; Brondizio et al., 1994, 1996; Li et al., 1994), Als with olher.c.haplers
in t.his v91ume. the objective here is to discuss how collaboration between the
socnz'ul Sf:lentisl and the remote sensing expert developed, summarize the findings
and insights gained by linking remolely sensed data to traditional social science
field research, and explore ways of advancing this type of dollaborative work in
the future (c.g., Mausel et al., 1993; Moran et al., 1994, 1996; Brondizio et al

1994, 1996; Li et al., 1994; Brondizio, 1996; Randolph et al., 1996; Tucke:
l99§; Tucker et al., in press). The work discussed here broight togethc;r remote:
sensing, botany, environmental sciences, soil sciences, anth}opology and geog-
raphy. It did so incrementally, as interest grew in the issues rai.;ed by our
re§earch among collaborators in Brazil and the United States. In other words

building on a core set of questions and the expertise of anjflropo]ogy, ecology,
and remote sensing, the project has expanded to address lother concerns tha;
flowed naturally from the original set of propositions. This expansion was antici-
pated and was integrated without difficulty. Even now, lhﬁ project anticipates

mc_orpor.ating. climatologists, zoologists, demographers, economists, and conser-
vation biologists. \

THE VALUE ADDED OF SOCIAL SCIENTISTS’ INTEREST IN
REMOTE SENSING ANALYSIS |

' Social scientists bring to the analysis of global change and its remote obser-
meon a concern about and an expertise in the behavior of pcople at the commu-
nity and household levels and a desire to understand the
for ictame,socil slenin e 1oomen 5 s o e e iage

tance, soci: o search for land-use patterns associ-
ated with distinctive socioeconomic and cultural differences. Con-sequenll the
search for driving forces behind land-use differences and fof land-cover é’assez
that represent culturally and biologically meaningful differchces, in contrast t(;
say, ‘nammg classes after a standard vegetation class. For ex ’ C
crf,dn availability for pasture or cocoa development can help
might begin to see the appearance of these classes with hi
landscape, or the creation of a class called “roga,” which is‘zi mixed .ﬁubs‘i’%(cncc
garden dominated by manioc and bananas. This poses a cl allcnvc.in il1:11 if a
cullural.l_v nfneaningful catcgory is present (e.g.. palm agrofor 'slrv)imd is '1‘%'0ci-
ated with important bebavioral differences (i.c., parlicularjslc-pﬁ in ,;:‘(;;;rilw
these orchards through time until they reach the desired den.%ilv),. then an';ffoﬁ

must be i .
et ‘1' .'" e 10 sample enough cases so that the phenomqnnn can be distin-
gwished spectrally and classified (Brondizio et al.. i

. 1994). This may not always
Yyossible, butitis a challe i ient | [y norgs be
i butitis a challenge that social scientists.

or at least anthropologists. are
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likely to bring to the task of ficld work and land-cover classification. On the
other hand, while a culturally meaningful category may cxist, it may be so rare
(hat one cannot possibly obtain enough observations 10 scparate it spectrally, or it
may not be different from other culturally differentiated classes that are spectrally
alike. ILis still a chaltenge, for example, to differentiate between many types of
agroforestry and other mixed-crop systems given the current resolution of satel-
lite images. Some of these problems may persist until such time as orbital
satellites with a resolution of 1 m are available to researchers. The first sateilites
with this resolution are expecteﬁ to be launched in the next year or two and,
because they are launched by commercial enterprises, are expected to make data
available more promptly than is ‘the usual current practice and to customize the
data to the needs of users.

Without a social scientist as part of the team, culturaily important dimen-
sions of land cover may quite pgssibly be overlooked by scientists who bring a
nonlocal or purely remote point of view to the analysis of the data. The best.
example from our work is the Jiiscrim'mation of managed (palm agroforestry)
from unmanaged floodplain forest in the Amazon estuary (Brondizio et al., 1996).
Whereas these are vegetation classes with extremely similar structural character-
istics and thus are commonly mapped together, managed floodplain forest has
local economic significance that requires attention when one is studying an estua-
rine population at a regional scale. By combining traditional ethnoecological
field techniques that elicited culturally meaningful categories (Agaisal) with spa-
tial distribution considerations elicited by the satellite data, it has been possible to
distinguish betwecn these two Jullurally and economically distinct vegetations
(i.e., managed and unmanaged flpodplain forest). When the importance value? of
the palm Euterpe oleracea reactﬂmed 0.6, it became possible to distinguish spec-
trally a managed agai palm agroforestry grove from the adjacent floodplain forest
from which it had been devclopéd by local farmers (Brondizio et al., 1994:261).

While there is no substitute for the use of traditional ethnoecological field
data collection to obtain a deep understanding of native knowledge of the envi-
ronment, it is possible in cases such as that described above to collect a sufficient
number of observations to create spectrally differentiable classes of land cover
from native categories—although success in this enterprise will rarely economize
on data collection costs. What will be gained, as in most applications of remote
sensing, is the ability to map at a regional scale the distribution of a land-cover
class that is meaningful to a loanl community over a much larger landscape than

" is otherwise possible (Brondizi¢ et al., 1996). The value of forecasting cereal

husiness. There is no reason, other than the more modest resources of the scien-
tific community, why forecasting of harvests of locally valuable crops, such as
manioc, bananas, or ugroforcslrﬁ' groves marked by a dominant, cannot be under-
taken. One of the important rcs*llls of the study of palm agroforestry has been to
show in dramatic [ashion the \ch' large areal extent of this cconomic activity. its

harvests and yields of major c}mmodilics has been accepted for years in agri-
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economic value to the regional economy. and the achievement of this outcome
with minimai loss of forest (a five-fold rise in economic value at less than a 2
percent loss of forest cover).

Even with current limitations on spatial resolution that can mask households’
complex patterns of land use, anthropological and geographical understanding of
the spatial distribution of sizes and locations of agricultural fields makes it pos-
sible to infer and interpret land-cover patterns that are distinguishable spectrally.
This ability has been enhanced with the growing use and accuracy of technology
that permits accurate location, such as Global Positioning System (GPS) de-
vices.> However, the difficulties of distinguishing among coffce plantations,
early secondary succession, and degraded pastures should not be taken lightly.
Few analysts have tried, and even fewer have succeeded, to differentiate spec-
trally among types of crops, types of pastures, and types of agroforestry. The
more homogenous a stand is, the more likely it is to be identified consistently
with a high degree of accuracy, whereas for mixed and heterogeneous vegetation
formations, such accuracy is difficult to obtain. Our own work has been able to
differentiate among three distinct structural classes of secondary succession with
an accuracy of 92 percent, and between managed and unmanaged floodplain
forest with an accuracy of 81 percent (Mausel et al., 1993; Brondizio et al., 1996).
These successes do not suggest that achieving these results was easy. On the
contrary, many classes we wish to differentiate have remained elusive. Monitor-
ing oil palm and cocoa, for example, has to date proven impossible given the very

large spectral differences among their various developmental stages. We believe
it should be possible to do so if sufficient resources are devoted to collecting
enough observations for the distinct steps in the development of these plantations—
a goal very different from ours of understanding secondary successional processes.
An excelient example of the application of remole sensing to fundamental
issues in social science is a study by Behrens et al. (1994) that shows how
settiement history mediates the effect of population pressure on indigenous land
1se. Sendentism and the market opportunities that promote it seem more impor-
ant drivers of land-use intensification and tropical deforestation among contem-
'orary native Amazonians than population growth itself, Village formation and
atle ranching are associated with greater landscape heterogeneity, but fewer
'oody species. Concentrating in large villages a population that has been distrib-
led areally over the landscape can mtensify deforestation, particularly when
tacerbated by the development of pastures and irrigated rice cropping. The
udy of intensification is of fundamental interest 1o the understanding of human
icicties through time, and remole sensing is an excellent tool for observing the
tent and intensity of its impact.
One of the most important contributions social scientists can make (o this
3¢ of research is to help construet data collection protocols that capture the
Yes of socioeconomic data most closely related to Jand-use dynamics. It is all

) commion for those outside the social sciences to try to explain land-cover

99

change in terms of population growth, ra}her lhan applying thel nll.ore ?u:)r::’::]d
appraach necded to understand lhg relationship belween popula flotrl:e ga mhor;
distribution, structure) and the environment. A current pl’O_]CCll ol puthors
involves investigating, at the level of the f'arm progerly, lhf: r;) lfl:1 played w);th :
demographic structure of each hous_ehold in changing uses foh eharl\d ,Com i
view to predicting rates of deforestation from a knowledge: 0 c;u(s;el ommedpct:0
sition. There is a need to develop a prolocol_ for the minima a_a o
support ecological and remote sensing analysis anc'i alsq be :jnea:ln:ngmlated to
social sciences. For example, such a prf)locol might inclu ed a af ed 10
production systems (types of economic lmpom.mce), a cal'cn ?r"o a'lc :) fes
throughout the year (land clearing, planting, weeding, ha.rvestmg, 'Ei‘ onw;?i (;use-
and vegetation management techniques, l.he d-emographlc compost lo‘ems s
holds and populations, time allocation in dl‘fferef\t production sys s fand-
tenure structure, and an ethnoecological classification of ecosystem cor.np?fcam
(Moran, 1993; Brondizio, 1996). For example, one should ex.pect signi ld 1
differences in the way land cover develops and changes t_hrough timeasa l;:ro (::lc
of, say, private or communally held fore§t. Current st.udn':s by our l'esezllrcf tge; urz
in seven Latin American countries are aimed at eluc:daung t‘he impact o e
and other social organizational arrangements on the composition and longevity o
forest cover through time.

METHODS

Levels of Analysis and Site Selection

From the outset, we have followed a systematic approach to site s;lecu:;r:
and comparison. Taking a contrary view to that corflmonly held, Wel.kyfobe
esized that the differential rate of secondary succession would mos:1 ike yand
influenced by initial soil fertility, the history of land use of a def(_)r‘estc;.1 :r::fdom
the spatial pattern of land-use and }and-covc.’.r classes. Soil femlllyd a secom
been related to or soil data collected in studies of forest ecology and su on
(Buschbacher et al., 1988). Since tracking of age classes of secondary successl "
and biomass accumulation in such vegetation had not .been perf;)fmzctra]
Amazonia using Landsat TM (and had been unsu'csessf ul using l'he Mu él:fh el
Scanner [MSS])), we began our study by examining t.w‘o locations. ach was
characterized as having relatively fertile soils, so that if it were l.echmca ya[;u.r -
sible (o differentiate stages of secondary succession, thc change nnghl be ‘:Tleh i
able in the relatively briel time span between 1984 and 1991 during W lct ‘
was available. For the sake of contrast in both cnvironmental an‘d land-uls.e c“r’r:rk
we selected an upland site that was well known to onc of us I@n; C?r'l(‘tr ork
(Moran. 1976, 1981) and an estuary area where wc had done pre |mm.x.(' ly work
(Murrieta et al.. 1989). Following 2 years of research at these two sites.
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worked at three other Amazonian sites, characterized by relativédly nutrient-poor
soil conditions and different patterns of land use. |

One of our goals from the outset was to link detailed ethnographic data,
species- and stand-level data, and land-use histories to the speitral analysis so
that we could achieve not only a field-level understanding of J:hangcs in land
cover, but also a regional analysis of land-use and land-cover change. Doing so
required that we work with a large portion of the TM scene, and that our sampling
design be distributed over the image in order to incorporate spatially variable
phenomena, such as different kinds of settlements, different land-tenure arrange-
ments, different types of vegetation. and different soil types. Thlls, we sought to
link the behavior of households in farms and settlements to reg#onal—scale pro-
cesses of land-cover change, especially secondary succession. We also wished to
link these results to global carbon models and Amazon Basin models—a task that
has been pursued more directly by Skole and his collaborators (F.g., Skole and
Tucker, 1993).

Figure 5-1 illustrates the multiscale and multitemporal apprtlach pursued in
our studies. Our analysis begins by selecting locations that fit our fertility gradi-
ent design and have representative patterns of land use and population distribu-
tion. We also take into account data availability and the presence of colleagues
with whom joint work might be undertaken that would enrich local institutions
with both data and expertise. For the selected locations, we seek available cloud-
free images of the study areas; depending on availability, we also‘ try to obtain a
set of images providing data intervals within which the processes‘ of change can
be observed, at least one of which is coincident with our field research. These
data are then georeferenced and registered, exploratory spectral analysis is car-
ried out in small subsets representative of different patterns of land cover, and
this analysis is then used to carry out unsupervised classification of land cover
over the entire study area. Details of our technical procedures havL appeared in a
number of publications (Mausel et al., 1993; Moran et al., 1994; B}ondizio etal.,
1994, 1996; Li et al., 1994). |

We then proceed to the field, not merely to carry out field observations of
land cover—the most common method of ground truthing—but alsTo to interview
at length land users who are identified from the initial analysis as having land-
cover classes of interest for sampling and are distributed over the entirc image.
All of these visits to farms generate valuable information. Some are not entirely
successful, cither because the land has undergone transformation|since the T™M
scene was taken or because there is error in the unsupervised [classilication.
Detailed household surveys, with particular emphasis on the hi .
are then undertaken. Following these surveys and a visit to the forest or second-
ary successional area, we request permission for the larger team (p come to the
property to carry out a detailed soil and vegetation inventory.

The resulting data are entered into a spreadsheet in the field. and adjustments
are made in the sampling 1o ensure that a representitive numhcr| of classes of
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Landscape/Regional level /‘_‘

Vegetation class

Physical/Chemical comp.
I ‘ l" I [Soil coloe
|

FIGURE 5-1 Methods of multilevel anﬁ‘lysis of land-usc and land-cover change.

vegetation arc sampled. Each area ‘l which soils and vegetation are sampled is
georeferenced with a GPS device, ejery effort being made to choose study areas
large enough so we can be sure of their location on the printouts of the TM scene
we have prepared in advance and larhinated for ficld use. These image printouts
are generally prepared at a scale of 1:30,000 with a | x 1 km grid of Universal
Transverse Mercator coordinates tha% allows us to locate each site (through use of
GPS) while in the ficld. Fields as small as 1 hectare (ha) are clearly visible in
these image maps, although we commonly select larger areas within which to
take vegetation and soil samples. THe use of these image printouts prepared at a
fine scale and cnhanced for visual inferpretation has proven particularly valuable
in extracting ficld information. The relative case of understanding color compos-
ites (TM bands 5, 4, 3)® makes it possible to discuss lund-use and land-cover
features with local farmers with a minimum amount of explanation. Their discus-
sion of the image provides an invaluable source of information about land-usc
and Jand-cover dynamics and makesTsensc out of the distribution of the different
types of land cover encountered. Inladdition to the ficld-sampled plots, one or
more members of the team collect “training samples™ (i.c.. visual observation of
hundreds of locations) in order to qhmin & robust supervised classification of
land-cover classes upon returning frqm the field.”
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Upon returning from the field, we use the GPS-referenced field observations
to develop the supervised classification. We also perform accuracy analysis to
determine the extent to which classification accuracy of at least 85 percent have
been achieved. A second season of field work has characterized our work so far,
at which time we are commonly able to double our field inventory data and refine
the accuracy of the land-cover classes.

During the past 5 years our group has developed an extensive data set. This
data set is focused on secondary succession and land-use and land-cover change
in five Amazonian regions distributed along a soil fertility gradient representing
relatively nutrient-rich (eutrophic) to relatively nutrient-poor (oligotrophic) con-
ditions.

Study Areas

Altamira, in the Xingu Basin, is characterized by patches of nutrient-rich
soils (alfisols) and less fertile soils (ultisols). Ponta de Pedras, in Maraj6 Island,
is characterized as a transitional environment composed of upland nutrient-poor
oxisols and flood plain alluvial soils. Igarapé-Agg, in the Bragantina region, is a
mosaic of oxisols and ultisols. The soils of Tomé-Agu are dominated by oxisols
and ultisols, both acidic and low in nutrients. They are less sandy in textural
characteristics than those in Bragantina (Igarapé-Acu) but more so than those in
Altamira or Maraj6. Finally, Yapd, located on the Vaupés (a tributary of the Rio
Negro), is composed of large patches of extremely nutrient-poor spodosols inter-
mixed with stretches of oxisols. '

Land use varies among these areas. Altamira, which lies along the Transamazon
highway, began being colonized in 1971 and has experienced high rates of defor-
estation and secondary succession associated with the implementation of
agropastoral projects. In contrast, Marajé has historically been home to native
nonindigenous (i.e., Caboclo) populations occupied primarily in agroforestry ac-
tivities in the floodplain and swidden agriculture in the uplands, along with some
recent creation of pastures and mechanized agricultural fields. Land use in the
Bragantina region has gone through several phases; today short-fallow swidden
cultivation is dominant, given the proximity of the Belém market for producers.
Cultivation of secondary growth areas has been common for decades, and islands
of mature forest are rare. Tomé-Agi has experienced the most intensive agricul-
ture of the five sites (a black pepper monoculture until the late 1960s), and for the
past two decades has been associated with agroforestry development carried out
by the Japanese colonists who have lived there since the 1930s. It is now experi-
encing the start of pasturc formation. Finally, the Colombian Vaupés sile at
Yapd, populated by indi genous Amazonians, is characterized by more traditional
long-fallow swidden cultivation based on bitter manioc.

EMILIO . MORAN AND EDUARDO BRONDIZIO
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1 Altamira, Xingu Basin, Par4, Brazil

2 Ponta de Pedras, Marajé Island, Paré, Brazil
3 Igarapé-Agu, Bragantina, Para, Brazil
4 Tomé-Ag, Para, Brazil

5 Yapu, Vaupes Basin, Colombia

FIGURE 5-2 Research sites in Amazonia of the Anthropological Center for Training

and Research on Global Environmental Change (ACT), Indiana University.

Distribution of Research Locations

.2 shows the locations of the five study arcas discussed above, gnd
dsat images of each location. In each region,
on types, including different fore‘sl types
Altamira is represented by 20 sites ( 18
ites (10 fallows and 4 forests). Bragantina
13 sites (12 fallows and |
for a total of 74 sites. The

Figure 5
Plate 5-1 (after page 150) shows Lan .
areas representative of the major vegetal
and fallows, are selected for sampling.
fallows and two forests), Maraj6 by 14 s e
by 19 sites (16 fallows and 3 forests), Tomé-Agt by
forcst), and Yapti by 8 sites (5 fallows and 3 forests).
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detailed soil and vegetation inventories permit careful characterization of each loca-
tion.

Vegetation and Soil Inventory and Processing

Our strategy is comparable across the 74 sites. The majority of plots and
subplots are identical in size and shape, allowing cross-compatison and integra-
tion at the level of plot, site, and location. In most cases (except mature forest),
the area sampled per site is 1,500 m2. Plots and subplots are randomly distrib-
uted, but nested inside each other to account for the detailed inventory of trees
(diameter at breast height [DBH] greater than or equal to 10 cm), saplings (DBH
2-10 cm), seedlings (DBH less than 2 cm), and herbaceous vegetation. In the
plots, all the individual trees are identified and measured for DBH, stem height
(height of the first major branch), and total height. In the subplots, all individuals
(saplings, seedlings, and herbaceous vegetation) are identified and counted, and
diameter and total height are recorded for all individuals with DBH equal to or
greater than 2 cm.

Species identification is carried out by experienced botanists in the field and
checked at the herbarium in Belém, Par4. Botanical samples are collected from
half of all species identified to ensure accuracy of taxonomic identification. At
each site, soil samptes are collected at 20-cm intervals to a depth of 1 m. Soil
samples are analyzed at the soil laboratories in Belém for both chemical and
physical propertics. A stand inventory table, including absolute and relative
frequency, density, dominance, basal arca, importance valuc, and stem and total
height, is prepared for each of the inventoried sites.

A soil fertility index summarizing differences among regions is used (Alvim,
1974). It is important 10 note that our comparisons take into account only upland
soils of the Marajé site. The more fertile floodplain is not included in this
analysis since it is not comparable at this level with the data of the other four
locations, all of which have upland soils with very different characteristics from
those of floodplains. The index aggregates pH, organic matter, phosphorus,
potassium, calcium and magnesium, and aluminum (inverse value). It was pre-

pared for cach depth (0-20, 20-40, 40-60, and 80-100 ¢m), and an average index
was prepared across depths.

PATTERNS OF SECONDARY SUCCESSION IN AMAZONIA

The data obtained using the methods described above have yiclded a number
of findings with regard to soil physical and chemical patterns in the study regions.
variations in rates of regrowth. and stages of regrowth in Amazonia.
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Seil Physical and Chemical Patterns in the Study Regions

Soil structure and texture in the study regioqs, as vepresented b)" the percent-
age of fine sand, coarse sand, silt, and clay at five depths (20-cin intervals) are
presented in Figure 5-3. Coarse sand and clay are the elements most ab.le.(o
provide discrimination across regions. Four major (e.xlural. groups can be distin-
guished in the study regions (see Figurc 5-3). Altamira soils have a Iow'contcnt
of fine and coarse sand at all depths (average around 10 perc’ent) _and h.tgh clay
content (above 45 percent) at all depths. Although the Yapi region presents a
similar textural pattern, it can be distinguished by the presence of a spodic-B
horizon with low permeability and penetrability, chara'clenz:ed asa grounqwa_;cr
humic podzol (Sombroek, 1984). Marajé and Bragantina soils are rather simi a;
in terms of sand and clay content at all depths. In both cases, average, fine, a;o
coarse sand content are above 25 percent and average clay content is belpw o
percent at all depths. Tomé-Agii soils, although similar to those of Marajé and
Bragantina, are distinct in their lower content of fine sand (below 2'5 p:;cqu and
higher clay content (30 to 40 percent) at al.l depths. Theref‘ore, while al'a._i tane
Bragantina offer typical examples of oxisols, Tomé-A¢l presents a soil typ

n vltisol. .
dos%itg'earences in soil fertility are small but significant among the study regions.
Altamira is clearly superior in terms of soil fertility, while c_ixfferenccs among the
others are minor. The average pH of above 5 in Altamira contrasts _wnhdtht:
average pH of befow 5 in the other regions. A pH of fxbove 5.5.15 vneweh :9
necessary for crop productivity from all but a few domesticated culu‘g.cns, sus w.-
manioc, cowpeas, and sugarcane, that are adapt'ed to ‘Iow—pH cpndmons. _60 p
ever, among the regions with lower-pH, less-fertile soils, the soiis of I;/Iarij an :
Yapt have lower pH (below 4.4 in the first 20 cm or plow layer) than do those o

ina and Tomé-Agd.

Bragé[:rl:l;ned analysis gof aluminum and calcium{r_nagnesium content lf‘urt‘he;
distinguishes fertility among the five regions.‘ Yapd is the most nutrient- m;m:ls
region, with the highest aluminum concentrations and the lowest conc?ent.rlzf io :
of calcium and magnesium. This pattern is rcinforcc.d by the l‘ow availability 9_
phosphorus. High aluminum saturation tends to hmlf absorption of olhTr n:lerrx‘ (
ents, cspecially calcium and magnesium. bccnusc; of impeded rool d-eve op1 nent
(Lathwell and Grove, 1986). Phosphorus is cnnsnsit;rtd the most hnme.d n.t;Il!lu

in Amazonia. frequently found only in trace quantities (below 1 part pes mn. mllx)(;
It is low at all the sites, although Altamira has slightly Iurgcr_ aml(?unt‘;s than l,:“
other regions. No significant differences are I'n.und among regions in the z;n:\n "
of organic matter. Analysis of these elements in I|IIC f‘oj'm of a f}:‘rruh‘ly l;:c[\.\';;;‘
shown in Figure 5-4. reveals that soil fertility is significanty dll‘cr.c nl. e
Altamira and the other regions, hut similar overall among the other four regions.
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BRAGANTINA TOME_ACU YAPY

FIGURE 5-4 Soil fertility indexes for five research sites (pH + OM + P + K + Ca +
Mg - Al).

Variation in Rates of Regrowth

Analysis of variance shows that soil fertility is a significant indicator of
differences among regions with regard to secondary succession (adjusted r =
0.69; p < .05) when average stand height is used as a parameter to indicate rates
of regrowth. Differences in fertility clearly favor regrowth in Altamira and
differentiate it from the other regions. Similar regrowth rates are observed in
Marajé, Bragantina, Tomé-Agy, and Yapd. These differences are shown in Fig-
ure 5-5, where the average regrowth rate for Altamira is compared with the
average rate for each other region. Altamira is the only region showing above-
average rates of regrowth. During the first 5 and 10 years of fallow, Altamira
fallows are | m higher as compared with the average fallow of all other regions.
This difference increases two-fold after 15 years of fallow. Such an increase may
be closely related to the faster development of trees in relation to saplings in this
region. Overall, Altamira tends to reach higher canopy and lower undersiory
biomass density at a faster rate than the other silcs, indicating a more rapid pace
of tree and forest structure development. This pattern is reinforced by the differ-
ences in family diversity between Altamira and the other regions. Overall.
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FIGURE 5-5 Height increment in secondary succession.
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Basin-Wide Patterns of Rates of Regrowth:
Defining Stages of Regrowth in Amazonia

An important finding of this study is the definition of basin-wide stages of
regrowth based on the analysis of average stand height and basal area of the study
locations that correspond to distinctions derivable from spectral analysis of satel-
lite data. While this finding may not seem to represent an important social
science contribution, the detection of rates of regrowth illustrates the use of
remote sensing to discriminate social phenomena, specifically land-use patterns,
thus socializing the pixel (see Geoghegan et al., in this volume). Examination of
the literature supports our analysis by revealing data consistent with the charac-
teristics of our study areas. Stand height proves 1o be a significant discriminator
of regrowth stages at the level of the study area (Figure 5-6). Three structural
stages of regrowth can be distinguished: initial (§S1), intermediate (SS2), and
advanced (S$S3) secondary succession. These stages can be broadly associated
with age classes.

SS1 is associated with a period of establishment dominated by herbuceous
and woody species. Saplings are the main structural element and represent the
majority of the plant biomass. Average height is 2 o 6 m. Most individnals are



of a height cqual to or less than 2 m during the first 2 years of fallow. In terms of
basal area. this stage presents a variation that ranges [rom | to 10 m¥ha. The
majority of individuals have DBH of 2 to 5 cm. In age terms this period encom-
passes around the first 5 years of fallow, but it may be much longer in areas
subjected to heavicr land-use impacts.

S82 can be characterized as a period of thinning of herbaceous and grass
species and a rapid increase in sapling dominance, with small trees beginning to
appear. While saplings account for most of the total basal area and biomass,
young trees dominate the canopy structure. Canopy and understory become
increasingly differentiated, but stratification is still subtle. The increase in shade
during this stage is an important element in species selection. Average height is
71015 m,and DBH is 5 to 15 cm. Basal area ranges from 10 to 25 m%ha. This
period encompasses the next 10 years fallow, that is, 6 (o 15 years after abandon-
ment.

SS3 is marked by a growing stratification between understory and canopy

and by the declining contribution of saplings to total basal area and biomass.
Average height is 13 to 17 m; however, a considerabic number of shorter (6 to 13
m) and very tall (20-30 m) emergents occur. Individuals with DBH of 10 to 15
cm are still of major importance at this stage, but a considerable number of larger
individuals are present. In terms of basal area, this stage is similar to the interme-
diate stage. One of the reasons for this relates to the process of species selection
that occurs between SS2 and SS3. Fast-growth trees of $S2 (e.g., Cecropia spp.)
that contribute a major portion of the total basal area at this stage tend to give way
to forest trec species during $S3. Therefore, instead of a progressive increment
in basal arca from SS2 to SS3, there is replacement of the species and individuals
contributing to basal area. In age terms, this is a stage that encompasses fallows of
more than 15 years. However, we found that in Altamira, this type of structure could
be achieved in about 11 years.

Mature forest vegetation varies widely within the Amazon. Average height
varies from less than 15 m to around 24 m. However, one can distinguish
between forest and advanced regrowth by taking into account additional features
that characterize mature forest vegetation. First, species composition needs to be
considered as a unique discriminator of a mature forest environment. Maturc
forests have higher species diversity. The presence of very tall emergent trees
with large diameters is also a distinclive feature. Most emergent trees have DBH
above 30 cm and height greater than 15 m. Basal arca in mature upland forest
ranges from 25 (o 50 m2, thus providing a distinct structural difference from
advanced regrowth (10 (o 25 m%ha) that facilitates spectral separation.

This model of regrowth stages can be applied 10 the Amazon regjon if Jand-
use intensity. landscape diversity. and soil fertility variables are taken into ac-
count at the regional and local levels. The proposed regrowth classes provide u
pascline for remote sensing analysis and large-scale studies of land-use and de-
lorestation dynamics. Structural characteristics of the vegetation such as those
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aging Spectroradiometer [MODIS]). It is likely that social scientists can help
evaluate the capabilitics of proposed sensors. as well as contribute to the discus-
sion of data availability. As important as it is o improve spatial resolution. there
needs to be a commitment by remole sensing institutions responsible for data
recording that information will be stored for regions all over the world. Images
from SPOT sensors, for instance, despite their higher spatial resolution, have
restricted availability for isolated areas. This results in a spolty land-cover change
record that renders multitemporal analysis limited in scope.

In terms of spectral resolution, there is a need to discuss the possibility of
dividing bands such as TM4 and TMS into smaller spectral regions, and to evalu-
ate whether and how such a change could improve future studies of land-use and
land-cover changes, especially those related to agriculture. By the same token, it
is still unknown what kind of information would be available if a thermal band
(such as TMG6) were designed at a higher spatial resolution, such as 30 or 20 m.
Landsat 7, which will be launched in 1998, is expected to have a 30-m thermal
band.

One point that is of particular importance to remote sensing analysis but is
frequently dismissed is the need to work with digital data that have been cali-
brated (i.e., converted to reflectance values). The implementation of technical
procedures for performing such calibrations requires considerable expertise found
only rarely outside of major remote sensing facilities. There would appear to be
enough capability within remote sensing institutions responsible for data recep-
tion (o develop relatively automated procedures that would facilitate this kind of
data preparation for those, like social and biological scientists, who lack this level
of laboratory or technical expertise. Even some in the remote sensing community
use other procedures to get around the complex uncertainties involved in trans-
forming digital numbers (o reflectance values. .

In terms of sofiware development, there should be continuous support for the

Jevelopment of low-cost. interactive, yet powerful packages, such as IDRISI
‘developed by Clark University) and MULTISPEC (developed by Purdue Uni-
rersity). Such packages should include a range of statistical lools allowing
walysis of data for training samples to be used in supervised classification and
letermination of the accuracy of thematic maps. Such software packages provide
0 ideal tool for training social scientists. since they allow more effort to be
ledicated to image analysis and interpretation than to the lcarning process for the
oftware itself. Many social scientists arc reluctant o work with digital data
ccause of the slow learning curve for many remole sensing and geographic
ormation system (GIS) packages. which translutes into virtual inaccessibility
I'image processing (o its numerous potential users. The growing capability of
srsonal computer (PC) processors now frees new members of the community
om the need w rely on the UNIX platform for working with these data. Even
¢ powerful ERDAS Imagine image processing soltware is now available for the
< ata cost that is alfordable under the most modest of granis,
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Looking back over the past 5 ycars of our project linking detailed field
studics to remotely scnsed data, we believe that on the whole, this joint work hz.xs
advanced our knowledge of important processes of land-cover change in
Amazonia and our knowledge of how 1o link data across levels of ana‘lysis. and
holds promise for further contributions in the immediate future. Without our
detailed (ield inventorics and land-use histories, we would not have been able (o
distinguish among three distinct stages of secondary succession in l!le TM images
(Mausel et al., 1993; Moran et al., 1994), to distinguish floodplain forest from
acaf palm managed floodplain forest (Brondizio et al., 1994, 1996), to .demon-
strate the linkage between soil fertility and rates of secondary succession at a
more than highly localized scale (Moran et al., 1996). anq to deten:nme the
relative impacts of various land-use trajectories in specific soils on species com-
position and biomass accumulation (Moran et al.. 1996; Tucker et a}l., in press?.
The use of satellite remote sensing modified our approach to sampling S0 that it
became more widely distributed over the landscape than it would otherwise have
been. This brought us into contact with households, soils, and landscape pa.lt.tems
different from those we would have sampled if we had relied on traditional
techniques. In turn, these contacts enhanced the regional scope gr our conclu-
sions about land usc and its impact on land cover and produced statistics for areas
much larger than would otherwise have been possible, yvhile our delallf:d ﬁelFl
studies allowed us to modify land-cover classes and provided enhanced .dlSanl-
nation. Cumulatively, our various studies have developed slructura} criteria tl?at
facilitate the application of these considerations in spectral analysis of satcllite
data for other Amazonian regions. _ _

The linking of remotely sensed data to traditional field methods in the social
and biological sciences has permitted more thoughtful sampling over a la.rger
region, addressing questions of decadal change that could not be examined
through traditional methods alone. We have documented land-cover change at
five separate Amazonian locations in 5 years—a task that 10 years ago we woqld
have thought impossible even to consider. This change has been tracked w.nh
detailed quantitative measures and accuracies of 85 to 94 pereent that prow@e
levels of confidence rarcly achieved by the traditional methods of the social
sciences. '

Qur work in Marajé. for instance. has changed how we cnncepluu.hz.c
Caboclo populations and their engagement in the regional cconomy. Study of the
intensification of flood plain agroforestry through a combination of houschold
interviews, field inventory. and image classification of these arcas has shown 1!1al
the arcal extent of agroforestry stands represents the most impm'lu]u p‘roduu'non
system in the region. On the one hand. it changes the c.h'.u'z\c\crw..u\mn -01 ll.\‘c
population from extractivists o intensive farmers—(forest farmers. Furthermaore.
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it shows that the level of food production can be increased without increasin
rates of deforestation (Brondizio. 1996; Brondizio and Siqueira, 1997) ’
. One can also examine changes in the densely populated Braganlil;a region
This area, characterized for 100 years as an area dominated by smallholders'
commpnly on 25-ha farms, has been undergoing transformation in recent ears‘
What is lh; extent of this transformation? Is it taking place only near lovgns o'
along major roads, or is it pervasive? The use of remote sensing can hel '
mor.mor these changes in land cover and help us question their desirabilit in
social and environmental terms. At a time when cities such as éelém m);J:'Z
;};zr e\:;r n:ed a green Pell to supply them with produce, the traditional
ponzires :rt laii Zn;p:)i;:clo;: may be disappearing as a result of uninformed
.Altamrra likewise is a landscape that poses many questions for social and
environmental scientists. Will it begin to experience the same kind of loggin
related fires that have plagued the Paragominas region and Borneo? Ourgrfl o
wgrk on the structure of households in the area using a property-]evlal rid (\:/em
laid with satellite image data suggests a rapid expansion of logging beginni?i in
1985 and accelerating in 1988. Whereas logging was concentrated iithingt}lnn
first 25 km from the town, in 1985, by 1991 loggers were altering areas more tha:
75 km from the town and desirable species have become increasingly rare close
t(? tgwn. What is the spatial distribution of pasture and other economic llr
slgnlﬁc§n( land uses? What is the impact of road distance and road ual"t o
economic activity? In some preliminary work with the near- and mig-in;"rZr:g
bands of TM, we detected a distinct pattern of land use in which the high
ground farms experienced greater deforestation and land use than thosc oc'cgu -
ing lower -positions in the landscape. Is this a product of soil type differenlzy-
iaticfmg ad St(:ll catena, or of moisture saturation in lower sites? Can analyses usi:gs
n ‘Lal;ese“zli::saz;\;de a quick way of identifying better soils for agriculture in
towalr:j ti;]e Japanc§e colony of Tomé:-Acﬁ there is evidence of incipient change
I t € expansion of cattle ranching and away from the intensive systems of
p.roducuon that have characterized the past 65 years of occupation ')I"he cclam0
b;‘?ed ‘tools of so-ciogconomic analysis and remote sensing can provid;a a means 0;’
:blzctlll:ely n.'no'ml.onng sucl_1 char?gcjs ‘in culture and society that are of consiéer—
e :Oltell(‘x.ll and practical significance in terms of rcgional development
‘anc]hinogi‘:, I:; wang.heen seen as o.f fering an examplc of an alternative to cautle
‘.hiftingb[o c-mlé /‘ﬂma‘ Updcrslandmg of h‘OW and why this human community is
Perhap; mm.:is consx’dcrab]e- economic m.ui environmental significance.
i ]‘. - :. mportant to drscgssnons of global environmental change are
g l.'ldl show the large extent of carbon sequestration by second
on al?d Its very high rate in the initial 10 ycars after ab: g e
ariability a5 & funciton of s po ars alter abandonment, its spatial
ol soil fertility.

and the role of 1 ‘o i 1hic
Randolph et al . 1996). the rofe of fand use in this process

In documenting the role of soils we have also found
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some counterintuitive results, such as very large carbon pools in the soil and in
both surface and decp roots. Contrary to past wisdom suggesting that the rool
systems of tropical moist forests are shaflow, we see the legacy of roots deep in
the soil profile (Nepstad et al., 1994).

The results of the studies discussed here have led us in some new research
directions, including examination of the role of the developmental cycle of do-
mestic groups in shaping the (rajectory of land use and deforestation in frontier
regions and the role of community-lcvel organizations in managing foresl re-
sources. Household composition may explain differential rates of deforestation
through time better than current models focusing on migrant origins and flows.
The impact of age and gender composition on strategies of land use is being
examined with support from NICHD. This research will elucidate the impact of
aggregate migration flows relative to that of household types within the migrant
pool and the changing behavior of households through time as they mature and
change in composition. A second line of investigation, under the NSF-funded
Center for the Study of Institutions, Population and Global Change at Indiana
University, is incorporating the community level of organization into our stud-
jes—a level that falls between the household and landscape levels on which we
have focused in the past. At this level, we will be examining the organization of
user groups within communities and the observable differences among groups
using forest resources within different property regimes and demographic spatial
distributions. This level will be linked to the field-level and landscape-level datla
discussed in this chapter.

In both of the above new efforts, remotely sensed data play a key role at
every stage of the research—from the exploration of types of land cover. to the
sampling approach taken in the field work, to the interviews with land users. to
the analysis of land-use changes in time and space. Thesc plans suggest a pro-
ductive collaboration among social scientists, biological scientists, and the re-
mole sensing community for years o come.
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NOTES !

' . . ‘
mmum? ng(a?l;: exception is efforts by Woodwell et al. (1986, 1987) to differentiate betwee
mature ropical forest and sc.condary succession. That Larly effort, unfortunately, encountered hn
mllzauons posed by the spatial resolution of the Landsat Multispectral Scanner ' e e
Wimc,-hAgong those who have pursued the acquisition 6f these skills are Clif;ord Behrens, Bruc
e ‘haa ‘ :rv thc~ late Robert McC, Netting, Endre Nyqrgcs. and Emilio Moran. There ;na b:
oners a ;: escaped our notice. Others have prcferrcr{ conducting cooperative work with rer)r: l
;c ) éesoprc?a N;s&s {e.g.. Conrad Kottak) or taking advant ge of courses offered at their univereil(i,e:
reiy..emirc'g orren and"I'homas Rudel). The choice oF whether to seek such training oncsc‘lf or
oy e y (;'m the cxpertise of collaborators is an importdnt one that reflects personal style, role
he e \.Ut.)an .‘synlh_csns goals. This is a mechanism that, if used by other social science ﬁiu‘:i lin: n
oo § Odsta.n'ually mcrc_asej the number of scholars engaged in this type of work—althou h.thg .
c; mo alities for achieving this goal that are discussed later in the chapler F i
. Indinn:r Swork wo.uld n.ot 'havc been possible without collaboration with the remote sensing grou
o iana la(c' University's Remote Sensing and Gcogkphic Information Systems LaborLl ;
" ;l|9n with Paul MausFI has been particularly valuable over several years e
: Gpcs x:;npc?nancc value is a measure of relative dominance. frequency, and density
evices provide accurate location thro i 3 i : :
of the 24 satellites in the system. ot man%u'amn veing atleast3. and often more
6 .
\igibl;sico):’ iZompo.snes n;ade up of Landsat TM bands 5 \(mid-infrared) 4 (near-infrared), and 3
! ¢ a very realistic piciure of the landscape that facili ; :
A . scape that facilitates their field use in intervicws.
. s¢ a “synthesis table” contajning the struct 1
- ! rk w : S S ural characteristics of «
:]r:;z:'o: land cover classes to guide our training sample data collection. This synthesil.:.s:'act:leoir -
fudes 0:: orr'nauon such'a's average stand height and range oﬂ diameter at breast height for partic It1~
X er classes to fucilitate discrimination of classcs of intcrest. This guide is based on e:'licrmf? T(:
L ic

cgetation inventories cari i i i
i ries carried out in the region, b
. 1] 2 R i HUH N 4
o 2 t it can alxo be based on cxisting studics carried oul
|
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