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ARTICLE INFO ABSTRACT

Keywords: The oil spill accidents may drastically impact the environment and ecosystem at intertidal zones. The spilled oil

0Oil fPiH ) will penetrate the sediments and accumulate to cause lethal or sublethal effects on the benthic invertebrates. An

IMn Slmsxl’e}f‘mem M-BACI experiment was manipulated in situ to assess the ecological responses of benthic macrofauna to different
acrobenthos

Community variation
M-BACI

degrees of diesel oil spill. Both biotic and abiotic parameters were studied for 126 days, subjected to both “pulse”
and “press” oil contaminations. The content of aliphatic hydrocarbons (displayed as ratios of n-C17/Pr and n-
C18/Ph) slightly dropped then continuously existed in the sediment during the experiment time. The macro-
faunal assemblage structures were dramatically altered in species number, abundance and biomass. In general, it
takes longer time for the macrofauna assemblages to recover under high concentration oil spill than that under
low concentration. Our results highlight the diversified strategies for survival and recolonization among domi-
nant species, which distinguish themselves between: i) tolerant species, ii) opportunistic species, and iii) equi-

librium species.

1. Introduction

Oil spill is among the most deleterious anthropogenic influences on
coastal environments worldwide (Ahn and Choi, 1998; Hawkins et al.,
2017; Lumibao et al., 2018; Uno et al., 2017). The oil spill pollutants are
widely detected with an increasing rate both in water and on land (Ko
and Day, 2005; Pezeshki et al., 2000). The spilled oil will spread to the
intertidal zone following the tide and wave, then accumulate into the
sediment (from 15 cm to 100 cm in depth) above the high-tide line. The
persistent periods of the spilled oil layers may vary from several months
to decades under different degrees of sheltering (Bejarano et al., 2006;
Dauvin, 2000; Peterson et al., 2003; Yamamoto et al., 2003).

Intertidal flats provide perfect living habitats with high level of or-
ganics and nutrients for various species (Cusson and Bourget, 2005;
Heck et al., 2006; Van Der Meer et al., 2001). These areas are widely
concerned for perturbations related with anthropogenic activities (Ahn
and Choi, 1998; De Jonge, 2000; Robertson et al., 2015; Xiong et al.,
2015; Zhang et al., 2013). Macrobenthos are key components of
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invertebrate communities on intertidal flats and they take significant
positions in the local food chains (Aller, 1982). Because of their seden-
tary living behavior and sensibility to the environmental pollutants,
macrobenthos are widely used as a sort of biota indicators to evaluate
the health conditions of benthic environments (Anderson and Marti J,
2008; Borja and Tunberg, 2011).

The petroleum hydrocarbons released during the oil spill process are
the main pollutants for marine organisms (Diez et al., 2007; Joydas
et al., 2012). They will cause lethal or sublethal effects on sand beach
invertebrates, attenuating or interfering the physiological process such
as feces or pseudofeces production, net carbon flux, feeding activity and
filtration rate (Bejarano et al., 2006; Ekeroth et al., 2016). The amount
of certain pollutant-sensitive species tends to decrease under oil pollu-
tion, while the pollutant-tolerant species will survive and recolonize into
some spare niche, presenting a different distribution pattern. Some
pollutant-tolerant species even become as the new dominant species
after the contamination impact, benefitting from the migration or
exclusion of previous dominant species (Amaro et al., 2018; Goldberg,
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1975; Grassle and Frederick Grassle, 1976; Roy et al., 2018).

Our study area is a marine ranching intertidal zone managed and
protected by the Blue Ocean Science and Technology Co., Ltd., which is
located at the coast of the Laizhou Bay, Bohai Sea. The Bohai Sea takes
an essential role in both ecological and aquaculture functions in China.
Moreover, it maintains the highest number of oil platforms among
China’s four offshore sea areas. A rising number of oil spill accidents are
reported within this area over the years (Hu et al., 2000). By harvesting
the economic species, such as mollusks Ruditapes philippinarum, Bullacta
caurina, Cyclina sinensis, and Meretrix, the company shares a stable yearly
income of about 288 thousand USD (according to the local manager).
The company also runs offshore farming of sea cucumber Apostichopus
japonicus. Fishing boats powered by diesel oil shuttling back and forth
along the intertidal aquaculture zone every day. Then the diesel oil often
leaks into the routine sea waters, either intentionally or unintentionally
dispersing to the adjacent intertidal zone. Thus, it’s essential to study the
effects of diesel oil leakage on the living conditions of the economic
species.

Our aims in this study were to: i) evaluate the ecological effects of oil
spill and how it alters benthic community structure in-situ at intertidal
flats, expressed by major changes of dominant species and community
compositions before and after the oil impact; ii) observe the recovery
time of macrobenthic assemblages considering species number, abun-
dance and biomass; iii) to fulfill the gap between diesel oil leakage and
intertidal zone ecosystem. We anticipated that, with the manipulative
treatment of simulated oil spill, the following consequences should be
captured: i) the macrobenthic communities will be disturbed by the
spilled diesel oil, and the species composition will be changed by the
increasing of pollutant-tolerant species and decreasing of pollutant-
sensitive species; ii) the benthic fauna will recolonize quickly at low
concentration of oil spill accident, yet hardly recover to the pre-spill
levels in a short time from severe oil spill event.

2. Material and methods
2.1. Experiment design

The Multivariate Before and After/Control and Impact (M-BACI)
routine is a sampling strategy well suitable for analyzing the planned
experimental impacts (Underwood, 2000). In an M-BACI approach,
sampling activities are replicated both spatially and temporally, to make

credible interpretations for the treatment effects before and after the
impact. An M-BACI experiment was applied at Laizhou city of Shandong

Bohai Sea
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Province, China (Fig. 1). The experimental temporal scale was from Apr.
4 to Aug. 17 in 2015, with a simulated oil spill impact on June 19
(Table 1). Twelve pre-planned sampling times were symmetrically ar-
ranged during the experimental 126 days temporal scale, with 6 times
before (Day.¢3, Day.ss, Day.1s, Day.s, Day.p, Day.;) and 6 times after
(Day,, Days, Days, Day;s, Dayss, Dayes) the simulated oil spill, respec-
tively (Fig. 2).

One control plot and three different degrees of impact plots (500 ml,
2000 ml and 4000 ml) were set at an unvegetated tidal flat along the
Laizhou Bay: control plot (N 37°08'14.747", E 199°44'44.700"), 500 ml
oil spill impact plot (N 37°08'14.870”, E 119°44'43.486"), 2000 ml oil
spill impact plot (N 37°08'14.903", E 119°44'42.300") and 4000 ml
impact plot (N 37°08'14.966", E 119°44'41.091"). Each of the control
and impact plots were set 30 m apart from each other parallel to the
coastline, to minimize the mutual interference and ensure the same tidal
effects. The amount and gradients of the diesel oil used in this experi-
ment were defined based on previous studies and our own pilot tests.
Egres et al. (2012) used 2500 ml marine diesel as single treatment in
their study (relatively same sediment type and impact size as ours). We
also carried out a pilot experiment at the target spot using the same
mesocosms with NO.O diesel concentrations of 250 ml, 500 ml, 1000 ml,
2000 ml, 3000 ml, 4000 ml and 5000 ml. We collected macrobenthos
samples in each of these treatments after deploying diesel oil for 7 days.
By checking the mortality rate, locomotion and body deficient condi-
tions and of the macrofauna specimens, we choose 500 ml, 2000 ml and
4000 ml as our final treatment concentrations.

The geographical location (e.g. regular inundation and dry time

Table 1
The sampling schedule in accordance with the M-BACI sampling design.
Before oil spill Date Oil spill Date After oil spill Date
Day.¢3 15-4- Day, 17-6- Day, 18-6-
2015 2015 2015
Day 35 13-5- Day, 19-6-
2015 2015
Day.;g 30-5- Days; 20-6-
2015 2015
Day 3 14-6- Day1g 5-7-2015
2015
Day., 15-6- Dayss 22-7-
2015 2015
Day.; 16-5- Dayes 17-8-
2015 2015

The experiment site at,
Laizhou, China

119°44'30"E 119°45'0"E 119°45'30"E

Fig. 1. The satellite image of the study location at Laizhou, Shandong Province, China.
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Fig. 2. Schematic diagram of the experimental temporal scale (upper) and M-BACI sampling design (lower). In the lower diagram, an example is given on how we do
macrobenthos sampling on Day, (black circles). The chosen mesocosms will longer be used for sampling in the following 2 weeks, guarantee adequate recovery time.

varying with the local tides) and the wind turbines around on the dike
allow us to judge the environment as mid-tide zone with strong wind
exposure, though the hydrodynamics were not measured during the
experiment. The experimental area was protected well by the staffs from
Blue Ocean Science and Technology Co., Ltd during the sampling time
scale, to minimize other anthropogenic interferences. The diesel oil used
in this experiment was provided by them.

We use diesel oil as our experimental treatment, although oil spill
accidents are witnessed for both crude oil and diesel oil. The main
reasons are as follows, i) the diesel fuel is commonly used for ships
running in Chinese seawaters and other parts of the world, yet the effects
of the leakage spreading to tidal flats are often ignored; ii) the diesel oil
contains smaller proportion of persistent pollutants as compared to
crude oil, which would cause less deleterious effects on local environ-
ment conditions. We used NO.0 diesel oil to simulate different concen-
trations of oil spill. According to regulation GWKB 1.2-2011 adopted by
the Ministry of Ecology and Environment of P.R. China, the mass frac-
tion of polyaromatic hydrocarbons (PAHs) in NO.O diesel should be no
more than 11%, and the sulfur content no more than 50 mg/kg. The
NO.O diesel fuel is widely used on diesel engine vehicles and fishing
boats in China.

In order to further reduce the ecological impact of diesel oil, we
adopt the method of mesocosm experiment in situ to simulate oil spill
within a controlled scale (Fig. 2). In each of the control and impact plots,
12 mesocosms were set and arranged in 4 rows, using
0.35 x 0.35 x 0.2m° stainless steel frames (no cover and bottom)
inserted into the sediment (0.15m buried in the sediment, 0.05m
appear above the ground).

To mimic the coverage effect of an oil spill, we firstly dumped 200 ml
diesel oil in each mesocosm, then mixed the rest diesel oil with
0.35 x 0.35 x 0.05m® defaunated sand and put the oil-sand mixture
above the sediment (i.e. for the 2000 ml impact plot, directly dumping
200 ml in each mesocosm and cover on top oil-sand mixture using
1800 ml diesel oil). In this way, all mesocosms were directly soaked with
200 ml and covered with 0.05m height oil-sand mixture on top. The
simulated oil spill impact was done during the low tide time, when most
of the intertidal zone was emerged.

2.2. Macrobenthos sampling strategies

Three mesocosm were randomly chosen from each of the 4 plots

(control and impact) on every 12 sampling days (Fig. 2). Once a meso-
cosm was used for sampling, it would no longer be used in the next 14
days to bring into as less disturbance and enough time for the fauna
recovery. Macrobenthic samples were collected with a cylindrical sedi-
ment corer of 10 cm in diameter and 20 cm in height, and then sieved in
situ with a 0.5 mm mesh sieves. The alive macrobenthos samples were
preserved in 80% ethanol and identified to the lowest possible taxo-
nomic level (mostly species) in laboratory, then counted and weighted
using a 0.001 g precision electric balance.

2.3. Environmental variable sampling and analysis

In each treatment, sediment samples were collected for particle size
analysis on the starting and ending day of this experiment (Day_g3 and
Daygs3) as well as the 2nd day before and after the oil spill experiment
(Day.p and Dayy). Moreover, for better understanding the dynamic
process (accumulative or dispersal) of the diesel oil in the sediment,
extra sediment samples were collected for aliphatic hydrocarbons
analysis. These samples were only taken on 2nd, 35th and 63rd days
after the simulated oil spill impact (Day,, Dayss and Daygs) in each of 3
impact plots, to minimize the time and material costs. All sediment
samples were preserved in aluminum foils in the field and oven dried
under 40 °C in lab, then stored in glass vials for further hydrocarbon
analysis.

The sample extraction and extract purification/fractionation of n-
alkanes processed in this study were described in detail by Wang et al.
(2011). The concentration of every individual n-alkane was calculated
with reference of the standard calibration curve of relative standard
compound. The minimum limit of method detection for each aliphatic or
aromatic compound is 10 ppb. In this study, peak areas from the
m/z =85 chromatograms were used to calculate n-alkane biomarker
ratios in this research.

2.4. Data processing

The M-BACI model in this experiment was established with the
following factors: treatments (4 levels, random and orthogonal), periods
(2 levels, fixed and orthogonal), and sampling times (6 levels, fixed and
nested in each periods). A permutational multivariate analysis of vari-
ance (PERMANOVA) was performed to test the significance of overall
difference between treatments, using PRIMER 7.0 software package
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(PRIMER-E Ltd., Plymouth Marine Laboratory, Plymouth, U.K.).

Average abundance in control and impact plots were transformed by
log (x+1), and then Bray-Curtis similarity matrices S17 were calculated
using these transformed data. A non-metric multidimensional scaling (n-
MDS) was applied to visualize the community structure variations in
different treatment plots before and after the simulated oil spill. The
significance of difference in total abundance and species number be-
tween treatments were tested using aov () function built in software R
3.6.0.

Moreover, dominant species were defined according to the Y domi-
nant index (Chen et al., 1995). The dominant index Y; for a certain
species i is calculated by formula:

Yi= (i /N)xfi

where N is the total abundance of all the stations; n; is the total abun-
dance of the species i among all sampling days; f; is the occurrence
frequency of the species i on each sampling day; species i can be defined
as the dominant species when Y;>0.02. The average abundance of
dominant species was calculated to indicate the variation tendency
during experiment temporal scale.

3. Results
3.1. Environmental variables

The sediment was mostly characterized by coarse sand in the
experimental area (Table 2). The grain size did not show any significant
difference before and after the simulated oil spill, with more than 90% of
the contents were fine sand (>63.00 pm). This indicated that the sedi-
ment had not undergone drastic changes induced by the oil spill treat-
ment. At the same time, tides (basically coincided with data of the
Laizhou port from China Shipping Service website) and temperatures
were within the normal local range (from 10 to 33 °C), and no extreme
weather disturbances were encountered during the experimental tem-
poral scale.

The degradation rate of aliphatic hydrocarbons (AHs) were displayed
in Fig. 3, in which the degradation rate were expressed with the ratios of
n-Cy7 to pristane (Pr) and n-C; g to phytane (Ph). Normally, the n-alkanes
would be degraded prior to significant alteration of other compound
classes, resulting in lower n-Cy7/Pr and n-C;g/Ph ratios for slightly or
moderately biodegraded oils than their non-biodegraded counterparts.

The n-C17/Pr ratio in control plots are relatively constant, with
average values range from 4.87 +0.05 (Days) to 4.73 & 0.54 (Daysg3).
The n-C17/Pr ratio showed divergence variation trends in each of the
impact groups. In the 500 ml impact group, the ratio decreased from
2.26 +0.08 to 1.90 + 0.18, indicating the natural process of degradation
(biogenic/terrestrial). In the 2000 ml impact group, the ratio increased
from 2.21 + 0.03 to 2.95 + 0.19. This ascending trend of n-C17 content
indicated the accumulation process of the biodegradation products from
dead macrobenthos bodies. The ratio in 4000 ml impact group remain
basically the same on the first and last day after the diesel oil treatment,
indicating a sustained impact due to a high concentration.

The n-C18/Pr ratio in control plots are stable with average values
range from 4.53 +0.15 (Days) to 4.28 + 0.26 (Daygs). The n-C18/Ph
ratio experienced slight changes in either one of three impact groups, yet
the decreasing rate still follow the treatment gradients. More reduction
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of n-C18 was witnessed in 500 ml impact group (from 2.02 + 0.27 to
1.71 + 0.03) than that in 4000 group (from 2.13 £ 0.10 to 2.03 + 0.40).
This indicated different retentivity of the diesel oil in sediment caused
by concentrations.

3.2. Variation of species composition, biomass and abundance

In total, 35 macrobenthos species were obtained at the sampling
intertidal area, among which Mollusca was the most abundant taxon
with 16 species (45.71%), followed by Polychaeta with 12 species
(34.29%). Crustaceans comprised 17.14% of the total fauna with 6
species, and 1 Nemertea took the least composition. The mean values of
abundance, biomass and species number are shown by treatment groups
in Figs. 4-6. In order to better capture the variation trend induced by the
simulated oil spill, only subsets on Day.;, Day; and Dayes are displayed.

The mean abundance showed little difference before and after the oil
spill (on Day.; and Day;) in the control group, yet experienced various
degrees of decline in all impact groups (Fig. 4). The abundance had not
recovered in 500 ml and 2000 ml groups but exceeded the pre-spill
levels in 4000 ml group.

The mean biomass increased in 500 ml and 2000 ml impact groups,
while slightly decreased in 4000 ml group one day after the oil spill
(Fig. 5). At the end of the experiment, the biomass exceeded the pre-spill
levels in both control and impact treatments. More obvious increasing
was recorded in 4000 ml group than any other impact groups.

The mean species number decreased in all impact groups after the
simulated oil spill, with mean values above 5 species on Day.; dropping
to below 5 on Daygs (Fig. 6). In contrast to the stable condition in the
control group, the average species number in any of the impact groups
did not return to pre-spill levels after 63 days of the oil spill disturbance.

3.3. Dominant species

Five species were identified as the dominant species according to
their dominant values Y during our experiment (Y > 0.02), including 2
mulluscs Batillaria cumingii (Y = 0.34) and Iridona iridescens (Y = 0.051);
2 polychates Armandia intermedia (Y=0.16) and Hediste japonica
(Y=0.028); and 1 crustacean Diastylis tricincta (Y = 0.058).

The 5 dominant species showed entirely different response to the
process of simulated oil impact. B. cumingii was witnessed for an
increasing of abundance in all impact groups after simulated oil spill,
comparing to control group within the sampling time scale (Fig. 7a).
A. intermedia and D. tricincta experienced a dramatic raise two days after
the oil spill, yet gradually disappeared in the subsequent sampling dates
(Fig. 7b and c). L iridescens and H. japonica underwent an obviously
decreasing in impact groups after oil spill experiment. H. japonica
recovered in low impact groups 35 days after the oil spill impact, yet
I iridescens did not recovered to the previous level in all impact groups
(Fig. 7d and e).

3.4. The changes of community structure

The macrobenthic abundance data before and after the simulated oil
spill was processed with SIMPER analysis by taking different treatments
as a whole part. The species composition within the same experimental
period maintained high level of similarity. The group similarity before

Table 2
Sediment grain size analysis results.
% control 500 ml 2000 ml 4000 ml
Day.¢3 Daye3 Day.¢3 Days3 Day.¢3 Days3 Day.¢3 Daye3
<4.00 pm 0 0 0 0 0 0 0 0
4.00-24.00 pm 0 1.53 0 1.01 0 1.26 0 1.42
24.00-63.00 pm 5.97 7.87 8.51 7.07 9.11 5.71 7.39 5.08
>63.00 pm 94.03 90.60 91.49 91.93 90.89 93.03 92.61 93.51
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Fig. 3. Degradation of aliphatic hydrocarbons (left n-C17/Pr, right n-C18/Ph) for 2, 18, 35 and 63 days after the simulated oil spill.
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Fig. 4. Mean values of total macrofaunal abundance before (Day.;) and after impact (Day; and Dayes) in all treatment groups (control and impact). The global p-
values of each treatment group were shown on top (p < 0.05 marked as *). Different letters (a, b) indicating statistical significant difference between sampling time

within each treatment.

oil spill was 57.81%, among which the characteristic species were
L iridescens, A. intermedia, B. cumingii and D. tricincta with contribution
rates of 25.17%, 20.22%, 16.88% and 14.23%, respectively. The group
similarity decreased to 47.28% after the spill, with B. cumingii as the
main contributor (63.08%). The average dissimilarity coefficient of the
two assemblages before and after the oil spill impact was 62.83%, which
was contributed by the variation of A. intermedia (12.15%), I. iridescens
(11.53%), D. tricincta (9.84%), H. japonica (9.13%) and B. cumingii
(8.34%).

ANOSIM and n-MDS were also performed on the abundance data to
study the community divergence before and after the oil spill. The re-
sults of these two analyses coordinated well with each other. The mac-
robenthic assemblages changed significantly before and after the
simulated oil spill (global R = 0.351, significance level% = 0.1% < 0.05,
ANOSIM analysis), indicating the oil spill remarkably changed the
community structure. Macrobenthic assemblages in all degrees of
impact groups displayed significant discrepancy compared with that in
control group (P < 0.05). Whereas, significant assemblage discrepancy

was detected between 500 ml and 4000 ml impact groups. The results of
n-MDS analysis also displayed a decreasing trend of effects from 4000 ml
to 500 ml. In the 2D plot of n-MDS, the assemblage structure in 4000 ml
impact groups differed to a larger extent than that in 500 ml impact
group. Moreover, remarkable discrepancy was detected before and after
the spill in all impact groups (Fig. 8).

The macrobenthic assemblages before the oil spill displayed signifi-
cant difference compared to that after the oil impact. Moreover, both
abundance and species number showed significant divergence in
different treatment groups, which indicates the simulated oil spill
impacted the macrobenthic assemblage to different extent along with
the oil concentrations. However, both abundance and species number
varied insignificantly across different treatments on all sampling days
within the same period, which is expressed as Tr*Te (Pe) in Table 3,
indicating an appropriate and analogous sampling operation before in
the experiment temporal scale. Further PERMANOVA analysis also
indicated that the macrobenthic assemblages experienced significant
variation under different degrees of impact before and after the
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Fig. 5. Mean values of total macrofaunal biomass before (Day.;) and after impact (Day; and Days3) in all treatment groups (control and impact). The global p-values

of each treatment group were shown on top.
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Fig. 6. Mean values of total species number before (Day.;) and after impact (Day; and Daye3) in all treatment groups (control and impact). The global p-values of
each treatment group were shown on top (p < 0.05 marked as *). Different letters (a, b) indicating statistical significant difference between sampling time within

each treatment.

simulated oil spill (Table 4).

3.5. Community recovery process

The influence degree of simulated oil spill on macrobenthic fauna
varied along with the concentrations of oil. The high concentration spill
imposed more severe impact on community than that of low concen-
tration groups. In this experiment, the community structure of 4000 ml
oil spill group was more profoundly influenced than that of 500 ml and
2000 ml. The number of species decreased sharply on the first day after
the simulated experiment and recovered to the pre-spill level over time
in 500ml treatment groups, but not in the 2000ml and 4000 ml

treatment groups (Fig. 9). This confirms our previous anticipation that
disturbances at high oil concentrations are more severe than those at low
oil concentrations, and that community structures take longer to recover
from severe oil spills to pre-spill levels.

4. Discussion

Countries all over the world with coastal lines are showing increasing
interests in protecting the coastal ecosystems and developing sustain-
able ways to exploit coastal resources (Barbier et al., 2008; Turner,
2000). As important parts of the coastal zones, intertidal flats are not
only essential habitats for macrobenthos (Helmuth et al., 2006; Sprung,
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impact groups of the dominant species before and after the oil spill experiment.
a, Batillaria cumingii; b, Armandia intermedia; c, Diastylis tricincta; d, Iridona iri-
descens; e, Hediste japonica.

1994), but also the sources for substantial economic benefits (Barbier
et al., 2011; Ronnback, 1999; Turner, 2000). The intertidal flats are
currently experiencing intense pressures from anthropogenic activities
such as i) industrial pollutants (Barcena et al., 2017; Ferraro et al.,
1991), ii) aquaculture chemicals (Gan et al., 2019; Lavoie et al., 2016)
and iii) frequent ship waves (Silinski et al., 2015); as well as natural
climate change processes including i) global warming (Kordas et al.,
2015; Vafeiadou et al., 2018) and ii) sea level rise (Craft et al., 2009; van
der Wegen et al., 2017). Among all these environmental pressures, oil
spills are frequently detected worldwide and causing major harms to the
intertidal flat ecosystems (Boucher, 1980; Gundlach and Hayes, 1978).

Marine Environmental Research 152 (2019) 104823

After the 1975 Florida Keys spill, the macrofauna were not found in the
polluted areas and the recovery time was more than a half year (Chan,
2013). For the 1978 Amoco Cadiz oil spill, most of the macrofauna
disappeared after the spill and took 2-3 years to recover (Conan et al.,
2006). For the 2007 Hebei Spirit oil spill happened near South Korea,
macrobenthic communities changed in species composition and density
while increased in opportunistic species 4-18 months after the spill. The
community structure had a relatively stable faunal composition yet not
fully recovered 3 years after this accident (Seo et al., 2014). In the 2002
T/V Prestige oil spill happened in Spain, the macrofauna and meiofauna
decreased in species richness and density, which were not recovered
after 5 years (Junoy et al., 2013). In 1991 Gulf War oil spill and 1996
T/V Sea Empress oil spill, it took more than 10 years for all the intertidal
invertebrates recovered to the previous level (Banks et al., 2008; Joydas
et al., 2017). In countries with frequent aquaculture activities, such as
China, diesel oil driven ships are widely used to carry out daily voyages
for marine fishing and culturing. This greatly increases the risks of diesel
oil spills along the voyage routes from mild to moderate extent caused
by the ballast water discharge and mechanical engine failures. There-
fore, it is necessary to increase the benthic index content to clarify the
biological effects caused by oil spills.

4.1. The oil pollutants behavior and sediment conditions

The decomposition process of the petroleum components in the
ecosystem is quite slow after an oil spill incident. Some of the petroleum
material will naturally deposit into the relatively oxygen-deficient
sediment, the other part diffuses into the intertidal zone of the beach
with tidal waves and currents (Thibodeaux et al., 2011). The decom-
posed products contain high level of aliphatic hydrocarbons (AHs),
which will pose threats to both aquatic and terrestrial organisms due to
its persistent and teratogenic characteristics. Most benthic organisms
have limited mobility and have less chance to escape from the oil spill
events. This would cause more damage to them. Persistent AHs accu-
mulated in the sediments would induce a decrease in both diversity and
density of benthic fauna (Smolders et al., 2004).

In this experiment, the relative contents of AHs experienced a tri-
phase process of increasing-decreasing-increasing in both 500 ml and
2000 ml impact groups. The initial increasing could be attributed to the
simulated oil spill treatment, and the subsequent decreasing phase
might be caused by natural weathering, drift induced by waves and
microbial decomposition. The following increasing trend at the end of
the experiment could be caused by the death of the oil-sensitive species,
including macrofauna, diatoms and microbes (especially in 2000 ml
group). They decomposed after death, increasing the AHs in the sedi-
ments. Moreover, the community structure of macrobenthos is closely
related to the grain size (Li et al., 2013). The stability of the sediments
(check Table 2) in this experiment also indicated that the macrobenthos
were less affected by the sediment composition changes but mainly by
the diesel oil itself, which were also proved by the ANOVA results.

4.2. Effects of the simulated oil spill on macrofauna and dominant species

The impacts of oil spills on macrofauna are complex, with both short-
term and long-term effects. Both the natural variation and the planned
effects of the macrobenthic community were considered for the sam-
pling design in this experiment. The M-BACI model and its sampling
timescale for 126 days enable us to do continuous observation on the
macrobenthic community before and after the stimulated oil spill, spe-
cifically the abundance, biomass and dominant species variation. The
increasing of B. cumingii in both control and impact zones at all sampling
time was an assured prove of the natural variability. The recolonization
of H. japonica was another evidence of the natural succession. However,
other dominant species experienced a dramatic drop and then a recover
after the oil spill, which was a clear evidence of their biological response
to the oil spill. Therefore, observation has shown that the oil spill effects
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Fig. 8. n-MDS (left) and Shepard diagrams (right) based on macrobenthos mean abundance in both impact (low for 500 ml, medium for 2000 ml, and high for
4000 ml) and control treatments, before (orange) and after (blue) the experimental impact. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)

Table 3
Summary of the ANOVAs for the M-BACI model for abundance and species
number.
Source of Variation Df Sum Sq F Value Pr (>F)
Abundance
Tr 3 177.8 13.3 1.57E-07
Pe 1 449.8 98.88 <2e-16
Te 5 113.3 2.489 0.034943 *
Tr*Pe 3 197.8 14.49 3.02E-08 *
Tr*Te (Pe) 15 60.8 0.445 0.961738
Species number
Tr 3 108.8 10.562 2.74E-06
Pe 1 81 23.594 3.22E-06
Te 5 81.7 3.779 0.00326 *
Tr*Pe 3 96.6 9.375 1.13E-05 *
Tr*Te(Pe) 15 43.7 0.674 0.80554

Source of variation: treatment = Tr; period = Pe (before and after the spill); Te
= sampling time. Significant interaction (p < 0.05) indicated with *.

Table 4

Summary of the PERMANOVA results of abundance for the M-BACI model.
Source df SS MS Pseudo-F P
Tr 3 22323 7441.2 9.6982 0.001*
Pe 1 47153 47153 61.456 0.001*
Tr*Pe 3 18431 6143.8 8.0073 0.001*
Tr*Te(Pe) 30 34492 1149.7 1.4985 0.001*
Residual 94 72123 767.27
Total 141 2.19 E+05

Source of variation: treatment = Tr; period = Pe (before and after the spill); Te
= sampling time. Significant interaction (p < 0.05) indicated with *.

on macrofauna was not covered by the natural successions. This proves
that the treatment is valid, and the results are convincible.

Two types of experimental perturbation defined as “pulse” and
“press” are related to the responses of macrobenthic communities to
simulated disturbance (Glasby and Underwood, 1996). The “pulse”
perturbation is a short-term process and can cause sudden changes in
assemblage structures. Once the perturbation stopped, the assemblage
will recover within a certain period. Whereas, the “press” perturbation is
a consistent course with permanent changes on the assemblage diversity
and species abundance. The simulated oil spill in this study could be
categorized as the pulse perturbation. After the perturbation, the species
number and abundance recovered to different degree in response to
different oil concentrations (Fig. 9).

Dominant species showed diverse responses to different degrees of
oil spill. The B. cumingii was largely found in all the impact groups,
indicating that they were resilient to the oil impact. This also explained

the increasing of the total biomass shown in Fig. 5. The population
structure of B. cumingii generally shows seasonal patterns in sand-mud
sediment. According to Adachi and Wada (1999), the eggs of
B. cumingii would occur abundantly from spring to summer, then
approached peaks in August. Moreover, the newly recruited juveniles
(shell length < 1 mm) appeared in the first year from July to august, and
in the second year they grew to 3-6 mm by June, then larger size of
5-10mm by July. In the third year, these recruits would grow into
15-25 mm. Therefore, the abundance of B. cumingii would reach peak in
summer, which is consistent with our observations at control areas
during July and August (Fig. 7a). In our study, the abundance of
B. cumingii increased immediately one day after the oil spill (500 ml),
indicating that not only this species was tolerant to the oil contamina-
tion but also the oil spill provided favorable habitats for this species.
Therefore, its high density observed in the following sampling dates was
mainly attributed to its natural proliferation and the favorable habitats
caused by lower concentrations of diesel oil spill (500 ml at the begin-
ning or 2000ml and 4000ml for longer degradation time). Due to
tolerance to the oil spill, B. cumingii should be categorized as “tolerant
species”.

However, for A. intermedia and D. tricincta, their response to the oil
spill are opposite to that of B. cumingii. The abundance of these 2 species
increases sharply on the second day after the oil spill, and then declined
or even disappeared on the following sampling dates. The proliferation
of A. intermedia and D. tricincta could be considered as a result of the
intermediate disturbance (largely captured in low but not in higher
concentration areas). This also led to the increase in total abundance
shown in Fig. 4. The A. intermedia and D. tricincta are bottom swimming
species, both of whom can seek for favorable habitats and freely migrate
elsewhere when faced with contaminations. The following absence of
these 2 species could be attributed to their instinctive escape from the
persistent simulated oil spill. Then, A. intermedia and D. tricincta could be
recognized as “opportunistic species”.

I iridescens and H. japonica showed different response patterns from
the aforementioned 3 dominant species. They maintained stable abun-
dance in control groups after the oil spill. In the impact groups, the
I iridescens gradually reduced 3 days after the oil spill due to its sensi-
tiveness to the oil contaminants. While they were still captured in the
control groups till the last sampling date. The abundance of H. japonica
in control groups maintained at similar level after the oil spill, yet
dramatically decreased in all oil impact groups and slowly recovered
until 35 days later. The response process of H. japonica well signified the
theory of equilibrium state fluctuation. As an equilibrium species of the
benthic community, H. japonica is sensitive to oil contaminant and ini-
tiatively escape the disturbance, resulting in the decreasing of density.
With the weakening of pressure (the decomposition of aliphatic hydro-
carbons), H. japonica gradually recolonized from unpolluted habitats
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Fig. 9. Changes of species number within experimental duration in isogram.

nearby in low concentration oil spill areas. For this reason, I. iridescens
and H. japonica could be categorized as “equilibrium species”.

4.3. The recovery process

In this experiment, the community succession process can be
explained by the theory of the intermediate disturbance hypothesis
(Connell, 1979; Dial and Roughgarden, 1998; Roxburgh et al., 2004).
This theory claims that the diversity and density of any ecosystem re-
mains the highest when the disturbance is at intermediate level. It de-
picts the temporal process of community variation under the negative
impacts of environmental disturbance. According to the equilibrium
state summarized by Deangelis and Waterhouse (1987), species will
deviate from the stable condition and cause fluctuations in fauna pop-
ulations under perturbation. The community structure tends to maintain
an equilibrium state, though physical and biological events can cause
different degrees of loss in density, species number or even removal of
the entire community. If the disturbance is at low magnitude, the
competitive exclusion will reduce the diversity. If the disturbance is at
high level, all the species will suffer and few of them can survive. For this
reason, an intermediate rate of disturbance is appropriate for main-
taining the assemblage in highest diversity (Osman, 2015).

The 500 ml groups can be considered as intermediate disturbance
groups, since the total species number recovered quickly in 18 days after
the oil spill (Fig. 9). However, the species number did not recover to the
pre-spill level in higher concentration areas (2000ml and 4000 ml
groups). This phenomenon was also testified by the n-MDS results, for
the similarity distance at low oil spill groups before and after the oil spill
was closer than that at high oil spill groups. The community structure
experienced a more acute variation in 4000 ml group than those in
500 ml and 2000 ml groups, which was also proved by the drastic
decrease of species number in the first day after the oil impact.

Some of the dominant species vanished after the oil spill, while
others increasing greatly with the stimuli of oil contaminants. The
variation of dominant species lead to significant changes in community
structure, which was also expressed in results of SIMPER and ANOSIM
analysis. The experimental phenomena were coincident with our
anticipation: i) the perturbation in high concentration oil spill group was
more severe than that of low concentration group; ii) the faunal recovery
under low concentration oil spill impact was faster than that in high
concentration oil spill group, but the species composition changed
irreversibly.

Intertidal macrobenthos can initiatively adapt and change the sur-
rounding environment in the long-term evolution, including make a
regularly selective response to emergent disturbances. The recovery
process of macrobenthos after small-scale disturbance is closely related
to the following aspects: i) the proportion of juveniles or adults moving
from adjacent areas (Negrello Filho et al., 2006); ii) growth and devel-
opment rate of larvae (Carman et al., 2000); iii) the tolerance of the
re-colonized species to toxic pollutants (Schratzberger et al., 2003). In
our study, the recovery of A. intermedia and D. tricincta could be
attributed to the active migration of adults from the surrounding sedi-
ments since their density began to increase on the second day after the
impact and few juveniles were recorded. The gradual recolonization of
B. cumingii and H. japonica could be attributed to the mixed effects of
juvenile growth, larval recruitment and adult migration, since the re-
covery timescale was quite long with seasonal variations and they were
also constantly captured at control groups. This recolonization pattern
of intertidal macrobenthic species is probably associated with the
evolutionary history of adaptation to natural stressors such as desicca-
tion, high temperatures during tidal exposure, and a correspondingly
reduction in feeding and respiration times (Bolam et al., 2004).

There are still more expectations to be fulfilled in the future research,
though we have considered both natural and stress succession process in
response to the simulated oil spill. The 126-day experimental temporal
scale was set according to the environmental conditions and the previ-
ous references (Egres et al., 2012), which was not long enough to cap-
ture a complete recovery. More concentration gradients and prolonged
experimental period should also be set to fully study the effects of
different degrees of oil spill on macrofauna structures. The dominant
species showed different response patterns to oil spills. Some were
sensitive to oil spill disturbance, while others were tolerant. Molecular
mechanisms, such as related enzyme activity and gene expression,
should be the focus of further research. Although plenty of related
studies have been carried out in labs (Pereira et al., 2018; Simonato
et al., 2008; Strgmgren and Nielsen, 1991), more studies still need to be
carried out in situ due to the complex effects caused by multiple factors
in the real intertidal ecotypes.

5. Conclusions
The macrobenthic communities were significantly influenced by the

oil contaminants at the spatial and temporal scales in this experiment.
The community abundance and species number gradually recovered at



Z. Zhou et al.

low concentration oil polluted areas within 2 months, but not recolon-
ized at high concentration areas.

The macrobenthos responded diversely to various degrees of oil spill
impacts at intertidal zone in Laizhou Bay. The higher the oil spill con-
centration, the more significant the number of species decreased. Some
of the species were resilient to the oil spill impact, yet some were sen-
sitive to the planned oil spillage. B. cumingii showed similar variation
patterns in both control and oil simulation groups and was recognized as
“tolerant species”. A. intermedia and D. tricincta were recognized as
“opportunistic species”, which were tolerant to low concentration diesel
oil and increase sharply after the simulated spill. I iridescens and
H. japonica were fragile to the oil stimulation and categorized as
“equilibrium species”.

This study assessed the impact of diesel oil spill on intertidal
ecosystem with manipulative in-situ experiment. Our findings expanded
the database of the ecological risk assessment system for different con-
centrations of oil spills, in which the ecological responses of macro-
benthos were rarely recorded.
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