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Environmental response to creosote treated wood structures  
in Puget Sound, Washington 

 
Background.  The environmental industry and a few regulators within state and federal 
governments in the United States have raised concerns regarding the use of creosote treated 
piling in marine environments.  These concerns are based on conditions observed near industrial 
facilities that produced creosote treated wood in the 19th and 20th centuries and on polycyclic 
aromatic hydrocarbon (PAH) contamination at industrial ports where there are many sources and 
many types of organic contaminants.  There are few studies that have actually assessed the 
environmental response to the use of creosote treated products.  In support of efforts by the 
federal government in Canada to develop a science based policy regarding the use of creosote 
treated wood, Goyette and Brooks (1998, 2001) conducted a five year investigation in a remote 
area of Sooke Basin, British Columbia, comparing the environmental response to six piling 
dolphins constructed of new creosote treated Douglas fir piling (BMP) and of eight year old 
piling pulled at the Port of Vancouver in British Columbia with similarly installed untreated 
piling.  Small increases in dissolved ΣPAH were recorded within 15 cm of the treated wood 
when compared with concentrations at a reference location using semi-permeable membrane 
devices (SPMDs).  Swartz et al. (1995) provided a toxic unit (TU) method for assessing the 
potential toxicity of mixtures of PAH and concluded that a ΣTU < 0.186 was sufficient to protect 
marine life.   Fourteen days after construction, the concentrations of dissolved ΣPAH were low at 
13.4 to 30.8 ng/L (parts per trillion) throughout the Sooke Basin study area and a ΣToxic Units 
equal to 0.00075 was found within 15 cm of the treated piling.  Concentrations of total PAH 
(ΣPAH) in mussel tissues were significantly elevated to 68.07 + 9.14 ng ΣPAH/g dry tissue 
weight  in mussels grown 0.15 m from the newly treated piling in comparison with tissues at the 
reference location where they were 44.12 + 8.09 ng/g fourteen days following construction.  
Significant differences in tissue concentrations were not observed on other days and at the end of 
384 days, tissue concentrations within two meters of the BMP piling were actually less than at 
the reference station. Mussels survived equally well in all treatments, but grew more slowly 
within 0.15 m of the creosote treated piling, reaching a mean length of 59.3 + 2.7 mm at the end 
of 384 days in comparison with a mean length of 69.5 + 0.8 mm at the reference station.  
Mussels from all stations spawned and their larvae developed normally with no significant 
differences in any reproductive endpoint. 
 One year following construction, the mean sediment ΣPAH concentration within half a 
meter of the downcurrent most piling was 27 µg ΣPAH/g dry sediment.  The concentration of 
ΣPAH declined at greater distances and reached a background concentration of <0.50 µg 
ΣPAH/g dry sediment at between 7.5 and 10 m from the dolphins.  The model of Brooks (1996) 
predicted the accumulation of about 50 percent more PAH in sediments than was actually 
observed at Sooke Basin.  This model also predicted decreases in sediment concentrations due to 
microbial catabolism of all of the compounds following the first 1,000 days.  Sediment 
concentrations of ΣPAH in Sooke Basin were observed to decline earlier and faster than 
predicted by the model. 
 No adverse effects were observed in a series of extensive macrobenthic community 
analyses conducted at the site, but amphipod laboratory bioassays revealed significant reductions 
in measured endpoints at distances < 2.0 m from the dolphins.  The observed bioassay toxicity 
appeared attributable to high sulfide concentrations and to phenanthrene and fluoranthene, which 
are major constituents of marine grade creosote.   
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 Goyette and Brooks (2001) described a vibrant community of invertebrates growing on 
the treated wood piling with a reduced community on the untreated pilings, which were 
deteriorating badly under attack by Limnoria sp., Bankia sp. and Teredo sp.  Biodeposits from 
the epibenthic community residing on the piling were sufficient to create anaerobic conditions in 
sediments.  Concentrations of free sediment sulfides were observed at 7,394 µM on the perimeter 
of the dolphins.  They declined exponentially with distance, but remained at a biologically 
significant concentration of 625 µM to 20 m downcurrent.  In the Sooke Basin study, the 
anaerobic conditions associated with enrichment by the epibenthic community were potentially 
far more stressful to the macrobenthos than the small amounts of PAH that accumulated during 
the first two years.   
 The Sooke Basin study developed a large database including the results of several 
hundred bioassays with same sample physicochemical analyses (GC/MS SIM) for parental and 
alkylated PAHs.  Goyette and Brooks (1998) examined 35 Rhepoxynius abronius and 35 
Eohaustorious washingtonianus 10-day sediment bioassay results, plus the results from Microtox 
solid and liquid phase tests, and Echinoid fertilization tests to assess the efficiency and 
protectiveness of  Washington State’s PAH Sediment Quality Criteria (SQC); the DRAFT US 
Environmental Protection Agency SQC for acenaphthene, phenanthrene and fluoranthene; the 
threshold effect level (TEL) and probable effects level (PEL) developed by MacDonald (1994) 
and British Columbia’s interim sediment quality criteria.  Only the DRAFT US Environmental 
Protection Agency SQC failed to predict toxicity when it was observed.  Other benchmarks 
predicted toxicity when none was observed in 52 instances for the TEL; 21 instances for the 
PEL; 30 instances for the TEL+PEL/2 and in 32 instances for the BC ISQC.  Washington State’s 
SQC were most efficient with only 12 predictions of toxicity for individual compounds or the 
ΣPAH when no toxicity was observed.  For that reason, and because Washington State is the 
only jurisdiction having published regulatory SQC for PAH, these criteria will be used in this 
assessment.  The criteria are provided in Table 2 on a dry sediment weight basis at 1.0% organic 
carbon and on the basis of mg PAH/kg organic carbon.  The Washington State SQC were 
reviewed and approved by the U.S. EPA.  Brooks (2004, In press) provided fingerprints for a 
number of common sources of PAH and found that intermediate weight compounds 
(phenanthrene, anthracene, fluoranthene, pyrene benz(a)anthracene, chrysene and benzo(b or 
k)fluoranthene) dominated creosote contaminated sediments.  Lower and higher weight 
compounds were found in very low concentrations or were not detected in Sooke Basin 
sediments (Goyette and Brooks, 1998).    
 
Methods.  The two treated structures examined in depth during this study were selected from 
numerous candidates because they contained more than 250 creosote treated piling; had 
sediments dominated by sand, silt and clay indicating non-erosional environments; and were 
located in areas remote from significant other sources of PAH.  Table 1 summarizes information 
for the three locations examined in this study.   
 
Table 1.  Characteristics of the four sites at which the environmental response to creosote 
treated piling were evaluated in Puget Sound. 
 
Site                               Number of piling            Footprint (m2)             Notes  
Fort Worden dolphins and pile dike 801 2,114.7 m2 Rural area 
Fort Ward wharf and pier 292 1,635.8 Rural area 
Port Townsend City pier 85 Not measured Urban area 
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Figure 1 describes the Fort Worden pier and wharf located in Port Townsend, Washington and 
Figure 2 describes the Fort Ward pier and wharf located in Rich Passage on the west side of 
Bainbridge Island in Puget Sound, Washington.  The location of the sample stations and/or 
transects are identified in each figure.  Three additional sediment samples were collected and 
analyzed for PAH, total organic carbon (TOC), total volatile solids (TVS) and sediment grain 
size distribution (SGS) within 15 cm of a group of three piling at the Port Townsend City Pier 
located on an urban waterfront. 
 
Table 2.  Summary of Washington State Marine Sediment Quality Criteria (WAC 173-204) 
for polycyclic aromatic hydrocarbons.  Compounds characteristic of creosote derived PAH 
contamination are highlighted.  

PAH Species/Sample Station 

Washington SQC 
(mg.kg dry sediment at 

1% organic carbon) 
Washington SQC 

(mg/kg organic carbon) 
Naphthalene (NAPH) 0.990 99.000 
Acenaphthene  (ACENAP) 0.160 16.000 
Acenaphthylene (ACENAPH) 0.660 66.000 
Fluorene (FLURE) 0.230 23.000 
Phenanthrene (PHEN) 1.000 100.000 
Anthracene (ANTHR) 2.200 220.000 
Pyrene (PYR) 10.000 1000.000 
Benzo(a)anthracene (BAA) 1.100 110.000 
Chrysene (CHRY) 1.100 110.000 
Fluoranthene (FLUOR) 1.600 160.000 
Benzo(b)fluoranthene (B(b)F) 1.150 115.000 
Benzo(k)fluoranthene (B(k)F) 1.150 115.000 
Benzo(a)pyrene (BAP) 0.990 99.000 
Benzo(g,h,I)perylene (B(ghi)P) 0.310 31.000 
Dibenz(a,h)anthracene (D(a,h)A) 0.120 12.000 
Ideno(1,2,3-cd)pyrene (I(1,2,3)P) 0.340 34.000 
2-Methylnaphthalene (2MNAPH) 0.380 38.000 
1-Methylnaphthalene (1MNAPH)    
    
 Total Low Molecular PAH 3.700 370.000 
Total High Molecular PAH 9.600 960.000 
Sum of Total Low and High 
Molecular Weight PAH 13.300 1330.000 

 
Sample dates.  Samples were collected during the winter of 2002 when water visibility, 

important for underwater photography was expected to be best.  Samples were collected at Fort 
Worden on January 6 and at Fort Ward on January 7, 2002.  Samples were collected at Port 
Townsend on January 8, 2002. 

 Sample documentation and shipping.  Samples were shipped in coolers on phase 
change ice packs by overnight delivery service to the appropriate analytical laboratory using 
chain of custody procedures that comply with the requirements of ASTM D4840-88. 

Equipment and sample bottle cleaning.  Multiple sampling fixtures, identical to that 
shown in Figure 3, were washed in hot water and detergent followed by soaking in reagent grade 
acetone and a final rinse in distilled water.  Fixtures were stored, along with similarly cleaned 
stainless steel sampling utensils constructed with a 2 cm high square shoulder, in new one gallon  
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Figure 1.  Historic Fort Worden ammunition pier located in Port Townsend, Washington.  The facility is now home to the Port Townsend Marine 
Science Center.  Sampling locations are annotated as well as the location of the continuous line of Class A creosote treated piling forming a wave 
breaking fence that encloses the interior boat basin.  The reference station was located approximately 100 meters north of the mouth of the breakwater. 

Wharf and pier supported on 
Class A piling 10’ OC 

Location of transect along which samples 
were collected at 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 5.0 
& 7.0 m from the wave fence 

Basin enclosed by a continuous 
barrier of creosote treated Class A 

C2

C1

Triplicate sediment samples were collected in three locations 
within 3.0 m of the base of this dolphin.  The triplicate fouling 
organism samples were also collected from these piling. 

Two reference stations were 
evaluated at Fort Worden.  One 
north of the breakwater and the 
other within the boat basin 

T1

Location of dolphin within 
which triplicate samples 
were collected 
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Figure 2.  Fort Ward pier and wharf located in Rich Passage on the west side of Bainbridge Island in Puget Sound, 
Washington.  The locations of the support piling and sediment sampling locations are shown

Primary sampling transect along which 
samples were collected at distances of  0.5, 1.0, 
1.5, 2.0, 2.5, 3.0, 5.0 and 7.5 meters from the 
center of the three piling corner dolphin. 
The fouling community was also assessed here.

Triplicate sediment samples collected 
within 30 cm of a creosote treated piling at 
this location. 

Triplicate sediment samples 
collected at a reference 
station located 200 m north 
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Ziploc bags until required in the field.  Two freshly cleaned samplers and utensils were used 
for each transect.  Sampling began at the local reference station and proceeded from the furthest 
to the closest station along the designated transects.  Laboratory cleaned 250 ml wide-mouth 
bottles were supplied by the laboratories conducting the sediment and tissue PAH analyses.  New 
125 ml urine specimen jars were used for storage of sediments for other physicochemical 
analyses (TVS, S=, redox, SGS). 

Sample collection and handling.  Samples were collected by Mr. Lynn Goodwin of 
Strait and Sound Consulting using scuba equipment and the stainless steel fixture described in 
Figure 3.  The fixture has a footprint of 0.032 m2.  Transect lines were laid out using a 100 m 
fiberglass tape and two samples were collected adjacent to the required distance on the left and 
right side of the tape.  The first sample 
was used for physicochemical and the 
second for biological analyses.  The lid of 
this sampler was inserted into the 
sediments and pulled toward the diver to 
create a shelf.  The sampler was then 
pushed horizontally against the shelf to 
enclose a sample that is ca. 10 cm deep.  
The lid is closed while the sampler is in 
the substrate, enclosing the sample for 
retrieval.  At the surface, physicochemical 
samples are taken from the top two cm of 
the sampler and placed in precleaned glass 
containers for PAH analysis and into 125 
ml LDPE urine specimen bottles for other 
physicochemical analyses.  The second 
sample, collected at the same time using a 
separate sampler, was washed into a five gallon bucket using 125 µm filtered seawater.  Samples 
for physicochemical analyses were placed on ice in a cooler while in the field.  PAH and TOC 
samples were frozen at -20 oT in the laboratory on the day of collection.  Samples for other 
physicochemical analyses were held at 4 oC.  Sulfide and redox analyses were conducted in the 
field within 15 minutes of collection.  Samples of the epibenthic invertebrate community 
growing on creosote treated wood were scraped from a 15 cm square area of the piling into 500 
µm Nytex bags.  This may have resulted in the loss of more mobile animals and the data 
provided in this report likely underestimate both the abundance and number of taxa resident on 
the piling. 

 List of measured endpoints. The following endpoints were assessed at the two primary 
sites.  Only SGS, S=, TOC, TVS, redox potential and sediment PAH concentrations were 
assessed at the Port Townsend City pier.  Sediment and tissue PAH was analyzed in the surficial 
(0 - 2.0 cm) layer.  Low molecular weight compounds are presented in italics.  
Benzo(a)fluoranthene and benzo(b)fluoranthene are grouped as benzofluoranthenes 

Figure 3.  Benthic sampler used by scuba 
divers to collect fully enclosed sediment 
samples  
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     Polycyclic aromatic hydrocarbons.  
 Naphthalene   Pyrene       Ideno(1,2,3-cd)pyrene 
 Acenaphthylene  Benzo(a)anthracene     Benzo(g,h,i)perylene 
 Acenaphthene   Chrysene      Dibenz(a,h)anthracene 
 Fluorene Benzo(k)fluoranthene     Benzo(a)pyrene 
 Phenanthrene   Fluoranthene            
 Anthracene   Benzo(b)fluoranthene       

  1-Methylnaphthalene (sediment only) 
  2-Methylnaphthalene  
  Dibenzofuran (fouling community tissue samples only) 
 
      Biological Endpoints.  All samples were sieved on 1.0 mm sieves and identified to 
the lowest level possible – generally to species.   
 
  Macrobenthos in separate samples having a footpring of 0.032 m2 and the  
  Epibenthic community covering 0.0225 m2 residing on creosote treated piling  
  
       Additional Tests 
 
  Sediment free sulfide concentrations  
  Sediment redox potential 
  Sediment Grain Size Distribution 
  Sediment Total Volatile solids  
  Sediment Total Organic Carbon 
 

Sediment PAH concentrations were determined by Test America in Nashville, 
Tennessee using GC-MS in Single Ion Mode (EMP Method 8270-SIM) following extraction 
using Method SW3550.  Quality assurance procedures included percent recovery of three 
surrogates (Nitrobenzene-d5; 2-Fluorobiphenyl; and Terphenyl-d14); and analysis of blanks and 
duplicate samples. 

Mussel (Mytilus edulis trossulus) tissue PAH concentrations were determined by 
Analytical Resources Incorporated in Seattle, Washington using GCMS-SIM with a detection 
limit of 10 µg/kg dry tissue for each compound.  Quality assurance included recovery of two 
surrogates (d10-2-Methylnaphthalene and d14-Dibenzo(a,h)anthracene; matrix spikes using 
phenanthrene, chrysene and benzo(k)fluoranthene; blanks; and duplicates, which were analyzed 
with each run.  

 Total organic carbon (TOC) was determined by Test America using EPA Method 
9060M.  Quality assurance included analysis of blanks, TOC certified reference material and 
duplicates.  All quality assurance checks were within allowable data control limits. 
 
 Total volatile solids (TVS) analyses were accomplished on 50-gram surficial sediment 
samples (PSEP 1996).  Samples were dried at 103 + 2o C in aluminum boats that had been tared 
following combustion at 550 oC for 30 minutes.  Drying was continued until no further weight 
reduction was observed (generally overnight).  The samples were than combusted at 550 oC for 2 
hr or until no further weight loss was recorded.  TVS were calculated as the difference between 
the dried and combusted weights.  Triplicate analyses were completed on 5% of the samples or 
on a minimum of one per batch (PSEP 1996). 
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 Sediment Grain Size Distribution (SGS)  analysis was accomplished using 50 + 15 
grams of surficial sediment taken from the top two cm of the sediment column.  The sample was 
wet sieved on a 0.64 µm sieve.  The fraction retained on the sieve was dried in an oven at 92 oC 
and processed using the dry sieve and pipette method of Plumb (1981).  The sieves used for the 
analysis had mesh openings of 2.0, 0.89, 0.25 and 0.064 µm.  Particles passing the 0.064 µm 
sieve during wet sieving were analyzed by sinking rates in a column of water (pipette analysis).  
Triplicate samples conducted on one, or a minimum of 5 percent, of the samples.  The Root 
Squared Deviation (RSD) was < 20% for these triplicate samples. 
 

  Benthic infaunal analysis.  The entire contents of infaunal grab samples (including the 
overlying water) were washed from the grab into a five-gallon bucket using 125 µm filtered 
seawater.  Samples were then sieved on 1.0 mm stainless steel screens.  The retained material was 
placed in 1.0 or 2.0 liter HDPE bottles and fixed using 15% buffered formalin in seawater on the 
day of collection.  Each sample jar had matching inside, outside and cap labels.  Fixed samples 
were washed with filtered fresh water and preserved in 70% isopropyl alcohol after four days.  
Infaunal organisms were sorted from the background matrix under 10x magnification.  A 
different technician repicked twenty percent of each sample.  Quality assurance guidelines 
required a picking efficiency of >95%.  Any sample failing this QA benchmark was completely 
repicked.  Infauna was identified to the lowest level practicable – generally to species.  All taxa 
were compared with verified specimens in a reference collection (Aquatic Environmental 
Sciences), or will be verified by an outside expert.  
 

 Redox potential (Eh) was measured in the field using an Orion advanced portable 
ISE/pH/mV/ORP/temperature meter model 290A with a Model 9678BN Epoxy Sure-Flow 
Combination Redox/ORP probe.  The stated accuracy of the meter in the ORP mode is + 0.2 mV 
or + 0.05% of the reading, whichever is greater.  Detailed protocols for preparation of standards 
and conducting the analyses are provided in Wildish (1999).  Quality assurance required checking 
of the meter against two standards at the beginning and end of each batch of samples and 
triplicate analyses completed on 5% of the samples with a minimum of one per batch. 
 

 Free sediment sulfides (S=) were evaluated using an Orion advanced portable 
ISE/pH/mV/ORP/temperature meter model 290A with a Model 9616 BNC Ionplus Silver/Sulfide 
electrode.  The meter has a concentration range of 0.000 to 19,900 µM and a relative accuracy of 
+ 0.5% of the reading.  The probe and meter were three point calibrated using 100, 1,000 and 
10,000 µM standards every three hours.  Detailed protocols are provided in Wildish et al. (1999).  
Quality assurance required frequent checking of the meter against standards and triplicate 
analyses completed on 5% of the samples with a minimum of one per batch. 
 
 Statistical analyses.  The experimental design and analyses relied on correlation, 
principle components and linear and non-linear regression analyses for single samples collected 
along transects and on analysis of variance for triplicate samples collected at treatment and 
reference stations.  Raw data was entered into a Microsoft Excel spreadsheet and imported into 
Statistica software for analysis.  Proportional data (TVS and SGS) were arcsine(square-root) 
transformed prior to inferential analyses (Zar 1984).  Biological count data were transformed 
(Ln(N+1)) prior to determination of Pearson correlation coefficients.  Biological responses were 
summarized in three-dimensional contour graphs using Statistica’s distance weighted least 
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squares subroutine.  Statistical significance throughout this report is associated with the 
probability of making a Type I error of 0.05. 
 
 Shannon’s Index (Shannon and Weaver 1949).  This index provides the average uncertainty 
per species in an infinite community of taxa.  The form of the index used in this analysis is: 
 

    Shannon’s Index = H’ = -Σover species (ni/n)*ln(ni/n) 
 
The value of the index is zero when a single species is present.  It is maximized when there are a 
large number of equally represented species and it is reduced in communities dominated by a 
few highly abundant species.  The value of Shannon’s Index in a sample containing 20 taxa 
equally represented in a total abundance of 600 animals would be 3.0. 
 
 Pielou’s Index (Pielou 1977) is a commonly used measure of community evenness.  It 
expresses the observed value of Shannon’s Index relative to the maximum possible value (ln(S)).  
Where (S) is the number of taxa present.  Pielou’s index varies between 0 and 1.0 and generally 
co-varies with Shannon’s Index. 
 
             Pielou’s Index = J’ = H’/ln(S). 
 
 Temperature, salinity, dissolved oxygen and pH.  Temperature was measured in the 
field using the temperature feature on a Yellow Springs Instrument Company (YSI) Model 33 
SCT meter, which was also used to determine salanity.  A YSI Model 57 dissolved oxygen meter 
was used to measure dissolved oxygen in-situ.   
 
 Photography.  Underwater photographs was accomplished by Mr. Richard Baxter of San 
Mateo, California using a Nikonos IV 35 mm camera and strobe light. 
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Results.  Physicochemical endpoints used to characterize sediments at Fort Worden, Fort Ward 
and Port Townsend are detailed in Table 3.  Sediments at all of the sample locations were 
dominated by sand.  Concentrations of organic carbon and free sediment sulfides were relatively 
high near clusters of piling and lower near single piling or at reference locations.  However, it  
 
Table 3.  Physicochemical endpoints characterizing sediments at Fort Worden, Fort Ward 
and Port Townsend.   

Site Date Distance 
Sample 
Code  

Gravel 
(percent) 

Sand 
(percent) 

Fines 
(percent) 

TVS 
(proportion 

TOC 
(percent 

Redox 
(mV) 

Sulfides 
(µM) 

Fort Worden 1/6/2002 0.5 A1(1) 2.36 71.54 26.09 0.07 0.0091 -197.60 1790 
Fort Worden 1/6/2002 1 A2(1) 2.09 63.76 34.15 0.08 0.0210 -192.60 634 
Fort Worden 1/6/2002 1.5 A3(1) 0.82 72.00 27.18 0.04 0.0160 -189.00 597 
Fort Worden 1/6/2002 2 A4(1) 0.32 77.61 22.08 0.03 0.0060 -200.90 367 
Fort Worden 1/6/2002 2.5 A5(1) 0.79 72.85 26.36 0.04 0.0100 -198.50 648 
Fort Worden 1/6/2002 3 A6(1) 0.94 71.67 27.38 0.05 0.0110 -165.90 439 
Fort Worden 1/6/2002 5 A7(1) 1.80 64.44 33.76 0.09 0.0120 -181.60 359 
Fort Worden 1/6/2002 7.5 A8(1) 0.14 78.53 21.33 0.03 0.0120 -123.90 673 
Fort Worden 1/6/2002 C2-1 A9(1) 1.13 92.67 6.20 0.01 0.0005 -117.20 615 
Fort Worden 1/6/2002 C2-2 A10(1) 0.23 94.49 5.29 0.01 0.0005 33.10 351 
Fort Worden 1/6/2002 C2-3 A11(1) 1.31 89.23 9.46 0.01 0.0005 27.60 725 
Fort Worden 1/6/2002 1 C1(A1) 0.00 93.10 7.23 0.01 0.0005 84.1 343.00 
Fort Worden 1/6/2002 1 C2(A2) 0.17 90.44 9.39 0.01 0.0021 -123.9 709.00 
Fort Worden 1/6/2002 1 C3(A3) 0.33 89.36 10.31 0.01 0.0026 -190.2 720.00 
Fort Worden 1/6/2002 3 C4 3.0(C1) 0.15 39.61 60.24 0.11 0.0367 23.4 414.00 
Fort Worden 1/6/2002 3 C5 3.0(C2) 0.54 36.48 62.98 0.13 0.0445 -180.3 597.00 
Fort Worden 1/6/2002 3 C6 3.0 (C3) 2.56 41.48 55.97 0.10 0.0279 -131.7 483.00 
Fort Worden 1/6/2002 1.2 C7 1.2 (B1) 8.69 49.39 43.92 0.14 0.0314 -186.1 1040.00 
Fort Worden 1/6/2002 1.2 C8 1.2 (B2) 6.09 48.46 45.44 0.11 0.0331 -172.5 887.00 
Fort Worden 1/6/2002 1.2 C9 1.2 (B3) 6.78 55.82 37.40 0.08 0.0228 -195.2 963.00 
Fort Worden 1/6/2002 C1-1 C10 C1 0.57 93.06 6.37 0.01 0.0005 100.5 33.60 
Fort Worden 1/6/2002 C1-2 C11 C2 0.42 93.88 5.69 0.01 0.0005 117.1 61.50 
Fort Worden 1/6/2002 C1-3 C12 C3 2.40 91.64 5.95 0.01 0.0005 122.1 29.60 

Fort Ward 1/7/2002 0.5 B1 0.5 (B1) 43.33 43.69 12.98 0.03 0.0609 -211.50 2706.2 
Fort Ward 1/7/2002 1 B2 1.0 (B2) 52.77 35.47 11.78 0.02 0.0618 -190.10 735.2 
Fort Ward 1/7/2002 1.5 B3 1.5 (B3) 35.74 48.49 15.77 0.03 0.0250 -212.50 334.3 
Fort Ward 1/7/2002 2 B4 2.0 (B4) 33.40 53.77 12.83 0.02 0.0388 -207.40 124.17 
Fort Ward 1/7/2002 2.5 B5 2.5 (B5) 39.22 43.06 17.72 0.03 0.0211 -197.10 136.61 
Fort Ward 1/7/2002 3 B6 3.0 (B6) 35.34 50.56 14.11 0.02 0.0150 -197.10 53.84 
Fort Ward 1/7/2002 5 B7 5.0 (B7) 51.39 34.60 14.02 0.03 0.0175 -204.90 266.28 
Fort Ward 1/7/2002 7.5 B8 7.5 (B8) 32.72 50.98 16.30 0.04 0.0129 -207.50 296.67 
Fort Ward 1/7/2002 C3-1 B9 C1 0.46 65.15 34.39 0.04 0.0122 -213.00 599.13 
Fort Ward 1/7/2002 C3-2 B10 C2 2.87 72.33 24.80 0.03 0.0090 -227.40 604.92 
Fort Ward 1/7/2002 C3-3 B11 C3 2.76 79.87 17.36 0.02 0.0209 -190.60 305.35 

Port Townsend 1/8/2002 0.15 PT-S3(1) 24.40 56.38 19.22 0.03 0.0102 -120.24 191.4 
Port Townsend 1/8/2002 0.15 PT-S3(2) 22.78 57.01 20.21 0.03 0.0105 -175.69 128.4 
Port Townsend 1/8/2002 0.15 PT-S3(3) 25.17 55.50 19.34 0.03 0.0142 -163.89 116.1 
Fort Ward Pier 1/6/2002 0.3 FWP-S1         0.0059 -102.41 119.4 
Fort Ward Pier 1/6/2002 0.3 FWP-S2         0.0072 -90.84 134.3 
Fort Ward Pier 1/6/2002 0.3 FWP-S3         0.0057 -96.33 158.2 
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should be noted that with the exception of Port Townsend, the Fort Ward Pier samples and Fort 
Worden’s C1 reference station located subtidally offshore from an exposed sandy beach in a 
dynamic environment, all of the sulfide concentrations (> 300 to 700 µM) were at levels where 
Brooks (2001) demonstrated the exclusion of 30 to 50% of macrobenthic taxa.  The free 
sediment sulfide concentration 
adjacent to the Fort Worden wave 
fence (1,790 µM S=) and in the center 
of the three piling dolphin supporting 
the Fort Ward wharf (2,706 µM S=) 
were nearly as high as those observed 
by Goyette and Brooks (1998) at the 
Sooke Basin dolphins.  Figure 3 
depicts support piling on the north face 
of the Fort Ward wharf on the 
sampling day.  Biodeposits from the 
fouling community were likely 
exceeding the assimilative capacity of 
the sediments creating localized 
anaerobic conditions leading to high 
sulfide concentrations.  The point is 
that these high sulfide concentrations 
will confound macrobenthic affects associated with sediment PAH concentrations at both sites.  
Figure 3, from Brooks and Mahnken (2003) describes the number of taxa observed in British 
Columbia sediments as a function of the concentration of free sediment sulfides. 
 

Number of taxa = 89.76 - 21.868*log10(Sulfide)
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Figure 4.  Number of taxa observed in British Columbia sediments as a function of the 
concentration of Free Sediment Sulfides (S=).  Graph from Brooks and Mahnken (2003). 

Figure 3.  Creosote treated piling supporting the 
Fort Ward wharf in Rich Passage, Washington.   
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 Sediment PAH concentrations.  Concentrations of PAH on a dry sediment weight basis 
are provided in Tables 4 through 7.  Undetected compounds are highlighted in blue and entered 
at half the detection limit for purposes of assessing the sum of low and high molecular weight 
and total PAH. 
 
      Fort Worden wharf transect.  This transect began 0.5 m from the continuous line of 
creosote treated piling forming a wave fence to protect the interior boat basin.  The entrance to 
the boat basin is between the north wing of the wharf and a concrete jetty extending from the 
beach.  This restricts circulation within the interior of the wharf and boat basin, creating a trap 
for organic debris.  Finely divided macroalgae and eelgrass detritus was found in 0.5 to 1.0 m 
deep drifts against the wave fence and extending under large areas of the wharf.  The location of 
the transect described in Figure 1 was chosen in part because native sediments were exposed 
there and not covered with organic matter.  Sediment concentrations of PAH (mg PAH/g dry 
sediment) along this transect are provided in Table 4 and summarized in Figure 3.  
Concentrations of fluoranthene, phenanthrene, pyrene, benzo(b & k)fluoranthene, 
benzo(a)anthracene and chrysene, which Brooks (2004 in-press) has shown are typical of 
creosote treated wood contamination, were detected only at low concentrations in C2 reference 
sediments collected in the boat basin at a location as remote as possible from creosote treated 
wood.  Concentrations of PAH, particularly fluoranthene, phenanthrene, pyrene and chrysene 
that are associated with creosote, were highest next to the wave fence and they declined with 
distance. The low levels of PAH found at C2 contained relatively low concentrations of 
compounds associated with creosote treated wood suggesting no general contamination of 
sediments within the basin by their use.    
 

Sediment PAH as a function of distance from the wave breaking fence at Fort Worden
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Figure 3.  Sediment concentrations of total PAH, high molecular weight compounds 
(HPAH) and phenanthrene and fluoranthene, which are typically associated with creosote 
contamination of sediments near treated wood structures. 
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Table 4.  Sediment concentrations of polycyclic aromatic hydrocarbons along a 7.5 meter long transect starting under the 
wharf at the wave fence and proceeding into the interior of the Fort Worden boat basin.  All values are in micrograms PAH/g 
dry sediment weight.  Results for the shoreline reference station (C1) are shaded. 
  

PAH Species/Sample Station A1P 0.5 A2P 1.0 A3P 1.5 A4P 2.0 A5P 2.5 A6P 3.0 A7P 5.0. A8P 7.5 A9P C2-1 A10P C2-2 A10P C2-3 
                        
Acenaphthene 0.040 0.091 0.080 0.070 0.076 0.073 0.078 0.070 0.002 0.002 0.002 
Acenaphthylene 0.146 0.272 0.223 0.168 0.199 0.174 0.188 0.167 0.007 0.004 0.006 
Anthracene 0.338 0.582 0.480 0.477 0.551 0.262 0.330 0.209 0.018 0.002 0.008 
Benzo(a)anthracene 0.748 0.926 0.639 0.828 0.674 0.436 0.581 0.360 0.048 0.009 0.018 
Benzo(a)pyrene 0.569 0.873 0.622 0.857 0.689 0.511 0.564 0.444 0.049 0.012 0.019 
Benzo(b)fluoranthene 0.775 1.020 0.654 0.842 0.720 0.495 0.517 0.444 0.067 0.011 0.025 
Benzo(g,h,I)perylene 0.264 0.491 0.367 0.420 0.382 0.306 0.330 0.277 0.027 0.074 0.011 
Benzo(k)fluoranthene 0.646 0.819 0.559 0.745 0.627 0.408 0.455 0.360 0.050 0.009 0.021 
Chrysene 1.350 1.490 0.894 1.070 0.826 0.553 0.941 0.403 0.074 0.005 0.035 
Dibenz(a,h)anthracene 0.142 0.418 0.336 0.323 0.338 0.306 0.330 0.277 0.015 0.008 0.009 
Fluoranthene 4.610 2.970 2.060 1.140 2.310 0.859 1.240 0.999 0.065 0.015 0.100 
Fluorene 0.156 0.091 0.080 0.070 0.076 0.073 0.078 0.070 0.007 0.002 0.002 
Ideno(1,2,3-cd)pyrene 0.301 0.582 0.448 0.492 0.459 0.379 0.408 0.333 0.028 0.009 0.013 
2-Methylnaphthalene 0.017 0.091 0.080 0.070 0.076 0.073 0.078 0.070 0.002 0.002 0.002 
Naphthalene 0.017 0.091 0.080 0.070 0.076 0.073 0.078 0.070 0.002 0.002 0.002 
Phenanthrene 3.170 1.490 0.416 0.337 0.780 0.233 0.392 0.070 0.030 0.002 0.046 
Pyrene 2.710 1.690 1.290 0.955 1.590 0.539 0.674 0.693 0.040 0.004 0.068 
1-Methylnaphthalene 0.017 0.191 0.080 0.070 0.076 0.073 0.078 0.070 0.002 0.002 0.002 
                        
Sum of Low Molecular PAH 3.901 2.899 1.519 1.332 1.910 1.034 1.300 0.796 0.070 0.018 0.070 
Sum of High Molecular PAH 12.115 11.279 7.869 7.672 8.615 4.792 6.040 4.590 0.463 0.156 0.318 
Total PAH 16.016 14.178 9.388 9.004 10.525 5.826 7.340 5.386 0.533 0.175 0.389 

 
 
 



 15

 Table 5.  Sediment concentrations of polycyclic aromatic hydrocarbons collected at three locations within the densest cluster 
of interior pilings under the Fort Worden wharf.  All values are in micrograms PAH/g dry sediment weight.  Results for 
reference station (C1) are shaded. 
 

PAH Species/Sample Station C1P 1.0A1 C2P 1.0A2 C3P 1.0A3 C4P 3.0A1 C5P 3.0A2 C6P 3.0A3 C7P 2.0 B1 C8P 2.0 B2 C9P 2.0 B3 C10P C1-1 C11P C1-2 C12P C1-3 
             
Acenaphthene 0.002 0.005 0.023 0.122 0.142 0.388 0.039 0.130 0.038 0.002 0.002 0.002 

Acenaphthylene 0.006 0.009 0.055 0.292 0.342 0.388 0.201 0.466 0.214 0.002 0.002 0.002 

Anthracene 0.015 0.103 0.118 0.513 0.626 1.470 2.910 1.630 0.794 0.002 0.002 0.002 

Benzo(a)anthracene 0.028 0.122 0.182 0.879 0.940 1.240 2.340 2.540 1.680 0.006 0.006 0.006 

Benzo(a)pyrene 0.031 0.061 0.160 0.951 0.997 1.780 1.590 2.050 1.130 0.010 0.009 0.009 

Benzo(b)fluoranthene 0.036 0.078 0.177 0.951 0.968 1.390 1.920 2.360 1.520 0.006 0.006 0.006 

Benzo(g,h,I)perylene 0.016 0.029 0.100 0.587 0.626 1.240 0.721 1.040 0.551 0.007 0.007 0.006 

Benzo(k)fluoranthene 0.029 0.067 0.132 0.756 0.767 1.080 1.660 2.070 1.310 0.002 0.002 0.004 

Chrysene 0.039 0.173 0.213 1.170 1.250 1.240 3.730 4.660 2.430 0.002 0.002 0.002 

Dibenz(a,h)anthracene 0.011 0.017 0.095 0.538 0.598 1.470 0.347 0.701 0.289 0.009 0.008 0.007 

Fluoranthene 0.079 0.367 0.545 1.760 1.990 2.010 5.520 6.850 5.560 0.002 0.006 0.005 

Fluorene 0.002 0.031 0.023 0.122 0.142 0.388 0.404 0.388 0.222 0.002 0.002 0.002 

Ideno(1,2,3-cd)pyrene 0.018 0.032 0.118 0.708 0.767 1.550 0.805 1.190 0.611 0.009 0.009 0.008 

2-Methylnaphthalene 0.002 0.002 0.023 0.122 0.142 0.388 0.039 0.130 0.038 0.002 0.002 0.002 

Naphthalene 0.002 0.002 0.023 0.122 0.142 0.388 0.039 0.130 0.038 0.002 0.002 0.002 

Phenanthrene 0.020 0.199 0.231 0.292 0.626 0.388 1.900 3.420 1.310 0.002 0.002 0.002 

Pyrene 0.036 0.246 0.286 0.756 0.767 0.388 3.710 3.880 3.380 0.002 0.002 0.002 

1-Methylnaphthalene 0.002 0.002 0.022 0.122 0.142 0.388 0.039 0.130 0.038 0.002 0.002 0.002 

             

Sum of Low Molecular PAH 0.051 0.353 0.667 1.707 2.304 4.185 5.570 6.422 2.693 0.018 0.017 0.017 

Sum of High Molecular PAH 0.323 1.192 1.835 9.056 9.670 13.388 22.343 27.341 18.461 0.056 0.057 0.054 

Total PAH 0.374 1.545 2.503 10.763 11.974 17.573 27.913 33.763 21.154 0.074 0.074 0.071 



 16

 Table 6.  Sediment concentrations of polycyclic aromatic hydrocarbons along a 7.5 meter long transect starting in the center 
of a three piling dolphin under the Fort Ward wharf and proceeding to the north.  All values are in micrograms PAH/g dry 
sediment weight.  Results for the Fort Ward reference station (C3) are shaded. 
 
 PAH Species/Sample Station B1P 0.5 B2P 1.0 B3P 1.5 B4P 2.0 B5P 2.5 B6P 3.0 B7P 5.0 B8P 7.5 B9P C3-1 B10P C3-2 B11P C3-3 
Acenaphthene 0.073 0.020 0.063 0.007 0.007 0.069 0.069 0.007 0.096 0.079 0.023 
Acenaphthylene 0.233 0.089 0.137 0.024 0.025 0.137 0.137 0.096 0.212 0.079 0.050 
Anthracene 0.512 0.240 0.187 0.039 0.042 0.069 0.192 0.219 0.096 0.079 0.253 
Benzo(a)anthracene 0.101 0.552 0.287 0.070 0.100 0.192 0.206 0.586 0.269 0.221 0.159 
Benzo(a)pyrene 0.805 0.499 0.374 0.080 0.101 0.343 0.303 0.597 0.441 0.346 0.135 
Benzo(b)fluoranthene 1.140 0.698 0.274 0.083 0.109 0.247 0.192 0.393 0.249 0.079 0.108 
Benzo(g,h,I)perylene 0.366 0.178 0.212 0.039 0.052 0.219 0.206 0.307 0.308 0.251 0.086 
Benzo(k)fluoranthene 0.805 0.462 0.225 0.060 0.078 0.165 0.151 0.410 0.192 0.079 0.090 
Chrysene 1.230 0.774 0.262 0.077 0.157 0.069 0.069 0.514 0.096 0.079 0.171 
Dibenz(a,h)anthracene 0.323 0.125 0.237 0.034 0.036 0.260 0.261 0.092 0.365 0.298 0.023 
Fluoranthene 2.230 0.855 0.187 0.083 0.076 0.151 0.137 1.170 0.096 0.079 0.024 
Fluorene 0.175 0.101 0.063 0.007 0.007 0.069 0.069 0.028 0.096 0.079 0.023 
Ideno(1,2,3-cd)pyrene 0.439 0.206 0.262 0.047 0.057 0.274 0.261 0.278 0.384 0.314 0.104 
2-Methylnaphthalene 0.073 0.020 0.063 0.007 0.007 0.069 0.069 0.007 0.096 0.079 0.023 
Naphthalene 0.073 0.020 0.063 0.007 0.007 0.069 0.069 0.007 0.096 0.079 0.023 
Phenanthrene 1.300 0.555 0.063 0.037 0.029 0.069 0.069 0.596 0.096 0.079 0.126 
Pyrene 1.750 0.414 0.063 0.064 0.073 0.069 0.069 1.320 0.096 0.079 0.104 
1-Methylnaphthalene 0.073 0.020 0.063 0.007 0.007 0.069 0.069 0.067 0.096 0.079 0.026 
             
Sum of Low Molecular PAH 2.512 1.066 0.699 0.135 0.130 0.617 0.740 3.103 0.884 0.632 0.377 
Sum of High Molecular PAH 9.189 4.763 2.383 0.635 0.838 1.988 1.854 3.523 2.496 1.825 1.003 
Total PAH 11.701 5.829 3.082 0.770 0.968 2.605 2.594 6.626 3.380 2.457 1.548 
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Table 7.  Sediment concentrations of polycyclic aromatic hydrocarbons collected 30 cm from a three piling dolphin at Port 
Townsend’s City dock and within 15 cm of a single piling supporting Fort Ward’s pier.  All values are in micrograms PAH/g 
dry sediment weight.  Values highlighted in blue were not detected and are reported as half the detection limit. 
 

PAH Species/Sample Station 
Port Townsend 

PT S1 (0.3) 
Port Townsend 

PT S2 (0.3) 
Port Townsend 

S3 (0.3) 
Fort Ward Pier 
FW PS4 (0.15) 

Fort Ward Pier 
FW PS5 (0.15) 

Fort Ward Pier 
FW PS6 (0.15) 

              
Acenaphthene 0.120 0.115 0.120 0.120 0.118 0.107 
Acenaphthylene 0.120 0.115 0.120 0.120 0.118 0.107 
Anthracene 0.120 0.348 0.860 0.120 0.118 0.274 
Benzo(a)anthracene 0.278 0.555 0.573 0.120 0.332 0.642 
Benzo(a)pyrene 0.120 0.334 0.372 0.120 0.118 0.316 
Benzo(b)fluoranthene 0.395 0.648 0.669 0.120 0.313 0.471 
Benzo(g,h,I)perylene 0.120 0.115 0.120 0.120 0.118 0.107 
Benzo(k)fluoranthene 0.120 0.296 0.339 0.120 0.118 0.107 
Chrysene 0.529 1.020 0.907 0.120 0.616 0.728 
Dibenz(a,h)anthracene 0.120 0.115 0.120 0.120 0.118 0.107 
Fluoranthene 0.625 1.810 1.620 0.120 2.330 1.160 
Fluorene 0.120 0.115 0.120 0.120 0.118 0.107 
Ideno(1,2,3-cd)pyrene 0.120 0.115 0.120 0.120 0.118 0.107 
2-Methylnaphthalene             
Naphthalene 0.120 0.115 0.120 0.120 0.118 0.107 
Phenanthrene 0.423 0.384 0.440 0.120 0.398 0.813 
Pyrene 0.477 1.200 0.955 0.120 1.470 0.899 
1-Methylnaphthalene             
       
Sum of detected Low Molecular Weight PAH 0.00 0.384 0.440 0.00 0.398 0.813 
Sum of detected High Molecular Weight PAH 2.72 6.211 6.295 0.00 5.061 4.490 
Sum of detected TotaL PAH 2.72 6.595 6.735 0.00 5.459 5.303 
              
Sum of Low Molecular PAH 1.023 1.192 1.780 0.720 0.988 1.515 
Sum of High Molecular PAH 2.904 6.208 5.795 1.200 5.651 4.644 
Total PAH 3.927 7.400 7.575 1.920 6.639 6.159 
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 Fort Worden Dolphin (Table 5).  These samples were collected from within the densest 
cluster of piling identified in Figure 1.  A total of nine samples were collected within the 
dolphin’s footprint and coded 1.0, 2.0 and 3.0.  Detailed results are provided in Table 4 and 
TPAH is summarized in Figure 4.  The reference stations are coded 5 for C1 and 7 for C2. A 
one-way ANOVA indicated that not all of the mean TPAH concentrations were equal (F (4, 10) 
= 39.871, p < 0.000).  Post hoc testing using Duncan’s test (Table 8) with multiple ranges 
indicated that TPAH concentrations at location 1 within the dolphin’s footprint were not 
significantly different from either reference location.  Locations 2 and 3 within the dolphin’s 
footprint were significantly elevated above reference values.  Significant differences were not 
observed between C1 (coded 5) and C2 (coded 7). 
 
Table 8.  Results of post hoc testing using Duncan’s test with multiple ranges to assess 
differences in total PAH concentrations collected in triplicate samples at three locations 
within the footprint of the location of the densest cluster of piling at the Fort Worden 
facility.  Two reference stations were also evaluated (C1 coded 5 and C2 coded 7). 
 

Duncan test; variable TPAH (Spreadsheet3 in CCII Database)
Approximate Probabilities for Post Hoc Tests
Error: Between MS = 10.837, df = 10.000

Cell No.
Distance {1}

1.4737
{2}

27.610
{3}

13.437
{4}

.36500
{5}

.07300

1
2
3
4
5

1 0.000 0.001 0.689 0.630
2 0.000 0.001 0.000 0.000
3 0.001 0.001 0.001 0.001
5 0.689 0.000 0.001 0.916
7 0.630 0.000 0.001 0.916  

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.  Box and whisker plots describing the ΣPAH in samples collected within the 
footprint of the densest cluster of piling at Fort Worden (coded 1,2 & 3) and two reference 
locations (coded 15 and 20). 
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 Fort Ward Wharf (Table 6).  This transect began in the center of a three piling dolphin 
located on the northwest side of the wharf and proceeded north.  The results are detailed in Table 
5.  Moderate concentrations of TPAH (11.7 mg TPAH/kg dry sediment) were observed in the 
center of the dolphin (station 0.5) and these declined exponentially to less than the maximum 
observed in a reference station sample (C3-1 = 3.380 mg/kg) at 1.5 m.  The suite of PAH near 
the creosote treated dolphin were characteristic of creosote, whereas fluoranthene and 
phenanthrene were not detected in two of the three reference samples, which were dominated by 
seven ring compounds like benzo(a)pyrene that are typically associated with atmospheric 
deposition and high temperature combustion (diesel exhaust).  These results are summarized in 
Figure 5 for phenanthrene and fluoranthene, which are most characteristic of creosote 
contamination.  Concentrations within the footprint of the dolphin were elevated above all other 
stations.  The reference station (C3), which was actually located approximately 100 m north of 
the wharf, was coded to 10 m to facilitate display of the data.  This did not affect the distance 
weighted least squares presentation because the concentrations of these two compounds were at 
reference concentrations at distances >1.0 m from the dolphin’s center, which was actually inside 
the perimeter of the three piling forming the dolphin.   
 

 
Figure 5.  Sediment concentrations of phenanthrene and fluoranthene, characteristic of 
creosote contamination, as a function of distance (m) from the center of a three piling 
dolphin on the northwest corner of the Fort Ward wharf in Rich Passage, Washington. 
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 Fort Ward and Port Townsend City piers (Table 7).  The Port Townsend samples 
were collected within 30 cm of creosote treated support piling and the Fort Ward samples were 
collected within 6 cm of piling supporting the 300’ long pier which connects the wharf with the 
shore.  A one-way ANOVA with site as the categorical predictor indicated that not all of the 
means of LPAH, HPAH, TPAH, phenanthrene, fluoranthene and benzo(a)pyrene were equal (F = 
2436, p = 0.015) between the Fort Ward Pier samples and Control C3.  Post hoc testing using 
Duncan’t test with multiple ranges revealed the probabilities provided in Table 9 that the means 
for each PAH species or sum of species were equal between the treatment and control samples.  
None of the differences were significant at the Fort Ward pier.  Note that the probability of equal 
means was lowest for benzo(a)pyrene, which is more characteristic of high temperature 
combustion than it is of creosote contamination and that the concentrations of B(a)P were higher 
at Fort Ward’s reference station (0.307 mg B(a)P/kg dry sediment) than within 15 cm of the pier 
piling (0.115 mg/kg).  A one-way ANOVA did not reject the null hypothesis that all of these 
endpoints were significantly different at Port Townsend when compared with Fort Ward’s 
reference station.  It should be noted that fluoranthene and pyrene formed a large component of 
the suite of PAH at each of the pier sites.  Also note that no PAH were found above the method 
detection limit at Fort Ward Pier (1) and that few PAH were detected in the other two samples. 
 
Table 9.  Results of one-way ANOVAs followed by post hoc testing using Duncan’s test 
with multiple ranges to assess differences between triplicate control and pier stations at 
Fort Ward.  Significant differences (α = 0.05) are highlighted. 
 
        Fort Ward  
     

   LPAH;   p = 0.18 
   HPAH;   p = 0.22 
   TPAH;   p = 0.19 
   Phenanthrene  p = 0.15 
   Fluoranthene  p = 0.16 
   Benzo(a)pyrene p = 0.10 
 
Tissue PAH Concentrations.  Nine composite samples of ca. 15 to 20 mussels each were 
collected from the densest concentrations of creosote treated piling by Mr. Lynn Goodwin using 
scuba at Fort Worden and Fort Ward and by Mr. Richard Baxter at the Port Townsend Municipal 
pier.  Consistent with the previous report of Goyette and Brooks (1998), only very low 
concentrations of the low and intermediate weight PAH compounds were detected in mussel 
tissue (Table 10).  Seven ring high molecular weight compounds like benzo(a)pyrene, which are 
suspected or known carcinogens, were not detected in these samples at the 10 µg/kg detection 
limit.  Naphthalene, with its higher water solubility, was detected in one third of samples at all 
three sites.  Mussels from the urban Port Townsend site revealed more PAH species, albeit at low 
concentrations than at the other two rural locations.  However, the phenanthrene, fluoranthene 
and pyrene detected in Port Townsend samples are characteristic of creosote. 
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Table 10.  Tissue concentrations of polycyclic aromatic hydrocarbons detected in mussel 
(Mytilus edulis trossulus) growing directly on creosote treated piling at three Puget Sound 
locations.  The method detection limit was 10 µg PAH/kg dry tissue weight (ppb).  

      Naphthalene Acenaphthene Phenanthrene Fluoranthene Pyrene other PAH 
Fort Worden Mussel 1/7/2002 BC-1 U U U U U U 
Fort Worden Mussel 1/7/2002 BC-2 U U U U U U 
Fort Worden Mussel 1/7/2002 BC-3 11.5 U U U U U 

                  
Fort Ward Mussel 1/6/2002 BF-1 11 U U U U U 
Fort Ward Mussel 1/6/2002 BF-2 U U U U U U 
Fort Ward Mussel 1/6/2002 BF-3 14 U U U U U 

                  
Port Townsend Mussel 4/18/2002 BD-1 U U 10 15 U U 
Port Townsend Mussel 4/18/2002 BD-2 12 17 41 41 29 U 
Port Townsend Mussel 4/18/2002 BD-3 U U 13 25 14 U 
 
 Macrobenthic community analysis at Fort Worden.  A total of 91 taxa and 7,587 
macrobenthic invertebrates were identified in the 23 samples collected at Fort Worden and its 
reference stations.  These are summarized by treatment in Table 11 and details provided in Table 
12.  All values are for individual 0.032 m2 samples.  The obvious differences were explored 
using analysis of variance (Table 13), which found significant differences in abundance and the 
number of taxa between the four locations.  Differences in Shannon’s index were not significant. 
 
Table 11.  Abundance, Number of Taxa and values of Shannon’s Index observed on 
Transect 1, which began at the creosote treated wave breaking fence (T1); within the 
footprint of the densest assemblage of piling (T2); at reference station C2 located in the 
boat basin and at the reference area located north of the boat basin (C1). 
 

Breakdown Table of Descriptive Statistics for Fort Worden macrobenthos
N=23 (No missing data in dep. var. list)

Site Abundance
Means

Confidence
+95.000%

Taxa
Means

Confidence
+95.000%

Shannon
Means

Confidence
+95.000% N

Worden T1 389 525 16.5 18.6 1.535 1.640 8
Worden C2 7 17 4.3 9.5 1.257 2.625 3
Worden T2 465 762 14.0 19.0 1.362 1.607 9
Worden C1 88 130 15.7 26.0 1.617 2.366 3
All Grps 330 462 13.8 16.4 1.442 1.573 23  

 
 The differences were explored in post hoc testing using Duncan’s test with multiple 
ranges and the results presented in Table 14a for abundance and 14b for number of taxa at four 
locations associated with the Fort Worden wharf.  Macrofauna abundance observed at Control 2, 
located in the center of the boat basin was significantly lower than observed in the center of the 
densest cluster of piling at this facility.  The number of Taxa at C2 was also significantly reduced 
in comparison with all other stations.  Differences between the two treatment locations and C1 
were not apparent.  Differences in macrofaunal abundance and number of taxa as a function of 
distance from the creosote treated structures at Fort Worden are provided in Figure 6.  Table 11 
summarizes the macrobenthic community comprising at least 1% of the abundance observed at 
one of the four locations at Fort Worden.  The most dominant taxa are all organic carbon 
opportunists that have gained an advantage because the boat basin acts as a catchment for 
macroalgae and eelgrass detritus. 
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Table 12.  Taxa found in an abundance > 1% of the total abundance at any one of the four 
locations where samples were collected.  The number are totals for the samples collected in 
each area.  N = 8 at T1; N = 9 at the Dolphin; N = 3 at C1 and N = 3 at C2. 
 
                        Taxa                        Transect 1        Dolphin          C1         C2               Total 

Nebalia pugettensis 848 1547 0 1 2396 
Capitella capitata 780 1360 0 4 2144 

Nematodes 931 448 2 1 1382 
Aoroides sp. 75 517 4 0 596 

Drilonereis falcate 290 0 0 0 290 
Lucuna vincta 0 8 3 153 164 

Mysella tumida 32 31 0 8 71 
Megaluropus sp. 0 60 0 0 60 

Odostomia tennuisculpta 3 1 0 29 33 
Telina modesta or carpenteri 0 6 2 19 27 

Gyptis brevipalpa 1 19 1 0 21 
Goniada brunea or maculate 9 2 2 0 13 

Euclemene zonata 0 0 0 5 5 
Goniada annulata 0 0 1 4 5 

Macoma nasuta 2 1 1 0 4 
Lumbrineris luti 0 0 0 3 3 

Diplodonta orbella or impolita 0 0 0 3 3 
Myriochele oculata 0 0 2 0 2 

Lottia digitalis 0 0 2 0 2 
Lumbrineris similibris 0 0 1 0 1 

Macoma secta 0 0 1 0 1 
 
Table 13.  Analysis of variance exploring differences in macrofaunal abundance, number of 
taxa and Shannon’s Index, as a function of location at Fort Worden. 
  

Analysis of Variance (Spreadsheet3 in CCII Database)
Marked effects are significant at p < .05000

Variable
SS

Effect
df

Effect
MS

Effect
SS

Error
df

Error
MS

Error
F p

Abundance
Taxa
Shannon

681285.845 3.000 227095.282 1376144.764 19.000 72428.672 3.135 0.050
337.971 3.000 112.657 423.333 19.000 22.281 5.056 0.010

0.321 3.000 0.107 1.709 19.000 0.090 1.190 0.340
 

Table 14.  Results of post hoc testing using Duncan’s test with multiple ranges to explore 
differences in a) macrofaunal abundance; and b) number of taxa observed in 23 samples 
collected at four locations associated with the Fort Worden wharf.  Significant (α = 0.05) 
differences are highlighted. 
  

Duncan test; Variable: Abundance at Fort Worden
Marked differences are significant at p < .05000

Site
{1}

M=389.38
{2}

M=7.3333
{3}

M=465.22
{4}

M=87.667

Worden T1 {1}
Worden C2 {2}
Worden T2 {3}
Worden C1 {4}

0.059 0.680 0.112
0.059 0.030 0.662
0.680 0.030 0.061
0.112 0.662 0.061  
a) Macrofaunal abundance 
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Table 14 continued: 
 

Duncan test; Variable: Taxa at Fort Worden
Marked differences are significant at p < .05000

Site
{1}

M=16.500
{2}

M=4.3333
{3}

M=14.000
{4}

M=15.667

Worden T1 {1}
Worden C2 {2}
Worden T2 {3}
Worden C1 {4}

0.002 0.466 0.796
0.002 0.007 0.003
0.466 0.007 0.605
0.796 0.003 0.605  

b) Number of taxa 
 

 
Figure 6.  Number of taxa and abundance of macrofauna as a function of distance along T1 
at Fort Worden and at the two reference locations (C1 and C2). 
 
 Abundance and the number of taxa were highest immediately adjacent to the creosote 
treated wood.  The abundance of macrofauna remained higher than at either reference location at 
every distance along the transect.  The number of taxa/sample was similar to that observed at C1, 
but higher than observed at C2, which was located in a remote area of the boat basin.  Water 
depths at all of the sample stations were ca. 12 m. 
 The relationship between biological endpoints (Abundance, Number of taxa and 
Shannon’s index and physicochemical endpoints evaluated at Fort Worden are explored in Table 
15 using Pearson’s correlation coefficient.  Significant correlations (p < 0.05) are highlighted in 
red and cells containing significant negative correlations are highlighted in heliotrope.  The 
amphipod, Pontogeneia cf. rostrata and the mollusk Lucuna vincta, were significantly negatively 
correlated with concentrations of LPAH, HPAH and TPAH that had been normalized to the TOC 

Macrofaunal abundance and number of taxa along Transect 1 at Fort Worden
Fits are distance weighted least squares
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observed in the same samples.  The amphipod Armandia brevis, and nematodes were 
significantly and positively correlated with these same endpoints.  Eight taxa were negatively 
correlated with some measure of normalized PAH (whether significant or not) and 15 taxa were 
positively correlated.  The overall abundance and number of taxa were positively correlated with 
TOC normalized PAH concentrations suggesting little affect within the range of values recorded 
at Fort Worden.  The strongest correlations in this database are with TVS, TOC and the percent 
fines (all of which were arcsin(sqrt(value)) transformed for the analysis).  Pielou’s index was 
relatively strongly and negatively correlated with these physicochemical endpoints suggesting 
that more balanced communities were observed where fines and organic carbon were reduced.  
The reason for that is explored in Figure 7 using a Varimax normalized Factor Analysis with a 
Principle Components extraction.    
 

Table 15.  Pearson correlation coefficients between biological endpoints, including 
individual taxa, and physicochemical parameters evaluated in Fort Worden samples. 
 

Correlations (physicochemical variables versus biological endpoints at Fort Worden)
Marked correlations are significant at p < .05000
N=23 (Casewise deletion of missing data)

Variable Distance NLPAH NHPAH NTPAH Fluoranthene Phenanthrene TFines TTVS TTOC Sulfide
AARMBRE
ACAPCAP
ADRILO
AEXOGON
AGYPTBRE
ANEREIS
APRIONST
ASYLLIS
AUNID
CAOROIDE
CISCHYRO
CMEGALUR
CMONOCUL
CNEBALIA
CPONTOG
CUNID
MGODOS
MMODIOL
MMYSELLA
MULUCUNA
ONEMATOD
ONEMERT
OTHER
Abundance
Taxa
Shannon
Pielou

-0.31 0.44 0.43 0.44 0.49 0.52 0.27 0.41 0.26 0.54
-0.75 0.17 0.16 0.17 0.50 0.31 0.87 0.79 0.85 0.28
-0.37 0.34 0.41 0.40 0.08 0.15 0.14 0.15 0.12 0.18
-0.21 -0.21 -0.11 -0.14 0.13 -0.05 0.37 0.36 0.32 -0.05
-0.17 0.03 0.19 0.16 0.73 0.53 0.28 0.37 0.38 0.36
-0.25 0.22 0.17 0.19 0.55 0.56 0.19 0.30 0.28 0.30
0.21 -0.19 -0.11 -0.13 0.15 -0.00 -0.07 -0.03 -0.04 -0.07

-0.17 -0.07 0.05 0.02 -0.18 -0.14 -0.23 -0.24 -0.25 -0.14
-0.28 0.24 0.20 0.21 0.38 0.16 0.09 0.20 0.16 0.32
-0.45 0.14 0.06 0.07 0.69 0.63 0.86 0.89 0.86 0.45
-0.16 0.12 0.04 0.06 0.32 0.28 0.41 0.35 0.37 0.04
-0.19 0.11 0.10 0.11 0.62 0.65 0.40 0.47 0.47 0.23
-0.25 -0.15 -0.09 -0.11 0.43 0.17 0.58 0.59 0.59 0.19
-0.66 0.30 0.31 0.32 0.74 0.65 0.88 0.91 0.87 0.42
0.61 -0.34 -0.44 -0.43 -0.28 -0.21 -0.37 -0.34 -0.36 -0.45

-0.22 -0.10 -0.01 -0.03 0.40 0.15 0.46 0.54 0.45 0.13
0.67 -0.35 -0.40 -0.40 -0.26 -0.18 -0.41 -0.37 -0.39 -0.57

-0.22 0.24 0.07 0.11 0.46 0.48 0.35 0.41 0.38 0.28
-0.28 0.36 0.24 0.27 0.31 0.36 -0.13 -0.02 -0.05 0.45
0.76 -0.49 -0.64 -0.62 -0.37 -0.31 -0.30 -0.30 -0.32 -0.56

-0.59 0.46 0.53 0.53 0.71 0.67 0.44 0.55 0.53 0.61
-0.26 0.09 0.21 0.19 0.39 0.18 0.23 0.29 0.25 0.22
0.24 -0.45 -0.46 -0.47 -0.09 -0.13 0.01 0.01 0.01 -0.36

-0.51 0.27 0.19 0.21 0.71 0.69 0.86 0.87 0.86 0.46
-0.26 0.13 0.05 0.07 0.64 0.61 0.53 0.63 0.58 0.27
0.02 -0.06 -0.04 -0.04 0.17 0.15 -0.12 -0.00 -0.08 -0.02
0.40 -0.11 0.10 0.06 -0.45 -0.37 -0.70 -0.66 -0.70 -0.14

 
 

Distance, Lucuna vincta, Pontogeneia and Odostomia tennuisculpta and site cluster in Group 1.  
Group 2 includes physicochemical endpoints whose high values are associated with organically 
enriched depositional areas (increased sulfides, fines and TOC).  This group also includes taxa 
which were very abundant at Fort Worden treatment stations; including nematodes, and carbon 
opportunists, including Nebalia pugettensis, Capitella capitata and Aoroides exilis.  Excepting 
nematodes, which are commonly associated with enriched sediments, these taxa are among the 
six organic carbon opportunists identified by Brooks and Mahnken (2003) that have been found 
in enriched British Columbia sediments.  Also note that Shannon’s Index and more importantly, 
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Pielou’s Index, are located to the left of Group 2 suggesting a more balanced community in less 
enriched sediments  

  
Figure 7.  Varimax normalized principal components analysis describing the relationship 
between physicochemical and biological endpoints in Fort Worden sediments. 
 
where carbon tolerant taxa do not gain an advantage.  Figure 7 also suggests that higher 
concentrations of phenanthrene, fluoranthene, benzo(a)pyrene were located in depositional areas 
where fines and organic carbon were found in higher proportions and where higher 
concentrations of sulfide were found.  The normalized concentrations of PAH, found in the upper 
center of Figure 7 do not cluster with the other PAH species in Group 2 because they have been 
normalized to TOC, which is a member of Group 2.  Given the correlation coefficients in Table 
13, it appears that Odostomia tennuisculpta is more sensitive to high concentrations of free  
sulfide than to normalized PAH.  However, the other two taxa, Lucana vincta and Pontogeneia 
cf. rostrata, are more strongly negatively correlated with sums of normalized PAH than with 
sulfides, fines or TOC.  Thus it is possible that these two taxa have been excluded from areas 
with high normalized PAH.  However, the purpose of this study was to examine the relationship 
between these variables and not to seek cause and affect relationships and the foregoing 
associations require verification.    
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 Fort Ward.  A total of 5,753 macrobenthic organisms in 137 taxa were identified in 
eleven 0.032 m2 Fort Ward samples.  Sixty-two (62) taxa were found in three samples at the 
reference location and 116 taxa were found in 8 samples along the treatment transect.  Figure 8 
summarizes macrofaunal abundance and number of taxa as a function of distance from the center 
of the three piling creosote treated dolphin located in the northwest corner of the wharf.  Note 
that the reference location, coded at a distance of 10 m, was actually located 200 m north of the 
wharf.   Table 15 lists those taxa representing >1% of the total abundance along Transect 1 and 
at the reference location and summarizes appropriate statistics. 
 

 

Figure 8.  Abundance and number of taxa as a function of distance from the center of a 
three piling dolphin constructed of creosote treated Class A piling located at the northwest 
corner of the Fort Ward wharf. 
 
The summary statistics provided in Table 16 suggest that while the treatment samples contained 
more species (116) than the reference community (62), the macrobenthos along the treatment 
transect was strongly dominated by 19% of the taxa (22 of 116) whereas the reference 
community was dominated by 25 of 62 taxa (40.3%) and was more balanced.  These 
relationships are described by Shannon’s and Pielou’s Indices in Figure 9.  Pielou’s index 
describes Shannon’s Index as a proportion of its maximum possible value with the number of 
species living in the community.  In that respect, it is considered a measure of community 
evenness.   Pielou’s Index values of of 80 to 92.5% found at Fort Ward’s reference location are 
exceptionally high.   

Abundance and number of taxa as a function of distance from a three piling dolphin constructed of
creosote treated wood at the Fort Ward wharf
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Table 16.  Taxa found in an abundance > 1% of the total abundance observed in 8 samples 
along the Fort Ward’s treatment transect and in 3 samples collected at the reference 
location.  Treatment dominants are highlighted in blue and reference location dominants in 
green. 
             Total number 
          Taxa          Treatment (N=8)  Reference 
Gyptis brevipalpa 1039 1 
Nematodes 885 11 
Drilonereis falcate 415 5 
Mediomastus californiensis 316 13 
Platyhelminthes 238 0 
Decamastus gracilis 169 44 
Mysella tumida 158 21 
Sphaerosyllis sp. 174 0 
Nemertians 156 6 
Aoroides exilis 111 0 
Paleanotus occidentale 104 0 
Parapleustes pugettensis 88 12 
Prionospio steenstrupi 92 7 
Potamilla occelata 97 0 
Pinnixa schmittii 96 0 
Armandia brevis 81 10 
Tharax multifilis 90 0 
Schistomeringos annulata 86 0 
Foraminefera 76 0 
Pherusa plumose 64 0 
Tharyx serratisetis 47 0 
Unidentified amphipods 46 4 
Ampharete sp. 33 5 
Nephtys cornuta 0 30 
Macoma balthica 0 27 
Axinopsida serricata 12 11 
Prionospio cirrifera 5 15 
Serpulidae 3 16 
Turbonilla sp. 13 4 
Leitoscoloplos pugettensis 7 5 
Platynereis bicanaliculata 0 10 
Paraprionospio piñata 4 5 
Diplodonta impolita or orbella 1 6 
Modiolus modiolus 2 4 
Ophiodromus pugettensis 0 5 
Westwoodilla caecula 0 5 
Euclemene sp. 0 4 

Total taxa representing > 1.0 % of abundance 4661 286 
Total abundance 5398 355 

Dominants as a proportion of total 0.881 0.806 
Number dominant taxa 22 25 

Total number of taxa 116 62 
Dominant taxa as a proportion of total 0.190 0.403 
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 Striplin Environmental Associates (1996) reported mean values of Shannon’s Index of 
1.34 and of Pielou’s Index of 0.737 in Puget Sound reference habitats having 0 – 20% fines and 
water depths of <150 feet.  The values of Shannon’s Index found at Fort Ward are all higher than 
the mean for Puget Sound.  The values of Pielou’s Index for the transect stations were as high, or 
higher, than the Puget Sound mean and Pielou’s Index was significantly higher at Fort Ward’s 
reference location.  The authors reported a mean abundance of  491.4 macrofauna/0.1 m2 van 
Veen grab sample, which is equivalent to 157.2 macrofauna/0.32 m2 and 68.7 taxa/sample – 
values that are similar to those recorded in the present study. 
  

Shannon's  and Pielou's  Indices  as  a function of dis tance from  the center of a three piling
dolphin

All fits  are dis tance weighted leas t squares
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Figure 9.  Shannon’s and Pielou’s Indices as a function of distance from the center of a 
three piling dolphin treated with creosote at the Fort Ward wharf.  The reference station, 
coded at 10.0 m distance was actually located 200 m north of the wharf. 
 
 High sediment sulfide and TVS concentrations were reported at the 0.5 m (1,870 µM S= 
and 6.090 % TOC) and 1.0 m (500.8 µM S= and 6.180% TOC) stations located within the 
footprint of the dolphin (Figure 10).  Note that Striplin Environmental Associates (1996) 
reported mean percent TOC in sediments containing 0 to 20% fines and water depths <150’ that 
varied between 0.14% in the northern parts of Puget Sound to 0.37% in southern Puget Sound.  
The values reported immediately adjacent to the piling at Fort Ward were >16.5 times higher.  
Despite the high sulfide concentrations are large amounts of organic carbon, the 0.5 and 1.0 m 
stations along this transect had 64 and 40 taxa and exceptionally high abundances of 1,760 and 
1,230 macrofauna/0.032 m2 sample.  The abundances are equivalent to 38,438 and 55,000 
macrofauna/m2.  The only other place the author has seen this number of macrofauna is 
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immediately downcurrent from some salmon farms in British Columbia having organically 
complex substrates.  The organic debris reaching the bottom from the fouling community on 
these piling also provides a complex organic substrate, which likely contributes to the 
complexity of the macrofaunal community in the presence of high sulfide concentrations.  It is 
interesting that Capitella capitata (9/0.032 m2) was present at these two stations.  However, 
Mediomastus californiensis (279/0.032 m2) represented a much higher proportion of the total.  
The abundance and diversity of macrofauna in the presence of such high sulfide and TOC 
concentrations is unusual. 
 

Free sulfide concentrations and percent organic carbon in Fort Ward sediments
All fits are distance weighted least squares

0 2 4 6 8 10 12

Distance (m) from the center of a three piling dolphin

-200

0

200

400

600

800

1000

1200

1400

1600

1800

2000

Se
di

m
en

t f
re

e 
su

lfi
de

s 
(m

ic
ro

m
ol

es
 S

= )

0

1

2

3

4

5

6

7

Pe
rc

en
t T

ot
al

 O
rg

an
ic

 C
ar

bo
n Sulfide(L)

 Percent TOC(R)

 
 
Figure 10.  Free sediment sulfides and percent total organic carbon in sediments as a 
function of distance from a three piling dolphin supporting the Fort Ward wharf.   
 
 The relationships between physicochemical and biological endpoints along this transect 
at Fort Ward and its reference location are explored in the graphical representation of a Varimax 
normalized Principle Components Analysis in Figure 11.  Significant loadings on Factor 1, 
which explained 49.8% of the variation in the data, were fluoranthene, phenanthrene, sulfide, 
Armandia brevis, Mediomastus californiensis, Mysella tumida and the abundance of macrofauna.  
Significant variables loaded on Factor 2, which explained 23.9% of the variation, were the three 
normalized PAH variables.  Normalized PAH was used in the analysis because organic carbon 
binds PAH reducing its biological availability and making this form more meaningful with 
respect to assessing macrofaunal effects.  The summary in Figure 11 is consistent with the 
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analysis presented herein in suggesting that the macrofaunal community was different between 
transect and reference locations and that Shannon’s Index increased with distance away from the 
piling.  Taxa chosen for inclusion in the analysis were those that were substantial components of 
both the reference and treatment communities.  Their presence was positively correlated with 
organic content in the sediments and with sulfide.  The positive relationship between sulfide and 
these taxa was unexpected and suggests that biodeposits from the fouling community resident on 
the piling (TTOC) was the overwhelming factor influencing all of these biological parameters.  
The positive association between those PAH most commonly associated with creosote 
contamination (phenanthrene and fluoranthene) and evaluated biological endpoints (other than 
Shannon’s Index) suggests that these PAH had no demonstrable affect on the macrobenthic 
community.  The inclusion of these to PAH in Group 3 is simply a recognition that higher 
concentrations of PAH were associated with proximity to the piling that were responsible for the 
increased biological activity. 
 

 
Figure 11.  Varimax normalized principle components analysis describing the relationship 
between physicochemical and biological endpoints measured in sediments at Fort Ward, 
Rich Passage, Washington. 
 
 Epibenthic community growing on creosote treated piling at Fort Worden and Fort 
Ward.  At Fort Ward, two 0.0225 m2 fouling community samples were collected from a single 
piling at a depth of 1.5 m below that point where fouling organisms, primarily barnacles, were 
first observed.  Four similar samples were collected from two creosote treated piling at Fort 
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Worden.  A total of 4,236 invertebrates represented by 124 taxa were observed in the six 
samples.  Table 17 contains a complete listing of the taxa found at each site. 
   
Table 17.  Taxa and the numbers observed in 0.0225 m2 samples retrieved from creosote 
treated piling at a depth of 1.5 m below the upper barnacle line at Fort Ward and Fort 
Worden. 
 

 Taxa    Fort Ward (N = 2)        Fort Worden (N=4) 
Nematodes 2475 297 

Aoroides exilis or columbine 430 128 
Balanus glandula 33 494 

Jassa falcata 327 0 
Bryozoans 100 225 

Spirobis sp. 209 92 
Hydroids 200 0 

Paleanotus occidentale 58 138 
Cymodoce japonica 0 158 

Microjassa sp. 114 42 
Eudistylia vancouveri 113 0 

Leptochaelia sp. 98 3 
Zeuxo normani 41 36 

Mytilus trossulus 44 69 
Ianiropsis kincaidi  46 7 

Odostomia tennuisculpta 38 9 
Halosydna brevisetosa 44 0 

Syllis elongate 32 0 
Caprella equilibra  2 3 

Cnidaria sp. 15 11 
Exogone molesta 14 11 

Modiolus modiolus 9 15 
Ampharete sp. 18 5 

Ophiodromus pugettensis 23 0 
Eulalia nigrimaculata  21 0 

Nereis procera or juveniles 9 12 
Eusyllis assimilis 17 1 

Syllis juveniles 11 7 
Cyclopoid copepods 0 17 

Pododesmus cepio or macrochismus 1 16 
Eusyllis sp. 12 4 

Eulalia sanguinea 14 0 
Platynereis bicanaliculata 12 2 

Tharyx secundus 14 0 
Parapleustes pugettensis 14 0 
Pontogeneia cf. rostrata 0 14 

Gyptis brevipalpa 11 2 
Polydora socialis 4 9 

Pardalisca tenuipes 12 0 
Tharyx multifilis 11 0 

Capitella capitata 7 3 
Eulalia viridis or macroceros 0 10 

Ischyrocerus sp. 0 10 
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Table 17 continued: 
 
  Taxa   Fort Ward piling (N = 2) Fort Worden piling (N = 4) 

Nemertians 10 0 
Tharyx serratisetis 9 0 

Munna chromatocephala 4 5 
Limacina helicina 8 1 

Chironomid larvae 1 8 
Synidotea nodulosa 0 9 
Spionidae juveniles 6 2 

Cucumaria sp. 6 2 
Phyllodoce maculate or sp. 1 6 

Monoculoides sp. 0 7 
Eteone longa 4 2 

Lepidonotus squamatus 6 0 
Sabellidae 6 0 

Spiophanes bombyx 1 5 
Balanus rostratus 6 0 

Cancer oregonensis 3 3 
Cossura sp. 1 4 
Eulalia sp. 5 0 

Potamilla occelata 5 0 
Serpulidae 2 3 

Atylus tridens or collingi 0 5 
Tonicella lineate 3 2 

Yiatella arctica 4 1 
Pycnogonida  5 0 

Armandia brevis 0 4 
Streptosyllis latipalpa 0 4 

Idotea fewkesi 4 0 
Megaluropus sp. 3 1 

Terebratulia transversa 3 1 
Phyllodoce castanea 1 2 
Trichobranchidae sp. 3 0 

Lottidae juveniles 3 0 
Mopalia lignosa or juvenile 1 2 

Polynoidae 0 2 
Pseudochitinopoma occidentalis 2 0 

Terebellides sp.  2 0 
Corophium sp. 0 2 

Cumella vulgaris or Lucon sp. 1 1 
Hyperidia sp. 2 0 

Melphidippidae 2 0 
Oregonia gracilis 2 0 
Pinnixa schmittii 2 0 

Pleusymtes sp. 0 2 
Pugettia gracilis 1 1 

Schizobranchia insignis 0 2 
Crepidula dorsata 0 2 

Mopalia mucosa 0 2 
Tectura scutum 0 2 
Platyhelminthes 2 0 

Porifera 1 1 
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Table 17 continued: 
 

  Taxa   Fort Ward piling (N = 2)                      Fort Worden piling (N = 4) 
Kefersteinia cirrata 1 0 

Lepidonotus squamatus 0 1 
Nephtyidae 0 1 

Owenia fusiformis 1 0 
Paraprionospio piñata 1 0 

Peisidice aspera 0 1 
Pherusa plumose 1 0 

Sabellaria cementarum 1 0 
Sphaerodoropsis biserialis 1 0 

Syllis gracillis 1 0 
Syllis heterochaeta 1 0 

Syllis sp. juvenile 1 0 
Amphithoe plumose or valida 0 1 

Cancer gracilis 1 0 
Systellaspis braueri 0 1 
Eobrolgus spinosus 0 1 

Gnorimosphaeroma oregonense 0 1 
Nebalia pugettensis 0 1 

 Orchomene pacifica or sp. 0 1 
Parapleustes occulatus 0 1 

Crassostrea gigas 0 1 
Nucella lamellose 0 1 
Paramidellidae sp. 0 1 

Polyplacophora sp. juveniles 1 0 
Unidentified marine mite 0 1 

 
 Summary statistics describing the six epibenthic samples are provided in Table 18.  
Nematodes, which were exceptionally abundant in some samples were excluded from these 
statistics as were colonial animals such as bryozoans, hydroids and sponges.  The abundances, 
with varied between 10,267 and 74,444/m2 were much higher than macrofaunal statistics 
reported by Striplin Environmental Associates (1996) for Puget Sound Reference stations.  
Shannon’s index at in the epibenthic community was higher than Puget Sound and Pilou’s Index 
was similar.  Somewhat few numbers of taxa were present in the epibenthic samples (mean = 
43.8) compared with macrofauna at Puget Sound reference stations, but the difference was not 
significant at α = 0.05 and was likely because the area surveyed by these epibenthic samples was 
one fourth the area of a van Veen grab used to develop the Puget Sound Sediment Database. 
 
Table 18.  Summary statistics describing two epibenthic community samples from Fort 
Ward creosote treated piling and four from Fort Worden creosote treated piling.  The 
statistics exclude nematodes and colonial animals like bryozoans, sponges and hydroids. 

Breakdown Table of Descriptive Statistics (Spreadsheet3 in CCII Database)
N=6 (No missing data in dep. var. list)            Creosote treated piling epibenthic statistics

Site Puget Sound
Abundance

Puget Sound
Taxa

Puget Sound
Shannon

Puget Sound
Shannon

Abundance
Means

Taxa
Means

Shannon
Means

Pielou
Means

Ward F1 122.800 68.700 1.340 0.737 450.000 46.000 2.440 0.640
Worden F2 122.800 68.700 1.340 0.737 492.000 53.000 2.460 0.620
Worden F3 122.800 68.700 1.340 0.737 332.000 33.000 2.480 0.710
Ward F2 122.800 68.700 1.340 0.737 1675.000 64.000 2.820 0.680
Worden F1 122.800 68.700 1.340 0.737 457.000 42.000 2.410 0.650
Worden F4 122.800 68.700 1.340 0.737 231.000 25.000 2.320 0.720
All Grps 606.167 43.833 2.488 0.670  
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Discussion.  The creosote treated structures examined in these studies represented a range from 
moderate to high densities of treated piling.   Medium size projects, like the Port Townsend City 
and Fort Ward piers are projects that remain suitable for the use of treated wood piling in current 
times.  Today, facilities like the Fort Worden ammunition pier and the Fort Ward wharf are 
generally constructed of steel or concrete because these materials have higher load bearing 
capacities.  The Fort Worden ammunition wharf represents as high a density of creosote treated 
piling as is typically found anywhere, and the density is likely as great or greater than found at 
most Washington State ferry terminals.  Ferry terminals were not examined in this study because 
the backwash from ferries holding at their berths scours the sediments, thereby disrupting both 
the sediment PAH record and macrobenthic communities.   
 
 Dissolved PAH and their biomagnification in food chains.  Criticism of creosote 
treated wood focuses on the potential toxicity of PAH lost from the wood in service.  Critics 
have asserted that these PAH will be taken up by epibiota and macrofauna and transferred 
through the food chain.  However, as discussed in the Background section of this report, the 
model of Brooks (1994) predicts very low concentrations of dissolved PAH that are less than any 
toxic affect threshold.  The results of Goyette and Brooks (1998) confirmed low concentrations 
of dissolved PAH within 15 cm of the creosote treated structures and documented low 
concentrations of PAH in mussels growing directly on the piling.  Consistent with the results 
from Sooke Basin, tissue concentrations of ΣPAH in mussels growing directly on creosote 
treated piling in this study were also very low.  Carcinogenic HPAH were not found in tissues 
above the method detection limit of 10 ng/g dry tissue weight.  Analysis of Variance, followed 
by post hoc testing using Duncan’s test with multiple ranges, indicated that the concentrations of 
detected PAH reported in Table 9 for mussel tissues collected from creosote treated piling at Fort 
Worden and Fort Ward were not significantly different from the ΣPAH mussel tissue 
concentrations observed at the Sooke Basin reference station by Goyette and Brooks (1998).  
The mean sum of detected PAH at the urban Port Townsend site was significantly higher than 
the reference mean (69.0 ng ΣPAH/g tissue in Port Townsend mussels compared to 24.9 ng 
ΣPAH/g tissue in Sooke Basin reference mussels).  However, carcinogenic HPAH were not 
detected in the Port Townsend mussels.  These results suggest that there are no environmental 
health risks associated with consumption by predators of mussels growing directly on creosote 
treated piling. 
 Nematodes represented 39.7% of the abundance of all invertebrates identified in the six 
fouling community samples examined in this study.  Excluding nematodes and estimates of the 
numbers of colonial animals (bryozoans, hydroids and sponges), only the next 17 taxa listed in 
Table 16 contributed > 1.0 percent of the total abundance.  Habitat attributes were not quantified 
in this study.  However, the epibenthic community living on creosote treated piling appears to 
form a complex habitat.  A mat of detritus is typically found at the base of the dominant 
tubeworm and/or mussel community.  This rich organic matrix forms a sometimes several 
centimeters deep habitat for detritivores – particularly annelids and a large number of annelid 
species, typically associated with sediments, were found in these samples.   
 The hard surface of exposed wood, mussel and barnacle shells and bivalves like 
Pododesmus sp. provides sites of attachment for numerous filter feeding invertebrates on 
creosote treated wood and the physically complex habitat (Figure 12) provides a refuge for 
numerous species of shrimp and small fish.  These more mobile species were observed on the 
piling but they evaded capture.  Therefore, the list of taxa presented in Table 16 is a minimal list 
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that would be expanded thru development of protocols allowing for their capture.  Shannon’s 
index varied between 2.020 and 2.550 in the six fouling samples collected from creosote treated 
piling and the corresponding Pielou’s indices varied 
between 0.480 and 0.720. 
 Brooks (1994) reviewed the literature describing 
the catabolism of PAH in natural environments and 
emphasized the importance of complex organic 
cometabolites in facilitating microbial catabolism of 
particularly HPAH.  It is quite possible that PAH 
migrating from treated wood below the water line is 
bound in the organic detritus at the base of the fouling 
community where it is metabolized along with the 
detritus without moving further into the environment.  
Based on catchment studies and unpublished data, 
Goyette and Brooks (1998) hypothesized that most of the 
creosote contaminating Sooke Basin sediments was lost 
from the above water portion of the piling during hot 
weather and that the PAH were transported to sediments 
in a particulate form that was incorporated into the 
sediment matrix to depths of 4 to 6 cm.  Thus the 
epibenthic community growing on creosote treated wood 
may be well insulated from PAH from treated wood 
below the water because the PAH are intercepted by the 
organic matrix in the interior of the community and digested by the rich microbial community 
there.  Much of the creosote derived PAH lost from the above water portions of the piling may 
bypass the epibenthic community as small particulates during their migration to sediments.  This 
would explain why so many taxa flourish in an abundant and diverse community growing 
directly on creosote treated wood.     
 
 Sediment contamination by creosote derived PAH.  Goyette and Brooks (1998, 2001) 
found mean concentrations of ΣPAH that were < 27 µg ΣPAH/g dry sediment at their peak in 
Sooke Basin where mean current speeds were slow at 2.31 cm/sec at 2.0 m depth and 1.90 
cm/sec at 6 m depth.  These concentrations peaked at about 800 days post construction and then 
declined.  At their peak, increased sediment ΣPAH concentrations were observed to decline 
exponentially with distance from the dolphins and they reached background levels at between 7.5 
and 10 m downcurrent.   
 The National Marine Fisheries Service (NMFS 1996) estimated sediment concentrations 
of ΣPAH downcurrent from a single piling at 1,695 to 16,949 µg ΣPAH/g dry sediment.  These 
estimates were two to three orders of magnitude higher than predicted by Brooks (1996) or the 
empirical evidence found at Sooke Basin.  However, even though the Sooke Basin study was 
designed and conducted as a worst case analysis, the project did not evaluate projects with 
hundreds or thousands of creosote piling as asserted by an anonymous communication from the 
NMFS.  The study reported herein was specifically designed to address this concern by 
examining moderate size projects containing a few hundred piling to one of the most dense 
piling projects existing in Puget Sound.  The sediment contamination reported here is not 
significantly different from that observed in Sooke Basin and leads to a conclusion that 

Figure 12.  Fouling community on a 
creosote treated piling at Fort Ward
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concentrations of ΣPAH will be <10 to 12 µg ΣPAH/g dry sediment within half a meter of pier 
support piling and that these concentrations will decline exponentially with distance.  Nowhere 
in any of these studies is their any evidence supporting perceived concentrations of 1,695 to 16, 
949 µg ΣPAH/g dry sediment asserted by the National Marine Fisheries Service. 
         
 Biological response to sediment PAH.  A suite of laboratory bioassays on Sooke Basin 
sediments found unequivocal evidence of adverse effects in amphipod laboratory bioassays using 
sediments collected 0.5 m from the dolphins.  Equivocal adverse effects were apparent at 2.0 m 
but not beyond.  No adverse effects were seen in Sooke Basin’s macrobenthic community at any 
distance.  The epibenthic community that took up residence on the creosote treated piling in 
Sooke Basin created biodeposits of 45 kg/m2-year, which exceeded the sediments’ assimilative 
capacity for organic carbon leading to anaerobic conditions and high concentrations of free 
sulfides that declined exponentially from 7,394 µM S= at 0.5 m to 625 µM S= at 20 m distance.  
Similar sediment conditions were found at the four sites evaluated in the present study.  Sulfide 
concentrations of 1,790 and 1,850 µM S= were observed adjacent to the heavily colonized piling 
at Fort Worden and Fort Ward respectively.  The results of this study have shown that 
macrofaunal communities were generally more abundant and as diverse, or more diverse, near 
dense clusters of creosote treated piling at Fort Ward and Fort Worden than at the local reference 
stations.  In no case was there any evidence suggesting that the creosote treated structures had an 
adverse affect on the macrobenthic community.   
 The following discussion is presented in an effort to put the observed concentrations of 
PAH found near dense clusters of creosote treated into the perspective of Washington State’s 
SQC and to look for subtle effects that may not have been apparent in the previous discussion.  
For purposes of assessing biological affects, Tables 20 and 21 provide a detailed listing of 
organic carbon normalized PAH concentrations at Fort Worden.  In each table, normalized PAH 
concentrations are compared with the Washington State SQC and the results highlighted where 
exceedances were found.  An assessment of the affects of individual PAH and their sums on 
those taxa representing > 1% of the total abundance at any of the sites was carried out using 
correlation and factor analyses. 
 
 Fort Worden Wharf Transect (Table 20).  The highest concentrations of sediment 
PAH found in this study were collected within 2.0 meters of the wave breaking fence constructed 
of a continuous line of creosote treated piling surrounding the Fort Worden boat basin.  Samples 
from the 0.5 and 2.0 m stations on this transect exceeded the Washington State SQC for low, 
high and total PAH.  The suite of PAH observed at the 0.5 m station, which was dominated by 
chrysene, fluoranthene and phenanthrene, is typical of creosote.  However, the PAH spectrum at 
the 2.0 m station, which had high concentrations of benzo(a)pyrene and ideno(1,2,3-cd)pyrene is 
more characteristic of atmospheric deposition, stormwater runoff, diesel exhaust and/or 
crankcase oil than of creosote.  Small concentrations of dibenz(a,h)anthracene in the absence of 
high concentrations of phenanthrene, chrysene, pyrene and fluoranthene are not a characteristic 
of creosote contamination and suggest some more widespread source – such as atmospheric 
deposition.. The high carbon normalized PAH concentrations at Fort Worden’s reference stations 
were caused by the low and undetected concentrations of  TOC in these sandy sediments 
(detection limit = 0.1% TOC).  The raw data in Tables 3 and 4 shows that the un-normalized 
ΣPAH concentrations at C1 were very low (C2 = 0.0175 to 0.533 mg TPAH/g dry sediment and 
C1 =  0.071 to 0.074 TPAH/g dry sediment with most values below the method detection limit.) 
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 Fort Worden Interior Piling Dolphins (Table 21).  Elevated concentrations of PAH, 
including those commonly associated with creosote, like chrysene, fluoranthene, and pyrene 
were observed at all three of the sediment sampling stations located within the footprint of the 
stabilizing dolphin.  However, none of the ΣLPAH, ΣHPAH or ΣTPAH concentrations equaled 
or exceeded the Washington State SQC.  Like the Fort Worden transect samples, 
dibenz(a,h)anthracene, which is not characteristic of creosote, was a persistent contaminant at all 
of these stations, including the remotely located reference station C1.  Ideno(1,2,3-cd)pyrene is a 
PAH not characteristic of creosote contamination at more than 1 to 2% of the total PAH 
spectrum.  In these samples, this compound represented 3.5 to 8.8% of TPAH at C1P, C6P and 
C8P.  This compound was more likely associated with atmospheric deposition than with 
creosote.  Note that ideno(1,2,3-cd)pyrene and other high molecular weight compounds 
characteristic of atmospheric deposition or diesel exhaust were the most commonly detected 
PAH at reference C2, which was located in the boat basin at a location remote from any piling. 
Based on the known spectrum of PAH associated with creosote contamination, it appears that the 
contamination at these three sample stations has been created by a combination of creosote and 
high temperature sources.  Assuming that the PAH contamination at this site is primarily 
associated with creosote, the low proportion of phenanthrene in the mixture suggests that this 
low molecular weight compound was rapidly being catabolized in these organically enriched 
sediments. 
 
 Biological response at Fort Worden.  Pearson correlation coefficients between 
individual taxa and biological metrics and physicochemical variables revealed weak (r = -0.42 to  
-0.45) but significant negative correlations between the amphipods Pontogeneia cf. rostrata and 
acenaphthylene, chrysense and normalized concentrations of high and total PAH and 
Monoculoides sp. was negatively correlated (-0.43) with acenaphthene.  The abundance of the 
gastropod Odostomia tennuisculpta was negatively correlated (r = -0.42) with fluoranthene and 
the gastropod Lacuna vincta was negatively correlated with many PAH including TOC 
normalized concentrations of  the sums of low, high and total PAH.  Eight other taxa (Capitella 
capitata, Drilonereis falcata, Nereis procera or juvenile Nereis and the amphipod Ischyrocerus 
sp. was positively correlated with acenaphthene, dibenz(a,h)anthracene and naphthalene.  
Nebalia pugettensis was positively correlated (r = 0.42) with anthracene and the bivalve Mysella 
tumida were positively correlated with fluoranthene (0.49), phenanthrene (0.44) and pyrene 
(0.44).  Nematodes were positively correlated with numerous PAH and with all of the 
normalized composite values of PAH.  That is likely because this invertebrate proliferates in 
organically enriched sediments which were found at the base of the piling.  Of the biological 
metrics evaluated.  The number of taxa was negatively correlated only with benzo(g,h,i)perylene 
(r = -0.41).  The remainder of the 648 correlation coefficients between PAH and biological 
endpoints were not significant.  299 were negative and 349 were positive.  The highly enriched 
sediments near the creosote treated structures resulted in the proliferation of Capitella capitata, 
Aoroides sp., Megaluropus sp.,  Monoculoides sp., Nebalia pugettensis and Nematodes.  Three 
of these species (Capitella capitata, Aoroides sp., Nebalia pugettensis and Nematodes have been 
recognized as organic carbon opportunists by Brooks and Mahnken (2003).  The total abundance 
and number of macrobenthic taxa were both significantly correlated with TOC (r = 0.86 and 0.58 
respectively).  The proliferation of carbon tolerant opportunists caused Pielou’s Index, a measure 
of the evenness of a community, to be negatively correlated with TOC (r = -0.70).  As previously 
noted, the number of taxa was marginally, but significantly (r = -0.41) negatively correlated with 
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the concentration of benzo(g,h,i)perylene.  All other correlations between Abundance, Number 
of Taxa, Shannon’s Index and Pielou’s Index were not significant.  These results are summarized 
in the factor analysis provide in Table 19 and Figure 12 for those taxa and physicochemical 
endpoints with significant correlations.  The two factors explained only 17.4 percent of the 
variation suggesting that none of the associations are strong.  Concentrations of normalized PAH 
loaded heavily on Factor 1.  However, most of the biological endpoints also loaded positively on 
Factor 1 and those that are negative were not significant.   
 
Table 19.  Factor loadings in a Varimax normalized principle components analysis of 
physicochemical and biological endpoints that had significant Pearson Correlation 
Coefficients.             
 

Factor Loadings (Varimax normalized) (Spreadsheet3 in CCII normalized PAH database)
Extraction: Maximum likelihood factors
(Marked loadings are >.700000)

Variable
Factor

1
Factor

2

Distance
Acenaphthylene
Anthracene
Benzo(b)fluoranthene
Benzo(k)fluoranthene
Chrysene
Fluoranthene
Fluorene
Phenanthrene
Pyrene
NLPAH
NHPAH
NTPAH
TFines
TTOC
AARMBRE
ACAPCAP
ADRILO
ANEREIS
CAOROIDE
CISCHYRO
CMONOCUL
CNEBALIA
CPONTOG
MGODOS
MMYSELLA
MULUCUNA
ONEMATOD
Abundance
Shannon
Pielou
TTAXA
Expl.Var
Prp.Totl

-0.506 -0.593
0.659 0.057
0.680 0.272
0.849 -0.083
0.871 -0.025
0.909 0.095
0.852 0.067
0.706 0.084
0.694 0.054
0.871 0.043
0.858 0.068
0.974 0.016
0.976 0.027
0.046 0.959
0.036 0.964
0.428 0.287
0.147 0.844
0.398 0.155
0.191 0.243
0.040 0.843
0.027 0.355

-0.113 0.553
0.287 0.860

-0.425 -0.319
-0.391 -0.336
0.270 -0.049

-0.621 -0.264
0.516 0.485
0.169 0.857

-0.037 -0.052
0.090 -0.724

-0.050 0.590
10.159 7.209

0.317 0.225  
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Total organic carbon (NTOC) and proportion silt and clay (TFINES) loaded most heavily on 
Factor 2.  Species that are considered opportunists in enriched sediments (Capitella capitata 
ACAPCAP; Aoroides sp. CAOROIDES; and Nebalia pugettensis CNEBALIA) also loaded 
significantly and positively on Factor 2 demonstrating that their abundance increased with 
increasing TOC.  The influence of these opportunists on the community structure clearly 
demonstrated in the significant positive loading of macrobenthic abundance on Factor 2 and the 
significant negative loading of Pielou’s index on the same factor.  These relationships are 
displayed graphically in Figure 12 and suggest that those taxa located in Group I, Lucuna vincta 
(MULUCUNA), Odostomia tennuisculpta (MGODOS), and  Pontogeneia cf. rostrata 
(CPONTOG) enjoyed increased abundance with increasing distance from the piling.  However, 
this analysis did not allow a determination of whether it was the TOC and fines or the PAH that 
caused this relationship.  The opportunistic taxa group tightly with TOC and fines in Group 2 
and are distant from Pielou’s Index.  As previously noted, Pielou’s index was more  
     

 
Figure 12.  Two-dimensional display of the relationships between physicochemical and 
biological variables projected on two factors by a Varimax normalized principal 
components analysis of the macrofaunal community near creosote treated piling at the Fort 
Worden ammunition pier. 
 

Rotation: Varimax normalized
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influenced by TOC than by any of the PAH.  The position of the number of taxa (TTAXA) near 
the opportunistic species and TOC is unexpected because of the increased sulfide concentration 
in the vicinity of the piling.  This suggests that the increased abundance and number of 
macrofaunal taxa found near the creosote treated piling were more influenced by the organic 
debris from the piling’s epifaunal community than by individual or sums of PAH compounds 
which cluster in Group 3 in close association with the biological variables.  This association is 
not interpreted as a positive influence on the macrobenthic community by any of the PAH.  
Rather it is simply recognition that higher PAH were found near the piling where TOC was also 
higher and that the TOC had a far stronger influence on the community than did PAH at the 
concentrations observed in this study.  Shannon’s Index was little affected by any of the 
measured physicochemical variables as were the taxa lying outside the three groups. 
 The Fort Worden ammunition pier and boat basin acted as an organic trap as evidenced 
by the accumulation of 0.5 to 1.0 m deep drifts of moderately well divided macroalgae and 
eelgrass detritus.  These accumulations were qualitatively sampled and found to be covered with 
amphipods and Nebalia pugettensis.  This community was not quantified because no PAH was 
expected to be found in this mobile organic debris.  The sampling occurred in areas outside these 
drifts.  However, these results demonstrate that biodeposits from the abundant and diverse 
epifaunal community resident on the creosote treated piling enriched the sediments, increasing 
concentrations of both TOC and free sulfides.  The result was significant increases in both the 
diversity and abundance of macrofauna immediately adjacent to the piling.  Three taxa were 
identified as responding negatively to conditions adjacent to the piling.  Whether there reduced 
abundance there was due to the high sulfides, high organic carbon, competition from the 
proliferating opportunists or the increased concentrations of sediment PAH could not be 
determined in this study.  Negative relationships between sediment PAH and other taxa or 
biological metrics were not observed at Fort Worden and one can only conclude that factors 
other than sediment PAH were influencing the macrobenthos.    
 
 Biological response at the Fort Ward wharf.  Normalized concentrations of sediment 
PAH are provided in Table 23 along a 7.5 m long transect that began in the center of a three 
piling dolphin constructed of creosote treated wood.  All of the concentrations of PAH associated 
with creosote treated wood are less than Washington State SQC and excepting the furthest 
station located 7.5 m from the dolphin, their normalized sums were less than 2.0 µg ΣPAH/g dry 
sediment.  Only dibenz(a,h)anthracene was a persistent contaminant at both treatment and 
control stations at Fort Ward.  With two exceptions, (fluorene at B8P and ideno(1,2,3-cd)pyrene 
at B10P (a reference station sample) all of the normalized values were within Washington State’s 
SQC.  Fluoranthene, phenanthrene, chrysene and other compounds typical of creosote 
contamination were found only at low levels in these samples.  However, it should be noted that 
sediment TOC concentrations were relatively high at 2.1 to 6.2% within 2.5 m of the three piling 
dolphin where this transect began and the un-normalized data in Table 3 records TPAH 
concentrations of 11.7 mg ΣPAH/g dry sediment at the 0.5 m station followed by an exponential 
decline to 0.635 ΣPAH at 1.5 m distance.  It should also be noted that sediment PAH 
concentrations at the reference station were high at 1.548 to 3.380 mg ΣTPAH/g dry sediment at 
Fort Ward.  Of interest is that the suite of PAH near the creosote treated pilings was dominated 
by Fluoranthene, phenanthrene, pyrene, chrysene and benzo(b & k)fluoranthene, which are 
characteristic of creosote contamination, whereas the reference station PAH contaminants were 
dominated by high molecular weight compounds like benzo(a)pyrene and benzo(g,h,i)perylene,  
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Table 20.  Sediment concentrations of polycyclic aromatic hydrocarbons along a 7.5 meter long transect starting under the 
wharf at the wave fence and proceeding into the interior of the Fort Worden boat basin.  All values are in micrograms PAH/g 
dry sediment weight normalized to one percent TOC using the actual TOC observed at each station.  Treatment stations 
exceeding the Washington State SQC are highlighted. 
 

Washington State  SQC at 1.0% TOC   Transect PAH normalized to 1% TOC 
PAH Species/Sample Station  A1P 0.5 A2P 1.0 A3P 1.5 A4P 2.0 A5P 2.5 A6P 3.0 A7P 5.0 A8P 7.5 A9P C2-1 A10P C2-2 A11P C2-3 

Acenaphthene 0.160 0.043 0.044 0.049 0.116 0.079 0.065 0.064 0.060 0.040 0.040 0.041 

Acenaphthylene 0.660 0.155 0.130 0.138 0.277 0.207 0.155 0.155 0.144 0.140 0.080 0.122 

Anthracene 2.200 0.360 0.278 0.296 0.787 0.574 0.234 0.273 0.180 0.360 0.040 0.163 

Benzo(a)anthracene 1.100 0.796 0.443 0.394 1.366 0.702 0.389 0.480 0.310 0.960 0.180 0.364 

Benzo(a)pyrene 0.990 0.605 0.418 0.384 1.414 0.718 0.456 0.466 0.383 0.980 0.240 0.382 

Benzo(b)fluoranthene 1.150 0.824 0.488 0.404 1.389 0.750 0.442 0.427 0.383 1.340 0.228 0.504 

Benzo(g,h,I)perylene 0.310 0.281 0.235 0.227 0.693 0.398 0.273 0.273 0.239 0.540 1.478 0.220 

Benzo(k)fluoranthene 1.150 0.687 0.392 0.345 1.229 0.653 0.364 0.376 0.310 1.000 0.172 0.424 

Chrysene 1.100 1.436 0.713 0.552 1.766 0.860 0.494 0.778 0.347 1.480 0.099 0.690 

Dibenz(a,h)anthracene 0.120 0.151 0.200 0.207 0.533 0.352 0.273 0.273 0.239 0.300 0.164 0.179 

Fluoranthene 1.600 4.904 1.421 1.272 1.881 2.406 0.767 1.025 0.861 1.300 0.296 1.990 

Fluorene 0.230 0.166 0.044 0.049 0.116 0.079 0.065 0.064 0.060 0.140 0.040 0.041 

Ideno(1,2,3-cd)pyrene 0.340 0.320 0.278 0.277 0.812 0.478 0.338 0.337 0.287 0.560 0.189 0.262 

2-Methylnaphthalene 0.380 0.018 0.044 0.049 0.116 0.079 0.065 0.064 0.060 0.040 0.041 0.041 

Naphthalene 0.990 0.018 0.044 0.049 0.116 0.079 0.065 0.064 0.060 0.040 0.041 0.041 

Phenanthrene 1.000 3.372 0.713 0.257 0.556 0.813 0.208 0.324 0.060 0.600 0.041 0.918 

Pyrene 10.000 2.883 0.809 0.796 1.576 1.656 0.481 0.557 0.597 0.800 0.082 1.350 

1-Methylnaphthalene   0.018 0.091 0.049 0.116 0.079 0.065 0.064 0.060 0.040 0.041 0.041 

                          

Sum of Low Molecular PAH 3.700 4.150 1.387 0.938 2.198 1.990 0.923 1.074 0.686 1.400 0.364 1.406 

Sum of High Molecular PAH 9.600 12.888 5.397 4.857 12.660 8.974 4.279 4.992 3.957 9.260 3.128 6.365 

Total PAH 13.300 17.038 6.784 5.795 14.858 10.964 5.202 6.066 4.643 10.660 3.492 7.771 
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Table 21.  Sediment concentrations of polycyclic aromatic hydrocarbons collected at three locations within the densest cluster 
of interior pilings under the Fort Worden wharf.  All values are in micrograms PAH/g dry sediment weight normalized to 
1.0% TOC.  Concentrations exceeding the Washington State SQC at 1% TOC are highlighted. 
 

                                 Washington State SQC at 1.0% TOC                                                                                      Transect PAH normalized to 1% TOC 

PAH Species/Sample Station   
C1P 
1.0A1 

C2P 
1.0A2 

C3P 
1.0A3 

C4P 
3.0A1 C5P 3.0A2 

C6P 
3.0A3 

C7P 
1.2B1 

C8P 
1.2B2 

C9P 
1.2B3 

C10P 
C2 

C11P 
C2 

C12P 
C2 

Acenaphthene 0.160 0.043 0.025 0.089 0.033 0.032 0.139 0.012 0.039 0.017 0.045 0.043 0.041 

Acenaphthylene 0.660 0.121 0.043 0.213 0.080 0.077 0.139 0.064 0.141 0.094 0.045 0.043 0.041 

Anthracene 2.200 0.294 0.500 0.461 0.140 0.141 0.529 0.927 0.492 0.348 0.045 0.043 0.041 

Benzo(a)anthracene 1.100 0.560 0.592 0.711 0.240 0.211 0.446 0.745 0.767 0.737 0.117 0.112 0.115 

Benzo(a)pyrene 0.990 0.624 0.294 0.625 0.260 0.224 0.640 0.506 0.619 0.496 0.199 0.189 0.173 

Benzo(b)fluoranthene 1.150 0.718 0.378 0.691 0.260 0.218 0.500 0.611 0.713 0.667 0.118 0.112 0.114 

Benzo(g,h,I)perylene 0.310 0.320 0.140 0.390 0.160 0.141 0.446 0.230 0.314 0.242 0.144 0.137 0.123 

Benzo(k)fluoranthene 1.150 0.570 0.327 0.516 0.207 0.172 0.388 0.529 0.625 0.575 0.045 0.043 0.082 

Chrysene 1.100 0.778 0.840 0.832 0.320 0.281 0.446 1.188 1.408 1.066 0.045 0.043 0.043 

Dibenz(a,h)anthracene 0.120 0.224 0.084 0.372 0.147 0.134 0.529 0.111 0.212 0.127 0.172 0.163 0.148 

Fluoranthene 1.600 1.574 1.782 2.129 0.481 0.447 0.723 1.758 2.069 2.439 0.045 0.123 0.091 

Fluorene 0.230 0.043 0.150 0.089 0.033 0.032 0.140 0.129 0.117 0.097 0.045 0.043 0.041 

Ideno(1,2,3-cd)pyrene 0.340 0.364 0.156 0.000 0.193 0.172 0.558 0.256 0.360 0.268 0.181 0.172 0.156 

2-Methylnaphthalene 0.380 0.043 0.010 0.461 0.033 0.032 0.140 0.012 0.039 0.017 0.045 0.043 0.043 

Naphthalene 0.990 0.043 0.010 0.089 0.033 0.032 0.140 0.012 0.039 0.017 0.045 0.043 0.043 

Phenanthrene 1.000 0.398 0.966 0.089 0.080 0.141 0.140 0.605 1.033 0.575 0.045 0.043 0.043 

Pyrene 10.000 0.718 1.194 0.902 0.207 0.172 0.140 1.182 1.172 1.482 0.045 0.043 0.043 

1-Methylnaphthalene   0.043 0.010 1.117 0.033 0.032 0.140 0.012 0.039 0.017 0.045 0.043 0.043 

                            

Sum of Low Molecular PAH 3.700 1.029 1.715 2.607 0.466 0.518 1.505 1.774 1.940 1.181 0.360 0.344 0.337 

Sum of High Molecular PAH 9.600 6.450 5.787 7.169 2.474 2.173 4.816 7.116 8.260 8.097 1.111 1.136 1.089 

Total PAH 13.300 7.479 7.502 9.775 2.941 2.691 6.321 8.890 10.200 9.278 1.471 1.480 1.426 
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ideno(1,2,3-cd)pyrene which are more associated with high temperature combustion associated 
with sources such as atmospheric deposition and diesel exhaust.  Workboats are moored north of 
the wharf at Fort Ward and it is possible that diesel exhaust from the considerable boat traffic 
may be responsible for the increased sediment HPAH observed there. 
 Correlation analysis found negative correlations between Decamastus gracilis and 
normalized ΣHPAH; Gyptis brevipalpa and anthracene, benzo(a)anthracene, 
benzo(g,h,i)perylene, dibenz(a,h)anthracene and 2-methylnaphthalene; Pherusa plumosa and 
Potamilla occelata with phenanthrene; and Aoroides sp. with benzo(g,h,i)perylene.  Numerous 
taxa, including Armandia brevis, Drilonereis falcata, Exogone molesta, Mediomastus 
californiensis, Syllis sp., Nebalia pugettensis,  Parapleustes pugettensis, Mysella tumida, 
Podoceropsis cf. barnardi, hydroids, nematodes, total abundance, Shannon’s Index, Pielou’s 
Index and the number of taxa were positively correlated with one or more PAH species or sums 
of PAH species.  All of the taxa and physicochemical endpoints included in significant Pearson 
Correlations were included in a Factor Analysis using a Principal Components Extraction 
followed by Varimax normalization.  The factor loadings are provided in Table 20 and the 
resulting vectors are displayed on orthogonal axes in Figure 13.  The analysis explained 25.5% 
of the variation in the data.  Significantly loaded variables on Factor 1 included numerous 
positively loaded taxa and the abundance of macrofauna together with TOC.  The negative 
loading of fines suggests that the TOC was not associated with natural deposition because the 
two would generally co-vary in a depositional environment.  In this case, the TOC was 
associated with biodeposits from epifauna resident on the treated piling.  All of the significant 
loadings on Factor 2 are positive.  They include many of the PAH species and the ΣHPAH.  Two 
species also have significant positive loadings on this factor (Syllis sp. and Podoceropsis cf. 
barnardi.).  Three groups of variables are apparent in Figure 13.  Group 1 includes several PAH 
compounds plus silt and clay (TFINES) and Shannon’s and Pielou’s indices.  Group 2 includes a 
mixture of individual taxa and most of the HPAH associated with atmospheric deposition.  
Group 3 contains most of the taxa contributing to the diversity of the macrofauna (TTAXA).  
The two compounds most characteristic of creosote derived PAH contamination (phenanthrene 
and fluoranthene) are also members of this group.  In this instance, more taxa and higher 
abundance was found under the wharf in the center of the three piling support dolphin where 
creosote derived PAH were most likely to be found.  Obviously, the macrofaunal community 
was more enhanced by the piling and their epibiota than adversely affected by the creosote 
derived PAH.  The PAH compounds found in Group 2 are more generally associated with high 
temperature sources of PAH and in this case, they were likely associated with the work boats 
moored north of the wharf, which was closer to the reference location than the wharf was.  No 
adverse effects associated with the low observed PAH concentrations were anticipated in the 
macrobenthic community at this site and none were observed.  Similar to the results from Sooke 
Basin and Fort Worden, biodeposits from the diverse and abundant epifaunal community 
growing on the creosote treated piling were contributing biodeposits to the benthos that had a 
much larger affect than did the small amounts of PAH lost from the piling.   
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Table 22.  Factor loadings in a Varimax normalized principal components extracted Factor  
Analysis of physicochemical and biological endpoints that had significant Pearson 
correlation coefficients in Fort Ward sediments. 
 

Factor Loadings (Varimax normalized) (Spreadsheet3 in CCII normalized PAH database)
Extraction: Principal components for Fort Ward
(Marked loadings are >.700000)

Variable
Factor

1
Factor

2

Acenaphthene
Acenaphthylene
Anthracene
Benzo(a)anthracene
Benzo(a)pyrene
Benzo(b)fluoranthene
Benzo(g,h,I)perylene
Chrysene
Dibenz(a,h)anthracene
Fluoranthene
Fluorene
Ideno(1,2,3-cd)pyrene
2-Methylnaphthalene
Naphthalene
Phenanthrene
Pyrene
1-Methylnaphthalene
NHPAH
TFines
TTOC
Sulfide
AARMBRE
ADECAM
ADRILO
AEXOGON
AGYPTBRE
AMEDIOMA
APALEAN
APOTAOCC
ASHISTOAN
ASPHSYL
ASYLLIS
ATHARMUL
CAOROIDE
CNEBALIA
CPARAPUG
MMYSELLA
MPODOCEP
Abundance
Shannon
Pielou
TTAXA
Expl.Var
Prp.Totl

-0.675 0.115
-0.590 0.407
-0.255 0.744
-0.493 0.809
-0.521 0.804
0.037 0.904

-0.653 0.654
0.299 0.882

-0.579 0.763
0.692 0.366

-0.131 0.854
-0.641 0.113
-0.399 0.874
-0.675 0.116
0.454 0.195
0.226 0.930

-0.140 0.843
-0.296 0.910
-0.740 0.166
0.885 -0.211
0.522 0.368
0.530 0.002
0.133 -0.484
0.704 -0.059

-0.459 0.490
0.801 -0.367
0.760 0.107
0.798 -0.260

-0.015 -0.121
0.792 -0.160
0.659 -0.241
0.404 0.792
0.692 0.009
0.782 -0.219

-0.458 0.118
0.608 -0.204
0.460 0.361

-0.069 0.815
0.906 0.026

-0.590 0.414
-0.818 0.290
0.618 0.311

13.918 11.607
0.331 0.276  
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Figure 13.  Plot of Factor 1 versus Factor 2 in a Varimax normalized principal components analysis of physicochemical and 
biological endpoints measured in sediments at the Fort Ward wharf. 
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Table 23.  Sediment concentrations of polycyclic aromatic hydrocarbons along a 7.5 meter long transect starting in the center 
of a three piling dolphin under the Fort Ward wharf and proceeding to the north.  All values are in micrograms PAH/g dry 
sediment weight normalized to the observed TOC at the station.  Individual PAH concentrations exceeding the Washington 
State SQC are highlighted. 
 

                                         Washington State SQC at 1.0% TOC                                                                              Transect PAH normalized to 1% TOC 
PAH Species/Sample 
Station   B1P 0.5 B2P 1.0 B3P 1.5 B4P 2.0 B5P 2.5 B6P 3.0 B7P 5.0 B8P 7.5 B9P C2-1 B10P C2-2 B11P C2-3 
Acenaphthene 0.160 0.012 0.003 0.025 0.002 0.003 0.046 0.039 0.005 0.079 0.087 0.011 
Acenaphthylene 0.660 0.038 0.014 0.055 0.006 0.012 0.091 0.078 0.074 0.174 0.087 0.024 
Anthracene 2.200 0.084 0.039 0.075 0.010 0.020 0.046 0.110 0.170 0.079 0.087 0.121 
Benzo(a)anthracene 1.100 0.017 0.089 0.115 0.018 0.047 0.128 0.118 0.454 0.220 0.244 0.076 
Benzo(a)pyrene 0.990 0.132 0.081 0.150 0.021 0.048 0.229 0.173 0.463 0.361 0.383 0.065 
Benzo(b)fluoranthene 1.150 0.187 0.113 0.110 0.021 0.052 0.165 0.110 0.305 0.204 0.087 0.052 
Benzo(g,h,I)perylene 0.310 0.060 0.029 0.085 0.010 0.025 0.146 0.118 0.238 0.252 0.278 0.041 
Benzo(k)fluoranthene 1.150 0.132 0.075 0.090 0.015 0.037 0.110 0.086 0.000 0.157 0.087 0.043 
Chrysene 1.100 0.202 0.125 0.105 0.020 0.074 0.046 0.039 0.318 0.079 0.087 0.082 
Dibenz(a,h)anthracene 0.120 0.053 0.020 0.095 0.009 0.017 0.173 0.149 0.398 0.299 0.330 0.011 
Fluoranthene 1.600 0.366 0.138 0.075 0.021 0.036 0.101 0.078 0.071 0.079 0.087 0.011 
Fluorene 0.230 0.029 0.016 0.025 0.002 0.003 0.046 0.039 0.907 0.079 0.087 0.011 
Ideno(1,2,3-cd)pyrene 0.340 0.072 0.033 0.105 0.012 0.027 0.183 0.149 0.022 0.315 0.347 0.050 
2-Methylnaphthalene 0.380 0.012 0.003 0.025 0.002 0.003 0.046 0.039 0.216 0.079 0.087 0.011 
Naphthalene 0.990 0.012 0.003 0.025 0.002 0.003 0.046 0.039 0.005 0.079 0.087 0.011 
Phenanthrene 1.000 0.213 0.090 0.025 0.010 0.014 0.046 0.039 0.005 0.079 0.087 0.060 
Pyrene 10.000 0.287 0.067 0.025 0.016 0.035 0.046 0.039 0.462 0.079 0.087 0.050 
1-Methylnaphthalene   0.012 0.003 0.025 0.002 0.003 0.046 0.039 1.023 0.079 0.087 0.012 
                 
Sum of Low Molecular PAH 3.700 0.412 0.173 0.280 0.035 0.062 0.411 0.423 2.406 0.725 0.699 0.180 

Sum of High Molecular PAH 9.600 1.509 0.771 0.953 0.164 0.397 1.325 1.059 2.731 2.046 2.019 0.480 

Total PAH 13.300 1.921 0.943 1.233 0.198 0.459 1.736 1.482 5.137 2.770 2.718 0.741 
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Table 24.  Sediment concentrations of polycyclic aromatic hydrocarbons, normalized to the percent carbon observed at each 
treatment station, there were collected 30 cm from a three piling dolphin at Port Townsend’s City dock and within 15 cm of a 
single piling supporting Fort Ward’s pier.  Values highlighted in blue were not detected and are reported as half the detection 
limit.  Individual PAH concentrations exceeding the Washington State SQC are highlighted. 
 

                                       Washington State SQC at 1.0% TOC                                                                                  Transect PAH normalized to 1% TOC 
PAH Species/Sample Station   PT S1 (0.3) PT S2 (0.3) PT S3 (0.3) FW PS4 (0.15) FW PS5 (0.15) FW PS6 (0.15) 
Acenaphthene 0.160 0.115 0.110 0.085 0.203 0.164 0.188 
Acenaphthylene 0.660 0.115 0.110 0.085 0.203 0.164 0.188 
Anthracene 2.200 0.115 0.331 0.606 0.203 0.164 0.481 
Benzo(a)anthracene 1.100 0.267 0.529 0.404 0.203 0.462 1.126 
Benzo(a)pyrene 0.990 0.115 0.318 0.262 0.203 0.164 0.554 
Benzo(b)fluoranthene 1.150 0.380 0.617 0.471 0.203 0.436 0.826 
Benzo(g,h,I)perylene 0.310 0.115 0.110 0.085 0.203 0.164 0.188 
Benzo(k)fluoranthene 1.150 0.115 0.282 0.239 0.203 0.164 0.188 
Chrysene 1.100 0.509 0.971 0.639 0.203 0.858 1.277 
Dibenz(a,h)anthracene 0.120 0.115 0.110 0.085 0.203 0.164 0.188 
Fluoranthene 1.600 0.601 1.724 1.141 0.203 3.245 2.035 
Fluorene 0.230 0.115 0.110 0.085 0.203 0.164 0.188 
Ideno(1,2,3-cd)pyrene 0.340 0.115 0.110 0.085 0.203 0.164 0.188 
2-Methylnaphthalene 0.380       
Naphthalene 0.990 0.115 0.110 0.085 0.203 0.164 0.188 
Phenanthrene 1.000 0.407 0.366 0.310 0.203 0.554 1.426 
Pyrene 10.000 0.459 1.143 0.673 0.203 2.047 1.577 
1-Methylnaphthalene         
        
Sum of Low Molecular PAH 3.700 0.984 1.135 1.254 1.220 1.376 2.658 
Sum of High Molecular PAH 9.600 2.792 5.912 4.081 2.034 7.870 8.147 
Total PAH 13.300 3.776 7.048 5.335 3.254 9.247 10.805 
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 Sediment concentrations of PAH within 15 and 30 cm of creosote treated piling 
supporting the Port Townsend City and Fort Ward piers.  Six additional sediment samples 
were collected at 15 and 30 cm from creosote treated piling to quantify PAH concentrations at 
the base of these structures.  Concentrations of PAH normalized to 1% TOC are provided in 
Table 23. 
 
 Port Townsend City wharf (Table 23).  Only fluoranthene exceeded the Washington 
State SQC in three Port Townsend sediment samples collected 30 cm from creosote treated 
piling where TOC varied between 1.04 and 1.42%.  The suite of PAH in these three samples is 
characteristic of creosote.  None of the ΣPAH exceeded the U.S. EPA approved Washington 
State SQC. 
 
 Fort Ward Pier samples (Table 23).  These three samples were collected within 15 cm 
of a single piling.  Polycyclic aromatic hydrocarbons were not found above the method detection 
in many of the samples.  No PAH were detected in FW PS4.  The suite of PAH detected in FW 
PS5 and FW PS6 were dominated by fluoranthene, phenanthrene and chrysene, which are 
characteristic of creosote.  Sediment TOC varied between 0.59 and 0.72% in these three samples 
and the sum of detected PAH concentrations provided on a dry sediment weight basis in Table 4 
of Appendix 1 were 5.46 and 5.30 mg ΣPAH/kg dry sediment in the two samples where PAH 
were detected.  The mean of the detected PAH for the three samples was 3.59 µg Σdetected 
PAH/g dry sediment. 
 
Summary.  This study was undertaken in an effort to expand the results of Goyette and Brooks 
(1998, 2001) to a range of projects encompassing the density of creosote treated pilings that have 
been used historically and that might be used at the current time.  With the exception of Port 
Townsend’s City pier, the sites selected for this study contained several hundred piling and were 
located in rural areas where additional sources of those compounds typical of creosote 
contamination were minimal (particularly phenanthrene and fluoranthene).  The results presented 
herein are consistent with predictions made by the model of Brooks (1996) and the actual 
conditions near creosote treated structures reported by Goyette and Brooks (1998, 2001); by 
Brooks (2000) for pressure treated timber bridges; and by Brooks (2004 – In-press) for railway 
ties used in wetland environments.  These results indicate the following: 
 

o Small amounts of creosote preservative migrate from the wood into the environment.  
About 85% of the preservative is comprised of polycyclic aromatic hydrocarbons.  Most 
of the PAH lost from creosote are intermediate weight PAH and the mixture is 
dominated by fluoranthene and phenanthrene.  Goyette and Brooks (1998) hypothesized 
that most of the loss of creosote derived PAH occurs above the water line on hot summer 
days and that microliter sized droplets of creosote are transported to the sediments in a 
particulate state.  Unpublished results suggest that these microparticles retain their 
integrity in sediments while they are degraded by microbes.  

     
o The compounds lost from creosote treated wood have very low water solubility and 

dissolved concentrations have been measured in the tens of parts per trillion range.  
These are concentrations at which no biological effects can be anticipated.  Dissolved 
PAH associated with creosote treated wood products in open aquatic environments do 
not pose significant or even measurable risks to aquatic resources. 
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o Creosote derived PAH are generally found in sediments in the immediate vicinity of 
treated piling at concentrations ranging from a few ppm near single piling to perhaps 30 
ppm within two meters of dense clusters of piling associated with historical industrial 
uses.  The sediment concentrations decline exponentially with distance and reached 
background concentrations at about 10 meters distance from the structure – regardless its 
size or the density of piling. 

 
o Sediment concentrations of PAH have been found to peak about two years following 

construction and then to decline because their metabolism by microbes in sediments 
exceeds the supply.   

 
o No adverse effects have been seen at any distance in macrobenthic communities 

associated with the low concentrations of creosote derived PAH found around treated 
piling.  That statement has been true in both freshwater and marine environments.  

 
o Mussels growing directly on the 

Sooke Basin piling did not have 
tissue PAH concentrations 
exceeding those found in mussels 
growing at a remote reference 
location where there were no 
sources of PAH.  Tissue 
concentrations of PAH in mussels 
examined in the present study were 
also very low and not significantly 
different from the Sooke Basin 
reference mussels.  Carcinogenic 
high molecular weight compounds 
were generally undetected in the 
present study.  No environmental 
health risks have been documented 
at the very low concentrations 
recorded.  In part that is because 
PAH have been ubiquitous in 
earth’s biosphere since the first 
organic compounds were present.  
Invertebrates and vertebrates have 
developed specific enzyme systems 
to break down these compounds and 
bacteria utilize PAH as food.    

 
o  In Sooke Basin, an abundant and diverse community of invertebrates and vertebrates 

were observed on the new creosote treated piling after the first year.  Goyette and Brooks 
(1998, 2001) was not the first report describing the epibenthic community growing on 
piling.  Grall (1992) described a vibrant community of plants and animals growing on 
wharf piling in Cape Charles harbor on the southern end of Virginia’s Eastern Shore.   
The type of preservative (if any) used to protect the piling was not stipulated.  However, 

Figure 14.  Epibenthic community on creosote 
treated wood structures 



 50

given the east coast location and apparent age, it was most likely creosote.  Grall (1992) 
exquisitely described several of the life histories of the numerous invertebrates he 
observed on the piling, but did not formally survey or quantify the community.  To the 
best of the author’s knowledge, this report documents the first attempted inventory of the 
epifaunal community resident on pressure treated wood pilings.   Table 16 identifies the 
124 taxa found in six (15 cm)2 samples and their abundances.  A total of 54 annelid, 18 
mollusk, 42 crustacean and 10 other taxa were identified in these small samples from a 
single water depth and their average abundance was 31,378/m2.  Communities this 
diverse and abundant are rare in the Pacific Northwest where muddy or sandy 
environments where piling are usually driven contain 3,400 to 4,910 macrofauna/m2 and 
52 to 64 taxa/0.1 m2 sample. 

 
o Goyette and Brooks (1998) found that the DRAFT U.S. EPA SQC for acenaphthene, 

phenanthrene and fluoranthene were under protective in that they observed toxicity at 
PAH concentrations less than these benchmarks.  Among the other 8 potential criteria, 
the Washington State SQC had the fewest false positive indications of toxicity (12) and 
in no instance did the bioassays detect toxicity when the criteria failed to predict it.  In 
the current study, the ΣPAH immediately adjacent to the Fort Worden creosote treated 
wave fence and at 2.0 m from that fence exceeded the Washington State SQC.  However, 
the number of taxa observed adjacent to the wave fence was as high, or higher, than all 
of the reference samples and their abundance exceeded that observed at the reference 
station by nearly two orders of magnitude (Figure 6).  The same was true at Fort Ward 
where more taxa in higher abundance was observed at all of the stations near the wharf 
than was observed at the reference location.  Thus, the macrofaunal community was 
enhanced near creosote treated wood at all of these locations, despite the exceedance of 
Washington State’s SQC observed at the two Fort Worden stations located close to one 
of the densest uses of creosote treated piling to be found anywhere. 

  
o Goyette and Brooks (1998, 2001) 

measured biodeposits from the 
epibenthic community growing on 
Sooke Basin creosote treated piling at 
45 kg/m2-yr.  This was less than half 
the 100 kg/m2-yr observed at the 
untreated pilings, which were being 
destroyed by the crustacea (Limnoria 
sp.) and boring mollusks (Teredo 
navalis and Bankiia setacea).  These 
biodeposits exceeded the local 
sediments carbon assimilation 
capacity resulting in reduced oxygen 
tension in sediment pore water and 
significantly increased concentrations 
of free sulfide.  The increased 

Figure 15.  Benthos at the base of the Sooke Basin 
creosote treated dolphins  
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diversity of habitat created by mussel and barnacle shell debris near the treated piling 
and the increased TOC (food) released by the epibenthic community were the factors 
that most influenced the macrobenthic community in the current study.  

 
 All of the studies examining the use of creosote treated wood in open aquatic 
environments have demonstrated that the small amounts of PAH released from these structures 
result in increases of a few parts per million in sediments at the base of the piling and that these 
concentrations decrease exponentially with distance reaching background concentrations at 
distances less than 10 meters from the structures.  In every case, creosote treated piling have 
been shown to support very diverse and abundant epifaunal communities of invertebrates.  No 
evidence has surfaced suggesting elevated concentrations of PAH in members of this community 
and therefore, there is no evidence supporting unsubstantiated assertions that PAH move from 
either the epibenthic or macrobenthic communities into the food chain.  To the contrary, 
empirical evidence indicates that mussels growing directly on the piling contain no more PAH 
than mussels growing in reference areas.  The macrobenthos is also seen to increase in diversity 
and abundance near even very dense assemblages of creosote treated piling.  Taken altogether, 
the evidence from these studies suggests that perceptions created by creosotes color and odor 
above the water line have no applicability to conditions in the aquatic environment below the 
water line. 
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