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A B S T R A C T

O#shore drilling operations result in the generation of drill cuttings and localized smothering of the ben‐
thic habitats. This study explores bacterial community changes in the in the upper layers of the sea!oor re‐
sulting from an exploratory drilling operation at 1400 m water depth on the Barents Sea continental slope.
Significant restructurings of the sediment microbiota were restricted to the sampling sites notably affected
by the drilling waste discharge, i.e. at 30 m and 50 m distances from the drilling location, and to the upper
2 cm of the sea!oor. Three bacterial groups, the orders Clostridiales and Desulfuromonadales and the class
Mollicutes, were almost exclusively con%ned to the upper two centimeters at 30 m distance, thereby corrob‐
orating an observed increase in anaerobicity in!icted by the drilling waste deposition. The potential of
these phylogenetic groups as microbial bioindicators of the spatial extent and persistence of drilling waste
discharge should be further explored.

1. Introduction

Drilling for oil and gas generates quantities of waste that origi‐
nate from the release of drilling muds and rock cuttings, collectively
referred to as drill cuttings, and often also excess cement or other
materials used. The amount of waste depends on the drilling depth,
and the environmental impact of this discharge depends on its quan‐
tity and composition, local oceanographic conditions and the dis‐
charge strategy adopted. Since the early 1990s, the Norwegian envi‐
ronmental regulatory authorities have prohibited the discharge of
drill cuttings using oil-based drilling muds, such that either water
based muds or closed systems are used. The oil content of released
drill cuttings with accompanying drilling mud residuals should not
exceed 1%. Materials exceeding this threshold level are slurri%ed and
reinjected or transported onshore for cleanup. Hence, the drilling
waste currently deposited on the sea!oor in the vicinity of the
drilling sites largely comprises rock debris, mineral weight material
(e.g. barite, ilmenite) and smaller amounts of residual, water-soluble
chemical components. As baseline levels of barium (Ba) in sediments
are generally low, the barite-derived Ba is commonly used as a sensi‐
tive tracer of dispersal and persistence of discharges from drilling op‐
erations (Kennicutt et al., 1983; Phillips et al., 1998; Ellis et al.,
2012).

Although the environmental impacts of the discharges of water-
based drill cuttings are considerably less than those of the previ‐
ously-used oil-based varieties (Bakke et al., 2013), mesocosm and
%eld experiments have demonstrated effects on the benthic macro‐
fauna (Schaanning et al., 2008; Trannum et al., 2010). As might be
expected, the intensity of these effects is dependent on the thickness
of the deposited layer. However, contrary to previous assumptions,
oxygen depletion, anticipated to be induced by microbial catabolism
of organic components in the drilling !uids, seems to have a stronger
negative impact on the benthos than the plain burial effect caused by
drill cuttings sedimentation (Trannum et al., 2010). The radius of se‐
riously affected benthic communities coincides rather closely with
the visually evident spread of drilling waste and is rarely reported to
extend beyond 100–200 m. The affected area is furthermore shown
to diminish gradually over time after termination of the drilling op‐
erations (Daan et al., 2006; Gates and Jones, 2012; Jones et al.,
2012).

Only few studies have been published on the microbiological ef‐
fects of drilling muds and cuttings deposition, and their focus has
largely been on the consequences of using oil-based muds. In a North
Sea %eld study, Sanders and Tibbetts (1987) demonstrated increased
hydrocarbon-degrading and sulfate-reducing activity as far out as
500 m from the center of a drill cuttings pile if aromatics-rich diesel
based drilling muds were employed, whereas less toxic aliphatics

Corresponding author.
Email address: bjarne.landfald@uit.no (B. Landfald)

https://doi.org/10.1016/j.marpolbul.2017.10.039
Received 28 June 2017; Accepted 18 October 2017
Available online xxx
0025-326/ © 2017.

a b a, ⁎

a 
b 

⁎

UN
CO

RR
EC

TE
D 

PR
OOF



UN
CO

RR
EC

TE
D 

PR
OOF

UN
CO

RR
EC

TE
D 

PR
OOF

T.T. Nguyen et al. Marine Pollution Bulletin xxx (2017) xxx-xxx

based muds led to less far-reaching effects. Anaerobic degradation of
hydrocarbon components in drill cuttings was demonstrated by Artz
et al. (2002). A mesocosm study by Dow et al. (1990) showed less
distinct and long-lasting, but still significant changes in microbial ac‐
tivity after covering sediment with water based drill cuttings.

A number of factors, both biotic and abiotic, could be expected to
in!uence the microbial community structure in the upper sea!oor
sediment. These factors include climate, water depth, intensity and
character of benthic-pelagic coupling, geo-chemical characteristics of
the sediment and level of macrofaunal bioturbation. However, some
universal features still characterize upper sediment microbiotas and
distinguish them from the overlaying pelagic realm on the one hand
and the deep sediment biosphere on the other. The phylogenetic
richness is very high both at species and higher taxonomic levels and
compares with that of e.g. unperturbed soil communities (Torsvik et
al., 1998; Roesch et al., 2007). Gammaproteobacteria and Deltapro‐
teobacteria commonly constitute major taxonomic groups and other‐
wise rather uncommon taxa like Planctomycetes and Chloro#exi are
also amply represented (Bertics and Ziebis, 2009; Orcutt et al., 2011;
Zinger et al., 2011; Bienhold et al., 2012; Nguyen and Landfald,
2015).

A well-documented effect of drilling waste discharge is an in‐
creased anoxicity in the upper sediment strata. The suggested pri‐
mary cause of this effect is increased oxygen demand by components
in the muds, but reduced O  diffusion due to %nes that settle onto the
seabed, as well as reduced bioturbation by burrowing animals, may
also contribute to oxygen depletion in the affected sediment
(Trannum et al., 2011; Ellis et al., 2012). Furthermore, chemical
components in the muds may have selective effects by promoting or
inhibiting the growth of speci%c groups of microorganisms, thereby
distorting the pristine phylogetic structure of the sediment communi‐
ties.

In the present study we explore the character and spatial extent
of changes in bacterial community structure following exposure to
discharged drilling waste at a recently abandoned drilling location
on the south-western continental slope of the Barents Sea. By com‐
bining a comprehensive partial 16S rRNA gene based community
analysis with analyses of relevant environmental variables, we aimed
at elucidating the closeness between community change and varia‐
tions in direct and indirect in!uences of drilling waste discharge.
Furthermore, using community analyses, we aimed to determine if
affected sediments were characterized by speci%c phylogenetic
groups of bacteria which, if so, would have a potential as bioindica‐
tor of the spatial and temporal extent of this type of sea!oor pertur‐
bation.

2. Material and methods

2.1. Sampling

Sediment push corer samples (8 cm i.d., 50 cm length PVC tubes;
Planet Ocean Ltd., UK) were collected by means of a working class
remotely operated vehicle (ROV; Magnum Plus, Oceaneering AS) on
1–2 December 2013. The ROV was operated from the sub-sea an‐
chor-handling vessel M/V Njord Viking (Viking Supply Ships,
Gothenburg). The sampling was done in the vicinity of an drilling lo‐
cation at close to 1400 m depth at the Bønna location, situated on
the continental slope of the Barents Sea towards the Norwegian Sea
(Fig. 1) with Eni Norge as main operator. The site was drilled during
the period 14th of July-8th of November 2013, implying that the
drilling of the top hole (567 m) which led to discharge of drilling
waste on the sea!oor, took place in the %rst month of this period
(Paulsen et al., 2014). The estimated quantity of drilling mud dis‐
charged to the sea!oor from the top hole of the drilling site was
about 1260 m . Eight corer samples were collected at distances of 28,
33, 43, 55, 100, 155, 210 and 210 m from the drilling location (Fig.
1). In the following data presentations, the two %rst-mentioned cores
are treated as 30 m duplicates, the next two as 50 m duplicates and
the last two as 210 m duplicates.

On board, oxygen concentrations were recorded at 0.5, 1.5 and
3.5 cm from the core surface, corresponding to the mid-depths of the
three uppermost core sections (see below), by use of a ϕ 1.1 mm nee‐
dle sensor coupled to an ampli%er unit (Unisense AS, Aarhus, Den‐
mark). Aerated seawater and 100 mM ascorbate in 100 mM NaOH
were used as saturation and anoxic calibration points, respectively,
according to the manufacturer's recommendation. Each core was sub‐
sequently sliced into four sections, 0–1, 1–2, 2–5 and 5–10 cm from
the surface, mixed to homogeny in sterile plastic bags and frozen im‐
mediately at − 25 °C. On arrival to the onshore laboratory facilities,
the samples were transferred to a – 72 °C freezer for storage. The in‐
dividual samples were subjected to geochemical and 16S rRNA gene
based bacterial community analyses. However, in one of the 30 m
cores, the amount of sediment recovered from the uppermost 1 cm
layer was suf%cient only for bacterial community analysis, not for
geochemical analyses.

2.2. Sediment characteristics

Sediment grain size distribution was determined by a Beckman
Coulter LS 13 320 Laser diffraction particle size analyzer. The parti‐
cles were separated into two size classes; clay/silt (< 63 μm) and
sand/gravel (> 63 μm), in accordance with the Wentworth Scale
(Wentworth, 1922). Organic carbon content was estimated by weight
loss on ignition methodology, with approximately 3 g starting mater

Fig. 1. Geographical position of the drilling site in northern Norway and the corer sampling locations (diamonds) relative to the drilling site in the mid position.
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ial, heating at 550 °C for 12 h and 0.58 as conversion factor (Wang
et al., 2011). The pore water nitrate concentration was determined
by azo dye formation after reduction of nitrate to nitrite by cad‐
mium, according to the following protocol: sediment samples
(0.5 ml) were spun at 10000 rpm for 10 min in polyethersulfone cen‐
trifugal %lters with 30 kD cuto# (VWR prod.no. 516-0231). The %l‐
trate volume was precisely determined and diluted to 0.5 ml with
3% NaCl, then added 0.5 ml Mixed Acid Reagent (LaMotte Company;
prod.no. V-6278). After 2 min, 20 mg of Nitrate Reducing Agent
(LaMotte Company; prod.no. V-6279) was added followed by tube
inversion each second for 1 min. After 10 min, absorbance at 540 nm
was recorded spectrophotometrically (Spekol 2000, Analytik, Jena,
Germany) in a 1 cm light path cuvette. Standard solutions (0–50 μM)
were made by diluting KNO  in 3% NaCl. Barium, lead, iron (III) ox‐
ide, and manganese dioxide were determined by Inductively Coupled
Plasma Spectroscopy according to Environmental Protection Agency
(US) methods 200.7 and 200.8 (http://www3.epa.gov).

2.3. DNA extraction

Total DNA was extracted from duplicate 0.5 g samples using the
PowerSoil™ DNA Isolation kit (Mo Bio Labs, Inc., Carlsbad, CA,
USA) according to the manufacturer's instructions. The concentration
and quality of extracted DNA were determined by a NanoDrop ND-
1000 spectrophotometer (Thermo Scienti%c, Wilmington, DE, USA).

2.4. Ampli%cation and sequencing of partial 16S rRNA genes

Bacterial 16S rRNA genes were ampli%ed and prepared for se‐
quencing with the Illumina MiSeq system (Illumina Inc., San Diego,
USA), according to the manufacturer's protocol. Primers 341F and
785R, with added overhang adapters, were used for the primary am‐
pli%cation with the KAPA HiFi™ Hotstart ReadyMix (KAPA Biosys‐
tems Inc., Wilmington, MA, USA). To minimize potential random
PCR biases, each DNA preparation was ampli%ed in triplicate. After
indexing PCR, the amplicons were puri%ed with Agencourt AMPure
XP beads (Beckman Coulter, Brea, CA, USA), normalized, and
pooled. The pooled sample was sequenced at the Barents Biocentre
Lab, Tromsø, Norway on an Illumina MiSeq platform, using a
2 × 300 bp paired end protocol.

The raw sequence data have been submitted to the EMBL data‐
base under the accession number ERP023770.

2.5. Sequence analysis

Sequence analyses were carried out using the Quantitative In‐
sights Into Microbial Ecology (QIIME v.1.8) pipeline (Caporaso et al.,
2010). The forward and reverse sequence reads were joined using
the join_paired_end script (Erik Aronesty 2011; http://qiime.org/
scripts/join_paired_ends.html). Quality %ltering was conducted by re‐
moval of barcodes, adapters and short and low quality sequences, as
described by Bokulich et al. (2013). The quali%ed sequences were
clustered into Operational Taxonomic Units (OTUs) based on 97%
sequence similarity by the open-reference OTU picking protocol. A
representative sequence from each OTU was aligned to the GreenGe‐
nes (version May 2013) public database (http://greengenes.lbl.gov)
using the PyNAST software (DeSantis et al., 2006). By this step, tax‐
onomy assignment, sequence alignment, and phylogenetic tree-build‐
ing were obtained. All OTUs observed just once in the community
(i.e. singletons) and chloroplast-af%liated reads were removed before
performing alpha and beta diversity analyses.

2.6. Statistical analyses

The Chao1 species richness and the community evenness
(H′/H′ , where H´ is the actual Shannon diversity index and H′
the Shannon index if all OTUs were equally represented) were esti‐
mated from each sample by the QIIME tool by averaging 100 resam‐
plings of 4500 sequence reads (Chao, 1984; Shannon and Weaver,
1948). To test the null hypothesis that there were no differences in
richness or evenness between different depth layers and different lo‐
cations, a 2-way analyses of variance (ANOVA) with replicate (for
distances 30, 50 and 210 m) and without replicate (for distance of
100 and 150 m) were performed. Community beta-diversities were
calculated as Bray-Curtis similarities after Hellinger transformation
of sequence read frequencies and multivariate ordination of the Bray-
Curtis distances was performed by principal coordinates analysis
(PCoA) in R. The statistical significance of the PCoA ordination pat‐
tern was tested by the ANOSIM (analysis of similarity) method as im‐
plemented in the vegan package of R (Oksanen et al., 2012). To de‐
termine which taxa contributed the most to the differences between
the sampling locations, the univariate ANOVA function mvabund in R
(Wang et al., 2012), with adjusted p-values for multiple testing, was
employed. The potential relationships between changes in commu‐
nity composition and environmental and geochemical variables were
disentangled by distance-based redundancy analysis (db-RDA) based
on the Bray-Curtis similarity matrix (Legendre and Anderson, 1999).
The barium and nitrate data were log transformed prior to standard‐
ization of variables. Variation partitioning was employed to quantify
the individual contributions by each explanatory parameter to ex‐
plained bacterial beta-diversity and ANOVA tests on partial RDA or‐
dinated data by 1000 Monte Carlo permutations were used to assess
the significance of each effect. The statistical analyses were per‐
formed in the R (v.2.15.3) statistical packages (http://vegan.r-forge.
r-project.org).

3. Results and discussion

3.1. Sediment composition and deposition of drill cuttings

According to inspection of the corer samples, the natural sedi‐
ments at the Bønna area comprised a layer of brownish !occulent
%ne silt overlying more consolidated glacio-marine blue-gray clay,
with small scattered dark-colored stones on the surface. The thick‐
ness of the upper layer varied from approximately two to four cen‐
timeters.

Visual inspection of the sea!oor on-site using the ROV and
recorded with both video and stills camera con%rmed physical
smothering of the native sediment by drill cuttings and some cement
remains in the immediate vicinity of the drilling site, with a more
widespread but less intense deposition farther from the drilling loca‐
tion. In a northern direction, the deposition was reduced to maxi‐
mally two millimeters at a distance of 100 m and was not visible by
155 m. A similar trend was evident in the easterly direction, where
up to 30 mm deposition was seen at a distance of 30 m, decreasing
to 10–20 mm at 50 m and no visible deposition was observed by
210 m (Fig. 1). However, even within the radius of extensive drilling
waste discharge, the deposition was patchy, as shaped by the undu‐
lating sea!oor at this location.

Markedly elevated concentrations of barium in the uppermost one
centimeter sediment layer were observed at 30 m and 50 m (11,000
and 17,000 mg kg , respectively, relative to ≤ 700 mg kg  in the
210 m cores; (Fig. 2). However, even at the most distant sampling
site, the post-drilling Ba concentration was more than doubled, as
compared with the values found in a pre-drilling survey of 2010
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Fig. 2. Values of environmental variables recorded at different distances from the drilling site (30, 50 and 210 m in duplicate = a and b) and in different depth layers. Colors:
0–1 cm, green; 1–2 cm, blue; 2–5 cm, yellow; 5–10 cm, dark gray. Oxygen concentrations are only presented for the midpoints of the 1–2 and 2–5 cm layers. (For interpretation
of the references to color in this %gure legend, the reader is referred to the web version of this article.)

(Mannvik et al., 2011), indicating that discharged drilling mud, pos‐
sibly released both directly to the sea!oor and from the rig, had been
spread thinly in a much wider radius than indicated by the visual de‐
position. Unexpectedly, the Ba levels from 1 cm below the surface
(bsf) and downwards in one of the 30 m cores were close to the
background level, indicating a distinct patchiness in residual barite
even close to the drilling location.

For the oxygen, just the concentrations within the intermediate
sections of 1–2 cm and 2–5 cm bsf are presented in Fig. 2, as the on‐
board measurements by the needle electrode in the uppermost
0–1 cm layer proved highly unstable, while measurements below
5 cm bsf were impracticable for technical reasons. Significant oxygen
concentrations were observed several centimeters into the sediment
at the less affected sampling sites beyond 100 m. The in!ux of bio‐
genic sedimentary organic material at this continental margin loca‐
tion, with a water depth of approximately 1400 m, should be ex‐
pected moderate, resulting in a correspondingly low O -consumption
in the upper sea!oor. The exceptionally low temperature of − 1 °C
at the sea!oor likely also contributed to low metabolic activity. Cor‐
respondingly deep oxygen penetration into sediment has been ob‐
served both at continental margin habitats (Cai and Sayles, 1996;

Boetius and Damm, 1998) and by measurements at adjacent Arctic
Ocean and Barents Sea locations (Hulth et al., 1994). The oxygen
penetration was reduced at the 30 m and 50 m sampling sites, as the
O  saturation there was < 5% already at 1.5 cm bsf while 13 to 37%
saturation was maintained 3.5 cm bsf at the more distant cores. Low
nitrate concentrations below 1 cm at the two nearest distances also
pointed to a steeper shift towards anaerobicity close to the drilling
sites. These data con%rmed previous observations that discharge of
water based drilling muds affects oxygen distribution in the sediment
(Schaanning et al., 2008; Trannum et al., 2010; Bakke et al., 2013).
The factors that may have contributed to reduced aerobicity are
stimulated heterotrophic activity from organic ingredients in the
drilling mud (Bakke et al., 2013), reduced oxygen in!ux due to cap‐
ping by %nes (drilling mud, %nely crushed rock and cement) de‐
posited onto the seabed or less bioturbation by burrowing animals.
The spent material discharged to the sea!oor next to the drilling site
during the present operation was purely from the top sections of the
drilling location where the drilling mud contained no organic ingre‐
dients, just bentonite (clay), soda ash and barite, with sea water as
!uid. Hence, reduced oxygen penetration appears as a more plausi‐
ble cause of the observed oxygen depletion than stimulation of het
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erotrophic growth. The fact that the organic carbon concentrations in
the samples most heavily marked by drilling mud discharge were
lower than at the more remote sampling sites or in the deeper sec‐
tions of the sediment (Fig. 2), pointed in the same direction. On the
other hand, nor did the grain size analyses indicate significant spa‐
tially related differences in the top layer particle distribution. Rather,
a consistent pattern of increased %neness with increasing sediment
depth was observed, as 55–77% of the sediment were in the
clay + silt category (< 63 μm particle size) in the 0–1 cm layer
while this fraction constituted 94–98% in the 5–10 cm bsf sections of
the cores (Fig. 2). The concentrations of lead varied within the range
of 14.6–19.4 mg kg  established by the pre-drilling baseline survey
at the Bønna location (Mannvik et al., 2011), while the ferric and
manganese oxides, which both may be involved in anaerobic energy
metabolisms in marine sediments (Beal et al., 2009; Algora et al.,
2015) did not show unambiguous variations related to distance from
the drilling location or sediment depth.

3.2. The unperturbed bacterial community

A total of 494,017 high-quality 16S rRNA gene sequence tags,
grouped into a total of 18,720 operational taxonomic units (exclud‐
ing singleton OTUs) at 3% dissimilarity level, were obtained from the
32 sediment samples (eight cores times four sections from each
core). As the visual and chemical indices of disturbance of the native
sediment by drilling waste discharge generally were con%ned to
within 100 m from the drilling location, we anticipated the bacterial
communities at the most distant, i.e. 210 m, sites to be representa‐
tive of the indigenous microbiota at this 1400 m depth continental
margin location. The community data at this site con%rmed the bac‐
terial richness of marine sediments which previously has been
demonstrated by various analytical approaches (Torsvik et al., 1998;
Zinger et al., 2011; Nguyen and Landfald, 2015) as the Chao1 esti‐
mates of OTU richness were in the range 3000 to 5000 (Table 1).
The taxonomic classi%cation identi%ed 37 groups at phylum-level
separation, including 21 established phyla (Supplementary table S1).
Predominance by Proteobacteria, and the gamma class in particular,
also appears as a universal characteristic of marine sediments
(Schauer et al., 2010; Zinger et al., 2011; Bowen et al., 2012;
Hamdan et al., 2013). In the 210 m samples, the Gammaproteobacte‐
ria made up 27.9% of sequence tags, with the metabolically versatile
family Piscirickettsiaceae (Fryer and Lannan, 2007) as the main com‐
ponent (40.9% of gamma sequence tags). Other prominent groups of
Gammaproteobacteria were the Chromatiales, Enterobacteriaceae and
the HTCC2188 clade of oligotrophic marine bacteria (Cho and
Giovannoni, 2004), which constituted 12.4%, 7.6% and 4.4%, re‐
spectively, of gamma sequence tags. The Deltaproteobacteria (15.3%
of total tags) were strongly represented by the uncultivated deep-sea
trench sediment group NB1-j (Yanagibayashi et al., 1999), as 43.5%
of the deltaproteobacterial sequence tags af%liated with this class.
The nitrite-oxidizing genus Nitrospina (Lücker et al., 2013) was also
abundant (21%). Among the Alphaproteobacteria (13.4% of total
tags), the family Rhodospirillaceae constituted 40.0%. Besides the Pro‐
teobacteria, the phyla Chloro#exi, Bacteroidetes (predominantly Cy‐
tophagales and Flavobacteriales), Acidobacteria and Planctomycetes
each constituted from 5.7 to 6.4% of total sequence tags (Table S1).

In the 210 m cores the distribution between major phylogenetic
groups showed moderate and inconsistent variations among samples
from the different sediment depths. This indicated that the observed
environmental changes down the upper 10 cm of sediment, although
involving markedly reduced oxygen and nitrate levels (Fig. 2), still
had too weak selective force to impose noticeable differences in bac‐
terial community structure at this speci%c site.

Table 1
Sequencing outcome and diversity estimates based on partial 16S rRNA gene se‐
quence data.

Dist (m) Layers (cm) No. reads Chao1 Even-ness

30 (1) 0–1 20839 3070 0.81
 1–2 10325 3296 0.89
 2–5 20764 4151 0.91
 5–10 21580 2411 0.84
30(2) 0–1 28869 3496 0.85
 1–2 35011 4215 0.85
 2–5 23574 4116 0.91
 5–10 12489 2948 0.89
50 (1) 0–1 9480 3513 0.90
 1–2 5779 4264 0.92
 2–5 5690 3810 0.91
 5–10 6122 3345 0.90
50 (2) 0–1 20540 2763 0.87
 1–2 32582 5433 0.93
 2–5 17844 3408 0.90
 5–10 20864 3248 0.85
100 0–1 36862 4904 0.91
 1–2 5251 3401 0.89
 2–5 5307 2834 0.89
 5–10 15842 2775 0.85
155 0–1 5367 3145 0.91
 1–2 6432 3616 0.91
 2–5 22728 4105 0.90
 5–10 16476 2626 0.87
210 (1) 0–1 6041 4194 0.93
 1–2 6272 3659 0.91
 2–5 13479 3676 0.90
 5–10 10087 3754 0.91
210 (2) 0–1 23340 4930 0.92
 1–2 6982 3972 0.91
 2–5 13789 4575 0.91
 5–10 7411 3346 0.91

Quality-checked reads after pre-%ltering and removal of singletons.
Computed by 100 times resampling of 4500 quality-checked sequence tags.
Calculated with base 2 logarithms.

3.3. Community e&ects of drilling waste discharge

The partial 16S rRNA gene sequence data established that the
drilling activity resulted in alterations of the bacterial communities
in the uppermost sediment layers close to the drilling site. The 32
samples grouped with statistical significance (ANOSIM R-
value = 0.71; p = 0.001) into four PCoA-generated clusters, among
which two were associated with the area visually affected by drilling
waste discharge (Fig. 3). The samples from the uppermost two cen‐
timeters at 30 m distance constituted one cluster (group 1) and the
0–1 cm layer at 50 m a second cluster (group 2). All intermediate
depth (2–5 cm) and more distant upper layer (100–210 m) sequences
made up group 3 while group 4 included the deepest, 5–10 cm com‐
munities from all cores. The overlap between the latter two clusters
was associated with the deep samples from the 210 m site, which, as
mentioned, showed less community structure variation between dif‐
ferent strata than the remaining sampling sites.

The community distinctiveness of the upper layers close to the
drilling site was not associated with reduced OTU richness, while the
upper 2 cm of the 30 m cores showed a minor reduction in average
community evenness, i.e. 0.85 ± 0.03, as compared with 0.91 ± 0.01
for the remaining sampling sites (p = 0.02 by Student t-test). This
indicated a slight shift towards stronger numerical dominance by
high-abundance phylogenetic groups at this most affected location
(Table 1). We conclude that the overall bacterial diversity at the
sea!oor proved robust against the kind of environmental insult ex
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Fig. 3. Principal coordinates analysis of complete OTU data. Icons separate different
distances from drilling site: triangles pointing down, 30 m; circles, 50 m; diamonds,
100 m; triangles pointing up, 155 m; squares, 210 m. Colors: 0–1 cm, green; 1–2 cm,
blue; 2–5 cm, yellow; 5–10 cm, dark gray. (For interpretation of the references to
color in this %gure legend, the reader is referred to the web version of this article.)

erted by the drilling waste discharge. The recurring pattern in the
sampled material was a minor reduction in diversity down the sedi‐
ment, as the average richness and evenness values were significantly
lower in the 5–10 cm bsf layers than in the 0–5 cm layers (p < 0.05
by Student t-test, based on weighted average values for the 0–5 cm
samples).

A principal components ordination after assembling the OTUs
into the taxonomic ranks of class or order con%rmed the clustering
pattern of Fig. 3 (data not shown) and subsequent univariate ANOVA
analysis disentangled the phylogenetic groups that contributed sig‐
nificantly to this patterning. The 11 most abundant (≥ 1% of se‐
quence tags in at least one sample) of these groups are presented in
Fig. 4. The de%ning feature of the top two centimeters of sediment at
30 m distance from the drilling site, corresponding to group 1 in Fig.
3, was a unique presence of representatives of the class Mollicutes
and orders Desulfuromonadales (mainly family Desulfuromonadaceae)
and Clostridiales. On average, the three taxa constituted 5.7%, 3.8%
and 2.7%, respectively, of total sequence tags in these sediment sec‐
tions (Fig. 4). The same sediment samples also harbored particularly
high fractions of the orders Flavobacteriales and Alteromonadales. Op‐
posite to the mentioned taxa, the remaining seven in!uential groups
principally showed a depth-related variation by being more con%ned

Fig. 4. Distribution among samples of phylogenetic groups giving significant contri‐
butions to explained community variations. Colors: 0–1 cm, green; 1–2 cm, blue;
2–5 cm, yellow; 5–10 cm, dark gray. (For interpretation of the references to color in
this %gure legend, the reader is referred to the web version of this article.)

to the deeper sections of the sediment cores. The high presence of
Enterobacteriales (family Enterobacteriaceae) constituted a particularly
distinguishing feature of the deepest, 5–10 cm half of the cores. This
group, of which 91% belonged to a single operational taxonomic
unit, ranged from 4.5 to 9.9% of total sequence tags in these sec‐
tions, while being distinctly less prominent in the overlaying strata.

Variation partitioning of dbRDA ordinated data was used to shed
light on the contributions by the recorded environmental factors to
observed community variations (Table 2). The analysis attributed
25.4% of the overall variation to the impact of the included con‐
strained variables (P = 0.001). The individual contributions were
rather similar by varying from 3.0 to 4.5% and those of barium, %
(silt + clay) and nitrate showed significance by permutation tests
(p ≤ 0.05). Due to low solubility product of barite and the relatively
high concentration of sulfate in seawater, the saturation concentra‐
tion of Ba  is estimated at less than 50 μg per liter (Ne#, 2008). As
Sivolodskii (2012) %nds minimum inhibitory concentrations of Ba
towards a number of gram negative bacteria in the range 0.5–50 g
per liter, the barium load, as such, appeared as an unlikely cause of
the observed community changes near the drilling site. Rather, the
residual barium principally served as an indicator of the extent of
residual drilling mud, and the bacterial community structuring effect
of the mud deposition was plausibly a result of other factors. The
grain size principally varied in accordance with sediment depth, not
by distance from the drilling location, implying that the observed re‐
lationship between this factor and community composition re!ected
the distinctiveness of the deep communities rather than being a con‐
sequence of the drilling waste discharge.

Relationships between oxygen regime and bacterial community
structure under otherwise similar environmental conditions have
been demonstrated in experimental sediment setups (Vitte et al.,
2013; Militon et al., 2015), implying that the observed increase in
anaerobicity near the drilling site contributed to the observed re-
structuring of the upper sediment bacterial communities. The emer‐
gence of significant fractions of both fermentative Clostridiales and
anaerobically respiring Desulfuromonadales in the upper 2 cm at 30 m
distance indicated establishment of some form of syntrophic relation‐
ship involving these groups as a consequence of the sediment pertur‐
bation. Our data gave no clue to what sediment components might
be involved, neither as carbon source nor as electron acceptor. The
Desulfuromonadales, mainly including Desulfuromonadaceae in the
present material (Supplementary table S1), are associated with dis‐
similative reduction of elemental sulfur, Fe  and Mn  (Kuyver et
al., 2005). However, no consumption of e.g. ferric oxide through a
respiratory process could be disclosed in a high and variable back‐
ground concentration in the sediment. The unique appearance of rep‐
resentatives of the wall-less and anticipated parasitic Mollicutes in the
top layers at 30 m remained without support in environmental data.
It indicated that the environmental change exerted by the mud dis‐
charge had stimulated the colonization by some otherwise rare, mi‐
crobial eukaryotic host or, alternatively, a proliferation of the Molli‐
cutes parasites within an existing population of prospective hosts.

Table 2
Partitioning of contributions to explained community variation by environmental
factors. Significant contributions (P < 0.01) are shown in bold.

Parameters Variation (%) P value

Nitrate 4.5 0.01
% silt + clay 4.2 0.01
Barium 3.7 0.04
TOC 3.6 0.06
Fe O 3.2 0.24
MnO 3.2 0.24
Pb 3.0 0.34
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However, the current literature does not give convincing clues to the
habitats of marine Mollicutes.

The unique presence of the Clostridiales, Desulfuromonadales and
Mollicutes in the uppermost centimeters at 30 m distance from the
drilling location pointed to one or more of these taxa as prospective
candidates as microbial bioindicators of sea!oor perturbation by
drilling waste. Preceding studies have linked Clostridiales and Molli‐
cutes to bacterial community change after oil contamination in ma‐
rine environments and even indicated the Clostridiales as a possible
bioindicator of such contamination (dos Santos et al., 2011;
Hasegawa et al., 2014; Koo et al., 2014). As hydrocarbons or other
organic constituents were not discharged with the present drilling
waste, it seems that enhanced anaerobicity, as such, or some other
environmental change not revealed by the present study, triggered a
similar community response as the oil contamination.

The present study is, to our knowledge, the %rst to address the
microbial effects of drilling waste discharge on the sea!oor by a
whole-community analysis approach. While the expected commu‐
nity-structuring in!uences of oil-based muds may draw heavily on
the insights obtained from the broad research on hydrocarbon conta‐
mination in marine environments in general (Röling et al., 2004;
Head et al., 2006; Liu and Liu, 2013; Stau#ert et al., 2013; Kimes et
al., 2014), the effects of water-based drilling mud discharges are
without obvious parallels in other kinds of perturbation of marine
microbial habitats. The present study addressed such community
changes in the immediate aftermath of a drilling waste discharge,
and we identi%ed phylogenetic groups of bacteria that appeared ex‐
clusively associated with the immediate surroundings of the drilling
site, i.e. the area most heavily affected by drill cuttings discharge.
However, comparative studies from additional drilling sites are
needed to con%rm if the unexpected emergence of Mollicutes and
Clostridiales represents a general phenomenon, thereby making these
groups prospective candidates as supplementary biological indicators
to the macrofauna in locations exposed to o#shore drilling activity.
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