
 
 
The text that follows is a PREPRINT. 
 
Please cite as: 
 
Laurance, W.F., P.M. Fearnside, S.G. Laurance, P. Delamonica, T.E. Lovejoy, J.M. Rankin-

de Merona, J.Q. Chambers and C. Gascon. 1999.  Relationship between soils on 
Amazon forest biomass: A landscape-scale study. Forest Ecology and Management 
118(1-3): 127-138. 

 
ISSN: 0378-1127 
 
Copyright: Elsevier 
 
The original publication is available at: http://www.elsevier.com.nl       
 
 



Send proofs to: 
William F. Laurance 
Biological Dynamics of Forest Fragments Project 
INPA Ecologia, C.P. 478, 
Manaus, AM 69011-970, Brazil 
Fax: 55-92-642-2050 
E-mail: wfl@inpa.gov.br 
 
 

RELATIONSHIP BETWEEN SOILS AND AMAZON 
FOREST BIOMASS: A LANDSCAPE-SCALE STUDY 

 
 

William F. Laurance1, Philip M. Fearnside2, Susan G. Laurance1, Patricia Delamonica1,  
 

Thomas E. Lovejoy3, Judy M. Rankin-de Merona1, Jeffrey Q. Chambers4, and Claude 
Gascon1  

 
 

1Biological Dynamics of Forest Fragments Project and 2Department of Ecology,  
National Institute for Research in the Amazon (INPA), C.P. 478,  

Manaus, AM 69011-970, Brazil 
3Counselor to the Secretary for Biodiversity and Conservation, Smithsonian Institution, 

Washington, D.C. 20036, USA 
4Department of Ecology, Evolution, and Marine Biology, University of California,  

Santa Barbara, CA 93106, USA  
 

Running head: Amazon soils and biomass 



 
 

1

Abstract 
Above-ground dry biomass of living trees including palms was estimated in 65 1-ha plots 
spanning a 1000-km2 landscape in central Amazonia.  The study area was located on heavily 
weathered, nutrient-poor soils that are widespread in the Amazon region.  Biomass values 
were derived by measuring the diameter-at-breast-height (DBH) of all >10 cm trees in each 
plot, then using an allometric equation and correction factor for small trees to estimate total 
tree biomass.  Detailed information on soil texture, organic carbon, available water capacity, 
pH, macro- and micro-nutrients, and trace elements was collected from soil surface samples 
(0-20 cm) in each plot, while slope was measured with a clinometer.   

Biomass estimates varied more than two-fold, from 231 to 492 metric tons ha-1, with 
a mean of 356+47 tons ha-1.  Simple correlations with stringent (P<0.006) Bonferroni 
corrections suggested that biomass was positively associated with total N, total exchangeable 
bases, K+, Mg2+, clay, and organic C in soils, and negatively associated with Zn+, aluminum 
saturation, and sand.   An ordination analysis revealed one major and several minor soil 
gradients in the study area, with the main gradient discriminating sites with varying 
proportions of clay (with clayey soils having higher concentrations of total N, organic C, 
most cations, and lower aluminum saturation and less sand).  A multiple regression analysis 
revealed that the major clay-nutrient gradient was the only significant predictor, with the 
model explaining 32.3% of the total variation in biomass.   

Results of the analysis suggest that soil-fertility parameters can account for a third or 
more of the variation in above-ground biomass in Amazonian terra-firme forests.  We suggest 
that, because the conversion of forest to pasture tends to reduce the nitrogen, clay, organic 
carbon, and nutrient contents of soils, forests that regenerate on formerly cleared lands may 
have lower biomass than the original forest, especially in areas with low soil fertility. 
 
Keywords:  Amazon Basin; Biomass; Carbon Cycle; Ferralsols; Global Warming; Pasture 
Conversion; Soils; Terra-firme Forests; Tropical Rainforests. 
 
INTRODUCTION 
The rapid clearing and burning of tropical forests is an important source of greenhouse gases 
such as carbon dioxide, methane, and nitrous oxide, which are the main causes of global 
warming (Houghton, 1991; Fearnside, 1995).  Nowhere is deforestation occurring faster than 
in the Amazon (Dale and Pearson, 1997; Whitmore, 1997).  In Brazilian Amazonia, for 
example, forest clearing has accelerated in recent years, from about 1.4 million hectares per 
year in the early 1990s to over 2.0 million hectares per year since 1995 (INPE, 1996, 1998; 
Laurance, 1998). 
     Data on biomass and carbon storage in Amazonian forests are limited (e.g. Uhl et al., 
1988; S. Brown et al., 1992; Brown et al., 1995), and have been the subject of considerable 
controversy (e.g. Brown and Lugo, 1984, 1992; Fearnside, 1985, 1986, 1992).  Recent 
estimates of Amazon biomass have varied by more than a factor of two, largely from the use 
of differing methodologies and study areas (Brown et al., 1995).  Clearly, there is a need for 
additional studies of Amazon forest biomass, and of factors that cause natural variability in 
biomass.   

Here we report on a large-scale study of biomass and soils in Amazonian terra-firme 
rainforest.  Rainforest occupies most of the Amazon Basin and its biomass greatly exceeds 
that of any other forest type in South America (Brown, 1987).  Very few studies have 
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assessed effects of soils on tropical forest biomass, although investigators have often 
searched for relationships between soil or drainage features and plant species composition 
(e.g. Hoberg, 1986; Hubbell and Foster, 1986; Baillie et al., 1987; Brown, 1987; Ter Steege 
et al., 1993; Clark et al., 1995; Ruokolainen et al., 1997; Sollins, 1998; Tanner et al., 1998).  
In tropical forests that receive relatively infrequent disturbances, soil fertility is generally 
negatively correlated with species richness (Huston 1980), excepting sites of extremely low 
fertility (such as white sand soils).  The majority of rainforests in the Brazilian Amazon occur 
on heavily weathered, nutrient-poor soils (Brown, 1987), and, compared to rainforests on 
richer substrates, tend to have lower nutrient budgets and a higher proportion of nutrients 
contained in the living material of the ecosystem (Klinge, 1976; Herrera and Jordan, 1981).   
     In this study we describe variation in above-ground tree biomass in 65 1-ha plots 
spanning an extensive (ca. 1,000 km2) central Amazonian landscape.  Detailed data on soil 
chemistry and texture are used to assess the influence of soil factors on biomass in each plot. 
 Based on our findings, we consider some ways in which soil degradation associated with 
pasture conversion could limit the accumulation of biomass in regenerating forests.    
 
METHODS 
Study area 
The study site spans an area of ca. 20 X 50 km in central Amazona, about 80 km N of 
Manaus, Brazil (2o 30' S, 60o W).  Today, this area is a partially fragmented landscape 
(Lovejoy et al., 1986; Laurance et al., 1997, 1998), but all biomass estimates reported here 
were recorded before or during initial forest clearing, from Jan. 1981-Jan. 1987.  Rainforests 
in the study area are evergreen and terra-firme (not seasonally flooded), and range from ca. 
50-100 m elevation.  The climate is tropically hot.  Rainfall ranges from 1,900-2,500 mm 
annually with a dry season from June to October (Rankin-de Merona et al. 1992). 
     The dominant soils in the study area would be classified as xanthic ferralsols in the 
FAO/UNESCO system (and as Allic Haplorthozes [Oxisols] in the U.S. soil taxonomy, and 
as yellow latosols in the Brazilian system [see Beinroth, 1975]).  Ferralsols are widespread in 
the Amazon Basin, heavily weathered, and usually have a low base saturation.  They often 
are well aggregated, porous, and friable, with variable clay contents.  Clay particles in 
ferralsols can form very durable aggregations, giving the soil poor water-holding 
characteristics, even with high clay contents (Richter and Babbar, 1991).  Xanthic ferralsols 
in the Manaus area are derived from Tertiary deposits and are typically acidic and very poor 
in nutrients such as P, Ca, and K (Chauvel et al., 1987).  
           
Biomass 
Estimates of above-ground dry biomass (AGBM) of live trees (included palms) were 
recorded in 65 square, 1-ha plots.  AGBM was estimated by carefully measuring (to the 
nearest 1 mm) the diameters of all trees >10 cm diameter-at-breast-height (DBH=1.3 m 
above the ground).  Buttressed trees were measured just above the buttresses.  DBH 
measurements were converted to biomass estimates with an allometric model derived from 
319 trees from local rainforests (Santos, 1996), as follows: 
 
                  AGBM = (exp(3.323 + (2.546 X (ln(DBH/100))))) X 600               (1) 
 
The 319 trees used to derive equation (1) ranged from 5-120 cm DBH and were destructively 
sampled to determine AGBM.  The trees were randomly selected at a site ca. 20 km SW of 
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our study area, in very similar lowland terra-firme forest (Santos, 1996).  AGBM estimates 
for each plot were adjusted upward by 12% to account for trees of <10 cm DBH (Jordan and 
Uhl, 1978).  Lianas, the only other abundant woody plants in the study area, account for only 
a small fraction (<2%) of total AGBM in these forests (Laurance et al., 1997). 
 
Soil predictors 
A total of 25 soil parameters were recorded from soil-surface samples (0-20 cm) collected 
within each plot, while slope was measured with a clinometer.  The field and laboratory 
methods used for soil analyses are detailed in Fearnside and Leal-Filho (in press), and briefly 
summarized here. 
     Each 1-ha plot was divided into 25 quadrats of 20 X 20 m each.  Within each plot, 
9-13 quadrats were selected for sampling, using an alternating pattern to provide good 
coverage of the plot.  Within each quadrat, 15 surface samples were collected at haphazard 
locations using a soil auger, then bulked and subsampled.  Composite samples for each 
quadrat were oven-dried, cleaned by removing stones and charcoal fragments, then passed 
through 20 mm and 2 mm sieves.  In all cases, values for soil parameters were derived 
separately for each quadrat, then combined to yield a mean value for each 1-ha plot.     
     Textural analyses were conducted to separate samples into clay (particles <0.002 mm 
diameter), silt (0.002-0.05 mm), fine sand (0.05-0.2 mm), and coarse sand (0.2-2 mm) 
fractions, using the pipette method.  Available water capacity (equivalent to "maximum 
plant-available water"), a measure of the amount of water the soil can hold in a form 
extractable by plant roots, was estimated as the difference between the field capacity 
(moisture content retained in soil under a suction of 0.33 atmospheres) and the wilting point 
(moisture content retained at 15 atmospheres), using a pressure membrane apparatus.  As is 
standard practice, samples were dried, sieved, and re-wetted before determining available 
water capacity, making the results only an index of water available to plants in the field. 
     A pH meter was used to measure soil pH.  Total N was determined by Kjeldahl 
digestion (Parkinson and Allen, 1975) and total organic C by dry combustion.  Total P was 
determined by digestion in HNO3+, HClO4, and HF (Lim and Jackson, 1982), and reaction 
with ammonium molybdinate.  PO4

3- was measured in an autoanalyzer using the 
molybdenum blue method (Jorgenson, 1977).  K+ was determined by atomic emission 
spectroscopy at the Brazilian Center for Nuclear Energy and Agriculture (CENA), 
Piracicaba, São Paulo, while Ca2+, Mg2+, Na+, S, Cu, Fe, Mn2+, Zn+, Al3+, and H+ in soil 
were measured by atomic absorption spectrophotometry at CENA after digestion in HClO4, 
HNO3, and H2SO4 (Jorgenson, 1977).  Organic (Walkley-Black) carbon to total nitrogen 
(C/N) ratios were calculated to provide an index of N availability; if C/N>15, there is very 
little N available for plant growth. 

Cation measures were derived without Na+, which is generally a minor constituent of 
exchangeable bases and was recorded at only a limited number of study sites.  These 
measures included cation exchange capacity (CEC), which is the sum of K+, Ca2+, Mg2+, 
Al3+, and H+; total exchangeable bases (TEB), the sum of K+, Ca2+, Mg2+, and Na+; and 
aluminum saturation, which is ((Al3+ + H+)/CEC) X 100.  Samples were digested in HClO4, 
HNO3, and H2SO4, and extracts for cation determination were buffered to pH 7.0, the 
standard practice in Brazil (SNLCS-EMBRAPA, 1979).   
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Data analysis 
We used two strategies to search for associations between soil variables and biomass.  First, 
simple correlations were used to test the effect of each variable on biomass.  This involved a 
large number of tests, so a Bonferroni-corrected alpha value (P=0.006) was employed to 
reduce the likelihood of spurious correlations.  Bonferroni corrections were generated using 
an experiment-wise error rate of 0.15 to limit the probability of Type II statistical errors (cf. 
Chandler, 1995). 
     Second, we used an ordination analysis to describe major gradients in the soil data, 
using a subset of 19 variables that were recorded at >38 plots, then tested the effects of these 
gradients on biomass using a multiple regression analysis.  This approach ensures that 
multiple regressions do not suffer from colinearity effects because the ordination axes are 
statistically independent, and minimizes the chance of spurious associations because only a 
few axes are tested.  Best-subsets regression was used to select the predictors (Sokal and 
Rohlf, 1995).  Performance of the final regression model was assessed by comparing the 
standardized residuals to the fitted values and to each significant predictor (cf. Crawley, 
1993).  

We used Principal Components Analysis (PCA) as the ordination method, with 
analyses run on the PC-ORD package (McCune and Mefford, 1995).  All variables were 
weighted equally prior to analysis, using the standardization by maximum method (Noy- 
Meir et al., 1975).  A comparison of PCA with results from other ordination techniques 
(Detrended Correspondence Analysis, Nonmetric Multidimensional Scaling) revealed that 
the PCA axes were concordant with those from the other methods, suffered from no "arch 
effects" (cf. Gauch, 1982), and were slightly better predictors of AGBM in multiple 
regression models.  
RESULTS 
Variation in biomass 
In the 65 plots, AGBM was approximately normally distributed (Fig. 1).  AGBM varied more 
than two-fold, from 230.7 to 491.6 metric tons ha-1, although most (83%) plots ranged from 
300-425 tons ha-1.  The overall mean was 355.8+47.0 tons ha-1 (X+SD). 
 
Simple correlations 
Even with the stringent Bonferroni corrections, nine of the 26 variables were significantly 
correlated with AGBM (Table 1).  Biomass was positively associated with total N, total 
exchangeable bases, K+, Mg2+, clay, and organic C, and negatively associated with Zn+, 
aluminum saturation, and fine sand.  

Slope clearly had a negative effect on biomass, but the correlation was marginally 
nonsignificant using the Bonferroni correction (r= -0.407, P=0.012), probably because slope 
data were recorded at only 37 plots.  Slope also had important effects on many soil variables, 
with flatter areas having significantly higher concentrations of clay, silt, organic C, total N, 
total exchangeable bases, K+, Mg2+, and Mn2+, and steeper areas having more sand and 
higher aluminum saturation (Table 2).    

 
Ordination of soil variables 
The ordination analysis revealed three main soil gradients in the study area (Table 3).  
Subsequent axes explained <6% of the total variation in the dataset, and are not considered 
further.  Axis 1, which captured over half (53%) of the total variation in the dataset, 
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described a gradient between plots with high clay content (high total N, organic C,  
exchangeable bases, K+, Mg2+, Ca2+, Al3+, H+, and CEC), and those with high sand (high 
aluminum saturation).  Axis 2, which explained 19% of the variation, mainly described a 
continuum in soil pH, with more-acidic sites having less total P and higher Al3+ and Ca2+.  
Axis 3, which explained 8% of the variation, described a gradient between sites with higher 
available water capacity, and those with more phosphate.   
     Using best subsets and multiple regression analysis, only PCA axis 1 was a significant 
predictor of AGBM (Fig. 2).  The slope of axis 1 was positive, indicating higher biomass on 
more-clayey substrates.  The regression was highly significant (F1,36=17.18, P=0.0002), 
explaining 32.3% of the total variation in AGBM. 

To further assess effects of soil variables on AGBM, we used partial correlations to 
remove the effects of PCA axis 1, then examined residual correlations between AGBM and 
the original soil variables (Table 4).  When a Bonferroni correction was used, no variables 
were significantly correlated with AGBM, although four (pH, total N, Al3+, CEC) were 
significant or nearly so at the P<0.05 level.  Notably, neither phosphate nor total P had 
significant effects on AGBM.     
 
Effects of nitrogen 
Because the conversion of forest to pasture can lead to substantial losses of clay, organic C, 
and N, P, and K stocks in soil, we explicitly assessed the influence of these five factors on 
AGBM, excluding all other soil variables.  Using multiple regression analysis, total N was 
selected as a highly significant predictor (F1,36=22.41, P<0.0001), accounting for 38.4% of 
the variation in AGBM (Fig. 3).  No other variables were included in the final model, even 
when a number of additional, key variables were included as potential predictors (available 
water capacity, C/N ratio, pH, PO4

3-, aluminum saturation, total exchangeable bases). 
 
DISCUSSION 
Soil variation 
The dominant soils in our study area, ferralsols, are estimated to encompass about 40% of the 
Amazon Basin (Richter and Babbar, 1991).  Although heavily weathered and infertile, these 
soils often support dense evergreen rainforests that have evolved an array of efficient 
nutrient- conservation mechanisms in order to cope with the paucity of soil nutrients (Herrera 
et al., 1978; Stark and Jordan, 1978; Herrera and Jordan, 1981).  
     On a landscape scale, the dynamics of soils and forests in the central Amazon are 
markedly influenced by local topography (Table 2).  Flat areas have high clay contents 
(typically 45-75%), which are associated with relatively high (although still very modest) 
concentrations of important nutrients such as nitrogen and exchangeable bases (K+, Ca2+, 
Mg2+, Na+).  On sloping terrain, however, a "podzolization" process occurs over time 
because lateral water movement results in the gradual destruction of clay-rich upper soil 
horizons.  This ultimately leads to the creation of dendritic valley systems with increasing 
sand on lower slopes and valley bottoms (Chauvel et al., 1987; Bravard and Righi, 1989).  At 
the extreme end of the clay-sand gradient, white sands predominate and may result in the 
development of heath-like vegetation (termed campina and campinarana), composed of only 
scrubby trees and shrubs (Guillaumet, 1987; Duivenvoorden, 1996).   
     The ordination analysis revealed one major and two minor soil gradients in our study 
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area (Table 3).  The most important gradient is the clay-sand continuum, with sand increasing 
on slopes and in gullies.  Clayey soils have higher concentrations of nitrogen and most 
cations, including aluminum ions.  Clays have more binding sites for cations, largely because 
clay content is positively correlated with organic matter, which is an important determinant 
of cation exchange capacity in soils with clays of low activity, like the Amazonian ferralsols 
(Lenthe, 1991).  In allic (high aluminum) clays that are common in Amazonia, a strong 
positive correlation also exists between clay content and aluminum (Fearnside and Leal-
Filho, in press).   

The second gradient is related to soil pH, with more-acidic sites having less total 
phosphorus and higher aluminum and calcium ion concentrations.  Soil pH is known to 
strongly influence aluminum, calcium, and magnesium ions in tropical soils (Sanchez, 1976; 
Fearnside, 1984).  However, while the relationship between pH and Al3+ is in the expected 
direction, the relationship with Ca2+ is the reverse of expected.  This, and the fact that Ca2+ 
is also correlated with axis 1 (Table 3), suggests that Ca2+ levels are being influenced by 
several factors.  It is noteworthy that the acidity gradient was largely independent of the 
major clay-sand continuum.   

The third axis was mainly a gradient between soil phosphate and available water 
capacity.   Phosphate, the form of phosphorus available to plants, was not significantly 
correlated with total phosphorus in the study area (r=0.18, d.f.=36, P>0.25), indicating that 
additional factors influence phosphate availability.  Acidity is probably one key factor; 
phosphate declines when soil pH falls below 5.5 (Young, 1976), and soils in our study area 
are highly acidic, with pH ranging from 3.4 to 4.5.  Phosphate also is positively associated 
with organic carbon and iron and aluminum oxides in Amazonian ferralsols, which in turn 
increase in clayey soils (Bennema, 1977; Proctor, 1995).   
 
Biomass in relation to soils 
Studies that attempt to correlate vegetation with soil features have limitations.  Because many 
soil parameters are intercorrelated, confounding factors may obscure effects of some 
variables.  A failure to find significant correlations can also occur because samples 
encompass only part of the range of variation in a soil parameter, or because threshold effects 
create nonlinearities between variables (Sollins, 1998).  Thus, following correlative studies, 
field experiments are needed to firmly establish cause and effect relationships between 
vegetation and soil parameters (e.g., Tanner et al., 1998).      

Despite such limitations, our results clearly suggest that above-ground biomass of 
Amazonian terra-firme forests, at least those on nutrient-poor ferralsols, are influenced by 
soil characteristics.  This result initially appears at variance with other studies (cf. Proctor, 
1995).  Based on their review of rainforest mineral nutrition, for example, Vitousek and 
Sanford (1986) conclude that "an association between soil fertility and above-ground biomass 
is...unlikely in any but the most extreme cases", while Anderson and Spencer (1991) suggest 
that "there appears to be little evidence that the stature and productivity of mature forests are 
related to the inherent fertility of parent soil."  It may be, however, that the heavily leached 
soils typical of much of the Amazon represent just the kind of "extreme case" mentioned by 
Vitousek and Sanford (1986), where soil nutrients do in fact limit above-ground biomass.       

Both the simple correlations (Table 1) and regression models (Fig. 3) suggested that 
total nitrogen was the single most important soil variable.  This result runs counter to several 
recent studies.  In a recent review of soil factors that influence species composition in 
lowland tropical rainforests, for example, Sollins (1998) suggested the key factors are, in 
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order of decreasing importance, phosphorus availability, aluminum toxicity, drainage, water-
holding capacity, and availability of potassium, calcium, and magnesium.  Nitrogen 
availability apparently constrains productivity at tropical montane sites (Vitousek and 
Sanford, 1986; Tanner et al., 1998), but is thought rarely to limit growth in lowland 
rainforests (Sollins, 1998).  Nitrogen was, however, assumed to limit plant growth in a 
logging and nutrient-dynamics model developed for a lowland site near our study area (Biot 
et al., 1997).      

It seems possible that nitrogen emerged as a key predictor simply because phosphate, 
generally regarded as the most critical limiting factor in lowland rainforest soils, varied little 
across our study area (Table 1).  Phosphate levels were uniformly low and ranged from only 
0.022 to 0.041 milli-equivalents per 100 g of soil, less than a two-fold difference.  Newbery 
and Proctor (1984) suggest that differences in soil chemistry need to be considerably larger, 
on the order of 3-5-fold, in order to cause detectable shifts in rainforest floristic composition. 
 It is also possible that the phosphate pool in our study area is seasonally dynamic, and that a 
single field measurement fails to provide a reliable estimate of long-term phosphate 
availability.                 

Aside from the seemingly weak effect of phosphate, our results are intuitively 
appealing: above-ground biomass increases on clayey soils with greater nitrogen, organic 
matter, and exchangeable bases, and declines in sandy soils with higher aluminum saturation 
(Fig. 2).  Aluminum ions are toxic to plants in high concentrations, and in acidic soils usually 
form complexes with phosphate, exacerbating the problem of phosphate limitation (Sanchez, 
1976).   The strong correlation between biomass and zinc (r=-0.601, P=0.002; Table 1) could 
be an artifact of a small sample size for that variable (n=24 plots), or may reflect 
intercorrelations with other soil parameters (for example, zinc was strongly correlated with 
nitrogen, clay, and total exchangeable bases, r2>70%).      
     Above-ground biomass in our study area varied more than two-fold, and more than a 
third of this variation could be explained by measured soil variables (Fig. 3).  Soils could 
affect tree biomass in at least two ways.  First, soils may influence species composition.  
Large, emergent species that contain a high fraction of forest biomass (Clark and Clark, 
1995), for example, could be associated with the most fertile soils.  Second, trees could 
simply grow bigger on the most fertile substrates, regardless of species composition.  Soil 
and drainage factors appear to have a marked influence on floristic composition in 
Amazonian terra-firme forests (Lescure and Boulet, 1985; Rankin-de Merona et al., 1992; 
Ruokolainen et al., 1997; Sabatier et al., 1997), suggesting that the first of these mechanisms 
could be relatively important.     
 
Management implications 
Our findings have several implications.  First, the mean value obtained for above-ground 
biomass of live trees in our extensive study area (356+47 tons ha-1) is up to 120% higher 
than comparable estimates from other parts of the Amazon (Klinge and Rodrigues, 1973; Uhl 
and Jordan, 1984; Uhl et al., 1988; Brown and Lugo, 1990, 1992; S. Brown et al., 1992; I. F. 
Brown et al., 1992, 1995; Salomão et al., 1998), and clearly supports Fearnside's (1997) 
estimate of high biomass values for central Amazonian forests.  This is a particular concern 
because deforestation and logging activities are now rapidly expanding in the central Amazon 
(Laurance, 1998), and could become a major new source of greenhouse gas emissions.  

Second, our results highlight the fact that heavily weathered Amazonian soils are of 
low fertility, acidic, have poor water-holding characteristics, and contain high concentrations 
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of toxic aluminum ions (Table 1).  These factors are likely to be strongly limiting to 
agricultural development (Fearnside and Leal-Filho, in press), and under such conditions the 
maintenance of intact forest for natural ecosystem services (e.g. carbon storage, watershed 
and biodiversity maintenance) is likely to be a far wiser use of land from a long-term 
perspective. 

Finally, the fact that forest biomass appears markedly influenced by soil nitrogen, 
organic carbon, clay, and cation concentrations is important (Figs. 2 and 3).  In the Amazon, 
extensive areas of forest are regenerating on abandoned cattle pastures (Fearnside, 1996).  
The burning of slash to clear pastures leads to heavy losses of nitrogen, carbon, and 
phosphorus from the prefire nutrient-pools (Kauffman et al., 1995), while rapid leaching 
removes phosphorus and potassium (Moran, 1990), accelerating pasture depletion.  Clay also 
declines in pastures, both from surface erosion and from the downward transport of clay 
particles by water percolation (Lal, 1977; Feller et al., 1991).  Finally, organic carbon in 
upper soil layers is reduced because repeated burning reduces litter inputs into the soil, 
because higher soil temperatures (from direct insolation) increase soil respiration rates 
(Fearnside and Barbosa, 1998), and because the loss of clay means there are fewer iron and 
aluminum oxides to form stable complexes with organic radicals (Feller et al., 1991).   
     These patterns suggest that soil degradation may limit the capacity of regenerating 
forests to accumulate biomass, or at least slow the rate of accumulation.  This is especially 
likely to occur where soils are heavily weathered and infertile.  For example, Saldarriaga et 
al. (1986) concluded that abandoned farms in the Upper Rio Negro Basin required 140-200 
years for complete biomass recovery, a much greater period than was needed in more fertile 
areas in Central America (Snedaker, 1970; Lugo et al., 1974).  Thus, on the infertile soils that 
typify much of Amazonia, pasture conversion is likely have long-lasting effects on forest 
carbon pools, even where forests are allowed to regenerate.   
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Table 1.  Pearson correlations between above-ground tree biomass and soil and slope 
variables in central Amazonia.  Asterisks indicate significant correlations, using a 
Bonferroni-corrected alpha value (P=0.006).  Also shown are the mean and standard 
deviation for each variable.        
_______________________________________________________________________ 
Variable                         No. of plots            R    X      SD 
_______________________________________________________________________ 
Soil texture 
Clay (%)                          65          0.363* 55.0 13.6   
Silt (%)                             65         0.078  21.4   4.7 
Fine sand (%)                        65        -0.339*   5.3   3.8 
Coarse sand (%)                    65        -0.306  18.3 13.0 
Soil water capacity 
Available water capacity                     54         0.255    7.45   1.87 
Topography 
Slope (o)                     37        -0.407  10.50   8.92 
Carbon 
Organic C (%)                  65         0.343*   1.59   0.26 
C/N ratio                     38        -0.178    9.80   1.55 
Acidity 
pH in water                          38         0.320    4.16   0.25 
Primary nutrients 
Total N (%)                       38         0.619*   0.16   0.03 
TABLE 1, CONTINUED 
Total P (ppm)                   38         0.327           118.9 45.6 
PO4

3- (m.e./100 g dry soil)         38         0.199    0.030   0.005 
K+ (m.e./100 g dry soil)         38         0.526*   0.06   0.01 
Secondary nutrients 
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Ca2+ (m.e./100 g dry soil)          38         0.349    0.06   0.03 
Mg2+ (m.e./100 g dry soil)         38         0.491*   0.08   0.03 
Na+  (m.e./100 g dry soil)               18         0.103    0.05   0.02 
S  (ppm)                  18         0.178   13.0   1.4 
Micronutrients 
Cu  (ppm)                    24         0.377    0.33   0.12 
Fe  (ppm)                    24         0.323           136.7 30.6 
Mn2+ (ppm)                    24         0.480    1.80   0.49  
Zn+  (ppm)                    24        -0.601*   1.48   0.78 
Other ions 
Al3+ (m.e./100 g dry soil)             38         0.143    1.63   0.29 
H+ (m.e./100 g dry soil)              38         0.346    0.70   0.12 
Cation measures 
Cation exchange capacity     38   0.275    2.52   0.38 
Aluminum saturation       38  -0.562* 92.43   1.67 
Total exchangeable bases       38   0.529*   0.19   0.57 
_______________________________________________________________________ 
Table 2.  Influence of slope on soil variables in central Amazonia.  Asterisks indicate 
significant correlations, using a Bonferroni-corrected alpha value (P=0.006).  
_______________________________________________________ 
Variable                         No. of plots            R   
_______________________________________________________ 
Clay                            37         -0.615*    
Silt                        37        -0.453*   
Fine sand                   37         0.652*  
Coarse sand                 37         0.600*   
Available water capacity                     34       -0.308    
Organic C                37        -0.537*   
C/N ratio                     34         0.062   
pH in water                          34        -0.247    
Total N          34        -0.605*   
Total P                   34        -0.332           
PO4

3-        34         0.061    
K+          34        -0.487*   
Ca2+              34        -0.267   
Mg2+           34        -0.585*   
Na+                   16        -0.594   
S                   11        -0.141   
Cu                20        -0.511   
TABLE 2, CONTINUED 
 
Fe              20        -0.652            
Mn2+             20        -0.708     
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Zn+                 20         0.580   
Al3+              34        -0.186    
H+              34        -0.370    
Cation exchange capacity     34  -0.293   
Aluminum saturation       34   0.526*  
Total exchangeable bases       34  -0.519*  
_______________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
Table 3.  Pearson correlations between 19 soil variables and three ordination axes produced 
by Principal Components Analysis.  Asterisks indicate significant correlations, using a 
Bonferroni-corrected alpha value (P=0.002). 
_________________________________________________________________ 
Variable                     Axis 1           Axis 2          Axis 3 
_________________________________________________________________ 
Clay                 0.976*          -0.023  0.027          
Silt                    0.696*         -0.390          0.390 
Fine sand           -0.963*          0.012         -0.099 
Coarse sand             -0.963*          0.123          -0.100 
Available water capacity     0.456   -0.441  0.497* 
Organic C        0.788*           0.182         -0.335 
C/N ratio               -0.337     0.444     -0.365 
pH in water                   0.066          -0.893*         -0.345 
Ntotal             0.958*         -0.106          -0.073 
Ptotal               0.365          -0.824*          0.011 
PO4

3-          0.063             -0.185           -0.554* 
K+          0.759*            -0.466           -0.258 
Ca2+         0.646*          0.637*          0.028 
Mg2+      0.887*          0.136          -0.292 
Al3+       0.619*          0.665*           0.236 
H+        0.738*         -0.253           0.209 
TABLE 3, CONTINUED 
 
Aluminum saturation   -0.777*  -0.121  0.400 
Cation exchange capacity   0.801*   0.453  0.216 
Total exchangeable bases   0.913*   0.269 -0.194 
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Variation explained (%)         53.1         18.7        8.4            
__________________________________________________________________ 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 4.  Associations of soil variables with above-ground tree biomass, after removing 
effects of PCA Axis 1 with partial correlation analyses (n=38 plots).  No variables were 
significant when a Bonferroni-corrected alpha value (P=0.008) was used. 
____________________________________________________ 
Variable          Rresid     P 
____________________________________________________ 
Clay               -0.115   0.492  
Silt                   0.018   0.914 
Fine sand               0.046   0.784 
Coarse sand             0.076   0.650 
Available water capacity     0.072   0.668 
Organic C             0.131   0.433 
C/N ratio                0.018   0.914 
pH in water                   0.343   0.038 
Ntotal                 0.318   0.055 
Ptotal                0.157   0.347 
PO4

3-         0.198   0.233 
K+           0.176   0.291 
Ca2+       -0.029   0.863 
Mg2+     -0.036   0.830 
Al3+      -0.324   0.050 
H+          -0.133   0.426 
TABLE 4, CONTINUED 
 
Aluminum saturation   -0.233   0.159 
Cation exchange capacity  -0.367   0.025 
Total exchangeable bases   0.030   0.858 
____________________________________________________ 
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FIGURE CAPTIONS 
                                    
Figure 1.  Frequency distribution of above-ground dry biomass of live trees in 65 1-ha plots 
in central Amazonia.   
 
Figure 2.  Relationship betweeen PCA Axis 1 and above-ground biomass of live trees in 
central Amazonia.   
 
Figure 3.  Relationship between total soil nitrogen and above-ground biomass of live trees in 
central Amazonia.  
 








