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Effects of Dissolved Organic Carbon, Ultraviolet Light and their
Co‐Exposure onDeepwater Horizon crude oil acute toxicity
to larval red drum (Sciaenops ocellatus)
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Abstract: In the aquatic environment, ubiquitous natural factors such as ultraviolet light (UV) and dissolved organic carbon
(DOC) are likely to influence crude oil toxicity. The present study examined the interactive effects of DOC, UV, and
DOC–UV co‐exposure on the acute toxicity of Deepwater Horizon crude oil in larval red drum (Sciaenops ocellatus).
Although DOC alone did not influence crude oil toxicity, it mildly reduced UV photo‐enhanced toxicity. Environ Toxicol
Chem 2020;39:2509–2515. © 2020 SETAC
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INTRODUCTION
In the 10 yr since the Deepwater Horizon oil spill, much has

been learned regarding the toxicity of crude oil exposures to
the early life stages (ELS) of teleost fishes (see Pasparakis,
et al. 2019, for a recent review). This includes, for example, a
better understanding of the effects of oil weathering and the
relative toxicity of constituent polycyclic aromatic hydrocarbons
(PAHs), the combined effects of oil and chemical dispersant
application, and the influence of natural factors such as ultra-
violet light (UV), temperature, and hypoxia on crude oil toxicity
(Alloy et al. 2016, 2017; Langdon et al. 2016; Bridges et al.
2018a; Mager et al. 2018; Rodgers et al. 2018; Greer et al.
2019). Given its virtually ubiquitous presence in near‐surface
aquatic environments, UV has been shown to be among the
most significant of these factors; it has greatly exacerbated
crude oil toxicity to ELS fishes by up to approximately 10‐fold
(Alloy et al. 2016, 2017; Stieglitz et al. 2016). There are
2 mechanisms by which UV elicits photo‐enhanced toxicity:
photo‐sensitization and photo‐modification (Arfsten et al. 1996;
Diamond et al. 2006; Roberts et al. 2017). Organisms that lack
pigmentation, as in some fish embryos/larvae, are more sensi-
tive to photo‐sensitization where the UV penetrates the or-
ganism and interacts with accumulated PAHs. This interaction

induces oxidative stress, oxidation of biomolecules, and tissue
damage due to the generation of reactive oxygen species and
free radicals. During photo‐modification, UV interacts directly
with PAHs in the aquatic (or external) environment by modifying
them into more toxic compounds prior to bioaccumulation.

Whereas enhanced crude oil and PAH toxicity to marine
organisms during UV exposure is well characterized, far less
attention has been paid to the potential interactive effects of
another ubiquitous factor in aquatic environments, dissolved
organic carbon (DOC). From the limited number of studies in-
vestigating the topic, the majority have focused on freshwater
environments using single PAHs and/or a single type of DOC
(i.e., humic acid) as a surrogate, although both occur in the
natural environment as complex mixtures. Some of these
studies have shown a decrease in PAH toxicity in the presence
of DOC (Haitzer et al. 1998; Weinstein and Oris 1999; Haitzer
et al. 2001), although others have reported an increase in PAH
bioaccumulation (Matsuo et al. 2006; Li et al. 2018) or no effect
on PAH uptake (Akkanen et al. 2001). Because of this focus on
freshwater environments, individual PAHs, and the use of
humic acid as a surrogate for DOC, the potential mitigating or
enhancing effects of DOC on the toxicity of complex crude oil
mixtures to fish inhabiting marine environments, such as the
Gulf of Mexico, remain largely unknown.

To complicate matters further, the influences of DOC and UV
and their interactive effects on crude oil toxicity are likely influ-
enced by the quality and quantity of DOC present (Haitzer
et al. 1998, 1999). In terms of quality, DOC can be characterized
as originating from primarily allochthonous or autochthonous
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sources (Millero 2005). Allochthonous DOC originates from the
breakdown of terrestrial detritus and is thus typical in freshwater,
estuarine, and other near‐shore environments (Millero 2005). On
the other hand, autochthonous DOC originates from resident
sources within the water and is thus more typical of pelagic
marine environments (Millero 2005). In terms of DOC quantity,
concentrations vary with salinity, depth, and temperature within
the marine environment. Typical concentrations range between
0.3 and 2mg/L (with an average of 1mg/L) in shallow seawater
and between 4 and 10mg/L within estuaries (Thurman 2012).
During UV exposure, DOC undergoes a variety of photo-
chemical changes, including photochemical degradation of
humic substances (Allard et al. 1994) and photochemical oxi-
dation of chromophoric dissolved organic matter (CDOM;
Powers and Miller 2015); both processes are significant in terms
of the loss of DOC from the environment. In addition, DOC is an
important component in the water column for attenuating UV
penetration (Roberts et al. 2017), and the DOC attenuation ca-
pacity varies with its concentration and its physiochemical
characteristics. Factors contributing to variability in DOC con-
centrations and its complexation properties with other chemicals
could have important ramifications for the bioavailability and
toxicity of crude oil constituents, and these effects likely vary
among different aquatic environments.

Red drum (Sciaenops ocellatus) is an ecologically and eco-
nomically important fish species of the Gulf of Mexico that is
very sensitive to crude oil exposure, especially if exposed
during the ELS (Alloy et al. 2017; Xu et al. 2017). They spawn
along the Gulf coast and produce transparent, positively
buoyant embryos that develop relatively quickly and hatch at
approximately 1 d post fertilization (Wilson and Nieland 1994).
Thus, larvae and juvenile red drum are mostly found in shallow
near‐shore waters and estuaries (Wilson and Nieland 1994)
where there is high potential for UV exposure and allochtho-
nous sources of DOC are likely to dominate. The present
study investigated the effects of UV, DOC, and DOC–UV co‐
exposure on the acute toxicity of Deepwater Horizon crude oil
to ELS red drum using Suwannee River natural organic matter
(NOM) as a representative source of allochthonous DOC.
Characterizing the interactive effects of DOC, UV, and crude oil
in this manner will facilitate a more context‐dependent evalu-
ation of potential short‐ and long‐term outcomes of future oil
spills and therefore aid in prioritizing response efforts.

MATERIALS AND METHODS
Test organisms

Red drum larvae were obtained from volitional spawns
by a standing broodstock at the Texas Parks and Wildlife
Department Fish Hatchery (Corpus Christi, TX, USA). All larvae
were at approximately 24 h post fertilization (hpf) at the start of
all tests.

Test solutions
The present study used slick oil (hereafter termed Slick A)

collected from surface skimming operations in the Gulf of

Mexico following the Deepwater Horizon oil spill. Slick A was
collected on 29 July 2010 from the hold of barge CTC02404
and was previously used in photo‐enhanced toxicity testing
performed during the Deepwater Horizon Natural Resources
Damage Assessment (Alloy et al. 2016, 2017). Suwannee River
NOM isolate (2R101N; International Humic Substances Society)
was used as a representative source of allochthonous DOC
(Green et al. 2014) that contributes to the NOM in the Gulf of
Mexico. Artificial seawater (31 ppt) made with Milli‐Q water and
Instant Ocean Sea Salt was used in all control solutions and
in preparation of treatment dilutions. Test solutions were
renewed daily.

Stock solutions of NOM were prepared daily at a nominal
concentration of 10mg/L by combining 100mg of Suwannee
River NOM with 10 L of artificial seawater (31 ppt) in a 10‐L
plastic carboy. The solution was mixed vigorously for ap-
proximately 24 h prior to testing using a magnetic stirrer.
Samples (40mL) of each NOM preparation were collected
daily from the bulk solution prior to use in high‐energy water
accommodated fractions (HEWAF) dilutions and analyzed for
DOC and total organic carbon (TOC). The DOC samples
were filtered through a prewashed Whatman 0.45‐µm glass
microfiber membrane filter before analysis. Samples were
acidified to pH <2 with sulfuric acid and held at 4 °C until
analysis. Measurements of DOC and TOC were performed
with a Teledyne–Tekmar meter (model TOC Fusion, S/N:
US10165001; ALS Environmental) using US Environmental
Protection Agency (USEPA) method 9060A (2004) and
National Environmental Methods Index standard method
5310C (1998). Stock solutions of Slick A HEWAF were pre-
pared daily with artificial seawater (31 ppt) at an oil loading
rate of 1 g/L as previously described (Alloy et al. 2016).
Separate stock solutions and dilutions of HEWAF were pre-
pared with and without 10mg/L NOM predissolved in sea-
water. For non‐UV treatment groups, nominal test solutions
of 0, 1.25, 2.5, 5, 10, and 20% HEWAF (with and without
NOM) were prepared. Due to anticipated photo‐enhanced
PAH toxicity, lower nominal test solutions of 0, 0.063, 0.125,
0.25, 0.5, and 1% HEWAF (with and without NOM) were
prepared for UV treatment groups. With each HEWAF
preparation, a sample of the highest diluted sample from
each series (i.e., 20 or 1%) was collected and analyzed for
PAHs (Supplemental Data, Table S1). Samples were held at
4 °C until analysis. Extraction of PAHs was performed by
ALS Environmental according to USEPA method 3510C
(US Environmental Protection Agency 1996). The PAH
analytes were quantified by ALS Environmental using gas
chromatography–mass spectroscopy in single‐ion monitoring
mode according to USEPA method 8270D (US Environmental
Protection Agency 2014). Reported ∑PAH concentrations
represent the sum of 50 select PAH analytes (Supplemental
Data, Table S2).

Toxicity test
Larvae were exposed to 1 of 5 HEWAF dilutions or control

seawater in the presence or absence of NOM for 48 h while
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in the presence or absence of UV (8 h/d) for a total of 48 h.
Non‐UV treatment groups were exposed to a higher range of
PAH concentrations (29.53± 0.19–475.92± 8.63 µg/L ∑PAHs)
than UV treatment groups (1.55± 0.02–25.51± 1.66 µg/L
∑PAHs) due to the expected photo‐enhanced PAH toxicity
(Supplemental Data, Table S1). Exposures with or without
UV were initiated on 2 different days (19 June 2019 and
26 October 2019, respectively) due to organism availability and
to ensure adequate laboratory space and equipment avail-
ability. Larval quality was tested in control dishes during both
experiments, by ensuring an average >90% mean survival after
24 h without UV, to ensure consistency between tests
(Supplemental Data, Table S1). Exposures were conducted in
250‐mL glass crystallizing dishes with 200mL of test solution.
Dishes were placed in an environmental chamber maintained at
25 °C with a 16:8‐h light:dark photoperiod. The following water
quality parameters were recorded daily from each test treat-
ment replicate: temperature, pH, dissolved oxygen, and salinity
(Table 1). Each experimental group contained 5 replicate
dishes with 20 larvae/dish.

Larvae were held in test solutions for 2 h prior to UV
exposure. Indoor UV exposures were conducted daily for
8 h under light banks containing UV‐A bulbs (HTG Supply)
as previously described by Bridges et al. (2018a). Irradiance
(λ= 380 nm) was measured continuously throughout the UV
exposures using a Biospherical Instruments BIC2104R ra-
diometer. The average (mean± standard deviation [SD]) in-
tensity of the UV‐A bulbs was 0.046± 0.002mW/cm2/s
(Table 2). Non‐UV groups were placed under fluorescent
light bulbs emitting only visible light. Test solutions were
renewed after 24 h. Survival was quantified at 24 and
48 h.

Tests of NOM solubility in different salinities
Because the measured DOC concentrations were much

lower than expected in our test solutions, we decided to run a
series of solubility tests for Suwannee River NOM at a range of
concentrations (0, 2, 5, and 10mg/L) and in a range of salinities
(0, 20, and 35 ppt). Artificial seawaters (20 and 35 ppt) were
prepared with Milli‐Q water and Instant Ocean Sea Salt, and
reconstituted hard water was used for the 0‐ppt solution. First,
1‐L solutions (in duplicate) were stirred for 24 h in a glass
beaker using a magnetic stirrer. Samples (40mL) of each NOM
preparation were collected and shipped to ALS Environmental
for DOC analysis as just described.

Statistical analysis
The 48‐h median lethal concentrations (LC50s) and 95%

confidence intervals (CIs) were calculated using the mean of the
daily initial ∑PAH concentration of each dose. Data were gen-
erated with the USEPA TRAP software using a 2‐parameter
tolerance type Gaussian model.

RESULTS AND DISCUSSION
The aim of our study was to determine the influence of DOC

on crude oil toxicity to ELS red drum, with or without co‐
exposure to UV light. To this end, 2 separate tests were per-
formed in sequence, the first to examine the influence of DOC
alone, and the second to examine the influence of DOC and
UV. Considering the ubiquitous co‐occurrence of these natural
factors within the photic zones of aquatic environments, char-
acterizing their interactive effects on crude oil toxicity is

TABLE 1: Water chemistry parameters measured for each test treatment expressed as the mean of day 1 and day 2 measurements ± standard error
of the meana

Test Water temp. (°C) pH (SU) DO (mg/L) Salinity (ppt) TOC (mg/L) DOC (mg/L)

−NOM, −UV 23.78± 0.09 8.21± 0.01 7.45± 0.03 31± 0 0.05± 0 ND
+NOM, −UV 23.85± 0.14 8.15± 0.01 7.36± 0.03 31± 0 1.47± 0.08 1.07± 0.03
−NOM,+UV 21.84± 0.14 8.14± 0.01 7.62± 0.02 31± 0 ND ND
+NOM,+UV 21.85± 0.13 8.12± 0 7.62± 0.02 31± 0 0.42± 0.02 0.27± 0.02

aExcept for the total organic carbon/dissolved organic carbon (TOC/DOC) measurements, which were collected from bulk natural organic matter (NOM) solutions prior to
high‐energy water accommodated fraction (HEWAF) preparation, all other water quality and polycyclic aromatic hydrocarbon (PAH) measurements were collected after
HEWAF dilutions were prepared. –NOM represents the absence of added Suwanee River NOM, and +NOM represents the presence of added Suwanee River NOM,
with nominal concentration= 10mg/L. –UV represents the absence of artificial ultraviolet radiation, and +UV represents the presence of artificial ultraviolet radiation. The
detection limit for TOC and DOC was 0.2mg/L; concentrations measured below that limit are expressed as not detected (ND). Sample sizes are 30 except for TOC and
DOC (n= 4 each).
SU= standard unit; DO= dissolved oxygen.

TABLE 2: Integrated ultraviolet (UV; λ= 380 nm) dose and mean UV intensity of each exposure timepoint (24 and 48 h)a

Exposure timepoint (h) Pre‐UV exposure (h) UV photoperiod (h) Total integrated UV dose (mW s/cm2) Mean UV intensity± SD (mW/cm2/s)

24 2 8 1318.2 0.046± 0.002
48 2 8 1306.9 0.045± 0.002
Cumulative 16 total h 2625.2 0.046± 0.002

aTest chambers had a standardized 2‐h pre‐UV exposure duration. During each 24‐h period, 8 consecutive h of UV‐A radiation was delivered to test chambers. Incident
UV380 was continuously measured throughout the exposure period.
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essential to provide qualitative and quantitative information for
the process of risk assessment.

To approximate a realistic scenario for coastal and estuarine
areas affected by the Deepwater Horizon oil spill, Suwannee
River NOM was used to assess the effects of DOC with and
without UV on crude oil toxicity to red drum. We chose this
source of NOM for 3 reasons: 1) the Suwannee River drains into
the Gulf of Mexico (Light et al. 2007), thus contributing to the
NOM therein, 2) this source likely provides a closer approx-
imation of the complex mixture of DOC in natural environments
over surrogates such as Aldrich humic acid, and 3) this NOM is
commercially available and widely used in toxicity studies,
thereby facilitating direct comparisons of the influence of NOM
on crude oil and PAH toxicity. For the tests with UV, a total daily
integrated UV‐A of approximately 1300mW s/cm2 (Table 2) was
delivered to the test chambers to emulate the solar radiation in
the Gulf of Mexico estimated during the Deepwater Horizon
oil spill (Bridges et al. 2018b; mean UV380 dose of
1550± 372mW s/cm2).

The results from the present study indicate that the pres-
ence of DOC at a measured concentration of 1.07mg/L in the
absence of UV does not elicit a significant effect on Slick A

HEWAF toxicity to red drum larvae given there was no sig-
nificant difference in 48‐h LC50s (82.58 μg/L ∑PAHs; 95%
CI= 71.09–94.07 μg/L ∑PAHs without DOC vs 65.94 μg/L
∑PAHs; 95% CI= 58.72–73.16 μg/L ∑PAHs with DOC;
Figure 1A). The measured 1.07‐mg/L DOC concentration is
environmentally relevant, because it represents the average
concentration found in shallow coastal waters (range of
0.3–2mg/L), in which larval red drum can be found
(Thurman 2012). Nevertheless, the measured concentration
was lower than our target concentration of 5mg/L based on a
50% estimate of carbon mass within NOM (nominal 10mg/L;
Millero 2005; Green et al. 2014). There are prior examples of
solubility issues in high‐salinity water (31 ppt) following NOM
addition in the laboratory (Thurman 2012; Asmala et al. 2014).
Indeed, this was supported by our tests of Suwannee River
NOM solubility across a range of salinities that revealed a de-
crease in solubility with an increase in salinity (Supplemental
Data, Table S3). However, the fact that full dissolution was not
achieved even in freshwater indicates that factors other than
salinity must also be at play. Although the NOM solubility
limitations under laboratory conditions remain unclear, various
factors might help explain the discrepancy with solubility ob-
served under natural saltwater conditions, such as longer
mixing times, seasonally higher temperatures, and pH.

Previous studies have shown seemingly inconsistent re-
sponses when the effects of DOC were analyzed during co‐
exposure to crude oil or individual PAHs in freshwater organ-
isms, albeit they used endpoints different from those of the
present study. For example, an increase in benzo[a]pyrene
(BaP) bioaccumulation was observed in the bluegill sunfish
(Lepomis macrochirus), whereas no effect was observed on
naphthalene uptake with co‐exposure to 2mg/L of dissolved
humic materials (McCarthy and Jimenez 1985b). Similarly,
Akkanen et al. (2001) and Haitzer et al. (2001) demonstrated a
reduced bioconcentration of BaP in Daphnia magna during
co‐exposure of various concentrations of DOC (as low as
1.4mg/L), whereas the bioconcentration of atrazine and pyrene
was not affected. In contrast to these studies, Li et al. (2018)
demonstrated that gallic acid and tannic acid enhanced the
bioconcentration of various isolated PAHs (phenanthrene, an-
thracene, fluoranthene, and pyrene) in adult zebrafish (Danio
rerio) at concentrations ranging from 1 to 15mg DOC/L. Fur-
thermore, Matsuo et al. (2006) showed that juvenile tambaqui
(Colossoma macropomum) co‐exposed to Urucu oil with
22mgC/L Aldrich humic acid increased the expression of liver
cytochrome P450, relative to crude oil exposure alone.

Based on these studies, DOC appears to have the potential
to increase or decrease the uptake and toxicity of PAHs. Such
variance might reflect different interactions of individual PAHs
with DOC or the types/concentrations of DOC used. For ex-
ample, DOC from autochthonous and allochthonous origins
has different physiochemical properties, which alter the sorp-
tion affinity for PAHs (McCarthy and Jimenez 1985a; Haitzer
et al. 1999). Specifically, the efficiency of DOC complexation
with PAHs and other organic compounds is correlated with
molecular size, aromaticity, content of hydrophobic acids and
neutral moieties, and polarity of the DOC (Haitzer et al. 1999).

(A)

(B)

FIGURE 1: The 48‐h ∑50 polycyclic aromatic hydrocarbon (PAH) me-
dian lethal concentrations (LC50s) of Sciaenops ocellatus exposed to
slick A high‐energy water accommodated fraction without (–natural
organic matter [NOM]) or with (+NOM) Suwannee River NOM added
(nominal concentration= 10mg/L). Tests were performed from 24 to
72 hpf, with no ultraviolet (UV) exposure (A) and with artificial UV
exposure (B). Error bars represent 95% confidence intervals (CIs), and
* indicates no overlap between CIs.

2512 Environmental Toxicology and Chemistry, 2020;39:2509–2515—F. Bonatesta et al.

© 2020 SETAC wileyonlinelibrary.com/ETC



Different concentrations of DOC may also influence PAH bio-
availability and toxicity (McCarthy and Jimenez 1985a; Haitzer
et al. 1999). Thus, an increased effect on PAH bioavailability
and toxicity (either increase or decrease) is expected with an
increase in the amount of PAHs bound to DOC (Black and
McCarthy 1988), which should be achieved with higher
amounts of DOC. It remains to be seen, however, whether
DOC from different origins or higher DOC concentrations
might alter the observed responses for red drum ELS.

Whereas the interactive effects of DOC and crude oil/PAHs
are complex and not well characterized, the enhanced toxicity
of PAHs with UV light has been well documented (Arfsten
et al. 1996; Helbling and Zagarese 2007; Roberts et al. 2017).
The toxicity of PAH is increased by photo‐enhanced toxicity in
a variety of aquatic organisms, including teleost fishes in-
habiting the Gulf of Mexico (Alloy et al. 2016, 2017; Stieglitz
et al. 2016; Bridges et al. 2018a), and this can occur via photo‐
sensitization and photo‐modification. Embryonic and larval
fishes, specifically those that are transparent and found in the
upper water column, are likely at greater risk from photo‐
sensitization reactions. On the other hand, later life stages, as
well as ELS fishes that exhibit UV behavioral avoidance, are
putatively believed to be more susceptible to oxy‐PAHs formed
via photo‐modification (Roberts et al. 2017). As expected, our
results showed that UV light highly increased (>10‐fold) the
toxicity of Slick A HEWAF to ELS red drum regardless of
whether NOM was added (Figure 1). A comparison of 48‐h
LC50s in the absence of added NOM revealed a 17‐fold in-
crease in toxicity with UV exposure (4.80 μg/L ∑PAHs; 95%
CI= 4.38–5.22 μg/L ∑PAHs) than without (82.58 μg/L ∑PAHs;
95% CI= 71.09–94.07 μg/L ∑PAHs). In the presence of 10mg/L
nominal NOM, 48‐h LC50s revealed an 11‐fold increase
in toxicity with UV exposure (6.22 μg/L ∑PAHs; 95%
CI= 5.67–6.76 μg/L ∑PAHs) than without (65.94 μg/L ∑PAHs;
95% CI= 58.72–73.16 μg/L ∑PAHs). It should be noted, how-
ever, that while the nominal NOM concentrations were the
same with and without UV, the measured DOC concentration
was 4‐fold less with UV than without (Table 1; discussed below).
In addition, although the LC50s were obtained from 2 separate
tests performed during different days, the 48‐h survival rate of
red drum larvae among the control groups (not exposed to UV
and crude oil) was constant, supporting the idea that the results
can be directly compared (Supplemental Data, Figure S1).

Consistent with the present results, most previous studies
that have examined the influence of UV on crude oil toxicity to
fish have demonstrated that UV highly increases crude oil
lethality (Cho et al. 2003; Diamond et al. 2006; Alloy
et al. 2016), especially if exposure occurs during the ELS. No-
tably, 2 studies have shown an increase in photo‐enhanced
crude oil toxicity in red drum larvae with exposure starting at
the same life stage (post hatch, <48 hpf; Alloy et al. 2017;
Bridges et al. 2018a). Alloy et al. (2017) demonstrated a sig-
nificant increase in mortality in ELS red drum exposed to a total
integrated UV‐A (λ= 380 nm) dose of 705.79mW s/cm2 and
Deepwater Horizon Slick A crude oil. The photo‐enhanced
toxicity was observed at ∑PAH concentrations as low as
3.13 μg/L after an exposure period of approximatively 20 h

including an 8‐h equilibration period (pre‐UV PAH exposure), a
5‐ to 6‐h photoperiod (UV exposure), and 5 h without UV.
Similarly, Bridges et al. (2018a) examined the photo‐enhanced
toxicity of Slick A HEWAF by evaluating various photoperiods
and equilibration periods. In summary, that study demon-
strated a range of 15‐ to 75‐fold increase in Slick A HEWAF
toxicity to ELS red drum, measured as ∑PAHs LC50, by the
addition of UV‐A (λ= 380 nm) with a total integrated UV dose
ranging from 1458 to 1680mW s/cm2. Although similar photo‐
enhanced toxicities were observed with our tests, a direct
comparison cannot be made with the above‐mentioned studies
because different UV photoperiods, total exposure times, and
total UV dose were applied. However, it can be concluded and
confirmed that red drum are among the most sensitive fishes to
crude oil and photo‐enhanced crude oil toxicity tested to date
(Alloy et al. 2017; Xu et al. 2017).

Despite its potential importance, the effect of DOC on photo‐
enhanced crude oil toxicity to teleost fishes has received little to
no attention. To our knowledge, ours is the first study that has
examined the effect of DOC, as Suwannee River NOM, on the
photo‐enhanced toxicity of crude oil on an ELS teleost fish in a
marine environment. Our results demonstrated that DOC sig-
nificantly reduced crude oil toxicity when UV light was present,
although this apparent protective effect was mild (Figure 1B). The
Slick A HEWAF 48‐h LC50 for red drum was 4.80 μg/L ∑PAHs
(95% CI= 4.38–5.22 μg/L ∑PAHs), and with the DOC co‐exposure
it was 6.22 μg/L ∑PAHs (95% CI= 5.67–6.76 μg/L ∑PAHs).

Although not directly comparable because single PAHs and
freshwater organisms were used, 2 other studies have shown a
similar decrease in photo‐enhanced toxicity during DOC ex-
posure (Oris et al. 1990; Weinstein and Oris 1999). Specifically,
these studies revealed that DOC concentrations ranging from
0.5 to 6mgC/L (modified by addition of Aldrich humic acid)
decreased anthracene and fluoranthene photo‐enhanced
toxicity (expressed as LT50) to fathead minnows (Pimephales
promelas) and D. magna.

There are several possible mechanisms by which DOCmight
serve a protective role against UV‐induced phototoxicity (Oris
et al. 1990; Roberts et al. 2017). For one, UV exposure might
photo‐modify DOC and/or PAHs (and other crude oil con-
stituents) such that binding affinity increases between DOC and
these toxic agents, rendering them less bioavailable and re-
ducing toxicity. Alternatively, PAHs might be taken up while
complexed with DOC, potentially rendering them less sus-
ceptible to photo‐sensitization. Finally, DOC contributes to the
attenuation of UV radiation, especially in the upper water
column, but this effect is likely negligible at the DOC concen-
trations and the depth of the exposure chambers we used. In
any event, the exact mechanism of DOC protection against
UV‐induced crude oil phototoxicity remains unclear at this time
and warrants further investigation.

The measured DOC concentration we used is more typical
of pelagic marine environments where autochthonous sources
dominate (Thurman 2012). Red drum larvae share similar
characteristics with other pelagic teleost fish larvae found in the
Gulf of Mexico (e.g., mahi mahi, Coryphaena hippurus), such as
high transparency and positive buoyancy (Incardona and
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Scholz 2016). Therefore, it is likely that DOC has similar, albeit
mild, protective effects on UV‐enhanced crude oil phototoxicity
to ELS teleost fishes in the pelagic environment. However,
DOC derived from such areas (autochthonous origin) of the
Gulf of Mexico should be investigated, because DOC from
different origins might have different efficacies or effects in
terms of UV‐enhanced phototoxicity.

Although the same nominal concentration of NOM was
used as in the no‐UV experiment (10mg/L), the measured DOC
concentration with UV was much less at 0.27mg/L compared
to 1.07mg/L without UV. The reason for this discrepancy in
measured DOC concentrations despite the same nominal
additions of NOM across experiments is unclear, but may re-
flect the heterogeneity of DOC solubility in salt water. Never-
theless, this mild protective effect of DOC is conservative
considering that an even greater protective effect would be
expected at higher DOC concentrations (Haitzer et al. 1999),
more typical of estuarine environments.

The results of our study confirm the high sensitivity of ELS red
drum to UV‐induced crude oil photo‐toxicity to environmentally
relevant ∑PAH concentrations, even with DOC co‐exposure. The
photo‐enhanced ∑PAH LC50s measured in our study with or
without added NOM (4.80 and 6.22 μg/L, respectively) are well
within the lower range of ∑PAH concentrations measured during
the Deepwater Horizon spill. Moreover, considering that only
initial values were measured and that loss of PAHs over 24 h can
be considerable (Forth et al. 2017), our LC50s very likely un-
derestimate the true acute toxicity. Following the accident,
∑PAH concentration ranged between 29.4 to 189 μg/L in the
pelagic area around the spill (Diercks et al. 2010). Even coastal
areas and estuaries reported similarly high concentrations, which
seemed to persist over time. Specifically, water samples ana-
lyzed from Barataria Bay, Louisiana (USA), where red drum are
known to spawn, revealed ∑PAH concentrations >200 μg/L at
the beginning of May, which decreased over time to as high as
22 μg/L by the end of June (Whitehead et al. 2012). Although
only mortality was assessed as a measure for acute toxicity in the
present study, it should be noted that crude oil induces other
sublethal effects (e.g., cardiac and ocular function and devel-
opment) to developing red drum at much lower concentrations
(Khursigara et al. 2017; Xu et al. 2017; Magnuson et al. 2018).
Most likely these negative effects have later repercussions to the
developing fish and subsequently jeopardize their survival in the
natural environment.

CONCLUSIONS
Our study revealed that DOC at a concentration as high as

1.07mg/L does not affect Deepwater Horizon crude oil toxicity
to red drum ELS. Moreover, our results confirmed that
Deepwater Horizon crude oil toxicity to ELS red drum is greatly
enhanced during UV‐A co‐exposure (>10‐fold increase). Per-
haps most importantly, our results revealed that a low con-
centration of DOC (0.27mg/L) mildly reduced the observed
acute photo‐enhanced toxicity of crude oil to ELS red drum.
Considering that DOC concentrations in estuarine and other
near‐shore environments can typically reach concentrations as

high as 5mg/L, the protective effect of DOC might be even
greater in these natural environments.
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the Wiley Online Library at https://doi.org/10.1002/etc.4877.
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