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BACKGROUND 
The cumulative ecological impacts of complex mixtures of polycyclic aromatic hydrocarbons (PAHs) 
found in sediments of urban bays are largely unknown. One of the most clearly delineated cause-effect 
relationships is the association of exposure to PAH-contaminated sediment with neoplastic liver 
lesions in benthic species such as English sole (Pleuronectes vetulus) [1,2]. These and other studies 
focusing on several health parameters of adult flatfish established a threshold of 630 ppb total sediment 
PAHs for induction of liver disease and reproductive impairment (Fig. 1), which currently provides the 
best available sediment quality guidelines for protection of benthic fish from PAH impacts. However, 

there are very few high quality studies addressing 
PAH impacts on other biological processes or life 
history stages such as fish embryos and larvae. 
The Exxon Valdez oil spill demonstrated the 
exquisite sensitivity of fish embryos and larvae to 
PAH mixtures. For example, the thresholds for 
toxicity to Pacific herring (Clupea pallasi) or pink 
salmon embryos (Oncorhynchus gorbuscha) are in 
the range of 1-10 ppb total PAH range[3-5] total 
aqueous PAHs. To date the early life stage studies 
have focused almost entirely on exposure to 
aqueous petrogenic PAHs. One study using 
embryos of the mummichog (Fundulus 
heteroclitus, an East coast estuarine fish) 
identified high rates of cardiac malformation 
resulting from exposure to sediments containing 
creosote-derived PAHs between 100-200 ppb [6]. 

The impacts of sediment contaminated with predominantly pyrogenic high molecular weight 
compounds on newly settled flatfish larvae, for example, is almost completely unknown. The weight of 
evidence strongly suggests that sediment quality guidelines based on adult health parameters are 
unlikely to be protective of early life history stages. PAH-contaminated sediment could be a factor 
contributing to reduced recruitment of flatfish that settle in urbanized bays [7]. Because survival of 
early life history stages is crucial for recruitment to adult populations, particularly at low population 
sizes [8], there is great potential for population-level impacts stemming from sublethal developmental 
effects of PAH exposure. The aims of this project are to (1) identify the primary biological targets of 
PAHs in developing flatfish, and (2) establish thresholds for these effects in larvae of a San Francisco 
Bay resident species (California halibut, Paralichthys californicus). The overall goal is to develop a 
tool to assist monitoring and restoration efforts protective of benthic fish populations, much like the 
analysis for liver lesions and reproductive impairment in adult flatfish shown in Fig. 1. 
 

Figure 1: “Hockey stick” regression showing threshold for effects of 
PAHs on induction of liver lesions and reproductive impairment in 
adult English sole. From Johnson et al., 2992. 



APPLICABLE RMP OBJECTIVES AND MANAGEMENT QUESTIONS 
 

4.3 What ecological risks are caused by pollutants of concern? This study will determine whether 
early life history stages of benthic fish (flatfish) are at risk for sublethal effects of PAHs in 
contaminated sediment 

4.5 To what extent does exposure to multiple pollutants lead to effects? PAHs by nature are multiple 
pollutants. Recent research indicates that individual PAHs have distinct effects on fish early life 
history stages, making it more challenging to predict the effects of PAH mixtures. This study will 
also provide the basis for subsequent studies to further understand interactions of PAHs with other 
common sediment contaminants in urban bays, such as metals and PCBs 

4.6 Which forms of pollutants cause impairment? There is 
little information on the bioavailability of sediment-associated 
PAHs to early life history stages of benthic fish species. This 
study will compare the effects of aqueous and sediment-
associated forms of PAHs. 
 
APPROACH 
Recent PAH research at NOAA has focused on a systematic 
analysis of PAH toxicity to fish early life history stages using 
a fish biomedical model (zebrafish, Danio rerio) to rapidly fill 
data gaps regarding the biological effects of a large number of 
poorly characterized PAHs (Fig. 2). Initially focusing on an 
oil spill model with a petrogenic mixture dominated by low 
molecular weight PAHs, these studies (1) identified novel 
pathways of cardiovascular toxicity for tricyclic PAHs (e.g. 
phenanthrenes) [9,10]; demonstrated that four-ring PAHs act 
through multiple distinct pathways, some involving 
cytochrome P450 1A (CYP1A) metabolism and some not 
[11]; (3) demonstrated that the most widely accepted models 
of PAH toxicity in fish fail to predict biological effects of 
PAHs [11]; (4) has led to an approach for developing 
molecular markers to better understand the long-term impacts 
of petrogenic PAHs in native fish such as Pacific herring [12]. 
In particular, this work demonstrated the inadequacy of the 
narcosis target lipid model promoted by the EPA for 
predicting sediment PAH toxicity [13]. However, these studies 
have not been extended to the range of high molecular PAHs 
most abundant in urbanized sediments, nor to the toxicity of 
mixtures with variable ratios of low and high molecular 
weight compounds. We propose here to (Task 1) determine 
the primary pathways of early life history stage toxicity for the 
high molecular weight PAHs representative of San Francisco 
Bay sediments as determined by the SFEI RMP, (Task 2) 
determine the threshold for these effects in sediment-exposed 
larvae of native flatfish such as California halibut and English 
sole. Our previous work has identified the developing fish 
heart as a primary target of both low molecular weight 
tricyclic PAHs and some higher molecular weight PAHs (e.g. 

Figure 2. Effects of individual PAHs on zebrafish 
development. Shown are 4 day old larvae that were 
continuously exposed to (A) 0.2% DMSO, (B) 78 
µM naphthalene, (C) 60 µM fluorene, (D) 54 µM 
dibenzothiophene, (E) 56 µM phenanthrene, (F) 56 
µM anthracene, (G) 5 µM pyrene, and (H) 8.8 µM 
chrysene. 
 



Figure 3: Metamorphosis of larval California halibut. (A) 
pelagic Stage G postflexion larva with bilateral 
symmetry (~ 8 mm); the left eye is beginning to migrate 
(arrow). (B) Right-sided Stage I early juvenile (~ 10 
mm). 

benz[a]anthracene), acting via distinct effects pathways. Because heart development continues well 
into the juvenile period, it is highly likely that flatfish larvae are susceptible to these cardiac effects 
through metamorphosis and settling. Other higher molecular weight PAHs that can be present in large 
amounts in urban sediments (e.g. pyrene) have distinct toxic effects mediated by hepatic metabolism 
[11], while many other four-, five- and six-ring compounds are uncharacterized. The general approach 
will be to first determine the effects of individual PAHs in aqueous exposures of zebrafish larvae, then 
characterize the effects of aqueous mixtures in zebrafish. These studies will identify biological 
processes affected by PAH exposure. In parallel, a comparative analysis of individual compounds and 
mixtures will be performed with California halibut larvae. Finally, sediment exposures will be carried 
out with California halibut larvae to validate these findings and establish environmentally relevant 
thresholds for effects. 

 
TASK DESCRIPTIONS 

 
2008 Progress on Task 1: Systematic analysis of individual PAHs and mixtures modeled on SF 
Bay sediments. The proposed zebrafish studies are expected to be initiated mid-May, and should be 
complete by the end of the fiscal year. Aqueous exposures (static renewal) will be carried out with 
zebrafish larvae as described previously [9-11] using the pyrogenic PAHs fluoranthene, 

benzo[b]fluoranthene, benzo[K]fluoranthene, 
benzo[a]pyrene, benzo[e]pyrene, and indeno[1,2,3-
cd]pyrene. In addition to analysis of morphological and 
functional effects of PAH exposure, tissue-specific patterns 
of CYP1A induction will be determined [11]. After 
characterization of individual high molecular weight PAHs, 
mixtures (including low molecular weight PAHs) will be 
generated based on the patterns of PAHs identified in the 
RMP database (e.g. Fig. 4). Responses of zebrafish larvae to 
mixtures will be compared to the effects of individual 
compounds. 

For the second component of Task 1, systems for 
culturing larval halibut through metamorphosis were 
established in September 2007. An initial brood was obtained 
(The Cultured Abalone, Goleta, CA), but had low viability of 
yolk-sac larvae due to decline in egg quality at the end of the 
spawning season. A second brood was obtained at the 
beginning of the 2008 season, on 8 March 2008. Larvae were 
fed a diet of enriched rotifers followed by enriched Artemia 
nauplii and developed on schedule [14]. Metamorphosis 
occurred around 40-45 dpf (Figure 3). Initially, animals were 
provided with no sediment at the time of metamorphosis. A 
second brood is scheduled for late May, and studies to assess 
metamorphosis on sediments will be carried out in June. 
Designs for exposing larvae to sediments in replicates will be 
tested. These preliminary studies indicate the feasibility of 
the work proposed for Task 2 in 2009. 
 

Task 2: Determine the threshold for effects of PAHs in sediment-exposed larvae of resident SF 
Bay flatfish (California halibut). Although California halibut are more widely associated with 



Southern California, this species is present in SF Bay and spawning habitat has been documented 
(NOAA Fisheries, unpublished data). In addition to being a resident species, other key advantages of 
California halibut is that the larvae are commercially available over an extended spawning season 
(Feb-Sept), aquaculture conditions are well established, and morphological development and growth 
through metamorphosis have been described [14]. A major challenge for determining the effects of 
sediment-associated PAHs is the choice of sediment. Sediments collected from urban bays such as SF 
Bay contain numerous other contaminants (e.g. metals, PCBs, pesticides) that would confound an 
effects analysis. Spiking sediments with purified PAHs may not result in a product that is accurately 

representative of sediment that 
accumulates PAHs through the 
typical transport processes. This 
problem will be surmounted by using 
marine sediments collected from an 
otherwise pristine bay impacted by 
an adjacent aluminum smelter. 
Kitimat Arm is located in a remote 
region of northern British Columbia, 
Canada where the only modern 

development is a Soderberg process 
aluminum smelter and its associated 
town (population ~ 8000). 

Constructed in the 1950s, the Alcan smelter is a major source of PAH contamination in Kitimat Arm, 
and effects on English sole and other fish species is well documented [15]. Importantly, due to the 
remoteness of the region, low human population density, and absence of other industrial and urban 
activities, sediments in Kitimat Arm are contaminated almost exclusively by PAHs. Both the total 
PAH concentrations and patterns of individual compounds are comparable to those in sediment 
samples collected from SF Bay (Fig. 4). Based on surveys conducted by NOAA Fisheries for the 
Haisla Nation, sediment will be collected from Kitimat Arm and transported to the NOAA Mukilteo 
Field facility for exposure studies with California halibut larvae. Detailed analyses from multiple sites 
in Kitimat Arm have identified sediments with total PAHs ranging from < 100 ppb to 38,000 ppb, 
which is comparable to samples in the RMP databases. Control sediments will be collected from 
previously documented clean sites at Kitlope, south of Kitimat. Sediments will be extracted and PAHs 
analyzed by GC/MS to confirm PAH concentrations. Halibut larvae will be exposed to Kitimat 
sediments using flow through systems established with control sediments in Task 1. Biological 
endpoints determined in Task 1 will be assayed. Thresholds will be established using both sediments 
from different sites with different total PAH levels, and by diluting PAH-contaminated sediment with 
clean sediment. All Task 2 items will be completed in year 2. The only change proposed to Task 2 is 
the option of assessing the impacts of SF Bay sediments, if preliminary results with Kitimat sediments 
are obtained by Fall 2008. 
 
 
BUDGET:   
 Task 2 
Technical contractor salary   40000 
Lab supplies, including halibut larvae     3500 
Travel and sediment collection     3000 
Sediment PAH analysis (5 samples)     4000 
Total $50500 

Figure 4: PAH patterns in sediments from SF Bay and Kitimat Arm , BC. Left axis is 
percent of total PAHs. Total PAH for SF Bay sample was 10,300 ppb and 8200 ppb for 
Kitimat sample. 
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