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Abstract The ecotoxicological effects of a mixture of
petroleum hydrocarbons were tested on densities of two
algae, Platymonas helgolandica var. tsingtaoensis and
Isochrysis galbana, and of a rotifer, Brachionus plicatilis,
by single-species and customized community experiments.
Test concentrations ranged from 0 to 100 mg L™", while
five to seven treatments were assessed in triplicate within
1 month. A significant decrease in densities during single-
species toxicity tests were found when concentrations of
petroleum hydrocarbons were above 1.0 mg L™'. How-
ever, equilibrium densities of algae in the customized
community showed a different pattern, which increased
with concentration and reached a peak at 20.0 mg L™". The
community-based no observed effect concentration
(NOEC; 1.0 mg L_l) was different from the NOEC
derived by single-species toxic tests (0.25 mg L™"). This
demonstrates that ecotoxicological effects on plankton as
part of a community is significantly different from single-
species toxicity tests owing to ecological interactions.
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Petroleum hydrocarbons are multi-component homoge-
neous mixtures with complex molecular structure and
composed of alkanes, alkenes, aromatic hydrocarbons and
heterocyclic aromatic ones (Zakaria et al. 2000), which all
have toxic effects on the marine plankton (Huang et al.
2011; Lu and He 2000). Petroleum hydrocarbons are the
major constituents of oil pollutants. It is estimated that
more than 5.74 million tonnes of crude oil are released into
the ocean water from 1970 to 2013 (The International
Tanker Owners Pollution Federation (ITOPF) 2013), of
which more than 90 % is directly related to human activ-
ities. Large-scale marine oil spill accidents have received
great attention due to their catastrophic damage to the
environment. For example, the devastating British Petro-
leum oil spill due to the explosion of the Trans-ocean
Deepwater Horizon rig in 2010 and the Conocophillips oil
spill in Bohai Sea, China, in 2011, which all caused and are
still causing loss of species diversity and habitat, destruc-
tion of ecological balance of halobios and death of endemic
species (Ndimele et al. 2010; Nikolopoulou and Kaloger-
akis 2009). Although the number of oil spills and the
volume of oil spilt from tankers show a marked reduction
through the decades (The International Tanker Owners
Pollution Federation (ITOPF) 2013), the non-point source
discharges demonstrate a significant increase (Guan et al.
2015). With the increasing offshore exploration and
development of oil and maritime transport, minor oil spills
and oil contamination have become threats to environ-
mental health. According to the report of China’s marine
environmental quality communique (China State Oceanic
Administration 2014), petroleum hydrocarbons have
become the main pollutants next to nutrients (i.e. nitrate,
phosphate) in the China Sea.

There are many papers reporting the toxic effects of
petroleum hydrocarbons on marine species and discussing
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the factors driving the effect of oil spills on marine species
assemblages (Echeveste et al. 2010; Gonzalez et al. 2009;
Huang et al. 2011; Sargian et al. 2005; Shi et al. 2001;
Tintos et al. 2007). However, these papers are mainly
restricted to single-species toxicity tests and the impact of
environmental abiotic factors on toxic effect. In fact, the
indirect effects of ecological relationships on the toxic
effects between populations in communities are significant
and should not be ignored (Fleeger et al. 2003; Bernot and
Turner 2001). Indirect effect in ecological communities
induced by contaminants have been detected widely in
natural and manipulative communities and recognized as
being able to change species abundances, alter community
composition, and weaken or enhance direct contaminant
effects (Bernot and Turner 2001; Fleeger et al. 2003;
O’Connor et al. 2013; Reinhardt et al. 2013; Wootton
2002).

In order to study such indirect effects of ecological
relationships, a simple controlled community needs be
designed. Platymonas helgolandica var. tsingtaoensis is a
unicellular alga of the Chlorophyta, and Isochrysis galbana
a unicellular alga of the Chrysophyta. They are found
widely in coastal waters in the world, are easy to culture
and often used as food in aquaculture (Ma 2013; Sun et al.
2005). Rotifers are also widely found in coastal waters in
the world, and form a fundamental constituent of the
zooplankton community and play thus a significant role in
energy flow in marine ecosystems. The rotifer Brachionus
plicatilis reproduces rapidly, is adaptable, has a short life
cycle, and is often used as tested organism in studies of
ecotoxicology and environmental monitoring worldwide
(Fang et al. 2013). Therefore, a community consisting of P.
helgolandica var. tsingtaoensis, I. galbana and B. plicatilis,
is customized to measure the toxic effects of petroleum
hydrocarbons and to discuss the impact of ecological
relationships on toxic effects of petroleum hydrocarbons.
Finally, a no observed effect concentration (NOEC) of
petroleum hydrocarbon for the customized plankton com-
munity is obtained with an endpoint manifesting inter-
species competition-grazing relationships and related to
single species test results.

Materials and Methods

The petroleum hydrocarbon mixture used in this study was
the water-accommodated fraction of crude oil obtained
from Bohai offshore oil field, China. The sample of this
crude oil contains 87.6 % of carbon, 11.6 % of hydrogen,
0.4 % of nitrogen and 0.2 % of sulfur, classified as low
sulfur naphthene base oil. Ultraviolet Spectrophotometry
[UV-2102PCS, Unico (Shanghai) Instrument Co., Ltd] was
used to determine petroleum hydrocarbons concentrations

at 225 nm according to the specification for marine mon-
itoring (General Administration of Quality Supervision,
Inspection and Quarantine of the People’s Republic of
China (AQSIQ) 2008).

In algae single-species toxicity tests, the test concen-
tration of the petroleum hydrocarbons was 0, 0.25, 1, 10,
20, 40 and 100 mg L_l, which were determined with a
preliminary experiment, and the corresponding measured
concentrations in the end of test were 0, 0.21, 0.92, 9.5,
19.1, 39.1 and 98.2 mg L™, respectively. The analytical
limits of detection were 0.002 mg L' and the average
relative standard deviation <2 %. The algae (P. hel-
golandica var. tsingtaoensis and I. galbana.) were culti-
vated in 300 mL conical flask of 150 mL culture medium.
The culture medium was prepared from Nitrate, phosphate,
vitamins and trace elements in natural, filtered (<20 pum)
autoclaved seawater according to f/2 medium (Lananan
et al. 2013). The seawater was sourced from the China Sea
near Qidong county, where salinity is approximately
30 psu. The measured concentration of nutrients by spec-
trophotometric methods was 224 pg L™ for NOs;-N,
6.2 pg L™" for PO,~P and 281 pg L™' for SiO5-Si in the
collected seawater (Wei et al. 2011; Wang and Morrison
2014). The measured concentration of heavy metals by
atomic absorption spectrometry was 0.64 pg L' for Cu,
0.62 ug L' for Pb, 7.2 pg L™ for Zn, 0.11 ug L™" for
Cd, 0.73 pg L™! for total Cr and 0.04 pg L™" for total Hg
(Wang et al. 2009; Wang et al. 2015). The measured
concentration of persistent organic pollutants (POPs) was
2.88 ng L™' for total organic chlorine pesticide and
9.51 ng L' for polychlorinated biphenyls (Huo 2011).
The conical flasks were put in an incubator with a constant
temperature of 23°C, a photoperiod of 12 h light:12 h dark
and a photon irradiance of ca. 60 umol m 2 s~ '. The algal
initial incubation density was 0.20 x 10° cells mL™" for
P. helgolandica var. tsingtaoensis and 0.47 x 10° -
cells mL ™" for . galbana. The algal single-species toxicity
tests lasted until the densities started to decline, and the
longest time was 8 days. During the experiment period,
5-mL water samples were taken every day from the culture
flask, fixed by the addition of Lugol’s solution. Algae
species composition and cell number were determined by
light microscopy (XLE-2, 3DFAMILY Technology Co.,
Ltd, Nanjing, China). Three replicates were used per
treatment. The same culture conditions, research item and
concentration gradient of the petroleum hydrocarbons were
used in the algae bi-species toxicity tests.

In rotifer single-species toxicity tests, the test concentra-
tion of the petroleum hydrocarbons, also determined with a
preliminary experiment, was 0, 0.25, 1,5, 10 and 20 mg L,
and the corresponding measured concentrations in the end of
test was 0, 0.21, 0.92, 4.6, 9.5 and 19.1 mg L_l, respec-
tively. The culture of rotifer B. plicatilis were conducted in
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300 mL conical flask of 150 mL culture medium. The initial
density was ten individuals mL~". The culture flasks were
put in an incubator with the same temperature and pho-
toperiod as the algae single-species toxicity tests, and fed
every 24 h with the algae Chlorella sp. at a density of
1 x 10° cells mL™" (Zhou 2005). Each culture flasks was
observed in every day and the survival number was deter-
mined. The test ended when all the rotifer monitored in this
test died. Three replicates per treatment were used.

In the customized plankton community toxicity test, the
test concentration of the petroleum hydrocarbons was O,
0.25, 1, 10, 20 and 40 mg Lfl, and the corresponding
measured concentrations in the end of test was 0, 0.21,
0.92, 9.5, 19.1 and 39.1 mg L respectively. The initial
density was 0.20 x 10° cells mL™" for P. helgolandica
var. tsingtaoensis, 0.47 x 10° cells mL™" for I galbana
and five individuals mL™" for B. plicatilis. The initial
rotifers were selected from the motile individuals cultured
in the same conditions. Three species of plankton were
cultivated in 1 L conical flask of 0.5 L culture medium.
The culture flasks were put in an incubator with the same
temperature and photoperiod as the single-species toxicity
tests. The variation in species and density of planktons
were determined every 2 days in the first 10 days and
every 5 days afterwards, using the same counting
methodology described above. The customized plankton
community toxicity test lasted 25 days. Three replicates
were used per treatment.

The ecotoxicological effect of petroleum hydrocarbons
in algae single-species toxicity tests was estimated with the
endpoint of carrying capacity, which was a parameter of
logistic growth model denoting algae maximum population
density and fitted for an endpoint of the toxic effect (Wang
et al. 2011). The ecotoxicological effect in rotifer single-
species toxicity test was estimated with the endpoint of
survival rate, which was sensitive to petroleum and fitted
for an endpoint of the toxic effect on zooplankton
(Gomiero et al. 2012). The ecotoxicological effect in the
customized plankton community toxicity test was esti-
mated with the endpoint of equilibrium densities of three
species. For a community consisting of three species,
equilibrium densities were the unique positive asymptotic
population densities in a balance position (Wang et al.
1994; Chen et al. 2009). In this study, if the densities of
three species were not changed significantly in 5 days, the
community was supposed to get the balance between them
and the averages of densities for each species in 5 days
were calculated to be equilibrium densities.

A NOEC of petroleum hydrocarbons, the maximum
concentration which does not affect the density amount of
the test species, is determined for the customized plankton
community and each species. In this study, the carrying
capacity of alga population or survival rate of rotifer
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population in treatments of a single-species toxicity test
was compared with the corresponding reference data (the
control), and yielded a population-NOEC for each plankton
population. The community-NOEC for the customized
plankton community was the highest test concentration to
which exposure of the community will not affect signifi-
cantly any of the populations (Laender et al. 2008), and
determined by comparing equilibrium densities of three
species in all treatments of the customized community
toxicity test with that in the control. A one-sided Dunnett
test (o =5 %), developed for comparing several inde-
pendent treatments with a control (Dunnett 1955, 1964),
was used to calculate NOEC for the test plankton.

Results and Discussion

As can be seen from Figs. 1 and 2, without exposure to pet-
roleum hydrocarbon, the carrying capacity calculated with
logistic growth model, was up to 121.56 x 10° cells mL ™" in
alga single-species test and 107.86 x 10° cells mL™" in
algae bi-species test for P. helgolandica var. tsingtaoensis,
whereas 1019.7 x 10° and 536.35 x 10° cells mL™" where
the carrying capacity for I. galbana, respectively. These data
demonstrated that interspecies competition between two algal
species caused a reduction of 12 % in P. helgolandica var.
tsingtaoensis density and of 48 % in I. galbana density under
control conditions. The densities for each species in the cus-
tomized plankton community test tended to stability after
10 days and did not change significantly over another 5 days
(Fig. 3).Itis more impressed that the equilibrium density of P.
helgolandica var. tsingtaoensis and I. galbana in the cus-
tomized community, in absence of petroleum hydrocarbons,
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Fig. 1 Changes of carrying capacity and rotifer density with
petroleum hydrocarbons concentration in single-species toxicity tests
(the dots displaying were mean values and the error bars stood for
standard deviations; filled square: P. helgolandica var. tsingtaoensis;
filled diamond: 1. galbana, filled triangle: B. plicatilis.)
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Fig. 2 Changes of carrying capacity with petroleum hydrocarbons
concentration in algae bi-species toxicity tests (the dots displaying
were mean values and the error bars stood for standard deviations;
filled square: P. helgolandica var. tsingtaoensis; filled diamond: I.
galbana.)
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Fig. 3 Plankton densities over time in the unexposed customized
plankton community toxicity test (the dots displaying were mean
values and the error bars stood for standard deviations; filled square:
P. helgolandica var. tsingtaoensis; filled diamond: 1. galbana; filled
triangle: B. plicatilis.)

was only 0.024 x 10° and 0.27 x 10° cells mL ™", respec-
tively. That is, grazing of zooplankton resulted in a greater
decrement of more than 3000 times in the algea’s density if
compared with carrying capacity in the algae single-species
test.

When exposed to a petroleum hydrocarbons concentra-
tion higher than 1.0 mg L™, the response of carrying
capacity showed a decreasing trend in algae single-species
toxicity tests (Fig. 1), indicating the enhanced toxic effect
on the phytoplankton population. It is the same pattern as
the carrying capacity in algae bi-species toxicity tests
(Fig. 2). The representative measurement demonstrated
that petroleum hydrocarbon-related exposures caused a

Fig. 4 Changes of plankton equilibrium density with petroleum
hydrocarbons concentration in the customized plankton community
toxicity test (the dots displaying were mean values and the error bars
stood for standard deviations; filled square: P. helgolandica var.
tsingtaoensis; filled diamond: 1. galbana; filled triangle: B. plicatilis.)

26 % reduction in P. helgolandica var. tsingtaoensis den-
sity at a concentration of 20.0 mg L™" in alga single-spe-
cies toxicity test, whereas petroleum hydrocarbons-related
exposure plus interspecies competition caused a 32 %
reduction in algae bi-species toxicity tests. However, a
clear decrement from 76 % to 39 % in I. galbana density
was observed for algae single- and bi-species toxicity tests
(Fig. 2). This implied the taxonomic difference in impact
of interspecies competition on toxic effect of petroleum
hydrocarbons and possibility of subsequent variation in the
community structure.

As shown in Fig. 4, the B. plicatilis density in the cus-
tomized plankton community toxicity test decreased from
concentration higher than 1.0 mg L™ and tended to zero at
petroleum hydrocarbon concentrations of 20.0 mg L.
This pattern is similar to that in the rotifer single-species
toxicity test (Fig. 1). However, the equilibrium densities of
P. helgolandica var. tsingtaoensis and I. galbana in the
customized community showed a different pattern, which
increased with the petroleum hydrocarbon concentrations
and reached a peak at 20.0 mg L™' (Fig. 4). This phe-
nomenon is related to trophic cascades, a well-studied type
of indirect effect (Fleeger et al. 2003; Wootton 2002). It
demonstrated that the decrease in plankton densities with
increasing toxicant concentrations in single-species tests
does not necessarily imply a decrease effect on their den-
sities within a community, since their densities also depend
on ecological interactions (Laender et al. 2008). The
combination of a decline of intrinsic growth rate with a
reduced grazing pressure of zooplankton — here the rotifer
— is proposed as an explanation for the increase of phyto-
plankton densities. This kind of combination of direct and
indirect effects would not have been discovered using
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single- or even bi-species toxicity test (Oskarsson et al.
2014).

The trophic cascades have already been documented in
many studies and often arose jointly with interspecies
competition, another representative of indirect effect
(Fleeger et al. 2003; Mayer-Pinto et al. 2015; Oskarsson
et al. 2014; Reinhardt et al. 2013; Wootton 2002). And it
was found to be difficult to distinguish the latter from the
former in such a case (Fleeger et al. 2003; Wootton 2002).
In this study, when concentration of petroleum hydrocar-
bons increased from 20 to 40.0 mg L', alga density
decreased from 85.45 x 10° to 78.82 x 10°cells mL ™" for
P. helgolandica var. tsingtaoensis and 247.7 x 10° to
237.4 x 10%ells mL~" for I. galbana, respectively, which
were almost the same with those in algae bi-species test. It
was obvious that the B. plicatilis. died out at a petroleum
hydrocarbons concentration of 40.0 mg L™" and the graz-
ing effect of zooplankton consequently vanished. This
indicated a termination of trophic cascades and only
competition between the two algal species was responsible
for the indirect effect in the community. The algae densi-
ties at these concentrations were more than 800 times lar-
ger than that at a concentration below 1.0 mg L™" in the
customized plankton community toxicity test, but showed a
decrease of more than 35 % if compared with the carrying
capacity at a concentration below 1.0 mg L™" in the algae
single-species test. By comparison, competition was dis-
tinguished from trophic cascade and manifested to be
weaker than the latter in this study. Furthermore, the dra-
matic changes of algae densities in the customized com-
munity toxicity test also manifested that grazing effect of
zooplankton on density of phytoplankton was stronger than
toxic effects of petroleum hydrocarbons at the present
concentrations. Therefore, the indirect effect mediated
through interspecies interaction had a great impact on
ecotoxicological effect of petroleum hydrocarbons on
phytoplankton. The similar phenomena were observed on
sessile organisms, nekton and marine benthos in the
intertidal and coastal communities (Fleeger et al. 2003;
Mayer-Pinto et al. 2015; O’Connor et al. 2013; Oskarsson
et al. 2014; Wootton 2002), which demonstrated that
indirect effects were widely existent and fundamental to
ecosystems (Wootton 2002).

The comparison of the treatments in single-species
toxicity test with the corresponding control, resulted in a
NOEC of 1.0 mg L™ for P. helgolandica var. tsing-
taoensis, 0.25 mg L™" for I. galbana and 1.0 mg L™" for
B. plicatilis. If NOEC for a community relied on the
extrapolation of single-species toxic effect to community-
level effect and was defined as the lowest population-
NOEC (Laender et al. 2008), the derived NOEC for the
customized community should be 0.25 mg L™'. However,
by comparing the treatments in the customized community
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toxicity test with the control, the determined community-
NOEC was 1.0 mg L™". This NOEC was a result of indi-
rect effects mediated through interspecies interactions,
which could buffer for severe direct effects (Fleeger et al.
2003; Wootton 2002). The decreased density of 1. galbana
after exposure to a concentration of 1.0 mg L™ likely led
to a more grazing on P. helgolandica var. tsingtaoensis by
B. plicatilis. Less rotifer grazing may have counteracted the
negative effect of the exposure on I. galbana at higher
concentrations. This resulted in an increased NOEC for 1.
galbana. The positive change of NOEC would not have
been observed using simpler single-species study designs.
In a sense, ecotoxicological measures on community level
should better predict the effects on ecosystems than the
measures on individual and population level (Forbes and
Calow 1999; Oskarsson et al. 2014), therefore, the NOEC
determined with the customized plankton community tox-
icity test might be more reliable than those with single-
species toxicity tests in the present study.
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