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Abstract
The Kimberley region of Western Australia is a National Heritage listed region that is
internationally recognised for its environmental and cultural significance. However,
petroleum spills have been reported at a number of sites across the region, representing an
environmental concern. The region is also characterised as having low soil nutrients, high
temperatures and monsoonal rain – all of which may limit the potential for natural
biodegradation of petroleum. Therefore, this work evaluated the effect of legacy petroleum
hydrocarbons on the indigenous soil microbial community (Archaea, Bacteria and Fungi)
across three sites in the Kimberley region. At each site, soil cores were removed from
contaminated and control areas and analysed for total petroleum hydrocarbons, soil nutrients,
pH and microbial community profiling (using16S rRNA and ITS sequencing on the Illumina
MiSeq Platform). The presence of petroleum hydrocarbons decreased microbial diversity
across all kingdoms, altered the structure of microbial communities and increased the
abundance of putative hydrocarbon degraders (e.g. Mycobacterium, Acremonium,
Penicillium, Bjerkandera and Candida). Microbial community shifts from contaminated soils
were also associated with an increase in soil nutrients (notably PO43- and S). Our study
highlights the long-term effect of legacy hydrocarbon spills on soil microbial communities
and their diversity in remote, infertile monsoonal soils, but also highlights the potential for
natural attenuation to occur in these environments.

Keywords: bioremediation, microbiome, petroleum hydrocarbons, infertile, monsoon
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1

Introduction

2

Globally, the most widely-distributed environmental pollution is contamination by petroleum

3

hydrocarbons that are found in crude oils, diesels and kerosene, including straight and

4

branched alkanes, cycloalkanes, phenolics, aromatics and polycyclic aromatic hydrocarbon

5

(PAHs) (Grice et al., 2009). Extensive use of petroleum-based products represents a constant

6

threat of spillage, particularly during storage, transport or use via handling incidents. Such

7

spills may result in significant environmental contamination of soils and water, and clean up

8

can be difficult and expensive. This is especially true in pristine and remote environments

9

such as Western Australia’s National Heritage listed Kimberley region. This region, bordered

10

by the Pilbara to the south and the Northern Territory to the east, is internationally recognised

11

for its unique and dramatic landscape characterised by its significant biological diversity and

12

cultural history (Commonwealth of Australia, 2011). Over the course of the past 50 years

13

there have been reports of localised petroleum hydrocarbon spills as a result of historical

14

diesel-powered electricity generation at a number of managed sites in this region (Horizon

15

Power, Western Australia) representing an environmental concern.

16

The soil microbial community plays a major role in hydrocarbon removal in the

17

environment, with biodegradation by indigenous soil microbial communities being one of the

18

primary mechanisms (Bento et al., 2005; Greenwood et al., 2009). The rate of microbially-

19

mediated biodegradation depends on factors such as the nature of the contamination and the

20

suitability of the conditions for microbial activity (Atlas, 1995). Both nutrients and water are

21

known to be limiting factors controlling hydrocarbon biodegradation in soils (Greenwood et

22

al., 2009; Tibbett et al., 2011). Soils in the monsoonal tropics, such as the Kimberley region,

23

represent a particular challenge as conditions for bioremediation are unlikely to be optimal –

24

soils are nutrient-poor and weather conditions, particularly rainfall, are highly variable. The

25

Kimberley region is also one of the hottest regions of Australia, with an average annual mean

RMIT Classification: Trusted

26

temperature of 27 °C and temperatures above 30 °C for most of the year, including during the

27

winter months. Low soil nutrients, sporadic rainfall and high temperatures, combined with

28

the remoteness of the region means that hydrocarbon biodegradation may be limited, and

29

contamination may persist in the soil for a long time.

30

In our previous work on similar soils in nearby Barrow Island in Western Australia, and in

31

other sites in the Kimberley, we have shown how low concentrations of soil nutrient

32

(particularly nitrogen and phosphorus) restrict hydrocarbon degradation and alter the soil

33

microbial communities (Lin et al., 2014; Tibbett et al., 2011). However, these were short-

34

term, ex-situ microcosm studies and, to date, there is a paucity of knowledge on the longer-

35

term effect of terrestrial hydrocarbon spills on microbial communities in-situ in environments

36

with naturally low nutrient concentrations that also experience high annual temperatures and

37

monsoonal rainfall.

38

Here we assessed the impact of legacy hydrocarbon contamination from spills at three sites

39

in the pristine western Australian Kimberley region (Camballin, Fitzroy Crossing and

40

Kununurra) under the control of a regional power generator, Horizon Power. At all sites there

41

were areas with legacy hydrocarbon contamination due to activities associated with power

42

generation. Specifically, we aimed to answer the following questions (1) Has the indigenous

43

microbial community (archaea, bacteria and fungi) been altered by legacy hydrocarbon

44

contamination? (2) Is there an interaction between hydrocarbon contamination, microbial

45

communities and soil nutrients? (3) Is there evidence of natural attenuation in these pristine,

46

low nutrient, monsoonal soils?

47
48

Materials and Methods

49

Field sites and sample collection. Soils were collected from three sites located in the

50

Kimberley region of northern Western Australia (Fitzroy Crossing (18.18°S; 125.56°E),
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51

Camballin (17.99°S; 124.19°E) and Kununurra (15.78°S; 128.71°E) – see Fig. 1A). The

52

region has a tropical monsoonal climate with mean monthly maximum temperatures of

53

>35°C in summer and >30°C in winter (Fig. 1B). The region is also characterised as having a

54

tropical monsoon climate; receiving about 90% of its rainfall during the short wet season

55

(from November to April) when cyclones are common (Fig. 1B). All sites recieve <50 mm of

56

rainfall during the 8-month dry season between the start of April and end of November (Fig.

57

1B). Two of the sites, Fitzroy Crossing and Camballin, are extremely hot in summer, with

58

average monthly maximum temperatures of ~40°C, and daily maximums reaching up to 47°C

59

(http://www.bom.gov.au/climate/data).

60

All sites contained native bushland before being cleared between 1964 and 1978, and used

61

for power generation (Horizon Power Technical Report). Hydrocarbon contamination events

62

are recorded as having occurred at each site, but it is possible that other major events were

63

not recorded as historical data related to such events are minimal. Each site may have also

64

been subject to repeated small contamination events over time including diesel, fuel oil and

65

transformer oil.

66

Field sampling occurred in the dry season between 6 and 10 July 2015 and was conducted by

67

ERM consulting (Perth, Australia). At each site, an area with potential contamination was

68

identified based on knowledge of the site history, previous sampling for contamination, and

69

soil appearance. An adjacent area, likely to be uncontaminated, was then also identified

70

(control soil). Subsequent analysis showed the putatively contaminated and uncontaminated

71

site classifications were not effective predictors of actual hydrocarbon contamination.

72

Therefore, subsequent analysis of microbial communities was based on as-measured

73

contaminated versus uncontaminated sites which used actual total petroleum hydrocarbons

74

measured. Being the dry season, there was little green vegetation present at the sites, but

75

senesced plant material present indicated that all sites, except Kununurra, likely supported the
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76

growth of grasses and other herbs in the wet season. Further details of the sites, including

77

contamination history, vegetation and sampling location are presented in Table S1.

78

At each site, three replicate soil cores (n=3) were removed from both the contaminated and

79

control areas. Distance between contaminated and control sampling areas varied among sites

80

but was no less than 5 m and no greater than 20 m. Distance between replicate cores within

81

the contaminated and control areas at each site was no greater than 2 m. Each core was

82

divided into depths from the soil surface of 0–15, 15–30 and 30–45 cm, giving 18 discrete

83

samples at each of the three sites consisting of approximately 1.5 kg per sample which was

84

placed into a cloth bag and then sealed inside a plastic ziplock bag. Soil was stored in iced

85

coolers and shipped to The University of Western Australia (UWA), Perth, within 1–2 days

86

of collection by same-day air freight.

87

The cloth bags of soil were stored in a cool room at 4°C until processing, which occurred

88

within 24 hours. Samples were removed from their bags and passed through a 2-mm sieve

89

into a galvanised steel bucket and thoroughly mixed. Samples were then decanted into a

90

stainless steel tray to form a cone-shaped pile. Subsamples were taken from the pile using a

91

stainless steel spatula or spoon depending on the size of the required subsample. Each

92

subsample comprised soil taken from ten points within the pile: four points at the base of the

93

pile; four points halfway up the pile but between the sampling points at the base; one point at

94

the top of the pile; and one point at the centre of the pile. Aseptic sampling techniques were

95

employed between each sample collection: all utensils being cleaned with a phosphate-free

96

detergent, sprayed with 70% ethanol and wiped dry with clean paper towelling. Subsamples

97

were taken from each sample as follows: (1) 100 g was placed in a vial, snap frozen in liquid

98

nitrogen and stored at –80°C until DNA was later extracted; (2) 100 g was sent for analysis of

99

total petroleum hydrocarbons (TPHs); (3) 50 g was weighed, dried at 105°C for 3 days and
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reweighed in order to calculate soil water content; and (4) remaining soil was air-dried

101

(40°C) for measurement of nutrients, pH and particle size.

102

DNA extraction. DNA extractions were performed on all soils using the PowerSoil™ DNA

103

Isolation Kit (MoBio Laboratories Inc.) following the manufacturer’s instructions. Duplicate

104

DNA extractions were pooled and quantified using a Qubit™ and the DNA extract was

105

stored at –40°C before further analysis. Two 20 μl aliquots of each DNA extract were sub-

106

sampled and (1) 20 μl was sent to the Australian Genome Research Facility (AGRF) for

107

bacterial sequencing (16S rRNA) and (2) 20 μl was sent to the University of Warwick, UK

108

for fungal sequencing (ITS).

109

Bacterial and Archaeal amplicon sequencing. For each sample, approximately 465 base

110

pairs of the V3/4 region of the bacterial 16S rRNA gene (Mori et al., 2013) were amplified by

111

PCR primer set 341F (5’-CCTAYGGGRBGCASCAG-3’) and 806R (5’-

112

GGACTACNNGGGTATCTAAT-3’) and sequenced by the Australian Genome Research

113

Facility (AGRF) on the Illumina MiSeq platform using Nextera XT v2 indices and 300 bp

114

paired end technology. Following sequencing, paired-end reads were assembled by aligning

115

the forward and reverse reads using PEAR (version 0.9.5) (Zhang et al., 2014). Ambiguous

116

and chimeric sequences were identified and removed using VSEARCH (version 1.4.0) with

117

the Ribosomal Database Project as reference (Rognes et al., 2016). All downstream analyses

118

were performed in QIIME (version 1.9.1) (Caporaso et al., 2010). Open-reference OTU

119

picking was performed using the SortMeRNA (version 2.0) method with a minimum identity

120

of 97%. Taxonomy was assigned using UCLUST (version 1.2.22) (Edgar, 2010) with the

121

greengenes database as reference (version 13.8) and sequences were aligned using PyNAST

122

(version 1.2.2).

123

Fungal amplicon sequencing. For each sample, approximately 260 base pairs of the ITS

124

region of the fungal rRNA gene were amplified by PCR primer set ITS3 (5’-
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GCATCGATGAAGAACGCAGC-3’) and ITS4 (5'-TCCTCCGCTTATTGATATGC-3')

126

(White et al., 1990) and sequenced on the Illumina MiSeq platform using Nextera XT v2

127

indices and 300 bp paired end technology. Following sequencing, paired-end reads were

128

assembled by aligning the forward and reverse reads, trimming primers and quality filtering

129

(-fastq_maxee 0.5) using USEARCH and UPARSE software (Edgar, 2010) (version

130

8.1.1861). Full-length duplicate sequences were removed and sorted by abundance.

131

Singletons or unique reads in the data set were discarded. Sequences were clustered followed

132

by chimera filtering using the ITS Unite database as a reference

133

(uchime_reference_dataset_01.01.2016) (Koljalg et al., 2013). To obtain the number of reads

134

in each OTU, reads were mapped back to OTUs with a minimum identity of 97%. Taxonomy

135

was assigned using QIIME 1.8 (Caporaso et al., 2010) and the ITS Unite database (Koljalg et

136

al., 2013) (sh_qiime_release_s_21.01.2016).

137

Petroleum hydrocarbons. Total recoverable hydrocarbons (TRHs) and polycyclic aromatic

138

hydrocarbons (PAHs) were assessed in all samples by the National Measurement Institute

139

(NMI) at Kensington, Western Australia (NATA accredited laboratory). Total recoverable

140

hydrocarbons were first extracted with a 50% dichloromethane/acetone solvent under

141

sonication. Prepared extracts were injected into a gas chromatograph (GC) where the

142

separation of individual components was achieved with a non-polar capillary column and

143

detection was by flame ionisation. Note that this method does not include any clean-up

144

procedure; hence, any extracted compound capable of detection by flame ionisation and

145

eluting within the C10–C40 range on the capillary GC column is considered a petroleum

146

hydrocarbon and included in the TPH result. Total recoverable hydrocarbons in the C6–C10

147

range were analysed using the Purge and Trap technique with the following reported: C6–C10,

148

>C10–C16, >C16–C34, >C34–C40 with the limits of reporting being 25, 50, 100 and 100 mg kg–1,

149

respectively.
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150

Polycyclic aromatic hydrocarbons including naphthalene, acenaphthylene, acenaphthene,

151

fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benz(a)anthracene, chrysene,

152

benzo(b+k)fluoranthene, benzo(a)pyrene, indeno(1,2,3,c,d)pyrene, dibenz(a,h)anthracene and

153

benzo(g,h,i)perylene were measured in all samples. These were first extracted with a 50%

154

dichloromethane/acetone solvent under sonication and the extract was analysed using

155

capillary column GC with a mass selective detector or tandem mass selective detector. The

156

ions were generated using electron impact. The limits of reporting were 2 mg kg–1 for

157

benzo(b+k)fluoranthene and 1 mg kg–1 for the remainder.

158

Soil nutrients, pH and particle size. The soil was sent to CSBP laboratories (Bibra Lake

159

Western Australia; Australasian Soil and Plant Analysis Council (ASPAC) certified) for

160

analysis. Unless otherwise specified, soil analysis methods followed those of Rayment and

161

Lyons (2010) as follows: bicarbonate-extractable phosphorus (P) and potassium (K)

162

(Colwell, 1963), mineral nitrogen (N) (ammonium-N plus nitrate-N) (Searle, 1984),

163

extractable sulfur (S) (Blair et al., 1991), pH and conductivity in a soil:solution ratio of 1:5.

164

Particle size was determined at UWA following the pipette extraction method (Gee and Or,

165

2002). For some measurements, some samples were below detection limits and these data

166

were converted to 0 for statistical analyses. The limits were as follows: nitrate-N <1 mg kg–1,

167

extractable P <1 mg kg–1, and conductivity <0.01 dS m–1.

168

Data analysis. The a priori experimental design consisted of three factors as follows: site

169

(Fitzroy Crossing, Camballin and Kununurra; n=3), contamination (control and

170

contaminated; n=2) and depth (0-15 cm, 15-30 cm and 30-45 cm; n=3) with 3 replications of

171

each resulting in a total of 54 experimental units. Following measurement of TPH levels

172

within each of the 54 samples collected, samples previously designated as ‘contaminated’ and

173

‘control’ were re-labelled as ‘TPH detected’ or ‘TPH not detected’. To then determine

174

whether legacy hydrocarbon contamination had a significant effect, samples were first
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175

grouped according to whether petroleum hydrocarbons were detected. As not all samples at

176

previously labelled ‘contaminated’ sites had detectable hydrocarbons, an uneven design

177

resulted among sites, particularly so with depth (Figure S2). Subsequently, soil depth (0-45

178

cm) was pooled for both ‘TPH dectected’ and ‘TPH not detected’ sites and type III sum of

179

squares was applied for all one-way and two-way ANOVA tests to determine differences in

180

petroleum hydrocarbons and soil chemical properties (e.g. pH, NH4+, NO3-, P) among

181

locations. Some parameters were subject to log or square root transformation to achieve

182

normality. All statistical analyses were performed in R (version 4.0.2) (R Core Team, 2017).

183

Microbial community analysis. Statistical analyses were carried out in R (version 4.0.2) (R

184

Core Team, 2017) using the Phyloseq package (version 1.30.0) (McMurdie and Holmes,

185

2013), ggplot2 (version 3.2.1) (Wickham, 2009) and vegan packages (version 2.5-6)

186

(Oksanen et al. 2019). For 16S rRNA sequencing data, OTUs identified in less than 5 % of

187

the samples were removed (filter defined by investigating prevalence plots) as well as reads

188

identified as chloroplast, mitochondria or unknown phyla. Archaea were not filtered out and

189

were instead analysed as a separate kingdom. For the fungal ITS data, OTUs identified in less

190

than 2 % of samples were removed, as well as unidentified phyla. Diversity within samples

191

(alpha diversity) was estimated on rarified data (to 31590 reads for 16S and 5690 reads for

192

ITS) data using Shannon, Chao 1 diversity indices and differences among sites and presence

193

of hydrocarbons was determined by two-way ANOVA (type III sum of squares).

194

Bray Curtis was used to construct dissimilarity matrices of the communities (beta-diversity)

195

and visualised using Principle Coordinates Analysis (PCoA). Stratified permutational

196

multivariate analysis of variance (PERMANOVA; R vegan function adonis) with 999

197

permutations was conducted to explore the percentage variance in beta diversity that could be

198

explained by the differences in site and the presence of hydrocarbons. Constrained Analysis

199

of Principal Coordinates (CAP) models for bacterial and fungal communities were built for
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each site separately and were constrained by soil properties (~ TRH + PO4 + S + K + NH4 +

201

NO3 + pH + moisture). The final model for each site was optimised using Akaike’s

202

Information Criterion (AIC) in a stepwise algorithm and checking the variance inflation

203

factors using the vegan package (version 2.5-6) (Oksanen et al., 2016). The significance of

204

each reduced CAP model was assessed using permutation tests with 999 permutation.

205

Differential abundance of OTUs between contaminated and non-contaminated soils was

206

performed on variance stabilised data that was agglomerated to genus level using the DeSeq2

207

package (version 1.24.0) (McMurdie and Holmes, 2014). The significance of differentially

208

abundant taxa was defined by log2 fold change and a Benjamini-Hochberg adjusted p-value

209

of 0.01. All raw sequences have been uploaded to NCBI Sequence Read Archieve (SRA)

210

under the project number PRJNA695356 for 16S rRNA data and PRJNA701380 for ITS

211
212

Results

213

PAHs were below detection limits in all samples. For the contaminated soils at each site,

214

Camballin soils had significantly lower TPH, as well as lower C16-C34 and C34-C40

215

hydrocarbon fractions and extractable organic matter (EOM) than Fitzroy Crossing and

216

Kununurra (Table 1). There were no differences in mean recoverable hydrocarbons between

217

Fitzroy Crossing and Kununurra (Table 1).

218

Kununurra soils contained a greater concentration of inorganic N (both ammonium and nitrate)

219

and sulphur than Fitzroy Crossing or Camballin, particularly so for the contaminated soils

220

(Table 2). Colwell P was lowest at Fitzroy Crossing, followed by Camballin and highest at

221

Kununarra (Table 2). Colwell P was approximately two times higher in all contaminated soils

222

compared to respective uncontaminated soils (Table 2). Contaminated soils also tended to have

223

lower pH than uncontaminated soils (Table 2).
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224

Archaeal, bacterial and fungal alpha diversity (Chao 1 and Shannon) were lower in petroleum-

225

contaminated soils at all three sites, except Camballin where there was no difference in archaeal

226

diversity between contaminated and uncontaminated soil (Fig. 2). Contaminated soils at

227

Kununarra exhibited the lowest diversity for archaea, bacteria and fungi (Fig. 2).

228
229

The composition of archaeal soil communities differed between soils with and without

230

hydrocarbons detected (F1,52 = 3.64, p < 0.001) and site (F2,52 = 2.55, p < 0.003), with 6 % of

231

total variation explained by presence of hydrocarbons, 9 % by site and 7 % by their interaction

232

(Fig. 3A). The composition of bacterial soil communities also differed according to the

233

presence of hydrocarbons (F1,52 = 7.15, p < 0.001) and location (F2,52 = 4.32, p < 0.001), with

234

11 % of total variation explained by the presence of hydrocarbons, 13 % explained by site and

235

7 % explained by the interaction between hydrocarbon presence and site (Fig. 3B). Fungal soil

236

communities differed with the presence of hydrocarbons (F1,52 = 3.24, p < 0.001), and site

237

(F12,52 = 5.0, p < 0.001). However, the presence of hydrocarbons only explained 5 % of the

238

total variation in fungal community structure, whereas site accounted for 16 % of the total

239

variation and 6 % was explained by the interaction between hydrocarbon presence and site

240

(Fig. 3C).

241

Camballin soils had the smallest differentiation in microbial communities between

242

contaminated and uncontaminated soils of the three sites (Fig. 4A1, B1 and C1). TPH, PO43-

243

and DIN (NO3- and NH4+) were also predictors of the microbial community structure in

244

contaminated soils at Camballin, whilst moisture, pH and S were predictors of the communities

245

in uncontaminated Camballin soils (Fig. 4A1, B1 and C1). Archaeal, bacterial and fungal

246

communities in petroleum contaminated soils at Fitzroy Crossing were related to higher

247

concentrations of TPH, PO43-, S, K, and NO3-, whist uncontaminated soils at Fitzroy Crossing

248

were related to higher soil pH, though this was not the case for archaea (Fig. 4A2, B2, and C2).
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249

There was a clear differentiation in archaeal, bacterial and fungal communities between

250

contaminated and uncontaminated soils at the Kununarra site, with contaminated soil microbial

251

communities related to greater NH4+, moisture and S for bacteria and archaea and S for fungi

252

(Fig. 4A3, B3 and C3). The two outliers from the Fitzroy Crossing and Kununarra sites were

253

samples collected from the historically contaminated sites that were expected to contain

254

hydrocarbons, but were found to have no recoverable hydrocarbons on analysis.

255
256

Only two archaeal genera were differentially abundant among contaminated and non-

257

contaminated soils; Candidate genus Nitrososphaera, which was significantly more abundant

258

in uncontaminated soils and Methanocella, which was more abundant in contaminated soils

259

(Fig. 5A2, A3). No archaea were significantly different between contaminated and non-

260

contaminated soils at Camballin.

261

Prevalent (top 10 most abundant) bacterial taxa enriched in contaminated soils included

262

Bacteriovorax (Deltaproteobacteria), Candidate taxa Rhodoluna (Actinobacteria), Thiovirga

263

(Gammaproteobacteria), LCP 26 (Caldithrixaceae) and Mycobacterium (Actinobacteria) (Fig.

264

5B1-B3). Prevalent bacterial taxa more enriched in uncontaminated soils across multiple sites

265

included Roseiflexus (Chloroflexi), Chloroflexus (Chloroflexi), Symbiobacterium (Firmicutes),

266

Nitrospina (Deltaproteobacteria), Brevibacillus (Firmicutes) (Fig. 5B1-B3).

267

Prevalent fungal taxa enriched in oil contaminated soils included Glomus (Glomeromycetes),

268

Kamienskia

269

(Sordariomycetes),

270

Bjerkandera

271

(Sordariomycetes), Toxicocladosporium (Dothideomycetes), and Penicillium (Eurotiomycetes)

272

(Fig. 5C1-C3).

273

Discussion

(Glomeromycetes),
Acremonium

(Agaricomycetes),

Gymnoascus

(Eurotiomycetes),

(Sordariomycetes),
Cryptocoryneum

Candida

Neogaeumannomyces
(Saccharomycetes),

(Dothideomycetes),

Chaetomium
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274

Microbial community shifts in legacy oil contaminated soils

275

Legacy oil spills (from as old as 27 years for site Camballin) across the Kimberley region of

276

Western Australia resulted in significant changes to the structure and diversity of native soil

277

microbial communities. Petroleum hydrocarbons (PH) have previously been associated with

278

decreases in diversity for bacteria and fungi in mostly temperate soils (Borowik et al., 2017;

279

Morais et al., 2016; Sutton et al., 2013) as well significant changes to microbial community

280

structure (Abed et al., 2014; Bacosa and Erdner, 2018; Martin et al., 2016; Morais et al.,

281

2016). This change in community structure and diversity is expected as only those microbes

282

that are able to tolerate changed soil conditions and toxicity of hydrocarbons can survive.

283

Mycobacterium was among the most prevalently abundant bacteria (top 10 most abundant)

284

that was enriched in contaminated soils at Kununarra and Fitzroy Crossing. Mycobacterium is

285

a well-known PH degrader, possessing enzymes also capable of degradation several

286

polycyclic aromatic hydrocarbons (Kweon et al., 2010). Additionally, Acremonium,

287

Penicillium, Bjerkandera and Candida were prevalent fungi (top 10 most abundant) that were

288

enriched in contaminated soils and have been previously shown to degrade petroleum

289

hydrocarbons (Field et al., 1992; Gargouri et al., 2015; Germida et al., 2002; Govarthanan et

290

al., 2017; Ma et al., 2015). Other microbes that were enriched in contaminated soils from our

291

study have been recovered previously from oil contaminated soils including the

292

hydrogenotrophic methanogenic archaea Methanocella (Tischer et al., 2013), the bacteria

293

Bacteriovorax (Bacosa and Erdner, 2018) and arbuscular mycorrhiza fungi including Glomus

294

(Garcés-ruiz et al., 2017) and Kamienskia (Garcés-ruiz and Declerck, 2019). Whilst these

295

microbes may not be directly involved in PH degradation, they appear to benefit from altered

296

competitive dynamics and/or soil conditions associated with PH contamination allowing them

297

to proliferate. However, in general, the presence of petroleum hydrocarbons reduced the

298

relative abundance of indigenous microbial taxa in these soils, resulting in a reduction in
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299

overall diversity. Some notable microbes with lower relative abundance in contaminated soils

300

included the archaeal Candidate genus Nitrososphaera, bacteria from the class Chloroflexia,

301

“green non-sulfur bacteria” (Roseiflexus and Chloroflexus) and bacteria from the class

302

Firmicutes (Symbiobacterium and Brevibacillus). Candidate genus Nitrososphaera is an

303

autotrophic ammonia-oxidising archaea whose abundance has been previously found to

304

decrease in crude oil contaminated soils (Morais et al., 2016). Urakawa (2012) found that

305

ammonia-oxidising archaea were several times more sensitive to crude oil than ammonia-

306

oxidising bacteria, which may have significant implications for N cycling if these community

307

shifts persist. Further research is required to understand the implications of these community

308

shifts for long-term soil health in these low nutrient environments.

309
310

Interaction of TPH and soil nutrients

311

Microbial community structure in contaminated soils was not only impacted by the presence

312

of hydrocarbons but was also related to increased soil nutrients. Generally microbial

313

communities in contaminated soils were associated with increased soil PO43-, NH4+, NO3- and

314

S, while communities in uncontaminated soils were associated with increased soil pH. This

315

may be related to the nitrogen, sulphur and oxygen (NSO) fraction in hydrocarbons which are

316

sometimes called non-hydrocarbons or resins. NSO compounds are usually present in small

317

quantities but have been found to increase in the residual oil fractions (Bailey et al., 1973;

318

Westlake et al., 1978), similar to our current findings. The major nutrients likely to limit

319

biodegradation of hydrocarbons are PO43-, NH4+, and NO3-, and these nutrients are all

320

comparable to concentrations found in other studies in north Western Australia (Tibbett et al.,

321

2011) but with PO43- found at higher concentration than compared to nitrogenous compounds

322

in the current study. Regardless, these concentrations of nutrients are not uncommon in

323

Australian native ecosystems (Orians and Milewski, 2007; Spain et al., 2015; Westoby, 1988)
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324

and are very low in global terms and more comparable to beach sands than post-glacial soils

325

in the northern hemisphere (Martinez and Garcia-Franco, 2008).

326

Contaminated soils at Kununarra were also associated with greater N, S and P than their

327

respective uncontaminated soils. The higher concentrations of S and P in contaminated soils

328

may be due to the use of surfactants (which can contain high levels of sulfonates and

329

phosphates), particularly if the contamination event occurred as a result of washing oil drums

330

as reported (Table S1). Such surfactants, along with other additives in storage containers and

331

flowlines, can have a significantly deleterious effect on soil physical properties (George et al.,

332

2011). Additionally the increased soil PO43- could be from the oil itself, as phosphate-

333

containing oil-soluble compounds are often added to unrefined and partially refined

334

hydrocarbons to act as anti-fouling agents (Gazulla et al., 2017). The different associations

335

between microbial communities and soil nutrients among contaminated sites reported here

336

emphasise the difficulties in predicting how indigenous soil communities will respond to

337

spills, particularly in these monsoonal, low nutrient soils.

338
339

Evidence of natural attenuation in pristine monsoon soils

340

From the TPH profiles (enriched in heavy fractions), as well as the presence of putative

341

hydrocarbon-degrading microbes, it is evident that all three sites across the Kimberley are

342

undergoing, or have undergone, some degree of natural attenuation. While biodegradation is

343

partly responsible, volatilisation and photochemical oxidation are also important natural

344

attenuation pathways, especially in these hot climates, as dry conditions can promote

345

volatilisation of PHs (Dragun, 1998). This would partly account for the considerable

346

attenuation of short chain alkanes (<C9) which are most susceptible to volatilisation yet can

347

also be toxic to microorganisms (Atlas, 1995). Typically, C6 to C16 alkanes are biodegraded

348

monoterminally to the corresponding alcohol, aldehyde, and monobasic fatty acid (Singer and
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349

Finnerty, 1984). The contaminated soils at Camballin had the lowest TPH and the lowest

350

differentiation in microbial communities between contaminated and uncontaminated soils

351

compared to both Fitzroy Crossing and Kununarra. There is limited information available on

352

historical spills/contamination events at these sites. A spill was recorded (presumed to be

353

diesel) at Camballin in 1994 (27 years before the date of collection), but there is no

354

information regarding the extent and duration of this spill. Leaking transformer oil (at a rate

355

of 20 L day-1) was recorded to have occurred at Fitzroy Crossing in 1998, which lasted “some

356

weeks”, whilst Kununarra records note possible leaking waste oil drums as well as potential

357

contamination from washing large (600 kL) oil storage tanks. Because of differences in their

358

contamination history, as well as the poor accuracy of records, we are unable to directly

359

relate the microbial community shifts to total oil exposure within each site. It is possible that

360

the soils at Camballin were either exposed to lower amounts of total hydrocarbons, or that

361

there was indeed only one spill at this site (in 1994), and subsequently there has been more

362

time for natural attenuation to occur and for the microbial community to return to a more

363

‘natural’ state (i.e. resembling uncontaminated soils). Regardless, the aged TPH profiles

364

along with putative degraders provides evidence of natural attenuation (or at least the

365

potential for natural attenuation) within all three sites in the Kimberly, despite being in an

366

environment that is typically considered not amenable to natural attenuation (e.g. low

367

nutrients, highly variable rainfall, high temperatures). Further investigation of the stability of

368

the residual hydrocarbons and microbial community shifts over time in these soils would

369

allow a more thorough assessment of the abiotic factors that may be limiting complete

370

degradation of hydrocarbons at these sites and ultimately show the effectiveness of natural

371

attenuation as a sustainable and cost-effective alternative to chemical treatment in these

372

remote locations.

373
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Figure 1. (A) Location of sites within the Kimberley region in Western Australia, Australia.

543

(B) Monthly mean maximum temperature and mean monthly rainfall for the three sites within

544

the Kimberley region. FC = Fitzroy Crossing. Data are means from the years 1991 to 2020

545

taken from http://www.bom.gov.au/climate/data.

546
547
548
549
550
551
552
553
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554

Table 1. Mean recoverable hydrocarbons (± 1 SE) from soil cores at contaminated areas within

555

each site. Letters indicate significant (<0.05) post-hoc differences among sites for each

556

hydrocarbon parameter.
Hydrocarbons
(mg kg–1)

Camballin

Fitzroy Crossing

Kununurra

TPH

280 (39) A

2725 (608) B

2229 (542) B

C10-C16

0 (0)

22 (9)

12 (6)

C16-C34

223 (22) A

1873 (472) B

1351 (356) B

C34-C40

58 (18) A

830 (131) B

866 (183) B

Extractable organic

0.84 (0.06) A

6.19 (1.10) B

9.81 (2.30) B

matter (EOM) (mg g-1)
557
558
559
560
561
562
563
564
565
566
567
568
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569

Table 2. Mean soil properties (± 1 SE) by site and TPH detection. Uppercase letters indicate

570

significant differences among sites for each TPH detected category, whilst lowercase letters

571

indicate significant differences between TPH detection within each site.
Soil property TPH detected Camballin
(mg kg-1)
N-NH4+
No
3.0 (0.2)

N-NO3-

Colwell P

S

Colwell K

pH

574
575
576
577
578

1.9 (0.1)

2.3 (0.1)a

1.9 (0.2)A

7.3 (1.0)Bb

2.5 (0.2)A

No

0.07 (0.04)A 0.30 (0.12)A

1.33 (0.31)Ba

Yes

0 (0)A

0.63 (0.18)B

3.13 (0.26)Cb

No

5.1 (0.7)Aa

2.5 (0.2)Ba

8.6 (1.1)Ca

Yes

9.5 (1.5)Ab

6.0 (0.5)Ab

17.5 (1.3)Bb

No

4.1 (0.3)A

1.1 (0.0)Ba

4.5 (1.3)Aa

Yes

2.9 (0.3)A

2.8 (0.1)Ab

23.1 (1.8)Bb

No

90 (11)Aa

68 (3)A/B

56 (5)B

Yes

42 (2)Ab

85 (5)B

66 (5)B

No

6.6 (0.1)a

6.8 (0.1)a

6.4 (0.1)

Yes

6.1 (0.1)b

6.3 (0.2)b

6.0 (0.2)

1.6 (0.1)A

1.0 (0.1)B

1.6 (0.1)Aa

1.5 (0.1)A

0.9 (0.1)A

2.4 (0.1)Bb

Yes

573

Kununurra

Yes

Moisture (%) No

572

Fitzroy Crossing
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579
580

Figure 2. Boxplots showing median and interquartile range (with data points overlain) of

581

estimated alpha diversity (Chao 1 and Shannon) of (A1-A2) archaea (B1-B2) bacteria and (C1-

582

C2) fungi in soils from three sites with (yellow) and without (brown) petroleum hydrocarbons

583

detected. The significance of fixed factors (TPH detected, site, and their interaction (T x S))

584

are displayed in each plot, where * = 0.05, ** < 0.01, *** < 0.001, and NS= not significant. C

585

= Camballin, FC = Fitzroy Crossing, K = Kununurra. Outliers are shown as grey dots.

586
587
588
589
590
591
592

RMIT Classification: Trusted

593
594

Figure 3. Principal coordinates analysis (PCoA) of Bray-Curtis distances of (A) archea, (B)

595

bacteria and (C) fungi; 95% confidence ellipses encircle soils with (yellow) and without

596

(brown) petroleum hydrocarbons and are separated by site (C = Camballin, FC = Fitzroy

597

Crossing, K = Kununurra). Size of points corresponds to measured TPH concentration (mg kg-

598

1). For the composition of archaeal soil communities, 6 % of total variation was explained by

599

presence of hydrocarbons, 9 % by site and 7 % by their interaction. For the bacterial soil

600

communities, 11 % of total variation was explained by the presence of hydrocarbons, 13 %

601

explained by site and 7 % explained by the interaction between hydrocarbon presence and site.

602

For the fungal soil communities the presence of hydrocarbons explained 5 % of the total

603

variation, whereas site accounted for 16 % of the total variation and 6 % was explained by the

604

interaction between hydrocarbon presence and site.
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Figure 4. Constrained Analysis of Principal Coordinates (CAP) models of each site constrained

612

by soil properties (~TPH+ PO4 + S + K+ NH4 + NO3+ pH + Moisture). The final model for

613

each site was optimised using AIC and checking the variance inflation factors and displayed

614

within each panel using vectors for (A1-A3) archaea, (B1-B3) bacteria and (C1—C3) fungi.

615

95% confidence ellipses encircle soils with (yellow) and without (brown) petroleum

616

hydrocarbons. Outliers present in Fitzroy Crossing and Kununurra were cores collected from

617

the historically contaminated sites that were predicted to contain hydrocarbons, but were found

618

to contain no recoverable hydrocarbons upon analysis.

619
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Figure 5. Top ten differentially abundant taxa (at the genus level) between soils with

623

(yellow) and without (brown) petroleum hydrocarbons (p<0.01). Analysis was performed for

624

each location and domain separately where A2 to A3 is for archaea, B1 to B3 is for bacteria

625

and C1 to C3 is for fungi. No archaea were significantly different between contaminated and

626

non-contaminated soils at Camballin. An * indicates taxa that were significantly enriched in

627

contaminated soils. The text of OTUs that were differentially abundant (either positive or

628

negative) across two sites are colored blue and those that were shared among all three sites

629

are colored green.

