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A B S T R A C T

During the 2010 Deepwater Horizon oil spill, the chemical dispersant Corexit was applied over vast areas of the
Gulf of Mexico. Marine phytoplankton play a key role in aggregate formation through the production of ex-
tracellular polymeric materials (EPS), an important step in the biological carbon pump. This study examined the
impacts of oil and dispersants on the composition and physiology of natural marine phytoplankton communities
from the Gulf of Mexico during a 72-hour mesocosm experiment and consequences to carbon export. The
communities were treated using the water accommodated fraction (WAF) of oil, which was produced by adding
Macondo surrogate oil to natural seawater and mixed for 24 h in the dark. A chemically enhanced WAF (CEWAF)
was made in a similar manner, but using a mixture of oil and the dispersant Corexit in a 20:1 ratio as well as a
diluted CEWAF (DCEWAF). Phytoplankton communities exposed to WAF showed no significant changes in PSII
quantum yield (Fv/Fm) or electron transfer rates (ETRmax) compared to Control communities. In contrast, both
Fv/Fm and ETRmax declined rapidly in communities treated with either CEWAF or DCEWAF. Analysis of other
photophysiological parameters showed that photosystem II (PSII) antenna size and PSII connectivity factor were
not altered by exposure to DCEWAF, suggesting that processes downstream of PSII were affected. The eukaryote
community composition in each experimental tank was characterized at the end of the 72 h exposure time using
18S rRNA sequencing. Diatoms dominated the communities in both the control and WAF treatments (52 and
56% relative abundance respectively), while in CEWAF and DCEWAF treatments were dominated by hetero-
trophic Euglenozoa (51 and 84% respectively). Diatoms made up the largest relative contribution to the auto-
trophic eukaryote community in all treatments. EPS concentration was four times higher in CEWAF tanks
compared to other treatments. Changes in particle size distributions (a proxy for aggregates) over time indicated
that a higher degree of particle aggregation occurred in both the CEWAF and DCEWAF treatments than the WAF
or Controls. Our results demonstrate that chemically dispersed oil has more negative impacts on photo-
physiology, phytoplankton community structure and aggregation dynamics than oil alone, with potential im-
plications for export processes that affect the distribution and turnover of carbon and oil in the water column.

1. Introduction

The Deepwater Horizon (DwH) oil spill resulted in the continuous
release of an estimated 4.1 million barrels of crude oil into the northern
Gulf of Mexico (GOM) over a span of 84 days during 2010 (Crone and
Tolstoy, 2010; McNutt et al., 2012; Reddy et al., 2012). In the months

following the spill, mean total polycyclic aromatic hydrocarbon (PAH)
concentrations in seawater samples taken from the GOM ranged from
0.2 to 59mg L−1 (Wade et al., 2013; Sammarco et al., 2013). In an
attempt to limit coastal damage from slicks, the chemical dispersant
Corexit 9500 A and others were applied to surface waters and directly
at the wellhead at 1500m depth (Kujawinski et al., 2011). Corexit
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contains surfactant molecules that reduce surface tension at the water-
oil interface, and can therefore reduce the size of oil slicks by allowing
them to mix with the water’s surface (Lessard and DeMarco, 2000). A
total of 6.8 million liters of Corexit was applied to the GOM; this event
also marked the first time dispersants had been discharged in deep
waters (Lehr et al., 2010; Kujawinski et al., 2011).

The effects of crude oil exposure on marine phytoplankton remain
unclear, and a variety of reported responses exists in the literature.
Certainly, many studies have reported that oil has an inhibitory effect
on algal growth (Hsiao et al., 1970; Østgaard et al., 1984; Hook and
Osborn, 2012; Garr et al., 2014; Bretherton et al., 2018) and motility
(Garr et al., 2014), can disrupt cell membranes (Hook and Osborn,
2012) and interfere with synthesis and maintenance of nucleic acids
(Deasi et al., 2010). However, others have demonstrated that some
phytoplankton are unaffected (Harrison et al., 1986; Bretherton et al.,
2018) or even stimulated (González et al., 2009; Özhan et al., 2014a;
Bretherton et al., 2018) by the presence of crude oil. The most toxic
components of oil, the PAHs, may stimulate (∼1mg L−1) or inhibit
(∼100mg L−1) phytoplankton growth depending on concentration
(Harrison et al., 1986). Phytoplankton community composition in the
GOM changed following the DwH spill (Parsons et al., 2015). Mesocosm
studies with natural phytoplankton communities support these ob-
servations, often finding either diatoms (González et al., 2009; Gilde
and Pinckney, 2012; Özhan and Bargu, 2014) or phytoflagellates
(Adekunle et al., 2010; Özhan et al., 2014b) becoming the dominant
taxa following exposure to oil.

Phytoplankton produce extracellular polymeric substances (EPS),
including transparent exopolymer particles (TEP), which promote the
formation of aggregates (Passow et al., 1994; Kiørboe, 2001; Quigg
et al., 2016). The production of EPS is affected by photosynthetic rate
and overall health of phytoplankton cells and further varies across taxa
and with cell size (Claquin et al., 2008). Oil is incorporated into ag-
gregates, forming sinking marine oil snow (MOS), a phenomenon that
was observed following the DwH incident (Passow et al., 2012; Daly
et al. 2016). While the sedimentation of oil-laden MOS is helpful in
removing oil from surface waters, it can have detrimental effects on
benthic organisms (White et al., 2012; Baguley et al., 2015). The effect
of oil and Corexit-dispersed oil on phytoplankton health thus poten-
tially affects the fate of oil, because the physiological state of phyto-
plankton changes their EPS and TEP production (Liu and Buskey, 2000;
Wolfstein and Stal, 2002; Kahl et al., 2008) and thus the potential to
form MOS. Direct effects of WAF and CEWAF on phytoplankton and the
secondary effects of aggregation and sinking can be expected to lead to
changes in the taxonomic and size structure of the community. This in
turn will have feedback effects on TEP and MOS production. Few stu-
dies measure the influence of oil and dispersant on phytoplankton
photophysiology outside of the quantum yield of photochemistry
(González et al., 2009, 2013; Bretherton et al., 2018). Other parameters
generated with these tools can give a better picture about the nature of
oil toxicity, and therefore the overall health of the phytoplankton.

We exposed natural communities of phytoplankton found in the
northern GOM to both a water accommodated fraction (WAF) of oil and
mixtures of oil and dispersants (chemically enhanced WAF; CEWAF)
over a 72 h period to monitor short-term changes in photosynthesis
using fluorescence signals from photosystem II (PSII). Single-turnover
PSII fluorescence was used to derive the PSII quantum yield (Fv/Fm),
PSII antenna size (σPSII) and PSII connectivity factor (ρ). Pulse-ampli-
tude modulation (PAM) fluorescence was used to derive relative max-
imum electron transfer rates (rETRmax) to assess a suite of photo-
physiological parameters. We combined this data with molecular
techniques to assess the eukaryote community, and measurements of
EPS and TEP as well as particle dynamics to examine changes in phy-
toplankton communities as they respond to oil and dispersants. Distinct
responses were observed between treatments, as well as shifts in com-
munity structure. We assess underlying mechanisms that may explain
these changes using mesocosms, and relate these findings to MOS

formation.

2. Methods and materials

2.1. Mesocosm set-up

Water was collected ∼80 km off the coast of Louisiana in the GOM
(29° 22′52″ N, 93° 23′06″ W) on July 16 2016, with in situ temperature
(30.5 °C), salinity (31.13 ppt) and pH (8.02) recorded using a calibrated
water quality sonde probe (Hydrolab MS 5, Hach, Loveland, CO). The
seawater was taken back to land for experimentation at Texas A&M
University at Galveston. Twelve 100 L mesocosm tanks were filled with
each of the four treatments (final volume 87 L) prepared in triplicate:
control (seawater only), a water accommodated fraction (WAF) of oil, a
chemically enhanced water accommodated fraction (CEWAF), and a
10-fold diluted CEWAF (DCEWAF), as described in Wade et al. (Wade
et al., 2017). Briefly, the WAF was prepared by mixing 25mL (5mL
every 30min for 2.5 h) of Macondo surrogate oil (MC252) into 130 L of
seawater in a baffled recirculating tank. Gentle mixing ended 24 h after
the initial oil addition, and the WAF was transferred to the treatment
tanks. To produce CEWAF, Corexit was mixed with MC252 oil in a ratio
of 1:20 and then 25mL of this mixture (5ml every 30min for 2.5 h) was
added to 130 L of seawater and again mixed for ∼24 h before transfer
to the treatment tanks. DCEWAF was prepared by diluting CEWAF 10-
fold with the original seawater. This work was performed in dim light at
ambient room temperatures (∼21 °C) immediately prior to starting the
experiment. All tanks had nutrients (nitrate, phosphate, silicate and
trace metals) added at f/20 concentrations (Guillard et al. 1975), and
maintained at an irradiance of ∼50 μmol m−2 s-1. The mesocosm tanks
themselves were not mixed for the duration of the experiment so as not
to disrupt the formation of aggregates, or impact the formation of EPS
and TEP.

Estimated oil equivalents (EOE) were used to determine the starting
WAF, CEWAF and DCEWAF concentrations in mesocosm tanks, fol-
lowing the method previously described in Wade et al. (2013). Briefly,
5mL control or treated seawater was diluted with dichloromethane to
extract the oil, and approximately 4mL of the dichloromethane fraction
of each sample was transferred into a cuvette for EOE analysis. EOE was
measured spectrofluorometrically, and the optimum excitation and
emission wavelengths for EOE determinations were 260 and 358 nm
respectively, as in Wade et al. (2013). Initial EOE concentrations ranged
from 0.29 to 81.01mg L−1, which is within the range measured off the
Louisiana coast following the DwH spill (Sammarco et al., 2013).

2.2. Chlorophyll fluorescence measurements

Samples (4 mL) were taken from each mesocosm tank every 12 h
(between 0900–1000 hours and 2100–2200 hours) and dark-acclimated
for 15min. This period of dark-acclimation assumes all PSII reaction
centers become open, yielding a minimum fluorescence (Fo) value. The
samples were then placed in a Fluorescence Induction and Relaxation
(FIRe) fluorometer (Satlantic, Halifax, Canada), which exposes algal
samples to a saturating pulse of blue light for 80 μs, closing all PSII
reaction centers and yielding a maximum fluorescence (Fm) value. The
difference between the Fm and Fo values is the variable fluorescence
(Fv), and changes in Fv relative to Fm (Fv/Fm) are a measure of photo-
synthetic efficiency, also termed the maximum quantum yield of PSII.
The fluorometer plots fluorescence yield over time (μs), generating a
single turnover (ST) curve. From this, other parameters such as PSII
antenna size (σPSII) and PSII connectivity factor (ρ) can be derived
(Kolber et al., 1998). The FIRe fluorometer was set to 80 μs ST flashes
with a 60 μs relaxation phase. Each sample was run for 40 iterations to
reduce noise and produce a smoother curve. A blank sample was run for
each treatment (0.7 μm GF/F filtered seawater from each treatment) to
subtract any background fluorescing entities (e.g. CDOM, Corexit) from
the Fo and Fm values respectively (Cullen and David, 2003).
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Additionally, these parameters were recorded for samples before WAF
and CEWAF production began (−24 h time point).

A pulse-amplitude modulation (PAM) fluorometer (Phyto-PAM EDF,
Walz) was used to measure relative maximum electron transfer rates
(rETRmax). Every 24 h, a sample (4mL) was placed in the Phyto-PAM
after dark-acclimation for 15min to obtain relative maximum electron
transfer rates (rETRmax) by performing rapid light curves (RLC). A total
of 8 light steps were used (16, 32, 64, 164, 264, 364, 464, 564, 664,
764 μmol photons m−2 s-1). These measurements were performed each
morning (between 0900–1200 hours). The PHYTO-PAM utilizes light
pulses composed of four different colors; blue (470 nm), green
(520 nm), light red (645 nm) and dark red (665 nm). Excitation of
chlorophyll fluorescence by multiple wavelengths allows phyto-
plankton taxa with different light-harvesting pigments to be dis-
tinguished. Phycocyanin and allophycocyanin, pigments found in the
cyanobacteria, are both strongly excited by red (645 nm) light, but not
by blue (470 nm). Brown algae are excited strongly by blue (470 nm)
and green (520 nm) light due to the presence of pigments such as fu-
coxanthin and carotenoids, though further distinction of the signal
between groups (such as diatoms versus dinoflagellates) is not possible
using this technique. Finally, green algae are effectively excited by all
wavelengths except for green light (520 nm). For further detail, see
Schreiber (1998). Samples from FIRe analysis were then placed in a
10 AU Turner fluorometer to obtain in situ chlorophyll concentrations.
Blanks were also run to remove interference from background fluores-
cence. The relative fluorescence values were recorded for each sample
and converted to chlorophyll-a concentrations using a standard curve.
The fluorometer was calibrated using a standard of chlorophyll-a ex-
tracted from the alga Anacystis nodulans (Sigma-Aldrich) diluted with
90% acetone to concentrations between 0.2–80 μg L-1 following the EPA
method 445.0 (Arar and Collins, 1997).

2.3. Microbial eukaryote community composition

The estimate of the relative abundance of active microbial eu-
karyotes within and across treatments is based on 18S RNA sequences
from RNAseq data and reflects the relative presence, activity, and de-
tectability of each species. RNA was extracted from each of the 12
mesocosm tanks at the end of the experiment after 72 h. Aliquots (250
to 4000mL) were rapidly (no longer than 20min.) and gently filtered
onto two 47mm, 0.8 μm polycarbonate filters. The filters and dena-
turating solution (Ambion Totally RNA kit, Thermo Fisher AM1910)
were added to Y-matrix bead beater tubes (MoBio) and the samples
lysed using a SuperFastprep2 bead beater (30 s at the maximum setting)
and immediately stored in a -80 °C freezer. RNA was extracted by ex-
posing samples immediately after thawing to two additional 30 s rounds
in the SuperFastprep2 bead beater, with 60 s on ice in between rounds.
The Ambion Totally RNA kit was used to extract RNA followed by DNA
removal with the Ambion Turbo DNAfree kit (ThermoFisher AM1907)
as per manufacturer instructions.

RNA was sequenced as 125 base pair paired-end reads using
Illumina HiSeq 250 RNAseq by the McGill University and Génome
Québec Innovation Centre, Montréal, Canada. PolyA selection was used
to remove the majority of the rRNA using the NEBNext Poly(A) mRNA
magnetic isolation module kit from New England Biolabs.
Approximately 2–10% of the original rRNA sequences pass through this
step and are sequenced (Abernathy and Overturf, 2016). Trimmomatic
was used to remove Illumina adapters and low quality bases were
identified using Phred scores (Bolger et al., 2014). Kraken and the Silva
SSU rRNA Ref NR 99 database (release 123) were used to filter reads
matching 18S sequences (Quast et al., 2013; Wood and Salzberg, 2014).
Kallisto and Sleuth were used to match, count and perform relative
abundance analysis for reads against the Silva 18S database (Bray et al.,
2016; Pimentel et al., 2017). RNA yields in some of the CEWAF and
DCEWAF samples were low.

Each 18S sequence in the Silva database was identified with an

accession code and a hierarchical taxonomic identification. All
Metazoa, Embryophyta, and non-Eukaryota sequences were removed
from the analyses. The taxonomic identification in Silva is hierarchical
but the identifications do not all have the same number of levels in the
hierarchy so the phylum, order, or class, for example, are not readily
extracted. Where possible we used the taxonomic hierarchy found in
the World Registry of Marine Species (WoRMS, marinespecies.org) in
2016/17. The genus and species name for each taxon in the Silva da-
tabase (the last entry in the hierarchy) was used to search WoRMS. A
variety of secondary sources were used to identify the taxonomic
hierarchy for taxa without a match in WoRMS including the Global
Names Index (GNI), the Pan-European Species Infrastructure (PESI), the
Paleobiology database (Paleo), and Wikipedia/Wikispecies. The auto-
matic search for all taxa was performed using lifewatch.be on December
31 2016 using WoRMS, GNI, PESI, and Paleo.

2.4. Microscopic identification

A 100mL sample was taken from each tank after 72 h and settled for
24 h in an Utermohl chamber (Combined Plate Chamber, Hydro-Bios,
Germany) fitted with a 100mL cylinder. The plate was then placed
under an inverted light microscope (Motic AE31, BC, Canada) for
phytoplankton identification using the ×40 magnification.
Phytoplankton observed on the plate were identified to genus level
whenever possible using the identification key by Tomas (Tomas,
1997). The presence of aggregates and their associated phytoplankton,
if present, were noted. The first 100 cells (or up to 20 fields of view if
there were fewer than 100 cells) were identified in each sample.

2.5. EPS and TEP measurements

EDTA-extractable EPS was measured in each tank at the end of the
mesocosm (72 h after the start of the experiment). EPS in the suspended
particulate matter (SPM) and colloidal fraction (3 kDa- 0.4 μm) were
measured and expressed as the sum of neutral sugar, uronic acid, and
protein concentrations of these two fractions (Xu et al., 2011). More
specifically, SPM was collected by filtering 1–2 L of seawater from each
tank through a 0.4 μm polycarbonate membrane, and the particles re-
tained on the membrane were extracted with 1% EDTA at 4 °C for 3 h
on an orbital shaker at 150 rpm. The excess EDTA and salts were then
removed by ultrafiltering the extractant through an Amicon Ultra-15
centrifugal filter unit with an ultracel-3 membrane (Millipore, 3 kDa).
EPS in the colloidal fraction was directly purified (without EDTA ex-
traction) by ultrafiltering the<0.4 μm fraction through an Amicon
Ultra-15 centrifugal filter unit. Neutral sugar content was determined
with the anthrone method, with glucose as the standard (Yemm and
Willis, 1954). Protein concentrations were measured with Pierce BCA
protein assay, with bovine serum albumin (BSA) as the standard (Smith
et al., 1985). Analysis of uronic acids was carried out by adding sodium
borate (75mM) in concentrated sulfuric acid and m-hydroxydiphenyl,
with glucuronic acid as the standard for this assay (Blumenkrantz and
Asboe-Hansen, 1973). Total EPS production in the water column was
reported as the sum of protein, carbohydrates and uronic acid con-
centrations in suspended and colloidal particles.

Samples for measuring TEP were collected every 12 h and measured
according to Passow and Alldredge (1995). For each tank triplicate
samples were gently filtered onto a 0.4 μm polycarbonate filter and
stained with a pre-filtered, calibrated Alcian Blue (AB) solution (0.5 g
AB and 1.5 mL acetic acid in 50mL deionized water). Filtered volume
varied depending upon the amount of suspended particles (80–120mL),
and was adjusted to maximize the amount of material captured while
minimizing filter clogging. Filters were rinsed with deionized water
before being stored at −20 °C. To quantify TEP, each filter was acid-
ified with 80% H2SO4 for 4 h and the absorbance of the resulting so-
lution was measured on a spectrophotometer at 787 nm. Measurements
were calibrated against a Gum Xanthan standard, meaning TEP
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concentration is expressed as μg Xanthan equivalent (Xeq.) per liter.
The presence of Corexit interferes with the Alcian Blue staining,

resulting at times in artificially elevated values of “TEP”. No consistent
correction factor could be developed, because it appears that binding of
Corexit to TEP depends on the presence of DOM, its quality and
quantity. Thus, no TEP values are presented for DCEWAF, but a qua-
litative evaluation based on our measurements and tests is given.
Measurements in CEWAF treatments, were not attempted because
previous work showed that the high Corexit concentrations in these
treatments led to significant measurement artifacts.

2.6. Particle counts

A 20mL sample was taken from each mesocosm tank every 24 h,
and immediately analyzed using a Coulter counter (Beckman-Coulter,
Z2) fitted with a 100 μm aperture. Particle concentrations were mea-
sured in three size fractions; 5–10 μm, 10–20 μm and 20–50 μm. The
particle coincidence at the aperture was monitored to ensure it re-
mained below 5%. Particle coincidence is an instance of more than one
particle entering the aperture simultaneously, which can underestimate
particle counts. Samples where particle concentrations were high en-
ough to cause particle coincidence of> 5% were diluted with filtered
seawater (0.2 μm, nylon), and only ever happened in CEWAF tanks.

2.7. Statistical analysis

A one-way repeated measures ANOVA was conducted to compare
the effects of oil treatment on chlorophyll, Fv/Fm, σPSII, ρ, and rETRmax

using the ‘psycho’ package in ‘R’ (v 3.5.1). Post-hoc comparisons using a
contrast analysis were conducted, and p-values were adjusted using the
Bonferroni procedure to account for multiple comparisons. A summary
of the p-values for each between-treatment comparison for each phy-
siological parameter is presented in Table 3.

3. Results

3.1. Oil concentrations

Estimated oil equivalents (EOE) were used to determine the starting
oil concentration in the WAF, CEWAF and DCEWAF mesocosm tanks.
They were 0.29 (± 0.02) mg L−1, 8.13 (± 0.56) mg L−1, and 81.06
(± 11.83) mg L−1, respectively with 0.41 (± 0.0) mg L−1 measured in
the controls (Table 1). These concentrations declined exponentially
over the 72 h mesocosms following first-order kinetics (see Wade et al.,
2017 for details) so that the concentrations at the end of the experiment
were 0.026 (± 0.00) mg L−1, 1.84 (± 0.65) mg L−1, and 19.83
(± 0.75) mg L−1, in the WAF, CEWAF and DCEWAF mesocosm treat-
ments respectively (Table 1).

3.2. Phytoplankton biomass and photophysiology

The trends in chlorophyll a concentration over time showed three
distinct responses in the treatments (Fig. 1). Chlorophyll concentrations
in the control and WAF treatments increased over time, reaching their
peak at 60 h, with final concentrations at 72 h of 1.81 and 1.96 μg L−1

respectively. In the DCEWAF treatment, chlorophyll concentrations
initially increased at 12 h, but from 24 h onwards, remained stable
(< 1 μg L−1) and had a final concentration of 0.57 μg L-1 after 72 h.
There were no significant differences in chlorophyll concentrations
observed between Control, WAF and DCEWAF tanks (Table 3). Chlor-
ophyll was not detectable in the CEWAF treatment after 24 h; the
fluorescence intensity was at the detection limit and around the same
value as that of the blank (CEWAF media made with filtered seawater).

Trends in PSII quantum yield (Fv/Fm) followed a similar pattern to
chlorophyll (Fig. 2). In both control and WAF treatments, Fv/Fm in-
creased over time to>0.6 at 72 h, and there was no significant dif-
ference between these two treatments (Table 3). In the DCEWAF
treatment, Fv/Fm started increasing at 24 h, but by 48 h it began de-
creasing to a final value of ∼0.35. From 48 h onward, the CEWAF
treatment no longer produced reliable variable fluorescence signals,
consistent with chlorophyll concentrations falling below the detection
limits.

PSII antenna size (σPSII) was highly constrained within treatments
for the duration of the mesocosm experiment (Fig. 2), and ranged be-
tween 150-200 Å2 (quanta)−1 across all treatments except for CEWAF,
where PSII antenna size was 2-fold higher. The PSII connectivity factor
(ρ) fluctuated between 0.3 and 0.55 over the 72 h time course in all the
treatments, except for CEWAF (Fig. 2). In the CEWAF tanks, the con-
nectivity factor remained below 0.25, except for the final time point.
Here, it increased to 0.4, but given the high degree of standard error
associated with this time point, it is not likely this represents a real
recovery in PSII connectivity. Both σPSII and ρ showed no significant
difference between Control, WAF and DCEWAF (Table 3).

Relative electron transfer rates (rETRmax) mirrored the trends in
chlorophyll and Fv/Fm (Fig. 3). rETRmax increased over time in both
Control and WAF treatments to ∼125 μmol electrons m−2 s-1 by 72 h,
and there was no significant difference between these two treatments
(Table 3). rETRmax in the DCEWAF treatment remained stable, but an
order of magnitude less than Control and WAF values, ranging between
10–25 μmol electrons m−2 s−1 over the 72 h experiment. The rETRmax

values in CEWAF tanks were near detection limits (< 1) of the instru-
ment.

3.3. Eukaryote microbial community structure

The Control and WAF tanks had similar microbial eukaryotic com-
munity composition and differed substantially from the CEWAF and
DCEWAF tanks (Fig. 4). The Control and WAF tanks were dominated by
the Bacillariophyta (diatoms) (52 and 56% relative abundance, re-
spectively) while the CEWAF and DCEWAF tanks were dominated by
Euglenozoa (51 and 84% relative abundance, respectively). Skeletonema
spp. represented 17 and 23% of the relative abundance in the Control
and WAF tanks, respectively. Other diatom genera that made up more
than 0.5% of the relative abundance in both the Control and WAF tanks
include: Thalassiosira, Porosira, and Cyclotella. Heterotrophic bi-
flagellated bodonids, including Neobodo, dominated the Euglenozoa in
the CEWAF and DCEWAF tanks. Other groups high in relative abun-
dance in both the Control and WAF tanks included the Basidiomycota
fungi (12 and 14% of the relative abundance, respectively), Oomycota
or water molds (9 and 10%), Chlorophyta or green algae (2.9 and
3.0%), and the Dinophyceae or dinoflagellates (1.9 and 1.8%). The
Control tanks were higher in relative abundance in Amoebozoa (13 vs.
0.3%) than the WAF tanks. Relative to the CEWAF tanks, the DCEWAF
tanks were higher in relative abundance by an order or magnitude or
more in Bigyra and Chrysophyceae and lower in relative abundance by

Table 1
Summary of the EOE (estimated oil equivalency, mg L−1), Fv/Fm (dimension-
less), chlorophyll a (Chl-a, μg L−1) total EPS production (extracellular poly-
meric substances, mg L−1) and EPS protein:CHO in each treatment after 72 h.
Values are means with standard error in brackets, except for EPS data where
replicates were pooled and values have a 15% margin of error. N/A indicates
values were below detection limits.

Treatment EOE
(Start)

EOE (End) Fv/Fm Chl-a Total EPS Protein:CHO

Control 0.041
(0.00)

0.007
(0.00)

0.691
(0.09)

1.81
(0.89)

0.540 1.27

WAF 0.29
(0.02)

0.026
(0.00)

0.665
(0.02)

1.96
(0.87)

0.550 1.27

DCEWAF 8.13
(0.56)

1.84
(0.65)

0.321
(0.02)

0.57
(0.06)

0.572 1.48

CEWAF 81.06
(11.83)

19.83
(0.75)

0.047
(0.02)

N/A
(—)

2.23 2.35
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more than an order or magnitude in the Amoebozoa. Many of dominant
Chrysophyceae genera identified, for example Paraphysomonas, were
heterotrophic. Amphidinium was the dominant dinoflagellate genus
identified in the mesocosms and Nannochloris and Picochlorum were the
dominant green algae genera identified in the CEWAF tanks.

The major photosynthetic eukaryotes in the mesocosms (with>
0.5% relative abundance in any treatment) belonged to the diatoms,
green algae, and dinoflagellate groups. Only the diatoms are strictly
autotrophic, the green algae and dinoflagellates include mixotrophic
and heterotrophic species. In total, these taxonomic groups constituted
56 and 61% of the relative abundance of the 18S signal in the Control
and WAF tanks, respectively, and 16 and 7% of the relative abundance
in the CEWAF and DCEWAF tanks, respectively. Diatoms were 92%,
dinoflagellates 3% and green algae 5% of the relative abundance of the
primarily photosynthetic groups in both the Control and WAF tanks,
74%, 7% and 20% in the CEWAF tanks, and 39%, 10% and 51% in the
DCEWAF tanks.

A total of 12 diatom genera were identified microscopically across
all mesocosm tanks, and are summarized in Table 2. The most genera
were observed in the Control tanks, with 11 of the 12 occurring in these
tanks, and 4 unique to the Controls (Coscinodiscus, Thalassiosira, Ste-
phanopyxis and Thalassionema). The large pennate diatom genus Lioloma
was uniquely observed in DCEWAF tanks. A total of 4 genera were
observed in all treatments; Chaetoceros, Pseudo-nitzschia, Skeletonema
and Navicula. The dominance of diatoms in the mesocosm communities
was a consistent outcome of both the molecular and microscopic ana-
lyses. The microscopic approach identified several genera abundant to
the GOM.

3.4. EPS, TEP and particle size distribution

Total (particle associated plus colloidal) EDTA-extractable EPS
concentration was highest in CEWAF tanks (2.23mg L−1), and similar
in all other treatments (∼0.55mg L−1) at the end of the mesocosm
experiment (Table 1). The protein:CHO ratio in the EDTA-extractable
EPS of the CEWAF treatments was higher than in other treatments.

Total TEP concentration was consistently higher in WAF compared
to Control treatments (Fig. 5), increasing slightly over time in the WAF
treatment and decreasing over time in the Control treatment, until
during the last twelve hours when TEP concentrations in the WAF

treatment dropped to levels similar to those in the controls. Measured
“TEP” values in DCEWAF were more than twice as high as in the
Control, and 1.5 times higher than in WAF. We do not know exactly
which fraction of these higher “TEP” values were due to artifacts caused
by the interference of Corexit with the method, but methodological test
suggest that the interference in DCEWAF treatments were small.

Marine snow and marine oil snow accounted for the largest
(> 0.5 mm) and most visible particles in all treatments. Herein, we
examined the smaller particulate material (< 100 μm) associated with
EPS, TEP and other aggregation behavior (see Quigg et al., 2016 for
descriptions and definitions). Temporal development of particle con-
centrations varied by treatment, as did the relative contribution of
specific size classes (Fig. 6). Over time the CEWAF and DCEWAF tanks
were characterized by a decrease in the smallest size fraction (5–10 μm)
and an increase in the larger fraction (10–20 μm and 20–50 μm), with
an overall decrease in total particle concentrations. Total particles
concentrations in the control and WAF increased over time, as do
particle concentrations in the smallest size fraction, while the larger
size fraction decreased.

4. Discussion

4.1. Impact of oil and Corexit-dispersed oil on photophysiology

As a result of the DwH incident, phytoplankton were exposed to oil
and oil-dispersant mixtures in the GOM. While there are many studies
examining the response of bacterial communities, few studies have
focused on phytoplankton (Parsons et al., 2015). In many algal oil
studies, an examination of the response of the photophysiological ap-
paratus is absent. In our study, the phytoplankton community was
particularly robust to oil exposure in WAF treatments, showing no
significant differences in photophysiology relative to the Control
treatment. Both of these treatments exhibited an increase in Fv/Fm with
time. Changes in Fv/Fm can be caused by increased light availability,
changes in nutrients, and shifts in taxonomic and size structure
(Gorbunov et al., 2001; Moore et al., 2008; Suggett et al., 2009). Light
limitation occurs in the northern GOM due to heavy particulate loading
from the Mississippi and Atchafalaya Rivers, which reduces light pe-
netration in the water column (Quigg et al., 2011). Alleviation of light
limitation in both Control and WAF tanks would not be surprising given

Fig. 1. Chlorophyll a (μg L−1) in control, WAF, DCEWAF and CEWAF tanks over 72 h. Missing values indicate time points where measurements fell below detection
limit (only occurred in CEWAF tanks). Error bars are +/- standard error (n=3).
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the turbid nature of coastal waters off the coast of Louisiana where the
seawater for this experiment was collected (Rowe and Chapman, 2002).
Further, the addition of nutrients at the start of the mesocosm experi-
ment could also explain the overall increase in Fv/Fm observed in the
Control, WAF, and to a smaller extent the DCEWAF tanks. Despite
significant nitrogen loading by the Mississippi River in the spring,
phytoplankton in the northern GOM can be frequently found to be ni-
trogen and/or phosphate limited (Quigg et al., 2011), therefore it is

possible that nutrient addition had some effect on the temporal trend of
Fv/Fm.

In contrast to the WAF and control treatments, the chemically dis-
persed oil (CEWAF, DCEWAF treatments) had clear detrimental effects
on the health of the microalgae, visible in terms of both biomass and
photosynthesis responses. In the CEWAF treatment, Fv/Fm reached the
detection limit for the FIRe fluorometer after 48 h, indicating that this
treatment was lethal (EOE=81.06mg L−1). The DCEWAF treatment
(EOE=8.13mg L−1) depressed both Fv/Fm and rETRmax to levels
below those of the Control and WAF treatments by 72 h, suggesting that
photosynthesis was slowed or became more inefficient. However, both
PSII antenna size and connectivity factor did not significantly differ
from control and WAF tanks, which would suggest that PSII in the
DCEWAF-treated phytoplankton either retained functionality or was
repaired at a very fast rate. Additionally, the seawater in both the
CEWAF and DCEWAF treatments was more opaque due to the higher oil
concentration, and could have limited light penetration in these tanks,
and thus altered Fv/Fm.

Based on these results, we hypothesize that exposure to chemically
dispersed oil causes some interruption to photosynthesis. Dispersant
application enhances the solubility of polycyclic aromatic hydrocarbons
(PAHs) and increases their concentration in the water column (Yamada
et al., 2003). PAHs are known to be toxic to many aquatic organisms
such as fish (Ramachandran et al., 2006; Carls et al., 2008) and zoo-
plankton (Almeda et al., 2013). Some PAHs such as anthracene may
degrade into quinones that can influence electron transfer chains
(Hammel, 1995). Exposure to anthracene causes decreased ETRmax and
inhibition of electron flow in the alga Chlamydomonas reinhardtii
(Aksmann and Tukaj, 2008), and benzoquinones (similar to the pho-
todegradation products of some PAHs) can oxidize the plastoquinone
pool (Srivastava et al., 1995). While the degradation of PAHs such as
anthracene was not monitored, the bacterial community in the
DCEWAF tanks were enriched with OTUs belonging to a group of
known PAH-degraders (Doyle et al., 2018).

It is unlikely that anthracene, or any products of its degradation,
interact directly with PSII. Instead, these compounds likely cause
membrane damage that results in proton leakage from the thylakoid
(Aksmann et al., 2011). Work on the model diatom Thalassiosira pseu-
donana has shown that a variety of PAHs can cause membrane damage
(Bopp and Lettieri, 2007; Carvalho et al., 2011). Additionally, when the
pennate diatom Phaeodactylum tricornutum was exposed to WAF and
CEWAF in a previous study, it showed signs of membrane damage in the
CEWAF only (Hook and Osborn, 2012). When exposed to WAF, CEWAF,
and DCEWAF, a decline in Fv/Fm is only observed in the dispersed oil
treatments in a variety of phytoplankton (Bretherton et al., 2018),
consistent with the present study. Thus, membrane damage through
PAH exposure could explain why Fv/Fm and rETRmax declined in the
DCEWAF tanks and not in those treated with WAF.

Given that we worked at concentrations of WAF and (D)CEWAF
which were likely present after the spill (Wade et al., 2013; Sammarco
et al., 2013), these findings can also help us to understand the short
term impacts of oil and dispersant exposure on phytoplankton phy-
siology. Given their pelagic nature and high turnover times, direct
detrimental effects to GOM phytoplankton in the long-term would not
be expected. However, as phytoplankton physiology indirectly affects
aggregation and sedimentation events through mass die-offs, these
short-term perturbations could still have long-term consequences for
the export and fate of oil. Nonetheless, more work needs to be per-
formed to develop a clearer understanding of these phenomena.

4.2. Impact of oil and Corexit-dispersed oil on community composition

Changes in fluorescence signals from natural phytoplankton com-
munities can also be indicative of changes in community composition
(Suggett et al., 2009). Typically, Fv/Fm values are high and σPSII values
are low in well-mixed coastal environments that are dominated by

Fig. 2. Quantum yield (Fv/Fm), PSII antenna size (σPSII, Å2 (quanta)−1) and PSII
connectivity factors (ρ, dimensionless) measured in control, WAF, DCEWAF and
CEWAF tanks over 72 h. Missing values indicate time points where the fluo-
rometer was unable to fit value (only occurred in CEWAF). Error bars represent
+/- standard error (n=3). Data points at -24 h indicate measurements made
on the seawater before WAF/CEWAF production began.
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diatoms (Moore et al., 2005), consistent with the heavily diatom
dominated communities found in the Control and WAF tanks (Fig. 4,
Table 2). A decline in Fv/Fm and increase in σPSII can be characteristic of
waters dominated by smaller flagellates (Aiken et al., 2004), as ob-
served in the CEWAF and DCEWAF tanks (Fig. 4). However, the Eu-
glenozoa in these treatments were mostly represented by the hetero-
trophic bodonids (Von Der Heyden et al., 2004), and would not
contribute to the fluorescence signal. In both the Control and the WAF
tanks, phytoplankton (diatoms, dinoflagellates and green algae) made
up over half the eukaryote community, and were dominated by dia-
toms, while in the CEWAF and DCEWAF communities diatoms

contributed only 16% and 7%, respectively. In the latter two treat-
ments, diatom relative abundance decreased, while both the dino-
flagellates and green algae increased. These results are typical of me-
socosm studies, where WAF exposure often results in no change or an
increase in the relative abundance of diatoms (González et al., 2009;
Jung et al., 2012; Özhan and Bargu, 2014), whereas chemically dis-
persed oil treatments frequently lead to a decline in the diatom popu-
lation, and an increase in dinoflagellates, green algae and other fla-
gellated eukaryotes (Gilde and Pinckney, 2012).

Four diatom genera were identified from microscopy samples in all
treatments; Chaetoceros, Skeletonema, Navicula and Pseudo-nitzschia

Fig. 3. Relative maximum electron transfer rates (rETRmax, μmol photons m−2 s-1) obtained from rapid light curves in control, WAF, DCEWAF and CEWAF tanks over
72 h. Rapid light curves were taken every 24 h. Error bars represent +/- standard error (n = 3).

Fig. 4. Percent relative abundance of the of the top 10 microbial eukaryotic groups across treatments after 72 h of exposure.
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(Table 2). These genera typically contribute significantly to GOM
phytoplankton communities (Strom and Strom, 1996; Macintyre et al.,
2011). The oil responses of these genera have also been studied in
mesocosm experiments, which have shown varied, species-specific re-
sults (see Ozhan et al., 2014a for a summary). For example, a previous
study found that Corexit-dispersed oil caused a dramatic increase in the
relative abundance of Chaetoceros septentrionalis (15.5% in Control to
65–70% in treated tanks), but had a negative effect on S. costatum (25%
in Control to< 1% in treated tanks) (Siron et al., 1996). In another
mesocosm experiment, Chaetoceros diadema only became dominant in
tanks treated with just oil, and was out-competed by other diatoms in
the dispersed oil treatments, while Skeletonema. cf. marinoi’s relative
abundance declined in all treatments, even the Control (Jung et al.,
2012). Interestingly, there was a bloom of Skeletonema (of unknown
species) in the GOM after the spill was over (August/ September 2010),
identified through sediment traps (Yan et al., 2016). These diverse re-
sponses suggest that the response to oil and dispersed oil are species-
specific, and therefore the changes in diatom genera observed in our
mesocosm experiment are likely dictated by the representative species
that were present in the starting community for each genus.

The diatom genus Pseudo-nitzschia was observed in all treatments in
this mesocosm study (see Table 2). Little has been published on the oil
tolerance of Pseudo-nitzschia. In a mesocosm experiment using phyto-
plankton from the GOM, it consistently became the dominant pennate
diatom genus in WAF with EOE concentrations ranging from 2.5 to
5.2 mg L−1, and its abundance increased further with nutrient enrich-
ment (Ozhan and Bargu 2014). Following the DwH spill, Pseudo-nitz-
schia spp. abundance did not fluctuate from its pre-spill baseline
(Parsons et al., 2015).

Pseudo-nitzschia blooms in the GOM typically occur in spring con-
ditions when Si:N ratios are low (Parsons et al., 2013) as it is a lightly
silicifying diatom (Sommer, 1994). Pseudo-nitzschia may produce the
neurotoxin domoic acid (Bates et al. 1989), and toxic blooms of Pseudo-
nitzschia do occur in the GOM (Dortch et al. 1997, Liefer et al. 2009,
Parsons et al., 2013). Off the coast of Alabama, Pseudo-nitzschia blooms

were found to be a result of increased dissolved inorganic carbon and
salinity, and decreased silica concentrations that favored a change in
phytoplankton community composition: Pseudo-nitzschia dominated,
and co-occurred with Chaetoceros and Skeletonema (Macintyre et al.,
2011). Conditions that promote the growth of Pseudo-nitzschia could
increase the likelihood of toxic blooms occurring in the GOM.

Top-down control from grazing could also be a contributing factor
to changes in phytoplankton community composition since zoo-
plankton were not excluded from the experiment due to logistical
constraints. Oil and dispersant exposure can be very detrimental to
zooplankton mortality and diversity (Almeda et al., 2013, 2014b), and
can impair the swimming ability of some taxa such as copepods (Cohen
et al., 2014). While grazing rates were not measured, observations from
microscopy and the 18S data suggest that grazers did not make up a
significant portion of the eukaryote community.

4.3. Diatom aggregate formation

Diatoms are known to form large (> 0.5mm) aggregates (Beers
et al., 1986; Alldredge and Gotschalk, 1989) and produce TEP (Passow
et al., 1994; Claquin et al., 2008). Marine snow sized diatom ag-
gregates, which scavenge dispersed and dissolved oil from the water,
lead to the formation of MOS, as observed following the DwH spill
(Passow et al., 2012, 2017; Yan et al., 2016). It is estimated that 4–31%
of DwH oil was exported to the sediment via sinking MOS (Chanton
et al., 2015; Daly et al., 2016). In our study, TEP production was higher
in the WAF treatment relative to the Control treatment, indicating that
TEP production may be a common response of diatoms to WAF ex-
posure. While we were unable to accurately measure TEP in the
DCEWAF treatments, our data does suggest that TEP concentrations
were elevated compared to WAF. Other evidence suggests that ag-
gregation was indeed elevated in both CEWAF and DCEWAF treat-
ments.

In the DCEWAF and CEWAF tanks total particle concentrations
declined over time, but the concentration of particles in the largest size
fraction (10–50 μm) increased, suggesting that smaller particles may
have aggregated. The Coulter counter data can only sample small ag-
gregates (≤ 50 μm), and our sampling scheme would have precluded
the identification of marine snow sized aggregates. However, as ag-
gregation theory elucidates, large aggregates form through successive
collisions of smaller aggregates, and the appearance of such micro-ag-
gregates is a required first step towards the formation of marine snow
sized, sinking aggregates (Jackson and Burd, 1998). The TOC content of
material collected from the bottom of these tanks at the end of the
experiment was consistently higher in the CEWAF treatments compared
to controls and WAF treatments (see Kamalanathan et al., 2018), sug-
gesting much more aggregation occurred. Low PSII electron transport
capacity and efficiency, formation of micro-aggregates and the ap-
pearance of marine snow sized aggregates in the DCEWAF and CEWAF
treatments all suggest that the presence of Corexit-dispersed oil led to
decreased phytoplankton health associated with increased aggregation.

In contrast, increased particle concentrations in the Control and

Table 2
Diatom genera identified in each treatment across all replicates under an in-
verted light microscope. Samples were taken after 72 h of exposure in meso-
cosm tanks.

Control WAF DCEWAF CEWAF

Centric Chaetoceros Chaetoceros Chaetoceros Chaetoceros
Skeletonema Skeletonema Skeletonema Skeletonema
Coscinodiscus
Thalassiosira

Pennate Navicula Navicula Navicula Navicula
Pseudo-nitzschia Pseudo-nitzschia Pseudo-nitzschia Pseudo-nitzschia
Cylindrotheca Cylindrotheca Cylindrotheca
Nitzschia Nitzschia Nitzschia
Synedra Synedra Synedra
Stephanopyxis
Thalassionema

Lioloma

Table 3
Output of repeated-measures ANOVA with contrast analysis for chlorophyll, Fv/Fm, σPSII, ρ and rETRmax over time. P-values have been adjusted using the Bonferroni
method; * indicates where p is 0.01 – 0.05, ** where p is 0.001 – 0.01, and *** where p is less than 0.001.

P-value

Comparison Chlorophyll Fv/Fm σPSII ρ rETRmax

Control –WAF 1.000 1.000 1.000 1.000 1.000
Control – CEWAF 0.042 (*) 0.000 (***) 0.002 (**) 0.000 (***) 0.000 (***)
Control – DCEWAF 1.000 0.002 (**) 1.000 0.490 0.002 (**)
WAF –CEWAF 0.091 0.000 (***) 0.001 (***) 0.000 (***) 0.000 (***)
WAF – DCEWAF 1.000 0.003 (**) 1.000 1.000 0.003 (**)
CEWAF – DCEWAF 0.226 0.008 (**) 0.001 (***) 0.000 (***) 1.000
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WAF treatments was largely driven by increases in the smallest size
fraction (Fig. 6), and was likely due to higher rates of cell division given
the trends in chlorophyll a concentration, Fv/Fm and rETRmax over time.
We thus suggest that particle dynamics in Control and WAF treatments
were dominated by growth in the smallest size fraction, while in
DCEWAF and possibly CEWAF changes in particle size distributions
were dominated by aggregation. Enhanced aggregation in the presence
of Corexit-dispersed oil appears to directly contradict results from
rolling tank experiments that showed an inhibitive effect on MOS for-
mation in treatments containing Corexit and oil, because the Corexit
dispersed the TEP (Passow et al., 2017). In contrast to the mesocosm

experiments presented here, oil and Corexit were added directly to
rolling tanks, rather than first making CEWAF which was added to
phytoplankton. Interactions between Corexit and EPS that control TEP
formation depend on exposure and concentration. Aggregation of dia-
toms is highly species specific (Crocker and Passow, 1995), and ag-
gregate sinking velocity depends – among other things - on aggregate
composition, density and packaging (Ploug et al., 2008; Iversen and
Ploug, 2010). Hence, community shifts caused by oil and/or dispersant
exposure impact not only the rate of aggregate formation, but also
aggregate sinking velocities, and thus how effectively those aggregates
may export oil through the water column.

Fig. 5. Transparent exopolymeric particles (TEP, μg Xeq. L−1) measured in control and WAF tanks over 72 h. Data was not collected for DCEWAF and CEWAF.

Fig. 6. Log10 particle density in three size fractions (5–10 μm, 10–20 μm, and 20–50 μm) over time in Control, WAF, DCEWAF and CEWAF tanks, collected using a
Coulter counter. Error bars are +/- standard error (n=3).
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4.4. Conclusions and outlook

Studies on the base of the food web such as this are important to
understanding the consequences of oil spills and dispersant application
to higher trophic levels. We see the largest negative effects on the
phytoplankton communities in the treatments that included Corexit in
addition to oil (CEWAF and DCEWAF), with fewer effects observed in
oil-only treatments (WAF). This is in agreement with previous tox-
icological studies on phytoplankton and crude oil (Hook and Osborn,
2012; Jung et al., 2012; Özhan and Bargu, 2014; Bretherton et al.,
2018). Photophysiological evidence suggests that the CEWAF and
DCEWAF treatments may negatively affect the electron transport chain.
This is more likely to be a result of oxidation of the plastoquinone pool
rather than direct disruption of photosystem II. The treatment effects
appear to be species-specific, leading to changes in phytoplankton
community and size structure, which may have influenced TEP pro-
duction and rates of aggregation. While it is known that there were
phytoplankton blooms following the DwH spill (Yan et al., 2016; Hu
et al. 2011), it remains unknown if long-term changes occurred in
phytoplankton communities of the GOM. Changes in phytoplankton
may have been transient and the negative effects offset by a decrease in
predation (Abbriano et al., 2011). However, transient changes in phy-
toplankton may have cascaded up the food web through bioaccumu-
lation (Almeda et al., 2013, 2014a) and may change oil distribution by
causing sedimentation events.
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