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 Quantitative Risk Model for Polycyclic Aromatic Hydrocarbon Photoinduced Toxicity in Paciﬁc Herring Following the Exxon Valdez Oil Spill Marlo K. Sellin Jeﬀries,† Carrie Claytor,‡ William Stubbleﬁeld,§ Walter H. Pearson,∥,⊥ and James T. Oris*,† †
 
 Department of Zoology, Miami University, Oxford, Ohio 45056, United States GEI Consultants, Denver, Colorado 80237, United States § Department of Environmental and Molecular Toxicology, Oregon State University, Corvallis, Oregon 97331, United States ∥ Battelle Paciﬁc Northwest Laboratory, Sequim, Washington 98382, United States ‡
 
 S Supporting Information *
 
 ABSTRACT: Phototoxicity occurs when exposure to ultraviolet radiation increases the toxicity of certain contaminants, including polycyclic aromatic hydrocarbons (PAHs). This study aimed to (1) develop a quantitative model to predict the risk of PAH phototoxicity to ﬁsh, (2) assess the predictive value of the model, and (3) estimate the risk of PAH phototoxicity to larval and young of year Paciﬁc herring (Clupea pallasi) following the Exxon Valdez oil spill (EVOS) in Prince William Sound, Alaska. The model, in which median lethal times (LT50 values) are estimated from whole-body phototoxic PAH concentrations and ultraviolet A (UVA) exposure, was constructed from previously reported PAH phototoxicity data. The predictive value of this model was conﬁrmed by the overlap of model-predicted and experimentally derived LT50 values. The model, along with UVA characterization data, was used to generate estimates for depths of de minimiz risk for PAH phototoxicity in young herring in 2003/2004 and immediately following the 1989 EVOS, assuming average and worst case conditions. Depths of de minimiz risk were estimated to be between 0 and 2 m deep when worst case UVA and PAH conditions were considered. A post hoc assessment determined that 336)
 
 in situ 2 (YoY) 0 μg FLA/L 60 μg FLA/L Sleepy Bay
 
 >336 2.15 >336
 
 Table 3. Percentage of Newly Hatched Larval and FreeSwimming Young Herring Populations Meeting Each of the Criteria Considered To Put Them at Signiﬁcant Risk of PAH Phototoxicity in Prince William Sound (PWS) in 1989 and in 2003/2004a newly hatched larval herring population criteria for signiﬁcant PAH phototoxicity risk in PWS % at or above the calculated risk depths % at or above the risk depths during the day % in the oil spill path % exposed to PAH concentrations associated with PAH phototoxicity total % at signiﬁcant risk of PAH phototoxicity
 
 88.4 (64.5, 162.5) 7.60 (7.0, 8.5) NC
 
 free-swimming young herring population
 
 1989
 
 2003/2004
 
 1989
 
 2003/2004
 
 75b
 
 49b
 
 37c
 
 37c
 
 −d
 
 −d
 
 14b
 
 14b
 
 10§ 6.9e
 
 10§ 1.6 - 14.9e
 
 84c 6.9e
 
 84c 1.6−14.9e
 
 0.52
 
 0.08−0.73
 
 0.30
 
 0.07−0.65
 
 a
 
 laboratory (larvae) 0.5 μg FLA/L 1 μg FLA/L 5 μg FLA/L 10 μg FLA/L Rocky Bay Sleepy Bay Herring Bay Bay of Isles Lower Passage
 
 44.8 to >336 26.1 to >336 6.2−177.4 3.6−76.0 >336 >336 >336 >336 >336
 
 See Materials and Methods of the Supporting Information for a detailed description of this analysis. bBased upon vertical distribution data presented by Stevenson.36 cBased upon vertical or spatial distribution data in Norcross and Fransden.38 dDiel migration patterns were not considered for newly hatched larvae. eCritical aqueous tPAH concentration for PAH phototoxicity at a depth of 0 m was estimated from critical tpPAHeq concentrations calculated from the PAH phototoxicity model using PAH data collected from the toxicity tests (for the 2003/2004 assessment) and from Neﬀ and Burns (1989 assessment).37 Critical tPAH concentrations in water were then compared to historical tPAH concentrations in PWS waters presented by Boehm et al.46
 
 119.50 (99.4,193.4) 59.41 (52.3, 67.9) 9.19 (8.2, 10.3) 3.96 (NC) 623.28 (187.5, >336) 270.43 (141.2, >336) 123.62 (NC) 97.57 (NC) 97.83 (NC)
 
 a
 
 Model-predicted LT50 values for larval herring are reported as a range, as they were determined using larval total phototoxic polycyclic aromatic hydrocarbon (PAH) concentrations estimated from concentrations of PAHs in exposure water using minimum/maximum bioconcentration factors. NC = not calculable.
 
 environments. It has been well established that PAH-induced phototoxicity is dependent upon UVA exposure dose and whole-body concentrations of tpPAHs, and previous studies have utilized this relationship to develop phototoxicity models to predict survival of organisms exposed to individual1,4,5 and binary mixtures of PAHs.8 With regard to whole-body concentrations of tpPAHs, it is important to recognize that not all PAHs are phototoxic and among those that are phototoxic, and there is variation in their relative potencies.1,20,40−42 The model developed in the current study is unique in that it utilizes not only UVA intensity and PAH-body residues to predict survival in exposed organisms but also takes into account the phototoxic potencies of accumulated PAHs. As such, our model is not speciﬁc for a single PAH but can be used to predict survival in ﬁsh exposed to mixtures of phototoxic PAHs. Because aquatic organisms are generally exposed to a complex mixture of PAHs, rather than a single PAH, this model oﬀers a means to evaluate the risk of PAH phototoxicity in a wide variety of realistic scenarios. In our study, the developed PAH phototoxicity model was utilized to predict the risk of phototoxicity to young herring following the EVOS. A previous study by Barron et al.11 demonstrated that exposures to artiﬁcial UVA light and sunlight increased the mortality of larval herring exposed to water accommodated fractions of weathered oil suggesting that PAH phototoxicity posed a hazard to herring. Our results provide further proof-of-concept that exposures to UV exacerbate the toxic eﬀects of PAHs in larval and YoY herring, as the mortality of YoY herring exposed to ≥30 μg FLA/L and larvae exposed to ≥5 μg FLA/L had signiﬁcantly greater mortality when maintained under high-UV conditions than low-UV conditions.
 
 Table 2. Risk Depths Calculated for Early Life Stage Prince William Sound Herring and Associated Average and Worst Case UV and PAH Conditions Utilized To Determine Risk Depths scenario 2003/2004 average UV/average PAH worst case UV/ average PAH average UV/worst case PAH worst case UV/worst case PAH 1989 average UV/average PAH worst case UV/ average PAH average UV/worst case PAH worst case UV/worst case PAH
 
 UVA irradiance (μW/cm2)
 
 Kd (1/m)
 
 tpPAHeq (nM/g)
 
 risk depth (m)
 
 432
 
 0.66
 
 0.092
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