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T

he world’s tropical forests are a major reservoir of biodiversity
and play important roles in global climate regulation and biogeochemical cycling (1). However, in the past several decades,
tropical forests have undergone rapid clearance for agriculture,
with 80 million hectares of forest cleared in the 1980s and 1990s
alone (2). Further, much of the forest that remains has been logged
with various degrees of intensity (2, 3).
Bacteria not only make up a large proportion of the biological
diversity of the rainforest environment (4) but also are a fundamental component of nutrient cycling and productivity (5, 6).
Logging and forest conversion for agriculture drive changes to the
soil chemistry; for instance, they can alter the pH, lead to the loss
of soil carbon, and modify the C/N ratio and the content of phosphorus and calcium (7, 8). Bacterial soil communities are in many
ways a product of their chemical and physical environment (9, 10,
11) and therefore can be affected by such physicochemical
changes to the soil.
Moreover, the distribution of microbes not only is related to
environmental factors but also can vary in relation to spatial distance (e.g., see references 12, 13, and 14). This consideration is
important because logging and cultivation may have different effects on local scale richness (␣-diversity) and on the turnover of
species between sites (␤-diversity). For example, studies on plants
show that while ␣-diversity increases or remains the same in disturbed habitats, there is a decrease in ␤-diversity (15, 16), which
suggests that there is a homogenization of communities across
space and the loss of species from the broader-scale community
(␥-diversity).
The impact of logging and forest clearance on soil bacteria is
still poorly understood. In larger organisms, such as birds and
invertebrates, the effects of logging cycles on diversity are not as
intense as might have been expected, with only minor changes in
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both ␣- and ␤-diversity being detectable after 2 decades compared
to old-growth forest (17, 18, 19). In contrast, wholesale forest
clearance for plantation agriculture and grazing results in major
decreases in biological diversity of birds and other larger organisms (18, 20, 21). Despite the fact that soil bacteria play a crucial
role in ecosystem functioning, it is still unclear whether logging
and forest clearance have the same impact on the ␣- and ␤-diversity of soil bacteria, as is the case for larger organisms.
Various studies have suggested that deforestation for agriculture decreases microbial biomass and alters the microbial composition of soil in tropical regions (e.g., see references 22, 23, and 24).
However, most of these studies were based on techniques that
offer little detail on microbial community composition at a fine
taxonomic level. Nevertheless, a recent study, which used highthroughput sequencing to analyze soil bacterial communities,
showed that the conversion of primary (unlogged) Amazonian
forest to pasture increases bacterial ␣-diversity but decreases ␤-diversity (25), resulting in the homogenization of communities
across space. Similarly, agricultural land had higher ␣-diversity
than forests in Malaysia, with alterations of bacterial community
composition being mainly driven by soil pH (11). Rodrigues et al.
(25) did not include logged forests in their study, and Tripathi et
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Tropical forests are being rapidly altered by logging and cleared for agriculture. Understanding the effects of these land use
changes on soil bacteria, which constitute a large proportion of total biodiversity and perform important ecosystem functions, is
a major conservation frontier. Here we studied the effects of logging history and forest conversion to oil palm plantations in
Sabah, Borneo, on the soil bacterial community. We used paired-end Illumina sequencing of the 16S rRNA gene, V3 region, to
compare the bacterial communities in primary, once-logged, and twice-logged forest and land converted to oil palm plantations.
Bacteria were grouped into operational taxonomic units (OTUs) at the 97% similarity level, and OTU richness and local-scale
␣-diversity showed no difference between the various forest types and oil palm plantations. Focusing on the turnover of bacteria
across space, true ␤-diversity was higher in oil palm plantation soil than in forest soil, whereas community dissimilarity-based
metrics of ␤-diversity were only marginally different between habitats, suggesting that at large scales, oil palm plantation soil
could have higher overall ␥-diversity than forest soil, driven by a slightly more heterogeneous community across space. Clearance of primary and logged forest for oil palm plantations did, however, significantly impact the composition of soil bacterial
communities, reflecting in part the loss of some forest bacteria, whereas primary and logged forests did not differ in composition. Overall, our results suggest that the soil bacteria of tropical forest are to some extent resilient or resistant to logging but
that the impacts of forest conversion to oil palm plantations are more severe.

Logging, Oil Palm, and Soil Bacteria

MATERIALS AND METHODS
Study area. The study was based around the 1-million-hectare Yayasan
Sabah (YS) logging concession in Sabah, Malaysian Borneo (4°58.0=N,
117°48.3=E). These forests are dominated numerically by large tree species
in the family Dipterocarpaceae (33), which are valuable for timber.
Within the YS concession is the 238,000-ha Ulu Segama-Malua Forest
Reserve (US-MFR), which was selectively logged between 1987 and 1991
with commercial stems of ⬎0.6-m diameter at breast height (DBH) being
harvested, yielding ⬃113 m3 of timber per hectare (34). Between 2001 and
2007, 60% (141,000 ha) of the US-MFR was relogged, with the minimum
harvested tree diameter being reduced to ⬎0.4 m DBH for commercial
species and yielding an additional 31 m3 ha⫺1 of timber (34). Selectively
logged forest in the US-MFR is contiguous with 45,200 ha of unlogged
(primary) forest in the Danum Valley Conservation Area (DVCA) and
Palum Tambun Watershed Reserve. To the north and south of the USMFR are oil palm plantations, where sampled sites had mature palms (20
to 30 years old) at a density of 100 trees per ha (21).
Field sampling. Fieldwork was conducted from September to October
2012. Sixteen widely spaced sites (1 to 90 km apart) were established
within the unlogged, once-logged, and twice-logged forests and in oil
palm plantations, comprising four sites ⬎2 km apart within each habitat
type. Each site had two line transects 200 m in length and spaced 500 to
800 m apart (17). At 50-m intervals and 3 m to the left-hand side of each
transect, approximately 50 g of soil was taken using a trowel from the top
5 cm of soil and excluding the leaf litter layer. Five samples were collected
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on each transect, combined and thoroughly mixed in the same bag, frozen
within several hours of collection, and kept frozen until the time of DNA
extraction (see below).
DNA extraction, PCR amplification, and sequencing. Total soil DNA
was extracted from each of the collected soil samples using the Power Soil
DNA extraction kit (MoBio Laboratories, Carlsbad, CA) as directed by the
manufacturer’s instructions, with 0.30 g of soil. PCR amplification used
primers 338F (5=-XXXXXXXXGTACTCCTACGGGAGGCAGCAG-3=)
and 533R (5=TTACCGCGGCTGCTGGCAC-3=), targeting the V3 region
of the bacterial 16S rRNA gene (the X sequence denotes a barcode sequence) (35). The paired-end sequencing was performed at Beijing Genome Institute (BGI), Hong Kong, China, using a paired 100-bp HiSeq
2000 sequencing system (Illumina) according to the manufacturer’s instructions. Library preparation, sequencing, and initial quality filtering
were performed as described in reference 36.
Sequence processing. Illumina sequencing data were pair assembled
using PANDAseq (37) with an assembly quality score of 0.9, which is the
most stringent option to reduce errors. We then used the mothur pipeline
(38) to align, filter, trim, and remove chimeras. DNA sequences were
aligned against the EzTaxon-aligned reference sequences (39), and each
operational taxonomic unit (OTU), defined at a ⱖ97% cutoff of sequence
similarity, was classified based on the RDP database (40). As read length
for Illumina is more limited than that for pyrosequencing, OTU identity
can most accurately be seen as indicating genus equivalents (41). We
performed all statistical analyses on a subsample of 1,592 reads per sample. Richness and diversity indices and dissimilarity matrices (Jaccard,
Bray-Curtis, and unweighted-UniFrac) were estimated using mothur.
Soil analyses. Total nitrogen, total carbon, and pH were measured at
the National Instrumentation Center for Environmental Management
(NICEM, South Korea) based on the standard protocol of the SSSA (Soil
Science Society of America).
Statistical procedures. To test for differences in relation to land use on
the richness and diversity indices at 97% similarity, we used a linear model
for normal data or generalized linear model for nonnormal data; land use
was entered as a factor in each model. We used the same procedure to test
whether relative abundance of the most abundant phyla differed among
land uses. We also assessed the effect of land use on relative abundance at
the order level within phyla that showed significant differences due to land
use (see Results) and the effect of land use on the Proteobacteria-to-Acidobacteria ratio, estimated by dividing the total number of Proteobacterial
sequences by the total acidobacterial sequences in each sample. Post hoc
Tukey tests were used for pairwise comparisons. When neither a linear
nor a generalized linear model fitted the data, we used a Kruskal-Wallis
test to assess the effect of land use, with the Bonferroni correction to assess
pairwise comparisons. The same procedure was used to assess differences
in soil parameters among land uses. We tested whether our results for
richness and diversity indices may have been influenced by spatial autocorrelation by means of Moran’s I test using the model residuals.
We performed a nonmetrical multidimensional scaling (NMDS) plot
using the Jaccard, Bray-Curtis, and unweighted-UniFrac dissimilarities to
assess whether bacterial community composition clustered according to
land use. Additionally, we used a permutational multivariate analysis of
variance using dissimilarity matrices (PERMANOVA) (42) with 999 permutations to test if community composition at 97% similarity differs
according to land use. We repeated these analyses removing singletons to
ensure that our patterns were not driven by rarely encountered genera.
To estimate ␤-diversity among land uses, we used two methods. The
first is a community dissimilarity-based metric, which defines ␤-diversity
as the variation in community structure without defining a particular
gradient or direction (following reference 43). Thus, community dissimilarity ␤-diversity was measured as the average distance from each site to
the group centroid (43). To test whether community dissimilarity ␤-diversity differed in relation to land use, and thus whether certain communities are more homogeneous across space, we used the betadisper function in R, which assesses if the dispersion among land uses is significantly
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al. (11) did not distinguish between logged and primary forest in
their analysis, nor did they study ␤-diversity. Thus, there is a major knowledge gap in understanding the impacts of logging cycles
on bacterial communities and of the conversion of logged forest to
agriculture, since logged forests now dominate the tropics (26)
and are much more likely to be converted to agriculture than true
primary forests (27).
In this study, we focused on the rainforests in the global biodiversity hot spot of Sundaland, Southeast Asia. Here, the primary
forest has been subject to differing degrees of logging intensity,
with one or two logging cycles (28). Also, forests are being converted rapidly for agriculture, particularly to oil palm plantations
(28). This provides an opportunity to study the effect of different
intensities of logging on the soil bacterial community and also to
evaluate if land conversion to a crop monoculture has a stronger
impact on soil bacteria than logging, as is the case for larger organisms.
Our main hypotheses and predictions in this study were as
follows. (i) Given the complex and subtle relationship of soil bacteria to their biological, chemical, and physical environment, we
expect that a history of logging—which opens the canopy, removes certain tree species, and disturbs the soil (29, 30)—will alter
the bacterial community of the forest soil with significant negative
effects on ␣- and ␤-diversity, relative to undisturbed primary forest. (ii) We expect that logged-forest conversion to oil palm plantations will significantly alter bacterial community. Particularly,
we predict a higher ␣-diversity in oil palm plantations than in
forests due to the effect of artificial fertilizers on oil palm plantations (e.g., increased root growth favoring microbial activity)
(31), and to competitive microbial interactions promoted by the
effect of soil structure and water regime involved in cultivation
(32). On the other hand, we expect a decrease in ␤-diversity in oil
palm plantations compared to logged forest, as the former has
lower diversity of larger organisms than the latter (21), potentially
providing a more homogenous range of possible food substrates,
mutualisms, or hosts.
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different (44). The significance of this test was evaluated using 999 permutations. The second estimated “true” ␤-diversity, which scales directly
between ␣- and ␥-diversity, for each land use following the equation of
Whittaker (from 1960; see reference 45). True ␤-diversity (i.e., S/␣ ) for
each pair of samples within each of the four land uses was estimated by the
following equation: S/␣ ⫽ (a ⫹ b ⫹ c)/[(2a ⫹ b ⫹ c)/2], where S is the
total number of OTUs in two samples, ␣ is the average number of OTUs
for both samples, a is shared OTUs between both samples, b is OTUs
found only in sample 1, and c is OTUs found only in sample 2. To compare
true ␤-diversity among land uses, we used a linear model with land use as
a factor and sample as a random factor to control for pseudoreplication, as
each sample is used in more than one comparison within each land use.
Post hoc Tukey tests were used for pairwise comparisons among land uses.
Finally, we performed a redundancy analysis (RDA) and variation
partitioning (46) to assess the influence of soil parameters, land use, and
spatial distance on bacterial community composition. We used the Hellinger-transformed OTU abundance as our response variable and four
explanatory sets, which consisted of one set of soil parameters, a spatial
trend, principal components of neighbor matrices (PCNM) functions
(47, 48), and land use recoded as a dummy variable. Test of significance
for each explanatory set was done by 999 permutations (see the text in the
supplemental material for a detailed description of this analysis). All statistical analyses were performed using different packages in R version
2.14.1 (49).

RESULTS

From the 32 soil samples, we obtained 10,471 OTUs at ⱖ97%
similarity from 50,942 good-quality sequences. The average number of OTUs per sample was 693 ⫾ 91 (standard deviation [SD]),
ranging from 512 to 864 OTUs. Of all OTUs, 71.7% were singletons, which accounted for 14.7% of all sequences. A high percentage of singletons is not uncommon in metagenomic studies using
an Illumina sequencer (for example, see references 50 and 51).
The most abundant phyla were Acidobacteria, with 22.6% of the
sequences, followed by Proteobacteria (21.5%), Firmicutes
(20.4%), and, to a lesser degree, Actinobacteria (7.1%), Verrucomicrobia (5.6%), and Bacteroidetes (3.2%); 16% of the sequences
were unclassified (see Fig. S1 in the supplemental material).
Bacterial genus-level richness (i.e., number of OTUs) did not
differ among land uses (F3,28 ⫽ 2.43, P ⫽ 0.09). Similarly, none of
the ␣-diversity indices differed between forests in relation to logging or between forests and oil palm plantations (inverse Simpson, F3,28 ⫽ 1.69, P ⫽ 0.19; Shannon F3,28 ⫽ 1.27, P ⫽ 0.30; and
nonparametric Shannon F3,28 ⫽ 1.77, P ⫽ 0.17). Moran’s I tests
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FIG 2 Relative abundance (means ⫾ SD) of the most abundant phyla in
different land uses. Tukey pairwise comparisons are shown; different letters
denote significant differences between groups. *, P ⬍ 0.05; **, P ⬍ 0.01; ***,
P ⬍ 0.001.

showed no spatial autocorrelation for any of the richness and diversity indices measured (all P values were ⬎0.10). The total number of OTUs that we recorded in each habitat type (later used as
␥-diversity in the calculation of true ␤-diversity or Whittaker’s W)
was lower in primary forest (␥unlogged ⫽ 3,178) than in logged
forest (␥once-logged ⫽ 3,743, ␥twice-logged ⫽ 3,676) or oil palm plantations (␥oil palm ⫽ 4,011).
OTU community composition did, however, differ among
land uses for the Jaccard (pseudo-F3,28 ⫽ 1.16, P ⫽ 0.002), BrayCurtis (pseudo-F3,28 ⫽ 1.69, P ⫽ 0.02), and unweighted-UniFrac
(pseudo-F3,28 ⫽ 1.16, P ⫽ 0.002) dissimilarities. NMDS plots using the Jaccard, Bray-Curtis, and unweighted-UniFrac indices revealed that the dissimilarities in community composition were
driven by forest conversion to oil palm plantations (Fig. 1; also, see
Fig. S2 in the supplemental material), with oil palm plantation soil
samples being separate from forest samples (Fig. 1; also, see Fig. S2
and S3 in the supplemental material), which themselves were not
distinguishable. Removing singleton OTUs did not change the
pattern of our results (PERMANOVA, Jaccard, pseudo-F3,28 ⫽
1.29, P ⫽ 0.001; Bray-Curtis, pseudo-F3,28 ⫽ 1.88, P ⫽ 0.01; unweighted UniFrac, pseudo-F3,28 ⫽ 1.23, P ⫽ 0.005) (see Fig. S4 in
the supplemental material).
Of the most abundant phyla, we found significant differences
in relative abundance among different land uses for Acidobacteria
(F3,28 ⫽ 3.75, P ⫽ 0.02) (Fig. 2) and Actinobacteria (F3,28 ⫽ 6.78,
P ⫽ 0.001) (Fig. 2) and marginally for Verrucomicrobia (F3,28 ⫽
2.72, P ⫽ 0.06). A comparison of Acidobacteria at the order level
revealed that the relative abundance of group 2 was higher for
unlogged forest than for twice-logged forest (Table 1; also, see Fig.
S5 in the supplemental material). No other difference was found
between primary and logged forests. Focusing on forest conversion to oil palm plantations, the relative abundance of group 5 was
lower in oil palm plantations than in logged forests, and that of
group 1-unclassified, group 2, and group 3 was lower in oil palm
plantations than in primary forest (Table 1; also, see Fig. S5 in the
supplemental material). Within Actinobacteria, Actinomycetales
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FIG 1 NMDS of bacterial community composition obtained using the Jaccard
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Logging, Oil Palm, and Soil Bacteria

TABLE 1 Comparison of relative abundance of the dominant orders within the phyla Acidobacteria, Actinobacteria, and Proteobacteria among land
usesa
F or 2b

df

P

Pairwise comparisonc

Acidobacteria
Group 1-unclassified
Group 2
Group 3
Group 5

2.88
5.23
3.28
4.87

3, 28
3, 28
3, 28
3, 28

0.05
0.005
0.04
0.01

Unlogged ⬎ oil palm
Unlogged ⬎ twice-logged/oil palm
Unlogged ⬎ oil palm
Once-logged/twice-logged ⬎ oil palm

Actinobacteriae
Actinomycetales
Solirubrobacterales

8.24
13.8*

3, 28
3

0.0004
0.003

Once-logged/twice-logged/unlogged ⬍ oil palm
Once-logged/twice-logged ⬍ oil palm

Proteobacteriaf
Sphingomonadales

10.4*

3

0.01

Unlogged ⬍ oil palm

Organism
d

Only orders for which significant differences were found are shown.
b
Effect of land use on relative abundance evaluated by linear or generalized linear model or by the Kruskal-Wallis test (*).
c
Pairwise comparisons by post hoc Tukey test for linear/generalized linear models or P values Bonferroni-corrected for Kruskal-Wallis. Differences were considered significant at a P
value of ⱕ0.05.
d
The 10 most abundant orders comprised 94.4% of the sequences in this phylum.
e
Actinomycetales, Solirubrobacterales, and unclassified orders comprised 99.3% of the sequences within Actinobacteria.
f
Burkholderiales, Myxococcales, Rhodospirillales, Rhizobiales, Sphingomonadales, unclassified orders within the Alpha-, Beta-, Gamma- and Deltaproteobacteria classes, and
unclassified orders comprised 90.6% of sequences within Proteobacteria.

Community β-diversity
B)

True β-diversity

2.0

b

1.0

1.5

a,b
b

1.70 1.75 1.80 1.85 1.90

A)

0.54 0.56 0.58 0.60 0.62

palm plantation (P ⫽ 0.07). Using the Bray-Curtis index did not
show significant differences in ␤-diversity among land uses (BrayCurtis: F3,28 ⫽ 0.54, P ⫽ 0.66). Repeating the analyses with all
singleton OTUs removed, we did not find a significant difference
among groups with Jaccard (F3,28 ⫽ 1.89, P ⫽ 0.15) or Bray-Curtis
(F3,28 ⫽ 0.32, P ⫽ 0.82) dissimilarities.
Focusing on true ␤-diversity (i.e., S/␣ ), there was significant
variation among land uses (LRT3 [likelihood ratio test, 3 degrees

a
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b
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Oncelogged

Twicelogged
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FIG 3 Proteobacteria-to-Acidobacteria ratio (means ⫾ SD) among land uses.
Different letters denote significant differences at a P value of ⱕ0.05.
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had higher relative abundance in oil palm plantations than in
forests (Table 1; also, see Fig. S6 in the supplemental material);
also, Solirubrobacterales showed a higher relative abundance in oil
palm than in logged forests (Table 1; also, see Fig. S6 in the supplemental material). Among Proteobacteria, Sphingomonadales
were more abundant in oil palm only than in unlogged forests
(Table 1), not in logged ones. Finally, the Proteobacteria-to-Acidobacteria ratio differed in relation to land use (F3,28 ⫽ 4.08, P ⫽
0.02) (Fig. 3), particularly between oil palm and unlogged forests
(P ⫽ 0.01) and between oil palm and once-logged forests (P ⫽
0.05).
Changes in community composition can to some extent be
explained by changes in the rate of variation of species between
habitats. Community dissimilarity-based metrics of ␤-diversity,
measured as the average distance of all samples to the centroid
within each land use, differed among land uses when the Jaccard
dissimilarity was used (F3,28 ⫽ 2.88, P ⫽ 0.05) (Fig. 4A), with a
marginally significant difference between primary forest and oil

Twice-

Oil palm

FIG 4 (A) Community ␤-diversity (average distance to group centroid) of
bacterial communities in four land uses based on Jaccard dissimilarity. (B)
True ␤-diversity (i.e., S/␣ ) among the four land uses. Boxes show the lower
quartile, the median, and the upper quartile. Tukey pairwise comparisons are
shown; different letters denote significant differences between groups at P
values of ⬍0.10 (⫹) and ⬍0.005 (**).
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DISCUSSION

We predicted that logging would significantly alter the bacterial
community composition of soil compared to primary forest, altering diversity at the ␣- and ␤-levels. Our results showed that
forest logging cycles had no effect on ␣-diversity and a small positive effect on true ␤-diversity. Thus, our first hypothesis is only
partially supported. The fact that we did not observe clear differences in overall community composition between logged and unlogged forest suggests that soil bacteria can recover, at least on a
time scale of decades after logging, or that they are resilient to such
disturbance. It is possible, however, that if we had analyzed the
bacterial community structure at a higher taxonomic resolution,
for example, by 454 pyrosequencing, we would have found differences between logging treatments.
Bacterial community composition was significantly altered by
conversion of either logged or unlogged forest to oil palm plantations, in support of our second hypothesis. However, contrary to
our expectation, ␣-diversity was similar between forests and oil
palm plantations. In contrast, true ␤-diversity was higher in oil
palm plantations than in once-logged and primary forests,
whereas community dissimilarity-based metrics of ␤-diversity using the Jaccard index was only marginally higher in oil palm plantations than in primary forest. While the Illumina sequencing
method we used does not have as high a level of taxonomic definition as 454 pyrosequencing, due to shorter read lengths, it is
unlikely that this could produce false positives in terms of differences in ␤-diversity. Moreover, it has been observed that pairedend Illumina reads are as accurate at the genus level and that taxon
abundance is consistent with that obtained by pyrosequencing,
with both methods giving similar results in overall microbial community composition (51, 52, 53). If anything, lower taxonomic
resolution may be expected to minimize the apparent differences
in ␤-diversity, giving false negatives.
Bacterial community. Logging did not significantly alter bacterial community composition of primary forest soil at the phylum or order level. The only difference we found was for Acidobacteria group 2, which was more abundant in primary forest than
in twice-logged forest. In contrast, significant differences were observed between forest and oil palm plantation using the Jaccard,
Bray-Curtis, and unweighted-UniFrac dissimilarities (Fig. 1; also,
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see Fig. S1 and S2 in the supplemental material). Oil palm plantation communities remained different from forest communities
even after singletons were removed (see Fig. S4 in the supplemental material), suggesting that shifts in soil bacterial composition
between forest and oil palm plantations are related not only to the
presence of certain taxonomic groups but also to differences in the
relative abundance of shared OTUs.
Soils from oil palm plantations had significantly lower abundances of Acidobacteria than primary forest, whereas Actinobacteria was more abundant in oil palm plantations than in all forests.
Similar results have been found for these phyla in studies of soils in
the Amazon and forested land in the United States (25, 54). Acidobacteria are oligotrophic organisms abundant in carbon-poor
soils (55). Carbon and nitrogen content often decreases in cultivated soils (8, 56), and in this respect our study was no exception,
with lower concentrations of total carbon and total nitrogen and a
lower C/N ratio in soil from oil palm plantations than from forests
(all P values were ⬍0.05). Thus, we might have expected a higher
abundance of Acidobacteria in the carbon-reduced oil palm plantation soils than in forests. However, Acidobacteria are also
strongly influenced by pH, favoring soils with pHs of ⬍4 (57, 58).
Primary forest soils had lower pH (4.23 ⫾ 0.37) than oil palm
plantation soils (4.75 ⫾ 0.59), probably promoting Acidobacterial
abundance. In fact, groups 1-unclassified, 2, and 3, which were
more abundant in unlogged forest, were negatively related to pH
(Spearman correlation, all  ⬍ ⫺0.80; P ⬍ 0.001) (59). The only
difference between oil palm plantation and logged forests in Acidobacteria was for group 5, whose relative abundance was correlated with available phosphorus ( ⫽ 0.37, P ⫽ 0.04) and C/N
ratio (r ⫽ 0.45, P ⫽ 0.01) but not with pH, suggesting a less
significant effect of pH for this group.
Actinobacteria showed an increased abundance in oil palm
plantations compared to logged forests, mainly due to the higher
abundance of Actinomycetales and Solirubrobacterales in oil palm
plantations. Actinomycetales are dominant in cultivated land compared to forest (54, 60), suggesting its potential use as a biomarker
of land use effects (54). Solirubrobacterales are less known, but
they may behave similarly to Actinomycetales in relation to disturbance (54). In the Proteobacteria, only Sphingomonadales had
higher relative abundances in oil palm plantations, and only compared to primary forest, probably because this group favors cultivation (61, 62) and the low C/N ratio (62) of oil palm plantations.
The Proteobacteria-to-Acidobacteria ratio was higher in oil
palm plantation soils than in primary and once-logged forest soils.
This ratio tends to be lower in oligotrophic soils and higher in soils
with organic input, indicating the nutritional status of soil (32).
Clearly, the difference in this ratio among land uses in our study
was due to the difference in relative abundance of Acidobacteria, as
Proteobacteria were equally abundant among land uses. Notably,
total carbon and C/N ratio were lower in oil palm plantation soils
than in forests (all P ⬍ 0.05), suggesting that in this case, other
factors that impact Acidobacteria, such as pH, had a stronger role
than any effect the carbon concentration and C/N ratio might
have had on the copiotrophic Proteobacteria (63).
Alpha and beta diversity. OTU richness and diversity indices
in our samples did not differ among land uses, indicating that
␣-diversity was similar in forests and oil palm plantations. In contrast, community dissimilarity ␤-diversity was marginally lower in
primary forests than oil palm plantations when the Jaccard index
was used, which takes into account only community membership.
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of freedom] ⫽ 27.27, P ⬍ 0.0001), with unlogged and once-logged
forests having significantly lower true ␤-diversity than twicelogged forests and oil palm plantations (all P values were ⬍0.005)
(Fig. 4B). When the analyses were repeated with all singleton
OTUs removed, results remained the same, with unlogged and
once-logged forests having lower true ␤-diversity than twicelogged forest and oil palm plantations (LRT3 ⫽ 20.49, P ⫽ 0.0001;
in Tukey pairwise comparisons, all P values were ⬍0.05).
The variation partitioning analysis explained 52.4% of the variation in the OTU abundance; however, 85% of this was unexplained variation (see Fig. S7 in the supplemental material). Soil
parameters (i.e., pH and available phosphorus) explained 13.4%
of the variation (P ⫽ 0.001), of which 44.8% (i.e., 6.0% of the total
variation; P ⫽ 0.005) was neither spatially structured nor related
to land use (see Fig. S7). The unique components of land use and
the spatial variables were not significant in explaining any of the
variation observed (all P values were ⬎0.15), but the combined
effect of land use and the spatial variables explained 9.1% of the
variation (P ⫽ 0.02).
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tions. This reinforces the general picture obtained by studying
larger organisms. Even clearance of forest for oil palm plantation
does not depress the overall diversity of bacteria. However, differences in certain taxonomic groups (Table 1) and changes in community composition between forests and oil palm plantations indicate that oil palm cultivation does have some negative impacts.
Our results are only a snapshot in time, and only long-term studies
will be able to elucidate if the changes in soil bacterial community
composition observed here between forests and oil palm plantations are an intermediate disturbance effect or a more permanent
one. Future studies should also focus on functional changes associated with changes in the microbial composition, something not
addressed in this study. If the bacterial community retains its
function in spite of changes in its composition due to cultivation,
then ecosystem processes might be little affected. This could represent good possibilities of long-term restoration of rainforest,
both in cases where oil palm plantation lands are purchased to
reconnect forest fragments (e.g., Kinabatangan River, Sabah) or
more generally should the economics of oil palm change such that
these lands are abandoned.
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