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A B S T R A C T   

The continental shelf of southern California is an important location for the extraction of petroleum and natural 
gas. Many platforms in the region have been operating for more than four decades and are being targeted for 
decommissioning. Information on the condition of surrounding habitats to the platforms will be important for 
regulators. The condition of sediments near (250 m–2 km) four active oil/gas platforms was evaluated with 
measures of macrobenthic infauna, toxicity, and chemical composition using standardized assessment indices 
and compared to that of equivalent locations across the region without platforms. Assessment scores indicated 
that the sediments surrounding the oil platforms were in a relatively good state, with reference-condition in
fauna, minimal levels of chemical exposure, and five instances (25% of samples) of low-level toxicity. Samples 
from around the oil platforms were in overall similar condition to the region, with slightly better condition 
infauna, nearly identical chemistry, and slightly worse toxicity.   

1. Introduction 

The continental shelf of southern California is an important location 
for the extraction of petroleum and natural gas within the coastal wa
ters of the United States. There are 23 platforms of varying ages within 
Federal waters offshore of California (McCrary et al., 2003; BSEE, 
2018), with the oldest installed in 1967 (Love et al., 2003; BSEE, 2018). 
Fifteen of these platforms are within the Santa Barbara Channel portion 
of the Southern California Bight. The Santa Barbara Channel is an 
ecologically unique and complex region of the US Pacific Coast, as it is a 
transition between biogeographic regions (Oregonian to the north and 
Californian to the south), contains a number of marine protected areas, 
and borders the second largest metroplex in the United States (Schiff 
et al., 2016). 

A variety of operational platform-related activities (e.g., drilling, 
maintenance, waste water production), as well as the physical presence 
of the platform itself, have the potential to influence the condition of 
the seafloor habitat near the platform (Bishop et al., 2017; Heery et al., 
2017; Henry et al., 2017). The cables, pipes, and support structures 
provide protection from predation and represent more hard substrate 
for epifauna to grow on than the low-profile soft sediments that com
prise much of the continental margin seafloor. In many cases, demersal 
fishes and megainvertebrates may actually benefit from the structural 
complexity created by the platform (Love and York, 2005; Page et al., 

2008; Claisse et al., 2014). 
In contrast to demersal and pelagic fauna, sessile infauna abundance 

and species compositions are often negatively impacted by platform 
operations (Denoyelle et al., 2010; Manoukian et al., 2010; Ellis et al., 
2012). When wells are drilled for oil and gas exploration or production, 
fluids and sediments from the drilling process can be released into the 
water and settle onto the sea floor. Deposits from drilling can bury 
organisms and increase sediment toxicity over time due to additives 
introduced to improve the performance of the drilling fluid (Neff, 
1987). The amount of materials released from drilling can be sub
stantial – nearly 2000 metric tons of material may be discharged during 
drilling of an exploration well (Neff, 1987). The size of the area affected 
from drilling deposits depends on the volume of released materials, the 
age of the platform, depth of water, sediment characteristics, and ocean 
conditions. As such, the area of deposition can range from distances of 
10 to 20 m from the discharging platform (Neff, 2005) to over 2000 m 
(Davies et al., 1984). 

The investigation of benthic impacts was an important area of study 
for Federal platforms in southern California early in their development 
and installation. A large survey in 1975–76 examined metals, chemi
cals, sediments, and infauna communities associated potential areas for 
development throughout the Southern California Bight (Callahan and 
Shokes, 1977). Later, the California Outer Continental Shelf Monitoring 
Program evaluated the effect of drilling 39 wells from three offshore 
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platforms off Point Arguello, California from 1986 to 1995 (Hyland 
et al., 1991a; Lissner, 1993). 

Most of the platforms in the Santa Barbara Channel ecosystem have 
been in operation for four to five decades and a number of them are 
approaching the end of their productive lifespans (Schroeder and Love, 
2004; Henrion et al., 2014; Bull and Love, 2019). Many of these older 
platforms are being targeted for decommissioning, which in California 
currently means the complete removal of oil and gas facilities. Data on 
the present-day conditions of the benthic habitats around the platforms 
are important for managers and regulators seeking to predict potential 
disturbances stemming from changes in platform operation and activ
ities. It would be best if that information would be observational in 
nature– as opposed to generalized conceptual models – and have as 
close spatial and temporal proximity to any planned activities as is 
possible. 

Unfortunately, at the present moment nearly all the information 
available in the scientific literature detailing the relationships between 
sediment habitat condition and oil and gas platform operation are not 
from southern California (e.g., North Sea – Olsgard and Gray, 1995; 
Gulf of Mexico –Montagna and Harper Jr., 1996; Hernández Arana 
et al., 2005; Mediterranean Sea – Manoukian et al., 2010; Terlizzi et al., 
2008). Hyland et al. (1990, 1991a, 1991b, 1994) represents that most 
recent analysis of sediment chemistry and infauna from soft-sediment 
habitats near southern California oil platforms, which were based upon 
sampling conducted more than 30 years ago. As such, there is a lack of 
current information on the condition of benthic habitat surrounding 
platforms from southern California, leaving local managers at a dis
advantage as decommissioning assessments begin. 

The goal of this study was to assess the benthic habitat condition of 
continental shelf sediments surrounding four active oil/gas platforms in 
the Santa Barbara Channel in southern California. Condition was 
evaluated with macrobenthic infaunal community composition, sedi
ment toxicity, and sediment chemical composition. To provide a re
gional context for our observations of condition, results were compared 
to those from the most recently completed Southern California Bight 
Regional Monitoring Program Survey, conducted in 2013 (Schiff et al., 
2016). 

2. Methods 

2.1. Study area and sampling design 

Sampling was focused around four active offshore oil and gas pro
ducing platforms (A, B, C, and Hillhouse) in the eastern part of the 
Santa Barbara Channel (Fig. 1). This area of the Southern California 
Bight is on the continental shelf with water depths of ~60 m (i.e., mid- 
shelf depths). This is an area oceanographically influenced by the cold- 
water California Current flowing to the south mixing with the warm- 
water Davidson Countercurrent flowing to the north (Bray et al., 1999), 
as well as seasonal upwelling of nutrient-rich bottom waters (Chhak 
and Di Lorenzo, 2007). Additionally, these waters are adjacent to a 
densely populated United States metro-center (http://california.us. 
censusviewer.com/client) and receive point-source and non-point 
source discharges from more than 23 million people (County Sanitation 
Districts of Los Angeles County, 2016; Orange County Sanitation 
District, 2017). 

Two sampling strata were created around the platforms, re
presenting polygons with 0–1 km and 1–2 km distances from any of the 
platforms. Within these strata, 250 m exclusion buffers were created 
around the platform structures, underwater pipes and cables, as well 
the shell mounds associated with each platform. These buffers ensured 
sampling crew safety, prevented damage to the platform infrastructure, 
and maximized the likelihood of finding sediments suitable for sam
pling via a grab (i.e., not on shell debris or consolidated sediments). Ten 
sample sites were allocated within each stratum via a stratified, random 
tessellated design (Stevens and Olsen, 2003, 2004; Olsen and Peck, 

2008). The random allocation process allows for an even distribution of 
sites among strata. An additional 20 overdraw sites were selected for 
each stratum in case samples could not be collected at any of the in
itially identified sampling sites. 

2.2. Analytical approach 

Habitat condition was assessed at each site with three types of 
measurements: benthic infaunal community composition, sediment 
chemistry, and sediment toxicity. Sediment for the three assessment 
components was collected from each of the 20 sampling sites using a 
double 0.1 m2 Van Veen grab following the sampling protocols detailed 
in the Southern California Bight 2018 Regional Marine Monitoring 
Survey Sediment Quality Assessment Field Operations Manual (Bight 
''18 Field Sampling and Logistics Committee, 2018). All measurements 
from the platform strata were compared to measurements from across 
the region at the same mid-shelf depth range (30–93 m) that were 
collected as part of a prior regional survey (2013 Southern California 
Bight Regional Monitoring Program Survey [Bay et al., 2015; Dodder 
et al., 2016; Gillett et al., 2017]). 

Macrobenthic communities were quantified and characterized using 
univariate and multivariate comparisons of taxonomic composition, 
while habitat condition was assessed from these data using the 
Southern California Benthic Response Index (BRI [Smith et al., 2001]). 
Sediment chemistry was quantified by measurements of individual 
compounds (metals, PCBs, PAHs, and pesticides) and habitat condition 
was assessed from the chemical concentrations via potential exposure 
scores using the California Chemical Score Index (CSI [Bay et al., 
2014]). Sediment toxicity was evaluated using a 10-day amphipod 
survival test (US Environmental Protection Agency (USEPA), 1994;  
American Society for Testing and Materials (ASTM), 2010) and habitat 
condition was interpreted from these data with the California Sediment 
Quality Objectives (SQOs) framework (Bay et al., 2014). Individual 
condition assessment categories based upon macrobenthic community, 
sediment chemical content, and toxicity test results (see Table 1) are 
combined to give an overall condition assessment (e.g., minimal 
chemistry exposure + low disturbance macrobenthos + moderate 
toxicity = Likely Unimpacted) for each sample following Bay et al. 
(2014). 

2.3. Benthic infauna 

Methods for processing and identification of benthic infauna fol
lowed the guidelines of the Southern California Bight 2018 
Macrobenthic Sample Analysis Laboratory Manual (Bight '18 Benthic 
Committee, 2018). In short, sediments were sieved on a 1-mm screen, 
the material retained on the screen was placed in a chemical relaxant 
solution, and then fixed with 10% buffered formalin. Samples were 
rinsed and transferred from formalin to 70% ethanol 2–5 days after 
collection. Organisms were sorted from the retained material, counted, 
and identified to the lowest possible taxonomic level following the 
Southern California Association of Marine Invertebrate Taxonomists 
(SCAMIT) Edition 12 species list (Southern California Association of 
Marine Invertebrate Taxonomists (SCAMIT), 2018). Quality assurance 
and control protocols and data quality objectives for sample sorting, 
identification, and enumeration are detailed in the Southern California 
Bight 2018 Benthic Committee Lab Manual (Bight '18 Benthic 
Committee, 2018). 

Taxonomic composition among the platform samples was visually 
compared by ordination of untransformed abundance Bray-Curtis dis
similarity values in a 2-D non-Metric Multi-Dimensional Scaling 
(nMDS) plot. Similarly, the composition of the platform samples was 
compared to all mid-shelf depth samples from the 2013 regional survey 
(2018 data were not available at time of publication). Differences in 
taxonomic composition between the platform samples and the regional 
mid-shelf samples were quantified with a 1-way permANOVA (α = 0.1, 
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1000 permutations, Bray-Curtis dissimilarities), with data source as the 
treatment variable. Differences in univariate measures of community 
composition (e.g., abundance, diversity, etc.) between oil platform 
samples and those from similar depths across the region were quanti
fied using a 1-way ANOVA, with data source as the treatment variable 
(α = 0.1). All nMDS ordinations and permANOVA analyses were 
conducted with the Vegan package (v 2.5–4) in R (v3.5.3). ANOVA 

analyses were conducted with the aov function in R (v3.5.3). 
Habitat condition of the sediments at each site was assessed using 

the Benthic Response Index (BRI) (Smith et al., 2001). BRI scores and 
condition categories were calculated using the Southern California 
Coastal Water Research Project's online BRI calculator (http://data. 
sccwrp.org/upload/bri_map.v6.php). BRI scores were compared to 
those of other mid-shelf sites within the region using a 1-way ANOVA, 
with data source as the treatment variable (α = 0.1). 

2.4. Sediment chemistry 

Methods for processing and measuring sediment contaminants, 
grainsize composition, and organic matter content followed Dodder 
et al. (2016). Individual target analytes included a suite of compounds 
typically measured in regional surveys: metals, polychlorinated biphe
nyls (PCBs), polynuclear aromatic hydrocarbons (PAHs), pesticides, 
measures of sediment grainsize, total organic carbon (TOC) and total 
nitrogen (TN) (Supplemental Material A). Briefly, grainsize samples 
were sieved on 2-mm and 1-mm screens to capture the gravel fraction 
and the remaining smaller particles were analyzed using a SM2560D 
laser refractometer. Sediments for TOC and TN analysis were acidified 
with hydrochloric acid vapors and combusted in a high temperature 
elemental analyzer with gas chromatography. Samples for all metals 
except for mercury were digested in a strong acid, with the digestate 
analyzed by inductively coupled plasma mass spectrometry. Mercury 
was analyzed using cold vapor atomic adsorption spectroscopy. The 
trace organics (PAHs, PCBs, and pesticides) were solvent extracted and 
analyzed with gas chromatography mass spectrometry. All analytes 

Fig. 1. A map depicting the approximate location of the twenty sampling sites within the1-km (medium grey) and 2-km (dark grey) strata around the A, B, C and 
Hillhouse (HH) oil platforms. The inset shows the location of the area with respect to the Pacific Coast of the US. 

Table 1 
Condition category thresholds for condition assessment tools used to interpret 
macrobenthic infauna (BRI [after Gillett et al., 2017]), sediment chemistry (CSI 
[after Bay et al., 2014]), and sediment toxicity (after Bay et al., 2014).     

Assessment tool Category Response range  

BRI score Reference 0– < 34 
Low disturbance 34– < 44 
Moderate disturbance 44– < 72 
High disturbance ≥72 

CSI score Minimal exposure  < 1.69 
Low exposure 1.69–2.33 
Moderate exposure  > 2.33–2.99 
High exposure  > 2.99 

Toxicity % survival (control adjusted) Non-toxic 100–90 
Low toxicity 89 - 82a 

Moderate toxicity 59 - 81b 

High toxicity  < 59 

a If the response is not significantly different than the negative control, then 
the category become Non-Toxic. 

b If the response is not significantly different than the negative control, then 
the category becomes Low Toxicity.  
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were measured and summed with the same methods in both the present 
study and the regional survey. 

Comparisons of key compounds of interest including Total PAHs, 
Low (< 4 aromatic rings) and High (> 3 aromatic rings) molecular 
weight PAHs, copper, barium, and total DDE, as well as TOC, TN, and 
grainsize were compared between the platform samples and those from 
mid-shelf depths across the region collected in 2013. Comparisons of 
individual compounds between oil platform and regional samples were 
quantified in a 1-way ANOVA, with the data source as the treatment 
variable (α = 0.1). ANOVA calculations were conducted with the aov 
function in R (v3.5.3). Habitat condition based upon potential chemical 
exposure was assessed using the CSI framework (Bay et al., 2014). 
Comparisons of CSI scores and the distribution of habitat condition 
categories was made between the platform and regional samples. 

2.5. Sediment toxicity 

Laboratory methods, as well as quality assurance and control for 
whole sediment toxicity testing followed the guidelines of Bay et al. 
(2015). The toxicity of sediments collected from each of the platform 
stations was evaluated with a 10-day survival test using the amphipod 
Eohaustorius estuarius (US Environmental Protection Agency (USEPA), 
1994; American Society for Testing and Materials (ASTM), 2010). 
Twenty amphipods were used in each replicate test at 15  ±  2 °C under 
constant illumination. Sediment toxicity was quantified as control ad
justed survival after the 10-day exposure. Control adjusted survival 
rates for the platform samples was compared to that of similar mid-shelf 
depth samples from across the region collected in2013. Habitat condi
tion based upon the toxicity of the sediment was evaluated using Ca
lifornia's SQO assessment framework (Bay et al., 2014). The distribu
tion of condition categories was compared that of similar mid-shelf 
depth samples from across the region. 

Any platform samples that demonstrated toxicity were further in
vestigated for potential causality by comparing the chemical con
centrations and sediment conditions between non-toxic and toxic 
samples. Differences in the concentrations of major constituents 
(barium, copper, mercury, zinc, total high molecular weight PAHs, total 
low molecular weight PAHs, total PAHs, total DDEs, total nitrogen, 
total organic carbon, and clay composition) between samples were 
quantified with a one-way ANOVA, with toxicity test status as the 
treatment variable (α = 0.1). ANOVA tests were conducted using the 
aov function in R (v 3.5.3). 

The potential impacts of toxicity on benthic community were in
vestigated by comparing differences in benthic community composition 
and condition between non-toxic and toxic samples. Differences in 
community composition were estimated visually with an nMDS 

ordination and quantified with one-way permANOVA between the 
groups of samples, with toxicity test status as the treatment variable 
(α = 0.1) across 1000 permutations using untransformed abundance 
Bray-Curtis dissimilarities. Similarly, the difference in BRI score be
tween the two groups of samples was quantified with a one-way 
ANOVA, with toxicity test status as the treatment variable (α = 0.1). 
ANOVA tests were conducted using the aov function in R (v 3.5.3) and 
the permANOVA was conducted using the adonis2 function in the 
Vegan package (2.5–4) in R (v 3.5.3). 

3. Results 

3.1. Benthic infauna 

Across the 20 samples, 338 different taxa were identified. A com
parison of the benthic infauna collected from the 1-km and 2-km strata 
indicated that the strata were relatively similar to each other. Within 
both strata, the macrobenthic community was dominated by the 
ophiuroid Amphiodia urtica, and the polychaetes Spiophanes duplex, 
Aglaophamus verrilli, and Mediomastus sp., which were among the top 
ten most abundant taxa across all the samples. A permANOVA of Bray- 
Curtis dissimilarities (untransformed abundances) indicated that there 
were no differences between the infauna from the 1-km and 2-km strata 
(p = 0.45, df = 1,18). Multivariate comparisons between the platform 
samples and those from across the region suggest that there were dif
ferences in community composition and abundance between the two 
data sets (permANOVA p = 0.001, df = 1,48). A visual inspection of 
the ordination (Fig. 2) confirms the permANOVA results, in that plat
form samples clustered to themselves (i.e., more similar) than to the 
regional samples, albeit without complete separation from them. 

From a univariate perspective, the samples from around the oil 
platforms were somewhat different than similar regional mid-shelf 
samples. The oil platform samples had significantly lower total abun
dance (p = 0.012, df = 1,48, f = 6.8), taxa richness (p  <  0.001, 
df = 1,48, f = 24.4), and Shannon-Weiner taxa diversity (p = 0.006, 
df = 1,48, f = 8.2) than the regional samples based upon the results of 
the 1-way ANOVA tests (Fig. 3). 

3.2. Sediment chemistry 

Measurements were made for 87 different chemical contaminants, 
as well as measurements of sediment grainsize, TOC, and TN content, at 
each of the 20 sampling sites. Of the priority toxic compounds with 
published biological effects thresholds (Table 2), no compounds were 
observed at concentrations above their ERM or CSI High Impact values 
and most of the compounds were below any biologically meaningful 

Fig. 2. A 2-D nMDS plot summarizing the similarity of 
benthic infauna in samples from the 1-km and 2-km strata of 
the oil platforms, as well as those from mid shelf depths 
across the Southern California Bight collected in 2013. The 
ordination was based upon Bray-Curtis dissimilarities cal
culated from untransformed species abundance. 
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concentration at all. Total DDEs (i.e., 2,4 DDE + 4,4 DDE) was the 
compound measured most frequently in exceedance of its thresholds: 
Nineteen samples had total DDEs above the CSI Low Impact threshold, 
with two of those samples above the Moderate Impact threshold; 16 
samples had total DDEs above the ERL threshold. The contaminant with 
the second most exceedances was arsenic, with 11 samples above the 

ERL value. 
Compared to samples collected from mid-shelf depths across the 

region, samples from the oil platforms had significantly higher con
centrations of barium (p  <  0.001, df = 1,48, f = 14.5), high mole
cular weight PAHs (p = 0.035, df = 1,48, f = 4.7), and total PAHs 
(p = 0.069, df = 1,48, f = 3.5) (Fig. 4). In contrast, oil platform 
samples had similar amounts of copper (p = 0.203, df = 1,48, f = 1.7) 
and low molecular weight PAHs (p = 0.474, df = 1,49, f = 0.52) as the 
regional samples. The concentration of total DDE was higher in regional 
samples than those from the oil platforms (p = 0.087, df = 1,42, 
f = 3.1). Sediments from the oil platform samples were sandier 
(p = 0.073, df = 1,46, f = 3.4) than those from across the region. 
Sediment TOC content (p = 0.252, df = 1,46, f = 1.3), and TN content 
(p = 0.987, df = 1,39, f = 0.0003) were similar between the oil 
platform and regional samples (Fig. 5). 

3.3. Sediment toxicity 

Successful 10-day survival toxicity tests were conducted with sedi
ments from each of the 20 oil platform sampling sites. Fifteen of the 
samples showed no toxicity. Five of the samples showed low toxicity, 
three of which were located in the 1-km stratum. Control adjusted 
survival was slightly lower among the oil platform samples compared to 
that of samples from mid-shelf depth sites from across the region 
(Fig. 6). 

The low toxicity platform samples had significantly higher con
centrations of copper (p = 0.044, df = 1,18, f = 4.7), mercury 
(p = 0.007, df = 1,18, f = 9.2), zinc (p = 0.067, df = 1,18, f = 3.8), 
and total DDEs (p = 0.018, df = 1,18, f = 6.8) (Fig. 7) than did the 
platform samples with non-toxic values. Additionally, sediments from 
the low toxicity samples contained significantly more clay (p = 0.016, 
df = 1,18, f = 7.0), nitrogen (p = 0.015, df = 1,18, f = 7.2), and 
organic carbon (p = 0.022, df = 1,18, f = 6.3) (Fig. 7). There were no 
differences in the amounts of barium or the different PAH mixes mea
sured between the two types of samples. There were no differences in 
benthic community composition between the low toxicity and no 
toxicity platform samples (permANOVA p = 0.405, df = 1,18), which 
confirms the pattern apparent in the nMDS ordination of the data 
(Fig. 8). 

3.4. Habitat condition 

Based upon the BRI benthic infauna-based condition assessment 
tool, 100% of the sampling sites around the oil platforms were in re
ference condition. In comparison to the mid-shelf depth samples from 
across the region assessed during the Bight '13 survey, the oil platform 
samples had lower (i.e., healthier) BRI scores (Fig. 6) and a greater 

Fig. 3. Schematic box-plots comparing taxa 
richness (S), taxa diversity (H′), and total 
abundance (# grab−1) between oil platform 
samples and those from mid shelf depths across 
the Southern California Bight collected in 2013. 
An asterisk indicates a significant difference 
(α = 0.1) in a 1-way ANOVA test between the 
Regional and Oil Platform datasets. The grey 
diamonds indicate the mean value for each 
metric. 

Table 2 
The counts of oil platform samples where concentrations of chemicals were 
measured in exceedance of their respective ERL/ERM (Long et al., 1995) or CSI 
Condition (Bay et al., 2014) thresholds. A blank cell indicates that the assess
ment framework did not have a threshold for that particular chemical com
pound.        

Chemical Greater 
than ERL 

Greater 
than ERM 

CSI condition thresholds 

Low 
impact 

Moderate 
impact 

High 
impact  

Arsenic  11  0    
Cadmium  0  0    
Chromium  0  0    
Copper  0  0  0  0  0 
Lead  0  0  0  0  0 
Mercury  0  0  0  0  0 
Nickel  7  0    
Silver  0  0    
Zinc  0  0  0  0  0 
2-methyl 

naphthalene  
0  0    

Acenaphthene  0  0    
Acenaphthylene  0  0    
Anthracene  0  0    
Benzo(a)anthracene  0  0    
Benzo(a)pyrene  0  0    
Chrysene  0  0    
Fluoranthene  0  0    
Fluorene  0  0    
Naphthalene  0  0    
Phenanthrene  0  0    
Pyrene  0  0    
Summed high 

molecular 
weight PAHs    

1  0  0 

Summed low 
molecular 
weight PAHs    

0  0  0 

Sum of all PAHs  0  0    
Summed DDDs    2  0  0 
Summed DDEs  16  0  19  2  0 
Summed DDTs  0  0  5  0  0 
Cis-chlordane    0  0  0 
Trans-chlordane    0  0  0 
Summed PCBs  0  0  0  0  0 
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percent of the samples were categorized in reference condition than 
those from the regional dataset (90% reference, 6.7% low impact, 3.3% 
moderate impact). Based upon the CSI chemistry-based condition as
sessment tool, 100% of the sampling sites around the oil platforms had 
minimal potential chemical exposure. CSI scores of the oil platform 
samples were similar to that of the mid-shelf samples from across the 
region (Fig. 6). All of the oil platform samples were evaluated as having 
minimum chemical exposure to benthic infauna, as were 100% of 

regional mid-shelf samples. The toxicity -based condition tools in
dicated that of 75% of the oil platform samples were evaluated as non- 
toxic and 25% as low toxicity. Regional mid shelf samples were100% 
non-toxic. Overall, the oil platform samples had lower control adjusted 
survival than samples from mid-shelf depths across the region (Fig. 6). 

There was no clear expression of the patterns the sediment toxicity 
among the macrofauna observed at the 20 sites that were sampled 
around the platforms. The low toxicity result – within the interpretation 
framework we used – represents only a subtle potential impact to the 
environment (Bay and Weisberg, 2012). This is bore out in the profiles 
of taxa composition and abundance among all the samples, which – 
while not identical (Fig. 8) – did not follow a detectable pattern related 
to the toxicity status. 

When the three measurements of habitat condition – macrobenthic 
community composition, sediment chemistry, and sediment toxicity – 
were combined together following the guidelines of the California SQO 
framework (Bay et al., 2014), all of the samples from around the oil 
platforms were evaluated to be in unimpacted condition. 

4. Discussion 

This work is the first comprehensive condition assessment of 
benthic habitats adjacent to oil and gas platforms in southern California 
in over 20 years. Using regionally calibrated assessment tools that 
measure habitat condition using benthic infauna, sediment chemistry 
and sediment toxicity, we demonstrated that the soft sediment seafloor 
surrounding the A, B, C, and Hillhouse oil platforms were in a relatively 
good state. Based upon this assessment framework, all of the sample 
area had reference-condition benthic infauna and sediments with 
minimal levels of potential chemical exposure, which was proportion
ally better than the region as a whole. When compared to regional data, 
however, statistical differences in benthic community composition and 
lower total infaunal abundances were observed in the sediments near 
the platforms. Similarly, sediments around the platforms had statisti
cally higher concentrations of barium and total PAHs than the regional 
average. Taken together, these results would suggest that present day 
oil platform operations at these locations could be detected in the en
vironment but were not substantially degrading the continental shelf 
habitat around them. This overall result illustrates the value of targeted 

Fig. 4. Schematic box plots comparing se
lect chemical compounds between oil plat
form samples and those from mid shelf 
depths across the Southern California Bight 
collected in 2013. An asterisk indicates a 
significant difference (α = 0.1) in a 1-way 
ANOVA test between the Regional and Oil 
Platform datasets. The grey diamonds in
dicate the mean value for each compound. 

Fig. 5. Schematic box plots comparing measures of sediment grainsize com
position (% Fines = %Mud + % Clay), total organic carbon (TOC), total ni
trogen (TN) between oil platform samples and those from mid shelf depths 
across the Southern California Bight collected in 2013. An asterisk indicates a 
significant difference (α = 0.1) in a 1-way ANOVA test between the Regional 
and Oil Platform datasets. The grey diamonds indicate the mean value for each 
sediment parameter. 
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assessment studies conducted within the larger framework of regional, 
probabilistic assessments. The combination of sampling schemes pro
vides insight into the impacts of different human activities – oil and gas 
extraction in this case – on the coastal ocean. It allows for the answering 
of directed questions at spatial- or mechanistic-scales that would be 
more challenging to address with only regional monitoring program 
data, but it also produces results can still be placed within the milieu of 
the region as a whole. 

The benthic infauna that were living around the oil platforms were 
typical of mid-shelf infauna found across the Southern California Bight 

(Ranasinghe et al., 2012; Gillett et al., 2017). The total abundance of 
organisms found in the oil platform samples was somewhat lower than 
what was typical for the region, but the samples were far from de
pauperate. Density of fauna in a location can be influenced by a mix of 
natural (e.g., predation or recruitment) (Wilson, 1990; Cowen and 
Sponaugle, 2009) or anthropogenic processes (Pearson and Rosenberg, 
1978; Warwick, 1986). The habitat condition index we applied (Smith 
et al., 2001) indicated that all of the samples were in reference condi
tion, which would suggest that the somewhat low abundance may have 
been biologically-based phenomena or related to oceanographic 

Fig. 6. Schematic box plots comparing 
benthic habitat condition scores between oil 
platform samples and those from mid shelf 
depths across the Southern California Bight 
collected in 2013 based upon benthic in
fauna (BRI Score), sediment chemical con
tent (CSI Score), and sediment toxicity tests 
(Control Adjusted Survival. An asterisk in
dicates a significant difference (α = 0.1) in 
a 1-way ANOVA test between the Regional 
and Oil Platform datasets. The grey dia
monds indicate the mean value for each 
metric. Note that lower BRI scores indicate 
better condition infauna and lower CSI 
scores indicater less contaminated sedi
ment. 

Fig. 7. Schematic box plots of important chemical compounds, sediment characteristics, and BRI scores between samples collected from around the four oil platforms 
that exhibited either low toxicity or no toxicity. An asterisk indicates compounds for which the low toxicity samples had significantly higher concentrations based 
upon the results of a one-way ANOVA (α = 0.1). The grey diamonds indicate the mean value for each parameter. Note that lower BRI scores indicater better 
condition infuana. 
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conditions in this northern portion of the region. Eventual comparison 
of the infauna from the oil platform samples to more recently collected 
benthic community information from the 2018 Southern California 
Bight Regional Monitoring Program, may provide further insight into 
the lower overall abundances and taxa richness observed in the sam
ples. 

Benthic infauna are one of the most important indicators of overall 
habitat condition in marine systems. Because of their relatively sessile 
lifestyle, intimate association with the sediment, and varied autecolo
gical traits, infauna accurately reflect potential impacts to the biological 
resources of a given location (e.g., McIntyre, 1984; Warwick, 1988;  
Gray and Elliott, 2009). Focusing on the health and condition of re
sident biota directly speaks to the motivations of nearly all regulatory 
monitoring programs (e.g., United States Clean Water Act [33 U.S.C. 
1251], European Union Water Framework Directive [WFD 2000/60/ 
EC]) and provides ecologically meaningful insight into any potential 
disturbances of an ecosystem. Specific to California, biologically-based 
assessment of habitat condition directly informs a number of the de
signated Beneficial Uses defined by the California State Water 
Resources Control Board (2012) and assigned to each water body 
within the state. 

Sediment chemistry and toxicity measures of habitat condition 
provide contextual information that can help in interpreting the caus
ality of any observed biotic degradation. While a variety of different 
chemical compounds were detected in the sediments surrounding these 
four platforms, very few of them were at concentrations likely to cause 
significant impacts the fauna of the system. This is good confirmatory 
evidence to support the results of the infauna-based assessment, which 
indicated the whole of the area sampled around the platforms was in 
reference condition. There were moderately high levels of the DDT 
breakdown product DDE, but that is a characteristic of much of the 
continental shelf sediments in the northern parts of the Southern 
California Bight (Niedoroda et al., 1996; Zeng and Venkatesan, 1999;  
Dodder et al., 2016) and most likely not related to the platforms. In 
contrast, barium and high molecular weight PAH concentrations were 
elevated in sediments from around the oil platforms compared to the 
regional average, which was not surprising given the association of 
both types of chemicals with drill cuttings (Olsen et al., 2007;  
Schaanning et al., 2008). Other chemicals one might associate with oil 
platform operation (e.g., low molecular weight PAHs from the petro
leum or copper from anti-fouling paint) were not particularly elevated 
in the samples relative to regional background concentrations, nor were 
they at concentrations believed to impact the fauna living in the ha
bitat. 

All of the samples were evaluated as being in reference/minimal 
chemical exposure condition (i.e., non-disturbed) from the biology/ 

chemistry- perspective, but 25% of those samples exhibited low levels 
of toxicity. This level of disagreement among multiple measures of 
habitat condition are not uncommon and illustrates the benefits of 
looking at multiple facets of benthic habitat condition (Chapman et al., 
1997; Bay and Weisberg, 2012; Schiff et al., 2016). Conducting toxicity 
tests with ambient material provides a biological relevant test of any 
potentially harmful compound that is in the sediment – not just the ones 
that were measured in chemical analyses. As such, in its most direct 
interpretation, low toxicity results would suggest that some un
measured compounds were present in the environment that may have 
had potentially negative consequences for some of the resident fauna, 
but these impacts not reflected in the measurement of the entire com
munity. However, these types of toxicity tests typically use only a single 
species that is selected for consistency of results and sensitivity to toxic 
chemicals, not whether it was a component of the local faunal assem
blages (Chapman et al., 2002). While this approach provides a reliable 
assessment of toxicity, the link between single-species toxicity tests and 
observable impacts in the community composition of resident biota is 
not always tightly coupled (Buchwalter et al., 2007; Poteat and 
Buchwalter, 2014). 

The disconnect between toxicity tests and in situ benthic infauna 
was born out in our results, where there were no observable differences 
in community composition or benthic index score between the samples 
with low toxicity and nontoxic results. In contrast, there were inter
esting patterns between the sediment chemistry measures and the 
toxicity test results. The five samples that showed low-levels of toxicity 
had greater concentrations of copper, mercury, zinc, total DDEs, total 
nitrogen, and total organic carbon. However, those concentrations were 
below the most commonly used thresholds that imply potential toxicity 
or problems to resident infauna. The exception would be DDE, which 
was observed at concentrations above ERL (2.2 ppb) and CSI low im
pact (1.19 ppb) thresholds, though below the corresponding higher 
thresholds that have more likely biological effects. The amount of DDE 
may partially explain the observed toxicity, but it should be noted that 
nearly all of the no-toxicity samples also had DDE concentrations in 
excess of the ERL/CSI low impact thresholds. 

Overall, we cannot rule out that the combination of multiple low- 
levels of these compounds or the presence of some unmeasured toxic 
chemicals in the sediments from around the platforms could have 
caused the observed toxicity. However, in addition to the elevated 
chemicals, the sediments of five samples also had elevated clay content 
compared to the 15 non-toxic samples. Sediments with a high clay 
content have been observed to cause mortality to the E. estuarius test 
organisms; especially if they are large specimens (Anderson et al., 
2017). It is therefore possible that the low toxicity evaluation may not 
have been related to any toxic chemicals in the sediments, but instead 
to the granulometric composition of the sediments themselves. Given 
the lack of any clear response in the benthic community and the 
magnitude of the chemical concentration that were measured, it seems 
reasonable that the elevated clay content of the sediments was the most 
parsimonious factor behind the observed toxicity. 

An important caveat with the patterns we observed, is that we ac
tively chose to not sample within the shell debris/muds and cutting 
deposit fields of the platforms due the incompatibility of the sampling 
gear with consolidated, shell hash sediments. These sediments have 
been shown to be toxic to resident fauna and a potential source of 
chemicals to the surrounding environment (Neff, 1987; Schaanning 
et al., 2008; Ellis et al., 2012). These drill cuttings may have also been a 
source for the elevated amounts of clay observed in the low toxicity 
samples and possibly contributing to the observed toxicity. A targeted 
study of sediments and chemicals in the debris fields immediately 
surrounding the platforms, in conjunction with a soft sediment study 
would provide a more complete evaluation of the potential impacts of 
platforms on their adjacent sediment. 

In situations where sediments could be sampled directly underneath 
or immediately adjacent to oil platform structures, other studies have 

Fig. 8. A 2-D nMDS plot summarizing the similarity of low- and no-toxicity 
samples collected from the 1 km and 2 km zones around the four platforms. The 
ordination was based upon Bray-Curtis dissimilarities calculated from un
transformed species abundance. 

D.J. Gillett, et al.   Marine Pollution Bulletin 160 (2020) 111662

8



observed habitat degradation in the form of altered benthic commu
nities, elevated sediment contaminants (typically hydrocarbons, 
copper, and barium), and toxic responses to sediment (Chapman et al., 
1991; Hernández Arana et al., 2005; Terlizzi et al., 2008; Spagnolo 
et al., 2014). A study of platform discharges near Point Arguello, Ca
lifornia (~100 km WNW of the present study), detected minor biolo
gical changes in hard bottom assemblages approximately 1000 m from 
the discharge source, as well as elevated barium and a peak in sedi
mentation from drilling solids out to 1500 m from the platform (Hyland 
et al., 1994). The degree of habitat degradation observed in most stu
dies from the Gulf of Mexico and the Mediterranean Sea declined when 
moving away from the platform and few effects could be detected be
yond 1500 to 2000 m. Similar studies from the North Sea also report the 
effects of sediment contamination declining with distance from plat
forms, but with impacts persisting out to 6 km from the platform 
(Olsgard and Gray, 1995; Schaanning et al., 2008; Bakke et al., 2013). 
The differences in the spatial-scale of oil platform influence on the 
adjacent habitat is thought to be a function of the size of platforms and 
the nature of their operations (Spagnolo et al., 2014). The patterns in 
our study more closely resembled those of the Gulf of Mexico and 
Mediterranean platforms. Even then, the degree of impact we observed 
was much more constrained, with no meaningful departures from un
impacted conditions at distances from as little as 250 m up to 2 km from 
a platform. 

In addition to their comparatively small size of operation, the muted 
impact of the four oil platforms in the present study to their sur
roundings could also be due to their use of water- and synthetic-based 
drilling fluids instead of oil-based ones. Much of the toxicity observed in 
platform adjacent sediment in other location has been associated with 
the discharge of oil-based drilling fluids, which contain toxic aromatic 
and poly cyclic aromatic hydrocarbons (Boehm et al., 2001). Discharge 
of these fluids to the adjacent ocean is no longer allowed within the 
waters of United States. In contrast, synthetic-based fluids contain 
manufactured hydrocarbons that are not petroleum based and therefore 
do not contain the aromatic hydrocarbons that contribute to the toxicity 
of sediments (Bernier et al., 2003). Water-based drilling fluids have 
mineral oil as the principal additive and are permitted for discharge to 
surrounding waters in most parts of the United States (MMS, 2007). 
Strong currents in the Santa Barbara Channel may also dampen the 
signal of the platforms in the surrounding seafloor by dispersing and 
thereby diluting the drill cuttings from the platforms (e.g., Coats, 1994) 
compared to platforms in in other regions. 

Much of the oil and gas extraction infrastructure offshore of 
southern California is nearing the end of the practical lifespan and will 
most likely be decommissioned in the foreseeable future (McCrary 
et al., 2003; Schroeder and Love, 2004; Henrion et al., 2014). Any type 
of removal activity will invariably have the potential to disturb the 
surrounding sea floor habitat, the impacts of which will most likely 
need to be quantified. These results from our study could be used to 
represent the baseline environmental conditions of the sediment habitat 
surrounding the A, B, C, and Hillhouse oil platforms prior to any de
commissioning activities that were to take place. Our characterization 
of the benthic infauna, the chemical content, and toxicity of the sedi
ments around the platforms should be used as a point of reference for 
any future changes in operations and evaluating their potential impacts 
on the local environment. Furthermore, given the similarity of the 
benthic infauna observed in the present study to those of other parts of 
the Santa Barbara Channel and the region as a whole, infaunal data 
collected from the northern portions of the Southern California Bight 
during routine monitoring should also be used as a benchmark to in
terpret temporal patterns in benthic community change at the four 
platforms in our study, as well as other platforms in the region. 

CRediT authorship contribution statement 

David Gillett: Conceptualization, methodology, formal analysis, 

writing, editing, and visualization. Lisa Gilbane: Conceptualization, 
facilitation of sample collection, writing, review, editing, and funding 
acquisition. Ken Schiff: Conceptualization, methodology, review, 
editing, supervision, project administration. 

Declaration of competing interest 

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influ
ence the work reported in this paper. 

Acknowledgments 

The authors thank DCOR LLC, and in particular Bob Garcia and 
Keith Moschetto, for facilitating and coordinating sampling around the 
offshore platform operations. Aquatic Bioassay & Consulting 
Laboratories collected and processed samples with additional field 
support from Dario Diehl aboard the Hey Jude. The authors thank 
Darrin Greenstein, Ashley Parks, and Abel Santana for help with data 
organization and help with some of the analyses. The authors also thank 
the Southern California Bight Regional Monitoring Program for pro
viding the infaunal, chemistry, and toxicity data used for the regional 
comparisons. The content of this report was improved by comments 
provided by Jonathan Blythe, SCCWRP's Commission Technical 
Advisory Group, and one anonymous reviewer. 

Study collaboration and funding were provided by the US 
Department of the Interior, Bureau of Ocean Energy Management 
(BOEM), Environmental Studies Program, Washington, DC, under 
Agreement Number M16AC00013. This work has been technically re
viewed by BOEM, and it has been approved for publication. The views 
and conclusions contained in this document are those of the authors 
and should not be interpreted as representing the opinions or policies of 
the US Government, nor does mention of trade names or commercial 
products constitute endorsement or recommendation for use. 

Appendix A. Supplementary data 

Supplementary data to this article can be found online at https:// 
doi.org/10.1016/j.marpolbul.2020.111662. 

References 

American Society for Testing and Materials (ASTM), 2010. Standard test method for 
measuring the toxicity of sediment-associated contaminants with estuarine and 
marine invertebrates. In: 2010 Annual Book of ASTM Standards.  vol. 11.05. 
American Society for Testing and Materials, West Conshohocken, PA, pp. 400–461. 

Anderson, B., Phillips, B., Voorhees, J., 2017. The effects of kaolin clay on the amphipod 
Eohaustorius estuarius: part two. In: San Francisco Estuary Institute Report 822, 
(30p. Richmond, CA). 

Bakke, T., Klungsøyr, J., Sanni, S., 2013. Environmental impacts of produced water and 
drilling waste discharges from the Norwegian offshore petroleum industry. Mar. 
Environ. Res. 92, 154–169. https://doi.org/10.1016/j.marenvres.2013.09.012. 

Bay, S.M., Weisberg, S.B., 2012. Framework for interpreting sediment quality triad data. 
Integr. Environ. Assess. Manag. 8, 589–596. https://doi.org/10.1002/ieam.118. 

Bay, S.M., Greenstein, D.J., Ranasinghe, J.A., Diehl, D.W., Fetscher, A.E., 2014. Sediment 
quality assessment technical support manual. In: Report 777. Southern California 
Coastal Water Research Project. Costa Mesa, CA. 

Bay, S.M., Wiborg, L., Greenstein, D.J., Haring, N., Pottios, C., Stransky, C., Schiff, K.C., 
2015. Southern California Bight 2013 Regional Monitoring Program: Volume I. 
Sediment Toxicity. Southern California Coastal Water Research Project, Costa 
Mesa, CA. 

Bernier, R., Garland, E., Glickman, A., Jones, F., Mairs, H., Melton, R., Ray, J., Smith, J., 
Thomas, D., Campbell, J., 2003. Environmental aspects of the use and disposal of non 
aqueous drilling fluids associated with offshore oil & gas operations. In: International 
Association of Oil & Gas Producers Report. Issue 342. 

Bight ’18 Benthic Committee, 2018. Bight ‘18 macrobenthic (infaunal) sample analysis 
laboratory manual.  45p In: Southern California Coastal Water Research Project. 
Costa Mesa, CA. 

Bight ’18 Field Sampling and Logistics Committee, 2018. Bight ‘18 sediment quality as
sessment field operations manual.  85p In: Southern California Coastal Water 
Research Project. Costa Mesa, CA. 

Bishop, M.J., Mayer-Pinto, M., Airoldi, L., Firth, L.B., Morris, R.L., Loke, L.H.L., Hawkins, 

D.J. Gillett, et al.   Marine Pollution Bulletin 160 (2020) 111662

9

https://doi.org/10.1016/j.marpolbul.2020.111662
https://doi.org/10.1016/j.marpolbul.2020.111662
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0005
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0005
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0005
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0005
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0010
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0010
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0010
https://doi.org/10.1016/j.marenvres.2013.09.012
https://doi.org/10.1002/ieam.118
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0030
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0030
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0030
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0035
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0035
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0035
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0035
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0040
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0040
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0040
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0040
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0045
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0045
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0045
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0050
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0050
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0050


S.J., Naylor, L.A., Coleman, R.A., Chee, S.Y., et al., 2017. Effects of ocean sprawl on 
ecological connectivity: impacts and solutions. J. Exp. Mar. Biol. Ecol. 492, 7–30. 
https://doi.org/10.1016/j.jembe.2017.01.021. 

Boehm, P., Turton, D., Raval, A., Caudle, D., French, D., Rabalais, N., Spies, R., Johnson, 
J., 2001. Deepwater program: Literature review, environmental risks of chemical 
products used in Gulf of Mexico deepwater oil and gas operations. In: Technical 
Report. US Dot Interior, Minerals Management Service, Gulf of Mexico OCS Region, 
New Orleans, LA.  vol. I. pp. 326. 

Bray, N.A., Keyes, A., Morawitz, W.M.L., 1999. The California Current system in the 
southern California Bight and the Santa Barbara Channel. J. Geophys. Res. 104, 
7695–7714. https://doi.org/10.1029/1998jc900038. 

Buchwalter, D.B., Cain, D.J., Clements, W.H., Luoma, S.N., 2007. Using biodynamic 
models to reconcile differences between laboratory toxicity tests and field biomoni
toring with aquatic insects. Environ. Sci. Technol. 41, 4821–4828. https://doi.org/ 
10.1021/es703130e. 

Bull, A.S., Love, M.S., 2019. Worldwide oil and gas platform decommissioning: a review 
of practices and reefing options. Ocean Coast. Manag. 168, 274–306. https://doi.org/ 
10.1016/j.ocecoaman.2018.10.024. 

Bureau of Safety and Environmental Enforcement (BSEE), 2018. Pacific region operations 
map.  November. https://www.bsee.gov/sites/bsee.gov/files/pocsr-map.pdf. 

Callahan, R.A., Shokes, R., 1977. Southern California baseline study and analysis (1975/ 
1976), volume I - executive summary.  44 p. In: Obligation no.: 14-12-0001-29079, 
Available from.  https://espis.boem.gov/final%20reports/844.pdf (Accessed 2019). 
Prepared by Science Applications, Inc for the Bureau of Land Management. La Jolla, 
California. 

Chapman, P.M., Power, E.A., Dexter, R.N., Anderson, H.B., 1991. Evaluation of effects 
associated with an oil platform, using the sediment quality triad. Environ. Toxicol. 
Chem. 10, 407–424. 

Chapman, P.M., Erson, B., Carr, S., Engle, V., Green, R., Hammedi, J., Harmon, M., 
Haverland, P., Hyland, J., Ingersoll, C., et al., 1997. General guidelines for using the 
Sediment Quality Triad. Mar. Pollut. Bull. 34, 368–372. 

Chapman, P.M., Ho, K.T., Munns, W.R., Solomon, K., Weinstein, M.P., 2002. Issues in 
sediment toxicity and ecological risk assessment. Mar. Pollut. Bull. 44, 271–278. 
https://doi.org/10.1016/j.marpolbul.2017.02.048. 

Chhak, K., Di Lorenzo, E., 2007. Decadal variations in the California Current upwelling 
cells. Geophys. Res. Lett. 34 (14), 1–6. https://doi.org/10.1029/2007GL030203. 

Claisse, J.T., Pondella, D.J., Love, M., Zahn, L.A., Williams, C.M., Williams, J.P., Bull, 
A.S., 2014. Oil platforms off California are among the most productive marine fish 
habitats globally. Proc. Natl. Acad. Sci. 111 (43), 15462–15467. https://doi.org/10. 
1073/pnas.1411477111. 

Coats, D.A., 1994. Deposition of drilling particulates off Point Conception, CA. Mar. 
Environ. Rev. 37, 95–127. 

County Sanitation Districts of Los Angeles County, 2016. Joint Water Pollution Control 
Plant Biennial Recieving Water Monitoring Report 2014–2015. Whittier, CA. 

Cowen, R.K., Sponaugle, S., 2009. Larval dispersal and marine population connectivity. 
Annu. Rev. Mar. Sci. 1, 443–466. https://doi.org/10.1146/annurev.marine.010908. 
163757. 

Davies, J.M., Addy, J.M., Blackman, R.A., Blanchard, J.R., Ferbrachel, J.E., Moore, D.C., 
Somerville, H.J., Whitehead, A., Wilkinson, T., 1984. Environmental effects of the use 
of oil-based drilling muds in the North Sea. Mar. Pollut. Bull. 15, 363–370. 

Denoyelle, M., Jorissen, F.J., Martin, D., Galgani, F., Mine, J., 2010. Archimer. Mar. 
Pollut. Bull. 60 (11), 2007–2021. 

Dodder, N., Schiff, K.C., Latker, A.K., Tang, C.-L., 2016. Southern California bight 2013 
regional monitoring program. In: Sediment Chemistry. Southern California Coastal 
Water Research Project. Costa Mesa, CA.  vol. IV. 

Ellis, J.I., Fraser, G., Russell, J., 2012. Discharged drilling waste from oil and gas plat
forms and its effects on benthic communities. Mar. Ecol. Prog. Ser. 456, 285–302. 
https://doi.org/10.3354/meps09622. 

Gillett, D.J., Lovell, L.L., Schiff, K.C., 2017. Southern California bight 2013 regional 
monitoring program. In: Benthic Infauna. Southern California Coastal Water Research 
Project. Costa Mesa, CA.  vol. VI. 

Gray, J.S., Elliott, M., 2009. Ecology of Marine Sediments: From Science to Management, 
2nd ed. Oxford University Press, New York. 

Heery, E.C., Bishop, M.J., Critchley, L.P., Bugnot, A.B., Airoldi, L., Mayer-Pinto, M., 
Sheehan, E.V., Coleman, R.A., Loke, L.H.L., Johnston, E.L., et al., 2017. Identifying 
the consequences of ocean sprawl for sedimentary habitats. J. Exp. Mar. Biol. Ecol. 
492, 31–48. https://doi.org/10.1016/j.jembe.2017.01.020. 

Henrion, M., Bernstein, B., Swamy, S., 2014. A multi-attribute decision analysis for de
commissioning offshore oil and gas platforms. Int. Environ. Assess Manag. J. 11, 
594–609. 

Henry, L.A., Harries, D., Kingston, P., Roberts, J.M., 2017. Historic scale and persistence 
of drill cuttings impacts on North Sea benthos. Mar. Environ. Res. 129, 219–228. 
https://doi.org/10.1016/j.marenvres.2017.05.008. 

Hernández Arana, H.A., Warwick, R.M., Attrill, M.J., Rowden, A.A., Gold-Bouchot, G., 
2005. Assessing the impact of oil-related activities on benthic macroinfauna assem
blages of the Campeche shelf, southern Gulf of Mexico. Mar. Ecol. Prog. Ser. 289, 
89–107. https://doi.org/10.3354/meps289089. 

Hyland, J., Hardin, D., Crecelius, E., Drake, D., Montagna, P., Steinhauer, M., 1990. 
Monitoring long-term effects of offshore oil and gas development along the southern 
California outer continental shelf and slope: background environmental conditions in 
the Santa Maria Basin. Oil Chem. Pollut. 6 (3), 195–240. https://doi.org/10.1016/ 
S0269-8579(05)80024-3. 

Hyland, J., Imamura, E., Steinhauer, W., 1991a. California OCS phase II monitoring 
program: final report. In: Prepared by Battelle for US Department of Interior, 
Minerals Management Service under Contract no. 14-12-0001-30262. OCS MMS 
Study 91-0083,  (303 p. Duxbury, Massachusetts). 

Hyland, J., Babtiste, E., Cambell, J., Kennedy, J., Kropp, R., Williams, S., 1991b. 
Macroinfaunal communities of the Santa Maria Basin on the California outer con
tinental shelf and slope. MEPS 78, 147–161. 

Hyland, J., Hardin, D., Steinhauer, M., Coats, D., Green, D.R., Neff, J., 1994. 
Environmental impact of offshore oil development on the outer continental shelf and 
slope off Point Arguello, California. Mar. Environ. Res. 37, 195–229. 

Lissner, A.L., 1993. Monitoring assessment of long term changes in biological commu
nities in the Santa Maria Basin: Phase III, final report.  326 p. In: OCS Study MMS 93- 
0040. Obligation No.: 14-35-0001-30584. Prepared by Science Applications 
International Corporation and MEC Analytical Systems, Inc. for U.S. Department of 
the Interior, Minerals Management Service,  Available at.  https://espis.boem.gov/ 
final%20reports/3560.pdf (Accessed 2019). Carlsbad, California. 

Long, E.R., MacDonald, D.D., Smith, S.L., Calder, F.D., 1995. Incidence of adverse bio
logical effects within ranges of chemical concentrations in marine and estuarine se
diments. Environ. Manag. 19, 81–97. 

Love, M.S., York, A., 2005. A comparison of the fish assemblages associated with an oil/ 
gas pipeline and adjacent seafloor in the Santa Barbara Channel, Southern California 
Bight. Bull. Mar. Sci. 77, 101–117. 

Love, M.S., Shroeder, D.H., Hishimot, M.H., 2003. The ecological role of oil and gas 
production platforms and natural outcrops on fishes in southern and central 
California: a synthesis of information. In: OCS Study MMS 2003-032,  (Seattle, 
Washington). 

Manoukian, S., Spagnolo, A., Scarcella, G., Punzo, E., Angelini, R., Fabi, G., 2010. Effects 
of two offshore gas platforms on soft-bottom benthic communities (northwestern 
Adriatic Sea, Italy). Mar. Environ. Res. 70, 402–410. https://doi.org/10.1016/j. 
marenvres.2010.08.004. 

McCrary, M.D., Panzer, D.E., Pierson, M.O., 2003. Oil and gas operations offshore 
California: status, risks, and safety. Mar. Orinth. 31, 43–49. 

McIntyre, A.D., 1984. What happened to biological effects monitoring? Mar. Pollut. Bull. 
16, 391–392. 

MMS, 2007. Environmental Impact Statement for Proposed Western Gulf of Mexico OCS 
Oil and Gas Lease Sales 204, 207, 210, 215, and 218, and Proposed Central Gulf of 
Mexico OCS Oil and Gas Lease Sales 205, 206, 208, 213, 216, and 222. US Dot 
Interior, Minerals Management Service, Gulf of Mexico OCS Region.  (I: Chapters 1-8 
and Appendices. 924p). 

Montagna, P.A., Harper Jr., D.E., 1996. Benthic infaunal long-term response to offshore 
production platforms in the Gulf of Mexico. Can. J. Fish. Aquat. Sci. 53, 2567–2588. 

Neff, J.M., 1987. Biological effects of drilling fluids, drill cuttings and produced waters. 
In: Boesch, D.F., Rabalais, N.N. (Eds.), Long-Term Environmental Effects of Offshore 
Oil and Gas Development. CRC Press, London, pp. 469–538. 

Neff, J.M., 2005. Composition, environmental fates, and biological effects of waterbased 
drilling muds and cuttings discharged to the marine environment: a synthesis and 
annotated bibliography.  73p In: Prepared for Petroleum Environmental Research 
Forum (PERF) and American Petroleum Institute by Battelle. 

Niedoroda, A.W., Swift, D.J.P., Reed, C.W., Stull, J.K., 1996. Contaminant dispersal on 
the Palos Verdes continental margin: III. Processes controlling transport, accumula
tion and re-emergence of DDT-contaminated sediment particles. In: Science of the 
Total Environment. 

Olsen, A.R., Peck, D.V., 2008. Survey design and extent estimates for the Wadeable 
Streams Assessment. J. North Am. Benthol. Soc. 27, 822–836. https://doi.org/10. 
1899/08-050.1. 

Olsen, G.H., Carroll, M.L., Renaud, P.E., Ambrose, W.G., Olssøn, R., Carroll, J., 2007. 
Benthic community response to petroleum-associated components in arctic versus 
temperate marine sediments. Mar. Biol. 151, 2167–2176. https://doi.org/10.1007/ 
s00227-007-0650-z. 

Olsgard, F., Gray, J.S., 1995. A comprehensive analysis of the effects of offshore oil and 
gas exploration and production on the benthic communities of the Norwegian con
tinental shelf. Mar. Ecol. Progr. Ser. 122, 277–306. 

Orange County Sanitation District, 2017. Marine Monitoring Annual Report. Fountain 
Valley, CA. 

Page, H.M., Culver, C.S., Dugan, J.E., Mardian, B., 2008. Oceanographic gradients and 
patterns in invertebrate assemblages on offshore oil platforms. ICES J. Mar. Sci. 65, 
851–861. 

Pearson, T.H., Rosenberg, R., 1978. Macrobenthic successsion in relation to organic en
richment and pollution of the marine environment. Oceanogr. Mar. Biol. Annu. Rev. 
16, 229–311. 

Poteat, M.D., Buchwalter, D.B., 2014. Four reasons why traditional metal toxicity testing 
with aquatic insects is irrelevant. Environ. Sci. Technol. 48, 887–888. https://doi. 
org/10.1021/es405529n. 

Ranasinghe, J.A., Schiff, K.C., Brantley, C.A., Lovell, L.L., Cadien, D.B., Mikel, T.K., 
Velarde, R.G., Holt, S., Johnson, S.C., 2012. Southern California Bight 2008 Regional 
Monitoring Program VI. Benthic Macrofauna. Southern California Coastal Water 
Research Project. Costa Mesa, CA. 

Schaanning, M.T., Trannum, H.C., Øxnevad, S., Carroll, J.L., Bakke, T., 2008. Effects of 
drill cuttings on biogeochemical fluxes and macrobenthos of marine sediments. J. 
Exp. Mar. Biol. Ecol. 361 (1), 49–57. https://doi.org/10.1016/j.jembe.2008.04.014. 

Schiff, K., Greenstein, D., Dodder, N., Gillett, D.J., 2016. Southern California Bight re
gional monitoring. Reg. Stud. Mar. Sci. 4, 34–46. https://doi.org/10.1016/j.rsma. 
2015.09.003. 

Schroeder, D.M., Love, M.S., 2004. Ecological and political issues surrounding decom
missioning of offshore oil facilities in the Southern California Bight. Ocean Coast. 
Manag. 47, 21–48. https://doi.org/10.1016/j.ocecoaman.2004.03.002. 

Smith, R.W., Bergen, M., Weisberg, S.B., Cadien, D., Dalkey, A., Montagne, D., Stull, J.K., 
Velarde, R.G., 2001. Benthic response index for assessing infaunal communities on 
the southern California mainland shelf. Ecol. Appl. 11, 1073–1087. https://doi.org/ 
10.1890/1051-0761(2001)011[1073:BRIFAI]2.0.CO;2. 

D.J. Gillett, et al.   Marine Pollution Bulletin 160 (2020) 111662

10

https://doi.org/10.1016/j.jembe.2017.01.021
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0060
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0060
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0060
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0060
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0060
https://doi.org/10.1029/1998jc900038
https://doi.org/10.1021/es703130e
https://doi.org/10.1021/es703130e
https://doi.org/10.1016/j.ocecoaman.2018.10.024
https://doi.org/10.1016/j.ocecoaman.2018.10.024
https://www.bsee.gov/sites/bsee.gov/files/pocsr-map.pdf
https://espis.boem.gov/final%20reports/844.pdf
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0090
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0090
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0090
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0095
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0095
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0095
https://doi.org/10.1016/j.marpolbul.2017.02.048
https://doi.org/10.1029/2007GL030203
https://doi.org/10.1073/pnas.1411477111
https://doi.org/10.1073/pnas.1411477111
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0115
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0115
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0120
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0120
https://doi.org/10.1146/annurev.marine.010908.163757
https://doi.org/10.1146/annurev.marine.010908.163757
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0130
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0130
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0130
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0135
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0135
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0140
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0140
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0140
https://doi.org/10.3354/meps09622
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0150
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0150
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0150
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0155
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0155
https://doi.org/10.1016/j.jembe.2017.01.020
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0165
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0165
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0165
https://doi.org/10.1016/j.marenvres.2017.05.008
https://doi.org/10.3354/meps289089
https://doi.org/10.1016/S0269-8579(05)80024-3
https://doi.org/10.1016/S0269-8579(05)80024-3
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0185
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0185
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0185
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0185
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0190
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0190
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0190
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0195
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0195
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0195
https://espis.boem.gov/final%20reports/3560.pdf
https://espis.boem.gov/final%20reports/3560.pdf
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0205
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0205
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0205
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0210
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0210
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0210
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0215
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0215
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0215
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0215
https://doi.org/10.1016/j.marenvres.2010.08.004
https://doi.org/10.1016/j.marenvres.2010.08.004
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0225
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0225
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0230
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0230
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0235
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0235
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0235
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0235
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0235
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0240
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0240
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0245
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0245
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0245
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0250
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0250
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0250
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0250
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0255
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0255
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0255
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0255
https://doi.org/10.1899/08-050.1
https://doi.org/10.1899/08-050.1
https://doi.org/10.1007/s00227-007-0650-z
https://doi.org/10.1007/s00227-007-0650-z
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0270
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0270
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0270
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0275
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0275
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0280
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0280
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0280
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0285
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0285
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0285
https://doi.org/10.1021/es405529n
https://doi.org/10.1021/es405529n
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0295
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0295
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0295
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0295
https://doi.org/10.1016/j.jembe.2008.04.014
https://doi.org/10.1016/j.rsma.2015.09.003
https://doi.org/10.1016/j.rsma.2015.09.003
https://doi.org/10.1016/j.ocecoaman.2004.03.002
https://doi.org/10.1890/1051-0761(2001)011[1073:BRIFAI]2.0.CO;2
https://doi.org/10.1890/1051-0761(2001)011[1073:BRIFAI]2.0.CO;2


Southern California Association of Marine Invertebrate Taxonomists (SCAMIT), 2018. In: 
Cadien, D.B., Lovell, L.L. (Eds.), A Taxonomic Listing of Benthic Macro- and 
Megainvertebrates From Infaunal & Epifaunal Monitoring and Research Programs in 
the Southern California Bight, 12th ed.  (Accessed 2019).  https://www.scamit.org/ 
publications/SCAMIT%20Ed%2012-2018.pdf. 

Spagnolo, A., Punzo, E., Santelli, A., Scarcella, G., Strafella, P., Grati, F., Fabi, G., 2014. 
Offshore platforms: comparison of five benthic indicators for assessing the macro
zoobenthic stress levels. Mar. Pollut. Bull. 82, 55–65. https://doi.org/10.1016/j. 
marpolbul.2014.03.023. 

State Water Resources Control Board, 2012. California Ocean Plan: Water Quality Control 
Plan for the Ocean Waters of California. pp. 79. 

Stevens, D.L., Olsen, A.R., 2003. Variance estimation for spatially balanced samples of 
environmental resources. Environmetrics 14, 593–610. https://doi.org/10.1002/env. 
606. 

Stevens, D.L., Olsen, A.R., 2004. Spatially balanced sampling of natural resources. J. Am. 
Stat. Assoc. 99, 262–278. https://doi.org/10.1198/016214504000000250. 

Terlizzi, A., Bevilacqua, S., Scuderi, D., Fiorentino, D., Guarnieri, G., Giangrande, A., 

Licciano, M., Felline, S., Fraschetti, S., 2008. Effects of offshore platforms on soft- 
bottom macro-benthic assemblages: a case study in a Mediterranean gas field. Mar. 
Pollut. Bull. 56, 1303–1309. https://doi.org/10.1016/j.marpolbul.2008.04.024. 

US Environmental Protection Agency (USEPA), 1994. Methods for Assessing the Toxicity 
of Sediment-Associated Contaminants with Estuarine and Marine Amphipods. EPA/ 
600/R-94/025. Office of Research and Development, US Environmental Protection 
Agency, Narragansett, RI. 

Warwick, R.M., 1986. A new method for detecting pollution effects on marine macro
benthic communities. Mar. Biol. 92, 557–562. https://doi.org/10.1007/BF00392515. 

Warwick, R.M., 1988. Effects on community structure of a pollutant gradient–summary. 
Mar. Ecol. Prog. Ser. 46, 207–211. 

Wilson, W.H., 1990. Competition and predation in marine soft-sediment communities. 
Annu. Rev. Ecol. Syst. 21, 221–241. https://doi.org/10.1146/annurev.es.21.110190. 
001253. 

Zeng, E.Y., Venkatesan, M.I., 1999. Dispersion of sediment DDTs in the coastal ocean off 
southern California. Sci. Total Environ. 229, 195–208. https://doi.org/10.1016/ 
S0048-9697(99)00064-9.  

D.J. Gillett, et al.   Marine Pollution Bulletin 160 (2020) 111662

11

https://www.scamit.org/publications/SCAMIT%20Ed%2012-2018.pdf
https://www.scamit.org/publications/SCAMIT%20Ed%2012-2018.pdf
https://doi.org/10.1016/j.marpolbul.2014.03.023
https://doi.org/10.1016/j.marpolbul.2014.03.023
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0330
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0330
https://doi.org/10.1002/env.606
https://doi.org/10.1002/env.606
https://doi.org/10.1198/016214504000000250
https://doi.org/10.1016/j.marpolbul.2008.04.024
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0355
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0355
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0355
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0355
https://doi.org/10.1007/BF00392515
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0370
http://refhub.elsevier.com/S0025-326X(20)30780-3/rf0370
https://doi.org/10.1146/annurev.es.21.110190.001253
https://doi.org/10.1146/annurev.es.21.110190.001253
https://doi.org/10.1016/S0048-9697(99)00064-9
https://doi.org/10.1016/S0048-9697(99)00064-9

	Benthic habitat condition of the continental shelf surrounding oil and gas platforms in the Santa Barbara Channel, Southern California
	1 Introduction
	2 Methods
	2.1 Study area and sampling design
	2.2 Analytical approach
	2.3 Benthic infauna
	2.4 Sediment chemistry
	2.5 Sediment toxicity

	3 Results
	3.1 Benthic infauna
	3.2 Sediment chemistry
	3.3 Sediment toxicity
	3.4 Habitat condition

	4 Discussion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A Supplementary data
	References




