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EXECUTIVE SUMMARY

Thisreport summarizestheresultsof NOAA'sstudy
of Galveston Bay to assess sediment contamination,
toxicity, and the benthic community, and wasdone
asacomponent of the National Statusand Trends
(NS&T) Program for marineenvironmental quality.
To date, sediment toxicity studieshave been

completed in over 20 estuariesas part of the

program.

Sediment contaminationin U.S coastal watersisa
magjor concern, posing both ecological and,
indirectly, human health risks. Contaminated
sedimentsposealong-termthreat asareservoir for
reca citrant pollutants, which through biologica and
physical processes can beredistributed to the
ecosystem long after inputsfrom land-based sources
of pollution have ceased. Habitatsimpacted by
sediment contamination frequently exhibit lower
dengity and diversity of benthic organisms, aswell as
impaired health of individua animas. Human hedlth
concernsariseasaresult of consumption of fishand

wildlifefrom these contaminated aress.

Galveston Bay isthelargest estuary onthe Texas
coast, and iscomposed of four major sub-bays
including Galveston, Trinity, East, and West
bays. Itisarelatively shalow system, withan
average natural depth of approximately 2m. The

major freshwater sourcesfor thebay includethe
Trinity and San Jacintorivers, themgjor tidal inletis
Bolivar Roads, between GalvestonIdand and
Bolivar Peninsula. Thebay ishometotheworld's
largest industrial complex, with an estimated annua
seatradevalueof over $50 billion, and apopulation
approaching 5million. At the sametime, thebay has
avariety of habitatsincluding wetlands, submerged
vegetation, mud and sand flats, and oyster reefs, and
ishometo anumber of commercialy and
recregtionally important speciesof finfishand
shdllfish.

The Galveston Bay study areacovered 1,351 sg.
km, and included the Houston Ship Channel, the
four sub-bays, and approachesto the bay fromthe
Gulf of Mexico. The study areawas divided into
22 irregular shaped strata, and sites within each
stratum were selected on arandom basisin
consultation with state and local officials.
Seventy-five sites were sampled in July and
August 1996.

Sedimentswereanayzed for alarge suite of
contaminants including metals, polycyclic
aromatic hydrocarbons (PAHS), pesticides, and
polychlorinated biphenyls(PCBS).




A battery of sediment toxicity tests, including
amphipod survival, sea urchin fertilization and
development, Microtox®, and P450 Reporter
Gene System (RGS) were carried out. Benthic

community analysis was completed as well.

Sediment contaminant levels were compared
with the Effects Range-Low (ER-L), and Effects
Range-Medium (ER-M) guideline values. ER-L
values are those sediment contaminant
concentrations below which adverse biol ogical
effects are not likely to occur; contaminant
levels above the ER-M arelikely to cause

adverse effects.

In general, trace elements were distributed
relatively uniformly throughout the study area,
with the exception of mercury, which was
concentrated in the Houston Ship Channel. None
of the trace element concentrations exceeded the
ER-M values at any of the 75 sites, although
numerous sites exceeded the ER-L valuesfor
arsenic, chromium, mercury, nickel and zinc.
Arsenic concentrations exceeded the ER-L value
in 29% of the study area, nickel in 25% of the
study area, while chromium, mercury and zinc
ER-L exceedencestogether totalled lessthan 1% of
thestudy area.

Thehighest total PAH concentration wasfoundin
themiddle of Galveston Bay, and exceeded the ER-
L vaue. Individual ER-L valueswereexceededin
themiddle of the bay andintheupper bay for
compounds such as acenapthene, anthracene, and
fluorene. Thecalculated spatia extent of ER-L
exceedencesfor each PAH aswell asfor total PAH
was2% or less. Ingeneral, measured pesticides
and PCBswereuniformly low. However, theER-M
guidelinefor total DDT wasexceeded at two Sites
ontheHouston Ship Channedl. Tota ER-L
exceedencesfor DDT included 6% of the study

area.

Results from the sediment toxicity tests were
highly variable. No samples were found to be
significantly toxic in the amphipod survival test.
Sea urchin fertilization as a percent of the
control was significantly reduced at 53% of the
sites (100% porewater test). Samples from the
Houston Ship Channel, upper bay, Clear Lake
and east of the approach jetties to Galveston Bay
showed the lowest fertilization success. Sea
urchin embryonic development results followed
apattern similar to fertilization. The lowest
mean Microtox® EC,, values were widely
spread throughout the study area.
Approximately 79% of the samplesproduced a
value that was significantly lower than the

control in the Microtox® test. Results from the
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P450 RGSindicated that only 9% of thesites
exceeded a threshold toxicity value, while only
one site exceeded a vaue indicative of

toxicological significance.

Estimates of the spatia extent of sediment toxicity
wereaso made. Using acriteriaof lessthan 80%
of the control values, none of the areawas deemed
toxicintermsof amphipod surviva, 45% of the
study areawastoxic using seaurchinfertilization,
25% of theareawastoxic to seaurchin
development using thiscriteria, and 87% of the
Galveston Bay study areawastoxicintermsof the
Microtox® test. However, andternative
nonparametric analysisindicated that al Microtox®
vaueswere below levelsthat would be considered
moderately toxic. For P450 RGS, approximately
5% of the study areaexceeded amoderate value of
enzymeinduction.

An analysis of the relationships between
sediment contamination and the sediment
toxicity tests revealed no correlations between
sediment contaminants and either the amphipod
mortality or Microtox® tests. The seaurchin
fertilization test correlated with several PAHS,
and the sea urchin development test correlated
with total PAHs, anumber of low molecular weight
PAHSs, and two PCBs. Asexpected, the P450
RGSassay correlated highly with PAHS.

A total of 5,089 organisms, representing 211
taxa, were identified in the 22 strata. The total
number of taxa varied from alow of four in
Clear Lake, to ahigh of 90 in West Bay. The
majority of organisms counted were polychaetes
(71%), followed distantly by bivalves (8.3%),
gastropods (6.6%), and amphipods (3.6%). The
mean density of organisms was lowest in upper
Galveston Bay, and highest in West Bay.
Similarly, faunal diversity (H’) was lowest in

Clear Lake and highest in lower Galveston Bay.

In summary, therewas no toxicity observed when
amphipodswere exposed to bulk sediment. For
other tests, based on more sensitivelife stagesand
metabolic response, thetoxicity patternwassimilar
tothosefoundin other large estuariesin the United
Sates. Although thetoxicologica endpointsof
exposureto sediment porewater or organic extracts
areeasly understood, their ecological sgnificance
can only bedescribed astenuous. Theinfauna
benthic community inthebay appearsreflective of
the substratum type, i..e., sandy or muddy bottom.
Thestudy resultsshould beviewedinlight of its
principal objective, i.e., estimatethe patia extent
and patternsof sediment contamination, sediment

toxicity andinfaund benthic communities.

The study resultsdo not preclude continued

monitoring and periodic assessmentsof sediment

Vil



contamination and toxicity in areasof concern. This
study al so does not address other major
environmental issuesin Galveston Bay, such as
loss of wetland acreage, freshwater inflow, and

shellfish harvest restrictions.
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Sediment Contamination, Toxicity, and Macroinvertebrate
I nfaunal Community in Galveston Bay

INTRODUCTION

As part of the Nationa Status and Trends
(NS&T) Program, NOAA conducts studies to
determine the spatial extent and severity of
chemical contamination and associated adverse
biological effectsin coastal bays and estuaries of
the United States. Results from previous NS& T
sediment toxicity studiesin over 20 coastal
waters and estuaries have been published (Long
et a., 1996; Turgeon et al., 1998; Long, 2000).

Galveston Bay is located along the northeastern
Texas coastline and harbors the world’'s largest
industrial complex. Houston, connected to the
bay by the Houston Ship Channel (HSC), isthe
fourth largest port in the United States in terms
of waterborne trade. The city of Galveston,
located on the Gulf of Mexico, occupies nearly
the entire 32 mile long island and is also amajor
port. These two ports, together with the Port of
Texas City, account for sea trade of over $50
billion each year (USACOE, 2001). The
Houston-Galveston-Brazoria metropolitan area
isinhabited by nearly 5 million people, nearly
doubling its population during the past two
decades (USCB, 2001). The bay, separated from

the Gulf of Mexico by barrier idands, isahighly
productive estuary with many species of finfish,
shellfish and wildlife. A variety of habitats
including wetlands, submerged aquatic
vegetation, mud and sand flats, and oyster reefs
provide extensive shallow water habitats
important for the continued survival of regional
populations, and for biodiversity. One-third of
the commercial fishing income and over one-half
of the expenditures related to recreational fishing
in Texas are derived from Galveston Bay (GBEP,
2002). Eastern oysters, blue crabs and shrimp
(white and brown) comprise the commercial
shellfish catch in the bay with an economic

impact of nearly one-half billion dollars.

Over the past couple of decades, significant
anthropogenic changes in Galveston Bay have
become a matter of concern. The Galveston Bay
National Estuary Program identified 17
environmental issues that required an improved
scientific understanding as well as management
action by public agencies. Loss of habitat (some
of it from land subsidence), water and sediment
contamination, declining population trends in
some wildlife species, and shellfish harvest

restrictions due to coliform bacteria and other




pathogens, wereidentified among thehigher priority
issuesfor thebay (GBNEP, 1994).

Coastal contamination emerged asanimportant
environmental issue in Galveston Bay beginning
in the 1930’s when oil and petrochemical
industries began to proliferate along Buffalo
Bayou. By thelate 1960's, the EPA had listed this
area, including the HSC extending to Morgan's
Point, asone of thetop 10 most polluted bodies of
water inthe United States. At that time, some
locationsrarely had measurable dissolved oxygen
concentrations, however, sincethenall industrial
effluents have become subject to secondary
treatment or better, and municipal wastewater and
sewagetreatment plants have been upgraded and
expanded. (Gardinali, 1996; GBNER, 1994;
GBNER, 1992).

STUDY AREA

Galveston Bay hasasurfaceareaof 1,360 sg. km,
andincludessevera major embayments:. Trinity Bay,
Galveston Bay, East Bay, and West Bay (Figure1).
Thedrainage areaof the bay isapproximately
63,300 sg. km. Theestuary receivesmost of its
freshwater fromthe Trinity River, withmuch smaller
contributionsfrom the San Jacinto River (measured
asspillover from Lake Houston Reservoir), HSC
drainage (Buffalo Bayou and tributaries) and
Chocolate Bayou. Theaverage natura depth of the

estuary is2m, with oyster reefscreating numerous
shoal areasthat alter theflow regime. Windisthe
primary drivingforcefor currentswithtideshavinga
relatively minor, modifyinginfluence. Relatively deep
navigation channels, e.g., the12mdeep HSC, and
waterwaysthat traverse the bay have created areas
of higher sdlinity, altered flowsand restricted water
exchange. Inaddition, dredged materia disposal
sites, notably thoseinthevicinity of HSC, restrict

water exchangeand circul ation acrossthe channdl.

Theaverage near-surface sdinity of Galveston Bay
isapproximately 15 parts per thousand (ppt) (Criner
and Johnican, 2001), although thereisconsiderable
spatiad andtemporal variability. Surfacesdinity
generally variesfrom nearly 30 ppt near the entrance
tothe Gulf of Mexicoto 3 ppt near mgor points of
freshwater inflow, such astheTrinity River. Dueto
shdlownessof thebay, vertica dratificationin
sdinity iseither dight or nonexistent. Large
fluctuationsin sdinity ranging from 6 to 28 ppt also

occur, dueto theinfluenceof wind and tide.

Giventheshallownessof theestuary, sedimentsare
easily redistributed by currentsand tides(GBNEPR,
1994; GBNEP, 1992). Surficid sedimentin Trinity
Bay iscomposed primarily of mud; sandy sediment
predominatesin\West Bay; coarse-grained sand and
shell material dominatethebay’sentranceto the Gulf




Figure 1. Galveston Bay study area, including site locations and strata delineations.
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of Mexico andinisolated reef areasthroughout the

bay.

The overall purpose of this study was to describe
the environmental conditions in Galveston Bay
in terms of sediment contamination and
associated adverse biological effects. The
objectives were to determine the incidence and
degree of surficial sediment toxicity; determine
the spatial patterns or gradientsin chemical
contamination and toxicity, if any; and determine
the association among measures of sediment
contamination, toxicity and benthic

macroinvertebrate community.

The project study area extended from the upper
reaches of HSC in the north to beyond the jetties
at the entrance to Galveston Bay, including West,
East and Trinity bays, and Clear Lake (Figure 1).
The area of study as well as the dimensions of
the sampling strata were selected in consultation
with state and local resource management

officials.

METHODS

SAMPLING DESIGN

A dratified-random sampling design smilar tothose
usedinpreviousNOAA surveys(Long et al., 1996)
wasappliedin Galveston Bay. Thestudy areawas

subdivided into 22 irregular shaped strata(Table 1
andFigurel). Sampling siteswithineach
substratum were selected on arandombasis. Large
stratawere established in the open waters of the bay
wheretopographic features and oceanographic
conditionswererelatively uniform and toxicant
concentrationsexpected to below. Incontrast,
reatively small stratawere established in the upper
and mid bay near suspected sources of
contamination or whereenvironmenta conditions
were expected to be heterogeneousor transitional .
Theboundariesof the stratawere also established to
coincidewith thedimensionsof mgor basins,
bayous, waterways etc., in which hydrographic,
bathymetric and sedimentological conditions
were expected to be relatively homogeneous.
This approach combines the strengths of a
stratified design with the random-probabilistic
selection of sampling locations, allowing the
data generated within each stratum to be
attributed to the dimensions of that stratum.
Therefore, these data can be used to estimate the
spatia extent of toxicity with aquantifiable degree of
confidence (Heimbuch et a., 1995).

Seventy-five siteswere sampled between 29 July
and 16 August 1996 (Table 2). The locations of
individua sampling steswithin each stratumwere
chosen randomly using acomputer-based program
applied todigitized nautical chartsproduced by




Table 1. Galveston Bay sampling strata.

Zone Stratum Stratum Name Area Percent of
Nurmber (1,351 k) Total Area

A 1 Upper Houston Ship Channel 155 011
2 Scott Bay 6.13 0.45

3 Upper San Jacinto Bay 338 0.25

B 4 Lower San Jacinto Bay 2.96 022
5 Tabbs Bay 364 0.27

C 6 Upper Galveston Bay - East 29.56 219
7 Upper Galveston Bay - West 31.44 2.33

D 8 Central Galveston Bay -West 101.65 752
8A Clear Lake 559 041

9 Central Galveston Bay - East 124.01 9.18

10 Lower Galveston Bay 248.89 18.42

E 11 Trinity Bay - Offshore 1834 1358
12 Trinity Bay - Nearshore 125.36 9.28

F 13 East Bay 156.61 11.59
G 14 Texas City 38.67 2.86
H 15 West Bay 156.55 11.59
I 16 Bolivar Roads 18.60 138
17 Galveston Bay - Entrance 25.16 186

J 18 Galveston Island - Nearshore 17.96 133
19 Bolivar Peninsula - Nearshore 23.09 171

20 Galveston Island - Offshore 22.28 165

21 Bolivar Peninsula - Offshore 24.47 181

NOAA'sNationa Ocean Service. Theprogram Thedementsof the sediment quality triad usedin
wasused to select aprimary and threealternate thisstudy areshowninFigure2. NS& T'sstandard
Stes. Atleast threesitesweresampledwithineach  suiteof chemical andyses, multipletoxicity tests, and
stratum; four or five Sitesweresampledinlarger benthic community assessmentswere performed on
strata. Ininstanceswheretheprimary sitecouldnot ~ sediment samplesfromall 75 sites. Sampleswere
be sampled dueto non-accessibility or anunsuitable  collected on board the NOAA ship FERREL or
substratum, the next sequentia aternate Stewas from its launch. Toxicity and chemistry samples
sampled. Inall cases, theprimary or first dternate were collected with aKynar-coated 0.1m? Young
Sitewas acceptabl e and sampl ed. modified Van Veen grab sampler deployed witha

hydraulic or electric winch. The grab sampler




Table 2. Sampling site locations in Galveston Bay.

Stratum  SiteNumber Alternate Site Location Latitude (N)  Longitude (W)
1 1 1 Houston ship channel-40ft North of R 120 outside of channel, 29° 44.429 95° 3437
SW of Brownwood, oil industries there and to the south
1 2 2 Houston ship channel-NE of San Jacinto State Park, SE of 29° 45,703 95° 4.022
Lynchburg Landing, South of high tension power lines
1 3 1 Houston ship channel - near ferry crossing, Lynchburg Range, 29° 45.683 95° 4.705
south of Lynchburg landing, north of San Jacinto obelisk,
nearby restaurant and Monument Inn, industries
2 4 1 Houston ship channel - SW of tank farmand numerous smoke 29° 44.101 95° 3.201
stacks, East of San Jacinto monument, 20ft north of R 116
2 5 1 Houston ship channel-west of channel, 100meast of Alexander 29° 43.333 95° 1.363
Island, 50m off G111
2 6 1 Scott Bay, 200mW of Petrochemical facility and residential 29° 44.744 95°2.124
homes
3 7 1 Upper San Jacinto Bay - between Alexander Island and Brinson 29° 42.405 95°1.948
Pt. (Dupont Petrochemical facility), appr. 200m North of R10
(200mnorth of channel)
& 8 1 Upper San Jacinto Bay - 100m North of Brinson Pt. Petro 29° 42.228 95°1.914
chemical (Dupont) facility, 200m east of G11
3 9 2 Upper San Jacinto Bay - 10mfrom G5 marker from channel in the 29° 42.149 95° 1.55
bay, 200mNW of Spilmans Island, 500mwest of suspension
bridge over Houston ship channel, on Spilmans Island thereis a
Dupont Petrochemical facility
4 10 Houston ship channel-NE of entrance to Barbours Cut 29° 41.283 94° 59.312
4 11 Houston ship channel, entrance to Barbours Cut 29° 41.204 94° 59.187
4 12 Houston Ship Channel- 50m south of Hog Island NW edge 29° 41.714 94° 59.402
seawall, 300mnorth of tall power cables, 100m SE of cable
warning sign
5 13 1 Tabbs Bay - Appr. 300meast of low abandoned railroad bridge 29° 42.288 94° 58.798
pilings, North of Hog Island
5 14 1 Tabbs Bay-Midway between Hog Island and mainland. A ppr. 29° 42.293 94° 59.237
400m south of mainland, A ppr. 300mwest of old railroad bridge
pilings
5 15 1 Tabbs Bay - 100m south of mainland, 300m east of abandoned 29° 42.527 M 58.822
railroad bridge pilings
6 16 1 Upper Galveston Bay eastern area-east of R80 of Houston Ship 29° 37.901 94° 56.19
Channel
6 17 2 Upper Galveston Bay eastern area- 1 mi ESE R80 Houston ship 29° 37.48 A° 56.14
channel
6 18 1 Upper Galveston Eastern side - East of Atkinson Island, west of 29° 30.492 94° 56.968
M esquite Knoll
7 19 1 Upper Galveston Bay western side-east of Little Cedar Bayou 29° 38.492 95° 0.196
appr. 1 mi
7 20 1 Upper Galveston Bay western side-east of Bayside Terrace(appr.  29° 37.324 94° 58.941
2mi)
7 21 Upper Galveston Bay western side-SE of Sylvan Beach 29° 38.328 H° 59.801
8A 2 Clear Lake-south of A pt/condos w/boat slips in western Clear 29° 33.81 95° 3587
Lake
8A 1 Clear Lake - southern edge of channel 100m SE of G19, 200mN of 29° 33.299 95° 3.634
Lakeside shore
8A 24 1 Clear Lake - northern shore on the eastern end, 200m SW of apt 29° 33411 95° 2.302

complexwith flags, 500mNW of R N14




Table 2. Sampling site locations in Galveston Bay (continued).

Stratum  Site Number Alternate Site Location Latitude (N) Longitude (W)

8 25 1 Upper Galveston Bay western side, 2.5 mi east of water tower, 29° 33.647 94° 58.835
appr. 0.75m NE of beginning of channel into Clear Creek/Lake

8 26 1 Upper Galveston Bay western area-east of bridge over Clear 29° 32.174 A° 57.21
creek, NE of radio antennae

8 27 1 Upper Galveston Bay western area-west of Bulkhead Reef, east 29° 35.985 4° 57.408
of Red Bluff, appr. 0.5m west of Houston Ship channel

8 28 1 Upper Galveston Bay western area- appr 2.5 m west of Houston 29° 34.101 94° 58.309
Ship channel, 2.25 mi east of Todville

29 1 Upper Galveston Bay - NE of R70 marking Houston Ship Channel ~ 29° 34.833 A 54.714
30 1 Eastern side of Upper Galveston Bay and mouth of Trinity Bay,3 ~ 29° 37.209 94° 5342

mi south of Beach City

9 31 1 Eastern side of Upper Galveston Bay-0.5 mi ESE of Rear(after) 29° 36.783 4° 55.786
range merker for the Bayport ship channel G180 6sec light, 60ft
high

9 32 1 North of Trinity River Channel, just south of "L" shaped oil 29° 32.009 94° 50.29%6
platform, two smaller oil obstructions close by

10 33 1 Central Galveston Bay, off east edge of Houston Ship Channel, 29° 25.328 94° 49.213
NEof R36

10 4 1 Central Galveston Bay, NW of Sievers Cove, South of Hanna 29° 27.019 94° 44.695
Reef, 5 mi south of mainland

10 1 Central Galveston Bay, SE of Smith Pt., 2000yds fromshore, 29° 31.233 94° 46.287
North of Hanna Reef, sparse, residential area

10 1 Central Galveston Bay, East of Houston Ship Channel, NE of R 29° 26.544 94° 48.093
40, 1.5 mi east if R42

10 37 1 Central Galveston Bay, appr. 1 mile east of Texas City, west of 29° 24.864 ° 51.964
GA7 marking Houston Ship Channel

11 38 1 Trinity Bay-deep, Central-west bay almost 3 mi off shore, 29° 4.7 94° 48.906
residential

11 39 1 Trinity Bay-deep, SE area, near Galveston Bay, appr. 2.5 mi north 29° 35.49 94° 47.897
of Smith Pt.

11 40 1 Trinity Bay-deep, 2 mi west of spoil bank near Black Pt, 1 mi due 29° 40.088 94° 45.172
west of site #41, near some oil construction (platforms)

11 11 1 Trinity Bay - deep, east-central Bay, about 1 m west of spoil 29° 40.092 A° 4387
bank near Black Pt

12 42 1 Trinity Bay-shallow, north central Bay , south of private marker 29° 43.451 94° 45.942
#2

12 43 1 Trinity Bay-shallow, about 1 mi SE of Pt Barrow, residential 29° 43.198 94° 49.984

12 4 1 Trinity Bay - shallow, SE of mouth of Cooling System Discharge 29° 44.543 94° 48.453
Canal (NW area of Bay)

13 45 1 East Bay, west of Goat Island, Long Pt or Big Pasture Bayou, 29° 30.218 94° 36.703
North of ICW, marshy areas surrounding

13 46 1 East Bay, NW of Sievers Cove near the mouth of East Bay, north 29° 26.516 94° 42.807
of ICW

13 a7 1 East Bay SW of Lake Surprise and Stephenson Pt. near shore 29° 31.98 A° 42.31
appr. 1000 yds away

13 48 1 East Bay, north of the ICW, east of Frozen Pt. and NW of 29° 32.197 94° 30.35
Mussel Pt., surrounded by marshy area

13 49 1 East Bay, SE of Lake Surprise, NW of Big Pasture Bayou by 2.5 29° 31.645 94° 38591
mi

14 50 1 Industrial areain Gal Bay, west of Pelican Island, north of mouth 29° 1897 94° 49.489
of Gal Channel, NW of Bascule Bridge along the beach

14 51 1 Industrial area north of ICW, south of Texas City Channel, west 29° 20.802 94° 50.681
of spoil area/marsh

14 52 1 Industrial, north of bridge separating lower Gal Bay and West 29°18.228 M° 52.763
Bay, East of ICW




Table 2. Sampling site locations in Galveston Bay (continued).

Stratum  Site Number Alternate Site Location Latitude (N)  Longitude (W)
15 53 1 West Bay, south of Carancahua Pt 29° 13101 95° 1.508
15 54 1 West Bay, 2 mi ESE of Greens Lake 29° 15.703 M 57.957
15 55 1 North of San Luis Pass, South of ICW, west end of West Bay 29° 7.907 9o5° 7.848
15 56 1 West Bay, south of Cow Bayou, R 2 marker 29° 11.301 95° 4.303
15 57 1 West Bay, SE of mouth of Basford Bayou SW of Tiki Is. 29° 17.49%4 94° 56.73
(residential)

16 58 1 Southern edge of Bolivar Roads channel whereit turnstothe NE ~ 29° 20.503 94° 45.976
to enter Galveston Bay, ENE of Galveston Coast Guard Bay appr
05mi

16 59 1 Bolivar Roads-100m east of outer bar channel rear range merker, 29° 21.381 A 46.37
0.5mi south of Bolivar penninsulalight house

16 60 1 Bolivar Roads-west end of Anchorage area, north of Inner Bar 29° 20.991 94° 33.242
channel

17 61 1 Located in adiscontinued dumping ground according to the 29° 20.139 94° 39.193
chart, appr. 1.75 mi ESE fromthe north jetty end marker

17 62 1 Entrance to Galveston Bay-South of Outer Bar Channel, appr 29° 20.079 4° 41.764
200msouth of G" 7" marker of channel

17 63 1 Entrance to Galveston Bay-20m off north jetty, 300mnorth of 29° 21.224 94° 42.839
yellow buoy "A"(YA), 200 m east of Galveston Bay entrance
channel range A front

18 64 1 Offshore shallow-1.5 mi south of south jetty, 0.5mi east of 29° 18941 94° 44.121
Galveston Island shore(last hotel building)

18 65 Offshore shallow - appr 1 mi fromshore, south of jetty 29° 18.829 94° 43.385

18 66 Offshore shallow - appr. 1 mi offshore, appr. 2mi SW of south 29° 18483 94° 43.401
jetty marker

19 67 1 Offshore shallow - 300meast of Bolivar penninsula, 300mnorth 29° 24.951 94° 41.186
of charted wreck

19 63 1 Offshore shallow - 200meast of Bolivar penninsula 29° 23.875 94° 42599

19 69 1 Offshore shallow- 1 mi east of Bolivar penninsula shore @ radio 29° 23229 94° 42594
tower appr. 0.25mi south of charted wreck above surface

20 70 1 Offshore deep - SSW of south jetty marker, appr 2 mi 29° 17.472 94° 42.978

20 71 1 Offshore deep-appr. 2 mi due south of south jetty end marker 29° 18215 94° 41.642

2 72 1 Offshore deep- south of jetties, south of East Beach appr. 2mi 29° 18.07 94° 42,685

21 73 1 Just ENE of north jetty marker 29° 20.912 94° 40.687

21 74 1 NE of jetty marker by appr. 1.75 mi, SE by appr. 0.5 mi of marker 29° 21.425 94° 38.831
near ship wrecks

21 75 1 just SE of marker near ship wrecks, north of jettys 29° 21.643 94° 39.138

and sampling utens Iswere acid washed with 10%
HCI and then rinsed with deionized, ultra-filtered
water at the start of sampling each day, and
thoroughly cleaned with acetoneand sitewater
before collection of samplesat each site. At least
three or four deployments of the sampler were
required to provide sufficient surficial sediment for
thetoxicity testsand chemical anadyses. Only the

upper 2-3 cm of the sediment wasused in order to
assurecollection of recently deposited materias. A
sediment samplewasdiscarded if thejawsof the
grab were open, the samplewas partly washed out,
or if the sediment sampleinthegrabwaslessthan 5
cmdeep. Sedimentswereremoved with ascoop
made of high-impact styrene; sediment was
composited inan acetonerinsed, high-density




polyethylene (HDPE) bucket. Between each
deployment of the sampl er, the bucket was covered
with an HDPE lid to minimize sampl e oxidation and
exposureto atmospheric contamination. The
materia wascarefully homogenizedinthefieldwith

stenumber.

an acetone-rinsed, HDPE paddle before being

distributed to prepared sample containers. Samples
wereimmediately placed onice. Samplesfor
contaminant analysesand P450 RGStesting were

frozen assoon aspossible.

Samplesfor thebenthic
community analyseswere
collected at each stewitha
small (413 cm?), Young-
modified VanVeengrab. The
entire contents of an acceptable
grab (at least 5cm deep at the
center of thegrab) wasretained
andsevedinthefieldwitha0.5
mm screen. Material retained
onthesievewaspreservedin
10% buffered formainwith
Rosebengd stain.
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Figure2. Elementsof the sediment

quality triad.

Samplesfor chemical anayseswerekept frozen until
thawed for analyses. All sampleswere
accompanied by chain of custody formswhich

included the date and time of sample collectionand

CONTAMINANTANALY SES
Chemical analysesonal 75 sampleswere
performed under contract by the TexasA&M

Univergty/Geochemica
and Environmentd
Research Group
(TAMU/GERG), located
in College Station, Texas.

Trace and Major
Elements

Traceand mgor el ement
analyses(Table 3) were
based on homogenized
samplesthat underwent
completedissolution,
typically using
concentrated nitricand

Samplesfor toxicity testing and chemistry analyses
were shipped inice chests packed with water ice or
blueiceto thetesting laboratoriesby overnight
courier. Samplesfor toxicity testswerekept chilled

oniceuntil extractionsor testswereinitiated.

hydrofluoric acidsat hightemperaturein Teflon®
containers. For mercury, samplesweredigested
using concentrated sulfuricand nitricacid. Table3
also providesthe methods used to determinetrace
element concentrationsand method detection limits

(MDLs). Sediment samplesweredigested for final




analysishy procedures specific to theinstrument
method used (e.g., flame, graphitefurnace, or cold
vapor atomic absorption). Concentrationsof trace
and magjor elementswere cal culated by comparing
theanaytical signalsof theunknownswith those of
the calibration standards, and then multiplying by the
ingrumental and digestiondilutionfactors.

Organic Contaminants

Theorganic contaminantsdetermined intheanalyses
arelistedin Table4, along with their representative
MDLs. Quantificationwasperformed usingthe
internal standards method. PAHswereanayzed by

gas chromatography/mass spectrometry inthe
selectedionmode. Sediment samplesanayzed for
butyltinswere extracted with DCM containing 2%
tropolone, hexylated, purified by silicagel
chromatography, and concentrated. Butyltinswere
anayzed by gaschromatography using aflame
photometric detector equipped with atin-selective
filter. PCBsand chlorinated pesticideswere
determined by gas chromatography/electron capture
detection. Concentrationsof sediment organic

compoundsarereported on adry weight basis.

Table3. Traceand major e ement detection limits, 1996 (L auenstein and Cantillo, 1998)

and analytical methods.

Method Detection Limit

1 *
Hement (ppm dry weight) Analytical Method
Aluminum 106 FAA
Iron 290 FAA
Manganese 25 FAA
Arsenic 031 GFAA
Cadmium 0.003 GFAA
Chromium 0.64 GFAA
Copper 0.30 GFAA
Lead 0.35 GFAA
Mercury 0.005 CVAA
Nickel 0.19 GFAA
Selenium 0.02 GFAA
Silver 0.011 GFAA
Tin 011 GFAA
Zinc 0.78 FAA

* FAA = Hame atomic absorption
GFAA = Graphite furnace atomic absorption
CVAA =Cold vapor atomic absorption
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Table4. Organic compoundsmeasured in Galveston Bay sediments and method detection

limits, 1996 (Lauenstein and Cantillo, 1998).

M ethod Detection

Polycyclic Aromatic Hydrocarbons Limt POIy.C hlorinated Method Detection Limit
(ppb, dry weight) Biphenyls (ppb, dry weight)
Naphthalene 22 PCB8/5 012
C1-Naphthalenes PCB18/17 0.82
C2-Naphthalenes PCB28 0.09
C3-Naphthalenes PCB44 01
CA-Naphthalenes PCB52 042
Biphenyl 03 PCB66 0.07
Acenaphthylene 03 PCB101/90 0.15
Acenaphthalene 05 PCB105 0.06
Fluorene 05 PCB118 0.07
C1-Huorenes PCB128 014
C2-Fluorenes PCB138/160 0.07
C3-Fluorenes PCB153/132 0.08
Phenanthrene 08 PCB170/190 017
Anthracene 05 PCB180 0.05
Cl-Phenanthrenes/Anthracenes PCB187 0.08
C2-Phenanthrenes/Anthracenes PCB195/208 0.09
C3-Phenanthrenes/Anthracenes PCB206 0.05
C4-Phenanthrenes/Anthracenes PCB209 01
Dibenzothiophene 03
Pesticides Method Detectign Limit
C1-Dibenzothiophenes (ppb, dry weight)
C2-Dibenzothiophenes Endosulfan I1 0.06
C3-Dibenzothiophenes Hexachlorobenzene 0.07
Fluoranthene 1 AlphaHCH 0.37
Pyrene 11 Beta HCH 017
C1-FHuoranthenes/Pyrenes Gamma HCH (Lindane) 0.08
Benzo(a)anthracene 0.2 DeltaHCH 0.05
Chrysene 0.7 Heptachlor 0.05
Cl1-Chrysenes Heptachlor Epoxide 0.04
C2-Chrysenes Oxychlordane 0.07
C3-Chrysenes Gamma Chlordane 0.15
CA-Chrysenes AlphaChlordane 0.23
Benzo(b)fluoranthene 13 Trans-Nonachlor 01
Benzo(k)fluoranthene 05 Cis-Nonachlor 0.04
Benzo(e)pyrene 0.6 Aldrin 013
Benzo(a)pyrene 0.6 Dieldrin 0.04
Perylene 0.6 Endrin
Indeno(1,2,3-c,d)pyrene 03 Mirex 011
Dibenzo(ah)anthracene 05 2,4 DDE 0.08
Benzo(g,h,i)perylene 13 4,4 DDE 0.06
24 DDD 0.18
1-MethyInaphthalene 1 44 DDD 0.07
2-MethyInaphthalene 17 24 DDT 0.05
2,6-DimethyInaphthalene 24 44 DDT 0.09
1,6,7-Trimethylnaphthalene 04
1-Methylphenanthrene 0.2
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Quality Assurance/Quality Control

All analytical methods conformed to performance-
based protocolsand employed the quality-assurance
stepsof theNS& T Program (L auensteinand
Cantillo eds, 1998). Quality assurance procedures
included analyses of duplicates, standard reference
materials, and spiked internal standards. For trace
elements, analysesincluded afull suiteof quaity
assurance sampleswith an emphasison certified
referencematerials. Intheorganic anayses, internal
standardswere added at the start of the procedure
and carried through the extraction, cleanup, and
instrumental analysissteps. Theorganic recovery
rate datawas used to correct analytical databefore
reporting. Thefollowing specific quality assurance
stepswere used to insure measurement accuracy
and precision. For pesticides, PCBsand PAHS,
one procedura blank, one matrix spike, one
duplicate spike and one standard reference materia
wererun with each batch of no morethan 20

samples. Surrogaterecoveriesweretracked.

Grain Sze and Total Organic Carbon

Grain sizewasdetermined by the standard pi pette
method following sevingfor thesand and gravel
fractions. Total organic carbonwasdetermined
usingaleco CarbonAnayzer. Grainsizeduplicates
wererun every 20 samples. For TOC, onemethod
blank, oneduplicate, and one standard reference

material wererun every 20 samples.

SEDIMENT TOXICITY TESTS

Amphipod mortdity, seaurchinfertilization and
devel opment impairment, Microtox®, and
cytochrome P450 Reporter Gene System (RGS)

testswere carried out on the sediment sampl es.

Amphipod Survival Test

Thetesting of amphipod surviva insedimentsisthe
most widely and frequently used assay in sediment
toxicity evaluationsin NorthAmerica, in part
becausethetest integrateseffects of complex
contaminant mixturesinrel atively unaltered
sediment, and a so because amphipodsareafairly
common and ecol ogicaly important speciesin
coastal baysand estuaries. The speciesAmpelisca
abdita has most commonly been usedin NOAA-
sponsored studies, aswell as studies sponsored by
other agencies, such asthe Environmental Protection
Agency. Thiseuryhalinespeciesoccursinfine
sedimentsfromtheintertidal zoneto adepth of 60
m, with adistribution that extendsfrom
Newfoundland to south-centra Forida, including the
eastern Gulf of Mexico, and morerecently, portions
of theCaliforniacoast. A. abdita buildssoft,
membranous tubes and feeds on surface deposited
particlesaswell asparticlesinsuspension. In
previousstudies, thisspecieshasshownrelatively
littlesengitivity to nuisancefactorssuch asgrainsize,

ammonia, and organic carbon. Thetestsare
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performed using juvenilesexposed tordatively
unaltered, bulk sediments.

TRAC Laboratories, Inc. in Pensacola, FL
conducted the amphipod toxicity tests. All tests
were initiated within 8 days of sample collection
with the exception of sites 26, 27, 28 and 22, 23,
24, and 25 whose sampleswereheld 11 and 12
days, respectively. Test animals were purchased
by TRAC Laboratories from Brezinaand
Associates, Inc. of Dillon Beach, CA (IotsAA-
96-A and AA-96-B). A. abdita were collected by
Brezinain northern San Francisco Bay, and
shipped to TRAC Laboratories within 48 hours.
Amphipods were packed in native sediment with
8-10 liters of seawater in doubled plastic bags.
Oxygen was injected into the bags and shipped
via overnight courier to the testing lab. Upon
arrival, amphipods were acclimated and
maintained at 20°C for at |east oneday prior tothe
initiation of thetes.

The testing followed procedures detailed in the
Standard Guide for Conducting 10 day Static
Sediment Toxicity Tests with Marine and
EstuarineAmphipods (ASTM, 1992). Eachtest
had fivereplicates of 20 healthy animals(good color,
full guts, and 2-4 mmin size) under static conditions
using natural seawater. Analiquot of 200 ml of test

or negative control sediment wasplacedinthe

bottom of 11 test chambers, and covered with
approximately 750 ml of natural seawater fromthe
Gulf of Mexico, diluted to 30 ppt. Temperaturewas
maintained at 20°C. Lightingwascontinuousduring
the 10 day exposure period to encourage
amphipodsto burrow and toinhibit swimming. Data
ontemperature, sainity, dissolved oxygen, pH and
ammoniain thetest chamberswere obtained during
testsof each batch of samples. A sixthreplicatewas
runfor daily dissolved oxygen, pH, and temperature
measurements. Salinity wasmeasured four times
during the 10 day testing period. Thejarswere
checked daily and the number of dead animals,
animalson thewater or sediment surface, and those
inthewater column wererecorded. Amphipodson
thewater surfacewere gently pushed down intothe
water to enablethem to burrow; dead amphipods

wereremoved.

Amphipods were also exposed to negative and
positive control sediments. Negative control
sediments were collected by TRAC Laboratories
at site C-17 in Perdido Bay, located near
Pensacola, Florida. These sedimentshave been
tested by TRAC and found to be consistently
nontoxic in amphipod tests, and are aso
uncontaminated. A positive control (reference
toxicant) test was used to document the
sengtivity of each batch of test organisms. The

positive control consisted of 96 hr water-only
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exposuresto sodium dodecyl sulfate (SDS). LC50
valueswerecal culated for each test run. Control
chartsmaintained by TRAC L aboratories showed
cons stent resultsin tests of both the positiveand

negative controls.

Satistical Analysis. Analysis of variance
(ANQOVA), or aone-tailed test was used to
determine whether any of the observed
differences between the control and experimental
data were statistically significant. If the
observed differences were found to be
significant, Dunnett’s procedure for multiple
comparisons was used to test the difference
between the mean of the reference and

experimental populations.

Sea Urchin Fertilization and Embryol ogical
Devel opment Tests

Sediment porewater toxicity wastested using the
sea urchin Arbacia punctulata. The tests were
performed by the Marine Ecotoxicology
Research Station of the Biological Resources
Divison, U.S. Geologica Survey, located in Corpus
Christi, Texas. Sediment porewater was extracted
assoon as possible after recel pt of samples,
however, no sedimentswere held longer than 8 days
from thetime of collection or 48 hoursafter their
receipt by thelaboratory. Sediment sampleswere
held refrigerated (4° C) until the porewater was

extracted with apressurized pneumatic extraction
devicemadeof polyvinyl chloridewitha5 pm
polyester filter (Carr, 1998). After extraction,
porewater sampleswerecentrifugedin
polycarbonate bottlesat 1,200 x g for 20 minutesto
remove any particulate matter and then frozen at
-20° C until the start of thetests. Two daysbefore
thestart of atoxicity test, samplesweretransferred
fromthefreezer to arefrigerator at 4° C. Oneday
prior to testing, the sampleswerethawedin atepid
water bath. Experiments performed previoudy at
thelaboratory have demonstrated no effectsupon
toxicity attributableto freezing of the porewater

samples.

Sampletemperaturesduring thetestswere
maintained at 20+1° C. Samplesalinity was
measured and adjusted to 30+1 ppt, if necessary,
using purified deionized water or concentrated
brine. Other water quality measurements
included dissolved oxygen, temperature, pH,
sulfide and ammonia. Samples with less than
80% dissolved oxygen saturation were gently
aerated by stirring the sampleon amagnetic stir
plate. After these measurementsand any necessary
adjustmentswere made, the sampleswere
refrigerated at 4° C overnight. Thesampleswere
returned to 20+1° C beforetesting started. The
testswere performed with 100% porewater, or with
50% and 25% dilutions of each sample. Samples
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werediluted with 30 ppt filtered (0.45 pm)
seawater, and fivereplicatesweretested for each

sample.

The tests were conducted with gametes of the
sea urchin A. punctulata following the
procedures outlined in Carr et al. (1996). Adult
male and female urchins were stimulated to
spawn with amild electric shock and the
gametes were collected separately. The tests
involved exposing the sperm to 5 ml of the test
solution for 30 minutes followed by the addition
of 2,000 eggs. After an additional 30 minutes of
incubation, the test was terminated by the
addition of formalin. An aliquot of the egg
suspens on was examined under amicroscopeto
determinethe presence or absence of afertilization
membrane surrounding the egg, and percent

fertilization wasrecorded for each replicate.

Theembryologica devel opment test followed the
samebasic proceduresasthefertilizationtest. A
suitable (predetermined) concentration of spermwas
incubated with eggsfor 10 minutesto alow
fertilization to takeplace. After thistime, eggswere
viewed under amicroscopeto ensurethat 70-90%
of theeggswerefertilized. Additional spermwas
added if needed to achieveat least 70% fertilization.
Theembryoswerethen pipetted intothetest vials

containing porewater, and incubated for 48 hoursat

20° C. Thetest wasterminated by the addition of
formain. Andiquot of theembryoswasthen
examined under acompound microscopeto
determinethe percentage of embryosdevelopingto
the echinopl uteus stage and having normal features.
Referencetoxicity (positive control) testswith SDS
were run with each seriesof teststo assessthe

sengitivity of thegametes.

Porewater from areference areain Redfish Bay,
Texas located near the testing facility was used
as anegative control. Sediment porewater from
this site has been used successfully in the past.
A positivecontrol consisting of adilution seriesof
SDSand adilution blank of filtered seawater and
one of recongtituted brinewerea so conducted as

part of thetesting procedure.

Satistical Analysis. Transformed (arcsine
square root) data sets were screened for outliers
by comparing the studentized residualsto a
critical value from at-distribution using a
Bonferroni-type adjustment (SAS, 1992). The
adjustment isbased on the number of observations
(n) sothat theoveral probability of aTypeleroris
at most 5%. After the outlierswereremoved, the
transformed data setsweretested for normality and
homogeneity of variance. Additiond datistical
comparisonsamong seaurchinfertilizationand

embryo devel opment treatmentsweremadeusing an
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ANOVA and Dunnett’ sone-tail ed t-test, which
controlsfor the experiment-wiseerror rate, onthe
transformed data(SAS, 1989). Thetrimmed
Spearman-Karber method (Hamilton et al., 1977)
with Abbott’s correction (Morgan, 1992) was
used to calculate EC_ (50% effective

concentration) values for the dilution series tests.

Microtox® Test

Thistest is based on the premise that in a
particular strain of the bacterium Vibrio fischeri,
bioluminescenceis closely tied to cellular
respiration, and any inhibition of cellular activity
would result in adecreased rate of respiration and a
corresponding decreasein luminescence. A
decreasein respiration could result from exposureto
toxicants. Thetestisrelatively smpleand
inexpensive; thereare published dataonthe
Microtox® responseto hundredsof chemicalsand
environmenta samplesfrom harbors, industria
waste streams, waste dump sites, etc. (Johnsonand
Long, 1998). Sincethetestinthisstudy isbased on
therelativetoxicity of organic extractsof sediments,
the effects of nuisance environmental factorssuch as
grainsize, anmonia, and organic carbon are
avoided. However, organic extractswould tend to
include contaminantsthat may or may not bereadily
bioavailableintheactua sediment. Therefore, this
testisgeneraly considered atest of the potentia

toxicity of environmental samples. However, a

strong linear relationship hasbeen documented
between Microtox® response (effective
concentration), and thelethal concentrationina
variety of aguaticfauna, particularly for contaminants
withareatively smplechemica structure (Kaiser,
1998).

The equipment and supplies, including the freeze
dried bacteria necessary to perform the
Microtox® Basic assay, were obtained from
AZUR Environmental in Carlsbad, CA. All
sediment samplesand extractswere storedinthe
dark (<10 days) at 4°C until processing or testing
wasinitiated.

Prior to the initial homogenization, surface water
and large debris (shells and pebbles) were
removed. Samples were then centrifuged at
1,000 x g for five minutes. The water was
decanted and moisture content determined and
recorded for each sample. A 10 g sediment
samplefrom each sitewasweighed, recorded, and
placed into adichloromethane (DCM) rinsed 50 ml
centrifugetube. A 15 g portion of sodium sulfate
was added to each sampleand mixed. Spectral
grade DCM (30 ml) wasadded and mixed. The
mixturewas shaken for 10 seconds, vented and

tumbled overnight.
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Thenext day sampleswere centrifuged again at
1,000 x g for 5min. Thesediment extractswere
then transferred to a Kuderna-Danish flask. Five
ml of acetone were added and the volume
reduced to approximately 2 ml. The extract was
then transferred to a DCM rinsed flask. Acetone
was used to completely rinse the Kuderna-
Danish flask. A stream of nitrogen gas reduced
the extract volume to approximately 1 ml. To
make the final extract volume 10 ml,
dimethylsulfoxide (DM SO) was added. DM SO
is compatible with the Microtox® system,

having arelatively low toxicity and good solubility
with abroad array of apolar chemicals(Johnsonand
Long, 1998).

A suspension of V. fischeri was thawed and
hydrated with toxicant-free distilled water,
covered and stored in a4°C well on the
Microtox® anayzer. To determine toxicity, each
sample was diluted into four test concentrations.
Percent decrease in luminescence of each cuvette
relativeto thereagent blank wascalculated. Based
upon these data, the sediment concentrationsthat
caused a50% decreaseinlight production (EC,)
over a5 minute period werereported asmg

equival ent sediment wet weight with 95%

confidenceintervasfor thereplicates.

The sediment extractswere prepared by ABC
Laboratories, Inc. according to the basic liquid
phase test protocols and QA/QC performance
standards described by Microbics Corporation
(1992). In addition to an extraction blank
prepared with DM SO, the toxicity of the samples
was determined using the Redfish Bay reference
site value (EC,, value = 35.97 mg eq. /ml) and a
phenol spiked control (EC_, value = 12.17 mg
eg. /ml). A Control Sediment Index (CSl) value
was calculated for each sample by taking the
EC,, value of the reference site and dividing it
by the EC,, valueof thetest sample. If theresulting
number was greater than one, the samplewas
deemed toxic, if theresulting number waslower than
one, thesamplewasconsdered nontoxicrelativeto
thecontrol. The Phenol Spiked Index (PSl) was
calculated by dividing the reference phenol spiked
control EC_, value by thetest ssmpleEC, . If the
resulting number was greater than one, then thetest
samplewas cons dered moretoxic than the spiked

(phenal) contral.

Satistical Analysis. Theresultswereanalyzed
using the software package Microtox® Data
Reduction developed by Microbics Corporation
(1992), to determine the concentration of the extract
that inhibited luminescence by 50% after a5 minute
exposureperiod. The EC,, valueswerereported as
the mean of threereplicates. An ANOVA and
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Dunnett’sonetailed t-test were used to comparethe

test sampleresults.

Cytochrome P450 Reporter Gene System (RGS)
Assay

The RGS assay (now known asthe Human
Reporter Gene System assay, or HRGS) was
used to determine the presence of organic
chemicals that bind to the aryl hydrocarbon
receptor and induce the cytochrome P450 1A1
locus on the vertebrate chromosome. Several
classesof chemicalsarea so knownto causedirect
chemica toxicity or genotoxicity inavariety of
species. They includeplanar polychlorinated
biphenyls (PCBs), higher molecular weight
polycyclic aromatic hydrocarbons (PAHS), dioxins

andfurans.

The test uses atransgenic cell line (101L),
derived from the human hepatoma cell line
(HepG2), in which the flanking sequences of the
CY P1A gene, containing the xenobiotic response
elements (XRES), have been stably linked to the
firefly luciferasegene (Postlind et a. 1993). Asa
result, theenzymeluciferaseisproducedinthe
presence of compounds that bind to the XREs.
Induction at the CY P1A steinthiscell lineresultsin
theproduction of luciferase, theamount of whichis
readily estimated asemitted light whenthecell
extractsareinjected with thelight-producing

pigment luciferin. Detailsof thetesting methods
have been published asastandard method or
anaytical protocol by anumber of organizations
(ASTM, 1997; APHA, 1996; USEPA, 2000). For
quality assurance purposes, al sampleandysis
batcheswere accompanied by testing method

blanks, spiked samples, and referencetoxicants.

In the assay, 40 g of sediment from each site
were extracted using EPA Method 3540 to
produce 1 ml of DCM/extract mixture. A 2
portion of the extract was applied to
approximately 1 millionhumanliver cellscontained
inthreereplicatewelswith 2ml of culture medium.
After 16 hoursof incubation, the cellswerewashed,
lysed, and centrifuged. Theenzymereactionwas
theninitiated by addition of luciferin. Small portions
(50 W) wereused in measuring luminescence.
Solvent blanks and the referencetoxicant (2,3, 7,8
- dioxin) weretested with each batch of samples.
Tests performed on extractsfrom Redfish Bay were

used asanegative control.

Benzo[a] pyreneequivaents(B[a] PEQ) were
calculated for sampleextractsand any duplicate
samples. B[a]PEq is aresponse measure relative
to benzo[a]pyrene, for all CY P1A-inducing
chemicals present in the sample and is calcul ated
asfollows: B[a]PEq (ng/g) = (fold induction/60)

x (volume factor/dry weight) x d.f. Fold
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induction wasca culated asmeanrdativelight units
(RLU) produced by the sampledivided by mean
RLU produced by the solvent blank. Thefactor 60
representsthe approximate fold induction produced
by 1 pg of benzo[a]pyrene/ml. Thevolumefactor
representsthetotal extract volumedivided by the
volumeof extract appliedtothecells. Dividing by
thedry weight of each sampleyieldsB[a]PEqin g/
g. For samplesthat werediluted, the B[a] PEq value
ismultiplied by thedilutionfactor.

Satistical Analysis. Sincethe RGS assay lacksan
assessment endpoint, statistical analysesof
accumulated data from NOAA's previous studies
have been used to derive threshold or critical
values. A recent analysis of these data indicated
that the 90% upper prediction limit of
observations (n=530) was 37. Eliminating the
90" percentile of the data set (values greater than
37.4), the upper prediction limit is reduced
further,i.e.to11.1. Thisnew dataset could be
construed to meanthat it excludesoutliers, i.e,
heavily contaminated sites. So, if afuturevaue
exceedsthislimit, onewould assumethat the
observation was from a different distribution.
Earlier, Anderson et al. (1999) showed the upper
confidence limit of the mean response value to
be 32.8, and the lower confidence limit to be
12.8. These authors noted that a value greater

than 32.8 would indicate toxicological

significance. It hasbeen shownthat RGS assay
responses higher than 60 are usually associated
with degraded infaunal communities (Fairey et
al., 1998). Based on these results and testing of
sediments from apparently uncontaminated sites,
an RGS assay response value of approximately
10 is considered a background level for estuarine
sediment. For environmental assessment
purposes, values of 10 (background level), 35
(toxicologica sgnificance), and 60 (impaired benthic
habitat conditions) could beuseful.

BENTHIC COMMUNITY ANALYSIS

The density and diversity of benthic infauna can
be used as an indicator of benthic community
health. The methods used by Barry A. Vittor and
Associates are based on Holmes and Mclntyre
(1984). For this study, the samples were
preserved in a 10% formalin and Rose bengal
solution, and delivered to the laboratory via
overnight courier. In the laboratory, the samples
wererinsed through a0.5 mm sieveand re-stained,
if necessary. Sampleswerestoredinthedark in
70% isopropanol in atemperature controlled room
before and after sorting. Samplecontainerswere

continually monitored for evaporation, leakageand
soills

Using aWild M-5A dissecting microscope, al

macroinvertebratesor fragmentsthereof werethen
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sorted and placed in vialsof 70% isopropanal.
Sampleswere sorted into major taxa, i.e. Annelida,
Crustacea, Mollusca, Echinodermata, and
miscellaneous. Theremaining samplesweresaved
intheoriginal container. All macroinvertebrates
wereidentified tothelowest possiblelevel and only
heads of animals collected alivewere counted. Each
identification wassubject to anin house verification
and anumber of sampleswere sent out to
taxonomic expertsfor verification. Inaddition, 10%

of the sampleswereresorted to ensure consi stency.

AsNOAA's sediment toxicity studies cover
different salinity zones, Barry A. Vittor and
Associates treated the marine and the brackish/
freshwater samples differently. The freshwater
samples, likely to contain large numbers of
oligochaetes and chironomids were sorted using
aquadrant petri dish with vials distributed
evenly inthedish. Thesamplewasconsidered
completewhen 200 chironomidsand 100
oligochaetes had been mounted and the quadrant
filled. Theformula developed by Klemm et al.
(1990) was used to cal culate the number of a
speciesin asample. In addition, areference
collection was assembled and archived. It
included representativeindividua sfor each species
stored in coveredvias, preserved and labeled. The
macroinfaunawas characterized by standard

community structure parameters such as species

abundance, speciescomposition, and diversity
indices. Theseinitid andyseswerefollowed by

pattern and classfication analyss.

In this study, infaunal abundance is reported as
the total number of individuals per site and/or
stratum, and the density is reported as the
number of individualsper square meter. Species
richnessisthetotal number of taxainthe samplefor
eachsiteand/or strata. The Shannon-Wiener
function H’, was used to calculate species
richness for each sample as follows:

S
H = _Zpi(lnpi)
i=1

where,

s = the number of taxain the sample

I = theith taxain the sample

p, = thenumber of individuasof theith taxadivided
by thetotal number of individualsinthesample.

Pidou’'sIndex J, also based on the Shannon-
Wiener function, was used to describe evenness

(or equitability) of abundance among species.

J =H'/InS
thus, J=H'/H' .

Themaximum possiblediversity occurswhenall
taxa have the same number of individuals, or
INS=H’__.
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Satistical Analysis. Oncetheinitial
characterizations had been completed, some
components of the data were analyzed further.
Total density values were tested for normality
using Shapiro-Wilk (SASIngtitute, 1995).
Nonparametric methods such asthe Wil coxon test
or theKruskal-Wallistest were used to test for
differences between means (SASIngtitute, 1995).

I n addition to the community anaysesdescribed
above, norma andinverseclassficationanayses
were performed using thefauna datato determine
thewithin and between strata differencesand to
comparethe composition from onestratumto
another. Theseanalyseswerecarried out using the
Community Analysis System 5.0 software package
(Bloom, 1994).

RESULTS

The characteristicsof the sedimentsat the sampling
stesin Galveston Bay areshowninAppendix A.
Thefieldlogsare contained in Appendix B.

SEDIMENT CONTAMINANTS
Table5liststhemean and range of contaminant
concentrations measured inthe Gal veston Bay study
area. Alsolisted arethe elementsand organic
contaminantsfor whichNOAA hasdevelopeda
sediment qudity guideline, dongwiththelr

associated values. AppendicesC-F providea
completelisting of contaminant concentrations

measured at each Siteinthe study area.

Table6 providesthe spatial extent of ER-L and ER-
M (Longetd., 1995) contaminant guideline
exceedences. The extent of ER-L and ER-M
exceedences were recal culated to account for the
three alternate sites, and the extent of

exceedences changed minimally.

Trace Elements

Ingenerd, concentrationsweredistributed relatively
uniformly throughout the study area. Anexception
tothiswasmercury. Therewereclearly higher
concentrationsfound inthe upper portionsof the
study areaascanbeseeninFigure3andin
Appendix C. NOAA'SER-M sediment quality
guidelineswere not exceeded at any of the 75 sites,
athough numeroussitesexceeded ER-L vauesfor
As, Cr, Hg, Ni, and Zn (Table 6 and Figures 3-8).
Arsenic concentrationsin excessof theER-L
guiddineinclude29% of thestudy area. Similarly,
nickel exceedencestotaled 25% of the study area.
Chromium, mercury, and zinc exceedenceswere
minimal; between thethreethe spatia extent of ER-
L exceedencestotaled lessthan 1% of the study
area. Two sitesinthe upper portion of the study
area( Sites6and 3, Figure 1) had multiple ER-L




Table5. Summary of selected chemical contaminantsin Galveston Bay sediments.

Trace/major elements Range of concl\gr?tarr;tion ERL ERM
concentrations +SD (ppm, dry wt.)  (ppm, dry wt.)
Arsenic ND - 13.35 591+ 340 8.2 70
Cadmium 0.01-0.21 0.09 + 0.056 12 9.6
Chromium 344-84.13 41.03+ 1855 81 370
Copper 161-3322 1072+ 6.32 A 270
Lead 5.72-37.7 16.85+ 6.41 46.7 218
Mercury ND - 0.17 0.05+0.032 0.15 0.71
Nickel ND - 28.95 1509+ 74 209 516
Silver 0.04-0.52 0.12+ 0.06 10 37
Zinc 6.77 - 167.57 65.8+ 31.92 150 410
Organic compounds Range of concl\gr?tarr;tion ERL ERM
concentrations +SD (ppb, dry wt.) (ppb, dry wt.)

Acenapthene 02-349 18+454 16 500
Acenapthylene ND - 26.6 31+4.24 4 640
Anthracene 01-2283 8.8+ 28.33 85.3 1,100
Fluorene 02-345 24+515 19 540
2-Methyl napthalene 02-110 24+212 70 670
Napthalene 05-184 424272 160 2,100
Phenanthrene 0.2-501.5 136+ 59.10 240 1,500
Low mol. wt. PAHs 43-1,9445 1384+ 254.71 552 3,160
Benzo(a)anthracene 01-6764 19.1+78.79 261 1,600
Benzo(a)pyrene 01-335.3 16.0+ 41.46 430 1,600
Chrysene 01-711.6 228+ 83.85 334 2,800
Dibenz(a,h)anthracene ND - 66.1 35+829 63.4 260
Fluoranthene 0.1-1,4730 38.6+170.85 600 5,100
Pyrene 0.2-1,502.7 438+ 175.03 665 2,600
High mol. wt. PAHs 15-83933 317.6+993.01 1,700 9,600
Total PAHs 5.4-10,586.7 4684 +1,262.78 4,022 44,792
p,p-DDE ND - 2.16 0.13+0.30 22 27
Total DDT ND - 451.54 7.37+52.32 158 46.1
Total PCBs 2.27-60.79 7.61+860 227 180

SD, standard deviation; ER-L, effects range low; ER-M, effects range medium

exceedencesfor theseelements. Site6locatedin Pesticidesand PCBs
Scott Bay exceeded ER-L concentrationsfor Cr,
Hg, Ni, and Zn. Site3located in the uppermost
reach of NOAA’s study areaexceeded ER-L values

for As, Hg, and Ni.

M easured pesticidesand PCBswereuniformly low
(Figures9-12 and Appendices D-E). Although
concentrationsin the upper reacheswerehigher,
they weretill below the ER-M sediment quality
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Table6. Spatia extent of contaminantsexceeding NOAA's Sediment Quality Guidelines (SQGS)

in Galveston Bay.
>ER-L >ER-M
- d meior ‘ _ % of Total area Toxcarea % of Total area
raceanc mejor elements | Toxcarea(km) ) 461 1y (k) (1,351 ki)
Arsenic 386 29 0 0
Cadmium 0 0 0 0
Chromium 2 01 0 0
Copper 0 0 0 0
Lead 0 0 0 0
Mercury 3 0.2 0 0
Nickel 336 25 0 0
Silver 0 0 0 0
Zinc 2 0.1 0 0
>ER-L >ER-M
Organi q _ % of Total area | ToxicArea % of Total area
rganic Eomponnas Toxcareakm) 1 351 ) (k) (1,351 kn')
Acenaphthene 32 2 0 0
Acenaphthylene 0 0 0 0
Anthracene 31 2 0 0
Fluorene 32 2 0 0
2-Methyl naphthalene 0 0 0 0
naphthalene 0 0 0 0
phenanthrene 31 2 0 0
Low-molecular wt. PAH 0 0 0 0
Benzo(a)anthracene 31 2 0 0
Benzo(a)pyrene 0 0 0 0
chrysene 0 0 0 0
dibenz(a,h)anthracene 0 0 0 0
Fluoranthene 0 0 0 0
pyrene 0 0 0 0
high molecular wt. PAH 0 0 0 0
total PAH 31 2 0 0
p,p-DDE 0 0 0 0
total DDT 75 6 2 01
total PCBs 0 0 0 0
% of Total area
Toxicarea(km’)  (1,351km)
Mean ER-M quotient >0.1 64 4.7
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Figure 3. Mercury in sediments at sites in Galveston Bay.
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Figure 4. Arsenic in sediments at sites in Galveston Bay.
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Figure 5. Cadmium in sediments at sites in Galveston Bay.
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Figure 6. Chromium in sediments at sites in Galveston Bay.
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Figure 7. Nickel in sediments at sites in Galveston Bay.
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Figure 8. Zinc in sediments at site in Galveston Bay.
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Figure 9. Hexachlorobenzene in sediments at sites in Galveston Bay.
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Figure 10. Total chlordane in sediments at sites in Galveston Bay.
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Figure 11. Total DDT in sediments at sites in Galveston Bay.
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Figure 12. Total PCBs in sediments at sites in Galveston Bay.
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guiddineswith theexception of total DDT. Sites2  concentrationsof PAHsweredistributed somewhat
(50 ppb) and 8 (450 ppb) were higher thanthe ER-  differently than the other organi c contaminants, with
M guidelineof 46.1 ppbfor DDT. TheER-L some high concentrationsin themiddleof Galveston

guidelinefor DDT wasexceeded at nineadditiona
sites, al inthe upper reaches of the study area.
Althoughthetota DDT vaueat Site8isamost an
order of magnitude higher thanthe ER-M guideline,
thegpatial extent islessthan 1% of the study area.
Total DDT ER-L exceedencesinclude 6% of the
study area(Table6).

PAHSs

Concentrationswerelow throughout most of
Galveston Bay aswell asTrinity, West, and East
bays, and the approaches to Galveston Bay
(Figure 13). The highest concentration (>10,000
ppb tPAH) was found in the middle of the bay at
Site 32 and exceeded the ER-L of 4,022 ppb. Site
32 d so exceeded the ER-L valuefor acenaphthene,
anthracene, fluorene, phenanthreneand
benzo[a]anthracene. Theupper most Siteinthe
study area(Site 3) exceeded the ER-L
concentration for acenaphthene and fluorene.
Slightly higher concentrationsof tPAHswerefound
intheHSC, Clear Lake, and south of the Texas City
Dike, athough al werebelow the ER-L
concentration. Thecalculated spatial extent of ER-L
exceedenceswas 2% or less of the study areafor
each PAH aswell asfor tPAH. The

Bay (Site 32).

SEDIMENT TOXICITY TESTS

Amphipod Toxicity Test

Amphipod toxicity testing was carried out
between 6 and 30 August 1996 using A. abdita.
Sediment samples from all 75 sampling sites
were tested. Mean amphipod survival, asa
percent of the control, ranged from 88%to 120%
(Table 7). No sampleswerefoundto be

sgnificantly toxic.

Sea Urchin Fertilization and Embryonic
Development Tests

Theseaurchinfertilization and embryonic

devel opment testswere conducted in August 1996
using A. punctulata. Fertilization successwas
significantly reduced at 53%, 13%, and 4% of the
sitesfor 100%, 50%, and 25% porewater
concentrations, respectively (Table 8).
Fertilization asapercent of the control in 100%
porewater ranged from 3% to 102%. Samplesfrom
the HSC, upper bay area, Clear Lake, andtothe
east of the approach jettiesto Galveston Bay

showed thelowest fertilization successes. The




Figure 13. Total PAHs in sediments at sites in Galveston Bay.
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Table7. Amphipod (Ampelisca abdita) toxicity test results.

. . M ean amphipod
Strata Site number Mean mhlpOd Mean survivalin survival as % Significance
survival (%) control
of control
1 1 9 100 9
1 2 93 100 93
1 3 100 100 100
2 4 97 100 97
2 5 97 100 97
2 6 100 97 103
3 7 9% 97 9
3 8 93 97 101
3 9 97 97 100
4 10 93 100 93
4 11 100 97 103
4 12 100 97 103
5 13 100 97 103
5 14 100 97 103
5 15 93 100
6 16 9% 100 9%
6 17 9% 100
6 18 100 100 100
7 19 93 100 93
7 20 97 100 97
7 21 99 100 99
8A 22 97 100 97
8A 23 97 100 97
8A 24 93 100 93
8 25 100 100 100
8 26 95 100 95
8 27 97 100 97
8 28 100 100 100
9 29 93 100 93
9 30 89 100 89
9 31 9% 100 9%
9 32 100 83 120
10 33 9 9 100
10 9% 9 97
10 9 9 100
10 93 9 9
10 37 100 99 101
11 33 93 83 118
11 39 93 83 112
11 40 9 83 119
11 41 9 83 119
12 42 97 83 117
12 43 97 83 117
12 44 91 83 110
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Table7. Amphipod (Ampelisca abdita) toxicity test results (continued).

. L M ean amphipod
Strata Site number Mean grmhlpod Mean survivalin survival as % Significance
survival (%) control
of control
13 45 A 100 A
13 46 97 100 97
13 47 93 100 9%
13 48 93 100 9%
13 49 100 99 101
14 50 95 9 %
14 51 97 9 9%
14 52 96 9 97
15 53 97 9 9%
15 9% 9 )
15 9% 9 97
15 56 9 100 S ¢)
15 57 A 100 A
16 58 A 100 A
16 59 9 100 o)
16 60 100 100 100
17 61 100 100 100
17 62 97 100 97
17 96 100 9%
18 64 83 100 83
18 9 9% 103
18 66 100 100 100
19 67 9 100 )
19 68 100 9% 104
19 69 100 96 104
20 70 93 9% 102
20 71 92 9% %
20 72 9 96 103
21 73 100 9% 104
21 74 97 9% 101
21 75 99 96 103

greatest fertilization successoccurredinTrinity Bay 75 Sitesat 100%, 50%, and 25% porewater

and the areato the west of the approach jetties. concentrations, respectively. Asapercent of the
controlsat 100% porewater concentration, mean

Seaurchin embryonic development (Table9) was normal development ranged from 0%to 107%. The

significantly inhibited at 45%, 13%, and 5% of the percent normal development followed apattern
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Table8. Seaurchin (Arbacia punctulata) fertilization test results.

100% Porewater 50% Porewater 25% Porewater
Site Mean % % of Statistical Mean % % of Statistical Mean % % of Statistical
Strata Number | Fertilization Control SignificanceT Fertilization Control SignificanceT Fertilization Control SignificanceT
1 1 89.0 0] 96.4 98 94 101
1 2 80.6 82 ** 97.0 99 98.6 101
1 3 68.6 70 * 96.2 98 97.2 99
2 4 97.6 99 98.0 100 101
2 5 98.2 100 99.0 101 984 100
2 6 53.0 54 (3 94.8 97 97.8 100
3 7 75.8 7 *x 97.0 99 984 100
3 8 68.4 70 ** 96.6 99 98.6 101
3 9 86.4 88 97.6 100 98.6 101
4 10 88.6 20 97.8 100 99.2 101
4 11 85.6 87 98.2 100 929.0 101
4 12 98.6 100 99.0 101 99.2 101
5 13 81.2 83 * 95.8 98 98.6 101
5 14 95.2 97 97.8 100 99.2 101
5 15 64.4 65 * 94.4 96 98.6 101
6 16 9.2 96 97.6 100 98.8 101
6 17 84.8 86 * 97.8 100 98.6 101
6 18 784 80 K3 96.8 99 97.8 100
7 19 67.0 68 * 95.4 97 98.8 101
7 20 532 54 ** 794 81 ** 96.2 98
7 21 60.2 61 * 94.0 96 97.0 99
8A 22 430 4 k3 894 91 97.2 9
8A 23 29.2 30 *x 76.0 78 ** 96.6 98
8A 24 450 46 ** 87.2 89 97.0 99
8 25 80.6 82 * 96.2 98 98.6 101
8 26 64.4 65 ** 90.2 92 96.0 98
8 27 57.8 59 *x 93.0 95 9.0 101
8 28 354 36 ** 93.2 95 96.6 93
9 29 66.4 67 * 89.0 91 9.8 9
9 30 61.6 63 ** 88.0 0] 96.2 98
9 31 87.6 89 89.4 91 95.6 97
9 32 95.2 97 96.6 97.4 99
10 33 76.4 78 * 96.8 %.4 98
10 34 95.0 97 95.6 98.0 100
10 35 78.6 80 * 934 9.2 98
10 36 98.0 100 99.0 101 98.6 101
10 37 84.8 86 * 97.6 100 984 100
11 38 99.8 102 994 101 98.6 100
11 39 99.2 101 98.8 101 984 100
11 40 100.0 102 99.2 101 99.8 101
11 11 98.8 101 99.4 101 98.2 100
12 42 994 101 99.3 101 94 101
12 43 69.6 71 *x 85.2 87 * 938 %5
12 90.0 92 93.8 96 96.8 93
13 726 74 * 884 0 94.6 9%
13 98.2 100 98.8 101 99.6 101
13 47 97.0 99 984 100 94 101
13 48 974 99 98.2 100 99.2 101
13 49 87.2 89 96.6 98 99.0 100

' Dunnett's t-test: * p< 0.05; ** p< 0.01
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Table8. Seaurchin (Arbacia punctulata) fertilization test results (continued).

100% Porewater 50% Porewater 25% Porewater
Site Mean % % of Statistical Mean % % of Statistical Mean % % of Statistical
Strata Number | Fertilization Control SignificanceT Fertilization Control SignificanceT Fertilization Control SignificanceT

14 50 62.2 63 R 922 A 95.4 97
14 51 88.0 0 95.4 97 98.0 99
14 52 93.0 100 99.0 101 99.6 101
15 53 9.0 98 99.2 101 99.6 101
15 54 21.0 21 R 84.0 86 & 97.0 98
15 55 78.2 80 i 93.6 95 99.0 100
15 56 994 101 994 101 994 101
15 57 86.8 88 96.2 93 99.2 101
16 58 58 6 ** 68.4 70 ** 94.6 9%
16 59 492 50 ** 84.4 86 * 94.6 )
16 60 6.8 7 G 67.8 69 G 93.8 95
17 61 115 12 ** 388 40 ** 74.6 76 i
17 62 31.6 32 G 532 ) G 76.4 Va4 R
17 63 24.0 24 ** 64.0 65 ** 84.2 85 *
18 64 97.6 99 95.8 9B 96.2 98
18 65 95.2 97 93.0 95 91.8 93
18 97.4 99 94.8 97 93.0 Y
19 67 332 34 ** 984 100 97.8 99
19 68 9.3 101 97.6 9 97.2 99
19 69 37.8 39 i 97.8 100 98.0 99
20 70 9.0 101 98.6 100 97.4 99
20 71 97.8 100 994 101 98.8 100
20 72 97.4 99 97.6 9 96.8 98
21 73 36 4 ** 98.6 100 99.2 101

74 40.8 42 R 99.8 102 98.8 100
21 75 2.8 3 ** 98.6 100 98.4 100

" Dunnett's t-test: *p < 0.05; ** p < 0.01

similar tothefertilization successresults. Thelowest  valuesranged from 0.99to 105.33 mg eq./ml (Table

percent normal development occurred inthe HSC,

upper bay area, Clear Lake, and east of thejetties

at themouth of Galveston Bay, while portions of

10). Thelowest mean EC_swerewidely spread

throughout the study area. With the exception of
Stratum 18, Galveston Bay —Nearshore, each

Trinity Bay (stratum 12), East Bay andtheareato stratum had at |east onesiteinwhichthe CSl
(Control Sediment Index) wassignificantly higher

than that of the Redfish Bay referencesite. Someof

thewest of the approach jettieshad the highest
percentage of norma embryo devel opment.
themost highly significant CSIsoccurredin Strata
Microtox® Test 16, 17, and 21 - approachesto Galveston Bay,
TheMicrotox® test was conducted by theUSGSin  Stratum 3 - Upper San Jacinto Bay, and Stratum 8A

Columbia, MOinAugust, 1996. ThemeanEC_
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Table9. Seaurchin (Arbacia punctulata) embryonic development test results.

100% Porewater 50% Porewater 25% Porewater
Site Mean % %of  Satistical Mean % %wof  Statistical Mean % %of  Statistical
Sraa \umper Normal Control  Signifi ! Normal Control  Signifi f Norml Control  Signifi f
Development Significance Development Significance Development Significance
1 1 s 81 * 95.8 9 984 104
1 2 24 4 ** 936 96 97 102
1 3 0 0 * 0.2 0 * 69.2 73 il
2 4 88.2 92 97.6 101 98.2 104
2 5 10.2 11 *k 9B 101 94 105
2 6 53.2 56 ** 96.4 99 95 100
3 7 59 62 * 93.8 97 96.6 102
3 8 0 0 ** 95 98 96 101
3 9 0 0 * 954 93 98.6 104
4 10 78 82 ** 94.2 97 98.8 104
4 11 75.2 79 * 9.6 9 95.2 100
4 12 95.2 100 95.4 98 97.8 103
5 13 0 0 *k 934 9% 9B 103
5 14 0 0 ** 90.6 93 97.2 103
5 15 91 95 93.8 97 97.8 103
6 16 81 85 * 95.8 99 98.4 104
6 17 0 0 * 0 0 * 0 0 i
6 18 84.2 88 95.8 99 95.8 101
7 19 89.6 A 95.8 9 914 96
7 20 844 88 97 100 95.8 101
7 21 784 82 94.8 93 98.6 104
8A 22 45 47 ** 94.8 98 95.8 101
8A 23 0 0 * 92.6 95 954 101
8A 24 0 0 ** 85.6 88 95 100
8 25 87.2 91 97 100 97.2 103
8 26 926 97 97 100 A 99
8 27 90.2 A 9.8 100 974 103
8 28 80.6 84 * 96.4 929 96.6 102
9 29 88.8 93 96.2 9 A 99
9 30 87 91 948 98 96.8 102
9 31 95 9 93 9% 94.6 100
9 32 94.8 929 94.8 98 96 101
10 33 85.6 Q0 94.8 98 93.6 99
10 34 9225 96 91.6 [} 97 102
10 35 90.2 A 92.8 9% %5 100
10 36 95.2 100 938 97 96.4 102
10 37 75.6 79 97.25 100 96.8 102
11 38 84.2 96 89.6 99 86.2 98
11 39 0 0 * 84.8 A 04 103
11 40 50.8 58 ** 938 104 R4 105
11 1 66.2 76 * 91.4 101 90.4 103
12 12 85.8 98 88 97 91.8 104
12 43 87.2 100 924 102 91.2 104
12 14 934 107 91.8 101 934 106
13 45 91.2 104 924 102 89.2 101
13 46 85.8 98 89 98 86.6 98
13 a7 86.4 9 854 A 89.6 102
13 48 87.4 100 91 101 90.2 102
13 49 68.6 78 * 92.8 103 93.2 106

TDunnett'st-test; *p < 0.05; ** p< 0.01
p p
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Table9. Seaurchin (Arbacia punctulata) embryonic devel opment test results (continued).

100% Porewater 50% Porewater 25% Porewater
Site Mean % % of Statistical Mean % % of Statistical Mean % % of Statistical
Srata -\ rber Normal Control  Signifi U Normal Control  Signifi ! Normal Control  Signifi !
Development gninicance Development gnihcance Development gnincance
14 50 0.2 0 ** 89.2 29 89.8 102
14 51 90.4 103 90.6 100 0 102
14 52 88.8 101 89.6 929 914 104
15 53 83.8 101 92.8 103 91 103
15 58 742 85 91.6 101 9 107
15 55 84.8 97 88.8 98 90.6 103
15 56 0.6 1 R (7] 102 90.6 103
15 57 77.2 88 92.6 102 20 102
16 58 0 0 R 0 0 LI 56.8 64 b
16 59 46.2 53 *x 91.8 101 91 103
16 60 0 0 ** 0 0 *x 272 31 *x
17 61 0 0 *x 0 0 ol 87.2 ]
17 62 76.8 88 89 98 89.2 101
17 63 0 0 *x 39 43 *x 91 103
18 64 916 105 926 102 92 104
18 65 88.8 101 89 98 91 103
18 66 89 102 N4 102 87.8 100
19 67 0 0 ** 46.6 51 *x 89.6 102
19 68 87 9 92.8 103 91.2 104
19 69 4.6 5 *x 92 102 89.6 102
20 70 87.2 100 88 97 88.8 101
20 71 7875 0 87.2 9% 91.2 104
20 72 92.8 106 724 80 91 103
21 73 0 0 ** 0 0 *x 91.2 104
21 74 0.2 0 b 18 2 L3 89 101
21 s 0 0 ** 4 4 *x 90.8 103

tDunnett’ st-test: *p < 0.05; ** p < 0.01
p p

- Clear Lake (Table 10). Thehighest CSI (36.24)

P450 Reporter Gene System Assay

recorded during the study wasat Site 63, inthe
Galveston Bay entrance stratum. Overal, theCS|
wassignificantly different fromthereferencesiteat
59 gites(Table 10). Of these, 35 sitesexhibited a
sgnificantly higher PSI (Phenol Spiked Index),
indicating these sitesproduced agreater decreasein
luminescencethan the phenol-spiked (positive

control) reference sediment.

Resultsof the cytochrome P450 RGS assaysare
showninTable11. Responsesreported asB[a]PEq
(ng/g) ranged from 0.33t0 34.28. Nine percent of
thesitesexceeded thethreshold valueof 11.1 pg/g,
whileonly onesite (Site5, Stratum 2) exceeded the
upper confidencelimit of themean responsevaue
(Table11). Thedistribution of the highest responses
did not follow any apparent spatia pattern. Site
numbers2, 5, 16, and 32 induced the highest
responses. |n additiontherewereanumber of sites

that had responsesaslow asthe control test. These
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Table10. Microtox® test results.

Strata Site Number Mean EQSO(ng eguivalent Control Sediment Phenol Spiked
sediment weight) Index Index
1 1 12.03 2.99** 101
1 2 5.03 7.15%* 242%*
1 3 105.33 0.34 0.12
2 4 72.87 0.49 0.17
2 5 9.47 3.80** 129
2 6 19.60 1.84** 0.62
3 7 280 12.86** 4.36%*
3 8 3.37 10.69* * 3.62x*
3 9 8.57 4.20%* 142
4 10 857 4.20** 142
4 1 250 14.40** 4.88**
4 12 76.97 047 0.16
5 13 7.27 4,95+ * 168*
5 14 83.80 043 0.15
5 15 3.33 10.80** 3.66**
6 16 11.93 3.02x* 102
6 17 20.33 177%* 0.60
6 18 2243 1.60* 0.54
7 19 397 9.08** 3.08**
7 20 10.20 3.53** 120
7 21 4.53 7.94%* 2,69 *
8A 2 320 11.25%* 3.81**
8A 23 5.53 6.51** 2200 %
8A 24 5.23 6.88** 2.33*
8 25 5.93 6.07%* 206"
8 26 1897 1.90%* 0.64
8 27 343 10.49** 3.55%*
8 28 15.90 2.26%* 0.77
9 29 250 14.40** 4.88**
9 30 12.87 2.80%* 0.95
9 31 1093 3.20%* 112
9 32 11.43 3.15x* 107
10 33 1247 2.89%* 0.98
10 A 80.13 0.45 0.15
10 35 9.50 3.79** 128
10 36 66.83 054 0.18
10 37 7.60 A.74** 161*
1 38 16.13 2.23** 0.76
1 39 21.60 167* 0.56
1 40 6.40 5.63** 191**
11 41 6.80 5.20* * 179**
12 a2 28.30 127 043
12 43 533 6.75%* 220+
12 4 477 7.55%* 2.56**
13 4.97 7.25x* 246%*
13 12.70 2.83** 0.96
13 47 25.00 144 0.49
13 48 6.77 5.32x* 1.80**
13 49 53.97 0.67 0.23

TDunnett’st-test: *p < 0.05; ** p< 0.01
p p
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Table10. Microtox® test results (continued).

Strata Site Number Mean EQ50(ng gquivalent Control Sediment Phenol Spiked
sediment weight) Index Index
14 50 19.17 1.88** 0.64
14 51 317 11.37%* 3.85+*
14 52 9.23 3.90** 132
15 53 16.17 2.23+* 0.75
15 4.63 7.07%* 263+*
15 5.20 6.92** 2.35%*
15 120 30.00* * 1027+ *
15 57 66.20 0.54 0.18
16 58 116 30.95** 10.49+*
16 59 367 9.82+* 3.33**
16 60 1.80 20.00* * 6.78**
17 61 397 9.08** 3.08**
17 62 3.03 11.87+* 4.02+*
17 63 0.99 36.24** 12.28**
18 64 33.30 108 0.37
18 65 4450 0.81 0.27
18 66 54.70 0.66 0.22
19 67 11.27 3.20%* 108
19 68 39.00 0.92 031
19 69 163 2.04** TAT**
70 4413 0.82 0.28
2 71 16.67 2.16** 0.73
72 3L53 114 0.39
21 73 230 15.65% * 5.30**
21 74 423 8.50** 288**
21 75 240 15.00** 5.08**

tDunnett’st-test: *p < 0.05; ** p< 0.01
p p

siteswerelocated to the southwest of theapproach  increasesnumerically asthe potentia toxicity

jettiesto Galveston Bay. responseincreases, thusanegative correlation
would indicate agreement between tests. However,
Concordance of Sediment Toxicity Tests giventhenatureof toxicity endpointsand different
Thetoxicity testsconducted aspart of NOAA's modes of response (bulk sediment, porewater, and
study in Galveston Bay were chosento provide organic extract), astrong correl ation among the test

complementary, not duplicative, information. Each results should not be expected.

test utilized inthisstudy hasadifferent endpoint and

sensitivity. Indl tests, apositivecorrelationwould  Table 12 providesthe correlation coefficientsfor
indicate agreement betweentests, withtheexception  each of thetoxicity tests. Theporewater fertilization
of theRGStest. Inthat test, thefoldinduction (100%) test covaried withtheembryological
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Table11. CytochromeP450 RGSresults.

Benzo[a]pyrene Toxicological

Benzo[a]pyrene Toxicological

Site h
N Numoer AN e
1 1 2.23
1 2 22.9
1 3 13.78
2 4 204
2 5 34.28 *
2 6 10.60
3 7 11.05
3 8 8.16
3 9 10.49
4 10 495
4 11 3.28
4 12 1.16
5 13 5.65
5 14 11.02
5 15 6.82
6 16 24.49
6 17 6.29
6 18 494
7 19 5.36
7 20 5.19
7 21 6.99
8A 22 11.21
8A 23 9.64
8A 24 5.86
8 25 3.80
8 26 194
8 27 491
8 28 2.70
9 29 6.63
9 30 411
9 31 491
9 32 2253
10 33 151
10 34 383
10 35 1.98
10 36 3.00
10 37 1.87

_Tvalue greater than upper confidence limit (32.8)

Site h
S Numoer AN e
11 38 1.66
11 39 419
11 40 3.19
11 41 2.30
12 42 3.82
12 43 243
12 a4 2.03
13 45 147
13 46 138
13 47 164
13 48 344
13 49 2.32
14 50 6.66
14 51 243
14 52 12.68
15 53 158
15 54 1.78
15 55 144
15 56 0.44
15 57 346
16 58 1.70
16 59 215
16 60 2.06
17 61 5.76
17 62 1.09
17 63 3.32
18 64 034
18 65 0.36
18 66 0.33
19 67 1.89
19 63 0.61
19 69 3.19
20 70 0.47
20 71 138
20 72 1.21
21 73 6.74
21 74 342
21 75 2.67




Table12. Spearman rank coefficientsof correlation between toxicity tests.

Fertilization Amphipod Development
(100%) Survival  Microtox” (1009)
Amphipod Survival -0.049
Microtox” 0.572* 0.012
Development (100%) 0.427* -0.115 0.301
Cytochrome P450 -0.26 -0.035 -0.168 -0.333
*=p<005
** =p <001

devel opment (100%) test and the Microtox® test,
whilethe amphipod test as expected (no evidence of
sgnificant toxicity), did not corrdatewith any of the
other tests.

Figure 14illustratesthel ocationsof Sgnificant
toxicity for sea urchin fertilization and
embryonic development, Microtox®, and RGS.
The regional patterns suggested by the
correlations between the Microtox®, fertilization,
and embryologica development test resultsare
eadly discernible. Siteswithsgnificant toxicity inthe
threetestsare concentrated in the upper portion of
thestudy area, in Clear Lake, and at the mouth and
approachesto Galveston Bay.

Spatial Extent of Sediment Toxicity

Thegpatial extent of toxicity wasdetermined by
weighting the toxic samples to the size of the
sampling strataand then summing thesetoxic areas

to get acumulativevauefor theentirelocation.

Table 13 providesthecriterion used to determine
thetoxicity of asample, thetotal areadetermined
toxic, and the percent of thetotal areathat was
determined to betoxic for eachtest. Thelast two
columnsin Table 13 represent arecal cul ation of the
spatia extent and the percent of the areathat was
toxic based on aternate sitelocations. Onthree
occasionsaternatelocationsweresampled. The
first instancewasdueto theinability to anchor or
dredgeat the primary location, the second primary
Stewastoo shallow to accesswith alaunch, while
thethird wasduetothe primary locationbeingina
dredge spoil marsh (Appendix B). Inastratum
wherean dternate sitewas sampled, thetoxic
resultsare wei ghted asthough the stratum had an
additiona sitefor each dternate sampled within that
sratum. Thus, in effect each siteisweighted lessfor
each stratum with aternatesitelocations. The
resulting changein spatia extent of sediment toxicity,

if any, wasminor.
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Figure 14. Summary of sediment toxicity results for each sampling site in Galveston Bay.

Significant Toxicity

Microtox™ # Fertilization Success
P450 RGS [ Embryonic Development

(amphipod survivability results are
not depicted because no significant
mortality occurred in this bioassay)
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Table 13. Estimatesof the spatia extent of sediment toxicity in Galveston Bay.

Toxicity Test Griter Toxic Area % of Total Area ”a % of Total Area”
oxicity Tes iterion Toxc Area (Kmi
(k) (1351 ki) (Km) (3L k)
Percent amphipod
survival <80% of control 0 0 NC NC
Percent urchin <80% of control in
fertilization 100% pore water 610 45 607 45
<80% of control in
50% pore water 129 10 NC NC
<80% of control in
25% pore water 25 2 NC NC
Percent normal urchin <80% of control in
development 100% pore water 340 25 337 25
<80% of control in
50% pore water 72 5 70 5
<80% of control in
25% pore water 23 2 21 15
Microtox
bioluminescence EC50  <80% of control 1,178 87 1,175 87
Cytochrome p-450
induction >10pug/g 64 5 NC NC
>32 ug/g 2 0.15 NC NC

® recalculated to account for stations that were sanpled as alternates

’NC- no change

AsTable 13indicates, sgnificant toxicity inthe
Microtox® test wasthemost pervasiveof al the
toxicity tests, encompassing 87% of the study
areawhen using thecriterion of lessthan 80% of the
control. Alternatively, none of the Microtox® test
resultswerelower than the 0.06 mg/ml or 0.51 mg/
ml Lower Prediction Limits(LPL) resultingfroma
nonparametric anaysesof NOAA data(Longetal.,
1999). Thefirst valuedenotesthe90% LPL using
the entire data set; the second val ue denotesthe
80% confidencelimit for theLPL whenthelowest

valuesi.e., most toxic, wereremoved from the data

set. Sampleswith EC,, values between thesetwo

vaueswould be considered moderately toxic.

Spatia extent of impaired fertilization (45% of study
ared) at 100% porewater was approximately half
that of the Microtox® results, and the extent of
impaired embryonic devel opment (25%) wasjust
over half that of thefertilizationtest, whilethe RGS
exceeded amoderatevalue of enzymeinductionin

5% of the study area.
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Chemistry/Toxicity Relationships

Therel ationship between the contaminantsdataand
theresultsof thefivetoxicity testsconducted at each
Stewasandyzed utilizing the Spearman-rank
corrdationanalysis(Table 14 and 15). Additiona
analyses (Spearman-rank) werethen conducted
with calculated ER-M quotientsfrom each of the
toxicity tests. The ER-M quotient isthe contaminant
concentration datanormalized with the appropriate
ER-M sediment quality values. Thiswasdonefor
each anaytefor whichan ER-M guidelinewas
available, and aso for each of the contaminant
classes(Table 16). A negative correlationindicates
agreement between thetest resultsand the
contaminant or analyte concentration, withthe
exception of the RGS assay, whereapositive
correlaionindicatesagreement.

Asmight be expected, theamphipod mortality test
resultsdid not correlate with any of the measured
contaminant data (Table 14 and 15). Inaddition,
theMicrotox® test did not significantly covary with
the contaminant data. Thefertilization successtest
correlated (p < 0.05) with betaHCH, C2-
phenanthrenes/anthracenes, and C3-phenanthrenes/
anthracenes, whilethe seaurchin devel opment test
correlated (p < 0.05) with Mn, Zn, tPAHS,
perylene, anumber of thelow molecular weight
PAHSs, PCB 153/132, and PCB 138/160.

TheRGSassay correlated highly (p <0.01) with
PAHs. TheRGSassay aso covaried with most
PCBs and with most of the pesticides measured
(Table 14 and 15), although this test does not
respondto chlorinated pesticides. Thus, this
observationisspurious, merely indicating co-
occurrence of pesticideswith PAHsand other
CYP1A-inducing chemicas.

Anaysisof the ER-M quotients(Table 16) followed
asimilar pattern, with no significant correlaions
being found between contaminantsand the
amphipod toxicity or Microtox®, but strong
correlationsfound between the RGS P450 ER-M

guotientsand anumber of the contaminants/classes.

BENTHICMACROINVERTEBRATE
COMMUNITY

Two hundred and eleven taxa, with atotal of 5,089
individualswereidentified fromthe22 strata. The
total number of taxaper stratum varied withinthe
study areafromalow of four in Clear Lake (8A), to
ahigh of 90inWest Bay (15), whilethemean
number of taxaper stratum ranged from2.5t0 28in
Clear Lake and West Bay, respectively (Table 17).
Polychaetes comprised the most individua s (71%)
of any taxaidentified, followed distantly by bivaves
(8.3%), gastropods (6.6%), and amphipods (3.6%)
(Figure15and Appendix I).
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Table 14. Spearman-rank correl ation coefficientsand probable signifiancelevel sbetween
sediment toxicity tests and trace/major elements and pesticides.

. _— Embryological .
Contarminart Amphipod Fertlizztion o gopment . MIGIOOX - peg g
Toxicity Success (100%) Bioluminescence
(100%)
Ag -0.032 -0.092 -0.282 0.022 0.72 **
Al 0.009 -0.191 -0.256 -0.005 0.663 **
As 0.043 -043 -0.326 -0.117 0.49 **
Cd 0.005 -0.167 -0.308 -0.075 0.754 **
Cr -0.016 -0.181 -0.245 0.046 0.667 **
Cu -0.102 -0.262 -0.356 -0.077 0.79 **
Fe 0.004 -0.233 -0.286 -0.015 0.647 **
Hg 0.01 -0.239 -0.327 -0.052 0.795 **
Mn -0.005 -0.341 -0.456 * 0.007 0.364 *
Ni -0.023 -0.172 -0.263 -0.009 0.634 **
Pb -0.038 -0.161 -0.323 0.013 0.805 **
Sb 0 -0.207 -0.288 -0.129 0.772 **
Se 0 -0.242 -0.31 -0.109 0.742 **
Sn -0.065 -0.241 -0.288 -0.024 0.725 **
Tl -0.099 0.027 -0.074 0.048 0.416 *
Zn 0.017 -0.289 -0.363 * -0.062 0.721 **
Total HCHs -0.083 -0.3 -0.337 -0.148 0.775 **
Alpha HCH -0.087 0.094 -0.027 0.105 0.346
BetaHCH -0.014 -0.399 * -0.349 -0.236 0.714 **
Gamma HCH -0.199 0.289 -0.039 0.201 0.048
Delta HCH 0.026 -0.205 -0.259 -0.056 0.54
Total chlordanes -0.068 0.115 -0.111 0.066 0.631 **
Heptachlor
Heptachlor epoxide 0.024 0.246 0.086 0.161 0.041
Oxychlordane 0.081 0.035 -0.15 -0.09 0.415*
Gamma Chlordane -0.036 -0.002 -0.119 0.028 0.452 *
Alpha Chlordare 0.031 -0.031 -0.236 0.015 0.688 **
Trans-Nonachlor -0.043 -0.183 -0.192 -0.111 0.641 **
Cis-Nonachlor 0.063 -0.043 -0.274 -0.03 0.629 **
Hexachlorobenzene 0.002 -0.188 -0.199 -0.063 0.793 **
Aldrin 0.177 -0.076 -0.12 -0.023 0.535 **
Dieldrin -0.001 -0.176 -0.328 -0.06 0.701 **
Endrin -0.046 -0.157 0.098 -0.103 0.021
Mirex -0.017 -0.146 -0.116 -0.025 0.6 **
Endosulfan I -0.187 0.23 0.252 0.261 -0.159
Total DDT's 0.036 -0.091 -0.229 -0.01 0.779 **
2,4 DDE 0 0.104 -0.14 0.215 0.251
4,4' DDE 0.026 -0.203 -0.291 -0.112 0.862 **
2,4 DDD 0.049 0.067 -0.189 0.085 0.559 **
4,4' DDD 0.033 -0.051 -0.161 0.056 0.771 **
2,4 DDT -0.018 -0.043 -0.15 -0.117 0.257
4,4 DDT 0.001 0.099 -0.11 0.102 0.44 *

* p<0.05; ** p<0.01
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Table15. Spearman-rank correlation coefficientsand probablesignifiancelevel s between sediment

toxicity testsand PAHs and PCBs.
. _— Embryological .
. Amphipod Fertilization Microtox
Cortaminart Toxicty ~ Suwccess(100%) DSVEOPTEL  piminescence OO A0
(100%)

TPAHs -0.017 -0.289 -0.363 * -0.26 0.873 **
Naphthalene 0.065 -0.244 -0.375 * -0.108 0.719 **
C1-Naphthalenes 0.054 -0.271 -0.408 * -0.105 0.741 **
C2-Naphthalenes -0.091 -0.135 -0.341 -0.041 0.623 **
C3-Naphthalenes -0.047 -0.17 -0.299 -0.07 0.623 **
C4-Naphthalenes -0.071 -0.208 -0.412 * -0.148 0.631 **
Biphenyl 0.091 -0.252 -0.443 * -0.18 0.752 **
Acengphthylene -0.034 -0.289 -0.335 -0.267 0.801 **
Acenaphthene -0.032 -0.172 -0.359 -0.28 0.781 **
Fluorene 0.049 -0.168 -0.343 -0.171 0.802 **
C1-Fluorenes -0.007 -0.244 -0.388 * -0.219 0.759 **
C2-Fluorenes 0.026 -0.218 -0.338 -0.185 0.669 **
C3-Fluorenes 0.021 -0.237 -0.337 -0.192 0.66 **
Phenanthrene -0.016 -0.234 -0.324 -0.248 0.834 **
Anthracene 0.011 -0.296 -0.347 -0.276 0.84 **
C1-Phenarthrene 0.006 -0.291 -0.382 * -0.252 0.873 **
C2-Phenanthrene 0.013 -0.384 * -0.372 * -0.281 0.843 **
C3-Phenanthrene 0.042 -0.365 * -0.325 -0.255 0.859 **
C4-Phenarthrene 0.02 -0.276 -0.272 -0.224 0.856 **
1-Methylnaphthalene 0.03 -0.272 -0.417 * -0.099 0.729 **
1-Methylphenanthrene 0.017 -0.311 -0.381 * -0.299 0.844 **
2-Methylnaphthalene 0.096 -0.261 -0.386 * -0.122 0.726 **
2,6-Dimethylnaphthalene -0.015 -0.103 -0.401 * -0.135 0.575 **
1,6,7-Trimethylnaphthalene -0.058 -0.059 -0.295 -0.041 0.458 *
Dibenzothiophene 0.035 -0.224 -0.342 -0.198 0.87 **
C1-Dibenzothiophene 0.013 -0.203 -0.317 -0.194 0.729 **
C2-Dibenzothiophere 0.123 -0.213 -0.354 -0.189 0.741 **
C3-Dibenzothiophene 0.12 -0.345 -0.333 -0.225 0.758 **
Fluoranthene -0.038 -0.25 -0.287 -0.233 0.793 **
C1-Fluoranthene/pyrene -0.056 -0.218 -0.265 -0.246 0.829 **
Pyrene -0.029 -0.209 -0.272 -0.211 0.817 **
Benzo(a )anthracene -0.034 -0.264 -0.271 -0.246 0.795 **
Chrysene -0.015 -0.259 -0.297 -0.27 0.807 **
C1-Chrysenes 0.013 -0.229 -0.312 -0.213 0.842 **
C2-Chrysenes 0.055 -0.229 -0.326 -0.224 0.851 **
C3-Chrysenes 0.091 -0.196 -0.284 -0.128 0.737 **
C4-Chrysenes 0.097 -0.172 -0.358 -0.167 0.686 **
Berzo(b )fluoranthene -0.021 -0.249 -0.276 -0.246 0.816 **
Berzo(k )fluoranthene -0.008 -0.258 -0.31 -0.264 0.786 **
Benzo(e)pyrene -0.038 -0.201 -0.257 -0.209 0.793 **
Benzo(a )pyrene -0.019 -0.224 -0.261 -0.237 0.808 **
Perylere -0.01 -0.261 -0.399 * -0.234 0.894 **
Indeno(1,2,3-cd )pyrene -0.01 -0.254 -0.289 -0.228 0.804 **
Dibenzo(a,h )anthracene 0.007 -0.278 -0.278 -0.248 0.786 **
Benzo(g,h,i )perylene -0.007 -0.218 -0.288 -0.206 0.828 **
Total PCBs -0.012 -0.234 -0.271 -0.108 0.832 **
PCB8/5 0.106 0.12 0.029 -0.049 0.123
PCB18/17 -0.046 0.034 -0.061 0.085 0.356
PCB28 -0.105 -0.14 -0.206 0.075 0.635 **
PCB52 0.032 -0.115 -0.265 -0.033 0.811 **
PCB44 -0.014 -0.046 -0.17 0.054 0.745 **
PCB66 0.071 -0.132 -0.177 -0.052 0.588 **
PCB101/90 -0.013 -0.192 -0.289 -0.058 0.787 **
PCB118 0.009 -0.338 -0.361 -0.137 0.719 **
PCB153/132 -0.067 -0.303 -0.373 * -0.125 0.737 **
PCB105 -0.053 -0.193 -0.26 -0.125 0.615 **
PCB138 /160 -0.052 -0.304 -0.416 * -0.126 0.707 **
PCB187 -0.016 -0.11 -0.242 -0.002 0.655 **
PCB128 0.063 -0.194 -0.322 -0.086 0.379 *
PCB180 -0.013 -0.249 -0.276 -0.084 0.855 **
PCB170/190 -0.077 -0.199 0.069 -0.24 0.125
PCB195/208 0.094 -0.17 -0.167 -0.054 0.697 **
PCB206 -0.055 -0.095 -0.198 0.07 0.608 **
PCB209 0.024 -0.18 -0.209 -0.04 0.816 **

* p<0.05; ** p<0.01
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Table 16. Spearman-rank correl ation coefficientsgenerated from ER-M quotients.

Spearman-rank Coefficients

Contaminant/Class A_:'_T(:; h;ﬁ;)d Microtox Fesruugzzt;sn %T;Zgrr?;? RGS P450
Ag -0.01 0.013 -0.132 -0.317 0.697 **
As 0.032 -0.112 -0.427 * -0.318 0.487 **
Cd 0.066 -0.035 -0.056 -0.259 0.726 **
Cr -0.009 0.047 -0.178 -0.25 0.674 **
Cu -0.11 -0.078 -0.265 -0.366 * 0.775 **
Hg 0.011 -0.051 -0.232 -0.325 0.795 **
Ni -0.023 -0.012 -0.177 -0.268 0.635 **
Pb -0.034 -0.01 -0.165 -0.319 0.811 **
Zn 0.017 -0.065 -0.299 -0.357 0.726 **
p,p'-DDE 0.026 -0.112 -0.203 -0.291 0.862 **
tDDT 0.035 -0.009 -0.09 -0.227 0.777 **
tPCB -0.013 -0.109 -0.234 -0.272 0.833 **
tPAHSs -0.017 -0.261 -0.292 -0.364 * 0.873 **
Acenaphthene -0.029 -0.275 -0.165 -0.364 * 0.773 **
Acenaphthylene -0.03 -0.263 -0.286 -0.336 0.801 **
Anthracene 0.008 -0.275 -0.293 -0.344 0.84 **
Fluorene 0.036 -0.175 -0.18 -0.351 0.806 **
2-MethyInaphthalene 0.102 -0.126 -0.267 -0.391 * 0.728 **
Naphthalene 0.068 -0.107 -0.252 -0.377 * 0.719 **
phenanthrene -0.015 -0.249 -0.235 -0.324 0.833 **
Benz(a)anthracene -0.034 -0.247 -0.262 -0.272 0.794 **
Benzo(a)pyrene -0.017 -0.235 -0.224 -0.261 0.809 **
Chrysene -0.015 -0.269 -0.26 -0.296 0.808 **
Dibenzo(a,h)anthracene 0.006 -0.244 -0.271 -0.278 0.785 **
Fluoranthene -0.045 -0.234 -0.251 -0.28 0.79 **
Pyrene -0.027 -0.211 -0.21 -0.272 0.815 **
Low mol. wt. PAH -0.042 -0.255 -0.328 -04 * 0.874 **
High mol. wt. PAH -0.019 -0.238 -0.245 -0.297 0.84 **

* p<005 ** p<0.01

Thesinglemost dominant and widdly distributed

genuswas Mediomastus (lowest possible
identificationlevel (LPIL), most likely Mediomastus

ambiseta). Mediomastus represented 29.1% of
thetotal individualsand wasfoundin 77% of the

sites. The polychaete, Paraprionospio pinnata,

the ribbon worms Rhynchocoela and Tubulanus

(LPIL), and the polychaete Parandalia tricuspis
were present in 61%, 55%, 46%, and 41% of the

sites, respectively (Appendix1).

Thenumber of individuals, mean dengity of
individualsnr?, faund diverdty, and evennessare
alsoprovidedinTable 17. The number of
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Table17. Benthic macroinvertebrate community analyss.

Density Faunal
Strata Site Total taxa Mean taxa .Nu.rrp er of M ean standard diversity Evenness
per strata  individuals density deviation (H) (@)
1 Overall 12 6.3 149 1,242 1,168 116 047
3 5 16 400
2 7 103 2575
1 7 30 750
2 Overall 12 7.0 3 775 331 173 0.70
4 6 41 1,025
6 8 36 900
5 7 16 400
3 Overall 16 7.3 152 1,267 903 120 043
9 5 13 325
7 10 54 1,350
8 7 85 2,125
4 Overall 17 7.7 55 458 356 241 0.85
12 1 2 50
10 1 25 625
11 11 28 700
5 Overall 9 53 60 500 282 155 0.71
14 5 7 175
13 6 27 675
15 5 26 650
6 Overall 14 5.7 1 342 350 216 0.82
18 11 28 700
16 6 13 325
17 0 0 0
7 Overall 19 9.3 84 700 229 233 0.79
20 9 26 650
21 11 33 950
19 8 20 500
8 Overall 17 85 116 725 39 216 0.76
25 6 12 300
27 7 33 825
28 10 2 550
26 11 49 1,225
8A Overall 4 25 33 475 636 114 0.82
2 4 37 925
23 1 1 25
9 Overall 18 7.8 74 463 60 238 0.82
32 11 21 525
29 6 20 500
30 8 16 400
31 6 17 425
10 Overall 52 188 326 1,630 511 3.30 0.84
A 13 68 1,700
35 12 4 1,100
36 20 62 1,550
33 30 98 2450
37 19 54 1,350
11 Overall 28 123 450 2,813 3,469 193 0.58
33 14 65 1,625
41 21 317 7,925
40 11 60 1,500
39 3 8 200
12 Overall 28 16.3 586 4,833 1,202 201 0.60
42 15 219 5475
44 12 140 3,500
43 2 227 5,675
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Table 17. Benthic macroinvertebrate community analysis(continued).

Density Faunal

Strata Site Total taxa Mean taxa _Nu@ er of M ean standard  diversity Evenness
perstrata  individuals density deviation (H) (&)
13 Overall 25 86 164 820 251 262 0.81
48 3 28 700
45 9 33 825
49 7 2 550
47 10 32 800
46 14 49 1,225
14 Overall 51 250 344 2,867 1,006 325 0.83
50 23 145 3,625
51 2 69 1,725
52 30 130 3,250
15 Overall 0 2380 1229 6,145 7,546 296 0.66
55 13 30 750
56 10 31 775
53 60 638 15,950
54 50 507 12,675
57 7 23 575
16 Overall 39 17.0 226 1,883 813 251 0.69
58 11 104 2,600
59 27 82 2,050
60 13 40 1,000
17 Overall 51 213 238 1,983 1,439 304 0.77
61 17 70 1,750
63 35 141 3,525
62 12 27 675
18 Overall 40 19.7 215 1,792 772 2.86 0.78
66 18 66 1,650
65 19 44 1,100
64 2 105 2,625
19 Overall 36 16.3 172 1,433 592 283 0.79
67 17 72 1,800
68 1 30 750
69 21 70 1,750
20 Overall 38 150 135 1,125 1,040 291 0.80
71 2 2,325
72 14 20 500
70 9 550
21 Overall 2 10.0 142 1,183 747 208 0.67
74 16 81 2,025
75 8 37 925
73 6 24 600

individualsranged from 38in Clear Laketo 1,229in  followedasimilar patternwiththelowest diversity in
West Bay. Themean density of individualsm? Clear Lake(1.14), and the highest diversity inlower
ranged from 342in Upper Galveston Bay (Strratum ~~ Galveston Bay (3.30).

6), east of thedredge spoil isands, to 6,145 in West

Bay (Stratum 15). Thefauna diversity (H')
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Figure 15. Dominant taxa in the benthic community.
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DISCUSSION

Widespread destruction of Galveston City and loss
of human lifedueto asevere hurricanein 1900,
coupledwith discovery of amgjor oilfield near
Beaumont, Texas and passage of the new federal
Riversand HarborsAct in the early 1900s, provided
the needed impetusto devel op Houston into amajor
port and hub of commerce. Much of theindustria
devel opment over the next few decadeswas based
onthetransport of petroleum and manufacturing of
petroleum-related products. TheHSC, designated
assuchin 1914, hasbeen expanded and deepened
over theyearsto accommodatelarge ocean-going
freightersand tankers. The shores of the channel are
aso hometo numerousrefineries, petrochemical
plants, dry goods container wharves, and related
businesses. During the 70-year period, 1910to
1980, theregion’s population grew nearly 15-fold,
to about 3 million people.

Asaconsegquence of rapidindustrial growth and
concomitant increasein human population, many
resource-use conflicts have emerged in
Galveston Bay. Many of them concern habitat | oss,
seafood contamination, dwindling popul ations of
certainwildlife species, and environmenta qudity in
general. Intheearly 1970s, portionsof the bay,
notably thoseinthevicinity of theHSC, were

severely degraded with anoxic waters, highlevelsof
contami nants, seafood consumption advisories, |0ss
of coastal vegetation, discharge of produced waters,

and nutrient loadingsfrom municipd discharges.

Over the next 25 years, recognition of major
environmenta problemsprompted anumber of
corrective actionsand management schemesby
public agenciesindividudly or collectively, oftenwith
support from academic and environmental
communities. Thishasincluded improved
wastewater treatment, minimization of sewage
overflows, produced water management, and
control of point sourcedischargesof contaminants,
nutrientsand other pollutants. These measureshave
resulted inacons derablereductionin pollutant
loading and improved environmenta conditionsin
the HSC and adjoining waters. The most
remarkableimprovement wasareductionin
biochemica oxygen demand (BOD) vauesinthe
upper reaches of the channel from over 200,000 kg
of BOD per day in 1968 to lessthan 9,000 kg per
day in 1990 (GBNEP, 1995). BOD isameasure of
theamount of dissolved oxygen consumed by
microorganismsin degrading organic matter ina
water sampleover a5-day period, andisa
commonly used parameter to describethe short-
term oxygen demand exerted by sewage and

industrid effluents. Leve sof other contaminants,
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such astoxic trace e ementsin sediment, haveether
leveled off or declined sincethe 1970s (Carr, 1993).

Even though the protective measureswere narrowly
focused, most of them on permitting requirements
under theNationa Pollution Discharge Elimination
System (NPDES), they have apparently improved
the sediment quality of thebay aswell thewater
quality. Thegeneral strategy of those measureswas
to let the bay cleanseitself and renew itsresources.
Such astrategy would work if the bay were not
being overwhelmed by stress. Theresultsgiven by
Carr et al. (1996) and those provided in thisreport
tend to support that strategy. Resultsof the
amphipod survivd testsinthisstudy do not indicate
any areasof Sgnificant toxicity in Galveston Bay.
Typicdly, sediment toxicity inlargebaysand
estuaries, i.e., larger than 250 sg. kminarea, is
spatialy quitelimited: about 6%, based on results of
theamphipod survival test (Hameedi et a., 1999).
Thespatia extent of sediment toxicity intheEMAP
provincesasinferred from theamphipod surviva
test, ranged from zero to 10% (L ong, 2000).
Typically these provincescover largeareas, from
4,000 sg. km (areas studied inthe California
Province) to 25,000 sq. km (L ouisiana Province).

Thelack of bulk sediment toxicity, asindicated by
theresultsof theamphipod A. abdita survival test, is
notable. Carr et a. (1966) obtained similar results

inthe bay eventhoughthey used adifferent test
species, Grandidierellajaponica. G japonicaisa
non-indigenous speciesof Japanese originthat has
settled in estuariesand intertidal waters off central
and southern California(Chapman and Dorman,
1975). Itisatube-building speciesfoundinfairly
high numbersin habitatsranging fromsandy to
muddy substrata. Unlike A. abdita, thisspecies
constructs porous, U-shaped tubes; it hasamuch
shorter generation time, and has successfully been
raised under |aboratory conditions (Nipper etd.,
1989).

Theuseof atube-building speciesraisesquestions
about the mode of exposureto sediment and
contaminated particles. Such species, notably A.
abdita, maintain water circulationintheir tubesby
pleopods and antennae; assuch, they aremore
likely to beexposed to overlying water, and possibly
some porewater and particlesin suspension.
Depending onthe contaminant and itsaffinity for
associ ation with the sediment, such speciesmay not
befully exposed to sediment-associated
contaminants. Previoudy obtained resultsaswell as
datafrom an ongoing NOAA study have shown
significant differencesin response between thetube-
building (A. abdita) and burrowing (Eohaustorius
estuarius) amphipod species(Andersonet al.,
1999).
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Thisstudy, aswell asthe onereported by Carr et al.
(1996), showed significant sediment porewater
toxicity in portionsof the bay, based on both the
fertilization successand larva development tests. In
thisstudy, all steswithin Stratum 7 (HSC, Upper
Galveston Bay-West), 8 (Central Galveston Bay-
West) and 8A (Clear Lake), showed significant
reductioninfertilization success (100% porewater).

Based ontheseaurchinfertilization test and the
Microtox® test, 45 and 87% of Galveston Bay
showed toxic conditions, respectively. These
resultscomparefairly well with an overal average
for thesetestsin U.S. estuaries nationwidewhose
areaislarger than 250 sg. km: 43% for the sea
urchintest and 63% for the Microtox® test
(Hameedi et al., 1999). It should be noted that a
toxicity endpoint for testslikethe Microtox® test or
theHGSassay isnot easily defined. Giventhe
nature of the Microtox® test, comparison of
samplesfrom astudy areawith samplesfroma
control site, inthiscase Redfish Bay, canresultina
very highincidenceof toxicity. Innorthern Puget
Sound, for exampl e, sediment samplesfrom 97 out
of 100 stesweresignificantly moretoxicthanthe
Redfish Bay control samples, suggesting widespread
toxicity (in 98% of theareasampled). Theunusualy
low Microtox® responseto negative control
samplesfrom Redfish Bay, relativeto resultsfrom

the bay samples, impedesinterpretation and

comparability of results. Attemptshave been made
to definetoxicity thresholdsof such testsby
caculating apredictioninterva (Long et al., 1999)
or confidenceinterval (Anderson et d., 1999) based
on NOAA's nationwide database for thesetwo
tests. Notethat apredictioninterval isused to
estimatewhat afuturevaluewill be, based on
exisingdata. A confidenceinterval definesarange
of valuesthat encompasses apopul ation parameter
of interest, such asthe popul ation mean, asderived
from existing data. Based onthe predictioninterval
approach, none of the Microtox® test resultswere
lower thanthecritical lower predictionlimit values
derivedusingNOAA data(Long et a., 1999).

| nterpretation of these dataremainsajudgmental

issue

Theresultsof theRGS assay in Galveston Bay
showed unexpectedly low induction of the
cytochrome P450 enzyme system. Theassay
respondsto the presence of chemicalsknownto
cause direct chemical toxicity or genotoxicity,
including planar PCBs, higher molecular weight
PAHSs, dioxinsand furans. The RGSresponsewas
generaly very low, withamean va ue of
approximately 5ug/g (B[a] PEQ). A recent analysis
of RGSresponse datafrom NOAA’s sediment
toxicity studies(n=530) indicated an upper
prediction limit of observationsat the 90%

confidence level to be 37.1. This means that
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thereisa90% probability that onefuture
observation from this distribution will be less
than 37.1. Eliminating the 95" or 90" percentile of
thedataset, the upper prediction limit would be
reduced sincethe* population” would not contain
potentially highly impacted sites(Long et al., 2000).
Theupper prediction limit at the 80% confidence
level was 11.1 when valuesgreater than 37.4 (90"
percentile) were diminated from the data set.
Earlier, Anderson et a. (1999) showed that the 99%
confidencelevel of themeanvaue (22.7) of RGS
testsfrom nine sediment toxicity sudies(n=527)
was between 12.6 and 32.8. Theseresultshave
been interpreted to mean that an RGSresponse
vaue of gpproximately 10 indicatesbackground
levelsfor estuarine sediments. Sedimentsthat dicit
RGS responses of 60 mg/kg (B[a] PEq) or larger
usualy contain degraded infauna communities
(Fairey etd., 1998). Thehighest vaduefor
Galveston Bay sampleswas 34 mg/kg (B[a] PEQ) at
aditein Stratum 2 (HSC).

Concentrations of most metalsand organic
contaminantsdid not exceed NOAA's Sediment
Qudity Guiddines(ER-L and ER-M). Most of the
analytesthat did exceed thenumeric ER-L guideline
included only about 2% of the study area. The
exceptionswerearsenic and nickel, which extended
to at least 25% of the study area. Metals

concentrationshaveno discerniblepatternin

distribution throughout the study area. Pesticidesand
PCBsdecreased in concentrationsfrom northto
south, athoughwith theexception of DDT, dl
concentrationswerebelow their respective ER-L/
ER-M guidelines. PAH concentrationshaveasimilar
north to south decreasing concentration trend except
that the higher concentrationsextend further into the
bay itself before concentrations began to decrease.
Thehighest PAH concentrationswereinthecentra

portion of the bay.

Using scaled valuesof thetriad results, Carr et al.
(1996) noted that eight out of 24 sampling Sitesin
Galveston Bay showed evidence of sediment
contamination, toxicity, and impaired benthos. Most
of thesiteswerelocated inthe HSC or fairly close
totheshorelineinTrinity Bay and East Bay; the
middle part of the bay wasnot sampled. Carr et al.
(1996) chose No Observed Effect Level (NOEL)
or ERL vauesasbenchmarksto classfy asite
having elevated levelsof contaminants. Ingenerd,
NOEL vauesarelower thanthe ERL (Effects-
RangeLow), TEL (Threshold EffectsLevel) or AET
(Apparent Effects Threshold) values, and thus
represent amore precautionary approach. Asan
example, the NOEL valuefor tPCBsis 24 ppb,
whereasthe ERL valuefor PCBsis50, the TEL
valueis34, and theAET valuebased onthe
Microtox® test is 130. It should be noted that

AET values are usually specific for a particular
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test or speciesinaparticular geographical areaand
thusarequitevariable. Morerecently, agroup of
expertsderived aconsensus-based “ threshol d effect
concentration” for tPCBsin sediment of 40 ppb
(MacDonald et a., 2000).

M acrobenthic community parameters, such as
speciesrichnessand diversity, or derived values,
such asabenthicindex, have often been used to
assesstheecol ogical impactsof environmental
degradation. Typicdly, estuarineinfaunais
taxonomically diverseand includes speciesthat
exhibit awiderange of feeding modesand trophic
interactionsand effectively exploit awiderange of
habitats (clean sand to mud). However, many
factors, not necessarily associated with chemical
contamination, play apivotal rolein structuring
infaunal benthic communities. They includedepth,
tidal cycles, sdlinity, sediment textureand organic
carbon content, and temperature. Itistherefore
difficult to distinguish between contaminant-rel ated
changesinabenthicinfauna community fromthose
caused by natural factors, except in cases of
substantia impact.

Thetotal number of infaunal benthostaxaidentified
inthisstudy was211 (BAV, 1997). Aswasshownin
previousstudies(e.g., Carr et al., 1996), deposit
feeding anndidswerenumericaly themaost abundant
taxonomic group in Galveston Bay. They comprised

71% of thetotal number of animalscollected and
represented 46% of speciesin the current studly.
Within thisgroup Mediomastus sp., generdly
regarded as an opportunistic species, was
widespread, particularly in fine, organically rich
sediments. Bivalves, gastropodsand amphipods

werethe other numerically abundant taxa.

Preiminary resultsof numerical classificationanalyss
of theinfaunal benthos datashowed aremarkable
separation of sampling stratainto three groups.
Strata 14-21, located intheWest Bay and inthe
vicinity of Galveston Bay’sopening tothe Gulf of
Mexico, weregeneraly smilar, except Stratum 18
wherefaunawas dominated by amphipods. Stratum
18wasidentified asaseparate“group” under the
classfication scheme. Theremaining strata, 1-13,
were grouped together and represented sampling
stesdominated by fine-grained sediments, primarily
mud. Additionally, moredetailed analysestodiscern
therelationship between thesitegroupings, aswell
asspeciesgroupings, will becarried out inthe

future.

In somestudieswherethe sediment quality triad
approachisused and concurrent dataareavailable,
it hasbeen shown that benthicinfauna changes
occurred at contaminant concentrations|ower than
those associated with acutetoxicity tests (Hyland et
al., 1999; Long, 2000; Long et a., 2002). Further,
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sediment samplesthat generated P450 induction
greater than acertain threshold va ue have been
found to be highly correlated with degraded
benthos, i.e., low speciesdiversity, abundance of
opportunistic and generally pollution-tolerant species
(Andersonetal., 1999; McCoy et ., 2002).
Additiond recent efforts, usng different analytica
approaches, havefurther eucidated thereationship
between sediment contamination and degradati on of
infauna benthos. Theseapproacheshave utilized
aspectsof multivariate analysessuch asprincipal
component analysis(Long et d., 2002), nodal
analysis(Hameedi et d., 2001), or atwo-step
procedureinvolving ordination based upon principal
coordinate andysisand cal cul ating an abundance-
weighted average of pollution tolerant speciesina
sample(Smith et d., 2001). Such analyseshave not
yet been performed on the Galveston Bay benthos
data
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Appendix C
Sediment Trace and Major Elements
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Appendix D
Sediment Pesticides
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Appendix G
Ancillary Amphipod Toxicity Measurements
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Appendix H
Ancillary Porewater Toxicity Measurements
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