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Abstract Microorganisms are very sensitive to environmental
change and can be used to gauge anthropogenic impacts and
even predict restoration success of degraded environments.
Here, we report assessment of bauxite mining activities on soil
biogeochemistry and microbial community structure using un-
mined and three post-mined sites in Jamaica. The post-mined
soils represent a chronosequence, undergoing restoration since
1987, 1997, and 2007. Soils were collected during dry and wet
seasons and analyzed for pH, organic matter (OM), total
carbon (TC), nitrogen (TN), and phosphorus. The microbial
community structure was assessed through quantitative PCR
and massively parallel bacterial ribosomal RNA (rRNA) gene
sequencing. Edaphic factors and microbial community com-
position were analyzed using multivariate statistical
approaches and revealed a significant, negative impact of
mining on soil that persisted even after greater than 20 years

of restoration. Seasonal fluctuations contributed to variation in
measured soil properties and community composition, but they
were minor in comparison to long-term effects of mining. In
both seasons, post-mined soils were higher in pH but OM, TC,
and TN decreased. Bacterial rRNA gene analyses demonstrat-
ed a general decrease in diversity in post-mined soils and up to
a 3-log decrease in rRNA gene abundance. Community com-
position analyses demonstrated that bacteria from the Proteo-
bacteria (α, β, γ, δ), Acidobacteria, and Firmicutes were
abundant in all soils. The abundance of Firmicutes was elevat-
ed in newer post-mined soils relative to the un-mined soil, and
this contrasted a decrease, relative to un-mined soils, in pro-
teobacterial and acidobacterial rRNA gene abundances. Our
study indicates long-lasting impacts of mining activities to soil
biogeochemical and microbial properties with impending loss
in soil productivity.
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Introduction

Mining of bauxite-rich soils in Jamaica involves stripping
the vegetation and stockpiling of the 0–3-cm top soils adja-
cent to the mined area [37]. Once the bauxite reserves are
depleted, the stockpiled soil is spread back onto the mined
area and revegetated with plants and shrubs to rehabilitate
the ecosystem. There is a significant interest in preparing the
post-mined areas for agricultural purposes because Jamaica
has limited viable agricultural land [37]. Consequently, reg-
ulations in Jamaica require bauxite industries to restore
mined areas such that their productivity mirrors those found
in un-mined soils. Reclamation of mined areas in Jamaica
began in the 1980s, but there is a renewed interest by the
mining industry to obtain a comprehensive measure of bio-
diversity and ecology within the post-mined areas [25].

Even though bauxite mining is a temporary change in land
use, criteria for successful restoration prior to public use remain
obscure [7]. Previous studies have shown that this temporary
change in land use causes long-lasting impacts to soil physico-
chemical properties [13, 21, 28, 38, 48, 51]. Correlated with
soil degradation, there is a significant reduction in plant pro-
duction, specifically of breadfruit, ginger, tomato, banana, pine-
apple, coconut, coffee, and sugarcane, across the Jamaican
island [27]. Large-scale failure of Jamaican crops grown on
previously mined soils is largely attributed to acute nutrient
stress and increased susceptibility to soilborne pathogens, lead-
ing to a rapid decline of exported crops which is considered to
be a leading cause of the island’s socioeconomic decline [24].

Because the biological structure and associated loss of func-
tions in the mined soils continues to be poorly understood,
establishing a restoration trajectory for such soils is fairly
complex [19, 25, 48, 51]. Previously, changes in animal or
plant communities have been studied as indicators of ecosys-
tem level changes following anthropogenic disturbances [35,
52]. Studies conducted more recently suggest that changes in
microbial activities, structure, and functions can precede de-
tectable changes in soil physicochemical status, thereby pro-
viding early signs of environmental degradation [1, 6, 9, 10].
Relationships between diversity and recovery of microbial
functions induced by different types of stresses have been
characterized, including change in land use, soil organic carbon
[22, 23, 33], and other anthropogenic impacts [10–13]. These
studies indicate that microorganismal diversity shifts, and re-
silience is relative to the functions being studied, viable species,
their interactions in a particular environment being studied, and
physicochemical structure which directly shapes the microor-
ganismal composition and associated biogeochemical func-
tions [23]. However, the effects of mining activities on soil
bacterial diversity remain unclear, even though such informa-
tion will greatly add to our knowledge on anthropogenic affects
and reestablishment of soil microbiome within degraded
ecosystems.

Previously, we performed soil functional analysis on soils
collected from Mocho Mountains which showed that the rate
and number of substrates utilized by the un-mined and post-
mined soil varied, such that the post-mined sites rehabilitated
in 1987 and 2007 showed significantly lower functional
response than an un-mined site. To some extent, bacterial
metabolic responses varied with seasons, but the least physi-
ological activity was shown by the 1987 post-mined site
indicating a long-term perturbation at this particular site [33].
In this study, we provide an assessment of rehabilitation
through cultivation-independent molecular analyses of bacte-
rial community structure, bacterial abundances, and geochem-
istry within un-mined and post-mined chronosequence soils at
1, 10, and 20 years apart in rehabilitation ages. This study
provides a comprehensive understanding on the long-term
impacts of bauxite mining to soil biogeochemical and micro-
bial properties and provides recommendations for future reha-
bilitation of post-mined soils.

Methods

Study Sites and Sample Collection

Soil samples from three post-mined chronosequence sites
and an adjacent un-mined site were collected from the
Mocho Mountains of Jamaica (18°03′33″ N, 77°33′33″ W;
map shown in Fig. SI-1), as also described previously [33].
A chronosequence represents variable time series of soils
undergoing ecological succession and facilitates assessment
of restoration trajectory [17]. The chronosequence sites have
been undergoing post-mined rehabilitation since 1987 (site
CC24), 1997 (site F25), and 2007 (site C9). These sites are
typically hilly with elevations ranging from 397 to 590 m
above sea level. The soil texture of un-mined and post-
mined soils is stony loam. Vegetation in the un-mined site
consisted mainly of mango (Mangifera indica) and tamarind
(Tamarindus indicus) interspersed with shrubs and grasses.
Plant species that were documented at the time of sample
collection included African star grass (Cynodon nlemfuensis
Vandercyst), sparse populations of ferns, and tropical shrubs
such as black sage (Cordia curassavica) in the un-mined
site; bamboo (Bambusa vulgaris) was observed from site
CC24 (1987). In site F25 (1997) and C9 (2007), sparse
populations of Guinea grass (Panicum maximum Jacq.),
and Brachiaria species were also present. The first set
of soil cores were collected in September 2007 2 weeks
after the passage of Hurricane Dean. The second sam-
ples were collected in January 2008. These 2 months
typically represent the wet and dry seasons in the
Jamaican island [45]; however, the passage of Hurricane
Dean between the two sample collection periods

Impacts of Bauxite Mining on Soil Bacteria and Biogeochemistry 739



certainly marks an extreme, though not an altogether
unusual event for the island.

Prior to collection of soils, aboveground plant and detri-
tus layer were removed, and randomly, six to ten soil cores
from each of the four sites were collected with an auger
measuring 15×7.5 cm as previously reported [33]. Sampling
locations were approximately 15–30 m apart, and cores
were collected at depths of 0–5 cm (top soil). A total of 36
cores were collected for each sampling period, stored in 1.6-
LWhirlpak® bags over ice, and transported to the laboratory
at Tallahassee, Florida within 72 h of collection. Upon
receipt, the samples were passed through a 2-mm sieve to
remove coarse roots and debris and were immediately pro-
cessed for further analyses.

Biogeochemical Analysis

For biogeochemical analyses, each core collected from the un-
mined and post-mined sites was treated and analyzed separate-
ly. The soil pH was determined on a 2:1 (water:soil) slurry
using a digital pH meter. Total carbon (TC) and nitrogen (TN)
were determined on dried, ground subsamples using a Carlo-
Erba NA-1500 CNS Analyzer (Haak-Buchler Instruments,
Saddle Brook, NJ, USA). For total phosphorus (TP), 0.5 g of
dried, ground subsample was combusted at 550°C for 4 h in a
muffle furnace followed by dissolution of the ash in 6 M HCl
on a hot plate [2]. Total P was analyzed in the digested solution
using an automated ascorbic acid method on a Seal AQII
discrete analyzer, Method 365.4 [53]. Total sodium (Na) and
potassium (K) were determined on samples prepared by nitric
acid digestion followed by inductively coupled argon plasma
spectrometry (model Vista MPX CCD simultaneous ICP-OES
manufactured by Varian, Inc., Walnut Creek, CA, USA;
Method 200.7) [53].

DNA Isolation and Quantitative PCR Analysis of Bacterial
rRNA Genes

DNA was extracted from individual soil cores using the
Power Soil DNA Isolation Kit (MO BIO Inc.); DNA con-
centrations were measured using a ND-1000 Nanodrop
spectrophotometer (Starlab, USA). Quantification of bacte-
rial small subunit rRNA genes (SSU rRNA) was performed
as described previously [40], using Taqman 2× Gene Ex-
pression Master Mix (Invitrogen, Foster City, CA). Primers
and probe were ordered from Integrated DNATechnologies
(Coralville, IA, USA). Absolute quantification was per-
formed using a standard curve derived from PCR products
generated by near-full gene amplification of SSU rRNA
genes using the general bacterial primer set 27 F and
1492R [32]. The standard curve was linear across a five-
order of magnitude scale (from 2.79E+08 to 2.79E+03
copies/reaction), with a 92% efficiency. All reactions were

performed in triplicate and analyzed using the ABI 7900HT
Fast Real-Time PCR system.

Denaturing Gradient Gel Electrophoresis

Bacterial SSU rRNA genes were amplified using universal
eubacterial primers GM5 forward (GC clamp) and 907
reverse, targeting the V3-V5 regions of the 16S rRNA gene
[39]. PCR reaction was prepared using ready-to-go PCR
beads (GE Healthcare), with approximately 15 ng of tem-
plate DNA, PCR grade sterile water, and 0.4 pmol/μL of
each primer. Subsequently, the PCR amplicons were sepa-
rated using denaturing gradient gel electrophoresis (DGGE)
using the DcodeTM Universal Mutation Detection System
(Bio-Rad, Hercules, CA, USA), as described previously
[39]. After electrophoresis, the gel was stained with SYBR
Green I (Molecular Probes, Eugene, OR, USA) for 30 min,
viewed using a UV transilluminator (302 nm), and analyzed
with Quantity One analytical software (Bio-Rrad, Hercules,
CA, USA). DGGE band analysis was performed by setting a
background subtraction at 15 using the rolling disk method;
bands that consisted of intensity lower than 10% were
excluded from further analysis. Banding patterns were then
used to analyze any differences that exist between micro-
biota from un-mined and post-mined chronosequence soils
by calculating the diversity indices, species richness, and
evenness. Bands of interest after DGGE analysis were ex-
cised and sequenced as described previously [33].

Comparison of the bacterial diversity within each site
(beta diversity) by DGGE indicated no significant differ-
ences existed. Therefore, for further microbial analyses,
equal concentrations of DNA from each core were pooled
to represent one un-mined sample and three post-mined
chronosequence samples (1987, 1997, and 2007).

SSU rRNA Gene Sequencing and Phlyogenetic Analyses

Clone libraries of bacterial SSU rRNA genes were generated
from PCR amplicons produced with 27 F and 1492R pri-
mers. After PCR products were checked for purity and size,
they were ligated using the TOPO TA cloning kit, as rec-
ommended by the manufacturer (Invitrogen, Carlsbad, CA,
USA). The ligated products were then sequenced at the
Genome Center in Washington University at St. Louis, MI,
USA. All sequences were reviewed and processed using the
Sequencher software package version 4.5 (Gene Codes Cor-
poration, Ann Arbor, MI, USA). Sequences were screened
for chimeric properties using the Ribosomal Database Proj-
ect (RDP) (http://rdp.cme.msu.edu.lp.hscl.ufl.edu/html/),
and suspected chimeras were eliminated from further anal-
ysis. Unaligned sequences were submitted to the Sequence
Match program of the Ribosomal Database program and to
the Advanced BLAST search program of the National
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Center for Biotechnology Information (www.ncbi.nlm.nih.
gov) to obtain taxonomic affiliations. Multiple alignments
with closely related bacterial sequences were performed
using the NAST alignment tool in Greengenes [14]. Phylo-
genetic and molecular evolutionary analyses were con-
ducted using MEGA4 [49].

Composite samples for pyrosequencing were prepared by
separately pooling approximately equal amounts of genomic
DNA extracted from each of the eight soil cores from un-
mined soils and of the six to ten cores collected from the three
post-mined chronosequence soils. DNA extracts were sent to
the Research and Testing Laboratory (Lubbock, TX, USA) for
bacterial ribosomal RNA (rRNA) gene tag-encoded FLX
amplicon pyrosequencing. PCR amplification was performed
using primers Gray28F 5′ GAGTTTGATCNTGGCTCAG
and Gray519r 5′ GTNTTACNGCGGCKGCTG, and se-
quencing reactions utilized a Roche 454 FLX instrument
(Roche, Indianapolis, IN, USA) with titanium reagents, tita-
nium procedures, a one-step PCR, and a mixture of Hot Start
and HotStar high fidelity Taq polymerases. Following se-
quencing, all failed sequence reads, low quality sequence
ends, and tags were removed; sequences were depleted of
any nonbacterial ribosome sequences and chimeras as has
been described previously [15]. Subsequently, all sequences
were initially trimmed to 400 bases, and sequences shorter
than this were removed from further analysis. Each sample
library was randomly subsampled and equalized to 4,300
sequences to reduce potential biases introduced by unequal
library sizes [20].

Sequence analysis was accomplished through the software
packages quantitative insights into microbial ecology
(QIIME) [5] and Primer6 (Primer-E, Lutton, Ivybridge, UK).
Sequences were clustered into operational taxonomic units
(OTUs) at a 97% sequence identity threshold, and represen-
tative sequences from each OTU were picked using scripts in
QIIME. Shannon–Weaver [46], Chao1 richness estimator [8],
and species richness alpha diversity indices were calculated
for each sample. Beta diversity was assessed by generating a
phylogenetic tree-based distance matrix using the weighted
UniFrac metric and was visualized using a two-dimensional
principal coordinate analysis plot (PCoA) in QIIME. Beta
diversity was further assessed in Primer6. An OTU table with
the number of sequences of each OTU present in each sample
was exported from QIIME. Initially, OTU was normalized
into relative abundance and summed across all samples. A
separate dataset was generated containing only OTU that is
composed of more than 1% of all sequences. Both datasets
were imported into Primer6, Bray–Curtis resemblance matri-
ces were generated [4], and sample similarity was visualized
using nonparametric multidimensional scaling plots using 50
runs and a stress value of 0.01. Reference sequences were
classified using the RDP classification algorithm implemented
in QIIME at 50% confidence [54]. Sequences were clustered

based on this classification at the class, family, and genus
levels.

Statistical Analyses

Biogeochemical measurements were taken in triplicate, and
mean values are reported in this study. Soil chemistry data
were tested for normality using Shapiro–Wilk W tests and
transformed (arcsine square root or logarithmic) if neces-
sary. We used a two-way analysis of variance (ANOVA) to
test for differences and interactions between seasons and
among sites (SAS/JMP 8.02). Differences among means
were evaluated using Tukey’s honestly significant differ-
ence (HSD) test. Additionally, DGGE banding patterns from
the un-mined and chronosequence sites were analyzed using
Bio-Rad Quantity One™ (version 4.4.0; Bio-Rad Laborato-
ries, Hercules, CA, USA). We excluded bands with intensity
<0.05, and patterns were analyzed using principal compo-
nent analysis (PCA) and cluster analysis from the unweight-
ed pair group method with arithmetic averages to form
linkage dendrograms, as reported previously [28]. DGGE
patterns were also examined using two indices: the Shan-
non–Weaver index of diversity, H [46], and the equitability
index, E [41], calculated according to previously reported
formulas:

H ¼ �Σ ni=Nð Þlog ni=Nð Þ and E ¼ H=log S

where ni is the relative intensity of each DGGE band, S is
the number of DGGE bands, and N is the sum of the relative
intensity for all bands in a given sample [18]. Statistical
significance of variance was evaluated with a one-way
ANOVA using the MVSP software package [30].

Additionally, all sequences obtained from un-mined and
post-mined soils were statistically assessed by UniFrac, as
previously described [34]. Comparative analyses were run
using the P test, UniFrac metric test, and PCA using the scatter
plot option. Further analyses were performed by a lineage-
specific analysis, applying the G test of significance to deter-
mine whether sequences had different distributions over the un-
mined and post-mined bauxite soils. Normalized ratios of
Proteobacteria:Acidobacteria were calculated to estimate soil
nutrient status by taking the sum of all proteobacterial numbers
identified from each site and dividing the value by the ratio of
Proteobacteria:Acidobacteria, as shown before [26].

Nucleotide Sequence Accession Numbers

The partial SSU rRNA gene sequences obtained in this study
are available in GenBank under accession numbers of
GU219955-GU219977 (DGGE sequences) and GU219880-
GU219954 (clone sequences).
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Results

Soil Biogeochemical Properties

Soil carbon concentrations were highest at the un-mined site
and did not differ between seasons (Fig. 1a). Soil nitrogen
concentrations were also highest at the un-mined site and
lowest at the most recently restored sites (Fig. 1b). Soil
phosphate concentrations were lowest in the un-mined and
recently restored sites and highest in the sites that were
restored in 1987 (Fig. 1c). Soil carbon:nitrogen ratios were
highest in the most recently restored site and did not differ
among the sites restored in 1897 and 1997 and in the un-
mined site. Seasonal differences in soil nitrogen, phosphate,
and carbon:nitrogen ratios were not significant.

Effect of Mining on Bacterial Abundance and Community
Structure

Un-mined soil samples had the highest measured bacterial
SSU rRNA gene abundance and, by inference, the highest
bacterial abundance. All post-mined samples had signifi-
cantly lower SSU rRNA abundances than the un-mined soil,
with values ranging from 1.41E+05 to 9.04E+07 copies per
gram soil (Table 1). Initial analyses of these soils by PCR-
DGGE revealed that both the numbers and band intensities
changed along the site and seasons. Relative phylotype
abundances obtained by PCR-DGGE and cloning are shown
in Figs. SI-2a–c and SI-3a–c. PCA (Fig. 2a) and Euclidean
distance estimations (Fig. 2b) on this data revealed that,
regardless of the seasons, un-mined sites were more similar

to the 1997 site but distinctly different than the post-mined
sites from 1987 and 2007.

To identify shifts in microbial communities across these
soils, DGGE bands were excised and sequenced. The SSU
rRNA gene sequence analysis on selected bands indicated
that Acidobacteria was the most abundant phylum (35%),
followed by Bacteroidetes (21%), Firmicutes (11.5%), Pro-
teobacteria (11.5%), and Actinobacteria (19%) (Figs. SI-2a–
c and SI-3a–c). PCAwas conducted on the gene sequences,
and Shannon’s diversity (H′) and evenness (E) were calcu-
lated (Table 1 and Fig. SI-3a–c). These analyses also indi-
cated that bacterial communities in un-mined and 1997 post-
mined soils were more similar to each other than either was
to those from the sites rehabilitated in 1987 and 2007. To
generate deeper sequence coverage than DGGE, further
analyses was performed by clone library sequencing and
bar-coded pyrosequencing of bacterial SSU rRNA genes
from un-mined and post-mined soil genomic DNA. Details
on the nature of bacterial phyla/species identified by cloning
and pyrosequencing analyses are provided in Table 2, which
clearly established that differences exist between the un-
mined and post-mined sites such that the un-mined soil
consisted predominantly of sequences from the phyla Pro-
teobacteria (44%), Acidobacteria (27%), Actinobacteria
(11%), and Firmicutes (12%) in the wet season (Fig. 3).
Dry season did not alter this distribution dramatically;
sequences from Proteobacteria predominated at 40%, with
sequences from Acidobacteria, Actinobacteria, and Firmi-
cutes represented at 20%, 15%, and 11% of the total anal-
ysis. Among Proteobacteria, sequences derived from α-
Proteobacteria predominated regardless of seasons or sites,
but un-mined soil showed larger relative abundances of α-

Figure 1 Box and whisker
plots of soil biogeochemical
properties of un-mined and re-
habilitated chronosequence
bauxite soils. Shown are a soil
carbon, b soil nitrogen, c soil
phosphate, and d soil carbon:
nitrogen ratio. Sites with the
same letter are not different by
two-way ANOVA (P>0.05)
and Tukey’s HSD test
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Proteobacteria sequences when compared with post-mined
sites. In Acidobacteria, sequences from group 6 were the
most abundant, followed by those from groups 4, 5, 7,
and 17.

Bacterial sequences obtained from the un-mined and
post-mined soils were evaluated by UniFrac analyses. A
PCoAwas performed using weighted UniFrac distance met-
ric, and both the P test and lineage specific G test revealed
that microbiota from un-mined soil were significantly
different than those from post-mined soils (Fig. SI-4). More-
over, bacterial species identified from the 1987 and 1997
post-mined soils clustered together on the same PCA axis,
but microbiota from site 2007 clustered separately from
other sites. PCA1 explained 66.7% and PCA2, 19.5% of
variability, with a cumulative percentage of 86.2%.

Additionally, pyrosequencing data were analyzed using a
PCoA plot of a weighted UniFrac resemblance matrix. PCo1
explained 50% of the variance and PCo2 explained 15% of
the total variance, placing the microbial communities from
the un-mined site in separate axes than the post-mined soils
(data not shown). Additional analysis was performed by

constructing a nonparametric multidimensional scaling
(NMDS) plot using a Bray–Curtis resemblance matrix on
all pyrosequence OTUs (Fig. 4a). This plot showed that un-
mined sequences from both the seasons clustered together
and away from all the post-mined soils. When OTUs >1%
of all the pyrosequences used for NMDS analyses, the
distinction between the un-mined and post-mined soil bac-
terial communities became even greater (Fig. 4b).

Alpha diversity measurements on both pyrosequence data
and DGGE banding patterns were also calculated (Table 1).
The pyrosequence data indicated that the un-mined soil and the
1997 rehabilitated site were the most diverse, and high even-
ness values were observed for all samples (>0.88) (Table 1).
Although the 1987 rehabilitated soils, with the lowest measured
bacterial abundance, had the lowest diversity of any of the soils,
the diversity was still substantial. A positive but fairly weak
correlation between Shannon indices calculated from pyrose-
quence data and Shannon indices calculated from DGGE
patterns was observed (slope00.45, r square value00.251).

Discussion

Bauxite mining is considered to be a major threat to soil
physicochemical and biological quality promoting the de-
struction of plant cover, deficiency of organic matter, and
the degradation of soil structure [13, 21, 28, 38, 48, 51].
With the shortage of arable land in Jamaica, there is a
considerable interest in using the reclaimed post-mined
areas for sustainable agriculture [37]. Successful post-
mining reclamation requires plant species to be reestab-
lished on stable and fertile soil material [13]. Accretion of
organic matter is critical to successful restoration because
several edaphic properties including soil structure, water
retention, nutrient availability, and microbial activity are
directly affected by soil organic matter content [55]. Even
though mining is a temporary change in land use, our study
contributes to a growing body of evidence suggesting long-
term ecological impairment of mined soils. Specifically, soil
biogeochemical properties across these bauxite-rich soils
exhibited three seasonal trends: (a) values increase with
age of rehabilitation (pH, C:N ratios), (b) values decrease
with age of rehabilitation (TN, TP), and (c) no definitive
trend observed (TC, NA, and K) (Table 1). Even after years
of rehabilitation, elevated soil pH and decreased C and N
were consistently shown in post-mined sites. Likewise, the
abundance and diversity of bacteria in the rehabilitated sites
remained largely reduced relative to the un-mined site. Con-
sequent to anthropogenic impacts, typically, a reduction of
species richness and shifts in bacterial community structure
also occur [9–12]. Thus, unperturbed species-rich assemb-
lages are found to be evenly distributed in the environment,
which are replaced by species-poor assemblages with high

Figure 2 PCA and dendrograms following PCR-DGGE of soil micro-
biota from un-mined and rehabilitated chronosequence bauxite soils
collected from the Mocho Mountains of Jamaica. Shown are a PCA
with percentages of variation that are explained by the first two prin-
cipal coordinates and b cluster dendrogram representing the degree of
association between different sites; the lower the value of the Euclidean
distance, the more significant is the association. MUnm refers to
Mocho un-mined, R2007 to site rehabilitated in 2007, R1997 to site
rehabilitated in 1997, and R1987 to site rehabilitated in 1987
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Table 2 Relative bacterial phy-
lotype abundances identified
by clone library and pyrose-
quencing analyses from un-mined
and rehabilitated bauxite soils
in the wet (September 2007) and
dry (January 2008) seasons
collected from the Mocho
Mountains, Jamaica

(+) bacterial species identified
from the specific site, (–) not
present and/or not identified

Closest phylogenetic
affiliation

Un-mined 1987 rehabilitated 1997 rehabilitated 2007 rehabilitated

α-Proteobacteria

Bradyrhizobium + − − −

Hyphomicrobium + − + +

Pedomicrobium − + + +

Rhodoplanes + − − −

Methylobacterium + − − −

Odyssell + + + +

Novosphingobium + + + +

Porphyrobacter + − − −

Sphingomonas + − − −

β-Proteobacteria

Burkholderia + − − −

Delftia − − − +

Ramlibacter

γ-Proteobacteria

Aquicella + + + +

Pseudomonas + − − −

δ-Proteobacteria

Cystobacteraceae + − + +

Polyangiaceae − + + +

Smithella + − − −

Acidobacteria

Gp1 + − − +

Gp4 + + + +

Gp5 + − + +

Gp6 + + + +

Gp7 + + − +

Gp11 − − − +

Gp16 + + + −

Gp17 − + − −

Gp25 − + − −

Verrucomicrobia

Subdivision 3 + − − +

Xiphinematobacteriaceae + − − −

Actinobacteria

Corynebacterineae + + + +

Micrococcineae + + + +

Micromonosporineae + + + +

Propionibacterineae + − + +

Pseudonocardineae + − − +

Streptomycineae + − + +

Rubrobacterineae + + + +

Sphingobacteria

Terrimonas + − + +

Niastella + − + +

Bacilli

Paenibacillaceae 1 + − − −

Bacillaceae 1 − + + +

Pasteuriaceae incertae sedis − + + +

Planctomycetacia

Gemmata + − + +

Pirellula + + + −
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dominance of few species following perturbation [35].
Overall, bacterial community shifts across these bauxite-
rich soils followed specific trends, such that (a) an increase
in Firmicutes, Actinobacteria, and Verrucomicrobia was
shown in newly rehabilitated sites, (b) a decrease of Proteo-
bacteria and Acidobacteria was shown in newly rehabilitat-
ed sites, and (c) no consistent trend was shown across sites
(Gemmatimonadetes, Planctomycetes, Bacteroidetes, Chlor-

oflexi, Nitrospira) (Fig. 3, Table 2, Figs. SI-2 and SI-3).
Similar to our study, a significant increase of Firmicutes has
been recently shown by Banning et al., in a chronosequence
of developing Eucalyptus forest in Australia rehabilitated
for 18 years after cessation of bauxite mining and, thus,
indicates the propensity of this endospore-forming group
to outcompete others during secondary succession process-
es. Surprisingly, the Australian rehabilitated soils also

Similarity
30
35

2D Stress: 0.06

Similarity
30
50

2D Stress: 0.01

wet

wet

wet

dry

1997

dry

dry

wet

dry

2007

1987
Un mined

Un mined

Mined

a

b

Figure 4 Multidimensional
scaling plot of SSU rRNA
pyrosequence libraries derived
from un-mined and post-mined
rehabilitated soils. Sequences
were clustered at a 97% similarity
threshold, and the clustering
output was used to generate a
resemblance matrix. The matrix
was then used for a nonmetric
multidimensional Scaling analy-
sis, visualized in two dimensions
within Primer6, using averaged
Bray–Curtis distances. Shown are
a all OTUs included in the
analyses and b OTUs that consti-
tuted >1% of all sequences.
Sequence libraries generated
from different soils and seasons
are indicated

Figure 3 Relative bacterial
phylotype abundances from
pooled clone library OTUs and
pyrosequence OTUs composed
of >1% of all sequences from
un-mined and post-mined reha-
bilitated soils of Mocho Moun-
tains, Jamaica
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consisted of increasing numbers of Proteobacteria with in-
creasing restoration age. This further suggests a strong like-
lihood of functional role(s) played by bacteria belonging to
Proteobacteria, Firmicutes, and Acidobacteria in soils un-
dergoing post-mining secondary succession [3].

Among Proteobacteria, regardless of soils or seasons, we
found α-Proteobacteria to predominate in these bauxitic
soils, as shown for other soil environments [47, 50]. Of
major interest was the relative dominance of several proteo-
bacterial species including Bradyrhizobium, Rhodoplanes,
Methylobacterium, Porphyrobacter, Sphingomonas, Bur-
kholderia, Pseudomonas, and Smithella in the un-mined soil
relative to post-mined soils. These bacteria are known to be
metabolically versatile catalyzing several biogeochemical
functions in soils such as symbiotic nitrogen fixation, nutrient
cycling remineralization, and biodegradation of environmental
pollutants [6, 29, 43, 50].

The second predominant group in these soils—Acidobac-
teria—continues to be poorly characterized despite forming
one of the most dominant members in soils [42, 50]. Re-
cently, 26 Acidobacteria subdivisions were proposed, and
whole genome sequencing indicates their metabolic versa-
tility, which likely aids in their survival under prolonged dry
periods and low pH [6, 44]. Additionally, this group also has
a propensity to thrive in oligotrophic conditions, typically
coupled with lower plant productivity and reduction in the
availability of nutrient-rich plant materials to the soil micro-
biota, as likely prevalent in the post-mined soils. Specifical-
ly, we found Acidobacteria group 6 as the most dominant in
these bauxitic soils followed by groups 4, 5, 7, and 17
(Table 3).

Interestingly, Proteobacteria:Acidobacteria ratios have
been shown to correlate with soil nutrient status. In oligo-
trophic soils, this ratio is typically found to be around 0.16
[16, 31] and ranges between 0.34–0.46 in low-productivity
soils. Conversely, ratios of ~0.87 have been reported from
highly productive soils [36]. More recently, these ratios in
the eutrophic Everglades soils were reported to be 0.85 with
restored soils having lower ratios of ~0.5 [26]. We found
normalized Proteobacteria:Acidobacteria ratios to be lower
in the 1987 and 1997 post-mined soils (~0.6 and 0.47,
respectively) relative to the un-mined soil (~0.64). These
ratios were significantly lower (0.25) in the 2007 post-
mined soils, similar to those found in oligotrophic soils.
This suggests that despite cessation of mining and decades
of rehabilitation, nutrient limitation, among other factors,
continues to stress these soils. Given the predominance of
Proteobacteria and Acidobacteria in these soils, further stud-
ies specific to these groups should be performed to better
understand their functional roles in soil restoration process-
es. It will be of particular interest to investigate whether
Proteobacteria, Acidobacteria, and Firmicutes represent

early successional stages in post-mined soils and drive the
restoration trajectory or that these groups merely colonize
and outcompete other microbiota due to their metabolical
versatility. Future studies on the biogeochemical role(s) of
these soil microorganisms along with soil fungi, especially
the arbuscular mycorrhizhae shown to be affected by mining
[28], will not only provide early signs of soil perturbation
but also indicate restoration success of anthropogenically
impacted environments.

The geochemical and microbiological data point to a
strong and persistent negative impact of mining on the
quality of soil in Jamaica. Rehabilitated sites examined in
this study are characterized by lower organic carbon and
nitrogen, elevated pH, and reduced bacterial abundance.
Bacterial diversity (alpha diversity), although generally low-
er in rehabilitated soils, is not diagnostic for post-mined
sites, due to substantial seasonal variation. DGGE analyses,
which favor clustering of the 1997 rehabilitated site with the
un-mined soil, most likely have inadequate resolution for
discerning shifts in community structure for such highly
diverse communities. Comparison of massively parallel
amplicon libraries from each sample revealed that all reha-
bilitated sites were more similar to each other, regardless of
season, than they were to the un-mined soils. Coupled with
the strong pattern of decrease quality of organic matter in
rehabilitated soils, the microbiological data demonstrate that
even 20 years of rehabilitation is not sufficient for restora-
tion of soil fertility; paradoxically, the site with the longest
period of restoration (1987 rehabilitated site—CC24) was
the least improved of all the restored sites examined (Table 1,
Fig. 1, Fig. SI-1). We are tempted to speculate that these
long-term impacts are likely the direct result of topsoil
removal during mining activities, causing displacement of
native soil microbiota critical to nutrient cycling. However,
other edaphic factors such as drainage, texture, and chemical
properties characteristic of the pre-mined soils cannot be
ignored. In order to obtain definitive correlations between
microorganisms impacted by mining activities along with
potential impacts to soil biogeochemical functions, further
studies should be performed on sites having similar edaphic
factors—before, during, and after mining activities, such
that “real-time” effects of mining and rehabilitation during
secondary succession can be better understood.
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