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ABSTRACT: After oil spills and dispersant applications the formation
of red tides or harmful algal blooms (HABs) has been observed, which
can cause additional negative impacts in areas affected by oil spills.
However, the link between oil spills and HABs is still unknown. Here,
we present experimental evidence that demonstrates a connection
between oil spills and HABs. We determined the effects of oil,
dispersant-treated oil, and dispersant alone on the structure of natural
plankton assemblages in the Northern Gulf of Mexico. In coastal
waters, large tintinnids and oligotrich ciliates, major grazers of
phytoplankton, were negatively affected by the exposure to oil and
dispersant, whereas bloom-forming dinoflagellates (Prorocentrum
texanum, P. triestinum, and Scrippsiella trochoidea) notably increased
their concentration. The removal of key grazers due to oil and
dispersant disrupts the predator−prey controls (“top-down controls”) that normally function in plankton food webs. This
disruption of grazing pressure opens a “loophole” that allows certain dinoflagellates with higher tolerance to oil and dispersants
than their grazers to grow and form blooms when there are no growth limiting factors (e.g., nutrients). Therefore, oil spills and
dispersants can act as disrupters of predator−prey controls in plankton food webs and as indirect inducers of potentially harmful
dinoflagellate blooms.

■ INTRODUCTION

Crude oil pollution in the ocean is a major environmental
problem.1−3 Oil spills frequently occur in coastal areas,1 and
plankton are among the first organisms to interact with spilled
crude oil.4−13 Most biological processes in the ocean are due to
planktonic organisms,14 and therefore assessing the impact of
oil spills on marine ecosystems requires a clear understanding
of the effects of oil pollution on planktonic communities. After
oil spills and application of chemical dispersants, the formation
of “red tides” or harmful algal blooms (HABs) has been
reported, for example after the Itxoc I (1979)15 and Deep
Water Horizon (DWH, 2010)16 oil spills in the Gulf of Mexico
and the Bohai Sea spill (2011) in the Yellow Sea.17 HABs are
proliferations of phytoplankton species that can cause harm in
the environment, either by the production of toxins or by
deleterious effects due to their high biomass.18−20 Thus, HABs
can be an additional problem in areas affected by oil spills due
to their negative impacts on local ecosystems and econo-
mies.18,21 However, the connections between oil spills and
HAB events are unknown.
Although HABs can be natural phenomena, the occurrence

of HABs seems to be increasing globally due to anthropogenic
causes such as elevated nutrient discharge in coastal
waters.18,21−23 However, driving factors of HABs are complex
and frequently site-specific, and HABs are not exclusively linked
to nutrient enrichment.22,23 Other factors such as the removal

of grazers by pollutants or other stressors can disrupt top-down
controls and potentially favor the formation of HABs.
Nevertheless, experimental data on the role of top-down
control in the formation of HABs are surprisingly scarce. It is
often assumed that metazoans such as copepods are the main
grazers in planktonic food webs.24 However, there is consistent
evidence that heterotrophic protists (e.g., ciliates and
heterotrophic dinoflagellates), rather than copepods, are the
major consumers of phytoplankton,25 including HAB spe-
cies,26−29 in marine systems.
In previous laboratory studies, we found that ciliates were

particularly sensitive to crude oil and dispersants compared to
other plankton.10 These results suggest that given the
importance of ciliates as grazers of phytoplankton, oil, and
dispersant pollution in the ocean could reduce grazing pressure
on phytoplankton and potentially change the structure and
dynamics of plankton communities. It has been proposed that
phytoplankton blooms are a consequence of physical or
chemical perturbations that disrupt biological controls at the
level of the microbial loop opening “holes” that allow the
blooming of some phytoplankton species (“loophole
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hypothesis”).30 This hypothesis cannot explain some phyto-
plankton blooms such as seasonal diatom blooms in coastal
areas or Phaeocystis blooms.31 However, some heterotrophic
protists can exert a relevant trophic impact on certain bloom-
forming species, particularly dinoflagellates,26−29 and the
disruption of grazing pressure can potentially cause the
initiation of HABs under certain conditions.32,33

Our main hypothesis is that the occurrence of HABs after oil
spills and dispersant applications can be the result of a

disruption in microzooplankton grazing pressure when there
are not bottom-up limiting factors for species of bloom-forming
dinoflagellates with a relatively high tolerance to oil and
dispersants. Empirical evidence from natural plankton
assemblages exposed to realistic concentrations of dispersed
oil is needed to fully corroborate this hypothesis. We
investigated the effects of oil, dispersant-treated oil, and
dispersant on the structure of natural plankton communities
from the Gulf of Mexico (Figure 1), with particular emphasis

Figure 1. Map with depth contours indicating the plankton sampling sites during the cruise in the northern Gulf of Mexico in May 2013. Sites are
located in the area affected by the Deep Water Horizon (DWH) oil spill in April 2010.

Figure 2. (a) Tintinnid Favella ehrenbergii with ingested cells of bloom-forming dinoflagellates. (b, c) Effects of crude oil (A−F), dispersant-treated
oil (G−L), and dispersant (M−R) concentration on cell abundance of different plankton groups (b) and bloom-forming dinoflagellates (c) from
natural plankton assemblages collected at the site C6 after 24 h of exposure. The cell concentrations are final concentrations after exposure to the
studied pollutants, and the regression lines are from eqs 2 and 3 (see extended methods in Supporting Information).
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on heterotrophic protists and bloom-forming dinoflagellates, to
evaluate if oil and dispersant can disrupt the grazing control by
heterotrophic protists on bloom-forming species and, con-
sequently, allow the initiation of dinoflagellate red tides. We
additionally conducted a 12-day laboratory study with one of
the dinoflagellate species found in the field study with potential
to form blooms after oil spills to fully corroborate that in the
absence of grazers some dinoflagellates can reach bloom levels
after exposure to dispersed oil concentrations commonly found
in the water column after oil spills.

■ MATERIALS AND METHODS

Field Study. During a research cruise in May 2013, we
conducted 24 h on-board incubations to determine the effects
of different concentrations of crude oil (1, 5, and 25 μL L−1),
Corexit 9500 dispersant (0.05, 0.25, and 1.25 μL L−1), and
dispersant-treated oil (1, 5, and 25 μL L−1) on the abundance
and composition of natural plankton assemblages from coastal
and offshore waters in the northern Gulf of Mexico (Figure 1).
Specifically, we determined the response to these pollutants of
heterotrophic bacteria, cyanobacteria, picoeukaryotes, nano-
flagellates, diatoms, ciliates, and dinoflagellates, including
bloom-forming dinoflagellates. Test media were prepared as
described in Almeda et al. using a recommended dispersant-to-
oil ratio of 1:20.10 After adding the test media to the
corresponding experimental bottles, control and experimental

bottles were incubated on-board in a large acrylic incubation
container (1.2 m3) containing a plankton wheel (∼2 rpm) with
open-circuit seawater running through it, thus providing similar
exposure to sunlight and in situ temperature for all the bottles
in each experiment. Detailed methods are provided in the
Supporting Information (SI-Text 1).

Laboratory Study. A laboratory experiment with the toxic
dinoflagellate Prorocentrum texanum34 was conducted to test the
tolerance and ability of this dinoflagellate species to bloom after
exposure to dispersed oil. P. texanum was chosen as
experimental organism because it was one of the dinoflagellate
species found in our field studies with potential for forming
blooms after oil spills. The experiment consisted of 12-day
laboratory incubations of P. texanum culture (55 ± 5 cells
mL−1) exposed to crude oil alone (1 μL L−1), dispersant-
treated crude oil (1 μL L−1), and dispersant alone (0.05 μL
L−1) and in the absence of pollutants (control treatment) and
without nutrient limitation. The specific growth rate (d−1) of P.
texanum in each treatment was estimated as the slope of the
regression line relating the natural logarithm of cell
concentration (cells mL−1) and exposure time (days). Detailed
methods are provided in SI-Text 2.

■ RESULTS AND DISCUSSION

Initial abundance (cells mL−1) of the main studied planktonic
organisms varied among sites during the field study, with

Figure 3. Effects of crude oil, dispersant-treated oil, and dispersant concentration on the cell abundance of different plankton groups (A−O) and
bloom-forming dinoflagellates (right panels) from natural plankton assemblages collected at the site CTRL after 24 h of exposure. The cell
concentrations are final concentrations after exposure to the studied pollutants, and the regression lines are from eqs 2 and 3 (see extended methods
in Supporting Information).
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ciliates and dinoflagellates being more abundant in the coastal
sites C6 and CTRL (Table S1). Marine ciliates, both tintinnids
and oligotrichs, were negatively affected by dispersed oil and
dispersants in all plankton communities/sites (Figures 2 and 3,
Figures S1−S3). These results, together with previous
laboratory research on the direct effects of oil and dispersants
on single species of ciliates,10 demonstrate that marine
planktonic ciliates, major grazers of phytoplankton, are highly
sensitive to crude oil and dispersants.
In the site C6 (Figure 1), the abundance of the large

tintinnid Favella ehrenbergii (length ∼340 μm) and oligotrich
ciliates decreased with increasing oil or dispersant concen-
tration whereas dinoflagellates, particularly auto/mixotrophic
dinoflagellates, increased their concentration (Figure 2).
Among the auto-/mixotrophic dinoflagellate species, bloom-
forming Prorocentrum texanum, P. triestinum, and Scrippsiella
trochoidea notably increased their concentration after exposure
to oil or dispersant (Figure 2). P. texanum is a recently
described new species of bloom-forming toxic dinoflagellate
that produces okadaic acid,34 a toxin responsible for the
diarrheic shellfish poisoning (DSP) in humans. P. triestinum and
S. trochoidea are generally considered not chemically toxic, but

their blooms can cause fish kills and other damage in coastal
areas.35−39 In addition, S. trochoidea blooms can cause severe
lethal effects on shellfish larvae.20 In the other coastal study site
CTRL (Figure 1), we also found a high number of ciliates,
including some large species (e.g., Laboea, length ∼90 μm;
Strombidium, length ∼40 μm) (Table S1). In the site CTRL the
response of ciliates and auto-/mixotrophic dinoflagellates to oil
and dispersant followed the same pattern as in station C6, with
bloom-forming species (P. texanum, P. triestinum, and S.
trochoidea) more abundant after exposure to oil and dispersants
(Figures 2 and 3). Heterotrophic dinoflagellates were more
abundant in the CTRL site than in the C6 site and decreased in
abundance when exposed to dispersant or dispersant-treated oil
(Figure 3). The decrease in abundance of heterotrophic
dinoflagellates could also reduce the grazing pressure on
bloom-forming dinoflagellates in the CTRL site. In both coastal
stations (C6 and CTRL), nanoflagellates decreased in
abundance with increasing oil and dispersant concentration,
whereas diatoms did not show a clear pattern or decrease in
abundance depending on the treatments (Figures 2 and 3,
Table S2).

Figure 4. Specific growth rates (d−1, in cells) of bloom-forming dinoflagellates when natural plankton assemblages from the site CTRL (A-C) and
the site C6 (D-F) were exposed to different concentrations of crude oil, dispersant-treated oil, and dispersant. The asterisk indicates a statistically
significant difference in growth rates between the experimental treatment (with pollutants) and the control (absence of pollutants).
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Growth rates of the bloom-forming autotrophic dinoflagel-
lates found in stations C6 and CTRL varied depending on the
species and treatments, but specific growth rates of the three
bloom-forming dinoflagellate species were higher in the
experimental treatments than in controls (Figure 4). This
indicates that certain bloom-forming dinoflagellates have a
tolerance to these pollutants higher than their main grazers
(ciliates and heterotrophic dinoflagellates) which supports our

hypothesis that the occurrence of harmful algal blooms after oil
spills can be the result of a disruption in microzooplankton
grazing pressure on bloom-forming dinoflagellates when there
are not bottom-up limiting factors (see extended discussion in
SI-Text 3).
In the laboratory study with Prorocentrum texanum, one of

the bloom-forming dinoflagellates present in the field study, we
found that this species grows exponentially and reached blooms
levels (>3000 cells mL−1) in all the treatments with pollutants
after 10 days, reaching a maximum of more than 28 000 cells
mL−1 in the dispersant-treated oil treatment after 12 days
(Figure 5A). Specific growth rates (d−1) of P. texanum in the
experimental treatments were significantly higher than in the
control treatments (Figure 5B). Among experimental treat-
ments, growth rates were significantly higher in the treatments
with oil than in the treatment with dispersant alone, with no
significant differences in growth rates between oil and
dispersed-treated oil treatments (Figure 5B). These results
indicate that oil and dispersants can stimulate the population
growth of P. texanum (Figure 5), which could contribute to the
rapid formation of blooms in the absence ofgrazers and bottom-
up limiting factors. In addition, a previous study found that the
bloom-forming dinoflagellates Karenia brevis and Prorocentrum
minium increase their toxin production after exposure to a
crude oil concentration commonly found after oil spills.40 The
reasons underlying the relatively high tolerance of dino-
flagellates to oil and dispersants and the stimulatory effects in
growth and toxin production of these pollutants on some
bloom-forming dinoflagellate species are unknown. A recent
study41 suggests that both resilient attached bacteria and free-
living oil degrading bacteria associated with dinoflagellates
could help explain the resistance of these planktonic organisms
to oil and dispersants (see extended discussion in SI-Text 4).
Bacteria communities associated with dinoflagellates can also
affect toxin production,42 but results from different studies are
contradictory.42−44

In the offshore sites DWH, T3, and T6 (Figure 1), the
abundance of the bloom-forming species was low (Table S1),
and the sizes of ciliates (mostly ≤20 μm) and auto-/
mixotrophic dinoflagellates (mostly ∼15 μm) were smaller
than in the coastal sites. In these stations, ciliates,
dinoflagellates, and diatoms were negatively affected by oil
and particularly dispersant-treated oil and dispersants (Figures
S1−S3 and Table S2). Some exceptions were observed in site
T3, a site closer to the coast than T6 and DWH sites, where the
bloom-forming dinoflagellate S. trochoidea increased in
abundance after exposure to crude oil (Figure S1) and where
diatoms, mostly Nitzschia/Pseudonitzschia, tended to increase
after exposure to dispersed oil and dispersant (Figure S1).
Some species of the genera Nitzschia and Pseudonitzschia
produce domoic acid, a neurotoxin that can cause harmful
effects on marine organisms45 and humans.46 The different
responses of the plankton populations on the studied sites,
particularly between coastal and offshore waters, can be
explained by differences in plankton community composition
(Table S3) and nutrient availability (see extended discussion in
SI-Text 5). Growth rates of the cyanobacteria Prochlorococcus
and Synechococcus (Figure S4), heterotrophic bacteria, and
picoeukaryotes (Figure S5) did not show a clear pattern when
exposed to dispersed oil or dispersant in any of the studied
sites, although significant differences between treatments were
observed occasionally (Figures S4 and S5). For instance,
growth rates of heterotrophic bacteria were significantly higher

Figure 5. Temporal variation in cell concentration (in cells mL−1) of a
Prorocentrum texanum culture in the absence of pollutants (“control”)
and after exposure to crude oil alone (1 μL L−1, “oil”), dispersant-
treated crude oil (1 μL L−1, “oil + disp”), and dispersant alone (0.05
μL L−1 “disp”) in the laboratory (A). Lines represent the linear
regressions of ln-transformed cell concentration versus incubation time
(days) (A). Specific growth rates (d−1, in cells) of P. texanum in the
different treatments (B) estimated as the slopes of the linear
regressions (A). The error bars indicate the 95% confidence intervals,
and the lowercase italic letters (a, b, c) indicate different statistical
groups (p < 0.05) (B).
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when exposed to the higher pollutant concentrations than in
the controls in some cases (Figure S5). This increase in
bacterial abundance after exposure to oil could be due to a
reduction in bacterivorous nanoflagellates and/or to a growth
stimulation of oil-degrading bacteria.
According to the estimated median effective concentrations

(EC50, Table S2), the combination of oil and dispersant was
between 3 and 12 times more toxic than oil alone to ciliates and
low concentrations of chemical dispersant alone (0.02−0.06 μL
L−1) were also toxic to marine ciliates (Table S2). The use of
large volumes of the chemical dispersant Corexit 9500 after the
DWH oil spill (2010) has increased the concerns about the
impact of dispersant on marine ecosystems. Our results and
other recent studies indicate that this type of dispersant is more
toxic than previously assumed, especially for small planktonic
organisms,7,8,13,47,48 including microzooplankton.10 The for-
mation of red tides after oil spills has been observed in spills
where chemical dispersants were applied.15−17 Also, a decrease
in marine ciliate abundance was observed after a chemically
dispersed oil spill occurred in 2012 in the southwest coast of
Singapore.49 Altogether this indicates that marine planktonic
ciliates are negatively affected by low concentrations of
dispersants and consequently, the disruption of grazing control
on bloom-forming species in marine food webs would increase
when oil is chemically dispersed. Therefore, the use of
dispersant would increase the probability of HAB occurrence
after spills when the environmental conditions are appropriate
for bloom-forming dinoflagellates to grow.
To conclude, we would like to emphasize that the effects of

oil spills and dispersants on plankton communities varied
depending on the multiple physical, chemical, and biological
factors.1,5,50 The occurrence of an oil spill and the disruption of
top-down controls will not always cause a harmful algal bloom
since the potential occurrence and magnitude of a dinoflagellate
bloom would depend on the specific circumstances of a spill,
including the environmental conditions, nutrient availability,
and plankton community composition. However, the possibility
of formation of harmful algal blooms due to planktonic food
web disruption should, at least, be taken into consideration
when evaluating the potential impacts of oil spills on marine
environments. Oil spills and dispersants can clearly disrupt the
grazing control of heterotrophic protists (e.g., ciliates) on
certain bloom-forming species and promote the initiation of
potentially harmful dinoflagellate blooms after spills when there
are not limiting bottom-up factors. Therefore, crude oil and
dispersants can act as disrupters of plankton food webs and
indirect inducers of harmful dinoflagellate blooms. Disruption
of microzooplankton grazing control in plankton food webs as a
result of petroleum pollution (e.g., oil spills, wastewater, bilge
waters) or other toxicants should be considered as an additional
factor to understand the causes of increasing occurrence of
harmful dinoflagellate blooms in coastal waters with intense
anthropogenic pressure.
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