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Changes in land use alter the structure
of bacterial communities in Western
Amazon soils
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Here we show how agricultural practices by indigenous peoples as well as forest recovery relate to
the structure and composition of Amazon soil bacterial communities. Soil samples were collected in
different land use systems and bacterial community composition and diversity were explored by
T-RFLP, cloning and sequencing, and data were analyzed with multivariate techniques. The main
differences in bacterial community structure were related to changes in the soil attributes that, in
turn, were correlated to land use. Community structure changed significantly along gradients of
base saturation, [Al3þ] and pH. The relationship with soil attributes accounted for about 31% of the
variation of the studied communities. Clear differences were observed in community composition as
shown by the differential distribution of Proteobacteria, Bacteroidetes, Firmicutes, Acidobacteria
and Actinobacteria. Similarity between primary and secondary forest communities indicates the
recovery of bacterial community structure during succession. Pasture and crop soil communities
were among the most diverse, showing that these land use types did not deplete bacterial diversity
under the conditions found in our sites.
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Introduction

The Amazon is one of the main hot spots of the
world’s biodiversity, but little is known about the
composition of its bacterial communities or about
how they are impacted by human activities such as
deforestation and agriculture. This is true for tropical
regions in general, as few studies have focused on
belowground biodiversity (Swift et al., 1998), espe-
cially when compared to the attention aboveground
diversity has received. Some surveys in the Amazon
and other tropical environments report the composi-
tion of soil bacterial communities and the effect of
land use and forest recovery on their phylogenetic
and functional diversity (Borneman and Triplett,
1997; Yin et al., 2000; da Silveira et al., 2006; Pereira
et al., 2006; Quirino et al., 2009), but factors possibly
causing these changes remain to be determined.

Factors responsible for changes in bacterial com-
munities can include soil type, plant species and
land management (Nüsslein and Tiedje, 1999; Wie-
land et al., 2001; Steenwerth et al., 2002; Buckley

et al., 2006). Recent papers indicate that soil
attributes are important in determining the structure
and composition of bacterial communities, as well
as affecting function (Hartman et al., 2008; Wakelin
et al., 2008). Knowing which factors are related to
changes in bacterial communities can provide
important information for their management and to
assess environmental impact.

Within this context, our main objectives were to
(1) assess the composition and diversity of soil
bacterial communities in the Western Amazon, (2)
identify whether and how cultivation influences the
structure of bacterial communities and (3) identify
environmental factors linked to differences in the
structure and diversity of those communities. We took
advantage of the changes in land use implemented by
indigenous peoples for evaluating the impact of such
changes over a longer time period and as a possible
indicator for what might occur from the larger-scale,
tropical, land use change now underway.

Materials and methods

Site description and soil sampling
The study sites are in the Benjamin Constant
municipality, Amazonas State, Brazil, between the
geographic coordinates 41210 and 41260 south and
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691360 and 70110 west, along the Solimões River
(Supplementary Figure S1). The climate in the
region is classified as Af (Koppen’s classification),
with average annual temperature of 25.7 1C and
average precipitation of 2562 mm. Inceptisols is the
predominant soil type with Gleysols and Alisols
also found (Coelho et al., 2005). The rate of defores-
tation in this region is low mainly due to the
difficulty of access and low population density.
Local communities use the land for slash-and-burn
agriculture; however, some pasture areas are also
present as a consequence of governmental polices
implemented during the 1970s.

Twenty-six composited samples were collected
from crop, pasture, agroforestry, young secondary
forest (up to 5-years old), old secondary forest (5- to 30-
years old) and primary forest sites in March 2004. All
sites were originally highland forest. Species culti-
vated in the crop sites were cassava, banana, maize,
sugarcane and pineapple. Agroforestry sites were
cultivated mainly with peach palm (Bactris gasipaes),
cupuassu (Theobroma grandiflorum), banana, pine-
apple and coffee (Fidalgo et al., 2005). Each compo-
site sample was formed by 12 subsamples, collected
at a depth of 0–20 cm, within a circle of 6 m diameter
(Supplementary Figure S2), and were submitted to
chemical, physical and microbiological analyses. Soil
chemical and physical attributes (Supplementary
Tables S1 and S2) were analyzed at the Department
of Soil Science of the Universidade Federal de Lavras
(Brazil) and microbiological analyses were performed
at the Center for Microbial Ecology (Michigan State
University, USA).

DNA extraction, T-RFLP and sequencing analysis
Five grams (dry weight) of soil was used for DNA
extraction with the Power Max Soil DNA Isolation
Kit (MO BIO Laboratories Inc., Carlsbad, CA, USA),
according to the manufacturer’s instructions. The
16S rRNA gene was amplified with the primers 63F
labeled with 6-carboxyfluorescein and 1389R
(Marchesi et al., 1998; Osborn et al., 2000) in a
RoboCycler Gradient 96 PCR machine (Stratagene,
La Jolla, CA, USA). Reconditioning PCR reactions
were performed in triplicate for each sample
(Supplementary material), combined and the PCR
products were purified with the Qiagen PCR
purification kit (Qiagen, Valencia, CA, USA) after
analysis by gel electrophoresis.

Purified PCR products were treated with the
Klenow fragment (Egert and Friedrich, 2005) and
purified again with the Qiagen PCR purification kit.
PCR products (40 ng) were digested with the
enzymes MspI and HhaI in 15-ml separate reactions,
at 37 1C for 3 h. Digestion reactions were performed
in duplicate for each sample. DNA was precipitated
overnight. The DNA pellets were resuspended in
9.85 ml of deionized formamide and 0.15 ml of ROX
size standard 15 min before analysis in ABI system
analyzer.

Libraries were built for samples from primary
forest (GenBank accession no. FJ024502-FJ037063),
old secondary forest (GenBank accession no.
FJ037064-FJ037232), pasture (GenBank accession
no. FJ037233-FJ037389) and crops (GenBank acces-
sion no. FJ037390-FJ037544) sites. The same PCR
conditions used for terminal restriction fragment
length polymorphism (T-RFLP) analysis were used,
with the exception that primer 63F was not labeled
with FAM. Triplicates were combined and purified
with the Qiagen PCR purification kit. Cloning was
performed with the TOPO TA Cloning Kit for
Sequencing (Qiagen) according to the manufac-
turer’s instructions. Partial sequences with an
average length of 760 bp were obtained by using
primer 63F for amplification reactions in an ABI
3700 system analyzer (Macrogen, Seoul, Korea).

Data analysis
All statistical analyses were performed with the
packages vegan (Oksanen et al., 2007), labdsv
(Roberts, 2006) and BiodiversityR (Kindt and Coe,
2005) for the program R (R Development Core Team,
2007). T-RFLP profiles were analyzed using the
IBEST tools (Abdo et al., 2006) and T-Align software
(Smith et al., 2005). Data from MspI and HhaI were
combined and ordered by nonmetric multidimen-
sional scaling (NMDS) with Wisconsin transforma-
tion and Bray–Curtis index (Legendre and Legendre,
1998), and correlations between the ordination axes
and environmental variables were calculated. Soil
variables were ordered by principal components
analysis on the correlation matrix and correlation
with NMDS ordination was calculated by Procrustes
analysis (Cox and Cox, 2001). The effect of land use
on soil attributes was also tested by an analysis of
similarity. Distance decay analyses between com-
munity similarity and edaphic and geographic
variables were also calculated and the significance
of correlations was tested by Mantel’s tests. The
contribution of soil attributes, geographic distance
and land use, as well as interactions between them,
was estimated by variation partition analysis, with
Hellinger transformed data (Peres-Neto et al., 2006).
16S rRNA gene sequences were analyzed with RDP
tools (release 9.56) (Cole et al., 2007) and the
chimeras removed if detected with Bellerophon
(with the Huber–Hugenholtz correction), Mallard,
Chimera Check or Pintail (Maidak et al., 1999; Huber
et al., 2004; Ashelford et al., 2005, 2006). Align-
ments were edited manually and with GBlocks
(Castresana, 2000). Nucleotide substitution models
were selected by using PAUP* version 4.0b10
(Swofford, 2000) and ModelTest (Posada and Cran-
dall, 1998), and phylogenies were constructed with
the Tamura Ney model plus gamma correction and
the neighbor-joining algorithm by using MEGA
version 4.0 (Tamura et al., 2007). A matrix of
operational taxonomic units defined at the level
of 3% of dissimilarity (Schloss and Handelsman,
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2005) was submitted to clustering and redundancy
analyses. Indicator species were detected by using
the indicator value index (Dufrêne and Legendre,
1997) and Renyi diversity profiles were built to
rank communities according to diversity (Kindt and
Coe, 2005).

Results

T-RFLP data analysis
NMDS analysis of the T-RFLP profiles showed that
some bacterial communities differed in structure
and that these differences are related to land use and
changes in several soil attributes, especially those
linked to soil acidity, such as pH, [Al3þ ], potential
acidity and base saturation (Figure 1a and Supple-
mentary Tables S3 and S4). Primary forest and old
secondary forest communities were related to high
soil acidity and were similar even when the
sampling sites were several kilometers apart. In
contrast, some crop communities are related to low

soil acidity and higher nutrient concentrations.
Agroforestry communities are related to intermedi-
ate values of the soil attributes and crop and young
secondary forest communities do not constitute
well-defined groups, which agrees with their high
variability in age and vegetation. Pasture commu-
nities were clearly separated from others and are
related to higher Fe and Cu concentrations. Similar
environmental gradients were detected and a similar
grouping of samples is observed when samples were
ordered based on soil attributes only (Figure 1b).
Furthermore, a significant correlation between these
two ordinations was observed, as determined by
Procrustes analysis (76.3%, Po0.001). A significant
effect of land use on the soil attributes is detected by
an analysis of similarities (R¼ 0.394, Po0.001) and
by redundancy analysis as well when soil attributes
are the response variables (data not shown).

A significant trend of decay in community
similarity with edaphic distances was observed
(R2¼ 0.523), indicating that bacterial communities
tend to be more similar in soils with higher
similarity in their attributes (Supplementary Figure
S3). The correlation between edaphic factors and
community structure accounts for about 31% of the
observed variation in the data (Figure 2) as indicated
by variation partitioning analysis. Similarly, inter-
actions between edaphic and other environmental
factors were also significant, although they explain a
small fraction of the variation. The direct influence
of geographic distance and land use alone is not
statistically significant, but the interaction between
the two was significant. This may be a result of the
geographic distribution of land use, which is not
random in the area. About half of the variation
(54%) was due to undetected factors.

16S rRNA gene clone library analysis
We recovered 654 partial sequences of the 16S rRNA
genes from primary forest, old secondary forest,
pasture and crop soils. These sequences were
assigned to Acidobacteria (38.8%), Actinobacteria
(6.1%), Bacteroidetes (8.3%), Chloroflexi (0.3%),
Firmicutes (2.4%), Gemmatimonadetes (0.8%) and
Proteobacteria (36.2%), including representatives of
the classes a, b, g and d of Proteobacteria. Of these
sequences, 7% could not be classified to phyla.
Phylogenetic analysis revealed clear differences
in community composition linked to land use
(Figure 3) and the clearest differences were found
with the Bacteroidetes, Actinobacteria, Firmicutes
and Proteobacteria.

Bacteroidetes were mostly found in crop and
pasture soils. In contrast, Firmicutes were found in
the primary forest and old secondary forest only.
Nearly half of the Actinobacteria sequences are from
old secondary forest, whereas the other half was
evenly distributed among other land use types.
Almost half of the Alphaproteobacteria sequences
were from crops. Some clades inside this class had
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Figure 1 Nonmetric multidimensional scaling and principal
component analyses of sampling points. (a) Nonmetric multi-
dimensional scaling ordination of sampling points based on the
structure of soil bacterial communities as determined by terminal
restriction fragment length polymorphism (T-RFLP) analysis.
The most significant variables are showed in boldface (red).
(b) Principal components analysis of sampling points based on
soil attributes only. Vectors represent significant environmental
variables (Po0.05). Each vector points to the direction of increase
for a given variable and its length indicates the strength of the
correlation between the variable and the ordination scores. V, base
saturation; SB, sum of bases; Prem, remnant phosphorus; HAl,
potential acidity; m, Al saturation; T, potential cation exchange
capacity (CEC); t, effective CEC. A full color version of this figure
is available at The ISME Journal online.
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distributions that corresponded to land use. For
example, Rhodoplanes was found mainly in the
primary forest, old secondary forest and pasture,
whereas several Brevundimonas-related sequences
were found in one of the crop samples. Most
Betaproteobacteria were from primary forest. Bur-
kholderia was found mainly in the primary forest
and Massilia in pasture and crops. In Gammapro-
teobacteria, several sequences are from primary
forest and old secondary forest and belong to the
family Xanthomonadaceae, and Deltaproteobacteria
sequences were found mainly in the pasture. The
majority of the Acidobacteria sequences belong to
group I, which was a dominant group in all samples
(Supplementary Figure S4). Group III was found in
forest and pasture soils, and group VI was more
abundant in crop soils, especially in sample C19,
where few Acidobacteria sequences were obtained
compared to the other environments.

Some sequences at finer taxonomic levels were
indicators of environmental conditions by indicator

species analysis. Arthrobacter and Bradyrhizobium
were widespread among land use systems whereas
sequences belonging to Sphingomonadaceae, Sphin-
gobacteriales and Acidobacteria (group I) were
related to pasture, and an uncultured Acidobacteria
group I and Rhodoplanes were both related to
primary forest and old secondary forest (Supple-
mentary Figure S5 and Table S5).

Operational taxonomic units were defined at the
level of 3% of dissimilarity. They clustered accord-
ing to differences in pH and [Al3þ] (Figure 4),
confirming soil acidity as an important factor
determining bacterial community structure. Primary
forest and old secondary forest communities are
again the most similar, as observed by T-RFLP
analysis, and form one of the main groups in the
dendrogram. These soil samples have the lowest pH
among the studied samples. Another group is
formed by pasture and crop samples, which have
intermediate pH.

Diversity measures
Renyi diversity profiles were built with sequence
data to rank communities according to diversity.
Ranking based on these profiles is preferred to
ranking based on single indices because rank order
may change when different indices are used (Kindt
and Coe, 2005). When curves for two communities
intersect, this means that they cannot be ranked.

We found that pasture communities (P82 and P84)
and one crop community (C27) are the most diverse
(Figure 4). Old secondary forest (SF81 and SF90)
and one forest community presented intermediate
diversity. Finally, one forest (F10) and one crop
community (C19) were identified as the least
diverse. Interestingly, communities with similar
levels of diversity generally were also more similar
in composition. Communities P82, P84 and C27
formed a group in the dendrogram depicted in
Figure 4, as well as communities SF81, SF90 and
F16. Exceptions were communities F10 and C19.

Discussion

Our results show that differences in bacterial
community structure in the studied soils are
significantly correlated to changes in soil attributes,
especially those linked to soil acidity and nutrient
concentration, showing soil attributes to be an
important factor affecting community structure.
Those changes in the soil attributes were linked to
land use and the same environmental gradients
could be detected when bacterial or soil chemical
data were used for ordination, indicating that the
land use effect was enacted through changes in soil
attributes. Because soil type is the same for our sites
(Inceptisols are the predominant soil class), we can
assume that land use is the main factor leading to
changes in the soil attributes. We cannot exclude the
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Figure 2 Partitioning analysis of the variation in bacterial
community structure into edaphic (Soil), geographic distance
(GD) and land use (LUS) components. Circles on the edges of the
triangle show the percentage of variation explained by each factor
alone. The percentage of variation explained by interactions
between two or three of the factors is shown as squares on the
sides and as a circle in the center of the triangle. The unexplained
variation is depicted in the square on the bottom. The size of
circles and squares is proportional to the variance explained.
Significant values are marked with an asterisk. Some fractions
shown cannot be tested for significance.
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possibility that soil organisms are affecting these
attributes, but we can assume a primary land use
effect based on what is known about slash-and-burn
agriculture.

In slash-and-burn agriculture, soil attributes
change as a consequence of the deposition of ash
from the burned vegetation and increased rates of
organic matter decomposition (Juo and Manu, 1996).
Over time, nutrients are depleted and these attributes

tend to return to their previous state. Our results
show that bacterial community composition
changes accordingly. Community structure was
clearly altered when crops or pasture were intro-
duced but tended to become more similar to the
primary forest when the forest was allowed to
regrow. This indicates that the intensity of slash-
and-burn agriculture practiced in the studied areas
was not sufficient to significantly impact soil
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Figure 3 Phylogenetic relationships among bacterial sequences (circles) and their origin (color). Numbers on pies identify clades of
Bacteroidetes (1); Firmicutes (2); Actinobacteria (3); and d (4), b (5), g (6) and a (7) Proteobacteria. Pies indicate the proportion of
sequences into each one of these clades and their size is proportional to the number of sequences included therein. Phylogenies were
estimated by neighbor joining with the TrN model and g correction (a¼0.390 for a and a¼0.362 for b). Trees are unrooted. The scale bar
represents changes per nucleotide.
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bacterial communities. These sites are surrounded
by large forest areas, which should serve as an
inoculum source for colonization of previously
deforested areas, should that be a factor.

Our results are consistent with studies in non-
tropical areas where land use and soil attributes
were found as important factors determining the
diversity and structure of bacterial communities
(Hartman et al., 2008; Wakelin et al., 2008). We
found strong correlations between community struc-
ture and variables linked to soil acidity (Figure 1
and Supplementary Table S3), indicating soil acidity
as an important factor causing changes in soil
community structure. Fierer and Jackson (2006)
found pH as the main factor correlated with
bacterial diversity and community similarity in a
continental scale, and Hartman et al. (2008) and
Wakelin et al. (2008) also found that pH affected
diversity, composition and function of bacterial
communities in wetland and Australian agricultural
soils. pH is a master variable in the soil environment
and it is related to changes in other soil attributes,
such as Al concentration and nutrient availability
(McBride, 1994). Al toxicity has long been known
to affect microbes as well as plants in tropical
soils (Wood, 1995; Joner et al., 2005), and has been
especially problematic in some regions for effective
Rhizobium-legume symbioses (Hungria and Vargas,
2000). Soils in the studied area are rich in Al due to
the presence of minerals with Al interlayers (Mar-
ques et al., 2002). Hence, it is not surprising that pH

and Al would covary and correlate with microbial
community changes in these more native soils.

The above findings indicate that the soil environ-
ment is a key factor in defining the structure of
communities, whether under natural (Fierer and
Jackson, 2006) or under anthropic conditions,
including slash-and-burn (our sites) and conven-
tional agriculture (Hartman et al., 2008; Wakelin
et al., 2008). Although the slash-and-burn system
has important differences from the larger-scale land
use changes now underway in other areas of the
Amazon, the effects of disturbance and particular
attributes that we found may still be predictive for
the current land use changes.

It is noteworthy that bacterial communities re-
sponded rapidly to changes due to cultivation and
forest recovery. The crop areas were relatively
young, one year since the beginning of the current
cultivation. Nevertheless, we observed a significant
difference in the structure of their soil communities.
It is also noteworthy that there was not a reduction
in diversity when the forest soil was converted to
pasture or crops. In fact, pasture communities seem
to be even more diverse than those of long-standing
primary forest.

The phyla we found are typical of most soils,
including soils of the eastern and western Amazon
(Borneman and Triplett, 1997; Kim et al., 2007).
Distribution of sequences among and within phyla
differed among land use systems, indicating a
possible effect of land use. Acidobacteria and
Proteobacteria were the most abundant phyla.
Clostridium was present only in the primary forest
and old secondary forest, confirming previous
Amazon soil studies (Borneman and Triplett,
1997). We found Acidobacteria group III sequences
in the acidic forest soil (pH 4.5 and 4.7) as well as
pasture soils (pH 5.2 and 5.1), whereas Barns et al.
(1999) did not find members of this group in acid
soils and sediments (pHo6) and suggested neu-
trophily to be a possible feature of this group. The
Acidobacterium families, however, are quite diverse
and such phenotypic differences could be expected
within these genetically diverse groups.

On the basis of these findings, we conclude that
differences observed in bacterial community struc-
ture and composition are related to land use, likely
through the effects of soil attributes, especially those
related to soil acidity. The conversion of forest to
pasture and crops did not reduce bacterial diversity,
and the growth of secondary forest restored a
community similar to that of the primary forest.
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