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Abstract

This paper examines the role of soil fertility and land-use history on the rates of forest successional regrowth in ®ve regions

of the Amazon Basin. Sites are located in the Bragantina Region, TomeÂ AcËuÂ Region, Altamira Region and MarajoÂ Region of

the State of ParaÂ, Brazil and in a region of the Colombian VaupeÂs. Methods used included vegetation inventories of

successional and mature forests, soil sampling, ethnographic assessment of land-use histories, and land cover classi®cation

based on multi-temporal Landsat Thematic Mapper digital satellite data. The paper examines inter-regional differences, intra-

regional differences, and Basin-wide differences in rates of forest regrowth. Inter-regional differences are best explained by

the differences between areas in soil fertility, whereas intra-regional differences are best explained by the differential impact of

land-use history on forest recovery. Basin-wide differences in rates of succession can best be captured by differences in tree

height, and secondarily by differences in basal area. In inter-regional comparisons we found that ultisols, oxisols, and

spodosols present similar rates of regrowth, but considerably slower rates when compared to al®sols. During the ®rst 5±10

years of regrowth, al®sol areas have average stand height 1 m higher, and this difference doubles after 15 years of regrowth. In

intra-regional comparisons, using one region as an example, we found that land-use differences are most able to explain

differences. Areas that had been in swidden agriculture grew back at a rate of 1.5 m per year, as compared with 0.45 m per

year for areas that had experienced mechanized land preparation, and 0.62 m per year for areas that had been in pasture. In

Basin-wide comparisons we have been able to discriminate three distinct stages of secondary succession using structural

criteria, across both soil and land-use types with height as the most predictive criteria of overall structural development. By

comparing our ®ve sites' data with that of other investigators, the paper proposes Basin-wide patterns of regrowth for each of

three structural stages of secondary succession that facilitate linking the ®eld vegetation data to remotely-sensed data of land

cover. # 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Interest in tropical secondary forest successional

processes has steadily increased in the past decade

(Uhl, 1987; Dantas, 1988; Saldarriaga et al., 1988;

Brown et al., 1989; Nepstad et al., 1991; Moran et al.,

1994, 1996; Montagnini and Mendelsohn, 1997;

Tucker et al., 1998 to name but a few). Attention to

succession, rather than deforestation, shifts the focus

from aggregate examination of deforestation rates

(INPE, 1988, 1989, 1998; Lean and Warrilow,

1989; Skole and Tucker, 1993) and climate change

(Salati, 1985; Dickinson, 1987; Shukla et al., 1990;

Gash et al., 1996) to the human use of the landscape. In

other words, it shifts attention from land cover to land-

use. Attention to both land-use and land cover are

necessary to understand successional dynamics.

Succession studies bring attention to local-level and

regional-level trajectories of land-use change (Bron-

dõÂzio et al., 1994, 1996) to differences in post-defor-

estation processes of forest regrowth (Mausel et al.,

1993; Moran et al., 1994, 1996) and to the contribution

of secondary forest regrowth to carbon sequestration

(Dale et al., 1993; Randolph et al., 1996; IPCC, 1998).

By focusing on land-use to understand successio-

nal processes, investigation shifts to things like agri-

cultural use of deforested areas (Uhl et al., 1988;

Nepstad et al., 1991), soil quality and its management

(Tucker et al., 1998), and management practices such

as managed fallows (Denevan and Padoch, 1985;

Brondizio and Siqueira, 1997) that can extend the

productivity of an area or speed up its restoration.

While we must continue to monitor tropical deforesta-

tion and carbon emissions, it is very important that we

also monitor the expansion of successional forests and

the magnitudes of carbon sequestration that these

forests are responsible for, and the rich biodiversity

that these forests nurture. Successional forests provide

important corridors for a variety of mature forest

species, as well as a nursery for the return of the

mature forest, and opportunities for a diverse array of

pioneers.

In this study we explore two hypotheses. First, we

hypothesize that secondary successional regrowth is

largely a function of soil fertility and previous history

of land-use. Other important factors, such as the size

of the area cleared, neighboring vegetation, and cli-

mate factors such as drought, are not considered in this

paper. Second, we hypothesize that despite differences

in regrowth rates that result from differences in soil

fertility and land-use, it is possible to discriminate

structural patterns in initial, intermediate, and

advanced secondary succession across the Amazon

Basin. In order to test these hypotheses, we sampled

secondary vegetation of different ages and contrasting

land-use histories across a gradient of soil fertility

ranging from fertile to infertile soils.

2. Study areas

The ®ve study areas in this study represent differ-

ences in soil fertility conditions and land-use in the

Amazon region. Altamira4 in the Xingu Basin is

characterized by patches of nutrient-rich al®sols and

less fertile ultisols; Ponta de Pedras in MarajoÂ island
is located in a transitional environment composed of

upland oxisols and ¯oodplain alluvial soils; IgarapeÂ-

AcËuÂ in the Bragantina region is characterized by both

nutrient-poor spodosols and oxisols; TomeÂ-AcËuÂ (south

of IgarapeÂ-AcËuÂ) represents a mosaic of oxisols and

ultisols; and YapuÂ located at the VaupeÂs tributary of

the Rio Negro Basin is composed of large patches of

nutrient-poor spodosols intermixed with stretches of

oxisols.

Land-use varies between these areas, but in most

cases it can be characterized as variations of swidden

cultivation, agroforestry, and pasture management.

The site of Altamira, along the Transamazon highway

began to be colonized by settlers in 1971, and has

experienced high rates of deforestation and secondary

succession associated with implementation of agro-

pastoral projects (Moran, 1981; Smith, 1982; Moran

et al., 1994, 1996). In contrast, the Ponta de Pedras,
MarajoÂ site has been historically occupied by Caboclo

populations, mainly devoted to agroforestry activities

in the ¯oodplain and swidden agriculture in the

uplands, although pasture and mechanized agriculture

can be found in the upland oxisols (BrondõÂzio et al.,

1994, 1996; Brondizio, 1996). Land-use in the Igar-

apeÂ-AcËuÂ, Bragantina region has gone through several

phases, and today the dominant form is short-fallow

swidden cultivation and pasture development, given

the proximity of the BeleÂm market for producers.

4 Bold italicized sites refer to the site names found in the figures.
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Cultivation of secondary growth areas has been com-

mon for decades, and islands of mature forest are rare

(Penteado, 1967; EMBRAPA, 1980, 1992). The

TomeÂ-AcËuÂ site has experienced the most intensive

agriculture of our sites and is associated with mono-

crop production, followed by agroforestry develop-

ment during the past two decades carried out by

Japanese colonizers, and now by pasture formation

(Falesi et al., 1964; Batistella and Moran, in prepara-

tion; Gradwohl and Greenberg, 1988; Subler and Uhl,

1990; Yamada, 1999). Finally, the VaupeÂs site at YapuÂ

is populated by indigenous Amazonians who practice

traditional long-fallow swidden cultivation based on

bitter manioc (Dufour, 1983; Castro et al., 2000).

Each, however, has a very distinct landscape and

land-cover pattern that re¯ects human uses in time

and space (see Fig. 1).

3. Methods

Three data sets were used in this analysis: ®eld

inventories of successional and mature forest vegeta-

tion sites, ethnographic assessment of land-use history

associated with fallows, and land cover classi®cation

using Landsat TM satellite images of the study areas.

Fig. 1. Research sites discussed in this paper. Four of them are located in the eastern Amazon of Brazil, while one is located in the Colombian

VaupeÂs, also known as the Northwest Amazon.
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Preparatory steps to image analysis began with geor-

eferencing. This process made it possible to precisely

associate study sites (e.g. a fallow stand) to the image

by using a GPS device (Global Positioning System)

when the image has been precisely overlaid on a

coordinate system in a base map. Other important

steps were image registration and atmospheric correc-

tion to balance spectral differences between dates.

Both procedures are used when multitemporal image

analysis is undertaken (see Mausel et al., 1993; Moran

et al., 1994; Brondizio, 1996 for more details of

methods used).

Our work began with preliminary analysis of satel-

lite images to determine the spatial con®guration and

distribution of land-cover classes in the study area.

During this stage, visual analysis and unsupervised

classi®cation were used. Rather than work with whole

scenes, sub-areas were selected for detailed analysis in

areas representing different kinds of land-use or of

land cover. This is the ®rst step towards linking

regional scale analysis with micro-regional land-use

patterns. These sub-areas make it possible to `think'

more locally while dealing simultaneously with what

is a regional-scale data set, thus providing a prepara-

tory step towards ®eldwork. This step gave us an

important component in choosing ®eldwork strategies,

such as which vegetation classes should be sampled

and the distribution of samples within the study area.

Fieldwork used a bottom-up strategy that made our

research a considerable departure from how other

remote sensing studies commonly proceed. A ®eld-

work protocol was prepared based on a NASA ®eld-

work guide developed for MSS image analysis (Joyce,

1978). We prepared satellite image print-outs (at

scales 1:25,000 or 1:30,000) with a 1 km grid overlay

using a UTM coordinate system that allowed for the

precise location of study sites while in the ®eld and

helped us interact with farmers and record their input

or visual image interpretation of their area. Through-

out the study area interviews were conducted with

farmers in order to obtain land-use histories of sites

that were potential candidates for vegetation and soil

inventories. To reduce possible errors in locating study

areas, we chose candidate sites for inventory that were

relatively large to ensure precise location despite the

degradation of accuracy resulting from Selective

Availability (SA) (i.e. up to 100 m error introduced

by the Defense Department in civilian receivers).

Upon arrival, a discussion with the farmer took place,

followed by a visit to the secondary forest area of

interest. During the interview we recorded the

sequence of management steps applied in the sam-

pling area. Data included the date the forest was cut,

when it was burned and the quality of the burn, when it

was planted, the crop yield, pasture age, and any

repeated burnings since the time of abandonment.

Information on the length of fallow is important to

ensure inclusion of a range of lengths of fallow in the

study and to examine the impact of land-use on

¯oristic and structural attributes of fallow vegetation.

Farmers' descriptions about land-use history were

cross-checked with other information, such as that

provided by comparison with Landsat TM multitem-

poral images. In order to verify the age of fallow and

decrease the margin of error, a series of questions were

asked that included the comparison between age of the

farmers' offspring and the age of the ®eld reported

during the interview. For instance, a typical question

was, `How old was your oldest son when you planted

that ®eld?' Another useful example was the use of

particular events (for instance, a presidential or state

gubernatorial election) to gauge the age of the ®eld.

While visiting the area we veri®ed the coherence

between fallow age and vegetation structure, and

additional questions concerning the land-use history

of the site were posed. If the area was judged to be

appropriate for sampling, we asked permission to have

the team come at a convenient time to carry out the

detailed soil/vegetation inventories.

3.1. Distribution of the research sites

For the purpose of site selection during ®eldwork

and further analysis of the impact of land-use history

on regrowth, age classes were developed as a baseline.

Sites were aggregated at 5-year intervals and prelimi-

narily associated with structural classes. Initial sec-

ondary succession encompassed fallows of 0±5 years,

intermediate secondary succession encompassed fal-

lows of 5±10 years, and advanced secondary succes-

sion represented fallows above 10 years. One stage

grades almost imperceptibly into another, thus creat-

ing periods that mix characteristics of both stages. For

these reasons, sites in the middle of each class range

were selected for sampling in order to understand

unique and overlapping structural features. Age
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classes will be dismissed later in the paper as an

organizing principle of regrowth stages, although they

will be used to study the impact of land-use history on

fallow sites of the same age. As this paper will show,

the structure and composition of successional forests

is a product of land-use history and soil fertility, that

makes age of lesser signi®cance for discussing struc-

ture and process (also see Uhl et al., 1988).

3.2. Vegetation and soil inventory

The sampling strategy used was comparable across

sites and regions. The same plot and subplot sizes were

used at each site and region, allowing cross-compar-

ison and integration at the level of plot, site, and

region. Plots (10�15 m) and subplots (5�2 m) were

randomly distributed, but nested inside each other to

account for the detailed inventory of trees

(DBH�10 cm), saplings (DBH 2±10 cm), seedlings

(DBH<2 cm), and herbaceous vegetation. In the plots,

all the individual trees were identi®ed, and measured

for DBH, stem height (height of the ®rst major

branch), and total height. In the subplots, all individual

saplings were identi®ed and measured for diameter

and total height, while all seedlings and herbaceous

vegetation were identi®ed and counted.

Species identi®cation was carried out by experi-

enced botanists in the ®eld and doubtful identi®cations

were checked at the herbarium of EMBRAPA in

BeleÂm, ParaÂ. Botanical samples were collected from

half of all species identi®ed to ensure accuracy of

taxonomic identi®cation. Identi®cation included

family, genus and species, and common name when

known. At each site sampled a complete soil pro®le

was collected to one meter depth using a Dutch

bipartite bucket auger. The sample was taken within

one of the subplots, after having walked the entire plot

to be sampled to ensure that the soils appeared to be

relatively uniform in the plot. In a couple of cases

when they were not, two samples were taken. Soil

samples were analyzed at the CEPLAC and

EMBRAPA soil laboratories in BeleÂm for chemical

and physical properties. Soil color was recorded using

the Munsell soil color charts. Soil color was recorded

during the same time of the day (i.e. between 4 and

5 p.m.) and on days with comparable cloud cover in

order to avoid bias from change in light intensity

between different sample descriptions.

All inventory and soil data were entered into a

spreadsheet. A stand inventory table including abso-

lute and relative frequency, density, dominance, basal

area, importance value, and stem and total height was

prepared for each of the inventoried sites.

Above-ground dry biomass was derived from inven-

tory data using allometric equations from the litera-

ture. Two different biomass equations were used to

differentiate between trees and saplings. Brown et al.

(1989) equation was used to estimate tree biomass

(DBH�10 cm). Another equation from Uhl et al.

(1988) was used to estimate sapling biomass (DBH

2±10). Brown et al. (1989) equation was selected due

to its focus on estimating mature forest biomass. This

equation was developed based on a large number of

forest inventories from different areas of the tropics,

focusing on adult trees and mature stands. Uhl et al.

(1988) equation was developed from data collected

from different stages of secondary succession sites in

eastern Amazonia, derived mainly from sapling data.

Uhl's generic species equation was selected due to its

applicability to a wide range of species. One repre-

sentative site of each vegetation type was selected for

drawing a vegetation pro®le. Pro®le drawings were

carried out in transects of 4�50 m. All individuals

with DBH�2 cm were identi®ed, measured, and

represented in the pro®le. Attention was paid to

individual architecture, such as shape of trunk, branch

distribution, canopy shape and intersection between

different canopies. This vegetation pro®le was an

important source of information about vegetation

structure and strati®cation. Such information has been

useful during image classi®cation and interpreted in

conjunction with inventory data (Brondizio, 1996;

Tucker et al., 1998). Sampled areas were located on

the satellite image, and its coordinates were obtained

with a Magellan Nav 1000 Pro GPS receiver. In areas

of closed canopy that obscure signal reception by the

GPS device, ground control points were collected on

the fringes of the vegetation and, when possible, at its

corners.

A soil fertility index to summarize differences

between regions was used (Alvim, 1974). The index

uses pH, organic matter, phosphorus, potassium, cal-

cium and magnesium, and aluminum (inverse value).

The index was prepared for each depth (0±20 cm, 20±

40 cm, 40±60 cm, 60±80 cm, and 80±100 cm) and an

average index was prepared across depths.
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The data were submitted to statistical analysis to

provide a structural comparison between sites. One-

way analysis of variance (ANOVA) was performed

using Stata 1.0 software. Each inventoried site was

subdivided into plots (10 plots at each site of inter-

mediate secondary succession (hereafter SS2), 10

plots at advanced secondary succession sites (here-

after SS3), and ®ve plots at each initial secondary

successional site (hereafter SS1). This data arrange-

ment increased the number of samples to be analyzed

and facilitated the comparison of sites on the basis of

standard deviation and variance. Early work using

ANOVA to compare the signi®cance of structural

parameters to discriminate regrowth stages found that

average height is the most signi®cant indicator of

structure (Brondizio, 1996). DBH and basal area were

also tested. Both DBH and basal area gave poorer ®t

because they could not effectively discriminate

between SS2 and SS3 stages (see Basin wide discus-

sion later in this paper). For this reason, only average

height was used to test for differences in rates of

regrowth between and within sites. First, ANOVA

(p�0.05) was used to compare the ®ve regions in

terms of average height across age classes. This made

it possible to reorganize age classes into structural

classes. Second, ANOVA (p�0.05) was repeated, but

this time we controlled for soil fertility differences

between sites. We used the soil fertility index as an

indicator of regional-level fertility.

Using a similar statistical analysis, the data from the

MarajoÂ region was used to analyze the impact of land-

use on regrowth. Land-use was divided into four

categories of intensity: Abandoned pasture (n�15),

swidden cultivation on abandoned mechanized ®eld

(n�15), traditional swidden cultivation (n�30), and

no use (upland forest) (n�20). These classes represent

four intensities of use: heavy (abandoned pasture),

moderate (swidden cultivation on abandoned mechan-

ized ®eld), light (traditional swidden cultivation), and

no use (upland forest).

4. Results and discussion

4.1. Inter-regional differences in rates of regrowth

Soil fertility proves to be a key element that helps to

discriminate between rates of secondary succession in

inter-regional comparisons. This is especially true

when land-use is considered as a variable affecting

rates of regrowth. In nutrient-poor areas nutrient

stocks are largely concentrated in the vegetation

and in the organic horizon of the soil pro®le, rather

than in the mineral soil itself. This is a process well

described for the Rio Negro area (Jordan and Herrera,

1981) and frequently associated with physiological

mechanisms developed by the vegetation to prevent

the loss of the limited nutrients within the vegetation-

soil complex. On the other hand, in nutrient-rich areas,

such as Altamira's al®sols, nutrients in the mineral soil

are more important and are also less concentrated in

the biomass itself.

Nutrient cycles in these two types of regions present

different degrees of susceptibility to anthropogenic

impacts. In nutrient-poor areas, any loss of nutrients

through leaching have serious consequences, particu-

larly in very sandy soils such as the spodosols of the

VaupeÂs and Rio Negro. Therefore, factors in¯uencing

the pace of ground cover and successional vegetation

establishment, such as above-ground root sprouting,

mycorrhizal interactions, and species colonization

from neighboring vegetation, are crucial to avoid

nutrient losses following disturbance. In nutrient-rich

areas, factors affecting species colonization, such as

area size, neighboring vegetation, and micro-climatic

conditions are more likely to be limiting to succession

establishment and development than soil chemical and

physical conditions alone.

Differences in soil types need to be understood in

terms of nutrient availability and other related factors

such as pH, organic matter and cation exchange

capacity, and by differences in soil texture (Moran

and Brondizio, 1998). However, textural differences

also need to consider parent material. This is espe-

cially true for differentiating al®sols and spodosols.

Whereas both soil types are characterized by a clayish

B-horizon and similar amounts of sand in the A-

horizon, spodosols differ from al®sols due to a char-

acteristic spodic horizon composed of hydromorphic

clays. Oxisols and ultisols present small differences in

fertility with the most notable difference being

increasing clay content with depth in the ultisols

(Sanchez, 1976).

Soil structure and texture of the study regions, as

represented by percentage of ®ne sand, coarse sand,

silt, and clay at ®ve depths were analyzed. Coarse sand
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and clay are the elements most able to provide dis-

crimination across regions. Four major textural groups

can be distinguished in the study regions. Altamira

soils have low content of ®ne and coarse sand at all

depths (averaging around 10%) and clay content

above 45% at all depths. The YapuÂ region presents

a similar textural pattern, but differs in the presence of

a spodic-B horizon with low permeability and penetr-

ability, often characterized as groundwater humic

podzols (Sombroeck, 1984). MarajoÂ and Bragantina

soils are rather similar in terms of sand and clay

content at all depths. In both the cases, average ®ne

and coarse sand content are above 25% and average

clay content is below 20% at all depths. TomeÂ-AcËuÂ

soils, although similar overall to MarajoÂ and Brag-

antina, are distinct because of lower content of ®ne

sand (below 25%) and higher clay content (between 30

and 40%) at all depths. Therefore, while the ®rst two

are typical examples of oxisols, TomeÂ-AcËuÂ presents a

soil type closer to ultisols.

Differences in soil fertility are signi®cant between

the study regions. Altamira stands alone in terms of its

high soil fertility, while differences are subtle among

MarajoÂ, Bragantina, TomeÂ-AcËuÂ, and YapuÂ, as shown

in Fig. 2. Average pH above 5 in Altamira contrasts

with pH below 5 in the other regions. A pH above 5.5

is viewed as necessary for most domesticated culti-

gens, except for a few like manioc, cowpeas, and

sugarcane adapted to low pH conditions. However,

within the last group, lower pH is found in MarajoÂ and

YapuÂ (below 4.4 in the ®rst 20 cm) when compared to

Bragantina and TomeÂ-AcËuÂ.

The combined analysis of aluminum and calcium/

magnesium provides further criteria to distinguish

between regions. YapuÂ has the highest aluminum

concentrations and also the lowest concentrations of

calcium and magnesium. This nutrient-poor pattern is

reinforced by the low availability of phosphorus. High

concentrations of aluminum impede root development

and tend to limit absorption of other nutrients, espe-

cially of calcium and magnesium that are closely

related to root growth and plant development

(Lathwell and Grove, 1986). Phosphorus is considered

the most limiting nutrient in Amazonia (Cochrane and

Sanchez, 1982), frequently found only as a trace

(below 1 ppm). Although phosphorus is low at all

sites, Altamira presents larger amounts when com-

pared to the other regions. Only traces of phosphorus

are present in YapuÂ and MarajoÂ. No difference is found

in the amount of organic matter between regions. The

analysis of these elements reveals that soil fertility is

signi®cantly different between Altamira and the other

regions, but similar overall for the other four regions.

This similarity may be further brought out by looking

at particular elements (e.g. pH and Al in Fig. 2).

Analysis of variance shows that soil fertility is a

signi®cant indicator of differences in secondary suc-

cession between regions (Adj r 2�0.69; p�0.05) when

average stand height is used as a parameter to measure

the rate of regrowth. Differences in fertility result in

faster regrowth in Altamira and differentiate it from

the other regions. Similar regrowth rates between

MarajoÂ, Bragantina, TomeÂ-AcËuÂ, and YapuÂ are consis-

tent with their similarity in soil endowments. These

differences are illustrated in Fig. 3 where each site is

compared to Altamira. Altamira is the only region

presenting rates of regrowth above average. During

the ®rst 5 and 10 years, Altamira fallows are a meter

higher when compared to the average fallow of all

other regions. This difference increases by two-fold

after 15 years of fallow. Such an increase may be

related to the faster development of trees in relation to

saplings in Altamira. Overall, Altamira has a lower

understory density and a higher upper story, indicating

a faster pace of tree development and forest structure.

This pattern is reinforced by the differences in family

diversity between Altamira and the other regions.

Overall, family diversity in the understory is higher

during the ®rst 5 years, decreases during the following

10 years and increases again as vegetation reaches a

mature forest-like structure. In the canopy, family

diversity presents a progressive rate of increase as

age proceeds. However, signi®cant variations in this

patterns can be perceived. Whereas Altamira has a

lower understory diversity when compared to other

regions (especially Bragantina), it has the highest

diversity of tree families. The Bragantina region in

particular presents a higher degree of understory

family diversity. The Bragantina landscape is domi-

nated by fallows and a land-use strategy that puts

emphasis on short-fallow swidden cultivation. The

higher diversity of the saplings and the herbaceous

components in this region may be closely associated

with the adaptation of a speci®c group of families and

species to disturbance (Denich, 1991; Vieira et al.,

1996).
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Fig. 2. Comparison of pH, Aluminum, Calcium and Magnesium at the five study regions. For each region (1, 2, 3, 4, 5) chemical status is

presented at each 20 cm of depth (a Ð 0±20 cm depth; b Ð 20±40 cm; c Ð 40±60 cm; d Ð 60±80 cm; e Ð 80±100 cm). It is important to

note that the less aluminium the better, whereas a higher pH, Calcium and Magnesium amount is preferable in these soils.
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4.2. Basin-wide patterns of rates of regrowth

An important ®nd of this study is the characteriza-

tion of Basin-wide stages of regrowth based on the

analysis of average stand height and basal area of the

study sites. Fig. 4 provides a comparison of stand

height data for our ®ve study sites and for nine other

study areas carried out by other investigators. The data

from our sites is consistent with those of other loca-

tions, including some from Ecuador, Peru, and Vene-

zuela that have comparable data (i.e. Uhl, 1980; Flores

Paitan, 1987; Uhl et al., 1988; Saldarriaga et al., 1988;

Dantas, 1989; Irvine, 1989; Denich, 1991; SalomaÄo,

1994; Alves et al., 1997). The data on basal area from

our sites is also consistent with those of these other

study areas (see Fig. 5). Stand height proves to be a

statistically signi®cant discriminator of regrowth

stages at this level. Although less signi®cant, basal

area can also be used to de®ne structural stages of

regrowth. Three structural stages of regrowth can be

delimited based upon our inter-regional comparison:

initial (SS1), intermediate (SS2), and advanced (SS3)

regrowth stages. Each of these stages can be broadly

associated with age classes, but, more importantly,

they have distinctive clustering that allows for Basin-

wide comparisons (see Fig. 6).

Initial secondary succession (SS1) is associated

with a period of establishment that includes herbac-

eous and woody species. Saplings are the main struc-

tural element in a SS1 landscape and represent the

majority of the vegetation biomass. This stage ranges

in average height from 2 to 6 m, depending on regional

characteristics and land-use history. Most of indivi-

duals have height equal to or less than 2 m during the

®rst two years, whereas individuals between 3 and 6 m

start to contribute signi®cantly after that. In terms of

basal area, this stage presents a variation that ranges

from 1 to 10 m2/ha. The vast majority of individuals at

this stage have DBH ranging from 2 to 5 cm. In age

terms, it encompasses the ®rst 5 years of fallow.

Intermediate secondary succession (SS2) is char-

acterized as a period of selection wherein the thinning

of herbaceous and grass species, a rapid increase in

sapling dominance, and small trees occurs. During this

Fig. 3. The trajectory of increments in height in secondary succession. Altamira develops much faster than all other sites and the difference

increases over time. This allows Altamira to develop an upper story canopy faster, which leads to a more forest-like appearance not only in the

canopy but also in the relatively sparse understory. (Source: Moran and Brondizio, 1998, 108). Y-axis is height in meters. X-axis is age in

years.
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Fig. 4. Comparison of regrowth stages by relative stand height in our five study areas with seven other study areas researched by other

investigators. Asterisk denotes our five study areas; 1 Ð the study by Dantas (1989); 2 Ð the study by Denich (1991, Bragantina); 3 Ð the

study by Flores Paitan (1987, Peru); 4 Ð the study by Saldarriaga et al. (1988, Rio Negro, Venezuela); 5 Ð the study by SalomaÄo, (1994,

Bragantina); 6 Ð the study by Uhl (1980, San Carlos de Rio Negro, Venezuela); 8 Ð the study by Uhl et al. (1988, Paragominas, Brazil).

Fig. 5. Comparison of basal area in fallows of different ages in our five study areas and eight study areas researched by other investigators.

Asterisks denote data from our five study areas; 1 Ð the study by Dantas (1989); 2 Ð the area studied by Denich (1991, Bragantina); 3 Ð the

area studied by (Flores Paitan (1987, Peru); 4 Ð the area studied by Saldarriaga et al. (1988, Rio Negro, Venezuela); 5 Ð the area studied by

SalomaÄo (1994, Bragantina); 8 Ð the area studied by Uhl et al. (1988, Paragominas), 10 Ð the area studied by Alves et al. (1997, RondoÃnia)

and 18 Ð the area studied by Irvine (1989, Ecuador).
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stage, saplings are still a major contributor to total

basal area and biomass, and young trees dominate

canopy structure. It is at this stage that vegetation

begins to differentiate canopy from understory indi-

viduals, but strati®cation is still subtle. The increase in

shade during this stage is an important element in

species selection. This stage (SS2) ranges in average

height from 7 to 13 m. Overall, the majority of indi-

viduals have 4±9 m in height, while DBH is between 5

and 15 cm. A small number of individuals can reach a

height ranging from 10 to 15 m. In terms of basal area,

this stage ranges from 10 to 25 m2/ha. It encompasses

fallows from 5 to 15 years.

Advanced secondary succession (SS3) is character-

ized by the subtle strati®cation between understory

and canopy and by the decreasing contribution of

saplings to total basal area and biomass. This stage

(SS3) ranges in average height from 13 to 17 m, with a

considerable number of individuals with only 6±13 m

in height. Individuals with DBH from 10 to 15 cm are

still of major importance at this stage, but a consider-

able number of larger individuals are present. Basal

area has a similar range to the intermediate stage,

although sites with larger basal area are likely to occur

at advanced age. One of the reasons for similar basal

area is related to the process of species selection that

occurs between SS2 and SS3. Fast growth trees that

occupy SS2 (e.g. Cecropia spp.) and contribute to its

basal area are replaced by forest tree species during

SS3. Therefore, instead of a progressive increment in

basal area from SS2 to SS3, there is a replacement of

the species and individuals contributing to it. Since

forest tree species tend to have a slower rate of

diameter growth in relation to height development,

increment in basal area tends to be slower during this

stage. Thus, advanced secondary succession (SS3) can

be termed a period of transition towards mature forest

structure that includes the thinning of the understory

and the dominance of tree species. In age terms, this

stage encompasses fallows older than 15 years.

Mature forest vegetation varies widely within the

Amazon Basin. Average height varies from less

than 15 m to around 24 m. However, distinguishing

between forest and advanced regrowth can be

achieved by taking into account additional features

that characterize mature forest vegetation. First,

Fig. 6. Comparison of regrowth stages and average stand height in meters at our five study areas. The circles constitute our proposed range for

initial, intermediate and advanced secondary growth along an average stand height criteria that seems to describe most Amazonian sites,

despite soil fertility and land-use differences. A few outlier stands are present. (Source: Moran and Brondizio, 1998, 109).
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species composition needs to be considered a discri-

minator of forest environment. Mature forest has

higher canopy and understory diversity characterized

by the presence of particular species not found else-

where. Emergent trees with very large diameter are

also distinctive. Most individuals have DBH above

30 cm and height greater than 15 m. Basal area in

mature forest (upland) ranges from 25 to 50 m2/ha,

therefore, providing a distinct structural difference

from advanced regrowth.

In summary, establishment accounts for pioneer

colonization of grass, vines, shrubs, and seedlings.

This stage is followed by a selection that favors young

trees and saplings. In turn, this second stage is fol-

lowed by a transition in which large trees shade an

understory composed of fewer saplings and a larger

number of species with fewer individuals.

This model of regrowth stages (see Fig. 6) can be

largely applied to the Amazon region. Land-use inten-

sity, landscape diversity, and soil fertility variables

speed up or slow down a vegetation's structural devel-

opment, thus making comparison of major attributes

such as height, DBH and basal area dif®cult if not

impossible if one relies exclusively on age to describe

secondary forest vegetation. For instance, dominance

of grasses in abandoned pasture speci®cally controls

the colonization by seedlings, whereas in an area of

traditional swidden cultivation, a larger number of

species is expected to enjoy more equal opportunity

for colonization. The nature of this process is closely

related to the future structure of intermediate and

advanced stages of secondary vegetation. The faster

establishment of tree species during initial and inter-

mediate stages is likely to speed up regrowth towards

an advanced structural stage, as we saw earlier for the

Altamira site.

The proposed regrowth classes provide a useful

baseline for remote sensing interpretation and for

comparison between regions given the ¯exibility

that it provides to investigators, and that it appears

to hold across sites in Brazil, Ecuador, Venezuela

and Peruvian Amazonia. It may also ®nd applications

in developing a model of regrowth and to unveil land-

use strategies that are likely to improve the economic

use of fallow vegetation (Brondizio, 1996; Brondizio

and Siqueira, 1997; Moran et al., 2000). We have

found creative use of abandoned fallows, as have

others, wherein continued economic use of planted

and pioneer species increases the value of these

areas to the human population. Fruit trees with a tall

enough canopy to remain above the growing pioneer

species for up to 10 years, fallow enrichment with

valuable rapid growing native species such as maho-

gany, and the creation of agroforestry groves that

combine native species with exotics are among the

land-use strategies which mimic successional forest

structure and function, while meeting immediate

human needs.

4.3. Intra-regional differences in rates of regrowth

and the impact of land-use history

The variation in land-use practices in the MarajoÂ

region provides an interesting example of the impact

of land-use history on regrowth. Land-use strategies in

the region encompass a mosaic of land-use types

representative of Amazonia: traditional swidden cul-

tivation, agroforestry, mechanized agriculture, and

cattle ranching. These land-use types are analyzed

here in relation to average stand height and biomass.

Analysis of variance examining the relationship

between age and regrowth structure (i.e. average stand

height), shows that land-use type has a signi®cant

impact on regrowth. The analysis of average stand

height indicates that fallows following traditional

swidden cultivation increase in stand height by incre-

ments of 1.5 m/year, while fallows in areas of aban-

doned pasture and abandoned mechanized ®elds,

increase 0.62 m and 0.45 m, respectively (see

Fig. 7). However, this is not a linear increment. Height

increments are larger during the ®rst 8 years and tend

to decrease after that.

The contribution of understory and canopy to total

biomass is also a good indicator of overall changes

characterizing vegetation development in relation to

land-use impact. As succession proceeds, there is a

progressive increase in the importance of canopy over

understory vegetation. In other words, while for initial

secondary succession the understory accounts for the

majority of biomass at the site, at intermediate and

advanced stages the importance of canopy individuals

increases. There is a positive correlation between age

and canopy biomass and a negative correlation

between age and understory biomass. Overall, fallows

following traditional swidden cultivation have higher

total biomass in all the cases examined. Fallows
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following traditional swidden cultivation have a

higher dominance of canopy biomass by the 8th year

of fallow. Understory vegetation tends to be dominant

for a longer time in sites more heavily used, indicative

of slower pace tree development and a higher density

of saplings. The variations in the process of structural

transition, evident in the interplay between saplings

and trees in relation to height, density and biomass,

reinforce the value of using land-use history as a

variable in succession studies.

Fig. 7. Impact of previous land-use on above ground biomass (understory, canopy and total biomass), Ponta de Pedras, ParaÂ State, Brazil.

Traditional swidden fallow are compared to pasture and mechanized field uses.
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5. Conclusions

This study has sought to identify the responses of

major variables at different levels of analysis for

secondary successional processes in Amazonia.

Whereas soil fertility is particularly important in

explaining inter-regional differences in rates of

regrowth, land-use intensity and landscape diversity

are more important in the intra-regional analysis.

Another contribution of this paper has been the devel-

opment of a Basin-wide association between total

height and regrowth stages that seems to apply to

large-scale analysis of land-use and deforestation

dynamics in Amazonia. If con®rmed by further stu-

dies, this height-based shortcut to understanding struc-

tural pattern will assist with environmental monitoring

of secondary vegetation and estimation of carbon

sequestration by secondary forests. This will be parti-

cularly true when soon-to-be launched orbital satel-

lites begin to provide a way to estimate with relative

accuracy tree-height data (Janetos, pers. commun.).

Secondary succession has socioeconomic and eco-

logical importance at local, regional, and global

scales. Therefore, understanding the nature of

regrowth processes requires the integration of a vari-

ety of methods nested at different scales in spatial and

temporal terms. Remote sensing and GIS technologies

offer important opportunities for vegetation ecologists

in understanding the spatial and temporal dimensions

of regrowth, such as those related to landscape diver-

sity, area, and neighboring vegetation. Vegetation

ecologists will increasingly pursue large-scale analy-

sis made possible by remote sensing, while remote

sensing analysts will be able to improve the ®neness of

land-use analysis by calibrating large-scale studies at a

number of site-speci®c sites to grasp subtle and not so

subtle variations in structure and species composition

that have escaped them in the past. Social scientists

have begun to contribute to a better understanding of

the human dimensions of these processes as members

of research groups that combine all three types of

scienti®c communities (see Liverman et al., 1998).

Together, vegetation ecologists, remote sensing ana-

lysis, and social scientists complement each others's

questions, while developing interdisciplinary methods

and research strategies to understand reforestation

processes in AmazoÃnia and elsewhere. This paper is

an example of this blending of scienti®c traditions in

the interest of understanding land-use and land cover

change in Amazonia. It is our hope that other scientists

test our ®ndings at their sites and contribute to a

cumulative data set that makes comparison of second-

ary successional areas increasingly straight-forward.
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