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Abstract 17 

Acute environmental perturbations are reported to induce deterministic microbial community 18 

assembly, while it is hypothesised that chronic perturbations promote development of 19 

alternative stable states. Such acute or chronic perturbations strongly impact on the pre-20 

adaptation capacity to the perturbation. To determine the importance of the level of microbial 21 

pre-adaptation and the community assembly processes following acute or chronic perturbations 22 

in the context of hydrocarbon contamination, a model system of pristine and polluted 23 

(hydrocarbon-contaminated) sediments were incubated in the absence or presence (discrete or 24 

repeated) of hydrocarbon amendment. Community structure of the pristine sediments changed 25 

significantly following acute perturbation, with selection of different phylotypes not initially 26 

detectable. Conversely, historically polluted sediments maintained initial community structure 27 

and the historical legacy effect of chronic pollution likely facilitated community stability. An 28 

alternative stable state was also reached in the pristine sediments following chronic 29 

perturbation, further demonstrating the existence of a legacy effect. Finally, ecosystem 30 

functional resilience was demonstrated through occurrence of hydrocarbon degradation by 31 

different communities in the tested sites, but the legacy effect of perturbation also strongly 32 

influenced the biotic response. This study therefore demonstrates the importance of 33 

perturbation chronicity on microbial community assembly processes and reveals ecosystem 34 

functional resilience following environmental perturbation. 35 
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Introduction 39 

Microbial community structure is driven by many biological and environmental factors 40 

and the underlying controlling mechanisms are referred to as community assembly processes. 41 

Microbial community structure is relatively stable over time, and community assembly theory 42 

defines two states. A deterministic state corresponds to a system situation fully determined by 43 

predictable parameter values and the initial conditions. In contrast, a stochastic state refers to 44 

a phase in which variables influencing the subsequent state of a system are determined by a 45 

certain level of unpredictability or randomness. Microbial communities play important roles in 46 

the biodegradation of environmental pollutants, including hydrocarbons in marine 47 

environments, necessitating increased understanding of microbial community assembly 48 

processes following environmental perturbations. In unperturbed, stable environments, 49 

community assembly is believed to be governed by stochastic processes and, based on neutral 50 

theory, is mediated by dispersal, drift and speciation 1. In contrast, deterministic assembly is 51 

driven by contemporary natural or anthropogenic environmental perturbation, which induces 52 

selection of microbial traits, or exclusion of taxa, so that the community is better adapted to the 53 

new conditions 2,3. Deterministic selection is favoured by increased intensity of environmental 54 

perturbation 4,5 but different responses have been reported. Different initial communities 55 

subjected to the same perturbation may converge to communities with similar phylogenetic 56 

composition 6 or may diverge 7–9. Acute (usually intense and short-term, e.g. hours/days) 57 

pollution is therefore likely to transform communities through deterministic selection, while 58 

chronic (ongoing, usually less intense than acute and long-term, e.g. weeks) pollution can lead 59 

to a new stable state 10.  60 

Microbial community assembly processes are contingent on the nature of the 61 

perturbation and new environmental characteristics, but are also influenced by previous 62 

community history 11,12 and previous environmental disturbances. For example, historic 63 
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chronic perturbation can have a prolonged impact on a community even after removal of the 64 

perturbation, termed a legacy effect 11. This effect may determine the ability of the community 65 

to adapt rapidly and track environmental change. Indeed, pre-conditioning of a community to 66 

a perturbation facilitates adaptation of the microbial community, through “memory” of 67 

historical perturbations 6,13. Changes in community structure will influence the nature and rates 68 

of the microbial functions 14–16, providing alternative and potentially beneficial functions, such 69 

as biodegradation and remediation of a contaminated site 17–20, while maintaining ecosystem 70 

functional resilience within the global community 21 (with ecosystem functional resilience 71 

referring to the ability of a community to continue to carry out a specific function due to the 72 

existence of functional redundancy 22). 73 

Despite the wealth of research on microbial community assembly processes (see 23 for a 74 

review), several important questions remain: a) does chronic perturbation affect community 75 

assembly processes? b) does pre-conditioning of a community buffer chronic perturbations? c) 76 

following an initial acute perturbation, does a secondary, identical perturbation maintain the 77 

newly adapted community structure or cause additional modifications? d) is ecosystem 78 

functional resilience important following environmental perturbation? Answering these 79 

questions will obviously depend on the nature, strength and repeatability of perturbations and 80 

the history of the sites analysed. In this study, we investigated those questions by focusing on 81 

hydrocarbon (HC) pollution in marine sediments. Perturbation was achieved by 82 

supplementation of sediment with phenanthrene, a model 3-ring polyaromatic HC persistently 83 

detected in HC-perturbed environments and a potential carcinogen 24. HC pollution is indeed a 84 

common and global environmental perturbation and there is considerable evidence of rapid 85 

changes in microbial community structure following acute HC pollution 25–29. HC degradation 86 

is well documented 30 and is performed by phylogenetically and functionally diverse 87 

microorganisms that can degrade identical HCs at different rates 31–33. HC degradation 88 
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therefore allows study of community assembly processes and ecosystem functional resilience 89 

of natural communities in an important ecological and economic context. 90 

The main research objective was, therefore, to understand the impact of both chronic and acute 91 

perturbations on microbial community assembly processes in the context of hydrocarbon 92 

contamination. Several sediments from both estuarine and marine environments were selected 93 

to represent a gradient of HC pollution, from non-contaminated (‘pristine’, hereafter) to 94 

chronically contaminated (‘polluted’, hereafter) sites. These sites were exposed to an acute 95 

disturbance (HC addition) to test the following hypotheses as illustrated in a conceptual model 96 

in Figure 1: 1) exposure of pristine sediments to HC will induce deterministic microbial 97 

community assembly through strong selection of HC-degrading microorganisms, resulting in 98 

community dispersion (i.e. increased variation of community composition); 2) addition of HC 99 

to both polluted and HC-amended pristine sediments will sustain deterministic assembly 100 

processes until an alternative stable state is reached, which is then primed to respond to HC 101 

contamination; 3) Permanent disturbance results in a stochastic state through community 102 

diversification, allowing communities to adapt to and function in the new environment. In 103 

addition, it is proposed that ecosystem functional resilience for HC degradation is similar 104 

across replicates within each site, regardless of community composition. 105 

Materials and methods 106 

Site sampling and microcosm setup 107 

To test the effect of chronic environmental perturbation on microbial community assembly, we 108 

used databases and literature searches to identify ten sites in the United Kingdom that are well-109 

known for their higher levels of pollution (Figure S1), providing a gradient of total petroleum 110 

hydrocarbon (TPH) concentration (see Figure S2 and Table S1 for details) 34,35. For each site, 111 

5 surficial sediments (0–2 cm) were sampled, combined, homogenised and stored at 5 ± 2 °C 112 
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for 8 days, which was similar to measure in-situ temperatures. The TPH concentrations in 113 

sediments were analysed by QTSE Environmental Ltd, owned by DETS Ltd, using a GC-MS 114 

method according to MERTS and UKAS standards. Other physico-chemical properties of the 115 

sites, such as total organic carbon levels were not measured, and it is acknowledged that these 116 

can influence the behaviour and biodegradation of hydrocarbons. 117 

The 10 selected sites represent a gradient of HC pollution, from non-contaminated (‘pristine’, 118 

hereafter) to chronically contaminated (‘polluted’, hereafter) sites (Figure S2). While 119 

contamination at all sites was lower than that in reported heavily polluted sites, TPH levels 120 

were grouped into three classes: below detection at four sites (Montrose, Cruden Bay, Ythan 121 

and North Sea), intermediate at three sites (Clyde, Forth and Findhorn) and relatively high at 122 

three sites (Tyne, Wear and Tyne). Despite such a tight gradient, the sites were sufficient to 123 

test our predictions and we classified the 10 sites as polluted and pristine sites based on 124 

measures of TPH concentration in sediments and on literature as defined in Figure 2 for all 125 

statistical analyses. 126 

Seven replicated microcosms were established containing untreated control (C) and 127 

phenanthrene-treated (P) sediment from each site (see sample coding in Supplementary 128 

Information 1 and experimental design in Figure 2). These 140 microcosms were incubated for 129 

28 days and the 70 microcosms established from the pristine sites were supplemented with the 130 

same amount of phenanthrene as initially and incubated for a further 28 days to stimulate 131 

chronic perturbation. 132 

Phenanthrene was added to microcosms as described previously 36. Briefly, phenanthrene was 133 

weighed into autoclave-sterilised (121 °C at 100 MPa for 21 min) 60-ml vials to give a final 134 

concentration of 0.1 % (w/w) within bulk sediment. Phenanthrene was dissolved by adding 2 135 

ml of acetone (HPLC grade; Sigma-Aldrich, UK) to vials and mixed with 2 g of site-specific 136 
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sediment until homogeneous. The same procedure was adopted for control microcosms without 137 

phenanthrene addition. Following evaporation of acetone for 24 hours, 18 g sediment was 138 

added to each vial and vials were loosely screw-capped and incubated at 20 °C with agitation 139 

at 75 rpm. The vials were opened every 3-4 days in a sterile environment to exchange airspace. 140 

Sediment samples (~1 g) for molecular analysis (nucleic acid extraction and microbial 141 

community analysis) were taken at the surface of the vials at days 0 and 28 for all samples and 142 

day 56 for all pristine sites (both control and phenanthrene-treated) and stored at -80 °C until 143 

further analysis. Microcosms were destructively sampled at the end of incubation for 144 

phenanthrene analysis. 145 

To ensure incubations still contained sufficient levels of phenanthrene to promote a microbial 146 

response at the end of incubations and represent a perturbation over the course of the 147 

incubation, an additional set of triplicate microcosms were established and destructively 148 

sampled after 21 days. Moreover, a further separate set of triplicate microcosms were 149 

established for abiotic degradation controls (such as pH, temperature or UV that can possibly 150 

degrade phenanthrene) using Tyndallised sediment (autoclaved 3 times over 3 consecutive 151 

days). 152 

Microcosm sediment results are referred to as sites hereafter, with control and phenanthrene-153 

treated representing microcosms without or with phenanthrene supplementation, respectively. 154 

DNA extraction, sequencing and processing 155 

Total genomic DNA was extracted from 0.4 g sediment using the FastDNA™ SPIN Kit for 156 

Soil and FastPrep®-24 instrument (both MP Biomedicals, Cambridge, UK), according to the 157 

manufacturer’s instructions. DNA extracts were quantified using a spectrophotometer 158 

(NanoDrop ND-1000) and then stored at -80°C until further analysis.  159 



8 
 

The universal bacterial and archaeal V4 regions of the 16S rRNA gene were amplified with the 160 

primer set 515F/806R 37 using the KAPA Hi-Fidelity enzyme (Roche Diagnostics, UK). Prior 161 

to MiSeq Illumina sequencing, PCR-amplified sequences were cleaned using AMPure® XP 162 

beads (Beckman Coulter) and PCR-indexing was performed using the Nextera XT Index Kit 163 

according to the manufacturer’s protocol. Following further cleaning, library quantification, 164 

normalisation and pooling of samples were performed prior to paired-end MiSeq sequencing. 165 

Two runs of amplicon sequencing were performed, using the V3 (2 x 300 bp) chemistry 166 

(CGEBM, University of Aberdeen, Aberdeen) and the V2 (2 x 250 bp) chemistry (NCIMB 167 

Ltd, Aberdeen) to accommodate all the samples. Forward and reverse reads were screened for 168 

a phred quality score greater than 30 and minimum length of 200 bp using Trim Galore v 0.5 169 

38. All sequences were truncated to 200 bp using vsearch v 2.8 to optimise sequencing assembly 170 

39,40. Sequence processing and assembly was performed using Mothur software v 1.39.5 41 on 171 

the Maxwell high performance computing cluster (University of Aberdeen). Using default 172 

parameters in Mothur, sequences were aligned against the SILVA reference database v132 42, 173 

chimeras were detected and removed using vsearch and singletons were also removed. OTUs 174 

were clustered at 97% similarity using the ‘opti’ method and taxonomy was assigned using the 175 

SILVA reference database.  176 

Phenanthrene extraction and quantification 177 

Phenanthrene was extracted from microcosm sediment to determine the microbial degradation 178 

potential. Prior to extraction, sediments were spiked with 100 µl of a surrogate standard 179 

solution of pristane in dichloromethane (20 μl ml−1 each) to assess extraction efficiency. 180 

Anhydrous sodium sulphate (5g) was added to the samples to remove interstitial water. 181 

Sediments were sequentially extracted thrice with 10 ml dichloromethane by ultra-sonication 182 

for 10 minutes. Extracts were combined and centrifuged at 3,000 rpm for 10 min to remove 183 

suspended materials. Dichloromethane/phenanthrene analyte was then transferred to PTFE-184 
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capped gas chromatography vials for analysis by gas chromatography (Varian CP3800 with 30 185 

m Zebron ZB-50 column) fitted with a flame ionizing detector (GC-FID). An internal standard 186 

(20 μl ml−1 pentadecane in dichloromethane) was spiked into extracts immediately prior 187 

injection to account for injection error. Nitrogen was used as the carrier gas at a constant flow 188 

rate of 0.84 mL min-1. One µl of sample was injected with a split ratio of 10:1. The injector and 189 

detector temperatures were 330 °C; initial oven temperature was 50 °C with a 3-min hold and 190 

then increased at 10 °C min-1 to 110 °C, followed by an increase to 200 °C at 5 °C min-1 with 191 

a 12-min hold. Temperature was increased finally to 300 °C at 20 °C min-1 and held for 6 min. 192 

The extraction efficiency was 86.1 ± 2.1% based on surrogate standard data. A 6-point 193 

calibration curve was generated for phenanthrene to determine gas chromatography linearity 194 

and retention factor responses (see 43 for more detail).  195 

Statistical analysis 196 

All analyses were performed in R v 4.0.3 44 and figures were produced using the cowplot 197 

(https://cran.r-project.org/web/packages/cowplot/index.html), and ggplot2 45 packages.  198 

Standard measures of alpha diversity of 16S rRNA genes (Shannon and Pielou indexes) were 199 

estimated using the vegan package 46. Differences in alpha diversity between treatments were 200 

examined by fitting linear mixed effects models (LMM) using the nlme package (v 3.1) 47 201 

where we included fixed effects of treatment, time and an indicator variable HC to denote 202 

polluted and pristine sites (as defined in Figure 2). We included a three-way interaction 203 

between these variables (and all associated two-way interactions) to determine whether alpha-204 

diversity changed over time, whether differences were dependent on treatment (control and 205 

phenanthrene) and whether these differences were consistent between polluted and pristine 206 

sites. We also included a random effect of site using a random effect structure that allowed for 207 

sites to respond differently over time. The optimal random effect structure was determined 208 
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using likelihood ratio tests (LRT) comparing nested models fitted using restricted maximum 209 

likelihood (REML). The fixed effects were tested using LRT comparing nested models fitted 210 

using maximum likelihood (ML). The final models also included a variance covariate (using 211 

the varIdent function) to estimate a separate variance for each time period and/or for each site. 212 

All final models were refitted using REML and standard diagnostic plots of residuals were used 213 

to assess modelling assumptions. Subsequent pairwise comparisons of alpha-diversity between 214 

relevant treatment groups were performed using the emmeans package (v 1.6) 48 and p-values 215 

adjusted to control for type I error rate using Tukey's method. Due to the unbalanced 216 

experimental design, this approach was applied on all pristine and polluted sites over 28 days 217 

(days 0 and 28) (see details in Supplementary statistics 1 and 3) and on the pristine sites only 218 

over 56 days (days 0, 28 and 56) (see details in Supplementary statistics 2 and 4).  219 

Beta diversity was estimated using the vegdist function 49 with default parameters used in 220 

conjunction with the Bray-Curtis distance metric and ordination was plotted by performing 221 

nonmetric multi-dimensional scaling using the function metaMDS 50. Ellipses (95% 222 

confidence) highlighting clustering of site-specific communities were drawn using the function 223 

ordiellipse. Differences in the Bray-Curtis distance metrics over time, between site category 224 

(polluted or pristine) and treatments were analysed with PERMANOVA using the vegan 225 

function adonis 49. Permutations were constrained by site (see details in Supplementary statistic 226 

3). Community dispersion was estimated with the function betadisper, which plots the data 227 

coordinates within a principal coordinates analysis (PCoA) space and determines the centroid 228 

of a defined set of samples (with the replicates being grouped by site category, treatment and 229 

time combination). Euclidean distance is then measured from each group to the centroid, 230 

providing a measure of multivariate dispersion between replicates. A linear mixed effects 231 

modelling approach similar to the alpha-diversity analysis was then used to identify differences 232 

between treatment, site category and time. Models were fitted on all pristine and polluted sites 233 
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over 28 days (see details in Supplementary statistic 6) and on the pristine sites only over 56 234 

days (see details in Supplementary statistic 7).  235 

Finally, a phylogenetic clustering model (Beta Nearest Taxon Index: βNTI) was applied to this 236 

dataset to quantify potential deterministic processes. This model assumes the presence of a 237 

phylogenetic signal in the dataset. Each sample was rarefied to 500 reads and the 1,000 most 238 

abundant OTUs were selected. The resulting sequences were aligned using MAFFT v 7.453 51 239 

and a phylogenetic tree of the resulting OTUs was constructed using IQ-TREE v 1.6.12 52. The 240 

phylogenetic signal was then tested using the phylogenetic mantel correlogram provided by the 241 

function phylosignal from the package picante 53 (see details in Supplementary statistic 8). 242 

Phenanthrene degradation over time was estimated for polluted sites at day 28 and for pristine 243 

sites at day 56 (due to the requirement of destructive sampling for phenanthrene quantification). 244 

To account for the difference in time period, the initial phenanthrene concentration was 245 

supplemented twice in the pristine sites compared to the polluted sites. Therefore, we calculated 246 

the percentage degradation ((start concentration - end concentration) / start concentration) 247 

instead of using the final concentration. Similar to the alpha-diversity and dispersion analysis 248 

we used a linear mixed effects model to analyse phenanthrene degradation and included 249 

treatment, time and site category (HC) as fixed effects, a three-way interaction between these 250 

variables (and all associated two-way interactions) and a site random effect to account for 251 

between site variability (see details in Supplementary statistic 9). 252 

Results 253 

Microbial diversity and community structure 254 

The 16S rRNA MiSeq sequencing approach yielded an average of 48,663 reads per sample (± 255 

1,143 standard deviation (SD)). Five samples (out of 350) were omitted due to low read depth 256 
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(TS_C_1_3, YT_C_1_3, WE_P_0_4, CL_P_0_1, FH_C_1_2). Samples were then rarefied to 257 

9,000 reads (the lowest read depth in all samples) before further analysis.  258 

Shannon diversity (H’) estimates (Figure 3) differed between treatments (control or 259 

phenanthrene) and this difference was different over time (over the 28 days period) and whether 260 

the samples came from a polluted or pristine site (Supp Statistic 1: LMM; three-way interaction 261 

between treatment, time and site category; F-value = 5.8033 and P-value = 0.0167). These 262 

Shannon estimates were initially similar between all control sites (mean 6.25 ± 0.52 SD) (LMM 263 

contrast pristine-polluted, P-value = 0.9970) and remained constant during incubation over 28 264 

days for the polluted sites (Supp Statistic 1: LMM contrast day 0-day 28, P-value = 0.2906) 265 

and over 56 days for the pristine sites (Supp Statistic 2: LMM contrast day 0-day 56, P-value = 266 

0.8303). In phenanthrene-treated communities, diversity significantly decreased over time in 267 

pristine sites (Supp Statistic 2: LMM contrast day 0-day 56, difference = -1.2508, P-value 268 

<0.0001) but not in the polluted sites (LMM contrast day 0-day 28, P-value = 0.0871). 269 

Evenness (estimated by Pielou’s J index) followed a similar pattern (Figure S3; Supp Statistics 270 

3 and 4). 271 

Microbial community composition was significantly different between control and 272 

phenanthrene treated samples and these differences were dependent on time and whether 273 

samples were from pristine and polluted sites (Figures 4, S4, S5; Supp Statistic 5: adonis, P-274 

value < 0.0001). Variation in microbial community structure was also analysed via an index of 275 

microbial community dispersion between replicates, with replicates being grouped by site 276 

category (pristine or polluted), treatment and time combination. Microbial dispersion differed 277 

between treatments (control or phenanthrene) and this difference differed over time (over the 278 

28 days period) and depended on the sample origin (whether the samples came from a polluted 279 

or pristine site) (Figure 5; Supp Statistic 6: LMM; significant three-way interaction between 280 

treatment, time and site category; F-value = 10.9251 and P-value = 0.001). In the absence of 281 
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phenanthrene, the mean dispersion remained constant over 56 days for the pristine sites (Supp 282 

Statistic 7: LMM contrast day 0-day 56, P-value = 0.3899) but increased over the 28 days for 283 

the polluted sites (Supp Statistic 6: LMM contrast day 0-day 28, P-value = 0.0456). In the 284 

presence of phenanthrene, the mean dispersion remained constant over 28 days for both the 285 

pristine and polluted sites (Supp Statistic 6: P-value = 0.1087 and 0.1396, respectively), but 286 

the mean dispersion increased in the second incubation period (between days 28 and 56) for 287 

the pristine sites (Supp Statistic 7: LMM contrast day 28-day 56, P-value = 0.0494) resulting 288 

in a continuous community dispersion for those sites over the whole incubation (Supp Statistic 289 

7: LMM contrast day 0-day 56, P-value = 0.0006). 290 

To quantify deterministic processes involved in the diversity differences, we aimed to apply a 291 

phylogenetic clustering model (Beta Nearest Taxon Index: βNTI) to this dataset. This approach 292 

has been previously applied to different datasets following identification of a phylogenetic 293 

signal, which is the statistical tendency of related phylotypes to share more trait values than 294 

random phylotypes from the same tree, due to their phylogenetic relationship 10,54. However, 295 

analysis of the phylogenetic mantel correlogram in this dataset indicated an absence of a 296 

significant phylogenetic signal (Figure S6), which prevented application of this approach. 297 

Community composition 298 

The heatmap representing the relative abundance of the 20 most abundant families of the total 299 

community (based on the 16S rRNA gene) indicates that communities were not frequently 300 

strongly dominated by a single family (Table 1). Bacteria dominated phenanthrene-treated 301 

sediments at day 0 in all sites except the North Sea, which contained 24% of archaea of the 302 

family Nitrosopumilaceae (Table 1). However, it is recognised that there are known biases with 303 

the universal primer pair used here, including underestimation of SAR11 and 304 

Thaumarchaeota/Crenarchaeota 55. The most common bacterial phyla in control sediments 305 
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were Actinobacteria, Bacteroidetes, Chloroflexi, Planctomycetes and Proteobacteria (mainly 306 

α, β and γ).  307 

Among major community changes observed over time, the relative abundance of a diverse 308 

range of 10 families changed by >10% over time in at least one site (Table 1). Several bacterial 309 

families, e.g. Burkholderiaceae, Rhodobacteraceae and Piscirickettsiaceae, were selected in 310 

several sites. In contrast, the relative abundance of several families (e.g., Flavobacteriaceae, 311 

Pirellulaceae and Nitrosopumilaceae), decreased during incubation with phenanthrene, these 312 

changes being more prominent in pristine sites (Table 1). 313 

Phenanthrene biodegradation 314 

In order to estimate as accurately as possible the level of phenanthrene degradation, we ensured 315 

that phenanthrene was present in microcosms throughout the incubation period and estimated 316 

that 9 ± 3% and 28 ± 6% of the total added HC remained at day 21 within polluted and pristine 317 

sediments, respectively. In addition, most phenanthrene degradation was biotic, as <5% 318 

degradation occurred in the sterilised control microcosms (n=30) over the entire incubation 319 

period. After incubation, phenanthrene degradation was greater in polluted than pristine 320 

sediments (95 vs 78%) (Figure 6; Supp Statistic 9: LMM; p<0.001), suggesting that pre-321 

exposure facilitates degradation ability following contaminant exposure. Low degradation 322 

variability between replicates (Figure 6) contrasted with the high community dispersion 323 

(Figure 5) and high variability of dominant taxa (Tables 1 and S2). 324 

Discussion 325 

Determining the impact of environmental perturbation on microbial community assembly 326 

provides insight into community resistance, resilience, ecosystem functional resilience and 327 

ecosystem processes 22,56–58. In this study, we demonstrated that acute environmental change 328 

influenced microbial community structure and ecosystem function differently, depending on 329 
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the frequency of perturbation and level of historical legacy. Microbial communities from 330 

chronically perturbed sediments were more resistant to acute environmental change, whereas 331 

selection of specific microbes in non-perturbed sediments caused significant changes in 332 

community structure. The underlying community assembly processes in both scenarios relate 333 

to the conceptual model (Figure 1), which proposes that a shift from stochastic to deterministic 334 

state corresponds to a decrease in diversity and increase in community dispersion. This model 335 

does not consider the ecosystem function of the microbial communities, as functional 336 

redundancy will be highly dependent on community composition.  337 

Effect of disturbance on microbial diversity, community structure and community assembly 338 

processes 339 

Initial microbial community diversity was similar across locations between pristine and 340 

polluted sites, regardless of perturbation history (Figure 3; Supplementary statistic 1). This was 341 

surprising, as several studies report reduced biodiversity in sediments subjected to 342 

environmental perturbations 59–61, but this could be explained by the relatively low level of 343 

contemporary contamination in the selected contaminated sites of our study. It is assumed that 344 

sediments used in this study which were subject to historic perturbation of 10-100s of years led 345 

to a stochastic state through events such as adaptive evolution through horizontal gene transfer 346 

62, which is well documented in HC-degrading organisms (see 63 for a review). Long-term 347 

environmental pressure is also known to promote community diversification of well-adapted 348 

phylotypes 64. The occurrence of these phylotypes in the different sites allows their putative 349 

classification as specialists and generalists based on their classical ecological definitions 65, 350 

with generalists being more geographically widespread than specialists but performing fewer 351 

ecosystem functions. While our dataset does not allow clear distinction between specialists and 352 

generalists (in particular due to the relatively limited number of sites), several phylotypes 353 

affiliated to families known to degrade HCs were detected in chronically contaminated 354 
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sediments, such as Burkholderiaceae, Rhodobacteraceae and Piscirickettsiaceae (Table 1). 355 

This suggests the selection of habitat specialists under such conditions (see “Selection of 356 

hydrocarbon-degrading communities and ecosystem functional resilience” section for more 357 

details). In addition, a more holistic characterisation of specialists and generalists would require 358 

determination of the physiological traits of putative specialists. 359 

Phenanthrene addition significantly decreased alpha diversity of microbial communities in 360 

pristine sites during the incubation period (Figure 3). Addition of HCs has frequently been 361 

reported to decrease total bacterial diversity 61,66, while the impacts of oil addition on archaeal 362 

communities are contradictory, with a decrease and increase in archaeal diversity observed in 363 

beach sand microcosms 67 and water column samples 68, respectively. These changes are 364 

probably due to selection and growth of microbial communities capable of oil degradation, 365 

although this is based on relative abundance data, not quantitative abundance of each taxon. In 366 

addition, perturbation of pristine sediments in the present study led to microbial community 367 

dispersion related to broader phylogenetic content (Figure 5), that supports community 368 

restructuring and potential deterministic selection of different habitat specialists. Incubation of 369 

polluted sites constrained microbial community dispersion (Figure 5), suggesting maintenance 370 

of a stable community mediated by stochastic processes with continued selection of habitat 371 

specialists. While such approach could not be applied in our study, quantification of the 372 

proportion of deterministic and stochastic processes in microbial systems using null models 373 

and associated indices such as the β-nearest taxon index (βNTI) 54, previously revealed that 374 

deterministic assembly was associated with environmental changes in non-perturbed 375 

environments 3. 376 

Inclusion of a relatively large number of replicates for each site and multiple sites enabled 377 

assessment of dispersion of community composition following disturbance. This approach 378 

provided evidence for the hypothesis that pristine sediment communities diverge from their 379 
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initial composition following phenanthrene amendment due to heterogeneous deterministic 380 

selection. Such deterministic selection has also been reported in sediment-water communities 381 

69, with several potential selection mechanisms, both following an oil perturbation in marine 382 

sediments or perturbations in soil (e.g. drought, fertiliser amendment, ploughing). Firstly, 383 

interspecies interactions result in variable responses due to complex dynamics between 384 

microbial communities and their specific environments 70. Secondly, niche differentiation and 385 

specialisation can result in co-occurrence of phylogenetically different but functionally 386 

redundant taxa 71. Thirdly, competition for resources may result in non-specific selection of 387 

taxa if microorganisms have similar resource affinities and growth rates 72. 388 

The influence of perturbation chronicity on microbial community assembly 389 

All sites in this study had relatively low levels of contamination compared to previous 390 

literature, of which  3 sites presented higher levels; the distinction between high and moderate 391 

contamination is relatively arbitrary due to the skewed gradient of contamination towards lower 392 

concentrations (Figure S2). As expected, initial community structure was not fully controlled 393 

by hydrocarbon contamination, with some polluted or pristine sites presenting similar 394 

composition (e.g. Clyde and Cruden Bay, Figure 4), probably due to the influence of other 395 

biotic and abiotic factors. Visual analysis of temporal changes in community composition 396 

(Figure 4) provided evidence for the hypothesis that communities pre-adapted to a specific 397 

perturbation were primed and became resistant to that environmental disturbance. In addition, 398 

in the polluted sites, community composition was maintained throughout additional 399 

perturbation (Figure 4, Table 1) and both community diversity and dispersion remained 400 

unchanged following perturbation (Figures 3 and 5). Such maintenance of community 401 

composition, despite environmental disturbance, can be explained by community history, 402 

which is often a better predictor of community assembly than contemporary environmental 403 

conditions 12. Pre-conditioning a community to a new habitat results in predictable and 404 
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reproducible community assembly 6. In particular, pre-exposure of microbial communities to 405 

HCs is known to prime the microbial response 13,73. Microbial communities within the Gulf of 406 

Mexico were believed to be pre-conditioned to HC exposure from natural crude oil seeps, 407 

which was postulated as a major factor for the rapid response of water column microbial 408 

communities to HC influx following the Deepwater Horizon oil spill 27. 409 

The responses of phenanthrene-treated polluted and both sets of phenanthrene-treated pristine 410 

sites can theoretically be fitted to a recently described species sorting model 11, which 411 

determines the impact of legacy effects on the community response to environmental 412 

perturbation. This model considers four different scenarios: (1) no legacy effect, (2) transient 413 

legacy effect, (3) persistent legacy effect and (4) mixed scenario 11. In this study, polluted sites 414 

were subjected to a long-lasting legacy of exposure to HCs and other pollutants, resulting in 415 

limited community composition shifts following perturbation (scenario 3). Conversely, the 416 

pristine sites displayed a gradual community shift following perturbation over the two periods 417 

of incubation with evidence of community shifts via species sorting, representing a transient 418 

legacy effect and maintenance of an alternative state (scenario 2).  419 

Selection of hydrocarbon-degrading communities and ecosystem functional resilience 420 

Pristine communities perturbed with phenanthrene promoted preferential selection of families 421 

with known HC-degrading members across different geographical sites (e.g. 422 

Burkholderiaceae, Rhodobacteraceae and Piscirickettsiaceae), despite differences in initial 423 

community composition (Table 1) 74–76. Selection of these families induced significant 424 

community changes, which are frequently observed in HC contamination studies 74–76, as 425 

contemporary environmental heterogeneity selects for niche-specific organisms. Selection of 426 

multiple microbial families upon addition of a single HC source is common 72,77–79, as distinct 427 

bacterial families are able to coexist. For example, strong selection of Burkholderiaceae at 428 

several sites suggests their prominent role in phenanthrene degradation as previously 429 
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demonstrated by stable isotope probing 80. Similarly, members of the Rhodobacteraceae family 430 

were also retrieved in several phenanthrene-treated communities, probably due to their high 431 

polyaromatic hydrocarbon degradation potential 81. Finally, Piscirickettsiaceae (specifically 432 

the genus Cycloclasticus) relative abundance increased following phenanthrene addition (from 433 

<0.1% initially to 6–12%), which reflects its capacity to respond rapidly to polyaromatic 434 

hydrocarbon addition 82–84. While no absolute abundance was estimated in the present study, 435 

one may expect selective growth of these taxa rather than death of the other taxa, and specific 436 

selection of functionally relevant taxa from the rare biosphere has been discussed previously 437 

85–87. 438 

Generic microbial functions such as respiration and biomass production are believed to be more 439 

redundant than specialised functions such as HC-degradation 88, given the specificity of the 440 

genes and enzymes required for metabolism of specific HC structures (see [37] for examples). 441 

Following perturbation, phylogenetic diversity of HC-degrading organisms is known to 442 

increase, leading to a higher HC-degrading capability 89,90. Perturbation of sediment 443 

communities in this study resulted in varying levels of biotic phenanthrene degradation 444 

between polluted and pristine sites (Figure 6). For the communities who have reached a stable 445 

state following perturbation (e.g. the polluted sites), phenanthrene degradation was high and 446 

consistent across all sites despite different community structures (Figure 6, Table 1). This 447 

ecosystem functional resilience between replicated disturbed communities suggests functional 448 

similarity as previously suggested 22 and therefore supports previous evidence for functional 449 

redundancy within HC-degrading systems 91–94 and novel evidence of functional similarity in 450 

such systems. While the taxonomic level responsible for this ecosystem functional resilience  451 

should be further examined, the importance of other drivers than community composition such 452 

as abundance and activity of competent contaminant degraders or environmental conditions in 453 

the sediment would also require further investigation as both can influence rates of 454 
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phenanthrene degradation. For example, higher residual levels of contaminant could remain in 455 

organic rich sediments due to sorption and reduced bioavailability, even in the presence of 456 

organisms with similar metabolic capabilities. To summarise, this study reinforced theories of 457 

community history legacy effects on microbial community assembly in the context of 458 

phenanthrene degradation. Furthermore, it demonstrated that community assembly processes 459 

and resulting ecosystem functions at these sites depended on the chronicity of phenanthrene 460 

environmental perturbations. Indeed, only high levels of phenanthrene perturbation allowed 461 

pre-adaptation of communities to acute perturbation and short timescales following 462 

perturbation may be insufficient to achieve  community stability. This information significantly 463 

advances our understanding of the microbial communities responsible for degradation of 464 

pollutants and is therefore important for both informed responses to remediation following oil 465 

spills and assessment of environmental impacts. 466 

Author Contributions 467 

LDP, JIP and CGR conceived the study; LDP and LJP collected samples; JAA, UW, JIP and 468 

CGR contributed reagents; LDP conducted experiments and AD and LDP performed all 469 

analyses; LJP assisted with HC extractions; LDP and CGR wrote the manuscript with input 470 

from JIP and AD and all authors accepted the final version of the manuscript. 471 

Supporting Information 472 

Additional experimental details and results, including statistical analyses. This information is 473 

available free of charge via the Internet at http://pubs.acs.org. 474 

Acknowledgements 475 

Next-generation sequencing and library construction was performed by NCIMB Ltd., 476 

Aberdeen and CGEBM, Aberdeen. The authors would like to acknowledge the support of the 477 

Maxwell computer cluster funded by the University of Aberdeen. Dr Axel Aigle is 478 

http://pubs.acs.org/


21 
 

acknowledged for assistance in molecular analysis. This work was supported by the Natural 479 

Environment Research Council [NE/L00982X/1] with financial support from BP UK Ltd and 480 

Intertek Group PLC. CGR was supported by a University Research Fellowship from the Royal 481 

Society [UF150571]. 482 

  483 



22 
 

References 484 

(1)  Hubbell, S. P. The Unified Neutral Theory of Biodiversity and Biogeography; Princeton 485 

University Press, 2001. 486 

(2)  Wang, J.; Shen, J.; Wu, Y.; Tu, C.; Soininen, J.; Stegen, J. C.; He, J.; Liu, X.; Zhang, L.; 487 

Zhang, E. Phylogenetic Beta Diversity in Bacterial Assemblages across Ecosystems: 488 

Deterministic versus Stochastic Processes. ISME J. 2013, 7 (7), 1310–1321. 489 

https://doi.org/10.1038/ismej.2013.30. 490 

(3)  Graham, E. B.; Crump, A. R.; Resch, C. T.; Fansler, S.; Arntzen, E.; Kennedy, D. W.; 491 

Fredrickson, J. K.; Stegen, J. C. Deterministic Influences Exceed Dispersal Effects on 492 

Hydrologically-Connected Microbiomes. Environ. Microbiol. 2017, 19 (4), 1552–1567. 493 

https://doi.org/10.1111/1462-2920.13720. 494 

(4)  Chase, J. M. Drought Mediates the Importance of Stochastic Community Assembly. 495 

Proc. Natl. Acad. Sci. 2007, 104 (44), 17430–17434. 496 

https://doi.org/10.1073/pnas.0704350104. 497 

(5)  Van Der Gast, C. J.; Ager, D.; Lilley, A. K. Temporal Scaling of Bacterial Taxa Is 498 

Influenced by Both Stochastic and Deterministic Ecological Factors. Environ. 499 

Microbiol. 2008, 10 (6), 1411–1418. https://doi.org/10.1111/j.1462-2920.2007.01550.x. 500 

(6)  Pagaling, E.; Strathdee, F.; Spears, B. M.; Cates, M. E.; Allen, R. J.; Free, A. Community 501 

History Affects the Predictability of Microbial Ecosystem Development. ISME J. 2014, 502 

8 (1), 19–30. https://doi.org/10.1038/ismej.2013.150. 503 

(7)  Langenheder, S.; Lindström, E. S.; Tranvik, L. J. Structure and Function of Bacterial 504 

Communities Emerging from Different Sources under Identical Conditions Structure 505 

and Function of Bacterial Communities Emerging from Different Sources under 506 



23 
 

Identical Conditions. Appl. Environ. Microbiol. 2006, 72 (1), 212–220. 507 

https://doi.org/10.1128/AEM.72.1.212. 508 

(8)  Lee, S.-H.; Sorensen, J. W.; Grady, K. L.; Tobin, T. C.; Shade, A. Divergent Extremes 509 

but Convergent Recovery of Bacterial and Archaeal Soil Communities to an Ongoing 510 

Subterranean Coal Mine Fire. ISME J. 2017, 11 (6), 1447–1459. 511 

https://doi.org/10.1038/ismej.2017.1. 512 

(9)  Liang, J.-L.; Li, X.-J.; Shu, H.-Y.; Wang, P.; Kuang, J.-L.; Liu, J.; Zhang, M.-M.; Shu, 513 

W.-S.; Huang, L.-N. Fine-Scale Spatial Patterns in Microbial Community Composition 514 

in an Acid Mine Drainage. FEMS Microbiol. Ecol. 2017, 93 (10), 1–8. 515 

https://doi.org/10.1093/femsec/fix124. 516 

(10)  Dini-Andreote, F.; Stegen, J. C.; van Elsas, J. D.; Salles, J. F. Disentangling Mechanisms 517 

That Mediate the Balance between Stochastic and Deterministic Processes in Microbial 518 

Succession. Proc. Natl. Acad. Sci. 2015, 112 (11), E1326–E1332. 519 

https://doi.org/10.1073/pnas.1414261112. 520 

(11)  Vass, M.; Langenheder, S. The Legacy of the Past: Effects of Historical Processes on 521 

Microbial Metacommunities. Aquat. Microb. Ecol. 2017, 79 (1), 13–19. 522 

https://doi.org/10.3354/ame01816. 523 

(12)  Andersson, M. G. I.; Berga, M.; Lindström, E. S.; Langenheder, S. The Spatial Structure 524 

of Bacterial Communities Is Influenced by Historical Environmental Conditions. 525 

Ecology 2014, 95 (5), 1134–1140. https://doi.org/10.1890/13-1300.1. 526 

(13)  Bargiela, R.; Mapelli, F.; Rojo, D.; Chouaia, B.; Tornés, J.; Borin, S.; Richter, M.; Del 527 

Pozo, M. V.; Cappello, S.; Gertler, C.; Genovese, M.; Denaro, R.; Martínez-Martínez, 528 

M.; Fodelianakis, S.; Amer, R. A.; Bigazzi, D.; Han, X.; Chen, J.; Chernikova, T. N.; 529 

Golyshina, O. V.; Mahjoubi, M.; Jaouanil, A.; Benzha, F.; Magagnini, M.; Hussein, E.; 530 



24 
 

Al-Horani, F.; Cherif, A.; Blaghen, M.; Abdel-Fattah, Y. R.; Kalogerakis, N.; Barbas, 531 

C.; Malkawi, H. I.; Golyshin, P. N.; Yakimov, M. M.; Daffonchio, D.; Ferrer, M. 532 

Bacterial Population and Biodegradation Potential in Chronically Crude Oil-533 

Contaminated Marine Sediments Are Strongly Linked to Temperature. Sci. Rep. 2015, 534 

5 (1), 11651. https://doi.org/10.1038/srep11651. 535 

(14)  Nemergut, D. R.; Schmidt, S. K.; Fukami, T.; O’Neill, S. P.; Bilinski, T. M.; Stanish, L. 536 

F.; Knelman, J. E.; Darcy, J. L.; Lynch, R. C.; Wickey, P.; Ferrenberg, S. Patterns and 537 

Processes of Microbial Community Assembly. Microbiol. Mol. Biol. Rev. 2013, 77 (3), 538 

342–356. https://doi.org/10.1128/MMBR.00051-12. 539 

(15)  Graham, E. B.; Knelman, J. E.; Schindlbacher, A.; Siciliano, S.; Breulmann, M.; 540 

Yannarell, A.; Beman, J. M.; Abell, G.; Philippot, L.; Prosser, J.; Foulquier, A.; Yuste, 541 

J. C.; Glanville, H. C.; Jones, D. L.; Angel, R.; Salminen, J.; Newton, R. J.; Bürgmann, 542 

H.; Ingram, L. J.; Hamer, U.; Siljanen, H. M. P.; Peltoniemi, K.; Potthast, K.; Bañeras, 543 

L.; Hartmann, M.; Banerjee, S.; Yu, R. Q.; Nogaro, G.; Richter, A.; Koranda, M.; Castle, 544 

S. C.; Goberna, M.; Song, B.; Chatterjee, A.; Nunes, O. C.; Lopes, A. R.; Cao, Y.; 545 

Kaisermann, A.; Hallin, S.; Strickland, M. S.; Garcia-Pausas, J.; Barba, J.; Kang, H.; 546 

Isobe, K.; Papaspyrou, S.; Pastorelli, R.; Lagomarsino, A.; Lindström, E. S.; Basiliko, 547 

N.; Nemergut, D. R. Microbes as Engines of Ecosystem Function: When Does 548 

Community Structure Enhance Predictions of Ecosystem Processes? Front. Microbiol. 549 

2016, 7 (FEB), 1–10. https://doi.org/10.3389/fmicb.2016.00214. 550 

(16)  Bier, R. L.; Bernhardt, E. S.; Boot, C. M.; Graham, E. B.; Hall, E. K.; Lennon, J. T.; 551 

Nemergut, D. R.; Osborne, B. B.; Ruiz-González, C.; Schimel, J. P.; Waldrop, M. P.; 552 

Wallenstein, M. D. Linking Microbial Community Structure and Microbial Processes: 553 

An Empirical and Conceptual Overview. FEMS Microbiol. Ecol. 2015, 91 (10), 1–11. 554 



25 
 

https://doi.org/10.1093/femsec/fiv113. 555 

(17)  Gadd, G. M. Metals, Minerals and Microbes: Geomicrobiology and Bioremediation. 556 

Microbiology 2010, 156 (3), 609–643. https://doi.org/10.1099/mic.0.037143-0. 557 

(18)  Handley, K. M.; Wrighton, K. C.; Miller, C. S.; Wilkins, M. J.; Kantor, R. S.; Thomas, 558 

B. C.; Williams, K. H.; Gilbert, J. A.; Long, P. E.; Banfield, J. F. Disturbed Subsurface 559 

Microbial Communities Follow Equivalent Trajectories despite Different Structural 560 

Starting Points. Environ. Microbiol. 2015, 17 (3), 622–636. 561 

https://doi.org/10.1111/1462-2920.12467. 562 

(19)  Handley, K. M.; Piceno, Y. M.; Hu, P.; Tom, L. M.; Mason, O. U.; Andersen, G. L.; 563 

Jansson, J. K.; Gilbert, J. A. Metabolic and Spatio-Taxonomic Response of Uncultivated 564 

Seafloor Bacteria Following the Deepwater Horizon Oil Spill. ISME J. 2017, 11 (11), 565 

2569–2583. https://doi.org/10.1038/ismej.2017.110. 566 

(20)  Joye, S. B.; Kleindienst, S.; Gilbert, J. A.; Handley, K. M.; Weisenhorn, P.; Overholt, 567 

W. A.; Kostka, J. E. Responses of Microbial Communities to Hydrocarbon Exposures. 568 

Oceanography 2016, 29 (3), 136–149. 569 

(21)  Jeanbille, M.; Gury, J.; Duran, R.; Tronczynski, J.; Ghiglione, J.-F.; Agogué, H.; Saïd, 570 

O. Ben; Taïb, N.; Debroas, D.; Garnier, C.; Auguet, J.-C. Chronic Polyaromatic 571 

Hydrocarbon (PAH) Contamination Is a Marginal Driver for Community Diversity and 572 

Prokaryotic Predicted Functioning in Coastal Sediments. Front. Microbiol. 2016, 7 573 

(AUG), 1–15. https://doi.org/10.3389/fmicb.2016.01303. 574 

(22)  Allison, S. D.; Martiny, J. B. H. Resistance, Resilience, and Redundancy in Microbial 575 

Communities. Proc. Natl. Acad. Sci. 2008, 105 (Supplement 1), 11512–11519. 576 

https://doi.org/10.1073/pnas.0801925105. 577 



26 
 

(23)  Zhou, J.; Ning, D. Stochastic Community Assembly: Does It Matter in Microbial 578 

Ecology? Microbiol. Mol. Biol. Rev. 2017, 81 (4), e00002-17. 579 

https://doi.org/10.1128/MMBR.00002-17. 580 

(24)  Huang, X.; Shi, J.; Cui, C.; Yin, H.; Zhang, R.; Ma, X.; Zhang, X. Biodegradation of 581 

Phenanthrene by Rhizobium Petrolearium SL-1. J. Appl. Microbiol. 2016, 121 (6), 582 

1616–1626. https://doi.org/10.1111/jam.13292. 583 

(25)  Syutsubo, K.; Kishira, H.; Harayama, S. Development of Specific Oligonucleotide 584 

Probes for the Identification and in Situ Detection of Hydrocarbon-Degrading 585 

Alcanivorax Strains. Environ. Microbiol. 2001, 3 (6), 371–379. 586 

https://doi.org/10.1046/j.1462-2920.2001.00204.x. 587 

(26)  Röling, W.; Milner, M.; Jones, D. Robust Hydrocarbon Degradation and Dynamics of 588 

Bacterial Communities during Nutrient-Enhanced Oil Spill Bioremediation. Appl. 589 

Environ. Microbiol. 2002, 68 (11), 5537–5548. 590 

https://doi.org/10.1128/AEM.68.11.5537–5548. 591 

(27)  Hazen, T. C.; Dubinsky, E. a; DeSantis, T. Z.; Andersen, G. L.; Piceno, Y. M.; Singh, 592 

N.; Jansson, J. K.; Probst, A.; Borglin, S. E.; Fortney, J. L.; Stringfellow, W. T.; Bill, 593 

M.; Conrad, M. E.; Tom, L. M.; Chavarria, K. L.; Alusi, T. R.; Lamendella, R.; Joyner, 594 

D. C.; Spier, C.; Baelum, J.; Auer, M.; Zemla, M. L.; Chakraborty, R.; Sonnenthal, E. 595 

L.; D’haeseleer, P.; Holman, H.-Y. N.; Osman, S.; Lu, Z.; Van Nostrand, J. D.; Deng, 596 

Y.; Zhou, J.; Mason, O. U. Deep-Sea Oil Plume Enriches Indigenous Oil-Degrading 597 

Bacteria. Science 2010, 330 (6001), 204–208. https://doi.org/10.1126/science.1195979. 598 

(28)  Redmond, M. C.; Valentine, D. L. Natural Gas and Temperature Structured a Microbial 599 

Community Response to the Deepwater Horizon Oil Spill. Proc. Natl. Acad. Sci. 2012, 600 

109 (50), 20292–20297. https://doi.org/10.1073/pnas.1108756108. 601 



27 
 

(29)  Fuentes, S.; Barra, B.; Caporaso, J. G.; Seeger, M. From Rare to Dominant: A Fine-602 

Tuned Soil Bacterial Bloom during Petroleum Hydrocarbon Bioremediation. Appl. 603 

Environ. Microbiol. 2016, 82 (3), 888–896. https://doi.org/10.1128/AEM.02625-15. 604 

(30)  Head, I. M.; Jones, D. M.; Röling, W. F. M. Marine Microorganisms Make a Meal of 605 

Oil. Nat. Rev. Microbiol. 2006, 4 (3), 173–182. https://doi.org/10.1038/nrmicro1348. 606 

(31)  Yakimov, M. M.; Timmis, K. N.; Golyshin, P. N. Obligate Oil-Degrading Marine 607 

Bacteria. Curr. Opin. Biotechnol. 2007, 18 (3), 257–266. 608 

https://doi.org/10.1016/j.copbio.2007.04.006. 609 

(32)  Rojo, F. Degradation of Alkanes by Bacteria. Environ. Microbiol. 2009, 11 (10), 2477–610 

2490. https://doi.org/10.1111/j.1462-2920.2009.01948.x. 611 

(33)  Andreoni, V.; Gianfreda, L. Bioremediation and Monitoring of Aromatic-Polluted 612 

Habitats. Appl. Microbiol. Biotechnol. 2007, 76 (2), 287–308. 613 

https://doi.org/10.1007/s00253-007-1018-5. 614 

(34)  BODC. Marine Environment Monitoring and Assessment National (MERMAN) 615 

database 616 

https://www.bodc.ac.uk/projects/data_management/uk/merman/assessments_and_data617 

_access/csemp/ (accessed Jul 25, 2018). 618 

(35)  Woodhead, R. J.; Law, R. J.; Matthiessen, P. Polycyclic Aromatic Hydrocarbons in 619 

Surface Sediments Around England and Wales, and Their Possible Biological 620 

Significance. Mar. Pollut. Bull. 1999, 38 (9), 773–790. https://doi.org/10.1016/S0025-621 

326X(99)00039-9. 622 

(36)  Northcott, G. L.; Jones, K. C. Spiking Hydrophobic Organic Compounds into Soil and 623 

Sediment: A Review and Critique of Adopted Procedures. Environ. Toxicol. Chem. 624 



28 
 

2000, 19 (10), 2418–2430. https://doi.org/10.1002/etc.5620191005. 625 

(37)  Caporaso, J. G.; Lauber, C. L.; Walters, W. a; Berg-Lyons, D.; Huntley, J.; Fierer, N.; 626 

Owens, S. M.; Betley, J.; Fraser, L.; Bauer, M.; Gormley, N.; Gilbert, J. a; Smith, G.; 627 

Knight, R. Ultra-High-Throughput Microbial Community Analysis on the Illumina 628 

HiSeq and MiSeq Platforms. ISME J. 2012, 6 (8), 1621–1624. 629 

https://doi.org/10.1038/ismej.2012.8. 630 

(38)  Krueger, F. Trim Galore!: A Wrapper Tool around Cutadapt and FastQC to Consistently 631 

Apply Quality and Adapter Trimming to FastQ Files. 2015. 632 

(39)  Rognes, T.; Flouri, T.; Nichols, B.; Quince, C.; Mahé, F. VSEARCH: A Versatile Open 633 

Source Tool for Metagenomics. PeerJ 2016, 4, e2584. 634 

https://doi.org/10.7717/peerj.2584. 635 

(40)  Aigle, A.; Prosser, J. I.; Gubry-Rangin, C. The Application of High-Throughput 636 

Sequencing Technology to Analysis of AmoA Phylogeny and Environmental Niche 637 

Specialisation of Terrestrial Bacterial Ammonia-Oxidisers. Environ. Microbiome 2019, 638 

14 (1), 3. https://doi.org/10.1186/s40793-019-0342-6. 639 

(41)  Schloss, P. D.; Westcott, S. L.; Ryabin, T.; Hall, J. R.; Hartmann, M.; Hollister, E. B.; 640 

Lesniewski, R. a.; Oakley, B. B.; Parks, D. H.; Robinson, C. J.; Sahl, J. W.; Stres, B.; 641 

Thallinger, G. G.; Van Horn, D. J.; Weber, C. F. Introducing Mothur: Open-Source, 642 

Platform-Independent, Community-Supported Software for Describing and Comparing 643 

Microbial Communities. Appl. Environ. Microbiol. 2009, 75 (23), 7537–7541. 644 

https://doi.org/10.1128/AEM.01541-09. 645 

(42)  Quast, C.; Pruesse, E.; Yilmaz, P.; Gerken, J.; Schweer, T.; Yarza, P.; Peplies, J.; 646 

Glöckner, F. O. The SILVA Ribosomal RNA Gene Database Project: Improved Data 647 

Processing and Web-Based Tools. Nucleic Acids Res. 2012, 41 (D1), D590–D596. 648 



29 
 

https://doi.org/10.1093/nar/gks1219. 649 

(43)  Perez Calderon, L. J.; Vossen, K.; Potts, L. D.; Gallego, A.; Anderson, J. A.; Witte, U. 650 

Advective Pore-Water Transport of Hydrocarbons in North East Scotland Coastal 651 

Sands. Environ. Sci. Pollut. Res. 2018, 25 (28), 28445–28459. 652 

https://doi.org/10.1007/s11356-018-2815-3. 653 

(44)  R Core Team. R: A Language and Environment for Statistical Computing. R Foundation 654 

for Statistical Computing. Vienna 2017. 655 

(45)  Wickham, H.; Chang, W. Ggplot2: Elegant Graphics for Data Analysis. Springer-656 

Verlag: New York 2009. 657 

(46)  Oksanen, J.; Blanchet, F. G.; Friendly, M.; Kindt, R.; Legendre, P.; Mcglinn, D.; 658 

Minchin, P. R.; O ’hara, R. B.; Simpson, G. L.; Solymos, P.; Henry, M.; Stevens, H.; 659 

Szoecs, E.; Wagner, H.; Oksanen, M. J. Package “Vegan.” 2018. 660 

(47)  Pinheiro J, Bates D, DebRoy S, Sarkar D, R. C. T. Nlme: Linear and Nonlinear Mixed 661 

Effects Models. 2021. 662 

(48)  Searle, S. R.; Speed, F. M.; Milliken, G. A. Population Marginal Means in the Linear 663 

Model: An Alternative to Least Squares Means. Am. Stat. 1980, 34 (4), 216–221. 664 

https://doi.org/10.1080/00031305.1980.10483031. 665 

(49)  Oksanen, J.; Blanchet, F. G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; 666 

Minchin, P. R.; O’Hara, R. B.; Simpson, G. L.; Solymos, P.; Stevens, M. H. H.; Szoecs, 667 

E.; Wagner, H. Vegan: Community Ecology Package. 2017. 668 

(50)  Bray, J. R.; Curtis, J. T. An Ordination of the Upland Forest Communities of Southern 669 

Wisconsin. Ecol. Monogr. 1957, 27 (4), 325–349. https://doi.org/10.2307/1942268. 670 

(51)  Katoh; Rozewicki; Yamada. MAFFT Online Service: Multiple Sequence Alignment, 671 



30 
 

Interactive Sequence Choice and Visualization. Brief. Bioinform. 2019, 20, 1160–1166. 672 

(52)  Nguyen, L.-T.; Schmidt, H. A.; von Haeseler, A.; Minh, B. Q. IQ-TREE: A Fast and 673 

Effective Stochastic Algorithm for Estimating Maximum-Likelihood Phylogenies. Mol. 674 

Biol. Evol. 2015, 32 (1), 268–274. https://doi.org/10.1093/molbev/msu300. 675 

(53)  Kembel, S. An Introduction to the Picante Package. R Proj. 2010, No. April, 1–16. 676 

https://doi.org/10.1093/bioinformatics/btq166. 677 

(54)  Stegen, J. C.; Lin, X.; Fredrickson, J. K.; Chen, X.; Kennedy, D. W.; Murray, C. J.; 678 

Rockhold, M. L.; Konopka, A. Quantifying Community Assembly Processes and 679 

Identifying Features That Impose Them. ISME J. 2013, 7 (11), 2069–2079. 680 

https://doi.org/10.1038/ismej.2013.93. 681 

(55)  Parada, A. E.; Needham, D. M.; Fuhrman, J. A. Every Base Matters : Assessing Small 682 

Subunit RRNA Primers for Marine Microbiomes with Mock Communities , Time Series 683 

and Global Field Samples. Environ. Microbiol. 2016, 18 (5), 1403–1414. 684 

https://doi.org/10.1111/1462-2920.13023. 685 

(56)  Berga, M.; Székely, A. J.; Langenheder, S. Effects of Disturbance Intensity and 686 

Frequency on Bacterial Community Composition and Function. PLoS One 2012, 7 (5), 687 

e36959. https://doi.org/10.1371/journal.pone.0036959. 688 

(57)  Shade, A.; Read, J. S.; Welkie, D. G.; Kratz, T. K.; Wu, C. H.; McMahon, K. D. 689 

Resistance, Resilience and Recovery: Aquatic Bacterial Dynamics after Water Column 690 

Disturbance. Environ. Microbiol. 2011, 13 (10), 2752–2767. 691 

https://doi.org/10.1111/j.1462-2920.2011.02546.x. 692 

(58)  Sjöstedt, J.; Langenheder, S.; Kritzberg, E.; Karlsson, C. M. G.; Lindström, E. S. 693 

Repeated Disturbances Affect Functional but Not Compositional Resistance and 694 



31 
 

Resilience in an Aquatic Bacterioplankton Community. Environ. Microbiol. Rep. 2018, 695 

10 (4), 493–500. https://doi.org/10.1111/1758-2229.12656. 696 

(59)  Drury, B.; Rosi-Marshall, E.; Kelly, J. J. Wastewater Treatment Effluent Reduces the 697 

Abundance and Diversity of Benthic Bacterial Communities in Urban and Suburban 698 

Rivers. Appl. Environ. Microbiol. 2013, 79 (6), 1897–1905. 699 

https://doi.org/10.1128/AEM.03527-12. 700 

(60)  Li, D.; Yang, M.; Li, Z.; Qi, R.; He, J.; Liu, H. Change of Bacterial Communities in 701 

Sediments along Songhua River in Northeastern China after a Nitrobenzene Pollution 702 

Event. FEMS Microbiol. Ecol. 2008, 65 (3), 494–503. https://doi.org/10.1111/j.1574-703 

6941.2008.00540.x. 704 

(61)  Lamendella, R.; Strutt, S.; Borglin, S.; Chakraborty, R.; Tas, N.; Mason, O. U.; Hultman, 705 

J.; Prestat, E.; Hazen, T. C.; Jansson, J. K. Assessment of the Deepwater Horizon Oil 706 

Spill Impact on Gulf Coast Microbial Communities. Front. Microbiol. 2014, 5 (APR), 707 

1–13. https://doi.org/10.3389/fmicb.2014.00130. 708 

(62)  Cohan, F. M.; Koeppel, A. F. The Origins of Ecological Diversity in Prokaryotes. Curr. 709 

Biol. 2008, 18 (21), 1024–1034. https://doi.org/10.1016/j.cub.2008.09.014. 710 

(63)  Shahi, A.; Ince, B.; Aydin, S.; Ince, O. Assessment of the Horizontal Transfer of 711 

Functional Genes as a Suitable Approach for Evaluation of the Bioremediation Potential 712 

of Petroleum-Contaminated Sites: A Mini-Review. Appl. Microbiol. Biotechnol. 2017, 713 

101 (11), 4341–4348. https://doi.org/10.1007/s00253-017-8306-5. 714 

(64)  Logares, R.; Lindström, E. S.; Langenheder, S.; Logue, J. B.; Paterson, H.; Laybourn-715 

Parry, J.; Rengefors, K.; Tranvik, L.; Bertilsson, S. Biogeography of Bacterial 716 

Communities Exposed to Progressive Long-Term Environmental Change. ISME J. 717 

2013, 7 (5), 937–948. https://doi.org/10.1038/ismej.2012.168. 718 



32 
 

(65)  Pandit, S. N.; Kolasa, J.; Cottenie, K. Contrasts between Habitat Generalists and 719 

Specialists: An Empirical Extension to the Basic Metacommunity Framework. Ecology 720 

2009, 90 (8), 2253–2262. https://doi.org/10.1890/08-0851.1. 721 

(66)  Kostka, J. E.; Prakash, O.; Overholt, W. a; Green, S. J.; Freyer, G.; Canion, A.; 722 

Delgardio, J.; Norton, N.; Hazen, T. C.; Huettel, M. Hydrocarbon-Degrading Bacteria 723 

and the Bacterial Community Response in Gulf of Mexico Beach Sands Impacted by 724 

the Deepwater Horizon Oil Spill. Appl. Environ. Microbiol. 2011, 77 (22), 7962–7974. 725 

https://doi.org/10.1128/AEM.05402-11. 726 

(67)  Röling, W. F. M.; Couto De Brito, I. R.; Swannell, R. P. J.; Head, I. M. Response of 727 

Archaeal Communities in Beach Sediments to Spilled Oil and Bioremediation. Appl. 728 

Environ. Microbiol. 2004, 70 (5), 2614–2620. https://doi.org/10.1128/AEM.70.5.2614-729 

2620.2004. 730 

(68)  Newell, S. E.; Eveillard, D.; Mccarthy, M. J.; Gardner, W. S.; Liu, Z.; Ward, B. B. A 731 

Shift in the Archaeal Nitrifier Community in Response to Natural and Anthropogenic 732 

Disturbances in the Northern Gulf of Mexico. Environ. Microbiol. Rep. 2014, 6 (1), 733 

106–112. https://doi.org/10.1111/1758-2229.12114. 734 

(69)  Pagaling, E.; Vassileva, K.; Mills, C. G.; Bush, T.; Blythe, R. A.; Schwarz-Linek, J.; 735 

Strathdee, F.; Allen, R. J.; Free, A. Assembly of Microbial Communities in Replicate 736 

Nutrient-Cycling Model Ecosystems Follows Divergent Trajectories, Leading to 737 

Alternate Stable States. Environ. Microbiol. 2017, 19 (8), 3374–3386. 738 

https://doi.org/10.1111/1462-2920.13849. 739 

(70)  McGenity, T. J.; Folwell, B. D.; McKew, B. a; Sanni, G. O. Marine Crude-Oil 740 

Biodegradation: A Central Role for Interspecies Interactions. Aquat. Biosyst. 2012, 8 741 

(1), 10. https://doi.org/10.1186/2046-9063-8-10. 742 



33 
 

(71)  Leibold, M. A.; McPeek, M. A. Coexistence of the Niche and Neutral Perspectives in 743 

Community Ecology. Ecology 2006, 87 (6), 1399–1410. https://doi.org/10.1890/0012-744 

9658(2006)87[1399:COTNAN]2.0.CO;2. 745 

(72)  McKew, B. A.; Coulon, F.; Osborn, A. M.; Timmis, K. N.; McGenity, T. J. Determining 746 

the Identity and Roles of Oil-Metabolizing Marine Bacteria from the Thames Estuary, 747 

UK. Environ. Microbiol. 2007, 9 (1), 165–176. https://doi.org/10.1111/j.1462-748 

2920.2006.01125.x. 749 

(73)  Sauret, C.; Christaki, U.; Moutsaki, P.; Hatzianestis, I.; Gogou, A.; Ghiglione, J. F. 750 

Influence of Pollution History on the Response of Coastal Bacterial and Nanoeukaryote 751 

Communities to Crude Oil and Biostimulation Assays. Mar. Environ. Res. 2012, 79, 70–752 

78. https://doi.org/10.1016/j.marenvres.2012.05.006. 753 

(74)  Perez Calderon, L. J.; Potts, L. D.; Gontikaki, E.; Gubry-Rangin, C.; Cornulier, T.; 754 

Gallego, A.; Anderson, J. A.; Witte, U. Bacterial Community Response in Deep Faroe-755 

Shetland Channel Sediments Following Hydrocarbon Entrainment With and Without 756 

Dispersant Addition. Front. Mar. Sci. 2018, 5 (159). 757 

https://doi.org/10.3389/fmars.2018.00159. 758 

(75)  Liu, Q.; Tang, J.; Liu, X.; Song, B.; Zhen, M.; Ashbolt, N. J. Response of Microbial 759 

Community and Catabolic Genes to Simulated Petroleum Hydrocarbon Spills in 760 

Soils/Sediments from Different Geographic Locations. J. Appl. Microbiol. 2017, 123 761 

(4), 875–885. https://doi.org/10.1111/jam.13549. 762 

(76)  Jurelevicius, D.; Alvarez, V. M.; Marques, J. M.; Lima, L. R. F. D. S.; Dias, F. D. A.; 763 

Seldin, L. Bacterial Community Response to Petroleum Hydrocarbon Amendments in 764 

Freshwater, Marine, and Hypersaline Water-Containing Microcosms. Appl. Environ. 765 

Microbiol. 2013, 79 (19), 5927–5935. https://doi.org/10.1128/AEM.02251-13. 766 



34 
 

(77)  Yakimov, M. M.; Denaro, R.; Genovese, M.; Cappello, S.; D’Auria, G.; Chernikova, T. 767 

N.; Timmis, K. N.; Golyshin, P. N.; Giluliano, L. Natural Microbial Diversity in 768 

Superficial Sediments of Milazzo Harbor (Sicily) and Community Successions during 769 

Microcosm Enrichment with Various Hydrocarbons. Environ. Microbiol. 2005, 7 (9), 770 

1426–1441. https://doi.org/10.1111/j.1462-5822.2005.00829.x. 771 

(78)  Wang, B.; Lai, Q.; Cui, Z.; Tan, T.; Shao, Z. A Pyrene-Degrading Consortium from 772 

Deep-Sea Sediment of the West Pacific and Its Key Member Cycloclasticus Sp. P1. 773 

Environ. Microbiol. 2008, 10 (8), 1948–1963. https://doi.org/10.1111/j.1462-774 

2920.2008.01611.x. 775 

(79)  Niepceron, M.; Portet-Koltalo, F.; Merlin, C.; Motelay-Massei, A.; Barray, S.; Bodilis, 776 

J. Both Cycloclasticus Spp. and Pseudomonas Spp. as PAH-Degrading Bacteria in the 777 

Seine Estuary (France). FEMS Microbiol. Ecol. 2010, 71 (1), 137–147. 778 

https://doi.org/10.1111/j.1574-6941.2009.00788.x. 779 

(80)  Li, J.; Zhang, D.; Song, M.; Jiang, L.; Wang, Y.; Luo, C.; Zhang, G. Novel Bacteria 780 

Capable of Degrading Phenanthrene in Activated Sludge Revealed by Stable-Isotope 781 

Probing Coupled with High-Throughput Sequencing. Biodegradation 2017, 28 (5–6), 782 

423–436. https://doi.org/10.1007/s10532-017-9806-9. 783 

(81)  Gutierrez, T.; Singleton, D. R.; Aitken, M. D.; Semple, K. T. Stable Isotope Probing of 784 

an Algal Bloom to Identify Uncultivated Members of the Rhodobacteraceae Associated 785 

with Low-Molecular-Weight Polycyclic Aromatic Hydrocarbon Degradation. Appl. 786 

Environ. Microbiol. 2011, 77 (21), 7856–7860. https://doi.org/10.1128/AEM.06200-11. 787 

(82)  Kasai, Y.; Kishira, H.; Harayama, S. Bacteria Belonging to the Genus Cycloclasticus 788 

Play a Primary Role in the Degradation of Aromatic Hydrocarbons Released in a Marine 789 

Environment. Appl. Environ. Microbiol. 2002, 68 (11), 5625–5633. 790 



35 
 

https://doi.org/10.1128/AEM.68.11.5625-5633.2002. 791 

(83)  Gutierrez, T.; Biddle, J. F.; Teske, A.; Aitken, M. D. Cultivation-Dependent and 792 

Cultivation-Independent Characterization of Hydrocarbon-Degrading Bacteria in 793 

Guaymas Basin Sediments. Front. Microbiol. 2015, 6 (JUL), 1–12. 794 

https://doi.org/10.3389/fmicb.2015.00695. 795 

(84)  Dubinsky, E. A.; Conrad, M. E.; Chakraborty, R.; Bill, M.; Borglin, S. E.; Hollibaugh, 796 

J. T.; Mason, O. U.; Piceno, Y. M.; Reid, F. C.; Stringfellow, W. T.; Tom, L. M.; Hazen, 797 

T. C.; Andersen, G. L. Succession of Hydrocarbon-Degrading Bacteria in the Aftermath 798 

of the Deepwater Horizon Oil Spill in the Gulf of Mexico. Environ. Sci. Technol. 2013, 799 

47, 10860–10867. 800 

(85)  Sjöstedt, J.; Koch-Schmidt, P.; Pontarp, M.; Canbäck, B.; Tunlid, A.; Lundberg, P.; 801 

Hagström, Å.; Riemann, L. Recruitment of Members from the Rare Biosphere of Marine 802 

Bacterioplankton Communities after an Environmental Disturbance. Appl. Environ. 803 

Microbiol. 2012, 78 (5), 1361–1369. https://doi.org/10.1128/AEM.05542-11. 804 

(86)  Jia, X.; Dini-Andreote, F.; Falcão Salles, J. Community Assembly Processes of the 805 

Microbial Rare Biosphere. Trends Microbiol. 2018, 26 (9), 738–747. 806 

https://doi.org/10.1016/j.tim.2018.02.011. 807 

(87)  Shade, A.; Jones, S. E.; Caporaso, J. G.; Handelsman, J.; Knight, R.; Fierer, N.; Gilbert, 808 

J. A. Conditionally Rare Taxa Disproportionately Contribute to Temporal Changes in 809 

Microbial Diversity. MBio 2014, 5 (4), e01371-14-e01371-14. 810 

https://doi.org/10.1128/mBio.01371-14. 811 

(88)  Louca, S.; Polz, M. F.; Mazel, F.; Albright, M. B. N.; Huber, J. A.; O’Connor, M. I.; 812 

Ackermann, M.; Hahn, A. S.; Srivastava, D. S.; Crowe, S. A.; Doebeli, M.; Parfrey, L. 813 

W. Function and Functional Redundancy in Microbial Systems. Nat. Ecol. Evol. 2018, 814 



36 
 

2 (6), 936–943. https://doi.org/10.1038/s41559-018-0519-1. 815 

(89)  Acosta-Gonzalez, A.; Marques, S. Bacterial Diversity in Oil-Polluted Marine Coastal 816 

Sediments. Curr. Opin. Biotechnol. 2016, 38, 24–32. 817 

https://doi.org/10.1016/j.copbio.2015.12.010. 818 

(90)  Rodriguez-R, L. M.; Overholt, W. a; Hagan, C.; Huettel, M.; Kostka, J. E.; 819 

Konstantinidis, K. T. Microbial Community Successional Patterns in Beach Sands 820 

Impacted by the Deepwater Horizon Oil Spill. ISME J. 2015, 9 (9), 1928–1940. 821 

https://doi.org/10.1038/ismej.2015.5. 822 

(91)  Stauffert, M.; Cravo-Laureau, C.; Jézéquel, R.; Barantal, S.; Cuny, P.; Gilbert, F.; 823 

Cagnon, C.; Militon, C.; Amouroux, D.; Mahdaoui, F.; Bouyssiere, B.; Stora, G.; 824 

Merlin, F.-X.; Duran, R. Impact of Oil on Bacterial Community Structure in Bioturbated 825 

Sediments. PLoS One 2013, 8 (6), e65347. 826 

https://doi.org/10.1371/journal.pone.0065347. 827 

(92)  Cravo-Laureau, C.; Duran, R. Marine Coastal Sediments Microbial Hydrocarbon 828 

Degradation Processes: Contribution of Experimental Ecology in the Omics’era. Front. 829 

Microbiol. 2014, 5 (FEB), 1–8. https://doi.org/10.3389/fmicb.2014.00039. 830 

(93)  Duran, R.; Cravo-Laureau, C. Role of Environmental Factors and Microorganisms in 831 

Determining the Fate of Polycyclic Aromatic Hydrocarbons in the Marine Environment. 832 

FEMS Microbiol. Rev. 2016, 40 (6), 814–830. https://doi.org/10.1093/femsre/fuw031. 833 

(94)  Dunlevy, S. R.; Singleton, D. R.; Aitken, M. D. Biostimulation Reveals Functional 834 

Redundancy of Anthracene-Degrading Bacteria in Polycyclic Aromatic Hydrocarbon-835 

Contaminated Soil. Environ. Eng. Sci. 2013, 30 (11), 697–705. 836 

https://doi.org/10.1089/ees.2013.0067.  837 



37 
 

Figures 838 

Figure 1: Conceptual model illustrating the effects of acute and chronic environmental 840 

disturbance on microbial community assembly processes. 1) Acute perturbations induce 841 

deterministic assembly where niche-specific specialists are selected resulting in decreased 842 

community diversity. Due to interspecies interactions such as competition, cooperation and 843 

succession, distinct communities under the same perturbation will diverge phylogenetically 844 

resulting in increased community dispersion. 2) Continued (chronic) perturbation will maintain 845 

this deterministic state with continued selection of specialists until an alternative stable state is 846 

reached. 3) Perturbation on a decadal, or longer, scale will cause deterministic processes to be 847 

overruled by random stochastic processes such as dispersal. A permanent change in 848 

environment may promote community diversification and a cumulative increase in horizontal 849 

gene transfer (HGT) events allowing the community to adapt evolutionarily and thrive. This 850 

results in restoration of higher microbial diversity and a reduction in community dispersion.  851 

  852 
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Figure 2. Schematic of the experimental design. Five polluted sites (Tyne, Wear, Tees, Clyde 854 

and Forth) and five pristine sites (Findhorn, Montrose, Cruden Bay, Ythan and North Sea) were 855 

sampled based on pollution history using literature and database resources, and their 856 

classification as ‘polluted’ and ‘pristine’ was based on measured total petroleum hydrocarbon 857 

(TPH) concentration. TPH concentration within each site prior to incubation is shown as a 858 

colour gradient from highest (red) to lowest (light brown). Each site was treated with 859 

phenanthrene (P; yellow) or left untreated as a control (C; green), with 7 replicates for each 860 

treatment. Pristine sites were also amended with additional phenanthrene on day 28 to simulate 861 

a chronic perturbation. 862 

  863 
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Figure 3: Estimated alpha diversity (Shannon index) across all the pristine and polluted sites 865 

in control and phenanthrene-treated communities over time; only the pristine communities 866 

were incubated for 56 days. Letters indicate significant differences and are based on statistical 867 

analyses performed over 28 days for the polluted sites (see Statistic 1) and over 56 days for the 868 

pristine sites (see Statistic 3). 869 
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Figure 4: Ordination (non-metric multi-dimensional scaling; nMDS) of all sites, treatments 871 

and time points based on the dissimilarity of community composition between sites over time. 872 

Ellipses indicate grouping of microbial communities per site (encompassing all treatments and 873 

time) at the 95% confidence interval. The order of the sites in the legend correspond to their 874 

initial level of contamination (from highest to lowest) as presented in figure 2.  875 

 876 
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Figure 5: Estimated degree of community dispersion within the pristine and polluted sites in 878 

control and phenanthrene-treated communities over time; only the pristine communities were 879 

incubated for 56 days. This index is calculated as the Euclidean distance in principal coordinate 880 

space between each sample replicate and its respective group centroid. Letters indicate 881 

significant differences and are based on statistical analyses performed over 28 days for the 882 

polluted sites (see Statistic 6) and over 56 days for the pristine sites (see Statistic 7). 883 
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 885 

Figure 6: Biotic degradation of phenanthrene after incubation for 28 days in the polluted sites, 886 

and 56 days in the pristine sites, which accounts for additional phenanthrene addition. 887 

Degradation was calculated based on the remaining proportion of the supplemented 888 

phenanthrene after incubation.  889 

  890 
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Tables  891 

Table 1: Heatmap representing the relative abundances (as a percentage of the whole 892 

community) of the 20 most abundant taxa (across all sites) at phylum and family levels in 893 

phenanthrene-treated communities. Relative abundances were estimated based on 16S rRNA 894 

gene sequences in 7 replicates per sites (except for Wear day 0 and Clyde day 0, which were 895 

based on 6 replicates). The colour range (red to green) represents percentage abundance (low 896 

to high, respectively) . Taxa that were initially abundant at <0.1% and increased to >10% are 897 

highlighted in green and taxa that were initially >10% and decreased over time are highlighted 898 

in red. Standard deviations are presented in Table S2.  899 

 900 
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Phlum Family                    Time (days) 0 28 0 28 0 28 0 28 0 28 0 28 56 0 28 56 0 28 56 0 28 56 0 28 56
Thaumarchaeota Nitrosopumilaceae 0.0 0.0 0.1 0.2 1.1 2.5 0.4 0.1 0.1 0.0 0.0 0.0 0.0 0.4 0.1 0.2 0.0 0.0 0.0 24.2 5.2 6.1 0.0 0.0 0.0
Actinobacteria Mycobacteriaceae 0.2 0.2 0.3 0.2 0.1 0.1 0.8 0.2 0.1 0.1 0.0 7.5 20.9 0.3 0.1 0.6 0.0 0.2 2.5 0.0 0.0 0.0 0.0 0.1 0.2
Actinobacteria Micrococcaceae 0.1 0.1 0.1 0.1 0.1 0.0 0.2 18.3 0.0 2.6 0.0 0.0 0.0 0.5 12.2 4.8 0.0 0.1 0.7 0.0 0.0 0.0 0.1 0.1 0.0
Bacteroidetes Flavobacteriaceae 6.0 6.6 7.7 6.3 6.2 4.0 6.9 3.2 11.6 8.7 12.0 9.8 6.7 8.4 3.2 1.8 17.8 6.5 5.0 0.9 1.9 2.6 13.0 7.7 4.5
Planctomycetes Pirellulaceae 1.2 2.0 2.9 3.1 5.1 5.8 5.0 1.2 3.5 2.4 9.7 2.9 3.2 5.4 1.7 2.9 7.7 4.1 4.1 6.7 0.9 1.3 6.4 5.4 4.7
Proteobacteria Rhodobacteraceae 1.0 1.2 2.8 3.1 3.6 2.9 3.0 6.4 3.2 10.2 3.5 4.2 1.6 3.5 4.2 1.7 5.3 2.4 3.2 0.2 12.9 7.5 7.0 4.1 1.8
Proteobacteria Sphingomonadaceae 0.2 0.6 0.5 0.6 0.4 0.5 0.8 0.3 0.4 1.2 0.1 2.9 4.2 0.8 1.3 3.7 0.2 3.5 8.1 0.0 14.1 11.2 0.3 0.6 2.4
Proteobacteria Desulfobulbaceae 7.3 7.2 6.0 4.8 3.0 2.2 1.7 0.2 4.7 2.3 3.9 1.5 0.5 1.4 0.3 0.4 4.1 1.8 1.2 0.0 0.0 0.1 7.1 1.5 0.9
Proteobacteria Alteromonadaceae 0.0 0.0 0.0 0.6 0.0 0.0 0.0 0.0 0.1 1.6 0.0 1.6 0.4 0.0 0.0 0.0 0.0 0.3 0.1 0.0 16.2 21.3 0.0 0.0 0.0
Proteobacteria Pseudoalteromonadaceae 0.0 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 6.7 5.7 2.3 0.0 0.0 0.0
Proteobacteria Burkholderiaceae 2.0 2.0 0.9 0.5 0.4 0.2 2.6 15.5 0.6 0.4 0.1 2.6 6.4 1.2 13.9 17.3 0.1 2.4 7.6 0.1 0.0 0.8 0.8 8.9 14.0
Proteobacteria Halieaceae 1.2 0.8 3.2 1.5 2.5 1.9 4.2 0.4 2.8 1.0 2.4 0.6 0.2 2.5 0.6 0.6 3.4 2.2 1.3 0.4 0.2 0.2 4.8 0.8 0.6
Proteobacteria Porticoccaceae 0.0 0.9 0.0 1.6 0.7 0.7 0.0 0.0 0.1 4.1 0.0 0.0 0.0 0.0 0.2 0.1 0.0 0.1 0.1 0.0 6.7 5.7 0.0 0.0 0.0
Proteobacteria Gammaproteobacteria 4.0 4.2 3.7 3.2 5.3 5.3 3.4 0.3 7.8 4.8 3.1 2.6 1.1 2.5 0.9 0.9 4.8 3.3 2.9 4.1 1.1 0.7 4.2 0.9 1.0
Proteobacteria Piscirickettsiaceae 0.1 1.9 0.0 9.0 0.0 9.1 0.0 0.0 0.0 6.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0 4.7 7.6 0.0 10.4 11.9 0.0 0.0 0.0
Proteobacteria Moraxellaceae 0.1 0.0 0.1 0.0 0.0 0.0 1.8 5.7 0.0 0.0 0.2 0.0 0.0 1.1 3.1 0.6 3.6 0.0 0.0 0.1 0.1 0.0 2.6 2.6 0.1
Proteobacteria Pseudomonadaceae 0.0 0.0 0.1 0.4 0.0 0.0 0.5 4.7 0.0 0.7 0.0 1.7 1.0 0.2 3.6 1.8 0.0 0.3 0.1 0.0 0.0 0.1 0.9 2.1 0.9
Epsilonbacteraeota Arcobacteraceae 0.1 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.2 4.9 4.0 0.0 0.0 0.0 0.0 4.5 0.4 0.0 0.0 0.0 0.2 0.1 0.1
Epsilonbacteraeota Thiovulaceae 3.4 1.4 2.3 1.2 0.1 0.1 0.0 0.0 0.1 0.5 0.2 1.6 5.1 0.0 0.0 0.0 0.0 1.3 0.3 0.0 0.0 0.0 0.0 0.0 0.0
Chloroflexi Anaerolineaceae 5.7 5.6 2.9 3.3 2.3 2.4 1.4 0.7 1.5 1.4 1.7 0.4 0.2 1.1 0.5 0.7 1.1 0.8 0.6 1.1 0.2 0.2 0.9 0.6 1.0

Sum % across top 20 OTUs 32.6 34.8 33.7 39.6 31.0 37.8 32.8 57.2 36.7 48.8 37.1 44.9 55.7 29.4 46.0 38.0 48.3 38.6 45.7 44.6 75.8 72.1 48.1 35.5 32.3

North Sea Ythan
Polluted Pristine

Tyne Wear Tees Clyde Forth Findhorn Cruden Bay Montrose
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