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Abstract However, low levels of PAHs were observed in the sedi-
ments under and immediately downstream from these
Timber bridges provide an economical alternative to concretebridges. Pentachlorophenol concentrations did not approach
and steel structures, particularly in rural areas with light to  toxicological benchmarks. Sediment concentrations of naph-
moderate vehicle traffic. Wooden components of these thalene, acenaphthylene, and phenanthrene exceeded the
bridges are treated with chromated copper arsenate type C probable effect level. Metal levels at the bridges treated with
(CCA), pentachlorophenol, or creosote to prolong the life of CCA were less than predicted effect levels, in spite of ques-
the structure from a few years to many decades. This results tionable construction practices. Adverse biological effects
in reduced transportation infrastructure costs and increased were not observed in the aquatic invertebrate community or
public safety. However, the preservative used to treat the laboratory bioassays conducted on water and sediments
wooden components in timber bridges is lost to the environ- sampled at each of the bridges. Results of this study reveal
ment in small amounts over time. This report describes the the need to follow the construction information foun@est
concentration of wood preservatives lost to adjacent envi-  Management Practices for the Use of Treated Wood In
ronments and the biological response to these preservatives Aquatic Environmentpublished by Western Wood Preserv-
as environmental contaminants. Six bridges from various ers Institute. Regulatory benchmarks used in risk assessments
states were examined for risk assessment: two creosote- of this type need to be indexed to local environmental condi-
treated bridges, two pentachlorophenol-treated bridges, and tions. The robust invertebrate communities associated with
two CCA-treated bridges. In all cases, the largest bridges  slow-moving streams over soft bottoms were not susceptible
located in biologically active environments associated with  to the concentrations of PAHs that would be expected to
slow-flowing water were selected to represent worst-case  affect more sensitive taxa, which typically are located in
analyses. Sediment and water column concentrations of faster moving water over hard bottoms. Contaminants re-
preservative were analyzed upstream from, under, and down-eased from timber bridges into these faster systems (where
stream from each bridge. The observed levels of contaminanimore sensitive taxa are located) are significantly diluted and
were compared with available regulatory standards or not found at biologically significant levels.
benchmarks and with the quantitative description of the
aquatic invertebrate community sampled from vegetation andKeywords: timber bridges, preservative, CCA, creosote,
sediments. Pentachlorophenol- and creosote-derived poly- Pentachlorophenol
cyclic aromatic hydrocarbons (PAHs) were not observed in
the water near any of the selected bridges.
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Assessment of the Environmental Effects
Associated With Wooden Bridges Preserved
With Creosote, Pentachlorophenol, or
Chromated Copper Arsenate

Kenneth M. Brooks, Owner and Principal Scientist

Aquatic Environmental Sciences, Port Townsend, Washington

Introduction

Wood is a renewable resource that can be modified to pro-
duce bridge structures that are strong and relatively light

Krahn (1987) reported the leaching of copper and arsenic
from ammoniacal-copper-arsenate- (ACA-) treated wood

used as bridge decking and support timbers in British Co-
lumbia, Canada. Initial treatment of this wood did not meet

weight, compared with steel or concrete, and can be aestheti-Canadian Wood Preservers’ Association (CWPA) standards,

cally pleasing. Wood preservatives are used to increase the
life span of wooden bridge structures from a few years to
many decades. Wooden bridges, preserved with a variety
of chemicals, have been used widely throughout the

and the wood was retreated. Krahn’s (1987) investigation
suggested that theomd was immediately placed in service
following the second treatment and that fixation of the metals
had not occurred. Krahn (1987) discussed the potential for an

United States and Canada. They are particularly valuable for avoidance reaction in salmonids at the copper levels ob-

small- to moderate-sized pedestrian and vehicular bridges in
rural areas.

Timber bridges are typically treated with pentachlorophenol
(penta) or creosote. These oilborne preservatives are pre-
ferred for long spans where the wood must remain flexible.
However, wood treated with waterborne preservatives,
represented primarily by ammoniacal copper zinc arsenate
(ACZA) and chromated copper arsenate typ€€CA), is

also being used in the construction of wooden bridges. A
preliminary survey conducted in support of this study indi-
cated that creosote is used primarily in the Northeast and
Midwest, penta and creosote in the Pacific Northwest, and

served in the stream but did not document actual environ-
mental degradation.

The literature is rich with descriptions of metal and hydro-
carbon pollution associated with transportation systems.
However, not one document was uncovered that describes
the loss of wood preservatives from timber bridges. There-
fore, this study breaks new ground in understanding the
environmental risks associated with these structures.

In 1997, the USDA Forest Service contracted with Oregon
State University and Aquatic Environmental Sciences to
conduct a three-phase study (contract RIVA-2828). The

CCA throughout the South. These are qualitative trends, and purposes of this study were to
examples of the use of each type of preservative can be found

throughout the United States.

This study began with an extensive literature search. That
search did not uncover any reports documenting a loss of
biological integrity associated with timber bridges con-
structed of treated wood. However, a perceived environ-
mental degradation is often associated with these structures.
Figure 1, a photograph taken in 1995, shows a bridge cross-
ing Narragansett Bay. The bridge was constructed of lami-
nated beams that began dripping creosote during a series of
hot summer days. Figure 2 shows the accumulation of
dripping creosote on rocks under the bridge.

* assess the environmental response associated with existing
timber bridges,

 determine the loss of various types of preservatives from
overhead bridge structures, and

 develop a computer model to assist the Forest Service in
understanding the site-specific environmental risks associ-
ated with proposed timber bridge construction.



Figure 1—Creosote loss from treated glulam beams used in constructing a highway bridge across
Narragansett Bay.

Figure 2—Accumulated creosote from weeping pressure-treated timbers used in bridge construction



Background

Table 1—Metal and PAH levels observed in storm water
run-off from the Skyway Bridge in Burlington, Ontario

a

Transportation systems are inherently dirty. Polycyclic
aromatic hydrocarbons (PAHSs) are released from many

Contaminant Water (ug/L) Sediments (ug/g)

sources, including asphalt, lubricating oils, and gasoline or

diesel engine exhaust. Asphalt contains significant concentra-Copper

tion levels of PAH, including the known carcinogen,

337
136
0.015 to 0.500

997
314

Zinc

14 PAH

benzo(a)pyrene atig/g (Machado and others 1993). In
Germany, Muench (1992) observed roadside levels of PAHs
at 6.6 to 9.8ug/g (dry soil weight) and zinc levels of 58 to
330ug/g. These levels approach those at which adverse
biological effects could be anticipated in particularly
sensitive aquatic environments.

Elevated concentrations of heavy metals, including zinc and
copper, were found within 100 m of roads with traffic vol-
umes exceeding 1,000 vehicles per day (Hoedrejaerv and
others 1997). Mean storm water levels of zinc and copper
can exceed surface water quality discharge standards
(Sasalone and Buchberger 1997). In Moscow, Lepneva and
Obukhov (990) observed copper at 8§/g and zinc at
230pg/g in roadside soils. These levels were four to six
times greater than background levels.

Sediment levels of contaminants in aquatic environments
adjacent to roadways can be significantly elevated. Faganeli
and others (1997) documented the uptake of road surface
contaminants, including PAH, zinc, and copper, by plants,

®Marsalek and others 1997.

next to the highway when compared with the reference lake.
The concentration levels of other metals (copper, mercury,
nickel, lead) and PAHSs in bivalves were low in both lakes,
presumably close to background levels. The diversity and
abundance of benthic communities were reduced on the
highway side of the polluted lake, suggesting effects associ-
ated with highway pollutants. Yousef and others (1985)
observed elevated levels of metals, including lead, copper,
chromium, iron, nickel, cadmium, and zinc, in lake water and
sediments associated with a highway bridge. The authors
reported that 95% to 98% of the metals associated with the
road and bridge were found in the sediments. Marsalek and
others (1997) observed high levels of metals and PAHs in
runoff from the Skyway Bridge in Burlington, Ontario. The
observed levels in water and sediments are summarized in
Table 1. The authors noted that sediment levels of metals
were considered “grossly polluted” according to the Ontario

bivalves, and gastropods in the Gulf of Trieste. However, the Ministry of environment and energy guidelines for sediment

levels of PAHs and metals were not sufficiently high to
adversely effect biota (Faganeli and others 1997). The
bioavailability of PAHs and their ability to influence biologi-
cal systems are dependent on a number of environmental

quality.

A large proportion of the contaminants entering aquatic
environments appears to be sedimented at short distances

physicochemical parameters, particularly the concentration offrom the point of introduction. Schiffer (1989) found that

organic carbon that binds PAH (Johnsen 1987, Brooks
1997b). For example, Paine and others (1996) examined
sediment PAH levels and biological responses associated
with an aluminum smelter. Levels of 10,000 mg PAH per
kilogram of dry sediment were observed in some samples
within 1 km of the smelter. However, most samples revealed
sediment PAH concentrations of about 150 mg/kg. Despite
repeated sampling for several years, the authors found no
sediment toxicity associated with four laboratory bioassay
test animals and minimal evidence of toxicity in the resident
benthic invertebrate community. The authors concluded that

median zinc levels decreased frompigfL at a storm water
inlet to 20pg/L at a distance of 30.5 m from the inlet. There-
fore, the magnitude of the disturbance associated with trans-
portation systems is partially dependent on the size (particu-
larly the width with respect to the roadway) of the water
body. Obviously small, stagnant ponds and narrow, slow-
moving streams flowing parallel to major transportation
routes would likely be more stressed than would a large,
swift river flowing under a highway bridge.

O’Malley and others (1996) used molecular abundance and

the lack of observed toxicity was associated with the reducedcarbon isotope measurements to partition four- and five-ring

bioavailability of PAHs.

Storch and others (1990) found that Chagtsa Lake Bridge
runoff was toxic to young-of-the-year sunfidkepomis
macrochirud. The authors suggested that sodium chloride
(used to de-ice roads) was a major contributor to the toxicity
but that concentration levels of zinc and cadmium were also
found at toxic levels. Baekken (1994) compared metal and
PAH levels in a small reference lake with those in a similar
lake adjacent to a highway. He found that cadmium and zinc
concentrations in bivalves were two to three times greater

PAHs by source in Saint John’s Harbor, Newfoundland,
Canada. Their mixing model suggested that approximately
50% to 80% of the PAH input to the harbor was of combus-
tion origin, likely dominated by vehicular emissions carried
by surface runoff from the city of Saint John’s. In addition,
direct petroleum-related contributions, dominated by crank-
case oil, accounted for the remaining 20% to 50% of the total
PAH input.

Gravel roads can result in the deposition of significant
amounts of sharply divided sediments in rivers and streams,



with adverse effects on fish and invertebrate habitat (Cedar- Several studies examining the environmental response to

holm and Salo 1979, Cedarholm and others 1982). Road

treated-wood structures have recently been reported. These

traffic tends to break rock into sharp fragments that can causestudies are reviewed in the following sections.

injury to the gills of aquatic organisms, whereas natural

sediments tend to be more rounded by abrasion, thus having Creosote Evaluation

a lower propensity to cause physical injury.

The point in this discussion is that transportation systems,
including the roads that are carried over water bodies by

Goyette and Brooks (1999) examined biological and phys-
icochemical responses to the presence of two six-piling
creosote-treated dolphins, with 2.4- to 3-m-wide bases,

bridges, are the source of many contaminants, including the placed in a pristine marine environment. The study compared
metals used to preserve wood (copper, zinc, and chromium) aged (8-year-old) and newly treated piling with an untreated

and the PAHSs contained in creosote. Unless an attempt is
made to control these sources that are not associated with

Douglas-fir control and an open control (lacking any struc-
ture). Water depths were 8.7 m and currents were slow,

treated wood, they could significantly confound the results of with a maximum speed of 1.89 cm/s. Based on the first
a study intended to evaluate the environmental effects associ535 days of evaluation, the authors concluded the following:

ated with preservative lost from treated wood.

Previous Treated-Wood
Assessments

An extensive literature search did not reveal any reports that
discussed environmental effects associated with timber
bridges. Brooks (1995a,b, 1996, 1997a-c, 1998a,b) pub-
lished risk assessment guides and computer models for as-
sessing environmental risks associated with wood treated
with creosote, CCA, Ammoniacal Copper Quat, type B
(ACQ), and ACZA and used in aquatic environments. These
documents focus on the loss of preservative from immersed
wood and do not adequately address the loss of preservative
constituents from overhead structures.

The magnitudes and characteristics of losses of wood pre-
servatives from overhead bridge structures into underlying
aquatic environments are a function of numerous variables,
including wood type, preservative, retention rate (how much
preservative is in the wood), and production methods. These
variables can be controlled by the engineer, specifier, and
wood treater. In addition, loss of preservative is a function of
rainfall quantity and pH for waterborne preservatives and
wood temperature for oilborne preservatives.

Goyette and Brooks (1999) hypothesized that much of the
sedimented PAH associated with creosote-treated piling
results from solar heating of the wood above the water line.
On very hot days, creosote-treated wood acts as a black
body, and the temperature of the wood may be much greater
than ambient air temperatures. Under these conditions, the
creosote may migrate to the surface of the wood where blis-
ters can form and pop, ejecting small particles of creosote
away from the piling. Alternatively, the creosote may run
down the piling or timber until it forms droplets that fall to
the water. Drs. John Simonsen and Jeff Morrell, Oregon
State University, are evaluating the magnitude and nature of
preservative losses from overhead structures. When these
data are available, it is anticipated that a risk assessment
computer program will be developed and available in the
year 2000.

4

« Creosote contamination occurred primarily as minute tar

droplets or particles within surface and subsurface layers
of surficial sediments. Water concentration levels of total
PAHs immediately adjacent to the down-current piling
were in the 0.020 to 0.030 pg/L range, which is a level
where no biological effects should be anticipated.

Sediment levels of PAH reached 0&/g dry sediment
(range 5.0 to 30.0g/g) within half a meter of the dol-
phin’s perimeter and declined exponentially to levels of
about 7.5.g/g at a distance of 7.5 m. Sediment levels of
PAH were close to background levels (Qd{g) at dis-
tances beyond 7.5 m from the dolphin’s perimeter.

The Creorisk Model of Brooks (1997b) predicted about
30% more sedimented PAH than was actually observed
during the first 535 days of the study.

An extensive infaunal community analysis was conducted.
This resulted in the identification of PAH-sensitive and
PAH-tolerant taxa. However, significant adverse effects
were not seen in any compartment of the infaunal commu-
nity at any distance from the structures.

 Laboratory bioassays included the amphip@tspoxynius

abroniusandEohaustorius washingtonianasd solid and
liquid phase tests using a marine bioluminescent bacterium
(Vibrio fischer), plus echinoderm sperm fertilization tests.
The results of laboratory bioassays indicated low-level tox-
icity associated with Sooke Basin reference sediments. Re-
duced survival was observed in proximity to the untreated
Douglas-fir piling, and increased toxicity was found close
to the creosote-treated piling. Taken altogether, bioassay
data indicated that sediments located within 0.65 m of the
creosote-treated dolphin were toxic in laboratory studies.

* Elevated levels of PAH were observed in blue mussels

(Mytilus edulig grown at various distances from the six-
piling dolphins during the first 14 days of the study. Tissue
levels then declined to background concentration levels.



« Mussels raised in cages within 15 cm of the treated piling Metal Uptake

grew more slowly than did those grown further away. Sur- . . .
vival was excellent in all cohorts (>98%), with no signifi- €IS and Weis (1992) examined the uptake of CCA metals

cant differences between stations. All mussel cohorts from bulkheads on the Atlantic coast of the United States.
spawned normally, and no difference was observed in the 1heY found that the green algdeva lactucaandEntero-
survival or development of the larvae. morpha mte:_stlnallsontamed eI_evated levels of metals when
compared with the same species collected from reference
This site was selected because it was representative of a areas. Significant mortality was observed in snalbséarius
“worst case” project—slow currents, fine-grained sedi- obsoletujfed an exclusive diet of the algae from CCA
ments, and low sediment organic carbon, coupled with a  treated docks. The snails and algae were housed in small
healthy infaunal community. The authors concluded that  static containers, which exacerbated metal exposure. Unfor-
even in these worst-case environments, creosote-treated tunately, water column concentration levels of metal were not
piling would adversely affect biological resources only in  reported in this paper. Similarly, Weis and Weis (1993)
the immediate vicinity (<0.65 m) of the structure. There-  examined copper levels in oysters residing on CCA-treated
fore, they recommended that creosote-treated wood be a piling and bulkheads. They reported American oyster
product that is managed, particularly in sensitive aquatic  (Crassostrea virginicawet tissue weight copper levels of
environments with very slow currents. 12.59ug/g from reference areas containing no CCA-treated
A comparison of individual PAH compound concentra- Vég(f’trzgtz\ée;ﬁazle;:(; Zf Igeego/?llg :lézt]eirns g;gggg on
tions with Long and others (1995), Washington Sediment growing on CCA-treated bulkheads in residential canals. The

Quality Criteria, and the Canadian Interim Sediment Qual- . . . )
ity Guidelines suggested that phenanthrene posed the highl\l"’mc’m’1I Academy of Sciences (NAS 1971) gives a biocon-

. : . . centration factor of 5,000 for copper in marine mollusks.
est level of risk, followed by lower risks associated with ;
When coupled with the known metal loss rates from CCA-
fluorene and acenaphthene. Fluoranthene and chrysene
L, ; : . treated wood (Brooks 1996), elevated levels of copper
posed the most significant risks associated with high- ; )
: should be expected in oysters growing on treated wood. To

molecular-weight compounds. Only the proposed U.S. En- ; :

. : . . put the observed levels in proper perspective, note that Shus-
vironmental Protection Agency (EPA) sediment quality . : e

L ter and Pringle (1969) summarized historical reports of trace
criteria for acenaphthene, phenanthrene, and fluoranthene

were found to be underprotective. The Washington State _T: tal fleve(ljs in the Amerlc;aln 40ystfr/(alssostt{_ea V|rg|n_|c)ra]t
Sediment Quality Criteria were most efficient in that they ey found an average of 144.§ Cu/g wet tissue weight,

were protective of infauna but produced the fewest numberWith arange of 6.83 to 60@y/g. The mean oyster tissue

(12) of false negatives (instances in which adverse effects copper level reported by Shuster and Prlng_le (1969) was i

were predicted but not actually observed). The threshold 5.35 times grea_ter than the level obsgrveq in the Same Species

effects level (TEL) was least efficient, predicting adverse of qysters growing on CCA-treated piling in the Weis and i

effects in 52 cases where not one was observed. The Weis (1993) study. The mean copper level reported by Weis

probable effects level (PEL) was next most efficient with and Weis (1993) for oysters growing on CCA-treated bulk-

21 false positives. heads (154.89/g) was only 7% greater than the mean for all
American oysters reported by Shuster and Pringle (1969).

Creosote Mesocosm Studies Similarly, Goyette (1975) found whole body copper levels of

2,550ug Cu/g wet oyster tissue @rassostrea gigasol-

Bestari and others (1998) examined the environmental re-  |ected from Howe Sound, British Columbia, near a mine site.

placed in 12,000-L freshwater microcosms. The authors tissue in this study. The point is that a loss of biological

concluded the following: integrity cannot be inferred simply because copper (or any

other possible pollutant) is significantly elevated. In this

case, the elevated levels of copper observed in oysters grow-
ing on CCA-treated wood was well within the normal range

of this metal observed throughout the East or West Coasts of
the United States.

Water column concentration levels of PAH increased for
7 days following installation of the piling, followed by an

exponential decline to approximately background levels

within 84 days.

The loss of PAHs from the water was not reflected in ] ] ] o
increased sediment concentration levels. Weis and Weis (1995) examined the benthic impacts of four

CCA-treated wood structures in National Estuarine Research
When these initial concentration levels declined, the au-  Reserves. Sediment quality benchmarks (Long and others
thors concluded that “the accumulation of creosote- 1995, Suter and Tsao 1996, Jones and others 1997) are based
associated PAHs from impregnated pilings in aquatic envi- on the fraction of a contaminant in the whole sediment
ronments will likely be minimal and probably not pose a  weight, not on the percentage fines as reported by Weis and
significant risk to aquatic biota” (Bestari and others 1998). Weis (1995). Furthermore, the National Oceanic and



Atmospheric Administration (NOAA 1988) cautioned that of Mount Hood in Oregon. Three spurs constructed of
evaluating the biological risks associated with metal concen- ACZA-, ACQ-, and CCA-treated woods were evaluated.
tration levels in only the fine fraction (<8n particle di- Each spur was extended into aquatic areas of the wetland
ameter) of sediments can lead to unacceptable bias inthe  system. A mechanical control structure, constructed of un-
interpretation, especially when fines represent <20% of the treated Douglas-fir, was constructed in a hydrologically

sediment matrix. In the Weis and Weis (1995) study, the isolated part of the wetland for comparison. Metal levels
percentage fines adjacent to bulkheads varied between 1.3%were measured in sediments and water and compared with
and 3.9% in sediments containing 5.0 to 350y copper in characteristics of the resident aquatic invertebrate community
this fine fraction. Converting these levels to total sediment  before construction and at 15, 162, and 336 days following
dry weight gives copper concentration levels of gig@y at construction. Samples were collected at upstream control

all distances from the bulkhead. These were exceptionally ~ stations, at the edge of each structure, and at various dis-
low values that did not approach NOAA's effects range low tances downstream.

of 34 ug/g dry sediment weight. Sedimented copper levels
observed by Weis and Weis (1995) adjacent to CCA-treated
bulkheads were lower by at least an order of magnitude than
concentration levels at which any biological effect might be
observed. Weis and Weis (1995) found that “Despite the fact
that some (piling) were less than 1 year old, no clear accumu
lation of metals in sediments or organisms was noted; nor
were any consistent effects seen on community parameters.
The authors concluded “pilings do not appear to produce
significant impacts to the nearby environments, at least in
well-flushed systems.”

The different structures contributed various levels of copper,
chromium, arsenic, or zinc to both the water column and
sediments. Based on leaching rates and toxic thresholds in
water or sediments, copper lost from CCA-treated wood
presented greater environmental risks than did either arsenic
or chromium (chromium(lil) or (VI)). The U.S. EPA
» (USEPA 1984) published water quality criteria for copper in
freshwater: (1) short-term (acute) exposure and (2) long-term
(chronic) exposure. These criteria, which are dependent on
water hardness, are described in Figure 3.

U.S. EPA acute copper criterion

Adler—lvanbrook and Breslin (1999) exposed blue mussels < 0.960 exp{0.9422[In(hardness)]1.464} (1)

(Mytilus edulig to wood treated to a preservative retention of

40 kg/nt CCA for 9 months in 1994 and 3 months in 1995.  Note: The acute copper criterion is a 1-h average not to be

They found few significant differences in condition index, exceeded more than once every 3 years.

dry tissue weight, or valve length between mussels grown

adjacent to treated wood and control mussels. They found U.S. EPA chronic copper criterion

that the tissue levels of copper, chromium, and arsenic in < 0.960 exp{0.8545[In(hardness)]1.465} 2

both sea table experiments and field exposures were gener- S
ally within normal ranges found in mussels from sites within Note: The chronic criterion is a 4-day average not to be
Long Island Sound and around the United States. exceeded more than once every 3 years.

Wendt and other€l994) examined the concentration and Freshwater sediment quality criteria have not been estab-
biological effects of metals (copper, chromium, and arsenic) lished for the metals contained in CCA. Until appropriate

and organic compounds lost from treated-wood docks in freshwater sediment quality standards are developed, the
South Carolina macrotidal creek systems. Copper, chromiumbenchmarks given in Table 2 are proposed for evaluating the
arsenic, and PAHs were measured in composite samples of benthic effects associated with copper. The development of
surficial sediments and naturally occurring oyster populationsthese benchmarks is described in detail by Brooks (2000).
(Crassostrea virginicafrom creeks with high densities of
docks and from nearby reference creeks with no docks. The ™ 2 )
results indicated that in macrotidal estuarine environments, M!Um, Or arsenic did not exceed a_hlgh no-effect concentra-
wood preservative leachates from dock pilings had no tion in the aquatic environment adjacent to the CCA-treated

acutely toxic effect on four common estuarine species nor didbridge and vi(_awing platform _in the W“dW(.DOd study. Bio_—
they affect the survival or growth of juvenile oysters for logical endpoints evaluated in that study included species

6 weeks. In some cases, metal leachates accumulated in abundance, taxa richness, diversity (Shannon’s Index), and

sediments and oysters immediately adjacent to pilings but Comm_“f?'ty evenness (Pielou's Ind_e>_<). Adverse effects on
were not elevated elsewhere in the same creeks. aquatic invertebrates were not anticipated at the levels re-

corded in Wildwood, and adverse effects were not observed
in invertebrate samples collected from vegetation, from
Wetland Boardwalks replicated artificial substrate samples, or from sediments.
Brooks (2000) examined the biological response to an exten-Sediment concentrations adjacent to one of the other two
sive boardwalk system constructed in wetlands associated treated-wood platforms reached concentration levels of
with the Wildwood Recreational Area on the western slope 200pg Cu/g dry sediment. However, a reduction in the

Maximum levels of dissolved or sedimented copper, chro-
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Figure 3—U.S. EPA chronic and acute copper criteria for freshwater. The copper standard is
presented in micrograms per liter and hardness values in milligrams of calcium carbonate per liter.

Table 2—Recommended benchmarks for assessing
environmental risks associated with sedimented
copper lost from pressure-treated wood

Acceptable
levels of
sedimented
copper
(Mg Cu/g
dry
Sediment and water column characteristics sediment)
Coarse-grained sediment (silt and clay <10%) 30
Total organic carbon <0.2%
Moderate to low pH (5.5 to 6.5)
Low hardness and alkalinity (15 to
25 ppm calcium carbonate)
Intermediate sediments (silt and clay 55
between 10% and 25%)
Total organic carbon between 0.2%
and 1.0%
Neutral pH (6.5 to 7.5)
Moderate hardness and alkalinity
(35 to 100 ppm calcium carbonate)
Low-energy, well-buffered streams and lakes 100

(fines >25%)
Total organic carbon >1.00%
Greater than neutral pH (pH > 7.5)

High hardness and alkalinity
(>100 ppm calcium carbonate)

biological endpoints measured in the study was not observed,
even at these levels. This suggests that the benchprarks
posed in Table 2 may be overly conservative from an envi-
ronmental point of view.

Materials and Methods

The following protocols were followed in conducting this
study.

Site Selection

Primary producers of timber bridges were identified and
interviewed to determine the types of preservatives com-
monly used. Based on that information, and in consultation
with the Forest Products Laboratory (FPL), a decision was
made to evaluate two creosote-treated bridges in the Mid-
west, two penta-treated bridges in the West, and two CCA-
treated bridges in the southern tier of the United Sates. Pro-
ducers of these bridges were requested to nominate bridges
meeting the following site selection criteria:

« CCA-treated bridge candidates should be constructed
within 90 days of being evaluated to observe the early
loss of metals.

« Creosote- and penta-treated bridges should be 2 to 3 years
old to allow time for preservative accumulation in
sediments.



The stream should have healthy riparian (streamside) Sample Location

vegetation. . . . .
The adopted design relied on analysis of variance (ANOVA)

Bridges should be substantial in size and should carry and regression analyses to identify differences in sediment

vehicular traffic. A large pedestrian bridge would be ac-  physicochemical and biological endpoints at upstream
ceptable but is not a first choice. controls, directly under each bridge, and at various distances

downstream. Sample station locations are described in
Bridges should be located in rural areas, away from other Figure 4. Eighteen stations were evaluated at each bridge.
anthropogenic sources of metals, penta, or PAHSs.

Bridges should have treated wood decks and, if possible, Data Analyses
be supported on treated-wood piling that is immersed in ~ The study design allowed for eithet-test or ANOVA
water. testing that compared the replicated end points at reference
stations located >30 m upstream with those collected under
The stream should be relatively slow flowing, preferably  or immediately downstream from the drip line of the bridge.
<10 cm/s and with substantial flows >0.5&s1(>20 ff/s). In addition, regression analysis was used to search for clines
) ) in biological and physicochemical endpoints from the up-
The stream should be perennial and contain freshwater, NOkream to downstream sample stations. The significance of
seawater. the clines was determined by evaluating the statistical signifi-
cance of coefficients on the various independent variables
evaluated in the study. Correlation analysis, including princi-
ple components analysis, was used to evaluate the relation-
ship between biological responses and physicochemical
endpoints and between the bridge structure (distance) and
the concentration of treated-wood preservatives observed in
Bridges should not be subject to abrasion by commercial €ither the water or sediments. Fourth-order polynomial least
boat traffic or barges. squares fits to the biological endpoints were constructed.
The shapes of these curves provide a qualitative assessment
The treated wood in bridges should be properly treated andof the biological effects associated with each bridge. A guide
should not be painted or wrapped to interpreting these graphs is provided in Figure 5.

The stream bottom should be soft (sand, silt, and clay
rather than coarse rock and cobble). This bottom structure
would be expected where slow currents exist.

The stream should have a minimum depth of 30 cm.

Riverlor stream current
Y
Sample transect
< 4—o_p
e O P

# + g O © éé
oD <D &b &P &b D

A A A A A‘_m_. AAA

+9.9m +6 m +3m +1.8m +0.9m+0.3m 0 >-9m

Downstream Bridge Upstream (reference)

@ Infaunal sample
% Bioassay sample

A sediment and/or water physicochemical sample (sediment grain size, total volatile solids,
preservative (Cu, Cr, As, PAH, or penta))

Figure 4—Generalized location of sample stations examined at each timber bridge evaluated in this study.



Cup shape indicates
a negative biological response

Straight line indicates
no response
(positive or negative)

to the bridge

Dome shape indicates
a positive biological response

Biological response /; :\

[~ )
Downstream Bridge

Upstream

Figure 5—Conceptual use of graphical techniques and
regression analysis to evaluate the biological response
to treated-wood bridges.

Cause and effect relationships between environmental con-
centration levels of preservative constituents and biological
endpoints were investigated using regression, correlation,
and principle components analyses. In some analyses, a
variable, such as copper concentration, would be considered
independent (with respect to biological endpoints), and in
another part of the analysis, the same variable would be
dependent, such as the copper concentration with respect to
distance from the bridge structure.

The following biological endpoints were evaluated as de-
pendent variables in this study:

» Total species richness (total number of taxa) and Mar-
galef's (1958) Richness Index—Ludwig and Reynolds
(1998) discussed the underlying assumption for a func-

tional relationship, of the forns = kvn , between the

subdominant taxa and sediment or water column concen-
trations of copper, chromium, arsenic, zinc, penta, or
PAHs as appropriate for the type of treated wood used in
constructing the bridge. Highly dominant taxa that were
not susceptible to the chemicals of concern were dropped
from the database because their numerical strength would
have masked effects on more sensitive, but less abundant,
taxa. The resulting group of subdominant and more sensi-
tive taxa was considered most likely to reveal adverse ef-
fects.

Shannon’s Index (Shannon and Weaver 1$48Yyides the
average uncertainty per species in an infinite community of
Staxa. The form of the index used in this analysis is given
by Equation (3). 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 spe-
cies and is reduced in communities dominated by a few
highly abundant species. The value of Shannon’s Index in
a sample containing 20 taxa equally represented in a total
abundance of 600 animals would be 3.0.

H' =-=Z[(n/N) In(n/N)] 3
where the sum is ové&species.

Pielou’s Index (Pielou 1977) is a commonly used measure
of community evenness. It expresses the observed value of
Shannon’s Index relative to the maximum possible value
(In(S9). Pielou’s Index, given ad' in Equation (4), varies
between 0 and 1, and it generally co-varies with Shannon’s
Index.

J =H/In(SY (4)

whereH' is Shannon’s Index arféf is the number of taxa.

weer Physicochemical Characterization
number of tax& and the numban of organisms in the

sample. This relationship was not found in this database, of Water Column

and valid conclusions were unlikely to follow from the The water at each bridge was characterized by measuring
analysis of Margalef's Index. Ludwig and Reynolds (1998) temperature, pH, salinity, hardness, depth, total suspended
noted that simple species richn&is a more appropriate solids, and total volatile solids. A point-in-time assessment of
endpoint when sample sizes are equal. This analysis evaluthe environment’s ability to disperse pollutants associated
ated the number of tax& with each bridge was assessed by measuring current speed
and water depth at intervals across the channel, with empha-
sis along the designated transect line. Note that this point-in-
time profile has significant limitations in interpreting sedi-
ment data because sediment concentrations are the result of
accumulations over time. Obviously, river currents and
depths change with each season. River depth and speed are
provided to give the reader a sense of the nature of the
stream. To obtain an understanding of the hydrodynamics
Dominant and subdominant species abundance—Dominan@ssociated with each bridge, this information must be consid-
taxa were identified as those that represented at least 1% ofred in light of the photographic evidence provided and the
the total number of organisms in an individual bridge’s sediment grain size distribution along the transect.
taxonomic database. Correlation analysis was used to ex-

amine the relationship between abundance of dominant and

Total sample abundancesimply the number of organisms
present in a single sample. This metric is useful in identify-
ing environments where stress is severe enough to ad-
versely affect all taxa, including those that are normally
tolerant of the stressor. It is not a useful metric for assess-
ing subtle effects that adversely impact intolerant species
that are replaced, numerically, by more tolerant taxa.



Physicochemical Characterization Samples were collected at the upstream reference station

of Sediments first, followed by the furthest downstream station, then pro-
ceeding upstream to a location under the bridge. Water sam-

Sediments were characterized by determining the sediment ples for bioassays were collected in new 2-L bottles by hold-

grain size distribution and percentage total volatile solids.  ing the bottle under the water at a depth of about 0.5 m and
Preservative constituents (PAH, penta, copper, chromium,  unscrewing the container’s top. A total of 4 L of water was
and arsenic) were measured in the water column or sedi-  collected for each bioassay. Similar procedures were used to
ments, or both, as appropriate at each bridge. collect water samples in 500-mL bottles to determine total

suspended and total volatile solids.

Characterization of Biological _ o _ _
Response Sediments were sampled usmg_enher a stainless steel_ petite
Ponar grab (0.0225%nor the stainless steel grab described
The biological response at each bridge was assessed by in Figure 6, which samples an area of 0.03693amplers
characterizing the invertebrate community collected by either were washed with detergent in hot water, then rinsed copi-
a petite Ponar grab or a 0.0308-sampling device of pro- ously in hot water followed by a rinse in distilled water prior
prietary design. In addition, four laboratory bioassays were to sampling each bridge. Reference station sediment samples
conducted on either the water (for CCA-treated bridges) or  were collected first, followed by the most downstream sta-
sediments (for penta- and creosote-treated bridges). tions, then proceeding toward the bridge.

Cleaning of Sample Containers The sampler described in Figure 6 was used on rocky sub-
d Equi ¢ strates and where heavy vegetation cover prevented use of
an quipmen the petite Ponar grab. Separate samples were collected for

Sample bottles were obtained, precleaned, from the labora- Physicochemical analyses and infaunal analysis. The entire
tory subcontracted to conduct the analyses. Glass bottles ~ sample was processed to evaluate infauna. In vegetated areas,
were used in all instances. Samples for PAH and penta analythis included the vegetation growing within the footprint of

ses were washed with a phosphate-free detergent solution, the sampler. Similarly, this sampler was used in the rocky
followed by thorough rinses with hot tap water and analyte- Substrates associated with the penta-treated bridges surveyed
free water. This was followed by an acetone rinse and a final in Washington and Oregon. Samples for physicochemical

rinse using high-purity methylene chloride. Lids were placed analyses were taken from the upper 2.0 cm of the sediment

on the containers during the final rinse step because the column.

solvent could rinse plastic from the interior screw threads

onto the Teflon lining. Sample Documentation and Handling

Sample bottles for metal chemistry were cleaned in a deter- Samples were tightly capped in prelabeled bottles and stored
gent solution, rinsed with metal-free water, and soaked over- On frozen phase change gel packs to mairntdi€. Samples
night in a covered bath containing dilute reagent-grade nitric

acid. The bottles were then rinsed in metal-free water.

New platinized silicone tubing was used to collect water
samples at the CCA- and penta-treated bridges. Separate
pieces of tubing were used at each bridge. The tubing was
soaked overnight in a 20% nitric acid bath at room tempera-
ture, then rinsed thoroughly in distilled water. Each 7.6-m-
long piece of tubing was coiled and stored in a sealed bag
until opened for use.

Sample Collection and Field
Processing

Water column samples for chemical analysis were collected
using a Masterflex LS Sampling Pump (Cole Parmer Instru-
ment Company, Vernon Hills, lllinois) and platinized Teflon
tubing with an epoxy-coated lead weight. Samples were
filtered in the field across Corning Costar Corporation Nu-

Figure 6—Stainless steel sampler designed for use by

; . o scuba divers. The sampler completely encloses a
cleopore filters (0.4pm) (Corning, New York) and acidi- sediment sample covering an area of 0.0309 m 2, pre-

fied. A single piece of tubing was used for each bridge. venting loss of sample as it is returned to the surface.
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were shipped by overnight delivery service to the appropriate undisturbed sediment in samples collected for physico-

analytical laboratory using chain of custody procedures that
comply with requirements (ASTM 1988).

Sediment and Water Analyses
for Preservatives

The following summarizes the methods used to evaluate the *

water and sediments for preservative constituents lost from
pressure-treated wood used in constructing timber bridges.

Analyte Method Detection limit

Polycyclic aromatic
hydrocarbons (PAHSs)

HPLC (EPA 8310) See Appendix A

Penta GCIECD (EPA 8151) 2 ug/L or /kg
Copper (water) ICP-MS (EPA 200.10) 0.030 pg/L
Chromium (water) GFAA (EPA 200.10) 0.075 pg/L
Arsenic (water) GFAA (EPA 200.10) 0.310 pg/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

Sediment and Water Analyses
for Conventional Parameters

The following procedures were used to evaluate conventional,

parameters in sediments and water

» Total volatile solids (TV$analysis was accomplished on
50-g surficial sediment samples. Samples were dried at
103 + 2C in tarred aluminum boats that had been pre-
cleaned by ashing at 5%Dfor 30 min. Drying was contin-
ued until no further weight reduction was observed. The
samples were then ashed at %5€r 30 min. or until no
additional weight loss was recorded in successive weigh-
ings. Total volatile solids were calculated as the difference
(percentage) between the dried and ashed weights.

» Sediment grain size (SG8halysis was accomplished
using 100-g surficial sediment taken from the top 2 cm of
the sediment column. The sample was wet-sieved on a
0.644m sieve. The fraction retained on the sieve was
dried in a 92C oven and processed using the dry sieve and
pipette method (Plumb 1981). The sieves used for the
analysis had mesh openings of 2.0, 0.89, 0.25, and
0.064pm. Particles passing the 0.0a# sieve during wet
sieving were analyzed by sinking rates in a column of wa-
ter (pipette analysis).

» Reduction—oxidation potential discontinuity (RPD)—A
clear, 2.0-cm-diameter corer was inserted into the

chemical analysis. The depth at which the sediment color
changed from the background color to black (indicative of
the precipitation of iron sulfides associated with anaerobic
conditions) was measured in centimeters below the sedi-

ment—water interface.

Benthic infaunal analysis—Invertebrate samples were
sieved on 50Qun stainless steel screens using water that

was filtered to 37um. The material retained on the sieve
was fixed in isotonic water using either 10%, borax-
buffered formaldehyde or nontoxic HistoCHOICE (Solon,
Ohio) fixative when commercial shipment was necessary.
Fixed samples were thoroughly washed inub®iltered
laboratory water, following 96 h of fixation, and preserved
in 70% ethanol. Invertebrates were picked from the back-
ground matrix under a microscope at 10x to 40x magnifi-
cation. A second technician re-picked 10% of the samples.
When more than 5% additional organisms were obtained
during the quality assurance check, all samples picked by
the failed technician were re-picked.

Invertebrates were identified to the lowest practical level
(generally genus for all orders except Chironomids, which
were sometimes identified only to family or tribe). A refer-
ence collection containing representative samples for each
taxon was developed and archived in 70% alcohol. Fol-
lowing identification, all samples were archived. The ref-
erence collection will be retained permanently. Individual
samples will be retained for 3 years (until October 2001).

Current speed and water depth—As a result of the very
slow currents at most sites, current speed was assessed by
determining the time (seconds) required for a neutrally
buoyant drogue to travel a distance of 2 m along a polyvi-
nyl chloride (PVC) pipe fixture designed specifically for

this purpose. Water depths were measured using a meter
stick. Three replicate measurements were made at each
sample station.

« Water total suspended solids (TSS by APHA [n.d.]

2540B)—A representative water sample (approximately
300 mL) was thoraghly mixed, filtered through a 4&m
glass filter that had previously been ashed afG5and
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 com-
plete. The filter was then dried at 103 %€2until no

weight loss was 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. The value was expressed as milligrams per liter.

 Alkalinity was determined titrimetrically using APHA

Method 403.
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Hardnessvas determined using the EDTA Titrimetric 25.5°C. Copper sulfate (CuSpwas used as a refer-

Method (APHA Method 314B.2). ence toxicant with a 96-h Lsgof 114.0ug/L.

Water total volatile solids (TVS by APHA Method Daphnia magna-A 96-h acute bioassay was con-
2540 B)—The filter, containing the residue used to meas- ducted on the water from the old CCA timber bridge
ure TSS, was ashed at 860n a muffle furnace for 1 h evaluated in Sandestin, Florida. The protocol given in
and reweighed. The weight loss on ignition, expressed in EPA 600/4-90/027 (4th edition) was used at a test
milligrams per liter, was taken as the TVS. Quality assur- temperature of 2&. Five ostracods were included in
ance involved weekly calibration of the four-place balance, each of four replicated test chambers (20 organisms
routine running of blank filters, and triplicate analyses on total). Sodium chloride was used as a reference

5% of the samples (minimum of one). toxicant.

Temperature, salinity, dissolved oxygen, and pH— : :
Temperature was measured in the field using both a mer- Qua“ty Assurance Requwements

cury thermometer and a temperature meter. A dissolved and Data Qua“fymg Criteria
oxygen meter was used to measure dissolved oxpgen The following are quality assurance requirements for the

situ and a microcomputer was used to measure pH. Each analysis of copper, chromium, arsenic, penta, and PAHs

meter was calibrated immediately before use at each bridg&ampled during the timber bridge environmental risk assess-
site. A two-point calibration (pH 7 and 10) was used for ment:

the pH meter.

Bioassay protocols—Four bioassays were conducted at  Requirement Data qualifier criteria
each of the bridges evaluated during this study. As a result
of differences in sediment characteristics and the marine  Method blank No analyte detected in blank

environment at the new bridge site in Sandestin, Florida, (1 per 20 samples)

sgveral types of organisms were used at different bridge Replicate analyses <20% RPD

sites. Laboratgry control se(jlments apd alocal upstream (1 per 20 samples)

reference station at each bridge provided two levels of con—NI o spik ) o

trol in these bioassays. The results at each of these control Malrx Spike 75% to 125% spike recovery
. . . (1 per 20 samples)

levels were compared with amphipod survival at three

treatment stations located 0.0, 1.8, and 9.9 m downstream Surrogate recovery +95% confidence interval

from the perimeter of each bridge. Cause and effect rela- (@ll samples)

tionships were examined using correlation and regression

analyses to compare sediment levels of preservative con-

stituents with amphipod survival. Sediment Grain Size and Total Volatile Solids

Hyalella azteca-Fenday amphipod sediment bioas- ~ Sediment grain size (SGS) and total volatile solids (TVS)
says were conducted on sediments from four stations require triplicate analyses on one or a minimum of 5% of the
at each of the penta- and creosote-treated bridges. ~ samples. The root square deviation (RSD) should208<
Sediments were evaluated because that was the envi- for same sample results.

ronmental compartment where maximum concentra-

tion levels of either PAH or penta were anticipated Infaunal Analysis

and observed. These tests were conducted by MEC  |nfaunal analysistandard AES QA/QC procedures were
Analytical Systems, Inc., in Carlsbad, California, us-  ysed (PSEP 1986).

ing MEC Protocol P034.0. Methods employed in their

program followed the general procedures outlined by ; ;
ASTM (1967) Results and Discussion

Menidia berylina—A 96-h acute bioassay was con- Creosote-Treated Bridges
ducted on water from the newly constructed CCA
timber bridge in Sandestin, Florida. Water, rather than
sediment, was tested at both CCA bridges included in
this study because the test species are most sensitive t
the dissolved cupric ion (CY). This particular test

animal was chosen because this was a marine site with

salinity measured at 24.9 ppt (parts per thousand).  The treatment of wood products is generally accomplished in
MEC Testing Protocol No. P009.1 was used at accordance with the American Wood-Preservers’ Association

Since 1865, creosote has been widely used in the United
States to protect wood from attack loyd@i, marine borers,

gnd insects. Creosote is a distillate derived from coal tar
produced by the carbonization of coal and consists primarily
of liquid and solid aromatic hydrocarbons.
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(AWPA) C1-92 (AWPA 1992). Average creosote penetra-

Table 3—Global sources of PAHSs to aquatic
tion using the “empty cell” process in Douglas-fir is 38.1 mm environments :

(1.5 in.), and retention is 320 kgfif20 Ib/ff) for marine

applications and 272 kgfi17 Ib/ff) for freshwater

(Arsenault 1992, Baechler and Alpen 1962). In 1996, AWPA Petroleum spillage

reduced the required retention in temperate marine waters
from 320 to 256 kg/rh(20 to 16 Ib/ff).

Creosote is a complex mixture of at least 160 detectable
hydrocarbon compounds; all 18 major components are cyclic
and aromatic. According to Environment Canada (1992),

Source PAH (kglyear (Ib/year))
168,620,000 (374,782,200)

Atmospheric deposition 49,603,500 (110,230,000)

(from combustion)

Wastewater 4,365,108 (9,700,240)

Surface land runoff 2,916,686 (6,481,524)

Biosynthesis 2,678,589 (5,952,420)

80% of creosote is composed of PAHs. Some low-molecular-2gjgjer 1987.
weight creosote compounds, such as the naphthalenes, have a

density less than one. However, most components are heavier

than seawater and sink in a water column.

The public has voiced concern because creosote contains
many of the 16 PAHs known to be acutely and chronically
toxic to marine animals. Several of these compounds, most

notably benzo(a)pyrene, can degrade to carcinogenic, terato-

genic, and mutagenic intermediates during metabolism. As
with most potentially harmful substances, pathological re-

sponses are a matter of exposure (concentration and length of

time).

Sources of PAH

Polycyclic aromatic hydrocarbons (PAHSs) are formed by a
variety of processes, including indirect and direct biosynthe-
sis, fossil fuel production and distribution, and incomplete
combustion of organic matter. When formed, PAHs can be
transported into an aquatic environment through several
pathways, including fossil fuel distribution, storm water
runoff, sewage effluent, and atmospheric deposition.

* Biosynthesis—Indirect biosynthesis of PAH occurs when

extended quinones and related polycyclic materials (mostly

plant and animal pigments) are exposed to the reducing
conditions found in anoxic sediments. The resulting PAHs
tend to accumulate in the sediments where they were
formed. De novo biosynthesis of PAHs by aerobic and an-
aerobic bacteria, fungi, and plants is controversial. How-
ever, Mallet and others (1972) concluded that both aerobic
and anaerobic bacteria can biosynthesize benzo(a)pyrene
(B(a)P) and certain other PAHSs using fatty acids, sterols,
plant pigments, and aliphatic terpenes as substrates. In

most cases where PAH biosynthesis has been reported, ac-

cumulation of PAH in the organisms purported to have

synthesized them could also have been attributed to uptake

of PAH from exogenous sources. In light of the literature
reviewed, it appears that PAH biosynthesis may occur to a
limited extent under special environmental conditions
when necessary bacterial growth substrates are present.
Eisler (1987) sggested that, on a global scale, biosynthe-
sis annually contributes about 2.7 ¥ k@ (6 x 10 Ib) of

PAH to aquatic environments (Table 3).

Fossil fuelsjncluding peat, coal, and petroleum, are rela-
tively rich in complex assemblages of PAHs. These com-
pounds reach aquatic environments through surface runoff,
in wastewater, and as a result of petroleum spillage. Eisler
(1987) estimates that spilled petroleum contributes 168 x
10° kg (374 x 161b) of PAH to aquatic environments each
year (Table 3). This source overwhelms all others in terms
of global inputs.

Pyrolysisof organic matter between 480 and 2008C

results in the generation of a wide variety of PAHs. Reduc-
ing conditions (insufficient oxygen) in the pyrolytic envi-
ronment favor PAH production. Forest and grass fires, in-
dustrial processes, heating, power generation, and
petroleum refining release significant amounts of PAH into
the atmosphere. These products of combustion are subject
to chemical- and photo-oxidation. However, their resi-
dence time in the atmosphere is long enough to allow wide
dispersal, and they are a major source of PAHs in aquatic
environments. According to Eisler (1987), forest and prai-
rie fires and agricultural burning annually release nearly
32.4 x 16 kg (72 x16 Ib) of PAHSs into the atmosphere.
This is three times the amount from all other pyrolytic
sources combined.

Petrolytic sources—Johnston and Harrison (1984) reported
that B(a)P deposition along a United Kingdom

motorway is 2.81g/nP-week. Note that B(a)P is approxi-
mately 0.5% to 2.5% of some PAH mixtures, and a direct
extrapolation suggests that the total PAH loading along a
well-used highway may be 56@/m-week. Winter levels

of PAH in coastal areas are greater than summer levels.
This is attributed to increased pyrolytic input from the
burning of fossil fuels for power generation and heating
(Bouloubassi and Saliot 1991). Broman and others (1990)
suggested that primary PAH inputs in the Baltic region
were from exhaust emissions associated with automobiles,
domestic heating, refuse incineration plants, ships, and air-
craft. Neff (1979) reported that little-used (224 km) motor
oil contained 6.4 ppb (parts per billion) B(a)P, equivalent
to nearly 1,280 ppb total PAH. (In this paper, billion is
equivalent to 1) Dunn and Stich1976) found up to
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22,000 ppb B(a)P in well-used crankcase oil. This is
equivalent to 4.4 ppt total PAH. In 1989, Washington state
had 4,179,000 vehicles registered. These vehicles pro-
duced 63,000 (21,000,000 gal) of used crankcase oil

PAH loading to aquatic
environment

each year. That may represent as much as 281,250 kg
(625,000 Ib) of PAHs available to the environment.

* Industrial and domestic wastewatars rich in PAHs.
Secondary sewage treatment removes some PAHSs, but

most are released to aquatic environments through sewagesyrface land runoff

treatment plant outfalls. Eisler (1987) notes that untreated,
raw sewage contains 100 to 500 ppb total PAHs and sew-

Source kg/PAH/year  Ib/PAH/year

Petroleum spillage 374,782,200

Atmospheric deposition 110,230,000

(from combustion)

Wastewater 4,365,108 9,700,240
2,916,686 6,481,524

Biosynthesis 2,678,589 5,952,420

age sludge contains 200 to 1,750 ppb PAH. Goyette and
Boyd (1989) recorded sediment PAH concentration levels
of 17 ug TPAH/g dry sediment near a major combined
sewage-—storm water outfall discharging into Vancouver
Harbor. Sediment PAH levels in the central areas of the
harbor were consistently in the range of 2 g3 AH/g

dry sediment. Hoffman and others (1984) noted that storm

There is a consistent thread running through research and
reviews by Bouloubassi and Saliot (1991), Neff (1979), and
Eisler (1987). These authors indicate that PAHs are present
in aquatic and terrestrial environments. There are numerous
natural sources of PAH, including volcanoes, forest and

water runoff from urban areas and highways accounted for prairie fires, natural oil seeps, and biosynthesis. According to

71% of the high-molecular-weight PAHs and 36% of the
total PAH loading to Narragansett Bay. More than 30% of
all pyrolytic PAHSs in the coastal sediments of Washington
State are supplied by riverine transport of suspended par-
ticulate materials, and direct atmospheric input accounts
for a maximum of 10% (Prahl and others 1984).

Observed Levels of PAH

As a result of the many natural sources, PAHs have been
present in aguatic environments for thousands of years.
However, significantly increased levels have been recorded
in ocean sediments since the turn of the 20th century. Neff
(1979) reviewed the distribution of PAHs in aquatic envi-
ronments. He found very low (<1 to 2 ppb) levels of PAHs in

the sediment record, PAHs have been present in our envi-
ronment since there was life. Historically, the most natural
sources of PAH were either the result of biosynthesis, in
which case the PAH remained stable in the anoxic environ-
ments where they were formed, or the inputs resulted from
volcanoes or forest and prairie fires. These pyrogenic PAHs
were widely distributed over large geographic areas and
resulted in relatively low background levels (< 0.01 to

0.05ug/9).

Anthropogenic inputs from oil spills, wastewater, storm

water, and petrolysis tend to be concentrated in urban and
industrial areas. This may result in concentrating PAHs in
aquatic environments and the sediments that underlie them. It
is these high concentration levels that are of concern. Petro-

the water column of pristine areas and recorded low sedimenjg iy spills represent the major PAH input to our oceans and

contamination in pristine areas (< 0.Q&§)g) but higher

levels (to 15ug/g) associated with industrialized areas or
human population centers. Eisler (1987) found a similar
distribution of sediment PAH levels. Levels in pristine areas
of Alaska, Africa, and the Amazon Basin ranged from 0.005
to 0.544ug/g. Levels in urbanized and industrialized areas
ran as high as 791g/gin the United Kingdom. Cerniglia and
Heitkamp (1991) measured sediment PAH levels ranging
from 0.005ug/g for an undeveloped area in Alaska to
1,790ug/g at an oil refinery outfall in Southampton,
England. Sediment PAH concentration levels in other indus-
trialized areas ranged from 0.198 to 28fg. Transportation
systems represent a significant source of PAHs associated
with internal combustion engines, lubricants, herbicides,
and asphalt and tars used in road surfacing. The following
summarizes Eisler’s (1987) assessment of PAHs loading

to aquatic environments from the most common sources:
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can have devastating, although probably short-term (2 to
5 years), impacts on aquatic resources.

The literature suggests that sediment PAH levels of less than
0.2 to 0.5 mg/kg may be expected in pristine areas. World-
wide, urban areas have much higher background sediment
PAH levels in the range of 0.5 to several milligrams PAH per
kilogram of dry soil or sediment. Heavily industrialized areas
may have PAH levels of 10 to several hundred milligrams
PAH per kilogram.

Fate of PAH

PAHs form a family of compounds, and the routes of degra-
dation and fates are different for the major classes of PAH. In
water, PAHs evaporate, disperse into the water column,
become incorporated in bottom sediments, concentrate in
aguatic biota, or experience oxidation and biodegradation.

The most important degradative processes for PAHSs in the
marine environmerdre photo-oxidation, chemical oxidation,



and biological transformation by bacteria and animals (Neff He concluded that the residence time of PAH in water is
1979). Most PAHSs in aquatic environments are associated brief. The lower molecular weight aromatics (benzene to

with particulate materials and only about a third are present phenanthrene) are removed primarily by evaporation and

in dissolved form. Dissolved PAHSs will likely degrade rap-  microbial activity. Higher molecular weight PAHs are re-

idly through photo-oxidation (USEP2980b). They degrade  moved mainly by sedimentation and photo-oxidation. Degra-
most rapidly at high concentration levels, at elevated tem-  dation of PAH by animals in the water column is of minor
peratures and oxygen levels, and at high levels of solar irra- importance. In nutrient-rich, biologically active, aerobic
diation. Different PAHSs vary significantly in their relative sediments, the degradation of PAHs is dramatically increased
sensitivity to photo-oxidation. by healthy bacterial and fungal communities. In anaerobic

_ N ) sediments, the higher molecular weight PAHs (4 to 7 rings)
Because of their low aqueous solubility and hydrophobic may persist for years.

character, the higher molecular weight PAHs readily adsorb
to particulate materials and solid surfaces in water. The Bioconcentration, Bioaccumulation,
ultimate fate of PAHs that accumulate in sediments is be- and Biomagnification

lieved to be biotransformation and degradation by benthic
organisms (USEPA 1980b). High-molecular-weight PAHs
degrade slowly in anaerobic sediments (Neff 1979).

Bioconcentration and bioaccumulation of contaminants are
of special importance because some aquatic species, most
notably bivalves, have demonstrated an ability to rapidly

Cerniglia and Heitkamp (1991) discussed microbial degrada- bioconcentrate some contaminants in water to high tissue

tion of PAHs in aquatic environments. They noted that a levels. The concern is that persistent contaminants may move
wide variety of bacteria, fungi, and algae have demonstrated UP the_food chain, t{lomagnlfylng to h|gh_er concentration
ability to metabolize PAHs. Low-molecular-weight PAHS, levels in each trophic level, until contaminants found at

such as naphthajene, degrade rap|d|y The h|gher molecular nontoxic levels in the ambient enV!ronment reach IGYEIS .
weight PAHSs, such as benz(a)anthracene and where they do cause stress and disease. For effective bio-
benzo(a)pyrene, are more resistant to microbial attack. magnification and movement of contaminants through the

Cerniglia and Heitkamp (1991) also note that the most rapid food chain, severg] condiFions must be met. First, organisms
biodegradation of PAHs occurs at the water—sediment inter- Must have the ability to bioconcentrate low levels of con-

face. This is because prokaryotes oxidize PAH as a first step taminants from the water column or bioaccumulate PAH
in metabolism. Deeper sediments usually contain little oxy- from sediments or their food. Second, these contaminants, or

gen, thus inhibiting microbial metabolism. their toxic metabolic intermediates, must be retained, unal-
tered, in the tissues of the organism until it falls prey to an
Cerniglia and Heitkamp (1991) summarized the available animal at a higher trophic level.
literature describing the half-life of PAHs in various envi-
ronments. The results are highly variable and depend on Several factors mitigate biomagnification. If contaminants
PAH species together with a range of environmental and are not absorbed, they cannot accumulate. Numerous organ-
biological factors. Bacterial communities in polluted areas  iSMs, particularly vertebrates, have the ability either to me-
metabolize PAHs more quickly than do communities in tabolize or excrete organic contaminants. The gut, liver,
unpolluted areas. Lighter weight PAHs are metabolized more kidney, and gall bladder are common sites of PAH con-
quickly than heavier PAHs. Naphthalene has a short turnovercentration, metabolism, and excretion in vertebrates. If the
time (days to weeks), whereas the five-ringed benzo(a)pyrené:ontaminants are either rapidly excreted or metabolized to

has a long turnover time (years under unfavorable condi- ~ hontoxic compounds, then the chain is broken and biomag-
tions). nification is not effective in passing contaminants upward

through the dod chain. DDT is an excellent example of a
Ingram and others (1982) observed that the concentration of persistent compound that is bioconcentrated from low levels
creosote in leaching vats increased to greater than 700 ppb irin the water to higher levels; first in plankton, then in fish,
the first 72 h, then decreased to less than 34 ppb at the end dfnally in bird populations with devastating consequences.
20 days. They attributed that decrease to bacterial metabo-

lism of the low-molecular-weight PAHs being leached from  Neff (1982) reported that most aquatic organisms bioconcen-
the pile sections in their study. trate PAHs from low concentration levels in the ambient

water to higher tissue levels. Bioconcentration factors
Tagatz and others (1983) noted that creosote concentration (BCFs) are predicted by the octanol-water partition coeffi-
levels decreased by 42% during 8 weeks in sediments artifi- cients Koy) associated with individual PAH compounds.
cially contaminated as part of their mesocosm studies. They

attributed the decrease to microbial metabolism. Bivalve mollusks, particularly the commercially important
mussel Mytilus eduli$ and oysters of the gendbstreaand

Neff (1979) attempted to integrate the degradative processesCrassostreahave received far more attention than other
associated with PAH removal from aquatic environments.  aquatic invertebrates, plants, or fish. Bivalve mollusks are
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excellent subjects for monitoring pollutants because they
filter substantial quantities of water over large and highly
permeable gills. For these reasons, mussels have been the
subject of numerous studies. Many of these studies have
focused on the accumulation of metals and the carcinogenic
molecule benzo(a)pyrene.

Benzo(a)pyrene levels recorded by Neff (1979) for uncon-
taminated areas fall in the undetectable to perhapgh0
range. Dunn and Stici976) recorded tissue levels averag-
ing 59ug/g in mussels from areas associated with marinas
and higher levels, averaging 408/g, in mussels growing on

For fish, bioconcentration values range from 44 to 82,916,
with most values in the 100 to 1,000 range.

The ultimate fate of most high-molecular-weight PAHs
deposited in aquatic environments is sedimentation. Roesi-
jadi and others (1978) examined the accumulation of crude

oil in Prudhoe Bay and specific PAHs from oil-contaminated
sediments by three infaunal invertebrate species, the sipuncu-
lid worm Phascolosoma agassiand the clamMacoma
inquinataandProtothaca stamined hey found that effi-

ciency of PAH uptake from sediments was much lower than
from water. Bioconcentration factors for uptake of the four

creosote-treated pilings. Dobroski and Epifanio (1980) found PAHs from contaminated sediments were 0.2 or less, indicat-

that direct uptake of B(a)P from seawater by diatoms was
much greater than the rate of trophic transfer from the dia-
toms to clam larvae.

Eisler (1987) recorded elevated PAH concentrations, espe-

ing no significant bioconcentration of PAH by this route.
However, BCFs for uptake of these four PAHs from seawater
were in the 10.3 to 1,349 range, indicating a low to moderate
potential for bioconcentration.

cially benzo(a)anthracene, chrysene, fluorene, phenanthrene Eisler (1987) sggested that bivalves readily take up PAHS
and pyrene, in oyster tissues and sediments from the vicinity from sediments. This hypothesis is contradicted by the results
of marinas. These levels are notably higher in cooler months, of numerous studies. O’Connor (1991) found that at 117

when lipids and glycogen are being stored preparatory to
spawning (Marcus and Stokes 1985).

National Status and Trend Sites where there were both mol-
lusks and fine-grained sediments, the average ratio of mol-
lusk tissue to sediment concentration was only 1.2 for total

For mussels, the general trend towards lower levels of higherPAHS_ He also noted that mollusks accumulate the low-

molecular weight PAHSs relative to the levels in associated
sediment suggests an uptake mechanism that involves the
solution of PAH in water. Supporting this hypothesis is the
observed rapid turnover and shorter half-life of the more
soluble, lower molecular weight PAHs (Duh@80, Eisler
1987). This sggests that the more soluble (and more
bioavailable) PAHs are effectively removed from sediments
and metabolized by bivalves. The higher molecular weight

molecular-weight (and more highly soluble) PAHSs to a

greater extent (2.0) than the high-molecular-weight PAHs
(0.64). Eaton and Zitko (1978) noted that PAH levels in

clams and mussels were two orders of magnitude below those
detected in sediments. Neff (1979) cites Perdriau’s (1964)
finding that in no case did benthic animals contain elevated
levels of B(a)P when compared with sediment concentration
levels. Tissue concentrations in the animals were, on average,

PAHSs (associated with chronic stress and genetic disorders) 3504 of the sediment concentration

remain in the sediments because of their low solubility.
However, when absorbed, PAHs are more slowly metabo-
lized by bivalves.

PAH levels in fish are usually low because this group rapidly
metabolizes all PAHs (Lawrence and Weber 1984, West and

others 1986a,b) or excretes them. High concentration levels
of PAH are typically found in the gut, liver, and bile. Raw
fish from unpolluted or moderately polluted water seldom
contains detectable amounts of PAHs. However, smoking
and cooking of fish can increase PAH content to significant
levels.

Neff (1982) reported BCFs for several PAHSs in the clam
Rangia cuneataNote that the BCFs, which range from 6.1 to
32, are for PAHSs dissolved in water. Eisler (1987) summa-
rized BCF values from the literature. The BCFs reported in
his paper contradict his assertion that bivalves accumulate
PAHs more rapidly than fish. For all the values given in his
review, the average BCFs are 82 for bivalves 8) and

6,844 for fish (1 = 34). Note that Eisler's (1987) paper re-
ported bioconcentration values from 6 to 236 in the clam,
Rangia cuneatarour of the five values were less than 33.
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The previously cited studies and Neff (1982) lead to the
general conclusion that sediment-adsorbed PAHs are not
readily assimilated by benthic animals. Accumulation of
PAHs from sediment, when it occurs at all, may be attributed
in large part to uptake of PAHs desorbed from sediment
particles into the interstitial water. This hypothesis is sup-
ported by Swartz and others (1989) who concluded that the
concentration of chemicals in interstitial water is the primary
determinant of sediment toxicity, not the bulk concentration
in the sediment.

Depuration of PAH

Southworth and others (1978) found a half-life of less than
1 h for all PAHs metabolized Wyaphnia pulexJackim and
Lake (1978) reported that the half-life of PAHs in most
bivalves is about 2 to 16 days. These studies suggest that
PAHSs are either rapidly metabolized or excreted, at least by
these species.



Biomagnification of PAH in the Food Chain

Neff (1979) reported that the annelN@anthes arenaceoden-
tata had little, if any, ability to accumulate 2-methyl-
naphthalene from its food. However, the situation is quite
different in marine crustaceans and fish, where uptake from
food is much more efficient than uptake from water. Arthro-
pods (for example, crabs, amphipods, shrimp) rapidly accu-
mulate the lighter weight PAHs and very rapidly excrete or
metabolize these compounds. The half-life of B(a)P in
Callinectes sapidus 6 days. Neff (1979) concluded that all
results dramatically demonstrated the importance of metabo-
lism in eliminating PAHs from contaminated crustaceans.
Broman and others (1990) examined the trophic transfer of
PAHSs in a study involving seston, the blue mussBitijus
edulig, and the eider duclspmateria mollissimaContrary

to biomagnification, they observed decreasing PAH concen-
tration levels with increasing trophic levels.

Bioaccumulation Summary

Aquatic organisms are able to efficiently bioconcentrate
PAHSs from the water column. It appears that direct transfer
from sediments to organisms living within and on those
sediments is minimal. Benthic organisms rarely contain
higher concentration levels of PAH than are found in the
sediments in which they live. PAHs are rapidly metabolized
and excreted by vertebrates and arthropods. In bivalves,
which do not efficiently metabolize PAHSs, the half-life of
most PAHs examined was 2 to 16 days. These data suggest
that PAHs are not persistent in the tissues of aquatic species
and that movement of PAHs througiofl chains to higher
trophic levels is minimal, if it occurs at all.

Neff concluded that

From the limited data available, it would appear that
there are large interspecific differences in ability to ab-
sorb and assimilate PAH from food. Polychaete worms
have a very limited ability to absorb and assimilate
PAH, whereas fish absorption of PAH from the gut is
limited and variable depending on species of fish, the

background levels (1 tojy/L in the water column and

0.010 to 0.5Qug/g in sediments). At what level do PAHs
cause pathological responses at the organismal and popula-
tion levels? In answering that question, we need to consider
two types of toxicity: acute and chronic.

Acute toxicity causes observable physiological lesions and is
usually measured by mortality. PAH can interact with cells in
several ways to cause toxic responses. For example, PAHs
may bind reversibly to lipophilic sites in the cell, thereby
interfering with cellular processes. Potentially impacted and
important intracellular organelles include lysosomes, which
contain strong enzymes important in intracellular digestion

of complex organic molecules and in the immune response.
Increased lysosomal membrane permeability can result in the
unregulated flow of these enzymes into the cytoplasm or
blood serum with pathological consequences including auto-
phagy. Eisler (1987) noted that the lower molecular weight,
unsubstituted PAH compounds, containing two or three

rings, such as naphthalene, fluorene, phenanthrene, and
anthracene, have significant acute toxicity to some organisms
whereas the higher molecular weight, four- to seven-ring
aromatics, do not. However, these heavier molecules

contain numerous potentially carcinogenic and mutagenic
intermediates.

A common measure of acute toxicity is the concentration of a
toxicant that causes 50% mortality in a test population within
some specified period (often 96 h). This parameter is referred
to as the 96-h L&. Borthwick and Patrick (1982) and Neff
(1979) reported 96-h Lggvalues for several marine animals.
These are summarized in Table 4.

Interestingly, in Neff's {979) discussion of the effects of
PAH on aquatic animals, he cites Caldveaitl others (1977)
finding that continuous exposure to dissolved naphthalene

Table 4—Acute toxicity of various PAHs to marine

PAH, and possibly the food matrix in which PAH is

administered. Crustaceans, on the other hand, appar-
ently readily assimilate PAH from contaminated food.
In all cases where assimilation of ingested PAH was
demonstrated, metabolism and excretion of PAH were
rapid. Thus, the potential for food chain biomagnifica-
tion of PAH seems to be limited. For such biomagnifi-
cation to occur, the material must be readily absorbed
from food, and once assimilated, it must be relatively
resistant to metabolism or excretion. (Neff 1979)

Creosote and PAH Toxicity
Aquatic organisms have been exposed to background levels

organisms

Species 96-h LCsp (ng/L)
Mysids (Mysidopsis bahia)® 18to 21
QOysters (Crassostrea virginica)a 700

Pink shrimp (Penaeus duorarum)® 240
Sheepshead minnows (Cyprinodon 3,500

variegatus)®
Mosquito fish (Gambusia affinis)®
Mosquito fish (Gambusia aﬁ‘inis)b

Dungene%s crab larvae (Cancer
magister)

Dungene%s crab larvae (Cancer
magister)

150,000 naphthalene
1,180,000 toluene
8 naphthalene

170 naphthalene

of PAH for eons. The diversity of life in aquatic environ-

ments attests to the ability of aquatic species to tolerate thesg,

®Borthwick and Patrick 1982.
Neff 1979.
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concentrations of 19 to 1{@/L had no effect on the sur-

1989). The feeding inhibition probably resulted from the

vival of Dungeness crab larvae. No explanation was given fornarcotic effect of hydrocarbons, particularly aromatic hydro-

the low (8 ppb) value reported in ffle (1979) paper or the
differences in the values reported. You might expect that
exogenous factors contributed to the discrepancy. Thg LC

carbons. These compounds have a direct effect on cilia,
muscles, and/or the nervous system, which control the mol-
lusk’s activity. Reduced feeding rates result in a reduction in

values reported in the literature for most organisms and PAH “scope for growth,” a commonly measured parameter that

compounds are in the 500 to 5,000 ppb range. Neff (1979)
found that in all but a few cases the concentration levels of
aromatic hydrocarbons that are acutely toxic to aquatic ani-

quantitatively describes the energy available for tissue
growth, reproduction, and activity. In bivalves, the major
problem caused by reduced scope for growth is poor repro-

mals are several orders of magnitude greater than concentra-ductive capacity. Although this does not have immediate

tion levels found even in the most heavily polluted marine
and fresh waters. However, sediments from polluted regions
may contain aromatic hydrocarbons at concentration levels
similar to or greater than those that are acutely toxic. The
limited bioavailability of sediment-adsorbed PAHs undoubt-
edly renders them substantially less acutely toxic than dis-

solved PAH. He also noted that PAH-induced stress is cumu-

lative and exacerbated by exogenous stress factors such as
abnormal thermal and osmotic conditions.

PAH Toxicity to Aquatic Plants

The effects of various PAHs on aquatic plant growth are
highly variable. At low concentrations (10 to 20 ppb), several
PAHSs act as a stimulant to plant growth. At 300 ppb, chry-
sene was observed by Boney (Neff 1979) to induce a 58%
increase in the growth of the red aligatithamnion plumula
Other PAHs (anthracene and 2-methylanthracene) caused
declines of —20% and12% in the same alga at 300 ppb. In
general, PAH concentration levels greater than 1,000 ppb
inhibit algal growth.

Chronic Toxicity

Neff (1979) addressed chronic stress associated with

PAH contamination. He noted that the copepodytemora
affinis suffered statistically significant reductions in length

of life, total number of nauplii produced, and brood size
when exposed to 10 ppb naphthalene, 2-methylnaphthalene,
2,6-dimethylnaphthalene, or 2,3,5-trimethylnaphthalene for
the duration of their lives. The following discusses docu-
mented instances of chronic stress, by effect.

Nearly all PAHs are hydrophobic and lipophilic. Thus, there

consequences at the organismal level, the long-term conse-
quences of reduced recruitment could be significant for the
population.

Neff (1979) concluded his discussion of PAH-induced
chronic toxicity by suggesting that although environmentally
realistic PAH water column concentrations of 1 to 50 ppb
can cause potentially detrimental, sublethal responses in
aguatic organisms, in most cases, the PAH concentrations
required to elicit significant sublethal responses are greater
than those normally encountered in all but the most heavily
polluted aquatic environments. This statement was strongly
supported by the low levels of creosote-derived PAH
(0.030 pg/L) observed by Goyette and Brooks (1999) in the
immediate vicinity (15 cm) of a major creosote structure in
Sooke Basin.

From the preceding discussion on the uptake of PAH from
water, food, and sediments, it appears that PAH concentra-
tions in the water column (including interstitial water in
sediments) are the parameters of greatest significance in
defining chronic stress. Furthermore, it appears that sustained
water column concentrations of 30 to 50 ppb PAH can have
subtle, but important, chronic impacts on populations of
marine organisms.

Neoplasia Associated With PAHs

Hyperplastic, preneoplastic, and neoplastic lesions have been
reported in fish for a number of years. These same types of
lesions are far less common in bivalves and other
invertebrates.

In vertebrates, enzymes produced by the cytochromium

is a potential for these compounds to become associated withP-450, mixed-function oxidase (MFO), and aryl hydrocarbon

stable lipid pools in aquatic organisms. Energy is generally

hydroxylase (AHH) systems are responsible for initiating

stored as glycogen in bivalves until gametogenesis, when thecatabolism of lipophilic compounds (including PAH). These

glycogen and lipid stores are converted into eggs and sperm.

systems render hydrophobic molecules more water soluble

The eggs contain significant lipid reserves and could becomeand therefore increase their potential for excretion and de-

a repository for lipophilic PAH. Moore and others (1989)
cited Lowe and Pipe’s (unpublished) observation that long-
term exposure to diesel oil at 30 and 130 ppm caused a
decrease in the mass of gametes producédytijus edulis
andMacoma balthica

Mollusks exhibit reduced ventilation (feeding) rates at PAH
levels as low as 30 to 40 ppb in seawater (Moore and others
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toxification. In the case of certain high-molecular-weight
PAHSs, the intermediate metabolic products of these enzyme
systems can be highly toxic, mutagenic, or carcinogenic.
Oxidative metabolism of some PAHSs (like B(a)P) results in
the production of arene oxides, some of which bind cova-
lently to DNA and RNA (particularly with guanine). The
resulting chromosomal lesions can result in unregulated cell
growth and division (cancer).



The ability to metabolize high-molecular-weight PAHs varies of material. For instance, high-molecular-weight PAHs,
significantly between the phyla. Among invertebrates, the adsorbed to sediments, apparently pass through the digestive
mollusks have low AHH activity and a limited ability to tract of many annelids without being absorbed through the
metabolize high-molecular-weight PAHs. Arthropods and gut epithelia.

annelids show increased activity and some marine crusta-

MFO, and AHH activity. through the skin, gills, or gut, organisms respond by seques-

tering them in vacuoles, metabolizing them in the liver or
Vertebrates, including fish, demonstrate high MFO, AHH, cleansing them from the serum as it passes through the
and cytochromium P-450 capabilities (Varanasi 1989). The kidney. Whether or not a molecule is metabolized or excreted
liver is the primary site of MFO activity in fish, and the liver, depends largely on its ability to penetrate cell membranes.
gut, and gall bladder are primary sites of PAH concentration, The plasma lemma is highly permeable to essential mole-
metabolism, and excretion. Humans do not normally con- cules such as glucose, amino acids, and lipids. These phos-
sume these organs. In Crustaceans, the hepato-pancreas, pholipid bilayers are not very permeable to ions or large
green gland (excretory organ), pyloric stomach, gills, testes, charged polar molecules. The four- to seven-ring high-
and eyestalks are major sites of PAH accumulation and AHH molecular-weight PAHs are generally not charged and there-
enzyme activity. Again, humans do not normally consume  fore do pass across the cell membrane and are actively me-
these tissues, although the hepato-pancreas is sometimes tabolized by vertebrates.

eaten as “crab butter.” ) o ]
It is well documented that some metabolic intermediates of

Melanomacrophage centers are an integral part of the teleosthigh-molecular-weight PAHs, particularly arene oxides, can
immune system. Payne and Fancey (1989) observed that thebind covalently to guanine, producing DNA lesions, which
numbers of melanomacrophage centers increased in the livermay result in unregulated cell growth (cancer). These meta-
of fish exposed to total PAH concentrations in the range of  bolic intermediates are frequently found in the digestive
25,000 to 50,000 ppb. These concentrations are found only gland (liver or hepatopancreas) where metabolism is most
in heavily polluted harbors, industrially polluted sites, or oil  active. The literature contains many citations regarding
spills. Payne and others (1988) observed changes in MFO  hepatic lesions (including hepatic carcinomas) in demersal
enzyme levels and liver fat content in fish exposed to low  fish associated with PAH-contaminated sediments. However,
dissolved hydrocarbon levels of 1,000 ppb (perhaps even as the levels of contamination observed at Eagle Harbor, the
low as 200 to 300 ppb PAH). Duwamish River, and Elizabeth River, at which significant

) ~increases in hepatic carcinomas were observed, are generally
The increased levels of P-450, MFO, and AHH enzymes in  greater than 25 to 50 mg/kg. In some cases, Eagle Harbor

fish and crustaceans exposed to very high levels of PAH sediments contained as much as 6,000 mg/kg PAH.
suggest active catabolism of these molecules. Enzyme induc-

tion is not necessarily a sign of stress. However, there is Mixed function oxidases (MFO), cytochromium P-450,
concern because some intermediate products of high- ethoxy resofurin-o-deethylase (EROD), and aryl hydrocarbon
molecular-weight PAH catabolism are carcinogenic, hydroxylases (AHH) are important enzyme systems for the
mutagenic, and teratogenic. metabolism of high-molecular-weight PAHs. There are nu-
merous reports in the literature suggesting that PAH-
Bioindicator Studies metabolizing enzyme systems are activated at sediment PAH

There is growing interest in enzyme induction and genotoxic- I€vels as low as 1.0 ppm (Johnson and others 1994)
ity tests as indicators of environmental risk. However, are
genotoxicity and enzyme induction tests appropriate indica-
tors of environmental risk? It is important to understand what
these tests actually tell us. Effects at the organismal level,
associated with external factors, are mediated by numerous
levels of protection. Detrimental factors (for example, ab-
normal temperature, xenobiotics, desiccation, disease organ-
isms, high levels of pollution, UV radiation) are often

avoided by mobile animals. Sessile animals (including many
bivalves) isolate themselves within tightly closed valves in an
attempt to avoid harmful conditions.

As previously stated, intermediate PAH metabolites, such as
arene oxides, can covalently bind to DNA, resulting in le-
sions. However, DNA contains numerous mechanisms that
repair miscoded or damaged sequences. This repair is
achieved by a suite of enzymes capable of recognizing dam-
aged or mismatched base pairs and excising them. Environ-
mental or random damage to DNA is not unusual, and the
presence of nicks or double-stranded breaks in nuclear (or
ribosomal) DNA does not often lead to unregulated cell
growth. Increased DNA damage obviously increases the risk
for failure of these repair mechanisms, resulting in a number

At the next level of protection, an animal’s integument iso- ~ Of diseases.

lates internal organs and structures from harmful conditions. o . .
The point is that numerous levels of protection are involved

The skin and gut epithelia are capable of selective absorptlonIn maintaining the biological integrity of an organism.
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In evaluating environmental risks, we must recognize the

. . Genotoxicity test
importance of these cellular safeguards. The questions we

environment

Organismal environment
in open aquatic systems

ask must recognize that different levels of biological organi-

zation will respond differently to the same level of insult. PAHs are desorbed and

Therefore, our questions must be posed carefully, and cau- €Xtracted from sediments.
They are made very avail-

tion should be exercised when extrapolating biological re-

L able to the test cells.
sponses at one level of organization to responses at another

level. Consider a simple analogy: The sun feels good on our No organismal epithelium

skin and it is necessary for the synthesis of vitamin D. Peel is present.
away the skin, expose the underlying tissue to the same
beneficial sun, and the underlying cells die. Almost anyone

would recognize that evaluating sunlight, based on the re-

PAHSs are bound to sediments.
They are not readily available
in the water column.

After desorption from sedi-
ments, PAHs must cross an
external epithelium (skin, gills,
gut) before entering the blood
stream for delivery to the
digestive gland.

sponse of a naked cell, has nothing to do with an organism’s

response to the same level of light. This may seem simplistic,No kidney is present to
but these same principles must be applied to genotoxicity ~ clear PAHSs.

tests.

Kidney functions to clear some
xenobiotics. Fish rapidly ex-
crete most PAHSs.

Plasma lemma is com-
promised by DMSO.

Cell membrane selectively
restricts movement of PAH
into the cell. This increases
the probability of excretion and
decreases the probability of
metabolism.

What question is asked by genotoxicity tests? Ernst (1994)

reported the results of genotoxicity tests using subtidal sedi-

ments collected at various distances from a wharf constructed

of creosote-treated wood. PAHs were extracted from the

sediments, dried, and re-dissolved in dimethylsulfoxide

(DMSO). Trout hepatocytes were exposed to various coNcen ysosomal membranes

trations of the PAH preparation and genotoxicity was as- are compromised by

sayed using the nick translation assay (NTA) of Gagne and DMSO.

others (1995) and a modified version of the alkaline precipi- ) _

tation assay (APA) described by Olive (1988). The results ~ \Jclear membrane is Nuclear membrane provides
- . . compromised by DMSO. another level of protection for

were quantified by defining a toxicity threshold (TT) as the DNA.

geometric mean of the lowest observed effect concentration

(LOEC) and the no observed effects concentration (NOEC). DNA lesions are assumed

This test measured the response of DNA in naked digestive 1O resultin unregulated

gland cells to isolated PAHs suspended in a material, which cell growth.

is an exceptionally powerful solvent for both polar and non-

polar compounds. DMSO is often used as a reaction medium

for bimolecular nucleophilic reactions in which the attacking

nucleophile (arene oxide) bears a negative charge. Its use in Creosote and PAHs do result in disease in demersal fish at

these genotoxicity studies greatly facilitates transfer of PAHs sufficiently high concentration levels. The review presented

across the plasma lemma and arene oxides into the nucleus. here is intended to provide insight to the mechanisms leading

L L ) ] to the observed hepatic carcinomas. However, before these
Based on this discussion, it appears that the question being yenotoxicity tests can be used to establish environmental
asked is “How many DNA nicks and breaks occur when we  cyiteria, we need to correlate the observed cellular responses
eliminate, or impair, many of a cells nuclear defense mecha- yth those at the population or organismal levels of organiza-
nisms and expose DNA to PAH and their intermediate meta- (o The response of a naked cell, with at least seven layers

bolic products?” This is an interesting question, and as ex-  of protection stripped away, to isolated PAH, does not de-
pected, we find that the degree of DNA insult is proportional gcripe the response of whole organisms living in close asso-
to the PAH exposure. In other words, this study revealed a  jation with sedimented PAH.

guantifiable dose—response relationship. The dose is isolated
PAHs and the response is from naked cells whose nuclear  Other bioindicator tests (primarily enzyme induction tests)
and cell membranes have been compromised in the presencesuffer from the same weakness. The response of an enzyme
of DMSO. system to an appropriate substrate has little to do with the

. L _ response of the organism to that substrate. Bioindicators
Does our current understanding of bioindicators allow their certainly have a future in environmental studies. However,
use in assessing environmental risks? There are nUmerous  aqequate correlations between cellular or genetic responses
Wea_lknesses in our current understanding. Consider the fol- 54 organismal or population responses to pollutant levels
lowing: have not been made.

Lysosomal membranes help
contain intermediate metabo-
lites during metabolism.

DNA repair mechanisms
reduce the probability of
unregulated cell growth.
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Payne and others (1988) reported a study supporting the of their sites that affected the number of individuals or spe-
hypothesis that many point sources of hydrocarbon contami- cies was 844 mg/kg for mollusks and 177 mg/kg for echino-
nation could be harmful to fish health. They found that MFO derms, annelids, and arthropods.

enzyme levels were altered at hydrocarbon levels as low as ) _ ) o )

1.0 mg/kg. The authors noted that PAH levels in this range  The adaptation of microbial communities in the gutiof-

are encountered over a broad range of aquatic environmentsN0ria tripunctataand in sediment was well documented and
many of which are not associated with pollution. They sug- discussed in Neff (1979). Similar adaptations were described
gested that hydrocarbons often occur in sufficient concentra- by Wade and others (1989) in Gulf of Mexico hydrocarbon
tions to affect biological responses in fish. Consistent with ~ S€ep communities, including numerous species of annelids,
the discussion presented here, Payne and others concluded crustaceans, bivalves, and fish. Tissue PAH concentrations

and thrive in an environment of high PAH exposure. The
The development of simple, timely, and effective tests to apparent ability to cope with these elevated PAH levels may
evaluate the risks posed by pollutants to aquatic organisms isinvolve specially adapted or evolved enzyme systems.
important work. However, until a better understanding of the
correlation between effects observed in bioindicator studies Aquatic Toxicity Summary
and the response of organisms and populations of organismsype low-molecular-weight PAHs, such as naphthalene and
living in open environments is achieved, bioindicators have acenaphthene, produce acute toxic effects in marine animals
little value as either regulatory or environmental health as-  pgcause they are more soluble than the higher molecular
sessment tools. weight compounds. Acute intoxication in the sensitive larval
stages of marine invertebrates may occur at water column
concentrations as low as 8 to 1§/L. However, for most
species, the literature suggests that water column concentra-
tions of greater that 20g/L are required for significant
responses. Low-molecular-weight PAHs are more soluble
than the high-molecular-weight compounds, and bacteria and
other aquatic organisms more rapidly metabolize them. The

sions have been described in fish from a highly urbanized potential for their accumulation to toxic levels is small except

area (Duwamish River estuary) in Puget Sound (Pierce and When introduced in large quantities (such as petroleum
others 1977). spills). However, laboratory (including mesocosm) studies

have demonstrated photo-enhanced toxicity associated with
Colwell (1986) examined mussels and seawater associated fluoranthene and anthracene at levels as lowagl3in the
with creosoted marine pilings at the Roosevelt Roads Naval water column.
Station Complex in Puerto Rico. She emplogadimonella
typhimuriumin the familiar Ames test (Ames and others
1975) for mutagenicity and found no detectable mutagenic
activity in bacteria from either the water or mollusks associ-
ated with the creosote. She concluded that the creosote did
not exhibit appreciable leaching into the surrounding water.

Vogelbein and others (1990) described hepatic neoplasms in
the Mummichog Fundulus heteroclitysfrom a site with

high levels (22 mg/kg) of PAHSs in sediments. Of the Mum-
michogs collected at this site, 93% had gross hepatic lesions
and 33% had hepatocellular carcinomas. Note that fish from
a site of lower contamination (0.063 mg/kg) did not show
signs of hepatic lesions or carcinomas. Similar cellular le-

Because of their low biological availability, sedimented

PAHSs have a low potential to cause acute pathological re-
sponses at either the organismal or population levels in
aquatic species. However, sediment levels of creosote ex-
ceeding 177 mg/kg have been shown to cause significant
impacts on populations of the most sensitive taxa (Tagatz and
others 1983). Furthermore, bacteria and eukaryotes have
demonstrated a remarkable ability to adapt to relatively high
levels of background PAHSs.

Effects of PAHs on Aquatic Organisms

Mesocosm studies by Stekoll and others (1980) and Wid-
dows and others (1982,1985) reported similar community
responses to petroleum and PAH contamination. Significant, Chronic toxicity is more difficult to measure than acute
long-term reductions in the abundance and diversity of inver- toxicity. This review suggests that chronic stress can occur in
tebrate fauna were reported when ambient water levels con- organisms, including bivalves, at concentrations as low as 30
tained as little as 130g/L dissolved diesel oil for prolonged  to 40ug PAH/L. Chronic stress causes reduced scope for
periods. Less significant population effects were observed ongrowth and reduced reproductive capacity, which can have
a fOCkthhOFe community exposed to 30 ppb diesel oil for  |ong-term consequences for populations of aquatic species.
2 months.

In addition to direct physiological stress (Sunda 1987), there
Tagatz and others (1983) examined the effect of creosote- s a potential for the high-molecular-weight PAHs (particu-

contaminated sand on macrofaunal communities. They found|ar|y B(a)P) to form Carcinogenicl mutagenici and teratogenic
that the lowest creosote (in sediment) concentration at either compounds during metabolism by crustaceans and
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vertebrates. Neff (1979) summarized his section on neoplasiadirect contact occurs. AWPA recommends that creosote-

by noting that although carcinogenic PAH can produce can- treated wood used above grade in homes be well sealed and
cer-like growths and cause teratogenesis and mutagenesis inthat it not be used in close association with either human or
some aquatic invertebrates and vertebrates, there are no animal feedstuffs. However, the EPA label for creosote does
reports of the induction of cancer by exposure of aquatic allow its incidental use, such as for piers and floats, in asso-
animals to environmentally realistic levels of carcinogenic  ciation with human drinking water supplies.

PAHSs in water, food, or sediments. However, more recent

work points out increases in the number of hepatic lesions ~ Table 5 lists benchmarks for PAHs in drinking water estab-

and carcinomas with sediment PAH burdens as low as lished by the Council of European Communities (CEC), the
10 mg/kg. Canadian Council of Ministers of the Environment (CCME),

the British Columbia Ministry of the Environment, and the
Potential for Human Pathology U.S. EPA. Of these, benzo(a)pyrene is the compound of most
Associated With PAHs concern.

Neff (1979) and Stegeman (1981) stated that consumption of The CEC directive relating to the quality of water
PAH-contaminated mollusks probably constitutes a minor  jntended for human consumption sets a maximum

source of human dietary PAH compared with PAHSs in total PAH level of 200 ng/L based on the amount of

smoked foods, charcoal-broiled meats, and even many vege-fiyoranthene, benzo(b)fluoranthene, benzo(k)fluoranthene,
tables. Moore and others (1989) agreed, with the caveat that benzo(a)pyrene’ benzo(ghi)pery'ene’ and indeno(l,z,g_cd)
“except possibly where animals have been exposed to very pyrene. Eisler (1987)uggested that the concentration of

high concentrations of PAHs such as those occurring follow- these carcinogenic PAHs should be maintained at less than
ing an oil spill.” 0.028pg/L to reduce the increased cancer risk to less than
107°. The concentration of the previously listed carcinogenic
PAHSs observed by Goyette and Brooks (1999) at a distance
of 15 cm from a large creosote-treated wood structure was
0.000051ug/L—Iless than Eisler's suggested benchmark by a
factor of 550. The sum of all PAHs observed by Goyette and
Brooks (1999) was 0.031g/L—Iess than the CEC bench-
mark by a factor of 6.5. This suggests that drinking water
intakes could safely be placed within 15 cm of creosote-
treated piling in drinking water supplies. However, that
placement would not be recommended because it would
represent unnecessary risk.

Average concentrations of 402 ppb B(a)P were reported by
Neff (1979) in mussels from creosoted piling in harbors and
marinas, where there are numerous sources of PAHSs. Eisler
(1987) listed human health criteria proposed by the EPA and
others for various PAH compounds. The proposed maximum
human consumption of benzo(a)pyrene isjbgiay.

Goyette and Brooks (1999) compared tissue levels of PAH
(TPAH) in musselsNlytilus edulis)grown on and at various
distances from new and used creosote-treated piling. Tissue
levels of PAH peaked in samples collected 14 days following
construction and then declined to background levels. Based
on the highest PAH concentrations observed in these mus- . .
sels, the %uthors determined that a person would have to eat Sediment Quality Benchmarks For PAHs

408 g of mussel tissue (about 1.35 kg (3 Ib) of live mussels inGoyette and Brooks (1999) examined the effects of creosote-

the shell) every day to exceed the U.S. EPA dietary limit for treated piling in Sooke Basin, British Columbia. The
carcinogenic PAHSs. extensive physicochemical and biological database included

infaunal community analysis and seversitu and laboratory
Note that Mallet and others (1963) observed a B(a)P concen-
tration of 55ug/kg inMytilus eduliscollected from a pristine
area on the coast of Greenland. The authors attributed this
high level to biosynthesis of B(a)P by sediment-dwelling Table 5—Canadian and U.S. regulatory limits for
anaerobic bacteria. It was also possible that B(a)P could be drinking and ground water
leaching from peat deposits, which are extensive in that part
of Greenland. Neff (1979) reported high levels of perylene

Compound Authority Remediation level

(3.01 mg/kg) in Glastonbury peat from Avalon, England. Total carcino- Council of 0.200 pg/L
This observation again points to the ubiquitous nature of genic PAH European

PAHs and the multitude of natural and anthropogenic Communities

sources. Benzo(a)pyrene  British Columbia 0.100 pg/L
The American Wood-Preservers’ Association recognizes the Benzo(a)pyrene  Canadian Council 0.010 ug/L
potential toxicity of creosote (AWPA 1996). The association of Ministers of the

provides a list of precautions to be taken in the use and han- Environment

dling of creosote-treated wood. This list includes precautions Benzo(a)pyrene  U.S. EPA 1.6 ug benzo(a)
against using creosote in human or animal habitations where pyrene/day
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bioassays. Physicochemical analyses included a detailed = Table 6—XPAH toxicity threshold, ZPAH mixture LC so,
description of sediment and water column concentrations of and mean of these two values for 17 parental PAHs ~ *

alkylated and parental PAHs. This database allowed for an SPAH SPAH
examinatipn of the efficacy of exi_sti.ng and propqsed ;edi- toxicity mixture

ment quality benchmarks in predicting adverse biological threshold LCso Mean
response. The U.S. EPA draft sediment quality criteria for (9/g (n9/g (ng/g
acenaphthene (13®/g organic carbon), phenanthrene organic organic  organic
(180pg/g organic carbon), and fluoranthene (§@@g or- PAH compound carbon)  carbon) carbon)
ganic carbon) were found to be underprotective in that they Naphthalene 13 71 42.0

failed to predict observed adverse biological effects in three

. A hthyl 3 15 9.0
database samples. False negative responses (adverse effects cenaphiylene

observed but not predicted by the benchmark) were not Acenaphthene 4 23 13.5
observed for any of the other benchmarks. Goyette and Fluorene 17 90 48.5
Brooks (1999) found that 60 individual PAH compounds Phenanthrene 29 155 92.0
exceeded the threshold effects level (TEL) (Jones and othersAnthracene 21 114 67.5
1997) in seven samples where no toxicity was observed.
These false positive indications associated with the TEL Fluoranthene 69 3t 220.0
were observed for every PAH compound except naphthalenePyrene 90 481 285.5
The Washington State Sediment Quality Criteria (WAC Benz(a)anthracene 21 111 66.0
173-204) were most efficient in predicting adverse effects  Chrysene 31 169 100.0
(12 false positive responses), and the probable effects level Benzo(b)fluoranthene 33 180 106.5
(PEL) resulted in 21 false positive responses. The mean of  genzo(k)fluoranthene 29 155 92.0
the TEL and PEL ((TEL + PEL)/2) resulted in 30 false pre- Benzo(a)pyrene 33 179 106.0
dictions of adverse effects where none was observed.

. . . Low-molecular-weight PAH 87 468 2775
Swa_rtz (1999_) examined existing and proposeq sgdlment High-molecular-weight PAH 306 1,646 976.0
quality guidelines and proposed consensus guidelines that

Total PAH 393 2,114 1,253.5

appear to resolve some of the current inconsistency. He
describes &PAH toxicity threshold that is consistent with 2All values, except mean, are from Swartz (1999).

the effects range low (ER-L) of Long and others (1995) and a

>PAH mixture LGy that is similar to the effects range me-

dian (ER-M) described by the same authors. In the report ~ The area is intensively used for agriculture, and Pipe Creek
herein, sediment PAH concentrations are compared with the appeared to carry a significant load of topsoil (sand and silt).

SPAH toxicity threshold, th&PAH mixture LG, and the In addition, agricultural pesticides may have an effect on
mean of these two values in predicting biological risk aquatic invertebrates. However, because agricultural activity
at creosote-treated bridges. Table 6 summarizes these (corn production) covers much of the landscape both up-
benchmarks. stream and downstream, it seems reasonable to suggest that
those effects would equally influence all areas of the aquatic
Site Selection environment, including control and treatment stations. Indus-

Nine creosote-treated bridges were evaluated on the West  trial sources of PAHs were not apparent within 5 miles of
Coast of the United States during the site selection process. €ither bridge. This qualitative assessment suggested that any
Not one of these bridges was considered appropriate, primarobserved differences in the invertebrate community between
ily because the structures involved the use of both creosote- Upstream controls and downstream treatment stations would
and penta-treated wood. Two bridges crossing Pipe Creek be associated primarily with the physical presence of the

in Cass County, Indiana, were selected because they best ~ structure or PAHs released from the creosote-treated wood,
met the site selection criteria (Fig. 7). These bridges carry ~ Or both.

cars, commercial vehicles, and farm equipment across a .

slow-moving, but substantial, stream. Vehicle use statistics Bdge 146

were not available; however, the rural nature of the environ- Figure 8 is a photograph taken from a downstream location,
ment suggested relatively light traffic compared with urban  looking upstream along the sampling transect, on November

roadways or interstate highways. Both bridges sit on 20 3, 1997, during the collection of physicochemical and bio-
Class A piling treated to a nominal retention of 272 Rg/m logical samples at Bridge 146. The weather was overcast,
(17 Ib/fe) in the treated zone. Support beams, crossbeams, Wwith light wind from the north, and it was snowing. The
decking, and guardrails were all similarly treated with water temperature was 8G and the air temperature was

creosote oil to a retention of 128 or 160 kg(Bor 10 Ib/ff) 4.5°C at 0900.
in the treated zone.

23



e x\%r\\‘\- ] i s o] ||-BI'.'L"|'J-' " 5, . = . e T |
i e E | I 1 i L
f '\ L, s Bl ﬁ | SP™ : =7
b .“\ll. T 0, N -"_r '.._ | | L =
,;.a” ; — = 1. . e, el A
| - i, 4 — ]
| Bridge 148 —f {“m | 7\"\@1 e
i .\_-.._! |I g™ h-l: ; = f__\_\__ 1 R\II'{,.-" o y .'5__‘_\_‘1 | l!:-I
. -r .?r l'_l L o T ' --H"\-\. ™ - | |
I Il'l\ n_ ) - '_.-: S ﬁ\:ﬁ - s _:.‘_. ¥
VA= —y i
= | mi— -; :i "-'I—"‘?A'-— th.‘ 1 N .'.;rﬂ:'?.l : .;tf.\,_l {‘!‘:1"-\. 5
= 1 7 X
'\H 2 ] F== 10 L AW
S :-.-. 1.‘--“'l"'j-:u .:: - I :.-"'--l H--'ll P L -
ﬂ_--.._\_..-: L .- .;::-a. - o I ( "'H.'-h _‘_.-'_\.'l‘ R ™ E-I‘!m 1:1-3‘. e Ilj_("%‘:\l\_\_ ) -'-IIII.I
9 ': . / g W,

= =) _; X

E A A SN A

Figure 7—Location of creosote-treated brldges on Pipe Creek in Cass County, Indiana, that were subjected

to an environmental risk assessment.

Figure 8—Bridge 146 over Pipe Creek viewed from
downstream looking upstream along the sample
transect. Water depths varied between 10 and 31 cm.
Water flow along the transect was <1.0 cm/s.

Conventional physicochemical characteristics of the water
and sediments are described in Table 7. The Indiana State
Division of Water provided flow data for Pipe Creek. Re-
cords collected since 1960 indicated that the meanal

flow in Pipe Creek was 1.9%s (67.6 ff/s). The lowest daily
mean was 0.09 s (3.3 ff/s) recorded February 1, 1977.

Current speeds along the chosen transects were <1.0 cm/s,

The sampled transect was characterized by slow currents
(<1.0 cm/s) and fine sediments dominated by sand with less
than 10% silt and clay. Brooks (unpublished data) found that
total organic carbon averaged 60% of the total volatile solids
(TVS) measured in marine sediments. Extrapolating to this
freshwater environment suggests that Pipe Creek sediments
contained between 0.43% and 0.52% organic carbon. The
corresponding sediment quality benchmarks for PAHs at this
level of organic carbon are listed in Table 8. These values
were corrected to dry sediment weight, based on the ob-
served mean organic carbon content of 0.48%, and represent
site-specific sediment benchmarks for this evaluation.

Bridge 146 was constructed in 1995 and was more than

2 years old at the time of this evaluation. The creosote model
of Brooks (1997b) predicted continued PAH accumulation in
sediments for about 1,000 days after construction. At the
time of this evaluation, Bridge 146 was approximately

900 days old, and absent any bedload movement and disper-
sal of PAH, the sediment concentrations should have been
nearing their maximum concentration. However, water flow

in Pipe Creek varies significantly with the season and it is
likely that sediments and sediment contaminants were dis-
persed and carried downstream during periods of high flow.
During this examination, local scouring was evident within

30 cm of individual piling, and these areas were avoided in
sampling.

and water depths along the sampling transect varied betweenSedimented Concentrations of PAHs

10 and 31 cm on November 3, 1997.
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Figure 9 compares the observed sediment concentrations of
total PAHs with the benchmarks defined in Table 8.



Table 7—Physicochemical characteristics observed at Bridge 146 on Pipe Creek, Cass County, Indiana,

November 3, 1997 #

Depth RPD Total PAH TVS® Sand Silt and clay
Station (cm)  (cm)’ (Hg/g) (%) (%) (%)
—22.8 m (=76 ft) upstream control 10.0 >3.0 0.2288 ND* 198 +1.22 81.03+10.22 14.37 + 3.21
0.0 under bridge 24.0 >3.0 1.2801+0.8612 0.86+0.22 83.08 +26.19 5.84 + 0.63
0.45 m (1.5 ft) downstream 21.0 >3.0 2.1396 0.77 72.91 6.31
0.9 m (3.0 ft) downstream 15.0 >3.0 2.8426 0.72 90.88 7.67
1.8 m (6.0 ft) downstream 17.0 >3.0 5.5376 1.01 91.39 4.59
3 m (10.0 ft) downstream 16.0 >3.0 1.7476 0.80 89.59 7.15
6 m (20.0 ft) downstream 10.5 >3.0 0.5402 0.83 48.03 7.00
22.8 m (33.0 ft) downstream 20.0 >3.0 0.2288 ND 0.72 60.70 3.36

2All values are the mean of two replicates except the —22.8 m (=76 ft) upstream control and samples taken under the
bridge, which are the mean of three replicates. Where appropriate, values include 95% confidence limits on the mean.

RPD is the reduction—-oxidation potential discontinuity. It is an indication of the depth in sediments at which sufficient
oxygen is present to support aerobic metabolism.

ZTVS is total volatile solids measured as a percentage of sediment dry weight.
PAHs were not detected. The value is the sum of the detection limits.

Table 8—Consensus sediment quality benchmarks
specific to total organic carbon observed at Bridge
146 over Pipe Creek in Cass County, Indiana

>PAH >PAH

toxicity ~ Mixture
PAH compound threshold LCso Mean
Naphthalene 0.06 0.34 0.20
Acenaphthylene 0.01 0.07 0.04
Acenaphthene 0.02 0.11 0.06
Fluorene 0.08 0.43 0.23
Phenanthrene 0.14 0.74 0.44
Anthracene 0.10 0.55 0.32
Fluoranthene 0.33 1.78 1.06
Pyrene 0.43 231 1.37
Benz(a)anthracene 0.10 0.53 0.32
Chrysene 0.15 0.81 0.48
Benzo(b)fluoranthene 0.16 0.86 0.51
Benzo(k)fluoranthene 0.14 0.74 0.44
Benzo(a)pyrene 0.16 0.86 0.51
Low molecular weight PAH 0.42 225 1.33
High molecular weight PAH 1.47 790 4.68
Total PAH 1.89 10.15 6.02

dSwartz (1999). All values are pg PAH/g dry sediment

weight.

PAH concentration (ug/g)
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Figure 9—Sediment concentrations of total PAH
measured upstream (controls) and downstream from
Bridge 146 crossing Pipe Creek in Cass County, Indiana.
Sediment PAH concentrations are in micrograms per
gram (dry sediment weight). The threshold effects level
(TEL), mean effects level ((TEL + PEL)/2), and probable
effects level (PEL) are computed at the observed level of
total organic carbon (0.48%).
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Goyette and Brooks (1999) provided a detailed history of
individual PAH compounds present in new creosote oil,
treated piling, the water column, and sediments at Sooke
Basin as a function of time following installation. They found
that much of the low-molecular-weight compounds were lost
during the treating process or were dissolved in the water
column and diluted. The intermediate weight compounds,

intermediate molecular weight compounds exceeded their
individual TELs at these same distances. Not one of the
concentrations of high-molecular-weight compounds was
appreciably elevated, and those for which Swartz published
data were not elevated above their TEL. All three replicate
sediment samples collected under the bridge (0.0 m) con-
tained significantly elevatedi(= 0.05) levels of naphthalene

phenanthrene through chrysene, presented the greatest risk tand acenaphthene compared with the upstream control.

aquatic organisms, and the high-molecular-weight com-
pounds were found only in very low concentrations. Table 8
summarizes thBPAH toxicity threshold (TEL)ZPAH

mixture LG, (PEL), and the mean of these two values ((TEL
+ PEL)/2) for 17 parental PAHs adjusted to the mean sedi-
ment organic carbon (0.48%) determined November 3, 1997.
These were site-specific benchmarks for predicting biologi-
cal response at Bridge 146.

Observed PAH concentrations in surficial sediment samples
(upper 2.0 cm of the sediment column) are described in
Table 9 for Bridge 146. Concentrations exceeding the TEL
(ZPAH toxicity threshold) were observed at distances be-
tween 0.45 and 1.8 m (1.5 and 6.0 ft) from the downstream
perimeter of the bridge structure. Nearly all the low and

Table 9—Concentrations of sedimented PAHs observed in the vicinity of Bridge 146, Cass County, Indiana

These levels exceeded both the (TEL + PEL)/2 level and the
PEL. Acenaphthene and phenanthrene concentrations ex-
ceeded the PEL at the station located 1.8 m (6.0 ft) down-
stream from the bridge. If the PAHs were bioavailable, these
levels could result in significant acute biological effects in
sensitive species. The low-molecular-weight PAHs (haphtha-
lene and acenaphthene) have higher water solubilities than
the higher molecular weight compounds, are therefore more
biologically available, and are generally not associated with
chronic effects. Their catabolism does not result in the pro-
duction of arene oxides and other cancer-promoting interme-
diate metabolites. These results suggest that acute effects
may be present in aquatic organisms under the bridge and to
distances of 1.8 m (6.0 ft) downstream.

a

Concentrations (ug/g dry sediment weight) for various sampling stations

Reporting

limit -228m 0-03m +045m +09m +1.8m +3m +6m +9.9 m
Compound (na/g) (=76 ft) (0.0-1) (+1.5) (+3.0) (+6.0) (+10) (+20) (+33 ft)
Naphthalene 0.020 0.010 XX 0.617 0.042 0.061 0.180 0.066 0.010 0.010
Acenaphthylene 0.020 0.010 0.014 0.010 0.010 0.010 0.010 0.010 0.010
Acenaphthene 0.020 0.010 XX 0.163 0.051 0.065 XX 0.310 0.096 0.026 0.010
Fluorene 0.010 0.010 0.060 0.066 0.083 0.360 0.099 0.022 0.010
Phenanthrene 0.020 0.010 0.120 0.330 0.330 XX 1.600 0.460 0.092 0.010
Anthracene 0.020 0.010 0.023 0.079 0.067 0.010 0.059 0.024 0.010
Fluoranthene 0.020 0.010 0.095 0.560 0.900 1.200 0.390 0.110 0.010
Pyrene 0.020 0.010 0.077 0.500 0.770 0.950 0.340 0.097 0.010
Benzo(a)anthracene 0.003 0.001 0.032 0.170 0.170 0.270 0.078 0.063 0.001
Chrysene 0.020 0.010 0.010 0.120 0.170 0.190 0.010 0.010 0.010
Benzo(b)fluoranthene 0.004 0.002 0.002 0.067 0.077 0.083 0.040 0.002 0.002
Benzo(k)fluoranthene 0.003 0.002 0.002 0.033 0.043 0.054 0.015 0.002 0.002
Benzo(a)pyrene 0.005 0.002 0.002 0.063 0.052 0.086 0.030 0.002 0.002
Benzo(ghi)perylene 0.010 0.010 0.010 0.024 0.010 0.010 0.010 0.010 0.010
Ideno(1,2,3-cd)pyrene 0.009 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004
Dibenzo(a,h)anthracene 0.006 0.003 0.003 0.003 0.003 0.003 0.003 0.003 0.003
Total PAH 0.209 0.114 1.236 2.122 2.815 5.320 1.710 0.487 0.114

®Reported concentrations are from the top 2 cm of the sediment column. Sediment PAH concentrations exceeding the
threshold effects level, defined by Swartz (1999) as the ZPAH toxicity threshold, are in bold type. Sediment PAH
concentrations exceeded the probable effects level, defined by Swartz (1999) as the ZPAH mixture LCso, are preceded
by XX. Cells containing sediment PAH concentrations exceeding the (TEL + PEL)/2 benchmark used in this assessment

have a gray background.
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However, Long and others (1998) examined the efficiency of chironomids in the genu@hironomug3,107). Subdominant

TEL and PEL in predicting toxicity. They found that values  taxa were defined as those representing 1% of the abundance
between TEL and PEL did not predict increased toxicity of all taxa except the two dominants (count = 5.0). In addi-
(over controls) until the number of levels exceeding TEL was tion, to be included in the subdominant database, a taxon
more than 20. A similar analysis using PEL suggested that must have been found in at least 10% of the samples (2.0
53.3% of the samples were judged not toxic when one to five samples). Eighteen taxa met these criteria. Dominant and
PEL were exceeded. The nontoxic samples decreased to 37%ubdominant taxa represented 99.2% of the total taxa and are
when 6 to 10 PELs were exceeded, and the benchmark’s identified in Table 10.

efficiency further increased to 10% nontoxic responses when __ . . . .
y 0 b This was a robust community dominated by annelids and

11 to 20 PELs were exceeded in a mixture. In this case, two hi ids. F i Order Enh ¢
PELs were exceeded under the bridge and at +1.8 m (+6.0 ft)C ironomids. Few mayflies (Order Ephemeroptera) or

downstream. For this number of exceedances, Long and cadisflies (Order Trichoptera) and no stoneflies (Order
others (1998) found that 52% of the samples were nontoxic,
12% were marginally toxic, and 36% were highly toxic.

To put these values in better perspective, Long and others ) _ _

(1998) reported that 65% of the sediment samples in which ~ Table 10—Dominant and subdominant invertebrate taxa
TELs were not exceeded tested nontoxic. However, 26% of ©Pserved in sediment samples collected in the vicinity of
these relatively clean sediments were found to be marginally Bridge 146 crossing Pipe Creek in Cass County, Indiana

a

toxic and 9% were highly toxic. Goyette and Brooks (1999) Found in Total
found that the Sooke Basin Reference Station was consis- number of  abun-
tently toxic in a suite of bioassay tests compared with refer- _Taxa Code samples  dance
ence sediments from Esquimalt Lagoon. Similarly, Deniseger pominant Taxa

and Erickson (1998) found that 8 of 12 reference sites evalu-  Apnelids ANNE 18 4,579
ated .usngohaustorll.Js washingtonianirs the Broughton _ Chironomus sp. AICHSS 18 3107
Archipelago were toxic when the results were compared with Sub-domi T

sediments from which the test animals were collected. There >{P-dominant Taxa

are numerous site-specific physicochemical and biological Gastropods

factors that determine the ultimate toxicity of contaminants. Pleurocera sp. MGPLS 10 36
The benchmarks (TEL, PEL, (TEL + PEL)/2) against which Ferrisia sp. MGFRS 7 9
Pipe Creek sediment concentrations of PAHs were compared Physella sp. MGPHL 9 54
are only as good as the screening tools. Based on the results S

of this analysis, there is a reasonable likelihood that sedi- Ostracods ACOST 2 11
mented PAHs under Bridge 146 and at a distance of 1.8 m  Order Ephemeroptera

(6.0 ft) downstream could be associated with moderate ad- Caenis sp. AICAE 14 46
verse b|qlog|gal effect;. The mformaqon dlsplayed in Table Ephemera sp. AIEPHA 8 24
9 is provided in graphical format in Figure 9. It is apparent der Hemi

that PAHs were either being transported downstream prior to or e_r em.lp_tera

being deposited in sediments or that the PAHs were depos- ~ Family Corixidae AICOR 6 12
ited under the bridge, then moved downstream with the Order Coleoptera

sediment bedload. In the latter case, the PAH profile pre- Berosus sp. AIBERS ) 7
sented in Figure 9 represents a time history of PAH lost (after Dubiraphia sp. AIDUBS 13 49
degradation) from the bridge. This study was not designed to  order Trichoptera

assess PAH transport from creosote-treated structures, and Polycentropus sp.  AIPOSS 4 5

this observation is simply a hypothesis worthy of additional

. . L . Order Diptera
testing. The observed spatial profile is more likely a result of P

both factors. cf. Probezzia sp. AIPBEZ 7 30

Family Chironomidae  AICHR 9 40
Biological Response—Infauna Procladius sp. AIPRS 5 7
A total of 8,187 invertebrates were identified in 18 sediment Dicrotendipes sp.  AIDTS 16 79
samples collected in the vicinity of Bridge 146. Each sample Eukiefferiella sp. AEUKS 7 13
represented an area of 0.0309 fhese samples contained cf. Chrysops sp. ACHS 6 14

51 taxa. Taxonomic codes are defined in Appendixes B and ) )

C. Dominant taxa were defined as those representing 1% of ;‘;t:' abundance of dominants and subdominant 8,122
the total infaunal abundance (count = 82). The invertebrate

community was dominated by annelids (4,579 total) and ®Eighteen samples, each covering 0.0309 m?, were collected.
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Figure 11 —Comparison of Shannon’s and Pielou’s
Indexes with total PAH (TPAH) observed in sediments at
Bridge 146 crossing Pipe Creek in Cass County, Indiana,
November 3, 1997.

Figure 10—Abundance of all taxa, subdominant taxa,
and sediment levels of total PAH ( pg/g dry sediment
weight) observed in the vicinity of Bridge 146 crossing
Pipe Creek in Cass County, Indiana, November 3, 1997.

Plecoptera) were observed in the fine-grained sediments station located 1.8 m downstream from the downstream
characteristic of this part of Pipe Creek. The composition of perimeter of the bridge contained levels of acenaphthene and
the infaunal community is undoubtedly influenced by soil phenanthrene exceeding the PEL.

loss from adjacent agricultural areas and subsequent move- N . . .
The significance of biological effects was explored using

ment of this bedload of sand, silt, and clay down the water-
tests on log{ + 1) transformed count data and log trans-

shed. In Figure 10, total abundance, subdominant abundance 2 ) : N
and the number of taxa observed in 0.036%amples are formed variables with continuous distributions. These trans-

compared with sediment PAH concentrations. More taxa formations were needed to meet the underlying assumptions

were observed under and downstream from the bridge than afC" Parametric testing. Significara € 0.05) differences in
either the upstream control or the downstream-most station, Piological response variables (number of taxa, abundance,

where PAHs were not detected in sediments above the ana- SUPdominant abundance, and Shannon’s Index) were not
lytical detection limit. The abundance of all taxa was slightly OPServed between the upstream control and either the 0.0- or

reduced under the bridge and a distance of 0.45 m (1.5 ft) 1.8-m downstream stations where adverse effects might be
downstream. Total abundance was highest at the 1.8-m associated with elevated concentrations of creosote-derived
(6.0-ft) station where TPAH concentrations peaked at PAH. The null hypothesis that response variables at the

5.3 ug/g. Subdominant taxon abundance decreased at stationgp_Stream contrgl compared with samples from undgr th?
located under the bridge and 1.8 m downstream. However, Pridge or ata distance of 1.8-m downstream were signifi-
subdominant taxa were more abundant at all downstream cantly dlﬁergnt was not rejected with the probability of being
stations than at the upstream control. equal, ranging from = 0.58 to 0.76.

The biological response to sedimented PAHs was further
explored using principal components analysis (PCA). The
factors were rotated using varimax normalization, and the
results are presented in Figure 12. Factor loadings on factor 1
were all positive except total PAH, which was close to zero

Figure 11 does not suggest significant differences in either
Shannon'’s Index or Pielou’s Index as a function of either

sediment PAH concentration or downstream distance from
the bridge. The simplest interpretation of Pielou’s Index is

that it represents the proportion of the maximum value of : ]
Shannon'’s Index observed in a sample. All calculated values PUt négative£0.033886). Annelids (LANNE), the mayfly,

of Shannon’s Index were low (about 1.0), indicating the Ephemerzsp. (AIEPHA), and the biological metrics, taxa

stressful nature of the environment. Similarly, Pielou’s Index (LTAXA), abundance (LABUNDAN), and subdominant
was less than 0.5 in all samples. abundance (LDABUND) were significantly loaded on

factor 1. Total PAH (LTPAH) was significantly loaded on
PAH data (Table 9) suggest two areas where adverse bio-  the positive end of factor 2; many individual taxa were
logical effects might be observed. The area under the bridge negatively loaded on this axis, but only the dipteran,
contained high levels of the low-molecular-weight com- Probezzissp., was a significant factor. Subtle ecological
pounds naphthalene and acenaphthylene. In addition, the
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Figure 12—Principal components analysis of log(

n + 1) transformed biological

response variables and log transformed PAH concentrations in samples
collected from Pipe Creek in the vicinity of Bridge 146 in Cass County, Indiana,

November 3, 1997.

relationships and possible effects associated with sedimentec The presence of significant quantities of naphthalene is

PAHSs are shown in Figure 12. These include the following:

» The number of taxa and both total abundance (LABUN-
DAN) and subdominant species abundance (LDABUND)
group together with annelids (LANNE) and mayflies in the
genusEphemergLAIEPHA). This suggests that more
abundant and diverse communities were found in associa-
tion with annelids and mayflies. Shannon’s Index describes
the evenness of the distribution of animals within species
in a community. Note that Shannon’s Index (LSHAN-
NON) is located well to the left of the other biological
endpoints, sggesting that a few species tend to dominate

unexpected with creosote contamination. Goyette and
Brooks (1999) found that most of the naphthalene was lost
during the treating process from piling produced usiagt
Management PracticdVWPI 1996). This process re-
quires the use of “clean creosote” containing less than
0.5% xylene-insoluble material (<1.5% when treating pon-
derosa or southern yellow pine). In addition, these proce-
dures require heating of the treated wood for 1 h in an ex-
pansion bath under 74 kPa (22 inHg) of vacuum for 2 h
following impregnation. This is followed by a final steam-
ing at <116C for 2 h (timber) or 3 h (piling). Following
these steps, the treated wood is placed under a minimum

Pipe Creek infauna and that increases in the more abundant 74-kpa (22-inHg) vacuum for 4 h. TBest Management

taxa resulted in decreases in Shannon’s Index.

* All the PAH group in the upper left corner of the chart
(Total PAH = LTPAH, naphthalene = LNAPH, ace-
naphthene = LACENAPH, and phenanthrene = LPHE-
NAN). The concentration of total PAH and/or naphthalene
may have been more stressful than either acenaphthene or
phenanthrene.

Practicesprocess releases excess preservative from the
treated wood and results in a product with a minimum
amount of surface residue. Naphthalene has a relatively
low vapor pressure and is more soluble in water than the
other PAHSs. It is likely that thBest Management Prac-
ticesprocess caused the significant loss of naphthalene ob-
served by Goyette and Brooks (1999). Because of its age,
it is unlikely that the wood used to construct these bridges
was treated usinBest Management Practicpsocedures.
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» The taxa present in Pipe Creek were not particularly sensi- New sediments were collected at B146 and B148ugust
tive to PAHs in the vicinity of Bridge 146. Correlation 1998, and the tests were repeated. Two levels of control were
analysis on the log-transformed data was used to investi- provided in these bioassays. Standard MEC laboratory test
gate the relationship between total PAHs, naphthalene, sediments were used as the first level of control. A second
acenaphthene, phenanthrene, and biological endpoints. Alllevel of control was provided by evaluating the results of

significant correlations with individual PAHs were posi- treatment stations located at +0.45, +1.8, and +9.9 m (+1.5,
tive, indicating increased abundance in the presence of  +6.0, and +33 ft) downstream with sediments from the local
higher sediment concentrations of naphthalene, ace- control station located 22.8 m (76 ft) upstream at B146.
naphthene, and phenanthrene. Significant negative correla-Survival was excellent in all tests, and significant differences
tions were found between the gastrofinysellasp. were not observed intests on log-transformed proportions
(MGPHLS,r =-0.59) and the dipteraBezziasp. (LAIP- between any of the test stations. There were no significant
BEZ,r =-0.71)). A significant positive correlation was differences in survival, and the null hypothesis that survival
found between LTPAH and the mayfBaenissp. (Al- was equal between any pair of stations was not rejected.
CAE, r = 0.68). Chironomids in the Family Chironomidae
(AICHR, r = 0.27) and the dominant ger@kironomus Risk Assessment Summary
sp. (AICHSSy = 0.17) were also tolerant of elevated Moderately elevated PAH levels were observed in sediments
PAHSs, but the correlations were not significant. The corre- under and immediately downstream from Bridge 146. Sedi-
lation analysis is summarized in Table 11. ment levels of naphthalene and acenaphthylene exceeded the
PEL given by Swartz (1999) in sediments collected under the
Sediment Bioassay Response bridge. Sediment levels of PAH peaked 1.8 m (6.0 ft) down-

Ten-day sediment toxicity tests were completed using the ~ Stream from the downstream perimeter of the bridge. The
amphipodHyalella aztecan accordance with ASTM E1706  sum of all priority pollutant PAHs exceeded the TEL of
(ASTM 1997) as modified by MEC Analytical Systems Swartz (1999) but did not exceed the PEL or the intermediate

Protocol P034.0. Five tests were rejected during the initial ~ value ((TEL + PEL)/2) invoked as a benchmark for this
testing series as a result of low control survival. MEC attrib- €valuation. Sediment concentrations of acenaphthene and

uted this to stressed amphipods used for that series. phenanthrene exceeded the PEL at station 1.8 m (6.0 ft). The
weight of evidence suggested that minor adverse effects
could be observed under these conditions.

Pipe Creek flows through an agricultural landscape devoted
primarily to the production of corn. The stream carries a
significant bedload of sand, silt, and clay. The resulting

Table 11—Summary of Pearson correlation coefficients
between individual taxa (Column 1) and total PAH
(LTPAH), naphthalene (LNAPH), phenanthrene

(LPHENAN), and acenaphthene (LACENAPH) invertgbrate cpmmunity is do_minatgd by anr_1eli_ds and chi-
ronomids. This community did not include significant num-
LTPAH LNAPH LPHENAN LACENAPH bers of larvae in the more sensitive Orders Ephemeroptera,
LANNE ~0.26 0.27 0.46 0.50 Plecoptera, or Trichoptera. Pipe Creek invertebrates consti-
LMGPLS 0.40 0.21 0.73 0.52 tsu_teqf_a roté)lé.sftf communityt::vin% in 3 stress;‘ul envi_ronmeﬂr:t.
ignificant differences in the abundance of organisms, the
LMGPHLS 059 -0.14 ~0.19 -0.11 number of taxa or their diversity, as measured by Shannon’s
LAICAE 0.68 0.52 0.61 0.49 Index, were not observed. However, the number of taxa and
LAIEPHA 010  0.29 0.52 0.40 the abundance of subdominant taxa were observed to decline
LAICOR 0.41 0.39 0.24 0.17 under the bridge and at the +1.8-m (+6.0-ft) station where
LAIDUBS -0.56 -0.12 -0.49 -0.26 exceedances of the PEL were observed. These subtle effects
LAIPBEZ 071 -053 ~0.31 ~0.49 were further examined and their reality substantiated using
LAICHR 027  -0.09 065 0.29 p_rmmple components ana]yss. However, it must be emphar
sized that the observed differences were small and not statis-
LAICHSS 0.17 0.18 0.28 0.32 tically significant. The observations could have been simply
LAIDTS -0.01 027 0.25 0.23 the result of random sampling.
LAEUKS 0.32 0.68 0.39 0.61
LACHS 044  -0.04 ~0.32 ~0.07 Ten-day sediment bioassays using the amphiifyadella _
LTAXA 0.25 012 054 0.30 aztecadid not re_veal significant survival differences in sedi-
ments from stations located downstream from the bridge
LABUNDAN  -0.19 0.23 0.48 0.49 when compared with those located upstream or with
LDABUND  -0.38  0.06 0.25 0.14 laboratory control sediments.
LSHANNON 0.12 0.19 0.10 0.03

#Taxa codes are listed in Table 10.
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Bridge 148

The photograph in Figure 13 was taken November 4, 1997,
from a downstream location, looking upstream. The photo-
graph in Figure 14 was taken from a position under

Bridge 148 looking downstream along the sampling transect.
The weather was overcast, with light wind from the north-
west, and it was snowing.

The water temperature was %5 and the air temperature
was 5.5C at 1200 hours. Conventional physicochemical
characteristics measured in water and sediments are de-
scribed in Table 12. The Indiana State Division of Water
provided flow data for Pipe Creek. Records collected since
1960 indicate that the meanraual flow in Pipe Creek is

1.91 ni/s (67.6 ft/s). The lowest daily mean was 0.0¢sn
(3.3 f'/s) recorded on February 1, 1977. Current speeds
along the sampling transect were too slow to be measured
with either a drogue or a current meter equipped with a
magnetic head. Current speeds in the main channel varied
between 0.16 and 0.27%% (5.83 and 9.67%s) in water
depths of 20 to 50 cm.

Figure 13—Bridge 148 over Pipe Creek viewed from
downstream.

Sediment Concentrations of PAHs

Mean total volatile solid (TVS) at stations 0.0 to 20.0 was
1.48 +0.66. Using the conversion factor of 0.6 (Brooks,
unpublished data) suggests a total organic content of 0.89%. |
Table 13 defines sediment PAH benchmarks for Bridge 148 |
derived from Swartz (1999) at 0.89% total organic carbon.
Figure 15 compares sediment concentrations of PAHs ob-
served at Bridge 148 with these benchmarks; Table 14 sum-
marizes PAH data. Not one of the benchmarks was exceeded

Figure 14—Bridge 148 looking downstream along the
chosen sample transect

Table 12—Physicochemical characteristics observed at Bridge 148 on Pipe Creek, Cass County, Indiana,
on November 4, 1997 #

Depth RPD" Total PAH TVS® Sand Silt and clay
Station (cm)  (cm) (g/g) (%) (%) (%)
-9 m (-30 ft) upstream control 17 15 0.1144 (ND% 0.91+0.21 7217+16.67 8.01+3.14
0.0 under bridge 29 >3.0 0.9813+3.1781 1.15+1.05 89.46+7.52 8.48 + 5.52
0.45 m (1.5 ft) downstream 19 >3.0 1.9573 1.14 88.37 7.83
0.9 m (3.0 ft) downstream 14 >3.0 0.6414 1.10 89.04 9.83
1.8 m (6.0 ft) downstream 12 >2.0 2.2563 2.22 85.71 13.09
3 m (10 ft) downstream 23 >3.0 0.5654 1.71 88.74 9.80
6 m (20 ft) downstream 24 >3.0 0.3194 1.56 85.68 9.21
9.9 m (33 ft) downstream 14 >3.0 0.5160 5.91 27.50 70.40

@Al values are the mean of two replicates except the -9 m (=30 ft) upstream control and samples tak