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Environmental Risk Assessments
Case Studies
Kenneth M. Brooks

T

his chapter discusses the results of evaluating physicochemical and biological responses in freshwater
and marine environments to the presence of pressuretreated wood structures. In general, these projects were
chosen to be representative of worst cases where adverse
effects could be anticipated or where the study was required by a court in support of permits.

downcurrent vector and at a reference location displaced
upcurrent by >50 m.
In some cases, such as in the Wildwood Wetland
Boardwalk Study (Brooks 2000b), the Sooke Basin Creosote
evaluation (Goyette and Brooks 1998, 2000; Brooks et al.
2006), and the Railway Tie Study (Brooks 2004b), the hybrid
statistical approach was used in a before-after-controltreatment (BACT) design with two levels of control. The
first level of control was an open reference location and
the second level was termed a “mechanical control” (MC),
which was a structure identical to the treatment structure(s),
but constructed of untreated wood. The purpose of the
MC was to assess the environmental response to the presence of the structure, absent any contamination from the
wood preservative.

10.1 Experimental Design
10.1.1 ANOVA design and hybrid
regression
All of the assessments of contaminants in the water column
and studies required by a court are based on a replicated
analysis of variance (ANOVA) design. In these studies,
samples were collected within half a meter of the structures
and at a local reference station sharing the same physicochemical characteristics (percent silt and clay in sediments,
water depth, etc.).

10.1.2 Why was the hybrid study
design chosen?
The benefits of hybrid approaches to environmental sampling have been described by Liber et al. (1992), Prairie
(1996), and Neter et al. (1985). The following comments
are intended to extend that discussion. The contamination
of sediments has spatial and temporal dimensions.
Underwood (1996) discusses the importance of time in
sampling designs for detecting environmental disturbances. The ANOVA approach is useful for determining
whether or not contaminants at a point in time are statistically significantly different at a treatment station in comparison with a control station. However, the ANOVA
approach tells us little or nothing about the spatial distribution of contaminants associated with a source. This is
readily apparent when reviewing the history of environmental studies undertaken to monitor and manage intensive aquaculture. Prior to 2001, studies relied solely on an
ANOVA approach. In large part, this was because regulatory agencies preferred tests that gave a “yes” (in compliance) or a “no” (not in compliance) answer. Most sampling

Most of the studies discussed in this chapter are based
on a hybrid regression combined with replicated (ANOVA)
designs. In all cases, the designs are based on anticipated
worst cases. In other words, in environments with steadystate currents, replicated treatment samples (N = 3) were
collected at 0.25 to 0.5 m from the structure. Single samples
were then collected at varying intervals along the downcurrent vector to a distance at which no further significant
contamination was anticipated (usually 20+ m from the
structure). In steady-state current regimes, replicated
samples (N = 3) were collected at a reference station having the same general properties (water depth, current
speed, substrate composition) as the treatment stations,
but located >20 m upstream. In tidally driven environments, treatment stations were located on the dominantly
The author is Environmental Consultant with Aquatic Environmental
Sciences, Port Townsend, WA 98368.
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programs required replicate samples collected on the
perimeter of net pens for comparison with three to five
samples collected at one or two local reference locations.
Reference locations were frequently located 15 to 60 m
from the perimeter of intensive aquaculture sites, and the
literature notes that effects appeared to be confined to
areas within a few tens of meters of the operation. Brooks
(2001) undertook studies at seven salmon farms in support
of British Columbia’s Technical Advisory Group’s efforts to
develop a better waste regulation for managing salmon
farming in the province. Preliminary monitoring examined
sediments on four orthogonal transects originating at the
middle of each side of the net pens. The results indicated
that organic waste from the farms was distributed primarily
along the upcurrent and downcurrent transects, with
much less waste distributed orthogonal to the currents.
A one-year study using a hybrid regression-ANOVA approach was then undertaken, with periodic sampling
taking place from early spring to late fall. The results presented in Brooks (2001), Brooks et al. (2003, 2004a), and
other peer-reviewed publications demonstrated that significant effects extended to >100 m from the farms; that
benthic effects associated with organic enrichment were
in evidence shortly after feeding began at a farm; and that
physicochemical and biological remediation of the benthos
was frequently complete within 6 mo post harvest.
Figure 10.1 describes the sediment’s physicochemical
response to organic enrichment at one of the seven farms.

High concentrations of free sediment sulfide on the net
pen perimeter were the result of the anaerobic breakdown
of farm waste. At this site, sulfides increased quickly at
distances <65 m. However, the graph suggests that small
sulfide effects (a significant coefficient on distance) were
present to 165 m. Redox potential was low on the perimeter
of the farm and increased almost linearly to a distance of
150 m, where it became highly variable. Canister studies
and same-sample concentrations of sediment total volatile
solids (TVS) demonstrated that waste deposition declined
exponentially with distance from the net pens. These results are internally consistent in that it is the catabolism
of labile salmon feces and waste feed that creates low
redox potentials leading to anaerobic catabolism (stripping of oxygen from sulfate), leaving sulfide as a waste
product. At this farm, dramatic sediment physicochemical
effects were seen to a distance of 65 m, and subtle effects
extended to 145 m. The macrofaunal inventories conducted on the same samples from which the data in Figure
10.1 was developed confirmed these effects. Figure 10.2
describes the number of species observed in the 0.1 m2
van Veen grab samples (Log10(Taxa+1)). Prarie (1996) noted
that the power of regression to predict relationships between dependent and independent variables can be assessed through the coefficient of determination (R2). He
demonstrated exponentially increasing power when R2
values exceeded 0.65 or (65% of the variation). Obtaining
the best “fit” between dependent and independent vari-

Free sediment sulfide (micromolar)

4000
3500
3000
2500
2000
1500
1000

SULFIDE(L)
ORP(R)

500
0
-500
0

50

100

150

200

Distance (m)

250

300

100
75
50
25
0
-25
-50
-75
-100
-125
-150
-175
-200

Redox Potential (mV)

310

350

Figure 10.1 Free sediment sulfide (µM) given by the solid line and left ordinate and redox
potential (mV) given on the right ordinate and by the dashed line versus distance from
salmon farm netpens (Brooks, 2001). Data for the reference location is plotted at 300
m.SULFIDE = Distance Weighted Least Squares. ORP = Distance Weighted Least Squares.
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Another advantage of regression analysis is that good
experimental designs will provide responses across a range
of independent variables, which, as noted by Liber et al.
(1992), allows for determination of no-effect thresholds
for toxicants. Brooks et al. (2004a) produced the graph and
linear regression given in Figure 10.3 describing the
Log10(Taxa+1) response to increasing sulfide concentrations between free sediment sulfide concentrations of 8
and 7,950 µM. The coefficient of determination for this
regression was 0.69. A 50% reduction in the number of
taxa at this site occurred at 447 µM free sediment sulfide
(S=).
The author believes that the hybrid ANOVA-regression
approach used in these risk assessments is superior to a
simple ANOVA study design because it provides information describing the spatial extent of effects, as well as the
degree of the contamination. When studies are carried on
for long periods of time, such as the Wildwood Boardwalk
Study, the design allows for evaluation of the temporal
profile of the contamination.

10.1.3 Hypotheses
Underwood (2000) discussed the importance of clearly
stating hypotheses when conducting assessments in environments that are spatially and temporally variable.
Consistent with Underwood’s concerns, Hurlbert (1984,
as cited in Underwood) cautioned against pseudoreplication in the design of ecological field experiments.
Pseudoreplication occurs when replicates are not statistically independent. One way of interpreting their cautions
is that, “the sampling design must accurately test the stated
hypothesis.” If the question being asked is, “are the levels
of a contaminant in a one-square-meter area adjacent to
a structure equal to the levels of contamination in a one
square meter reference location at some point in time?”
then replicate random samples collected in each one-
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Figure 10.2 Log10(Taxa + 1) observed in 0.1-m2 modified van Veen
grab samples along a 225-m long transect originating on the
perimeter of a salmon farm and proceeding down current for 225 m.
Data for the reference location is plotted at 300 m. Log(taxa + 1)
versus distance at Focused Study Farm FLog(Taxa + 1) =
0.51 + 1.20*(1-exp(-0.029*distance)) R2 = 0.90.
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ables in a dataset depends on protocols based on a good
understanding of the basic relationships involved, good
experimental designs, and the skill of the analyst. The
simplest description of the R2 statistic is that it defines the
proportion of the variance in relationships that is explained
by the fitted regression line. Many biologists are familiar
with linear regression. It is less common to see non-linear
regression analysis used to predict responses. Note that
in Figure 10.1, there was more variability in the redox
potential data (dashed line), resulting in a lower R2 value
than was observed in the sulfide data, which has a much
higher R2 value.
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Figure 10.3 Log10(number of taxa/0.1-m2 sample) versus Log10(μM S=)
at the Carrie Bay salmon farm during 2000 and 2001 (Brooks et al.
2004). Scatterplot (Carrie Bay 2003 170v*183c)LOG10TAXA =
2.1441-0.3044*x.

meter-square location could be compared to test the
hypothesis. However, that test would say nothing about
the general level of contamination at the treatment site
versus the reference location, and the researcher would
be required to demonstrate that conditions (water depth,
grain size distribution, flora, fauna, currents, etc.) at the
reference location were similar to those found at the treatment site, in the absence of the source of contamination.
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When using a regression approach, the question is not
whether samples at a treatment and control station are
equal, but whether there are significant trends in contaminant concentrations as a function of time or distance from
the treatment. Evaluating trends on a single transect does
not form a basis for evaluating contaminants on any other
transect at the treatment site. That would require multiple
transects on randomly chosen bearings.
The experimental design used in these assessments is
based on a worst-case approach. That greatly decreases
the number of samples and therefore the expense of
conducting the analyses. The worst-case analysis requires
that samples be collected along transects where they are
most likely to be found in the highest concentration in
the water column and where they are expected to accumulate in sediments. For sedimented contaminants, the
worst-case approach requires that sampling be conducted
at a time sufficient to allow significant accumulation. For
water-column concentrations, the worst-case approach
requires the collection of water samples as soon after
construction as possible during the first flush of preservative loss.
In general, the following three hypotheses are tested
in these risk assessments:
•• Water column contamination. Ho: Are concentrations
of contaminants in water collected within <0.5 m on
the downcurrent side of the highest density of treated
wood members shortly after construction and near
slack tide in tidally driven environments equal to
concentrations collected at the same time and depth
from a reference location in the same hydrologic
regime. Ha: The contaminant concentrations are not
equal (α = 0.05). Note that this hypothesis is tested
using only the ANOVA approach—generally with
N = 3 at both treatment and control stations.
•• Sediment contamination (ANOVA). Ho: Are
concentrations of contaminants in sediments at three
locations immediately adjacent to the densest cluster
of pressure-treated wood members (i.e., within half a
meter) equal to the concentrations observed in three
reference location samples, generally collected 10
to 15 m apart, located in an environment that is as
identical as possible to the treatment environment,
absent the structure being evaluated. Ha: The
concentration of contaminants in treatment sediments
is not equal to the concentrations found in the
reference sediments (α = 0.05).

•• Sediment contamination (Hybrid). Ho: Coefficients on
distance and/or other independent variables describing
contaminant concentrations in sediments along a
transect having constant physicochemical conditions
are not significantly different from zero (α = 0.05). Ha:
Significant trends (p < 0.05) in sediment contaminant
concentrations exist as a function of distance from
the source or of contaminant concentrations. Note
that consistent with the worst-case approach, this
hypothesis requires that the chosen transect be one
along which the highest level of contamination is
anticipated. This would be an area with the slowest
current speeds and the highest proportion of fines
(silt and clay), plus the highest concentrations of
TOC.

10.2 Protocols Used in PressureTreated Wood Risk Assessments
In all cases, field and laboratory protocols followed the
requirements of the Puget Sound Estuary Protocols (PSEP
1996) and of the U.S. Environmental Protection Agency
(EPA) or the American Public Health Association (APHA).
Risk assessments evaluated the following endpoints. All
chemical analyses were accomplished at laboratories accredited by state and/or federal governments.

10.2.1 Sediments
•• Sediment TVS or TOC (percent of dry sediment)
•• Sediment redox potential or redox potential
discontinuity (mV or cm)
•• Free sediment sulfides (micromolars (µM))
•• Sediment grain size (SGS) distribution (percent
gravel, sand, silt, and clay)
•• Concentrations of the active ingredients used in the
evaluated preservative (µg/L)
•• Macrobenthic community sieved on 0.5-mm
screens in fresh water and 1.0-mm screens in marine
environments (total abundance, dominant species
abundance, number of taxa, Shannon’s Index and
Pielou’s Index, and in some cases the Infaunal
Trophic Index).

10.2.2 Water
•• Current speeds across the project area (cm/sec)
•• Water depth along the sampling transect (cm)
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•• Total suspended solids (TSS) and TVS in the water
column (mg/L)
•• Parameters necessary to run the Biotic Ligand
Model (BLM) in a few instances
•• Dissolved concentrations of preservative active
ingredients (µg/L)
•• Water temperature (°C)
•• Water salinity (parts per thousand of practical
salinity units or PSU)
•• Hardness and alkalinity (equivalent to mg CaCO3/L)
•• pH

10.2.3 Cleaning of sample containers and
equipment
Sample bottles were obtained precleaned from the laboratory subcontracted to conduct the analysis. Glass bottles
were used for the analysis of active ingredients. Samples
for polycyclic aromatic hydrocarbons (PAH) and pentachlorophenol analyses were washed with a phosphate-free
detergent solution, followed by thorough rinses with hot
tap water and analyte-free water. This was followed by an
acetone rinse and a final rinse using high-purity methylene
chloride. Lids were placed on the containers during the
final rinse step because the solvent could rinse plastic
from the interior screw threads onto the Teflon™ lining.
Sample bottles for metal chemistry were cleaned in a
detergent solution, rinsed with metal-free water, and
soaked overnight in a covered acid bath containing a dilute
nitric acid solution prepared from reagent grade nitric
acid. The bottles were then rinsed in metal-free water.
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collected in new 2-L high-density polyethylene (HDPE)
bottles by holding the bottle under the water at a depth
of ~0.5 m and unscrewing the container top. A total of 4
L of water was collected for each bioassay. Similar procedures were used to collect water samples in 500 ml HDPE
bottles for determination of TSS and TVS.

10.2.5 Sediment sample collection and
field processing
Sediments were generally sampled using a stainless steel
Petite Ponar grab (0.0225 m2) or the sampler described in
Figure 10.4, which samples an area of 0.0309 m2. The
sampler in Figure 10.4 was used on rocky substrates and
where heavy vegetation prevented use of the Petite Ponar
grab. Samplers were washed with ALCONOX™ detergent
in hot water and then rinsed copiously in hot water, then
in distilled water prior to sampling each structure. Samples
were collected first from the reference station sediment,
followed by the stations farthest downstream, and then
from stations proceeding toward the structure. Separate
samples were collected for physicochemical analyses and
infaunal analysis. The entire sample was processed for
evaluating infauna. In vegetated areas, this included the
vegetation growing within the footprint of the sampler.
Sediment samples for physicochemical analyses were
taken from the upper 2.0 cm of the sediment column. The
sediment was gently homogenized in a stainless steel

10.2.4 Water sample collection and
field processing
Water column samples for chemical analysis were collected
using a Masterflex LS™ Sampling Pump (Cole Parmer
Instrument Company) and platinized teflon tubing with
an epoxy-coated lead weight. The tubing was soaked
overnight in a 20% nitric acid bath at room temperature
and then rinsed thoroughly in distilled water. Each 25-ftlong piece of tubing was coiled and stored in a new Ziploc™
bag until opened for use. Samples were filtered in the field
across Corning Costar Corporation nucleopore filters (0.45
µm) and acidified. Samples were collected at the reference
station first, followed by the farthest downstream station,
and then proceeding upstream to the location closest to
or under the structure. Water samples for bioassays were

Figure 10.4 Stainless steel sampler used in rocky and/or densely
vegetated substrates. The sampler completely encloses a sediment
sample covering an area of 0.0309 m2, preventing the loss of sample
as it is returned to the surface.
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bowl and then transferred to appropriate sample containers. All samples were held on ice while in the field. In the
laboratory, samples for SGS and metal analyses were held
at 4°C. Samples for organic analyses were frozen.

of 5%, of the samples. The Route Square Deviation (RSD)
should be ≤ 20% for replicates.

10.2.6 Sample documentation and
handling

A clear, 2.0-cm-dia corer was inserted into the undisturbed
sediment in samples collected for physicochemical analysis.
The depth at which the sediment color changed from the
background matrix color to black (indicative of the precipitation of iron sulfides associated with anaerobic conditions) was measured in centimeters below the sediment
water interface.

Samples were tightly capped in prelabeled bottles and
stored on frozen phase-change gel packs to maintain a
temperature ≤ 4°C during shipment by overnight delivery
service to the appropriate analytical laboratory, using
chain-of-custody procedures that comply with the requirements of ASTM D4840-88.

10.2.6.1 Current speeds
Current speeds (cm/sec) were measured using a Scientific
Instruments, Inc., Price AA current meter attached to a
wading staff or suspended on a weighted line. In some
cases, drogues were deployed at mid depth and the time
to transit a known distance was used to assess current
speed. Current speeds in Sooke Basin were measured at
1.0 m above bottom, mid-depth, and at 1.0 m below the
surface at 5-min intervals for a full lunar cycle, using a
moored current meter.

10.2.6.4 Reduction-oxidation potential discontinuity (RPD)

10.2.6.5 Free sediment sulfides (S=)
Free sediment sulfides were measured 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 3 h.
Detailed protocols are provided in Brooks (2001). 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.

10.2.6.2 Total volatile solids

10.2.6.6 Redox potential (Eh)

Total volatile solids (TVS) analysis was accomplished on
50-g surficial sediment samples. Samples were dried at
103 ± 2°C in tared aluminum boats that had been precleaned by ashing at 550°C for 30 min. Drying was continued until no further weight reduction was observed.
The samples were then ashed at 550°C for 30 min or until
no further weight loss was recorded in successive weighings. Total volatile solids were calculated as the difference
between the dried and ashed weights.

Redox potential 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 the
preparation of standards and conducting the analyses are
provided in Brooks (2001). Quality assurance required
checking of the meter against two standards at the beginning and end of each batch of samples and that triplicate
analyses be completed on 5% of samples or at least one
per batch.

10.2.6.3 Sediment grain size analysis
Sediment grain size analysis (SGS) was accomplished using
100 g of surficial sediment taken from the top 2 cm of the
sediment column. The sample was wet sieved on a 0.64µm sieve. The fraction retained on the sieve was dried in
an oven at 92°C 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). Quality assurance requirements for SGS
and TVS required triplicate analyses on one, or a minimum

10.2.6.7 Water total suspended solids (TSS by
APHA Method 2540 D)
A representative water sample (approximately 300 ml)
was thoroughly mixed, filtered through a 45 µm glass filter
that had previously been ashed at 550°C, and weighed.
The filter was washed three times with 10 ml of distilled
water, with complete drainage between washings. Suction
was continued for 3 min after filtration was complete. The
filter was then dried at 103 ± 2°C until no weight loss was
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recorded on successive weighings to 0.1 mg. The difference between the filter’s original weight and the weight
with dried residue was considered to be the TSS in mg/L.

10.2.6.8 Water total volatile solids (by APHA
Method 2540 B)
The filter, containing the residue used to measure TSS was
ashed at 550°C in a muffle furnace for one hour and reweighed. The weight loss on ignition, expressed in milligrams per liter, was taken as the TVS in mg/L. Quality
assurance required weekly calibration of the 4-place balance, routine running of blank filters, and triplicate analyses
on 5% of the samples (minimum of one) with a 35% RSD.
Alkalinity was determined titrimetrically using APHA
Method 403. Hardness was determined using the EDTA
Titrimetric Method (APHA Method 314B.2).

10.2.6.9 Temperature, salinity, dissolved
oxygen, and pH
Temperature was measured in the field using both a mercury thermometer and the temperature feature on the
Yellow Springs Instrument Company (YSI) Model 33 SCT
meter, which was also used to measure conductivity (salinity). A YSI Model 57 dissolved-oxygen meter was used to
measure dissolved oxygen in situ and a Jenco Electronics,
LTD. Microcomputer pH-Vision 6009 meter was used to
measure pH. Each meter was calibrated immediately before
use at each bridge site. A two-point calibration (pH = 7
and 10) was used for the pH meter.

10.2.6.10 Sediment and water analysis
for copper, chrome, arsenic, PAH and
pentachlorophenol
Table 10.1 summarizes the methods used to evaluate water
and sediments for contaminants lost from pressure-treated
wood used in aquatic environments. Table 10.2 summarizes
the quality-assurance requirements specified in PSEP
(1996) for these analyses.

10.2.7 Macrobenthic community
analysis
Macrobenthic communities were evaluated because they
generally recruit into sediments in the sensitive-larval
stage or shortly after metamorphosis from planktonic
stages. This makes it easier to assess their long-term exposure to contaminants. In contrast, fish and invertebrates
that spend their lives in the water are mobile and physicochemical conditions at their point of collection may not
represent their long-term exposure to contaminants.
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Table 10.1 Analytic methods used to evaluate preservative
constituents associated with pressure treated wood structures.
Analyte

Method

Detection limit

Polycyclic aromatic
hydrocarbons

HPLC (EPA Method 8310)

Varies

Pentachlorophenol

GC/ECD (EPA Method 8151)

2 µg/L or /kg

Copper (water)

ICP-MS (EPA 200.10)

−0.030 µg/L

Chromium (water)

GFAA (EPA 200.10)

0.075 µg/L

Arsenic (water)

GFAA (EPA 200.10)

0.310 µg/L

Copper (sediment)

ICP (EPA 6010)

0.100 mg/kg

Chromium (sediment)

ICP (EPA 6010)

0.500 mg/kg

Arsenic (sediment)

GFAA (EPA 7060)

0.200 mg/kg

Table 10.2 Quality assurance requirements for the analysis of
copper, chrome, arsenic, pentachlorophenol, and polycyclic
aromatic hydrocarbons.
Requirement
Method blank (1 per 20 samples)
Replicate analyses (1 per 20 samples)

Data qualifier criteria
No analyte detected in blank
≤ 20% relative percent
deviation

Matrix spike (1 per 20 samples)

75% to 125% spike recovery

Surrogate recovery (all samples)

±95% confidence interval

Invertebrate samples were screened on 500-μm sieves in
freshwater and 1,000-µm sieves in marine environments
using ambient water filtered to 37 µm.
The material retained on the sieve was fixed in isotonic
water using either 10% borax buffered formaldehyde or
nontoxic HISTOCHOICE ™ fixative when commercial shipment was necessary. Fixed samples were thoroughly
washed in 10-µm filtered lab freshwater following 96 h of
fixation and preserved in 70% alcohol. Invertebrates were
picked from the background matrix under a microscope
at 10× to 40× magnification. Ten percent of the samples
were repicked by a second technician. When more than
5% additional organisms were obtained during the qualityassurance check, then all samples picked by the failed
technician since the last quality assurance check were
repicked. Freshwater invertebrates were identified to the
lowest practical level (generally genus for all orders except
Chironomids, which were sometimes identified only to
family or tribe). Marine organisms were identified to the
lowest practical taxonomic unit, which was typically to
species. A reference collection containing representative
samples for each taxon was developed and archived in
70% alcohol. Following identification, all of the samples
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were archived. Quality control procedures in PSEP (1986)
were used throughout these studies. The following metrics
were used to assess biological effects.

represented in a total abundance of 600 animals, the value
of Shannon’s Index would be 3.0.

10.2.7.1 Number of taxa per sample

where,
the sum is over S species

The risk assessments relied on the number of taxa present
in a sample as a measure community structure. Marine
samples were generally collected using a 0.1 m2 modified
van Veen grab. Freshwater samples were collected with a
Petite Ponar grab (0.0225 m2) or the proprietary fixture
described in Figure 10.4 (0.0309 m2). The number of taxa
retained in grabs having differing footprints is not comparable, compounding inter-assessment comparisons.

10.2.7.2 Sample abundance
Sample abundance is the number of organisms present
in a single sample. This metric is useful in identifying environments where stress is severe enough to adversely
affect all taxa, including those that are normally tolerant
of the stressor. It is not a useful metric for assessing subtle
effects that adversely impact intolerant species that are
replaced, numerically, by tolerant species. Colonial animals
were not enumerated with respect to individuals and were
counted solely as a colony.

10.2.7.3 Dominant species abundance
Dominant taxa were identified as those that represented
at least one percent of the total abundance of invertebrates
at a site. Correlation analysis was then used to examine
the relationship between the abundance of these dominant taxa and sediment or water-column concentrations
of the active ingredients released from pressure-treated
wood. Highly dominant taxa that were not susceptible to
the chemicals of concern were sometimes dropped from
the database because their numeric strength would have
masked effects on more sensitive, but less abundant, taxa.
The resulting group of dominant and sensitive taxa was
considered that most likely to reveal adverse effects.

10.2.7.4 Shannon’s Index
Shannon and Weaver (1949) provides the average uncertainty per species in an infinite community of S* taxa. The
form of the Index used in this analysis is given by Equation
[10.1]. The value of Shannon’s Index is zero when a single
species is present. The value is maximized when there are
a large number of equally represented species and is reduced in communities dominated by a few, highly abundant species. In a sample containing 20 taxa equally

H′ = -∑[(ni/n)ln(ni/n)]

[10.1]

10.2.7.5 Pielou’s Index
Pielou’s Index (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*)). Pielou’s Index, given as J’ in Equation [10.2], varies
between 0.0 and 1.0 and it covaries with Shannon’s Index.

J′ = H′/ln(S*)

[10.2]

where,
H′ is Shannon’s Index
S* is the number of taxa
10.2.8 Bioassay protocols
Four bioassays were conducted at each of the bridges
evaluated during the Timber Bridge study (Brooks 2000c).
Due to differences in sediment characteristics and the 2.0
PSU salinity at the new bridge site in Sandestin, Florida,
several different types of organisms were used at different
bridge sites. Laboratory control sediments and a local
upstream reference station at each bridge provided two
levels of control in these bioassays. The suitability of the
test organisms was determined by survival in the laboratory control water or sediments. Effects at the treatment
stations located 0.0, 2.0, and 10 m downstream from the
perimeter of each bridge were evaluated in comparison
with results for the local reference station where conditions
were the same as the treatment stations, with the exception that contaminants released by the treated wood were
not present. Cause and effect relationships were examined
using correlation and regression analysis to compare sediment levels of preservative constituents with test organism
survival. The Sooke Basin Study (Goyette and Brooks 1998,
2000) involved numerous bioassays and readers are referred to the full report for further details.

10.2.8.1 Hyalella azteca
Ten-day amphipod sediment bioassays were conducted
on sediments from four stations at each of the pentachlorophenol and creosote-treated bridges. Sediments were
analyzed because that is the environmental compartment
where maximum concentrations of either PAH or penta-
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chlorophenol were anticipated and observed. These tests
were conducted by MEC Analytical Systems, Inc. in Carlsbad,
California using MEC Protocol P034.0. Methods employed
in this program followed general procedures outlined by
ASTM in the Annual Book of ASTM Standards
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10.2.8.4 Data analysis

parental PAH accounted for 51% of the mixture, with 34%
being low molecular weight compounds (LPAH) and 17%
being high molecular weight compounds (HPAH). Goyette
and Brooks (1998) evaluated raw creosote and expressate
from piling treated with the same oil in accordance with
WWPI/CITW best management practices (BMP). They found
that the proportion of the more water soluble LPAH declined significantly during the treating process. For instance, the proportion of naphthalene was reduced by
over 50%—from 23.8% in raw creosote to 10.6% in the
piling. Large reductions were observed in the other three
LPAH, all of which have a water solubility > 1.0 mg/L. The
difference in PAH composition was due to the preferential
loss of more volatile and water soluble LPAH during the
treating process. This is important, because studies using
neat creosote oil (Bestari et al. 1998b) do not mimic the
suite of PAH that migrates into the environment from
pressure-treated wood. Numerous studies (Goyette and
Brooks 1998, 2000; Brooks et al. 2006; Bestari et al. 1998a;
Eaton and Zitko 1978; Ingram et al. 1982; Miller 1977) have
found a dominance of intermediate weight PAH, such as
phenanthrene, fluoranthene, chrysene, pyrene benz[α]
anthracene, and benzo[b] & [k]fluoranthenes, migrating
from creosote-treated wood. The following studies have
examined the physicochemical and biological response
to real creosote-treated structures in both marine and
freshwater environments.

All data were entered into Microsoft Excel™ spreadsheets
and Statistica, Version 6 databases. Differences and trends
were considered significant at α = 0.05.

10.3.2 Sooke Basin Creosote Evaluation
(Goyette and Brooks 1998, 2000,
Brooks et al. 2006)

10.3 Creosote Pressure-Treated
Wood Environmental Risk
Assessments

This study was conducted by Environment Canada in
Sooke Basin, British Columbia between 1995 and 2005.
The study site was considered a worst case by the authors
because of the following:

Risk assessments are presented by preservative in the
following paragraphs. The results of three creosote modelverification studies were presented in Chapter 9 and those
are not repeated here.

•• Relatively deep water averaging 12.2 m mean lower
low water (MLLW)

10.3.1 Creosote composition

•• Low baseline sediment concentrations of total PAH
averaging 0.13 mg TPAH/kg

10.2.8.1 Menidia beryllina
A 96-h acute bioassay was conducted on water from the
newly constructed CCA-C timber bridge in Sandestin,
Florida. Water, rather than sediment, was tested at both
CCA-C bridges included in this study because the test
species are most sensitive to the dissolved cupric ion (Cu+2).
This particular test animal was chosen because this was a
marine site with salinity measured at 24.9 PSU. MEC Testing
Protocol No. P009.1 was used at a temperature of 25.5°C.
Copper sulfate (CuSO4) was used as a reference toxicant
with a 96-h LC50 of 114.0 µg-L-1.

10.2.8.3 Daphnia magna
A 96-h acute bioassay was conducted on the water from
the old CCA-C timber bridge evaluated in Sandestin,
Florida. The protocol given in EPA 600/4-90/027 (fourth
edition) was used at a test temperature of 25°C. Five ostracods were included in each test of four replicated test
chambers (20 organisms total). Sodium chloride was used
as a reference toxicant.

Commercial use of creosote for the treatment of railway
ties began in the United States in 1865. Since then it has
been widely used to protect utility poles, bridge timbers,
and piling against fungal, insect, and marine borer attack.
Sparacino (1999) identified 99 compounds representing
>0.05% of North American P1/P13 creosote. These 99
compounds accounted for 95.9% of the mixture. The 16

•• Slow currents on the surface were 2.3 cm/s and 1.74
to 1.94 cm/s at depth

•• Low sediment total organic carbon (TOC) averaging
0.92 ± 0.08%
•• Mixed sediments containing 16% to 40% gravel, 46%
to 77% sand, and 9% to 37% silt & clay
•• A diverse and abundant macrobenthic community
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•• Use of Class A pilings that were over-treated to
169% of AWPA Standards (432.8 kg/m3 versus a
requirement for 256 kg/m3).

model of Brooks (1997a), these results suggested that
there was little potential for acutely toxic effects from
dissolved PAHs near creosote-treated structures.

The BACT study design began with collection of macrobenthic community and physicochemical data, including
sediment grain size, TVS and TOC, sediment parental and
alkylated PAH concentrations using GC-MS in Single Ion
Mode, free sulfides and water temperature, dissolved oxygen, and salinity throughout the study area before construction. Using WWPI/CITW BMP, one dolphin was treated
with creosote to a retention of 432 kg/m3. A second dolphin
was constructed of used piling that had been immersed
in Vancouver Harbor for 8 y; the third dolphin was constructed of untreated Douglas-fir piling as a mechanical
control. An open control station was located outside the
influence of any of the structures and marked with a buoy.
The three dolphins were placed 70 to 77 m apart. The
macrofaunal community and sediment physicochemistry
(including PAH) were sampled during baseline and at 14,
185, 270, 384, and 535 d (Goyette and Brooks 1998); 1360
and 1540 d (Goyette and Brooks 2000); and 3740 d (10 y)
following construction (Brooks et al. 2006). In-situ bioassays using mussels (Mytilus edulis edulis); amphipod bioassays using Eohaustorius washingtonianus and Rhepoxynius
abronius; and the Microtox test using a marine bioluminescent bacterium (Vibrio fischeri) were undertaken on
each sample day. Echinoderm fertilization tests were conducted only on d 535. Biological endpoints evaluated in
this study included total macrofaunal abundance, number
of taxa, Pielou’s Evenness Index, Margalef’s Diversity Index,
and Shannon’s Diversity Index. Correlation analysis was
used to describe the PAH tolerance of a variety of taxa.
Factor Analysis using Statistica’s™ Iterated Communalities
(MINRES) with Varimax Normalized rotation was used to
assess the relationship between biological and physicochemical variables. The following statements summarize
the results of this 10-y-long study.

10.3.4 Effects on mussels growing near
the piling

10.3.3 Dissolved PAH
Total PAH concentration in water at the open control site
was 13.37 ng/L on D 185. The mean total PAH concentration within 15 to 30 cm of the BMP-treated dolphin was
23.9 ng/L with a maximum of 30.8 ng/L. These observations are consistent with the earlier work of Colwell and
Seesman (1976) and Wade et al. (1987), who did not observe significant water column concentrations of PAH
under heavy sheens on marine water associated with
improperly treated creosote pilings. As predicted by the

No adverse effects on the survival of mussels suspended
from the pilings were observed during the 2-y, in-situ
bioassay. Three cohorts of 100 mussels each were maintained at distances of 0.5, 2.0, and 10.0 m at the BMP
dolphin; at 0.5 m at the weathered piling dolphin; and at
the open control. Survival at the end of 2 y was 79 ± 0.7
to 88.7 ± 5.6% at the treatment stations and 80.0 ± 4.5 at
the open control. Survival differences between treatments
were not statistically significant (ANOVA on Log10 transformed data with F = 1.163 and p = 0.37).

10.3.4.1 Effects on mussel growth
Mussel growth was a sensitive indicator of the subtle
narcotic effects associated with PAH released from the
treated piling (Table 10.3). Mussel valves grew slightly
longer with increasing distance from the BMP piling. The
differences, while not large, were statistically significant
on and after d 185 (F = 15.72, p < 0.000). Post hoc testing
with Duncan’s Test indicated that mussels grown 0.5 m
down current from the BMP piling grew more slowly than
did all other cohorts, including those grown 0.5 m downstream from the weathered piling. Mussels grown at 0.5 m
downstream from the weathered piling grew more slowly
than did those at the Open Control. Incremental growth
of mussels at 2.0 and 10.0 m downstream from the BMP
dolphin was not significantly different from the rates at
the open control (p = 0.27 and 0.23 respectively).
Table 10.4 summarizes tissue concentrations of PAH
observed in mussels through d 1540. Mussels growing
directly on the creosote-treated wood were used in these

Table 10.3 Final average mussel lengths on day 384 of an initial
count of 300 mussels (contained in three replicates of 100 each) at
five stations in the Sooke Basin Creosote Evaluation Study.
Treatment

Final length

Open control

69.5 ± 0.8 mm

10 m downstream from the BMP dolphin

68.7 ± 2.1 mm

2 m downstream from the BMP dolphin

67.2 ± 0.7 mm

0.5 m downstream from the Weathered dolphin

64.2 ± 0.9 mm

0.5 m downstream from the BMP dolphin

59.3 ± 2.7 mm
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Table 10.4 Total PAH concentration (ng/g wet weight) observed in mussels grown in cages (d 0 through d 384) compared with those
observed in mussels taken from the surface of the piling on d 1540 (Goyette and Brooks 2000).
Treatment

Baseline TPAH (ng/g)

Day 14 TPAH (ng/g)

Day 185 TPAH (ng/g)

Day 384 TPAH (ng/g)

Day 1540 (TPAH (ng/g)

BMP (0.5)

16.15 + 2.19

68.07 + 9.14

19.73 + 0.32

8.29 + 0.85

<20

BMP (2.0)

47.10 + 3.80

32.39 + 21.43

8.73 + 1.13

BMP (10.0)

47.04 + 7.26

15.39 + 0.48

15.53 + 0.78

WP (0.5)

58.40 + 14.71

21.15 + 2.46

15.16 + 1.23

44.12 + 8.09

19.61 + 2.20

11.12 + 1.16

MC0.5

<20

OC0.0

Note: Treatment designations correspond to the location of the mussel cages with respect to the sample stations. In other words, BMP2.0 represents caged mussels anchored
2.0 m downcurrent from the BMP dolphin.
WP = weathered piling; MC = mechanical control (untreated piling) and OC = open control.

analyses after d 384. The mussels used in the in-situ bioassay were obtained from an aquaculture shellfish nursery.
They initially contained 16.15 + 2.19 total PAH. Significant
increases in the PAH body burden were observed on d 14.
Body burdens returned to normal on d 185 and 384.
Differences between treatments were observed on d 14
(F = 4.53, p = 0.24). Post hoc testing using Duncan’s test
indicated that PAH body burdens were significantly higher
than control burdens at the 0.5 m stations next to both
the BMP and weathered dolphins on d 14. Significant differences were not observed at other distances or between
any stations on d 185. Mussels at the two stations closest
to the BMP dolphin contained significantly less PAH (p <
0.00) than at any other station on d 384. Mussels collected
from the fouling community growing on the BMP and
weathered piling on d 1540 did not contain detectable
concentrations of PAH.
Table 10.5 describes the detected PAH in mussel tissue
10 y after the BMP dolphin was constructed. Mussel tissues
were analyzed for 19 parental PAH. Surrogate recovery
ranged from 74.4% to 123.8% and a detection limit of

Table 10.5 Detected PAH in nine mussel tissue samples retrieved
from piling at the Sooke Basin BMP dolphin during the 2005 survey.
Only those compounds that were detected of the 19 analyzed for
are listed. All values are in µg PAH/g wet tissue weight.
Sample
Compound

Center piling
– high

Center piling
– middle

Piling #2
– high

Phenanthrene

ND

0.03

0.02

Fluoranthene

0.02

0.08

ND

Pyrene

ND

0.02

ND

Total detected PAH

0.02

0.15

0.02

0.02 µg/g (wet tissue weight) was achieved for all compounds. Very low concentrations of individual compounds
were detected in three of the nine samples. Undetected
(ND) compounds are not listed. Phenanthrene and fluoranthene, two intermediate-weight PAH commonly associated with creosote, were detected in two of the nine
samples. No high-molecular-weight carcinogenic compounds were detected in any sample. These results are as
low or lower than the concentrations found earlier in the
study (Table 10.4).

10.3.4.2 Reproductive effects in mussels
(Mytilus edulis edulis) and herring (Clupea
pallasii)
Vines et al. (2000) investigated the affect of creosotetreated wood on Pacific herring (Clupea pallasii) in static
laboratory conditions. They immersed one gram of creosote-treated wood in 200 ml of 16 PSU seawater and
monitored embryonic development, cardiac function,
movement, hatching success and morphology. In these
static conditions, herring eggs attached directly to the
wood did not survive to hatching. Eggs deposited elsewhere in the beakers containing creosote-treated wood
experienced delayed development and decreased cardiac
function. Embryos exposed to creosote also showed increased, but erratic movement within the chorion when
compared to controls. Eighty-nine percent of controls
hatched; significantly fewer (73%) of the embryos incubated with untreated wood hatched and only 9% of the
embryos in the creosote treatment hatched. The Vines et
al. (2000) studies were performed in the laboratory without
the benefit of normal water movement or PAH dilution.
The authors reported an LC50 of 50 µg creosote/L with
statistically significant reductions in hatching success at
9 µg creosote/L and a threshold effects concentration of
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3 µg creosote/L. It is always appropriate to ask whether
small-scale laboratory studies mimic expected worst-case
conditions in actual environments. In this case, the dilution
water was 200 ml. In comparison, even the minimum average current speed in Sooke Basin created a dilution water
volume of 1,306,368 ml/d. Vines et al. (2000) observed an
effects threshold concentration of 3 µg ΣPAH/L (3000 ng/L).
The maximum dissolved ΣPAH observed in Sooke Basin
(30.8 ng/L) was 97 times lower than the lowest effects
threshold. This suggests that care must be exercised when
interpreting the results of laboratory bioassays in the
context of effects in real aquatic environments.
In contrast, Goyette and Brooks (1998) conducted two
reproductive studies on d 185 and 569 using mussels from
the Sooke Basin piling. Larval hatching and development
were excellent for all mussel treatments, with 65.25% to
89.89% normal larvae to the “D”-hinge stage; the null
hypothesis that all cohorts contained equal numbers of
normal larvae was not rejected at α = 0.05, using analysis
of variance. Reports of adverse biological effects on aquatic
organisms directly attached to creosote-treated piling or
timbers, other than that of Vines et al. (2000), were not
found in the literature.
Larval herring normally develop in eggs preferentially
attached to eelgrass and/or macroalgae. Eelgrass and
macroalgae habitats are not only preferred, they are essential for survival because they provide both cover and
an abundant food supply for the emergent larvae. Absent
these important substrates, herring will spawn on any
solid surface, including tree branches, rocks, buoys, nets,
and bags associated with aquaculture and, in this case,
creosote-treated piling. In contrast, Goyette and Brooks
(1998) did not observed adverse effects on mussel larvae
spawned from adults resident on creosote-treated piling.
The life cycles and PAH exposure pathways of herring and
mussels are very different. Adult mussels accumulate PAH
preferentially in lipid-rich gametes (Goyette and Brooks
1998). The eggs and sperm of mussels are liberated into
the water column and the zygotes drift away from the
creosote-treated piling during development. Therefore,
PAH exposure is highest in mussel gametes and it decreases
as the larvae develop. In contrast, the PAH exposure of
herring gametes is highest following deposition on creosote-treated wood where the zygotes develop. The following points should be emphasized in reconciling these
two studies and in evaluating the true environmental risks
to herring and mussel reproduction associated with creosote-treated wood:

•• The static tests conducted by Vines et al. (2000)
resulted in high concentrations of PAH in the diluent.
These concentrations would have been significantly
diluted in open aquatic environments.
•• Reductions in hatching success were reported
at PAH concentrations >9 µg/L in these static
conditions. This PAH concentration is 9,000/31 =
290 times higher than was actually observed by the
Battelle Marine Science Laboratory using SPMDs in
the Sooke Basin study—illustrating the difference
between static laboratory environments and the real
world.
•• Vines et al. (2000) did not state how they obtained
the one-gram samples of creosote-treated wood. It
is difficult to see how the samples could have been
obtained while maintaining only the original piling
surface, which is typically coated with pitch and/
or fouling organisms; these reduce the migration
of creosote from the interior wood structure and
provide a barrier between adhering organisms
and PAH. Wood chipped or cut from a piling would
expose the underlying wood cells, which would
lose creosote at a much faster rate than the original
piling surface (see Chapter 7).
The mussel reproductive study of Goyette and Brooks
(1998) is not directly comparable with the herring work
of Vines et al. (2000) because of different PAH exposure
pathways. However, mussels are typical fouling organisms
on marine piling in the Pacific Northwest (Figure 10.5),
and larvae spawned from adults growing directly on the
piling developed to the “D” hinge stage and survived as
well as those from reference stations. This result was expected because the adult mussels living directly on the
creosote-treated piling did not accumulate or retain PAH
during development on creosote-treated piling (Goyette
and Brooks 1998). The report by Vines et al. (2000) has
been examined in some detail because it represents the
only published report of adverse effects on marine biota
associated with the use of creosote-treated piling. Their
study clearly demonstrated adverse effects on herring
larvae exposed to high concentrations of PAH in static
conditions. It would be interesting to examine the effects
on herring larvae that are spawned onto the fouling community in open aquatic environments. It is possible that
piling heavily fouled with macroalgae, mussels, etc. could
provide the necessary refuge from predators and a prey
base to support larvae spawned in this environment.
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10.3.4.3 Human health risks associated with
consumption of mussels growing on Sooke
Basin creosote-treated piling
Neff (1979) and Stegeman (1981) stated that the consumption of PAH-contaminated mollusks probably constitutes
a minor source of human dietary PAH, compared with PAH
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in smoked foods, charcoal-broiled meats, and even many
vegetables. Moore et al. (1989) agreed, with the caveat
that “except possibly where animals have been exposed
to very high concentrations of PAHs such as those occurring following an oil spill.” Eisler (1987) listed human health
criteria proposed by the EPA and others for various PAH
compounds. The proposed maximum human consumption of benzo[α]pyrene was 1.6 µg/d.
Goyette and Brooks (1998) evaluated the human health
risks associated with the consumption of mussels growing
on the Sooke Basin creosote-treated piling. They assumed
that the carcinogenic PAH compounds listed by Eisler
(1987) contributed to the EPA dietary standard of 1.6 µg
B[α]P/d. Compounds included in their analysis were
benzo[α]anthracene, benzo[b] & [k]fluoranthene, benzo[α]
pyrene, ideno[1,2,3-cd]pyrene and benzo[g,h,i]perylene.
The results are summarized in Table 10.6. The sum of these
compounds varied between 0.380 and 2.248 ng/g wet
tissue weight in mussels from the reference station and
between 0.391 and 3.921 ng/g at the BMP and WP 0.5 m
stations. These compounds were not detected in mussel
tissues at the end of the study on d 1540. A person would
have to consume between 408 g on d 14 to 4,092 g on d
384 from the 0.5 m station at the BMP dolphin to exceed
the EPA human consumption limit of 1.6 µg B[α]P/d. The
higher of these values would require consumption of more
than 11 kg of live mussels each day for 70 y to increase
the cancer risk from 10-6 to 10-5.

10.3.5 The epifaunal community
resident on the Sooke Basin BMP
dolphin
Figure 10.5 Creosote-treated piling at June beach in Washington
State show heavy fouling.

Macrofauna resident on the piling were inventoried in
nine samples, each of which was retrieved from a 10-cm
× 20-cm area on three BMP piling. Samples were collected

Table 10.6 Sum of the carcinogenic PAH (benzo[α]anthracene, benzo[b] or [k]fluoranthene, benzo[α]pyrene, ideno[1,2,3-cd]pyrene and
benzo[g,h,i]perylene) observed in mussel (Mytilus edulis edulis) tissue removed from mussels growing at a remote open-control site (OC)
and at varying distances from creosote piling treated using best management practices (BMP) and weathered (WP) creosote-treated piling in
Sooke Basin (Goyette and Brooks 1998).

Day
0
14
185
384
1540

OC
1.361
2.248
0.380

BMP (0.5 m)
1.037
3.921
2.048
0.391
ND

Total PAH (ng/g wet tissue weight)
Treatment
BMP (2.0 m)

BMP (10.0 m)

WP (0.5 m)

0.624
2.565
0.443

0.786
1.654
0.513

1.764
2.580
0.560
ND
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a

b

Figure 10.6 (a) Components of the epifaunal community on the Sooke Basin piling include mussels on the upper portions and (b) anemones,
whose biomass dominates the epifaunal community, in the next 3–4 m.

Figure 10.7 Macroinvertebrate community resident on center sections of the Sooke Basin BMP piling below the mussel zone.

from the lower, mid, and upper areas of the mussel community resident on the 2 m extending below about mean
low water (MLW). A total of 64 taxa and 13,663 organisms
were obtained. Macro- and mega-fauna were stratified.
The uppermost area from mean high water (MHW) to
mean higher high water (MHHW) was dominated by barnacles. Mussels dominated the 2 m below MHW (Figure
10.6a) and the area below that was composed of a diverse
community whose biomass was dominated by anemones
(Figure 10.6b), but whose residents included coralline
algae, sponges, bryozoans, hydroids, solitary and colonial
ascidians, nudibranchs, annelids, crustaceans, and other
mollusks (Figure 10.7).

Table 10.7 describes the taxa found on the piling and
their abundance, together with the values of common
community metrics (total abundance, number of taxa, and
Shannon’s Index). The results indicate that these piling
supported abundant and diverse communities of invertebrates. The inventory presented below describes only a
portion of that community. It does not include other strata
below the mussel zone and therefore underestimates the
diversity of the entire community. Analysis of variance
indicated no significant differences in abundance or diversity between the three piling (p = 0.465). One might
expect the highest concentrations of dissolved PAH to be
at the center piling, which is closely surrounded by five
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Table 10.7 Inventory of macrofauna collected in six 225 cm2 epifauna samples collected from the upper portions of the BMP treated
dolphin in Sooke Basin. Common metrics, including macrofaunal abundance (animals/m2, number of taxa (number/sample), and
Shannon’s index) are provided. Taxa representing >0.5% of the total are bolded.
Piling

3

3

3

5

5

5

Height

L

M

Armandia brevis

0

0

C

C

C

H

L

M

0

0

2

H

L

M

H

3

0

0

1

Cheilonereis cyclurus

0

5

8

114

8

11

83

46

10

Dorvillea annulata

0

7

0

0

4

0

0

0

1

Eunoe cf. depressa

3

11

4

0

0

0

1

1

0

Fauveliopsidae sp.

0

0

0

0

1

0

1

0

0

Gattyana iphionelloides

5

6

13

0

0

0

3

0

0

Nephtys sp.

2

0

0

0

0

0

0

0

0

Nereis sp. (juvenile)

7

26

11

42

57

7

38

57

22

Hesionidae

2

23

0

16

33

12

37

6

0

Micropodarke dubia

15

58

0

23

21

0

19

0

0

Ophiodromus pugettensis

0

31

0

27

36

0

27

17

2

Paleanotus cf. occidentale

4

6

1

3

5

2

9

5

2

Platynereis bicanaliculata

4

9

0

7

3

0

0

0

0

Phyllodoce castanea

2

0

0

3

5

0

3

0

1

Phyllodoce sp.

0

0

0

0

0

0

0

0

1

Polydora polybranchia

0

0

42

7

10

9

2

13

19

Polydora sp.

1

7

9

0

0

0

0

16

42

Polynoidae

0

0

0

0

1

0

1

2

0

Sabellidae sp.

0

5

0

0

0

0

0

1

0

Serpula vermicularis

1

1

0

0

0

0

0

0

0

Syllis cf. adamantea

1

0

5

0

0

0

2

0

1

Syllis gracilis

0

0

0

0

0

0

0

1

0

Syllis elongata

0

0

0

0

0

0

0

0

1

Scionella estevanica

0

5

0

0

1

0

0

0

0

Tharyx serratisetis

40

0

0

0

0

0

0

0

0

Annelids (juveniles)

5

35

0

0

0

2

1

5

0

Clinocardium nuttallii

1

10

0

0

0

1

2

1

0

Diplodonta orbella

2

0

0

0

0

1

1

0

0

Hiatella artica

39

31

0

3

6

0

15

4

0

Parvilucina tennuisculpta

3

0

0

0

0

0

0

0

0

Macoma sp. (juveniles)

1

0

0

0

0

0

0

0

0

Mytilus trossulus

131

544

1501

574

469

998

751

129

221

Juvenile bivalves

3

3

0

0

1

0

2

0

0

Alvania compacta

18

10

0

0

0

2

5

0

0

Lottia instabilis cf.

0

0

2

0

0

1

0

0

1

Odostomia sp.

8

3

3

0

5

6

12

0

0

Tonicella lineata

1

0

0

0

0

0

0

0

0

Onchidoris muricata

0

1

0

0

0

0

0

0

0

Polyplacophora (juveniles)

0

0

0

0

1

0

0

0

0

Amphipoda unid.

1

0

0

0

0

0

0

0

0

Caprella sp.

0

2

0

4

1

0

2

0

0

Corophium acherusicum

1

3

0

3

3

0

1

8

1

Gammaropsis ellisi

16

3

0

0

0

0

0

0

0

Hayale sp.

1

0

0

0

0

0

0

0

0
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Table 10.7, continued
Piling

3

3

3

5

5

5

C

C

C

Height

L

M

H

L

M

H

L

M

H

Leptognathis gracilis

1

0

0

0

0

0

0

0

0

Megaluropus sp.

0

0

0

0

0

3

0

9

0

Parallorchestes spp.

0

0

1289

0

4

25

1

0

1657

Pseudotanais oculatus

2

0

0

0

0

0

0

0

0

Unidentified amphipods

0

0

0

5

0

5

0

0

3

Isopoda sp.

1

0

0

0

0

0

0

0

0

Gnorimosphaeroma oregonense

0

0

1

0

0

0

0

0

0

Hemigrapsus oregoninsus

0

0

1

0

0

0

0

0

0

Sipunculids

0

0

0

0

1

0

0

1

0

Pisaster ochraceus

0

8

0

1

5

6

3

2

1

Chironomids

0

9

0

0

12

0

0

57

0

Nematodes

14

0

0

0

124

0

0

0

0

Nemertea

1

0

19

0

4

13

0

0

4

Metridium senile

2

0

0

0

0

0

0

0

0

Platyhelminthes

0

3

5

2

0

0

1

0

1

Actinaria

7

1

0

0

0

0

2

0

0

Hydroid colonies

0

3

0

0

0

5

3

1

0

Bryozoan colonies

1

2

0

0

0

0

4

0

0

Chthamalus dalli

3

9

1021

5

53

481

4

285

1495

Insects

0

0

1

0

0

0

0

1

0

Abundance

350

880

3935

839

876

1593

1036

667

3487

Taxa

37

32

18

17

28

20

30

23

21

Shannon

2.442

1.78

1.261

1.235

1.788

1.024

1.261

1.906

1.068

Pielou

67.6

51.4

43.6

43.6

53.7

34.2

37.1

60.8

35.1

additional piling at distances of <0.5 m at this elevation;
however, this was not the case. Diversity was somewhat
lower at the highest elevation, but the differences were
not significant. Macrofaunal abundance associated with
mussels and barnacles was significantly higher at the
highest elevation in the mussel-dominated portion of the
community. Abundance was not significantly different
between the mid and lower portions of the community.
Because of the high abundance of mussels, barnacles, and
the amphipod Parallorchestes sp., Shannon’s index was
moderately low in nearly all of the samples.
The epifaunal community was dominated by mussels,
but 11 other mollusk taxa were enumerated, including
bivalves such as Hiatella artica, which was abundant at
lower elevations, and a variety of gastropods and nudibranchs. The arthropod community was also abundant
and included 13 taxa. However, this community was
strongly dominated by barnacles (as expected at the higher
heights) and the amphipod Parallorchestes spp. which was

found in very high abundance in several samples. Annelids
were the most diverse phylum, with 26 taxa identified.
Annelids in the family Hesionidae were abundant at the
lowest elevation and their abundance decreased at higher
elevations.
The baseline survey conducted by Goyette and Brooks
(1998) reported 18 ± 1 taxa (N = 3) and a mean abundance
of 4,375 animals/m2 at the BMP dolphin site. The footprint
of the BMP dolphin covered approximately 12.6 m2. Prior
to construction this area supported 55,125 macrobenthic
invertebrates. The surface area of the 30-cm dia by 12-m
immersed portions of the piling was 11.3 m2. Given a mean
abundance of 1,518 epifauna/0.020 m2 (75,900 animals/
m2) suggests that there were 857,670 epifauna resident
on the dolphin. This value projected onto the 12.6-m
footprint suggests that the dolphin’s epifaunal community
was equivalent to 68,069 macrofauna/m2, which is 15.6
times as many as were present during the baseline survey.
Comparison of species richness in sediments and on the

Chapter 10. Environmental Risk Assessments – Case Studies		

piling is confounded by differences in the sample sizes.
However, the mean number of taxa/sample was significantly higher on the piling (25 ± 5.3) than was observed
in larger sediment samples evaluated during the baseline
survey (18 ± 1). Thus, while these structures may appear
intrusive on pristine environments, they create significant
habitat that increases the diversity and overall productivity
of the environments in which they are built. Amphipods
are food for many fish and decapod predators. No amphipods were found in the baseline samples at the BMP
dolphin, but thousands of Parallorchestes sp., Corophium
acherusicum, and Gammaropsis ellisi were retrieved from
the epifaunal community. These results suggest that the
dolphins provided a significant food source for fish and
shrimp. This analysis has assumed that the macrobenthic
community was extirpated under the dolphin footprint.
As previously noted, Brooks (2004b) observed significant
increases in the abundance of the macrobenthos around
larger creosote-treated structures in Puget Sound, suggesting that the macrobenthos under the Sooke Basin
dolphins has not been extirpated, but may in fact have
increased in abundance, if not in species richness. This
analysis indicates that the structures have increased the
overall productivity of the area.

10.3.5.1 Biomass of epifaunal organisms
Mussels and barnacles represented, on average, 96% of
the biomass for all of the samples combined. The average
weight per meter of piling was calculated, assuming a
uniform distribution of the biomass around the piling. The
average wet biomass weight per meter of piling length
was 20.6 kg/m for the mussel-dominated community. The
pilings were ~12 m in length. The middle portions of the
piling, dominated by anemones, appeared to have higher
biomass; the lower portions of the piling, where predation
was severe, had lower biomass. Assuming these differences
average to a mean equivalent to that observed for the
mussel-dominated community suggests a total epifaunal
biomass per piling of 20.6 kg/m x 12 m = 247.2 kg/pile.
The six-piling BMP dolphin would therefore support 1,483.2
kg of epifauna. If this material was intentionally or unintentionally lost to Sooke Basin’s benthic environment, it
would cover the footprint of the dolphin to a depth of 11
cm. It is likely that this would initially attract a large number
of predators (fish, crabs, starfish), which would consume
a portion of the material, but the remaining biological
debris could create high biological oxygen demand (BOD)
leading to anaerobic conditions, with significant adverse
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effects on macrofauna. This is an issue that needs to be
carefully considered in developing protocols for decommissioning creosote-treated piling structures.

10.3.5.2 Accumulation of PAH in Sooke
Basin sediments and their effects on the
macrobenthic community
Table 10.8 compares observed ∑PAH concentrations observed at 0.5 m from the BMP dolphin on d 384, 1360, and
1540 with the Washington State Sediment Quality Criteria
for the sum of LPAH and HPAH at the observed sediment
TOC of 1.04%. Goyette and Brooks (1998) found that 384
d after construction, biologically significant accumulations
of sedimented PAHs were restricted to distances ≤ 7.5 m,
where the concentration was 4.8 mg/kg. Concentrations
of PAH outside 7.5 m were low (0.4 - 2.3 mg/kg) and well
below regulatory sediment quality criteria or levels at
which biological responses were expected (see Chapter
5). Concentrations exceeding the Washington State SQS
are shaded in Table 10.8. After 4 y, biologically significant
accumulations of sediment PAH had receded to a distance
of 0.5 m from the BMP dolphin, where an average of 6.98
mg/kg was observed. Outside that distance, total PAH
concentrations were <2.0 mg/kg. Sediment toxicity under
the dolphin’s footprint at 1540 d post construction was
evaluated using the methodology of Swartz (1999). None
of the individual or classes of PAH compounds exceeded
the mean of the ΣPAH threshold effects level (TEL) and
the ΣPAH LC50. In fact, only chrysene (1.325 µg/g) exceeded
its threshold effects level of 0.735 mg/kg. The point is that
no PAH toxicity to macrofauna could reasonably be expected at 1540 d—even under the footprint of the dolphin—in part because biodeposits from the fouling
community had increased the sediment TOC to 2.37%.
Furthermore, microbial catabolism of PAH compounds by
the rich microbial community resident in the fouling biomass had likely reduced PAH accumulation rates in the
sediments where PAH degradation exceeded deposition,
which was at least partly responsible for the large decreases
in sediment concentrations of PAH everywhere at this site.
It should be noted that Goyette and Brooks (2000) identified other factors that may have contributed to the decline
in sediment PAH, including the addition of co-metabolites
and perhaps dilution by fouling community
biodeposits.
Sediment concentrations of PAH near the BMP dolphin
10 y post construction are summarized in Figure 10.8. Total
PAH declined exponentially as a function of distance from
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Table 10.8 Comparison of the sediment TPAH concentration (µg/g, dw) on days 384, 1360 and 1540 with Washington State Sediment
Quality Standards (WAC 173204-320) for individual PAH and the sum of low and high molecular weight PAH for the BMP 0.5 piling. Values
exceeding the individual numerical standards are shaded.
PAH Compound

Washington Standard

PAH observed 384, 1360 and 1540 d after BMP piling installation at a distance of
0.5 m downcurrent
Day 384

Day 1360

Day 1540

Naphthalene

1.030

0.029

0.203

0.020

Acenaphthylene

0.670

0.032

0.025

0.027

Acenaphthene

0.170

0.165

0.473

0.060

Fluorene

0.240

0.300

0.345

0.200

Phenanthrene

1.040

1.300

1.290

0.870

Anthracene

2.290

0.615

0.390

0.830

Total LPAH

3.850

2.441

2.725

2.007

Fluoranthene

1.660

3.550

2.790

1.650

Pyrene

10.400

1.600

1.190

0.280

Benz[α]anthracene

1.140

1.500

0.975

0.710

Chrysene

1.140

2.350

1.428

1.100

Benzofluoranthenes

2.390

1.550

1.180

0.690

Benzo[α]pyrene

1.030

0.785

0.473

0.280

Dibenz[ah]anthracene

0.120

0.059

0.050

0.050

Ideno[1,2,3-cd]pyrene

0.350

0.275

0.183

0.120

Benzo[g,h.i]perylene

0.320

0.190

0.138

0.090

Total HPAH

9.980

11.860

8.400

4.970

Total PAH

13.8301

14.300

11.100

6.980

the BMP dolphin. A small amount of PAH was observed at
2.5 m and no significant accumulations were observed
beyond that. Consistent with the depth of shell and organic
carbon accumulation under the footprint of the BMP
dolphin, PAH contamination extended downward to between 12 and 15 cm depth. The increase observed at a
mean core depth of 4.5 cm was associated with a single
high sample (287 µg ΣPAH/g) collected at 0.5 m on the
013°T transect. As discussed by Brooks et al. (2006), that
sample was one of two containing high concentrations
of phenanthrene that were not consistent with creosote
or with the proportional composition of other samples
analyzed in this study. However, while these two exceptionally high samples appear to have been contaminated
at some point or to have been associated with another
source, they were not removed as outliers from the data.
Excluding this unusual sample, the ΣPAH would have
declined exponentially with depth in the sediment at the
BMP dolphin.
The significant patchiness described by the large confidence intervals in Figure 10.8a and 10.8b suggests that
contamination did not occur as a result of diffuse migra-

tion of PAH from the treated wood, which would have
produced a spatially homogeneous distribution. Rather
it appears that the contamination occurred as spatially
and temporally episodic events. At least two types of episodes can be hypothesized. One possible scenario would
be that more creosote migrated from the above-water
portions of the piling on hot summer days and entered
the water as microdroplets that sank quickly, impacting
sediments under and in the immediate vicinity of the
dolphin. It is also possible that warm, windy days exacerbated this condition because the waves could have dislodged microdroplets more quickly than would have
occurred on calm days. This scenario would result in a
spatially homogeneous increase in PAH deposition under
and around the dolphin at specific depths in the sediment
associated with the timing of the event.
In comparing the condition of the BMP piling above
and below the water, the relative cleanliness of the piling
below water was striking, suggesting that either creosote
did not migrate to the surface under water, due to the
colder temperatures, or that disturbances associated with
predation on epifauna (Figure 10.9) continually scrubbed
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Figure 10.8 (a) Geometric mean ΣPAH concentrations (µg ΣPAH) as a function of distance (all transects) from the BMP dolphin and concentrations of ∑PAH as a function of core depth in sediments collected from under the BMP dolphin 10 y after construction. (b) Mean TPAH concentrations as a function of core depth in sediments under the BMP dolphin in Sooke Basin with 95% confidence intervals. Means = Distance Weighted
Least Squares.

Figure 10.9 Spot prawns (upper left), graceful crabs (lower left), and starfish (right) grazing on the fouling community that established itself on
the creosote-treated pilings in the Sooke Basin study at the end of 4 y.
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the surface. Barnacle tests and mussel byssal threads are
organic, but biologically inert, and they may be attached
directly to the creosote-treated wood surface. When a
crab or starfish dislodges a clump of mussels or barnacles,
it is possible that PAH adhering to the byssal threads or
barnacle tests are removed from the piling’s surface. The
deposition of mussels on the bottom would be an episodic
event resulting in PAH contamination where the mussels
contact the sediments (Figure 10.10). In that case, the
distribution of PAH would be contagious at each sediment
depth—not evenly distributed as would be observed if
the elevated sediment PAH concentrations were associated
with thermal effects or with uniform mechanical effects
such as waves.
These two scenarios were examined by investigating
ΣPAH concentrations in depth increments for samples
collected at distances ≤ 2.5 m (Table 10.9). If the contamination was spatially uniform, but temporally episodic, then
one would expect relatively low variance-to-mean ratios
and small confidence intervals for sections retrieved from
the same depth in the sediments. On the other hand, if
the contamination was not associated with temporal
trends, but with spatially episodic events like predation,
then one would expect a contagious distribution for data
collected at the same depth in the sediments. Note that
this assumes no significant movement of contaminants
once they are sedimented, which is reasonable in the
moderately deep water and slow currents present at the
BMP dolphin site.
The high variance-to-mean ratios at all core depths
where PAH contamination was observed (i.e., ≤ 15 cm
depth) suggest that the PAH contamination was spatially
heterogeneous—supporting a hypothesis that the contamination was associated with biological debris falling

Figure 10.10 Dislodged clump of mussels (Mytilus edulis rossulus)
and foraging Cancer gracilis on the perimeter of the Sooke Basin
BMP dolphin.

from the dolphin. Assuming that significant accumulation
of biodeposits began in y 3 (1998), it appears that the
sedimentation rate has averaged ca. 12 cm/7 y = 1.7 cm/y.
Therefore, the temporal resolution defined by the sediment cores (3-cm sections) is insufficient to evaluate seasonal trends in PAH deposition. However, the results in
Table 10.24 strongly suggest that the patchy nature of the
PAH contamination reported herein is associated with
spatially heterogeneous episodic events—such as would
occur when mussels or other attached epifauna are dislodged from the piling. Because of the high variability at
each depth, the differences between depths were not
significant (ANOVA; F = 0.85; p = 0.54). This issue is considered important, because if mussel byssal threads and
barnacle tests are contaminated with creosote at their
point of attachment, then the loss of the epifaunal community during decommissioning could lead to increased
PAH contamination of sediments where this material

Table 10.9 Summary statistics and variance to mean ratios for sediment core section samples collected on October 19 and 20 at the Sooke
Basin BMP dolphin at distances < 2.5 m from individual piling. N = 39 (no missing data in dep. var. list); all samples at distances ≤ 2.5 m.
Confidence (%)
Core depth code

TPAH (mg/kg) means

-95.000

+95.000

TPAH (mg/kg) N

TPAH (mg/kg) variance

Variance/mean =V6/V2

0-3

17.454

-0.460

35.368

7.000

375.178

21.495

3-6

49.407

-48.011

146.825

7.000

11095.253

224.568

6-9

13.909

0.662

27.155

7.000

205.136

14.749

9-12

6.423

-1.692

14.538

6.000

59.797

9.309

12-15

1.205

-0.614

3.024

6.000

3.005

2.493

15-18

0.140

-0.140

0.420

3.000

0.013

0.091

18-21

0.310

-0.599

1.219

3.000

0.134

0.432

All groups

15.705

0.686

30.725

39.000

2146.810

136.693
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settles. The episodic contamination of sediments by epifauna detached from heavily populated creosote-treated
piling and/or the scrubbing action of predators is consistent with the patchy nature of PAH in Sooke Basin sediments observed during the 2005 reconnaissance
survey.

10.3.5.3 Potential biological effects associated
with sedimented PAH at the Sooke Basin BMP
dolphin
Goyette and Brooks (1998) found that the Washington
State Sediment Quality Criteria (SQC) were fully protective
(no cases where toxicity was observed, but not predicted
by the SQC in a suite of bioassays) and relatively efficient
(fewer cases of predicted toxicity when none was observed). Table 10.10 compares sediment concentrations
of individual PAH compounds observed within 0.5 m of
the BMP dolphin during the first 1540 d of the study with
the Washington State SQC at 1% TOC. At the end of the
first year, both ∑LPAH and ∑HPAH exceeded the SQC.
Washington State’s SQC are Apparent Effects Thresholds
above which increasing effects on the macrobenthos are
anticipated. In this case, effects on the macrobenthos were
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anticipated, but no adverse effects were observed in the
macrobenthic community at Sooke Basin. However, statistically significant effects were observed in amphipod
bioassays in sediments collected at 0.5 m from the dolphin.
The authors concluded that the bioassays revealed adverse
biological effects at distances <2.0 m from the base of the
BMP dolphin.

10.3.5.4 Toxicity associated with elevated
sediment free sulfides in Sooke Basin
Brooks (2001) described the biological response to increasing free sediment sulfides (S=), measured using ion-specific
probes, in field studies near British Columbia salmon farms.
Reference-area sediment sulfide concentrations ranged
between 10 and 350 µM. The number of taxa declined,
without a lower no effects concentration (LNEC), as free
sulfides increased above ca. 100 µM. The number of taxa
declined by half when free sulfide concentrations reached
984 µM. However, the abundance of macrofaunal increased
in association with the proliferation of eight carbon-tolerant opportunistic species in the organically enriched
sediments. These tolerant taxa tolerated as much as 12,000
µM S=. Because of the proliferation of these opportunistic

Table 10.10 Comparison of the BMP 0.5 sediment TPAH concentration (mg/kg, dry wt) on days 384, 1360, and 1540 with Washington State
Sediment Quality Standards (WAC 173204-320) for individual PAH and the sum of low and high molecular weight PAH. Values exceeding
the individual numerical standards are shaded.
PAH compound

Washington standard

PAH observed 384, 1360 and 1540 d after BMP piling installation at a distance of 0.5 m downcurrent
Day 384

Day 1360

Day 1540

Naphthalene

1.030

0.029

0.203

0.020

Acenaphthylene

0.670

0.032

0.025

0.027

Acenaphthene

0.170

0.165

0.473

0.060

Fluorene

0.240

0.300

0.345

0.200

Phenanthrene

1.040

1.300

1.290

0.870

Anthracene

2.290

0.615

0.390

0.830

Total LPAH

3.850

2.441

2.725

2.007

Fluoranthene

1.660

3.550

2.790

1.650

Pyrene

10.400

1.600

1.190

0.280

Benz(a)anthracene

1.140

1.500

0.975

0.710

Chrysene

1.140

2.350

1.428

1.100

Benzofluoranthenes

2.390

1.550

1.180

0.690

Benzo(a)pyrene

1.030

0.785

0.473

0.280

Dibenz(ah)anthracene

0.120

0.059

0.050

0.050

Ideno(1,2,3-cd)pyrene

0.350

0.275

0.183

0.120

Benzo(ghi)perylene

0.320

0.190

0.138

0.090

Total HPAH

9.980

11.860

8.400

4.970

Total PAH

13.830

14.300

11.100

6.980
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Figure 10.11 Sediment concentrations of total sulfide on the BMP dolphin downcurrent transect on day
1360 of the Sooke Basin Creosote Evaluation Study. An exponential trend-line is provided for the sulfide.

taxa, macrofaunal biomass remained fairly constant to
4,750 µM S=. Wang and Chapman (1999) reported sulfide
48-h LC50s ranged from 5.9 µmoles for the amphipod
Anisogammarus to >1467 µmoles for Mytilus edulis. The
opportunistic polychaete Capitella capitata had a lowest
observed 3-h effects concentration (3 h-LOEC) of greater
than 470 µM sulfide and Eohaustorius, one of the amphipod
genera used in toxicity tests for the Sooke Basin study had
a 48-h LC50 of 97 µmoles S=. Figure 10.11 summarizes
concentrations of free sediment sulfides (S=) observed
within 20 m of the BMP dolphin on d 1360. On d 3740, S=
concentrations under the dolphin ranged upward to 1,400
µM. These concentrations will exclude over half the macrobenthic taxa that would normally be present. However,
TOC tolerant taxa could be expected to proliferate there
in the absence of other toxicants. The point is that creosotetreated piling in the Pacific Northwest typically host very
abundant and diverse epifaunal communities with a large
biomass. The biological oxygen demand associated with
detritus from these communities can exceed the assimilative capacity of sediments in the immediate vicinity of the
piling, resulting in anerobic conditions that include high
concentrations of S= and low redox potentials. These physicochemical effects can have significant effects on the
macrobenthic communities. Based on the results of the
Sooke Basin study, it appears that these effects are greater

than the effects of sedimented PAH from the piling.
However, sediment accumulations of PAH should also be
expected to increase in anaerobic environments.
Biodeposits at the untreated mechanical control dolphin
were even higher than at the BMP dolphin because the
wood was quickly deteriorating under attack by Limnoria
sp. and Bankia sp. These attacks caused the wood to fail
when the biomass of fouling organisms was relatively
small. Canister studies during the Sooke Basin Study documented a TVS deposition rate of 105 kg TVS/m2-y at the
MC dolphin, which is greater than the TVS deposition
adjacent to highly productive salmon farms.

10.3.5.5 Conclusions reached in the Sooke
Basin creosote evaluation study
The results of this 10-y study to evaluate the physicochemical and biological response to creosote-treated pilings
installed in a worst-case environment are summarized
below:
•• Water-column concentrations of PAH remained
close to background concentrations throughout the
study. Biologically insignificant increases in mussel
tissue concentrations of PAH were observed during
the first 2 wk of the study. By d 185, mussel tissue
concentrations declined to those observed at the
reference station. Mussels growing directly on the
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heavily fouled BMP-treated piling did not contain
elevated tissue concentrations of PAH at any other
time in the study.
•• After the first year (d 384), Goyette and Brooks (1998)
concluded that maximum predicted and observed
total sediment PAH concentrations were significantly
elevated (5.5 mg/kg and 4.8 mg/kg, respectively) to a
distance of 7.5 m downstream from the BMP-treated
dolphin, but not at 10 m and beyond. Observed
PAH concentrations declined sharply between 7.5
and 10 m, where they averaged 0.53 µg/g (n=13),
a concentration well below the TEL of 0.75 mg/kg
dry weight. Sediment concentrations of PAH at the
BMP dolphin peaked approximately 600 d following
construction and declined after that.
•• Sampling conducted on d 1360 and 1540 revealed
that by the fourth year, sediment PAH concentrations
at the BMP treatment site had declined considerably
to about one-third of what they were on d 384.
Surface sediment concentrations inside the footprint
of the BMP dolphin on d 1540 averaged 7.1 mg
∑PAH/kg, compared to 29.9 mg/kg observed on d
384. Significant increases in sediment PAH receded
to a distance of 0.5 m downstream from the BMPtreated structure by d 1540, and slightly elevated
∑PAH concentrations of 1.5 mg/kg were restricted to
distances ≤ 2.0 m downstream.
•• The risk-assessment model of Brooks (1997a) has
proven conservative in that it consistently predicts
higher environmental concentrations of PAH than
the mean concentrations that have been observed
in field tests. Sooke Basin sediment concentrations
of ∑PAH appeared to peak earlier than predicted by
the model—likely because of reduced migration
of PAH through the dense community of fouling
organisms, burial by debris from the dolphins,
and the enhanced microbial cometabolism of PAH
in the organically enriched sediments. It is also
possible that the tar-like residue that formed on
the air-exposed surface of the piling functioned
to partially seal the surface, restricting further
migration of creosote from the interior of the piling.
Sediment concentrations of PAH had decreased
to concentrations less than those associated with
toxicity by the end of the study.
•• Ten years after construction, sediments throughout
the Pim Head area in Sooke Basin had become
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anaerobic. These conditions increased with distance
to the southeast from the dolphins, which did not
appear related to general reduction in sediment
redox potential. Analysis of sectioned cores
suggested that biodeposits from the epifaunal
community had accumulated to depths of 12 to
15 cm. These accumulations appear to have buried
episodically deposited PAH that was likely associated
with predation on the mussel and barnacle
communities resident on the piling. The lower redox
potentials observed under the piling resulting in
slowed catabolism of sedimented PAH. Modeling
at the existing redox potential (0.0 cm RPD) was
compared with the sum of PAH observed at all
depths in sectioned cores. The results, described in
Figure 10.12, indicated that the model continues to
predict higher concentrations than are observed.
•• The decline in sediment PAH concentration
downcurrent from the BMP structure was thought
to have been due to decreased movement of PAH
through the epifaunal biomass and to enhanced
microbial cometabolism in the complex organic
mixture of biodeposits and PAH. Biodeposits from
the epifaunal community may have also diluted
sediment PAH concentrations.
•• Consistent, but statistically insignificant decreases in
the abundance of PAH sensitive species (see Goyette
and Brooks 1998 for their identification) were found
at distances less than 0.65 m from the perimeter of
the creosote-treated structures. No adverse effects
were observed on mussel survival, or spawning
success. However, mussel growth was significantly
reduced at the 0.5-m station. Mussel growth rates
systematically increased with increased distance.
Multi-tiered toxicity testing based on 10-d amphipod
bioassays, liquid and solid phase Microtox™ tests, and
echinoderm sperm tests demonstrated toxicity at distances
≤ 0.5 m from the BMP dolphin 384 d post construction.
•• Equivocal evidence of toxicity was observed in
bioassays downstream to a distance of 2.0 m—but
not beyond. The PAH compounds, fluoranthene
and phenanthrene, appeared to be the major
contributors to sediment toxicity. It was postulated
that the primary mode of contamination occurred
as microliter size particles of creosote present in
sediments to depths of 6 cm and at the air water
interface. It was hypothesized that these µL size
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Predicted and observed TPAH concentrations
at the Sooke Basin BMP dolphin (µg TPAH/g)
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Figure 10.12 Comparison of predicted and observed sediment accumulations of ΣPAH in sediments
under and near the Sooke Basin BMP dolphin on October 19 and 20, 2005. Both values assume that PAH
are evenly distributed to the depth at which contamination was apparent. Distance weighted least
squares fits are provided for predicted and observed concentrations.

particles were generated during hot summer
weather.
The presence of the piling structures, both treated and
untreated, led to the development of an abundant and
diverse marine community composed of various species
of fish, invertebrates, and algae—a community that was
not present prior to construction. The benthic infaunal
community structure, while not enumerated on the last
two sampling days, was expected to develop into one
with a species composition tolerant of low oxygen levels
and elevated sulfide concentrations. The epifaunal community was abundant (75,900 animals/m2) and diverse
(63 different taxa) and it included some very sensitive
organisms, such as the nudibranch shown grazing on the
surface of one of the BMP piling in Figure 10.13.
By d 1360 and 1540, adverse biological effects were
associated with high sediment sulfide concentrations at
both the treated and untreated dolphins. The increased
sulfides were caused by anaerobic microbial catabolism
of biodeposits originating from the invertebrate community that had taken up residence on all of the structures
and by the deteriorating untreated piling at the MC site.
These biodeposits were greater under the untreated dolphin—presumably because the wood was being eroded

by Limnoria sp. and Bankia sp. The failing woody debris
carried the sessile invertebrates with it to the benthos.
Assuming the measured deposition rates were constant
throughout the year, deposition at the untreated MC
dolphin was 105 kg/m2-y. This was more than twice the
45 kg/m2-y rate observed at the BMP dolphin. It appeared
that these effects would remain until the untreated piling

Figure 10.13 Nudibranch grazing on coralline algae on one of the
BMP piling.
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completely deteriorated or until the creosote-treated piling were removed. The observed sulfide concentrations
of 1,400 to 2,000 µM S= would exclude at least 50% of the
taxa normally found in these environments and could lead
to the proliferation of opportunistic organisms that proliferate in anaerobic environments. The MC dolphin broke
away at the sediment line and was lost approximately 8 y
after construction.

10.3.6 U.S. EPA Gulf Breeze creosote
contamination field studies (Tagatz et
al. 1983)
Tagatz et al. (1983) contaminated sandy sediments in field
and laboratory experiments with marine-grade creosote
to nominal concentrations of 177,844 and 4,420 mg ΣPAH/
kg dry sediment. Invertebrate recruitment was accomplished by using unfiltered ambient seawater. Over the
8-wk study, they observed a 30% decrease in the ΣPAH
concentration in laboratory studies and a 42% decrease
in the field study. Significant community effects were seen
at 844 and 4,420 µg ΣPAH/g, respectively. The abundance
of macrofauna was reduced in the field at 177 mg ΣPAH/
kg, but not in the laboratory study. They concluded that
the lowest concentration of marine-grade creosote adversely affecting mollusks was 844 mg ΣPAH/kg, but that
lower concentrations of 177 mg ΣPAH/kg sediment affected
echinoderms, annelids, and arthropods. The use of whole
marine-grade creosote introduced higher concentrations
of the low molecular weight PAH than would be found in
association with creosote-treated wood products. However,
even with this caveat, 128 animals representing 26 taxa
were retrieved from laboratory controls and 110 animals
in 23 taxa were found in the 177 mg ΣPAH/kg treatment.
Greater reductions were seen in the field study, with 469
animals in 44 taxa recruiting to the control site and only
214 animals in 30 taxa in the 177-mg ΣPAH/kg treatment.
Interestingly, 78 animals in 9 taxa survived in the field
sediments contaminated with 4,420 mg ΣPAH/kg. The
initial sediment ∑PAH concentrations introduced into these
treatments were one to three orders of magnitude higher
than have been found in association with creosote-treated
structures in open aquatic environments.

10.3.6.1 South Carolina Department of Natural
Resources risk assessment (Wendt et al. 1994).
The South Carolina DNR studies focused on copper, chromium, and arsenic lost from CCA-C treated wood. However,
they also included a limited analysis of biological effects
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associated with PAH lost from high densities of creosotetreated structures in Charleston Harbor estuary and associated tidal creeks. Their study design included samples
collected at <1.0 m and >10 m from docks and at local
reference stations, but not at intermediate stations.

10.3.6.2 Sediment concentrations of PAH
The study examined only the fine-grained portion of sediments and did not include an evaluation of organic carbon.
Therefore, it was not possible to assess the potential toxicity of PAH. However, mean sediment PAH concentrations
were all low, and no statistically significant differences
were observed between samples collected < 1.0 m and
those collected at either the >10.0 m or reference stations.
Confidence limits were presented in units of standard error
of the mean. Sediment PAH concentrations were highest
at the reference stations (1.18 ± 0.2 mg ΣPAH/kg) and
ranged from 0.69 ± 0.29 mg ΣPAH/kg dry sediment at
distances > 10.0 m to 0.98 mg/kg at distances < 1.0 m. The
author’s noted that all samples contained a ΣPAH less than
the ER-L level of 4.0 mg/kg of Long and Morgan (1990).

10.3.6.3 Biological effects associated with PAH
observed in South Carolina tidal creeks near
creosote-treated docks
Biological effects were assessed by measuring 12 PAH
species in dried oyster tissue and through solid phase
Microtox sediment testing. The PAH content in oyster
(Crassostrea virginica) tissues did not differ significantly
(ANOVA, p>0.05) between the three sample areas, suggesting that accumulated PAH were more a function of
dissolved ambient fractions than of specific sources.
However, individual PAH compounds were not reported
and it was not possible to assess the solubility of the PAHs
that accumulated in oysters. Oysters taken directly from
creosote-treated piling contained 0.71 mg ΣPAH/kg wet
tissue, which was higher than those collected >10 m (0.41
mg ΣPAH/kg wet tissue weight) or from reference sites
0.44 mg ΣPAH/kg wet tissue. The authors noted that the
power of these tests was low at 0.23 on a scale of 0.0 to
1.0 because of the high variation to mean ratios in same
station samples. The higher PAH content in oysters collected from creosote-treated piling suggested that some
PAH were likely accumulated from the piling. Microtox™
solid phase testing of sediments revealed a positive correlation between light output and sediment ΣPAH concentrations—suggesting that PAH concentrations were
not acutely toxic to Photobacterium phosphoreum.
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10.3.6.4 Conclusions from the South Carolina
tidal creek study
No adverse effects associated with PAH contamination
from creosote-treated piling were observed in this study.
The authors found that metal and ΣPAH concentrations
in whole sediments were generally below Long and
Morgan’s (1990) Effects Range – Low and that they were
too low to adversely affect biota. This finding was substantiated by the Microtox™ bioassays. The authors concluded that, “in natural estuarine environments subject to
normal tidal exchange, wood preservative leachates from
dock pilings have no acutely toxic effects on four common
estuarine species, nor do they affect the survival or growth
of oysters over a six-week period.”

10.3.7 Puget Sound Creosote Risk
Assessment
The Sooke Basin study examined the environmental response to groups of six piling clustered in dense structures
under worst-case conditions. The environmental response
to larger structures containing several hundred to nearly
a thousand creosote-treated piling (Table 10.11) was investigated in Puget Sound, Washington State, by Brooks
(2004b). Two of the three treated structures examined
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 other significant sources of PAH.
Sediment samples were collected and evaluated at unequal
distances between 0.15 and 7.50 m along transects originating at the densest cluster of piling at each site. Three
additional replicate samples were collected at a local reference station. Each sample was evaluated for TOC, TVS,
sediment grain size distribution (SGS), free sediment sulfides (S=), redox potential (eH), and 18 PAH, including all
16 priority parental compounds [GC-MS in Single Ion Mode

(Method 8270-SIM)] following extraction using Method
SW3550. Samples collected for macrofaunal analysis were
screened on 1.0-mm stainless steel sieves and all taxa were
identified to species. Fouling organisms were collected
from 225 cm2 sections of piling and processed on 500-µm
sieves. Samples of mussels (Mytilus edulis trossulus) were
collected directly from the piling for analysis of tissue PAH
concentrations.

10.3.7.1 Fort Worden Complex
The Fort Worden complex is an abandoned U.S. Army
ammunition off-loading facility that is now used by the
Port Townsend Marine Science Center. It is located on the
shores of Puget Sound in a dynamic environment. The
wharf is surrounded by a creosote-treated pile dike to
break waves (Figure 10.14). Sediments at this site were
dominated by sand (37% to 95%) and silt and clay (5% to
63%) with essentially no gravel. Organic content in sediments varied between 1% and 4%, with large accumulations of natural eelgrass and macroalgal detritus mats.
Redox was negative at most treatment stations located

Table 10.11 Characteristics of three sites at which the
environmental response to creosote-treated piling were evaluated
in Puget Sound.
Number of
piling

Footprint
(m2)

Notes

Fort Worden dolphins and
pile dike

801

2,114.7

Rural area

Fort Ward wharf and pier

292

1,635.8

Rural area

Port Townsend City pier

85

Not
measured

Urban area

Site

Figure 10.14 Fort Worden pier and wharf.
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inside the breakwater (−117 to −201 mV). Redox potential
was positive at the reference locations (+27.8 to +122.1
mV). Sulfides were moderately elevated at all stations (351
to 1790 µM S=) except at reference location C1 (29.6 to
61.5 µM S=).
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more taxa were observed at all distances adjacent to the
creosote-treated wave fence as were observed at reference
location C1, and significantly more taxa were observed at
the fence in comparison with C2. The abundance of macrofauna was higher under the wharf along T1 compared

Figure 10.15 summarizes sediment PAH concentrations
observed at this site as a function of distance from the
wave fence. PAH concentrations at treatment stations
located under the wharf contained between 5.39 and
16.02 mg ΣPAH/kg dry sediment. PAH concentrations
within the footprint of the densest clusters of eight piling
varied between 0.37 and 33.76 mg ΣPAH/kg, and concentrations at reference locations varied between 0.07 and
0.53 mg/kg.

mg PAH/kg dry sediment

18

The dominant sedimented PAH compounds were pyrene, phenanthrene, fluoranthene, and chrysene. Smaller,
but significant increases were also observed in some highmolecular-weight compounds. The increased concentrations of these high-molecular-weight compounds may be
associated with slower HPAH degradation in the anaerobic
sediments (negative eH) and the age of the structure,
which was built near the turn of the last century.
Alternatively, the HPAH may be associated with boat activity within the basin formed by the pile fence.
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Figure 10.15 Sediment concentrations of total PAH (TPAH), high
molecular weight compounds (HPAH) and phenanthrene and
fluoranthene, which are typically associated with creosote contamination of sediments near treated wood structures, as a function of
distance from the wave-breaking fence at Fort Worden. mg TPAH/kg
dry sediment = 11.21 - 0.493*distance (m). mg HPAH/kg dry
sediment = 9.07 - 0.398*distance (m). mg fluoranthene/kg dry
sediment = 2.37 - 0.106*distance (m).mg phenanthrene/kg dry
sediment = 1.04 - 0.048*distance (m).

The number of taxa and their total abundance along
transect T1 are summarized in Figure 10.16. As many or
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Figure 10.16 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). Macrofaunal abundance and number
of taxa along Transect 1 at Fort Worden. Fits are distance weighted least squares.
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with either reference location, and each of these biological
endpoints was significantly positively correlated with
sediment PAH concentrations. Low (but significant at α =
0.05) positive and negative Pearson correlation coefficients
were found between individual taxa and specific PAH
compounds. Several of the taxa found in close association
to the wave fence were carbon opportunists found proliferating immediately adjacent to salmon farms (Brooks
2001). Their high abundance was likely associated with
the eelgrass and macroalgae accumulations. At Fort
Worden, habitat features, including reduced turbulence
inside the wave fence and accumulations of detritus, appeared to have a greater effect on the macrobenthic community than did the small to moderate accumulations of
PAH associated with the creosote-treated wood. No PAH
were detected in Fort Worden mussels that were growing
directly on the creosote-treated wood. The detection limit
was 10 µg PAH/kg dry tissue. No adverse biological effects
were found at any distance from the creosote-treated
structures at Fort Worden.

Figure 10.17 Typical epifaunal community residing on creosotetreated piling in the Pacific Northwest. This photograph is of the pier
and wharf at Fort Ward in Washington.

mental response at Fort Ward is likely typical of what might
be anticipated today. Eleven sediment samples were collected along a transect that began in the center of a threepiling corner dolphin supporting the wharf in deep water
and proceeded 7.5 m north outside the wharf’s footprint.
Replicate samples were also collected at a local reference
station. Samples of the epibenthic community resident
on the creosote-treated piling were collected, as were
mussels (Mytilus edulis trossulus). Figure 10.18 summarizes
concentrations of LPAH, HPAH, fluoranthene, and phenanthrene. Note that elevated concentrations of fluoran-

10.3.7.2 Fort Ward wharf and pier

Concentrations of PAH (µg/g dry sediment)

Two hundred and ninety-two creosote-treated piling were
counted supporting the Fort Ward pier and wharf, which
covered a surface area of 1635.8 m2 in Rich Passage,
Washington State (Figure 10.17). This structure is typical
of the largest structures constructed in the Pacific
Northwest in the last few decades; therefore, the environ14
12
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Figure 10.18 Sediment concentrations of low molecular weight (LPAH), high molecular
weight (HPAH), total PAH (TPAH), fluoranthene, and phenanthrene along a 7.5-m transect
at the Fort Ward wharf and at a reference location in Rich Passage. Sediment PAH under
and adjacent to the Fort Ward wharf.
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were not significant. No claim that increased sediment
PAH concentrations were enhancing the community is
appropriate. However, these results indicate that no adverse effects associated with PAH derived from creosote
were observed in the macrofaunal community at this
typical large structure. Naphthalene was found at a concentration of 11.5 µg/kg dry tissue in one of three mussel
samples collected directly from the piling. No other PAH
were detected in that sample and no PAH were detected
in the other two samples with a detection limit of 10 µg
PAH/kg dry tissue. The reasons for these responses are
investigated in Figure 10.20 describing sediment TOC and
free sulfides (S=), both of which were significantly elevated
in close proximity to the piling.

The biological response to the wharf is summarized in
Figure 10.19. Similar to the response seen at the Fort
Worden structure, macrofauna were more abundant and
diverse within 7.5 m of the creosote-treated piling than
at the reference location. Macrofauna abundance was
significantly and positively correlated with HPAH (0.85),
TPAH (0.75), fluoranthene (0.92) and phenanthrene (0.91)
along this transect (Pearson correlation coefficients in
parentheses). The number of taxa were also positively
correlated with these measures of PAH contamination,
but the coefficients, which varied between 0.47 and 0.58,

The extra food and habitat created by biological debris
falling from the epibenthic community resident on the
piling (Figure 10.17) was likely responsible for the enhanced
macrobenthic community. More subtle community effects
were evident close to the piling, where decreased values
of Shannon’s and Pielou’s indices were recorded. High
values of both indices are associated with balanced communities (Figure 10.21). The indices decrease in communities that are numerically dominated by a few taxa. Brooks
et al. (2003) demonstrated the effects that increasing
concentrations of sulfide have on community diversity.
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thene and phenanthrene were found within 2.5 m of the
dolphin, but not beyond. That is important because this
transect proceeded from under the wharf toward a series
of docks located ~10 m north, where numerous work boats
are moored. The reference location was 200 m north in an
open area having similar water depth and SGS, but which
was isolated from any PAH sources. None of the PAH or
classes of PAH associated with creosote exceeded the
Washington State Sediment Quality Criteria within 5 m of
the wharf. The presence of fluoranthene and phenanthrene
near the piling and the absence of these two compounds
farther away suggest that the increased PAH concentrations observed at 7.5 m distance were associated with
combustion products from boats and their docking floats.

25

Distance (m) from the center of a three-piling
dolphin constructed of creosote-treated wood

Figure 10.19 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.
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community in the immediate vicinity of the piling were
dominated by taxa that are relatively tolerant of elevated
organic carbon, negative redox potentials (−197.1 to 212
mV), and increased S=. Taxa dominating the macrobenthic
community along this transect included Gyptis brevipalpa
(a scale worm) nematodes, and numerous annelids frequently observed in moderately enriched sediments. These
results indicate that changes in habitat associated with
biodeposits from the epibenthic community resident on
the piling represented the most significant observed effect
associated with the structure.
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The data, summarized in Figure 10.22, demonstrated that
the mean number of taxa observed at British Columbia
reference stations (49) was halved when free sulfide concentrations in sediments near adjacent salmon farms
reached 960 µM in the annelid-dominated communities.
At Fort Ward, the sulfide concentration at the 0.5 m station,
where the highest concentrations of biological debris were
found, was 1870 µM S=. Sulfides this high would have a
significant effect on many macrobenthic organisms.
However, at one meter and beyond, S= concentrations
varied between 50.8 and 231.0 µM. The result is that the
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Distance (m) from the center of a three-piling dolphin

Figure 10.20 Free sulfide concentrations and percent total organic carbon (TOC) in Fort
Ward sediments. All fits are distance weighted least squares.

3.8

0.95

3.6

0.90

3.4

0.85

Shannon's Index

3.2

0.80

3.0

0.75

2.8

Shannon (L)
Pielou (R)

2.6
2.4

0.70
0.65
0.60

2.2
2.0

0.55

1.8

0.50

1.6
0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

7.5

8.0

8.5

9.0

9.5

Pielou's Index

338

0.45
10.0 11.0
10.5

Distance (m) from the center of a three-piling dolphin
Figure 10.21 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. All fits are
distance weighted least squares.
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Figure 10.22 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). Number of taxa = 89.76
- 21.868*log10(Sulfide).

10.3.7.3 Epibenthic community on creosotetreated piling
Macroalgae, barnacles, mussels, and tubeworms are visible
on most creosote-treated piling within a year or two of
placement (Figure 10.17). 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 Worden. A total of 4,236 invertebrates rep-

resenting 124 taxa were observed in the six samples. Filter
feeders were most apparent on the periphery of these
communities. Fifty-four 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. Summary statistics describing the six epibenthic samples are provided in Table 10.12.
Nematodes, which were exceptionally abundant in
some samples, were excluded from these statistics, as were
colonial animals such as bryozoans, hydroids, and sponges.

Table 10.12 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.
Creosote-treated piling epibenthic statistics
Site

Puget Sound

Means

Abundance

Taxa

Shannon

Shannon

Abundance

Taxa

Shannon

Pielou

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

606.167

43.833

2.488

0.670

All groups
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Abundance, which varied between 10,267 and 74,444/m2,
was much higher than the macrofaunal statistics reported
by Striplin Environmental Associates (1996) for Puget
Sound reference stations. Shannon’s index for the epibenthic community was higher than at Puget Sound reference
stations, and Pilou’s Index was similar. Somewhat fewer
numbers of taxa were present in the epibenthic samples
(mean = 43.8) compared with macrofauna at Puget Sound
reference stations, but the differences were not significant
at α = 0.05. This 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.
Brooks (1997a) 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 waterline 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. The point in this discussion is that all of these
animals settle out of the plankton as juveniles and many
are highly susceptible to organic and inorganic contaminants. The presence of these diverse and abundant communities on nearly all Puget Sound creosote-treated wood
structures suggests that they do not create toxic environments. Rather they create habitat that becomes home to
diverse and abundant invertebrate communities.

10.3.8 Jimmycomelately Piling
Removal Monitoring Project
Weston Solutions (2006) reported PAH concentrations
before and after removal of a large field of creosote-treated
piling in Sequim Bay, Washington. The pilings were associated with railway trestles and a log storage yard, which
operated in the south end of the bay between 1892 and
2001. Ninety-nine piling were removed during this project.
Sediment samples were retrieved in 5 and 15 cm diameter
cores to depths between 210 and 240 cm. Clam tissues
were also examined for PAH. Water was sampled one meter
down-current from the piling during removal at three
depths (surface, 1-2 m above the sediments, and 50 cm
above the sediment). Control samples were collected
several hundred feet from the piling being pulled. Samples
were collected prior to work, during removal of the piling,
immediately after removing the piling, and 5 min after
extraction. Total suspended solids and turbidity were also

measured during the study. At the end of the decommissioning and again one month after the last piling was
pulled, clam tissues were collected from random locations
throughout the former piling field to determine whether
the PAH contamination represented a significant human
health risk. Fifty sediment samples were collected using
a Ponar grab sampler at randomly selected stations one
month after the last piling had been pulled. The top 5 cm
of the sediments in the grab were retained for physicochemical, including PAH, analysis.

10.3.8.1 Results
Total organic carbon varied between 0.6% and 15.1%, with
a mean and 95% CI of 2.89 ± 1.30% throughout the area.
Sediment grain size was not given, but the sediments were
characterized as being composed of very fine sand, silt,
and clay. The ∑PAH in control sediments varied between
0.078 and 0.101 mg/kg.
PAH concentrations in surface samples

Samples were collected 5, 15, and 30 cm from the piling
prior to removal. Summary statistics are provided in Table
10.13. Concentrations at 1.3 to 8.9 cm from the piling were
high, with significant potential to adversely affect macrofauna in this narrow region. At an average distance of 15
cm from the piling, the mean ∑PAH was reduced to 10.5
µg ∑PAH/g, where no adverse effects are anticipated at a
TOC concentration of 2.89%. Concentrations declined to
1.6 ± 1.2 µg ∑PAH/g 30 cm from the piling. Similar to other
reports of sediment PAH near creosote-treated wood
structures, the authors found highest concentrations of
phenanthrene, fluoranthene, pyrene, and chrysene and
much lower concentrations of lower and higher molecular
weight PAH.
PAH concentrations in clam tissues

PAH were detected in clam tissues near the creosotetreated piling, but not in clams collected at distances
Table 10.13 Summary of ∑PAH concentration (mg ∑PAH/kg dry
sediment) at depths ≤5 cm as a function of distance from the
Jimmycomelately log dump piling prior to removal. Ten stations
were reported by Weston Solutions (2006).
Statistic
Mean
95% confidence interval
Minimum
Maximum

mg ∑PAH/kg dw) distance from piling (cm)
5
15
30
70.6
10.5
1.6
±83.6
±15.8
±1.2
1.3
0.1
0.1
386.7
48.9
5.3
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the tugboat than by the pulling of the pilings. Water concentrations of PAH were determined by using ELISA detection and GC/MS. Interestingly, PAH concentrations in the
ambient (before the start of pulling a piling) samples were
high, ranging from 1.6 to 16.6 µg TPAH/L. Water column
concentrations of ∑PAH increased during removal, with
the highest concentrations 50 cm above the bottom (average = 84.8 µg/L). Mid-depth concentrations were lower
(48.9 µg/L) and surface concentrations were lowest near
the piling (39.0 µg/L). Weston Solutions (2006) noted that
there are no ambient water quality criteria for total PAH.
They referenced the (NOAA 2003) lowest observed effects
level of 300 µg/L for all PAH, including ∑PAH, and noted
that none of the concentrations in Sequim Bay reached
that level.

greater than 1.2 m from the piling. Tissue levels were lower
than PAH concentrations in sediments at the same location. Tissue and sediment concentrations of TPAH are
summarized in Figure 10.23. The highest molecular weight
PAH detected was chrysene in a single sample. No carcinogenic PAH were detected. Excepting phyenanthrene,
very little LPAH was detected. Detected compounds were
strongly dominated by fluoranthene and pyrene, with
lesser amounts of phenanthrene. Tissue concentrations
of PAH were not significantly correlated with sediment
PAH (p = 0.36).

10.3.8.2 Piling removal
All piling were removed using a vibratory hammer mounted on a tugboat. Once on station, the vibratory hammer
was turned on for approximately 20 s to loosen the piling.
The hammer was then detached and the piling pulled
from the sediment. In some cases, the piling was rocked
side to side to facilitate removal. Pilings were boomed
with absorbent material during this operation to collect
any surface oil sheens. The authors noted that far more
suspended sediment was generated by the operation of

Total suspended solids (TSS)

Suspended solids varied between 6 and 12 mg/L prior to
operations (Figure 10.24). Maneuvering by the tug significantly disturbed the sediments, increasing the background
TSS to between 15 and 162 mg/L for a short period of time.
The action of the vibratory hammer resulted in small TSS
increases of 5 to 10 mg/L to mean values ranging between

Tissue and sediment concentrations
of TPAH (mg/kg dw)
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Breakdown table of descriptive statistics (clam and sediment concentrations of PAH) N = 9.
Distance (cm)
Sediment PAH (mg/kg dw)
Confidence +95.000%
Tissue PAH (mg/kg dw)
15
60
120
All groups

4.672
2.061
0.078
2.271

13.176
7.982
0.394
4.490

0.566
0.079
0.010
0.218

Confidence +95.000%

N

1.249
0.300
0.053
0.449

3
3
3
9

Figure 10.23 Clam tissue and sediment concentrations of TPAH as a function of distance from creosote-treated piling in Sequim Bay, Washington.
Sediment PAH (mg/kg dw) = 7.7*exp(-0.04 *Distance (cm))Tissue PAH (mg/kg dw) = 0.58*exp(-0.03*Distance (cm)).
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Ambient
Confidence
Vibrator
Depth
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N (µg TPAH/L)
Bottom
14.91
26.09
7
29.63
Mid
4.06
8.40
7
16.30
Surface
5.97
7.56
7
10.29
All groups
8.32
12.25
211
19.58.

Confidence
+95.000%
47.98
33.87
17.08
28.15

Removal
Confidence
N (µg TPAH/L) +95.000%
10
84.77
126.42
8
48.93
80.12
8
39.01
73.96
26
60.18
80.64

N
11
9
8
28

5 min post
removal
(µg TPAH/L)
74.36
64.04
51.30
64.09

Confidence
+95.000%
122.44
114.46
129.73
87.33

N
5
5
4
14

Figure 10.24 Water column concentrations of PAH next to pressure-treated wood pilings during removal from Sequim Bay as a function of water
depth and stage of the decommissioning. Ambient is just before pulling; vibrator is during the vibratory stage of loosening the piling; removal is
while the pile is being pulled from the sediments; and 5 min post removal. Distance Weighted Least Squares fits are provided.

13 and 43 mg/L in a localized area immediately around
the pile. The actual extraction of piling resulted in a sediment “plume” with increased TSS values of 20 to 82.9 mg/L.
Following extraction, movement of the tug increased TSS
concentrations to 21 to 134 mg/L; 8 h after removing the
piling, turbidity along a transect in Sequim Bay (N = 13)
was 9.8 ± 2.5 NTU.
Sediment ∑PAH concentrations after piling removal

Sediment concentrations of PAH at depths ≤ 5 cm were
determined by using ELISA and GC/MS at 50 randomly
chosen stations. The concentration of 18 PAH ranged from
0.057 to 0.576 mg PAH/kg. The suite of PAH was dominated
by fluoranthene, pyrene, benzo[α]anthracene, and chrysene. Benzo[α]pyrene was observed at concentrations
ranging from <0.0063 to 0.0090 mg/kg. The authors concluded that despite the detection of PAHs in the water
column during piling removal and mobilization of sedi-

ments from the log yard, piling removal did not appear
to result in a spreading of the PAH observed in the immediate vicinity of the pilings to other areas.
Concentrations of TPAH in clam tissue post piling
removal

Phenanthrene, fluoranthene, and pyrene were detected
at low levels in five of nine clam tissue samples after piling
removal. The concentrations of ∑PAH ranged from 0.011
to 0.058 mg TPAH/kg dw.

10.3.8.3 Human health risks
Weston Solutions (2006) conducted a detailed human
health risk assessment guided by the EPA (1989). Thresholds
of concern are >10-6 for cancer and a hazard index (HI)
greater than 1.0 or an average daily dose that exceeds the
dose previously associated with toxicity. Their analysis
found a cancer risk of 1.0x10-7 for adults and 7.0x10-8 for
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children in the general population. Native Americans
consume more shellfish and consumption of Sequim Bay
shellfish posed cancer risks of 4.2x10-10 for children and
9.1x10-7 for adults. Values of the human health hazard index were less than 1.0 for all groups before and after removal of the piling. The authors concluded that the analysis
indicated that there were no cancer or non-cancer human
health risks associated with consumption of shellfish from
the Sequim Bay log yard before or after piling removal.

10.3.8.4 Environmental health risks
Weston Solutions (2006) evaluated only the area within
30 cm of the piling prior to removal. They compared TOC
normalized concentrations of individual PAH with the
Washington State Department of Ecology Sediment Quality
Standards (SQS) and Sediment Cleanup Standards (SCS)
published in WAC Chapter 173-204 for marine waters (see
Chapter 5). Prior to removal, the authors reported that all
species of sedimented PAH were below the SQS at 10 of
the sampled pilings, but that they exceeded the SQS for
HPAH within 15 cm of three piling. The SCL was exceeded
within 15 cm of two of those piling, indicating that adverse
effects were likely in close proximity to two of the piling.
Following piling removal, sediments were generally below
the SQS levels, indicating that adverse biological effects
were unlikely at any of the sample stations.

10.3.8.5 Summary
Weston Solutions (2006) reported sediment PAH concentrations that were significantly more restricted in extent
than predicted by the model presented in Chapter 9 or
the results of other risk assessments reviewed in this assessment. Their report suggests that creosote-treated
structures were decommissioned with no significant increases in sediment or water column concentrations of
contaminants in the fine-grained sediments of Sequim
Bay. No human health effects were documented either
before or after the piling field was decommissioned.

10.3.9 Forest Service Timber Bridge
Study (Brooks 2004b)
In 1997, the USDA Forest Service funded an environmentalscale risk assessment of CCA-C, pentachlorophenol, and
creosote-treated bridges located across the United States.
Two creosote-treated bridges crossing Pipe Creek in Cass
County, Indiana were evaluated. Pipe Creek is a slowmoving stream flowing through farmland. It carries a
significant bedload of eroded topsoil. Both creosote-
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treated structures were substantial, HS 20 highway bridges.
Bridge 148 was 2 y old and Bridge 146 was 17 y old. Both
bridges were constructed entirely of creosote-treated
timbers and decking treated to retentions between 128
and 160 kg/m3. Both bridges were supported on 20 Class
A piling treated to a nominal retention of 272.5 kg/m3.
Current speeds were measured at <1.0 cm/sec at the new
bridge; they were too slow to be measured with either a
drogue or Price AA current meter with a magnetic head
at the older bridge. Pipe Creek discharges between 3.3
and 67.6 cubic feet per second (cfs).
Triplicate sediment samples were collected under each
bridge and at an upstream reference station. Duplicate
samples were collected at distances of 0.3 m, 0.9m, 1.8 m,
3.0 m, 6.0 m and 9.9 m downstream from the downstream
dripline of each bridge. Sediments were analyzed for SGS
distribution, TVS, redox potential, and 16 parental PAH
using EPA Method 8310. Macrofauna were screened on
500 µm screens and identified to species. Current speed,
TSS, dissolved oxygen, temperature, and pH were measured in the water. Ten-day amphipod (Hyalella azteca)
sediment bioassays were conducted using sediments from
the control station and at distances of 0.0, 1.8, and 9.9 m
downstream from each bridge.

10.3.9.1 Sediment concentrations of PAH at the
2-year-old Bridge 148
Sediment concentrations of naphthalene (0.62 mg/kg)
observed under the bridge exceeded the mean of the
∑PAH TEL and the ΣPAH Mixture LC50 defined by Swartz
(1999) that was used as a benchmark in the assessment.
Acenaphthene exceeded this benchmark under the bridge
driplines (0.16 mg/kg) and at 1.8 m (0.31 mg/kg) downstream; phenanthrene (1.6 mg/kg) exceeded the benchmark only at a distance of 1.8 m downstream from the
new bridge dripline. Sediment concentrations of the ΣPAH
peaked at 5.33 mg/kg at the 1.8 m station. These downstream peaks in ∑PAH are consistent with the displaced
footprints predicted by the model presented in Chapter
9. Small increases were observed under the bridge (1.24
mg/kg), at 0.45 m (2.12 mg/kg) and at 0.9 m (2.82 mg/kg).
None of these ΣPAH concentrations exceeded the biological effects threshold used in the assessment.

10.3.9.2 Biological response at the 2-year-old
Bridge 148
Pipe Creek is a stressful environment for all living organisms because the water is shallow and slow flowing and
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because erosion from intensive agriculture contributes
significant amounts of sand, silt, clay, and perhaps agricultural pesticides. The macroinvertebrate community
was reasonably diverse, with 51 taxa identified in the 18
sediment samples. However, the community was dominated by annelids and chironomids in the genus
Chironomus sp., which comprised 94.6% of the community—including that observed at the upstream reference
station. Shannon’s Index was low (~1.0) and remarkably
constant at all reference and treatment stations. The significance of PAH effects on total invertebrate abundance,
diversity, Shannon’s Index, and Pielou’s Index was explored
using t-tests on log(n+1) transformed count data and log
transformed variables having continuous distributions.
Significant (α = 0.05) differences in biological response
variables were not observed between the upstream control
and any of the treatment stations (p = 0.58 to 0.76).
Correlation analysis was used to investigate the relationship between log transformed PAH data and biological
endpoints. All statistically significant Pearson correlation
coefficients were positive, indicating increases in abundance with increasing PAH. Survival in all laboratory sediment bioassays using the amphipod Hyalella azteca was
excellent, with no significant differences observed between
any station and either the upstream control or the laboratory reference sediments.

sediment samples. The community was dominated by
annelids and Chironomus sp., which represented 85% of
the total taxa. Shannon’s Index was depressed at distances
from 0.0 m (under the bridge) to 6 m downstream, when
compared to either the upstream control or the 9.9 m
downstream station. However, within this range of distances, the abundance and diversity of all taxa were generally positively correlated with ΣPAH. Statistically significant
negative correlations were observed between phenanthrene and Shannon’s Index (r = 0.79). The Pearson correlation matrix indicated negative correlations between ΣPAH,
phenanthrene, and several biological endpoints; however,
the strongest negative correlations were between the
redox potential and biological endpoints. Maple leaf accumulations were not quantified in this study, but qualitative evaluation of photographs indicated higher
accumulations of leaves in areas with reduced redox potential. The author hypothesized that the observed biological reaction was more dependent on this than on the
low concentrations of PAH observed in these sediments.
This hypothesis was substantiated in the Hyallela azteca
bioassays, where survival was 98.8% in the laboratory
reference sediments, 97.5% in sediments from the upstream control, and 98.8 to 100.0% in treatment sediments
collected 0.45, 1.8, and 9.9 m downstream from the bridge’s
dripline.

10.3.9.3 Sediment concentrations of PAH at the
17-year-old Bridge 146

10.3.9.5 Conclusions from the Timber Bridge
Study

Current speeds along the sampled transect were too slow
to be measured (<0.1 cm/sec). Total volatile solids were
higher at this site, at 1.48 ± 0.66%, equivalent to 0.89%
TOC. Sampling was conducted in November and large
masses of maple leaves had been deposited in the water.
Concentrations of phenanthrene exceeded the ∑PAH TEL
of Swartz (1999) at the 0.45 m station (0.61 µg/g) and at
the 1.8 m station (0.59 µg/g). No other benchmarks were
exceeded. The ΣPAH was elevated 0.45 m downstream
(1.96 µg ΣPAH/g) and peaked 1.8 m downstream from the
bridge’s dripline, at 2.26 µg ΣPAH/g. This is the same distance at which peak PAH concentrations were observed
at the new bridge.

Polycyclic aromatic hydrocarbons were lost from both
bridges and deposited in downstream sediments. More
PAH were retrieved from sediments under and downstream
from the 2-y-old bridge when compared to the 17-y-old
bridge. Sediment samples near both bridges were relatively
rich in acenaphthylene, fluorene, phenanthrene, and fluoranthene. This suite of PAH suggested that they were
either associated with vehicle traffic on the bridge or were
recently deposited from creosote that had no evidence
of weathering at each of the bridges. This led to a hypothesis that high winter flows over the unconsolidated sandy
sediments in Pipe Creek dispersed had diluted the previous summers’ PAH deposits. Creosote loss from treated
wood is a function of temperature, and minimal losses
should be expected during typically cold Indiana winters.
Summer losses, particularly on hot days, would contribute
fresh PAH to the sediments. That hypothesis is why these
bridges were evaluated in November, when the annual
accumulation of PAH was expected to peak. The reduced

10.3.9.4 Biological response at the 17-year-old
Bridge 146
No adverse biological effects were anticipated at the observed sediment PAH concentrations. A total of 11,505
invertebrates representing 69 taxa were collected in 18
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concentrations of PAH near the 17-y-old bridge when
compared with the 2-y-old bridge were thought to be
consistent with the reduced preservative loss as a function
of the age of creosote-treated wood predicted by the
model of Brooks (1997a). Adverse effects in the macrobenthic community were not anticipated at the PAH concentrations observed at either bridge. No adverse biological
effects were documented at the new bridge, where sediment PAH was relatively higher than at the older bridge.
Evidence of biological effects was equivocal at the 17-y-old
bridge. The weight of evidence suggested that the minor
reductions observed in biological endpoints at the older
bridge were more associated with accumulations of recently fallen maple leaves than with PAH. This hypothesis
was substantiated in the laboratory sediment bioassays
for this bridge, in which survival ranged from 97.5% to
100%, with higher survival in treatment sediments than
in reference or control sediments.

10.3.10 Polycyclic aromatic
hydrocarbon contamination of
wetlands in association with a railway
spur used to supply coal to a power
generating plant (Brooks 1997b)
Commonwealth Edison (ComEd), an electric utility, operates a spur rail-line that crosses wetlands inhabited by the
endangered Hines emerald dragonfly (Somatochlora
hineana) in Will County, Illinois. In 1996, ComEd replaced
unserviceable creosote-treated ties with newly treated
ties, raising concerns in the U.S. Fish and Wildlife Service
that creosote preservative might migrate from the ties,
through the ballast, and into adjacent wetlands used by
the dragonfly. Investigation of these concerns was conducted in two parts. Brooks (1997b) reported the results
of monitoring PAH concentrations in sediments adjacent
to the actual rail-line, which carries primarily coal. Wetland
sediments were sampled quarterly on seven transects
running orthogonal to the line at distances of 0.0, 0.25,
0.5 and 1.0 m downstream and at upstream reference
stations. Sixteen priority pollutant PAH were evaluated
using EPA method 8310, with detection limits for each
compound ranging from 0.0023 µg/g for B[α]A to 0.200
µg/g for most other compounds. Sediment TOC was evaluated using EPA Method 9060.

10.3.10.1 Wetland concentrations of PAH
Wetland soil TOC was measured at 3.37 ± 0.81% (mean ±
95% confidence). The analysis of Brooks (1997a) focused
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on phenanthrene, fluoranthene, and ΣPAH because they
represent the dominant PAH found in association with
creosote-treated wood. The mean of the ∑PAH TEL and
the ΣPAH Mixture LC50 developed by Swartz (1999) at the
measured TOC would establish benchmarks of 3.10 µg
phenanthrene/g, 7.41µg fluoranthene/g, and 42.2 µg
ΣPAH/g. The mean PAH concentrations observed at the
toe of the ballast (0.0 m) along the ComEd line was 0.098
± 040 µg phenanthrene/g, 0.189 ± 0.139 µg fluoranthene,
and 2.073 ± 1.79 ΣPAH/g. All of these means were well
below even Swartz’s (1999) threshold effects values; however, 2 of the 165 samples exceeded the ΣPAH TEL, but
not the ∑PAH LC50 benchmark. Because the concentrations
were so low, no effort was made to partition PAH between
creosote from the railway ties and coal dust lost from the
cargo.

10.3.10.2 Conclusions regarding PAH
concentrations in wetland soils
This study revealed biologically insignificant increases in
wetland soil PAH concentrations within 0.50 m of the toe
of the ballast. Increases in sediment PAH were not observed
in any sample at a distance of 1.0 m. With the exception
of 2 of 165 samples, all of the observed PAH concentrations
were less than the TEL defined by Swartz (1999). Two of
the samples contained PAH concentrations of 21.23 and
23.09 µg ΣPAH/g dry sediment, which exceeded the TEL
of Swartz (1999), but not the mean of the ∑PAH TEL and
the ΣPAH Mixture LC50.

10.3.10.3 Railway tie mesocosm study (Brooks
2004b)
Concerns in the U.S. Fish and Wildlife Service over the two
samples containing elevated PAH and their observation
of creosote-treated railway ties taken out of service and
discarded into the wetland along the right-of-way led to
an agreement to conduct a mesocosm study to compare
the loss of PAH from new and used railway ties into adjacent
wetlands. The study design relied on three artificial wetland
environments constructed to mimic conditions in the Des
Plaines River Wetland (Figure 10.25). A mean TOC content
of 11.9% was determined in the wetland soils that were
obtained from the Des Plaines River Wetland. Background
ΣPAH concentrations were 0.43 ± 0.18 µg/g (range = 0.18
to 0.89 µg/g). Wetland hydrology was maintained with an
underground water replenishment system. This was done
to best mimic the Des Plaines River Wetland, where groundwater flows through fractured rock under the hydric soils.
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Figure 10.25 Commonwealth Edison railway tie mesocosm study site
in the fall of 1998, approximately 6 mo following construction.

Polycyclic aromatic hydrocarbons were not detected in
the limestone ballast prior to construction, but the sum
of half the detection limits for the 16 PAH was 0.51 µg/g.
The wetland functioned well and areas outside the simulated limestone ballast developed healthy wetland plant
communities, with wetland indicator indices of –0.9 to
–1.0 on a scale of –5 (all obligate wetland species) to +5
(all upland species).

10.3.10.4 Results of the railway tie mesocosm
study
The following results were summarized from this study:
•• The dark surface of creosote-treated railway ties,
containing PAH, is heated during the summer.
Creosote-treated wood surface temperatures
have not been measured, but high temperatures
seem likely. At sufficiently high temperatures, the
expansion of the wood forces creosote oil to the
surface, where it coalesces to form droplets that may
run down the face of the treated wood into ballast.
Alternately, these droplets may form blisters that
burst—projecting minute particles of creosote an
unknown distance.
•• Significant quantities of PAH migrated from newly
treated ties into ballast during August 1998,
resulting in ballast concentrations of 1,052 µg
ΣPAH/g dry ballast weight within 5 cm of the faces
of the ties. Smaller amounts (271.6 µg ΣPAH/g) were
observed in ballast within 5 cm of the weathered ties
on the same day, but not at 20- or 30-cm distances.
These PAH did not migrate out of the ballast into
adjoining wetlands, where the ΣPAH concentrations
remained at background levels during 1998. The

ΣPAH degraded quickly in ballast and was reduced
to 54.6 µg ΣPAH/g within 5 cm of the new ties in
November 1998 and to 1.97 µg ΣPAH/g ballast
in February 1999. They remained low (<1.0 µg
ΣPAH/g ballast) in all samples collected in May and
November 1999. These results suggest that creosote
oil will most likely be lost from newly treated ties
to ballast on hot summer days during the first year
following installation, but not in subsequent years.
These data also suggested that the PAH are quickly
degraded in the aerobic conditions found in ballast.
•• PAH were observed leaving the railway ballast in
storm water at all three treatments on one occasion
in November 1999. The concentrations were 0.19
µg ∑PAH/L in the untreated tie mesocosm, 0.87
µg/L in the new tie mesocosm, and 2.7 µg/L in the
weathered tie mesocosm.
•• A small quantity of PAH moved vertically downward
into the ballast to a depth of approximately 60
cm. The observed ΣPAH concentrations, including
the value of the detection limit for undetected
compounds, was less than 0.97 µg ΣPAH/g dry
ballast at all depths in the treated railway tie
mesocosms. The concentrations were highest at 60
cm depth in the untreated tie mesocosm (1.29 µg
ΣPAH/g dry ballast). Thus, it appears that there was
no significant downward movement of PAH toward
groundwater associated with creosote-treated
railway ties.
Small amounts of PAH migrated from the ballast into
adjacent wetlands during the summer of the second year
of this study. The PAH spectrum in these samples and a
comparison of PAH concentrations in the untreated mesocosm with the creosote treatments suggested that these
increases (~0.3 mg/kg) were real. However, the observed
increases were not statistically significant as a function of
distance, treatment, or day of the study. The highest concentrations of PAH were observed in wetland soils adjacent
to the untreated railway ties (4.2 µg ΣPAH/g dry sediment)
in May 1999. The concentration of PAH at the toe of the
newly treated tie ballast was 1.44 ± 0.02 µg ΣPAH/g and
it was 1.50 ± 0.04 ΣPAH/g at the toe of the weathered tie
ballast during the same sampling period. Mean untreated
tie wetland sediment ΣPAH concentrations were less than
1.59 µg/g on the final day of the study. They were slightly
less (<1.36 µg/g) in the newly treated tie sediments and
greater in the weathered tie mesocosm (<3.44 µg/g). All
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of these values were less than the TEL from Swartz (1999)
or the ER-L of Long and Morgan (1990), and no adverse
biological effects were anticipated. It should be emphasized that this assessment assumed that undetected PAH
compounds were present at the analytical detection limit.
This makes the biological assessment very conservative
because the reported ΣPAH concentrations likely overestimate those actually present.
•• Core samples revealed elevated PAH only in
surface and 10-cm-depth sediments. All sediments
from depths greater than 10 cm contained only
background PAH concentrations.
•• A comparison of sediment concentrations of PAH
in the untreated tie mesocosm with those in the
treated cells suggests that atmospheric deposition
contributed most of the observed background
of ~0.43 µg ∑PAH/g to Des Plaines River wetland
sediments.

10.3.10.5 Conclusions reached in the River
South PAH Study and Railway Tie Mesocosm
studies
These studies assessed the possible impact of this railway
right of way on Hines emerald dragonfly (Somatochlora
hineana) and concluded that, based on the limited data
available at that time, “There was no indication that the
past use of creosote ties, or their current replacement (new
ties) had compromised the biological integrity of wetland
plants or animals (including Somatochlora hineana). The
completion of the River South PAH study (Brooks 1997b)
and the railway tie mesocosm study (Brooks 2004b) added
significantly to the database that can be used to evaluate
the biological effects associated with creosote-treated
railway ties. As discussed in the background section of
Brooks (2004b), there are many sources of PAH associated
with railway transportation systems. These include diesel
exhaust, lubricating oils, cargo (coal and oil), and herbicides. The reported mesocosm study was designed to
minimize these compounding sources of PAH and to focus
on those associated solely with creosote-treated railway
ties. These results suggested that seasonally variable atmospheric deposition of PAH contributed a significant
portion of the background level observed throughout the
Des Plaines River wetland. It also appeared that on average, the use of creosote-treated railway ties might add
another 0.3 µg ΣPAH/g dry sediment within 0.5 m of the
toe of the ballast. Even the two highest observed PAH
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concentrations did not reach toxic threshold levels in these
wetland sediments. The data suggested minimal vertical
transport of PAH downward, with essentially no potential
for contaminating groundwater flowing under the railway
right-of-way ballast.

10.3.11 Summary of creosote
environmental risk assessments
The creosote-treated structures examined in these studies
represented a range of moderate to high piling densities,
all of which were preserved with creosote. Medium-size
structures, like the Fort Ward pier and wharf, are projects
that remain suitable for the use of treated wood in current
times. Today, facilities like the Fort Worden ammunition
pier are generally constructed of steel or concrete because
these materials have higher load bearing capacities. The
Fort Worden ammunition wharf represents a density of
creosote-treated piling that is as high as is typically found
anywhere. The following statements are intended to summarize, in a general way, the results of these studies.

10.3.11.1 Decommissioning of creosote-treated
structures
The report of Weston Solutions (2006) suggests that there
was minimal environmental or human health risk associated with a multitude of creosote-treated piling placed in
a diffuse pattern in protected marine bays. Weston
Solutions’s results also indicated that creosote-treated
structures can be decommissioned with no significant
increase in surficial sediment or dissolved PAH concentrations—even in the fine-grained sediments of Sequim Bay.

10.3.11.2 Dissolved PAH and their
biomagnification in food chains
The model of Brooks (1997a) predicts very low concentrations of dissolved PAH that are less than any toxic effect
threshold. The results of Goyette and Brooks (1998) confirmed low concentrations of dissolved PAH within 15 cm
of the creosote-treated structures and documented very
low concentrations of PAH in mussels growing directly on
the piling. In addition, carcinogenic HPAH above the
method detection limit of 10 ng/g dry tissue were not
found in tissues in Puget Sound mussels growing on creosote-treated piling.

10.3.11.3 Sediment concentrations of PAH
The PAH migrating from creosote are hydrophobic and
tend to concentrate in sediments. Chrysene, pyrene, an-
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thracene, phenanthrene, and fluoranthene are the PAH
compounds that best characterize creosote contamination.
Sediment PAH were increased in each of these studies to
concentrations that were <30 mg ΣPAH/kg dry sediment
within 0.15 to 0.50 m from the base of the clusters of piling. The increases were restricted to distances <10 m from
the structures. Increases of <6 to 10 µg ΣPAH/g were observed in close proximity to single piling or small groups
of piling. Sediment PAH concentrations were lower under
large highway bridges constructed entirely of creosotetreated piling and timbers crossing small, slow flowing
streams. Long-term studies have demonstrated a peak in
aerobic sediment concentrations at about 700 to 800 d
post construction, followed by faster degradation than is
predicted by modeling. The results of the 2005 reconnaissance survey in Sooke Basin confirm the slower degradation of PAH when sediments become anaerobic. In general,
PAH concentrations were higher near new structures and
relatively lower at older structures.

10.3.11.4 Railway ballast and wetland
sediment concentrations of PAH
Large increases in PAH concentration were observed in
limestone ballast supporting newly treated railway ties
during the first summer after installation. These PAH were
degraded during the fall and winter of the first year and
a second significant flush of PAH was not observed in the
second summer. The PAH did not migrate from the ballast
in significant quantities into adjacent wetlands, where
ΣPAH concentrations remained well below biological effects thresholds. Small amounts of ballast PAH migrated
vertically a distance of ca. 60 cm, but did not contaminate
subsurface water in the wetland environment.

10.3.11.5 Biological response to creosotetreated wood structures
Replicate cohorts of 300 mussels grown at distances of
0.15, 2.0, 10.0, and ~500 m from the Sooke Basin dolphins
were found to grow more slowly the closer they were to
the piling. However, survival was exceptionally high in all
of the cohorts and no acute effects were observed. A suite
of sediment bioassays were conducted throughout the
first 4 y of the Sooke Basin study. Toxic effects were observed in sediments collected from within the footprint
of the BMP dolphin and at a distance of 0.5 m. Equivocal
effects were seen at 2.0 m, but not beyond. This exceptionally large database, including nearly a hundred bioassays
together with supporting chemistry, was used to evaluate

the efficiency and protectiveness of available benchmarks
and sediment quality criteria. The mean of the TEL and
the probable effects level (PEL) and Washington State’s
Sediment Quality Criteria (WAC 173-204) were found to
be protective in all instances (toxicity was always predicted
where it was observed) and to be relatively efficient (fewer
instances of predicted toxicity where none was observed).
No adverse affects were observed in macrobenthic communities at any of these sites. This emphasizes the importance of environmental factors that mitigate the toxicity
of sedimented PAH—factors that are frequently absent in
laboratory bioassays.

10.3.11.6 Other factors affecting macrobenthic
communities
Macrobenthic communities near creosote-treated wood
structures were generally found to be as diverse or more
diverse than those observed at local reference stations.
The abundance of macrobenthos was frequently significantly increased in proximity to these structures. In addition, after the first year of conditioning in marine
environments, creosote-treated piling were found to support diverse and exceptionally abundant epifaunal communities in the Pacific Northwest. Biodeposits (grazing
debris and feces) from the epifaunal community were seen
to enrich the benthic environment, leading to increased
TOC, decreased oxygen tension, and increased concentrations of free sulfides, including hydrogen sulfide. These
physicochemical changes resulted in changes in the structure of the communities, with dominance by TOC-tolerant
organisms and the exclusion of those taxa sensitive to low
redox potential and increased free sulfide concentrations.
These effects would likely be observed near steel or concrete structures that also diversify marine habitats; however, those types of structures have not been studied in
this respect. The consistent thread in all of these studies
is that creosote-treated structures of all sizes studied did
not diminish the number of taxa or their abundance in
open aquatic environments. As a whole, invertebrate
communities flourished on and near these structures.

10.4 CCA-C Pressure-Treated
Wood Environmental Risk
Assessments
Chromated copper arsenate (CCA) is a formulation of copper, chromium, and arsenic, dissolved in an aqueous solution. It was first developed in 1933 and has been widely
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used throughout the world as a wood preservative for
60 y. The metals in CCA-treated wood undergo chemical
change after impregnation, resulting in their being bonded
or fixed to wood fibers. These formulations combine the
fungicidal properties of copper with the insecticidal properties of arsenic pentoxide. In CCA, the fixation of arsenic
and copper is dependent on the presence of chromium.
A number of formulations, using different forms of the
metals and marketed under a variety of trade names, are
available. The American Wood Preservers Association
(AWPA) classifies these formulations as CCA Types A, B,
and C. Each type may behave slightly different in aquatic
environments; however, these differences are small and
only the most commonly used formulation, CCA-C, was
considered in the following four environmental risk
assessments.
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10.4.2 Wildwood Wetland Boardwalk
Study (Brooks 2000b)
In 1995, the Bureau of Land Management and the U.S.
Forest Service proposed construction of an extensive
boardwalk system designed to provide wheelchair access
to the Wildwood Wetland Recreational area on the western
slope of Mount Hood in Oregon. This project provided the
U.S. Forest Service (USFS) with an opportunity to assess
the potential impacts that treated wood might have on
biological resources in sensitive wetland areas. The underlying hypothesis in this study was that there would be
no statistically significant changes in the benthic and
epibenthic invertebrate communities associated with the
construction of wetland boardwalks using ACQ-B, ACZA
or CCA-C preserved wood, in comparison with an untreated
control structure. The Wildwood aquatic environment,
with very slow current speeds, fine-grained sediments,
slightly acidic pH, low hardness, alkalinity, and low dissolved organic carbon (DOC), represents a worst case. This
hypothesis was investigated by examining invertebrate
infauna and epifauna residing on and in the fine sediments
and aquatic vegetation of the wetland. In addition, the
study used artificial substrates in an attempt to better
quantify observed effects on the drift community. Project
engineers worked with the researchers in locating the
spur boardwalks and viewing platforms. The chosen sites

10.4.1 Benchmarks for assessing the
suitability of CCA-C pressure-treated
wood in aquatic environments
Numerous states have adopted EPA water-quality criteria
for metals. Washington State, in Chapter 173-201A WAC,
defines water quality standards for surface waters. The
WAC states that toxic substances shall not be introduced
above natural background levels in waters of the state
which have the potential either singularly or cumulatively
to adversely affect water uses; cause acute or chronic
toxicity to the most sensitive biota; or adversely affect
public health, as determined by the Department of Ecology.
Table 10.14 lists EPA criteria for the protection of aquatic
life. Freshwater criteria were determined at a hardness
equivalent to 60 mg/CaCO3/L (see Chapter 5) and Table
10.15 describes Washington State Sediment Quality Criteria
(SQC from WAC 173-204) for marine sediments. Regulatory
criteria have not been developed for metals in freshwater
sediments. However, Ingersol et al. (1996) have published
the freshwater sediment benchmarks summarized
below.

Table 10.14 Water quality standards for surface waters of the state
of Washington based on EPA criteria. Values are expressed in
µg/L. A hardness of 60, characteristic of the Columbia River, was
used for freshwater values requiring computation.
Freshwater

Marine

Acute
(µg/L)

Chronic
(µg/L)

Acute
(µg/L)

Chronic
(µg/L)

Arsenic

360

190

69

36

Chromium VI

16.0

11.0

1,100

50

Copper

10.5

7.3

4.8

3.1

Contaminant

Table 10.15 Apparent effects threshold (AET) based marine sediment quality criteria (SQC; µg metal/g dry sediment weight) defined in
Washington State (WAC 173-204) compared with the Florida threshold effects level (TEL) and probable effects level (PEL) published in
Jones et al. (1997). Also included is the (TEL + PEL)/2. All values are mg metal/kg dry sediment.
Metal

WA Marine Sediment Criteria (ug metal/g dry sediment)
AEL

TEL

PEL

(TE::::L+PEL)/2

FL Freshwater Sediment Screening Criteria (ug metal/g sediment
TEL

PEL

(TEL+PEL)/2

Copper

390

18.7

108

63.4

28

100

64

Chromium VI

260

52.3

160

106.2

36

120

78

Arsenic

57

7.24

41.:6

24.4

11

48

30
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were as similar to each other as possible. They were all
relatively well protected, isolated from mechanical disturbance, and shared the following characteristics:
•• Anticipated minimum water depth of 30 cm during
low summer flows
•• Slow (<1 cm/sec) early spring currents
•• South facing with at least partial sun exposure
•• Significant amounts of aquatic and emergent
vegetation present
•• Fine sediments (primarily sand, silt, and clay)
•• Shorelines that paralleled the wetland’s east west
axis
•• Relatively homogeneous environment within 10 m
either side of the structure
A BACT design was used with two levels of control. The
first level involved construction of an untreated Douglas-fir
platform in a hydrologically remote (with respect to the
treated boardwalk) area of the wetland. This “mechanical
control” (MC) was located well upstream of the boardwalk.
It was included to define seasonal changes in the Wildwood
invertebrate community and to identify effects associated
with the structure other than the use of preservatives. The
second level of control was achieved by establishing local
“upstream control” stations 10 m upcurrent from each
treatment. These local controls were designed to allow
comparison of invertebrate community changes in proximity to the treated wood structures.
Baseline data was collected on May 9, 1996, just prior
to commencing construction of the treated wood spurs.
Due to funding limitations and the heterogeneous nature
of the wetland landscape, it was not possible to replicate
the individual preservative treatments. A single boardwalk
extension was available for each preservative and the
mechanical control. A hybrid ANOVA-regression study
design was used with regression analysis of regularly
spaced infaunal and vegetation samples and ANOVA for
replicated artificial substrate samples and triplicate infaunal
samples collected on the perimeter of each platform, with
samples collected at the MC. Maximum effects were anticipated in close proximity to the structures, with diminishing effects at increasing distances downstream. No
effects were anticipated upstream. The sampling effort
was therefore focused in close proximity to the structure,
with reduced sampling farther away (0.5 m upcurrent, 0.5
m center, and 0.5, 1.0, 1.5, 2.0, 2.5, 3.0, 5.0, and 10 m down-

current). Macrofauna were sampled at each of the 12
stations. Triplicate artificial substrate samples and vegetation samples were collected -10 m upcurrent and at 0.5,
3.0, and 10 m downcurrent. Water column and sediment
copper, sediment grain size, water column TSS and TVS,
and sediment TVS were determined. Correlation and cluster
analyses were used to identify those taxa most affected
by the structure and/or metal concentrations in the water
column and sediments and to explore cause and affect
relationships when significant changes in the invertebrate
community were observed. The invertebrate community
was determined in 192 macrofaunal, 192 artificial substrate,
and 64 vegetation samples during this study (448 total).
Water depth, temperature, and particulate organic
matter varied seasonally, creating significant effects in
resident invertebrate communities. The project began in
the spring of 1996 with baseline sampling, followed by
post-construction sampling at 15 d, 162 d, and 336 d. The
15-d sampling was scheduled to evaluate the biological
response to maximum concentrations of metal in the water
column immediately following construction. The 162-d
sampling occurred in the fall before high water could
possibly transport sedimented metals away from the
structures, and the last sampling event (d 336) was designed to occur during the same season as the baseline
and is used to evaluate the longer-term effects of the
boardwalk.

10.4.2.1 The Wildwood environment at the
CCA-C boardwalk
Rainfall at Wildwood varied between trace amounts in
July and August and 23 inches in December 1996. Despite
the presence of several beaver dams, water levels in the
wetland were seasonally variable. Samples were collected
at the distances from the boardwalk (Figure 10.26) specified above in water depths of 30 to 45 cm throughout the
study. Depths at the mechanical control were 50 to 70 cm.
Water column characteristics

Physicochemical characteristics of Wildwood’s water are
summarized in Table 10.16. Correlation analysis did not
reveal consistent relationships between these physicochemical parameters. However, all of them are in a range
that should not adversely affect biological resources in
the Pacific Northwest.
Water hardness was measured during August and
December of 1996. The August values averaged 22 mg/L
(as CaCO3) and December values were lower at 15 mg/L.
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The alkalinity value of 19.5 mg/kg is very close to the average hardness, suggesting essentially no non-carbonate
hardness. These low values are consistent with the relatively
new geologic history of the Mount Hood area and general
lack of calcium and magnesium in the soils. From the point
of view of metal chemistry, these values suggest minimal
complexation and detoxification of metals. At 18.5 mg
CaCO3, the EPA chronic criteria are 2.68 µg Cu/L, 11.00 µg
Cr/L, and 50 µg As/L.
Dissolved organic carbon (DOC) is also capable of
complexing and detoxifying metals. Three water samples
were analyzed at each treatment station in the spring of
1997. Mean DOC values ranged from 0.56 mg DOC/L at
the remote control site to 0.84 mg DOC/L at the CCA-C
treatment site. Significant differences (α = 0.05) were not
observed in DOC levels between treatment sites. Water
enters the wetland complex near the control site, however,
and water entering the CCA-C treatment site has transited
the greatest length of wetland environment. This suggests
that DOC is accumulating in the water column as it passes
through the wetland. The observed low levels of DOC in
the water column suggested minimal detoxification of
metal (particularly copper) ions in this compartment.
Sediment physicochemical characteristics

The physical characteristics of sediments were assessed
during the baseline study (−29 d) and on d 336. No significant differences in the spatial or temporal distribution
of sediment grain size and sediment TVS were observed.
The sediment matrix in the Wildwood wetland is dominated by sand, silt, and clay and has a low organic content
when living plants are excluded from the analysis. Beaver
channels were generally dug down to the underlying
glacier till (approximately 50 cm deep). These channels
contained scattered rocks and gravel. Beaver channels
were avoided as sampling areas. The fine sediments should
efficiently bind copper lost from the structures. However,
the reduction oxidation potential discontinuity (RPD) was
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Figure 10.26 CCA-C boardwalk and viewing platform in the
Wildwood Wetland on the western slopes of Mount Hood in Oregon.

not observed in any of these sediments, indicating aerobic
conditions at all sample stations and the potential for
recycling of copper from the sediments back into the water
column. There are areas of the Wildwood wetland where
reducing conditions were observed in sediments; however,
these areas were avoided during project planning because
of the adverse effects that reducing conditions (low dissolved oxygen, hydrogen sulfide, and ammonia) were
expected to have on macrofauna. The baseline determination indicated a rather uniform distribution of copper (21.0
mg/kg, chromium (10.4 mg/kg) and arsenic 2.6 mg/kg in
sediments at treatment and MC sites.

10.4.2.2 Baseline invertebrate community
analysis
The baseline survey revealed an abundant and diverse
community of invertebrates.
Vegetation samples

The 16 baseline vegetation samples collected on May
9–10, 1996, contained 4,154 invertebrates in 55 taxa.
Fourteen taxa were dominant (>1% of total abundance)
and 39 were rare. The dominant community was well bal-

Table 10.16 Physicochemical properties of water flowing through the Wildwood wetland areas as a function of date between May 9, 1996
and May 9, 1997.
Date

Total suspended solids (mg/L)

Total volatile solids (mg/L) Dissolved oxygen (mg/L)

pH

Temperature (°C) Turbidity (NTU)

May 9, 1996

0.20

1.93

9.0

6.4

8.9

1.30

June 22, 1996

1.30

1.30

5.7

6.9

15.7

2.36

November 16, 1996

4.50

2.14

8.4

7.0

8.0

0.90

May 9, 1997

7.34

1.50

9.1

6.6

11.6

1.54
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anced, with annelids, three species of gastropods, isopods,
Ephemeroptera, and four species of chironomids. The 14
dominant taxa accounted for 92% of the total number.
Drift community sampled on artificial substrates

A total of 2,073 invertebrates in 46 taxa were collected
from the 48 baseline substrate samples following a 4-wk
deployment. Nineteen of the taxa were dominant, representing 74% of the total abundance. Annelids and chironomids dominated the drift community, which was also
represented by the orders Plecoptera and Ephemeroptera.
Baseline macrofaunal community

Eight dominant taxa represented 95% of the 10,854 invertebrates collected in the 12 Petite Ponar baseline
samples. Thirty-eight taxa were identified. Annelids and
mollusks (Pisidium sp. and Larsia sp.) accounted for 84%
of the total abundance. Most of the remaining dominants
were chironomids.
Baseline summary

The Wildwood wetland hosts a complex invertebrate community. Annelids, chironomids, and gastropods were overall dominants. However representatives of more
pollution-sensitive taxa, including Ephemeroptera and
Plecoptera were present, providing more sensitive indicators of effects.

10.4.2.3 Sampling at the untreated Mechanical
Control structure
The dominant taxa abundance and total taxa richness
associated with samples collected from artificial substrates,
vegetation and sediments (infauna) are summarized in
Table 10.17. Currents at the CCA-C site were too slow to
be measured in most areas; however, they were 3–5 cm/s
in a very small channel that was surrounded by still water.
Table 10.17 Dominant taxa abundance and total taxa richness
observed on artificial substrates, vegetation, and in sediments at
the mechanical control treatment, as a function of time and season
in the Wildwood Boardwalk evaluation.
Day =
Number of taxa (artificial substrates)

Because of these slow currents, the drift community was
not expected to contribute significantly to the community.
More invertebrates representing more taxa were collected
on artificial substrates than on vegetation, however.
Although distance did not have a statistically significant
effect on either the abundance or diversity of invertebrates
collected on artificial substrates at the MC site, significant
differences were observed in both richness and abundance
as a function of sampling date. This was particularly evident
in the reduced community observed during the fall (d
162). Therefore, effects on the artificial substrate community associated with the various treated wood structures
were analyzed using ANOVA with distance as the independent variable.
The invertebrate community collected from vegetation
at the MC site was the least diverse and abundant. This
community also demonstrated significant variability as a
function of date but not of distance. Vegetation samples
will not be used to test hypotheses regarding the effects
of the various wood preservatives evaluated in this study
because only single vegetation samples were collected at
each distance on each day during this study. However, the
community observed on vegetation will be compared
qualitatively with the artificial substrate samples to verify
(or qualify) observed effects.

10.4.2.3 Results at the CCA-C boardwalk and
viewing platform evaluation
Water column concentrations of copper did not exceed
the EPA chronic copper criteria of 2.68 µg Cu/L for a hardness of 18.5 mg CaCO3/L at any time during the study
(Figure 10.27). A maximum concentration of 1.55 µg/L was
observed on sample d 162. This value is just greater than
half of the EPA quality criteria. Because more copper was
anticipated to be released from the immersed treated
wood on d 15, the analysis will focus on that day; however,
no adverse effects were anticipated at the low copper
concentrations. Concentrations of arsenic and chromium
remained well below WQC throughout the study and are
not further considered in this review.
Sediment concentrations of metal

-29

+15

+162

+336

21

16

7

22

Number of taxa (vegetation)

5

12

9

12

Number of taxa (infauna)

14

11

13

18

Abundance (infauna)

409

245

456

366

Abundance (vegetation)

13

71

44

61

Abundance (artificial substrates)

272

194

53

183

Sedimented arsenic slowly increased following construction and exceeded the TEL of Jones et al. (1997) beginning
on d 15. Observed levels, reviewed in Figure 10.28, did not
exceed the high no effect concentration (NEC) at any time
during the study. On d 15, the arsenic increase was observed in the immediate vicinity of the structure (−1.5 m
to +5.0 m). By d 336, arsenic levels immediately around
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Water copper concentration (ppb)

3.00
2.50
-29 d (baseline)
+15 d
+162 d
+336 d
EPA Chronic Copper Criteria

2.00
1.50
1.00
0.50
0.00

-10

0

1

3

10

Distance from structure (m)

Figure 10.27 Water column concentrations of copper in μg/L at the CCA-C treatment
as a function of time and distance from the structure, which was located at 0.0 m.

Arsenic concentration (ppm)
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Distance from the structure (m)

10.00

Figure 10.28 Sediment concentrations of arsenic in mg/kg (dry sediment weight) at
the CCAC treatment as a function of time and distance from the structure, which is
located at 0.0 m. The Effects Range Low (ER-L) and Effects Range Moderate (ER-M)
are provided for reference (Jones et al. 1997).

the structure had returned to near background levels and
increased arsenic was observed downstream (+3.0 to +10.0
m), suggesting reduced arsenic loss from the structure
with time and sediment transport of the initial arsenic
load.
A similar result was obtained for sedimented copper,
which exceeded the threshold effects concentration (TEC)
of Jones et al. (1997) beginning on d 15 (Figure 10.29).
Similar to arsenic, copper appeared to move slightly downstream on d 162 and d 336. Based on the temporal distri-

bution of these small increases in sedimented copper, it
is hypothesized that they were associated with construction of the boardwalk. Sedimented levels of copper were
less than the high NEC of Jones et al. (1997), and no adverse
effects were anticipated in association with the observed
levels of copper or arsenic. Increased concentrations of
chromium in sediments adjacent to the CCA-C structure
were small, and accumulations remained well below the
TEL of Jones et al. (1997). Sedimented chromium remained
low throughout the study.
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Figure 10.29 Sediment concentrations of copper in mg/kg (dry sediment weight) at the CCAC treatment
as a function of time and distance from the structure which is located at 0.0 m. The Effects Range Low
(ER-L) and Effects Range Moderate (ER-M) are provided for reference (Jones et al. 1997).
Invertebrate response to dissolved copper in the
water column at the CCA-C treatment

Adverse effects on aquatic invertebrates associated with
this structure were investigated in the water column by
examining the replicated artificial substrate samples and
vegetation samples collected on d 15. Analysis of variance
did not reveal significant differences in biological metrics
based on artificial substrate data as a function of distance
(p = 0.116). Total taxa richness and dominant species
abundance on vegetation increased in the vicinity of the
structure, suggesting no adverse effects on the drift community. Small decreases were observed in Shannon’s and
Pielou’s Indices at and downstream from the structure.
However, only the constant term was significant in the
non-linear regression analysis, and none of the vegetation
community biological metrics were a significant function
of distance from the structure.
Invertebrate response to sedimented copper and
arsenic at the CCA-C structure

Infaunal response to sedimented copper and arsenic was
evaluated using regression analysis on data derived from
Petite Ponar grab samples. Elevated concentrations of
arsenic and copper were observed from approximately
0.50 m upstream to 3.08 m downstream. Arsenic levels
met or exceeded the TEC at each downstream station, but
did not exceed the high NEC of 92.6 mg As/kg dry sediment at any station. Sedimented copper concentrations

exceeded the TEC within this same range and exceeded
the high NEC at the 0.0 m station. Effects associated with
sedimented arsenic and copper would most likely be found
in the infaunal community. Twelve samples were collected
at varying intervals up and downstream from the structure
on each sampling day. The significance of subtle trends
seen in Figure 10.30 was analyzed using multiple regression. Total richness and dominant taxa abundance increased in the vicinity of the structure when compared
with the upstream control, and were significantly higher
than those observed at the mechanical control structure.
However, statistically significant trends were not apparent
in any of the metrics when evaluated using the entire
database.
To further explore the possible trends close to the
structure, the dominant species abundance database was
restricted to distances between −1.5 and +3.0 m. The
dependent variables were, sequentially, dominant species
abundance, total taxa richness, Shannon’s Index, and
Pielou’s Index. The independent variable was distance.
The probability that the coefficient on distance was equal
to zero for each of the dependent variables was rejected
only for the abundance of dominant taxa (DABUND) with
p = 0.03. Dominant species abundance was predicted to
be 596 − 181*Distance (m). In other words, more macrofauna were predicted closer to the bridge than further
away; however, the relationship explained only 49% of
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Figure 10.30 Summary of total taxa richness, dominant species abundance, Shannon’s Index, and Pielou’s
Index for infaunal samples collected on day +336 at the CCA-C treatment in the Wildwood Boardwalk
evaluation. All fitted lines are Distance Weighted Least Squares + eps.
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the variation. The null hypothesis that the coefficient on
distance was equal to zero was rejected with p = 0.031,
and the probability that the intercept was equal to zero
was p = 0.0007. The relationship between dominant species abundance and sediment levels of copper and/or
arsenic was also explored using regression analysis. The
null hypothesis that the coefficient on these variables was
zero was not rejected in either case (p = 0.40 for arsenic
and p = 0.43 for copper). Therefore, while a significant
decrease in infaunal dominant species abundance was
observed with increasing distance from the structure, the
increase was not associated with sedimented levels of
copper or arsenic.
Associations between biological and physicochemical
factors were further explored using factor analysis (Figure
10.31). Dissolved copper and sedimented copper (SEDCU),
chromium (SEDCR), and arsenic (SEDAS) were located near
the origin of the Cartesian coordinate system and had no
documented effect on the invertebrate community. The
community was dominated by annelids in the genus
Limnodrilus and mollusks in the genus Pisidium that loaded
significantly on Factor (1) along with total taxa abundance
and dominant taxa abundance. The only significant loading on Factor (2) was the abundance of stoneflies in the
genus Amphinemura. Shannon’s Diversity index was reduced by the abundance of Pisidium sp. and Limnodrilus,
which dominated most samples. The metrics did not indicate adverse effects on the macrofaunal community
resident at this site associated with either the structure,
through evaluation of the metric distance, or the low levels
of arsenic, chrome, and copper lost to the water column
and sediments during the first year after construction.
It is emphasized that the neutral to slightly acidic pH
and very low levels of hardness, alkalinity, and organic
carbon observed in the Wildwood wetland environment
exacerbated the potential effects of metals lost from
treated wood. That statement is especially true for copper
which, as discussed in Chapter 5, is the metal of most
concern for many aquatic organisms. The very slow water
current speeds at the CCA-C structure allowed those metals to remain in the immediate vicinity of the structure,
thus creating a worst-case study environment. The CCA-C
structure lost measurable, but small amounts of copper,
chrome, and arsenic to this environment, with no documented effect on the aquatic invertebrate community. In
this instance, the levels observed in the water and sediments were not expected to create adverse effects—even
with the lack of complexing agents responsible for detoxi-

fying copper, and these results appear consistent with the
literature and regulatory criteria describing and controlling
metal toxicity. An argument could be made that the community of invertebrates dominating the Wildwood wetland
system are relatively robust to metal intoxication. However,
that community does include dominant taxa, such as the
chironomid Tanytarsus and Polypedilum, that have previously been identified as intolerant to copper intoxication—albeit at higher concentrations than were observed
at the CCA-C structure (Munkittrick et al. 1991, Kraft and
Sypniewski 1981 and Rutherford and Mellow 1994). It
should also be recognized that the community of invertebrates resident in the Wildwood complex were adapted
to the fine-grained sediments and very slow-moving water.
This environment was chosen for the assessment because
these physical conditions represent a worst case with
respect to minimizing the dispersal of metal lost from
CCA-C treated wood and maximizing the resulting environmental concentration of these metals. Based on the
available literature, it is unlikely that the levels of copper,
chrome, and arsenic observed adjacent to the CCA-C
project in the Wildwood environment would have a significant adverse effect on even the more susceptible species present in the wetland, such as mayflies in the genus
Hexagenia.

10.4.2.4 Summary for the CCA-C treated
boardwalk in the Wildwood wetland
Water column concentrations of copper observed on days
during which biological samples were collected were well
below the EPA chronic copper criteria at the observed
water hardness. It should be noted that Lebow et al. (2000)
collected additional samples while it was raining in
Wildwood on August 5, 1996 (2 mo after construction)
and observed a maximum copper concentration of 5.35
µg/L under the boardwalk. This value exceeded the EPA
chronic criteria. Based on the observed levels of dissolved
copper adjacent to the CCA-C boardwalk, no adverse biological effects on invertebrates were anticipated and none
were found. Chromium was not significantly elevated in
sediments adjacent to the CCA-C boardwalk. This is expected because chrome losses from CCA-C treated wood
that is properly fixed are very small (Chapter 7). Sedimented
copper and arsenic concentrations were elevated above
the TEL, adjacent to the structure, on d 15. This was likely
associated with construction. Copper and arsenic were
observed to move slowly downstream with time during
the study. Metal levels immediately adjacent to the structure returned to near normal by the end of the first year.
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Downstream metal levels remained above the TEC, but
below the high no effects threshold level at all times during the study. No adverse biological effects were anticipated at the low metal concentrations found in the vicinity
of the CCA-C structure and none were observed.

10.4.3 Montgomery’s Pond Waterborne
Preservative Study (Brooks 2003)
A large-scale study to evaluate the environmental response
of small ponds to structures constructed of ACQ-C, CCA-C,
tebuconazole, and untreated southern pine was undertaken in Montgomery’s Pond between 2001 and 2003. The
pond is an excavated feature (Figure 10.32) that receives
water from adjoining pastures and forestland through
constructed swales. The pond is fenced to exclude
cattle.

10.4.3.1 Study design
The study was a BACT design with eleven treatment and
four control stations. Baseline samples were collected 2
wk prior to installing the treatment and control structures.
Water samples for assessment of early metal losses were
collected during the first rainfall event. Water and artificial
substrates were sampled at the end of one month. Water,

Figure 10.32 Montgomery’s Pond.

Kenneth M. Brooks

357

sediments, and artificial substrates were sampled in July
at the expected peak of the macroinvertebrate population.
Water, sediments, macrobenthos, and artificial substrates
were sampled at the end of one year. Water and sediments
were last analyzed for metals on March 30, 2003, when
the pond reached a point of overflow, to assess the mass
balance of metals. At each site, triplicate water and sediment samples were collected from the perimeter of the
structure and at distances of 1.5 and 3.0 m. The invertebrate
population most exposed to dissolved metals was assessed
using triplicate artificial substrate samplers located at each
of those distances. Triplicate sediment samples were collected on both transects at distances of 0.0, 1.5, and 3.0
m from each structure. This design allowed analysis using
both ANOVA and regression analyses.

10.4.3.2 Hydrology
Montgomery’s Pond has an oval shape that is 128 m long
and 39.6 m wide, covering 0.42 ha. The maximum depth
is 4.7 m and the full volume is ~8,385,000 L. Rainfall measured at the site during the first year of the study was 20.08
inches. The pond filled to overflowing just prior to installation of the decks and posts and remained full, without
overflowing until the end of March 2002, when it over-

358

Managing Treated Wood in Aquatic Environments

flowed. Water depths were monitored using a PVC pipe
driven into the sediments. During 2002, water depth in
the pond decreased by 71 cm between April and November.
No water left the pond during the study, which allowed
estimates of changes in the mass balance of metals during
the study.

10.4.3.3 Water characteristics
Water was collected in new, precleaned, 125 or 250 ml
HDPE bottles from a depth of 0.5 m, using the remote
sampling device described in Figure 10.33. An attached
float, which slides over the handle, allows samples to be
taken up to 4 m from a technician standing on the float.
Table 10.18 summarizes the baseline water parameters
evaluated in Montgomery’s Pond. Dissolved copper, chromium, and arsenic were low in the pond. TSS and TVS were
both high, but turbidity was low, and it appears that most

Table 10.18 Baseline characterization of the water column in
Montgomery’s Pond. Endpoint N mean ± 95% confidence.
Total copper (µg Cu/L)
Total chromium (µg Cr/L)
Total arsenic (µg As/L)
Total suspended Solids (mg/L)
Total volatile solids (mg/L)
Turbidity (NTU)
Hardness (mg/L as CaCO3)
Alkalinity (mg/L as CaCO3)
Mg (mg/L)
Ca (mg/L)
K (mg/L)
Na (mg/L)
S (mg/L)
Cl (mg/L)
pH

8
8
8
35
35
19
19
19
19
19
10
10
10
10
35

1.8 ± 0.8
0.3 ± 0.2
1.1 ± 0.2
10.0 ± 1.0
7.0 ± 2.0
2.3 ± 0.33
15.82 ± 1.36
17.00 ± 1.00
1.70 ± 0.34
3.78 ± 0.31
3.57 ± 0.94
8.31 ± 2.80
0.29 ± 0.02
0.001 ± 0.00
6.77 ± 0.222

of the suspended matter was organic. The glacial nature
of the substrate has little calcium or magnesium, resulting
in very low alkalinity and hardness. Potassium, Na, S, and
Cl were measured in order to develop a copper benchmark
using the Biotic Ligand Model (see Chapter 5), which indicated an LC50 for Daphnia magna of 11.2 µg Cu/L, in
contrast to the EPA WQC of 2.11 mg Cu/L at a hardness of
15.82 mg CaCO3/L.

10.4.3.4 Baseline sediment chemistry
Table 10.19 describes baseline sediment chemistry in
Montgomery’s Pond. The northern end of the pond contains shallow hydric soils dominated by silts and clays
(87%), with very high volatile solids (52%). Sediments at
other stations are dominated by glacial till containing silt
and clay (37% to 86%) and reduced, but still high TVS (13%
to 17%). These glacial soils are compacted and the macroinvertebrate community was assessed by using Tisch
soils from a local wetland. The Tisch soils had intermediate
organic content (TVS = 19%), but were a mix of sand, silt,
and clay. Copper (17 to 35 mg Cu/kg dry sediment) and
chromium (14 to 35 mg Cr/kg) concentrations in all of
these sediments were moderately high; however, arsenic
was not detected above the detection limit in any
sample.

10.4.3.5 Baseline macroinvertebrate
community characterization
Figure 10.33 Water sampling fixture designed and constructed at
AES for water sampling with minimum disturbance and potential for
contamination.

Forty-nine taxa were identified in the baseline samples.
Nineteen of these were dominants accounting for 91% of
the entire invertebrate database. Dominant infaunal or-
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ganisms included 14 taxa accounting for 93% of the macrobenthic community. Dominant infauna included
annelids, bivalves, and 11 chironomid taxa, including
several that are known to be sensitive to copper. The drift
community that settled on Hesty-Dender artificial substrates was dominated by 16 taxa that accounted for 78%
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of the community. Dominant taxa are described in Table
10.20 and included annelids, ostracods, copepods, clodocerans, amphipods, and odonates (dragonfly larvae).
Significant differences in the drift community were not
observed in an ANOVA between the four control stations.
The macrobenthic community retrieved from sediments

Table 10.19. Summary of physicochemical endpoints measured during the baseline survey of natural sediments (C1 through C4) in
Montgomery’s Pond and in Tisch soils used as artificial substrates in studying the environmental response to pressure treated wood.
Station
C1 (North)
C2 (East)
C3 (South)
C4 (West)
Tisch

TVS (%)
51.5 ± 13.7
13.6 ± 3.7
13.5 ± 0.1
16.9 ± 15.4
19.1 ± 1.7

Gravel (%)
0.7 ± 4.5
3.1 ± 31.8
2.0 ± 24.1
10.4 ± 78.8
6.5 ± 3.8

Sand (%)
12.7 ± 4.0
41.6 ± 11.3
12.4 ± 10.1
52.6 ± 106.8
36.9 ± 4.4

Silt-Clay (%)
86.6 ± 8.6
55.2 ± 20.4
85.6 ± 34.2
37.0 ± 27.9
61.5 ± 9.0

Copper (mg/kg)
17.1 ± 31.9
34.8 ± 264.2
14.0 ± 25.4
20.5 ± 45.9
19.4 ± 2.9

Chromium (mg/kg)
16.1 ± 33.4
35.1 ± 74.9
18.5 ± 46.0
30.8 ± 8.9
14.0 ± 1.5

Arsenic (mg/kg)
<0.5
<0.5
<0.5
<0.5
<0.5

Table 10.20 Summary of dominant taxa, representing at least 1% of the total baseline invertebrate community, collected from sediments and
artificial substrates in Montgomery’s Pond on November 26, 2001 prior to installation of preserved wood structures. The counts provided are
totals for the 8 samples.
Taxa
Turbellaria
Oligochaeta
Pisidium sp.
Musculium
Gyrulus sp.
Lanx sp.
Podocopida
Cyclopoida
Cladocera
Hyalella azteca
Certatopogoninae
Tanytarsini
Chironomini (#1)
Chironomini (#2B)
Chironomini (#3)
Pentaneurini (#1)
Pentaneurini (#3)
Macropelopiini (#1)
Macropelopiini (#2)
Orthocladiinae (#1)
Orthocladiinae (#3)
Orthocladiinae (#5)
Callibaetis sp.
Enallagma sp.
Dominant abundance
Total abundance
Proportion
Number of dominant taxa
Total number of taxa
Proportion of taxa included

Major classification
Phylum Platyhelminthes
Phylum Annelida
Phylum Mollusca – Bivalvia
Phyllum Mollusca – Bivalvia
Phylum Mollusca – Gastropoda
Phylum Mollusca – Gastropoda
Class Ostracoda
Class Copepoda – Subclass Cyclopoida
Class Cladocera
Class Amphipoda – Family Gammaridae
Order Diptera
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Diptera – Chironomidae
Order Ephemeroptera
Order Odonata – Zygoptera

Macrobenthos
0
1190
886
38
15
3
103
295
20
259
277
631
74
31
104
100
10
69
65
7
16
5
65
75
4193
4,507
93%
14
50
28%

Substrate
22
100
3
1
33
35
21
75
11
44
5
39
4
0
22
1
8
1
0
24
31
13
7
190
600
768
78%
16
45
36%
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at the northern control station (C1) underlain by hydric
soils was significantly more abundant (42,700 ± 58,202/
m2) than that observed at C4, where the abundance was
9,489 ± 6,610/m2. Shannon’s Diversity Index varied between
1.5 and 2.4 during the baseline survey, indicating a benthic
community whose abundance was moderately evenly
distributed among taxa. No significant differences were
observed in either Shannon’s or Pielou’s indices between
the control stations (p = 0.104 and 0.357, respectively).

10.4.3.6 Evaluated structures
The floats were constructed in late November 2001 and
anchored in Montgomery’s Pond on December 8, 2001.
The 2.44 × 2.44 m floats were constructed of 3.8 cm thick
× 14.0 cm wide southern pine decking. One of these was
pressure-treated with 4.18 kg CCA-C/m3 (Figure 10.34).
The floats were anchored with 5 cm diameter schedule
80 PVC pipe driven into the substrate. The response to
immersed, pressure-treated wood was evaluated using
four (8.9 cm square by 2.44 m long) posts tied together
with untreated southern pine boards (Figure 10.35). The
post structures were placed on December 11, 2001. Hotdipped galvanized hardware with stainless steel screws,
nuts, bolts, and washers were used throughout. Figure
10.36 describes the location of the various treatments.
None of the floats’ or posts’ integrity was compromised
during the study.

10.4.3.7 Physicochemical trends in Montgomery’s
Pond during 2001 to 2003
Physicochemical properties of the water column in the
pond changed as a function of season.
Dissolved oxygen

Dissolved oxygen (DO) was near saturation at all depths
between December and March 2001 and again between
February and March 2003. Dissolved oxygen in surface
water was maintained at high levels by photosynthesis of
the pond’s macrophyte community and diffusion from
the air until July 2002, when nutrients were depleted,
photosynthesis slowed, and DO was reduced by plant
respiration and catabolism of the accumulated sediment
TVS. The minimum concentrations observed in surface
water (>4.0 mg/L) were not likely stressful to the invertebrate community settling on the Hesty-Dender artificial
substrates. However, the low DO in bottom water (0.7 mg
O2/L) between the beginning of July and the end of
December 2002 may have been stressful to the infauna
recruiting into Tisch sediment substrates placed on the
bottom at each treatment.
Temperature

The pond was well mixed, with no significant stratification
from December 2001 until June 2002. Between June and
August 2002, significant thermal stratification (24°C at 15

Figure 10.34 Float constructed for the study of ACQ-C, CCA-C, and tebuconazole preserved wood in Montgomery’s Pond.
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Figure 10.35 Construction details describing the 4-post arrays used to evaluate the immersed portions of
preserved wood structures typical of small ponds.
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Figure 10.36 Diagram describing the relative location of seven decks and four clusters of posts evaluated in
Montgomery’s Pond. Water and sediments were sampled periodically at the four open control stations
(A,B,C, D). Untreated control structures are circled with gray. Treatment codes are as follows: Deck 1 = CCA-C ;
Decks 2,4,5,7 = various treatments of ACQ-C; Deck 3 = untreated southern pine control; Deck 6 =
tebuconazole; Posts P8, P9 = ACQ-C; Post P10 = CCA-C; Post P11 = untreated control.
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cm and 17° to 20°C at 105 cm depth) occurred. Temperatures
then declined and the pond was remixed between
September 2002 and March 2003 when the pond filled
and end-of-study concentrations of copper, chromium,
and arsenic were determined in water and sediments to
conduct a mass balance assessment.
Water pH

The pH values described in Figure 10.37 are consistent
with and support plant photosynthesis, respiration, and
catabolism of organic matter as drivers affecting both DO
and pH, which was slightly less than neutral in late summer
and winter and >7.0 during the period of rapid macrophyte
growth in spring and early summer (April through July).
Photosynthesis removes carbonic acid as a source of carbon
from the water, increasing pH during periods of rapid plant
growth. Accelerated microbial catabolism of organic matter during late summer, when water temperatures are
elevated, releases CO2 into the water—driving the pH
down. As temperatures decrease in the fall and winter, the
rate of microbial catabolism decreases—releasing less
CO2—and the pH slowly increases. The gray dashed fit in
Figure 10.37 is a fifth-order polynomial; however, there is
a much higher frequency response evident in the data.
This has been highlighted with a hand-drawn black line
to emphasize the degree and regularity of the observed
changes in pH. All of the pH measurements were made
between 0800 and 1600 hours (i.e., during daylight).

10.4.3.8 Results at the control sites (N = 4)
Dissolved arsenic and chromium concentrations were very
low throughout the study and will not receive further
consideration in this review. Figure 10.38 describes copper
concentrations in water at the four control stations as a
function of time. Note that the response at all four control
stations was similar and no significant differences were
observed between controls. This suggests that copper
from the 10 ACQ-C and CCA-C pressure-treated wood
structures was mixed throughout the pond by wind during
the winter of 2001–2002.
There was a significant increase in copper observed
during the first rainfall on day one (3.9 µg/L) and dissolved
copper concentrations continued to increase at the control
stations on d 31 (6.34 µg/L). Copper concentrations then
declined to between 4.04 ± 0.81 and 4.34 ± 1.12 µg/L
through the remainder of the study. Pond copper concentration exceeded the U.S. EPA WQC of 2.11 µg/L following
installation of the various treatments, but no sample exceeded the BLM benchmark of 11.2 µg/L.
Sedimented metals at control stations

Table 10.21 summarizes sediment metal concentrations
(mg metal/kg dry sediment) at the four control stations
as a function of time. Metal concentrations in Tisch sediments at the control stations did not significantly change
with time, suggesting that much of the metal remained
in the water column or was sedimented near each treated
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Figure 10.37 Surface water (150 mm depth) pH as a function time between December 4, 2001 and
March 27, 2003 adjacent to the blue float in Montgomery’s Pond.

Dissolved copper at control stations (µg/L)
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Figure 10.38 Copper concentrations in water (µg Cu/L) as a function of time at the four control
stations located at cardinal points on the perimeter of Montgomery’s Pond.

wood platform. The means in Table 10.21 were all less than
the chosen benchmark of 80 mg Cu/kg (WDOE 2003).
Biological response in the drift community at control
stations

the study. These results suggest that the drift community
was negatively affected by the first flush of copper, but
that the community recovered to baseline conditions as
copper concentrations declined to <4.34 µg/L.

The drift community surveyed on triplicate Hesty-Dender
samplers at the four control stations is summarized in
Table 10.22. A decrease in both abundance and diversity
was observed during the month following construction
when copper concentrations reached 6.34 µg/L, which
exceeded the EPA chronic WQC, but not the BLM LC50 for
Daphnia magna. This suggests that some taxa that are
more sensitive to copper than D. magna might have been
affected by the first flush of copper from the treated wood
structures. Following the first month, the number of invertebrates increased to nearly three times the baseline
abundance at the end of 11 mo. The number of taxa and
Shannon’s Index returned to baseline values at the end of

The null hypothesis that each biological metric was
equal at all times was rejected (p < 0.03) using ANOVA.
Post hoc testing was conducted using Tukey’s HSD test
on Log10 transformed data. Abundance was significantly
higher (p < 0.000) at the end of the study than on any
other sampling date, including the baseline. In addition,
the reduced abundance observed on the first post-construction sampling day was significantly less than observed
on the other post construction sampling days—but not
significantly different from the baseline abundance. This
latter finding suggests that the increased copper did not
create a significant reduction in the abundance of the drift
community during the 30 d following construction. A

Table 10.21 Summary concentrations of copper, chromium, and
arsenic (mean ± 95% confidence) as a function time in sediments
at control stations in Montgomery’s Pond. The pressure-treated
wood structures were installed at t = 0.

Table 10.22 Biological endpoints describing the drift community
resident in Montgomery’s Pond that settled on Hesty Dender
artificial substrate samplers located at control stations as a function
of time. N = 8 for the baseline and 12 for all other dates.

Day pre- or post
construction

Copper
(µg/L)

Chromium
(µg/L)

Arsenic
(µg/L)

Day

-12

19.41 ± 2.86

14.02 ± 1.46

<0.500

Baseline

31

20.40 ± 2.60

13.39 ± 1.16

<0.500

205

21.40 ± 4.30

13.71 ± 1.37

<0.500
<0.500

338

21.46 ± 5.11

13.03 ± 0.65

Invertebrate abundance
(number/sample)

Number of
taxa/sample

Shannon’s
Index

61 ± 36

16.0 ± 5.4

2.24 ± 0.22

31

30 ± 9

10.5 ± 1.6

1.99 ± 0.13

205

99 ± 28

14.4 ± 2.1

1.94 ± 0.17

338

185 ± 60

19.0 ± 1.3

2.19 ± 0.19
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similar analysis was accomplished on the number of taxa.
The number of taxa observed during the 30 d immediately
following construction was significantly lower than observed on any other day. On the other hand, the number
of taxa was greater 205 d and 338 d following construction
than during the baseline. Diversity is frequently found to
be a more sensitive indicator of environmental effects
than abundance, and in this case, the data suggest a shortterm, but significant decline in diversity immediately following placement of the treated wood structures. Post-hoc
testing did not reveal any significant differences in
Shannon’s Index between individual control stations (p =
0.08 to 0.98).
Macrobenthic community response at control stations

Table 10.23 compares the number of invertebrates in
natural pond sediments during baseline sampling with
the number that had recruited into the Tisch soil substrate
samplers at the end of the study. All three biological indicators were greater in the post-construction sampling
than at baseline. An analysis of variance indicated that
Shannon’s Index was significantly different on the two
sample days (F = 7.70, p = 0.03). Post-hoc testing indicated
that Shannon’s Index was significantly higher at control
stations at the end of the study, when compared with
baseline conditions. In summary, no significant increases
in sediment concentrations of copper, chromium, or arsenic
were observed and although the mean abundance and
diversity were increased at the end of the study, only
Shannon’s index was significantly increased.

10.4.3.9 Chemical and biological response at
the untreated post and float structures
Changes in water column concentrations of metal observed at the control stations were reflected in data for
both the untreated floats and posts. Excepting one very
high (222.09 µg Cu/L) copper concentration observed
adjacent to the untreated post array on 11/11/2002, no
significant differences between posts and floats were
Table 10.23 Summary statistics (mean ± 95% CI) for macrofaunal
community endpoints retrieved from sediments in Montgomery’s
Pond during the evaluation of pressure treated wood. Abundance
values have been normalized to numbers/m2.
Macrofaunal
abundance
Number of Shannon’s
Day
(number/m2) taxa/sample
Index
Baseline (pond sediments) 20,633 ± 17,169 20.5 ± 6.1 1.89 ± 0.39
338 (Tisch substrates)
28,070 ± 7,966 20.6 ± 3.6 2.40 ± 0.23

found in the data. To simplify the discussion, this single
sample was eliminated from the data as an outlier because
the other two replicates at that station on that day were
5.8 and 13.6 µg/L.
Biological response at the untreated float and post
structures

Biological metrics at the control structures are summarized
in Table 10.24 for the drift community and in Table 10.25
for macrofauna. Differences in the drift community were
found to be significant for all evaluated endpoints (ANOVA;
p ≤ 0.005). Post-hoc testing using Tukey’s HSD test revealed
that the decreases observed on d 31 resulted in significant
reductions in abundance and number of taxa in comparison with any other day of the study. Shannon’s Index on
d 31 was significantly lower than observed during the
baseline survey or on d 205, but the difference between
d 31 and d 338 was not significant (p = 0.057). These results
are similar to those observed at the open controls, except
that increases above baseline values, observed on the final
day of sampling at the untreated controls, were not significantly increased above baseline at the end of the study.
The mean abundance in the macrobenthic community
increased from 20,633/m2 during the baseline survey to
22,256/m2 on d 338, but the number of taxa decreased
from 20.5 to 16.2. Shannon’s Index was higher at the end
of the study (2.13) compared with baseline (1.89). None
of these differences were significant (p ≥ 0.17). The macrobenthic response associated with structures, particularly
Table 10.24 Biological endpoints describing the drift community
resident in Montgomery’s Pond that settled on Hesty-Dender
artificial substrate samplers at the untreated wood structures as a
function of time. N = 8 for baseline data and 12 for all other dates.
Day
Baseline
31
205
338

Invertebrate abundance
(number/sample)
61 ± 36
18 ± 6
76 ± 17
105 ± 40

Number of Shannon’s Index
taxa/sample
16.0 ± 5.4
2.24 ± 0.22
7.9 ± 1.0
1.82 ± 0.19
15.2 ± 2.4
2.16 ± 0.21
15.7 ± 2.6
2.11 ± 0.10

Table 10.25 Biological endpoints describing the macrofaunal
community resident in Montgomery’s Pond sediments at the
untreated wood structures as a function of time. N = 8 for baseline
data and 18 for day 338.
Day
Baseline
338

Invertebrate abundance
(number/m2)

Number of
taxa/sample

Shannon’s
Index

20,633 ± 17,169
22,256 ± 4,933

20.5 ± 6.1
16.2 ± 1.9

1.89 ± 0.39
2.13 ± 0.19

Chapter 10. Environmental Risk Assessments – Case Studies		

Increases in both the abundance and number of taxa
were observed while Shannon’s Index declined with distance, indicating that the community was increasingly
dominated by a subset of the taxa. The significance of
these trends was explored using Log10(N+1) transformed
abundance and diversity data. The results indicated that
the coefficient on distance was not significant for abundance (p = 0.26); number of taxa (p = 0.29); or Shannon’s
Index (p = 0.40). A one-way ANOVA gave similar results
for abundance (p = 0.36); taxa (p = 0.37); and Shannon’s
Index (p = 0.72). Only the intercepts (constants) were
significant. Similar non-significant trends were observed
on the artificial substrate results evaluating the drift community at the untreated control.
Table 10.26 Biological endpoints describing the macrofaunal
community resident in Montgomery’s Pond sediments at the
untreated wood structures as a function of distance from the
structure at the end of the study. N = 3.
Invertebrate abundance
(number/m2)

Number of taxa/
sample

Shannon’s
Index

0.0

17,371 ± 10,080

15.7 ± 7.6

2.14 ± 0.85

1.5

18,978 ± 33,004

15.0 ± 16.3

2.00 ± 0.56

3.0

35,966 ± 28,822

17.3 ± 8.0

1.82 + 1.72

Abundance on artificial subtrates

Distance
(m)

The results demonstrated a statistically significant increase
in the concentration of dissolved copper from 1.8 ± 0.8
µg/L during baseline monitoring to 4.36 ± 0.72 µg Cu/L
(N = 68) at all control stations on d 31. Arsenic and chromium were not similarly increased. In contrast, no significant increases in sediment concentrations of metals at
control stations or untreated structures were observed at
any time during the study. The observed copper concentration in the water 31 d post construction was above the
EPA hardness-based water quality criteria (2.11 µg Cu/L)
in the pond’s very soft water (15.8 mg CaCO3/L), but below
the Biotic Ligand Model’s predicted LC50 for Daphnia magna
(11.2 ± 1.9 µg Cu/L).
The Montgomery Pond invertebrate community was
found to be reasonably abundant, diverse, and evenly
distributed (Shannon’s Index) compared with the pristine
Wildwood Wetland on Mount Hood, Oregon (Brooks
2000b). Statistically significant short-term (d 31) decreases
in the abundance and diversity of invertebrates collected
on artificial substrates were observed at the control stations and untreated wood structures. Figure 10.39 describes the drift community observed at the untreated
floats as a function of time. Following the significant declines observed on d 31, all biological metrics were increased to values that were equal to baseline values
through the end of the study. No significant changes in
temperature or dissolved oxygen were observed during

Raw abundance (L)
Taxa (R)
Shannon (R)

146

29

107

22

84
68

18
15
12

48
30

8
5

6
-12

31

Days

365

Summary of responses at the control sites and
untreated structures

205

Number of taxa/sample
and Shannon’s Index

the floats, could be a function of distance from the structures, which shade the bottom—but also provide additional habitat in the form of hard substrate in the water
column. Macrobenthic data for the untreated float, as a
function of distance, is summarized in Table 10.26.

Kenneth M. Brooks

338

Figure 10.39 Biological endpoints assessed in the drift community at the untreated floats in Montgomery’s
Pond as a function of time post construction. Raw Abundance = Distance Weighted Least Squares. Taxa =
Distance Weighted Least Squares. Shannon = Distance Weighted Least Squares.
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the first 31 d post construction, and these variables were
not considered to be influential factors driving the observed biological effects. This study was not designed to
elucidate cause-and-effect relationships, but rather to
document the physicochemical and biological response
to the use of several types of pressure-treated wood in
small ponds. The negative correlation between the abundance and diversity of the drift community and copper in
the water column suggests that cumulative effects of the
nine treated wood structures was the cause of a short-term
decline in the drift community. Sediment concentrations
of copper, chromium, or arsenic did not significantly increase at the controls and untreated structures at any time
during this study, and no adverse biological effects were
seen in the macrobenthic community.

10.4.3.10 Physicochemical and biological
response at the float preserved with 6.40 kg
CCA-C/m3
Short-term copper losses from CCA-C treated wood were
about an order of magnitude less than the loss rates from
the other preservatives evaluated in this study. Copper,
chromium and arsenic concentrations in the immediate
vicinity of the CCA-C float were not significantly different
from those observed at the open controls or the untreated
float on any day, suggesting that copper from the CCA-C
preserved wood had little effect on metal concentrations
in the pond. No significant differences in dissolved chromium concentrations were observed as a function of
distance from the CCA-C float or in comparison with the
control stations and structure. Small increases in arsenic
were observed at the CCA-C float in comparison with the
untreated float, and these differences were significant as
a function of structure, days, and the interaction term
Structure*Days. However, all of the observed concentrations were ≤ 1.45 µg As/L, which meets drinking water
standards (10 µg As/L) or EPA chronic freshwater quality
criteria (190 µg As/L). The highest observed mean arsenic
concentration at the CCA-C float was not significantly
different from that observed during the baseline study or
at the open controls.
Sediment concentrations of copper, chromium and
arsenic at the CCA-C float

Arsenic was not detected in sediments at >0.5 mg As/kg
in any sample. Chromium was higher in the baseline pond
sediments than in any subsequent set of samples.
Statistically significant trends in sedimented metal were
not detected near the CCA-C float. The maximum observed

concentrations of all three metals were below the TEL of
Ingersol et al. (1996).
Biological response at the CCA-C treated float

Figure 10.40 summarizes biological endpoints observed
in the drift community collected during 30-d deployments
of triplicate Hesty-Dender artificial substrates during this
study. Abundance, number of taxa, and Shannon’s Index
were significantly different between the CCA-C and untreated floats on at least two of the sample days (ANOVA).
The differences were explored in post-hoc testing using
Duncan’s test with multiple ranges. The abundance and
number of taxa in the drift community were significantly
reduced below that found on other days at 0 and 3 m from
the CCA-C and untreated floats on d 31. At the end of the
study the abundance and number of taxa at all distances
from the CCA-C float were higher than during baseline
conditions or in comparison with the untreated float. No
significant differences were observed between the CCA-C
and untreated floats in Shannon’s Index at any time or
distance during the study. The conclusion reached was
that the drift community in the vicinity of the CCA-C float
responded like the controls, and that there was no evidence
of significant effects associated solely with the CCA-C
treated float. Table 10.27 provides summary statistics
describing the macrobenthic community at control and
CCA-C treatment stations as a function of time and distance. The significance of the differences was evaluated
using ANOVA, which indicated that other than the constant
term, only treatment (structure) and the interaction term,
Structure*Distance, were significant. Post-hoc testing
indicated that the abundance of macrobenthic organisms
was significantly higher at 3.0 m distance from the perimeter of the untreated float at the end of the study than at
the other stations, none of which were significantly different. No significant differences were observed between
the structures or distances within the structures and the
number of taxa or Shannon’s Index. Sediment concentrations of copper, chromium, and arsenic were not elevated
to levels where biological effects might occur, and none
were observed.
Summary for the CCA-C float assessment

This structure was predicted to contribute the least amount
of copper to Montgomery’s Pond during the first 31 d post
construction (2.50 g Cu total). Consistent with the other
treatments and controls, statistically significant increases
in the concentration of copper in the water near the CCA-C
float were observed on d 31 (5.95 to 6.34 µg Cu/L).
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9
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Figure 10.40 Biological endpoints describing the drift community at the black CCA-C and untreated floats as a function of time
post construction. Baseline and open control data is also provided. (a) Drift abundance (number/sample); (b) Number drift taxa
(number/sample); and (c) Shannon’s Index.

Table 10.27 Summary statistics describing the macrobenthos in Tisch substrate samplers placed near the untreated, CCA-C and open
control treatments in Montgomery’s Pond and during baseline sampling of natural pond sediments during 2001 and 2002. N = 38.
Macrofaunal
abundance means
(number/sample)

Confidence
+95.000 %

Taxa means

Confidence
+95.000 %

Shannon
Means

Confidence
+95.000 %

N

0

20,632.6

37,801.8

20.5

26.6

1.890

2.276

8

338

0

28,160.6

35,346.6

21.2

24.6

2.411

2.621

12

338

0

17,294.3

32,936.4

14.3

21.5

2.209

2.758

3

Structure

Exposure
(d)

Distance

Baseline

-12

Control
CCA-C float
CCA-C float

338

1

20,737.8

44,363.9

15.3

29.0

2.033

2.555

3

CCA-C float

338

3

10,177.6

20,972.9

15.3

24.1

2.308

2.753

3

Untreated float

338

0

17,370.8

27,449.4

15.7

23.3

2.138

2.986

3

Untreated float

338

1

18,977.8

51,982.0

15.0

31.3

2.004

2.563

3

Untreated float

338

3

35,966.0

64,788.3

17.3

25.3

1.824

3.545

3

22,751.6

27,249.6

18.3

20.2

2.147

2.281

38

All groups
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Significant reductions were observed in the drift community on d 31, but not in the macrobenthic community
at the end of the study. A small increase in chromium was
observed in the waters of Montgomery’s Pond on d 31 at
both the CCA-C and the untreated floats. However, all
chromium concentrations were very low and were much
less than allowed in EPA water quality criteria. Arsenic was
significantly increased to ≤ 1.45 µg As/L at the CCA-C float
on d 205 in comparison with the untreated float. However,
all arsenic concentrations were well below either drinking
water standards or EPA water-quality criteria. Arsenic in
the water of Montgomery’s Pond was not significantly
increased in any post-construction sample when compared
with baseline concentrations. Arsenic was not detected
above the 0.5 mg As/kg detection limit in any sediment
sample during this study, and sediment concentrations
of chromium were higher in baseline samples than in any
post-construction sample. Significantly increased concentrations of copper were observed 3.0 m distance from the
perimeter of the CCA-C float on d 205 and d 338 in comparison with the untreated float. However, mean sediment
copper concentrations were below the TEL in the vicinity
of the CCA-C float. A significant decrease in the abundance
and number of drift invertebrate taxa was observed on d
31 at the CCA-C and untreated floats. Drift invertebrates
were found in higher abundance than baseline or the
untreated float at the CCA-C treatment on d 205 and d
338. The abundance at the CCA-C float was also higher
than observed at the untreated float on both days. Thus,
while there was a general diminution of the drift invertebrate community throughout the pond on d 31, this community did not appear to be adversely affected after that
time. The macrobenthic community did not appear significantly affected at any time during this study. On balance,
water and sediment chemistry at the CCA-C float appeared
to respond similarly to the controls and untreated float
during this study.

10.4.3.11 Physicochemical and biological
response at the posts preserved with 7.18 kg
CCA-C/m3
Dissolved copper in the vicinity of the CCA-C treated posts
varied between 8.3 ± 2.0 at 0.0 m and 7.05 ± 1.3 µg Cu/L
at 3.0 m on d 31. This was similar to the concentrations
observed at the untreated posts (6.7 ± 0.5 at 0.0 m and
6.2 ± 0.7 µg/L) at the same distances. Concentrations
declined to 3.1 ± 0.7 µg/L at 0.0 m and 3.3 ± 0.2 µg/L at
3.0 m on d 205, and remained low for the remainder of
the study. The significance of these differences was evalu-

ated using factorial ANOVA followed by post-hoc testing
using Duncan’s Test with multiple ranges. Significant differences between the untreated and CCA-C posts were
not observed at any distance on d 31 or 205, and no significant differences were found as a function of distance
at the CCA-C posts. All of the chromium concentrations
measured in Montgomery’s Pond were low in comparison
with the EPA freshwater chronic criteria of 10.8 for Cr(VI)
or 180 µg/L for Cr(III). Only the factor Days was significantly
different, and only the chromium concentration measured
at 3.0 m from the CCA-C post array on d 31 (1.92 µg/L) was
significantly greater than the other measurements. All of
the measured arsenic concentrations were far below either
the drinking water standard of 10 µg As/L or the EPA
chronic freshwater standard of 190 µg As/L. The significance of differences in arsenic concentrations was evaluated using factorial ANOVA followed by post-hoc testing.
Only the factor Days was significant. The concentration
measured on the perimeter of the CCA-C post array on d
205 (1.18 µg As/L) was significantly higher than observed
at other stations.
Sediment response at the CCA-C posts

Arsenic was not found above the detection limit of 0.5 mg
As/g dry sediment in any sample during this study. The
results of a factorial ANOVA for and post-hoc testing using
Duncan’s test with multiple ranges found that only Distance
was a significant factor. The copper concentrations recorded at 3.0 m on d 205 (24.43 mg Cu/kg) and d 338
(24.05 mg CU/kg) were significantly higher than observed
on the perimeter of the CCA-C post array (15.36 and 18.51
mg/kg, respectively). The reasons for these increases are
not intuitive because the post arrays were driven into the
sediments, leading to an expectation of higher metal
concentrations near the treatment. However, the results,
while statistically significant, were not biologically significant because all of the measured concentrations were well
below sediment benchmarks. Chromium was elevated
near the CCA-C posts, but the maximum concentration
(19.79 mg Cr/kg) was significantly lower than the proposed
Washington State freshwater SQC of 95 mg Cr/kg (WDOE
2003).
Biological response at the CCA-C post array

Significant differences were not observed in the drift community as a function of the type Structure (untreated posts
or CCA-C posts); distance from the posts; or days post
construction. Consistent with the overall biological response in the pond, declines in the mean number of taxa,
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Figure 10.41 Biological endpoints describing the drift community at the CCA-C and untreated post arrays as a
function of time post construction. Baseline and open control data is also provided. (a) Drift abundance; (b)
number of drift taxa; and (c) Shannon’s Index.

abundance, and Shannon’s index were observed in the
drift community at all stations on d 31 (Figure 10.41).
However, by the end of the study, the drift invertebrate
community at the CCA-C posts was more diverse and
abundant than observed during baseline monitoring.
The number of invertebrates collected at the CCA-C
post array on d 338 was slightly less than collected at the
untreated post controls, controls, or in the baseline.
However, the differences were not statistically significant
for any of the biological metrics.
Summary for the CCA-C treated post array

The copper concentration in the water column near the
CCA-C post array behaved similarly to that observed at
the untreated posts. Consistent with data from other
treatments, copper was significantly increased above
baseline at the CCA-C post array on d 31. However, the
concentration of copper at the CCA-C treatment was marginally lower on d 31 than it was at the untreated post
array on the same day. The concentration of chromium

and arsenic at all stations in Montgomery’s Pond were
very low and none exceeded the EPA chronic freshwater
quality criteria. All arsenic concentrations observed in
Montgomery’s Pond during this study were less than 15%
of the U.S. drinking water standard. The highest value (1.45
µg As/L) was found at the north control station on d 31.
Arsenic was not detected in any sediment sample above
the detection limit of 0.5 mg As/kg dry sediment at any
time or station in this study. Sediment concentrations of
copper were increased above the Tisch soil baseline value
of 19.4 mg Cu/kg to between 18.5 and 27.1 mg Cu/kg on
d 338 at the CCA-C post array. However, none of these
differences were significant. None of the sediment copper
concentrations observed in this study approached or
exceeded reasonable biological affects benchmarks or the
Washington State (WDOE 2003) proposed benchmark.
Significant decreases in the abundance and diversity
of the drift community were observed throughout
Montgomery’s Pond on d 31 in comparison with baseline
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Sampling
transect

Figure 10.42 Horseshoe Bayou Bridge crossing Choctawhatchee Bay in Sandestin, Florida, showing
sampling transect.

data. However, the reductions in abundance and number
of taxa were equal to or smaller at the CCA-C post array
than they were at either the open controls or the untreated
post array. No significant differences in biological endpoints (Log10 Abundance; Log10 Number Taxa; or Shannon’s
Index) were observed between the CCA-C and untreated
post arrays. By the end of the study, the abundance and
diversity of the drift community was higher at the CCA-C
posts than was observed during baseline monitoring or
at the untreated post array. Similar to the conclusions
reached with respect to other treatments in this study, the
drift community was diminished throughout the pond on
d 31 coincident with the maximum copper concentrations
observed in the water. No significant changes in the macrobenthos were observed near the CCA-C posts in comparison with the community at the untreated post array
or with the same endpoints evaluated during baseline
monitoring.

10.4.4 Timber Bridge Study—Horseshoe
Bayou Bridge (Brooks 2000c)
Because metal losses decline exponentially with time from
CCA-C treated wood (see Chapter 7), it was considered
important to evaluate at least one CCA-C treated timber
bridge within a week of completing construction. An HS20 bridge, treated entirely with CCA-C and scheduled for
completion in March 1998, was located in Sandestin,

Florida (Figure 10.42). The Horseshoe Bayou Bridge crosses
Choctawhatchee Bay and provides access to Jolee Island
(Figure 10.43). The total length is 282 feet. The bridge sits
on 87 Class A southern yellow pine piling treated to 40 kg
CCA-C/m3. Piling cross bracing was treated to 12.8 kg
CCA-C/m3 and the bridge deck, support beams and railings
were treated to 6.4 kg CCA-C/m3. The bridge was nearing
completion on March 22, 1998 when the risk assessment
was conducted.

10.4.4.1 Environmental information
Average rainfall in Sandestin, Florida varies between 11.4
and 14.4 cm/month. Rainfall was about twice as high in
1998 at 22.9 to 25.5 cm/month. Water depths in Horseshoe
Bayou under the bridge varied between 0.0 cm and 104
cm at slack low tide. Salinity was 25.5 PSU and the water
temperature 15.8°C with a pH of 6.9. All of the TSS in the
water column (3.6 to 10.0 mg TSS/L) was organic. Reference
location dissolved metal concentrations were 2.03 ± 0.35
µg Cu/L (N = 3); 1.80 ± 0.25 µg Cr/L; and 8.27 ± 2.10 µg
As/L. Currents were measured using a drogue at less than
1.0 cm/s during slack tide and 2.5 cm/s 3 h following slack
tide. Sediments in Horseshoe Bayou were composed of
79% to 92% sand and 8% to 21% fines (silt and clay).
Reference location sediment metal concentrations were
2.43 ± 0.43 mg Cu/kg, 4.13 ± 0.82 mg Cr/kg and 0.80 ±
0.11 mg As/kg.
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Fountains Bridge

Horseshoe Bayou Bridge

Figure 10.43 Site plan showing the location of the Horseshoe Bayou Bridge (marine) and the Fountains Bridge
(freshwater) located in Sandestin Resort, Sandestin, Florida.

10.4.4.2 Water column concentrations of metal
Concentrations of copper, chromium, and arsenic measured downcurrent from the bridge are summarized in
Figure 10.44. Dissolved copper and chromium were relatively constant throughout the bayou; arsenic slowly increased from 6.19 ± 0.43 µg As/L under the bridge to 8.327
± 2.10 µg As/L at the reference station located 53.3 m into
Choctawhatchee Bay.

10.4.4.3 Sediment concentrations of metals
associated with the Horseshoe Bayou Bridge
During construction of this bridge, 1568 holes, each 1.9
cm diameter and 35.6 cm length, were drilled in the treated
wood to secure structural members with galvanized bolts.
None of the shavings resulting from these borings were
cleaned up and they blew into the estuary, forming mats
in the grass (Figure 10.45). No effort was made to avoid
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Figure 10.44 Dissolved copper, chromium, and arsenic in saltwater
as a function of distance from the Horseshoe Bayou Bridge in
Sandestin, Florida.

Figure 10.45 CCA-C treated wood shavings from the boring of bolt
holes in the bridge structure deposited in Choctawhatchee Bay
during construction.
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these shavings during sampling. Sediment physicochemical characteristics observed on March 22, 1998 are summarized in Tables 10.28 and 10.29 and Figure 10.46.
Sediment concentrations of copper, chromium, and arsenic
were higher within 3 m of the bridge. The distribution of
these metals was patchy and high values were associated
with variance-to-mean ratios >>1.0. The ratio of
CuO:CrO3:As2O5 in CCA-C is 18.5:47.4:34 by weight (AWPA
2009). Excepting the results from the sample collected 1.0
m from the bridge, the ratio of metals in these sediment
samples approximates that of CCA-C. The presence of the
wood chips, coupled with the patchy distribution and the
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Figure 10.46 Sediment concentrations of copper, chrome, and
arsenic observed in the vicinity of the Horseshoe Bayou bridge in
Sandestin, Florida.

ratio of metals, suggests that most of the observed metals
were associated with debris and were not the result of
leaching from the preserved wood followed by sorption
and sedimentation. These metals would have remained
fixed in the woody debris and were not generally bioavailable. However, this debris represents unnecessary environmental risk that should be avoided (see Lebow and
Tippie 2001).

10.4.4.4 Biological response at the Horseshoe
Bayou Bridge
A total of 1,537 invertebrates representing 46 taxa were
identified in the 19 samples covering 0.0309 m2 each.
Twelve taxa, each representing a minimum of one percent
of the total abundance, accounted for 89% of the community’s abundance. These dominant taxa included seven
annelid species, three mollusk species and two arthropod
species. The number of taxa, dominant species abundance,
and concentrations of sediment copper are summarized
in Figure 10.47. There is a shallow cline in the number of
taxa observed in the vicinity of the Horseshoe Bayou
Bridge. More taxa were found under the bridge than were
found at further distances. This cline was investigated
using linear regression analysis on log(N = 1) transformed
count data; Log transformed continuous data; and
Arcsin(square root(proportion)) transformed proportional
(TVS and fines) data. The number of taxa was determined
only by the constant term and the depth of the RPD in a
linear regression. The null hypotheses that the constant

Table 10.28 Physicochemical characteristics observed in sediments at the Horseshoe Bayou Bridge crossing the Choctawhatchee Bay on
March 22, 1998. The reference samples (-53.3 m) and those collected under the bridge (0.0 m) are the mean of three replicates. Where
appropriate, values include 95% confidence limits on the mean.
Station
-53.3 m reference
0.0 m under bridge
0.5 m downstream
1.0 m downstream
2.0 m downstream
3.0 m downstream
6.1 m downstream
10.0 m downstream

Depth (cm)
30
40
40
30
30
30
30
30

mg Cu/kg
2.43 ± 0.43
11.87 ± 13.01
7.95 ± 11.60
4.25 ± 0.72
3.80 ± 3.84
1.55 ± 0.72
2.15 ± 0.24
1.80 ± 0.16

mg Cr/kg
4.13 ± 0.82
23.57 ± 30.16
17.20 ± 26.40
10.80 ± 0.64
6.93 ± 7.84
2.30 ± 1.44
3.20 ± 0.48
3.15 ± 0.40

mg As/kg
0.80 ± 0.11
9.80 ± 14.90
2.65 ± 3.60
17.90 ± 20.96
3.80 ± 5.12
0.85 ± 0.08
0.70 ± 0.00
0.55 ± 0.08

Table 10.29 Mean and maximum concentrations of copper, chrome and arsenic observed in sediments adjacent to the newly constructed
Horseshoe Bayou Bridge in Sandestin, Florida.
Metal

Maximum (mg/kg)

Mean (mg/kg)

Threshold effects level (TEL)

Probable effects level (PEL)

(TEL + PEL)/2

Copper

25.1

11.87

28.00

100.00

64.00

Chrome
Arsenic

54.3
31.0

23.57
17.90

36.00
11.00

120.00
48.00

78.00
30.00
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term and coefficient on RPD were zero were rejected at α
= 0.05, but the regression explained only 24% of the variation in the database. Total abundance and dominant taxa
abundance were not significantly different (α = 0.05) between the three replicates collected under the bridge and
those collected at the reference site; in general, all biological endpoints were higher under and near the bridge than
they were at the reference location. The relationships
between Shannon’s and Pielou’s Indices and sediment
physicochemical parameters were also explored. The results were consistent with the hypothesis that the increased
metal concentrations at 1.0 m from the bridge were associated with the drill shavings. This hypothesis was further
supported by the high value of TVS at station 1.0 m, where
the high metal content was also observed. The proportion
sediment silt and clay (fines) was not elevated at this station, suggesting that the increase was not associated with
the accumulation of detritus. The metals bound in the
wood fibers would not be biologically available, which
explains the lack of any significant negative correlation
between biological endpoints and sediment metal concentrations. Shannon’s and Pielou’s Indices were highest
under and within one meter of the bridge in the area where
the highest concentrations of shavings and metals were
also observed. This would be an unlikely finding if the
metals were biologically available and of sufficiently high
concentration to create adverse effects.
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There was an observable decrease in the abundance
of invertebrates in sediments located at intermediate
distances from the perimeter of the bridge (stations 0.5,
1.0, and 2.0 m). To investigate this further, the transformed
data were subjected to correlation analysis, with all biological endpoints along one matrix vector and sediment
physicochemical parameters along the other. The resulting
matrix is presented in Table 10.30. The number of taxa and
Shannon’s Index were negatively correlated with the depth
of the RPD. This is unexpected because the deeper the
RPD, the more “room” there is in the sediment column
supporting aerobic metabolism. However, the minimum
depth of the RPD in these sediments was 1.0 cm, which,
in the author’s experience, is sufficient to support a fairly
healthy invertebrate community. The only significant correlation between sediment metals and biological response
was the positive correlation between the abundance of
Capitella capitata and sediment concentrations of arsenic.
None of the correlations were statistically significant.

10.4.4.5 Laboratory bioassays
Water samples for Menidia beryllina bioassays were collected within 15 cm of the piling at low slack tide using a
portable Masterflex L/S™ peristaltic pump and precleaned
and acid washed platinized silicone tubing (Masterflex™
96410-15). Water samples were filtered in the field through
Corning Costar™ Membra-Fil® filters (0.45 µm). Survival
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Figure 10.47 The number of taxa and the abundance of dominant taxa compared with sediment
concentrations of arsenic observed at the Horseshoe Bayou Bridge.
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Table 10.30 Matrix of Pearson Correlation Coefficients comparing biological endpoints, including individual dominant taxa and all metrics
with depth of the aerobic layer (RPD), sediment metal concentrations, total volatile solids (TVS), and percent silt and clay (% fines) at the
Horseshoe Bayou Bridge in Sandestin, Florida.
Sediment metal concentrations
RPD

Cu

Cr

As

TVS

% fines

Hargeria rapax

-0.03

-0.03

-0.03

0.07

-0.13

-0.27

Grandidierella bonnieroides
Neritina usnea
Tagelus plebeius

0.39
-0.44
0.02

-0.16
0.35
0.09

-0.19
0.36
0.06

-0.37
0.46
-0.09

-0.09
0.03
-0.18

0.37
-0.35
0.10

Ischadium reccurvum
Neanthes succinea
Neanthes micromma

-0.42
-0.24
0.04

0.12
0.07
-0.03

0.17
0.06
-0.04

0.41
0.13
0.02

0.35
-0.11
-0.14

0.06
-0.34
-0.13

Capitella capitata
Mediomastus ambiseta
Ampharete americana

-0.46
-0.03
-0.28

0.40
-0.28
-0.04

0.36
-0.27
-0.05

0.47
-0.10
0.08

0.09
0.15
0.23

-0.01
0.03
0.16

Leitoscoloplos robustus
Leitoscoloplos fragilis
Total abundance

0.40
0.33
-0.06

-0.28
-0.37
0.07

-0.30
-0.31
0.07

-0.37
-0.26
0.09

-0.38
0.02
-0.01

-0.29
-0.21
-0.05

Number taxa
Shannon’s Index
Pielou’s Index

-0.51
-0.49
-0.17

0.39
0.25
-0.02

0.35
0.25
0.01

0.30
0.31
0.15

0.21
0.16
0.00

0.11
-0.15
-0.32

Dominant abundance

0.03

-0.03

-0.03

0.02

-0.05

-0.07

averaged 93% in laboratory controls and 92.5% in upstream
controls and was 87.5% to 90% at 0.5, 2.0, and 10 m downcurrent from the bridge. None of the differences were
statistically significant (ANOVA; α = 0.05).

10.4.4.6 Summary of the Horseshoe Bayou
Bridge environmental risk assessment
The planktonic larvae of marine organisms are more susceptible to copper intoxication than are most freshwater
taxa. This is reflected in the lower EPA dissolved-copper
standard in saltwater (4.8 µg/L acute) than in freshwater
(generally 5 to 20 µg/L). Therefore, this very large structure,
located in an area of very slow currents, represents a worstcase analysis.
This evaluation was completed during construction of
the bridge when metal loss rates from CCA-C treated wood
were highest. Only background concentrations of copper,
chromium, and arsenic were observed dissolved in the
water column. This suggests that the wood was well treated
and fixed prior to installation. Moderately elevated levels
of sediment copper, chromium, and arsenic were observed
adjacent to the bridge. The analysis suggested that the
metal was associated with CCA-C-treated wood shavings
lost from the bridge during drilling of 1568 holes for attaching bracing and railings. The metals in these shavings

were fixed to the wood fibers and likely had low bioavailability. However, this represents unnecessary risk, and
construction contracts should require immediate cleanup
of this type of debris. This and other observations led to
the publication of Construction BMPs by Lebow and Tippie
(2001).
No adverse biological effects were observed in infauna
at the Horseshoe Bayou Bridge. Adverse effects in the
water column would most likely have been observed during this study, conducted during construction, when metal
loss rates were highest. Principle Factors analysis indicated
that the biological endpoints were independent of sediment or water-column concentrations of copper, chromium, or arsenic. Shannon’s Index and Pielou’s Index were
slightly higher under and immediately downcurrent (to
1.0 m) than at further distances from the bridge or at the
reference site. Similarly, the abundance and/or number
of taxa observed at stations in the immediate vicinity of
the bridge were as high or higher than the same metrics
observed at the reference station. Survival in laboratory
bioassays was excellent and no statistically significant
differences were observed. Despite the loss of nearly 10
cft of drill shavings to the local environment, the Horseshoe
Bayou Bridge had no documented effect on the biological
resources assessed during the evaluation.
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10.4.5 Timber Bridge Study – Fountains
Bridge (Brooks 2000c)
The Fountains Bridge crosses a eutrophic freshwater marsh
(Figures 10.43, 10.48, and 10.49). The bridge was constructed 8 y prior to the evaluation. No water movement
was detected in the vicinity of the Fountains Bridge and
this site represents a worst case with respect to sediment
accumulations of metal.
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10.4.5.1 Environmental information
Average rainfall in Sandestin, Florida varies between 11.4
and 14.4 cm/mo. Rainfall was about twice as high in 1998
at 22.9 to 25.5 cm/mo. Water depths varied between 18.3
and 30 cm along the sampled transect. Hardness was 59
± 21.5 mg/L; pH varied between 6.08 and 6.43; TSS and
TVS were 1.52 mg/L in this eutrophic marsh; and the temperature was 15.8°C. Sediments were dominated by sand

Sample transect

Figure 10.48 Eight-year-old Fountains bridge in Sandestin, Florida.

Figure 10.49 Marshlands where the effects of metals lost from the Fountains CCA-C treated
timber bridge were evaluated.
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(90.1 ± 1.45), with lesser amounts of silt and clay (9.5 ±
1.3), and TVS was 1.15 ± 0.22% with metal concentrations
at the reference station of 2.29 mg Cu/kg; 2.08 mg Cr/kg;
and 6.64 mg As/kg.

10.4.5.2 Dissolved metals near the Fountains
Bridge
At the measured hardness, the EPA water quality criterion
for copper is 6.49 µg Cu/L; the chronic arsenic criterion is
190 µg As/L; the chromium VI standard is 11.0 µg/L; and
chromium III criterion is 134 µg/L. The 8-y-old Fountains

µg metal/L water
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Figure 10.50 Dissolved copper, chrome and arsenic observed in
saltwater as a function of distance from the freshwater Fountains
Bridge in Sandestin, Florida.
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10.4.5.3 Sediment concentrations of metal near
the Fountains Bridge
Sediment concentrations of copper, chrome, and arsenic
are summarized in Figure 10.51. Concentrations were elevated within 2.0 m of the bridge. Sediment concentrations
are compared with sediment metal benchmarks in Table
10.31. All values, including the maxima observed in any
sample, were less than the TEL.

6.00
5.00

Bridge was expected to lose metals at CCA-C’s long term
steady state loss rates of 0.114 µg/cm2-d for copper; 0.04
µg/cm2-d; for arsenic and 0.015 µg/cm2-d for chromium.
A total of 4.23 inches fell during the 2 wk prior to this assessment. Therefore, while high rainfall was experienced
immediately preceding this study, measurable increases
in the water were not anticipated and as described in
Figure 10.50, none were observed. Triplicate samples were
collected at the bridge and at the reference station located
100 ft (33 m) to the west.

100

Figure 10.51 Sediment concentrations of copper, chrome, and
arsenic observed in the vicinity of the Horseshoe Bayou Bridge in
Sandestin, Florida.

10.4.5.4 Biological response at the freshwater
Fountains Bridge
The benthos was covered with heavy mats of vegetation.
Macroinvertebrates in all vegetation and sediment to a
depth of ca 10 cm were analyzed in 0.03 m2 quadrats. A
total of 11,843 invertebrates representing 43 taxa were
identified in the 18 samples (21,931 invertebrates/m2). The
community was dominated by annelids. Taxa representing
a minimum of one percent of the total, excluding annelids
(11 taxa), were considered subdominant and are summarized in Table 10.32. All biological metrics were higher
at the 6.1 m station. However, that increase did not correlate with any of the physicochemical variables, except
that sediment concentrations of arsenic were also elevated
at that station. All biological metrics decreased with distance from the bridge (Figure 10.52). However, multiple
regression indicated that none of the Log10 (N+1) transformed biological endpoints were a significant (α = 0.05)
function of distance or any of the other independent
physicochemical variables, including metal concentrations
measured in this study. Two-dimensional correlation analy-

Table 10.31 Mean and maximum concentrations of copper, chromium, and arsenic observed in sediments adjacent to the Fountains Bridge
compared with the threshold effects level (TEL), probable effects level (PEL), and the mean of these values (TEL + PEL)/2.
Metal
Copper
Chrome
Arsenic

Maximum (mg/kg)
3.00
3.70
7.50

Mean (mg/kg)
2.2 + 1.28
3.23 + 1.22
4.30 + 5.12

TEL
28.00
36.00
11.00

PEL
100.00
120.00
48.00

(TEL + PEL)/2
64.00
78.00
30.00
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Figure 10.52 The number of taxa, the abundance of all taxa and only dominant taxa observed
at the Horseshoe Bayou CCA-C treated bridge in Sandestin, FL.

sis indicated that significant correlations (α = 0.05) between
biological endpoints and sediment metal levels and dissolved copper or chrome were positive—indicating higher
values of biological endpoints associated with increased
metal concentrations. As previously noted, both dissolved
Table 10.32 Dominant and subdominant invertebrate taxa observed
in sediment samples collected in the vicinity of the Fountains Bridge.
A total of 18 samples covering 0.030 m2 each were collected.
Dominant taxa
Nematodes
Annelida
Mollusks
Pseudosuccinea sp.
Gyraulus sp.
Insecta
Emphemeroptera
Caenis sp.
Diptera (Chironomoidea)
Bezzia sp.
Family Chironomidae
Larsia sp.
Paramerina sp.
Macropelopia sp.
Chironomus sp.
Paratendipes sp.
Zavrelimyia sp.

Number of samples
8
18

Total abundance
37
7,975

11
15

54
779

15

103

18
16
17
15
15
18
18
17

154
152
182
151
140
1,426
395
85

and sedimented metal levels were low in the vicinity of
the Fountains Bridge. It is likely that the biological differences observed were due to biological or physicochemical
factors not evaluated in this study.

10.4.5.5 Bioassay results for the Fountains
Bridge
Bioassays were completed using water samples collected
at each sampling station and the cladoceran, Daphnia
magna. The proportions of surviving test animals were
arcsine(square root(proportion surviving)) transformed
and t-tests conducted to compare survival between treatment stations located at 0.5, 2.0, and 6.1 m from the bridge
with laboratory control water and water from the local
reference station located 33 m from the bridge. Significant
differences in cladoceran survival were not observed between any of the treatment stations and either the laboratory or the local control. These results are consistent with
the low levels of metals found in this marsh and with the
lack of effects observed in the macrobenthic community
assessment.

10.4.5.6 Summary for the Fountains Bridge
This CCA-C treated timber bridge was constructed 8 y prior
to the evaluation. It is a substantial bridge with a span of
33 m. The Fountains Bridge crosses a freshwater marsh
with no observable water movement—at least not during
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the 3 d of this evaluation. This bridge was chosen because
it represented a worst case with respect to sedimented
copper, chromium, and arsenic.
Water column concentrations of copper, chromium,
and arsenic were below EPA water-quality criteria and
there was no gradient indicating measurable loss from
the bridge in the immediate past. Historical metal loss
from the bridge is recorded in the sediments with elevated
concentrations of all three metals observed immediately
adjacent to the structure and a clearly defined gradient
that reached apparent background concentrations at some
distance greater than 2 m, but less than 3 m from the
bridge’s perimeter. Sediment levels of all three metals were
low and less than their respective TEL.
No adverse biological effects were expected in association with the observed metal levels and none were observed. More taxa, in higher abundance, were found close
to the bridge than farther away. However, the regression
coefficient on distance was not statistically significant.
Statistically significant differences in the Daphnia magna
bioassay were not observed at any distance from this
bridge. In short, the bridge has created small increases in
nearfield sediment concentrations of copper, chromium,
and arsenic with no documented effect on invertebrate
communities.

10.5 ACZA Pressure-Treated
Wood Structure Environmental
Risk Assessments
Douglas-fir (Pseudotsuga menziesii) is refractory to preservation with CCA-C. Chemonite® is a waterborne preservative developed at the University of California by Dr.
Aaron Gordon in the 1920s. It was first used to commercially
treat Douglas-fir in 1934. In 1983, the original formulation,
called ACA, was changed to ACZA (ammoniacal copper
zinc arsenate) with a chemical ratio of 50% copper oxide,
25% arsenic pentoxide, and 25% zinc oxide. Ammonia is
included in the formulation to solubilize the metals, facilitating their chemical bonding to wood carbohydrates.
The environmental response to ACZA-preserved structures
has been studied in freshwater at the Wildwood Wetlands
(Brooks 2000b) and in the marine environment of Sequim
Bay, Washington (Brooks 2004d).

10.5.1 Wildwood
Lebow et al. (2000) reported concentrations of metals
under the boardwalk and Brooks (2000b) reported the

results of the aquatic risk assessment conducted in inundated areas of the Wildwood Wetland. Section 10.4.2 of
this chapter describes the background for this project,
together with responses for the untreated control platform.
This section discusses the results for the ACZA-treated
viewing platform described in Figure 10.53.

10.5.1.1 Water chemistzry
Water column concentrations of copper observed at the
ACZA treatment site are described, as a function of time
and distance from the structure, in Figure 10.54. The EPA
chronic copper criterion is provided for reference. The
value of 2.68 µg/L was significantly exceeded in the vicinity
of the platform (0.0 to <2.0 m) on d 15 when the concentration reached 100 µg Cu/L. Copper levels at all other
times and distances were less than the criterion. This part
of the analysis will focus on the invertebrate community
response to dissolved copper observed on d 15, when
adverse effects might be anticipated.

10.5.1.2 Sediment chemistry
Small amounts of copper, zinc, and arsenic accumulated
in sediments near the ACZA-treated platform. However,
concentrations of arsenic and zinc did not exceed the TEC
of Jones et al. (1997) at any time or distance. Concentrations
of copper are summarized in Figure 10.55. With the exception of a small exceedance on d 15, sediment concentrations of copper were less than the TEC at all times and
distances, and adverse effects on the macrobenthic community were not likely.

10.5.1.3 Invertebrate response at the ACZA
treatment
Significantly elevated copper was measured on d 15 in
the immediate vicinity of the ACZA-treated structure. The
observed values exceeded the EPA chronic criterion by
factors of 3.7 to 38 with a steep gradient to background
levels at stations further upstream and/or downstream.
The distinct boundaries of the copper exceedance described in Figure 10.53 are consistent with the lack of
observable currents in the area. Effects on aquatic invertebrates associated with these high concentrations would
most likely be seen in either the artificial substrate or
vegetation samples where invertebrates are most exposed
to dissolved copper. If sensitive taxa were present, significant decreases in those taxa should have been observed
at the +0.5 m station and perhaps at the +3.0 m station,
but not at the upstream control (−10.0 m) or +10.0 m
downstream station.
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Invertebrates collected from artificial substrates at the
ACZA treatment

Mean values for total taxa richness, dominant taxa abundance, Shannon’s Index, and Pielou’s Index are provided
in Figure 10.56 as a function of distance from the ACZAtreated structure on d 15 for artificial substrate samples.
The null hypothesis that these endpoints were equal at
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each sample station was not rejected (p = 0.105). Post-hoc
testing using Duncan’s test indicated that taxa richness
and dominant taxa abundance were not significantly different at any station. Shannon’s Index was significantly
lower at the upstream control when compared with either
the 3.0 or 10.0 m downstream stations. Pielou’s Evenness
Index was significantly less (α = 0.05) at the upstream

Figure 10.53 ACZA viewing platform evaluated in the Wildwood wetland on the western slope of Mount
Hood in Oregon.
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Figure 10.54 Water column concentrations of copper (μg/L) at the
ACZA treatment in the Wildwood Boardwalk evaluation as a
function of date and distance.
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Figure 10.55 Sediment concentrations of copper in mg/kg (dry
sediment weight) at the ACZA treatment as a function of time and
distance from the structure, which is located at 0.0 m. The threshold
effects level (TEC) and high no effect concentration (NEC) of Jones
(Jones et al. 1997) are provided for reference.
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Figure 10.56 Total taxa richness, dominant taxa abundance, Shannon’s Index, and Pielou’s Index for
invertebrates collected from artificial substrates at the ACZA treatment on Day +15. Distance weighted least
squares regressions are provided for each endpoint.

control when compared with the +3.0 m downstream
station. No statistically significant reductions in any of the
metrics were observed in association with peak concentrations of copper observed at the ACZA treatment on d 15.
Vegetation samples at the ACZA treatment

Significant declines in all of the metrics from highest values
at the closest (0.5 m) station to lower values at the 2.0 m
station were observed. Dissolved copper concentrations
at these two stations were essentially the same (57.0 µg/L
at 0.5 m and 52.5 µg/L at 2.0 m). The invertebrate community resident on vegetation was dominated by annelids
(Limnodrilus sp.), mollusks (Pisidium sp.), and chironomids
(Larsia sp.), all of which are somewhat tolerant to copper;
this may explain the lack of a response to the elevated
copper concentrations. Clements et al. (1992) observed a
similar lack of effects on more sensitive communities in
the Clinch River, Virginia, at copper concentrations of
52.2 µg/L.
Macrobenthic response at the ACZA treatment

Sediment concentrations of arsenic and zinc adjacent to
the ACZA structure remained at or below the TEC reported
by Jones et al. (1997) and no adverse affects were anticipated in association with these metals. Copper concentrations exceeded the TEC, but not the NEC on d 15 and d
336. Effects associated with sedimented metals would

most likely be found in the infaunal community collected
with a Petite Ponar grab. Twelve single samples were collected at varying intervals up and downstream from the
ACZA structure on each sampling day. The results of the
infaunal inventory were analyzed using multiple regression
analysis, which indicated a significant intercept (p = 0.002),
but the coefficient on distance was not significant at
p = 0.13. A second analysis was completed with sedimented
copper as the independent variable. The coefficient on
Sedimented Copper was negative (−8.68), but it was not
significant (p = 0.145). Based on this analysis, the null
hypotheses that the abundance of dominant infauna was
equal at varying distances was not rejected and any effects
associated with either sedimented copper or distance
from the structure were judged to not be statistically
significant at α = 0.05. Shannon’s Index and the number
of taxa were higher at the ACZA-treated viewing platform
in comparison with the reference locations.
Summary of biological effects at Wildwood’s ACZAtreated viewing platform

No evidence of significant adverse effects on aquatic
invertebrates associated with the ACZA-treated platform
was observed. This is consistent with the low levels of
metals found in sediments and in the water column on all
sample dates excepting d 15, when elevated concentrations of dissolved copper were observed in close proximity
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to the structure. The lack of response on that day is likely
associated with the robustness of the invertebrate community found in the slow-moving water and fine-grain
sediments characterizing the Wildwood Wetland.

10.5.2 Sequim Bay personal use pier
and float
The structure evaluated in this assessment is a personal
use pier, ramp, and float constructed during 1999 in Sequim
Bay, Washington (Figure 10.57). Excepting the handrails,
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which were constructed of CCA-C preserved wood, the
entire structure was treated with ACZA, with nominal
retentions of 40.07 kg ACZA/m3 for piling and sawn lumber
used below the high tide line (AWPA 2001, C2 and C18)
and 9.6 kg ACZA/m3 for sawn lumber used out of water,
but subject to salt water splash (AWPA 2001, C18).

10.5.2.1 Sequim Bay environment
Sediments along Sequim Bay’s eastern shore (Figure 10.58)
were dominated by sand (59% to 93.5%) with 5.6 to 11.9%

Water sample locations
Pier
transect

Figure 10.57 ACZA-treated float in Sequim Bay, Washington, assessed on October 18, 2002. Triplicate water
samples were collected at a local reference location and at indicated locations adjacent to the structure during a
rainstorm December 13, 2002. Water collection depth was 0.1 m alongside the float and 0.5 m in the center of the
dolphin.

Clam and sediment reference

Treatment
transect

Reference mussels

Mussels
collected
here

Clams here

Figure 10.58 Location of sampling and reference transects and bivalve collection points in Sequim Bay, Washington.

382

Managing Treated Wood in Aquatic Environments

silt and clay. The exposed eastern shore of the bay is lined
with eelgrass and macroalgae meadows, resulting in high
TVS (8.1 to 13.1%). Redox potentials were generally low
(+92.2 to -342 mV) and sulfides were moderately high
(55.5 to 637 µM S=). Highest sulfide concentrations and
lowest redox potentials were observed in the eelgrass
meadow located inshore from the float. The sulfide concentrations were within the range where Brooks et al.
(2003) demonstrated the exclusion of 30% to 50% of
macrobenthic taxa. Triplicate samples were collected at
each of two reference locations in Sequim Bay and background metals were found to be 7.02 ± 0.94 mg Cu/kg,
2.67 ± 0.81 mg As/kg, and 23.03 ± 1.11 mg Zn/kg.

10.5.2.2 Metal concentrations in sediments
Table 10.33 summarizes sediment concentrations of arsenic, copper, and zinc observed in the vicinity of the Sequim
Bay pier and float. Sediment concentrations of arsenic
near the pier varied between 1.56 and 2.6 mg As/kg and
they were between 1.9 and 2.0 mg As/kg at the reference
station. Metal concentrations at the pier varied between
6.6 and 13.2 mg Cu/kg and 20.0 to 24.0 mg Zn/kg. None
of the differences between the pier piling and the reference location were significantly different (α = 0.05) and
all of the measured concentrations were below Washington
State’s SQC.
Figure 10.59 describes sediment concentrations of Cu,
As, and Zn as a function of distance from the center of the
dolphin anchoring the north end of the float, located in
2.13 m MLLW water depth. Both the float and the piling
were constructed of ACZA-treated wood and both contributed metals to the water and sediments. Sediment
concentrations were increased at those stations located
≤ 1.5 m from the closest piling near the center of the
structure. The significance of differences between the
triplicate samples collected at 0.5 m (within the footprint
of the dolphin) and those collected at the reference location was explored using t-tests. Differences in sediment
concentrations of arsenic and zinc were small and not
significant. The observed mean copper concentration in
the center of the dolphin (13.9 mg/kg) was significantly
higher (t = 6.03; p = 0.004) than at the reference location
(6.4 mg Cu/kg). A maximum copper concentration of 19.8
mg/kg was found 20 cm from one of the piling in the
dolphin. That value is 5% of Washington State’s copper
SQC of 390 mg Cu/kg dw (WAC 173-204). It should be
noted that a large sailboat, whose bottom is coated with
copper-based antifouling paint, is moored at the float

Table 10.33 Sediment concentrations of arsenic (As), copper (Cu)
and zinc (Zn) observed at the ACZA treated pier and float and
reference locations in Sequim Bay, Washington, October 18, 2002.
Distance (m)

Replicate

As (mg/kg)

Cu (mg/kg)

Zn (mg/kg)

Structure: pier piling
0.2

1

2.60

13.20

23.80

0.5

1

2.20

7.30

22.30

0.5

2

2.00

7.00

22.30

0.5

3

2.00

6.60

20.80

1.0

1

1.80

7.20

23.50

1.5

1

1.90

6.90

22.40

2.5

1

1.90

7.00

20.40

5.0

1

1.70

6.60

20.00

7.5

1

1.56

6.80

20.60

100.0

1

2.00

7.30

24.00

100.0

2

1.90

8.50

22.70

100.0

3

2.00

7.10

23.90

Structure: 4-piling dolphin at the float
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22.20

100.0

3

3.20
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21.50

during the summer. The contribution of copper from this
source is unknown.

10.5.2.3 Water column concentrations of
arsenic, copper, and zinc at the Sequim Bay
structure
Triplicate water samples were collected at 0.5 m depth in
the center of the four piling dolphin and at the Sequim
Bay reference station. Three additional samples were collected under the dripline of the float at a depth of 15 cm
during a slow steady rain in December, 2002. The results
are summarized in Table 10.34. Highest mean values for
all three metals were observed in the center of the dolphin.
Water under the dripline of the float contained less copper
and zinc than observed at the reference station. Arsenic
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Figure 10.59 Sediment concentrations of copper, arsenic, and zinc as a function of distance from the
closest ACZA-treated piling in a four-piling dolphin supporting an ACZA treated structure in Sequim
Bay, Washington.

Table 10.34 Summary statistics describing concentrations of arsenic, copper, and zinc in Sequim Bay
marine water collected from the center of a four piling ACZA preserved dolphin supporting an ACZA
treated float; under the drip line of the float and at a reference location. All values are in µg/L. N=9 (no
missing data in dep. var. list).
Confidence (%)
Location

Confidence (%)

Confidence (%)

As means -95.000 +95.000 Cu means -95.000 +95.000 Zn means -95.000 +95.000

Pier

2.257

-0.244

4.757

1.906

-1.244

5.056

7.233

-2.760

17.227

Float

1.293

1.179

1.408

0.775

0.564

0.985

2.113

1.745

2.482

C1

1.230

1.092

1.368

1.690

-0.033

3.413

4.120

0.270

7.970

All groups

1.593

1.048

2.138

1.457

0.772

2.142

4.489

2.102

6.876

means were similar. The statistical significance of these
values was explored using an ANOVA. None of the differences were significant at α = 0.05 or 0.10.

10.5.2.4 Concentrations of arsenic, copper and
zinc in mussel and clam tissues
The U.S. Food and Drug Administration (FDA 1993) reviews
arsenic surveys in shellfish and cited a National Marine
Fisheries Service (1978) publication reporting arsenic
concentrations of 3.0 to 4.0 mg As/kg wet hardshell clam
or oyster tissue, with a mean concentration of 2.8 to 3.8
mg/kg for all mollusk bivalves. Higher mean concentrations (8.6 to 10.6 mg As/kg) were found for crustaceans,
and the highest concentrations were recorded in Pacific
spiny lobster tails (20.0 to 30.0 mg As/kg). The FDA con-

cluded that 10% of the total arsenic in shellfish is inorganic
and that the tolerable daily intake for inorganic arsenic is
130 µg As for a 60-kg person. Three composite samples
of 15 to 20 clams each were collected from 120° polar
quadrats at distances <0.5 m from the piling. Three composite samples of 15 mussels each were also collected
from the ACZA-preserved bracing seen in the same Figure
10.58. Additional triplicate samples were collected at reference stations located ≥ 100 m north of the pier and float
in Sequim Bay. Summary statistics describing the results
of tissue analyses for arsenic, copper, and zinc are provided
in Table 10.35. Because of environmental and physiological
differences between mussels and clams, the two species
were treated separately using t-tests. The only significant
(α = 0.05) difference was that mussel tissues from the refer-
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Table 10.35 Summary statistics describing concentrations (mg/kg wet tissue) of arsenic, copper, and zinc in mussel (Mytilus edulis trossulus)
and clam (Protothaca staminea) tissues collected at an ACZA-treated structure and a reference station in Sequim Bay, Washington.
Sample
Clams from treated piling

As means

Confidence +95.000%

Cu means

Confidence +95.000%

Zn means

Confidence +95.000%

3.130

4.595

3.727

8.126

12.900

18.069

Clams from reference area

2.077

3.181

1.520

2.309

13.367

14.487

Mussels from treated piling

0.963

0.978

1.653

2.476

12.433

15.675

Mussels from reference area

0.983

1.238

1.647

2.318

14.733

15.737

All groups

1.788

2.416

2.137

2.926

13.358

14.250

N = 12 (no missing data in dep. var. list).

Table 10.36 Summary statistics describing free sediment sulfides (µM), macrofaunal abundance (number/0.032 m2), number of taxa
(number/0.032 m2 sample), and values of Shannon’s Index observed on the intertidal piling transect, subtidal float transect, and their two
reference locations in Sequim Bay, Washington.
Sulfide means

Confidence
+95.000%

Abundance means

Confidence
+95.000%

Taxa means

Confidence
+95.000%

Shannon means

Piling

353.222

472.064

401.222

550.662

20.444

23.884

1.839

9

Float

57.011

69.724

107.444

134.147

24.222

27.433

2.690

9

Control pile

241.000

432.472

152.667

368.834

17.667

25.256

2.205

3

Control float

77.300

171.285

169.667

225.232

29.667

33.461

2.910

3

All groups

193.625

264.759

231.042

307.600

22.667

24.844

2.338

24

Transect

N

N = 24 (no missing data in dep. var. list).

ence location (14.7 mg Zn/kg wet tissue) contained more
zinc than did mussels from the treated wood (12.4 µg
Zn/g). Tissue concentrations of arsenic were all very low
and much less than the FDA (1993) level of concern of 130
mg As/kg wet tissue.

10.5.2.5 Intertidal macrobenthic response to
the Sequim Bay pier
A total of 5,545 invertebrates were inventoried in 24 samples, each of which had a footprint of 0.032 m2. Statistics
describing some of the biological endpoints evaluated in
this study are provided in Table 10.36. Brooks (2001) has
shown that macrobenthic communities are sensitive to
sediment-free sulfides and redox potential. Analysis of
variance indicated that redox potential was significantly
lower (p = 0.034) and free sediment sulfides higher (p <
0.00) along the pier transect that ran through the eelgrass
meadow than along the float transect located in deeper
water outside the meadow. It is therefore reasonable to
expect differences in these two communities. Analysis of
variance confirmed that the mean abundances and numbers of taxa were not significantly different between each
transect and its reference station. However, a higher abundance was observed along the piling transect (401.2) than
along the float transect (107.4) or at either reference station (152.7 to 169.7). The number of taxa was higher at

the float control (29.7) than at other locations (17.7 at the
pile control to 24.2 at the float).
Ninety-six (96) taxa were identified including 43 annelids, 35 mollusks, 17 arthropods, and 1 “other” grouping
that included colonial animals like bryozoans, sponges,
and hydroids. The mean observed abundance in the 24
samples was 231/0.032 m2 sample, which is equivalent to
an abundance of 7190/m2. Macrofaunal abundances and
Shannon’s Indices at all locations excepting the float transect (3310/m2) were as high or higher (Table 10.37) than
observed generally in Puget Sound by Striplin
Environmental Associates (1996). The number of taxa
observed in 0.032 m2 samples collected in Sequim Bay
was lower than observed in Puget Sound. However, this
metric is not directly comparable because the grab’s footprint in the Puget Sound database (0.1 m2) was three times
larger than the footprint of the Petite Ponar used in Sequim
Bay.
Macrobenthic endpoints are summarized as a function
of distance from the pier support piling in Figure 10.60.
All of the fits were achieved using Statistica’s Distance
Weighted Least Squares routine. Macrofauna abundance
was highest near the piling and declined with increasing
distance. The significance of differences in biological endpoints assessed in triplicate samples collected 0.5 m from
the piling and at the reference station was evaluated using
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Distance (m) from a pair of ACZA-treated piling

Figure 10.60 Biological endpoints as a function of distance from a pair of ACZA-treated pier support piling
in Sequim Bay, Washington.

Table 10.37 Summary statistics comparing macrobenthic community endpoints in Sequim Bay samples
with mean values from Striplin (1996) for Puget Sound environments located in water depths <150 ft
and with sediments having <20% silt and clay. Abundance values for Sequim Bay were corrected to
number/0.1 m2 to correspond with Stripling (1996).
Puget Sound
Site

Abundance

Taxa

Sequim Bay
Shannon

Abundance

Taxa

Shannon

Sequim piling

491.400

68.700

1.340

1251.700

46.000

2.440

Sequim float

491.400

68.700

1.340

335.100

53.000

2.460

Pile control

491.400

68.700

1.340

476.400

33.000

2.480

Float control

491.400

68.700

1.340

529.400

64.000

2.820

All groups

491.400

68.700

1.340

719.700

42.000

2.410

t-tests. None of the differences were statistically significant.
The relationship between sediment physicochemical variables and biological metrics was further explored using
correlation analysis. No significant correlations were found
between metal concentrations and any of the 12 dominant
taxa. With the exception of Shannon’s Index, all of the
correlations with redox potential were negative and many
of those were significant. No significant correlations were
observed between metals and any biological endpoint.

10.5.2.6 Biological response to the ACZA
structure in a subtidal area of Sequim Bay
This transect and its reference station were located in
subtidal substrates at −7 ft MLLW. The substrates were

dominated by sand having relatively lower sulfide concentrations than were observed in the eelgrass meadow.
A total of 1,476 macrobenthic organisms in 70 taxa were
identified in 12 samples of 0.032 m2. Mean abundance in
this deeper water was 124/0.032 m2 sample, which is
equivalent to 3,875/m2. The number of taxa observed here
was less than the mean of 68 found in similar Puget Sound
sediments. But, as previously noted, the smaller grab size
used in this study is at least partly responsible for that.
Summary statistics for macroinvertebrates collected along
the float transect and its reference station are provided in
Table 10.38. Table 10.39 describes the abundance of individual taxa representing > 1% of the total abundance at
this site. Juvenile native littleneck clams were present at
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Table 10.38 Summary statistics describing sediment sulfide concentrations (µM) and macrofaunal abundance, number of taxa, and
Shannon’s Index in 0.032 m2 samples collected along a transect running north from the center of a four-piling dolphin and float constructed of
ACZA-preserved wood and at a subtidal reference location.
Sulfide means

Confidence
+95.000%

Abundance means

Confidence
+95.000%

Taxa means

Confidence
+95.000%

Shannon means

Float transect

57.011

69.724

107

134

24

27

2.690

Control float

77.300

171.285

170

225

30

33

2.910

3

All groups

62.083

76.894

123

150

26

28

2.745

12

Transect

N
9

N = 12 (no missing data in dep. var. list).

Table 10.39 Taxa found in an abundance > 1% of the total abundance along the transect running north from the center of a four-piling dolphin
and float treated with ACZA preservative in Sequim Bay, Washington, and at the float’s reference station. Values are numbers/0.032 m2
sample. Values at 0.5 m and at the reference stations (100 m) are the mean of three replicate 0.032 m2 samples.
Species/distance

0.2

0.5

1

1.5

2.5

5

7.5

100

Total

Owenia sp.

46

15

5

41

4

16

5

16

211

Mysella tumida

14

15

15

3

12

5

11

9

133

Nereis sp.

3

9

23

3

12

17

1

11

119

Macoma secta

13

6

3

0

0

15

6

19

113

Alvania sp.

4

7

6

8

4

8

3

19

110

Alia caurinata

2

6

7

3

6

6

4

9

72

Protothaca staminea

5

8

0

3

2

1

0

9

60

Alia gaussipata

3

4

5

1

3

2

3

10

60

Clinocardium sp.

7

2

0

4

2

1

2

12

58

Spiochaeptoteridae sp.

0

4

3

0

0

5

5

9

52

Goniada sp.

3

3

3

4

1

4

3

7

46

Armandia brevis

2

12

2

1

0

0

0

0

41

Pectinaria granulata

0

6

2

1

1

3

0

2

30

Platynereis bicanaliculata

1

1

0

0

0

5

2

6

29

Decamastus gracilis

0

4

0

1

2

8

0

0

23

Aoroides sp.

0

1

6

2

4

1

0

0

17

Photis sp.

0

1

0

1

4

4

0

1

16

Polydora sp.

2

1

0

4

0

1

0

2

15

Polydora kempi

0

2

0

4

1

0

0

1

12

Cooperilla subdiaphana

4

0

0

0

0

0

0

2

11

Macoma nasuta

2

1

0

0

0

1

1

1

11

this depth, but did not dominate the community the way
they did higher in the intertidal zone. Higher abundances
of annelids, gastropods, and crustaceans were found in
the deeper water. Figure 10.61 summarizes the biological
endpoints evaluated in this study as a function of distance
from the center of the ACZA-treated dolphin.
The significance of differences between mean values
in samples collected 0.5 m from the center of the ACZApreserved dolphin and the reference location was explored
using a two-tailed t-test with α = 0.05. Only the number
of taxa was significantly different (t = −3.48; p = 0.025).

Even though the abundance values were not significantly
different between the 0.5 m station and the control, there
was an apparent trend toward increasing abundance and
number of taxa with distance from the dolphin and float.
Possible relationships between physicochemical and biological endpoints were explored using Pearson Correlation
Analysis. Significant negative correlations were observed
between the annelid Eteone longa and sediment concentrations of arsenic and between Opistobranch mollusks
and sediment copper. Seven positive correlations were
found between individual taxa and sediment concentra-
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Distance (m) from the center of the dolphin

Figure 10.61 Biological endpoints as a function of distance from a four-piling dolphin and float
constructed of ACZA-treated piling in Sequim Bay, Washington.

tions of arsenic, copper, or zinc. Of the 105 coefficients
relating biological endpoints to sediment concentrations
of metal, there were two significant negative and seven
significant positive. Of the total, 37% were negative and
63% were positive, indicating increased abundance or
value with increasing concentrations of at least one of the
metals. These data do not suggest any adverse effects
associated with concentrations of arsenic, copper, or zinc
in Sequim Bay sediments.

10.5.2.7 Summary
Metal concentrations in water and sediments from intertidal and subtidal areas of Sequim Bay adjacent to substantial ACZA-preserved wood structures were determined
and compared with sediment and water quality criteria
and with macrobenthic communities near the structures
and at local reference stations. To assess the potential for
the bioconcentration of metals lost from ACZA and movement through the food chain, samples of clams and mussels growing on or as close to ACZA-treated wood as
possible were analyzed for arsenic, copper, and zinc. The
results indicate the following:
•• Sediments at the Sequim Bay site revealed aboveaverage sediment concentrations of TVS, sulfides,
and reduced redox potential, particularly in the
eelgrass meadow. The abundance of macrofauna
was as high or higher in both areas as was found

in other areas of Puget Sound. Macrobenthic
communities were different at the intertidal site
located in an eelgrass meadow when compared
with those found in the subtidal area outside the
meadow. More bivalves, particularly native littleneck
clams, were found in the intertidal, whereas more
crustaceans and annelids were present in the
subtidal area.
•• Significantly more copper (13.9 mg Cu/kg dry
sediment) was observed in sediments from the
center of the four piling dolphin supporting the
float when compared with values at the subtidal
reference (6.4 mg/kg). Significant differences in
sediment copper were not observed between
sediments collected within 0.3 m of ACZA-treated
structures and their reference locations at the other
three locations examined in this study. All of the
sediment copper values measured in this study were
well below the Washington State SQC of 390 mg Cu/
kg.
•• Sediment concentrations of arsenic were all less
than 3.7 mg As/kg in Sequim Bay, representing 6.5%
of the 57 mg As/kg Washington State SQC.
•• Sediment zinc was not significantly different
between those stations closest to ACZA-treated
wood (20.8 to 32.4 mg/kg) and reference locations in
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Sequim Bay (18.8 to 24.9 mg/kg). All of the observed
zinc concentrations were below the Washington
State SQC of 410 mg Zn/kg.
•• Water column concentrations of arsenic, copper,
and zinc were not significantly different at the two
Sequim Bay locations adjacent to ACZA-treated
structures in comparison with the local reference
station and all of the metals were below their
respective EPA water-quality criteria. These samples
were collected at slack tide during a light rain and
likely represent the maximum concentrations
observed at the site 3 y following construction.
Highest metal concentrations would occur within a
few days following construction, and the long-term
concentrations observed in December 2002 were
likely achieved by the end of the first week post
construction.
•• Concentrations of arsenic, copper, and zinc in
mussel tissues growing on ACZA-treated wood and
in native littleneck clams found within half a meter
of the base of two ACZA-treated pilings were not
significantly higher than concentrations found in
the same species retrieved from reference areas.
Zinc levels in mussels taken directly from ACZAtreated piling were significantly lower than those
found in mussels from the reference area. Arsenic
concentrations in all samples (0.96 to 3.13 µg As/g
wet tissue) were well below the Food and Drug
Administration level of concern of 130 mg As/kg wet
tissue.
•• As many or more macrofauna were found near the
ACZA-treated structures than were found at the
local reference areas. The abundance of macrofauna,
particularly native littleneck clams was nearly three
times higher immediately adjacent to the ACZAtreated piling than was generally found in similar
Puget Sound sediments or at the intertidal control
station in Sequim Bay. While the difference was
significant at α = 0.1, however, it was not significant
(α = 0.05). Significantly fewer taxa were found in
the center of the float’s four piling support dolphin
when compared with the subtidal reference
station. Differences in macrofaunal abundance or in
Shannon’s Index were not significant.
•• Correlation analysis suggested that the subtle
differences in biological end points near the float
were not associated with metal concentrations

in sediments. One hypothesis supported by the
data is that shading by the float reduced benthic
diatom production, leading to reduced TVS north
of the float and therefore to reduced macrobenthic
production. However, it should be emphasized that
the study was not designed to establish cause-andeffect relationships and that direct measurements of
benthic pigments (chlorophyll, etc.) were not made.
In summary, the results of this study indicate small,
and in most cases, statistically insignificant increases in
water and sediment concentrations of arsenic, copper, or
zinc associated with the use of ACZA-preserved wood in
Sequim Bay. The evidence indicates minimal uptake of
these metals in close proximity to treated wood and very
little or no potential for movement of these metals into
the food chain through mussels or clams. Arsenic concentrations in mussels growing directly on ACZA-treated wood
and in clams retrieved from within half a meter of ACZAtreated pilings were a small fraction of the FDA level of
concern for arsenic in mollusks. Neither of the structures
had any significant overall effect on the macrobenthic
community resident as close as 0.3 m from ACZA-treated
wood. Subtle and statistically insignificant differences in
the macrobenthic community north of the float appear
to be associated with some factor other than sedimented
metals. It is hypothesized that shading from the float may
be the cause. The reason for the increased macrofaunal
abundance near the pier’s ACZA-treated piling was not
investigated. Overall, this study did not find any adverse
effects associated with the use of ACZA-preserved wood
at this site in Sequim Bay.

10.5.3 Genoa’s Restaurant on Budd
Inlet in Puget Sound, Washington
The city of Olympia, Washington disallowed the use of
treated wood piling in an expansion of Genoa’s Restaurant
located on Budd Inlet, Washington (File No. 96-0451). The
project’s proponent, Mr. Mark Silversten, appealed to the
Office of the Hearing Examiner for the City of Olympia.
The Hearings Examiner overturned the city’s decision and
approved the use of treated wood with a condition that,
“The applicant shall monitor the chemical release into the
water and sediment from the pilings installed by the applicant. The applicant shall follow a protocol developed
by Dr. Brooks. The protocol shall be reviewed and approved
by the Washington Department of Fish and Wildlife
(WDFW) or Ecology (WDOE) if either is willing and able.
The applicant shall make the results of the monitoring
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available to the City of Olympia Environmental Review
Officer and the State Departments of Ecology and Fish
and Wildlife, if requested. The applicant shall allow independent monitoring if requested by any agency or department of the City or the State.” Protocols for complying with
this requirement were approved by WDFW.

and zinc were not significantly elevated above pre-construction background concentrations. The observed sediment concentrations were much lower than Washington
State SQC. No adverse biological effects were expected in
association with either dissolved or sedimented copper,
arsenic, or zinc at this site.

10.5.3.1 Water column sampling and analysis

10.6 ACQ-B & C

Three replicate water samples were collected at slack high
tide at distances < 0.3 m from three of the densest clusters
of piling found during construction (N = 9) and compared
with triplicate concentrations from a local reference station. Arsenic and copper were not present at levels above
the detection limits in any sample. Zinc was detected in
one water sample, at 0.013 µg/L. The Washington State
marine water chronic standard for zinc is 0.076 mg/L. The
single observed increase was 17% of the state standard.
No adverse biological effects were anticipated at the metal
concentrations observed at this site.

10.5.3.2 Sediment sampling
Baseline sediment samples were collected from the upper
2 cm of the sediment column prior to construction and
found to contain 5.7 ± 0.7 mg As/kg, 40.7 ± 10.6 mg Cu/
kg, and 68.6 ± 15.1 mg Zn/kg. Post-construction sampling
was conducted 4 mo later. The data is summarized in Table
10.40. None of the differences were statistically significant
and all of the values were much less than Washington
State SQC.

10.5.3.3 Summary for Genoa’s Restaurant
This study examined dissolved and sedimented concentrations of metals within 30 cm of installed piling during
construction at Genoa’s Restaurant. Increases in water
column concentrations of arsenic, copper, and zinc were
not observed during construction. Four months following
construction, sediment concentrations of arsenic, copper,
Table 10.40 Post-construction sediment concentrations of arsenic,
copper, and zinc collected within 0.3 m of newly installed piling at
Genoa’s Restaurant. All values are in mg metal/kg dry sediment.
Concentration (µg/kg)
Purpose

Arsenic

Copper

Zinc

Pre-construction baseline (Landau & AES)

5.7

40.7

68.6

3/13/98 (during construction)

4.8

21.2

42.8

ND <7.0

22.7

54.0

7/16/98 (4 mo post construction)

Ammoniacal copper quat (ACQ-B) was developed and
patented in Canada by Findlay and Richardson (1983,
1990). ACQ-B contains between 62% and 71% copper
oxide (CuO) and between 29% and 38% didecyldimethylammonium chloride (DDAC). These active ingredients
are dissolved in a water carrier containing ammonia (NH3)
equal to or greater in weight than the copper oxide. The
quaternary ammonium compound in ACQ-B promotes
fixation in wood through ion exchange with anionic active
sites and through other adsorption mechanisms at higher
quat concentrations (Archer et al. 1992). Wood intended
for use in freshwater aquatic environments is treated to
6.4 kg/m3 (AWPA 2009). Brooks (1998b) described copper
losses from ACQ-B treated southern yellow pine immersed
in freshwater. This preservative is approved for use in
freshwater and the results for ACQ-B structures in the
Wildwood and Montgomery’s Pond risk assessments are
summarized below for this preservative. Environmental
background and the response of the Wildwood Mechanical
Control structure were discussed in section 10.4.2 of this
chapter and not repeated here.

10.6.1 ACQ-B viewing platform in the
Wildwood Boardwalk
Figure 10.62 describes the ACQ B viewing platform evaluated by Lebow et al.(2000) and Brooks (2000b). Similar to
the other viewing platforms in Wildwood, the assessment
included monitoring of metal concentrations in sediments
and water at replicate stations within 0.5 m of the structure
and at prescribed distances up- and downcurrent.
Invertebrate communities were assessed on vegetation,
artificial substrates and in sediments.

10.6.1.1 Water column concentrations of
copper
Concentrations as a function of time and distance from
the ACQ-B treatment are provided in Figure 10.63. Water
hardness, alkalinity, and dissolved organic carbon were
low in all Wildwood water samples, resulting in a chronic
EPA copper WQC of 2.68 µg Cu/L, which is included in the
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Figure 10.62 ACQ-B viewing platform evaluated in the Wildwood Wetland assessment
Brooks (2000b).

30.00

Day -29 (baseline)
Day +15
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Day +336
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Figure 10.63 Water column concentrations of copper in μg/L at the ACQ-B treatment as a function of
time and distance from the structure, which was located at 0.0 m.
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figure for reference. Based on these results, adverse effects
on sensitive species could be expected within 3 m of the
structure for at least the first 6 mo after construction.
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Index. This analysis does not support a hypothesis that
the elevated dissolved copper concentrations at the three
0.5-m stations caused adverse effects on the aquatic invertebrates settling on artificial substrates because the
metrics were not significantly different between the 0.5-m
station and upstream controls. Mean abundance and
number of taxa found on vegetation samples was similar
to the results for artificial substrates, with increased abundance and number of taxa observed downstream from
the structure on the days when copper levels exceeded
the EPA chronic criterion.

10.6.1.2 Drift and vegetation community response
at the ACQ-B treatment
Maximum dissolved copper concentrations (25.5 to 26
µg/L) were over nine times higher than the EPA chronic
criterion of 2.68 µg/L at a hardness of 18.5 mg CaCO3/L on
d 15 and d 162 in proximity to the ACQ-B treatment. Aquatic
invertebrates resident on the artificial substrates and on
vegetation were more exposed to dissolved copper than
were infauna. Summary biological metrics for d 162 are
summarized in Figure 10.64. Differences in the artificial
substrate community were explored using ANOVA.
Differences between sample stations were not significant
during the baseline survey (p = 0.37) or on d 15 (p = 0.313).
However, on d 162 the null hypothesis that all of the means
for all of the metrics except Shannon’s Index were equal
at all stations was rejected. Post-hoc testing with Duncan’s
Test found that dominant taxa abundance and number
of taxa were significantly higher at 3.0 and 10.0 m downcurrent when compared with either the 0.5-m stations or
the upstream control. These metrics were not significantly
different at the 0.5-m station when compared with the
upstream control. Similar results were obtained for Pielou’s

10.6.1.3 Macrofaunal response to sedimented
copper at the ACQ-B viewing platform
Biological effects associated with sedimented copper
(Figure 10.65) would most likely be found in the infaunal
community. Twelve samples were collected at varying
intervals up- and downstream from the structure on each
sampling day. Infaunal response was assessed using multiple regression analysis. Figure 10.66 presents a summary
of the biological data for d 336, when sedimented copper
levels peaked and when exceedances of the NEC had been
present for 174 d. A least squares best fit is provided for
each evaluated endpoint. Highest dominant taxa abundance and the largest number of taxa were observed in
the immediate vicinity of the ACQ-B viewing platform.
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Figure 10.64 Mean values for total invertebrate richness, dominant invertebrate abundance,
Shannon’s Index, and Pielou’s Index. Data are for aquatic invertebrates setting on three replicate
artificial substrate collectors at each of four distances above and below the ACQ-B treated
structure in the Wildwood Boardwalk study. All fitted lines are distance weighted least squares.
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Figure 10.65 Sedimented copper concentrations in mg/kg at the
ACQ-B treatment as a function of time and distance from the
structure, which was located at 0.0 m.

These metrics decreased in both the upstream and downstream directions. However, both Shannon’s Index and
the related Pielou’s Evenness Index were lower at the
platform and those values increased downstream.
The significance of the trends observed in Figure 10.66
was investigated using linear regression analysis on data
collected at distances from −1.5 to +5.0 m. The resulting
regression was significant (p < 0.007) and explained 57%
of the variation in the database. A significant (p = 0.007)
coefficient of +0.16 on the independent variable distance

was obtained with a small standard error of 0.045. This
analysis suggested a significant increase in Shannon’s
Index with distance from the platform. Regression analysis
with Shannon’s Index and sediment copper as the dependent and independent variables explained only 7% of the
variation in the data and was not significant (p < 0.45).
The intercept (constant) was significant (p = 0.000) and
equaled 1.55, which is the mean value for Shannon’s index
across all observed copper concentrations in the evaluated
area. The coefficient on sedimented copper was essentially
zero (0.0014) and was not significant (p = 0.45). Therefore,
it appears that the significant downstream increase observed in Shannon’s index for infaunal invertebrates on d
336 was not associated with sedimented copper, but with
some other factor. When coupled with the observed increases in dominant taxa abundance and total taxa richness
observed in the immediate vicinity of the structure, these
observations suggest that copper was not responsible for
the observed cline in Shannon’s Index observed in the
vicinity of the structure at the end of the study.

10.6.1.4 Summary for Wildwood’s ACQ-B
viewing platform
Despite elevated dissolved and sedimented copper concentrations adjacent to the ACQ-B structure, the abundance
and number of taxa in N = 3 samples collected adjacent
to the structure were higher than observed at the upstream
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Figure 10.66 Total taxa richness, dominant taxa abundance, Shannon’s Index, and
Pielou’s Index for infauna collected on day +336 at the ACQ-B treatment in the Wildwood
Boardwalk evaluation. All fitted lines are distance weighted least squares.
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control or the MC. Shannon’s Index was most likely depressed near the platform by the proliferation of a few
species there. It is hypothesized that the very slow currents
at these sites have created a depositional environment
hosting a robust community of invertebrates that are
tolerant to many natural and anthropogenic stressors,
including the high copper concentrations observed at the
site.

10.6.2 Montgomery’s Pond assessment
for ACQ-C preserved southern pine
Four combinations of ACQ-C decking treated with and
without water repellants were assessed using 2.44 m ×
2.44 m decks held above water on floats. The gage retention in these treatments varied between 2.68 and 6.12 kg
ACQ-C/m3. Two arrays of four posts (8.9 x 8.9 × 2.44 m long)
were also installed in the pond. These were treated to gage
retentions of 4.65 to 7.18 kg ACQ-C/m3. This report will
focus on the deck treatment having a retention of 4.28
kg/m3 with no water repellant added and the post treatment having a gage retention of 7.13 kg ACQ-C/m3.
Background information for Montgomery’s Pond and
results for the untreated controls and open controls were
provided in section 10.4.3.

10.6.2.1 Dissolved copper near the ACQ-C float

Total copper in water (µg/L)

Figure 10.67 summarizes dissolved copper concentrations
at the ACQ-C float and compares them with those at the
untreated float as a function of days post construction.
The results of an analysis of variance indicated that the
differences in water copper concentrations were signifi-

7.32
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cantly a function of days post construction (F = 49.3; p <
0.00), but not of the type of structure (untreated versus
ACQ-C treatment with F = 0.151 and p = 0.699). However,
close examination of the data shows somewhat higher
concentrations at the ACQ-C float on most days. It should
also be noted that copper concentrations under the dripline of the ACQ-C float during the first rainfall event were
1.02 µg/L higher than under the untreated float, reflecting
the copper content in the rainwater runoff. A multi-factor
ANOVA with days, treatment, and distance as factors potentially influencing copper concentrations in the water
revealed that not all of the means were equal (F = 6.55, p
< 0.001). Post-hoc testing (Tukey’s HSD test) revealed that
copper concentrations were significantly higher (p < 0.001)
at all distances from the ACQ-C float on d 31, when compared with the untreated float during baseline monitoring.
On the other hand, copper concentrations in the water at
the ACQ-C float on d 205 and d 338 were not significantly
elevated above baseline levels. Significant differences as
a function of distance from the ACQ-C float were not
observed on any day.

10.6.2.2 Sediment concentrations of copper
near the ACQ-C float
Sediment concentrations of copper within 3.0 m of the
untreated float and untreated posts (combined) and the
ACQ-C float as a function of day are summarized in Table
10.41. Analysis of variance with treatment, distance, and
day as factors did not detect significant differences (F =
1.21, p = 0.303). Sediment copper concentrations observed
near the ACQ-C float were not significantly different from
those observed at the untreated float.
Table 10.41 Summary statistics comparing sediment concentrations
(mg Cu/kg dry sediment) within 3.0 m of the green float and
untreated posts and float as a function of time post construction.

6.67
6.09
5.53
4.73

Treatment

4.08
3.54

ACQ-C

Days

Sed Cu
means

Confidence Confidence
-95.000%
+95.000%

-12

Sed
Cu N
0

2.93
2.39

ACQ-C

31

22.28

14.10

30.47

6

1.70
1.16

ACQ-C

205
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15.09

27.11
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Green

338
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-12
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Figure 10.67 Comparison of water column concentrations of total
copper within 3.0 m of the ACQ-C float with those within 3.0 m from
the untreated float in Montgomery’s Pond.

All groups

Smallest N for any variable: 70.
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10.6.2.3 Drift community response at the
ACQ-C Float
Table 10.42 summarizes biological endpoints observed in
the drift community at the untreated and ACQ-C floats as
a function of time. The response was similar to that previously reported for the open control and untreated wood
float. The declines in abundance and diversity on d 31 at
the ACQ-C float were less than those observed at the
untreated float, suggesting that effects on the drift community in the immediate vicinity of this treatment were
no greater than those recorded throughout the pond. In
contrast, Shannon’s Index suggested that the drift community’s structure was more affected for a longer period
of time at the ACQ-C float than at the untreated structure.
The summary of a factorial analysis of variance on
log10(N+1) transformed data with Days, Distance, and
Days*Distance as factors indicated that Days and Distance
were significant but the interaction term was not. Post-hoc
testing with Tukey’s Honest Significant Difference test
found that artificial substrate abundance increased significantly with each successive sampling day after d 31.
The increases in the number of taxa and Shannon’s Index
between d 31 and d 205 were not significant, but at the
end of the study (d 338), both of these endpoints were
significantly higher than those observed during the previous two sample days. Drift abundance and diversity were
significantly higher at 3.0 m distance, compared with the
perimeter of the ACQ-C float. This last finding suggests
that copper released from the treated float may have had
a significant adverse affect on the drift community. It
should be emphasized that significantly more drift organisms settled near the ACQ-C float (172.8 ± 60.7/sampler)

during the last sampling period of the study than settled
at the untreated float (74.3 ± 31.8). More taxa were also
present in the ACQ-C float samples (20.5 ± 3.8) than at the
untreated float (14.3 ± 4.0). These results indicate that the
adverse effects associated with the ACQ-C treatment were
of short duration.

10.6.2.4 Macroinvertebrate community
response at the ACQ-C float
Biological endpoints describing the macrobenthos near
the ACQ-C and untreated floats are summarized in Table
10.43. Analysis of variance indicated that Treatment, Date,
and Distance did not significantly affect Abundance (F =
0.98, p = 0.44), Number of Taxa (F = 1.087, p = 0.39), or
Shannon’s Index (F = 1.04, p = 0.41).

10.6.2.5 Summary for the ACQ-C float treated
with 4.24 kg ACQ-C/m3
The ACQ-C float was predicted to contribute more copper
to Montgomery’s Pond than the other treated structures.
However, mean copper concentrations in the water column
adjacent to this structure were not significantly different
from those observed at the open control stations and/or
at the untreated structures. This suggests that the observed
increase in copper on d 31 was the result of cumulative
contributions from all of the structures and was not significantly associated with the ACQ-C float. This appears to
also be true in the longer term, as sediment concentrations
of copper adjacent to the ACQ-C float were low and not
significantly elevated above those found at the untreated
structure on any day of the study. Compared with baseline
data, the drift community was significantly diminished
adjacent to the ACQ-C float on d 31. By the end of the

Table 10.42 Summary statistics describing the drift community sampled on Hesty-Dender artificial substrates deployed for 30 d prior to each
sampling date at the ACQ-C and untreated floats in Montgomery’s Pond as a function of days post construction. N = 6 for all data except the
baseline sampling (Day -12) when N = 8.
Treatment

Days

ACQ-C
ACQ-C
ACQ-C
ACQ-C
Untreated
Untreated
Untreated
Untreated
All groups

-12
31
205
338
-12
31
205
338

Raw abundance means

Confidence
+95.000%

Taxa means

Confidence
+95.000%

Shannon means

Confidence
+95.000%

33.8
94.2
172.8
60.8
14.3
75.3
74.3
74.4

52.9
107.6
233.5
96.5
18.8
104.4
106.1
91.4

9.00
12.00
20.50
16.00
7.50
13.17
14.33
13.34

12.57
14.97
24.30
21.38
9.09
16.45
18.35
15.00

1.427
1.672
2.307
2.239
1.847
1.945
2.151
1.955

1.815
1.898
2.495
2.457
2.029
2.285
2.381
2.071

N = 44 (no missing data in dep. var. list).
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Table 10.43 Summary statistics describing the macrobenthos near the ACQ-C and untreated floats in Montgomery’s Pond.
Treatment

Days

ACQ-C

-12

ACQ-C

338

Untreated

-12

Untreated

338

All groups

Abundance means
(number/m2)

Confidence
+95.000%

Taxa means
(number/sample)

Confidence
+95.000%

28186.1
20632.6
22255.5

35730.7
37801.8
27088.8

18.8
20.5
16.2

21.3
26.6
18.1

Taxa N
0
9
8
18

23409.6

27826.0

17.9

19.5

35

Shannon
means

Confidence
+95.000%

2.28
1.89
2.13

2.43
2.28
2.32

2.11

2.24

N = 35 (No missing data in dep. var. list)

study, more drift organisms were collected at the ACQ-C
float than at the untreated float (ANOVA; p = 0.001).
However, a multi-factor ANOVA found significantly higher
abundance and diversity of drift organisms settling on
artificial substrates located 3.0 m from the structure than
on its perimeter. This suggests that copper added by this
treated float to the cumulative concentrations from the
other treatments may have adversely affected drift organisms in the immediate vicinity of the float when compared
with a distance 3.0 m away. It is emphasized that abundance and diversity of drift organisms at the end of the
study were higher at the ACQ-C float than observed during
the baseline surveys or at the untreated float.

10.7 Pentachlorophenol
A total of 11 pentachlorophenol-treated bridges were
considered as candidates for this risk assessment. All but
four were eliminated because they also contained creosote-treated components.

10.7.1 Cougar Smith Bridge
The Cougar Smith Bridge (Figure 10.68) crossing the West
Fork of the Satsop River is an HS20 structure with a clear
span of 200 ft. It was constructed in 1996. All wood components of this bridge were preserved with 8.0 kg penta/
m3 in light solvent oil. The bridge sits on concrete footings

Figure 10.68 The Cougar Smith Bridge crossing the West Fork of the Satsop River is an HS20 structure with a clear span of 200 ft.
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Table 10.44 Dominant invertebrate taxa observed in sediment
samples collected in the vicinity of the Cougar Smith Bridge,
crossing the West Fork of the Satsop River in Washington State. A
total of 18 samples, each covering 0.0309 m2 were collected.
Dominant taxa
Phylum Annelida

Found in number
of samples

Total abundance

18

757

Order Acarina
18
Order Ephemeroptera
Cynigma sp.
17
Baetis sp.
15
Order Plecoptera
Family Nemouridae
14
Sweltsa sp.
18
Order Coleoptera
Cleptelmis sp.
18
Order Trichoptera
Glossosoma sp.
12
Brachycentrus sp.
12
Apatania sp.
16
Order Diptera
Pedicia sp.
16
Pericoma sp.
15
Family Chironomidae
18
Trissopelopia sp.
18
Synendotendipes sp.
18
Tanytarsus sp.
18
Cricotopus sp.
17
Synorthocladius sp.
16
Total abundance of dominants and subdominants

801
157
354
295
1,899
531
154
224
212
252
147
454
246
493
3,539
701
313
11,529

and treated wood is not immersed in water. The Satsop
River is used by several species of salmon, and fish were
spawning in the gravel under and just downstream from
the bridge during the survey. Pentachlorophenol was not
detected in the water at this bridge at the detection limit
of 0.25 µg/L.

10.7.1.1 Sediment characteristics near the
Cougar Smith Bridge
The river was experiencing moderate to low flows during
the August 4, 1998 survey. An area of the river with slowest
flows and relatively sandy sediments was chosen for sampling because this area appeared most likely to contain
elevated concentrations of preservative. Current speeds
in the monitored area averaged 27 cm/s and water depths
varied between 15.5 and 30.0 cm. Average currents in the
main channel were 63.7 cm/s in 36 cm deep water. The
water temperature was 13.5°C and the air temperature

was 23.9°C at 1100 h. Water pH was 6.90 ± 0.1 (N = 3).
Alkalinity was 33.2 and hardness 28.2 mg CaCO3/L. The
sediment matrix was dominated by gravel and cobble
with 1.1% to 14.4% sand and 1.7% to 5.2% silt and clay.
Total volatile solids averaged 1.74 ± 0.16%, equivalent to
1.04% TOC. NYSDEC (1993) established a penta SQC of 40
µg penta/g organic carbon. Calculated TOC at the bridge
was 1.04%, resulting in a benchmark for this evaluation
of 42 µg penta/kg dry sediment. Penta was detected in a
single sediment sample (19.0 µg penta/kg) at a single
station located 0.5 m downstream from the bridge’s downstream dripline.

10.7.1.2 Macrofaunal response at the Cougar
Smith Bridge
The river supported a complex and abundant mix of megafauna. These included numerous schools of juvenile salmon
and hundreds of sculpins (Family Cottidae) observed under
the bridge, along with dozens of crayfish (Pacifastacus sp.).
A total of 12,787 macroinvertebrates in 69 taxa were identified in 18 samples. The community was fairly evenly distributed, with 18 taxa meeting the 1% criterion for
designation as dominants, which are identified in Table
10.44. These 18 taxa (26% of total taxa) represented 90.2%
of the total abundance.
The dominant taxa include many recognized as intolerant of metals (particularly copper) and other pollutants
(Orders Emphemeroptera, Plecoptera, Tricoptera, and
sensitive chironomids, including Tanytarsus sp. and
Cricotopus sp.). The number of taxa, total species abundance, and dominant species abundance are displayed in
Figure 10.69 as a function of distance upstream and downstream from the bridge. All measures of biological response
at all distances downstream from the bridge were either
equal to or exceeded those found at the upstream control.
There was a significant increase in species richness (number
of taxa) and diversity (Shannon’s Index) at those stations
located under the bridge (0.0 m) to 3.0 m downstream. As
previously noted, sediment pentachlorophenol concentrations were less than half the New York State sediment
quality criterion. No biological effects were expected in
association with these low preservative concentrations
and no adverse biological effects were observed at the
bridge.

10.7.1.3 Laboratory bioassays
Ten-day Hyalella azteca tests were completed on sediments
collected upstream, and at distances of 0.5, 2.0, and 10 m
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Number of invertebrates per 0.0309-m2 sample
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Figure 10.69 The number of taxa, the abundance of all taxa and only dominant taxa observed in 0.0309 m2
samples collected in the vicinity of the Cougar Smith Bridge crossing the West Fork Satsop River, in Washington
State on August 5, 1998.

downstream from the downstream perimeter of the Cougar
Smith Bridge. Sediments at this site were dominated by
gravel and cobble and were coarser than desired for
Hyalella zateca bioassays. However, survival was generally
good in all tests. Survival data was Log transformed and
t-tests used to evaluate the significance of differences in
amphipod survival between the upstream control (93.9%
survival) and treatment stations. Pentachlorophenol was
only detected in sediments at the 0.5 m downstream station. Amphipod survival (88.8%) was not significantly
reduced at this station. Survival at the 10-m downstream
station was significantly lower (76.3%) than at the control,
but pentachlorophenol was not detected at that station
and the result is likely associated with another factor.

10.7.1.4 Summary for the Cougar Smith Bridge
The Cougar Smith Bridge is located in an erosional environment where contaminants are not expected to accumulate in sediments. Current speeds at this bridge were
moderately fast at >27 cm/s and sediments were stable
and composed primarily of gravel and cobble. A diverse
community of pollution-sensitive species was observed
under and downstream from the bridge. Pentachlorophenol
was not detected in the water and was detected at low
levels in sediments in only one sample. In neither case did
the sediment levels reach 50% of the New York State

chronic benchmark. No adverse biological effects were
anticipated and none were observed. In general, the invertebrate community under and immediately downstream from the bridge was more abundant and diverse
than was found either 10 m upstream or downstream.

10.7.2 Upper Dairy Creek Bridge
The Upper Dairy Creek Bridge carries an HS20 live load
highway that includes a 3-inch asphalt surface. It has a
clear span of 58 ft and sits on concrete abutments. All
wooden components were treated with 9.6 kg Type A
penta/m3. Figure 10.70 shows the general configuration
of the bridge and Figure 10.71 shows the wooden decking
and support timbers.
Dairy Creek was flowing at a low-to-moderate rate
during assessment. The sampling transect represented
the area of the streambed with finest sediments and slowest currents (<3.0 cm/s). Faster current speeds were present
throughout most of the stream channel, where they were
>100 cm/s. The weather was overcast and a light rain was
falling. The water temperature was 10.8°C at 1200 hours
and the air temperature was 14.5°C. Water pH averaged
6.89 ± 0.05 units (N = 3). Alkalinity was 37.5 and hardness
was 32.8 mg CaCO3/L. Sediments along the sampled transect were dominated by sand and gravel with minor
amounts of silt and clay.
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10.7.2.1 Sediment and water column
concentrations of pentachlorophenol
Pentachlorophenol was not detected in the water column
at any station with a detection limit of 0.25 µg/L (N = 3 at
each station). Pentachlorophenol was detected in all three
sediment samples collected under the bridge (20.0 ± 7.9
µg penta/kg) and in the single sample collected at 1.0 m

downstream (17.0µg penta/kg). Total volatile solids under
the bridge were 5.88 ± 0.59%, giving a calculated TOC of
3.53% and a NYSDEC (1993) SQC of 141.2 µg penta/kg.
The maximum observed concentration in a single sample
was 28 µg penta /kg, which is 19.8% of the benchmark,
and no adverse biological effects were anticipated in association with sedimented preservative lost from the
bridge.

Sample transect

Figure 10.70 Upper Dairy Creek Bridge (Washington County, Oregon Bridge Number 1366) as it
appeared on November 6, 1997, during the risk assessment.

Figure 10.71 Bridge deck and support structure under the Upper Dairy Creek Bridge.
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Table 10.45 Dominant and subdominant invertebrate taxa observed
in sediment samples collected in the vicinity of Bridge 146 crossing
Pipe Creek in Cass County, Indiana. A total of 18 samples, each
covering 0.0309 m2 were collected.

10.7.2.2 Macrofaunal response at the Upper
Dairy Creek Bridge
A total of 9,158 invertebrates in 74 taxa were identified in
18 samples. Dominant taxa (>1% of total abundance) are
identified in Table 10.45. These 16 taxa, representing 22%
of total taxa, made up 93.5% of total abundance. The
community was dominated by sensitive taxa in the orders
Ephemeroptera and Trichoptera (91.5%). The number of
taxa, total species abundance, and dominant species abundance are displayed in Figure 10.72 as a function of distance
upstream and downstream from the bridge. This community prefers hard and stable substrates. Sand, silt, and
clay were higher under the bridge (74.9%) and at 0.5 m
downstream (70.9%) than at other stations examined in
this assessment (13.8 to 36.8%), and this likely affected
the community. However, a series of t-tests on Log transformed biological metrics comparing the upstream control
with downstream treatment stations found no significant
differences in the number of taxa or invertebrate abundance. Shannon’s Index was significantly lower at all downstream stations when compared with the upstream control,
but the differences were small (2.1 to 2.6 upstream and
1.5 to 1.9 under the bridge).

Found in number
of taxa

Total
abundance

16

137

Ephemerella sp.

18

702

Paraleptophlebia sp.

15

167

Epeorus sp.

18

580

cf. Heptagenia sp.

15

202

Rhithrogenia sp.

14

112

Dominant Taxa
Phylum Annelida
Order Ephemeroptera

cf. Baetis sp.

17

313

Zapada sp.

17

318

Sweltsa sp.

14

93

Family Perlodidae

15

93

Order Trichoptera
Glossosoma sp.

18

4,771

cf. Hydropsyche sp.

18

194

Family Brachycentridae

17

165

17

127

Polypedilum sp.

11

279

Eukiefferiella sp.

18

313

Family Lepidostomatidae
Lepidostoma sp.
Order Diptera, Family Chironomidae

Sediment concentrations of pentachlorophenol were
less than 15% of the New York benchmark. The variation
in sediment concentrations of penta observed under the
bridge was high enough to avoid significance at the 0.05

8,566

Dominant taxa and total abundance

Penta; number of taxa; and sand, silt, and clay (%)

Total abundance of dominant taxa

800

100
90

700

80

600

70

500

60

Total abundance
Sand, silt, clay (%)
Penta
Number of taxa

400

50
40

300

30

200

20

100
0

10
1

2

3

399

4

5

6

7

8

0

Distance (ft) from the Upper Dairy Creek Bridge
Figure 10.72 The number of total invertebrate taxa abundance compared with percent sand, silt,
and clay in sediments and pentachlorophenol concentrations observed in 0.0309 m2 samples
collected in the vicinity of the Upper Dairy Creek Bridge on November 7, 1997.
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•• Factor 3 was significantly correlated only with the
chironomid Polypedilum sp.

level. However, the differences were significant at α = 0.055.
Because Shannon’s Index was significantly lower downstream from the bridge, the relationship between sediment
physicochemical characteristics and biological response
was further explored using a four-factor Varimax normalized Principle Components Analysis. The first two factors,
displayed in Figure 10.73, explained 47.5% of the variation.
The next two factors explained an additional 31.9%, giving
a total of 79.4% for the four factors considered in the
analysis.

•• Factor 4 was significantly positively correlated with
the mayflies Epeorus sp., Baetis sp., and the caddisfly,
Hydropsyche sp., and it was significantly negatively
loaded with the physicochemical variable TVS.
Sediment concentrations of pentachlorophenol were
not significantly correlated with any of the four factors.
However, it was moderately negatively, but not significantly, correlated with factors 1 (−0.47) and 4 (−0.61). This
is likely because factor 1 is negatively correlated with fines
(sand, silt, and clay) and factor 4 is negatively correlated
with TVS. These last two physicochemical parameters
increase in depositional environments, where pentachlorophenol could also be expected to accumulate. This
analysis suggests that the sensitive community of mayflies
and caddisflies resident in Upper Dairy Creek were negatively affected by high concentrations of sand, silt, and
clay and increased concentrations of organic matter.
Sediment concentrations of pentachlorophenol were well
below the New York State chronic sediment quality criterion, and the factor analysis shows that it accumulated in
depositional areas having increased fines and TVS.
Three clusters are evident Figure 10.73. Cluster “A”
consists of the sediment physicochemical variables, TVS,

•• Factor 1 was significantly positively correlated with
the mayflies Ephemerella sp., Paraleptophlebia sp.,
Heptagenia sp., and Zapada sp. As expected from
habitat preferences of these taxa, it was significantly
negatively correlated with the percent sediment
sand, silt, and clay.
•• Factor 2 was significantly correlated with caddisflies
Glossosoma sp., the Family Brachycentridae, total
abundance, and dominant species abundance.
Glossoma sp. was the most abundant invertebrate
in this study and therefore its abundance was highly
correlated with total abundance (LABUND) and
dominant species abundance (DABUND). There were
no significant negative correlations associated with
Factor 2.
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Figure 10.73 Principal Factors (MINRES) extraction and Varimax normalization of independent physicochemical variables and
biological response variables observed in sediments at the Upper Dairy Creek Bridge in Washington County, Oregon, on
November 7, 1997. Factor Loadings, Factor 1 vs. Factor 2. Rotation: Varimax normalized. Extraction: Principal factors (MINRES).
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proportion fines, and sedimented penta. Increased values
of these variables are associated with depositional environments that are inimical to the EPT taxa resident at the
site. Cluster “B” represents species and biological metrics
contributing to measures of invertebrate abundance. These
variables included dominant species abundance, total
abundance, and the most abundant taxon Glassosoma sp.
As expected, Shannon’s Index was negatively correlated
with clusters “A” and “B”. Cluster “C” contains a group of
taxa that were important in determining the total number
of taxa. In addition, the taxa in cluster “C” appear to be
unadapted to the depositional environments characterized by cluster “A”.

10.7.2.3 Laboratory bioassays
The preceding analysis has hypothesized that the low
levels of pentachlorophenol observed in Dairy Creek sediments were not associated with adverse biological effects,
but rather that they are correlated with sediment fines
and TVS characteristic of depositional areas. Ten-day amphipod (Hyalella azteca) bioassays were completed on
sediments collected upstream, and at distances of 0.0, 2.0,
and 10 m downstream from the downstream perimeter
of the Dairy Creek Bridge. The SGS distribution in Upper
Dairy Creek sediments was coarser than desired for Hyalella
azteca. However, survival was excellent in all tests. Survival
data were transformed using the ARCSIN(Square Root
(proportion surviving) transformation and t-tests were
used to evaluate the significance of differences in amphipod survival between the upstream control and downstream treatment stations. Survival was 96% at the
upstream control and it varied between 96% and 97% at
the treatment stations, indicating that none of the sediments were toxic to this amphipod.

10.7.2.4 Risk assessment summary for the
Upper Dairy Creek Bridge
The Dairy Creek Bridge crosses a moderately fast-flowing
stream. However, in order to assess the worst case, the
chosen sampling transect was located where speeds were
measured at only 3.0 cm/s. A diverse community of pollution-sensitive mayflies and caddisflies was observed
under and downstream from the bridge. Pentachlorophenol
was not detected in the water and was detected in sediments at concentrations representing less than 17% of
the New York State SQC at two downstream stations.
Decreases in the abundance of invertebrates or the number
of species per sample were not found downstream from
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the bridge. However, Shannon’s Index was significantly
lower downstream in comparison with the upstream reference location. The decrease appeared to be associated
with the significantly increased proportion of sand, silt,
and clay found along the sampling transect. This part of
the study could be criticized for not collecting samples
farther into the channel under the bridge, where the
substrate was more characteristic of the upstream control.
However, it was the author’s opinion at the time that collecting samples farther in the channel would not represent
a worst case because it was very unlikely that pentachlorophenol would have been detected in sediments underlying the swifter currents. The weight of evidence presented
in this analysis, including the low levels of penta observed
in sediments, lack of penta in water, lack of toxicity in
laboratory bioassays, and the relationship between the
larval insect community and SGS and TVS all support a
conclusion that no adverse biological effects were associated with the use of pentachlorophenol in constructing
the Upper Dairy Creek Bridge.

10.8 Summary of Risk
Assessments for Pressure-Treated
Wood Structures Located in and
over Aquatic Environments
This chapter has reviewed the results of assessing the
environmental response to 22 structures treated with six
wood preservatives. Summary results are provided in Table
10.46. As shown in Chapter 7, preservative active ingredients do migrate or leach from pressure-treated wood.
Contaminants are assumed to adsorb to organic and/or
inorganic suspended matter and to be sedimented near
the structures. While dissolved in the water column, contaminants are most available to seston and epifaunal organisms. Following sedimentation, contaminants have
the greatest potential adverse effects on infauna living on
and in the sediments. These risk assessments have been
undertaken in a broad range of freshwater and marine
environments. A conscious effort was made in each study
to choose large projects located in-worst case environments (slow currents, fine grained sediments, etc.).
Therefore these assessments are not a random sample of
all treated wood structures; rather they are a sample of
the worst cases available. Invertebrate communities are
inherently variable in both space and time. Some invertebrates are robust to environmental stressors and some
are sensitive. Most are adapted to specific environments
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Table 10.46 Summary results for six preservatives evaluated in 22 environmental risk assessments of treated wood structures.
Preservative/
Site

Mean concentrations

Drift community

Actives

Dissolved
(µg/L)

Sediment
(mg/kg)

Distance (m)

Sooke Basin

PAH

<0.017

< 14.3

Fort Worden

PAH

< 16.0

Fort Ward

PAH

Jimmycomelately Removal

PAH

Railway Ties

PAH

Pipe Creek Bridge 148

Biological effects
Infauna

Bioassays

≤7.5

No effects

Toxic @ < 2.0 m

~7.5

Higher near structure

NA

< 11.9

≤2.5

Higher near structure

< 10.5 @
15 cm

~0.6

Not assessed

< 3.4

<0.3

Not assessed

PAH

< 5.3

≤1.8

No adverse effects

No adverse
effects

Pipe Creek Bridge 146

PAH

< 2.3

≤1.8

Equivocal minor
effects

No adverse
effects

Meadowbrook Creek Bridge

PAH

< 9.02

≤4.6

No significant effects

Seabeck Lagoon Bridge

PAH

< 3.9

~3.0

Higher near bridge

Anderson Creek Bridge

PAH

<< 0.5

No increase

Higher near bridge

≤1.8

Higher near bridge

No adverse
effects

No adverse effects

No adverse
effects

Creosote

< 2.7

CCA-C
Fountains Bridge

Cu

Horseshoe Bayou Bridge

Cu

< 1.92

< 11.9

≤3.0

Montgomery’s Pond

Cu

< 6.3a

< 26.2

No increase

Wildwood Wetland

Cu

< 1.55

< 44

<3.0

Cu

< 6.8a

< 24.6

No increase

Decreased on
day 31b

No adverse effects

Cu

< 26

<200

~10.0

No significant
effect

No significant effects

Cu, Zn

1.91

<13.2

≤2.5

No significant
effect

No significant effects

Sequim Bay Float Dolphin

Cu

0.78

<19.8

≤2.5

No significant
effect

No significant effects

Wildwood Wetland

Cu

<100.0

<173

≤3.0

No significant
effect

No adverse effects

Genoa’s Restaurant

Cu

ND

<22.7

No increase

Satsop River Bridge

Penta

ND

<0.019

≤0.45

No adverse effects

No significant
effects

Dairy Creek Bridge

Penta

ND

<0.020

≤0.9

Shannon’s Index
lower downstream

No significant
effects

Decreased on
day 31b

No adverse effects
No adverse effects

ACQ-C
Montgomery’s Pond
ACQ-B
Wildwood
ACZA
Sequim Bay Pier Piling

Penta

a Not significantly higher than the copper concentrations at the reference location.
b All biological indicators increased after d 31 to values significantly exceeding baseline conditions.
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and efforts were made to locate structures and sampling
transects having homogeneous environmental conditions
(substrate, water flow, depth, etc.). The environment plays
a large role in defining the composition of invertebrate
communities; rational conclusions can only be reached in
light of the environmental conditions at a site and the
concentrations of contaminants expected from anthropogenic sources. The response of invertebrate communities
resident near these structures was also assessed and compared with federal and state sediment and water quality
criteria to assess the potential for adverse effects.
The results of the biological assessments are internally
consistent, with little variability in the summary biological
metrics examined (abundance, number of taxa, Shannon’s
Index, etc.). It is emphasized that these are community
metrics and that a finding of no-effect does not mean that
every species was unaffected—it simply means that the
community as a whole was not significantly affected. With
the exception of the Montgomery’s Pond Study (Brooks
2003), no significant adverse effects were observed on
invertebrate communities at and near treated-wood structures. Nine metal-based, pressure-treated wood structures
were placed in Montgomery’s Pond, resulting in significant
increases in concentrations of dissolved copper to >6 µg
Cu/L 31 d post construction, which exceeded the EPA
chronic WQC of 2.11 µg/L in the pond’s soft water (15.82
mg CaCO3)/L). Significant reductions in the drift community
were observed 31 d post construction. Copper concentrations then declined to <4.34 µg/L and all macrofauna increased to above baseline abundance and diversity by the
end of the one-year study. Thus, Montgomery’s Pond
experienced a significant, but short-lived decline in invertebrates in association with the nine treated-wood structures placed in the pond. Nonetheless, this example points
out the need to manage treated wood in sensitive
environments.
In the majority of cases, invertebrate communities
flourished in association with the treated-wood structures.
Higher abundance and diversity of invertebrates were
found on and in the immediate vicinity of the structures
than were observed at local reference locations. This was
particularly true for creosote, where repeated studies have
found vibrant epifaunal communities resident on the piling and infauna flourishing in nearby sediments. In a few
cases, subtle adverse effects were seen (such as the small
decline in Shannon’s Index near the ACQ-C platform at
Wildwood or the increased metrics downstream from the
Dairy Creek Bridge). The assessments were not designed
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to define cause-and-effect relationships. Nonetheless,
various forms of correlation analyses were used to look
for possible relationships between contaminant concentrations and/or other physicochemical attributes and
community responses. The results of the analyses point
out the need to carefully assess as many aspects of the
environment as possible when considering the effects of
contaminants on local biological resources. One could
have easily assumed that contaminants from pressuretreated wood were the cause of the subtle effects observed
near structures, when it appears that other environmental
factors were more likely candidate causes for the observed
differences.

10.8.1 Relationship between WQC, SQC
and biological responses
The model presented in Chapter 7 uses federal and state
sediment and water quality criteria as a basis for assessing
site and structure acceptability. The ACZA- and ACQ-C
treated viewing platforms in Wildwood and the ACQ-C
treated floats in Montgomery’s Pond resulted in samples
that significantly exceeded the copper WQC. With the
exception of the d 31 drift community in Montgomery’s
Pond, however, significant adverse effects were not seen
in association with these dissolved copper exceedances.
That is because there are many mediating factors present
in natural waters that detoxify copper. HydroQuals Biotic
Ligand Model is a step forward in more accurately predicting the toxicity of copper. For instance, the EPA WQC in
Montgomery’s Pond, was 2.11 µg Cu/L, whereas the BLM
predicted toxicity to Daphnia magna at 11.2 µg Cu/L. The
drift community was diminished at 6.34 µg Cu/L, but not
at 4.34 µg/L. The reduced toxicity in Montgomery’s Pond
appears to be associated with the high dissolved organic
content in the pond’s eutrophic environment that has very
low hardness. It is worthy of note that arsenic, zinc, and
chromium were not shown to be a significant problem in
any of these assessments.

10.8.1.1 Extent of effects
The extent of increased concentrations of sedimented
contaminants is summarized in Table 10.46. Sooke Basin
and Fort Worden were the only structures located in deep
water, and increased sediment concentrations of ∑PAH
were observed to distances of 7.5 m from these structures.
The extent of contamination at the other structures varied
from no increases seen in Montgomery’s Pond and at the
Anderson Creek Bridge to a distance of ≤ 4.6 m at the
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Meadowbrook Creek Bridge. An exception was the CCAC-treated viewing platform in Wildwood, where small
sediment copper increases were observed 10 m downstream, apparently in association with movement of the
fine-grained sediments following construction.

10.8.1.2 Uptake of contaminants by biota
resident on and in the immediate vicinity of
treated wood structures
Several of the studies examined the uptake of metals and
PAH by clams and mussels resident on or within 0.5 m of
creosote- or ACZA-treated wood. Tissue concentrations
of copper, arsenic, zinc, and PAH were minimal, and none
of the shellfish posed any significant human or environmental health risk.

10.8.2 Summary
The 22 treated wood structures described in this chapter
resulted in small- to moderate increases in dissolved and
sedimented metals and preservative organic active ingredients in the immediate vicinity (≤ 10 m) of the structures.
It is emphasized that all of these assessments were focused
on worst cases and the results are not representative of a
random sample of treated-wood structures. In no case
have these assessments documented widespread or longlasting effects in the biota. Amphipod bioassays using
Sooke Basin sediments showed evidence of toxicity within
0.65 to 2.0 m of the base of the dolphin. However, no
adverse effects were observed in the natural macrobenthic
community at that site; the very abundant and diverse
community of epifaunal resident on the piling a year after
construction suggests that creosote-treated wood structures in Pacific Northwest marine environments likely
enhance local invertebrate communities. The nine treatedwood structures placed in Montgomery’s Pond resulted
in significant increases in dissolved copper and a significant
reduction in the drift community 31 d after construction.
However, the invertebrate community quickly recovered
to above baseline conditions within a few months, and
no increases in sediment copper were observed. No significant adverse biological effects were observed in association with the use of pressure-treated wood at any of
the other 20 sites. These results suggest that pressuretreated wood is generally safe for use in sensitive environments, but that care should be taken to insure that the
proposed structures are compatible with the site environment and any sensitive species that may be present.
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