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Abstract
This report examines the potential for photoenhanced toxicity of spilled oil in Prince
William Sound and associated Gulf of Alaska waters. Photoenhanced toxicity is the
increase in the toxicity of a chemical in the presence of ultraviolet light (UV), compared
to a standard laboratory test conducted with fluorescent lighting (minimal UV). Oil
products and weathered oil are phototoxic, as are specific polycyclic aromatic
compounds present in oil. Photoenhanced toxicity may occur through two processes:
photomodification and photosensitization, which are further detailed in the report. No
studies have investigated the photoenhanced toxicity of oil in Alaska waters. Although
there are substantial uncertainties, the results of this evaluation indicate there is
potential for photoenhanced toxicity of spilled oil in Prince William Sound and
associated Gulf of Alaska waters. Additional research needed to characterize the
potential for photoenhanced toxicity may include determining the seasonal and spatial
variability in UV irradiance of the habitats of potentially exposed organism. Doseresponse studies could be performed to establish UV and oil exposure thresholds
necessary for photoenhanced toxicity. Additionally, the phototoxicity of chemically
dispersed oil could be evaluated in the laboratory and compared to the photoenhanced
toxicity of non-chemically dispersed oil.

602.00.1 Potential for Photoenhanced Toxicity Report

2

Executive Summary
This report examines the potential for photoenhanced toxicity of spilled oil in Prince
William Sound and associated Gulf of Alaska waters. Photoenhanced toxicity is the
increase in the toxicity of a chemical in the presence of ultraviolet light (UV), compared
to a standard laboratory test conducted with fluorescent lighting (minimal UV). Specific
chemicals have been shown to exhibit a 2 to greater than 1000 fold increase in toxicity in
the presence of UV. This report provides a general overview of photoenhanced toxicity
to aquatic organisms and is intended for a general audience.
Oil products and weathered oil are phototoxic, as are specific polycyclic aromatic
compounds present in oil. Photoenhanced toxicity may occur through two processes:
photomodification and photosensitization. Photomodification is the structural
modification of chemical in water to more toxic/reactive compounds. In
photosensitization, the bioaccumulated chemical transfers light energy to other molecules
causing tissue damage. The available evidence indicates that the photoenhanced toxicity
of oil occurs through a photosensitization mechanism, and the phototoxic components
of oil are primarily 3 to 5 ring polycyclic aromatic hydrocarbons (PAHs) and
heterocycles (PAHs containing an oxygen, sulfur, or nitrogen in place of a carbon).
Photoenhanced toxicity should be considered in oil spill response because estimates of
the spatial and temporal extent of injury to aquatic organisms may be greater.
Additionally, the choice of counter measures and oil removal operations may influence
the degree of photoenhanced toxicity.
Determinants of photoenhanced toxicity will include the chemical composition, physical
properties, and environmental fate of the oil, environmental conditions, and oil
exposure and bioaccumulation by aquatic organisms, and exposure of the oil residues in
the organism to UV. Factors affecting UV exposure include photoperiod, sun angle,
light reflectance, and cloud cover. Decreasing light penetration in the water column is
termed attenuation, and is affected by turbidity, shading, phytoplankton
concentrations, and dissolved organic carbon. The potential hazard of photoenhanced
toxicity may be greatest for embryo and larval stages of aquatic organisms that are
relatively translucent to UV and inhabit the photic zone of the water column and
intertidal areas.

No studies have investigated the photoenhanced toxicity of oil in Alaska waters.
Although there are substantial uncertainties, the results of this evaluation indicate there
is potential for photoenhanced toxicity of spilled oil in Prince William Sound and
associated Gulf of Alaska waters. North Slope crude is known to be phototoxic,
phototoxic PAHs were present in Exxon Valdez spill water, and phototoxic PAHs
accumulate in aquatic organisms exposed to weathered Exxon Valdez oil. Additionally,
under some circumstances sufficient UV radiation may penetrate the water column to
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elicit photoenhanced toxicity. Chemically dispersed oil is likely to exhibit
photoenhanced toxicity because phototoxic PAHs are dispersed in the water column
and can be bioaccumulated by aquatic organisms. However, no research has evaluated
the photoenhanced toxicity of chemically dispersed oil, and it is unknown if chemically
dispersed oil would be more or less phototoxic than non-chemically dispersed oil.
Additional research is needed to reduce the uncertainties of the photoenhanced toxicity
of spilled oil in Alaska waters. Research that would better characterize the potential for
photoenhanced toxicity may include determining the seasonal and spatial variability in
UV irradiance of the habitats of potentially exposed organisms. Dose-response studies
could be performed to establish UV and oil exposure thresholds necessary for
photoenhanced toxicity. Additionally, the phototoxicity of chemically dispersed oil
could be evaluated in the laboratory and compared to the photoenhanced toxicity of
non-chemically dispersed oil.
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INTRODUCTION
Traditionally, toxicological studies used to define the hazards of PAHs and oil have been
conducted under fluorescent light, which has minimal ultraviolet light (UV) (Arfsten et
al., 1996). As discussed below, laboratory studies have demonstrated that the toxicity of
polycyclic aromatic compounds increases 2 to greater than 1000 times in the presence
of UV. This photoenhanced toxicity occurs at the UV wavelengths that occur in the
water column of aquatic environments: UVB (280 to 320 nm) and UVA (320 to 400 nm).
Not all chemicals exhibit photoenhanced toxicity because specific structural features are
necessary for phototoxicity. Recent research has shown that oil and components of oil
exhibit photoenhanced toxicity under simulated natural sunlight (Pelletier et al., 1997;
Calfee et al., 1999).
This report provides a general overview of photoenhanced toxicity to aquatic
organisms and discusses the potential for photoenhanced toxicity of oil spilled in Prince
William Sound and associated Gulf of Alaska waters. This report is intended for a
general audience. The mechanisms of photoenhanced toxicity and types of phototoxic
chemicals present in oil are reviewed. The importance of considering photoenhanced
toxicity in oil spill response and the determinants of photoenhanced toxicity in aquatic
environments are presented. This report also discusses the potential for photoenhanced
toxicity of spilled oil and chemically dispersed oil in Alaska waters, although research
specifically addressing these issues has not been performed.
Overview of Photoenhanced Toxicity
A number of chemicals are known to be photoactivated, showing a 2 to greater than
1000 fold increase in toxicity in the presence of ultraviolet light (Oris and Giesy, 1987;
Landrum et al., 1987; Larson and Berenbaum, 1988; Arfsten et al., 1996; Boese et al.,
1997; Pelletier et al., 1997). For example, Pelletier et al. (1997) exposed mysid shrimp and
bivalve embryos to individual PAHs (anthracene, fluoranthene, pyrene) for 48 hours
using a 16 hr photoperiod under UV (UVA: 397 µW/cm2; UVB: 134 µW/cm2) or
fluorescent lighting (UVA: 9.7 µW/cm2; UVB: 3.4 µW/cm2). Under fluorescent lighting,
aqueous PAH concentrations reducing larval shrimp and bivalve embryo survival
(LC50, EC50) ranged from 25 to >11,900 µg/L. Under UV, PAHs were 12 to greater
than 50,000 times more toxic (Pelletier et al., 1997).

Photoenhanced toxicity to aquatic organisms may occur through two mechanisms as
depicted in Figure 1: photosensitization and photomodification. In a photomodification
mechanism, UV causes structural changes of the chemical in water to form a more toxic
chemical (Huang et al., 1993). The postulated mechanism of photosensitization is
absorption of UV energy by the chemical in the organism causing subsequent tissue
injury; no change in chemical structure occurs (Landrum et al., 1987). Light energy
excites the photosensitizing chemical to a triplet energy state, which is then transferred
to molecules within the cell or cell membrane, possibly generating reactive oxygen
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species (Landrum et al., 1987). Energy transfer can occur when the excited state energy
of the photosensitizing chemical (e.g., PAH) exceeds that of an acceptor molecule such
as oxygen which has a lower excited energy state (Zepp, 1980). The reactive oxygen
species (e.g., superoxide anion) can then cause tissue damage that would not be
observed in the absence of UV light. Consistent with a reactive mechanism, Weinstein
et al. (1997) reported that the mode of action of the photoenhanced toxicity of
fluoranthene (a PAH component of oil) was disruption of mucosal cell membrane
function and integrity in the gill. Twelve to 48 hours of exposure of juvenile fathead
minnows to 6 to 12 µg/L fluoranthene and UV (UVA: 49 µW/cm2; UVB: 4.2 µW/cm2)
resulted in respiratory stress due to decreased oxygen diffusion capacity of the gill
caused by tissue damage (Weinstein et al., 1997). Non-phototoxic PAHs appear to cause
acute toxicity through a narcosis mechanism (e.g., anesthesia) rather than tissue
damage (Barron et al., 1997).
Oil and components of oil appear to act through a photosensitization mechanism,
rather than through structural modification of chemical in the water column. Research
on specific PAH components of oil (e.g., anthracene) has demonstrated that
accumulated chemical residues may have no toxicity in the absence of UV, but exposure
to sunlight can cause 100% mortality (Landrum et al., 1987). For example, fish exposed
to anthracene in the dark exhibited 100% mortality at 36 hours of sunlight exposure.
Fish allowed to depurate (loss of chemical residues) anthracene for 48 hour in the dark
exhibited 50% mortality following sunlight exposure, and fish allowed to depurate in
the dark for 144 hours showed no mortality following sunlight exposure. These data
indicate that the photoenhanced toxicity of anthracene was directly related to the tissue
levels of anthracene in the fish, although tissue residues were not reported (Landrum et
al., 1987).
Additional support for a photosensitization mechanism of PAH photoenhanced toxicity
in aquatic organisms includes the study of Ankley et al. (1997) investigating the
relationship between UV exposure and chemical concentrations in the aquatic worm
Lumbriculus. Worms were exposed to aqueous concentrations of anthracene, pyrene, or
fluoranthene for 96 hours, followed by a 96 hour holding period in clean water at three
UV intensities. The lethality of each PAH was a function of the product of UV intensity
and accumulated tissue residues of each PAH (Ankley et al., 1997).
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Figure 1. Schematic representation of the mechanisms of photoenhanced toxicity in aquatic organisms:
photosensitization and photomodification.
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Little et al. (2000) have reported experimental data for an environmentally weathered
oil (middle distillate low in total PAHs; Barron et al., 1999) showing that the
photoenhanced toxicity of oil occurs through a photosensitization mechanism (Fig. 2).
Fish exposed to water accommodated fractions (WAF) (1.5 mg/L TPH) for 48 hours in
the dark exhibited no mortality, but 36% mortality occurred with 48 hours of exposure
to simulated sunlight (UVA: 250 µW/cm2; UVB: 4 µW/cm2) (Fig. 2, top panel). There
was only 3% mortality of fish exposed to oil without UV. UV exposed oil was not toxic
to fish tested under fluorescent light (Fig. 2, bottom panel), indicating
photomodification was not responsible for toxicity. Although tissue residues were not
measured, these data show that photoenhanced toxicity was observed in fish that were
allowed to first bioaccumulate oil, and then received a UV exposure (photosensitization
mechanism). Thus in this report, the discussion of photoenhanced toxicity is focused on
a photosensitization mechanism.
The phototoxic components of oil appear to be restricted to specific polycyclic aromatic
compounds with three to five benzene or substituted benzene rings (Mekenyan et al.,
1994; Kosian et al., 1998). Photoenhanced toxicity of other classes of chemicals can occur,
but this appears to be photomodification of chemicals in water (i.e., formation of more
toxic and reactive chemicals) rather than activation of tissue residues of photosensitizing
chemicals. Figure 3 shows the photoenhanced toxicity of several PAHs and heterocycles
that are components of oil. Heterocycles are PAHs that contain an oxygen, sulfur, or
nitrogen in place of a carbon (e.g., acridine in Fig. 3). A value of one in Figure 3 indicates
no increase in toxicity of the chemical following UV exposure, whereas a value of 100
indicates a 100 fold increase in toxicity.
Research has only recently begun identifying the phototoxic components of oil. For
example, dibenzothiophenes, important components of petroleum, have only recently
been indicated as phototoxic (Kosian et al, 1998). Sediment pore water contaminated
with oil refinery discharges was phototoxic to Lumbriculus in laboratory bioassays (18
hr pore water exposure in the dark, followed by a 4.5 hr UV exposure in clean water;
UVA: 832 µW/cm2; UVB: 127 µW/cm2). The pore water was then separated into
fractions containing different chemical constituents, and each fraction was tested for
photoenhanced toxicity. Dibenzothiophenes were tentatively identified as a phototoxic
constituent of pore water fractions exhibiting photoenhanced toxicity based on mass
spectral identification and electronic features that confer phototoxicity (Kosian et al.,
1998).
Aromatic ring conjugation is an important determinant of the phototoxicity of a
polycyclic aromatic compounds. For example, the three ring aromatic compound
anthracene exhibits a several order of magnitude increase in toxicity in the presence of
UV, while its three ring homolog phenanthrene does not (Mekenyan et al., 1994).
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Figure 2. Results of photosensitization and photomodification tests of an environmentally
weathered oil. Top panel: fish were first allowed to bioaccumulate oil in the dark, then
exposed to UV light in clean water; Bottom panel: oil was first irradiated with UV, then fish
were exposed to oil without UV. Source: Little et al. (2000)
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Figure 3. Photoenhanced toxicity of polycyclic aromatic compounds that occur in petroleum.
Daphnia magna were exposed for 24 hours to individual PAHs , followed by a 2 hour
exposure to UV (370 µW/cm2, UVA +UVB). Source: Wernersson and Dave (1997).
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QSAR modeling of the effect of substituents on the electronic structure of PAHs
indicates that alkylation (i.e., addition of carbon groups) will have little effect on the
photoenhanced toxicity of PAHs (Veith et al., 1995). This indicates that the more
abundant alkyl PAHs present in petroleum will have similar photoenhanced toxicity as
the parent chemical (non-alkylated homolog).
Consideration of Photoenhanced Toxicity in Oil Spill Response
Photoenhanced toxicity should be considered in oil spill response because petroleum in
water is phototoxic to aquatic organisms. Petroleum products and weathered oil exhibit
a 2 to greater than 100 fold increase in toxicity under simulated natural sunlight
(Pelletier et al., 1997; Calfee et al., 1999). Crude oils, fuel oil #2, and Bunker C were
phototoxic to shellfish larvae (Pelletier et al., 1997). In the oil product studies, WAF was
prepared at 0.1 g oil/L water and tested for 48 hours under UV (UVA: 397 µW/cm2;
UVB: 134 µW/cm2) or fluorescent light (UVA: 9.7 µW/cm2; UVB: 3.4 µW/cm2) (Pelletier
et al., 1997). An environmentally weathered oil low in known phototoxic PAHs was 2 to
12 times more toxic to zooplankton (Ceriodaphnia), larval shrimp (Mysidopsis), larval fish
(Menidia), and amphibian tadpoles (Rana) (Calfee et al., 1999; Cleveland et al., 2000; Little
et al., 1999; Little et al., 2000). In these weathered oil experiments, organisms were
exposed to WAF for 7 days under simulated natural sunlight (e.g., UVA: 60 to 75
µW/cm2, 14 hr photoperiod; UVB: 0.1 to 0.3 µW/cm2, 4 hr photoperiod) or fluorescent
lighting (e.g., 14 hr photoperiod of UVA: 3 µW/cm2 and UVB: 0.002 µW/cm2). Several
petroleum concentrations were evaluated, ranging from 0 (control) to 3 mg/L of total
petroleum hydrocarbons.
Estimates of the temporal and spatial extent of injury to aquatic organisms from an oil
spill may be greater if photoenhanced toxicity is considered. Existing laboratory toxicity
thresholds for oil have been derived under fluorescent lighting (minimal UV) (e.g.,
Markarian et al., 1995), which may substantially underestimate the toxicity of oil in the
environment. For example, fluorescent lighting (e.g., UVA: 3 µW/cm2; UVB: 0.002
µW/cm2) has UV levels 25 to 50 times below the light intensities necessary to cause
photoenhanced toxicity (e.g., UVA: 60 µW/cm2; UVB: 0.1 µW/cm2) (Little et al., 2000).
Photoenhanced toxicity thresholds may be lower for both acute and chronic effects of
phototoxic chemicals (Holst and Giesy, 1989).

Ho et al. (1999) evaluated the photoenhanced toxicity of spill water collected between 2
and 13 days after the Rode Island North Cape spill of fuel oil #2. In these experiments,
bivalve embryos were exposed to spill water for 48 hours under UV (UVA: 300
µW/cm2; UVB: 110 µW/cm2, 16 hr photoperiod) or fluorescent lighting (UVA: 8
µW/cm2; UVB: 1.9 µW/cm2). Under fluorescent lighting, there was 60% survival of
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shellfish embryos exposed to spill water collected three days after the spill, indicating
partial recovery (loss of toxicity) of the water column (Fig. 4) (Ho et al., 1999). In
contrast, there was no survival of embryos that were exposed under UV, indicating that
the spill water remained acutely toxic three days after the spill (Fig. 4). Samples collected
13 days after the spill were not toxic to embryos in either light treatment. These data
suggest that estimates of the extent of toxic concentrations of petroleum in spill water
based on tests performed under fluorescent lighting may underestimate actual injuries
to aquatic organisms.
Oiled and PAH contaminated sediments may also exhibit photoenhanced toxicity
(Kosian et al., 1998). For example, sediments containing 16 ppm total PAHs caused over
40% mortality of amphipods under UV, and less than 10% mortality without UV (Jones
et al., 1999). In these experiments, amphipods were exposed to contaminated
sediments for 10 days under UV (UVA: 535 µW/cm2; UVB: 71 µW/cm2) or fluorescent
lighting. At low PAH concentrations (0.5 ppm), there was less than 10% mortality of
amphipods in either light treatment. These data indicate that the persistence of oil and
PAH toxicity in the environment may be underestimated if photoenhanced toxicity is
not considered.
Arfsten et al. (1996) concluded that photoenhanced toxicity should be considered in
assessing the ecological risks of phototoxic PAHs. This concern for photoenhanced
toxicity is also applicable to spilled oil because oil and specific components of oil can be
phototoxic (Pelletier et al., 1997; Little et al., 2000). As discussed above, specific 3 to 5
ring PAHs and heterocyclic aromatics are likely the phototoxic components of oil, but
research in this area is still ongoing. Anthracene and fluoranthene are highly
phototoxic, whereas naphthalene and phenanthrene are not. Photoenhanced toxicity
should be considered in the selection of spill counter measures and oil recovery
operations. Oil spill responses will influence the temporal and spatial extent of
petroleum exposure to aquatic organisms, and the subsequent bioaccumulation of
phototoxic components of oil. Also, as discussed below, the choice of spill counter
measures may also influence the UV exposure to aquatic organisms.
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Figure 4. Toxicity of oil spill water to aquatic organisms determined under UV and
fluorescent lighting. Water was collected 2 to 13 days following the North Cape Rode Island
spill of fuel oil #2 and tested in 48 hr laboratory bioassays. Source: Ho et al. (1999)
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Determinants of Photoenhanced Toxicity
Photoenhanced toxicity is determined by both chemical and light exposure, which can
be expressed as a reciprocity relationship:
Phototoxicity = f (chemical dose x light dose)
This is an idealized model that describes the degree of photoenhanced toxicity as a
function (f) of both the concentration of phototoxic chemical in an aquatic organism
(chemical dose) and the UV exposure of the organisms (light dose). The relationship
shows that photoenhanced toxicity may occur at high tissue levels of phototoxic
chemicals and low UV exposure, or low tissue levels and high UV exposure. Evidence of
this reciprocity relationship includes the time-dependent mortality of an aquatic worm
(Lumbriculus) exposed to three phototoxic PAHs. PAH toxicity was dependent on both
UV intensity and PAH concentrations in tissue (Ankley et al., 1997). In these
experiments, worms were exposed to aqueous concentrations of anthracene, pyrene, or
fluoranthene for 96 hours without UV, followed by a 96 hour holding period in clean
water at three UV light intensities. The lethality of each PAH was a function of the
product of UV light intensity and accumulated tissue residues of each PAH (Ankley et
al., 1997).
The degree of photoenhanced toxicity will be dependent on the potency and
concentrations of accumulated phototoxic chemicals, and the intensity and spectra of
UV radiation reaching the tissue bound chemical in the aquatic organism. To date,
photoenhanced toxicity has primarily been demonstrated in small translucent
organisms, such as early life stages (e.g., embryos and larvae) of shellfish, crustaceans,
and fish. These organisms may lack pigment and have an epidermis of only a few
layers, allowing UV to penetrate deeply (Hunter et al., 1980). Photoenhanced toxicity
has been shown to occur at the UV wavelengths and intensities that occur in the water
column of aquatic environments. For example, Calfee et al. (1999), Cleveland (2000),
and Little et al. (2000) have shown that photoenhanced toxicity can occur at only 1% of
the surface level of UV (e.g., UVA: 60 to 75 µW/cm2; UVB: 0.1 to 0.3 µW/cm2) (Barron
et al., 2000). Laboratory studies demonstrating photoenhanced toxicity have used
simultaneous UVB (280 to 320 nm) and UVA (320 to 400 nm) exposures, thus the
specific wavelengths of UV that cause photoenhanced toxicity have not been identified.
An important determinant of photoenhanced toxicity is the bioaccumulation of
phototoxic PAHs. Factors affecting chemical exposure to aquatic organisms will include
the composition and environmental fate of the spilled oil, the rate and extent of
bioaccumulation of the phototoxic components of oil, and their biological persistence.
PAHs can rapidly accumulate in aquatic organisms, but are eliminated from tissues
relatively quickly once exposure ceases (Barron, 1995). Chemical uptake in aquatic
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organisms can occur from both dietary intake (e.g., contaminated food items) or
absorption across the gills and other surfaces (Barron, 1995). PAHs and other
components can have high affinity to particulates and dissolved organic carbon, which
lowers their bioavailability and accumulation in aquatic organisms (Barron, 1990).
Photoenhanced toxicity of PAHs can also be reduced in the presence of high turbidity,
due to decreased UV penetration and reduced bioavailability of chemicals bound to
particulates (Ireland et al., 1996).
Determinants of UV exposure to aquatic organisms are depicted in Figure 5, and
include factors affecting light exposure at the water surface such as photoperiod, sun
angle, reflectance, cloud cover, and ozone and aerosol thickness (Baker et al., 1980).
Decreasing light penetration in the water column is termed attenuation, and is affected
by turbidity and shading (e.g., surface foam), phytoplankton concentrations (e.g.,
chlorophyl-a levels), and dissolved organic carbon (DOC). For example, phytoplankton
can absorb and scatter UV (Yentsch and Yentsch, 1980). Biological factors affecting UV
exposure include refuges (e.g., reefs, vegetation, sediments) and armoring (e.g.,
exoskeleton of crustaceans). Organisms may also exhibit avoidance or attraction to light
that will influence their exposure to UV (Barcelo, 1980). Organism exposure to UV may
also be influenced by the organisms vertical distribution in the water column, which can
be affected by ocean currents and mixing (Hunter et al., 1980; Kullenberg, 1980). Oil
slicks and dispersed oil may also alter UV exposure to aquatic organisms by preventing
UV penetration into the water column (e.g., below an oil slick) or by refracting or
reflecting light (e.g., attenuation of light through dispersed oil).
The degree of photoenhanced toxicity to aquatic organisms will be directly related to
both the intensity and the spectral distribution of incident light within the water
column, rather than at the water surface of aquatic habitats (Landrum et al., 1987;
Ankley et al., 1995; Arfsten et al., 1996). In general, penetration of the water column by
shorter wavelengths (e.g., UVB, 280-320 nm) is much lower than penetration by longer
wavelengths (UVA, 320-400 nm; visible, 400-700 nm) (Lean, 1998). The decrease in light
intensity and the alteration of the spectral distribution of light with increasing water
depth are determined by the attenuating characteristics of aquatic habitats (Kirk,
1994a,b). For example, the depth of water required to remove 99% of UVB ranges from
20 m in clear and colorous ocean water, to less than 3 meters in most coastal waters, to
a few cm in brown humic lakes and rivers (Kullenberg, 1980; Kirk, 1994b). One percent
of the surface UVB penetrated to 10 meters in waters off Iceland (Calkins and
Thordardottir, 1980).
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Figure 5. Factors affecting UV exposure to aquatic organisms.
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Water quality and physical conditions that reduce light penetration can reduce
photoenhanced toxicity in aquatic habitats (Ireland et al., 1996). For example, UV
intensity at the surface can be reduced 50 to 90% even at shallow depths (i.e., 10 cm). At
a depth of 1 meter, UV at the water surface can be reduced greater than 99%. However
even at these levels of attenuation, UV can be sufficient to induce photoenhanced
toxicity (Little et al., 2000).
Potential for Photoenhanced Toxicity in Prince William Sound and Gulf of Alaska
Waters
Currently there is no research evaluating the potential for photoenhanced toxicity of
spilled oil in Prince William Sound and associated Gulf of Alaska waters. Based on the
current understanding of photoenhanced toxicity, multiple factors are expected to
influence photoenhanced toxicity in Alaska waters, including the extent and persistence
of bioaccumulated components of oil that are phototoxic and the UV exposure to
aquatic organisms.

North Slope crude oil has been shown to be phototoxic in laboratory tests with WAF of
Prudhoe Bay crude oil (PBC) (Pelletier et al., 1997). WAF was prepared at 0.1 g oil/L
water and tested for 48 hours under a 16 hr photoperiod with either UV (UVA: 397
µW/cm2; UVB: 134 µW/cm2) or fluorescent lighting (UVA: 9.7 µW/cm2; UVB: 3.4
µW/cm2). Figure 6 shows that the WAF of Prudhoe Bay crude oil (PBC) caused 100%
mortality of larval shrimp and shellfish embryos with UV exposure, whereas no
mortality occurred under fluorescent lighting.
Recent research has shown that water accommodated fractions of weathered oil can be
phototoxic at total PAH concentrations less than 1 µg/L, even at low levels of UV
(Barron et al., 2000; Little et al., 2000). For example, WAF prepared with an
environmentally weathered oil (middle distillate oil low in known phototoxic PAHs;
Barron et al., 1999) was 2 to 12 times more toxic to Ceriodaphnia, and larval mysid
shrimp and fish (Menidia berylina) under UV (UVA: 60 to 75 u µW/cm2 ; UVB: 0.1 to 0.3
µW/cm2) than under fluorescent light (UVA: 3 µW/cm2 ; UVB: 0.002 µW/cm2).
Photoenhanced toxicity occurred under low levels of simulated natural sunlight
occurring in aquatic habitats (4 hours of UVB/day, 14 hours of UVA and visible
light/day) at total PAH concentrations less than 1 µg/L (Calfee et al., 1999; Barron et al.,
2000; Cleveland et al., 1999; Little et al., 2000). In comparison, water column
concentrations of total PAHs following the Exxon Valdez spill ranged from less than 1
to 5 µg/l total PAHs (Neff and Stubblefield, 1995). The individual PAHs observed in
Exxon Valdez spill water included phototoxic PAHs (Neff and Stubblefield, 1995). Pink
salmon embryos exposed to Exxon Valdez oiled gravel have also been shown to
accumulate phototoxic PAHs (Heintz et al., 1999). These data indicate that North Slope
crude can be phototoxic and suggest that
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Figure 6. Photoenhanced toxicity of Alaska North Slope crude. Mysid shrimp and bivalve
embryos were exposed to WAF prepared at 0.1 g/L for 48 hours under a 16 hr photoperiod
with UV or fluorescent lighting. Source: Pelletier et al. (1997)
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aquatic organisms may be exposed to phototoxic components of spilled oil in sediment
and the water column in Prince William Sound.
UV exposure to aquatic organisms is expected to vary dramatically in Prince William
Sound and associated Gulf of Alaska waters because of the diversity of organisms,
varying cloud cover and water clarity, and extremes in day length. The UV irradiance
data necessary to evaluate the potential photoenhanced toxicity in Prince William Sound
were not available for this report. These data would include seasonal and annual
estimates of UVA and/or UVB intensity or attenuation in the water column in both
inshore and offshore areas. In the absence of site-specific data, UVA intensity at the
water surface was estimated using the SBDART radiative transfer model under a
scenario of a clear day with average ozone depth and aerosol composition (Ricchiazzi
et al., 1999). Figure 7 shows estimated intensity of UVA in Prince William Sound at the
winter and summer solstice, and compares these values to UVA estimates for Key
West, Florida at the winter solstice (to allow comparison of UVA intensity at a lower
latitude).
UV in the water column can be substantially lower than surface level intensity and will
vary with environmental conditions. In clear water, UV can penetrate to over 8 meters
(Landrum et al., 1987), or to only 0.5 meters in waters with high turbidity, DOC, or
chlorophyl (Barron et al., 2000). Alexander and Chapman (1980) report that in midNovember to early February the water column is generally well mixed and clear in Port
Valdez, and the one percent level of surface sunlight reaches to a 25 m depth. Around
the summer solstice, heavy freshwater runoff carrying large quantities of suspended
solids and phytoplankton blooms reduce the one percent penetration level to as
shallow as 6 meters (Alexander and Chapman, 1980). This information indicates that UV
penetration can be substantial in Prince William Sound and Gulf of Alaska waters, but
will be dependent on local and seasonal conditions. Additionally, the extent of UV
penetration will occur within the portion of the water column in contact with spilled oil.
For example, Exxon Valdez oil was believed to be mixed to 5 meters. As discussed
above, other factors that can influence UV exposure to aquatic organisms include the
vertical distribution of susceptible life stages in the water column, and the attenuation
or blockage of light by oil slicks or dispersed oil.
Research on the levels of UV necessary to photoactivate North Slope crude are not
available (Pelletier et al., 1997, only evaluated one level of UV). Barron and coworkers
(2000; Calfee et al., 1999; Cleveland et al., 2000; Little et al., 2000) have shown WAF of an
environmentally weathered oil low in PAHs can exhibit
photoenhanced toxicity at 0.3 µW/cm2 UVB and 75 µW/cm2 UVA.
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Fig. 7. UVA intensity at the water surface for the winter and summer solstice, LaTouche
Island, Prince William Sound. Data for the winter solstice in Key West, Florida is provided
to allow comparison to UVA intensity at lower latitude. Source: SBDART radiative transfer
model (Ricchiazzi et al., 1999).
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In the absence of site-specific data, estimated UVA levels in Prince William Sound
(Figure 7) were compared to a light intensity threshold (light level necessary for
photoenhanced toxicity) determined for the environmentally weathered oil (Cleveland
et al., 2000). Figure 8 compares the toxicity threshold to three scenarios for UVA at the
summer solstice: (1) water surface (cloudless day), (2) 10% loss of UV, and (3) 90% loss
of UV. Figure 8 shows that at the summer solstice, the light intensity threshold
necessary for photoenhanced toxicity was exceeded even under a scenario of a 90%
reduction in UVA. Figure 9 compares the UVA photoenhanced toxicity threshold to
three scenarios of UVA at the winter solstice. Figure 9 shows that the light intensity
threshold was only exceeded under a scenario of a 10% reduction in UVA. These results,
although only modeled values, suggest that under some circumstances there may be
sufficient UV irradiance of the water column to elicit photoenhanced toxicity of spilled
oil in Prince William Sound. Additional research would be needed to define the locations
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and seasons with the greatest potential for photoenhanced toxicity of spilled oil.
Potential for the Photoenhanced Toxicity of Chemically Dispersed Oil
Chemical dispersants break up free product oil into small droplets (e.g., 0.01 to 50
micron) which disperse in the water column. Dispersants generally increase the total
concentrations of petroleum compounds (dissolved + particulate oil in the water
column), but the relative environmental hazards of chemically dispersed and nonchemically dispersed oil are uncertain and may be spill-specific (DeCola, 1999).
Laboratory studies conducted under fluorescent lighting (minimal UV) have shown that
dispersants can either increase, decrease, or have no effect on the toxicity of oil (DeCola,
1999). Studies evaluating the photoenhanced toxicity of chemically dispersed oil have
not been performed. Whether chemical dispersants increase the risk of photoenhanced
toxicity would depend on the enhancement of the bioaccumulation of the phototoxic
components of oil. Chemical dispersants may also influence the UV exposure of aquatic
organisms, but research comparing UV light penetration of chemically dispersed and
non-chemically dispersed oil is not available. Dispersants may increase the potential UV
exposure of aquatic organisms by allowing greater light penetration through the oil
slick, or may reduce UV exposure via light attenuation of the dispersed oil droplets into
the water column.

Wolfe et al. (1999) evaluated the bioavailability and trophic transfer of phenanthrene in
WAF of PBC and chemically dispersed PBC. Phenanthrene is a three ring PAH that is
not phototoxic, but has nearly identical structure as the highly phototoxic oil
component anthracene. Phenanthrene was used as a model chemical to evaluate midrange PAHs present in oil. PBC was dispersed with CorexitR 9527, which is the primary
dispersant stockpiled for oil spill response in Prince William Sound. CorexitR 9527
contains nonionic and anionic surfactants and a solvent (ethylene glycol monobutyl
ether) (Wolfe et al., 1999). CorexitR 9527 elevated the concentrations of phenanthrene in
both the aqueous phase of PBC and in algae exposed to dispersed PBC. In contrast,
there was no substantial differences in phenanthrene concentrations in a predatory
rotifer species exposed to chemically dispersed or non-chemically dispersed PBC. Wolfe
et al. (1999) speculated that trophic transfer of phenanthrene from rotifers to higher
trophic levels would not likely be enhanced by the use of dispersants.

Figure 8. Comparison of a UVA photoenhanced toxicity threshold to three scenarios for UVA at the
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summer solstice in Prince William Sound: water surface (cloudless day); 10% loss of UV; 90% loss of UV.
UVA at the surface was determined from Figure 7 and the UVA toxicity threshold was determined
from Cleveland et al. (2000). See text for details.
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Figure 9. Comparison of a UVA photoenhanced toxicity threshold to three scenarios for UVA at the
winter solstice in Prince William Sound: water surface (cloudless day); 10% loss of UV; 90% loss of UV.
UVA at the surface was determined from Figure 7 and the UVA toxicity threshold was determined
from Cleveland et al. (2000). See text for details.
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Shrimp exposed to chemically dispersed PBC had substantially higher tissue
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concentrations of saturated hydrocarbons (alkanes), but similar concentrations of
naphthalenes and phenanthrenes as shrimp exposed to non-chemically dispersed PBC
(Anderson, 1985). Singer et al. (1999) reported higher concentrations of larger PAHs
(including phototoxic compounds) in chemical dispersions of PBC compared to WAF
prepared from PBC. However, particulate and dissolved compounds could not be
distinguished, and the accumulation in aquatic organisms was not evaluated (Singer et
al., 1999). These studies indicate that chemically dispersed oil is likely to exhibit
photoenhanced toxicity because phototoxic PAHs are dispersed in the water column
and are likely to be bioavailable to aquatic organisms. However, it is unknown if
chemically dispersed oil would be more or less phototoxic than non-chemically
dispersed oil. Research is needed to evaluate the relative hazards of chemically and nonchemically dispersed oil, and the ecological risks of dispersed oil may be spill specific.
Conclusions and Research Needs
Overall, this evaluation indicates there is potential for photoenhanced toxicity of spilled
oil in Prince William Sound and associated Gulf of Alaska waters. North Slope crude is
known to be phototoxic, phototoxic PAHs were present in Exxon Valdez spill water,
and phototoxic PAHs accumulate in aquatic organisms exposed to weathered Exxon
Valdez oil. Additionally, under some circumstances sufficient UV radiation may
penetrate the water column to elicit photoenhanced toxicity in aquatic organisms. The
photoenhanced toxicity of spilled oil may pose the greatest hazard to translucent
planktonic organisms and larval stages that inhabit the photic zone of the water column
and intertidal areas. These organisms may lack pigment and have an epidermis of only
a few layers, allowing UV to penetrate deeply (Hunter et al., 1980).
Chemically dispersed oil is likely to exhibit photoenhanced toxicity because phototoxic
PAHs are dispersed in the water column and are likely to be bioavailable to aquatic
organisms. However, no research has evaluated the photoenhanced toxicity of
chemically dispersed oil, and it is unknown if chemically dispersed oil would be more or
less phototoxic than non-chemically dispersed oil. Additional research is needed to
evaluate the risks of photoenhanced toxicity of spilled oil and chemically dispersed oil.
Existing field studies of oil spills and use of chemical dispersants could be reviewed to
determine if the observed toxicity was substantially greater than was expected based on
laboratory toxicity thresholds (performed under fluorescent lighting). This evaluation
could indicate whether photoenhanced toxicity was responsible for higher than
expected mortality to aquatic organisms.

Substantial uncertainties exist in the degree and extent of phototoxicity that may occur
in Alaska waters. Research should be aimed at (1) quantifying the likelihood of
photoenhanced toxicity of both chemically dispersed and non-chemically dispersed oil,
(2) the locations and times of year where atmospheric and oceanic conditions may allow
sufficient UV exposures and oil bioaccumulation in aquatic organisms, and (3) the
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habitats, aquatic organisms, and life stages most at risk. Specific research objectives may
include determining the following:
¥

Oil and UV thresholds for photoenhanced toxicity. Determine these thresholds
using laboratory exposures of selected species of aquatic organisms to WAF
prepared from North Slope crude. Test multiple concentrations of North Slope
Crude and UV to establish levels necessary for photoenhanced toxicity. Measure
the concentrations of North Slope crude in water and possibly tissues, and
determine the wavelengths important in photoenhanced toxicity (e.g., UVA vs
UVB).

¥

Comparative photoenhanced toxicity of chemically dispersed and nonchemically dispersed oil. Determine the photoenhanced toxicity of oil dispersed
with CorexitR 9527 in laboratory bioassays, and compare the results to toxicity
thresholds established for WAF of North Slope crude tested under UV and
fluorescent lighting.

¥

Locations, depths, and times of year with sufficient UV exposure. Compile
existing data if available or perform measurements of UV at various depths in
Prince William Sound and associated Gulf of Alaska waters. Develop seasonal
maps of both inshore and offshore areas that have UV exposures above
photoenhanced toxicity thresholds. Compute the depths in these locations that
exceed UV thresholds.

¥

Species and life stages at greatest risks. Evaluate the vertical distribution and
seasonal occurrence of planktonic and intertidal organisms and life stages that
exist in the photic zone of Prince William Sound and associated Gulf of Alaska
waters. Determine the species most a risk because of their occurrence in habitats
with UV levels above phototoxicity thresholds.
ACKNOWLEDGMENT

I thank Lisa KaÕaihue for assistance in obtaining information and graphics production,
and Steve Diamond for computing the SBDART estimates of UVA. This evaluation was
supported by the Prince William Sound Regional CitizensÕ Advisory Council.
REFERENCES

Alexander V. and T. Chapman. 1980. Phytotoxicity. Chapter 7, In: JM Colonell (ed) Port
Valdez, Alaska: Environmental Studies 1976-1979. Occasional Publication No. 5, Institute
of Marine Science, University of Alaska, Fairbanks. USA. pp. 127-142.
602.00.1 Potential for Photoenhanced Toxicity Report

25

Anderson J.W. 1985. Toxicity of dispersed and undispersed Prudhoe Bay crude oil
fractions to shrimp, fish, and their larvae. API Publication No. 4441. American
Petroleum Institute, Washington, D.C.
Ankley G.T., Erickson R.J., Phipps G.L., Mattson V.R., Kosian P.A., Sheedy B.R. and J.S.
Cox. 1995. Effects of light intensity on the phototoxicity of fluoranthene to a benthic
invertebrate. Environ. Sci. Technol. 29:2828-2833.
Ankley G.T., Erickson R.J., Sheedy B.R., Kosian P.A., Mattson V.R. and J.S. Cox. 1997.
Evaluation of models for predicting the phototoxic potency of polycyclic aromatic
hydrocarbons. Aquat. Toxicol. 37:37-50.
Arfsten D.P., Schaeffer D.J. and D.C. Mulveny. 1996. The effects of near ultraviolet
radiation on the toxic effects of poly-cyclic aromatic hydrocarbons in animals and
plants: a review. Ecotoxicol. Environ. Saf. 33:1-24.
Baker K.S., Smith R.C. and A.E.S. Green. 1980. Middle ultraviolet irradiance at the ocean
surface: measurements and models. In: J. Calkins (ed) The Role of Solar Radiation in
Marine Ecosystems. Plenum Press, New York.
Barcelo J.A. 1980. Photomovement of aquatic organisms in response to solar UV. In: J.
Calkins (ed) The Role of Solar Radiation in Marine Ecosystems. Plenum Press, New
York.
Barron M.G. 1990. Bioconcentration. Environ. Sci. Technol. 24:1612-1618.
Barron M.G. 1995. Bioaccumulation and Biomagnification. Chapter 30. Handbook of
Ecotoxicology. Lewis Publishers, Chelsea, MI.
Barron M.G., Anderson M.J., Lipton J. and D.G. Dixon. 1997. Evaluation of Critical Body
Residue QSARs for Predicting Organic Chemical Toxicity to Aquatic Organisms. SAR
QSAR Environ. Res. 6:47-62.

602.00.1 Potential for Photoenhanced Toxicity Report

26

Barron M.G., Podrabsky T., Ogle S. and R.W. Ricker. 1999. Do aromatic hydrocarbons
determine petroleum toxicity to aquatic organisms? Aquat. Toxicol. 46:253-268.
Barron, M.G., Little E.E., Calfee R.D. and S. Diamond. 2000. Quantifying solar spectral
irradiance in aquatic habitats for the assessment of photoenhanced toxicity. Environ.
Toxicol. Chem. 19: in press.
Boese B.L., Lamberson J.O., Swartz R.C. and R.J. Ozretich. 1997. Photoinduced toxicity
of fluoranthene to seven marine benthic crustaceans. Arch. Environ. Contamin. Toxicol.
32:389-393.
Calkins J. and T. Thordardottir. 1980. Penetration of solar UV-B into waters off Iceland.
In: J. Calkins (ed) The Role of Solar Radiation in Marine Ecosystems. Plenum Press, New
York.
Cleveland L., Little E.E., Hurtubise R. and M.G. Barron. 2000. Photoenhanced toxicity of
weathered oil to Mysidopsis bahia. Aquat. Toxicol. In press.
DeCola E.G. 1999. Dispersed oil toxicity issues. Prince William Sound Regional
Citizens= Advisory Council. December.
Heintz R.A., Short J.W. and S.D. Rice. 1999. Sensitivity of fish embryos to weathered
crude oil: Part II. Increased mortality of pink salmon (Oncorhynchus gorbuscha) embryos
incubating downstream from weathered Exxon Valdez crude oil. Environ. Toxicol.
Chem. 18:494-503.
Ho K.T., Patton L., Latimer J. S., Pruell R. J., Pelletier M., McKinney R. and S. Jayaraman.
1999. The Chemistry and Toxicity of Sediment Impacted by the North Cape Oil Spill in
Rhode Island Sound. Mar. Poll. Bull. 38:314-323.
Holst L.L. and J.P. Giesy. 1989. Chronic effects of the photoenhanced toxicity of
anthracene on Daphnia magna reproduction. Environ. Toxicol. Chem. 8:933-942.
Huang X.-D., Dixon D.G. and B.M. Greenberg. 1993. Impacts of UV radiation and
photomodification on the toxicity of PAHs to the higher plant. Lemna gibba (duckweed).
Environ. Toxicol. Chem. 12:1067-1077.
Hunter J.R., Kaupp S.E. and J.H. Taylor. 1980. Assessment of effects of UV radiation on
marine fish larvae. In: J. Calkins (ed) The Role of Solar Radiation in Marine Ecosystems.
Plenum Press, New York.

602.00.1 Potential for Photoenhanced Toxicity Report

27

Ireland D.S., Burton Jr. G.A. and G.G. Hess. 1996. In situ toxicity evaluation of turbidity
and photoinduction of polycyclic aromatic hydrocarbons. Environ. Toxicol. Chem. 15:574581.
Jones J.D., Van Dolah R.F. and M.H. Fulton. 1999. Effects of ultraviolet light on survival
of Ampelisca verrilli in natural sediments contaminated with PAHs. Abstracts. Society of
Environmental Toxicology and Chemistry.
Kirk J.T.O. 1994a. Light and Photosynthesis in Aquatic Ecosystems. Second Edition.
Cambridge University Press, Great Britain. 509 p.
Kirk J.T.O. 1994b. Optics of UV-B radiation in natural waters. Arch. Hydrobiol. Beih.
Ergebn. Limnol. 43:1-16
Kosian P.A., Makynen E.A., Monson P.D., Mount D.R., Spacie A., Mekenyan O.G. and
G.T. Ankley. 1998. Application of toxicity-based fractionation techniques and structureactivity relationship models for the identification of phototoxic polycyclic aromatic
hydrocarbons in sediment pore water. Environ. Toxicol. Chem. 17:1021-1033.
Kullenberg G. 1980. Note on the role of vertical mixing in relation to effects of UV
radiation on the marine environment. In: J. Calkins (ed) The Role of Solar Radiation in
Marine Ecosystems. Plenum Press, New York.
Landrum P.F., Giesy J.P., Oris J.T. and P.M. Allred. 1987. Photoinduced toxicity of
polycyclic aromatic hydrocarbons to aquatic organisms. In Vandermeulen, J.H. and
Hrudey, S.E., eds, Oil in Freshwater. Pergamon Press, New York.
Larson R.A. and M.R. Berenbaum. 1988. Environmental phototoxicity: solar ultraviolet
radiation affects the toxicity of natural and man-made chemicals. Environ. Sci. Technol.
22:354-360.
Lean D.R.S. 1998. Influence of ultraviolet radiation on aquatic ecosystems. In Little, E.E.,
Greenburg B.M. and A.J. DeLonay (eds) Environmental Toxicology and Risk
Assessment: Vol 7 STP 1333. American Society for Testing and Materials. West
Conshohocken, PA.
Little E.E., Cleveland L., Hurtubise R.D., Skinker R. , Zaga-Parkhurst A. and M.G.
Barron. 1999. Photoenhanced toxicity in amphibians: Synergistic interactions of solar
ultraviolet radiation. In: Investigating Amphibian Declines-Proceedings of the 1998
Midwest Declining Amphibians Conference. American Herpetological Society.

602.00.1 Potential for Photoenhanced Toxicity Report

28

Little E.E., Cleveland L., Hurtubise R. and M.G. Barron. 2000. Assessment of the
photoenhanced toxicity of a weathered petroleum to the tidewater silverside. Environ.
Toxicol. Chem. In press
Markarian R.K., Nicolette J.P., Barber T. and L. Giese.1995. A Critical Review of Toxicity
Values and an Evaluation of the Persistence of Petroleum Products for Use in Natural
Resource Damage Assessments. American Petroleum Institute (API) Publication
Number 4594. January.
Mekenyan O.G., Ankley G.T., Veith G.D. and D.J. Call. 1994. QSARs for photoinduced
toxicity: I. Acute lethality of polycyclic aromatic hydrocarbons to Daphnia magna.
Chemosphere 28:567-582.
Morris D.P., Zagarese H., Williamson C.E., Balseiro E.G., Hargreaves B.R., Modenutti B.,
Moeller R. and C. Queimalinos. 1995. The attenuation of solar UV radiation in lakes and
the role of dissolved organic carbon. Limnol. Oceanogr. 40:1381-1391.
Neff J.M. and W.A. Stubblefield. 1995. Chemical and toxicological evaluation of water
quality following the Exxon Valdez oil spill. In: Wells P.G., Butler J.N. and J.S. Huges
(eds). Exxon Valdez Oil Spill: Fate and Effects in Alaskan Waters, ASTM STP 1219.
American Society for Testing and Materials, Philadelphia.
Oris J.T. and J.P. Giesy. 1987. The photo-induced toxicity of polycyclic aromatic
hydrocarbons to larvae of the fathead minnow (Pimephales promelas). Chemosphere
16:1395-1404.
Pelletier M.C., Burgess R.M., Ho K.T., Kuhn A., McKinney R.A. and S.A. Ryba. 1997.
Phototoxicity of individual polycyclic aromatic hydrocarbons and petroleum to marine
invertebrate larvae and juveniles. Environ. Toxicol. Chem. 16:2190-2199.
Ricchiazzi P., Yang S. and C. Gautier. 1999. SBDART: A practical tool for plane-parallel
radiative transfer in the earth=s atmosphere. University of California, Santa Barbara.
http://www.crseo.ucsb.edu/esrg/pauls_dir/.
Singer M.M., Jacobson S., Stoelting M., Becker J., Tjeerdema R.S. and M.L. Sowby. 1999.
Effects of dispersed petroleum on the marine environment. DFG-UCSC Oil Spill Cleanup
Agent Cooperative Research Program. Final Report. University of California-Santa Cruz
and California Department of Fish and Game. June, 1999.
Sinks G.D., Schultz T.W. and R.S. Hunter. 1997. UVb-induced toxicity of PAHs: effects of
substituents and heteroatom substitution. Bull. Environ. Contamin. Toxicol. 59:1-8.

602.00.1 Potential for Photoenhanced Toxicity Report

29

Veith G.D., Mekenyan O.G., Ankley G.T. and D.J. Call. 1995. A QSAR analysis of substituent
effects on the photoinduced acute toxicity of PAHs. Chemosphere 30:2129-2142.
Wernersson A.-S., and G. Dave. 1997. Phototoxicity identification by solid phase extraction
and photoinduced toxicity to Daphnia magna. Arch. Environ. Contamin. Toxicol. 32:268-273.
Williamson C.E., Stemberger R.S., Morris D.P., Frost T.M. and S.G. Paulsen. 1996.
Ultraviolet radiation in North American lakes: attenuation estimates from DOC
measurements and implications for plankton communities. Limnol. Oceanogr. 41:1024-1034.
Wolfe M.F., Schwartz G.J.B, Singaram S., Mielbrecht E.E., Tjeerdema R.R. and M.L. Sowby.
1999. Influence of dispersants on the bioavailability and trophic transfer of phenanthrene
to algae and rotifers. Aquat. Toxicol. 48:13-24.
Yentsch, C.S. and C.M. Yentsch. 1980. The attenuation of light by marine phytoplankton
with specific reference to the absorption of near-UV radiation. In: J. Calkins (ed) The Role
of Solar Radiation in Marine Ecosystems. Plenum Press, New York.
Zepp, R.G. 1980. Photochemical transformations induced by solar ultraviolet radiation in
marine ecosystems. In: J. Calkins (ed) The Role of Solar Radiation in Marine Ecosystems.
Plenum Press, New York.

602.00.1 Potential for Photoenhanced Toxicity Report

