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Abstract
The Amazon region has several hydroelectric power reservoirs and, among these, is the
Tucuruí reservoir, which has the fourth highest power in the world. This reservoir flooded a
huge area of native forest, whose organic matter has been decomposed in the water column
since then. This microbial process is carried out by several prokaryotic species, which present
a great metabolic diversity, including among them methanotrophic bacteria and methanogens.
In this study we sought to evaluate the community structure, composition and diversity along
a water column of the Tucuruí reservoir located upstream of the dam by using denaturing
high performance liquid chromatography (DHPLC) and 16S rDNA gene sequencing. Water
samples were taken at intervals of 5 m from the surface down to a depth of 55 m along the
water column. Our results show that the structures of communities of both Archaea and
Bacteria remained constant down to a depth of 35 m indicating the existence of a stable
environment until this depth. Changes in the abundance of some groups could be observed at
the 40 m depth and the composition of the communities changed significantly at the depths of
45, 50 and 55 m. The deepest layer (55 m) presented the highest Archaeal diversity, while the
highest Bacterial diversity was observed at the 0-40 m layers. Crenarchaeota were
predominant in the upper layers, while Euryarchaeota, including methanogenic Archaea,
were predominant in the 40 and 50 m layers, indicating the existence of an anoxic zone below
40 m. Actinobacteria, Bacteroidetes and Proteobacteria sequences were recovered from the
superficial layers, as well as sequences not assigned to any phylum. Several sequences from
the 55 m layer were assigned to Dechloromonas, known for the ability to degrade benzene
and other aromatic compounds. We conclude that the structure and diversity of prokaryotic
communities in the Tucuruí power reservoir is stable until the 35 m depth, changing in deeper
layers.
Keywords: 16S rDNA, DHPLC, Amazon, Tucuruí dam, Bacterial Diversity
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1. Introduction
Several environmental studies indicate hydroelectric power stations (HPS) as potential
greenhouse gas emitters. Estimates indicate that these reservoirs emit about 321 Tg C. yr-1,
which account for 15-20% of the global warming potential of anthropogenic sources (St.
Louis et al., 2000; Barros et al., 2011). Reservoirs located in the Amazon region have a
higher potential of emitting greenhouse gases (Barros et al., 2011; Bastviken et al., 2011).
However, the Amazonia is also the region of Brazil with the highest hydroelectric potential
(52%) (Tundisi, 2007).
These hydroeletric powers reservoirs flood large forested areas, whose vegetation remains in
decomposition under the water. The process of decomposition of organic matter is essentially
a microbial one and involves the hydrolysis and fermentation or acidogenesis of complex
polymers such as proteins, lipids and polysaccharides (Garcia et al., 2000). Among its
bioproducts are simple substances, such as acetate, CO2 and formate, which are used by
methanogenic archaea as an energy source, with methane being produced in the last step of C
mineralization (Gracia et al., 2000). Methane is produced in the sediment at the bottom of
HPS reservoirs and remains dissolved in the water under high hydrostatic pressure, but it can
reach the upper layers and be oxidized by methanotrophic bacteria (Ramos et al., 2009).
In environments rich in organic matter such as hydroelectric reservoirs, CO2 is produced by
syntrophic bacteria and methanotrophic bacteria as well (Conrad et al., 1999). On the other
hand, methane is produced by methanogenic archaea through 3 pathways (acetoclastic,
methylotrophic and hydrogenotrophic), but the contribution of the hydrogenotrophic pathway
is lower in some aquatic environments (Conrad et al., 1999), which happens due to the
presence of sulfate-reducing bacteria that compete by H2:CO2. The presence of methanogens
of the orders Methanosarcinales and Methanomicrobiales, as well as of methanotrophs of the
classes α- and γ-Proteobacteria, was reported recently in the anoxic zone of the Tucuruí HPS
reservoir (Graças et al., 2011). In most bodies of water around the world, methane
degradation is performed mainly by aerobic methanotrophic bacteria distributed from the
oxic-anoxic interface to the surface (Blumenberg et al., 2007).
Cultivating many of these microbial groups is a laborious, unsuccessful task, which limits our
knowledge about the microbial communities. Thus, culture-independent molecular techniques
have been applied to provide information about these communities (Blumenberg et al., 2007;
Barlaan et al., 2005; Wagner et al., 2009). Several studies use techniques such as denaturing
gradient gel electrophoresis, temperature gradient gel electrophoresis, and single-strand
conformation polymorphism, among others. Nevertheless, these techniques are
labor-intensive and time demanding (Barlaan et al., 2005; Wagner et al., 2009). An
alternative technique is the DHLPC, which is fast, highly reproducible, and has the advantage
of decreasing the cost of randomly clone library sequencing (Barlaan et al., 2005, Wagner et
al., 2009, Goldenberg et al., 2007; Xiao et al., 2001).
Despite the existence of several studies addressing greenhouse gas emissions by hydroelectric
power reservoirs, few studies addressing microbes involved in the C cycle have been carried
out in this type of environment (Graças et al., 2011; Dorador et al., 2007; Sekiguchi et al.,
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2002). Here we report changes in prokaryotic communities along a 55 m depth water column
in the Tucuruí hydroelectric power reservoir, one of the main reservoirs in Brazil and the
fourth largest in the world. Denaturing HPLC was used to generate community profiles and
clone libraries were built to give us an insight into the taxonomic composition of our target
communities, including those involved in the emission of greenhouse.
1.1 Research Methods
1.1.1 Site, Sampling and DNA Extraction
The Hydroelectric Power Station of Tucuruí is located in the state of Pará, Brazil. The area of
its reservoir is of about 2,500 km2 of flooded forest (which occurred in 1984). Water samples
were taken in a single point (03°51'20,52"S/49°37'23,1"W), located 4 km away from the dam
(Figure 1). A liter of water was sampled at intervals of 5 m with a van Dorn bottle from the
surface to a depth of 55 m, comprising a total of 12 samples. A two-steps procedure was
applied to filter the water. The water was passed through a qualitative paper (0.8 µm) in the
first step, and then through a nitrocellulose membrane (0,22 µm) (Whatman, Germany) in the
second step. The nitrocellulose membrane was cut into pieces and stored in DNA STE
conservation buffer (50 mM Tris–HCl, 500 mM NaCl, 125 mM EDTA pH 8.0). The cells
were centrifuged at 2,000 x g for 20 min, at 4ºC, and the supernantant was discarded. Total
DNA was extracted with the UltraClean™ Soil DNA (MoBio, USA).

Figure 1. Geographic location of the Tucuruí hydroelectric power station reservoir
Description: The sampling point (M1) is displayed in the inset on the right side of the figure.

1.1.2 Polymerase Chain Reaction
The first PCR step was carried out with primers 16S-8F (5'- AGA GTT TGA T(CT)(AC)
TGG CTC AG -3') and 16S-1407R (5'- GAC GGG GGT G(AT)G T(AG)C AA -3') to amplify
the 16S rRNA bacterial gene, and primers 341F (5’- CCT A(CT)G GGG (CT)GC A(GC)C
13
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AGG CG -3’) and 1407R (5’- GAC GGG GGT G(AT)G T(AG)C AA -3’) to the amplify the
archaeal one. The thermal conditions for both PCRs were: an initial denaturation step of 95ºC
for 5 min, 35 cycles of 95ºC for 1 min, 58ºC for 1 min and 72ºC for 1 min, and a final
elongation step of 72ºC for 5 min.
The DHPLC only works with fragments smaller than 400 bp of length and the amplicons
must have a GC clamp. Due to this limitation, another PCR was carried out using amplicons
of the previous step as templates. The primers FP640 (5’-CGC CCG CCG CGC GCG GCG
GGC GGG GCG GGG GCA CGG GGG GCC TAC GGG AGG -3’) and DHPLC 534R
(5’-ATT ACC GCG GCT GCT GCT GG-3’) were used to amplify bacterial genes, and the
primers ARCHEAF GC 1100 (5’- CGC CCG GGG CGC GCC CCG GGC GGG GCG GGG
GCA CGG GGG GAA CCG TCG ACA GTC AGG YAA CGA GCG AG -’3) and ARCHEAR
1400 (5’- CGG CGA ATT CGT GCA AGG AGC AGG GAC –‘3) were used to amplify the
archaeal genes. The thermal conditions for both PCRs were: an initial denaturation step of
95ºC for 5 min, 35 cycles of 95ºC for 1 min, 60ºC for 1 min and 72ºC for 1 min, and a final
elongation step of 72ºC for 5 min. This second PCR generated amplicons of 200-300 bp of
length corresponding to the V3 region of the 16S rRNA gene.
All PCRs had a volume of 50 µL the following composition: Buffer 1X, 2,5 mM MgCl2, 0.2
mM dNTPs, 5 pM of each primer and 2 U Platinum Taq DNA polymerase – Invitrogen, USA.
1.1.3 DHPLC Analysis and Peak Selection
The separation of PCR products in the DHPLC is based on the partial elution of denatured
DNA molecules and on the action of different gradients of the elution buffers passing through
the column (Xiao et al., 2001). The phosphate groups of the DNA molecule interact with the
polystyrene/divinylbenzene column, which is positively charged by triethylammonium
(TEAA). The affinity of DNA by the column is decreased by the passage of acetonitrile under
partial denaturation conditions. DNA with sequence variations have different retention times
in the column. These differences are due to the low negative charge in single strand DNA if
compared to double strand DNA (Barlaan et al., 2005; Goldenberg et al., 2007).
The amplicons were run in the Transgenomic WAVE DHLPC system. Two systems of eluent
buffers were used and fluorescence was used to detect the DNA fragments. Buffer A was
composed of an aqueous solution of 0.1 M TEAA and pH 7.0, while buffer B was composed
of 0.1 M TEAA and acetonitrile 25% (v:v). Sequences were separated according to their
retention time in the polystyrene/divinylbenzene column. The following parameters were
used for Bacteria: column temperature of 65ºC, with an initial rate of buffer B of 35%,
reaching a rate of 72% after 17 min. The parameters used for Archaea were the same as those
used for Bacteria, except for the column temperature, which was of 63 ºC.
Non redundant peaks were selected and their amplicons collected for the construction of
clone libraries using the TA cloning kit (Invitrogen, USA) and sequencing in the ABI 3730 xl
(Applied Biosystems, USA) platform according to the manufacturer’s manual. This approach
was used because we assumed that each peak contain several bacterial and archaeal species.
Two libraries were built, one for Archaea with 202 sequences, containing an average of 17
14
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clones per peak, and another for Bacteria with 149 sequences, containing an average of 12
clones per peak. The sequences were deposited in the EMBL database under accession
numbers HE602025-HE602369 and HE613183-HE613188.
1.1.4 Data Analysis
Partial sequences of the 16S rRNA gene were edited with Bioedit. Potential chimeras were
identified with the Bellerophon function of the program Mothur (Schloss et al., 2009) and
discarded. The taxonomical classification of the sequences was performed with the Classifier
RDP tool (Cole et al., 2009), considering a threshold of 80%. Sequences with boostrap below
this threshold were considered as unclassified. The sequences were aligned based on their
secondary structure with Mothur and used to calculate a distance matrix (Jukes-Cantor
method). Operational taxonomic units (OTUs) were defined at a distance of 0.03 and
representative sequences were selected for each OTU. These representative sequences were
used for phylogenetic analysis with sequences recovered from the RDP database by using the
Seqmatch tool. Neighbor-joining trees were built with MEGA v.5.0 (Tamura et al., 2011), by
using the Jukes-Cantor distance and 1000 bootstrap replicates. In order to simplify the tree
presentation only one OTU was maintained in a clade when more than one representative
OTU was in that clade.
2. Results
2.1 Community Structure as Evaluated by DHPLC
The DHPLC chromatograms of bacterial 16S rRNA genes present peaks with similar
retention times and heights in a depth range of 0 to 35 m, indicating that the structures of the
bacterial communities remained constant down to a depth of 35 m (Figure 2B). The
abundance of amplicons represented by each one of the peaks did not differ among these
chromatograms, as indicated by a chi-square analysis (P>0.05). The community starts to
change at the 40 m depth, where the 9.5 min retention time peak (D1) disappears. Richness is
extremely reduced at the 45 m depth layer, as indicated by the presence of a single peak in its
chromatogram (G1). A drastic change in community structure is observed again at the 50 m
depth layer, with a significant reduction in the height of the 7.5 min peak (G1) and the
appearance of new peaks, including two peaks with retention times of 9.6 and 9.8 min (D1
and E1), which are also observed at the 55 m depth layer.
Similarly to what was observed to Bacteria, the chromatograms of archaeal 16S rRNA genes
remained the same in a depth range of 0 to 35 m (Figure 2B). The archaeal community also
started to change at the 40 m depth, as indicated by changes in the abundance of the peaks.
The community changes drastically at the 45 m depth. The chromatograms at the 50 and 55
m depths are completely different from the others. Additionally, the number of peaks is
significantly increased at 55 m, indicating that archaeal richness is the highest at this depth.
The chromatograms show that archaeal communities have the same structure from the surface
down to the depth of 35 m. These chromatograms present only three peaks, indicating 3
dominant groups of amplicons (Figure 2A). Community structure at 40 m is somewhat
similar to that of the upper layers, but a shift in the abundance of the dominant members can
15
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be observed as indicated by shifts in the height of peaks. A pronounced change in community
structure can be observed at 45 m, and significant changes occur at each of the underlying
layers (50 and 55 m), as indicated by their completely different chromatograms. Five peaks
were observed at 55 m, showing the presence of 5 dominant groups.

Figure 2. DHPLC chromatograms of archaeal (A) and bacterial (B) communities in a water
column of the Tucuruí hydroelectric power station reservoir
Description: Only one chromatogram is displayed to represent communities at the depths of 0
to 35 m since chromatrograms of these communities are the same. The letters indicate peaks
whose amplicons were sampled for cloning and sequencing.

2.2 Phylogenetic Analysis
Some peaks were selected and their amplification products were cloned and sequenced.
About 20 clones per peak were picked randomly for sequencing. These sequences were used
16

www.macrothink.org/ast

Aquatic Science and Technology
ISSN 2168-9148
2013, Vol. 1, No. 1

for taxonomic assignment with the RDP Classifier tool and included into phylogenies to
better resolve their phylogenetic relationships.
Five nonredundant peaks from the archaeal communities were sequenced. These peaks are
indicated with letters from A to E in Figure 2A. Twenty-three percent of these sequences were
classified as belonging to Crenarchaeota and 53% as belonging to Euryarchaeota.
Twenty-four percent of the sequences were not classified into any phyla. Crenarchaeota were
predominant in the upper layers, while Euryarchaeota, known for containing methanogenic
species, were predominant in the 40 and 50 m layers (Figure 3). Seventy percent of the
Euryarchaeota were classified as Methanomicrobiales (Figure 3).

Figure 3. Unrooted neighbor-joining phylogenetic tree of 16S rRNA archaeal sequences
Description: The three clades displayed on the tree are Crenarchaeota, Euryarchaeota and
methanogens of the order Methanomicrobiales. The tree was calculated with MEGA, with
1,000 bootstrap replicates using the Jukes-Cantor model.

Seven nonredundant peaks were sequenced for Bacteria (A1, B2, C1, D1, E1, F1, G1). The
clones were classified as Proteobacteria (34%), Actinobacteria (11%) and Bacteroidetes
(6%). Forty-six percent of the sequences remained unclassified. Nitrospira, SR1 and
Firmicutes comprised 1% of the sequences each (Figure 4). Histograms displaying the
diversity of each peak are presented in the supplemental material.

17
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Figure 4. Unrooted neighbor-joining phylogenetic tree of 16S rRNA bacterial sequences
Description: The tree was calculated with MEGA, with 1,000 bootstrap replicates using the Jukes-Cantor
model.
18
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Communities were very similar from 0-40 m, presenting a large number of unclassified
bacteria, followed by bacteria belonging to Actinobacteria and Proteobacteria (essentially α,
β and γ-Proteobacteria). Different phyla were found at 45 m. Nitrospira was found at 45 m
and β-Proteobacteria (family Rhodocyclaceae) predominated at this layer. These
Rhodocyclaceae sequences presented a hit with low support for the genus Dechloromonas.
β-Proteobacteria and γ-Proteobacteria also predominated at 50 and 55 m, comprising up to
90% of the sequences found at the 55 m layer. Firmicutes were found only in these deeper
layers. Several sequences from the 55 m layer were assigned to Dechloromonas.
3. Discussion
Even though we did not measure physicochemical variables at the different depths, the
similarity of communities in the 0-35 m depth range indicates that the environmental
conditions until 35 m are similar to those found at the upper layers and in the surface, which
involves high oxygen concentration and nutrients, indicating a mixture of the water in these
layers. Both bacterial and archaeal data present the same pattern of change, which gives more
support to this conclusion. Changes in the structure of the microbial communities at the depth
of 40 m indicate that this is a layer of transition to a possibly anoxic zone represented by the
layers of 45, 50 and 55 m depth. This conclusion is supported by the shift in community
composition from Actinobacteria and Proteobacteria, which contain several aerobic species,
in the layers from 0 to 35 m depth, to the presence of methanogenic Archaea, which are
strictly anaerobic, in the deepest layers of 45 to 55 m depth.
The predominance of Crenarchaeota in the upper layers was previously reported (Graças et
al., 2011). All Crenarchaeota were highly similar to the groups MG1 or SAGMA-8, which
are classified as Thermoprotei and frequently found in the ocean floor and in mines of South
Africa, but they can also be found in non-extreme environments such as lakes (Graças et al.,
2011; MacGregor et al., 1997; Schleper et al., 1997; Schleper et al., 2005), although at a
lower frequency. This diversity of habitats illustrates the diversity of this phylum, although its
metabolism remains unclear (Schleper et al., 2005). Crenarchaeota were found in all peaks,
expect for peak D, and the majority (~70%) were found in peak A (supplemental).
The unclassified Euryarchaeota were similar to those found in soils cultivated with rice and
wheat, and in marine environmental samples. Some sequences were assigned by the RDP
Classifier to methanogenic Archaea of the orders Methanomicrobiales and
Thermoplasmatales with a high bootstrap support (80-97%). However, sequences restricted
to peak C, found only at the depth of 50 m, had a bootstrap support lower than 80%,
indicating the presence of distinct groups at this depth. A higher and yet little characterized
diversity of Euryarchaeota is expected at deepest layers such as this due to the richness of
substrate in those layers. Dumestre et al. (2001) reported Archaea belonging to the same
orders in the reservoir of the UHE Petit Saut.
The commonest and best-characterized class of Euryarchaeota in our analysis was
Methanomicrobiales, which was already reported in the same reservoir in the deep aphotic
(40 m) layer and sediment (Graças et al., 2011). Methanogenic Archaea are frequently
divided into 5 classes (Methanomicrobiales, Methanococcales, Methanosarcinales,
19
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Methanobacteriales e Methanopyrales), based on 16S rRNA phylogenies, but there are
results indicating that they should be divided into three classes, and class II is represented by
Methanomicrobiales (Anderson et al., 2009). This order uses the hydrogenotrophic pathway
to produce methane, and prefers low environmental H2 concentrations. Methanogenic
Archaea of the order Methanomicrobiales are phylogenetically closer to Methanosarcinales,
but share several genes with Class I, making them metabolically closer to Class I. Indeed,
Methanosarcinales predominates in environments where acetate is abundant (Anderson et al.,
2009).
Unclassified Archaea were found in all peaks, but those were more abundant in peak D. This
shows that a great part of the archaeal diversity is not known in the reservoir and that it is a
potential source of unknown species. The presence of unclassified Archaea in Amazon
environments was reported several times in soils (Borneman & Triplet, 1997; Navarrete et al.,
2010) and in sediments (Araújo, 2010; Conrad et al., 2010), but a few studies report this in
freshwaters or rivers (Graças et al., 2011).
The least abundant phyla were SR1, Firmicutes and Nitrospira. Reads belonging to these
phyla accounted for only 3% of the total reads. Nitrospira and Firmicutes were not found in
the layers above 45 m. These phyla were also found by Graças et al. (2011) in a zone
considered as anoxic in the same reservoir.
Representative OTUs of Firmicutes were assigned to Clostridia. Nitrospira was found only in
peak G1. All sequences belonging to this phylum were highly similar and were grouped into a
single OTU. Nitrospira is involved in the nitrogen cycle and are amongst the most abundant
and diverse chemolithoautotrophic nitrite-oxidizing bacteria (NOB). Most of these bacteria
are unculturable and can be reported in several environments (Altman et al., 2003; Freitag et
al., 2005). Rencently, the first genome of a strain of this phylum, Candidatus Nitrospira
defluvii, was sequenced from a metagenomic library enriched with this bacterium [27].
Reads of the candidate division SR1 were detected until the depth of 40 m. The fraction of
this division in microbial communities varies among different environments (Davis et al.,
2009). Nevertheless, they usually represent a small fraction of these communities. They
present a high phylogenetic diversity, but a limited morphological diversity (Davis et al.,
2009). They are not restricted to fresh water, but can be also found in marine sediment (van
der Wielen et al., 2005) and in the gut of animals (Ley et al., 2008). Borrel et al. (2010) also
observed a distribution of these bacteria along a water column in Lake Pavin, France, which
also presents an anoxic zone.
Eleven percent of the sequences were assigned to Actinobacteria and a large part of these
sequences were assigned to the order Actinomycetales. This phylum presents a great
biochemical and morphological diversity, as well as different forms of respiration (Embley et
al., 1994; Hayakawa et al., 2000). These bacteria are distributed in terrestrial (Hayakawa et
al., 2000; Heuer et al., 1997; McVeigh et al., 1996), fresh water (Newton et al., 2006;
Schauer et al., 2006; Wu et al., 2007) and marine (Clementino et al., 2008; Demergasso et al.,
2004; Oren, 2008) environments.
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Close to 6% of the total diversity of bacteria was represented by Bacteroidetes, a phylum
containing mainly strict anaerobic bacteria usually associated to the gut. A large amount of
these sequences were assigned to the genus Provetella, whose presence was previously
related to impacted environments (Okabe et al., 2007). Others had high identity to the order
Sphingobacteria, but with few hits. Members of this order are important to the mineralization
of complex polymers, and are frequently found where there is deposition of organic matter.
They can be found either in fresh water and marine environments, as well as in sediments and
soils (Newton et al., 2006; Schauer et al., 2006; Wu et al., 2006; Lydell et al., 2004).
Bacteroidetes presented the fastest response to the addition of complex organic matter in
sediments under strict anaerobic conditions, suggesting a role in the provision of organic
composts of low molecular weight that would be mineralized by sulphate-reducing bacteria
(Rosello-Mora et al., 1999).
Proteobacteria was the most abundant phylum (64% of the sequences). These bacteria are
commonly found in water and sediments of saline, alkaline and freshwater lagoons (Glocker
et al., 2000; Hirons et al., 1997; Humayoun et al., 2003; Koizumi et al., 2004). The
abundance of Proteobacterial sequences with depth and of Archaea as well, can be related to
low iron and sulphate concentrations in anoxic zones, limiting the availability of electron
acceptors (Dong et al., 2006). These scarcity forces the selection of microorganisms with
alternative pathways such as methanogenesis and methanotrophy, present in Archaea and
Protebacteria (α-Proteobacteria e γ-Proteobacteria), respectively.
The predominance of Proteobateria (essentially orders Burkholderiales and Rhodocyclales)
in deeper layers may also be due to the increase in the concentration of organic matter
(Lamontagne et al., 2004; Labbé et al., 2007), which increases the production and
consumption rates of methane and organic matter degradation by genera belonging to
α-Proteobacteria and that use a great diversity of C1 substances (Layton et al., 2000; Rainey
et al., 1998). β-Proteobacteria, especially those belonging to orders Burkholderiales and
Rhodocyclales were predominant at different depths. A variety of bacteria belonging to these
orders are able to degrade chlorinated and aromatic compounds (Kasai et al., 2005;
Hamamura et al., 2006; Yuste et al., 2000).
Other classes found were γ-Proteobacteria (mainly Pseudomonadales) and α-Proteobacteria
(essentially Rickettsiales), which include bacteria involved in methane utilization for
maintaining their metabolism, raising an important environment potential (Rees et al., 2004;
Teske et al., 2002).
4. Conclusions
The structure of prokaryotic communities remained unchanged from the 0 m to the depth of
35 m. Bacterial communities became less diverse and archaeal communities more diverse at
layers below 35 m. Proteobacteria, Actinobacteria, Euryarchaeota, Crenarchaeota and
uncultured prokaryotes were predominant. The presence and abundance of methanogens in
the deeper layers indicates the presence of an anoxic zone, with the consequent production of
methane, at the depth of 40 m and below.
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Appendix

Appendix 1. Archaeal diversity by depth
Description: Histograms showing the archaeal diversity at a phylum level in each layer.
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Appendix 2. Archaeal diversity by peaks
Description: Histograms showing the archaeal diversity at a phylum level in each peak.

Appendix 3. Bacterial diversity by depth
Description: Histograms showing the bacterial diversity at a phylum level in each layer.
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Appendix 4. Bacterial diversity by peaks
Description: Histograms showing the bacterial diversity at a phylum level in each peak.
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